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Preface

After decades of disappointing results resilient to extensive efforts to improve the
efficacy of immunotherapy against cancer, patients and scientists are witnessing a
revolution. A rapid translation of concepts from the bench to the bedside is finally
making a difference in overall survival of patients with different types of cancers,
including those traditionally considered non-responsive to immunotherapy. Clinical
studies have proven unequivocally the effectiveness of T cell-based therapies that
can induce regression of late stage cancers otherwise resistant to standard therapy.
Regressions are associated with prolonged patients’ survival, achieving, in some
cases, durable disease-free survival.

Many written accounts on large studies that validate the clinical usefulness of
immunotherapy have appeared monthly in high-impact journals. This is leading to
arapid inflation of the field characterized by the rapid expansion of tumor immuno-
therapy clinical programs and participation of oncologists to meetings focused on
this discipline. In the last 3 years, for instance, the Society for Immunotherapy of
Cancer (SITC) has more than doubled participation to its annual meeting with
nearly 2000 attendees.

This long-awaited success is giving both clinicians and scientists new opportuni-
ties. The high frequency of objective responses allows for a more efficient study of
mechanisms of responsiveness and identification of biomarkers as a smaller number
of patients must be accrued to observe a sufficient number of responding cases. The
shortened length of time necessary to perform informative clinical studies expedites
the feedback loop stimulating research based on clinical evidence while simultane-
ously helping the design of second-generation clinical studies. In addition, the
expansion of clinical protocols to larger patients cohorts in phase three or even post-
licensing studies allows for a less fragmented approach to the understanding of
human cancer biology by evaluating more homogenous patient populations in better
controlled settings. This provides grounds for prospective validation of concepts
developed during monitoring of early phase trials.

The clinical success has led to unprecedented nimbleness of regulatory agencies
in approving novel therapeutics. This, in turn, has allowed a more flexible off-label
use of therapeutics in combination. Combination therapy trials demonstrated that
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the therapeutic potential of immunotherapy agents is complementary and not over-
lapping. Thus, the tremendous success of combining conceptually similar
approaches such as anti-CTLA-4 with anti-PD1/PDIL as checkpoint inhibitor
agents, which have shown synergistic enhancement of unleash T cell activation.
Considering the central role that checkpoint inhibitors are taking in the treatment of
several cancers, their relatively limited toxicity, and simplicity of administration, it
can be anticipated that future combinatorial approaches will be centered around the
addition of other therapeutics such as pathway inhibitors, anti-cancer vaccines, ago-
nistic antibodies, cytokines, adoptive cellular therapies, anti-angiogenesis agents,
chemotherapy, epigenetic therapy, and radiotherapy to checkpoint inhibitors. In par-
ticular, radiotherapy is taking a novel role in the treatment of cancer as a facilitator
of anti-cancer immune effects through the demonstration of its abscopal effects:
concurrent not-irradiated tumors regress in the presence of checkpoint inhibitor
therapy after radiation. The abscopal effect is revolutionizing our understanding of
the role played by radiation in modulating the biology of human cancers.

Several new concepts have also emerged throughout the implementation of clini-
cal trials: a salient one is derived by the observation that, contrary to other anti-
cancer therapies, responses to immunotherapeutic agents are of long duration and
linked to long-term survival. It has also become clear that immune responses follow
a distinct dynamic pattern diverging from that of classical responses to standard
chemotherapy. The latter is characterized, when successful, by immediate although
often ephemeral reduction in tumor burden. Tumors that respond to immunotherapy
often increase in size before a reduction can be observed. This phenomenon is
believed to be due to the inflammatory process induced by immunotherapy that
leads to recruitment of immune cells within the tumor microenvironment. Another
pattern peculiar to immunotherapy is the observation that several patients seem to
benefit from long-term stable disease although the biology of this “halting” of tumor
growth is currently poorly understood.

Challenges remain. The cost of immunotherapy treatments is quite significant.
Therefore, several therapies are not readily available to all potential beneficiaries.
Interestingly, a cost-effectiveness analysis of these treatments is not, to our knowl-
edge, reported. Although the price for the individual treatment may be costly, its
effectiveness, short duration, and limited toxicity may mitigate the overall cost of
care compared to traditional approaches.

The optimal way to simultaneously avoid unnecessary exposure of patients to
ineffective therapies while relieving the society from wasteful spending would be to
predict a priori likelihood of response. The identification of predictive biomarkers
will, therefore, take a leading role in the next future. We and others have shown that
the functional orientation of immune cells toward a Th1 polarization is a harbinger
of likelihood or response. Interestingly, the same functional orientation has been
associated with good prognostic connotation in most cancers. Lack of immune acti-
vation is likely to correspond to resistance to immunotherapy, while the presence of
a Thl-polarized immune phenotype may indicate a microenvironment pre-
conditioned to respond. Immunotherapy further enhances the otherwise lingering
immune response leading to a full-blown activation of an acute inflammatory
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process similar to that observed during acute flares of autoimmunity or during acute
transplant rejection. We referred to this phenomenon as “the Immunologic Constant
of Rejection.” An intermediate condition occurs when the same Th1 polarization is
observed in association with improved prognosis. In that case, the immune response
is not sufficient to completely eradicate the growth of cancer but can slow its pro-
gression. These observations will need further validation in the future before such
signatures could be used for patient selection. A comprehensive discussion about
the revolutionary role played by signatures of Th1 polarization in reshaping cancer
staging or prediction of its responsiveness to therapy is beyond the scope of this
volume. However, these findings clearly emphasize the central role played by T
cells in controlling tumor growth.

Another limitation to the broad utilization of immunotherapy is the resistance to
treatment peculiar to some cancer types. While novel immune therapeutics have
greatly increased the range of immunotherapy expanding its proven efficacy to can-
cers previously judged to be immune-resistant, several cancers such as breast cancer
remain quite unresponsive. Further work will need to be done to understand how
ontogeny, together with genetic background of the host and somatic alterations,
may affect immune responsiveness.

Thus, in conclusion, the progress of immunotherapy has been exponential and the
unprecedented clinical outcomes are promising for the years to come. However, sev-
eral challenges remain. Moreover, as the mechanism leading to tumor rejection has
not been fully investigated nor completely understood using integrated system biology
approaches, a better understanding will likely lead to further outcomes improvement.

This volume illustrates salient aspects of cancer biology relevant to the successful
implementation of immunotherapy. Coverage includes the enhancement of antigen-
specific immune responses by anti-cancer vaccines, modulation of the function of T
cells within the tumor microenvironment, and the effect of genetic, epigenetic,
developmental, and environmental determinants on T cell function. Also covered is
the ex vivo expansion of T or other immune cells and their genetic modification or
reprogramming to increase their ability to survive and expand when adoptively
transferred back to the patients. Specific attention is devoted to the genetic manipu-
lation of T cells through the introduction of re-directed T cell receptors, chimeric
antibody receptors, and other genetic manipulation aimed at improving the effec-
tiveness of anti-cancer agents. Furthermore, the revolutionary role of checkpoint
inhibitors and their potential in combination with other immunotherapeutic
approaches or with standard chemo and radiation therapy is extensively discussed.

We hope that the readers will find this volume useful and we would like to con-
clude with the famous quote from Winston Churchill: “This is not the end, it is not
even the beginning of the end but, perhaps it is the end of the beginning”.

Bethesda, MD, USA Ena Wang
Doha, Qatar Francesco M. Marincola
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Chapter 1
Insights on Peptide Vaccines in Cancer
Immunotherapy

Kwong Y. Tsang, Caroline Jochems, and Jeffrey Schlom

Abstract Human tumor-associated antigens are generally weakly immunogenic
and therefore able to escape detection by the immune system. Numerous studies
have shown, however, that immune cells infiltrate many tumors, and that these cells
are vital for keeping tumor burden in check. Immunotherapy can enhance this pro-
cess by further stimulating tumor-recognizing cells while decreasing the function of
immunosuppressive cells, such as regulatory T cells and myeloid-derived suppres-
sor cells, thereby creating a more immune-activating tumor microenvironment.
Peptide vaccines can stimulate and activate T cells specific to tumor-associated
antigens. Because peptides endogenously expressed by tumor cells are often weak
immunogens, researchers are investigating various strategies for making them more
immunogenic and more potent as vaccines. Here we review multiple strategies for
enhancing peptide immunogenicity, including (a) peptides with amino acid substitu-
tions at anchor residues and heteroclitic analogs, (b) multiple variance long peptides,
(c) whole protein and 15-mer overlapping peptides, (d) multiple peptides recogniz-
ing different tumor-associated antigens, (e) class I and II epitope hybrid vaccines, (f)
peptide-pulsed dendritic cells, and (g) combining peptide vaccines with other thera-
pies. While it is unlikely that peptide vaccines alone could significantly affect pro-
gressive disease, the combination of these vaccines with the right adjuvants and/or
immunomodulatory agents has shown promising results in clinical trials.

Keywords Peptide cancer vaccines ® Immunotherapy * Combination therapy ¢
Cytokines ® Prime-boost regimen ® Checkpoint inhibitors
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Introduction

Immune editing is an extrinsic mechanism of cancer suppression that initiates only
after cellular transformation has occurred and intrinsic mechanisms of cancer sup-
pression have failed [1]. The process of immune editing occurs in three phases:
elimination, equilibrium, and escape. In the elimination phase, innate and adaptive
immunity join forces to eliminate cancer cells before they become clinically appar-
ent, rendering the host virtually cancer-free. In the equilibrium phase, cancer cells
not eliminated in the elimination phase are prevented from proliferating by host
immunity, which maintains the cancer cells in a state of functional dormancy.
Equilibrium is a function of adaptive immunity, which may restrain cancer cell
growth in the host for a lifetime. In the escape phase, cancer cells once held in equi-
librium may escape recognition by adaptive immunity due to insensitivity to
immune effector mechanisms and induction of immune suppression in the tumor
microenvironment. Cancer cells that escape immune recognition proliferate and
become clinically apparent. Therapies such as peptide vaccines have the potential to
keep cancer cells in the elimination and/or equilibrium phase.

This review describes studies employing peptide-based cancer vaccines and pros-
pects for improving their efficacy through the use of peptides with amino acid substi-
tutions at anchor residues and heteroclitic analogs, multiple variance long peptides,
whole protein and 15-mer overlapping peptides, multiple peptide epitopes from dif-
ferent tumor-associated antigens (TAAs), class I and IT hybrid peptide vaccines, pep-
tide-pulsed dendritic cells (DCs), adjuvants including toll-like receptor (TLR) agonists
and cytokines, and combinations of peptide vaccines with various other therapies.

Peptide vaccines have several advantages over other cancer vaccine approaches.
Short peptides (9 or 10 amino acid residues) that bind to major histocompatibility
complex (MHC) class I molecules can induce specific CD8* T-cell responses that can
lyse tumor cells expressing the cognate MHC class I and peptide [2, 3]. The quality
of the immune response depends on the peptides and adjuvants used in the vaccine.
Immune response rates approaching 100 % have been reported in some cases using
multipeptide melanoma vaccines [4—6]. A mixture of a dozen peptides restricted to
human leukocyte antigen (HLA)-A1, -A2, -A3, -A11, and -A24 can be a stable plat-
form for a vaccine that can be used in 85 % of cancer patients, thus overcoming the
limitation of peptide restriction. It has been demonstrated that this type of peptide
mixture can induce immune responses in vaccinated patients with no negative effects
from antigenic competition among the peptides in the mixture [4, 7, 8]. Other advan-
tages of peptide vaccines include low production costs, stability, safety, their use as
an off-the-shelf reagent, and their effectiveness as booster vaccines. On the other
hand, peptide vaccines have some considerable limitations. In vivo, when a peptide
vaccine is delivered into subcutaneous (s.c.) tissue, short peptides may bind to MHC
on nonprofessional antigen-presenting cells (APCs) without optimal costimulation,
which may induce tolerance. In addition, peptides in human plasma are rapidly
degraded by exopeptidases and endopeptidases, and have a short half-life. In vacci-
nated patients, short peptides have no tertiary structure and thus may rapidly degrade
before they can reach APCs. For example, the estimated half-life of MelanA/MART-1
peptide in fresh human plasma is about 22 s [9]. These issues can be overcome by
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combining the peptide with the proper adjuvant, which may not only emulsity it for
better delivery, but also increase the half-life and stimulate the immune system more
efficiently to avoid possible induction of tolerance.

There are numerous TAAs being used as vaccine targets. Below is a description
of TAAs employed in vaccines developed at the National Cancer Institute.

Tumor-Associated Antigens

Carcinoembryonic Antigen

Carcinoembryonic antigen (CEA; CD66) is a 180-kDa immunoglobulin-like
oncofetal glycoprotein that is expressed on the cell surface of normal colonic
mucosa and primarily functions in cellular adhesion [10]. CEA is also commonly
overexpressed on adenocarcinomas arising from the breast, cervix, lung, and
gastrointestinal tract [11, 12].

Mucin 1

Mucin 1 (MUC1; CD227) is a large transmembrane glycoprotein normally expressed
at the apical surface of glandular epithelial cells [13]. In adenocarcinomas (i.e.,
breast, prostate, colorectal, ovarian, lung, bladder, and pancreatic) it is overex-
pressed and aberrantly glycosylated [14, 15]. Loss of epithelial-cell polarization
also results in MUC] expression throughout the cell surface. These characteristics
make MUCI a potential target for immunotherapy [16]. MUCI is also expressed in
hematologic malignancies such as B-cell lymphoma, chronic myelogenous leuke-
mia, and multiple myeloma [17—19]. The N-terminal (MUC1-N) is the large extra-
cellular domain that consists of a variable number of tandem repeats (VNTR) region
and a non-VNTR region. MUCI1-N is shed from cells, is present in the circulation
of patients with advanced cancer, and is used as a tumor marker (CA15.3) in breast
cancer patients [20]. The C-terminal of MUC1 (MUCI1-C) has been shown by sev-
eral groups to be extremely important in the initiation and progression of a range of
human neoplasms [21-23]. Overexpression of MUCI1-C makes it possible for
malignant cells of epithelial or hematopoietic origin to exploit the physiologic stress
response, and thus stimulate their expansion and survival [24].

Prostate-Specific Antigen

Prostate-specific antigen (PSA) is a 34-kDa glycoprotein that is expressed in normal
prostate tissue and prostate cancer [25]. PSA is also expressed at very low levels in
the paraurethral and perianal glands, placenta, breast (including breast cancer), and
thyroid. However, except for breast cancer, these tissues do not secrete a significant
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amount of PSA into the serum. Normally, PSA is secreted into the prostatic ducts.
However, in prostate cancer the disordered glandular architecture causes increased
amounts of PSA to diffuse into the serum, allowing PSA measurements to serve
as screening and prognostic markers for prostate cancer. The immunogenicity of
PSA has been demonstrated in multiple studies. Because PSA is secreted, it is not
a good target for an antibody response. However, T cells can recognize any pro-
teins made by cells once fragments of these proteins (peptides) are processed and
presented on MHC molecules. It has been demonstrated that human cytotoxic T
lymphocytes (CTLs) specific for PSA can be generated in vitro [26], and that
some patients with advanced prostate cancer have naturally occurring PSA-
specific T-cell responses [27]. Furthermore, Gulley et al. demonstrated that in
patients with prostate cancer, a PSA vaccine could generate PSA-specific T cells
that secrete interferon gamma (IFN-y) and lyse PSA-expressing tumor cells in an
MHC-restricted manner [28].

Brachyury

The transcription factor brachyury was initially identified as a molecule relevant to
the formation of the mesoderm during murine embryonic development, which
involves conversion of epithelial cells into mesenchymal cells [29]. Brachyury is
thus a mediator of normal physiologic epithelial-mesenchymal transition (EMT)
and metastasis. Subsequent studies revealed brachyury to be expressed in a range
of human tumors, with limited levels in human adult testes and thyroid, and little
or no expression in other normal adult tissues [30-33], making it an ideal target for
cancer immunotherapy. Transcription factors such as brachyury, however, are gen-
erally believed to be difficult to target with small molecule targeted therapies due
to their nuclear location and lack of a specific groove for the tight binding of a
small molecule inhibitor [34]. An alternative approach to targeting transcription
factors is vaccine-mediated T-cell therapy. Recent studies have identified an HLA-
A2 class I brachyury peptide that is capable of inducing human CD8* CTLs in vitro
[30]; these T cells were shown to be capable of selectively lysing a range of
brachyury-expressing human carcinoma cell lines [30]. Two clinical trials are
ongoing employing recombinant vectors expressing brachyury (NCT01519817
and NCT02179515).

Peptides/Proteins as TAAs

Many different TAAs have been used in cancer vaccines, either as the whole native
protein, 9-mer peptide epitopes, 15-mer peptide epitopes, or after making changes
in the endogenously expressed proteins in order to make them more immunogenic.
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Peptides with Amino Acid Substitutions

Preclinical studies have shown that inducing strong T-cell responses requires
repeated in vitro stimulation with TAA epitopes [35, 36], and that native peptide
vaccines may have limited immunogenicity when used as vaccines for cancer
patients [37, 38]. One method for improving the immunogenicity of self-antigenic
peptides is to alter the amino acid residues at either the MHC binding site or the
T-cell receptor (TCR) binding site. Modifying amino acids at the MHC binding site
may enhance MHC binding affinity and significantly improve interaction with the
TCR, thus enhancing antitumor immunity [39—45]. For instance, Terasawa et al.
[42] demonstrated that changing an isoleucine to a leucine at position 155 on PSA
(within the MHC binding region) made the peptide bind with higher affinity to the
MHC class I molecule, and the generated PSA-specific T cells produced higher
levels of IFN-y. T-cell lines generated with this agonist epitope efficiently lysed
tumor cells expressing native PSA in an MHC-restricted manner [42]. In addition,
Zaremba et al. [46] demonstrated that an enhancer agonist epitope of CAPI1, an
immunogenic HLA-A2 allele binding peptide derived from CEA, could generate
specific T cells from nonimmunized individuals, whereas the native epitope could
not. These T cells recognized cells expressing both the native and agonist CEA
sequence and lysed tumor cells endogenously expressing native CEA [46]. Seven
novel CTL epitopes in the MUC1-C region of MUCI have recently been identified,
along with enhancer agonists for each of these epitopes [44]. This was demonstrated
by the greater ability of the agonist peptides, compared to their corresponding native
peptides, to generate MUC1-C-specific T-cell lines, enhance IFN-y production by T
cells, and lyse human tumor cell targets endogenously expressing the native epit-
opes in an MHC-restricted manner. The MUCI1-C agonist epitopes span class 1
MHC HLA-A2, -A3, and -A24, which encompass the majority of the population.
The studies provide the rationale for clinical immunotherapy studies employing a
range of vaccines that target the C-terminus of MUCI.

An agonist epitope of brachyury has also recently been identified. This agonist
epitope, which has enhanced binding to MHC class I, (a) increased IFN-y produc-
tion from brachyury-specific T cells, (b) generated brachyury-specific T cells with
(i) greater levels of perforin, (ii) increased proliferation, and (iii) greater proficiency
at lysing human carcinoma cells endogenously expressing the native epitope, and
(c) achieved greater brachyury-specific T-cell responses in vivo in HLA-A2-
transgenic mice [47]. Furthermore, CTL agonist epitopes of the tumor-associated
proteins POTE [48] and TARP [49] have recently been identified. POTE was found
to be expressed in a wide variety of human cancers, including prostate, colon, lung,
breast, ovary, and pancreas [48]. TARP was found to be a prostate and breast tumor-
associated antigen [49].

Another method for increasing the immunogenicity of self-antigenic peptides is
by using heteroclitic analogs, which are peptides with substitutions outside the
MHC anchor residues. These substitutions are usually made in the residues that
contact the TCR, and the peptides are called “altered peptide ligands”. It has been
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demonstrated that such peptides can strongly stimulate T cells and therefore achieve
more potent immune responses than native peptide epitopes [46, 50, 51]. These pep-
tides can also act as agonists [52] and modulate phosphorylation patterns and intra-
cellular signaling involved in T-cell activation [53]. In clinical trials in melanoma
and colorectal carcinoma, altered peptide ligands have been shown to enhance CD8*
T-cell responses as measured by ELISPOT, tetramers, and chromium-release assays
[54, 55]. It has been reported that vaccination with an altered peptide ligand of CEA
(CAP1-6D) with Flt3 ligand was able to expand DCs for immunotherapy of colon
and non-small cell lung cancer (NSCLC) [56]. These DCs were able to induce CD8*
cytotoxic T lymphocytes that recognized tumor cells expressing endogenous CEA.
After vaccination, 2 of 12 patients experienced dramatic tumor regression, 1 patient
had a mixed response, and 2 had stable disease. It was also demonstrated that clini-
cal responses correlated with the expansion of CD8" tetramer positive T cells [56].

The recently published results [57] of a randomized pilot study of CAP1-6D with
Montanide and GM-CSF in patients with pancreatic adenocarcinoma showed a
clinical signal of benefit, with 7/19 patients alive at a minimum of 32 months after
study initiation, including 3 with unresectable disease. Other studies have shown
that treatment with heteroclitic peptides did not significantly improve clinical
responses in cancer patients [58, 59].

Multiple Variance Long Peptides

An alternative approach to peptide vaccines consists of multivalent synthetic long
peptides. These synthetic long-peptide vaccines, which incorporate both class I
CTL and class II helper epitopes, are predominantly taken up by APCs and pro-
cessed for presentation by both class I and class II molecules. A phase I clinical trial
using a 20-mer NY-ESO-1f peptide (NY-ESO-91-110) that includes multiple epit-
opes recognized by CD4* and CD8"* T cells was conducted in patients with tumors
expressing NY-ESO-1 antigen [60]. Ten patients were immunized with NY-ESO-1f
peptide mixed with picibanil (OK-432) and Montanide ISA 51. Increased CD4* and
CD8* T-cell responses were observed in 9/10 patients, demonstrating that
NY-ESO-1f peptide vaccine was well tolerated and elicited humoral CD4*- and
CD8*-specific T-cell responses in immunized patients [60]. To determine whether
the addition of helper peptides would increase CD8* T-cell responses in a multipep-
tide vaccine, 167 patients with resected stage IIB-IV melanoma were vaccinated
with 12 MHC class I-restricted melanoma peptides (12MP) to stimulate CD8* T
cells, and randomized to receive either a tetanus helper peptide or a mixture of 6
melanoma helper peptides (6MHP) to stimulate CD4* T cells [6]. T-cell responses
were assessed by ex vivo IFN-y ELISPOT assay. Vaccination with 12MP plus teta-
nus peptide induced CD8* T-cell responses in 78 % of patients, and CD4* T-cell
responses to tetanus peptides in 93 % of patients. Vaccination with 12MP plus
6MHP induced CD8* T-cell responses in only 19 % of patients, and CD4* T-cell
responses to 6MHP in 48 % of patients. Thus, in this study setting, melanoma
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vaccine-associated helper peptides paradoxically decreased the CD8* T-cell
response to the melanoma vaccine. Similar negative effects of combining helper
peptides with class I peptides in metastatic melanoma were also seen in an Eastern
Cooperative Oncology Group trial (E1602) [61].

Whole Protein Vaccines and 15-Mer Overlapping Peptides
Covering the Whole Protein

CD4* T cells play an important role in the generation of an antitumor immune
response by initiating and maintaining CD8" T-cell responses [62]. To this end,
there are TAA protein vaccines composed of whole protein or protein subunits able
to induce both CTL and helper T-cell responses. However, whole protein vaccines
have a disadvantage in terms of cost of manufacturing; alternatively, synthetic long-
peptide vaccines have been developed. These can be taken up by APCs and then
processed for presentation by both MHC class I and class II molecules. A phase I
study in end-stage cervical cancer used long overlapping peptides that covered the
entire length of the oncogenic proteins E6 and E7 of human papilloma virus type 16
(HPV16), which are likely to contain multiple HLA class I and class II T-cell epit-
opes [63, 64]. The vaccine, given s.c. with Montanide ISA 51 4 times at 3-week
intervals, displayed low toxicity and robust immunogenicity, inducing both CD4*
and CD8" T-cell responses. The treatment resulted in partial or complete regression
of premalignant lesions in a majority of women with HPV16* grade 3 vulvar
intraepithelial neoplasia [65]. Further evidence for the clinical activity of long-pep-
tide vaccines was reported in patients with metastatic colorectal cancer [66] and
ovarian cancer [67]. Treatment with a p53 long-peptide vaccine consisting of 10
synthetic long overlapping peptides of wild-type p53 protein induced p53 T-cell
responses in these patients [66, 67].

Vaccines Consisting of Multiple Peptides from Different
Tumor-Associated Antigens

Helper T cells play a crucial role in the generation of CTLs. Some peptide vaccines
consist of MHC class II-restricted helper epitopes recognized by CD4* T cells in addi-
tion to class I epitopes. Numerous helper epitopes have been identified and used with
CTL epitopes in cancer vaccines [4, 68]. A helper epitope peptide capable of binding
to pan HLA-DR (pan-DR epitope/PADRE) [69] has been used in peptide vaccine
clinical trials in combination with Wilms tumor gene, proteinase 3, MUC1-derived
peptides, Montanide ISA 51 and CpG7909 in patients with acute myeloid leukemia
and multiple myeloma [70]. An increase in PADRE-specific CD4* T helper cells was
observed. Different types of multipeptide vaccines have been developed to generate
broad CTL responses against multiple epitopes and several TAAs at the same time.
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The number of component peptides in the vaccine can vary from a few to more than
10. Some multipeptide vaccines consist of only CTL epitopes from different TAAs
[7, 71] or CTL epitopes combined with helper epitopes [72—74]. Induction of
immune responses and clinical efficacy were observed in a phase II clinical trial in
metastatic NSCLC using IDM-2101, a 9-CTL epitope vaccine consisting of 2 native
and 7 analog epitopes with enhanced TCR binding covering 5 different TAAs [72].
The study enrolled 63 HLA-A2" patients, none of whom experienced significant
adverse events. One-year survival among treated patients was 60 %, and median
overall survival was 17.3 months. One complete and 1 partial response were identi-
fied, and survival was longer in patients demonstrating an immune response to the
peptide epitopes [72]. Walter et al. treated 96 HLA-A2* patients with advanced
renal cell carcinoma (RCC) with IMA901 vaccine after single-dose cyclophospha-
mide in 2 consecutive studies (phase I and II). IMA901 consists of 10 tumor-asso-
ciated peptides naturally present in human RCC [75]. In the phase I study, patients’
T-cell responses to multiple TAAs were associated with improved disease control
and reduced regulatory T cells (Tregs). In the phase II trial, a single dose of cyclo-
phosphamide reduced the number of Tregs and confirmed that immune responses to
tumor-associated peptides were associated with longer overall survival [75, 76].
The same group also conducted a phase I/II clinical trial in 19 HLA-A2* patients
with biochemical relapse of hormone-sensitive prostate cancer treated with a multi-
peptide vaccine consisting of 11 HLA-A2-restricted peptides and 2 HLA class 11
peptides derived from prostate cancer [73]. The vaccine was used in combination
with Montanide ISA 51, imiquimod, GM-CSF, MUC1-mRNA/protamine complex,
local hyperthermia, or no adjuvant. The vaccine was well tolerated, and PSA dou-
bling time increased from 4.9 to 25.8 months in 4/19 patients during treatment.
Three of the responding patients received imiquimod and 1 received MUC1-mRNA/
protamine complex as adjuvant; both are TLR-7 agonists [73].

Class I and II Epitope Hybrid Vaccines

Peptide sequences of most single-epitope and multi-epitope vaccines consist of
native sequences with or without modification of the anchor amino acids, and are
directed against either MHC class I or class II. Hybrid peptide vaccines are fusion
peptides of one epitope specific for MHC class I and one epitope specific for MHC
class II.

CD4* helper T-cell epitopes for HER-2/neu have been reported and tested in
patients with breast cancer [77]. Thirteen of 18 patients responded by proliferation
to at least 1 of the HER-2 peptides tested. Using similar peptides for HER-2/neu
(777-790) (AE37) to treat patients with breast and ovarian cancer, Disis et al. also
demonstrated generation of immunologic responses and antigen spreading [78].
A novel MHC class II epitope hybrid peptide of HER-2/neu (AE37) has been devel-
oped [79] and used in a clinical trial in patients with breast cancer that overexpressed
HER-2/neu [80]. AE37 is the II-Key hybrid of HER-2/neu (777-790). Coupling the
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[I-Key segment of the II protein to the MHC class II epitope substantially increases
the potency of epitope presentation. The II-Key peptide (4-amino-acid sequence
(LRMK)) added to T-helper peptides facilitates direct antigenic epitope charging of
MHC class I molecules at the cell surface. Enhanced epitope charging and increased
antigen presentation can exponentially increase the potency of epitope presentation
compared with unmodified class II epitopes in vitro [79, 81]. Fifteen breast cancer
patients completed the HER-2/neu (AE37) dose-escalation clinical trial, including 5
dose groups with and without GM-CSF. No grade 3-5 toxicities were observed. The
hybrid AE37 vaccine was safe and well tolerated, and is capable of eliciting HER-
2/neu-specific immune responses even without adjuvant [80]. Perez et al. [82]
reported a phase I clinical study using the II-Key/HER-2/neu (777-790) hybrid
peptide vaccine with recombinant GM-CSF as adjuvant in 32 patients with castra-
tion-sensitive and castration-resistant prostate cancer expressing HER-2/neu.
Their results showed that the AE37 vaccine was safe; grade >2 toxicities were not
observed. A majority of patients (75 %) developed enhanced immunity to the AE37
vaccine, while 65 % developed enhanced immunity to the unmodified vaccine as
detected by IFN-y-based ELISPOT assays. In addition, significant decreases were
seen in the frequency of circulating Tregs, plasma HER2/neu and serum TGF-f
levels. These data suggest the potential of using HER-2/neu (777-790) vaccine for
immunotherapy of HER-2/neu-expressing prostate cancer.

Ty1 immunity is essential for the induction of fully activated CTLs and immuno-
logic memory [83, 84]. It has been demonstrated that synthetic long peptides derived
from the naturally occurring sequence of human HPV16 were superior to short
peptides in terms of generating an immune response in vulvar intraepithelial neo-
plasia [65]. A long-peptide vaccine containing both helper and CTL epitopes is a
rational strategy for activating Ty1-dependent antitumor immunity. Takahashi et al.
reported the use of a synthetic helper/killer-hybrid long-peptide epitope of
MAGE-A4 combined with OK432 and Montanide ISA 51 for the treatment of pul-
monary metastasis of colon cancer [85]. The vaccine induced MAGE-A4-specific
Tyl and CD&* CTL immune responses. The only side effects were injection-site
reactions. Both tumor growth and CEA tumor markers significantly decreased.

Peptide-Pulsed Dendritic-Cell Vaccines

Another method of peptide vaccine treatment involves pulsing DCs with peptides and
injecting patients with the peptide-pulsed DCs [86-90]. It has been demonstrated that
vaccination with ex vivo-generated and peptide-pulsed DCs can be more effective
than direct injection of peptides because the endogenous DCs may be functionally
compromised in cancer patients [91, 92]. In a Gynecologic Oncology Group phase 11
trial, 25 HLA-A2* patients with stage III, IV, or recurrent ovarian cancer overexpress-
ing the p53 protein with no evidence of disease were treated in 2 cohorts. Patients in
cohort A received s.c. injections of wild-type p53 peptide (264-272) admixed with
Montanide ISA 51 and GM-CSE. Patients in cohort B received wild-type p53 peptide
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(264-272)-pulsed DCs by i.v. infusion. IL-2 was administered to both cohorts in
alternate cycles. Results showed that 9/13 patients (69 %) in arm A and 5/6 patients
(83 %) in arm B developed an immunologic response to wild-type p53 as determined
by ELISPOT and tetramer assays. Median overall survival was 40.8 and 29.6 months
for arms A and B, respectively. Median progression-free survival was 4.2 and
8.7 months for arms A and B, respectively. Both vaccination approaches generated
comparable specific immune responses [93]. A phase I pilot study of vaccination with
epitope-enhanced TARP peptide and TARP peptide-pulsed DCs in the treatment of
stage DO prostate cancer has been initiated at the National Cancer Institute by
Berzofsky et al. (NCT00972309). In addition, a phase I/II trial employing peptide-
pulsed autologous CD40L-matured DCs with codon 12 and codon 13 mutant ras
peptides with or without IL-2 was recently completed in patients with locally
advanced or metastatic colorectal cancer (NCT00019591).

Adjuvants

Peptide vaccines have been used with many different kinds of adjuvants, which are
added both in order to emulsify the peptide so that it can be administered and to help
induce a strong immune response. Different adjuvants have different properties and
can induce a response that is more skewed towards either a Tyl or Ty2 profile.
Inducing a strong immune response while administering the peptide also decreases
the risk of developing tolerance.

Incomplete Freund’s Adjuvant

Incomplete Freund’s Adjuvant (IFA) is the most commonly used adjuvant in peptide
vaccines. A recent study investigated the type of immune response achieved in
human skin after vaccination with a multipeptide vaccine in IFA [94]. One week
after a single vaccination with peptides in IFA, Ty2 cells (GATA-3"), but not Tyl
cells (T-bet*), increased in number, suggesting a Ty2-dominant vaccination-site
microenvironment. This was reversed after repeated vaccinations. However, repeated
vaccinations may also increase the number of Tregs and eosinophils in the skin [94].

Cytokines

Cytokines such as GM-CSF, IL-2, IL-7, IL-12, IL-15, IL-21, and type 1 interferons
have been used as biologic adjuvants in peptide vaccines. GM-CSF acts as an
immune stimulant by enhancing antigen processing and presentation by DCs,
increasing expression of MHC class II molecules, augmenting the primary antibody
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response, and inducing localized inflammation when administered by injection [95,
96]. When administered intradermally with vaccine, GM-CSF elicits strong
delayed-type hypersensitivity reactions to peptide antigens [97]. A number of small,
uncontrolled clinical vaccine trials showed encouraging preliminary results with
GM-CSF in the treatment of solid tumors, including melanoma, breast carcinoma,
pancreatic cancer, RCC, NSCLC, and prostate cancer [78, 98—105]. Other reports,
however, challenge the benefits of GM-CSF and suggest that it may induce a weaker
immune response [106]. Recently, a multicenter, randomized phase II trial in 119
patients with resected stage IIB to IV melanoma was conducted with 12 MHC class
I-restricted melanoma peptides given alone or in combination with GM-CSF [4].
The multipeptide vaccine achieved high immune response rates, but CD8* and
CD4* T-cell responses were lower when vaccine was administered with GM-CSF, a
finding that directly challenges the utility of GM-CSF as an adjuvant. There is also
some evidence that systemic use of GM-CSF can increase tumor-mediated immune
suppression by acting as a growth factor for myeloid-derived suppressor cells
(MDSCs) [107, 108].

IL-12 can stimulate IFN-y-producing T cells and has been used to improve anti-
tumor immunity in cancer patients [109, 110]. However, systemic administration of
IL-12 has been shown to be highly toxic [111], so many researchers are working on
finding new ways of administering the agent. One such modality is NHS-IL-12,
which is a novel immunocytokine consisting of 2 IL-12 molecules and a tumor
necrosis-targeting human IgG1 antibody [112]. Other y-chain cytokines such as
IL-7, IL-15, and IL-21 also have properties that make them potential adjuvants for
peptide vaccines. IL-7 is essential for the development and survival of T cells [113].
It has immunorestorative properties and enhances the activity of naive T-cell
populations. IL-15 is a non-IL-2 growth factor that signals through the IL-2 receptor
B and y chains [114]. IL-15 preferentially augments CD8 memory and NK cells.
ALT-803 is a complex of an IL-15 superagonist mutant and a dimeric IL-15 receptor
fusion protein, which has been found to have significantly stronger in vivo biologi-
cal activity on T cells and NK cells, as well as increasing the survival of myeloma-
bearing mice [115, 116]. In addition, ALT-803 induces expansion and activation of
CD8* memory cells with robust antitumor activity [117]. IL-21, also in the y-chain
cytokine family [118, 119], is structurally similar to IL-2 and has similar properties.
IL-21 preferentially augments the inflammatory Tyl7 population [120, 121].
Carefully designed clinical trials are needed to evaluate the potential of these cyto-
kines to amplify the effects of peptide vaccines against cancers.

CD40

CD40, a member of the tumor necrosis factor (TNF) receptor family expressed on B
cells, DCs, and a small subset of activated T cells, plays a crucial role in cellular and
humoral immunity. Interaction of CD40 with its ligand (CD40L, CD154, expressed
by activated T-helper cells) promotes DC activation and initiates CD8* T-cell
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immune responses. In cancer patients, antibody to CD40 can induce CDA40 ligation.
An agonist antibody was recently investigated in a phase I trial in 29 patients with
different carcinomas [122]. Four patients with melanoma displayed an objective
partial response on day 43, and the treatment was found to be safe. CD40 can be
expressed in hematologic malignancies, melanomas, and carcinomas, and CD40
targeting can also induce direct antiproliferative effects on the tumor [123]. In con-
trast, another study in melanoma showed no direct effects on the tumor with anti-
CDA40 antibody treatment, either in CD40* or CD40"¢ melanoma cell lines [124].

Keyhole Limpet Hemocyanin Conjugates

Keyhole limpet hemocyanin (KLH), a large immunogenic protein from the keyhole
limpet, induces an antibody response. Synthetic peptides conjugated to KLH have
been used in combination with the adjuvant QS-21 to induce a robust antitumor
immune response in prostate cancer [125]. KLH has also been used with DC vac-
cines for melanoma [126] and RCC [127].

Toll-Like Receptors

TLRs, early mediators of innate immune responses to pathogens, are a family of
pattern recognition receptors mainly expressed on APCs. TLR agonists can enhance
antitumor T-cell responses and may improve the efficacy of peptide vaccines.
Several TLR agonists have the potential to be effective vaccine adjuvants, including
agonists for TLR3, 4, 7, and 9, which are likely to enhance the Tyl environment
[128, 129]. It has also been demonstrated that stimulation of TLR8 mediates rever-
sal of CD4* Treg function [130]. In addition, a combination of several TLR agonists
may act synergistically to further enhance vaccine efficacy.

CpG Oligodeoxynucleotides

Oligodeoxynucleotides (ODNs) that contain unmethylated CpG motifs can activate
B cells [131], DCs [132], and natural killer (NK) cells [133], and can act as TLR9
agonists and induce a Ty1 cytokine response [134], as well as stimulate CD8* CTL
activity [135]. A clinical trial in patients with NY-ESO-1- or LAGE-1-expressing
tumors recently found detectable CD8* T-cell responses in 9/14 patients, 6 of whom
had a favorable clinical outcome after vaccination with synthetic CpG 7909 ODN
mixed with NY-ESO-1 peptide p157-165 and IFA [136]. A combination of MUC1
and HER-2/neu peptide vaccines with CpG ODN, GM-CSF, or both, is currently
being investigated in patients with previously treated stage II or III breast adenocar-
cinoma (NCT00640861).
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Poly-ICLC

Polyinosinic-polycytidylic acid stabilized by lysine and carboxymethylcellulose
(poly-ICLC) is a TLR3 agonist currently being investigated in several clinical trials.
A robust induction of antigen-specific CD8* T cells was found in glioma patients
treated in a phase I trial of multiple peptides combined with intramuscular poly-
ICLC [137, 138]. Both CD8* and CD4* T-cell responses were also seen in patients
with ovarian carcinoma vaccinated with overlapping long peptides from
NY-ESO-1 in combination with poly-ICLC [139]. A clinical study to investigate the
efficacy of a MUCI peptide/poly-ICLC adjuvant vaccine in preventing recurrence
of polyps in patients with advanced colorectal adenoma was recently concluded
(NCT00773097).

Liposomes

Liposomes, an established drug delivery system, must be combined with a potent
immune activator in order to produce an adjuvant effect. There are currently several
ongoing or recently finished clinical trials employing different liposomal vaccines
in different cancers: L-BLP25 (Stimuvax, EMD Serono), ONT-10 (Oncothyreon
Inc.), and Lipovaxin-MM (Lipotek Pty Ltd.). BLP-25, a liposomal vaccine contain-
ing the VNTR region of MUC1, has been investigated in completed trials in NSCLC
(NCT00157209, NCT00157196 and NCT00960115) and an ongoing trial of combi-
nation therapy with bevacizumab in NSCLC (NCT00828009). L-BLP25 recently
failed to meet the primary endpoint of increased overall survival in a phase III trial
in NSCLC. ONT-10 is a liposomal MUCI cancer vaccine currently being investi-
gated in a phase I trial in patients with solid tumors (NCT01556789) and a phase Ib
maintenance therapy trial (NCT01978964). Lipovaxin-MM, a liposomal vaccine
loaded with melanoma-associated antigens, is currently being investigated in a
phase I trial (NCT01052142).

SB-AS2

SB-AS2 is composed of monophosphoryl lipid A and QS-21 in an oil-in-water
emulsion. It can induce high titers of IgG antibodies, mostly the Ty1-dependent
subclasses, as well as CD8" and CD4* T-cell responses [140]. Three clinical trials
employing SB-AS2 as an adjuvant have recently been completed with (a) MUCI
100-mer peptide in pancreatic caner (NCT00008099), which was found to be safe
and to increase MUCI-specific antibodies and T-cell responses in some patients
[141]; (b) MAGE-A10 peptide in melanoma (NCT00112216); and (c) MAGE-3-His
fusion protein in stage IV melanoma (NCT00042783). One trial with the MAGE-3-
His fusion protein in unresectable melanoma is still ongoing (NCT00086866).
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Peptide Vaccines Combined with Different Modalities

It is possible that peptide vaccines used in combination with other treatments will
enhance tumor lysis and be of clinical benefit to a large number of cancer patients.

Chemotherapy

Combining peptide vaccines with chemotherapy makes sense, since it has been
shown that some such treatments can target Tregs and MDSCs (which inhibit the
immune response to vaccine), thus producing a more responsive tumor microenvi-
ronment with restored T-cell and NK-cell functions [142-145]. In addition, pacli-
taxel, doxorubicin, mitomycin C, and methotrexate at very low doses have been
found to up-regulate antigen presentation by DCs [146], which is also beneficial for
combination with peptide vaccines. Moreover, chemotherapy can lead to immuno-
genic tumor-cell death, which can activate antigen-specific T cells [147—-149].

Immunomodulatory Agents

Studies of the mechanisms involved in the generation of immune responses against
tumors and the immune suppression achieved by tumors have demonstrated that sev-
eral mechanisms may simultaneously prevent effective antitumor immunity. These
mechanisms include the induction of negative immune regulation by Tregs and
MDSCs, and inefficient presentation of tumor antigens by DCs. Therapies designed
to simultaneously enhance antitumor immunity and prevent immune evasion by
tumors are most likely to have clinical efficacy, but it is unlikely that a single immu-
notherapeutic strategy can meet all of these requirements. Immunotherapeutic
approaches using a combination of vaccines to elicit antitumor T-cell responses and
immunomodulatory agents to activate the immune system, either directly or indirectly
by antagonizing immune suppression, have a very high potential for antitumor effects.

Immune Checkpoint Inhibitors

Immune checkpoint proteins have become increasingly important targets for phar-
macologic blockade. Utilizing the immune system to eliminate cancer has great
potential, and several classes of new agents have shown positive clinical activity for
the treatment of cancers. Current immune checkpoint inhibitors include anti-CTLA4
(ipilimumab, tremelimumab) [150, 151], anti-PD-1 (nivolumab, pembrolizumab)
[152, 153], anti-PD-L1 (MPDL-3280A, MED14736, AMP-224) [154, 155], KIR
inhibitor (lirilumab) [156], anti-41BB (urelumab) [157], LAG-3 inhibitor [158],
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phosphatidyl-serine inhibitor (bavituximab) [159], and indoleamine 2,3-dioxygenase
(IDO) inhibitor (INCB024360) [160].

Anti-CTLA4, Anti-PD-1, Anti-PD-L1

A promising therapeutic combination is the use of a peptide vaccine with anti-
CTLA4, an immune checkpoint inhibitor. CTLA4 (CD152) is not found in resting
T cells but is up-regulated for 2-3 days after T-cell activation. It inhibits CD28-
mediated T-cell costimulation by binding with higher avidity to B7.1 (CD80) and
B7.2 (CD86) than the natural ligand does [161, 162]. In a clinical trial in patients
with metastatic melanoma, a peptide vaccine combined with IFN-o and anti-CTLA4
significantly down-regulated MDSCs and resulted in significant clinical activity
[163]. A phase III study in metastatic melanoma using a combination of gp100
peptide vaccine and ipilimumab showed that ipilimumab with or without gp100
peptide vaccine improved overall survival compared to gp100 alone [164]. Grade 3
or 4 immune-related adverse events occurred in 10-15 % of patients treated with
ipilimumab, but most resolved with appropriate treatment [164]. In another study,
the combination of extended-dose ipilimumab with multipeptide vaccine (tyro-
sineses 376, ZP100509-217, MART-1,4 35) emulsified in Montanide ISA 51 appeared to
be associated with improved outcome in patients with resected high-risk stage ITlc/
IV melanoma [165]. Immune monitoring of melanoma patients treated with ipilim-
umab and vaccinated with gp100 DNS (IMF-24), gp100,49 5,7, tyrosinase peptides
plus GM-CSF DNA (IMF-32), or NY-ESO-1 plus imiquimod (IMF-11) indicated
that ipilimumab could increase antigen-specific CD8* T-cell responses, as well as
effector memory T-cell responses and cytokine profiles [166].

Another immune checkpoint inhibitor consists of antibodies that block the inter-
actions between programmed cell death protein 1 (PD-1) and its ligand (PD-L1).
Similar to CTLA-4, the PD-1 receptor is a T-cell coinhibitory molecule that binds to
the PD-1 and PD-2 ligands (PD-L1 and PD-L2). PD-1 is expressed on activated T
cells, B cells, and some myeloid cells. Its ligand, PD-L1, is expressed on some
peripheral tissues and many types of tumors. PD-L2 is expressed on DCs. PD-L1
expression on peripheral tissues appears essential to maintaining peripheral toler-
ance. The interaction of PD-1 with PD-L1/PD-L2 can suppress T-cell activation,
while blocking this interaction can restore immune function [167, 168]. In a phase
I clinical trial, 296 patients with a variety of cancers (advanced melanoma, NSCLC,
castration-resistant prostate cancer, RCC, and colorectal cancer) were treated with
anti-PD-1 antibody (BMS-936558 or MDX-1106) [169]. Objective responses were
seen in 26/94 patients with melanoma and 14/76 patients with NSCLC, but not in
the 19 patients with metastatic colorectal cancer [169]. In September 2014, the FDA
announced accelerated approval of pembrolizumab [170] for advanced melanoma.
This is the first anti-PD-1 antibody to receive approval.

In another study, a monoclonal antibody to PD-L1 (BMS-936559) was used to
treat 207 patients with NSCLC (n=75), melanoma (n=55), colorectal cancer
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(n=18), RCC (n=17), ovarian cancer (n=17), pancreatic cancer (n=14), gastroin-
testinal cancer (n=7), and breast cancer (n=4) [154]. Complete or partial responses
were observed in 9/52 evaluable patients with melanoma, 2/17 with RCC, 5/49 with
NSCLC, and 1/17 with ovarian cancer. Again, patients with colorectal cancer had
no response to treatment [154]. The level of PD-L1 expression, which varies on
tumor cells, was found to correlate with clinical response to anti-PD-L1 therapy,
suggesting that PD-L1 expression on tumor cells may be a predictive biomarker for
response to treatment with anti-PD-1 and anti-PD-L1 antibodies. The combination
of peptide vaccines and immune checkpoint inhibitors is likely to result in clinical
benefit for many patients.

Anti-CD137

CD137 (4-1BB), a member of the TNF-receptor family, is expressed on activated
T- and B-cells, follicular DCs, monocytes, and epithelium, and when it binds to its
ligand (4-1BB ligand), it functions as a costimulatory molecule for T cells, affecting
T-cell activation and survival as well as DC development. Recently, advances have
been made in producing an agonist CD137 antibody (BMS-663513, Bristol-Myers
Squibb) that mimics the natural ligand. It has been investigated in a phase II trial in
melanoma (NCT00612664), and in vitro studies have shown promising results
when using it to improve the quality of CD8* melanoma tumor-infiltrating lympho-
cytes for adoptive T-cell transfer [171].

IDO Inhibitors

Indoleamine 2,3-dioxygenase 1 (IDO) is a tryptophan-catabolizing enzyme [172,
173]. IDO mediates oxidative degradation of the essential amino acid tryptophan
into kynurenine and other downstream metabolites that suppress effector T-cell
function and enhance the differentiation of suppressor cells. Cells involved in the
IDO-driven mechanisms of immunosuppression include Tregs [174], M2 macro-
phages [175], NKT cells [176], mast cells [177, 178], MDSCs [179, 180], and regu-
latory or tolerogenic DCs [181]. The suppressive effects of IDO contribute to the
immune system’s inability to respond effectively against tumor antigens. IDO
inhibitors offer an opportunity to overcome these effects. Preclinical studies have
demonstrated that treatment of tumor-bearing animals with IDO inhibitors can
enhance antitumor immune responses. IDO inhibitors have been used in combina-
tion with a variety of chemotherapeutic drugs, antitumor vaccines, and other immu-
notherapeutic modalities [182, 183]. A number of IDO inhibitors have been reported
in the literature [184], the most extensively studied being 1-methyl-tryptophan
(IMT) [185]. IMT is currently being investigated in phase II trials in combination
with sipuleucel-T for refractory metastatic prostate cancer (NCT01560923), with
ipilimumab for metastatic melanoma (NCT02073123), and with a DC vaccine for
metastatic breast cancer (NCT01042535). Another IDO inhibitor, INCB024360
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[186], is currently being investigated in combination with a peptide vaccine consist-
ing of an emulsion of 12 MHC class I melanoma peptides and 1 MHC class 1II teta-
nus toxoid helper peptide (MELITAC 12.1) [4] in patients with stage II-IV
melanoma (NCT01961115). It is also being used in combination with DEC-205/
NY-ESO-1 fusion protein CDX-1401 and poly-ICLC in patients with ovarian, fal-
lopian tube, or peritoneal cancer (NCT02166905).

Prime-Boost Strategies

Generation of memory CTLs is essential to the development of long-lasting immune
responses against tumors. It has been demonstrated that antigen kinetics determine
immune reactivity; the strength of T cell responses is governed by antigen dose,
localization and costimulatory signals. Exponentially increasing antigen doses
stimulated stronger immune responses than constant stimulation with uniform doses
or immunization with one large dose [187]. With peptide vaccines, dosage, route of
administration, and scheduling of boosts are essential to the induction of proper
antigen-specific T-cell responses. Vector-based vaccines have been used to treat
many types of cancers [188—192]. Sometimes, pre-existing immunity to the vector
can accelerate its clearance after booster injections, limiting immune responses by
impairing antigen presentation and production of inflammatory cytokines. In these
cases, a prime-boost regimen employing different vectors or peptide vaccines can
effectively generate memory CTLs [188—190]. For example, when mice were given
recombinant vaccinia CEA as a prime and recombinant CEA protein as a boost,
greater T-cell responses to CEA were achieved than with the use of either immuno-
gen alone [193]. This concept of heterologous prime-boost immunization has been
validated in other models employing vaccines for infectious agents and cancer, and
presents a strong rationale for designing vaccine regimens using peptide vaccines
(peptides with agonist epitopes in particular) [44] as boosts.

Conclusions

Identification of TAA peptides expressed by different human tumors has provided
the basis for antigen-specific active immunotherapy and facilitated the develop-
ment of clinical cancer immunotherapy trials. A major limitation of all immuno-
therapy is the negative effects of the tumor microenvironment on the function and
survival of effector cells that could potentially eliminate the tumor. It is unlikely
that a single immunotherapeutic strategy will be able to address all the require-
ments for successful treatment of cancers, but combination therapies are more
likely to succeed. Prospects for improved peptide vaccines include the use of long
peptides, modified and optimized peptides (with agonist epitopes), peptides with
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multiple epitopes, modification of adjuvants, and combination therapy with other
immunologically active agents. It is conceivable that improvements in vaccine
immunogenicity and T-cell persistence, as well as successful countermeasures
against tumor-associated immune dysfunction, will lead to peptide vaccines with
greater therapeutic value.
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Chapter 2
Strategies for Improving Vaccines to Elicit
T Cells to Treat Cancer

Jay A. Berzofsky, Lauren V. Wood, and Masaki Terabe

Abstract Cancers have not evolved to be good vaccines. Indeed, most clinically
evident cancers have escaped from the immune system. Thus, unlike most existing
vaccines, one cannot simply mimic the disease agent to make a successful vaccine,
but instead may need to combine several approaches. Our lab has developed a push-
pull strategy in which we first improve the immunogenicity of the antigens them-
selves by modifying the amino acid sequence to improve binding of epitopes to
MHC molecules (a process called epitope enhancement). The next step is to “push”
the response to improve not only the quantity but also the quality of the immune
response, to achieve better avidity, longevity, and type of response, by using combi-
nations of defined molecular adjuvants such as cytokines like IL-15, TLR ligands,
and NKT cell agonist antigens. We and others have identified synergistic combina-
tions of these. Then, it is still necessary to overcome negative regulatory mecha-
nisms that cancers elicit to suppress and evade the immune system. These include
regulatory cells like Treg cells, myeloid-derived suppressor cells, M2-macrophages,
regulatory type II NKT cells, and others, plus regulatory receptors on the T cells
themselves such as CTLA-4 and PD-1, and regulatory cytokines like TGF-beta,
IL-13 and IL-10. We call this the “pull” in vaccine strategy, removing the brakes to
allow vaccines to achieve their maximal potential. Here, we describe preclinical
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studies to examine each of these elements in cancer vaccines and clinical trials to
translate these into patients, including an epitope-enhanced vaccine and blockade of
TGF-beta. Overall, the combination of these strategies may allow more effective
vaccines to treat established human cancers.

Keywords Cancer vaccines * Cancer immunotherapy * Immune regulation « NKT
cells » Epitope enhancement » Cytokines * Checkpoint inhibitors

Introduction

Most conventional vaccines target organisms that produce acute self-limited infec-
tions and/or that produce toxins. Because these organisms naturally induce protec-
tive immunity against subsequent exposure, the vaccine needs only to mimic natural
infection to be effective. Thus, the emphasis has been on preparing attenuated or
killed organisms or inactivated toxins. However, viruses causing chronic infection,
such as HIV or Hepatitis C virus, or cancers, do not naturally induce sufficient
immunity to prevent the chronic disease. Indeed, in the case of cancer, there is now
substantial evidence that the cancers that emerge clinically are the ones that have
already escaped natural immunosurveillance [1]. Thus, to make an effective cancer
(or HIV) vaccine, one needs to do more than simply administer cancer antigens or
killed cells, but rather must also make these more immunogenic and overcome the
mechanisms that the cancer (or virus) has developed to evade the immune system.

Looked at another way, neither chronic viruses nor cancers evolved to be effec-
tive vaccines. Quite the contrary, they evolved to escape the immune system. Thus,
in these cases, we should be able to rationally do better than nature to induce an
immune response against these invaders [2].

We have developed a multi-pronged push-pull strategy to accomplish this goal
[3-5]. First, the antigen itself can often be made more immunogenic by slightly
modifying the sequence of epitopes to increase their affinity for common MHC
(HLA in humans) molecules. We call this approach epitope enhancement [2, 6].
After all, the organism or cancer antigens may have already undergone some selec-
tion for antigens that are poor MHC binders. Second, we need to improve the qual-
ity of the immune response in addition to its quantity by using an appropriate
combination of defined molecular adjuvants. Thus, we have previously seen that the
quality of T cells, such as their avidity or longevity, or their cytokine profile, can be
more important than their quantity for eliminating invaders. This is the push of the
“push-pull” strategy [3]. Even with these improvements, we still need to overcome
the negative regulatory mechanisms that cancers (and chronic viruses) exploit to
evade the immune system. These include regulatory cells (such as Treg cells,
MDSC, M2 macrophages, regulatory type II NKT cells, regulatory DCs, etc),
inhibitory receptors on T cells (such as PD-1 and CTLA-4), and immunosuppres-
sive cytokines (such as TGF-beta or IL-13 or IL-10). Overcoming these is the “pull”
of the “push-pull” strategy, removing the brakes so that the vaccine can achieve its
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maximum potential [3]. By combining all these steps in a push-pull strategy, we hope
to finally accomplish the difficult task of inducing an immune response to reject an
established cancer.

The sections below will address each of these steps sequentially, both in mouse
models and in translation to human clinical trials. Although for space reasons we
must focus especially on examples from our own research, selected relevant related
literature will be reviewed as well.

Epitope Enhancement

The concept of epitope enhancement derives from the observation that the binding of
antigenic peptides corresponding to T cell epitopes to class I or class I MHC mole-
cules can be improved by making selective amino acid substitutions. These can either
remove residues that interfere with binding [7] or substitute higher affinity “anchor”
residues that bind more tightly in the peptide binding pockets of these MHC mole-
cules [8]. The latter approach was greatly facilitated by the discovery of MHC-
binding motifs for peptides that bind to particular MHC molecules, initially defining
primarily anchor residues [8—10], and then also defining secondary anchor positions
or other positions that influenced binding [11]. The goal is to improve binding to the
MHC molecule without interfering with or altering what the T-cell receptor (TCR)
recognizes, because it is critical that the T cells elicited by the enhanced vaccine also
crossreact with the wild-type sequence still present in the cancer or virus. This is
facilitated by the fact that it is possible to map some residues of the epitope peptide
that point down or sideways to interact primarily with residues of the MHC molecule
in the MHC groove in which the peptide sits, and others that stick out of the groove
and interact primarily with the TCR. These two types of amino acid residues corre-
spond with the original concepts of “agretope” and “epitope” regions of the peptide
defined by their effects on these functions, respectively, before the crystal structure
of the MHC molecule was known [12]. A number of computer algorithms have been
developed to predict binding of peptides to particular MHC molecules, many of
which are based on these known primary and secondary anchors or more broadly on
the frequency with which different amino acids appear at each position in a survey of
peptides binding to a particular MHC molecule [13].

Our approach to epitope enhancement began with the observation that we could
improve binding of an HIV peptide to a class I MHC molecule by removing a Glu
residue that seemed to interfere with binding, replacing it with an Ala [7]. To apply
this concept to other peptides, we carried out “Alanine scans” in which we substi-
tuted each amino acid residue sequentially with an Ala residue, based on the con-
cept that the Ala side chain is only a small and uncharged methyl group and therefore
we would be removing any side chain that might interfere with binding because of
its bulk (steric hindrance) or charge [7, 14]. We also replaced poor anchor residues
with more effective ones where we could. This epitope enhancement approach was
successfully carried out for epitopes of Hepatitis C virus (HCV) [14], HIV [7, 15-17],
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and cancer [18, 19]. Others have used similar approaches for other epitopes from
cancer and viruses [20], and have also found substitutions that improved binding
to a dominant TCR [21]. Some of these have been translated into human clinical
trials [22, 23].

The epitope-enhanced tumor antigen that we have translated into a clinical trial is
TARP, discovered by Ira Pastan’s lab [24, 25] and standing for “T-cell receptor
gamma chain Alternative Reading frame Protein.” Its expression was detected in
about 95 % of prostate cancers and about 50 % of breast cancers, but it turned out that
although the nucleic acid sequence derived from the TCR gamma chain gene, the
TARP transcript was read in a different reading frame and the amino acid sequence
had nothing in common with that of the TCR gamma chain. It was subsequently
found to be expressed in all stages of prostate cancer of all Gleason types [26], mak-
ing it a good target for immunotherapy. The amino acid sequence is only 58 amino
acids long, and within that we mapped several HLA-A*0201-binding epitopes [18],
using several algorithms to predict binding peptides, followed by a flow-based bind-
ing assay measuring stabilization of HLA-A*(0201 on the surface of TAP-deficient
cells. We compared the affinities of different peptides for this MHC molecule by
determining the concentration required to increase HLA-A*0201 expression by 50
% above the level without peptide. We found one high affinity epitope residues
27-35, and an overlapping moderate affinity epitope residues 29-37. While the sub-
stitutions we tried did not increase binding of the 27-35 peptide, some did improve
the binding affinity of the 29-37 peptide [18]. These were found to improve immu-
nogenicity in vivo in HLA-A2 transgenic mice. We then used them to expand spe-
cific T cells from human HLA-A*0201* patients, and found that the enhanced 29-37
peptide with a Valine substitution at position 9 induced human T cells that could kill
human tumor cells expressing TARP and HLA-A*0201 more effectively than could
the wild type peptide itself, and just as well as the high affinity peptide 27-35. On this
basis, TARP peptides 27-35 and 29-37-9 V were chosen to carry forward into a
human clinical trial in prostate cancer.

Epitope Enhanced TARP Clinical Trials

We conducted the clinical translation of our epitope enhanced TARP vaccine
platform in HLA-A*0201 men with Stage DO prostate cancer who had undergone
primary treatment and had prostate specific antigen (PSA) biochemical recurrence
without radiographic evidence of tumor. This is an ideal population for the study of
therapeutic vaccination because the tumor burden is micrometastatic and immune
function is presumed to be normal as a result of limited prior exposure to chemo,
hormonal or radiation therapies. In addition, the rate of PSA rise, expressed as Slope
Log (PSA) or as PSA doubling time (PSADT) in nomogram calculations [27], is a
validated measure of tumor growth and disease outcomes (recurrence and survival)
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in men with DO disease [28-32]. Since the optimal method of peptide vaccination
remains to be defined, we carried out a prospective, randomized clinical trial
(ClinicalTrials.gov identifier NCT00972309) investigating wild type (WT) 27-35 and
29-37-9 V epitope enhanced (EE) TARP peptides administered as a peptide emul-
sion with Montanide ISA 51 VG and granulocyte-macrophage colon-stimulating
factor (GM-CSF) or as a peptide-pulsed autologous dendritic cell vaccine (also
pulsed with keyhole limpet hemocyanin (KLH) as a source of help). A total of five
vaccines were delivered every 3 weeks with the option for an additional sixth dose
of vaccine at 36 weeks based on PSADT or immunologic response criteria, with
subsequent booster doses of vaccine at 48 and 96 weeks.

The primary study outcomes were safety and immunogenicity in addition to
assessing the impact of TARP vaccination on Slope Log (PSA)/PSADT and tumor
growth rates. As the Slope Log (PSA) (the rate at which the PSA is rising over time)
decreases, the PSADT, which is proportional to the reciprocal slope, increases. Hence
adecrease in Slope Log (PSA) is equivalent to an increase and lengthening in PSADT
that is the preferred outcome of vaccination [28-32]. As might be anticipated with a
peptide vaccine, TARP vaccination was very well tolerated with adverse events lim-
ited to local injection site reactions of short duration [159]. Immunogenicity was
assessed by TARP-specific IFN-y ELISPOT responses to vaccine platform WT27 and
EE29-37-9 V TARP peptides as well as the non-vaccine WT29-37 TARP peptide.
TARP vaccination was highly immunogenic and associated with statistically signifi-
cant increases in ELISPOT reactivity over baseline at 12, 18 and 24 weeks in the
majority of subjects. Importantly, we documented reactivity to vaccine (WT27-35,
EE29-37-9V) as well as non-vaccine (WT29-37) TARP peptide. Hence in humans,
vaccine-induced TARP immune responses to the epitope enhanced peptide also
cross-react with the wild-type version of the same peptide sequence, replicating our
initial observations in pre-clinical animal studies [18]. In a pooled analysis of all
subjects, 72 and 74 % of patients demonstrated a decrease in Slope Log (PSA) at 24
and 48 weeks respectively, compared to their pre-treatment baseline [159]. However
there was no correlation between decreasing Slope Log (PSA) and vaccine-induced
TARP ELISPOT responses or any other baseline variables examined. Using pre-
and post-vaccine PSA measurements in a two-phase exponential growth and regres-
sion mathematical model [33], TARP vaccination was also associated with a 50 %
reduction in tumor growth rates. Hence additional studies of this vaccine platform
in patient populations with more clinically aggressive or advanced disease will
allow further verification of its direct impact on primary clinical outcomes such as
progression free survival or overall survival.

To confirm the effects of TARP vaccination on decreasing Slope Log (PSA) and
slowing tumor growth rates observed in our initial study, a prospective, phase II
randomized, placebo-controlled trial of a second generation multi-epitope (ME)
TARP vaccine in an identical population of men with stage DO prostate cancer is
planned, except without the HLA restriction. This second generation vaccine contains
five additional overlapping peptides that span the entire TARP protein as well as
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the original two WT27-35 and EE29-37-9V peptides, thus eliminating the need
for HLA restriction and minimizing the risk of tumor immune escape following
vaccination. The use of longer, overlapping peptides that include CD4*T cell
helper epitopes may also allow the generation of anti-TARP antibodies as well as
better TARP-specific CD8 T cell responses with improved functional avidity and
longevity [34].

Use of Defined Molecular Adjuvants to Increase Immune
Response Quantity and Quality

Tumors and chronic virus infections may not only induce an inadequate magni-
tude of immune response, but may also induce a less than optimal qualitative
type of immune response. For example, a Th2 cytokine profile may be induced
where a Thl profile is really needed [35, 36]. Similarly, we had found that
high functional avidity CD8 T cells were much more effective at clearing a virus
infection in vivo than low avidity T cells specific for the same peptide-MHC
complex [37]. Others then confirmed this for virus infections [38—41] and for
tumors [42, 43], as we observed as well [44]. If high avidity T cells to tumors
have been eliminated by self-tolerance through negative selection or other mech-
anisms, the residual T cells may not be adequate to control the tumor. Sometimes
this can be overcome by using subdominant epitopes, for which tolerance has not
been induced, and using epitope enhancement to make these more immunogenic
[45]. However, we sought a more general method for selectively inducing higher
avidity CD8* T cells.

Costimulatory Molecules as Molecular Adjuvants

A number of costimulatory molecules have been found to increase T cell
responses. For example, CD40L, which is one of the main mediators by which
helper T cells activate dendritic cells or B cells, has been produced in soluble
form and we have found it to have adjuvant activity [3]. Indeed, we found synergy
between GM-CSF that can recruit antigen-presenting cells (APCs) and CD40L
that can mature them [3]. We asked whether costimulatory molecules might allow
immunization with a lower concentration of antigen to selectively induce higher
avidity CD8* T cells. Using a TRICOM vector expressing three costimulatory
molecules, ICAM-1, CD80, and LFA-3 [46], we found that indeed higher func-
tional avidity T cells could be elicited in mice [47]. This approach was further
developed to induce considerably higher functional avidity T cells with TRICOM-
based vaccines [48].
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IL-15 as an Adjuvant to Induce Higher Avidity Longer-Lived
CD8* T Cells

Interleukin 15 (IL-15) was discovered as a cytokine that had T-cell stimulatory
properties akin to those of IL-2 [49]. It was found to have a receptor that shared the
beta and gamma chains with that of IL-2, but differed in the alpha chain [49].
However, in contrast to IL-2, IL-15 was not made by T cells, but rather by APCs,
especially DCs. It was then found that unlike IL-2, IL-15 could be presented by the
IL-15Ralpha chain on DCs to NK cells or T cells lacking the alpha chain but
expressing only the IL-2Rbeta and gamma chains, so called “trans presentation”
[50]. More recently, it has been suggested that IL-15 is shed as a heterodimer with
its IL-15Ralpha chain and that the heterodimeric complex is more stable and is the
physiological form of the cytokine [51].

We and others examined IL-15 as a molecular adjuvant [52-59]. Regarding avidity,
we noticed that when mice were immunized with a recombinant vaccinia virus
vector vaccine expressing IL-15, over time (after about 2 months), the avidity of
the T cells was seen to be higher than if the vaccine did not express IL-15 [53]. This
apparent avidity maturation over time occurred despite the fact that the TCR does
not undergo somatic mutation as antibody variable regions do. We found two com-
plementary mechanisms to account for this avidity maturation. It was known that
IL-15 promoted homeostatic proliferation of CD8* T cells [60]. At a population
level, we found that higher avidity T cells expressed higher levels of IL-15Ralpha
and therefore were more responsive to IL-15 than low avidity T cells specific for the
same epitope. Thus, over time, the high avidity T cells persisted or expanded while
the low avidity T cells were dying by attrition, rendering the average population
avidity higher over time [53]. The second mechanism was at the cellular level, in
which we found that that IL-15 increased expression of CD8alpha and CD8beta,
which contribute to apparent functional avidity even for the same TCR. This effect
was greatest for the higher functional avidity T cells that expressed more IL-15Ra,
so there was a positive feedback effect [53]. The net result was apparent avidity
maturation over time, and IL-15 became a valuable molecular adjuvant to elicit a
higher avidity CD8* T cell response.

We also found that IL-15, but not IL-2, expressed by a recombinant vaccinia
vaccine vector, elicited longer-lived CD8*T cells [52]. Kutzler et al. [54] had also
found that IL-15 as an adjuvant expressed by a DNA vaccine could induce CD8*
T cells in the partial absence of CD4* T cell help. Because CD4"* T cell help for CD8*
T cells had been shown to be mediated at least in part by activation of DCs, and DCs
could be induced by CD4" helper cells to secrete IL-15 (and/or express it on their
surface for trans presentation), we asked whether IL-15 might be a major mediator
of CD4* T cell help. CD4* T cell help had been shown to be necessary to prevent
CDS8* T cells from undergoing apoptosis when re-exposed to antigen, mediated by
TRAIL [61]. Therefore, we asked whether IL-15 could substitute for CD4* help and
prevent such antigen-reexposure-induced apoptosis. Indeed, we found that priming
CD8* T cells in the presence of IL-15, even in the absence of CD4" help, led to the
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same phenotype as CD8* T cells primed in the presence of help [58]. Thus, IL-15
was sufficient to substitute for CD4* help. To know if IL-15 was a key mediator of
help, we had to know whether it was also necessary for help. To test this, we exam-
ined DCs from IL-15 knock-out mice that could not produce IL-15 even in the pres-
ence of adequate T cell help. When antigen-pulsed DCs were used as a vaccine, if
the DCs could not produce IL-15, the resulting CD8* T cells did not show the long-
lived phenotype [58]. Thus, IL-15 was both necessary and sufficient for CD4* help
for CD8* T cells and was therefore a natural mediator of such help.

Because IL-15 as a vaccine adjuvant could induce CD8*T cells that had both
higher functional avidity and greater longevity, and were resistant to antigen-
reexposure induced apoptosis, we believe that IL-15 is a powerful adjuvant to
achieve at least two qualitative improvements in CD8* T cell responses in addition
to a simply higher magnitude response.

IL-15 synergized with TLR ligands to increase polyfunctional CD8*T cell
immunity in rhesus macaques immunized with a peptide and MVA vaccine and to
upregulate the expression of IL-15Ralpha on dendritic cells, promoting cross-
presentation of IL-15 [59]. A plasmid DNA encoding IL-15 enhanced the T cell
response and protective efficacy of a SHIV-based DNA vaccine in rhesus macaques
[56]. DNA encoding IL-15 or IL-15 fused to an Ig-Fc domain also enhanced CD8*
T cell responses to the gpl00 melanoma antigen in mice [62]. Plasmid DNA
encoding IL-15 plus IL-6 also enhanced both cellular and humoral responses to a
DNA vaccine targeting the VP1 capsid protein of foot-and-mouth-disease virus
[63]. Likewise, DNA encoding IL-15 enhanced the longevity of CD8* T cells
induced by a hepatitis B vaccine [64]. A DNA vaccine expressing the IL-15/
IL-15Ralpha heterodimer along with SIV antigens was effective at inducing SIV-
specific T cells in rhesus macaques in a therapeutic setting under cover of anti-
retroviral drugs (ART) [65]. Also, a plasmid encoding IL-15 increased effector
memory CD8* T cell responses to an SIV DNA vaccine in macaques [66]. A
plasmid encoding IL-15 also enhanced CD8* T cell responses and protection
induced by a plasmid DNA vaccine against Brucella [67]. An IL-15 plasmid also
enhanced T cell immunity and protection against vaginal challenge of rhesus
macaques immunized with a vif-deleted SIV vaccine [68]. In a survivin-based
cancer vaccine study in mice, a plasmid encoding IL-15 enhanced protective effi-
cacy against the CT26 colon carcinoma [69]. An IL-15-encoding plasmid also
enhanced central memory CD8* T cell and antibody responses in macaques to a
replicating adenoviral vaccine against SIV, but was not sufficient to protect against
mucosal challenge with SIV [70]. A cautionary note was raised by the finding that
whereas a low dose of IL-15 DNA enhanced T and antibody responses of macaques
to a flu vaccine, high doses actually inhibited both types of response [71]. A plasmid
encoding IL-15Ralpha alone or in combination with one for IL-15 also enhanced
immune responses [72]. However, in a human clinical trial, a DNA plasmid encod-
ing IL-15 (or IL-12) failed to enhance immune responses to a vaccine, suggesting
that the mode and level of expression may be critical in achieving the adjuvant
effect of these cytokines [73].
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Synergistic Combinations of TLR Ligands as Molecular
Vaccine Adjuvants

Toll-like receptors (TLRs) are cellular “pattern recognition” receptors that recognize
pathogen-associated molecular patterns or PAMPS, such as CpG-rich bacterial
DNA (TLRY), or single-stranded (TLR 7, 8) or double-stranded RNA (TLR 3), or
bacterial lipopolysaccharide (LPS) (TLR4), peptidoglycan (TLR2) or flagellin
(TLR 5) (reviewed in [74]). TLR2 forms a heterodimer with TLR1 or TLR6, and
these two heterodimers have somewhat different specificity. These receptors are
expressed especially on professional antigen-presenting cells such as DCs, and trig-
gering of the TLRs can lead to DC activation and/or maturation, promoting antigen
presentation and cytokine secretion and thereby essentially alerting the immune
system to the presence of such potential pathogens. In this way, TLR ligands can
serve some of the same functions as helper T cells in activating or licensing DCs.

We reasoned that such PAMPs often occur in combinations in pathogens, and
therefore, the immune system may have evolved to respond especially to certain
combinations of TLR ligands, possibly in a synergistic fashion. Dual viral-bacterial
infections are also common, and may require an even stronger alert to the immune
system. Different TLR ligands can differentially affect the quality of CD4* and
CD8* T cell responses in non-human primates [75]. TLR ligands can mediate vac-
cine adjuvant functions through multiple pathways [76], suggesting possible syner-
gies. Indeed, several labs described synergistic combinations of TLR ligands in
activating DCs [77, 78]. We examined TLR ligands and their combinations for their
ability to serve as vaccine adjuvants [79]. We discovered that certain pairs, like TLR
2/6 and TLR 3 or TLR 9 and TLR 3 were synergistic to increase CD8* T cell
responses. Because TLR3 signals through the adaptor protein TRIF, whereas
TLR2/6 and TLR9 signal through the adaptor protein MyD88, we reasoned that
perhaps these particular pairs were synergistic because they activated both path-
ways. Indeed, we found that the synergy was dependent on both MyD88 and TRIF,
using knockout mice [79]. Interestingly, the enhancement turned out to be depen-
dent on a unidirectional cross-talk between these two pathways, in which the TRIF
pathway increased the activity through the MyD88 pathway, in an AP-1 dependent
fashion, to upregulate IL-12 production by the DCs, which appeared to be the main
correlate of increased CD8* T cell response [79].

In the course of these studies, we noted that a triple combination of TLR2/6, 3
and 9 ligands as a vaccine adjuvant did not increase the number of antigen-specific
(tetramer-positive) CD8*T cells beyond what the best double combinations could
do. We reasoned that this was likely due to the fact that TLR2/6 and TLR9 both
signaled through MyD88, so each could synergize with the TRIF-dependent TLR3,
but they might not synergize with each other. However, when we studied induction
of protective CD8* T cell immunity to reduce viral load of a recombinant vaccinia
virus expressing the HIV envelope protein, we found that the triple combination
was substantially more effective than the best of the double combinations [80].
This led to the enigma that the CD8-dependent protective efficacy was greater even
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though the induction of CD8* T cells was not greater. We reasoned that if there
was no difference in quantity, the difference must be in quality. Indeed, the triple
combination was found to induce on average higher functional avidity CD8* T cells
than the best double combinations [80]. As we had previously found that high avid-
ity CD8* T cells were more effective at clearing virus infections [37], it made sense
that greater avidity could account for greater antiviral efficacy even with the same
numbers of T cells. Thus, here as in the earlier study [37], it can be seen that quality
may be more important than quality for CD8* T cell responses [80]. As at least a
partial explanation, it was found that the triple combination of TLR ligands upregu-
lated IL-15 production [80], which in turn could induce higher avidity T cells [53].
Thus, appropriate synergistic combinations of TLR ligands may be extremely effec-
tive as vaccine adjuvants. It may be that the best of the empirically-discovered adju-
vants, such as complete Freund’s adjuvant, are so effective because they naturally
combine several synergistic TLR ligands. However, using experimentally optimized
combinations of molecularly-defined TLR-ligand adjuvants may allow effective
induction of immunity with fewer side effects.

NKT Cell Agonists as Molecular Vaccine Adjuvants:
a-GalCer and f-ManCer

A major point of using TLR ligands as adjuvants is to induce rapid production of
cytokines in the microenvironment of T cell priming to skew T cell responses toward
a certain direction. Along the same lines, NKT cell agonists are potent adjuvants as
NKT cells rapidly produce a large amount of cytokines upon stimulation as well as
induce maturation of DCs to be licensed to activate CD8 T cells, CD4 T cells, or B
cells [81, 82].

NKT cells are a T cell population that recognizes lipid antigens, not peptides, pre-
sented by CD1d [82-85]. There are two subsets of NKT cells based on the TCR that
they express. Type I or invariant NKT cells express a semi-invariant TCRa chain with
ValdJal8 (Va24Jal8 in humans) with very limited TCRf repertoire (VB8, 7, 2 in
mice and VP11 in humans). Type II NKT cells are defined as non-type I NKT cells
that do not express the TCR utilizes Va14Jal8, and they have a diverse TCR reper-
toire (but still restricted by CD1d). As these two types of NKT cells are defined by
their TCR, they recognize different sets of antigens. This feature of NKT cells allows
us to manipulate specific NKT cell subsets in vivo. Surface markers expressed on
NKT cells (at least type I NKT cells) at a steady state are distinct from those on con-
ventional T cells where the NKT cells from naive mice are positive for activation/
memory markers CD44, CD69, CD122 (IL-2Rp) and negative for naive T cell marker,
CD62L. Consistent with the surface marker phenotype, they rapidly (within 3 hr)
produce a large amount of cytokines upon stimulation. Thus, they have a characteris-
tic of innate immunity on the top of the characteristics of adaptive immunity.

The interaction of type I NKT cells with DCs to recognize agonistic antigen such
as a-galactosylceramide (a-GalCer) induces maturation of DCs and licenses DCs.
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The maturation is initiated by IFN-y production by activated type I NKT cells and
NK cells together with TNF-a produced by DCs, which subsequently induces
expression of co-stimulatory molecules, CD40, CD80, CD86 and CD70 as well as
cytokines such as IL-12 [86, 87]. CD40L on NKT cells can also signal through
CD40 on DCs to induce DC maturation. It is believed that instruction given by
CD4* T cells or by inflammatory stimuli to DCs is essential for optimal CD8*T cell
priming that allows the CD8" T cells to be able respond to a secondary stimulation
[61]. As mentioned above, the interaction between type I NKT cells and DCs
induces expression of surface molecules and cytokine production that are necessary
for the activated DCs to be able to prime CD8* T cells.

Because the interaction between type I NKT cells and DCs allows DCs to be fully
licensed to activate conventional T cells, type I NKT cell ligands have adjuvant prop-
erties to facilitate antigen specific T cell responses induced by a vaccine. The adjuvant
effect of a-GalCer was originally reported with a malaria sporozoite vaccine [88].
Subsequently the adjuvant effect was reported in tumor settings [86, 89]. It is impor-
tant to note that in these studies, soluble or cell-associated proteins, which usually do
not induce CD8* T cell responses, were used as a vaccine to induce CD8-mediated
protection against tumors. It was also demonstrated that a-GalCer allows protein anti-
gen to induce CD8* T cell responses and anti-tumor efficacy when administered orally
[90]. The adjuvant activity is not limited to a-GalCer but also to its analogues such as
OCH and p-ManCer. Recently Tsuji et al. reported that an analogue of «-GalCer,
7DWS8-5, which induces more Th1 skewed responses in human type I NKT cells, has
adjuvant activity [91]. Therefore, one may consider type I NKT cell agonists to serve
as promising vaccine adjuvants to “push” and steer the immune responses.

Overcoming Negative Regulation to Improve Vaccine
Responses

Most types of immune responses usually spontaneously resolve after some time.
This is a result of negative regulation of immune responses to prevent deleterious
over reaction of the immune system to pathogens or tissue damage. The negative
regulation is very important to prevent immunopathology, such as autoimmune
responses or excessive inflammation; however, such regulation limits the magnitude
of anti-tumor immune responses. Here we will discuss cells and molecules that are
involved in the negative regulation.

Regulatory NKT Cells, Treg Cells and Other Regulatory Cells

There are multiple cell types that are involved in the negative regulation of tumor
immunity. These include MDSC, TAM, TAN, M2 macrophages, N2 neutrophils,
Foxp3* Treg cells, Th2 CD4* T cells, regulatory type II NKT cells, and suppressor
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CDS8*'T cells. Among them, MDSC and Treg cells have been heavily studied in the
last decade and are reviewed elsewhere [92-94]. All of the cell types listed above
have been shown to play critical roles in the suppression of tumor immunity in some
mouse tumor models. However, it seems that the necessity of any single regulatory
cell type is not always observed in all models. For example, anti-CD25 treatment to
inhibit Treg induced rejection of six out of eight tumors tested in the original study
[95]. This result suggests that there is no single type of cell that is necessary for the
immune suppression to occur in all tumor-bearing individuals. In addition, the nega-
tive regulators may also interact with each other to form a network of negative regu-
lation and complement each other’s functions.

One example is the relationship between Treg cells and regulatory type II NKT
cells where both types of cells can suppress tumor immunity. In an individual who
has functional type I NKT cells, the suppressive activity of type II NKT cells is
regulated by type I NKT cells. In those individuals, the blockade of natural Treg
cells by anti-CD25 induced significant protection against tumor growth in both an
s.c. CT26 colon carcinoma model and an s.c. R331 renal cell carcinoma model [96].
Although similar protection could be achieved in NKT cell-deficient CD1d™"~ mice,
which do not have any NKT cells, the protective effect of Treg cell blockade could
not be seen in type I NKT cell-deficient Ja18~~ mice. In Ja18~~ mice, blockade of
both Treg and CDIld-restricted NKT cells (type II NKT cells) was necessary to
induce the protection. This piece of data suggests that in the absence of type I NKT
cells, both Treg cells and type II NKT cells suppress tumor immunity probably
simultaneously [96, 97]. Type I NKT cells, which are well documented to induce
protective tumor immunity (but paradoxically can also support Treg cells) [98],
have been shown to suppress the immunosuppressive activity of type II NKT cells
[99-101]. Indeed adoptive transfer of type I NKT cells in Ja18~~ mice made Treg
cell-blockade protective [96]. Furthermore, activation of type Il NKT cells by sulfa-
tide in vivo to tip the balance between these two types of NKT cells toward type II
NKT cell dominance made Treg cell-blockade ineffective to protect wild-type mice.
These data suggested that the balance between two types of NKT cells determines
the outcome of Treg cell-blockade in tumor-bearing animals, and that the balance
between two types of regulatory T cells, Treg and type II NKT cells, is controlled
by a third type of T cell, type I NKT cells. Loss of function in type I NKT cells has
been reported in patients with many types of cancers [102—-109]. Thus, it is likely
that type II NKT cell function is gained in the patients. In those patients, it may be
necessary to block both Treg cells and type II NKT cells to remove immune sup-
pression or recover the functions of type I NKT cells. These results also indicate
that host immunological status will change the outcome of Treg targeted therapy
and that this might be a reason for a very limited success of Treg-targeted therapies
in patients.

This example describes only a small part of the complexity of the network
formed by regulatory cells [83]. Since it may be very overwhelming to deal with all
regulatory cells, it will be important to identify the right target patient population
when regulatory cell targeted therapies will be translated.
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Blocking Regulatory Molecules: CTLA-4, PD-1, IL-13, IL-10,
and TGF-Beta

Another way to deal with negative regulation of tumor immunity in patients is to tar-
get molecules that mediate the functions of immune regulatory cells. One type of
molecule recently drawing attention in the field of immunotherapy is the category of
cell surface molecules mediating “Checkpoints” in T cell responses [110]. Recent
approval of three monoclonal antibody checkpoint inhibitors (anti-CTLA4 and anti-
PD1) by the FDA finally brought immunotherapy to the attention of non-immunologists
as an option for cancer treatment. As these drugs facilitate tumor immunity in patients,
it is possible that these antibodies will enhance the effect of vaccines. In fact, blockade
of CTLA4 or PD-1/PD-L1 has been shown to increase the efficacy of tumor vaccines
in mice [111-114], and anti-CTLA4 has been reported to be effective to improve the
efficacy of a prostate cancer vaccine [115]. Furthermore, blockade of both molecules
also can synergistically enhance vaccine efficacy in a mouse tumor model since the
mechanisms of action of these two molecules are different [116]. As the synergy of
two antibodies, anti-CTLA4 and anti-PD1, was reported to improve natural immuno-
surveillance without a vaccine in cancer patients, there is a very high likelihood that
this combination can also facilitate vaccine efficacy.

Another type of target is cytokines that are involved in the functions of regulatory
cells (e.g. TGF-p, IL-10, IL-13). TGF-f is a cytokine that has a strong suppressive
effect on cell proliferation [117]. Thus, it can inhibit the growth of pre-malignant
cells. However, cancers usually do not respond to TGF-f because of loss of function
in the signaling pathway and they make large quantities of TGF-f. This cytokine has
been reported to induce MDSC, Tregs (with IL-2) [118, 119] and IL-17-producing
T cells (with IL-6) [120, 121]. TGF-p is also produced by regulatory cells and is used
by them to suppress immune cells [122, 123]. Thus, inhibiting TGF-f can block mul-
tiple pathways of immune suppression. Blockade of TGF-f not only facilitates natural
immunosurveillance, but also can enhance the efficacy of vaccines [124—128].

A cytokine that induces TGF-f production by myeloid cells is IL-13 [129-131].
As a cytokine produced by immunosuppressive type II NKT cells which is activated
in a tumor-bearing individual, this cytokine together with TNF-a induces TGF-f3
[132]. IL-13 also induces arginase in MDSC [133] and can convert M1 macrophages
to M2 phenotype [134]. Blockade of IL-13 has been shown to be able to enhance vac-
cine efficacy as well [3]. Thus, IL-13 can be another attractive target to inhibit.

Clinical Translation of Blockade of Negative Regulation
(CTLA-4, PD-1, TGF-Beta, Treg)

Negative regulation of the immune system by cells (MDSCs, Tregs), cytokines
and regulatory receptors (CTLA-4, PD-1, TGF-p) and their respective ligands
(e.g. PDL-1) permits immune homeostasis through termination of effective immune
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responses and control of excessive inflammation in the normal healthy host.
However in patients with advanced metastatic cancer, these negative regulatory
elements are amplified, thereby allowing the development of resistance and immune
escape [135, 136] that prevent the induction of optimal anti-tumor responses that
might otherwise allow for control or eradication of disease. Hence targeting these
elements alone or in combination with other treatment modalities that could result
in potential mechanistic synergy and improved clinical outcomes is currently an
intense focus in the field of cancer immunotherapy.

A pleiotropic cytokine that plays a pivotal role in tumor growth, disease progres-
sion and metastasis, TGF-§ is elevated in many patients with advanced cancers
[137, 138]. Based on our earlier work in preclinical mouse models [126, 127, 129,
139, 140], we conducted a phase I study of a human anti-TGF-f3 monoclonal anti-
body (GC1008, Genzyme Corp) in patients with advanced malignant melanoma and
renal cell carcinoma [141]. One patient achieved a significant (89 %) partial response
lasting about a year, while six others had stable disease or mixed responses associ-
ated with a median time to progression of 24 weeks in these patients. Although no
dose-limiting toxicity was observed, the development of hyperkeratosis and cutane-
ous reversible keratoacanthomas/squamous cell carcinomas (resolving after cessa-
tion of antibody therapy) in four patients on high doses of antibody poses a potential
challenge to further clinical development of this agent.

In contrast, significant progress has been realized in the successful translation of
agents with unique features and the potential for inducing durable clinical responses.
As of December 2014, there are now three different monoclonal antibodies address-
ing negative regulation that are approved for treatment of human cancer: the anti-
CTLA4 T cellcheckpoint inhibitor ipilumumab (Yervoy™) and the new PD-1
inhibitors pembrolizumab (Keytruda™) and nivolumab (Opdivo™). While all are
approved for the treatment of metastatic melanoma, they are also being studied in a
plethora of clinical trials for other advanced solid tumors including non-small cell
lung, bladder, brain, breast, colorectal, ovarian, pancreatic, prostate and renal cell
cancers as well as lymphomas, multiple myeloma and acute and chronic leukemias.
Since they “take the brakes off” the immune system, these agents are often associ-
ated with autoimmune phenomena that also seem to correlate with treatment
response and improved survival [142—-145]. Observed autoimmune adverse events
commonly involve the colon (colitis), skin (dermatitis, vitiligo), liver (hepatitis),
lung (pneumonitis) and endocrine system (thyroiditis, hypophysitis), and are more
frequent with anti-CTLA-4 than with anti-PD-1. Hence it appears that breaking
tolerance to self antigens may have a fundamental role in inducing anti-tumor
effects that are associated with objective responses and positive clinical outcomes,
including improved survival. Parallel to observations in preclinical animal models
[116, 146], concurrent combinations of two checkpoint inhibitors with unique
mechanisms of action such as nivolumab (an inhibitor of PD-1) and ipilumumab (an
inhibitor of CTLA-4) has been shown to be associated with more pronounced anti-
tumor activity including greater objective response rates, tumor regression and clin-
ical activity that is distinct from that observed with use of either of these agents as
monotherapy [147].
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The preclinical push/pull strategy is fully captured in human clinical trials
investigating a variety of therapeutic vaccines in combination with systemically
delivered checkpoint inhibitors [115, 148—150]. In general, combination of these
inhibitors with vaccines has been associated with immunologic activity and modest
potential impact on signals of clinical outcomes [149, 150], without resulting in any
observed intensification of known immune-related adverse events [148]. There
remains a great need for continued examination of these dual approaches to immune
modulation that should be built on a foundation, whenever possible, of well-designed
preclinical animal studies to provide scientific justification for their combination and
further insights into mechanisms of action and synergy.

T regulatory cells and MDSCs play a critical role in cancer development, pro-
gression, prognosis and maintenance of an immunosuppressive environment that
interferes with generation of effective innate and adaptive antitumor immunity.
Directly targeting immunosuppressive cell populations with low doses of cyto-
toxic agents to maximize immune responses to delivered tumor antigens is being
investigated utilizing multiple vaccine platforms in both animals [151-154] and
humans [155-157]. While the most commonly used agent is cyclophosphamide
(cytoxan) other chemotherapy agents such as temazolamide [158] have also been
utilized. In addition to its inhibition of Tregs, cytoxan also appears to have mul-
tiple immune modifying properties of its own. The use of these types of cellular
depletion strategies followed by therapeutic vaccination reflects the “pull” pre-
ceding the “push” but has the potential to further augment anti-tumor responses,
particularly in the local tumor microenvironment where effective tumor responses
are most needed.

Unique features associated with immunotherapy include induction of autoim-
mune toxicities (e.g. anti-CTLA4, anti-PD-1), lack of typical drug resistance and the
potential for durable clinical responses. Importantly, therapeutic cancervaccines con-
stitute a diverse collection of complex biologics with kinetics and clinical profiles
distinct from standard chemotherapy. Using traditional and combinatorial therapies,
the field of immuno-oncology is well positioned to further transform clinical
responses from durable to curable resulting in the complete eradication of cancer.
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Chapter 3
T Cell Fate in the Tumor Microenvironment

Joel Crespo, Ilona Kryczek, Theodore Welling, Shuang Wei, and Weiping Zou

Abstract Immune infiltration of tumors is a well-known phenomenon in cancer
patients. Nevertheless, the tumor and immune cell coexisting scenario is often
accompanied by efficient cancer progression indicating a compromised immune
phenotype. As a matter of fact, it is well documented that a wealthy source of
immune-suppressive molecular and cellular networks at the tumor site foster
faulty T cell responses and ultimately redirect T cell fate and patient outcome. In
this chapter, we summarize recent discoveries of the acquired dysfunctions of
effector T cells in the tumor microenvironment due to the lack of proper activa-
tion networks and underlying enforcers regulating T cell unresponsiveness and
their impact in new therapeutic development. Specifically, the advance in the
Th17 balance, T cell stemness, and polyfunctionality of T cells which may
improve clinic outcome.
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Introduction

Cancer immunotherapies aim to enhance the host’s immune response against malig-
nancies which have grown out of the body’s control. Such therapies mainly target
the immunoregulatory pathways involved in the suppression of effector T lympho-
cytes. The tumor microenvironment is considered to be rich in immunosuppressive
pathways intrinsic to the tumor cells which shape the ultimate fate of T lymphocytes
at the malignant site [1-4]. We will therefore focus on describing the immune
imbalances that exist in cancer and its ultimate effect on T cell immune fate.

Immune-Suppressive Networks in Tumors

Over the years, effector T cell function and phenotype have been the focus of much
study. In order to understand their immunological fate in cancer, studies have used
diverse mouse models that allow the focus on the progression of cancer and the
immune system. Further, tumor immunologists have explored interdisciplinary
pathological similarity from infectious disease and chronic inflammation models to
understand whether the same functional principles hold true in tumor settings.
Supported by recent advances in tumor immunology, it is now well understood that
the tumor microenvironment is rich in immune suppressive molecules which pro-
mote and maintain dysfunctional T cell responses [5].

Proper T cell activation relies on the co-engagement of T cell receptor-specific
stimulatory antigen presented in the context of MHC molecules and engagement of
CD28 by classic B7 stimulatory family members CD80 and CD86 (a.k.a. B7.1 and
B7.2 respectively) [6-9]. Stimulatory co-engagement of these receptors is usually
provided by activated antigen presenting cells (APC) which leads to the activation
of intracellular signaling via transcription factors that promote T cell activation,
mainly nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and
Nuclear Factor of Activated T cells (NFAT) [8—12]. Following elimination of the
pathogenic insult, effector T cells enter a contractory phase that is facilitated by
various immune regulatory molecules expressed by APC and other immune cells
that are found in their microenvironment.

T cell responses normally subside once the antigenic insult has been eliminated
and is actively mediated by the expression of immune regulatory molecules from
APC and their immediate effect on T cell responses. It also involves the actions of
immune regulatory cells such as regulatory T cells which mediate potent suppres-
sion on effector T cells. Tumor malignancies are known to hijack these immune
suppressive networks and maintain an active state of suppression by expression co-
inhibitory molecules [1, 2]. We will first introduce important immune suppressive
molecules which affect effector T cell functionality followed by how myeloid-
derived suppressor cells affect T cell responses in the tumor.
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B7-Family Members
CD80/CD86 and CTLA-4

Classic T cell activation requires concerted T cell receptor stimulation by specific
antigen and CD28 ligation by co-stimulatory ligands CD80/CD86 from activated
APC [6-9]. This stimulation is known to induce proliferation, cytokine expression,
and overall function on the target T cell. Central to these functions are the activation
of intracellular factors that lead to cell cycle progression and T cell activation
(mTOR and Ras/MAPK signaling pathways) and the expression of genes associated
with NF-kB and NFAT [13, 14]. On the other hand, T cells require inactivation in
order for immune action to be resolved and homeostasis to be re-established. CTLA-4
is a co-inhibitory receptor expressed by T cells that is upregulated upon T cell
activation. CTLA-4 promotes T cell inactivation upon interaction with CD80/86.
The molecular pathways involved in CTLA-4 binding and its effect on the ultimate
fate of T cells in the tumor microenvironment have been extensively studied. Based
on the solid evidence of CTLA-4 inhibition in tumor microenvironment, therapeutic
intervention by block CTLA-4 has achieved clinic benefits in promote tumor rejec-
tion and prolong patient survival. In some rare cases, patient could reach durable
responsiveness and reach disease free status [2, 6, 15] (Fig. 3.1).

B7-H1 and PD-1

B7-H1 is part of the co-stimulatory B7-family protein superfamily and was first
described to be involved in immune suppression by promoting IL-10 expression by
T cells [16]. Since then, binding of B7-H1 by the T cell co-inhibitory receptor PD-1
is known to promote cellular death, expression of immune suppressive molecule
IL-10 and loss of IL-2, Tg,, differentiation, anergy and exhaustion [1, 2, 6]. It is also
hypothesized that other B7-H1 interacting proteins exist and have yet to be identified
as blocking PD-1 does not completely relieve B7-H1-mediated immune suppression.
Furthermore, B7-H1 is ubiquitously expressed by tumor cells and upon co-engage-
ment promotes tumor survival [17]. B7-H1 became an interesting target in the tumor
microenvironment and as such was tested in in vivo mouse models [18-20]. Blockade
of B7-H1 in mice was observed to promote tumor regression and enhanced T cell anti-
tumor responses [19, 20]. Moreover, recent clinical trials show how increased T cell
functions are observed upon blockade of the B7-H1 pathway [21, 22]. We will focus
on the establishment and maintaining of anergic and exhausted T cells below.

B7-H4

B7-H4 is another co-inhibitory receptor of the B7-family with known T cell
suppressive functions [23]. Its expression by APC is induced by IL-6 and IL-10 [24].
B7-H4 has also been detected in various cancers such as ovarian, breast and lung
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Fig. 3.1 Immunosuppressive molecules on T cells and their corresponding ligands. T cell activation
relies on the efficient presentation of antigen in the context of T cell co-stimulatory CD28 engage-
ment by CD80/86. Following activation, T cells gain expression of co-inhibitory molecules PD-1
and CTLA-4 which suppress and aims to resolve immune responses. Further expression of other
co-inhibitory molecules such as Tim-3, KLRG-1, PD-1, LAG-3, CD57, 2B4, and CD160 promote
T cell unresponsiveness. These immunoregulatory molecules are found in the tumor microenviron-
ment and show phenotypic and therapeutic promise

cancers which suggests its importance in tumor progression through escape of
immune surveillance [25-29]. Though the binding receptor for B7-H4 has not been
discovered, contact between B7-H4-expressing APC with T cells induces cell cycle
arrest and decreased cytokine expression on the target T cell [23, 24, 28, 30]. In vivo
KO models of B7-H4 have also shown increased neutrophil infiltration to peripheral
lymphoid tissues upon bacterial infection [31] and increased Thl and Thl7
responses in experimental autoimmune diseases [32]. B7-H4 has also been sug-
gested to act intracellularly in tumor cells wherein it provides pro-survival signals
[33]. We will also suggest B7-H4 is involved in T cell anergy.
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Myeloid-Derived Suppressor Cells

Myeloid-derived suppressor cells (MDSC) are a population of immature myeloid
cells and progenitor cells with potent immune suppressive activities. MDSC have
been classically studied in the context of tumor progression. Identification of such
cells in malignant tissues mainly rely on the common myeloid markers CD33,
CD14, CD15 and HLA-DR for humans whereas in mice these have been classically
defined using CD11b, Ly6G and Ly6C [34, 35]. Phenotypic and functional classifi-
cations have been discussed elsewhere [34—36]. This cell subset has been identified
in various immunological contexts such as inflammation, infection, and cancer and
are able to suppress T cell responses and macrophage functions [37-39]. MDSC are
observed to be increased in frequency in peripheral blood of cancer patients [37].
It was hypothesized that this increase correlated with decreased DC function and
consequently, T cell dysfunction. Further study into the functional impacts of this
cell type showed co-injection of MDSC with tumor cells in mice led to increased
tumor vascularization and decreased necrotic cell death [40]. It was also found that
MDSC are able to promote tumor metastasis by inducing vascular endothelial growth
factor-c through reactive oxygen (ROS) species production [34, 41]. Further, MDSC
have been reported and implicated in various types of cancer including ovarian car-
cinoma, prostrate, hepatocellular carcinoma, and malignant melanoma which sug-
gests their role in promoting tumor progression [42—45]. How MDSC are implicated
in establishing T cell dysfunction will be considered in this chapter (Fig. 3.2).

Tumor-infiltrating effector T cell functions have been shown to be highly damp-
ened due to MDSC activities in the tumor microenvironment in mice and human
patients [34, 46]. MDSC suppressor functions on T cell may act in a cell-to-cell
independent manner by modulating metabolites in the immediate environment and
affecting T cell signaling pathways, and a cell-to-cell dependent manner through
ligation of inhibitory receptors expressed by T cells in the tumor microenvironment.
Cell-cell independent pathways mainly rely on MDSC depletion of L-arginine and
production of ROS and peroxynitrite in the microenvironment. Specifically, MDSC-
ARG-1 depletion of L-arginine from the environment promotes decreased cellular
proliferation due to increased cell cycle regulators cyclin D3 and cyclin-dependent
kinase 4 as well as decreased T cell responsiveness due to decreased expression of
the CD3 -chain [47, 48]. MDSC were also shown to expand regulatory T cells in
cancers through increased production of arginase and IDO [49, 50]. Expansion of
this highly immunosuppressive T cell subset allows for worse tumor outcome.
Increased production of ROS by MDSC has also been shown to be involved in
tumor progression and diminished effector T cell function as observed by increased
ROS in tumor sites and anti-oxidants promote recovery of T cell functions in vitro
[51-53]. Similarly, enhanced peroxynitrite-mediated oxidation promoted T cell
unresponsiveness [54-57]. Furthermore, MDSC from human ovarian carcinomas
and hepatocellular cancers have been shown to express various co-inhibitory mol-
ecules such as CTLA-4, B7-H1, B7-H4 [20, 24, 58, 59]. Therefore, contact between
MDSC and T cells via inhibitory molecule interaction will then promote active
suppression and will be discussed in depth in the context of various T cell dysfunc-
tion paradigms below.
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Fig. 3.2 Phenotypic and functional differences of T cell paradigms in tumors. T cell anergy is
achieved upon poor stimulation of the cell or imbalanced high co-inhibitory molecule expression.
Such cells are unresponsive to activation and have limited IL-2 expression. Exhausted T cells are
the result of chronic activation which gain the expression of multiple co-inhibitory surface mole-
cules. These cells lose the ability to express effector cytokines. Senescent T cells are terminally
differentiated cells that remain unresponsive to activation and experience cell cycle arrest. These
normally lose CD28 expression and may express multiple co-inhibitory receptors. Stem-like T
cells are long-lived cells with the capacity to self-renew. These cells have potent anti-tumor func-
tions and may give rise to distinct Th lineages. Polyfunctional T cells are potent effector cells with
the capacity to promote anti-tumor responses by stimulating various arms of the immune system at
the same time. Currently, their genetic, phenotypic, and differentiation is being studied

Immunological Fates of T Cells in Cancer

T Cell Anergy

T cellanergy has been described as an induced state of hyporesponsiveness naive
T cells fall to as part of suboptimal activation in the context of low co-stimulation
and/or high co-inhibition. These cells remain unable to express high levels of classic
effector cytokines IFN-y and TNF-a, produce low levels of IL-2, and may become
long-lived cells with low proliferation capabilities [60, 61]. A functional explanation
has been proposed such that T cell anergy is a consequence of immune regulation
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and induced on peripheral naive T cells to promote self-tolerance and protect the host
from developing autoimmune diseases [61, 62]. Given its important role in regulating
T cell responses in the periphery, there have been many studies which aim to under-
stand the functional implications, phenotypic characteristics, and intrinsic enforcers
this state requires in distinct disease settings including cancer. Here, we will consider
central conditions that are required to promote T cell anergy in the tumor microenvi-
ronment and how these might affect effector T cell responses.

T cell anergy has been mainly defined based on its dysfunctional characteristics
status since a specific cellular phenotype characterizing this induced state remains
elusive. We will therefore consider those observations which describe T cell anergy
is present in the context of tumors. Human tumors are surrounded by high concen-
tration of immunosuppressive networks from both tumor cells and its associated
antigen presenting cells [1-3, 18]. These make the ideal environment for T cells to
be exposed to high co-inhibitory molecules which may lead to T cell anergy in the
tumor. Specifically, T cell immune suppression status can be induced by interaction with
co-inhibitory molecules B7-DC (CD273 or PD-L2), B7-H1 (CD274 or PD-L1),
B7-H2 (CD275 or ICOS-L), B7-H3 (CD276), and B7-H4 (B7S1 or B7x), and very
low/absent B7-1 (CD80) and B7-2 (CD86) co-stimulatory molecules being detected
from tumor cells and infiltrating APC, including MDSC [2, 18, 20, 24, 58, 59, 63].
This active imbalance of low co-stimulation but high co-inhibition is conducive for
T cells to achieve anergy. In theory, by tilting the expression patterns from co-inhib-
itory to co-stimulatory molecules in the tumor microenvironment, T cell anergy
may be circumvented and T cell activation would occur. In vivo studies support such
ideas. Specifically, B7-1 tumor transfections or functional blockade of B7 family
members have shown reduced tumor growth which may result in tumor rejection
[2, 18-20, 24, 64, 65]. Increasing B7-1 engagement in the tumor microenvironment
led to increased anti-tumor responses. Furthermore, functional blockade of B7-H1
and B7-H4 co-inhibitory axis also showed increased tumor regression. There is fur-
ther evidence that shows dysfunctional tumor-antigen-specific T cells are present in
the tumor microenvironment which are actively being inhibited by MDSC networks
of suppression discussed previously [40, 41, 51, 53, 56, 57]. Specifically, MDSC
were shown to provide suboptimal T cell activation by ROS-mediated modifications
to TCR of CD8* T cells [57]. MDSC are also a source of increased co-inhibitory
molecules which disrupt proper T cell activation in the tumor microenvironment
[20, 24, 58, 59]. Also, by transferring anti-tumor T cells into a lymphopenic host,
T cell anergy may be reversed and cellular proliferation ensues and allows for effec-
tive tumor rejection in vivo [66].

The underlying cellular and molecular mechanisms which establish T cell anergy
are currently being elucidated. T cells that are presented antigen in the context of
suboptimal CD28 co-stimulation and/or high co-inhibition fall into anergic pheno-
types as they have low IL-2 production and are arrested in the G1/S phase of their
cell cycle [60, 61, 67]. Recent evidence points to T cell anergy being promoted by
improper activation of mTOR and Ras/MAPK signaling pathways which lie directly
downstream of TCR/CD28 engagement. It is thought that binding of TCR by MHC
alone creates a Ca?* imbalance in T cells and retention of active Rap-1 in the cytosol
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Fig. 3.3 Shifting immune imbalances in tumor. Immune suppression in the tumor microenviron-
ment actively maintains T cell dysfunction in the tumor microenvironment. By targeting immune
suppression mechanisms, anergic, exhausted, and senescent T cells may be rescued from their
unresponsive state. This may be done by blockade of co-inhibitory molecules, as done for PD-1
and CTLA-4, and cellular depletion of immune suppressors like T.,; and MDSC. Further, devel-
oping therapies and deeper understanding of stem-like and polyfunctional T cells will provide
novel therapeutic value

which is normally shifted upon co-engagement of CD28 and activation of the Ras/
MAPK pathways [61, 68, 69]. This imbalance reprograms these cells into an aner-
gic state that is thought to be mediated by NFAT homodimer formation and tran-
scription of anergy-inducing genes [70, 71]. Another anergy-inducing pathway may
involve the E3 ubiquiting ligase family which affects PI3K, mTOR, and Rass/MAPK
pathways and actively maintain anergy [70, 72, 73]. Current studies also have aimed
at discerning the epigenetic factors which regulate anergy. IKAROS (through acety-
lation) and Sirtl have been suggested to be involved in promoting T cell anergy
[74-76]. Early growth response gene 2 (Egr2) has been suggested to be a crucial
transcription factor which also regulates the T cell anergic state [77, 78]. Taken
together, T cell anergy can be seen as the result of various factors synergistically
promoting an active state of transcriptional silencing of effector genes due to
improper TCR-coupled signal transductions in the cell [62] (Fig. 3.3).

To recapitulate, T cell anergy may be an operative dysfunction occurring in the
tumor microenvironment that is initiated due to improper T cell activation. Given
the lack of a specific surface mark which allows for the discreet study of this dys-
functional paradigm, it is yet incompletely understood how the anergic state is
established. Furthermore, infiltrating MDSC may actively induce T cell anergy
through expression of co-inhibitory molecules, affecting T cell metabolism, and
increased ROS.
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Exhausted T Cell

T cell exhaustion refers to effector T cells which have been strongly activated in the
context of chronic inflammation such as cancer, autoimmune diseases, and chronic
infection. Exhausted T cells are described as having decreased effector function as
characterized by decreased cytokine expression and having developed resistance to
reactivation [79]. It is thought that T cell exhaustion is actively enforced through the
surface expression of various immune-suppressive enforcers which are currently
being studied.

T cell exhaustion is thought to occur as a layered progressive process T cells fall due
to repeated activation. Repeated activation of T cells promotes their acquisition of mul-
tiple inhibitory surface molecules as observed in persistent disease settings such as
chronic infection and cancer [80-84]. This results in a highly repressed T cell. Initial
mouse studies delineated PD-1 expression by CD8* T cells promotes functional
exhaustion and as such was considered to be a marker for exhausted T cells [85]. In
support of this, B7-H1 expression is observed by tumor cells, tumor-associated APC
and MDSC which mediated immune suppression and its therapeutic blockade showed
increased tumor rejection in both mouse models and recent clinical trials [20-22, 80,
86]. Furthermore, exhausted T cells have been identified in patients with melanoma,
ovarian cancer and hepatocellular carcinoma (HCC) [20, 21, 87]. In studying PD-1*
exhausted T cells, various immunosuppressive surface molecules have been found to
associate with PD-1. Specifically, T cell immunoglobulin and mucin-domain contain-
ing molecule-3 (Tim-3), lymphocyte-activation gene (LAG-3), and the B and T-cell
lymphocyte attenuator (BTLA, CD272), were co-expressed with PD-1 and highly cor-
related with immune dysfunction in patients with cancer [82, 83, 88-90]. In line with
the idea of these cells being functionally exhausted, these T cells showed a significant
decrease in IL-2, IFN-y, and TNF-a expression and showed cell cycle arrest. Blockade
of Tim-3 and PD-1 allowed these T cells to engage in cell cycle progression and rescue
their effector cytokine expression and cytotoxicity, suggesting these surface molecules
maintain T cell dysfunction [84, 90, 91]. Multiple other inhibitory receptors in T cell
exhaustion may include PD-1, CTLA-4, CD160, 2B4 (CD244), BTLA, LAG-3, and
Tim-3 [82, 89, 90, 92]. MDSC mechanisms in T cell exhaustion may rely in the engage-
ment of co-inhibitory receptors by B7-H1 and B7-H4 which promotes a state of T cell
dysfunction [20, 24, 58, 59]. MDSC may also promote T cell dysfunction through
increased ROS production in the tumor and loss of T cell-derived cytokines.
Nevertheless, it remains unanswered whether functional T cell exhaustion requires the
co-expression of these suppressive surface molecules. For example, Tim-3 and PD-1 is
minimally co-expressed by tumor infiltrating T cells in patients with HCC though
HCC-associated Tim-3* T cells do show signs of early senescence as characterized by
low CD28 expression [84]. Another question that remains is how whether the under-
lying molecular and genetic signature of these T cells is similar and whether they
may be treated as such.

Although the molecular mechanism regulating T cell exhaustion is yet incom-
pletely understood, it is thought that PD-1 ligation by its ligand recruits SH2-domain
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containing protein tyrosine phosphatases (SHP-1 and/or SHP-2) to the immunoreceptor
tyrosine-based switch motif (ITSM) within the cytoplasmic tail of PD-1 which in
turn inhibits T cell receptor signaling pathways PI3K/AKT and T cell activation
[93]. It is also known that T cell activation results in the upregulation of the PD-1
receptor on the T cell surface with the resulting T cell remaining functional [94, 95].
It is therefore the result of high expression of inhibitory B7 family members by
cancer cells and associated APC which is thought to promote and maintain T cell
exhaustion in the tumor microenvironment.

Senescent T Cells

Cellular senescence is a naturally occurring physiological phenomenon due to cel-
lular proliferation. T cell senescence has been characterized by telomere shortening,
loss of CD28 expression on its surface, and the inability to enter the cell cycle [96,
97]. Telomere shortening is a known byproduct of cellular division affecting T cell
function [98]. Cell cycle arrest is mainly mediated by the accumulation of cell cycle
controlling proteins p16, p21, and p53 [99-101]. Senescent T cells also develop
dysfunctional killing abilities and immune-suppressive abilities [102, 103].

Senescence is thought to naturally occur at a cellular level during the cell’s natural
life-span mainly due to exhaustion of the cell’s proliferation capabilities. The fact
that senescent T cells are observed in younger patients with either autoimmune
diseases or chronic viral infections suggests chronic activation and proliferation of
T cells may induce their dysfunctional senescence [104, 105]. Evidence to support
this in the context of cancer has been observed as (1) in vitro co-incubation of
T cells with tumor cells can induce T cell senescence [106], and (2) phenotypic
recognition of CD8* CD28"4m senescent T cells have been found in lung cancers
and head and neck cancer [107, 108]. Senescence-like phenotype has also been
observed on mouse thymic precursor lymphocytes which have experienced DNA
damage [109]. Such damage was enough to promote cell cycle arrest however, whether
this is an operative mechanism acting in T cells in the tumor microenvironment, has
yet to be described.

Further phenotypic analyses have found Tim-3, CD57, killer cell lectin-like
receptor subfamily G, member 1 (KLRG-1) highly associate with senescent dys-
function [84, 110-114]. CD28"T cells from HCC human patients showed high
expression of Tim-3 and cyclin dependent kinase inhibitors and their inability to
enter the cell cycle. These cells were further observed to interact with galectin-9*
tumor associated myeloid APC [84]. These findings were recapitulated in mela-
noma and lymphoma patients [113, 114]. This suggests that CD28"Tim-3* T cells
in cancer may contain senescent T cells unable to escape cell cycle arrest.

Though a specific genetic program has yet to be resolved in T cell senescence,
recent studies link Tim-3 ligation to Galectin-9 may be involved. Specifically, Tim-3
ligation promotes dissociation of the human leukocyte antigen (HLA)-B-associated
transcript 3 (Bat-3) and decreases effector cytokine secretion and proliferation [115].
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This ligation also induces imbalances in calcium flux which is important for T cell
effector functions, and may lead to cell death [116]. Though the implications of how
this calcium imbalance and Bat3 dissociation directly affects gene expression, or
whether Bat3 loss is due to senescence, is not yet known.

T Cell Stemness

Stem cells are a unique cell subset with self-renewal capabilities and multi-lineage
differentiation potential [117]. T cell stemness is a new concept and observation that
has been proposed for memory T cells which have increased self-renewal capabili-
ties and are able to generate more differentiated memory T cells. These ‘T memory
stem cells’ are rare in normal peripheral blood. In tumor, human and mouse studies
suggest Th17 cells may present stemness characteristics as discussed in the next
section. However, it is well illustrated that mouse central memory T cells have
shown increased stemness characteristics as these seem to be arrested at a pre-
differentiated stage and have a high production potential of effector T cells after
secondary antigen challenge [118, 119]. Memory T cells with increased stem-cell
properties allow for the continuous production of effector T cells throughout the
human lifetime. This ensures the effector T cell pool is continuously replenished
despite the finite lifespan of individual differentiated T cells in the periphery and
decreased thymic output during adulthood [120]. Recent evidence in mouse models
show some CD44°*CD62L"e" memory CD8* T cells have increased stem cell gene
signature, specifically stem cell antigen-1 (Sca-1), Bcl-2 are also express the com-
mon IL-2 and IL-15 receptor f chain (CD122). Further, these cells showed increased
self-renewal characteristics and the capacity to generate central memory and effec-
tor memory T cells [121]. In trying to understand how these cells are generated in
vivo, co-engagement of CD3 and CD28 in the context of IL-7 and IL-15 produced
T cells with increased stem cell gene expression patterns and self-renewal capacities
[122]. Deeper study into these ‘T memory stem cells’ showed that blocking T cell
differentiation allowed for Wnt-signaling expression and the generation of T cells
with stem cell properties [123]. These studies shed light into better understanding
the T memory stem cell population and the ability to promote their production to
maintain long-lived, self-renewing, antigen experienced, memory T cells for the
treatment of patients with cancer.

Th17 Cells

Furthermore, recent studies also report the presence of Th17 cells with increased
stem cell markers in human tumors. In studying their biological function, mouse
and human Th17 cells showed increased survival potential, persistence, and the
ability of repopulating sublethally irradiated mice [124, 125]. More importantly,
these cells showed greater anti-tumor responses when compared to central- and



64 J. Crespo et al.

effector-memory T cells. In studying the underlying genetic networks, HIFla/
NOTCH/Bcl-2 were shown to mediate their stem-cell specific characteristics [124].
This also suggests the stem cell lineage may involve better immune responses in
humans. In support of this, Th17 stem-like T cells were able to differentiate into
distinct Th lineages, as measured through IFN-y secretion and Foxp3* cells, greater
self-renewal potential and survival capabilities [124, 125].

Human Th17 cells in tumor were shown to have increased stem cell properties at
the genetic, molecular, and functional levels. These cells were shown to be long-
lived cells with increased self-renewal capacities and being able to differentiate into
highly effective effector T cells and Th lineages. Manipulation of Th17 stemness
may therefore be of interest at the therapeutic level in treating patients with cancer
as well as patients with Th17-associated chronic illnesses such as multiple sclerosis
and other autoimmune diseases.

Polyfunctional T Cells

Polyfunctional T cells are effector T cells capable of greater immune responses
characterized by their transient co-expression of multiple cytokines [126]. T cell
polyfunctionality has been mainly defined based on the specific cytokine expression
patterns of CD4* or CD8* T cells, specifically IL-2, IFN-y, and TNF-a or
Granzyme-B (Gra-B), IFN-y, and TNF-a, respectively. Such T cells are mainly
studied in the context of viral infections such as HIV and vaccinia virus, and have
been suggested to develop potent immune responses [127, 128].

The ability of polyfunctional T cells to simultaneously express several cytokines
also allows for their simultaneous stimulation of several pathways in the immune
response. CD4* T cell expression of IL-2 promotes T cell survival in the ongoing
immune response, IFN-y actively promotes inflammation on its surroundings, while
TNF-a effectively activates the surrounding epithelium and inhibits viral replication
[126]. Similarly, polyfunctional CD8" T cells express IFN-y, TNF-a, and Gra-B
which allows the direct cytolysis of target-infected cells. Such responses have been
shown to correlate with more efficient pathogen clearance. It has also been sug-
gested that induction of such cells during vaccinations improves subsequent infec-
tion against specific pathogens [127, 129]. Studies into T cell polyfunctionality in
the context of cancer are limited. In one study, human ovarian cancer Th17 associ-
ated T cells were shown to synergistically produce IL-17 and IFN-y which stimu-
lated the production of CXCL9 and CXCL10 from surrounding tumor cells [130].
This chemokine gradient could then effectively recruit effector T cells from the
periphery into the tumor microenvironment and promote anti-tumor responses.
Furthermore in mice, polyfunctionality was observed to follow chemotherapeutic
treatment against B-cell lymphoma [131]. Infiltration of tumors by T cells often
results in the immune suppression of T cell responses. In light of this, blockade of
immune suppressive molecules resulted in the increased response of polyfunction-
ality on tumor infiltrating T cells [132]. Specifically, blockade of CTLA-4 allowed
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for a co-expression pattern including IFN-y, MIP-1p, and TNF-a in tissues from
melanoma patients.

A phenotypical definition for the polyfunctional T cell subset remains to be found.
It is currently understood that polyfunctionality is a transient stage activated T cells
achieve upon TCR-driven activation [133]. Moreover, in defining these cellular
responses, it was shown that polyfunctional T cells may develop from monofunc-
tional, or single-cytokine expressing, T cells. It remains unknown whether polyfunc-
tionality may be a pre-defined program T cells have or whether it is a byproduct of
robust activation. Further, the underlying genetic signature regulating their specific
effector functions remain to be determined.

Concluding Remarks

Understanding the signaling pathways associated with T cell dysfunctions, the
molecular and cellular enforcers, is the focus of much recent research. Current litera-
ture has documented profound immune suppressive imbalances in the tumor micro-
environment mainly in the form of co-inhibitory molecules, lack of co-stimulatory
molecules, and increased cellular mediators of immune suppression such as MDSC
and Ty.,,. As such, many clinical trials and patient data aim to shift the microenviron-
ment with lower co-inhibition through antibody blockade of specific co-inhibitory
molecules or targeting immune suppressive cells.

There is a convincing amount of evidence arguing for the co-existence of T cel-
lanergy, exhaustion, senescence, stemness, and polyfunctionality in the tumor micro-
environment. As we move forward, new ways to identify specific functional
characteristics of T cells will be explored. Current literature shows that PD-1* T cells
represent functionally exhausted T cells, Tim-3* and KLRG-1* may be senescent
T cells while Sca-1* T cells may be mouse stem-like T cells. However, as we have
explored, these markers do not encompass their specific paradigm. It is probable that
these T cell paradigms are functionally generated in their specific contexts and that
there are specific genetic and functional patterns, not surface phenotypes, which
regulate their biology and fate. One example resides in Th17 cells which have
increased stem cell characteristics yet show surface markers of terminal differentia-
tion. A second example is observed in that dysfunction does not follow phenotype.
PD-1" cells may express Tim-3 and LAG-3. It is therefore probable that B7-H1/PD-1
and Tim-3/Galectin-9 signaling pathways may synergistically and/or additively pro-
mote T cell dysfunction and their blockade may improve T cell immunity. Both
preclinical and clinical studies suggest T cell dysfunction may be functionally revers-
ible. Finally, T cell dysfunction may be intertwined. It has been shown that dysfunc-
tional T cells co-express varying levels of inhibitory molecules which include PD-1,
Tim-3, LAG-3, 2B4, CD160, and KLRG-1. Similarly, Th17 cells show increased
polyfunctional and stemness characteristics though a specific phenotype separating
these two functions has yet to be defined.
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Anti-tumor immunity relies on the effective stimulation of T cell responses. Th17
cells represent a highly immunogenic T cell subset with increased stem cell charac-
teristics and polyfunctional capacities. Based on this, strategies which promote
the acquisition of Th17 cells while simultaneously depleting regulatory T cells from
the tumor microenvironment should allow for better treatment prognosis. Strategies
which aim to shift the immune response from Tge, to Th17 should therefore be
actively explored.

In conclusion, tumors are able to hijack T cell tolerance mechanisms from the
periphery which include regulatory T cells, MDSC, T cell anergy, exhaustion, and
senescence, to survive. Deeper understanding of how these paradigms normally
occur will have implications in the development of future therapeutics targeting
human malignancies. One such strategy may be the relief of T cell dysfunction and
promoting T cell stemness and/or polyfunctionality to treat patients with cancer.
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Chapter 4

Influence of Antigen Receptor Avidity,
Affinity, and Specificity on Genetically
Engineered T Cells

Kaoru Nagato, Timothy T. Spear, and Michael 1. Nishimura

Abstract Affinity of a T cell receptor (TCR) refers to the strength of binding
between a single TCR and a peptide/MHC (pMHC) complex while avidity of a
TCR refers to the overall strength of binding between multiple cell-bound receptors
and their ligands. Affinity of a TCR plays a role in thymic T cell selection and the
generation of the TCR repertoire. In the absence of sensitivity to strong or weak
antigen receptor signals, the homeostasis of the immune system is compromised
and the risk of autoimmunity and/or infection ensues. Over the past few decades,
T cells which have been genetically modified to target tumor antigens have been used
to treat cancer patients. Antibody-based chimeric antigen receptors (CAR) were the
first molecules used to redirect the specificity of normal T cells. CAR gene modified
T cells can direct tumor rejection in mice and humans. Another class of receptors
used to redirect the specificity of T cells is the T cell receptor (TCR). TCR gene
modified T cells can also direct tumor rejection in mice and humans. CAR and TCR
engineered T cells reactive against tumors have emerged as a promising advance in
tumor immunotherapy. The rationale of this chapter is to study how CAR and TCR
gene modified T cells modulate tumor immunity.
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Adoptive T Cell Transfer for Cancer

Over the past decade, adoptive cell therapy (ACT) using ex vivo activated and
expanded tumor infiltrating lymphocytes (TIL) has emerged as a promising advance
in tumor immunotherapy [1-3]. While ACT has been effective in patients with
metastatic melanoma [4, 5], when combined with nonmyeloablative chemotherapy
preconditioning rendering the patient lymphopenic, the adoptive transfer of ex vivo
tumor-infiltrating lymphocytes can mediate objective clinical responses in 50-70 %
of patients with advanced melanoma [4—-6]. More recently clinical responses have
been reported in cervical cancer patients treated with TIL [7]. Despite these encourag-
ing results, it is difficult to isolate tumor reactive T cells from all melanoma patients
and expand their TIL to therapeutic numbers ex vivo. TIL therapy has been even more
difficult for non-melanoma patients. Therefore, other sources of tumor reactive T cells
are needed for ACT to become a therapy for most cancer patients.

Strategies to Genetically Engineer T Cells

One strategy which can overcome our inability to isolate and expand tumor reac-
tive T cells for adoptive T cell transfer is to genetically modify a patients T cells
with receptors capable of redirecting the specificity and function of the engi-
neered T cells. The three main approaches developed include antibody based
chimeric antigen receptors (CAR’s), T cell antigen receptors (TCR’s), and
NKG2D-based CAR’s. It has been shown that introducing these receptors into T
cells can redirect the reactivity of any individual’s T cells to recognize the target
antigens of choice [8-10].

Antibody-Based Chimeric Antigen Receptors

Antibody-based CAR’s were the first antigen recognition molecules used to redirect
the specificity of normal T cells [8]. Antibody-based CAR’s consist of a single chain
monoclonal antibody extracellular domain fused to an intracellular signaling domain
capable of activating the T cell. Because the antigen recognition domain is derived
from a monoclonal antibody, CAR’s directly recognize cell surface antigens without
the need for antigen processing and presentation by MHC molecules [11, 12].
This limits the mechanisms of immune escape to loss of target antigen expression.
The first antibody-based CAR’s were designed using the signaling domain from
the Fcy receptor [8]. More recent antibody-based CAR’s use the CD3( signaling
domain which have three immunoreceptor tyrosine-based activation motifs
(ITAM’s) [13] which more efficiently activate T cells than the Fcy signaling domain
which contains a single ITAM [14-16]. Antibody-based CAR’s have been further
extensively modified to include co-stimulatory domains and other features designed
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to extend the survival and function of CAR engineered T cells in vivo [17, 18].
Studies have shown that antibody-based CAR gene modified T cells can facilitate
tumor rejection in mouse and humans [17, 19-25]. There are both positive and
negative aspects of using antibody-based CAR engineered T cells for adoptive
immunotherapy. It is clear that the affinity and specificity of the antigen binding
properties of an antibody-based CAR as well as the function of antibody-based
CAR engineered T cells impact on the effectiveness and the adverse events associated
with antibody-based CAR-based T cell therapy.

NK Receptor-Based Chimeric Antigen Receptors

A new variant on the CAR design uses the extracellular portion of the NK activating
receptor NKG2D [10]. NK cells have broad reactivity against tumor and virus-
infected cells but not normal cells because the expression of the ligands for most NK
activating receptors is associated with cellular stress [26, 27]. Therefore, it has been
proposed that NKG2D CAR gene modified T cells would have broad anti-tumor
reactivity with little or no killing of normal tissues [28]. Preclinical studies have
found that NKG2D CAR gene modified T cells efficiently recognize mouse and
human lymphoma [29], myeloma [30], and ovarian cancer cells [31-33] in vitro.
Adoptive transfer of NKG2D CAR gene modified T cells inhibited tumor growth
in vivo with no evidence of autoimmunity [10, 31]. Despite these encouraging results
with NKG2D CAR, there is room for improvement. Similar modifications that were
made to antibody-based CAR to improve their persistence and function in vivo have
been made to NKG2D CAR’s by including cassettes from other signaling/costimula-
tory molecules such as the DAP10 adapter protein [34]. While this new CAR
approach has shown promise in animal models, its safety and effectiveness still needs
to be evaluated in humans.

T Cell Receptors

Another important class of receptors used to redirect the specificity of T cells and
the focus of this chapter is the TCR. The TCR is a cell surface heterodimer expressed
on the cell surface of T lymphocytes that mediates the target cell recognition and
specificity of a T cell [35]. There are two types of T cells which can be distinguished
by the TCR’s expressed on their surface. aff T cells express a highly variable off
TCR whereas y0 T cells express a highly conserved v TCR [36, 37]. TCR‘s medi-
ate recognition of foreign or self-peptides bound to MHC molecule displayed by
antigen presenting cells [38—43]. The interaction between the TCR and its peptide/
MHC ligand plays a crucial role in determining the reactivity and specificity of an
individual T cell. In this chapter, we will focus on TCR-gene modified T cells and
the properties that are important when considering using them for laboratory and/or
clinical studies.
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TCR Gene Modified T Cells

Using a retroviral vector encoding a T cell receptor isolated from an HLA-A2
restricted, MART-1 reactive T cell clone [44], we were the first to demonstrate that
the specificity of normal PBL-derived T cells could be redirected using a TCR
directed against the melanoma antigen MART-1 [9, 45]. Since then, a large number
of TCR’s have been cloned which recognize numerous viral and tumor antigens
[45-76]. Subsequently, TCR gene modified T cells have been shown to promote
tumor rejection in both mouse and human studies [69, 74, 77-84]. Koya et al. adop-
tive transferred mouse T cells transduced to express an HLA-A2 restricted, tyrosi-
nase reactive TCR into HLA-A2 transgenic mice bearing established B16 A2
melanoma tumors [79]. Using PET imaging, it was shown that these TCR transduced
T cells trafficked specifically to melanoma tumors and mediated their rejection.
More importantly, no signs of autoimmunity were found despite the strong anti-
tumor reactivity against a melanoma/melanocyte differentiation antigen. The first
use of TCR gene modified T cells in humans used an HLA-A2 restricted, MART-1
reactive TCR to establish a melanoma reactive allogeneic T cell line [77]. When
injected directly into tumor lesions, this allogeneic line mediated complete regression
many of the treated lesions. Of greater significance was the induction of systemic
anti-tumor immunity leading to the regression of untreated tumors in two patients
and progressive vitiligo in another two patients. In all subsequent clinical trials using
TCR gene modified T cells, the cells were delivered systemically. As predicted, TCR
gene modified T cells could mediate objective clinical responses in melanoma
[64, 78, 80, 84, 85] as well as colorectal carcinoma [69], synovial cell sarcoma [80]
and esophageal cancer [86] patients. Based on these animal and human studies, TCR
gene transfer is rapidly becoming an exciting new therapeutic option for treating
patients with advanced malignancies.

Cell surface expression of the TCR requires its association with the CD3 com-
plex [87-92], Upon pMHC engagement by the TCR, a cascade begins with the ini-
tiation of a series of signaling events starting with the phosphorylation of ITAM’s
on the CD3 { chain leading to full T cell activation and function [93], The CD4 and
CDS8 co-receptors play a critical role in T cell activation and function by enhancing
the binding of the TCR to the pMHC [94-97] and promoting the signaling by local-
izing Ick to the TCR/CD3 complex [97-99]. There are many important factors
involved in antigen recognition and T cell function which should be considered and
thoroughly evaluated when considering how to generate the most effective anti-
tumor T cells by introducing a foreign TCR.

Selecting a TCR for Use in TCR Gene Transfer Studies

The early question we faced by investigators in the field was how do we select the
best TCR for our studies. For practical reasons, we and others cloned TCR’s because
we already had a T cell clones reactive against an antigen known to be expressed by
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tumor cells [46-49, 51-54, 56, 57, 59-73, 75, 76, 80] or T cell clones which recog-
nized unknown antigens but the parent clone was known to be tumor reactive [45,
100]. In our case, the first TCR cloned was isolated from a T cell clone (TIL 5)
known to be melanoma reactive but the target antigen was unknown [44]. Subsequent
analysis of T cells expressing the TIL 5 TCR found that the target antigen was the
melanoma/melanocyte differentiation antigen MART-1 [45] and the T cells trans-
duced with the TIL 5 TCR required expression of the CD8 coreceptor for tumor
recognition indicating it was a low affinity TCR [9]. These and other results from
the analysis of TCR transduced T cells led most of the field to select a T clones for
TCR cloning based on predicted TCR affinity as well as the target antigen they
recognize (a more detailed discussion of TCR cloning strategies will follow in later
sections) [47, 50, 57, 66, 69]. It is quite clear that many factors must be considered
when embarking on a TCR gene transfer project, especially if the eventual goal is
use is patients.

TCR Diversity

All higher vertebrates maintain a large and diverse repertoire of T cells capable of
recognizing most of the pathogens we will ever encounter. This tremendous diversity
is due to the extreme variability in the TCR expressed by each T cell. Each TCR
chain consists of a variable (V) gene segment, a joining (J) region, a diversity (D)
region in the B chain only, and a constant (C) region [101]. In the thymus, the differ-
ent TCR o and f chains are generated randomly by germline rearrangements which
bring together one of many Vo genes with one of many Ju regions for the TCRa
chain or one of many Vf} genes, one of the two Df regions, and one of the thirteen Jf§
regions for the TCRp chain [102, 103]. The numerous combinations of elements in
each TCR chain together with the combinations of o and f chain pairing contribute
to some of the TCR diversity observed in nature [43]. However, the majority of the
diversity in TCR’s expressed by mature T cell results from the addition and deletion
of bases at the Va-Ja, VB-Df, and, DB-JP junctions which occurs during TCR gene
rearrangement [43]. This hypervariable region of the TCR a chain or TCR f chain is
the third complementarity determining region (CDR3) region. The TCR o and 8
chain CDR3 regions are considered to be the most important regions of the TCR for
antigen recognition.

The random TCR rearrangements that lead to such a large potential TCR reper-
toire means we should have T cell immunity against most pathogens presented by
most MHC molecules. Because antigen recognition by T cells is restricted by self-
MHC molecules, the random generation of TCR chain results in a high percentage
of the TCR’s that are restricted by other, nonself-MHC molecules. Positive selec-
tion enables developing thymocytes expressing TCR’s capable of binding antigen/
self-MHC molecules in the thymus with the “correct” affinity to be protected from
programmed cell death. These positively selected T cells then complete T cell
development resulting in a pool of mature T cells restricted only by self-MHC.
In contrast, thymocytes expressing TCR’s whose affinity for the host antigen/MHC
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is too low (death by neglect) or too high (negative selection) are not protected from
programmed cell death and do not complete T cell development eliminating them
from the pool of mature T cells [104]. The net effect of thymic selection is to save
“immunologic space” for T cells that are beneficial to the host by eliminating T cells
that are not self-MHC restricted and those that have the potential for autoimmunity.
These are important factors to consider for TCR gene transfer studies given that
most human tumor reactive T cells recognize normal, non-mutated self-antigens
[105-107].

Given the extreme TCR diversity, two critical questions initially raised by the
field are do we have a choice in TCR’s that target a single antigen and if we have a
choice, does it matter which TCR we select to use for a given target. We and others
initially focused on the diversity of the TCR repertoire against a single target anti-
gen by testing the concept of restricted TCR V gene usage [44, 108—112]. Because
of clonal selection theory, it makes sense that our immune system would select for
one or a limited number of TCR rearrangements that “best” recognize a given anti-
gen [113]. Using the reactivity of the first TCR we cloned as a starting point, we
found that the TCR diversity among MART-1 reactive T cell clones to be very high
[109, 111]. More importantly, using a panel peptides with homology to the MART-1
peptide, we found individual MART-1 reactive T cells clones recognized different
subsets of the peptide homologs [114]. Furthermore, peptides recognized com-
monly by the different MART-1 reactive T cell clones were recognized by each
clone with different efficiencies [114]. Diverse TCR V gene usage is not a property
of MART-1 reactive T cells since we also found high TCR diversity among gp100
and HCV reactive T cell clones (unpublished). These results indicate that each
TCR’s can recognize a single antigen differently and the how a T cell recognizes its
target might make a difference in the effectiveness and the crossreactivity (safety)
of the resulting TCR gene modified T cells in vivo.

Given that melanoma TIL cultures are known to be effective in treating patients
with advanced disease, we and others investigated the TCR repertoire in melanoma
TIL with the goal of identifying therapeutic T cells which would be great candidates
for TCR cloning. Expanded TIL cultures used to treat patients had at least 10-12
distinct T cell clonotypes [110]. Included in TIL cultures were a mixture of T cells
which recognized shared melanoma antigens as well as those that recognize only
their autologous tumor [44, 112]. As TIL cultures expand, we found that the relative
frequency of each individual clonotype can vary dramatically [115]. Therefore, it is
difficult to predict which T cell clone from a TIL culture might be therapeutic mak-
ing the decision of which TCR to clone from a TIL culture difficult.

Next generation DNA sequencing techniques have enable the field to perform a
more detailed analysis of the TCR repertoire of TIL. Several studies have found
very large TCR diversity among TIL in tumor lesions [116—118]. It is not surprising
that fresh TIL samples were composed of T cells which recognized shared tumor
antigens as well as those that recognized only their autologous tumor, presumably
due to mutations in the target antigens [116—118]. Despite new technologies which
can sort for T cells based on their antigen reactivity, it would seem that this large and
diverse TCR repertoire poses a significant challenge for selecting the “right” TCR
for gene transfer studies.
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Isolating High Affinity TCR’s

During the course of our studies, we identified three CD8-independent TCR’s which
have high affinity for their antigen [50, 57, 66]. The rationale for cloning high affin-
ity TCR’s came from the analysis of T cells transduced with our CD8-dependent
low affinity TIL 5 TCR. We found it was possible to engineer both CD4+ and CD8*
T cells to recognize target cells loaded with the MART-1:27-35 peptide [9].
However, only CD8* T cells could recognize MART-1* tumor cells indicating the
affinity of the introduced TCR was inadequate to recognize the levels of antigen
naturally presented by tumor cells [9]. Since tumor recognition by TIL 5 TCR trans-
duced T cells was dependent on the expression of the CD8 co-receptor, we specu-
lated that if we could identify CDS8 independent or high affinity TCR, the TCR gene
transfer approach could be used to make better CD8* T cells as well as MHC class
I restricted CD4* T cells for adoptive T cell transfer.

The first CDS8 independent TCR we identified was isolated from TIL 1383, an
MHC class I restricted CD4*T cell [119]. We correctly hypothesized that the TIL
13831 TCR could transfer MHC class I restricted anti-tumor reactivity to both CD8*
and CD4* T cells [50, 55]. Others have used the strategy of CD8 independence to
identify and clone high affinity TCR’s [53, 120]. It is known that mouse CD8 does not
bind to the a3 domain of human MHC class I molecules [121-123]. Thus, HLA-A2
restricted mouse T cell clones that recognize human tumor cell lines would be CD8
independent and would likely express high affinity TCR’s. The approach of vaccinat-
ing HLA-A2 transgenic mice was used successfully to identify T cell clones express-
ing high affinity TCR’s targeting p53 [53] and CEA [120]. While CD8 independent
tumor cell recognition by a T cell clone should be a hallmark of a high affinity TCR,
we have found it not always to be true. We identified a gp100 reactive T cell clone
designated T4H2 that was a CD47/CD8" T cell that efficiently recognized HLA-A2*
gp100* human melanoma cells in vitro [65, 124]. However, when the T4AH2 TCR was
cloned and expressed in human T cells, we were surprised to find it required CD8
expression for tumor cell recognition [124]. Therefore, each TCR must be evaluated
individually to ensure that a CD8-independent/high affinity TCR has been cloned.

More recently, TCR’s have been genetically modified to improve their physical
properties [60, 61, 74, 80, 125-128]. Using phage display, TCR’s have undergone
“evolution” to select for high affinity binding to pMHC [126, 129]. Although it might
be predicted that changes to the CDR3 region (which is responsible for the majority of
the TCR diversity) would lead to the highest affinity TCR’s, mutations in all three CDR
regions can lead to high affinity TCR’s [125]. Collectively, these results indicate that
TCR affinity can make a difference in target recognition by TCR transduced T cells and
each TCR must be carefully evaluated for how its properties impact T cells.

Consequences of TCR Chain Mispairing
The ideal function of a TCR gene-modified T cell depends on adequate expression

of the introduced TCR, so that correct pairing of the introduced TCR « and f chains
and proper association with the CD3 complex occurs. Since a mature T cell
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expresses its own TCR, the introduced TCR o and § chains compete with the
endogenous TCR a and f3 chains for expression and assembly on cell surface [130, 131].
Another disadvantage of introducing another set of TCR a and f chains into T cells
is the potential for mispairing of introduced and endogenous TCR chains. Mispairing
of TCR chains reduces the level of expression of the introduced TCR [45, 132] and
can lead to the creation the unfavorable T cells with self-reactive TCR’s, potentially
inducing autoimmunity [133, 134]. Several strategies have been developed to ensure
proper pairing of the introduced TCR. It has been shown that small interfering RNA
(siRNA) constructs reduces expression of endogenous TCR chains thus facilitating
the pairing of this introduced TCR o and f chains [135]. Codon optimizing the TCR
acand B chains genes increases translation of the TCR transgenes leading to increased
expression and a competitive advantage in the assembly of the introduced TCR on
the T cell surface [79, 136]. Another set of strategies directly promotes pairing of
the introduced TCR a and P chains. These strategies include adding cysteine resi-
dues to the constant regions in order to promote inter-chain disulfide bridge [137],
modifying the glycosylation of the TCR [138], and including leucine zippers [139]
to improve pairing of the introduced TCR o and § chains and enhance the expression
and function of the introduced TCR.

TCR expression is limited by the expression of elements of CD3 complex [140].
Since T cells have endogenous TCR’s, the introduced TCR has to compete with the
endogenous TCR for association with the CD3 complex on the T cell surface. This
issue has been addressed in several ways. It was shown that human TCR’s will not
express on mouse T cells unless the human constant regions have been replaced by
mouse constant regions [141, 142]. Using this approach, we and others found that
human TCR genes can achieve high expression and function when the introduced
TCR has mouse constant regions instead of human constant regions [50, 123, 132,
143]. It was subsequently shown that elements of the human TCR constant regions do
not efficiently pair with the mouse CD3 complex [144]. A definitive approach to solve
the TCR pairing issue was a recombinant set of TCR chains consisting of a single
chain Va-VB-Cp and a Ca chain [144]. These two TCR chains can only pair with each
other and not the endogenous TCR « and f§ chains. These different strategies are being
incorporated into TCR’s individually or in various combinations with the goal of
obtaining higher expression, pairing, and function of the introduced TCR.

Relationship Between TCR Affinity and T Cell Function

TCR affinity plays a significant role in determining the sensitivity of a T cell to
antigen recognition. As discussed above, TCR’s have different affinities for the
pMHC with the range of affinities of TCR’s expressed by mature T cells being
tightly regulated by thymic selection. Generally, the affinity of TCR for pMHC is
lower than Ab/Ag interactions [43, 104, 145]. Our ability to engineer T cells with
high affinity TCR’s allows us to circumvent the limitations thymic selection places
on the affinity of TCR’s that target most tumor antigens (self antigens) by
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generating T cells which would not normally be found in the periphery. While it is
clear that we can make more efficient tumor reactive CD8* T cells [55, 61, 74, 80,
128] and the novel population of MHC class I restricted CD4* T cells [50, 66, 120]
by engineering them with high affinity TCR’s, there could be negative consequences
as well. T cells expressing TCR’s with extremely high affinity for pMHC can
undergo activation-induced cell death (AICD) upon encounter with antigen. AICD
would lead to the destruction of the very effector cells which are intended to destroy
the patient’s cancer [146, 147]. T cells expressing high affinity TCR’s can also lead
to autoimmunity as observed in one transgenic mouse model [148] and two clinical
trials [64, 69]. Given these observations, the question of the need to use a high affin-
ity TCR for effective anti-tumor immunity remains unresolved.

There are several important facts to consider regarding the relationship between
TCR affinity and T cell function if we are to understand how TCR affinity relates to
T cell function. Contrary to the predictions of thymic selection, T cells reactive with
self-antigens are not always deleted in the thymus since many found in the periph-
ery. In both animal and human systems, self-reactive T cells can be induced to medi-
ate tumor rejection and in some cases, autoimmunity. These T cells are generally
CDS8 dependent meaning they express TCR’s with relatively low affinity for
pMHC. Their anti-self-reactivity is limited until their physiology or the host tumor
environment is altered. Another key observation is that T cells derived from a single
T cell clone can have varied T cell function. Under certain circumstances, T cells
can be very antigen reactive whereas in other circumstances they are weakly antigen
reactive [149]. Therefore, it is likely that the biology of T cells dictates T cell func-
tion and their TCR affinity plays a less role than previously thought.

There are several mechanisms which can explain how the function of a T cell is
influenced by its environment. It is well known that T cells become refractory to
immune function resulting from the level of immune suppression in the tumor bear-
ing host [150-156]. Furthermore, reactive oxygen and nitrogen species in the tumor
bearing host can promote T cell death [73, 157-161]. While none of these suppres-
sive mechanisms require changes in TCR affinity to reduce immune function of a T
cell, there are examples of immune suppression mechanisms that do seem to impact
on TCR affinity. We know that one key role of CDS is to stabilize the TCR/pMHC
complex. It has been observed that the spatial relationship of the TCR and CD8 on
the surface of a T cell can vary leading to differences in the relative stability of the
TCR/pMHC complex [162]. Similarly, the ratio of the high affinity form of CD8
(CD8ap) vs the low affinity form of CD8 (CD8aat) can vary on each T cells express-
ing the same TCR [163]. The result is CD8af have higher functional avidity than
CD8ao T cells which translates to higher anti-tumor activity. And finally, MDSC
have been shown to modify the TCR proteins by nitration of tyrosine residues lead-
ing to weaker binding to pMHC [164]. In all these suppressive mechanisms, the
function of a T cell expressing a high affinity TCR could be as easily overcome as the
function of a T cell expressing a low affinity TCR. Therefore, the real need for using
a high affinity TCR in TCR gene transfer studies remains unclear.

While you might be left with the impression that selecting a high affinity TCR may
not be the best choice for TCR gene transfer studies, there are clear advantages to
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using a high affinity TCR to engineer T cells for adoptive transfer studies. The ability
to generate tumor reactive MHC class I restricted CD4* T cells is one benefit to a high
affinity TCR [55]. Their ability to produce helper cytokines upon antigen stimulation
offers the real opportunity to provide MHC class I restricted T cell help at the tumor
site [55, 165, 166]. Therefore, TCR transduced CD4* T cells might facilitate with
cross priming or epitope spreading leading to broad systemic anti-tumorimmunity.
Another application for a high affinity TCR would be to engineer CD4* Treg cells
[167]. Like T}, cells, MHC class I restricted Treg cells could directly inhibit an immune
reaction at sites of autoimmunity thus reducing the severity of the disease. Despite the
potential negatives for using a high affinity TCR, these significant benefits which
should be considered for any TCR gene transfer study.

Tumor Rejection by TCR Transduced T Cells

We have addressed how the specificity of normal T cells can be redirected using
TCR genes. We have also discussed the factors that influence the selection of a TCR
for TCR gene transfer studies and how TCR affinity impacts T cell function. The
next major topic is the actual impact of TCR gene modified T cells on the growth of
tumors in vivo and to consider the adverse events that have been observed.

Mouse Tumor Treatment Studies Using TCR Gene
Modified T Cells

Adoptive transfer of TCR gene modified T cells has been used by several investiga-
tors to treat mice with established tumors. Kessels et al. [168] described the first
study using TCR gene transfer to treat tumors in mice. The FS TCR used in this
study recognized the immunodominant H-2D® restricted epitope from the influenza
NP. Mouse splenic T cells, transduced to express the F5 TCR persisted in vivo and
mediated the elimination of virus in influenza infected mice and mediated the rejec-
tion of NP expressing EL-4 cells. No side effects due to autoimmunity or other fac-
tors were found in treated mice. These results suggested that the use of TCR gene
modified T cells could be safe and effective in vivo.

Mouse T cells transduced to express the “murinized” version of the human TIL
13831 TCR which specifically recognize the MHC class I-restricted tyrosinase
368-376 peptide presented by HLA-A2 were evaluated for safety, specificity, and
anti-tumor efficacy in an HLA-A?2 transgenic mouse tumor model [79]. Encoded in
the vector was a modified thymidine kinase gene which has a unique F18-labeled
substrate that allowed the tracking of the engineered T cells using PET imaging. The
TIL 13831 TCR transduced T cells were found to persist in vivo. Furthermore, PET
imaging demonstrated the TIL 13831 TCR transduced T cells specifically trafficked
to B16 A2 melanoma tumors (HLA-A2*, tyrosinase*) but not EL4 A2 thymoma
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tumors (HLA-A2*, tyrosinase™). The TIL 13831 TCR transduced T cells also exhib-
ited robust anti-tumor activity and the treated mice had improved survival. Despite
the specific homing of the TIL 13831 TCR transduced T cells to sites of antigen and
their strong anti-tumor activity, no vitiligo was observed meaning that T cells
expressing the high TIL 13831 TCR did not lead to melanocyte destruction or auto-
immunity. Several other groups have also reported that TCR gene modified T cells
can effectively eliminate established tumors in mouse models [71, 74, 169-174].
While these results further support the safety and efficacy of TCR gene modified T
cells in vivo, there have been a few reports of harmful self-reactivity which has been
attributed to TCR mispairing [133, 134]. In summary, while TCR transduced mouse
T cells can be effective in treating established tumors, the issue of autoimmunity
needs more careful study. However, given that the animal models do not often ade-
quately mimic the human disease situation, ultimately the true test of safety and
effectiveness of the approach must be evaluated in patients.

Clinical Trials Using TCR Gene Modified T Cells

While still early in development, TCR gene modified T cells have been evaluated in
humans. The first two clinical trials to treat cancer patients with TCR transduced
T cells were reported in 2006. In the first trial, an allogeneic T cell line was transduced
to express the TIL 5 TCR to recognize the melanoma/melanocyte differentiation anti-
gen MART-1 [77]. This allogeneic line could effectively kill any HLA-A2* MART-1*
tumor so the trial was designed to deliver the T cells via intratumoral injection. The
goal of injecting TIL 5 TCR gene modified T cells into individual tumor lesions was
the destruction of the treated tumor and to induce local and systemic anti-tumor
immunity through cross priming leading to regression of untreated lesions. In this
trial, one of 15 patients obtained a partial response (PR) and another patient had
regression of uninjected lesions. The only treatment related, adverse events noted
were two patients that developed vitiligo. These observations supported the premise
that local tumor destruction can lead to systemic anti-tumor immunity and in one case,
tumor regression. The second clinical trial reported in 2006 used T cells engineered
with a different MART-1 reactive TCR. The TCR transduced T cells were delivered
by systemic infusion into stage IV melanoma patients pretreated with nonmyeloabla-
tive chemotherapy [78]. Seventeen patients were treated with systemic infusion of
autologous TCR gene modified T cells. Two of the 17 patients had an objective PR,
and there were no adverse events observed. It was noted that the two patients that
responded had prolonged survival of the infused TCR gene modified T cells [78].
These first clinical trials indicated that the use of TCR gene modified T cells was
feasible, could lead to objective clinical responses, and was generally safe.

In 2009, a third TCR gene transfer study was reported targeting the melanoma
differentiation antigens MART-1 and gp100 using two distinct TCR’s [64]. The anti-
MART-1 TCR had higher affinity (CD8 independent) than the TCR’s used in the
previous trials but the anti-gp100 TCR was a low affinity CD8 dependent TCR.
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In this clinical trial, 6 of the 20 patients treated (30 %) had objective clinical
responses. The anti-gp100 TCR reported in this study was of mouse origin and was
selected for CD8 co-receptor independent tumor cell recognition. In patients treated
with the anti-gp100 TCR, 3 of the 16 (19 %) had objective clinical responses.
It should also be noted that the use of T cells engineered with these high affinity
TCR’s was implicated in the observed toxicity in the eye and inner ear which was
associated with the destruction of normal melanocytes. However, almost all patients
resolved these toxicities naturally or with the use of topical steroids. This study
concluded that using a high affinity TCR was better than a low affinity TCR for
engineering T cells. These clinical trials further supported the assertion that TCR
gene modified T cells are generally safe and well tolerated by the patients. More
important, they have the potential to be an effective therapeutic for cancer patients.
While T cells engineered with high-affinity TCR’s did lead to improved clinical
outcomes for melanoma patients, the adverse events need to be closely monitored.

Since these early clinical trials, additional clinical trials have been reported using
other TCR’s. One trial use a high affinity mouse TCR which recognizes an HLA-A2
restricted epitope from CEA which is expressed by colon cancer cells. When infused
into patients with metastatic colon cancer, CEA TCR transduced T cells mediated
tumor regression one of the three patients treated [69]. However, a severe transient
inflammatory colitis in normal colon was induced in all three patients leading to the
clinical trial being discontinued.

A subsequent clinical trial reported using a modified TCR targeting NY-ESO-1 to
engineer T cells for treating patients with metastatic melanoma or metastatic synovial
cell sarcoma patients [80]. Tumor regression was seen in four of the six patients with
synovial cell sarcoma and in five of 11 patients with melanoma. It was important to
note that none of these patients had any on-target toxicities. It is important to note that
this study was the first clinical trial to demonstrate that TCR gene modified T cells
could lead to clinical responses in patients with non-melanoma tumors.

Adverse Events

The adverse events in clinical trials using TCR gene modified T cells warranted
further investigation into targets considered to be tumor specific. Based on the pre-
vious clinical trials, it speculated that targeting cancer testis antigens such as
NY-ESO-1, MAGE-A3, MAGE-A4 with TCR gene modified T cells would be gen-
erally safe and well tolerated by the patients [83, 175-177]. However, a clinical trial
using an affinity-enhanced MAGE-A3 TCR induced severe neurologic toxicity
[84]. The cause of this neurotoxicity is considered to be crossreactivity with another
member of the MAGE-A family (MAGE-A12). The severe adverse events were due
to unexpected MAGE-A12 on cells of the central nerve system. More recently, it
was observed that the trial using high affinity MAGE-A3 TCR also induced severe
cardiac toxicity. This toxicity was not due to off-tumor antigen expression or recog-
nition of epitopes from related cancer-testis antigens but recognition of the
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unrelated human protein titin in cardiac tissue [178]. It is clear that while the
affinity-enhanced TCR modified T cells is an attractive treatment for advanced
malignancies [179, 180], it is necessary to identify appropriate epitopes to ensure
on-target specificity that will lead to improve clinical outcomes.

Conclusion

While the field of TCR gene transfer is still quite new, the use of TCR transduced
T represents a promising new approach cells for treating cancer patients. It clearly
circumvents the hurdles problems of obtaining tumor reactive T cells that are associ-
ated with TIL therapy and other forms of adoptive T cell transfer. The use of viral
vector to engineer T cells with TCR genes enables us to generate populations of
autologous antigen-reactive T cells for any patient regardless of their ability to natu-
rally mount an immune response against the target antigen. It is clear that the TCR
gene transfer approach is feasible for treating patients and the TCR transduced
T cells can be delivered safely. However, one of the most important aspects of the
approach is that the objective clinical responses have been obtained in all trials indi-
cates these genetically engineered T cells can be effective. As we learn more about
how the TCR influences T cell function, we will be able to design better strategies for
using TCR gene modified T cells for treating patients.

References

1. Rosenberg SA, Restifo NP, Yang JC, Morgan RA, Dudley ME (2008) Adoptive cell transfer:
a clinical path to effective cancer immunotherapy. Nat Rev Cancer 8(4):299-308

2. June CH, Blazar BR, Riley JL (2009) Engineering lymphocyte subsets: tools, trials and
tribulations. Nat Rev Immunol 9(10):704-716

3. Weber J, Atkins M, Hwu P, Radvanyi L, Sznol M, Yee C (2011) White paper on adoptive cell
therapy for cancer with tumor-infiltrating lymphocytes: a report of the CTEP subcommittee
on adoptive cell therapy. Clin Cancer Res 17(7):1664—-1673

4. Dudley ME, Wunderlich JR, Robbins PF, Yang JC, Hwu P, Schwartzentruber DJ, Topalian
SL, Sherry R, Restifo NP, Hubicki AM, Robinson MR, Raffeld M, Duray P, Seipp CA,
Rogers-Freezer L, Morton KE, Mavroukakis SA, White DE, Rosenberg SA (2002) Cancer
regression and autoimmunity in patients after clonal repopulation with antitumor lympho-
cytes. Science 298(5594):850-854

5. Dudley ME, Wunderlich JR, Yang JC, Sherry RM, Topalian SL, Restifo NP, Royal RE,
Kammula U, White DE, Mavroukakis SA, Rogers LJ, Gracia GJ, Jones SA, Mangiameli DP,
Pelletier MM, Gea-Banacloche J, Robinson MR, Berman DM, Filie AC, Abati A, Rosenberg
SA (2005) Adoptive cell transfer therapy following non-myeloablative but lymphodepleting
chemotherapy for the treatment of patients with refractory metastatic melanoma. J Clin
Oncol 23(10):2346-2357

6. Dudley ME, Yang JC, Sherry R, Hughes MS, Royal R, Kammula U, Robbins PF, Huang J,
Citrin DE, Leitman SF, Wunderlich J, Restifo NP, Thomasian A, Downey SG, Smith FO,
Klapper J, Morton K, Laurencot C, White DE, Rosenberg SA (2008) Adoptive cell therapy



88

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

K. Nagato et al.

for patients with metastatic melanoma: evaluation of intensive myeloablative chemoradiation
preparative regimens. J Clin Oncol 26(32):5233-5239

. Stevanovic S, Draper LM, Langhan MM, Campbell TE, Kwong ML, Wunderlich JR, Dudley

ME, Yang JC, Sherry RM, Kammula US, Restifo NP, Rosenberg SA, Hinrichs CS (2015)
Complete regression of metastatic cervical cancer after treatment with human papillomavirus-
targeted tumor-infiltrating T cells. J Clin Oncol 33(14):1543-1550

. Gross G, Waks T, Eshhar Z (1989) Expression of immunoglobulin-T-cell receptor chimeric

molecules as functional receptors with antibody-type specificity. Proc Natl Acad Sci U S A
86(24):10024-10028

. Clay TM, Custer MC, Sachs J, Hwu P, Rosenberg SA, Nishimura MI (1999) Efficient transfer

of a tumor antigen-reactive TCR to human peripheral blood lymphocytes confers anti-tumor
reactivity. J Immunol 163(1):507-513

Zhang T, Lemoi BA, Sentman CL (2005) Chimeric NK-receptor-bearing T cells mediate
antitumor immunotherapy. Blood 106(5):1544—1551

Curran KJ, Pegram HJ, Brentjens RJ (2012) Chimeric antigen receptors for T cell immuno-
therapy: current understanding and future directions. J Gene Med 14(6):405-415

Jensen MC, Riddell SR (2015) Designing chimeric antigen receptors to effectively and safely
target tumors. Curr Opin Immunol 33:9-15

Cambier JC (1995) Antigen and Fc receptor signaling. The awesome power of the immuno-
receptor tyrosine-based activation motif (ITAM). J Immunol 155(7):3281-3285

Romeo C, Seed B (1991) Cellular immunity to HIV activated by CD4 fused to T cell or Fc
receptor polypeptides. Cell 64(5):1037-1046

Romeo C, Kolanus W, Amiot M, Seed B (1992) Activation of immune system effector func-
tion by T-cell or Fc receptor intracellular domains. Cold Spring Harb Symp Quant Biol
57:117-125

Stancovski I, Schindler DG, Waks T, Yarden Y, Sela M, Eshhar Z (1993) Targeting of T lym-
phocytes to Neu/HER2-expressing cells using chimeric single chain Fv receptors. J Immunol
151(11):6577-6582

Eshhar Z (2010) Adoptive cancer immunotherapy using genetically engineered designer
T-cells: first steps into the clinic. Curr Opin Mol Ther 12(1):55-63

Pegram HIJ, Park JH, Brentjens RJ (2014) CD28z CARs and armored CARs. Cancer J
20(2):127-133

Haynes NM, Trapani JA, Teng MW, Jackson JT, Cerruti L, Jane SM, Kershaw MH, Smyth
MJ, Darcy PK (2002) Single-chain antigen recognition receptors that costimulate potent
rejection of established experimental tumors. Blood 100(9):3155-3163

Moeller M, Haynes NM, Trapani JA, Teng MW, Jackson JT, Tanner JE, Cerutti L, Jane SM,
Kershaw MH, Smyth MJ, Darcy PK (2004) A functional role for CD28 costimulation in tumor
recognition by single-chain receptor-modified T cells. Cancer Gene Ther 11(5):371-379
Moeller M, Haynes NM, Kershaw MH, Jackson JT, Teng MW, Street SE, Cerutti L, Jane SM,
Trapani JA, Smyth MJ, Darcy PK (2005) Adoptive transfer of gene-engineered CD4+ helper
T cells induces potent primary and secondary tumor rejection. Blood 106(9):2995-3003
Dotti G, Gottschalk S, Savoldo B, Brenner MK (2014) Design and development of therapies
using chimeric antigen receptor-expressing T cells. Immunol Rev 257(1):107-126

Jena B, Moyes JS, Huls H, Cooper LJ (2014) Driving CAR-based T-cell therapy to success.
Curr Hematol Malig Rep 9(1):50-56

Jensen MC, Riddell SR (2014) Design and implementation of adoptive therapy with chimeric
antigen receptor-modified T cells. Immunol Rev 257(1):127-144

Zhao A, Tohidkia MR, Siegel DL, Coukos G, Omidi Y (2014) Phage antibody display librar-
ies: a powerful antibody discovery platform for immunotherapy. Crit Rev Biotechnol 1-14
Iannello A, Raulet DH (2013) Immune surveillance of unhealthy cells by natural killer cells.
Cold Spring Harb Symp Quant Biol 78:249-257

Paschen A, Baingo J, Schadendorf D (2014) Expression of stress ligands of the immunore-
ceptor NKG2D in melanoma: regulation and clinical significance. Eur J Cell Biol
93(1-2):49-54



4 Influence of Antigen Receptor Avidity, Affinity, and Specificity on Genetically... 89

28

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

. Sentman CL, Meehan KR (2014) NKG2D CARs as cell therapy for cancer. Cancer J
20(2):156-159

Zhang T, Barber A, Sentman CL (2007) Chimeric NKG2D modified T cells inhibit systemic
T-cell lymphoma growth in a manner involving multiple cytokines and cytotoxic pathways.
Cancer Res 67(22):11029-11036

Barber A, Meehan KR, Sentman CL (2011) Treatment of multiple myeloma with adoptively
transferred chimeric NKG2D receptor-expressing T cells. Gene Ther 18(5):509-516

Barber A, Zhang T, Sentman CL (2008) Immunotherapy with chimeric NKG2D receptors
leads to long-term tumor-free survival and development of host antitumor immunity in
murine ovarian cancer. J Immunol 180(1):72-78

Barber A, Rynda A, Sentman CL (2009) Chimeric NKG2D expressing T cells eliminate
immunosuppression and activate immunity within the ovarian tumor microenvironment. J
Immunol 183(11):6939-6947

Song DG, Ye Q, Santoro S, Fang C, Best A, Powell DJ Jr (2013) Chimeric NKG2D CAR-
expressing T cell-mediated attack of human ovarian cancer is enhanced by histone deacety-
lase inhibition. Hum Gene Ther 24(3):295-305

Chang YH, Connolly J, Shimasaki N, Mimura K, Kono K, Campana D (2013) A chimeric
receptor with NKG2D specificity enhances natural killer cell activation and killing of tumor
cells. Cancer Res 73(6):1777-1786

MclIntyre BW, Allison JP (1983) The mouse T cell receptor: structural heterogeneity of mol-
ecules of normal T cells defined by xenoantiserum. Cell 34(3):739-746

Sangster RN, Minowada J, Suciu-Foca N, Minden M, Mak TW (1986) Rearrangement and
expression of the alpha, beta, and gamma chain T cell receptor genes in human thymic leuke-
mia cells and functional T cells. J Exp Med 163(6):1491-1508

Toyonaga B, Mak TW (1987) Genes of the T-cell antigen receptor in normal and malignant
T cells. Annu Rev Immunol 5:585-620

Bjorkman PJ, Saper MA, Samraoui B, Bennett WS, Strominger JL, Wiley DC (1987) The
foreign antigen binding site and T cell recognition regions of class I histocompatibility anti-
gens. Nature 329(6139):512-518

Davis MM, Bjorkman PJ (1989) A model for T cell receptor and MHC/peptide interaction.
Adv Exp Med Biol 254:13-16

Davis MM, Chien YH, Bjorkman PJ, Elliott JF, Iwashima M, Rock EP, Patten PA (1989) A
possible basis for major histocompatibility complex-restricted T-cell recognition. Philos
Trans R Soc Lond B Biol Sci 323(1217):521-524

Brown JH, Jardetzky TS, Gorga JC, Stern LJ, Urban RG, Strominger JL, Wiley DC (1993)
Three-dimensional structure of the human class II histocompatibility antigen HLA-DR1.
Nature 364(6432):33-39

Stern LJ, Brown JH, Jardetzky TS, Gorga JC, Urban RG, Strominger JL, Wiley DC (1994)
Crystal structure of the human class I MHC protein HLA-DR1 complexed with an influenza
virus peptide. Nature 368(6468):215-221

Davis MM, Boniface JJ, Reich Z, Lyons D, Hampl J, Arden B, Chien Y (1998) Ligand rec-
ognition by alpha beta T cell receptors. Annu Rev Immunol 16:523-544

Shilyansky J, Nishimura MI, Yannelli JR, Kawakami Y, Jacknin LS, Charmley P, Rosenberg
SA (1994) T-cell receptor usage by melanoma-specific clonal and highly oligoclonal tumor-
infiltrating lymphocyte lines. Proc Natl Acad Sci U S A 91(7):2829-2833

Cole DJ, Weil DP, Shilyansky J, Custer M, Kawakami Y, Rosenberg SA, Nishimura MI
(1995) Characterization of the functional specificity of a cloned T-cell receptor heterodimer
recognizing the MART-1 melanoma antigen. Cancer Res 55(4):748-752

Orentas RJ, Roskopf SJ, Nolan GP, Nishimura MI (2001) Retroviral transduction of a T cell
receptor specific for an Epstein-Barr virus-encoded peptide. Clin Immunol 98(2):220-228
Stanislawski T, Voss RH, Lotz C, Sadovnikova E, Willemsen RA, Kuball J, Ruppert T,
Bolhuis RL, Melief CJ, Huber C, Stauss HJ, Theobald M (2001) Circumventing tolerance
to a human MDM2-derived tumor antigen by TCR gene transfer. Nat Immunol
2(10):962-970



90

48

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58

59.

60.

61.

62.

K. Nagato et al.

. Heemskerk MH, Hoogeboom M, de Paus RA, Kester MG, van der Hoorn MA, Goulmy E,
Willemze R, Falkenburg JH (2003) Redirection of antileukemic reactivity of peripheral T
lymphocytes using gene transfer of minor histocompatibility antigen HA-2-specific T-cell
receptor complexes expressing a conserved alpha joining region. Blood 102(10):3530-3540
Morgan RA, Dudley ME, Yu YY, Zheng Z, Robbins PF, Theoret MR, Wunderlich JR,
Hughes MS, Restifo NP, Rosenberg SA (2003) High efficiency TCR gene transfer into pri-
mary human lymphocytes affords avid recognition of melanoma tumor antigen glycoprotein
100 and does not alter the recognition of autologous melanoma antigens. J Immunol
171(6):3287-3295

Roszkowski JJ, Yu DC, Rubinstein MP, McKee MD, Cole DJ, Nishimura MI (2003) CD8-
independent tumor cell recognition is a property of the T cell receptor and not the T cell. J
Immunol 170(5):2582-2589

Heemskerk MH, Hoogeboom M, Hagedoorn R, Kester MG, Willemze R, Falkenburg JH
(2004) Reprogramming of virus-specific T cells into leukemia-reactive T cells using T cell
receptor gene transfer. J Exp Med 199(7):885-894

Hughes MS, Yu YY, Dudley ME, Zheng Z, Robbins PF, Li Y, Wunderlich J, Hawley RG,
Moayeri M, Rosenberg SA, Morgan RA (2005) Transfer of a TCR gene derived from a
patient with a marked antitumor response conveys highly active T-cell effector functions.
Hum Gene Ther 16(4):457—472

Kuball J, Schmitz FW, Voss RH, Ferreira EA, Engel R, Guillaume P, Strand S, Romero P,
Huber C, Sherman LA, Theobald M (2005) Cooperation of human tumor-reactive CD4+ and
CD8+ T cells after redirection of their specificity by a high-affinity p53A2.1-specific
TCR. Immunity 22(1):117-129

Mommaas B, van Halteren AG, Pool J, van der Veken L, Wieles B, Heemskerk MH, Goulmy
E (2005) Adult and cord blood T cells can acquire HA-1 specificity through HA-1 T-cell
receptor gene transfer. Haematologica 90(10):1415-1421

Roszkowski JJ, Lyons GE, Kast WM, Yee C, Van Besien K, Nishimura MI (2005)
Simultaneous generation of CD8+ and CD4+ melanoma-reactive T cells by retroviral-
mediated transfer of a single T-cell receptor. Cancer Res 65(4):1570-1576

Zhao 'Y, Zheng Z, Robbins PF, Khong HT, Rosenberg SA, Morgan RA (2005) Primary human
lymphocytes transduced with NY-ESO-1 antigen-specific TCR genes recognize and kill
diverse human tumor cell lines. J Immunol 174(7):4415-4423

Callender GG, Rosen HR, Roszkowski JJ, Lyons GE, Li M, Moore T, Brasic N, McKee MD,
Nishimura MI (2006) Identification of a hepatitis C virus-reactive T cell receptor that does
not require CD8 for target cell recognition. Hepatology 43(5):973-981

. Lyons GE, Roszkowski JJ, Man S, Yee C, Kast WM, Nishimura MI (2006) T-cell receptor
tetramer binding or the lack there of does not necessitate antigen reactivity in T-cell receptor
transduced T cells. Cancer Immunol Immunother 55(9):1142-1150

Zhao Y, Zheng Z, Khong HT, Rosenberg SA, Morgan RA (2006) Transduction of an HLA-
DP4-restricted NY-ESO-1-specific TCR into primary human CD4+ lymphocytes. J
Immunother 29(4):398—406

Gostick E, Cole DK, Hutchinson SL, Wooldridge L, Tafuro S, Laugel B, Lissina A, Oxenius
A, Boulter JM, Price DA, Sewell AK (2007) Functional and biophysical characterization of
an HLA-A*6801-restricted HIV-specific T cell receptor. Eur J Immunol 37(2):479-486
Purbhoo MA, Li Y, Sutton DH, Brewer JE, Gostick E, Bossi G, Laugel B, Moysey R, Baston
E, Liddy N, Cameron B, Bennett AD, Ashfield R, Milicic A, Price DA, Classon BJ, Sewell
AK, Jakobsen BK (2007) The HLA A*0201-restricted hTERT(540-548) peptide is not
detected on tumor cells by a CTL clone or a high-affinity T-cell receptor. Mol Cancer Ther
6(7):2081-2091

Zhao Y, Bennett AD, Zheng Z, Wang QJ, Robbins PF, Yu LY, Li Y, Molloy PE, Dunn SM,
Jakobsen BK, Rosenberg SA, Morgan RA (2007) High-affinity TCRs generated by phage
display provide CD4+ T cells with the ability to recognize and kill tumor cell lines. J Immunol
179(9):5845-5854



4 Influence of Antigen Receptor Avidity, Affinity, and Specificity on Genetically... 91

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Hiasa A, Hirayama M, Nishikawa H, Kitano S, Nukaya I, Yu SS, Mineno J, Kato I, Shiku H
(2008) Long-term phenotypic, functional and genetic stability of cancer-specific T-cell receptor
(TCR) alphabeta genes transduced to CD8+ T cells. Gene Ther 15(9):695-699

Johnson LA, Morgan RA, Dudley ME, Cassard L, Yang JC, Hughes MS, Kammula US,
Royal RE, Sherry RM, Wunderlich JR, Lee CC, Restifo NP, Schwarz SL, Cogdill AP, Bishop
RJ, Kim H, Brewer CC, Rudy SF, VanWaes C, Davis JL, Mathur A, Ripley RT, Nathan DA,
Laurencot CM, Rosenberg SA (2009) Gene therapy with human and mouse T-cell receptors
mediates cancer regression and targets normal tissues expressing cognate antigen. Blood
114(3):535-546

Voelkl S, Moore TV, Rehli M, Nishimura MI, Mackensen A, Fischer K (2009) Characterization
of MHC class-I restricted TCRalphabeta+CD4-CD8- double negative T cells recognizing
the gpl00 antigen from a melanoma patient after gpl00 vaccination. Cancer Immunol
Immunother 58(5):709-718

Zhang Y, Liu Y, Moxley KM, Golden-Mason L, Hughes MG, Liu T, Heemskerk MH, Rosen
HR, Nishimura MI (2010) Transduction of human T cells with a novel T-cell receptor confers
anti-HCV reactivity. PLoS Pathog 6(7), e1001018

Chinnasamy N, Wargo JA, Yu Z, Rao M, Frankel TL, Riley JP, Hong JJ, Parkhurst MR,
Feldman SA, Schrump DS, Restifo NP, Robbins PF, Rosenberg SA, Morgan RA (2011) A
TCR targeting the HLA-A*0201-restricted epitope of MAGE-A3 recognizes multiple
epitopes of the MAGE-A antigen superfamily in several types of cancer. J Immunol
186(2):685-696

Ochi T, Fujiwara H, Okamoto S, An J, Nagai K, Shirakata T, Mineno J, Kuzushima K, Shiku
H, Yasukawa M (2011) Novel adoptive T-cell immunotherapy using a WT1-specific TCR
vector encoding silencers for endogenous TCRs shows marked antileukemia reactivity and
safety. Blood 118(6):1495-1503

Parkhurst MR, Yang JC, Langan RC, Dudley ME, Nathan DA, Feldman SA, Davis JL,
Morgan RA, Merino MJ, Sherry RM, Hughes MS, Kammula US, Phan GQ, Lim RM, Wank
SA, Restifo NP, Robbins PF, Laurencot CM, Rosenberg SA (2011) T cells targeting carcino-
embryonic antigen can mediate regression of metastatic colorectal cancer but induce severe
transient colitis. Mol Ther 19(3):620-626

Scholten KB, Turksma AW, Ruizendaal JJ, van den Hende M, van der Burg SH, Heemskerk
MH, Meijer CJ, Hooijberg E (2011) Generating HPV specific T helper cells for the treatment
of HPV induced malignancies using TCR gene transfer. J Transl Med 9:147

Spranger S, Jeremias I, Wilde S, Leisegang M, Starck L, Mosetter B, Uckert W, Heemskerk
MH, Schendel DJ, Frankenberger B (2012) TCR-transgenic lymphocytes specific for
HMMR/Rhamm limit tumor outgrowth in vivo. Blood 119(15):3440-3449

Linnemann C, Heemskerk B, Kvistborg P, Kluin RJ, Bolotin DA, Chen X, Bresser K,
Nieuwland M, Schotte R, Michels S, Gomez-Eerland R, Jahn L, Hombrink P, Legrand N, Shu
CJ, Mamedov 1Z, Velds A, Blank CU, Haanen JB, Turchaninova MA, Kerkhoven RM, Spits
H, Hadrup SR, Heemskerk MH, Blankenstein T, Chudakov DM, Bendle GM, Schumacher
TN (2013) High-throughput identification of antigen-specific TCRs by TCR gene capture.
Nat Med 19(11):1534-1541

Miyazaki Y, Fujiwara H, Asai H, Ochi F, Ochi T, Azuma T, Ishida T, Okamoto S, Mineno J,
Kuzushima K, Shiku H, Yasukawa M (2013) Development of a novel redirected T-cell-based
adoptive immunotherapy targeting human telomerase reverse transcriptase for adult T-cell
leukemia. Blood 121(24):4894-4901

Schmitt TM, Aggen DH, Stromnes IM, Dossett ML, Richman SA, Kranz DM, Greenberg PD
(2013) Enhanced-affinity murine T-cell receptors for tumor/self-antigens can be safe in gene
therapy despite surpassing the threshold for thymic selection. Blood 122(3):348-356
Abate-Daga D, Speiser DE, Chinnasamy N, Zheng Z, Xu H, Feldman SA, Rosenberg SA,
Morgan RA (2014) Development of a T cell receptor targeting an HLA-A*0201 restricted
epitope from the cancer-testis antigen SSX2 for adoptive immunotherapy of cancer. PLoS
One 9(3), 93321



92

76

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

K. Nagato et al.

. Rosati SF, Parkhurst MR, Hong Y, Zheng Z, Feldman SA, Rao M, Abate-Daga D, Beard RE,
Xu H, Black MA, Robbins PF, Schrump DA, Rosenberg SA, Morgan RA (2014) A novel
murine T-cell receptor targeting NY-ESO-1. J Immunother 37(3):135-146

Duval L, Schmidt H, Kaltoft K, Fode K, Jensen JJ, Sorensen SM, Nishimura MI, von der
Maase H (2006) Adoptive transfer of allogeneic cytotoxic T lymphocytes equipped with a
HLA-A2 restricted MART-1 T-cell receptor: a phase I trial in metastatic melanoma. Clin
Cancer Res 12(4):1229-1236

Morgan RA, Dudley ME, Wunderlich JR, Hughes MS, Yang JC, Sherry RM, Royal RE,
Topalian SL, Kammula US, Restifo NP, Zheng Z, Nahvi A, de Vries CR, Rogers-Freezer LJ,
Mavroukakis SA, Rosenberg SA (2006) Cancer regression in patients after transfer of geneti-
cally engineered lymphocytes. Science 314(5796):126—-129

Koya RC, Mok S, Comin-Anduix B, Chodon T, Radu CG, Nishimura MI, Witte ON,
Ribas A (2010) Kinetic phases of distribution and tumor targeting by T cell receptor
engineered lymphocytes inducing robust antitumor responses. Proc Natl Acad Sci U S A
107(32):14286-14291

Robbins PF, Morgan RA, Feldman SA, Yang JC, Sherry RM, Dudley ME, Wunderlich JR,
Nahvi AV, Helman LJ, Mackall CL, Kammula US, Hughes MS, Restifo NP, Raffeld M, Lee
CC, Levy CL, Li YF, El-Gamil M, Schwarz SL, Laurencot C, Rosenberg SA (2011) Tumor
regression in patients with metastatic synovial cell sarcoma and melanoma using genetically
engineered lymphocytes reactive with NY-ESO-1. J Clin Oncol 29(7):917-924

Chinnasamy D, Yu Z, Kerkar SP, Zhang L, Morgan RA, Restifo NP, Rosenberg SA (2012)
Local delivery of interleukin-12 using T cells targeting VEGF receptor-2 eradicates multiple
vascularized tumors in mice. Clin Cancer Res 18(6):1672—-1683

Shirakura Y, Mizuno Y, Wang L, Imai N, Amaike C, Sato E, Ito M, Nukaya I, Mineno J,
Takesako K, Ikeda H, Shiku H (2012) T-cell receptor gene therapy targeting melanoma-
associated antigen-A4 inhibits human tumor growth in non-obese diabetic/SCID/gammac-
null mice. Cancer Sci 103(1):17-25

Chinnasamy D, Tran E, Yu Z, Morgan RA, Restifo NP, Rosenberg SA (2013) Simultaneous
targeting of tumor antigens and the tumor vasculature using T lymphocyte transfer synergize
to induce regression of established tumors in mice. Cancer Res 73(11):3371-3380

Morgan RA, Chinnasamy N, Abate-Daga D, Gros A, Robbins PF, Zheng Z, Dudley ME,
Feldman SA, Yang JC, Sherry RM, Phan GQ, Hughes MS, Kammula US, Miller AD,
Hessman CJ, Stewart AA, Restifo NP, Quezado MM, Alimchandani M, Rosenberg AZ, Nath
A, Wang T, Bielekova B, Wuest SC, Akula N, McMahon FJ, Wilde S, Mosetter B, Schendel
DJ, Laurencot CM, Rosenberg SA (2013) Cancer regression and neurological toxicity
following anti-MAGE-A3 TCR gene therapy. J Immunother 36(2):133-151

Chodon T, Comin-Anduix B, Chmielowski B, Koya RC, Wu Z, Auerbach M, Ng C, Avramis
E, Seja E, Villanueva A, McCannel TA, Ishiyama A, Czernin J, Radu CG, Wang X, Gjertson
DW, Cochran AJ, Cornetta K, Wong DJ, Kaplan-Lefko P, Hamid O, Samlowski W, Cohen
PA, Daniels GA, Mukherji B, Yang L, Zack JA, Kohn DB, Heath JR, Glaspy JA, Witte ON,
Baltimore D, Economou JS, Ribas A (2014) Adoptive transfer of MART-1 T-cell receptor
transgenic lymphocytes and dendritic cell vaccination in patients with metastatic melanoma.
Clin Cancer Res 20(9):2457-2465

Kageyama S, Ikeda H, Miyahara Y, Imai N, Ishihara M, Saito K, Sugino S, Ueda S, Ishikawa
T, Kokura S, Naota H, Ohishi K, Shiraishi T, Inoue N, Tanabe M, Kidokoro T, Yoshioka H,
Tomura D, Nukaya I, Mineno J, Takesako K, Katayama N, Shiku H (2015) Adoptive transfer
of MAGE-A4 T-cell receptor gene-transduced lymphocytes in patients with recurrent esopha-
geal cancer. Clin Cancer Res 21(10):2268-2277

Borst J, Alexander S, Elder J, Terhorst C (1983) The T3 complex on human T lymphocytes
involves four structurally distinct glycoproteins. J Biol Chem 258(8):5135-5141

Oettgen HC, Kappler J, Tax WJ, Terhorst C (1984) Characterization of the two heavy chains of
the T3 complex on the surface of human T lymphocytes. J Biol Chem 259(19):12039-12048
Samelson LE, Harford JB, Klausner RD (1985) Identification of the components of the
murine T cell antigen receptor complex. Cell 43(1):223-231



4 Influence of Antigen Receptor Avidity, Affinity, and Specificity on Genetically... 93

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Leontsini E, Brown T, Biddison WE (1986) Physical and functional association of the T cell
receptor and the T3 molecular complex on cytotoxic T cell clones that are differentially
inhibitable by anti-T3 antibodies. Cell Immunol 102(1):21-32

Oettgen HC, Pettey CL, Maloy WL, Terhorst C (1986) A T3-like protein complex associated
with the antigen receptor on murine T cells. Nature 320(6059):272-275

Lanier LL, Federspiel NA, Ruitenberg JJ, Phillips JH, Allison JP, Littman D, Weiss A (1987)
The T cell antigen receptor complex expressed on normal peripheral blood CD4-, CD8- T
lymphocytes. A CD3-associated disulfide-linked gamma chain heterodimer. J Exp Med
165(4):1076-1094

Weiss A, Littman DR (1994) Signal transduction by lymphocyte antigen receptors. Cell
76(2):263-274

Dialynas DP, Wilde DB, Marrack P, Pierres A, Wall KA, Havran W, Otten G, Loken MR,
Pierres M, Kappler J et al (1983) Characterization of the murine antigenic determinant, des-
ignated L.3T4a, recognized by monoclonal antibody GK1.5: expression of L3T4a by func-
tional T cell clones appears to correlate primarily with class II MHC antigen-reactivity.
Immunol Rev 74:29-56

Swain SL (1983) T cell subsets and the recognition of MHC class. Immunol Rev
74:129-142

Emmrich F, Strittmatter U, Eichmann K (1986) Synergism in the activation of human CD8 T
cells by cross-linking the T-cell receptor complex with the CD8 differentiation antigen. Proc
Natl Acad Sci U S A 83(21):8298-8302

de Vries JE, Yssel H, Spits H (1989) Interplay between the TCR/CD3 complex and CD4 or
CDS in the activation of cytotoxic T lymphocytes. Immunol Rev 109:119-141

Veillette A, Bookman MA, Horak EM, Bolen JB (1988) The CD4 and CD8 T cell surface
antigens are associated with the internal membrane tyrosine-protein kinase p56lck. Cell
55(2):301-308

Barber EK, Dasgupta JD, Schlossman SF, Trevillyan JM, Rudd CE (1989) The CD4 and CD8
antigens are coupled to a protein-tyrosine kinase (p56lck) that phosphorylates the CD3 com-
plex. Proc Natl Acad Sci U S A 86(9):3277-3281

Taniguchi RT, Anderson MS (2011) The role of Aire in clonal selection. Immunol Cell Biol
89(1):40-44

Davis MM, Bjorkman PJ (1988) T-cell antigen receptor genes and T-cell recognition. Nature
334(6181):395-402

Toyonaga B, Yoshikai Y, Vadasz V, Chin B, Mak TW (1985) Organization and sequences of
the diversity, joining, and constant region genes of the human T-cell receptor beta chain. Proc
Natl Acad Sci U S A 82(24):8624-8628

Koop BF, Rowen L, Wang K, Kuo CL, Seto D, Lenstra JA, Howard S, Shan W, Deshpande P,
Hood L (1994) The human T-cell receptor TCRAC/TCRDC (C alpha/C delta) region: orga-
nization, sequence, and evolution of 97.6 kb of DNA. Genomics 19(3):478-493

Eisen HN, Sykulev Y, Tsomides TJ (1996) Antigen-specific T-cell receptors and their reac-
tions with complexes formed by peptides with major histocompatibility complex proteins.
Adv Protein Chem 49:1-56

Rosenberg SA (2000) Identification of cancer antigens: impact on development of cancer
immunotherapies. Cancer J 6(Suppl 3):5S200-S207

Van Der Bruggen P, Zhang Y, Chaux P, Stroobant V, Panichelli C, Schultz ES, Chapiro J, Van
Den Eynde BJ, Brasseur F, Boon T (2002) Tumor-specific shared antigenic peptides recog-
nized by human T cells. Immunol Rev 188:51-64

Coulie PG, Van den Eynde BJ, van der Bruggen P, Boon T (2014) Tumour antigens recognized
by T lymphocytes: at the core of cancer immunotherapy. Nat Rev Cancer 14(2):135-146
Kawakami Y, Nishimura MI, Restifo NP, Topalian SL, O'Neil BH, Shilyansky J, Yannelli JR,
Rosenberg SA (1993) T-cell recognition of human melanoma antigens. J Immunother
Emphasis Tumor Immunol 14(2):88-93

Cole DJ, Weil DP, Shamamian P, Rivoltini L, Kawakami Y, Topalian S, Jennings C, Eliyahu
S, Rosenberg SA, Nishimura MI (1994) Identification of MART-1-specific T-cell receptors:



94

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

K. Nagato et al.

T cells utilizing distinct T-cell receptor variable and joining regions recognize the same tumor
epitope. Cancer Res 54(20):5265-5268

Nishimura MI, Kawakami Y, Charmley P, O'Neil B, Shilyansky J, Yannelli JR, Rosenberg
SA, Hood L (1994) T-cell receptor repertoire in tumor-infiltrating lymphocytes. Analysis of
melanoma-specific long-term lines. ] Immunother Emphasis Tumor Immunol 16(2):85-94
Cole DJ, Wilson MC, Rivoltini L, Custer M, Nishimura MI (1997) T-cell receptor repertoire
in matched MART-1 peptide-stimulated peripheral blood lymphocytes and tumor-infiltrating
lymphocytes. Cancer Res 57(23):5320-5327

Nishimura MI, Custer MC, Schwarz SL, Parker LL, Mixon A, Clay TM, Yannelli JR,
Rosenberg SA (1998) T cell-receptor V gene use by CD4+ melanoma-reactive clonal and
oligoclonal T-cell lines. J Immunother 21(5):352-362

Sensi M, Castelli C, Anichini A, Grossberger D, Mazzocchi A, Mortarini R, Parmiani G
(1991) Two autologous melanoma-specific and MHC-restricted human T cell clones with
identical intra-tumour reactivity do not share the same TCR V alpha and V beta gene families.
Melanoma Res 1(4):261-271

Loftus DJ, Castelli C, Clay TM, Squarcina P, Marincola FM, Nishimura MI, Parmiani G,
Appella E, Rivoltini L (1996) Identification of epitope mimics recognized by CTL reactive to
the melanoma/melanocyte-derived peptide MART-1(27-35). J Exp Med 184(2):647-657
McKee MD, Clay TM, Diamond RA, Rosenberg SA, Nishimura MI (2000) Quantitation of
T-cell receptor frequencies by competitive polymerase chain reaction: dynamics of T-cell
clonotype frequencies in an expanding tumor-infiltrating lymphocyte culture. J Immunother
23(4):419-429

Gros A, Robbins PF, Yao X, Li YF, Turcotte S, Tran E, Wunderlich JR, Mixon A, Farid S,
Dudley ME, Hanada K, Almeida JR, Darko S, Douek DC, Yang JC, Rosenberg SA (2014)
PD-1 identifies the patient-specific CD8(+) tumor-reactive repertoire infiltrating human
tumors. J Clin Invest 124(5):2246-2259

Linnemann C, Mezzadra R, Schumacher TN (2014) TCR repertoires of intratumoral T-cell
subsets. Immunol Rev 257(1):72-82

Linnemann C, van Buuren MM, Bies L, Verdegaal EM, Schotte R, Calis JJ, Behjati S, Velds
A, Hilkmann H, Atmioui DE, Visser M, Stratton MR, Haanen JB, Spits H, van der Burg SH,
Schumacher TN (2015) High-throughput epitope discovery reveals frequent recognition of
neo-antigens by CD4+ T cells in human melanoma. Nat Med 21(1):81-85

Nishimura MI, Avichezer D, Custer MC, Lee CS, Chen C, Parkhurst MR, Diamond RA,
Robbins PF, Schwartzentruber DJ, Rosenberg SA (1999) MHC class I-restricted recognition
of a melanoma antigen by a human CD4+ tumor infiltrating lymphocyte. Cancer Res
59(24):6230-6238

Parkhurst MR, Joo J, Riley JP, Yu Z, Li Y, Robbins PF, Rosenberg SA (2009) Characterization
of genetically modified T-cell receptors that recognize the CEA:691-699 peptide in the con-
text of HLA-A2.1 on human colorectal cancer cells. Clin Cancer Res 15(1):169-180
Vitiello A, Marchesini D, Furze J, Sherman LA, Chesnut RW (1991) Analysis of the
HLA-restricted influenza-specific cytotoxic T lymphocyte response in transgenic mice
carrying a chimeric human-mouse class I major histocompatibility complex. J Exp Med
173(4):1007-1015

Sherman LA, Hesse SV, Irwin MJ, La Face D, Peterson P (1992) Selecting T cell receptors with
high affinity for self-MHC by decreasing the contribution of CD8. Science 258(5083):815-818
Cohen CJ, Zhao Y, Zheng Z, Rosenberg SA, Morgan RA (2006) Enhanced antitumor activity
of murine-human hybrid T-cell receptor (TCR) in human lymphocytes is associated with
improved pairing and TCR/CD3 stability. Cancer Res 66(17):8878-8886

Moore TV, Lyons GE, Brasic N, Roszkowski JJ, Voelkl S, Mackensen A, Kast WM, Le Poole
IC, Nishimura MI (2009) Relationship between CD8-dependent antigen recognition, T cell
functional avidity, and tumor cell recognition. Cancer Immunol Immunother 58(5):719-728
Chlewicki LK, Holler PD, Monti BC, Clutter MR, Kranz DM (2005) High-affinity, peptide-
specific T cell receptors can be generated by mutations in CDR1, CDR2 or CDR3. ] Mol Biol
346(1):223-239



4 Influence of Antigen Receptor Avidity, Affinity, and Specificity on Genetically... 95

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Jones LL, Brophy SE, Bankovich AJ, Colf LA, Hanick NA, Garcia KC, Kranz DM (2006)
Engineering and characterization of a stabilized alphal/alpha2 module of the class I major
histocompatibility complex product Ld. J Biol Chem 281(35):25734-25744

Malecek K, Zhong S, McGary K, Yu C, Huang K, Johnson LA, Rosenberg SA, Krogsgaard
M (2013) Engineering improved T cell receptors using an alanine-scan guided T cell display
selection system. J Immunol Methods 392(1-2):1-11

Malecek K, Grigoryan A, Zhong S, Gu WI, Johnson LA, Rosenberg SA, Cardozo T,
Krogsgaard M (2014) Specific increase in potency via structure-based design of a TCR. J
Immunol 193(5):2587-2599

Dunn SM, Rizkallah PJ, Baston E, Mahon T, Cameron B, Moysey R, Gao F, Sami M, Boulter
J, Li Y, Jakobsen BK (2006) Directed evolution of human T cell receptor CDR2 residues by
phage display dramatically enhances affinity for cognate peptide-MHC without increasing
apparent cross-reactivity. Protein Sci 15(4):710-721

Langerman A, Callender GG, Nishimura MI (2004) Retroviral transduction of peptide stimu-
lated t cells can generate dual t cell receptor-expressing (bifunctional) t cells reactive with
two defined antigens. J Transl Med 2(1):42

Heemskerk MH, Hagedoorn RS, van der Hoorn MA, van der Veken LT, Hoogeboom M,
Kester MG, Willemze R, Falkenburg JH (2007) Efficiency of T-cell receptor expression in
dual-specific T cells is controlled by the intrinsic qualities of the TCR chains within the
TCR-CD3 complex. Blood 109(1):235-243

Hart DP, Xue SA, Thomas S, Cesco-Gaspere M, Tranter A, Willcox B, Lee SP, Steven N,
Morris EC, Stauss HJ (2008) Retroviral transfer of a dominant TCR prevents surface
expression of a large proportion of the endogenous TCR repertoire in human T cells. Gene
Ther 15(8):625-631

Bendle GM, Linnemann C, Hooijkaas Al, Bies L, de Witte MA, Jorritsma A, Kaiser AD,
Pouw N, Debets R, Kieback E, Uckert W, Song JY, Haanen JB, Schumacher TN (2010)
Lethal graft-versus-host disease in mouse models of T cell receptor gene therapy. Nat Med
16(5): 565-570, 561 p following 570

van Loenen MM, de Boer R, Amir AL, Hagedoorn RS, Volbeda GL, Willemze R, van Rood
1], Falkenburg JH, Heemskerk MH (2010) Mixed T cell receptor dimers harbor potentially
harmful neoreactivity. Proc Natl Acad Sci U S A 107(24):10972-10977

Okamoto S, Mineno J, Ikeda H, Fujiwara H, Yasukawa M, Shiku H, Kato I (2009) Improved
expression and reactivity of transduced tumor-specific TCRs in human lymphocytes by spe-
cific silencing of endogenous TCR. Cancer Res 69(23):9003-9011

Meyerhuber P, Conrad H, Starck L, Leisegang M, Busch DH, Uckert W, Bernhard H (2010)
Targeting the epidermal growth factor receptor (HER) family by T cell receptor gene-
modified T lymphocytes. J Mol Med (Berl) 88(11):1113-1121

Kuball J, Dossett ML, Wolfl M, Ho WY, Voss RH, Fowler C, Greenberg PD (2007) Facilitating
matched pairing and expression of TCR chains introduced into human T cells. Blood
109(6):2331-2338

Kuball J, Hauptrock B, Malina V, Antunes E, Voss RH, Wolfl M, Strong R, Theobald M,
Greenberg PD (2009) Increasing functional avidity of TCR-redirected T cells by remov-
ing defined N-glycosylation sites in the TCR constant domain. J Exp Med 206(2):
463-475

Chang HC, Bao Z, Yao Y, Tse AG, Goyarts EC, Madsen M, Kawasaki E, Brauer PP,
Sacchettini JC, Nathenson SG et al (1994) A general method for facilitating heterodimeric
pairing between two proteins: application to expression of alpha and beta T-cell receptor
extracellular segments. Proc Natl Acad Sci U S A 91(24):11408-11412

Rutledge T, Cosson P, Manolios N, Bonifacino JS, Klausner RD (1992) Transmembrane heli-
cal interactions: zeta chain dimerization and functional association with the T cell antigen
receptor. EMBO J 11(9):3245-3254

Blank U, Boitel B, Mege D, Ermonval M, Acuto O (1993) Analysis of tetanus toxin peptide/
DR recognition by human T cell receptors reconstituted into a murine T cell hybridoma. Eur
J Immunol 23(12):3057-3065



96

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

K. Nagato et al.

Hastings AE, Hurley CK, Robinson ED, Salerno K, Hernandez E, Richert JR (1996)
Molecular interactions between transfected human TCR, immunodominant myelin basic
protein peptide 152-165, and HLA-DR13. J Immunol 157(8):3460-3471

Sommermeyer D, Uckert W (2010) Minimal amino acid exchange in human TCR constant
regions fosters improved function of TCR gene-modified T cells. J Immunol
184(11):6223-6231

Voss RH, Thomas S, Pfirschke C, Hauptrock B, Klobuch S, Kuball J, Grabowski M, Engel R,
Guillaume P, Romero P, Huber C, Beckhove P, Theobald M (2010) Coexpression of the T-cell
receptor constant alpha domain triggers tumor reactivity of single-chain TCR-transduced
human T cells. Blood 115(25):5154-5163

Foote J, Eisen HN (2000) Breaking the affinity ceiling for antibodies and T cell receptors.
Proc Natl Acad Sci U S A 97(20):10679-10681

Lenardo MJ, Boehme S, Chen L, Combadiere B, Fisher G, Freedman M, McFarland H,
Pelfrey C, Zheng L (1995) Autocrine feedback death and the regulation of mature T lympho-
cyte antigen responses. Int Rev Immunol 13(2):115-134

Combadiere B, Reis e Sousa C, Trageser C, Zheng LX, Kim CR, Lenardo MJ (1998)
Differential TCR signaling regulates apoptosis and immunopathology during antigen
responses in vivo. Immunity 9(3):305-313

Mehrotra S, Al-Khami AA, Klarquist J, Husain S, Naga O, Eby JM, Murali AK, Lyons GE, Li
M, Spivey ND, Norell H, Martins da Palma T, Onicescu G, Diaz-Montero CM, Garrett-Mayer
E, Cole DJ, Le Poole IC, Nishimura MI (2012) A coreceptor-independent transgenic human
TCR mediates anti-tumor and anti-self immunity in mice. J Immunol 189(4):1627-1638
Kroger CJ, Alexander-Miller MA (2007) Cutting edge: CD8+ T cell clones possess the potential
to differentiate into both high- and low-avidity effector cells. J Immunol 179(2):748-751
Marigo I, Dolcetti L, Serafini P, Zanovello P, Bronte V (2008) Tumor-induced tolerance and
immune suppression by myeloid derived suppressor cells. Immunol Rev 222:162-179

Riley JL, June CH, Blazar BR (2009) Human T regulatory cell therapy: take a billion or so
and call me in the morning. Immunity 30(5):656—-665

Ostrand-Rosenberg S (2010) Myeloid-derived suppressor cells: more mechanisms for inhib-
iting antitumor immunity. Cancer Immunol Immunother 59(10):1593-1600

Leguern C (2011) Regulatory T cells for tolerance therapy: revisiting the concept. Crit Rev
Immunol 31(3):189-207

Josefowicz SZ, Lu LF, Rudensky AY (2012) Regulatory T cells: mechanisms of differentia-
tion and function. Annu Rev Immunol 30:531-564

Raber P, Ochoa AC, Rodriguez PC (2012) Metabolism of L-arginine by myeloid-derived
suppressor cells in cancer: mechanisms of T cell suppression and therapeutic perspectives.
Immunol Invest 41(6-7):614-634

Kumar V, Gabrilovich DI (2014) Hypoxia-inducible factors in regulation of immune
responses in tumour microenvironment. Immunology 143(4):512-519

Kono K, Salazar-Onfray F, Petersson M, Hansson J, Masucci G, Wasserman K, Nakazawa T,
Anderson P, Kiessling R (1996) Hydrogen peroxide secreted by tumor-derived macrophages
down-modulates signal-transducing zeta molecules and inhibits tumor-specific T cell-and
natural killer cell-mediated cytotoxicity. Eur J Immunol 26(6):1308-1313

Kusmartsev S, Nefedova Y, Yoder D, Gabrilovich DI (2004) Antigen-specific inhibition of
CD8+ T cell response by immature myeloid cells in cancer is mediated by reactive oxygen
species. J Immunol 172(2):989-999

Lu T, Gabrilovich DI (2012) Molecular pathways: tumor-infiltrating myeloid cells and
reactive oxygen species in regulation of tumor microenvironment. Clin Cancer Res
18(18):4877-4882

De Sanctis F, Sandri S, Ferrarini G, Pagliarello I, Sartoris S, Ugel S, Marigo I, Molon B,
Bronte V (2014) The emerging immunological role of post-translational modifications by
reactive nitrogen species in cancer microenvironment. Front Immunol 5:69

Mao Y, Poschke I, Kiessling R (2014) Tumour-induced immune suppression: role of inflam-
matory mediators released by myelomonocytic cells. J Intern Med 276(2):154-170



4 Influence of Antigen Receptor Avidity, Affinity, and Specificity on Genetically... 97

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Pecht I, Gakamsky DM (2005) Spatial coordination of CD8 and TCR molecules controls
antigen recognition by CD8+ T-cells. FEBS Lett 579(15):3336-3341

Cawthon AG, Alexander-Miller MA (2002) Optimal colocalization of TCR and CD8 as a
novel mechanism for the control of functional avidity. J Immunol 169(7):3492-3498
Nagaraj S, Gupta K, Pisarev V, Kinarsky L, Sherman S, Kang L, Herber DL, Schneck J,
Gabrilovich DI (2007) Altered recognition of antigen is a mechanism of CD8+ T cell toler-
ance in cancer. Nat Med 13(7):828-835

Chhabra A, Yang L, Wang P, Comin-Anduix B, Das R, Chakraborty NG, Ray S, Mehrotra S,
Yang H, Hardee CL, Hollis R, Dorsky DI, Koya R, Kohn DB, Ribas A, Economou JS,
Baltimore D, Mukherji B (2008) CD4+CD25- T cells transduced to express MHC class
I-restricted epitope-specific TCR synthesize Th1 cytokines and exhibit MHC class I-restricted
cytolytic effector function in a human melanoma model. J Immunol 181(2):1063-1070

Ray S, Chhabra A, Chakraborty NG, Hegde U, Dorsky DI, Chodon T, von Euw E,
Comin-Anduix B, Koya RC, Ribas A, Economou JS, Rosenberg SA, Mukherji B (2010)
MHC-I-restricted melanoma antigen specific TCR-engineered human CD4+ T cells
exhibit multifunctional effector and helper responses, in vitro. Clin Immunol
136(3):338-347

Brusko TM, Koya RC, Zhu S, Lee MR, Putnam AL, McClymont SA, Nishimura MI, Han S,
Chang LJ, Atkinson MA, Ribas A, Bluestone JA (2010) Human antigen-specific regulatory
T cells generated by T cell receptor gene transfer. PLoS One 5(7), e11726

Kessels HW, Wolkers MC, van den Boom MD, van der Valk MA, Schumacher TN (2001)
Immunotherapy through TCR gene transfer. Nat Immunol 2(10):957-961

Abad JD, Wrzensinski C, Overwijk W, De Witte MA, Jorritsma A, Hsu C, Gattinoni L,
Cohen CJ, Paulos CM, Palmer DC, Haanen JB, Schumacher TN, Rosenberg SA, Restifo NP,
Morgan RA (2008) T-cell receptor gene therapy of established tumors in a murine melanoma
model. J Immunother 31(1):1-6

de Witte MA, Bendle GM, van den Boom MD, Coccoris M, Schell TD, Tevethia SS, van
Tinteren H, Mesman EM, Song JY, Schumacher TN (2008) TCR gene therapy of spontane-
ous prostate carcinoma requires in vivo T cell activation. J Immunol 181(4):2563-2571
Stauss HJ, Thomas S, Cesco-Gaspere M, Hart DP, Xue SA, Holler A, King J, Wright G, Perro
M, Pospori C, Morris E (2008) WT1-specific T cell receptor gene therapy: improving TCR
function in transduced T cells. Blood Cells Mol Dis 40(1):113-116

Frankel TL, Burns WR, Peng PD, Yu Z, Chinnasamy D, Wargo JA, Zheng Z, Restifo NP,
Rosenberg SA, Morgan RA (2010) Both CD4 and CD8 T cells mediate equally effective
in vivo tumor treatment when engineered with a highly avid TCR targeting tyrosinase. J
Immunol 184(11):5988-5998

Kerkar SP, Sanchez-Perez L, Yang S, Borman ZA, Muranski P, Ji Y, Chinnasamy D, Kaiser
AD, Hinrichs CS, Klebanoff CA, Scott CD, Gattinoni L, Morgan RA, Rosenberg SA, Restifo
NP (2011) Genetic engineering of murine CD8+ and CD4+ T cells for preclinical adoptive
immunotherapy studies. J Immunother 34(4):343-352

Xue SA, Gao L, Ahmadi M, Ghorashian S, Barros RD, Pospori C, Holler A, Wright G,
Thomas S, Topp M, Morris EC, Stauss HJ (2013) Human MHC Class I-restricted high avidity
CD4 T cells generated by co-transfer of TCR and CD8 mediate efficient tumor rejection
in vivo. Oncoimmunology 2(1), €22590

Calogero A, Hospers GA, Kruse KM, Schrier PI, Mulder NH, Hooijberg E, de Leij LF (2000)
Retargeting of a T cell line by anti MAGE-3/HLA-A2 alpha beta TCR gene transfer.
Anticancer Res 20(3A):1793-1799

Straetemans T, van Brakel M, van Steenbergen S, Broertjes M, Drexhage J, Hegmans J,
Lambrecht BN, Lamers C, van Der Bruggen P, Coulie PG, Debets R (2012) TCR gene transfer:
MAGE-C2/HLA-A2 and MAGE-A3/HLA-DP4 epitopes as melanoma-specific immune
targets. Clin Dev Immunol 2012:586314

Sommermeyer D, Conrad H, Kronig H, Gelfort H, Bernhard H, Uckert W (2013) NY-ESO-1
antigen-reactive T cell receptors exhibit diverse therapeutic capability. Int J Cancer
132(6):1360-1367



98 K. Nagato et al.

178. Linette GP, Stadtmauer EA, Maus MV, Rapoport AP, Levine BL, Emery L, Litzky L, Bagg A,
Carreno BM, Cimino PJ, Binder-Scholl GK, Smethurst DP, Gerry AB, Pumphrey NJ, Bennett
AD, Brewer JE, Dukes J, Harper J, Tayton-Martin HK, Jakobsen BK, Hassan NJ, Kalos M,
June CH (2013) Cardiovascular toxicity and titin cross-reactivity of affinity-enhanced T cells
in myeloma and melanoma. Blood 122(6):863-871

179. Li Y, Moysey R, Molloy PE, Vuidepot AL, Mahon T, Baston E, Dunn S, Liddy N, Jacob J,
Jakobsen BK, Boulter JM (2005) Directed evolution of human T-cell receptors with picomo-
lar affinities by phage display. Nat Biotechnol 23(3):349-354

180. Restifo NP, Dudley ME, Rosenberg SA (2012) Adoptive immunotherapy for cancer: harnessing
the T cell response. Nat Rev Immunol 12(4):269-281



Chapter 5

Toward the Identification of Genetic
Determinants of Responsiveness to Cancer
Immunotherapy

Davide Bedognetti, Sara Tomei, Wouter Hendrickx,
Francesco M. Marincola, and Ena Wang

Abstract For a long time, the lack of a human-centered translational approach to tumor
immunology has led to the accumulation of a multitude of disjointed clinical and basic
researches, followed by a disharmonic growth of scientific knowledge. The huge amount
of conjectural hypotheses has competitively interfered with the few evidence-based con-
cepts generated by studies conducted in humans, resulting in several clinical failures and
some ‘mysterious’ successes. During the last few years, refined immunotherapies have
been shown to induce clinical response and/or improve survival in a significant propor-
tion of cancer patients. Pari passu, high-throughput approaches applied to the analysis
of tumor specimens have unveiled unexpected and paradoxical relations between cancer
and the immune system. Such studies have described a cancer immune phenotype typi-
fied by better prognosis and increased responsiveness to immunotherapeutic approaches.
Whether the favorable cancer immune phenotype is dictated by the intrinsic genetics of
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Introduction

The first attempts to prove that manipulations of host immune system can be used
to induce tumor rejection date back to the end of nineteenth century. In the 1890s
William Coley observed that the injection of bacterial products could induce
considerable tumor regression, at least in some patients. In the 1980s, almost one
century after Coley’s experiments, clinical trials investigating pro—inflammatory
cytokines (interleukin-(IL)-2 and interferon-(IF)-a) demonstrated that the elicita-
tion of the immune system can lead, in some cases, to an efficient tumor clearance
[1-5]. The molecular era of tumor immunology began a decade after, with the
sequencing and cloning of tumor antigens recognized by autologous T-cells (tumor
antigens: TAs). These studies conclusively proved that CD8+ T cells can recognize
and eventually kill cancer cells [6, 7]. The subsequent natural step was the develop-
ment of anti-cancer vaccines [8—12] directed against those antigens. The induction of
a clonal expansion of CD8+ T cells able to recognize cancer cells enabled research-
ers to study the dynamics of anti-tumor response. A paradigm emerged from these
studies. In fact, results of clinical trials testing TA-based vaccines showed that this
strategy is extremely effective in inducing antigen-specific cellular responses but is
rarely followed by a clinically detectable tumor rejection, which occurs in about 4 %
of patients [13, 14]. It was evident that the generation of TA-specific immune
responses may represent a necessary but not sufficient condition for the induction of
cancer rejection. It is now clear that other factors of tumor-host interactions dictate
the final clinical outcome.

Since the last decade, a number of studies have assessed the dynamisms of tumor-
host interaction by profiling tumor biopsies from patients enrolled in immunotherapy
trials. An active tumor microenvironment conducive to immune recognition was
shown to be predictive of response to immunotherapy [15-19]. Furthermore, the
evaluation of adaptive immune cell infiltration was even more accurate than tradi-
tional histopathological score in prognosticating the clinical outcome [20, 21].
Overall, a flurry of studies has indicated that the presence of an inflammatory status
in established tumors is strongly associated with a more favorable prognosis and/or
treatment responsiveness [22—24].

It appeared evident that the effectiveness of a given treatment strongly depends
upon its ability to enhance intratumoral inflammation. Rather than using pro-
inflammatory cytokines or TA vaccines, immunologists have explored the possibility
of enhancing tumor inflammation by targeting immune-regulatory pathways, now
broadly known as immune checkpoints. The unexpected results of such approaches
have revolutionized the field of tumor immunology. In metastatic melanoma
patients, the blockade of T-cell inhibitory receptor CTLA-4 was shown to induce
prolonged responses and increased overall survival in phase III trials [25, 26]. More
recently, the inhibition of another T-cell immune-checkpoint (PD-1 pathway) was
found to mediate durable tumor regression in several tumor types, including mela-
noma, renal cell carcinoma, ovarian, lung, head and neck, and gastrointestinal
tumors [27-31]. The remarkable successes of other refined immunotherapies,
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such as adoptive transfer therapy with autologous tumor infiltrating lymphocytes
(TILs) or with engineered T cells have amplified the enthusiasm in the field [32-35].
Still, in solid tumors, objective responses occur in only a minority of patients (less
than 40 %) and complete remission is still, and unfortunately, a rare phenomenon
[29, 30]. The precise definition of molecular features associated with treatment
response is a critical step toward the development of a more efficient, personalized,
immunotherapy. In this chapter we summarize the recent advances in our understanding
of molecular mechanisms associated with differential immune responsiveness in the
context of cancer immunotherapy.

Signatures Associated with Responsiveness to Cancer
Immunotherapy

Signatures of Immune-Mediated Tissue Destruction:
The Immunologic Constant of Rejection (ICR) hypothesis

One of the main contributions of high-throughput gene expression profile studies
lies in the definition of generalizable mechanisms conducive to immune-mediated
tumor rejection [36-39]. Several speculations derived from experimental models
could be conceived to explain how cancer cells antagonize host immune reaction.
Nevertheless, the most compelling mechanistic insights come from correlative stud-
ies conducted in humans through a Bedside to Bench and Back approach. In the
Bedside to Bench and Back approach, hypothesis-generating investigations aim at
defining theories able to explain the target observation generated at the patient’s
bedside. The hypothesis formulated by such studies can be tested in vitro or in-vivo
in animals models (to Bench) but need to be conclusively validated in humans (and
Back (to the bedside)) [40-43]. Ex vivo gene expression profile studies of tumor
biopsies have shown that the activation of specific inflammatory pathways is neces-
sary to mediate tumor rejection while resistance to treatment is characterized by the
lack of their coordinate activation. Lesions undergoing regression following immune
manipulations exhibit, early after treatment, a powerful acute inflammatory process
symbolized by the activation of specific molecular pathways [15, 18, 19, 36, 44-46].
Qualitatively overlapping molecular pathways involved in the activation of this
acute inflammation in post-treatment rejecting lesions are found to be partially acti-
vated in pre-treatment lesions that are more likely to respond to treatment [15-17, 19].
Therefore, it is likely that tumors intrinsically unable to display such a polarized
inflammatory status in steady state condition (i.e., before treatment) are also quite
refractory to switch on those pathways following treatment administration.
Observational studies in humans have corroborated the experimental hypothesis
that chronic inflammation promotes tumor development [47]. For years, the pres-
ence of immune cells in tumor lesions has been seen in a reductionist way as proof
of the pro-tumorigenic effect of tumor-inflammation [39, 48]. However, when a
temporal vector is added to this one-dimensional observation and patients are pro-
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spectively followed, intriguing hypotheses on the role of tumor inflammation in
counteracting tumor spreading emerge [20, 22, 40, 41, 49]. Correlative investiga-
tions analyzing thousands of patients in different tumor settings have repeatedly
shown that the presence of a T-cell infiltrate is a favorable prognostic factor in sev-
eral cancer types including melanoma [50], breast [51, 52] ovarian [53] and colorec-
tal cancer [20, 48, 54]. Furthermore, in breast cancers, the density of T cell infiltrates,
strongly correlate with response to chemotherapy [55]. Analysis of tumor transcrip-
tional program has added molecular precision to these observations. Tumor tran-
scriptome has been extensively studied in (1) excised primary tumor, (2) baseline
biopsies of primary or metastatic tumors from patients receiving chemotherapy or
immunotherapy, and (3) post-treatment tumor biopsies from patients treated with
immunotherapy. Overall, these three approaches led to the definition of, respec-
tively (1) prognostic signatures (aimed at assessing patient outcome such as recur-
rence of death independent of therapy) (2) predictive signatures (aimed at defining
the likelihood of treatment effectiveness) (3) mechanistic signatures (aimed at dis-
criminating the effect of a given treatment by assessing the behavior of target lesions
following treatment) [24, 40, 41].

Such studies have revealed that prognostic, predictive and mechanistic immune
signatures (defined in the immunotherapeutic setting) qualitatively overlap with
each other [24]. In turn, molecular pathways captured by such signatures share
strong analogies with those responsible for the development of other forms of
immune-mediated tissue destructions such as allograft rejection, graft versus host
disease (GVHD), and flares of autoimmunity [37, 39, 56, 57]. These pathways
reflect a process typified by the coordinated modular activation of interferon stim-
ulated genes (ISGs), the recruitment of cytotoxic cells through the production of
specific chemokine ligands (i.e. the CCRS and CXCR3 ligands CCL3-5, and
CXCL9-11) with a consecutive T helper 1 (Thl) polarization, and the activation
of immune effector function (IEF) genes (granzyme, granulysis and perforin;
genes expressed by NK cells and CD8* and Th1 CD4* cells upon activation).
Regulation of these genes is orchestrated by the activation of the transcription
factors IRF1 and STAT1. We refer to these modules as the Immunologic Constant
of Rejection (ICR) [17, 24, 38, 39]. A number of studies have described prognos-
tic immune signatures recapitulating the ICR pathways in breast [58—61], ovarian
[62-64], melanoma [65—67], lung [68], hepatocellular [69], and colorectal cancer
[20, 54, 70-72], as reviewed elsewhere [24]. In breast cancer, similar signatures
can predict the outcome to neoadjuvant chemotherapy [55, 73-75], neo-adjuvant
molecular therapy (anti-Her2/neu) (Gianni et al. SABC, 2012) and adjuvant
therapy [76].

Importantly, all the immunotherapeutic approaches assessed so far seem to
act through the induction of the ICR modules, and the degree of activation posi-
tively correlates with treatment activity. The lack of a certain extent of activation
configures a non-inflammatory cancer phenotype that is not only more resistant to
immunotherapeutic treatments but that is also characterized by a poor prognosis.
Below we provide an overview of signatures associated with immunotherapy
responsiveness.
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Signatures of Responsiveness to IL2-Based Therapy
and Vaccination

The first gene expression profile studies in the context of cancer immunotherapy
were performed a decade ago in metastatic melanoma patients treated with IL-2 and
vaccination [18]. We observed that lesions more likely to respond to therapy carried
an inflammatory status as reflected by the pre-activation of cytotoxic mechanisms
and the upregulation of IFN signaling. However, expression of lymphoid cell mark-
ers (e.g., CD3D and CD8A) was similar in pre-treatment responding versus non
responding lesions suggesting that intrinsic features of tumor lesions are critical
determinants of reactivity to IL-2 administration. We prospectively validated these
concepts in a subsequent study using a comprehensive genome-wide expression
profile approach allowing a more refined networking analysis [19]. Biopsies of IL-2
responding lesions displayed a signature of immune activation centered on IFN-y
signaling [19]. Additionally, Sullivan et al. have described an immune-gene signa-
ture predictive of favorable outcome in melanoma patients treated with IL-2
(Sullivan et al. ASCO 2009). In a slightly different therapeutic setting, Gajewski
et al. showed that the overexpression of CXCR3 and CCRS5 ligands (i.e., CXCLD9,
CXCL10 and CCLA4, and CCLS5, respectively) by pre-treatment melanoma lesion
was associated with the presence of CD8* cells expressing CCRS and CXCR3, and
in turn, correlate with response to IL-12-based vaccination (Gajewski et al. ASCO
2007) [77]. However, a similar inflammatory profile consisting of specific chemo-
kines, T-cell markers and interferon-related genes was associated with clinical ben-
efit in metastatic melanoma patients treated with a dendritic-cell based vaccine
(Gajewski et al., ASCO 2009) [78]. Recently, global transcriptome analysis has
been employed to identify pre-treatment markers of responsiveness in cancer
patients treated with MAGE-A3 vaccination within two randomized phase II trials
[16, 17]. A classifier consisting of 84 genes was able to discriminate responding vs
non responding metastatic melanoma patients and was also correlated with pro-
longed survival. IRF1 and STAT1 were identified as the master regulators of the
differentially expressed genes, which recapitulate the ICR pathways. These genes
reflect an active microenviroment, polarized toward a Th1 response, defined by the
expression of chemokines (CXCL9, CXCL10, and CCLS), cytotoxic granules
(GZMK), HLA class I and IT molecules, T cell-surface markers (CD3D, CD8A, and
IL2RG), T cell-activation markers (ICOS and CD86), NK cell-associated genes
(KLRD1 and KLRB1), and other classical IFN-stimulated genes (STAT1, IRF1,
JAK2, PSMBY, GBP1, GBP5, and FAM26F) [16, 17]. The predictive role of the
gene panel, validated through real time PCR (61 genes), was further confirmed in a
parallel study assessing the efficacy of adjuvant MAGE-A3 administration in
patients affected by early stage non small lung carcinoma [16]. Unfortunately, the
final validation is lacking due to the premature interruption of the subsequent
MAGRIT phase I1I trial [79].

While these data have been generated from clinical trials testing therapeutics
with direct pro-inflammatory properties, it is extremely intriguing to notice that
overlapping signatures have been described in the context of immune-checkpoint
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blockade studies. Ji et al. profiled melanoma of patients receiving anti-CTLA4 mAb
ipilimumab [15]. By comparing responding and non responding patients, strong
analogies with the ICR modules were observed not only in term of pathways but also
in term of single genes. The top 26 genes upregulated in samples from patients
responding to ipilimumab include CDS8A, HLADQA1, CCL4, and CCL5 (CCRS5
ligands); CXCL9, CXCL10, and CXCL11 (CXCR3 ligands); and NKG7, GZMB,
and PRF1 (immune effector genes). Furthermore, Hodi and colleagues, by analyzing
pre-treatment biopsies of metastatic patients treated with anti-PD-L1 MPDL3280A
showed that biopsies from responding patients have a higher expression of IFN-y,
GZMA, CD8A, and CXCLO9 [80]. In line with these findings, a coordinated upregu-
lation of the Thl chemoattractant chemokines CCL5, CXCL9, CXCL10, and
CXCLI11 in pretreatment lesions segregated melanoma patients who responded to
adoptive-transfer therapy and IL-2 from those that did not [40, 41]. These studies
highlight the permissive role of a Th1-polarizing microenvironment in the immuno-
therapeutic setting, independent of the type of treatment.

IL-2 studies in melanoma have shown that sensitive tumors (i.e. those that will
subsequently undergo regression) promptly react to immune stimulation by shifting
toward an acute Th1 inflammatory status through the activation of the key transcrip-
tion factor IRF1 [18, 19]. Similarly, following ipilimumab administration, the incre-
ment of effector function and chemokine genes is stronger in responding vs
non-responding patients [15]. Accordingly, in the aforementioned anti-PD-L1 trial in
multiple cancer types, on-treatment responding tumors showed increasing PD-L1
expression and a Th1-dominant immune infiltrate, while non-responding tumors had
a lack of tumor CD8+ T-cell infiltration and T-cell activation markers (i.e. GZMA
and perforin, CXCL9, CXCL10, ICOS). Interestingly, FOXP3 neither increased nor
decreased in regressing lesions [80].

Signatures of Responsiveness to Checkpoint Inhibitors

Molecular analyses of tumor samples and clinical data from immune-checkpoint
inhibitors have prompted us to revisit the assumption that the expression of classical
inhibitory molecules such as IDO and/or FOXP3 denotes a cancer more resistant to
immune manipulation.

In fact, tumors bearing the inflammatory phenotype also display activation of
pathways associated with immune-suppressive mechanisms, suggesting an ongoing
immune response in the tumor microenvironment concomitant with tumor escape
mechanisms [78, 81]. Hamid et al. showed that the pre-treatment FOXP3 (a bona
fide markers of T regulatory cells) and IDO expression (evaluated by immunohisto-
chemistry) by tumor infiltrating immune-cells is positively associated with clinical
outcome in melanoma patients treated with ipilimumab [82]. Pre-treatment gene
expression levels of IDO1 also correlated to response to ipilimumab and anti-PDL1
[15, 80]. In order to interpret these findings, it should be taken in account that IDO1
is an IFN-y inducible gene [83], and its over-expression could be due to the excess
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of IFN-y consequent to the T helper 1 infiltration. Accordingly, Gajewsky et al.
recently demonstrated that the expression of (IDO), PD-L1/B7-H1 (both IFN-y
inducible) and the presence of FOXP3 regulatory T cells in melanoma are the con-
sequence of a counter-regulatory mechanism that follow, rather than precede, CD8
T cell infiltration. However, gene-expression profile studies have shown that the
immune-favorable phenotype is also characterized by the presence of B cell signa-
ture such as immunoglobulin genes (e.g., IGKC and IGL@), and surface markers
(i.e., CD19). Those signatures have been recently associated with good prognosis in
breast [59, 60, 84], colon [85], and non-small lung cancer [86]. The presence of B
cell signatures also correlates with responsiveness to IL-2 [19] and ipilimumab [15] in
melanoma, and to neo-adjuvant chemotherapy or molecular therapy (anti-Her2/neu)
in breast cancer (Bianchini JCO 2011; [87]). A direct relationship between the
expression of immune-suppressive genes (IDO1, PD-L1, PD-1, CTLA4, and
FOXP3), pro-inflammatory/Th1 genes (e.g., CXCL10, CCL5, STAT1, IRF1, IFNG,
etc.), and B cell-related genes (CD19, IGKC) is shown in Fig. 5.1.

Besides the negative-feedback mechanisms, it is worth mentioning that IDO
exerts pleiotropic functions [83]. In fact, IDO can mediate pro-inflammatory mech-
anisms, in particular those driven by auto reactive B-cells, as shown by several
mechanistic studies performed by Prendergast and coworkers [83, 89, 90].

Regarding FOXP3, a number of researches recently described a paradoxical
association between the infiltration of colon cancer by FOXP3 T-cell and favorable
outcome after primary tumor excision or after chemo- or chemo- immunotherapy in
advanced stages [72, 91-93], in contrast with that observed in other type of cancers,
as reviewed by Ladoire et al. [94]. Although the presence of T regulatory cells could
be interpreted as a counter-regulatory response after a powerful immune-reaction,
the evidence that CD4+ T cells can transiently express FOXP3 without acquisition
of suppressive functions [95, 96] and that CD8+/FOXP-3+ T cells with effector
function were detected in the context of an effective anti-tumor response [97]
suggest caution in the interpretation of the aforementioned results in the absence of
functional cell-specific analyses.

In the setting of anti-PD-1/PD-L1 therapy, several studies across multiple
cancers have observed a positive correlation between the expression of the PD-L1
and the likelihood to response to treatment [31, 80, 98] (Cho et al. ASCO 2013;
Grosso et al. ASCO 201; Daud et al. AACR 2014; Seiwert et al. ASCO 2014; Gandh
et al. AACR 2014; Soria et al. ECC 2013; Powles et al. ASCO 2013; Segal et al.
ASCO 2014). PD-L1 binds to PD-1 expressed by activated T cells and decrease their
effector functions by triggering inhibitory signaling downstream of the T cell receptor
(TCR). The expression of PD-L1 by tumor cells correlate with the density of T cells
infiltration and also with the expression of PD-1 by tumor infiltrating lymphocytes
(TILs) [98]. Interestingly, Tumeh et al. recently showed that a high clonality of the
TCR, which was not directly correlated with the density of tumor infiltrating lym-
phocytes, was associated with responsiveness to PD-1 blockade treatment in mela-
noma patients [99]. However, all patients with low density of TILs and TCR clonality
did not respond to treatment [99]. The expression of the inhibitory molecule CTLA4 is
also associated with responsiveness to anti-PDL1 therapy [80].
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Fig. 5.1 “Bad” and “Good” tumors: classic vs emerging concepts. The classic view of tumor
microenvironment postulated the existence of two opposite microenvironments; one sustaining
tumor growth and exemplified by the presence of myeloid-derived suppressor cells (MDSC), M2
macrophages Th2, and regulatory T cells and the other one promoting tumor suppression and
characterized by the presence of Cytotoxic T cells, Th1 cells, Type-1 dendritic cells, and M1 mac-
rophages [88]. The current view, derived from gene-expression studies across multiple human
cancers, dichotomizes tumors in two different phenotypes with distinct prognostic and predictive
connotations. The first phenotype is typified by the presence of an inflammatory status driven by
the expression of IFNG stimulated genes, T helper 1 chemokine genes (i.e. CXCL9, CXCLI10,
CCL5) and by the activation of the immune effector function genes (i.e., PRF1, GNZMs). This
phenotype is also characterized by the counter-activation of suppressive mechanisms (e.g., IDO,
CTLAA4, PDL1, and FoxP3), and by the co-expression of B cell molecules (e.g., IGKC, CD19).
This inflammatory phenotype is distinguished by a more favorable prognosis and responsiveness
to immunotherapy. The lack of the activation of these genes is associated with unfavorable prognosis
and resistance to immune manipulations

Altogether, studies in the context of checkpoint inhibitors have conclusively
demonstrated that the more responsive tumors bear an inflammatory status accom-
panied by the concomitant counter activation of immune-suppressive mechanisms.
Tumors lacking these two characteristics are insensitive to therapeutic immune
manipulations. A schematic representation of these emerging concepts is shown in
Fig. 5.2. Tumoral features associated with responsiveness to immunotherapy are
listed in Table 5.1.

Even though a link between an active immune microenvironment and clinical out-
come has been clearly established, it is presently unclear whether the genetics of the
individual bearing the disease, the genetics of the tumor, or other influencing factors,
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Fig. 5.2 Correlation between Th1 pro-inflammatory, immune-suppressive, and B-cell genes in 531
breast cancer samples. Gene-gene correlation matrix based on Pearson’s correlation coefficient of
genes related to immune response. (TCGA breast cancer micro array dataset retrieved from TCGA
using TCGA Assembler and plotted using R corrplot_0.73, and first principal component [FCP]
ordering; N=531). These genes include the immunologic-constant of rejection genes (TBX21,
IL12B, IFNG, STAT1, IRF1, CCL3-5, CXCL9-11, GZMB, GZMH, GNLY), immune-suppressive
genes (PDL1/CD274, PD1/PDCD1, CTLA4, FOXP3, IDO1), and B-cell related molecules
(CD19, IGKC). A person R>than 0.3 is equal to a nominal P value <than 0.00001

plays a dominant/driving role in defining these two opposite cancer immunophenotypes
[38, 101]. These variables are closely related considering that, for example, the genet-
ics of cancer depends also upon the genetics of the individual and that host environ-
mental factors (e.g., smoking, viral infection, dysbiosis) can influence the carcinogenetic
process and the repertoire of somatic alterations. Recently, data from animal models
have shown that gut microbiota can influence the response to immunotherapy or
chemotherapy [102, 103] and this variable is expected to be further evaluated in humans
[104]. Below we summarize findings from recent reports assessing the contribution of
tumor host genetics in shaping anti-tumor immune response.
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Genetic Drivers of Tumor Immune Responsiveness

Genetics of the Tumor

The transcriptional profile of the whole tumor tissue cannot clarify the source of the
immune genes that identify the immune-favorable cancer phenotype. The assump-
tion that the activation of immune-related genes detected in these studies only
depends upon the activation or presence of immune-cells likely represents an over-
simplification of a more complex phenomenon. Cancer cells, stromal cells, and dif-
ferent subsets of immune cells interact with each other and collectively contribute
to the development of the desirable immune phenotype [105, 106]. Zeimet et al.
noticed that the density of T cells in ovarian cancer correlates with the expression of
IRF1. However only cancer cells stained positively for IRF1, which was expressed
by a limited proportion of lymphocytes and not expressed at all by stromal cells
[107]. Similarly, Callahan et al., by microdissecting ovarian cancer epithelium,
observed that cancer cells expresses HLA class I molecules IRF1 and, which in
turn correlate with the abundance of CD8 T cells [108]. In addition, cultured tumor
cells can produce a large amount of chemokines that are able to recruit T cells [77].
If these studies imply that tumor cells contribute to the genesis of the immune sig-
natures, they cannot clarify whether the activation of interferon-stimulated genes
and the production of other immune stimulant by tumor cells drive the T cell
response or rather represent the consequence of the release of IFN-y and other pro-
inflammatory molecules by activated T cells. Interestingly, pancreatic cell lines can
segregate in different categories according to the intrinsic activation of interferon-
stimulated-genes including interferon-regulatory-factors [109]. Concordantly, con-
stitutive activation of the JAK1-STAT1 pathway can be found in a considerable
proportion of melanoma cells cultured in unconditioned medium (De Giorgi et al.
SITC 2012). The correlation between the signatures detected in vivo and in vitro is
however not linear. When we correlated the expression of CXCL9, CXCLI10,
CXCL11 (CXCR3 ligands) and CCL3, CCL4, and CCL5 (CCRS5 ligands) between
melanoma tumor cell lines and the parental tumor tissue we did not find any signifi-
cant correlation between the in vivo and in vitro data (Bedognetti et al. ASCO
2012). Altogether these findings provide the notion that the origin of the immune
signature in some tumors is a complex, non-linear, multi-factorial and dynamic
in vivo phenomenon but also support the hypothesis that it is at least in part dictated
by the intrinsic biology of cancer cells. We identified a list of 968 genes (genomic
delegates) that display correlation between copy number and gene expression in
melanoma tumor cell lines and that strongly correlate with the gene expression of
the parental tumor metastases [110]. When we re-classified tumor metastases
according to the genomic delegates, we observed that they segregate in two opposite
categories. One, named TARA A (transcriptional adjustments related to amplifica-
tion/deletion class A), with prevalent expression of cancer testis antigens, enhanced
cyclin activity, WNT signaling, and a Th17 immune phenotype (e.g., IL17A,IL17B,
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WNTS5A). This phenotype expressed, therefore, transcripts previously associated to
more aggressive cancer [72, 111, 112]. The second class (TARA B) prevalently
expresses genes associated with melanoma signaling (i.e., MITF), and with Thl
immune response (e.g., STAT1, GBP1, CXCL9, —10, —11), which are classically
associated with better prognosis and likelihood to respond to Immunotherapy [24,
106, 110]. Again, this observation proposes the existence of a stable trait of mela-
noma genetics that can in turn modulate immune reaction in vivo with consequent
lack of linearity between in vivo and ex vivo transcripts of the immune-related
genes. Interestingly, Curtis et al. showed that a particular breast cancer in vivo phe-
notype characterized by a flat copy number landscape is associated with an enrich-
ment of ICR genes, and in turn, with a favorable prognosis [60]. Although copy
number aberrations could represent the effect of a dilution of cancer aberrations
consequent to an enrichment of immune-cell germinal DNA, this observation is
intriguing and could support the driving role of cancer-cell genetics in determining
the in vivo immune-phenotype. When we compared signatures of melanoma metas-
tases according to the presence or absence of BRAF and NRAS mutations, genes
differentially expressed by tumors carrying BRAF or NRAS mutations were mostly
represented by constituents or regulators of MAPK and related pathways [113].
However, when testing gene lists distinctive of BRAF, NRAS and MAPK altera-
tions, we found that 112 BRAF-specific transcripts were able to discriminate the
two immune-related phenotypes previously described in melanoma (i.e. TARA B/
Thl and TARA A/Th17), with the poor phenotype (TARA A) associated mostly
with BRAF mutation. Such association was stronger in samples displaying low
BRAF mRNA expression [113]. This observation indicates that pathways related
with driver oncogenes can antagonize the development of the immune-favorable
cancer phenotype. Recently, we observed that overexpression of NOS, driven by
genomic amplification of NOS1 locus within segment 12q22-24, impairs IFN-o
responsiveness of peripheral blood mononuclear cells. Interestingly, baseline
expression of NOS1 in tumor metastases was negatively associated with response to
adoptive therapy in a cohort of 113 metastatic melanoma patients, therefore linking
genetic of tumors with specific immune-dysfunctions [114]. Other studies have sub-
stantiated the perception that the immune-favorable cancer phenotype is driven by
tumor genetics. By applying a modular approach to the analysis TCGA melanoma
datasets, Linsley et al. defined sets of co-regulated immune genes associated with
prolonged survival [115]. These modules consist of sub-networks of type I in
Interferon-stimulated-genes (ISG), and T/T regulatory and T/NK effector-function
genes. Interestingly, tumors with reduced ISG displayed a significant copy number
loss of the interferon gene cluster located at chromosome 9p21.3, suggesting that
the ISG derived from the tumor itself. This study also postulated a causal connection
between genomic instability of the tumor cells and expression of immune-related
genes. By mining exome-sequencing and microarray data Spranger et al. observed
that melanoma lacking a T cell signature show dysregulation of the Wnt/p-catenin
signaling pathway, consistent with our earlier observations (Spranger et al. SITC
2014) [110]. However, investigators convincingly demonstrated that T cell
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priming was lacking in experimental melanoma models activating f-catenin signal-
ing, therefore highlighting a strong relationship between oncogenic pathways and
the development of an effective T cell response against tumor (Spranger et al. SITC
2014). Galon’s group recently inspected the role of genomic instability of chemo-
kine, chemokine receptor and interleukin genes in colorectal cancer. In Bindea at al.
the authors found that CCL24 and CXCL9 have higher expression in tumors that
had a gain, while tumors with deletion of CCL1, CCL26, CCR6, CXCL2, CXCL12,
CXCL13, and CXCL16 displayed a significantly lower expression of the corre-
sponding genes [111]. In addition, CXCL13 was correlated with B, T follicular
helper, T helper 1, and cytotoxic T cells, and patients with CXCL13 deletions expe-
rienced a shorter disease-free survival [111]. A similar nexus between CXCL13, T
follicular helper cells and prognosis has also been reported in breast cancer [73,
116]. In a separate report, Galon and colleagues showed that more than 10 % of
patients affected by colorectal cancer have a gain of TNF, IFN, IL, and TGF family
genes, while TNF was the only family deleted in more than 10 % of patients [117].
The highest level of gain and loss was observed for IL29 and IL15. Deletion of
IL15, IL21, and IL2 was associated with higher risk of relapse. IL15 was the only
cytokine in which the gene loss was associated with lower gene expression.
Interestingly, IL-15 levels were correlated with density of cytotoxic T, activated T/
NK, T helper 1, and memory T cells and with the expression of immune-effector
function genes (i.e., GZMs, and PRFs) [117]. Furthermore, IL-15 seemed to modu-
late the local proliferation of infiltrating lymphocytes as patients with high level of
IL15 showed a significantly higher density of proliferating T and B cells [117]. In a
massive analysis of the TCGA genomic and proteomic database including 12 cancer
types, Hoadley et al., introduced a pan-cancer genomic classification consisting of
11 major molecular subtypes [118]. Lung squamous, head and neck, and a subset of
bladder cancers coalesced into a unique subtype characterized by TP53 alteration,
TP63 amplification and overexpression of immune-related genes. Notably, path-
ways related with T cell activity such as PD-1 and CTLA4 were strongly correlated
with increased overall survival highlighting the prognostic role of immune signa-
tures across cancer of different tissue origin. In view of the analogies between prog-
nostic and predictive signatures the results of the studies mentioned above have
important implication for cancer immunotherapy.

A direct correlation between somatic mutations and response to immunotherapy
has been recently demonstrated by an exome-wide study of melanoma metastases in
the context of anti-CTLA4 therapy. In a breakthrough report, Snyder et al. showed
that there was a significant difference in mutational load between patients with a
long-term clinical benefit and those with a minimal benefit or no benefit. Indeed, the
mutational load was significantly correlated with increased overall survival [100].
Using a refined neoepitope analysis, the authors identified a signature of mutated
antigens shared by responding patients that was able to precisely predict clinical
outcome (i.e. prolonged survival) to CTLA-4 blockade [100]. This study reinforces
the observation that mutated epitopes can be recognized by T cells and potentially
targeted by mutation-specific T cell therapy [119, 120]. It also suggests that muta-
tions of genes coding for proteins that are not implicated in oncogenic progres-
sion—and therefore classically considered passenger mutations—play a driving
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role in dictating the final cancer phenotype [100]. Future studies should elucidate
whether these concepts could be applied to other cancer types and in the context of
other immunotherapeutic approaches. Despite the progresses made in the last few
years, whether and in which degree genomic alterations of tumor and immune genes
impact on tumor responsiveness remains largely obscure.

Genetics of the Host

Genome-wide association studies (GWAS) have enabled the identification of more
than 85 loci that contribute to susceptibility to autoimmune diseases [121].

In addition, the study of families affected by inherited immune-related diseases
through next generation exome sequencing led to the identification of critical genes
involved in the immune homeostasis such as ADA2 [122], PLCG2 [123, 124],
HOIL1 [125], and PIK3CD [126].

However, only very recently investigators began to assess the contribution of
genetic determinants on immune-cell level and function beyond the setting of patho-
logic conditions [127]. The correlation between genotype and immune cell pheno-
type presupposes the collection of viable cells paired to deep phenotyping
approaches, which is challenging when the study is conducted in a large number of
subjects. A recent research has significantly contributed to our understanding of the
relationship between genetic makeup and variability of immune-cell populations.
By analyzing the frequency of 95 immune-cell population (i.e. 272 immune traits)
in more than 1500 individuals, Orru and coworkers estimated that trait-heritability
could account for about 40 % of the observed variance of the immune traits,
therefore indicating a large genetic effect size [127]. By profiling and sequencing
about 8 millions of single nucleotide polymorphisms (SNPs) in an additional cohort
of more than 2500 individuals, the authors mapped relevant SNP associated with
different traits. This unbiased analysis revealed 23 variants at 13 loci linked to
multiple immune-cell subtypes resulting in 180 SNP-trait associations. Interestingly,
the greatest estimated heritability was observed in immune populations impli-
cated in sophisticated immunological functions such as the T regulatory cells.
The strongest association with immune-traits was found for GALM/HNRPLL,
CD8A/CD8B, COQ2/PLACS, HLAs, IL2RA, ENTDP1, NCAM1, CD4, TNFS13B,
SH2B3, CIITA and FCG3 and SLFN clusters. Importantly, variants identified in
three loci (HLA, IL2RA, and SH2B3/ATXN2) overlapped with those identified by
GWAS in auto-immunity disease [127]. These notions could have important impli-
cations in cancer immunotherapy if we consider that the stable baseline differences
of immune-cells traits across individuals are associated with distinct response to
immune perturbations (i.e. influenza vaccination) [128].

As for immunotherapy, large GWAS studies have identified a strong association
between IL28B gene, encoding interferon-A-3 (IFN-A-3), and response to IFN-a
treatment in patients affected by chronic hepatitis C (HCV) infection [129-131].
Such large studies have been facilitated by the fact that IFN-o has represented for



114 D. Bedognetti et al.

years the gold standard for the treatment of HCV infection. In cancer immunothera-
pies setting, however, these kinds of studies are lacking. In fact, immunotherapy
joined the club of the FDA-approved treatment only 4 years ago, and studies have
been historically small in term of sample size, therefore limiting the possibility of
performing large-scale genotyping approaches. We are currently applying a GWAS
approach to define the influence of germline polymorphisms on the likelihood to
respond to adoptive therapy in a large casuistic of metastatic melanoma patients. In
the preliminary analysis, comparisons between patients experiencing a complete
response versus those who progressed, we identified several independent associa-
tion SNPs covering 14 functional known genes. Several genes at those loci have
known immunological functions, and include TLRS, MIA3, TAF1A, DUSPI0,
DISP1, HHIPL2, EIF3a, FAM45A, SFXN4, GRKS5, RGS10, TIAL1, BAGS3,
INPPF5, and SEC23IP (Sommariva et al. SITC 2013).

Because of the aforementioned reasons researchers have been focusing on spe-
cific genes. Genes tested by such approaches include CTLA4, IRF5, and CCRS and
HLAs. In melanoma patients treated with ipilimumab, a single study has assessed
20 single nucleotide polymorphisms (SNPs) and two deletions in 10 immune-
related genes (BTNL2,CCRS5, CD86, CTLA-4, IFNAR1, IFNAR2, IFNG, IL23R,
NOD?2, and PTPN22) as well as HLA-A and HLA-B genotypes without observing
any correlation between those genetic variants and clinical outcome [82]. Other
studies have investigated HLA patterns in relation to treatment responsiveness.
HLA genotype (HLA-A, HLA-B, and HLA-class II) was not associated to response
in a large cohort of metastatic melanoma patients treated with IL-2 [132], while
Gorgas et al. described a marginally significant association between HLA-DRB1*15,
Cw6, Cw7, and B44 and survival in melanoma patients treated with adjuvant IFN-a
(P=0.028, 0.029, 0.030, and 0.040, respectively) [133, 134]. Studies that have eval-
uated CTLA4, IRF5, and CCRS polymorphisms are summarized below.

CTLA4 polymorphisms—CTLA4 is a key player in establishing immune toler-
ance and a critical regulator of T-cell-mediated antitumor immune responses. The
major function of CTLA-4 is to shape T cell response at the time of their initial
response to antigen. Although CTLA-4 is expressed by activated CD8+ effector
T cells, its key role consists in the regulation of T CD4+ populations through down
modulation of helper T-cell function and enhancement of regulatory T-cell
immunosuppressive activity [135, 136]. CTLA-4 polymorphisms have been impli-
cated in the susceptibility of organ-specific autoimmune diseases, but results are
conflicting [126, 137]. However, germline CTLA4 heterozygous mutations result-
ing in quantitative reductions of CTLA-4 expression have been recently identified
in subjects with severe immune dysregulation [126].

A total of 12 CTLA4 single nucleotide polymorphisms (SNPs) have been assessed
by three studies in metastatic melanoma treaded with anti-CTLA4 mAbs [82, 138,
139] and in one study in high-risk melanoma treated with adjuvant IFNa therapy
[140]. Some significant associations have been found, but results are overall inconclu-
sive. Data are difficult to compare as studies have assessed different SNPs and statisti-
cal analysis has been performed using different statistical models looking at allele
frequency or genotype frequency. A summary of these studies is reported in Table 5.2.
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Table 5.2 CTLA-4 single nucleotide polymorphisms and responsiveness to immunotherapy

CTLA4

References | SNP tested | Setting Findings

Gogas et al. | rs3087243* | Melanoma stage No significant association or trend with

(2010) rs231775 II-111, treated with | relapse free survival or overall survival were
rs5742909 | adjuvant interferon | found in a univariate analysis (P value range:
rs7565213 | (N=286) 0.37-0.74)
rs11571297
rs11571302

Breunis rs4553808 | Metastatic rs4553808 (-1660 G vs A allele);

etal. [138] |rs11571317 Melanoma treated |rs11571317 (=657 T vs G allele), and
rs231775 with ilpilimumab | rs231775 (49 A vs G allele)
rs5742909 | (N=152) were associated with overall response® (P
rs3087243 value: 0.002, 0.02, and 0.009, respectively)
rs7565213
rs733618

Hamid rs11571317 | Metastatic No significant associations with clinical

et al. [82] rs3087243 | Melanoma treated | benefit were found; a trend was observed for
rs4553808 | with Ipilimumab rs1863800, rs231775, rs3087243, and
rs1863800 | (N=55-57)° rs4553808 (P value: 0.06, 0.05, 0.07, and
rs231775 0.08, respectively)

Queirolo rs5742909 | Metastatic rs11571316 was associated with clinical

etal. [139] |rs231775 Melanoma treated | benefit! (=1577 G/A vs G/G; P value: 0.041);
rs3087243 | with ipilimumab a trend was observed for rs3087243 (CT60
rs4553808 | or tremelimumab G/A vs G/G; P value: 0.072); both
rs11571317 | (N=14) polymorphisms were associated with overall
rs11571316 survival (P value: <0.006)

Single nucleotide polymorphisms (SNPs) tested in more than one study are in bold; polymor-
phisms significantly associated with clinical outcome are underlined

In a subsequent analysis rs3087243 (CT60) correlates with overall survival in a multi-variable
Cox regression model including HLA-B38, HLA-C15, HLA-C3, DRB1*15, and CT60*G/G. CT
G/G was associated with shorter overall survival (P=0.082, and P=0.019 in non-stage corrected
and stage corrected analysis, respectively)

*Overall response (complete response + partial response)

‘Genotype data not available in some patients

dClinical benefit: Partial response + complete response + stable disease

In the context of metastatic melanoma treated with ipilimumab, Breunis et al. found
three polymorphisms (rs4553808, rs11571317, and rs231775) to be significantly
associated with response (P=0.002, 0.02, and 0.009, respectively) [138]. In the same
setting, a second study by Hamid et al. assessed five SNPs, including the significant
ones described by Breunis et al. The investigators did not find any significant associa-
tion between the CTLA-4 polymorphisms and response to ipilimumab, even though a
trend was observed for rs4553808, rs11571317, and rs231775. By analyzing a small
cohort of patients treated with anti-CTLA4 mAbs (ipilimumab or Tremelimumab),
Queirolo et al. showed an association between rs11571316 (G/A vs G/G, odds ratio,
[OR] 12.5 P=0.041) and clinical benefit; a trend was also observed for rs3087243
(G/A vs G/G, [OR] 6.8, P=0.072) [139]. Despite the small sample size, both
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polymorphisms were significantly associated with overall survival (P=0.006). The
polymorphismrs11571316 was not evaluated in previous studies. Although rs3087243
was not associated with clinical response in the Breunis’ study (P=0.62), an inverse
borderline association was found in the Hamid’s study (G/A vs G/G, odds ratio [OR]
0.39, P=0.07), suggesting cautions in the interpretation of these results [138]. Six
CTLA4 polymorphisms in part overlapping with those investigated by the studies
mentioned above were also investigated in patients treated with adjuvant IFN-o by
Gogas et al. A first analysis did not find any association between CTLA-4 polymor-
phisms and survival or risk of relapse [140]. Interestingly, when those polymorphisms
were re-analyzed using a multi-factorial approach together with HLAs polymor-
phisms, rs3087243 significantly contributed to the predictive survival models which
included HLA-B38, C15, C3, DRB1*15 and rs3087243 [134]. The rs3087243 GG
genotype correlated with shorter overall survival (P=0.082, and P=0.019 in non-
stage corrected and stage-corrected analysis, respectively), similarly with what was
observed by Queirolo et al. in patients receiving ipilimumab [139]. The analysis of a
significantly higher number of patients through high-throughput genotyping
approaches paired with functional validations will likely help to elucidate the role of
CTLAA4 on the responsiveness to anti-CTLA4 therapy in the near future.

IRF5 polymorphisms—IRFS5 is implicated in host defense against pathogens by
inducing transcription of IFN-a and the expression of genes involved in apoptosis
[141, 142]. Variants of IRF5 have been associated with susceptibility to systemic lupus
erythematosus [143] and to several other autoimmune diseases, including rheumatoid
arthritis [144], multiple sclerosis [145] and inflammatory bowels diseases [146].
Intriguingly, treatment-induced manifestation of autoimmunity (e.g., vitiligo,
thyroiditis, enterocolitis) are observed in metastatic melanoma patients who better
respond to ipilimumab [147, 148], high-dose IL-2 [2] and vaccination [149]. In
patients treated with high dose IFN-a, post-treatment clinical and/or molecular man-
ifestation of autoimmunity correlate with reduced risk of deaths or relapse in the
Hellenic IFN trial [150], although the integrated analysis of the EORTC and the
Nordic IFN trials failed to reproduce this results [151, 152]. In view of the analogies
between the molecular mechanisms responsible for the development of auto-
immunity and those implicated in the immune-mediated rejection we studied IRF5
polymorphisms in metastatic melanoma patients treated with adoptive therapy [153].
All the IRFS5 variants tested (rs10954213, rs11770589 and rs6953165, rs2004640)
but rs2004640 were in linkage disequilibrium and associated with response to ther-
apy. For example, the lack of the A allele in rs10954213, which confer protection to
lupus erythematous, was predominant in non-responders (P=0.005. Therefore,
IRF-5 polymorphisms associated with the development of lupus erythematous influ-
ence the strength of the anti-tumor response to adoptive therapy, underlining the
genetic link between the predispositions to develop different immune-mediated tis-
sue destruction processes [153]. Even more, the observation that IRF-5 polymor-
phisms specific signatures detected in melanoma cell lines could be used re-classify
parental metastases according to their responsiveness to immunotherapy, suggests
that host’s genetics can directly modulate the intrinsic cancer biology besides
modulating the reaction of host’s immune cells to immunotherapy [153].
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CCR5 and CXCR3 polymorphisms—The CC chemokine receptor C (CCRY) is
expressed, together with CXC chemokine receptor 3 (CXCR3) by activated Th-1,
cytotoxic T, and NK cells. As mentioned before, several studies suggested that the
recruitment of activated T lymphocytes through CXCR3 and CCRS5 chemokine
ligands plays a key role in immune-mediated tissue destruction, including tumor
rejection [17, 24, 37, 45, 154]. However, we observed that systemically administered
IL-2 induces inflammation within tumors leading to production of lymphocyte
chemo attractants including CXCR3 and CCRS ligands [19, 36, 46, 155]. It could be
hypothesized that polymorphisms and/or expression of CXCR3 and CCRS5 may
quantitatively and/or qualitatively influence chemokine receptor expression, and
therefore influence migration of TILs to tumors and affect immune-mediated tumor
rejection. The CCR5A32 mutation/polymorphism consists of a 32-base deletion
encoding a protein not expressed on the cell surface. Heterozygosity results in
decreased, and homozygosity absent receptor expression (Huang et al. 1996;
Carrington et al. 1999). Homozygous carriers of this mutation are resistant HI'V-1,
which uses CCRS as co-receptor to enter is targeted cells, while heterozygous state
is associated with up to 24 years delay in disease progression [156]. Data on
CCRS5A32 polymorphism in autoimmune disease are conflicting as it seems to be
protective against the development of some autoimmune diseases (i.e. rheumatoid
arthritis) but not in others such as systemic lupus erythematosus and sclerosing chol-
angitis, in which a detrimental effect has been suggested [157-160]. An inverse asso-
ciation between this polymorphism and the occurrence of allograft rejection has also
been described [161]. In the context of immunotherapy, reports focusing on meta-
static melanoma are discordant. A retrospective study reported decreased survival of
patients carrying this polymorphism (either in heterozygous or homozygous state)
treated with immunotherapy or immunochemotherapy [162]. In two preliminary
reports, Essner et al. described that individuals who were hetero- or homozygous
carriers for CCR5A32 polymorphism experienced significantly decreased overall
survival compared to wild-type patients within an adjuvant therapeutic vaccination
protocol (Essner et al. ASCO 2005) or after surgical resection (Essner et al. ASCO
2006). Conversely, Hamid et al. did not find any association between CCR5A32 or
CCRS 151799987 polymorphisms and responsiveness to ipilimumab [82]. As for
CXCR3, the rs2280964 polymorphism has been associated with altered receptor
expression, lymphocyte chemotactic activity, and risk of developing asthma [163].
We recently explored the effect of CCR5A32 and CXCR3 152280964 polymorphism
in the context of metastatic melanoma patients treated with adoptive therapy and
high dose IL-2 [40, 41]. Twenty-five out of 141 patients carried the CCR5A32 muta-
tion (24 heterozygous and 1 homozygous). As single factors, CCR5SA32 was
slightly associated with increased overall response rate (P=0.043), while CXCR3
had no impact on treatment responsiveness. We also observed that the concomitant
down-regulation of CXCR3 and CCRS receptor in TILs due to the down-regula-
tion of the corresponding genes and/or to the presence of CCR5A32 mutation,
strongly correlate with the frequency and the degree of response [164] (P<0.001).
These counterintuitive and surprising results could be explained by the dynamics
of TIL migration to the tumor in relation to concomitant IL-2 administration.
The migration of TILs at tumor site does not follow a linear kinetic [165]. Two hours
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after infusion, immediately followed by administration of IL-2, TILs massively
localize in lung, spleen and liver but not at tumor sites. TILs’ migration into tumor
sites is detectable 24—48 h after infusion, in concomitance with a partial clearance of
the TILs from the lung [165]. However, concentrations of CCRS and CXCR3 ligands
(e.g., CCL3, CCL4, CXCL9, CXCL10 and CXCL11) increase immediately after
IL-2 administration [155]. It is possible that, following IL-2 administration, early
compartmentalization is mediated by the release of specific chemokines (primarily
CXCR3 and CCRS ligands) by resident immune-cells and stromal cells from periph-
eral organs (e.g., spleen, lung and liver). It is tempting to hypothesize that a low
expression of CXCR3 and CCRS5 chemokine receptors by TILs might prevent their
sequestration by extratumoral tissues and paradoxically allow their subsequent
migration to the tumor when the cytokine storm has receded and the tumor become
the only tissue maintaining expression of chemokines [40, 41]. This explanation
would be consistent with the observation that high levels of CXCL9, CXCLI10,
CXCLI11, and CCL5 in pre-treatment tumors are associated with an increased
response rate in this setting [40, 41]. It is possible that during other treatments (e.g.,
combination of immunochemotherapy [162], or vaccine therapy), the proportional
induction of the CXCR3 and CCRS ligands following treatment is not as unbalanced
as it is in during administration of high-dose IL-2, resulting in different kinetic mod-
ulation of T cells. Even though adoptive therapy studies in mouse models have
emphasized a key role of the upregulation of CCRS in TILs in mediating tumor rejec-
tion (Gonzalez-Martin et al. 2012), our findings do not support the notion that a
maximal expression of CCRS5 (and CXCR3) by TILs is a critical factor in the context
of adoptive T cell therapy in humans. The role of these receptors in other types of
immunotherapy such as dendritic cell vaccination needs to be further investigated.

In conclusion, some studies have assessed the contribution of germline variants
on the outcome of cancer immunotherapy, but none of them have been confirmed in
an independent cohort and functional validations are lacking. In the last 5 years, the
remarkable success of refined immunotherapies has made this approach available to
a large number of patients. At the same time, technology has advanced and large
scale high-throughput genotyping and deep sequencing can now be performed with
sustainable costs. Altogether, these factors offer the opportunity to explore the
scope of human and tumor genetic variants in relation to immune responsiveness.
Data from these studies are expected to prompt the development of personalized
immunotherapy in the near future.
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Chapter 6
Production of Clinical T Cell Therapies

David Stroncek, Jianjian Jin, Virginia David-Ocampo, Vicki Fellowes,
Larry Moses, and Marianna Sabatino

Abstract The improving effectiveness of adoptive T cell therapies has led to their
increased clinical application. Most of these adoptive T cell therapies are being
produced in small lots in cell therapy centers affiliated with or located within aca-
demic health centers. Typically, the cells are produced from autologous or HLA
compatible donors and one lot is used for a single patient. As part of early phase
clinical trials, the best available methods and devices for the manufacture of clinical
grade T cell therapies are described. For most adoptive T cell therapies the starting
material is a peripheral blood mononuclear cell (PBMC) product that is collected by
apheresis using closed system blood cell separators. Many manufacturing processes
require that red blood cells be removed from the PBMCs or that T cells or T cell
subsets are isolated. Classically, T cells have been cultured in flasks, but culture in
closed systems which reduces the risk of microbial contamination is desirable and
bags and bioreactors are often used for T cell culture and expansion. T cell culture
involves growth and expansion in media supplemented with serum, cytokines and
feeder cells or other artificial stimulators, i.e. anti-CD3/28 beads or K562 cell line.
Recently, closed system transduction methods have been developed that can be used
to produce genetically engineered T cells. Automated instruments are available to
wash and concentrate products. The final product is assessed for the quantity of
cells present, purity, sterility and potency. The use of these best practices is allowing
for the consistent manufacturing of high quality cellular therapies to support early
phase clinical trials.
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Introduction

Adoptive cellular therapy using T cells is becoming more effective and its use is
growing. For many years tumor infiltrating lymphocytes (TIL) have been isolated
from metastatic melanoma lesions, expanded and given as an effective anti-tumor
autologous therapy [1]. The discovery that the administration of leukocyte reductive
chemotherapy and irradiation therapy prior to TIL infusion enhances their clinical
effectiveness is leading to the wide spread use of this therapy [2, 3].

The use of other adoptive T cell therapies for cancer is also growing rapidly.
Autologous peripheral blood T cells are being genetically engineered to produce
potent anti-cancer cells. T cells can be genetically engineered to express high affin-
ity T cell receptors (TCR) and chimeric antigen receptors (CAR) that are specific for
antigens expressed by tumors [4]. The transduction of autologous T cells with high
affinity TCRs reactive with melanoma specific antigens allows for the treatment of
melanoma patients when they do not have metastatic lesions that can resected for
TIL production or when TIL cannot be cultured from a resected lesion. In addition,
autologous lymphocytes engineered to express high affinity TCRs are being used to
treat types of metastatic cancer which have not been treated with TIL. T cells
expressing TCRs specific for the fetal embryonic antigen NY-ESO-1 are being used
to treat patients with metastatic melanoma and metastatic synovial cell sarcoma [5]
and T cells with TCRs specific for MAGE-A3 are being used to treat patients with
metastatic melanoma, synovial cell sarcoma and esophageal cancer [6]. CAR T cells
are engineered to express a vector encoding the zeta chain of CD3, the single change
variable region of an antibody directed to a tumor antigen and a co-stimulatory mol-
ecule. CAR T cells specific for CD19 antigen have proven to be very effective for
treating B cell malignancies including: acute lymphocytic leukemia, chronic lym-
phocytic leukemia and lymphoma. CAR T cells specific for CD20 have been shown
to have clinical activity in patients with B cell lymphomas [7] and those specific for
GD2 in patients with neuroblastoma [8]. CAR T cells directed to other antigens are
also being developed including CD22 [9], CD23 [10], CD70 [11], immunoglobulin
kappa light chain [12], B-cell maturation antigen (BCMA) [13] and erythropoietin-
producing hepatocellular carcinoma A (EphA2) [14].

An important aspect of producing cell and gene therapies involves the use of good
manufacturing practices (GMP). GMP is a system of evolving practices that have
been found to yield safe, high quality products. GMPs involves the entire process of
producing cell therapies from the screening, testing, and selection of the donor; to
cell collection and processing; and to cell administration and recipient follow-up.
It is a common misconception that GMP only means manufacturing cells in a highly
controlled facility specifically designed for this purpose. However, it also involves
maintaining a group of qualified and properly trained staff; developing and adhering
to standard operating procedures; appropriate evaluation and testing of the starting
materials, reagents, intermediate products and the final product; qualifying the
donor and vendors supplying materials and much more. Many aspects of GMP
production of cell and gene therapies are well worked out. For example to qualify
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that the donor of starting materials there are screening questions that the donor must
answer and blood tests that must be performed to minimize the possibility that the
donor may have an infectious disease that could be present in the starting material
and which could be transmitted to the recipient. These requirements have been stan-
dardized and tests are readily available. However, the requirements concerning
GMP manufacturing of cellular therapies are less clear because the best methods of
manufacturing have yet to be defined. This is due in part to the evolving nature of
cellular therapies. New cell therapies are being rapidly developed and existing
therapies are constantly being modified.

Most T cell therapies produced at academic centers are manufactured under
INDs for phase I and phase II clinical trials. Most of these cell therapies never make
it past phase I or II trials since they are either not effective or not safe and as a result,
academic centers are constantly developing new therapies. Since many new cell
therapies will fail, many laboratories at academic centers do not spend as much
resources and time to develop manufacturing processes for products used in a phase
I/TI clinical trials as for products used for later phase trials. As a result many proto-
cols taken to phase I and II trials use the best available but not necessarily the best
possible reagents and methods. Using the best available processes and reagents
allows a protocol to be taken from the research laboratory to the clinic in a reason-
able amount of time and allows for the timely evaluation of new therapies. Using the
best possible methods for phase I and II trials may require a very lengthy duration
of time to develop a cell therapy that in the end is not effective. For early phase trials
it would be ideal to use the best possible methods, but it is reasonable to use the best
available manufacturing processes that will allow the production of cells to begin in
a timely manner so subject accrual can begin in order to determine if the product is
safe and has any clinical efficacy. However, if the results of early clinical trials are
promising, it’s important to quickly convert the methods used for manufacturing the
phase I/II products to those most compliant with GMPs and those that are appropri-
ate for the higher expectations associated with late phase products. If necessary,
efforts should be made to develop new GMP compliant methods, devices and
reagents since any products that will go on to phase III trials and commercialization
are expected to be manufactured using methods that yield the safest, most consistent
and most effective products.

There are problems associated with not using the best possible methods for the
production of early phase clinical trials. The re-engineering of early phase cellular
therapy manufacturing processing procedures to meet the more demanding require-
ment of late phase products is generally very time consuming and costly since cell
therapies are very complex. Cell therapies make use of difficult to obtain starting
materials such as cells and vectors, include many steps and often require prolonged
cell culture and expansion. T cell therapy manufacturing protocols generally take 1
or 2 weeks or longer to complete. Due to the complex nature and long duration of the
manufacturing protocols it often takes a year or more to re-engineer and validate a
cell production processes and multiple cycles of changes may be required to convert
a manufacturing process used in phase I/II trails to a more robust, reliable and cost
effective manufacturing processing.
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This chapter will describe the various steps involved in manufacturing T cell
therapies and the current best practices. The chapter is focused on the manufacturing
of cells for a single patient; either for autologous use or allogeneic cells collected
for administration to a specific patient. These patient specific allogeneic cells are
generally from HLA-compatible relatives or unrelated donors. This type of manufac-
turing is usually preformed at academic health centers and typically involves phase
I/II clinical trials. The size of each lot of autologous or allogeneic directed donor
product is generally small, only large enough to treat one patient. Methods to manu-
facture consistently high quality autologous and directed donor T cell therapies that
are compliant with GMP and that make use of resources available at cell processing
laboratories in academic centers are described. The use of these practices helps
academic cellular therapy centers produce consistently high quality products which
allows for the better assessment of the efficacy of early phase products and allows for
a better transition to phase III trials and licensure.

Supplies and Reagents

A wide variety of media, media supplements, cytokines and growth factors are used
to produce cellular and gene therapies. The quality of these reagents has an impor-
tant impact on the consistency and safety of the final cellular or gene therapy prod-
uct. For example, many research laboratories use fetal bovine serum (FBS) as a
media supplement to support the growth and expansion of cells in culture, but FBS
can negatively impact the safety and quality of cellular therapies. There is consider-
able amount of lot to lot variability in the ability of FBS to support cell proliferation.
Even if a laboratory goes through great lengths to select lots of FBS with similar
ability to support the cell of interest, considerable differences may occur in the cul-
tured cells when a new lot of FBS is used. The use of FBS also presents a potential
safety issues. The use of animal products and animal derived reagents in cell manu-
facturing exposes the product recipient to risk of acquiring a xenogeneic infection.
In addition, it is difficult to entirely remove foreign proteins from cells cultured in
FBS and some recipients will develop immune responses including anaphylaxis due
to IgE antibodies to bovine proteins if they are repeatedly exposed to cells cultured
in FBS [15-17]. As aresult, it is best to avoid the use of all animal derived reagents
in the manufacturing of cellular therapies.

Media, media supplements, cytokines and growth factors that are xeno-free are
available. From among the xeno-free reagents it is important to select the highest
quality reagents. Most reagents are available in several different grades ranging
from pharmaceutical grade to research grade. The highest quality reagents are of
the highest purity and contain the least contaminants. They are also manufactured
under the most stringent conditions and tested more rigorously to ensure that they
are consistently of a very high quality. Some cytokines and growth factors such
as IL-2, interferon-y, granulocyte colony-stimulating factor and granulocyte
macrophage-colony stimulating factor are available as pharmaceutical grade
reagents. Many other cytokines and growth factors are available as GMP grade
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reagents made specifically for the manufacturing of clinical cellular therapies.
Some cellular therapy laboratories use cytokines and growth factors that are less
than GMP grade since they are less costly, but this practice is not recommended
since it could lead to cellular and gene therapy products of inferior quality.

Closed System Processing

One of the most important concepts of manufacturing cellular therapies is to maintain
the cells in a system that is closed to the external environment. Since cell and gene
therapies cannot be sterilized at the end of manufacturing, it is important to main-
tain the sterility of the products throughout the collection and manufacturing pro-
cess. In order to prevent microbial contamination of cell therapies, as much as
possible, closed systems should be used in the collection and manufacturing pro-
cess. However, most early phase cellular therapies produced at academic centers
often move directly from research laboratories to cell processing laboratories and
research laboratories almost always use systems that are open to the environment
for cell culture: T flasks, multi-well plates, and tubes. Therefore, one of the chal-
lenges for clinical cell processing laboratories is to convert open culture systems
into closed systems.

Culture bags can be used to create closed systems. These sterile, plastic, one time
use bags are manufactured with tubular tails (Fig. 6.1). Sterile tube welders are
commercially available which sterilely connect tubing from one bag to tubing from
another bag (Fig. 6.2). This technology allows cellular therapy laboratories to
construct customized networks of bags for cell expansion, separation, washing and
concentration. It has been used widely in blood centers and blood banks for collect-
ing and processing whole blood, red blood cells, platelets and plasma. To separate
bags the tubing connecting the bags is heat sealed to create two small segments,
gentle pulling of the tubing (where the two segments meet) separates the tubing and
the bags while maintaining a closed system (Fig. 6.3). Bags for cell culture are
available in different sizes ranging for as small as 7 mL to 5 L.

As cells in culture proliferate media must often be changed and the culture volume
expanded. For cells cultured in up to 600 mL bags, media can be changed by simply
centrifuging the bags in floor model centrifuges specifically designed for processing
whole blood. After centrifugation the cell-free supernatant can be expressed through
the bag’s tubing into another bag that has been sterilely connected to the culture bag
(Fig. 6.4). After the bag containing the cell-free supernatant is heat sealed and
removed, another bag containing fresh media is connected to the culture bag and the
media is added to the cell pellet. Alternatively, as cells proliferate they can be trans-
ferred into progressively larger bags and fresh media can be added. For cultures
requiring 3 or more liters of volume, the contents of the culture bags can be spilt into
multiple bags. Bag cultures have been used to expand TIL cultures up to 60 L.
When multiple bags are used, at the end of the culture period, the bags can be
sterilely linked and the contents can be combined, concentrated and washed using
automated closed system instruments as described below.
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Fig. 6.1 Bag specifically
designed for cell culture.
This cell culture bag
(Lifecell Tissue Culture
Flask, Baxter Healthcare
Corporation, Deerfield, IL)
is made with gas
permeable plastic and has
two tubing leads which can
be connected to other bags
or containers using the
ports or by sterile
connection of the tubing to
the tubing of another bag
or vessel

One limitation of bag culture is that bags do not lend themselves to automated
filling and drainage. Other closed system devices and reactors are available for
T cell culture and they will be discussed later in this chapter.

Many automated devices that are used to collect and process blood cells also
make use of sterile disposable plastic liners to maintain a closed system during pro-
cessing. Bags are integrated into these systems that are used to hold the collected
cells or solutions for washing. These disposable kits, which are used only once, are
sterilized during the manufacturing process and they prevent the cellular product
from becoming contaminated microbes and with cells from other donors whose
cells have been processed using the same instrument.

Donor Screening and Testing

The first step in the production of cellular therapies is to identify and evaluate the
person who will donate the cellular starting material. Donors of cellular therapy
products are screened and tested, much like blood donors, to determine if they have



Fig. 6.2 Sterile connection of tubes. This sterile tubing welder (Terumo BCT, Lakewood, CO, USA)
(A) is used to sterilely connect two separate tubes. It is used to sterilely link bags containing media,
cells, reagents or wash solutions. To connect tubing from two bags the instrument’s clamps are opened
and the tubing to be welded are inserted into the clamps (B and C). To hold the tubing is place, the clamps
are closed and the tubes are welded (D and E). The connected tubes (F, G and H) and bags (I) are shown

A

E

Fig. 6.3 Sealing and separation of tubing. Instruments have been specifically designed to seal
tubing and separate culture bags connected by tubing (A). The tube is first sealed at the site where
the tubing and bags are to be separated (B and C). After the first seal has been completed a second
(D) and third seal (E) are made within a few centimeters of the first seal (F). At the site of the middle
seal gentle pressure is used to pull the tubes apart (G). The tubes remain sealed at each end and the
addition seal in each tube is to ensure that the cultures are not contaminated by a leak at the site of
separation (H). A Sebra tube sealing device (Haemonetics Corporation, Braintree, MA) is shown
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D E

Fig. 6.4 Expression of supernatant from one bag to another. Plasma extractors can be used to
separate supernatant from cells that have been pelleted in the bottom of a bag by centrifugation
(A). The bag with the pelleted cells is placed in the plasma extractor (Fenwal Inc., Lake Zurich,
IL, USA) (B). The clear spring-loaded plate is released and allowed to slowly force the super-
natant from the bag. The speed of remove is controlled using a clamp on the bag’s tubing (C).
The supernatant gradually flows into a waste bag (D, E and F). At the end of the process the
cells are resuspended and new media is added to the culture bag. The bags have colored media
to better visual the bags

a history of past behavior and experiences that may have exposed them to an infectious
agent that could be transmitted by blood cells. Typically, potential donors are
screened by asking them a series of well-defined questions that are designed to
determine if they have risk factors associated exposure to HIV, hepatitis B, hepatitis
C and other infectious agents. The content of these questions are outlined by stan-
dards for cell and gene therapies prepared by some professional societies including
the AABB (formally the American Association of Blood Banks). Blood from the
potential donors is also tested for anti-HIV, anti-HTLV1/2, anti-HCV, HBsAg and
Syphilis. Donors of leukocyte rich products such as T cell therapies are also tested
for anti-CMV. This screening and testing process is not required when the product
collected will be used for autologous therapy, but many centers screen and test
autologous donors since the processing of products from patients with infectious
diseases may require special precautions to prevent the cross contamination of prod-
ucts intended for other patients that are being processed at the same time. In addi-
tion, after the processing of an infectious product is complete, the facility may need
more rigorous cleaning to prevent the contamination of products subsequently
processed in the laboratory.
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Collecting the Cellular Starting Material

For the production of genetically engineered autologous T cell therapies the T cell
rich starting material is collected by apheresis using a blood cell separator. Blood
cell separators were originally designed to collect neutrophils for transfusion and
are now most commonly used to collect platelets for transfusion and peripheral
blood mononuclear cell (PBMC) products for cellular and gene therapy.

Blood cell separators can collect large quantities of PBMCs quickly and sterilely.
Enough cells for an entire autologous T cell therapy, 5 to 10x 10° cells, can be col-
lected in a couple of hours. Most of the red blood cells and plasma is returned back to
the donor during the process. The blood cell separators make use of one time use
sterile disposable kits in which blood is collected from the donor’s peripheral vein in
one arm and is directed through the instrument where cells and plasma are separated.
The blood cell separator collects the desired cell type in to a bag and the cells and
plasma that are not needed are returned to a peripheral vein in the donor’s other arm.
The closed disposable collection system ensures that the products are free from micro-
bial contamination. There is a very small risk that the cells become contaminated
during the collection procedure. When blood cell separators are used for the collection
of platelet products for transfusion it has been found that only about 1 in 5000 prod-
ucts are contaminated with bacteria [18]. The contamination events are typically due
to bacteria from the donor’s skin or donor bacteremia.

The most frequently used blood cell separators make use of differences in den-
sity to separate cells; consequently, when the instruments are set up to collect lym-
phocytes, they also collect monocytes which are of a similar density. The
lymphocyte-rich PBMC products collected by apheresis are also contaminated with
small quantities of granulocytes, red blood cells and platelets. Blood cells separa-
tors are very reliable, but the composition of the final PBMC product may vary
among donors. The quantities of T cells collected as well as the quantities of con-
taminating cells can vary. Since the composition of the cells is highly dependent on
the donor’s blood counts, the composition of products collected from autologous
donors who have received prior therapies can be especially variable.

For many T cell therapies the starting material is autologous mononuclear cells
collected by apheresis. T cells may then be enriched by elutriation or purified by
selection or simply by stimulating T cells which may outgrow other cells in culture.
For TIL therapy the starting material is obtained from surgically resected metastatic
lesions. TIL can be obtained from small pieces for tumors or from tumors digested
with proteolytic enzymes. The use of tumor pieces rather than digests avoids the need
to obtain GMP grade enzymes. Traditionally, TIL are obtained for the tumor pieces or
digests by culture in plates with IL-2 over several weeks. However, these tissue culture
plates are open to the environment and are subject to contamination with bacteria and
fungus. It has recently been shown that initial TIL culture can be performed in
G-Rex10 gas permeable flasks (Wilson Wolf Manufacturing, New Brighton, MN,
USA) at higher cell concentration than classical T flasks or culture bags (Fig. 6.5)
[19]. Culture in G-Rex flasks is less susceptible to contamination since these flasks
allow T cells to grow at higher densities therefore fewer manipulation are required.
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Fig. 6.5 Gas permeable flasks that have been used for T cell culture. These flasks have a gas per-
meable member at the bottom (G-Rex, Wilson Wolf Manufacturing, New Brighton, MN, USA).
Three different size flasks are shown. The smallest flask, G-Rex 10, has a gas permeable membrane
of 10 cm? and a capacity of 40 mL. The middle and largest size flasks both have membranes of
100 cm?; the middle flask, G-Rex 100, has a capacity of 500 mL and the largest flask, G-Rex100L,
has a capacity of 2000 mL

Product Segregation

It is important to take measures to ensure that products from different patients are not
mixed up or cross contaminated. The vessels containing the cells are, of course,
labeled with the recipient’s name and hospital number, but specific laboratory prac-
tices should be in place to reduce the possibility of misidentifying products. Products
manufactured for different patients should be keep separate and laboratory staff
should work on products from only one patient. If products from multiple patients are
to be processed simultaneously, each product should be processed in a separate bio-
safety cabinet, they should be cultured in a separate incubator and by separate staff.
Strict control of product labels is useful in preventing mislabeling of products.
At receipt of the starting material, release of the product from inventory and at other
critical points, two processing staff should confirm that the appropriate product has
been received, issued or selected for the next processing step or operation.
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Cell Isolation

For many cell manufacturing protocols contaminating cells must be removed from
PBMC products collected by apheresis before cell culture or further manufacturing
can begin. Most often red blood cells must be removed. For some manufacturing
protocols highly enriched T cells must be obtained from the starting PBMC product.
A variety of methods can be used for RBC removal and lymphocyte enrichment.
To obtain highly enriched populations of T cells selection processes using monoclonal
antibodies must be used.

Removal of Contaminating RBCs

Several methods are available to remove RBCs. If large quantities of RBCs are pres-
ent in the product and if some leukocyte loss can be tolerated, the product can be
centrifuged and the leukocyte rich buffy coat can be isolated. Up to 80 % of RBCs
can be removed by isolating the buffy coat with a loss of less than 20 % of the leu-
kocytes. For products of approximately 250-500 mL total volume, the product can
be placed in a bag and centrifuged in a floor model centrifuge to isolate the buffy
coat. For products of larger volume, automated instruments made for cell washing
such as the Cobe 2991 cell processor (Terumo BCT, Lakewood, CO, USA) can be
used to isolate buffy coats. The Cobe 2991 is automated, but less so than other
instruments [20, 21].

Another simple method to remove RBCs involves sedimentation. When 6 % het-
astarch in 0.9 % sodium chloride, an infusible grade solution that is used for volume
expansion, is added to a cell suspension containing RBCs, the RBCs form rouleaux
and settle quickly. After a volume of hetastarch equal to approximately 25 % of the
final product volume is added to the RBC-containing product and the suspension is
mixed, the RBCs settle over 30-90 min and the leukocyte rich supernatant can be
removed. RBC sedimentation with hetastarch is simple, but some leukocytes are lost
with the RBCs. RBC sedimentation with hetastarch works well for products that are
up to 400 mL in volume. The sedimentation process can be performed in a 600 mL
bag and devices designed to express plasma from one unit of centrifuged whole blood
(Fig. 6.2) can be used to express the leukocyte rich supernatant into a culture bag.

Ammonium chloride lysis is another method for RBC removal. Sterile solutions
for RBC lysis such as ACK Lysing Buffer (Lonza, Allendale, NJ) are commercially
available. The PBMCs are incubated with a solution of ammonium chloride until
RBC lysis is complete, but the time of incubation should not exceed 10 min. The cells
are washed to remove free hemoglobin and ammonium chloride at the conclusion of
the process. Lysis allows for greater removal of RBC without loss of leukocytes. This
reagent is not approved specifically for human use, but it is used by some clinical
laboratories safely as an ancillary reagent, i.e. used in production, but not infused.

Density gradient sedimentation can also be used to separate lymphocytes from
RBCs. Density gradient separation has an advantage over other methods in that it not
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only removes RBCs but it separates the lymphocyte-rich mononuclear cells from
granulocytes. This method involves centrifuging the cellular product over ficoll.
During centrifugation the lymphocytes and monocytes remain at the top of the ficoll
gradient, while the granulocytes and RBCs go to the bottom of the gradient. For
small volume products ficoll separation can be performed in 50 mL conical tubes.
For larger volume products, ficoll density gradient separation can be performed in
bags, blood cell separators or cells washers such as the Cobe 2991 [22]. Another
instrument that is available for ficoll density gradient separation is the Sepax 2
(Biosafe SA, Eysins, Switzerland). This instrument has been specifically designed to
remove plasma and RBCs from umbilical cord blood components or isolate mono-
nuclear cells from marrow aspirates. It can also be used to isolate buffy coats from
PBMC:s. One advantage of this instrument is that it is highly automated and provides
documentation of the RBC depletion process for the product processing record.

Cell Enrichment

For the production of some T cell therapies it is desirable to use highly enriched T
cell, B cell or T cell subset populations as the starting material. For many of these
protocols, PBMCs products collected by apheresis are the starting material. The
PBMC products can either be enriched or depleted of specific cell populations using
commercially available GMP quality monoclonal antibodies conjugated magnetic
beads. Antibodies conjugated to magnetic beads are incubated with the PBMCs
product and the bound cells are removed with an external magnet. Commercial GMP
magnetic beads conjugated to antibodies with many different specificities including
CD3, CD4, CDS, CD14, CD19, CD25, CD34, CD56 and others are available from
Miltenyi Biotech, Bergisch Gladback, Germany [23-27]. Miltenyi also manufactures
the CliniMACS which is an instrument fitted with sterile plastic closed system dis-
posables that can used to isolate cells from clinical PBMC apheresis products. This
system can be used for positive selection to isolate a specific cell type such as CD3
or CD4 cells or negative selection to deplete a PBMC product of a specific cell type.
When used for positive selection a final product that contains approximately 90 % of
the desired type of cells can usually be obtained and typically, approximately 70 %
of the desired cell type can be recovered. With this system of monocloncal antibodies
and paramagnetic beads multiple negative cell selections, but only one positive cell
selection can be performed at one time due to the high affinity of the antibodies and
the permanent nature of the conjugation to the magnetic beads. While the CliniMACS
system is semi-automated, a considerable amount of labor is involved. A new system
has recently been developed that allows for the more automated separation of cells,
the Prodigy. This system can also be used for cell incubation and washing, however,
it has not yet been adapted for T cell applications.

Another system that makes use of magnetic beads uses monoclonal antibodies
bound to Streptamers @ which are conjugated to magnetic beads using a streptavidin
derivative, Strep-Tactin@ (IBA GmbH). After the cells are selected, they can be
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released from the beads using a biotin solution. When the cells are released, the
antibody streptamer complexes break up and the low affinity antibodies are released
from the cells. This ability to separate the cells, antibodies and the magnetic beads
allows for multiple positive selections.

Cell Culture

Culture Vessels

Classically lymphocytes have been cultured in T flasks. However, T flask culture has
some limitations because they are open systems. Culturing cells in T flasks is espe-
cially problematic when large quantities of cells must be grown. In order to culture
large quantities of cells, the number of flasks used must be increased which increases
the possibility of microbial contamination. When large quantities of T cells must be
produced they are usually grown in multiple culture bags. Culturing of cells in bags is
now common for phase I and phase II manufacturing of T cell products. However, bag
cultures have some limitations, one being that cells can only be grown to a concentra-
tion of approximately 2.0-3.0x 10° cells per mL. Growing cells at a higher concentra-
tion has the advantage of requiring less cytokines, less media and less media additives
reducing the cost of the culture. In addition, smaller culture volumes make washing
and concentrating the cells easier. Smaller volume cultures also require less labor for
feeding, media changes, cell concentration and cell washing and more instruments are
available for washing and concentrating smaller volumes.

An alternative to bag culture which allows T cells to be grown at greater concen-
trations are bioreactors. Closed system hollow-fiber cartridge [28] or circular cham-
ber [29] bioreactors have been developed and have been demonstrated to support
T cell growth, but they have limited by their lack of scalability. Typically they are
automated, but have a very limited availability of cartridge sizes. Scaling up the
production of cells generally requires growing cells in more than one bioreactor
which increases the complexity and cost of the process. In addition, these bioreac-
tors require the purchase of expensive hardware. The validation and maintenance of
the hardware can also be time consuming and expensive. The disposable hollow
fiber and circular cartridges can also be costly. One bioreactor, the wave, uses bags
rather than cartridges and can grow cells in a wide range of bag sizes, making it very
scalable. The wave gentle rocks the culture bag while gradually adding media and
oxygen and it has been used to expand TIL [30]. While it is effective, it still requires
capital investment in equipment, validation of the system and staff training.

Another alternative to bag culture is the growth of T cells in gas permeable flasks.
Flasks with gas permeable membrane bottoms, G-Rex flasks (Fig. 6.5), allow
T cells to be grown up to approximately 1x 107 cells per mL. These gas permeable
flasks have been used to grow TIL [3, 19] and viral specific cytotoxic T cells [31].
A number of modifications have been made to the flasks to facilitate GMP cell
manufacturing. Caps for the flasks are available that include tubes that allow for a
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Fig. 6.6 Gas permeable flask and cap with tubes for closed system media addition and removal.
Gas permeable flasks (G-Rex, Wilson Wolf Manufacturing, New Brighton, MN, USA) with
500 mL capacity and 100 cm? gas permeable membrane, G-Rex100 (A) are available with a
cap that contains a tube and a vent that allow filling or emptying of the flask without opening the
cap (B). This creates a more closed system that reduces the risk of microbial contamination (C)

more closed system and for easier filling and emptying of the flasks (Fig. 6.6).
An instrument has recently become available that allow the automated sterile
removal and addition of fluid and sterile cell harvesting (Fig. 6.7). Removing fluid
from the gas permeable flasks with a repeater pump is problematic because the
vacuum generated in the flask by the pump causes the flexible gas permeable mem-
brane on the bottom of the flask to rise and could rupture the membrane. The device
used to remove fluid from gas permeable flasks pushes sterile air into the flasks to
displace fluid through tubing and into a bag(s). One limitation of these flasks is that
they are only available in sizes that hold 40 to 2000 mL. However, flasks are being
developed that will hold 4-5 L of media.

T Cell Expansion

Several media have been designed specifically for T cell culture. However, to sup-
port T cell expansion these media must be supplemented with human serum. Group
AB serum is used since it lacks anti-A and anti-B which could lyse RBCs present in
the cultured cells from blood group A, B or AB subjects or react with group A or B
antigens adsorbed by other cells. Most T cell expansion protocols also involve the
culture of the cells with a cytokine that acts as a growth factor; IL-2 is most com-
monly used. While IL-2 promotes T cells proliferation, it also induces T cell matu-
ration. In addition, the culture of antigen- or anti-CD3-stimulated T cells in the
presence of IL-2 induces an increase in the number of T cells expressing FOXP3
which are know as T regulatory cells (Treg) [32]. Treg cells have a potent immune
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Fig. 6.7 Closed system removal of media from gas permeable flasks. Removing media from the
closed system gas permeable flasks using negative pressure generated with a syringe or repeater
pump can cause displacement of the flexible gas permeable membrane off the bottom of the flask
which could damage the membrane. The automated cell recovery device (Wilson Wolf
Manufacturing) displaces fluid from the flasks using positive pressure (A). Sterile filtered air dis-
places media without displacing the gas permeable membrane (B and C)

suppressive function and can inhibit in vivo the effects of adoptively transferred T
cells [33]. Other cytokines are being tested for T cells culture that do not expand
regulatory T cells and which promote a different and possibly more potent T cell
phenotype. For example the culture of cytotoxic T cells in IL-21 increases the quan-
tity of antigen-specific cytotoxic lymphocytes (CTLs) in culture while reducing the
quantity of FOXP3 expressing suppressor cells [34, 35]. In addition IL-21 produces
more CTLs with a central memory phenotype [36]. IL-7 and IL-15 can also be used
for T cell expansion. The culture of T cells in IL-7 does not increase the number of
Tregs, however, culture in IL-15 does [32, 33]. Culture of naive T cells in IL-7 plus
IL-15 allows the cells to maintain a memory T cell phenotype [37].
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Antibodies, antibodies conjugated to beads and feeder cells are often added to T
cell cultures in order to increase proliferation and expansion. TIL can be obtained
from melanoma digests or fragments by culture in IL-2 alone; this is known as ini-
tial TIL culture [38]. However, for the more extensive expansion of isolated TIL
required for clinical therapy, a “rapid expansion” protocol is used which involves
the culture of TIL with IL-2, antibodies directed to the T cell receptor, anti-CD3, and
allogeneic leukocytes as feeder cells [38]. GMP grade IL-2 and anti-CD3 are com-
mercially available, but obtaining feeder cells is more difficult. PBMCs collected by
apheresis from healthy subjects are used by some groups as feeder cells for rapid
expansion of TIL. These cells are gamma irradiated to a sufficient degree to prevent
their proliferation in vitro and in vivo. PBMCs pooled from several healthy subjects
are typically used. The disadvantage of using PBMCs is that a mechanism must be
in place to collect PBMCs from healthy subjects by apheresis and the donors must
undergo health history screening and be tested for markers of infectious agents.
As a result this process is expensive and not available to all centers.

There are some alternatives to the use of PBMCs feeder cells for T cell expan-
sion. Magnetic beads conjugated with anti-CD3 and an antibody to the co-
stimulatory molecule CD28, have also been found to effectively stimulate T cell
growth in the presence of IL-2 [39, 40]. GMP grade beads conjugated to anti-CD3
and anti-CD28 are available [40]. These beads are magnetic which allows for their
removal with a magnet external to the culture vessel at the end of the culture period
(Fig. 6.8). While these anti-CD3/anti-CD28 beads are being use for the GMP manu-
facture of some T cell products, some groups have found that they preferentially
induce the expansion of CD4+ T cells over CD8+ T cells [41].

Another alternative to PBMCs as feeder cells for T cell expansion are artificial
antigen presenting cells (APCs) that are made from the leukemia cell line, K562
cells. The K562 cells that are genetically engineered to express Fc receptors and
costimulatory ligands, such as 4-1BBL [42]. The Fc receptors are loaded with
anti-CD3 and anti-CD28. The presence costimulatory ligands along with anti-
CD3 and anti-CD28 allow these cells to function as APCs and support the expan-
sion of T cells [43]. These artificial APCs have been used to expand TIL from
melanoma and ovarian cancer. The degree of expansion and cell characteristic are
similar to those expanded with allogeneic PBMCs but at lower TIL:APC ratios,
meaning fewer feeder cells are required. In addition, these artificial APCs main-
tained a favorable CD8/CD4 ratio and FOXP3+ CD4+ cell frequency. Artificial
APCs represent a more standardized “off-the-shelf” cellular platform for TIL and
T cell expansion [43].

Genetically Engineering T Cells

Many clinical T cell therapy clinical protocols now involve the genetic engi-
neering of T cells in order to express high affinity T cell receptors specific for
tumor antigens or CAR specific for tumor antigens. Many of these studies make
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Fig. 6.8 Removal from cultured T cells of magnetic beads conjugated with CD3 and CD28 anti-
bodies. A device (Dynal ClinExVivo MCP, Life Technologies AS, Oslo, Norway) with two mag-
nets is used to remove magnetic beads from the cultured cells (A). The primary magnet is encased
in the white plastic platform. A smaller secondary cylindrical secondary magnetic is below the
primary magnetic. T cells cultured in bags with anti-CD3/CD28 magnetic beads flow through a
bag held against the large primary magnet with a clear plastic plate (B), and into a collection bag
(C) through tubing wrapped around the secondary magnetic (D). Most of the anti-CD3/CD28
beads are removed by the primary magnetic (E)

use of retroviral vector and transduction is carried out in open vessels. Typically,
T flasks or 6-well plates are coated with retronectin, vector is added and the
flasks are incubated and then centrifuged. After the supernatant is removed the
T cells are added to the retroviral vector preloaded plates [44]. Recently, sim-
pler, closed system methods for the transduction of T cells with retroviral vec-
tors encoding anti-CD19 CAR have been developed [45, 46]. The two closed
system methods involve the transduction and culture of T cells in culture bags.
The bags are coated with retronectin and vector is added. One method involves
the centrifugation of the bags containing the vector and T cells, spinoculation
[46], while another simply adds the T cells to retronectin coated bags that have
incubated for 2 h with the vector [45]. Both of these methods result in similar
transduction efficiency to that obtained with multi-well plates and both are
being used in clinical trials.
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Concentrating and Washing

At the end of the culture period cellular therapies must be concentrated and washed.
Often the culture media contains antibodies, cytokines and growth factors in quantities
that are too great to be safely administered with the cellular therapy and the final prod-
uct must be washed before it is given to the recipient. Typically, after washing, the cells
are resuspended in an infusible fluid such as saline or Plasma-Lyte A (Baxter Healthcare
Corporation, Deerfield, IL, USA) supplemented with human serum albumin. In addi-
tion, the final volume of the cells in culture is often several liters or greater, but the ideal
volume for cellular therapies that are given intravenously is only 100—
1000 mL. Consequently, the volume of the product must often be reduced. For prod-
ucts whose final volume is a liter or less the product can easily be concentrated and
washed using bags and a floor model centrifuge. For products whose volume is more
than 1-1.5 L it is desirable to use a more automated system for washing and concentrat-
ing the cells. Automated systems allow for the more rapid concentration and washing
of large volume cultures. Rapid washing and concentration is important because of the
limited stability of the T cell products suspended at high concentration in infusible
media. Blood cell processors such as the Cobe 2991 cell processor (Terumo BCT) have
been used for this application. Fenwal, is working to develop a new spinning mem-
brane cell washer. The Cobe 2991 processes cells discontinuously (Fig. 6.9). It can
concentrate up to 600 mL in one concentration/wash cycle and each cycle requires
approximately 10 min to complete. The size of product that can be concentrated and
washed using a Cobe 2991 over 2—4 h is limited to 5—-10 L. Some laboratories are using
instruments designed to recover autologous blood during surgery for washing cellular
products. In addition some companies are working on instruments that make use of
tangential flow to concentrate and wash cellular products.

Product Testing

It’s important to evaluate the cellular product at several time points during the man-
ufacturing process. The starting material is tested to be sure that a sufficient quantity
of the desired cells are present and to ensure that quantities of contaminating cells
are below critical levels. The starting material is usually tested for sterility and iden-
tity. The final product should be tested for quantities of desired and contaminating
cells, endotoxin level and sterility. For cultured products, in addition to sterility,
mycoplasma and endotoxin testing is required. It is also desired to measure the critical
biological function or potency of the final product.

Conclusions

Many procedures have been described that allow for the manufacturing of high
quality cellular therapies to support phase I/II clinical trials. Instruments, devices and
reagents are available which help improve the manufacturing process. The growing
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Fig. 6.9 An automated cell washing device and it’s sterile, closed, one-use, plastic liner. The Cobe
2991 cell processer (Terumo BMT, Lakewood, CO, USA) can be used to wash cultured T cells (A).
The sterile plastic circular disposable liner is placed into the instrument (B) and the clear cover is
locked into place (C). Cultured cells are loaded into the circular plastic container as the container
spins (D and E). Approximately 600 mL of cultured cells are added. After approximately 6 min of
centrifugation, the supernatant is removed and the pelleted cells are resuspended by agitation (F).
The process of adding 600 mL of the cultured cells, centrifugation, supernatant removal and resus-
pension continues until all the cultured cells have been concentrated. Each cycle takes about
10 min. The pelleted cells are then washed by using several cycles of resuspension in 600 mL of
saline, centrifugation and supernatant removal (G). The cells are then washed with the solution that
will be used for infusion or for cryopreservation. After the washes are complete the pelleted cells
(H and I) are resuspended in infusion or cryopreservation solution (J)

success of T cell therapies has resulted in investment by academic investigators and
industry in methods to further improve the manufacturing processes by creating new
reagents and devices. Combining these procedures, instrument and reagents in novel
ways is allowing for the rapid development methods for manufacture of emerging
cell therapies that are sterile, consistent and potent.
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Chapter 7

Clinical Success of Adoptive Cell Transfer
Therapy Using Tumor Infiltrating
Lymphocytes

Jessica Chacon, Krit Ritthipichai, Geok Sim, Michiko Harao, Jie Qing Chen,
Caitlin Creasy, Chantale Bernatchez, Patrick Hwu, and Laszlo Radvanyi

Abstract One of the hallmarks of cancer is the infiltration of all tumors (both pri-
mary and metastatic sites) with immune cells composed of lymphocytes and myeloid
cells to various extents. This is indicative of the intrinsic inflammatory nature of all
tumors as “invaders” in resident normal tissues causing local immune activation and
immune cell recruitment. In most cases, a cascade of events sets in motion immune
responses that drive innate immunity at the tumor site which then drives adaptive
responses mediated by antigen-specific T cells. Tumors are infiltrated to various
degrees with previously activated CD8* and CD4* T cells that are products of this
immune response. These cells, also called “tumor-infiltrating lymphocytes™ (TIL)
have emerged as critical factors controlling cancer growth at localized tumor sites by
recognizing not only over-expressed self-antigens, but also mutated neo-antigens
specific for each patient for which immune tolerance does not exist. These are emerg-
ing to be the most powerful tumor antigens recognized by TIL. Many studies have
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now shown that increased T-cell infiltration into tumors at different disease stages is
correlated with increased survival for many different type of cancers. Harnessing the
intrinsic effector properties and antigen specificity of these TIL has emerged over a
number of decades of dedicated pre-clinical and clinical research as a powerful
approach to cancer immunotherapy through the adoptive transfer of TIL expanded
ex vivo followed by re-infusion into the patient. This form of adoptive cell therapy
has been highly developed to treat metastatic melanoma with consistent response
rates ranging from 45 to 50 % and complete durable response rates as high as 20 %.
These results, together with advances in methods to expand TIL ex vivo to therapeu-
tic numbers, has set the stage now for further developing TIL adoptive cell therapy
as a standard-of-care for melanoma through practical commercial manufacturing
systems. In this chapter, we introduce T-cell therapy and comprehensively describe
TIL therapy for metastatic melanoma, including a discussion of how TIL are
expanded for therapy, outstanding technical and biological questions relating to
T-cell differentiation being addressed in the field, and the growing area of predictive
biomarker research that is revealing new mechanistic insights into how TIL work
and opening up the possibility to select patients for T-cell therapy by interrogating
factors within the tumor microenvironment. Overall, TIL therapy for melanoma has
proven to be an effective regimen to treat melanoma in multiple clinical centers now
across the world, especially in a salvage setting when other front-line therapies have
failed, including T-cell checkpoint blockade, such as anti-CTLA-4, anti-PD-1, and
anti-PD-L1. A number of cytokine signaling mechanisms and genes regulating the
differentiation of TIL in culture towards end-stage, senescent cells, especially CD8*
T cells, have been elucidated allowing us to manipulate these pathways during
ex vivo cell expansion to keep the cells “younger” and less differentiated when
infused to ensure improved persistence in vivo. A number of promising biomarkers
are being discovered in the original tumors used to expand TIL for therapy. These
markers, together with other patient-specific biomarkers can be incorporated into
biomarker signatures allowing for accurate selection of patients most likely to
respond to therapy. All these developments, together with newer ways to selectively
expand more tumor-specific TIL, will push this cell therapy more and more into the
mainstream cancer care as part of growing “immunological toolbox” for cancer.

Keywords Adoptive cell therapy ® Immunotherapy ¢ Tumor-infiltrating lympho-
cyte * Melanoma » T-Lymphocyte  CD8 ¢ Clinical trials ® Interleukin-2 ¢ Biomarkers
* Costimulation

Introduction

One of the newer hallmarks of cancer is avoiding immune destruction and there is a
renewed interest currently in developing novel therapeutics that modulate the anti-
tumor immune response including anti-tumor vaccines, immune modulators, innate
immune system activators, cytokines, and adoptive cell therapy.
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Emerging evidence suggests that the tumor microenvironment (TME) is a very
heterogeneous entity and involves a very complex interaction of multiple cell types.
In most of tumors, distinct populations of adaptive and innate immune cells are
commonly found infiltrated in addition to the cancer cells and resident stromal cells
such as fibroblast and tumor-associated endothelial cells. These tumor infiltrating
immune cells often comprise of not only lymphocytes such as cytotoxic CD8" T
cells, NK cells and NKT cells that confer anti-tumor responses but also antigen
presenting cells such as macrophages and dendritic cells, which play a critical role
in activating effector cytotoxic cells and in promoting anti-tumor responses, and
granulocytes (i.e. neutrophils, eosinophils) [1]. However, the local cytokine milieu
and various growth factors that are pro-inflammatory in the TME also recruit
negative regulatory cells or condition pre-existing macrophages, myeloid cells,
and T cells into M2 macrophages, myeloid derived suppressor cells (MDSC) and
T regulatory cells that exhibit immunosuppressive functions. These regulatory cells
suppress anti-tumor responses by limiting efficacy of CD8- and NK cell-mediated
anti-tumor responses via multiple mechanisms including cell-cell contact or
secretion of immunosuppressive cytokines. For instance, tumor infiltrating-
CD4*CD25"Foxp3* Tregs have been shown to suppress TILs in head and neck
squamous cell carcinoma (HNSCC) patients via secretion of IL-10 and TGF-f [2].
Tregs may also promote tumor progression by direct killing of tumor-reactive cells
T and NK in a granzyme dependent mechanism [3]. Furthermore, evidence from
several studies show that Tregs express high levels of ectoenzymes (CD39 and
CD73) that hydrolyse ATP and ADP to AMP and adenosine. Activation of adenos-
ine signaling pathway on T cells directly inhibits their proliferation [4, 5]. In addi-
tion, the presence of MDSC in TME suppress effector cell function via production
of Indoleamine 2,3-dioxygenase (IDO) [6] and reactive oxygen species (ROS) [7],
depletion of metabolites (arginine and cysteine) by up-regulation of arginase-1
(ARGT1) [8] and promoting the activation and development of Ag-specific regulatory
T cells within tumors [9]. Despite these immunosuppressive features in the TME and
the active suppression of tumor-infiltrating T cells by factors from the tumor cells,
Tregs, and MDSC, in most patients a significant and local anti-tumor cell-mediated
immune response occurs in an ongoing fashion that needs to be boosted by a “push”
and “pull” approach in which agonists (e.g., tumor vaccines and factors further
activating T cells) are needed to further activate the response and antagonists are
needed to block immunosuppressive factors (e.g., blockers of negative co-stimulatory
molecules like PD-1 in T cells).

Attempts to augment the immune system to treat cancer began over a century
ago. In the nineteenth and twentieth century, bacterial culture products (superna-
tants) were injected into tumor of cancer patients in studies mainly conducted by
Coley [10-14]. This work was later extended to include treatment of tumor-bearing
individuals with injected killed bacteria into the tumor and eradication of the tumor
was a result of Tumor Necrosis Factor (TNF) production in response to the bacterial
endotoxins [10-14].

In 1926, J.B. Murphy proposed that lymphoid cells played a key role in eradicat-
ing solid tumors that had previously been transplanted in animal models [15].
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In 1958, Sir Peter Medawar coined the term “immunological competent cell” to
describe a cell that is “fully qualified to undertake an immunological response
[15, 16].” In the mid-1960s, Alexander and associates treated mice that had sarcomas
using lymphocytes from immunized syngeneic animals [16, 17]. Alex Fefer and col-
leagues demonstrated in 1969 that mice containing lymphomas that were virally
induced could be treated using chemotherapy and infusion of lymphocytes [18, 19].
In the mid-1970s, Eberlein and colleagues demonstrated that immune cells could be
expanded using the growth factor Interleukin-2 (IL-2), be injected intravenously into
a tumor-bearing mice and eradicate the implanted tumors [19-23]. In the early 1990s,
Boon and colleagues discovered (from MAGE-3) the first tumor-associated Human
Leukocyte Antigen (HLA)-restricted T-cell epitope [24].

The immune system is our first line of defense to help protect us from foreign
pathogens. Knowledge regarding the immune system has greatly increased over the
years, paving the way for immunotherapy to become a novel way to treat diseases,
including cancer. Many cancer cells become resistant to conventional therapy, such
as chemotherapy and radiation, resulting in large majority patients relapsing, there-
fore immunotherapies have been developed to overcome this resistance [19, 25-27].
Passive and active immunotherapies have been developed over the years. Passive
immunotherapies consist of antibodies, cytokines or other elements of the immune
system that are constructed in a laboratory and subsequently administered to patients
to provide immunity against a disease. On the other hand, active immunotherapy
involves the direct stimulation of the host immune system, usually through the use of
vaccines. Another powerful way to augment the immune system is through adoptive
T-cell therapy (ACT) using tumor-infiltrating lymphocytes (TIL) expanded ex vivo
outside the TME. This allows dysfunctional tumor-specific T cells to numerically
expand while escaping the ongoing suppression they faced while in the TME. These
“rejuvenated” T cells can then be adoptively transferred back into patients in great
numbers to overcome the previous suppression where they are more highly active
and can home back into the TME and mediate anti-tumor responses.

In this chapter, we will specifically focus on the type of passive immunotherapy
called Adoptive T-cell therapy.

Adoptive T-Cell Therapy

Interleukin-2 (IL-2) was FDA approved for the treatment of late-stage melanoma
in 1998 [28, 29]. The treatment of late-stage melanoma patients consisted of intra-
venously (I.V.) giving patients high dose infusion (600,000-720,000 IU/kg) IL-2
every 8 h, with several rounds of these high dose-IL-2 infusions given 3-5 weeks
apart [28, 29]. Using high-dose IL-2 to treat melanoma patients has resulted in
varied response rates. In patients containing one or more visceral lesions, this high-
dose IL-2 resulted in clinical response rates of only 10—15 %, while patients that
contained cutaneous melanoma response rates reached 50 % objective response
rates [28, 29]. In patients with visceral metastasis, treatment with high-dose IL-2
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resulted in 5-6 % of patients undergoing complete remission that has lasted over
10 years [28, 29].

Results from using high-dose IL-2 to treat melanoma patients prompted researchers
at the National Cancer Institute (NCI), Bethesda, Maryland to investigate the role of
combining high-dose IL-2 with adoptive T-cell therapy (ACT) [20, 30]. ACT is a
type of passive immunotherapy that acquires either cancer patient peripheral blood
or lymphocytes obtained within a tumor and expands these cells into large numbers
using growth factors (such as IL-2) in a laboratory [25, 26, 31]. These cells are then
re-infused into the patient. In the following section, we will discuss the different
types of adoptive T-cell therapy, which vary in the site where the lymphocytes are
collected and the methods used to expand the cells. A major advantage of using
ACT to treat cancer patients is the opportunity for researchers to select or engineer
in vitro the desired or optimal T-cell phenotype, function, anti-tumor response,
antigen specificity, and expand this selected population prior to infusing the cells
back into the patients.

Tumor-Infiltrating Lymphocytes

When ACT was first combined with high-dose IL-2 at the NCI by Grimm and
colleagues in 1982, they developed a novel cytolytic cell system using lymphokine
activated killer (LAK) cells [30, 32, 33]. LAK cells were generated from cancer
patient peripheral blood lymphocytes and normal donors, using high-dose IL-2 to
grow the cells [30, 32, 33]. Using animal models, infusion of LAK cells and high-
dose IL-2 was able to eradicate metastatic tumors [30, 32-35]. In 1985, Rosenberg
and colleagues demonstrated in a clinical trial that LAK cells infused with high-dose
IL-2 had an impact on metastatic melanoma patients resulting in a 21 % response
rate [34-36]. In a follow-up study conducted in 1987, it was demonstrated that com-
bining high-dose IL-2 with LAK cells was more effective in treating cancer patients
than high-dose IL-2 alone [34-36]. However, in the clinical trial conducted by
Rosenberg and colleagues, the majority of the responses were partial responses and
this initiated the investigators to inquire about other cells that may induce anti-tumor
responses.

It was demonstrated in 1986, using mice models, that tumor-infiltrating lympho-
cytes (TIL) obtained from melanoma tumors from the mouse could be expanded
in vitro in IL-2 and subsequently eradicate the tumors when adoptively transferred
[19, 37, 38]. In a phase II trial, when metastatic melanoma patients were treated with
TIL and high-dose IL-2, the response rate was 39 % [19, 37]. However, in a ground-
breaking Phase II clinical trial in 2002, conducted at the NCI, Dudley and colleagues
demonstrated that combining cyclophosphamide and fludarabine (a lymphodeplet-
ing chemotherapy regimen) prior to infusing the TIL with high-dose IL-2 resulted in
50 % response rates in metastatic melanoma patients [25, 39, 40]. Lymphodepletion
allowed the transferred TIL to persist longer in the patient and rid any cells that may
be in competition with the infused TIL for homeostatic cytokines, such as
Interleukin-7 (IL-7) and Interleukin-15 (IL-15) [25, 39-42]. In addition, lymphode-
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Fig. 7.1 Adoptive T-cell therapy using tumor-infiltrating lymphocytes. Tumors are surgically
extracted from patients. The tumors are subsequently cut up into multiple fragments or enzymati-
cally digested and the TIL are initially expanded over a 3—-5 week period in media and IL-2. In
some cases, TIL can be initially expanded from core or punch biopsies of accessible tumors. The
TIL then undergo the Rapid Expansion Protocol ‘REP’ in which the TIL are expanded over a 2
week period with media, IL-2, anti-CD3, and irradiated PBMCs (feeder cells). The post-REP TIL
are then re-infused into a lymphodepleted patient and high-dose IL-2 is given to help the trans-
ferred TIL persist

pletion also eliminates endogenous suppressor cells such as T regulatory cells
(Tregs) that may inhibit the infused T cells functions [39-44]. However, the re-
appearance of Tregs and other suppressor cells and factors that may inhibit T-cell
function is a concern even after lymphodepletion since the lymphodepeltion is non-
myeloablative and transient [39—44]. Therefore, new approaches using total body
irradiation (TBI) of 2Gy or 12Gy, in addition to the traditional cyclophosphamide
and fludarabine lymphodepletion have been developed at the NCI [25, 45]. Using the
12Gy TBI plus chemotherapy, the NCI found an impressive objective clinical
response rate of 72 % and a complete response rate of up to 40 % [25, 45].

The standard protocol for ACT using TIL for the treatment of metastatic
melanoma patients is represented schematically in Fig. 7.1. The melanoma tumor is
surgically resected from the patient. The tumor is then subsequently cut up into
multiple 3-5 mm? fragments or enzymatically digested using collagenase and
hyaluronidase to isolate the TIL and placed in a 24-well plate with TIL-media and
high-dose IL-2 (up to 6000 IU/ml) for a period of 4-5 weeks [25, 31, 46]. After this
period, the TIL are referred as ‘pre-Rapid Expansion’ TIL or pre-REP TIL. The
pre-REP TIL are then subjected to undergo a “rapid expansion protocol” (REP).
The REP is a 2 week expansion period in which the TIL are placed in flasks with
media, high-dose IL-2, anti-CD3, and irradiated peripheral blood mononuclear cells
(PBMCs) that we refer to as feeder cells [26, 31, 47]. After the 2 week expansion
period, the TIL are referred to as ‘post-REP’ TIL. During the expansion period, the
TIL numerically expand to billions of cells [26, 31, 47]. The billions of post-REP
TIL are then infused into a lymphodepleted patient after harvesting and formulating
and high-dose IL-2 is subsequently given in order to help the transferred TIL persist
[26, 31, 47]. Using this TIL to treat metastatic melanoma patients has resulted in
clinical response rates of up to 50 % in Phase II clinical trials at NCI, as well as
other centers around the world, including at MD Anderson Cancer Center [26, 46, 48].
Although TIL therapy was pioneered and has been mainly studied in melanoma,
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TIL therapy has also been developed to treat patients with breast cancer, renal
cancer, ovarian cancer, lung cancer, cervical cancer, gastric cancer, and head and
neck cancers. Particularly, the presence of TIL has been correlated with overall
survival in these cancers.

Ruffini et al. found that in stage I squamous-cell carcinomas patients, the presence
of TIL was associated with significant survival [49]. Horne et al. also found that in
stage IA non-small cell lung carcinoma, the overall 5 year survival was affected by
presence of TIL. High levels of intratumoral TIL was associated with improved
recurrence-free survival in Stage IA [50]. In a study conducted by Kilic and col-
leagues [51], it was also discovered that in stage IA-IB non-small cell lung cancer,
a higher density of TIL associated with lower disease recurrence and improved 5
year disease-free survival. A higher degree of TILs within large node-negative non-
small-cell lung cancer correlates with decreased risk of disease recurrence and
improved disease-free survival [51].

In a study conducted by Kopecky et al. [52], the investigators found that in renal
cell carcinoma, T cells are the most prominent lymphocyte population in the
tumor-infiltrating lymphocytes. CD3*CD8* lymphocytes were the prominent pop-
ulation in the TIL whereas CD3*CD4* lymphocytes were the prominent population
in the peripheral blood [52]. Wu, Kuo, and Ho found that cervical cancer tumors
contain a higher proportion of the CD4*CD25*FoxP3* Tregs than in the cervical
intraepithelial neoplasia [53]. When patients had lymph node metastasis, Tregs
accumulated more within the tumor than when patients did not have lymph node
metastasis [53].

Coukos group demonstrated that intraepithelial TIL correlated with improved
survival and should be considered the most important immune biomarker for ovarian
cancer [54]. Freedman and colleagues found that in epithelial ovarian carcinoma
(EOC), TIL can be isolated and expanded with 200-600 IU/ml IL-2 [55] and
HLA-class I expression on the EOC cells correlated with infiltration of T cells [55].
In addition, Webb demonstrated that the presence of CD8* TIL associated with pro-
longed survival in high-grade serous ovarian cancer (HGSC) [56]. Tumors contain-
ing CD8* TIL that were CD103* showed poor prognosis equivalent to tumors lacking
CD8* TIL altogether [56]. In addition to CD8* T cells, CD20* Tumor-infiltrating B
cells also associated with survival in HGSC [57].

A study conducted by Dirican et al. [58] found that in 236 gastric adenocarci-
noma patients, the neutrophil-lymphocyte ratio (NLR) was independently associated
with survival. No significant advantages were detected for overall survival and
increased TIL number [58]. Feichtenbeiner et al. demonstrated in 50 gastric patient
tumor tissue microarrays that high intraepithelial infiltration of CD8* and FoxP3*
TIL was associated with 10-year metastasis-free survival [59]. However, prognostic
influence of tumor-infiltrating immune cells in gastric cancer critically depends on
their cell-to-cell distance. FoxP3* TIL must be located within a distance between 30
and 110 pm of CD8* T cells to positively impact positive prognosis [59]. In a study
conducted by Shen and colleagues, in 133 gastric cancer patients, CD4* and CD8*
TIL were not associated with overall survival [60]. However, increased Foxp3*
Tregs/CD8"* ratio was an independent factor for worse overall survival in addition
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to the presence of intratumoral high Foxp3* Tregs which was also associated with
worse overall survival [60].

Balermpas et al. found that in 101 head and neck squamous cell carcinoma
patients, patients with high CD3 and CD8 expression had significantly increased
overall survival progression free survival and distant metastasis free survival [61].
Junker and colleagues demonstrated that TIL isolated from head and neck
squamous cell carcinoma can be expanded up to 3500-fold within 17 days in 80 % of
patients [62, 63]. In addition, 60 % of patient TIL demonstrated tumor reactivity and
were T-effector memory CD4* and CD8* subset cells [62, 63]. The TIL were tumor
reactive against NY-ESO-1, cyclin B1, and Bcl-x derived peptides [62, 63].

The importance of TIL has also been investigated in breast cancer. We will discuss
in the next section, the possible use of using TIL for the treatment of triple negative
breast cancer based on unpublished results from our group recently.

Isolating and Expanding TIL from Triple Negative Breast Cancer

TIL have been isolated and expanded from breast cancer tissue for the past few
decades. Breast cancer is mainly divided into three subtypes according to receptor
expression based on hormone receptor (estrogen receptor (ER) and progesterone
receptor (PR)) and HER2. The three subtypes are Luminal (ER* and or PR*), HER2*
and triple negative (ER~, PR~ and HER2") subtype. Hormone receptor positive breast
cancer breast is characterized as a slower growing “chronic” disease. On the other
hand, most of HER2* and triple negative subtypes have aggressive characteristics.

Studies have been conducted to determine if there is a correlation between spe-
cific immune cell subsets and/or chemokines and overall survival in breast cancer
patients. Tsang et al. found that the chemokine fractalkine CX3CL1 is associated
with poor clinical outcome in breast cancer patients as increased CX3CL1 expres-
sion was detected in 33.3 % of primary invasive breast cancers [64]. West et al.
determined in ER-breast cancer patients, high expression of Foxp3* TIL strongly
correlated with anti-tumor immunity and prolonged recurrence-free survival [65].
Seo et al. found that CD4* and CD8* T-cell infiltration was closely correlated with
breast cancer stem cell phenotype and epithelial-mesenchymal transition (EMT)
[66]. Also, high levels of CD4 and CD8 and FoxP3* TIL were associated with com-
plete response [66].

During our studies at MDA, breast cancer TIL have been generated using enzy-
matic digestion and mechanical disruption with the addition of cytokines. Although
TIL successfully grew from breast cancer tissue, the number of TIL expanded is not
adequate to apply adoptive T cell transfer to treat cancer patients. Hudson et al. suc-
cessfully isolated TIL from 23 of 30 patients using IL-2, TNF alpha and OKT3
monoclonal antibody stimulation and the yield of total TIL growth was as much as
34 million in 21 day culture. TIL from 66 % of patients were predominantly CD8*
phenotype, however, only one of four of these TIL lysed their autologous tumor
[67]. Swartzentruber et al. have shown that TIL generated with high dose IL-2
(6000 IU/ml) grew to a median of 6,700-fold in 65 days, however, predominantly
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CD4* cells expanded in the culture (73 %) and lysis of autologous tumor occurred
in only one of 12 expanded TIL [68].

The degree of TIL has shown an inverse correlation with the level of Estrogen
receptor [69]. Additionally, intratumoral and stromal lymphocytic infiltration reduced
risk of relapse and death in the triple negative subtype [70]. Few studies have suc-
ceeded in isolating breast cancer TIL, however the cytotoxity of these cells were very
low. The reason for lack of killing is unclear but one study demonstrated lack of
co-stimulatory molecules or the lack of IL-2 expression in primary breast TIL [71].

In our experience, regardless of primary systemic therapy, our group has suc-
ceeded in isolating TIL from breast cancer tissue without using enzymatic digestion
or mechanical disruption. Here, TIL are isolated from fresh triple negative breast
cancer tissues cut into small fragments and cultured with media and high dose IL-2
(6000 IU/ml) for 28-35 days. The total TIL yield ranged from 0.04 to 14.1 million
per fragment, however, TIL grown with only high dose IL-2 did not generate a high
CD8* population (18.3+14.9 %). In comparison, TIL isolated and expanded with
high dose IL-2 and CD137 (4-1BB) agonist, a member of the TNF receptor super
family, resulted in great expansion of TIL and high percentage of CD8 population
compared with only IL-2 culture condition (2.15-71.4 million per fragment,
36.9+£28.8 %). Furthermore, TIL expanded with IL-2 and 4-1BB agonist showed
high cytotoxic capability. For generating breast cancer TIL, we may have to select
suitable TIL populations (e.g. triple negative breast cancer) and use additional
cytokine or co-stimulatory molecules to overcome the lack of responsiveness.

An advantage of using TIL therapy to treat cancer is that TIL have a polyclonal
nature that recognize multiple tumor-associated antigens (TAA), including the
well-known melanocyte/melanoma differentiation antigens as well as a wide range
of unknown antigens. However, alternative approaches have been developed to
expand antigen specific T cells from patient-derived PBMCs.

Chimeric Antigen Receptor

Another exciting form of ACT utilizes chimeric antigen receptors (CAR). The first
generation of the CAR contained a link between light chain and heavy chain of a
monoclonal antibody with variable domains [72, 73]. This was associated with
transmembrane and the T-Cell Receptor (TCR) complex cytoplasmic tail of the zeta
(€) chain [72, 73]. Engineering T cells using this approach was developed to cir-
cumvent Major Histocompatibility Complex (MHC) restriction due to the fact that
tumor cells evade recognition by down-regulating the MHC. However, this first
generation of the CAR led to poor proliferation of the engineered T cells and it was
noted that stimulation of the TCR via the cytoplasmic tail of the zeta ({) chain was
insufficient to help the T cells persist [72, 73]. Therefore, the second generation of
the CAR was generated to provide improved co-stimulation to the T cells by adding
the CD28 endo-domain, in addition to the zeta () chain that was already on the first
generation CAR in order to mimic the two-signals needed for T-cell activation
[74,75]. Other endo-domains from other co-stimulatory molecules have been added
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to the CAR constructs, such as the endo-domains from CD137 (4-1BB) and CD134
(OX40) to generate a third generation of CAR consisting of the zeta ({) chain, and
the endo-domains of CD28 and CD137 [76].

Adoptive transfer of autologous CAR transduced T cells induced substantial tumor
regressions in leukemia and B-cell lymphomas [77, 78]. While treating leukemia and
B-cell lymphomas, CAR constructs contained a CD19-specific Immunoglobulin G
(IgG) single chain variable fusion (scFv) fused to the TCR { chain and the endo-
domains of CD137 [77-79]. Treatment of leukemias and lymphomas using CAR
transduced T cells have shown promising results in regards to anti-tumor activity and
persistence [77, 78]. In regards to melanoma treatment, targets of CAR transduced T
cells include overexpressed genes, such as gangliosides GD2, and GD3, which are
over expressed in 50-80 % of metastatic melanomas [80, 81]. Using IL-2 administra-
tion and a second generation CAR that targeted GD2 with endo-domains of CD28 and
CD134 significantly improved the survival of mice following transfer [82]. In addi-
tion, researchers found that administering IL-2 and using a TCR transduced CAR that
targeted GD3 and contained the CD28 endo-domain resulted in complete response
rate in 50 % of melanoma tumor-burdened mice [81].

TCR-Transgenic T Cells

Another type of ACT involves TCR-transduced T cells. These T cells are transduced
using retroviral or lentiviral vectors containing TCR genes that encode variable
regions for different melanoma-associated antigens, such as glycoprotein-100
(gp100) and melanoma antigen recognized by T cells-1 (MART-1) [83, 84].

In a pilot trial, T cells were transduced with a gp-100 specific TCR and infused
with IL-2 into melanoma patients that had been previously lymphodepleted [85,
86]. The TCR-transduced T cells persisted and no toxicity was detected in the
patients, however, the T cells demonstrated minimal effector function due to the low
surface levels of the gp-100 TCR [85, 86]. However, when high-affinity MART-1
transduced TCR T cells were expanded and infused into melanoma patients, this
resulted in a 30 % clinical response rate [87, 88]. CD4* T cells have also been trans-
duced to target another melanoma antigen, NY-ESO-1, and have demonstrated
objective response rates in 5 out of 11 patients, with 2 complete responses [89].

Antigen-Specific CD8* and CD4* T Cells

Using autologous patient PBMC, tumor-associated antigen (TAA)-specific CD4*
and CD8* T cell clones have been expanded using multiple in vitro antigen stimula-
tions. CD8* T cells are believed to be the optimal population for ACT due to their
specialized ability to recognize and kill tumors via the TCR binding to the
peptide:Major Histocompatibility Complex (MHC) class I [90]. Using ACT, vari-
ous groups have attempted to use antigen-specific CD8" cells to treat metastatic
melanoma patients [90, 91]. A key approach isolates lymphocytes from peripheral
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blood of patients. CD8* T cells that recognize melanoma antigens gp100, MART-1
or tyrosinase are expanded using autologous mature dendritic cells that have been
pulsed with peptide [91-94]. In a phase I clinical trial, CD8" T-cell clones that rec-
ognized MART-1 and gp100 that were expanded and infused into metastatic mela-
noma patients were able to respond to IL-2, persist in vivo, traffic to the tumor sites
and induce tumor regression [90, 91, 95]. Using this approach resulted in clinical
responses of about 30 %, with patients experiencing complete responses, partial
responses, or stabilization of the disease for up to 11 months [90, 91, 95]. In another
clinical trial conducted by Mackensen and colleagues, a 30 % clinical response was
demonstrated when melanoma patients received MART-1-specific T cells that were
able to migrate to the tumor sites [91, 94]. Butler et al. conducted studies using
K562 artificial antigen presenting cells (aAPCs) to expand MART-1 specific CD8*
T cells [96]. The aAPCs were transduced to express MART-1, HLA-A2, CD86 and
4-1BBL and the MART-1 specific-CD8* cells were obtained from melanoma patient
peripheral blood [96].

Currently, the specific role of antigen-specific CD4* used to treat metastatic
melanoma patients is being investigated [97]. Studies have demonstrated that adop-
tively transferring tumor reactive CD4* T helper (Th)17 cells into C57Bl/6 mice
resulted in tumor eradication [98, 99]. Although the use of antigen-specific CD8*
T cells have been largely studied, many groups believe that polyclonal CD4* and
CDS8* population used for ACT for melanoma patient treatment may be necessary to
induce better clinical responses [93, 100—102]. In addition to the HLA class I-restricted
melanoma antigens mentioned earlier, there are also HLA class II-restricted mela-
noma antigens, such as tyrosinase, NY-ESO-1 and Melanoma Associate antigen-1
(MAGE-1) [92]. A clinical trial using Th1 CD4* T cells clones that were specific for
tyrosinase or NY-ESO-1 antigens to treat melanoma patients demonstrated a persis-
tence of these cells for up to 2 months [92]. In addition, four patients showed a partial
response or stabilization of the disease and one patient exhibited complete durable
response of more than 3 years [92].

Outstanding Issues with ACT Using TIL: Technical Aspects

Long Process of Isolating TIL for Adoptive T-Cell Therapy

Although ACT using TIL has resulted in a 50 % clinical response rate across various
institutes [25, 31, 46, 48], one of the caveats for this therapy is the actual expansion
process of the TIL. The process of isolating and expanding TIL from melanoma
tumors can be time-consuming and labor intensive. In addition, not all TIL from all
patients are able to be isolated and expanded [25, 31, 46, 48]. In order for the TIL to
be eligible for the secondary expansion (REP), the pre-REP TIL must reach a mini-
mum of 50 x 10° cells following the initial isolation and expansion period making it
worthwhile to continue the process [31, 46]. However, only 65-80 % of patients
pre-REP TIL reach this threshold although recently there is some improvement in
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this area [31, 46]. Although the expansion period induces the growth of billions
of TIL, this process may also induce differentiation [31, 46]. An approach to shorten
the time expanding the TIL without inducing the differentiation of the TIL is
referred to as the ‘young’ TIL method. This approach uses enzymatic digestion,
not the traditional fragment set-up to isolate the TIL from the tumor [48, 103-106].
The TIL are then expanded with high-dose IL-2 over a maximum period of 3-5
weeks. Using the enzymatic digest method to expand the TIL has shown success in
generating the minimum number of pre-REP TIL needed to undergo the secondary
expansion in as little as 3 weeks, increasing the number of patients eligible for
secondary from 50-60 % to 80 % or greater [103—106]. In addition the ‘young’ TIL
protocol does not test for anti-tumor reactivity in the TIL, therefore all patient TIL
undergo the secondary expansion despite their anti-tumor reactivity and are infused
into lymphodepleted patients, along with high dose IL-2. Besser and colleagues
reported the results of their first clinical trial that utilized the ‘young’ TIL protocol
[103, 107]. They reported a clinical response of 50 %, which was comparable to the
response rates seen with using the conventional method to isolate and expand the
TIL that also selected for tumor-reactive before secondary expansion [103, 107].
Although the ‘young’ TIL method did not increase the clinical response rates, data
suggests that the ‘young’ TIL are less differentiated and may persist in vivo longer,
and overall, this method reduces the initial expansion period making the process
more practical.

Irradiated PBMC as Feeder Cells

During the secondary expansion phase of the TIL (REP), irradiated PBMCs from a
mixture of 3-6 normal allogeneic donors act as ‘feeder cells.” The feeder cells
secrete cytokines and are a mix of different cells within the population of normal
donor PBMC. However, sometimes we encounter technical issues with the feeder
cells. Although we pool normal donor PBMC, and irradiate them prior to culturing
these cells with the TIL, the TIL do not always expand. The exact mechanism of
what exactly the feeder cells are doing to activate the TIL is still not clear. We pre-
sume that the anti-CD3 crosslinks with the Fc portions on the feeder cells and this
activates the TIL. However, we do not know for sure if this is occurring. The feeder
cells may also be a source for some growth factors, anti-oxidants, and co-stimula-
tory factors for TIL expansion; although we found that the feeder cells had very
little expression of 4-1BB and 4-1BBL [108]. We have not thoroughly dissected the
different subsets of cells that are within the feeder population. A group of normal
donor PBMC is pooled in order to have a heterogeneous population of feeder cells
to ensure adequate TIL stimulatory activity in case one single donor may be sub-
optimal. It would be interesting to determine what subsets within the PBMC popu-
lation and/or cytokines initiate the outgrowth of the TIL. In addition, there may be
some suppressor factors in the PBMC that may induce poor expansion of the
TIL. This needs to be further investigated. Some preliminary unpublished data we
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have is that the monocytes producing the cytokine TNF-alpha in the PBMC feeders
are critical for expanding CD8* TIL.

An alternative to using irradiated PBMC as feeder cells during the REP consists
of utilizing a human K562 erythroleukemia cell line as an artificial antigen present-
ing cell (aAPC) [109]. This type of aAPC lacks endogenous MHC class I expression
and has been engineered to stably express co-stimulatory molecules CD83, CDS§6,
and/or CD137L. The use of aAPCs for the expansion of TIL has been investigated
during the initial expansion of the TIL, during the pre-REP phase as well for the
rapid expansion (REP) phase recently. The use of aAPC to expand melanoma TIL
resulted in a less differentiated TIL state, with increased expression of CD27, CD28,
and CD62L. In addition to the aAPCs expressing critical co-stimulatory molecules,
they have also been engineered to express secreted or cell surface cytokines, such
as IL-7, IL-15, IL-21, and IL-12.

Outstanding Issues with ACT Using TIL: Biological Aspects

Dynamics of T Cell Differentiation

After encountering tumor cells, naive T cells undergo activation and clonal expan-
sion. Some of those can further differentiate into T central memory (Tcyy), T effector
memory cells (Tgy), T effector cells (Tgrr) and terminally differentiated effector
cells (Trpg) [110, 111]. Several cell surface and intracellular molecules or markers
are dynamically changed upon T cell differentiation, and are used to classify the
discrete population of T cell subsets as demonstrated in Fig. 7.2. Protein tyrosine
phosphatase receptor type C (PTPRC), also known as CD45 antigen, is one of the
major surface markers to distinguish human T cell subsets. Naive T cells highly

Memory
Marker Naive Central Effector EMRA stem
memory memory cell

Antigen presenting cell

Tcm CD45RA High No No Intermediate High
@ (CCR7*, CD62L") CD45RO No High High High No
Lymphoid tissue

Homing receptor CCR7 High Intermediate No No High

MHCll TEM co62L High L N N High
(CCRT7', CD62L"") g o - &2 g

f TCR / Non-Lymphoid tissue Co-stimulatory cD28 High High Low Low to No High

0-il i
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2> ( @ Efector T cell Replicative
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Inhibitory KLRG1 No Low Intermediate High No

Fig. 7.2 T-cell differentiation stages. After encountering antigen, naive CD8* T cells differentiate
into different subsets including Central Memory (CM), Effector Memory (EM), and Effector
Memory RA (EMRA). Several markers used to distinguish different T cell subset are shown in the
table. Recently, a new memory T-cell subset with self-renewal capacity and longer persistence
similar to central memory cells yet distinct in phenotype called “memory stem cells” has been
described
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express the full-length form of CD45, so called CD45RA [111-113]. Re-expression
of CD45RA has also been demonstrated in terminally differentiated T cells (Trpg)
together with down-regulation of CD27 and CD28. Recent findings also showed
that the expression of CD45RO, a shorter form if CD45, is highly enriched in
antigen experienced T cells, both effector memory and central memory T cells.
The chemokine receptor CCR7 (CC-Chemokine receptor 7) and the adhesion mol-
ecule CD62L (vL-selectin) are also used to delineate central memory from effector
memory on the basis of migration and lymphoid tissue homing properties. Central
memory T cells (Tcy) highly express both CCR7 and CD62L, while Effector mem-
ory T cells (Tgy) have no expression of CCR7, and slightly express CD62L [110,
111, 114]. After repeated stimulation, human CDS8*T cells undergo differentiation
and lose the expression of co-stimulatory surface molecules: CD28 and CD27.
Therefore, these two markers have also been used to define differentiation stages of
T cells into three categories: relatively undifferentiated (CD28*CD27"), intermedi-
ate differentiated (CD28 CD27*), and terminally differentiated (CD28 CD27")
[114]. It was reported that terminally differentiated T cell (Tpg) had significantly
short telomeres, loss of telomerase activity, and reduction of proliferation [115].
Defects in proliferation and telomere length in highly differentiated T cells has been
shown to be associated with impairment of the CD28 signaling pathway, which
promote telomerase activity via Akt phosphorylation and activation [116]. Using an
in vivo LCMV-specific CD8* murine T cell model, researchers have demonstrated
that sustained Akt signaling resulted in the mouse CD8"* effector CTL to become
short-lived effector cells (SLECs) and lose CD8* T-cell memory by inactivating the
FOXO transcription factor known to enhance expression of CD62L, CCR7, and
IL-7 genes [117]. Inhibition of Akt using a selective Akt inhibitor, A-443654, in
LCM V-infected mice prevented SLECs from terminal differentiation and apoptosis
[117]. It remains unclear whether Akt inhibition could rescue T cells from terminal
differentiation. The TCR (T cell receptor) strength in a cancer model could poten-
tially be weaker than viral infection, and sustained Akt activation might not exist in
the TIL setting. Thus, further study is needed to clarify if inhibiting the Akt pathway
would benefit the development of less differentiated TIL.

In addition to the malfunction in CD28 signaling, KLRG1, killer cell lectin-like
receptor G1, has been shown to attenuate Akt phosphorylation by the recruitment of
phosphatase (SHP-1 and SHP-2) into its immunoreceptor tyrosine-based inhibitory
motif (ITIM). Interestingly, KLRG1 blockade can restore cell proliferation, but
does not revive the function of telomerase. It might indicate that phosphorylation of
human telomerase reverse transcriptase alone is not adequate to restore telomerase
activity and telomere shortening [118]. A study in HIV infection has shown that
CD57 expression was involved in the clonal exhaustion process [119]. Both CD4*
and CD8* T cells expressing CD57 exhibited reduced proliferation under exoge-
nous IL-2 and IL-15 treatment. In addition, CD8*CD57* T cells are more suscepti-
ble to undergo apoptosis upon activation induced cell death (AICD) as compared to
CD8*CD57- counterparts [120]. Recently, perforin (Perf) and granzyme B (gB),
are also considered as markers of T cell differentiation, even though the major function
of these two enzymes is known to induce cell death via apoptosis of CTL target cells.
Effector and effector memory T cells are the major cell type expressing perf and gB,
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particularly those positive for CD57 [121]. In contrast, naive and central memory
barely express these cytolytic enzymes. It must be noted that there is no single bona
fide marker to define different subsets of T cells due to the dynamic changes of
several molecules during T cell differentiation. Thus, the use of a combination of
phenotypic characteristics and functional properties such as proliferative capacity,
surface makers, cytotoxicity, apoptotic susceptibility, and telomere length are man-
dated for the delineation of different stages of T cell differentiation. In the past
decades, we have been making progress in understanding the biological function
and T-cell subsets, but the mechanistic basis involved in T cell differentiation is still
largely undefined. A number of interesting questions including whether the master
regulator(s) of T cell differentiation really exist, how T cells decide their fates in
differentiation after chronic antigen stimulation, what exact signaling pathway(s)
contribute to the development of different T cell subsets, and so forth. Unveiling the
puzzle of T cell differentiation will help us to generate optimal phenotypes of TIL,
which will help improve the clinical outcome of the patients treated by ACT.

Heterogeneity of TIL and Clinical Qutcome

The tumor bed contains heterogeneous populations of TIL. Differences in phenotypes
and differentiation status of TIL reflects their proliferation, migration, and anti-tumor
function. In melanoma tumors, several infiltrating T cell subsets can be found includ-
ing CDS8*T cells, CD4*T cells, Tregs (regulatory T cells), and gamma delta T cells.
Correlation between different subsets of T cells in TIL infusion products and clinical
response has been investigated, but the conclusions that can be made remain unclear.
Some evidence from the National Cancer Institute (NCI) and MD Anderson cancer
center suggested the importance of CD8*TIL [46, 122, 123]. Recent data have revealed
that total number of T cells in the infused product and a high proportion of CD8* TIL
favorably correlates with positive outcomes of melanoma patients treated by ACT
[46]. Although CD4* TIL are not considered as an important key player in tumor
eradication, their cytotoxic function and role in helping CD8* T cells to promote can-
cer regression cannot be overlooked. CD4* T cells have been shown to exhibit cyto-
toxic function in controlling poxvirus infection via perforin-dependent manner [124].
Using a mouse melanoma model, it was reported that OX40 and 4-1BB pathways are
required to program naive CD4* into cytotoxic Th1 differentiation, and is critical to
maximize CD4* tumoricidal function [125]. It is still in doubt if the observation in
mouse models can recapitulate the phenomenon in human settings. In fact, in our
phase II clinical trial, we have noticed that some melanoma patients, whose infusion
products contained a major population of CD4* TIL, somehow achieved clinical
response or even complete regression in some certain cases. Possibly, cytotoxic
CD4*T cells might mediate cytotoxicity by using granzyme and perforin in contribut-
ing tumor regression. Perhaps, CD4* cells may target melanoma tumor cells express-
ing MHC class II instead of MHC class I. TIL can contain a subpopulation of
gamma-delta T cells. The functional study of gamma delta TIL is still limited, even
though they can occasionally expand during the TIL REP. A phase I clinical trial
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demonstrated that zoledronate-activated Vgamma9Vdelta2 T cells can react against a
broad ranges of tumor cell types such as melanoma, ovarian cancer, breast cancer,
adenocarcinoma, and colon cancer. Transfusion of expanded gamma-delta T cells was
clinically proven to be safe, and these cells were able to migrate into tumor bed due to
high expression of chemokine receptors including CCRS, CCR7, CXCR3, and
CXCRS5 [126]. Clinical outcome was tightly correlated with the number of infused T
cells, which was consistent with our observations. The success of adoptive T cell in
melanoma therapy relies on a number of parameters, such as the quantity of infusion
product and it percentage of CD8* T cells. However, we should not simply ignore
another subset of T cells such as cytotoxic CD4* and gamma delta T cells, which are
occasionally found in in melanoma T cell infusion product. However, this situation
may be quite different in TIL therapy for other solid tumor types.

Optimal TIL Therapy

Fine Tuning the Balance Between Anti-Tumor
Function Versus Persistency in vivo

So far, it remains inconclusive which exact subset(s) of CD8* T cell can elicit long-
term tumor control. However, recent evidence supports the correlation between the
differentiation stage of the T cells and clinical response. It was reported that in vivo
persistence of adoptively transferred T cells in peripheral blood was associated with
cancer regression. A study at the NCI showed that TIL clones expressing CD28 and
CD27 had long telomeres and long-term persistence in peripheral blood, whereas
short-term persistent clones up-regulated CD57 and down-regulated CD28 and CD27
[115]. This suggested that “Young TIL” or a relatively undifferentiated phenotype
conferred greater ability for survival and persistence in vivo as compared with more
differentiated TIL”. On the contrary, in our clinical trials at MD Anderson Cancer
Center, we have observed that more differentiated CD8+*CD27- T cells in TIL infusion
products were somehow linked with cancer regression and positive clinical response
[31]. It is highly possible that more differentiated effector stage TIL, which have more
cytotoxic function, could facilitate tumor regression. It should be noted that some of
CDS8*CD27- still retained CD28 expression that might enhance cell survival and per-
sistence in tumors. Although more differentiated T cells seems to be more proficient
in cytolytic killing of cancer, they are also susceptible to undergoing apoptosis via the
activation-induced cell death (AICD) pathway. In addition, more differentiated T cells
are defective in telomerase function, which reduces proliferative capacity and eventu-
ally leads to replicative senescence. On the other hand, less differentiated T cells that
have longer telomeres and proliferate better upon antigen re-stimulation can persist
better after clonal expansion, but the cytotoxic function is less efficient. This funda-
mental concept suggests that the optimal proportion between “young” versus “old”
phenotype in the TIL infusion product is a key variable to achieve both anti-tumor
capacity and persistence in vivo, which is required for long-term antitumor response.
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Cytokines Involved in T Cell Proliferation and Differentiation

IL-2 is known as a major cytokine to promote the growth and survival of T cells. An
ideal concept in T cell expansion for ACT is to achieve the maximal expansion
while maintaining a less differentiated phenotype. Through understanding the
mechanistic basis of proliferation and differentiation, several efforts have been
made to utilize different cytokines to steer T cells to the desired phenotypes. Some
examples of cytokine such as IL-7, IL-15, and IL-21, which are known to play the
role in memory T cell development, have been extensively investigated for ACT
application. IL-7 was shown to enhance survival and cell proliferation by increasing
anti-apoptotic protein such as Bcl-2 and MCL1 [127]. It was reported that IL-7
preferentially expanded and polarized antigen specific T cells toward a memory
phenotype. Using systemic lymphoma in an immunodeficient mouse model, IL-7
and IL-21 in combination effectively promote tumor eradication [128]. In TIL
ex vivo expansion using artificial APC, IL-21 was recently shown to promote
greater fold expansion with enrichment of a CD8* CD27*CD28* phenotype and
high perforin and granzyme expression [129]. Although TIL expanded with IL-21
have not been utilized for ACT yet, a “young” phenotype with cytotoxic potency is
expected to exhibit effective killing function and persist longer in tumor bed. In our
experience, we have found that IL-21 at low dose (10 ng/ml) induced higher fold
expansion and CD8*, but we did not observe increased CD28* and CD27*, and in
some cases we found that CD28* was significantly down-regulated. On the other
hand, when we used high dose IL-21 (100 ng/ml), TILs were greatly decreased in
fold expansion, but had less differentiated phenotype. Although using cytokines to
expand TIL seems to be promising, the further clinical studies are necessary to
verify the killing function and persistency in vivo setting.

Immunomodulators in TIL Therapy
Anti-PD-1

Combining TIL therapy with blocking antibodies in vivo against negative
co-stimulatory molecules, such as PD-1, which can be negatively expressed on
TAA-specific T cells, represents a promising approach. B7-H1 or PD-L1, expressed
on melanoma cells and other forms of cancer, resulting in tumor-induced immune
suppression has been correlated to poor clinical response [130, 131]. However,
more recently increased PD-L1 expression in melanoma and other solid tumors has
been found to be a biomarker of increased activated T-cell infiltration, with the
PD-L1 expression being an “adaptive resistance” response blocking further anti-
tumor Teell activity. A number of FDA-approved monoclonal antibodies blocking
PD-1 have been recently approved for metastatic melanoma that overcome T-cell
suppression and increase anti-tumor activity and progression-free and overall
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survival in treated patients. These block PD-1 signaling in TIL in vivo and enhancing
T-cell effector function and cell division [132]. With TIL therapy showing a high rate
of effectiveness and constitutive expression of PD-1 on many TAA-reactive TILs,
especially CD8* T cells, a combo with of TIL with anti-PD-1 may be a highly syner-
gistic combination to enhance clinical response [133—-135]. Other checkpoint mole-
cules, such as Lag3, TIM-3, VISTA, and others may also be targeted using an antibody
blocking approach in vivo after TIL infusion. Another approach can be the use of gene
editing using zonc finger nucleases, talens, or CRISPRSs to eliminate PD-1 expression
or the expression of other checkpoint molecules altogether. However, we should be
cautious of these approaches as these checkpoint signaling pathways may have
hitherto undiscovered positive functions in the anti-tumor response.

Anti-CD137 and Anti-CD134

Augmenting positive co-stimulatory pathways, such as CD134 (0OX40) and CD137
(4-1BB) may also be beneficial. Agents can be infused into patients following ACT
or can be used in vitro to expand T cells with improved effector and memory phe-
notypes. In clinical trials using CAR-transduced T cells recognizing CD19 in
patients with CLL, inclusion of a CD137 signaling endodomain was found to be
critical in maintaining T-cell persistence and anti-tumor cell activity [136, 137]. In
our studies, we have found that expanding tumor-infiltrating lymphocytes using
agonistic anti-4-1BB antibodies can enhance the proliferation and anti-tumor func-
tion of the TIL.

BRAF

Although the combination of total body irradiation (TBI) together with cyclophos-
phamide and fludarabine as a preconditioning regimen has further increased
response rates of TIL therapy, this approach is too toxic and requires stem cell
backup each time, precluding its wide range application. One potential alternative
is combining TIL therapy with B-RAF inhibitors, vemurafenib. The rationale
behind this is that melanoma cells can undergo experience apoptosis associated
with inactivation of an oncogene such as mutated V600OE B-RAF, they release
TAAs, such as tissue differentiation antigens, cancer/testis antigens or products of
mutated genes expressed by transformed cells [138—140]. The subsequent activa-
tion of antigen-presenting cells (APC) and antigen presentation could further stim-
ulate adoptively transferred TIL. Administration of adoptively transferred TIL in
combination with BRAF inhibitor will likely synergize effects of both immuno-
therapy and oncogene-targeted therapy. The combination of TIL therapy and MEK
inhibitors may not be optimal as MEK inhibition may negatively impact T cell
function due to ERK inactivation. However, some unpublished recent data sug-
gests that MEK inhibition may not be toxic to effector T cells and may inhibit



7 Clinical Success of Adoptive Cell Transfer Therapy Using Tumor Infiltrating... 169

AICD in the tumor microenvironment. Targeted therapy for melanoma may not
work due to emergence of drug-resistant clones. By inducing long-term, polyclonal
T cell response against tumors via antigen spreading induced by targeted therapy,
this may significantly increase the durability of the response.

Biomarkers in TIL Therapy

An increasing amount of evidence now shows that the classification of cancer
leading to an estimation of clinical outcome should include analysis of the tumor
microenvironment, as this takes into consideration the interaction with the host
immune response. Differences between response and resistance of melanoma
patients to different immunotherapies may therefore be further elucidated by analy-
sis of the immunological status of the tumor microenvironment that, together with
other systemic biomarkers, may help predict patient prognosis or response to immu-
notherapy. Currently, there are multiple approaches to study and measure the effects
of the immune system in melanoma.

The Nanostring nCounter analysis system can accurately quantify RNA levels
from fresh-frozen and Formalin Fixed Paraffin Embedded (FFPE) samples in small
amounts of total RNA for gene expression profiling [141]. This new technology
could aid in the identification of potential immunotherapy targets for melanoma
[142] or as biomarkers to predict melanoma patient prognosis through the use of
different genes panels of interest, such as an immunology panel, an inflammatory
panel, or a cancer related gene panel. This could therefore help to identify patients
who could benefit from immunotherapy when predictive gene expression profiles or
signatures can be found. Messina et al. found that a 12-chemokine (CCL18, CCL19,
CCL2, CCL21, CCL3, CCL4, CCL5, CCL8, CXCL10, CXCL11, CXCL13 and
CXCLD9) gene expression signature (GES) score was associated with better overall
survival in metastatic melanoma [143], and Tanese et al. showed the same results.
They compared the gene expression profile between iNOS-positive and iNOS-neg-
ative tumor samples and found that the upregulation of CXCL10 expression in
iNOS-negative groups correlated with the most favorable prognosis [144]. Further,
Tanese et al. demonstrated that inducible Nitric Oxide Synthase (iNOS) and
Nitrotyrosine (NT) expression in patients with stage III melanoma strongly corre-
lated with poor survival [145]. Epigenetic analysis found that DNA methylation is
associated with melanoma progression [146, 147] even though it has been shown
that BRAF V600E, KIT and NRAS mutations are the most important catalysts
for melanoma development and could be influential in predicting poor outcome in
melanoma patients [148].

Patients that have clinical responses to melanoma vaccines and anti-CTLA-4
monoclonal antibody (ipilimumab) therapies have a high ratio of T cell infiltration
in their tumors [149, 150]. Steven A. Rosenberg’s group at the NCI also found an
overall increase (not statistically significant) of the total number of CD8* T cell
infiltration in metastatic melanoma between the responders and the non-responders
to TIL therapy [151]. One explanation for this trend could be that the infiltrations of
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inflammatory and lymphocytic cells were not randomly distributed in the tumor.
The Rosenberg group further illustrates the idea of selective accumulation of T cells
in tumors through the significant increase of FoxP3* CD4 Treg cells in the intratu-
moral areas as compared to peritumoral areas [151]. Galon et al. developed the so-
called Immunoscore approach by immunohistochemical technology which takes into
account the location, density, and function of different immune cell types.
Immunoscore is useful for routine clinical use for the classification of cancer, identi-
fication of the prognostic factors for disease-free survival (DFS) and overall survival
(OS), and elucidation of the potential targets for immunotherapy [152—-154].

Recent studies suggest that the immunosuppressive mechanisms in the tumor
microenvironment that inhibit T cell activation [155] may also explain the cause for
resistance to tumor immunotherapies. Thomas F Gajewski’s group at the University
of Chicago found that the inhibitory pathways for T cell activation may result from
a negative feedback loop through demonstrating that CD8* T cell infiltrated meta-
static melanoma had higher expression of inhibitory factors including, indoleamine-
2,3-dioeygenase (IDO), PD-L1/B7-H1, and FoxP3* regulatory T cells (Tregs).
These factors can be considered as candidates for inhibitors of T cell function at the
tumor site [156].

Getting TIL “Past the Finish Line”

TIL “Tri” therapy consisting of a non myeloablative chemotherapy regimen followed
by TIL infusion and High Dose IL-2 was reported to induce >50 % clinical response
rates for the first time over a decade ago [39]. Since then results have been reproduced
in hundreds of patients treated by different groups worldwide [40, 46, 103, 157]. The
cumbersome manufacturing process has been an obstacle to bringing this therapy to a
phase III clinical trial for licensing. As new technologies become available the process
of expanding TIL is becoming easier and more centers are embarking on phase II TIL
ACT studies such as centers in Seattle and Los Angeles in the USA and Toronto,
Ontario, Canada, as well as a number of centers in Europe. TIL are now grown in
more efficient devices, such as G-Rex gas permeable flasks (Wilson Wolf
Manufacturing) or bioreactors such as WAVE (GE Healthcare) [158—160]. A first
randomized TIL ACT trial was recently published where 69 patients were treated
with either bulk TIL product (N=34) or CD8" T-cell-enriched TIL product (N=35).
The trial did not show benefit in enriching for CD8* TIL but did demonstrate the
ability to treat 69 patients within 18 month time frame at one institution [161].

The TIL product is uncharacterized inasmuch as there is no biomarker of potency
available yet. Numbers of bulk TIL that currently need to be grown and infused are
very large, going up to 1.5x 10!!, making the industrialization process difficult. The
future of TIL therapy lies in better characterization of the TIL product to delineate
biomarkers of the most effective TIL population. If cell surface biomarkers are
identified, an instrument could pull the desired T cells out to be expanded.
Technology to achieve the selection step is available, with the arrival on the market
of clinical grade cell sorters. Studies have hinted at the CD8* T-cell content being
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critical for response to TIL and indeed infusing highly enriched (>99.6 %) CD8*
TIL had the same clinical response as bulk TIL product (in this study the median
CDS8 content was 93 %) suggesting that tumor control is effectively performed by
the CD8* T-cell population [46, 103, 161]. However the clinical response rate could
not be improved by selective infusion of CD8* TIL arguing against adding a CD8*
selection step to the already complex TIL manufacturing. Longer follow-up time
will be needed to determine the durability of response induced by infusion of
selected CD8" TIL. Moreover, the recent publication of a CD4* tumor-reactive TIL
clone causing tumor regression in vivo puts CD4* TIL back at the forefront of tumor
control and invalidates the use of CD8 or CD4 to positively or negatively select a
TIL subpopulation for infusion [162]. This first attempt to select a TIL subpopula-
tion, CD8*, did not improve potency. More research is needed to elucidate which
TIL subpopulation is beneficial or harmful to the response. Our own studies have
pointed to some novel biomarkers and TIL subsets, such as those expressing B and
T Lymphocyte Attenuator (BTLA) being correlated with response to TIL therapy.
Research is underway to determine the functional properties of CD8*BTLA* TIL
subpopulation and its value as biomarker.

Selection approaches based on functionality of TIL are being developed at the
moment. Strategies aiming at selecting tumor reactive TIL by their expression of
molecules typically associated with antigen specific T cell activation such as 4-1BB
(short term activation) or PD-1 (chronic antigen exposure) immediately after tumor
dissociation and TIL isolation are being explored. Pre-clinical studies have demon-
strated that selecting TIL based on either 4-1BB or PD-1 enriches for a more tumor-
specific TIL population although admittedly very few cells can be obtained at this
early stage [163, 164]. Rapidly expanding those cells immediately after selection
will shorten the manufacturing to just over 2 weeks (from 5 to 7 weeks as it stands
now) but produce fewer cells for infusion. Conceivably a selected tumor-specific
product could have improved potency and fewer cells might be needed for tumor
control.

The TIL population of interest can be sorted out or alternatively the desired
population can be selectively stimulated in vitro through unique markers to favor
their specific expansion. Our group and others have applied this concept and added
anti-41BB in early TIL cultures or during the Rapid Expansion Protocol to favor the
growth of tumor antigen-specific TIL [165, 166]. Although this strategy does not
appreciably shorten the manufacturing time, it increases the proportion of tumor
reactive CD8* TIL in the final product, and therefore has the potential of increasing
the potency of the TIL product.

The activity of tumor-specific TIL could likely be potentiated by combining TIL
therapy with the systemic administration of immunomodulatory agents belonging
to the checkpoint blockade category such as anti-CTLA4 or anti-PD-1. These agents
“release the breaks on T cells” and could directly help maintain the function of
activated TIL post antigen exposure in vivo. Pre-clinical mouse models have shown
that combination with checkpoint blockade could enhance the therapeutic activity
of TIL [133, 167]. Clinical trials exploring the combination of TIL and checkpoint
blockade agents are at the planning stages.
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Another drawback of TIL therapy is the toxicity of the High Dose IL-2 treatment
restricting the application to patients with good performance status. The need for IL-2
to support TIL expansion and persistence in vivo has been demonstrated but the dose
of IL-2 necessary to achieve this goal is not known. The use of lower doses of IL-2
administered subcutaneously every day for 14 days post TIL infusion has been tested
in a pilot study of six patients and encouraging clinical responses were reported with
two patients undergoing durable complete responses and no patient experiencing
grade 3 or 4 toxicity [168]. Another study had also found clinical benefit of combining
TIL with low dose IL-2 [169]. Studies treating larger patient cohorts will be necessary
to address the potential of low dose IL-2 as supportive cytokine regimen to foster
TIL growth and long term persistence in vivo. Lastly, IL-2 analogs able to support
T cell growth while having a much better safety profile are in development and may
greatly help disseminate TIL therapy to a broader patient population.
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Chapter 8
Harnessing Stem Cell-Like Memory T Cells
for Adoptive Cell Transfer Therapy of Cancer

Enrico Lugli and Luca Gattinoni

Abstract Immunotherapies based on the adoptive transfer of naturally occurring or
gene-engineered tumor-reactive T cells can result in durable complete responses in
patients with metastatic cancers. Increasing findings from mouse studies and clinical
trials indicate that intrinsic properties related to the differentiation state of the trans-
ferred T cells are crucial to the success of adoptive immunotherapies. There is now
evidence that stem cell-like T cells with enhanced capacity for self-renewal and the
ability to derive potent effector T cells might be used to improve persistence and
long-term anti-tumor immunity. Here, we describe the molecular, metabolic and cel-
lular aspects of T cell differentiation and their relevance to cancer immunotherapy.
We also discuss current efforts and new approaches that might potentiate T cell-
based immunotherapies through the modulation of T cell fate and differentiation.

Keywords Adoptive T cell therapy ¢ T celldifferentiation * T memory stem cells ®
Transcription factors ¢ Immune metabolism ¢ Gene therapy * Reprogramming ¢
Induced pluripotent stem cells ¢ Small molecules * Homeostatic cytokines

Introduction

Adoptive T cell-based therapies have emerged as a potent and highly effective treat-
ment for patients with advanced solid cancer and hematologic malignancies [1-3].
These therapeutic modalities are based on the ex vivo expansion and re-infusion of
autologous or allogeneic tumor-specific T cells to patients. Early efforts to target
malignancy focused on the use of tumor-infiltrating lymphocytes (TIL) [4], bulk
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Fig. 8.1 Objective clinical regressions in patients with metastatic tumor treated with cell transfer
therapy. (A) Regression of a large fungating scalp mass in a melanoma patient treated with ex vivo
expanded tumor-infiltrating lymphocyte. (B) Regression of multiple liver and lung metastases in a
melanoma patient treated with peripheral blood lymphocytes genetically engineered to express a
NY-ESO-1-specific T cell receptor (TCR). (C) Regression of splenomegaly and multiple adenopa-
thies in a B-cell lymphoma patient treated with peripheral blood lymphocytes genetically engi-
neered to express an anti-CD19 chimeric antigen receptor (CAR). All patients were treated in the
Surgery Branch of the National Cancer Institute, USA

lymphocyte populations in vitro-sensitized against tumor antigens [5] and tumor
antigen-specific clones [6—8]. Recent advances in gene transfer technology have
permitted to convey de novo cancer reactivity to T cells through genetic engineering
of tumor-reactive T cell receptors (TCR) [9-11] or chimeric antigen receptors
(CAR), which consist of a single-chain variable fragment of a tumor-specific anti-
body linked to trans-membrane and cytoplasmic domains of T cell signaling mole-
cules [12-17]. Transfer of naturally occurring or genetically engineered
tumor-reactive T cells has resulted in dramatic and possibly curative responses in
some patients (Fig. 8.1). Increasing experimental and clinical evidence indicate that
the differentiation state, the self-renewal capacity and the ability to derive large
numbers of potent effectors critically influence the ability of tumor-reactive T cells
to mediate effective anti-tumor immune responses. Here, we describe the molecular,
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metabolic and cellular aspects of T cell differentiation and the impact they have in
anti-cancer immunotherapy. Finally, we highlight current efforts and promising
strategies that might potentiate adoptive immunotherapies through the modulation
of T cell fate and differentiation.

T Cell Differentiation

Peripheral T lymphocytes are mature cells of the adaptive immune system but,
differently to other committed cells of the body, they display a tremendous hetero-
geneity and high degree of plasticity. Mature T cells are released from the thymus
into the periphery and harbor a given specificity that is encoded at TCR level.
Following cognate antigen (Ag) recognition, naive T (Ty) cells clonally expand into
effectors, the vast majority of which migrate to peripheral tissues and inflamed sites
to remove the infected targets [18]. As a consequence of infection clearance, ~90—
95 % of activated cells dies while a small pool of T cells ultimately develops into
long-lived memory cells capable to persist in the long term in the putative absence
of Ag [18]. Analogous to other tissues in which terminally differentiated cells are
replaced by the progeny of somatic stem cells [19], survival and maintenance of
memory T cells is thought to occur in a stem cell-like fashion, where less differenti-
ated cells give rise to more committed progeny.

The Diversity of T Cell Subsets

While naive T cells constitute a fairly homogenous population, memory T cells are
highly heterogeneous in terms of phenotypic and functional composition [20].
Seminal studies in the late 1990s segregated T cells into central memory T (T¢y) and
effector memory T (Tgy) cell subsets on the basis of migratory capacity (secondary
lymphoid vs. peripheral tissues, respectively) and immediacy of effector functions/
killing activity (Tgy>Tcym) [21]. CD27, a member of the tumor necrosis factor recep-
tor superfamily, and the lymphoid homing molecules C-C chemokine receptor 7
(CCR7) and L-selectin (CD62L) were initially used together with CD45RA, the
long isoform the CD45 protein, to define heterogeneity in the human memory T cell
compartment. Alternatively, CD45RO, the CD45 short isoform, can replace
CD45RA as the expression of the two molecules is generally mutually exclusive on
the cell surface. Single cell analysis of effector functions revealed that CD45RA-CD8*
memory T cells expressing CD27* secrete both IFN-y and IL-2 but lack immediate
killing capacity, while CD45RA*CD27- cells produce IFN-y and TNF but lack IL-2
production and simultaneously display immediate cytotoxic activity ex vivo [22].
A similar cytokine production profile is shared with CD4* Ty and Tgy cells [23].
An additional subset of terminally differentiated cells, named terminal effectors
(Trg) is abundant in the CD8* but rare in the CD4* T cell compartment. These cells
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Fig. 8.2 Heterogeneity and functionality of peripheral T cell subsets in humans. The combinato-
rial expression of multiple markers on the cell surface, as determined by polychromatic flow
cytometry, allows to identify up to six subpopulations in the peripheral blood and tissues of healthy
individuals. With peripheral maturation, T cells progressively lose or acquire specific functional
capacities, as shown at the bottom of the figure. Following antigen recognition, a given T cell is
activated (in red) and undergoes clonal expansion. The extent of proliferation is dependent on the
initial differentiation status. Among peripheral T cell subsets, Tscy cells retain the greatest prolif-
erative capacity in vivo. When infected/tumor cells are removed, some activated T cells escape
clonal deletion and generate long-lived memory T cells that can divide by homeostatic prolifera-
tion and generate more differentiated progeny. In the model proposed here, duration of antigenic
stimulation dictates the stage of differentiation of activated cells returning to quiescence

re-express CD45RA [22], lack CCR7 [23] and costimulatory molecules [22] and
bear high levels of the carbohydrate epitope HNK-1, otherwise known as CD57
[24]. Trg cells stain positive for cytolytic molecules and display immediate effector
functions [25] but are defective in proliferative and survival capacities [24].

In vivo analysis of memory T cell dynamics and tropism in nonhuman primates
allowed the identification of the so-called transitional memory or Ty cells that were
proposed to be intermediate between Ty and Tgy cells [26]. Specifically, these cells
have down-regulated CCR7 and CD62L but retain the expression of the costimula-
tory molecules CD28 and, in humans, CD27 [26, 20]. Ty cells are highly respon-
sive to IL-15 treatment in vivo [26, 27] and migrate to effector sites following
stimulation. The phenotypic combinations generally used in our laboratories to
define human memory T cell subsets are indicated in Fig. 8.2.

Because of the phenotypic differences between human and mouse T cells, murine
memory T cell subsets are classically defined on the basis of CD44 and CD62L.
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Naive T cells express CD62L but lack CD44, which is upregulated by CD62L* Ty
cells and CD62L" Tgy cells. Additional markers are available to classify memory
T cells in mice, including CCR7, CD27 and a glycoform of the CD43 molecule.
Both CD27+*CD43* and CD27*CD43~ memory T cells contain conventional Ty and
Tewm cells, while CD27-CD43~ T cells are classified as terminal effectors. These
cells express high levels of the Killer cell lectin-like receptor subfamily G member
1 (KLRG-1), and low levels of the Interleukin-7 receptor o (IL-7Ra) and IL-2Rf3
chains, otherwise known as CD127 and CD122, respectively [28].

Sallusto and Lanzavecchia for the first time proposed a precursor-progeny rela-
tionship between Ty and Tgy cells [23] on the basis of the evidence that Tcy were
capable to derive Tgy cells in vitro, while the opposite was not observed [29, 30].
Several studies in mice, nonhuman primates and humans later demonstrated that Ty
cells serve as early-differentiated progenitors capable of self-renewing and generat-
ing more-differentiated progeny [21, 31, 32]. Ty cells were thus thought to act as a
reservoir of memory T cells, capable to continuously regenerate the memory T cell
compartment in physiology and following injury (e.g., lymphopenia) in a stem
cell-like manner [33, 31, 34].

Identification of T Memory Stem Cells

In 2005, the Emerson’s group reported that a novel memory T cell population,
characterized by a largely naive-like phenotype but expressing the memory markers
IL-2Rf and the chemokine C-X-C motif receptor 3 (CXCR3), was responsible of
maintaining graft-versus-host disease upon serial transplantations in mice [35].
Unexpectedly, classically-defined Tcy cells failed to do so when adoptively-
transferred as purified fractions. These cells were termed T memory stem cells
(Tscm) as they could differentiate into Ty, Tgy and Trg cells while maintaining their
own pool size through self-renewal. Tscy cells can be successfully generated from
naive precursors by activating the Wnt signaling pathway using either a physiologi-
cal Wnt ligand, Wnt3A, or inhibitors of glycogen synthase kinase-3 (GSK-3p)
[36]. The generated Tscy cells maintained the undifferentiated CD44-CD62L*
naive-like phenotype but acquired several memory attributes, including the capacity
to rapidly produce effector cytokines, persist in MHC class I-deficient hosts and
reconstitute the diversity of T cell subsets upon serial transplantations [36]. Recently,
we have described a Tscy cell population in humans [37]. Similar to mouse cells,
human Ty cells display a largely naive-like phenotype together with few memory
markers such as CD95 and IL-2Rf} (Fig. 8.2). Moreover, these cells exhibit enhanced
stem cell-like properties and superior reconstitution capacity in immunodeficient
hosts compared to Ty cells [37]. Tsem are precursors of Tey cells as regards to
peripheral differentiation as revealed by their phenotypic and gene expression
properties. Despite displaying a transcriptional signature characteristic of memory
cells, Tscem cells retain a core of genes expressed by Ty cells [37] and share the recir-
culation patterns and distribution of Ty cells in vivo. Indeed, they show relative
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abundance in lymphoid tissues compared to the spleen and bone marrow and are
virtually absent from mucosal surfaces [38]. To date, murine Tscy cells have not
been definitively described for pathogen-specific T cells. Conversely, nonhuman
primates bear virus-specific CD8* Tscy cells following simian immunodeficiency
virus (SIV) infection. SIV-specific Tscy cells are generated early during acute infec-
tion [38], suggesting that a specific gene expression program underlies their differ-
entiation. Tscy cells are subsequently maintained in the long term even under
chronic stimulation by the cognate antigen, possibly because of the selective over-
expression of transcripts regulating self-renewal (LEFI) and mediating protection
from apoptosis (MCLI and BCL2) [38]. The superior abilities of Tscy cells to self-
renew, resist apoptosis and survive for long periods of time have been corroborated
by a recent study in HIV patients showing that Tscy cells make increasing contribu-
tions to the total viral CD4* T cell reservoir over time [39]. Finally, the importance
of Tseum cells in the maintenance of the immune homeostasis is suggested by new
findings in nonhuman primates reveling a perturbation of the Tscy cell compartment
during pathogenic but not nonpathogenic SIV [40].

Environmental and Cell Intrinsic Cues Regulating
T Cell Differentiation

Transcriptional Control of T Cell Differentiation

Despite the human memory T cell compartment has been extensively characterized
in the past years at the phenotypic and functional level, the molecular determinants
leading to the formation of long-lived memory T cells have been mostly defined
using mouse models. The study of the transcriptional regulators of memory T cell
differentiation exploded after the identification of a population of cells capable to
survive the effector phase of the immune response and enter into the memory pool
and it has been extensively reviewed elsewhere [41, 42]. At least two independent
reports identified heterogeneity in the effector T cell pool at the peak of the immune
response (i.e., at day 7 post infection in mouse models) on the basis of IL-7Ra and
KLRG-1 [43] or CD62L [44] expression. Adoptive transfer of discrete populations
indicated that IL-7Ra* KLRG-1- cells are activated T cells capable to persist and
further differentiate into long-lived memory T cells [43]. Conversely,
IL-7RaKLRG-1*T cells are potent short-lived effectors, able to migrate to inflamed
sites and remove infected targets. Gene expression profiling of these two T cell
populations helped revealing the role of specific transcription factors and molecular
regulators in driving memory vs. effector differentiation [45, 46].

Two T-box transcription factors, T-bet (encoded by 7bx21) and Eomesodermin
(Eomes, encoded by Eomes) play a pivotal role in this regard. Their expression
seems to be reciprocal with progressive memory differentiation in the mouse, as
Eomes is highly expressed in T¢y but not in Tgy, while the opposite pattern is
observed for T-bet. Conversely, EOMES mRNA is low in human naive T cells and
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is progressively upregulated in more differentiated memory subsets [37], highlighting
potentially different mechanisms at the basis of memory T cell differentiation in the
two species. Both proteins are involved in effector differentiation following antigen
encounter by naive T cells, as they are required for the optimal acquisition of killing
activities [47]. Perforin, granzyme B and IFN-y as well as CXCR3, which directs
effector cells towards inflamed sites, are partially under the control of these tran-
scription factors [48, 49]. Thbx21~~ mice fail to develop short-lived effectors in
response to antigen stimulation but are enriched in memory precursors [46].
Conversely, T cells lacking Eomes generate high levels of memory precursors,
which, however, fail to differentiate into long-lived memory T cells [50]. This is, at
least in part, due to their inability to respond to IL-15 because of the lack of IL-2Rf3
chain on the surface of Eomes™ and Thx217~ T cells [47]. IL-15-dependent survival
and homeostatic proliferation of memory T cells and their localization to the bone
marrow niche is consequently abrogated [50].

Similarly to Tbet, the transcription factor Blimp-1 encoded by the PrdmlI gene
regulates effector differentiation from naive precursors, and ensures effector recall
responses from mature memory T cells [51, 52]. Blimp-1-deficient T cells are
highly enriched in memory precursors following infection with different viruses,
and more rapidly develop into IL-2-secreting Tcy cells than wild-type mice [51].
Consistent with their defective effector differentiation and accelerated memory
formation, Ag-specific PrdmI=~ T cells displayed decreased levels of T-bet and
increased levels of Eomes [52]. Blimp-1 limits the ability of short-lived effectors to
enter in the memory pool by repressing the inhibitor of DNA binding 3 (/d3), an
important regulator of genome stability [53]. Accordingly, Id3"¢" T cells at the peak
of the immune response identified CD8* T cells capable to develop into long-lived
memory T cells [54]. In turn, Bach2, originally identified in B cells as a regulator of
class switch recombination and somatic hypermutation of immunoglobulin genes,
represses Blimp-1 expression in both B cells and CD8* T cells, induces the expres-
sion of Id3 and enhances the formation of memory T cells by increasing the fre-
quency of CD62L*KLRG-1- T cells [55]. In CD4* cells, the T cell-specific
transcription factor Menin binds to the Bach2 locus and ensures Bach2 expression
through histone acetylation [56]. Menin overexpression inhibits senescence in CD4*
T cells and restricts the acquisition of the senescence-associated secretory pheno-
type, characterized by the overexpression of pro-inflammatory cytokines and matrix
remodeling factors [56]. The role of the Menin-Bach?2 axis in the function of mem-
ory T cells during a recall response is, at present, still to be defined.

Members of Forkhead box O (FoxO) protein family are also emerging as key
regulators of memory T cell differentiation and homeostasis. In the unphosphory-
lated form, Foxo proteins are found in the nucleus where they regulate gene expres-
sion by binding regulatory DNA motifs [57]. FoxO proteins are mostly involved in
the regulation of genes involved in cell cycle and apoptosis, and can either induce or
block these specific functions. Upon phosphorylation, the FoxO proteins are retained
in the cytoplasm and are subsequently inactivated through proteasomal-mediated
degradation [57]. Growth factor, hormone and cytokine stimulations activate the AKT
pathway, which in turn mediate FoxO proteins inactivation. The best characterized
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members of the FoxO family, as regards to memory T cell biology, are FoxO3a and
Foxol. The former was initially described as a regulator of human CD4* T cell
survival. T¢y cells harbor slightly lower levels of the native protein compared to Tgy,
cells but show a two- to five-fold higher levels of the phosphorylated form on mul-
tiple residues ex vivo, thus resulting in increased in vitro resistance to spontaneous
and Fas ligand (FasL also known as CD95L)-induced apoptosis [58]. Tcy cells also
show reduced levels of the pro-apoptotic protein Bcl2-Like 11 (also known as Bim),
which is as direct FoxO3a transcriptional target [58]. Accordingly, FoxO3a-deficient
mice show reduced levels of Bim and Bcl2 binding component 3 (also known as
PUMA) pro-apoptotic proteins, generate higher numbers of memory precursors fol-
lowing cognate antigen activation and preferentially persist in the long-term [59].

Differently, FoxO1 was found to promote memory T cell persistence through the
induction of genes promoting cell survival (BCL2, Il7r, Tcf7) and maintenance of
the Ty cell status (Sell, encoding for CD62L, and Ccr7) [60]. ChIP sequencing
analysis demonstrated that Tcf7 and Ccr7 are direct transcriptional targets of FoxO1
[60]. Deletion of FoxO1 from activated CDS8*T cells did not affect effector differen-
tiation but abrogated the formation of memory T cells [60, 61]. Moreover, the few
T cells transitioning to the memory phase showed virtually no capacity to respond
to recall antigenic stimulation.

Therefore, two members of the same protein family that are inactivated down-
stream of the Akt pathway by similar mechanisms regulate memory T cell differen-
tiation by promoting the transcription of genes with opposite functions. It is possible
to speculate that FoxO1 and FoxO3a are repressed by different concentrations of Akt
stimulators or with different kinetics, thus deciding whether a T cell transits to the
memory phase or dies during the effector phase. In addition, different concentrations
of the two proteins at the single cell level might increase the heterogeneity of the
memory precursors population even further.

Metabolic Regulation of T Cell Differentiation

A single naive T cell is able to generate thousands of daughter cells by dividing
every 4-6 h in response to antigen recognition [62]. It is becoming increasingly
evident that such a fast dynamics requires profound changes not only at the tran-
scriptional level but also at the metabolic level [63]. In the absence of antigen, naive
T cells are quiescent, are characterized by a very high nuclear:cytoplasmic ratio
(indicative of little protein synthesis), divide only rarely in response to homeostatic
proliferation, mainly mediated by IL-7, and have low energetic demand [63].
Memory T cells are also quiescent in the absence of antigenic stimulation but dis-
play greater mitochondrial mass, which provides a bioenergetic advantage for sup-
porting rapid recall responses after antigen re-exposure [64, 65]. Quiescent naive
and memory T cells rely almost completely on energy derived from mitochondrial
oxidative phosphorylation (OXPHOS) and fatty acid B-oxidation (FAO), however
following antigen-induced activation they switch to a glycolytic metabolism even in
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oxygen-replete microenvironments [63, 66]. It remains unclear why T cells adopt a
less efficient pathway for ATP generation under conditions of high-energy demand.
For years, it has been proposed that this phenomenon, also known as the Warburg
effect, was necessary to generate precursors of deoxyribonucleotides that are subse-
quently used for DNA replication [67]. However, recent findings indicate that gly-
colysisiscritical for effector differentiation as it is required for the post-transcriptional
regulation of specific effector function such as IFN-y production [68]. Moreover,
T cells activated in limiting concentrations of glucose failed to upregulate killing
molecules, such as perforin and granzymes [69].

These observations clearly indicate that distinct T cell subsets exhibit unique
metabolic programs. Whether these metabolic characteristics reflect functional
changes orchestrated by diverse transcriptional programs or rather instructively dic-
tate T cell fate decisions has just begun to be addressed. The first evidence that
memory T cell formation is regulated at the metabolic level came from the analysis
of mice lacking tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6)
[70]. Despite effector differentiation was maintained in Traf6~'~ mice, the generation
of memory T cells was abrogated almost completely. Gene expression studies
revealed that Traf6~~ T cells were incapable to induce transcripts involved in FAO,
and displayed a reduced 5’ adenosine monophosphate-activated protein kinase
(AMPK), a master regulator of fatty acid metabolism [70]. Accordingly, the overex-
pression of carnitine palmitoyltransferase la (Cptla), the rate-limiting enzyme of
FAO, was sufficient to augment CD8* T cell memory and hence potentiate recall
immune responses [71]. These findings clearly demonstrate that FAO can influence
the establishment of immunological memory, indicating that changes in metabolism
play a direct role in regulating T cell differentiation. Recently, we have demon-
strated that also glycolysis can directly influence the generation of memory and
effector T cells [72]. Activated T cells displaying high glycolytic activity tended to
be short-lived, while cells with low glycolytic metabolism established memory.
Moreover, enforcing glycolysis by overexpression of the glycolytic enzyme Pgam!
severely impaired the ability of CD8* T cells to persist in the long term whereas
inhibition of glycolytic flux using 2-deoxyglucose (2-DG) increased CD8* T cell
memory formation by preserving the expression of Tcf7, Lef] and Bcl6 and repress-
ing the upregulation of Prdml and effector-associated genes.

AKT, also known as protein kinase B, has been shown to integrate cell growth
signals with glycolytic metabolism in a variety of cellular systems. Increased AKT
activity in effector T cells leads to the activation of the mammalian target of rapamycin
(mTOR) which favors cell growth, protein synthesis and proliferation [73]. In mam-
malian cells, mTOR is found in two different multiprotein complexes, mMTORC1
and mTORC?2, that are activated by a plethora of extrinsic and intrinsic signals in
T cells, including antigen, cytokines, glucose and amino acids, among others. For
more detailed information on mTORC1 and mTORC2, excellent reviews were
recently published [74, 75]. The increased function of mTOR has been linked to a
number of molecular events involved in effector differentiation. TCR-dependent
immune activation leading to the down-regulation of CCR7 and CD62L depends on
increased PI3K-mTOR function, which subsequently controls migratory capacity
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in vitro and in vivo [166]. Furthermore, excessive mTOR stimulation drives T cells
towards a terminally differentiated effector state whereas mTOR inhibition by the
immunosuppressive drug rapamycin resulted in increased numbers of memory
T cells [76]. These results appear counterintuitive as rapamycin is widely used in
solid organ and hematopoietic stem cell transplantations to inhibit allogeneic T cell
immune responses [73]. Despite the exact mechanisms at the basis of mMTOR inhibi-
tion by rapamycin and the outcome of the T cell response are still to be defined, it is
possible to hypothesize that the dose, the timing and the duration of administration
are important variables in this regard.

In summary, T cell fate is tightly regulated at the transcriptional, signaling and
metabolic levels. What is clear is that these different aspects are not independent but
are closely interconnected. Most importantly, they can be modulated by using small
molecules that are approved for clinical use [77]. The implications of memory T cell
differentiation in the regulation of anti-tumor immunity at the preclinical and clinical
levels are described below.

T Cell Differentiation and Adoptive Immunotherapy Efficacy

Lessons from Mouse Models

It had long been unclear whether the differentiation state represented a crucial deter-
minant of the ability of tumor-reactive T cells to mediate anti-tumor responses upon
adoptive transfer. Because of the vast heterogeneity of T cell preparations employed
in adoptive immunotherapy studies it was impossible to precisely separate the thera-
peutic contribution of defined T cell subsets from the impact of distinct TCRs before
the advent of TCR transgenic mice. Since the final goal of adoptive immunotherapy
is to generate T cells capable of patrolling the body in search of cancer cells to
destroy, it was initially assumed that Ty and Tgy cells were the ideal T cells to
transfer, as they possess a propensity to migrate into peripheral tissues and display
immediate cytotoxic functions upon antigen encounter. Accordingly, the potency of
T cell products was exclusively determined by assessing the ability of tumor-
reactive T cells to release IFN-y and kill tumor cells upon in vitro co-culture [78].
It was somehow surprising to realize that these two subsets, on the contrary, were
poorly capable of destroying tumors upon adoptive transfer compared to less dif-
ferentiated T cells. First evidence came from two sets of experiments conducted in
the pmel-1 model of adoptive immunotherapy that employs gp100-specific CD8*
T cells derived from the TCR transgenic mouse pmel-1 to target B16 melanoma [79].
Terminally differentiated KLRG-1* T cells generated from reiterative stimulations
of pmel-1 cells with cognate antigen and IL-2 were found to be 100-fold less effec-
tive in vivo on a per-cell basis than T cells at an early stage of differentiation [80].
Parallel experiments evaluating the antitumor efficacy of tumor-specific CD8*
memory subsets revealed that less differentiated Ty cells were capable of inducing
durable complete responses while mice receiving Tgy cells ultimately succumbed to
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unrestrained tumor growth [81]. The inadequacy of CD62L" T cell subsets to mediate
profound immune responses following adoptive transfer has been also documented
by several other groups in diverse settings including models of tumor treatment
[82—84], viral protection [85, 86] and allogeneic hematopoietic stem cell transplan-
tation [87, 88].

The paradoxical inability of Ttz and Tgy at triggering tumor regression upon
adoptive transfer finds its roots in several biological hurdles that are integral com-
ponents of the effector differentiation program. For instance, the inefficient traffick-
ing to peripheral lymphoid tissues due to the loss of CD62L and CCR7 expression
can disrupt the intimate interactions with dendritic cells that are fundamental for the
induction of productive T cell responses [80]. Indeed, anti-tumor responses were
virtually abrogated in hosts devoid of secondary lymph nodes and with a disrupted
splenic structure [81]. Moreover, Sell”~ tumor-specific CD8* T cells were impaired
in their ability to inhibit tumor growth compared with wild-type T cells [80, 81].
A profound reshaping of the co-stimulatory and inhibitory receptor landscape also
accompanies the differentiation process. Down-regulation of CD28 and CD27
expression in Trg and Tgy cells can limit co-stimulatory signals resulting in
decreased cell proliferation and long-term survival [89-92]. This dysfunctionality
can also be aggravated by the concomitant overexpression of KLRG-1 and multiple
inhibitory receptors such as PD-1, LAG-3 and 2B4, which have detrimental effects
on cell growth and function [93, 94]. T and Tgy cells might also not receive
sufficient pro-survival and activating signals from common vy chain (yc) cytokines.
As T cells progressively differentiate into Trg cells, they lose the ability to utilize
IL-2 in autocrine fashion [95, 80] and to respond to IL-7 cues due to the down-
regulation of IL-7ra expression [43, 44]. Finally, gradual telomere erosion [96, 23,
97] and up-regulation of pro-apoptotic molecules, including BID (B-cell lymphoma
2 (BCL-2)-homology domain 3 (BH3)-interacting-domain death agonist) and BAD
(BCL-2-antagonist of cell death) [80, 81] might ultimately result in Trg replicative
senescence and cell death. Altogether, these phenotypic and functional changes
characterizing the differentiation program severely impair the ability of Trg and Tgy
cells to engraft, expand and persist long-term following adoptive transfer into tumor-
bearing hosts [80, 81].

It is now clear that the proliferative potential and survival capacity are key attri-
butes to seek in tumor-reactive T cells for adoptive transfer. Among T cell memory
subsets, Tscm cells possess a robust proliferative capacity and a superior ability to
persist in the long-term, which make them a desirable cell population to employ in
adoptive immunotherapy [98]. When tested in the pmel-1 model, minuscule numbers
of Tsem cells mediated dramatic tumor regression of large established B16 melanoma
[36]. Paralleling their engraftment and proliferative potentials, the ability of memory
T cells to mediate tumor regression progressively decreased from Tscy cells to Tey
cells and Tgy, cells [36]. These findings were corroborated in subsequent experiments
using human T cell memory subsets genetically engineered to express an anti-meso-
thelin CAR to treat human mesothelioma xenografts in immunodeficient mice [37].
In conclusion, findings made in mice have established an inverse relationship between
T cell differentiation status and the relative capacities of transferred T cells to engraft,
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proliferate, and mediate antitumor immunity. These data strongly support the use of
the less differentiated CD62L* subsets and particularly Tscy cells over the CD62L-
Tgym and Trg cells for adoptive immunotherapies.

Insights from the Clinic

The question of which T cell subset is more effective for adoptive immunotherapy
becomes murkier when considering the available clinical data. Clinical trials employ-
ing well-defined tumor-reactive T cell subsets are still lacking due to the technical
complexity associated with the isolation procedures, however some conclusions can
be drawn from key observations and retrospective analyses. Consistent to what was
observed in mouse studies [80, 84], tumor-specific CD8* T cell clones that were
generated and expanded ex vivo through multiple stimulations in the presence of
IL-2, a cytokine that promotes terminal differentiation [99], failed to persist after
infusion and did not meditate clinically meaningful tumor regressions [6—8].
Conversely, T cell persistence has been highly correlated with tumor responses
across multiple clinical trials [100—102, 15] and has been linked to intrinsic T cell
properties that are reflective of their differentiation state and replicative history. Early
studies revealed that a short duration of tumor infiltrating lymphocyte (TIL) culture
or a relatively rapid doubling time were associated with clinical responses [103,
104]. Additional parameters such as the length of telomeres [105, 100], the expres-
sion of CD27 [106, 100] and CD28 [105] and the frequency of Ty cells in the infu-
sion product [107] have also been correlated with tumor responses in patients with
cancer. However, recent TIL analyses from a limited cohort of patients failed to
observe a correlation with telomere length and tumor responses [108]. Furthermore,
in this set of patients, objective responses were associated with the infusion of
CD45RA-CD62L-CD27- Tyg [108]. These discrepancies might be related to the
prevalence of tumor-specific T cells within a given T cell subset. For instance, Trg
might have been relatively enriched for tumor-reactive T cells or highly avid TCR
clonotypes. Taken together, the majority of data in humans is consistent with the
notion that less-differentiated T cells confer superior antitumor efficacy relative to
Tewm and Ty cells.

Potentiating Adoptive T Cell Therapies by Modulating T Cell
Differentiation

Restraining T Cell Differentiation

Current approaches employed to generate T cells for adoptive transfer often rely on
variations of a protocol established more than 20 years ago [109, 110], before the
implication of T cell differentiation on in vivo anti-tumor efficacy was completely
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Fig. 8.3 Programming and reprogramming T cell fates for therapeutic use. (A) Restraining T cell
differentiation. Differentiation of activated naive T (Ty) cells can be withheld by small molecules
targeting key metabolic and developmental pathways or y¢ cytokines alternative to interleukin-2
(IL-2), such as IL-21. (B) Two step reprogramming of terminally differentiated effector T (Trg)
cells through an induced pluripotent stem (iPS) cell intermediate or a possible stimulus-triggered
acquisition of pluripotency (STAP) cell intermediate. T cells are reprogrammed into iPS cells by
enforced expression of OCT4, Kruppel-like factor 4 (KLF4) and sex determining region Y (SRY)
BOX 2 (SOX2) with or without MYC or by ectopic expression of the microRNA (miRNA) cluster
302-367. Trg cells might also be converted into STAP cells by exposure to strong external stimuli
such as a transient low-pH stressor. iPS and STAP cells can be then re-differentiated into Ty cells
through the induction of NOTCH signaling. (C) Direct reprogramming of Ty into Ty or memory
stem (Tscy) cells by enforced expression of Ty or Tscy-associated transcription factors or miRNAs.
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appreciated [111]. This strategy consist of potent activating stimuli, such as anti-CD3
antibodies, high concentrations of IL-2 and allogeneic feeders, which result in the
generation of large numbers of tumor-reactive T cells but inevitably drive cells
towards terminal differentiation and senescence.

To limit the negative influence of ex vivo expansion on T cell differentiation, new
methods have been investigated (Fig. 8.3A). Early studies focused on the use of yc
cytokines alternative to IL-2, such as IL-15 and IL-21. IL-15 was found to sustain T
cell expansion without the robust pro-differentiating activity that is typical of IL-2.
Contrary to IL-2, which generates Ty and Tgy cells, stimulation of T cells in the
presence of IL-15 promoted the formation of T cells with the phenotypic, functional
and metabolic qualities found in naturally occurring Tcy cells [81, 80, 71, 112].
IL-15-generated tumor-reactive T cells exhibited enhanced anti-tumor responses
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compared to those grown in the presence of IL-2 [113]. Additionally, human T cells
activated in the presence of low doses of IL-15 and IL-7 generated Tscy-like cells
capable of expanding and mediating GVHD on serial transplantation [114]. More
recently, several investigators have evaluated the activity of IL-21 on the expansion
and differentiation of tumor-specific CD8* T cells. In both mouse and human studies,
IL-21 profoundly repressed T cell differentiation as manifested by the generation
of T cells lacking the expression of conventional memory cell markers [115, 116].
T cells activated in IL-21 maintained a naive-like phenotype and the ability to
secrete high amounts of IL-2 [116, 115, 117]. Although a comprehensive pheno-
typic characterization of these cells was not done in these studies, it is likely that
IL-21-generated cells might comprise Tscm-like cells.

In the past decade there has been an increasing understanding of the signaling
pathways and transcriptional circuitry that regulate memory and effector T cell differ-
entiation [42, 41]. Many of these pathways can now be targeted by small molecules,
which are already approved, or under clinical evaluation for other indications. This
raises the exciting possibility of repurposing these drugs to modulate T cell differ-
entiation to potentiate T cell therapeutic fitness [77]. As discussed above, mTOR
has emerged as a key modulator of CD8* T cell fate commitment and its modulation
by rapamycin as well as by temsirolimus, a rapamycin analogue that is approved for
treating advanced renal cell carcinoma, were shown to enhance the formation of
CD8* memory T cells and augment their anti-tumor efficacy [118, 119].

Analogous results can also be obtained by targeting molecules upstream from
mTOR such as AMPK and AKT. Metformin, an AMPK agonist used for the
treatment of type 2 diabetes [120], has been shown to enhance T cell survival, mem-
ory responses and anti-tumor treatment [70]. Pharmacological blockade of AKT
limited the acquisition of effector molecules and function while preserving a Tcy-
like phenotype and migratory capacity [69]. Although the AKT inhibitor employed
in this study is not available for use in humans, several other AKT inhibitors are
currently under clinical evaluation for the treatment of solid tumors and hemato-
logic malignancies [77]. Additionally, saracatinib, an Src family inhibitor undergo-
ing clinical investigation for the treatment of cancer and Alzheimer's disease, was
found to enhance the generation of Ty, cells in responses to vaccination and confer
superior protection against tumor challenge through an unresolved signaling path-
way regulating the AKT-mTOR pathway [121].

Another important pathway that has recently been implicated in the regulation of
T cell differentiation and memory formation is the WNT—f-catenin signaling path-
way [122, 123]. GSK3- inhibitors that are under clinical evaluation for Alzheimer's
disease and other neurodegenerative diseases [124] could be use to induce down-
stream signals of the WNT—f-catenin pathway to generate Tscy-like cells capable of
triggering potent anti-tumor immune responses [37, 36].

More recently, direct targeting of metabolic rate-limiting enzymes has been
shown to be an effective strategy to restrain differentiation and enhance T cell mem-
ory and anti-tumor function [71, 72]. Inhibition of glycolytic flux by 2-DG, a hexo-
kinase inhibitor currently under evaluation in clinical trials because of its direct
negative impact on glycolytic tumor cells [125], limited T cell differentiation,
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resulting in the generation of T cells with improved anti-tumor efficacy [72]. Taken
together, these studies underscore the ever-increasing number of reagents available
that can be immediately integrated in the next generation protocols for the production
of tumor-specific T cells for adoptive immunotherapy.

Reprogramming Terminally Differentiated T Cells

Restraining T cell differentiation during ex vivo expansion can be an effective strategy
for therapies based on the adoptive transfer of T cells genetically engineered with a
tumor-reactive TCR or CAR as a large fraction of peripheral blood lymphocytes
comprises Ty and Tcy cells [37, 126]. However, this approach become less relevant
for therapies relying on naturally occurring tumor-specific T cells, which are often
found in a state of terminal differentiation and exhaustion due to chronic antigen
stimulation in the tumor-bearing host [127-130]. Recent advances of regenerative
medicine demonstrating successful reprogramming of mature cell lineages into
induced pluripotent stem (iPS) cells have opened the exciting possibility of rejuve-
nating exhausted and senescent T cells [131]. Since Yamanaka’s seminal discovery,
mature T lymphocytes have been reprogrammed into iPS cells by enforcing expres-
sion of the transcription factors OCT4, SOX2, KLF4 and MYC [132-134].
Importantly, T cell-derived iPS cells retain the rearranged variable (V), diversity (D)
and joining regions (J) of the TCR chains, indicating that iPS cells generated from
tumor-specific T cells could maintain their anti-tumor reactivity. Increasing under-
standing of the signaling required for T cell development during thymopoiesis has
led to the development of ex vivo protocols that support the generation of T cells
from stem cell precursors including iPS cells, providing a feasible methodology for
re-differentiating T cell-derived iPS cells [135-139]. Recently, Vizcardo et al. [140]
and Nishimura et al. [141] have put this two-step reprogramming concept into prac-
tice (Fig. 8.3B). These groups obtained iPS cells from T cell clones specific for the
melanoma-associated antigen MART-1 or the HIV-1 protein Nef, respectively, and
re-differentiated them into mature T cells by coculture with OP9 feeder cells over-
expressing the Notch ligand Delta like-1 (DLL1). Although reprogrammed T cells
maintained the original TCR rearrangement and the ability to mediate specific
effector functions, it remains unclear whether these cells could be truly considered
rejuvenated. These cells exhibited elongated telomeres, indicating an increased pro-
liferative potential, however they displayed phenotypic traits of Tgy cells rather than
naive or early memory subsets. A recent paper indicated that reprogrammed T cells
from iPS cells acquired the phenotype and functional characteristics of innate-like
vO T cells [142]. When redirected with a CD19-specific CAR, they were able to
mediate potent tumor regression in a human lymphoma xenograft tumor model.
Although feasible, the two-step reprogramming approach is currently inefficient
both in terms of the frequency of cells successfully reprogrammed and the duration
necessary to achieve full reprogramming. Recently, Obokata and colleagues have
reported that pluripotency could be induced faster and more efficiently by exposing



198 E. Lugli and L. Gattinoni

lymphocytes to strong external stimuli such as a transient low-pH stressor [143].
Since then, misconduct proceedings have surfaced calling into question the validity
of the results [144]. If confirmed and reproduced in adult human cells, however,
Obokata’s findings could make the two-step reprogramming method more practical
(Fig. 8.3B).

An alternative approach to overcome the inefficiencies of two-step reprogram-
ming might be the direct reprogram of terminally differentiated T cells into Ty and
Tscwm cells. An increasing number of reports have revealed that direct reprogram-
ming can be used to differentiate diverse mature cell types into alternative differen-
tiated lineages such as neurons [145, 146], hepatocytes [147], cardiomyocytes
[148], blood progenitors [149], and pancreatic  cells [150, 151] by ectopic expres-
sion of cell-specific transcription factors. Adapting this strategy, enforced expres-
sion of transcription factors or miRNAs essential to Ty and Tscy identity might
result in the intra-lineage reprogramming of Ty cells into less-differentiated T cells
(Fig. 8.3C).

Current Clinical Efforts and Future Directions

The realization that T cell differentiation and in vivo anti-tumor effectiveness are
inversely correlated has recently prompted a series of new clinical trials designed to
test the efficacy of less-differentiated T cell populations (Table 8.1). Because pro-
longed TIL cultures can drive cells towards terminal differentiation, changes were
made to standard TIL protocols to shorten the period of ex vivo expansion [152—
154]. These minimally cultured TILs were called young TILs, as they possessed
characteristic of less-differentiated T cells including longer telomeres and higher
expression of CD27 and CD28 compared to TIL cultured with a conventional pro-
tocol. Early trials using young TIL preparations have demonstrated anti-tumor effi-
cacies comparable to standard TILs with objective responses of 28-58 % [155, 156,
153, 157, 104]. It is unclear the reason why young TILs did not induce increased
anti-tumor responses compared to the historical experience using standard TILs.
However, it is becoming evident that “young TILs” is a misnomer as the rapid
expansion protocol employed to expand TILs prior to infusion virtually nullify the
benefit of initial short TIL cultures resulting in low frequencies of less-differentiated
T cells [152]. Furthermore, in a recent young TIL trial characterized by an unusu-
ally low response rate, infused TILs, rather than being minimally cultured, were
grown for period of time comparable to standard TILs [156].

Alternative yc cytokines have been used in recent clinical protocols for the gen-
eration of tumor-reactive T cells for adoptive immunotherapy. Autologous MART1-
specific CD8* T cells were generated in vitro using artificial antigen presenting cells
in the presence of a combination of IL-2 and IL-15 [158]. This approach resulted in
the generation of a mixture of Tcy and Ty memory cells capable of engrafting and
persist in patients for prolonged periods in the absence of previous lymphodepletion
conditioning or cytokine support. Notably, these cells trafficked to the tumor and
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mediated biological and clinical responses. IL-21 has also been used to limit terminal
differentiation of WT1-specific donor-derived CD8* T cell clones [159]. WT1-
specific clonal populations generated with exposure to IL-21 displayed higher
CD27, CD28, or IL-7Ra compared to clones generated in the absence of this cyto-
kine. Consistent with previous studies [6—8], clones generated without IL-21 failed
to persist longer than two weeks in vivo. Remarkably, WT-1-specific clones gener-
ated in the presence of IL-21 survived long-term after infusion, establishing immu-
nological memory. Most importantly, IL-21 generated clones exhibited direct
evidence of anti-leukemic activity.

Another promising strategy currently under clinical evaluation is the use of cell
products derived from the expansion of Ty, cells. These studies stem from preclini-
cal evidence in mice and nonhuman primates indicating that progenies of isolated
Tcym cells have enhanced capacity to persist and form long-lived memory cells fol-
lowing adoptive transfer compared to Tgy-derived cells [160, 161]. Since reagents
necessary to isolate Tcy in a high-throughput manner were not initially available,
Wang and colleagues took advantage of the well-known ability of Ty cells to pro-
duce greater amount of IL-2 than their Tgy counterparts to develop a PCR-based
assay for early detection of T¢y clones [162]. This strategy enabled the isolation,
expansion, and transfer of rare human melanoma-specific CD8* Ty cells. TCM-
derived T cell clones engrafted and persisted at high frequencies in 4 out of 5
patients, 1 month after the transfer, and were associated with some minor and mixed
tumor regression [162]. More recently, the development of GMP-compliant beads
for Tcy cell isolation [163] has led to the initiation of a series of trials employing
CD19-CAR engineered CD8* T cells derived from Tcy cells for the treatment of B
cell malignancies (Table 8.1). Recently, two studies have suggested that T cells
derived from naive rather than T¢y cells might allow superior efficacy upon adop-
tive transfer [164, 126]. Tx-derived cells exhibited greater proliferative potential
and mediated enhanced anti-tumor function compared to T¢y cells in a murine
tumor model [164]. Moreover, in human studies, Ty-derived cells displayed higher
expression of CD27 and longer telomeres compared to cells derived from conven-
tional memory subsets, indicating that the Ty-derived progeny possess traits that
correlate with tumor responses in clinical trials [126]. Thus, a new study employing
tumor-specific T cells derived from CD62L* precursors, which comprise naive,
Tscm and Tey cell has recently been planned (Table 8.1).

In summary, several new studies investigating the safety and efficacy of less-
differentiated cells have been initiated or planned. Preliminary results are starting to
reveal significant improvements in terms of T cell persistence, which hopefully, will
translate into increased tumor response rates. New clinical-grade protocols for Tscy
cell generation are also under development, paving the way for a rapid translation of
Tscem into future clinical trials [165, 114].
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Chapter 9

T Cell Blockade Immunotherapy Against
Cancer and Abscopal Effect in Combination
Therapy

Giuseppe V. Masucci, Luigi De Petris, Andreas Lundqyvist,
Rolf Kiessling, and Rolf Lewensohn

Abstract Stereotactic ablative body radiotherapy (SABR) has been described to
induce abscopal effects. The “abscopal effect” is the occurrence of objective
tumour regressions induced following irradiation at sites outside the irradiated
field. However, this effect is limited and occurs in about 5 % of patients. This phe-
nomenon has been reported in various tumour forms but mainly as singular events.
Recent evidence that radiation induces immunogenic tumour cell death and alters
the tumour microenvironment to enhance recruitment of antitumor T cells supports
the hypothesis that radiation can enhance both the priming and the effector-phase
of the antitumor immune response. SABR treatment of inoperable renal cancer
results in local tumour sterilization with release of tumour cell fragments contain-
ing molecules that may be immunogenic. For instance, apoptosis and necroptosis,
forms of cell death, have recently been demonstrated to be immunogenic if induced
by drugs like anthracyclines or by ionizing radiation. These tumour antigens are
taken up locally and systemically by antigen presenting cells, particularly the den-
dritic cells (DC), which have the potential to stimulate de novo production of spe-
cific immune responses. Cells and molecules, however, regulate anti-tumoral
immuneresponse, with the ability to inhibit particularly response to “self”” tumour
antigens. The intervention at the checkpoint level through the administration of
anti-Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) antibodies or anti-programmed
cell death protein 1 (PD-1) can arrest these immune regulatory mechanisms, result-
ing in activation of the anti-tumour responses to the antigens released by SABR,
and thus acting in synergy with SABR. Additional activation of anti-tumour immu-
nity can also be obtained by administration of autologous DC “pulsed” ex vivo,
with tumour-derived material; adoptively transfer tumour specific T cells, derived
either from Tumour Infiltrating T cells (TIL) or from autologous T cells retrovi-
rally transduced with tumour specific T cell receptors (TCRs).
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Acronyms

AE Adverse events

AHH Ancestral HLA Haplotypes
CBR Clinical benefit rate

CDh Cluster of differentiation
CEA Carcinoembryonic antigen
COX-2 Cyclooxygenase type 2

CT Computerized tomography

CTLA-4  Cytotoxic T-lymphocyte antigen 4
DAMPs  Damage-associated molecular patterns

DC Dendritic cells
EGFR Endothelial growth factor
Fit3 Fms-like tyrosine kinase 3

GM-CSF  Granulocytes, macrophages colony stimulating factor

GVAX Vaccine with irradiated tumour cells engineered to secrete GM-CSF
HLA Human leukocytes antigen

HMGB1  High-mobility group protein B1

ICAM-1  Adhesion molecules

IFN Interferon

iNOS Nitric oxide synthase

MDSC Myeloid-derived suppressor cells
MHC Major histocompatibility complex

MIC A/B  MHC class I polypeptide-related sequence A or B
MoAB Monoclonal antibody

NK Natural Killer

NKG2D  Natural killer group 2, member D

NSCLC  Non-small cell lung cancer

PAMPs Pathogen-associated molecular patterns
PD-1 Programmed cell death protein 1
PD-L1/2  Ligands for PDI

PET Positron emission tomography

RCC Renal cell carcinoma

SABR Stereotactic ablative body radiotherapy
TCRs T cell receptors

TGF Tumour growth factor

TIL Tumour infiltrating T cells

Treg Regulatory T cells
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Introduction

Combination strategies in the treatment of human diseases in general and of cancer
in particular are necessary. The possibility to harmonize surgery, radiotherapy, and
chemotherapy has been the standard care for treating several tumours [1, 2]. The
area of application of radiotherapy and in particular SABR has increased during the
last decade [3—7]. Previous experience of SABR in the treatment of metastases from
renal cell carcinoma (RCC) showed a high local control (90 %) at different tumour
locations. This has been documented by several Institutions [5-9]. Nonetheless, the
occurrence of distant micro-metastases not visualized on Computerized Tomography
(CT) and Positron emission tomography (PET) remains a treatment problem. Even
if the local control is high after SABR in various tumour diagnoses a large fraction
of the patients will have recurrences with new metastases due to the occurrence of
distant micro-metastases not visualized on CT or PET/CT [3, 10].

In renal cancer there have been reports on abscopal effects on distant metastases
where non-irradiated tumours have regressed temporarily or seemingly permanently
after treatment with SABR of either the primary tumour or other metastatic lesions
[11]. The term “abscopal effect” covers occurrence of objective tumour regressions
induced following irradiation of sites outside the irradiated field.

Recent evidence that radiation induces immunogenic tumour cell death and
alters the tumour microenvironment to enhance recruitment of anti-tumour T cells
supports the hypothesis that radiation can enhance both the priming and the effector-
phase of the anti-tumour immune response [12, 13]. The leukocytes phenotype
relates to the underlying mechanisms of these abscopal effects. SABR treatment of
inoperable renal cancer results in local tumour sterilization with release of tumour
cell fragments containing molecules that may be immunogenic. For instance, apop-
tosis, as a form of cell death, was originally considered as non-immunogenic and
non-inflammatory. However, recently it has been demonstrated to be immunogenic
when induced by drugs like anthracyclines or by ionizing radiation [14, 15].

Apoptosis is not the main type of cell death caused by radiotherapy on epithelial
tumour cells., On the other hand hyperthermia combined with radiation-induced
DNA damage has shown to stimulate another mechanism of cell death, namely
necroptosis [16, 17]. The residuals from radiotherapy induced cell destruction are
strong candidates to spread potential antigens recognized by the immune system.
Tumour antigens are taken up locally and systemically by antigen presenting cells,
particularly the dendritic cells, which have the potential to stimulate de novo pro-
duction of specific immune responses (either cellular or humoral) or enhance, or
recall already existing immune competent cells. Induction of immune response to
these tumour related antigens is regulated, however, by a complex mechanism based
on cells and molecules that modulate the strength of the responses blocking a pos-
sible anti-tumoral effect. Only through the blocking of the negative feed-back on
cytotoxic T cells there is a possibility to restore the effector arm of the anti-tumoral
response. For instance, through the administration of checkpoint inhibitors such as
anti-CTLA-4 antibodies these immune regulatory mechanisms can be halted or
diminished in activity, resulting in activation of the anti-tumour responses to the
antigens released by SABR and thus acting in synergy with SABR [18].
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SABR and Abscopal Effect

SABR Treatment

The SABR technique is based on a few key features (Fig. 9.1).

1.

High precision and reproducibility. The patient is accurately positioned on the
treatment table with the help of fixation tools, such as the stereotactic box or
vacuum pillows. These aim at limiting the movements of the target between the
subsequent radiotherapy fractions. In addition, the movement of the tumor within
each treatment session, due for example to breathing movements for targets in
the thorax and upper abdomen, can be monitored with diverse gating techniques,
These include for example irradiating only when the tumor is under the beam or
keep track of the tumor with the help fiducials. Finally, with the help of imaging
devices, such as the cone-beam CT, coupled orthogonally to the radiation beam,
the tumor is visualized before each treatment and patient position accordingly
modified in order not to miss the target. The result is that the treatment can be
planned with very small margins around the tumor, limiting unwanted doses to
the surrounding normal tissues.

. High dose per fraction. Taking advantage of the high precision and small mar-

gins around the tumor, SABR allows for the delivery of very high radiation doses
per fraction, which are repeated few times. A typical SABR fractionation sched-
ule is 3 times 15 Gy, as opposed to the conventionally fractionated radiotherapy,
which instead is typically administered with about 2 Gy per daily fraction,
throughout several weeks of treatment. SABR ablative doses can be safely deliv-
ered because the target usually is a small lesion, with e.g. a maximal diameter of
approximately 5 cm. In addition, the tumor must not lay too close to sensitive
structures, as for example the bowel or the central airways.

Z

Fig. 9.1 SABR dose planning of a lung metastasis. Performed at the Radiotherapy Unit,
Department of Oncology, Karolinska University Hospital, Stockholm, Sweden
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3. Inhomogeneous dose distribution. One of the major characteristics of the
conventional 3Dimension conformal radiotherapy planning is that the entire target
is covered by the same dose. In contrast, with the SABR technique the radiation
dose in not homogenously distributed on the target, but by a gradient increased
to the isocenter to reach a total dose of 150-200 Gy, where the cells are antici-
pated to be more radiation resistant, as related to e.g. hypoxia.

Altogether, all these features makes SABR to a treatment that generates a large
variety of cellular and tissue responses, and is easy to combine with immunotherapy
strategies as induction phase, because of the very short total treatment time. Yet, it
must be noted that these considerations are pure empirical, since a radiobiological
modeling, that specifically predict the dose- and fractionation-effects in SABR as
opposed to conventional radiotherapy, has not been validated yet. Although radio-
therapy has been generally considered as an immunosuppressive intervention, since
T cells are very radiosensitive, recent evidence suggests that a number or reactions
are triggered in the tissues exposed to ionizing radiation, resulting in potentially
vivid immune responses.

Firstly, radiotherapy induces any kind of cell death, including apoptosis, necro-
sis, autophagy and mitotic catastrophe. Dying cells secrete ATP and high-mobility
group protein B1 (HMGB1). The latter interacts with the Toll-like receptor factor 4
(TLR4) on dendritic cells activating them. In addition, the up regulation of calre-
ticulin on the tumor cell surface facilitates phagocytosis by the DC [19, 20].
Furthermore, radiation induced damage in tumor and in bystander tissues triggers a
stress signaling that results in the over-expression of MHC class I, adhesion mole-
cules (ICAM-1) and death receptors, and in increased secretion of pro-inflammatory
cytokines and chemokines (IL-1beta, TNF-alpha, CXCL16) as well as heat-shock
proteins. Similarly, even immunosuppressive mediators such as TGF-beta are
released. The latter, could constitute a possible target for inhibitory strategies to
further enhance immune response after radiation [21, 22]. Finally, as compared to
conventional radiotherapy, SABR induces more endothelial and micro vascular
damage, mediated by the ceramide pathway [23], resulting in increased cell death,
high T-cell infiltration and effective T-cell priming and expansion.

The Abscopal Effect

The “abscopal effect” is the occurrence of objective tumour regressions induced
following irradiation in sites outside the irradiated field. This phenomenon has been
reported in various tumour forms but mainly as singular events [24]. There have
been reports on abscopal effects on distant metastases where non-irradiated tumours
have regressed temporarily or seemingly permanently after treatment with SABR of
either the primary tumour or other metastatic lesions [11]. Typically, this occurs
several months after radiotherapy, suggesting mechanisms probably triggered by
radiotherapy, but sustained and developed by other factors, primarily the immune
system. The abscopal effect was firstly described as systemic tumor regression
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following the local intra-tumoral injection of Staphylococcus, causing a subsequent
acute inflammatory response [25]. During infection, the release of pathogenic
signals induces so-called pathogen-associated molecular patterns (PAMPs), which
triggers a potent immune reaction. Similarly, the signals resulting from tumor cell
death caused by anti-tumoral agents generate so-called damage-associated molecular
patterns (DAMPs), which in tumours lead to a variable level of tumor antigen presen-
tation to immune cells [26]. The intensity and efficacy of the immune response
generated by DAMPs depends on multiple factors, including the timing, amount
and possible combination of the anti-tumoral agents implemented. For radiotherapy,
such mechanisms have not been completely elucidated yet (see above).

Abscopal effect following radiotherapy for diverse tumor types has been reported in
a sporadic number of clinical cases, summarized in detail by Siva et al. [27]. In brief,
in a few articles it has been described a spontaneous regression of metastasis induced
by conventional radiotherapy, against either the primary site or other metastasis.
Of note, in the majority of cases the total dose of radiotherapy was far below cura-
tive or ablative thresholds (mean total dose 36 Gy), indicating that potent systemic
responses after a local intervention may be triggered even by sub-lethal stimuli.
On the other hand, a report from our Institution describes long term abscopal effects
in 4 out of 28 consecutive cases with renal cell carcinoma treated with SABR [28].
Notwithstanding the limitations associated to these communications, that describe
clinical events without exploring mechanisms, still they represent relevant hypotheses-
generating observations on how to take advantage of ionizing radiation as adjuvant
to immune treatments (Fig. 9.2).

Antigen uptake by Immunresponse and
SABR APC check point inhibitors

_Naive CD8

CTLAA/CD26
complex

priming

trafficking

Fig. 9.2 Summary chart presenting the possible steps involved in the cascade of reactions when
combining the effect of auto-vaccination induced by SABR with consequent abscopal effect and
immuneresponse enhancing strategies by check-point inhibitors

Distant metastasis
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Checkpoint Inhibitors and Therapy

Among the most promising approaches to activate therapeutic anti-tumour immunity
is the blockade of immune checkpoints that bloc the anti-tumour cytolytic effect by
the immune system. They refer to several inhibitory pathways involved in the
immune system. They are crucial for maintaining self-tolerance and modulating the
duration and amplitude of physiological immune responses in peripheral tissues in
order to minimize unnecessary tissue damage. Tumours choose certain immune-
checkpoint pathways as a major mechanism of immune resistance, particularly
against cytotoxic specific T cells to tumour antigens. Many of the immune check-
points are initiated by ligand—receptor interactions, permitting their inhibition by
antibodies or modulated by recombinant forms of ligands or receptors [29].

CTLA-4

CTLA-4, also known as CD152 (Cluster of differentiation 152), is a protein recep-
tor down regulating the immune system. It is found on the surface of T cells involved
in the efferent arm of the immunesystem. The T cell attack can be turned on by
stimulating the CD28 receptor on the T cell. On the other hand, their attack can be
turned off by stimulating the CTLA-4 receptor acting as an “off” switch. In humans,
the CTLA-4 protein is encoded by the CTLA-4 gene [30, 31].

Ipilimumab is the first monoclonal antibody used in clinic that blocks CTLA-4
ligand, negative regulator of T-cells, and thereby augments T cell activation and
proliferation. it should be also mentioned the introduction of tremelimumab in
phase III clinical trial for melanoma treatment [32]. Ipilimumab was approved and
regarded as the standard of care treatment for patients with unresectable and meta-
static melanoma that are either previously untreated (approved with a first line
indication in EU and USA) or treated with other therapies (approved with a second
line indication in EU and USA) [29].

PD-1

The programmed cell death 1 (PD-1) pathway represents a major immune control
switch that may be engaged by tumour cells to overcome active T-cell immune sur-
veillance [33]. The ligands for PD-1 (PD-L1 and PD-L2) are constitutively expressed
or can be induced in various tumours as well as they can be reinvigorated by IL-2 in
exhausted T cells [34-38]. High expression of PD-L1 on tumour cells (and to a
lesser extent of PD-L.2) has been found to correlate with poor prognosis and survival
in various cancer types, including RCC [39], pancreatic carcinoma [40], hepatocel-
lular carcinoma [41], ovarian carcinoma [42] and non-small cell lung cancer
(NSCLC) [43]. Furthermore, PD-1 has been suggested to regulate tumour-specific
T-cell expansion in patients with malignant melanoma [44].
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Clinical Findings

Clinical trials using Ipilimumab have shown an overall survival benefit in malignant
melanoma patients. Grade 3/4 drug-related adverse events were reported in 22.8 %
of subjects treated with ipilimumab alone, the majority being immune-related events
(14.5 % of the entire patient cohort) [43, 45]. Recently the group of Ascierto et al.
described the effect induced by anti CTLA-4 therapy sequenced with radiotherapy
(SABR). In the preliminary analysis the abscopal response has been detected in
11/21 (52 %) patients. They observed 9 abscopal partial response (42, 8 %), 2
abscopal stable disease (9, 6 %), and 10 cases with progressive disease (47, 6 %).
The median overall survival (OS) for all 21 patients was 13 months (range 6-26).
The median OS for patients with and without abscopal responses was 22.4 months
(range 2, 5-50, 3) and 8, 3 months (range 7, 6-9.0) respectively as assessed in 11
(84.6 %) out of 13 patients with local response showing an abscopal effect [46].
Preclinical in vitro and in vivo experiments have shown that PD-1 and/or PD-L1
blockade using monoclonal antibodies (mAb) enhances tumour-cell specific T-cell
activation, cytokine production, anti-tumour effector mechanisms, and clearance of
tumour cells by the immune system [40, 47-51]. Recently, 135 patients with
advanced melanoma were treated, with anti-PD-1 (pembrolizumab) including those
who had had disease progression while they had been receiving ipilimumab [52].
Treatment resulted in a high rate of sustained tumor regression, with mainly grade
1 or 2 toxic effects. The response rate did not differ significantly between patients
who had received prior ipilimumab treatment and those who had not. Responses
were durable in the majority of patients (Median follow-up was 11 months among
patients who had a response) and 81 % of the responders (42 of 52) were still receiv-
ing treatment at the time of analysis. The overall median progression-free survival
among the 135 patients was longer than 7 months and the updated 1-year overall
survival rate was 82 % [53]).

Recent data with nivolumab (BMS-936558), an IgG4 antibody against PD-1,
have validated PD-1 as an attractive target for clinical therapeutic intervention [54].
In arecent report of the clinical trial data with nivolumab a total of 296 patients with
advanced melanoma, NSCLC, castration -resistant prostate cancer, renal-cell carci-
noma or colorectal cancer were treated at a dose of 0.1, 0.3, 1, 3 or 10 mg/kg every
2 weeks. Among 236 evaluable patients, cumulative response rates were 18 %
among patients with NSCLC, 28 % among patients with melanoma, and 27 %
among patients with renal-cell cancer. Responses were reported to be durable: 20 of
31 responses lasted 1 year or more in patients with 1 year or more of follow-up.
Grade 3 or 4 adverse events were observed in 49 % of patients, while 14 % of
patients had treatment related Grade 3 or 4 adverse events.

Concurrent therapy with nivolumab and ipilimumab had a manageable safety
profile and provided clinical activity that appears to be distinct from that in pub-
lished data on monotherapy, with rapid and deep tumor regression in a substantial
proportion of patients [55].
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Active immunotherapy in the form of vaccination with tumour-loaded DC has been
evaluated in patients with cancer in the past two decades. Monocytes or CD34 posi-
tive hematopoietic stem cells are isolated from patients and differentiated to DC in
cytokine cocktails typically containing interleukin-4 and GM-CSF. Prior to vaccina-
tion, DC are pulsed with tumour antigens. The infused DC migrates to the lymph
node and presents the antigens to T cells. The first clinical studies showed promis-
ing results. In a pilot study where four patients with were follicular B-cell lym-
phoma were vaccinated with tumour-specific idiotype protein-loaded DC resulted
in measurable anti-tumour T cell responses. Importantly, tumour regression was
observed in three of four vaccinated patients [56]. Similarly, a clinical study of
patients with advanced melanoma vaccinated with DC loaded with tumour lysate or
melanoma-specific peptides showed induction of DTH reactions to peptide-pulsed
DC. In this study, objective responses were evident in 5 out of 16 patients including
two complete responders [57]. Until 2010, more than 900 cancer patients have been
enrolled in clinical trials of DC-based vaccination [58]. As a ‘proof of principle’ a
statistically significant effect of DC-mediated cellular immune response and of DC
dose on clinical benefit rate (CBR) could be demonstrated. However, advances in
basic immunology and pre-clinical studies have identified several crucial hurdles
that need to be overcome in order to generate improved clinical responses in patients
undergoing DC-based vaccines. Tumour-induced immune suppression plays a
major role in limiting the efficacy of immunotherapy including DC-based vaccina-
tion. Strategies to overcome immune suppression in patients vaccinated with DC
include targeting of myeloid-derived suppressor cells (MDSC) and regulatory
T cells (Treg). We recently showed that MDSC impair the quality of DC vaccines.
Changes in DC characteristics were most notable when MDSC frequencies of
>50 % CD14+HLA-DR-cells were present in the starting culture. MDSC frequencies
did not affect yield or viability of the produced DC, but induced a dose-dependent
decrease in DC maturation, ability to take up antigen, migrate and induce T-cell
IFN-gamma production [59]. In a randomized clinical trial of patients with meta-
static small cell lung cancer, targeting MDSC with all-trans-retinoic acid improved
the induction of immune responses by a DC vaccine [60]. Depletion of Treg can
enhance antigen-specific immune responses to cancer vaccines. Targeting Treg with
the immunotoxin, denileukin diftitox followed by vaccination with DC loaded with
carcinoembryonic antigen results in selective depletion of Treg leading to improved
T-cell response to CEA [61]. Other efforts to improve the clinical outcome of
DC-based vaccination include combination with standard therapy like chemotherapy,
surgery and radiation therapy. Retrospective analysis of a phase II trial in patients
with stage IV melanoma receiving DC-based vaccination showed that therapeutic
DC vaccination could favor clinical response in patients after more than one line of
therapy. Patients receiving DC-vaccine alone had a median overall survival of 15
months whereas patients receiving DC-vaccine and other treatments after stopping
vaccination had a median overall survival of 34 months [62]. The rationale behind
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combining radiation therapy with DC-based vaccination is that: radiation induces
apoptosis of tumour cells and infused DCs phagocytose apoptotic tumour cells and
processes the antigenic material to present these antigens to T cells. In addition,
radiation causes inflammation at the tumour site leading to enhanced activation and
ability of DC to present these antigens. Several studies have shown safety and fea-
sibility of incorporating radiation therapy to DC vaccination strategies in patients
with cancer [63—65]. A phase I trial investigated the immunologic response induced
by direct injection of autologous immature DC into the tumour under radiotherapy
in advanced hepatoma patients. Induction of alpha-fetoprotein specific immune
responses was observed in 8 of 14 patients. In this trial, there were two partial
responses and four minor responses. Interestingly, six patients showed an increased
NK cell cytotoxic activity after vaccination [63]. In another study, patients with
newly diagnosed glioblastoma who underwent surgery and standard conformal
external beam radiotherapy, received thereafter three consecutive intra dermal vac-
cinations with autologous mature DCs pulsed with an EGFRVIII-specific peptide
conjugated to keyhole limpet hemocyanin. Induction of EGFRvIII-specific immune
responses was observed in most patients and overall median survival from time of
histological diagnosis was 22.8 months [63]. Similarly, ten patients with glioblas-
toma received vaccination with autologous tumour lysate-loaded DC after radiation
therapy and temozolomide. Immune responses were induced in all patients and
all patients were alive at 6 months after diagnosis and the median overall survival
was 28 months [64].

Rational and Strategies of Combining Therapies
to Increase the Abscopal Effect

Irradiation can convert a tumour into a vaccine in situ, hence generating T-cell
responses that, upon priming in the context of CTLA-4 blockade, reject tumours
also at non-irradiated metastatic sites [13, 18, 66]. Demaria et al. showed that T cell-
mediated elimination of cancer cells that survived irradiation by mounting a stress
response, which are marked by the expression of NKG2D ligands, contributes to
therapeutic success in response to anti-CTLA-4 antibodies [67] The critical role
played by NKG2D ligands in determining the response of poorly immunogenic
tumours to anti-CTLA-4 antibodies has important clinical implications. The up-
regulation of NKG2D ligands on the surface of tumour cells by some chemotherapy
drugs or by radiotherapy may indeed provide a biomarker that predicts the success
of combination regimens involving anti-CTLA-4 antibodies. Recently, two groups
have demonstrated that PD-L.1 was up regulated in the tumor microenvironment
after SABR. Administration of anti—-PD-L1 [68] or anti PD1 (Demaria S, February
2014, personal communication) enhanced the efficacy of radiotherapy through a
cytotoxic T cell-dependent mechanism [69]. As mentioned earlier, ionizing radiation
can reduce tumour burden outside the field of radiation, known as the abscopal effect.
Several pre-clinical studies have demonstrated that dendritic cells are central in
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augmenting the abscopal effect. In mice bearing mammary carcinoma, treatment
with Flt3-ligand increased the number of DC. Irradiation of the primary tumour fol-
lowed by treatment with Flt3-ligand resulted in reduced tumour growth of secondary
non-irradiated tumours. No growth delay of non-irradiated tumours was observed
when T cell deficient mice were treated with radiation plus Flt3-L concluding that
the abscopal effect is dependent on DC activation of tumour-specific T cells [12]. In
a murine model of squamous cell carcinoma intra-tumoral administration of DC and
radiation therapy, tumour growth was markedly suppressed compared with mice
treated with either modality alone. Growth of non-treated tumours was also sup-
pressed, indicating that the combination therapy of DC and radiation therapy stimu-
lated an abscopal effect [70]. Since the approval of the immune checkpoint inhibitor
ipilimumab, several studies have evaluated its combination with cancer vaccines.
Although, as of today, no reports on combining DC vaccination and ipilimumab
have been published, several clinical trials are being planned. The combination, vac-
cination with irradiated tumour cells engineered to secrete GM-CSF (GVAX) and
ipilimumab has been evaluated in patients with melanoma, prostate cancer and pan-
creatic cancer. Periodic infusions of ipilimumab after GVAX vaccination generated
clinically meaningful anti-tumour immunity without grade 3 or 4 toxicity in a majority
of metastatic melanoma patients [71]. A phase I/II dose escalation/expansion trial of
combined GVAX and ipilimumab treatment showed that treatment-induced increases
in absolute CD4 and CD8 T cell count was associated with prolonged overall survival
[71]. In patients with pancreatic ductal adenocarcinoma surviving longer than
4.3 months after treatment with ipilimumab and GVAX vaccine, there was an increase
in the frequency of tumour specific T cells was detected, suggesting that checkpoint
blockade in combination with GVAX has the potential for clinical benefit [72].
In contrast, one report on combining ipilimumab with a peptide-based vaccine in
patients with advanced melanoma showed that vaccine combination was not associ-
ated with additional benefit [73]. A study in prostate cancer explored the safety and
tolerability of ipilimumab in combination with a poxviral-based vaccine targeting
prostate-specific antigen. No dose-limiting toxic effects were observed and ran-
domised trials are needed to further assess clinical outcomes of the combination of
ipilimumab and viral-based vaccines in prostate [74].

Future Strategies

Additional activation of anti-tumour immunity can also be obtained by administration
of autologous DC, produced ex vivo from autologous leukapheresis derived mono-
cytes, with the capacity to take up the circulating tumour antigens released by SABR
for efficient priming of T cells. Alternatively, autologous DCs can be “pulsed”
ex vivo with tumour derived material and provided as a tumour vaccine with the
capacity to re-activate the patient’s anti-tumour response. Yet another principle of
anti-tumour treatment, which can be applied to these patients, would be to adoptively
transfer tumour specific T cells, derived either from Tumour Infiltrating T cells
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(TIL) or from autologous T cells retroviral transduced with tumour specific TCRs.
SABR creates an inflammatory environment that may augment the activity of
adoptively infused TILs. Consequently, we consider that the rationale beyond these
strategies is: (a) to improve the clinical outcome of metastatic solid tumours (renal
cell cancer, malignant melanoma, lung cancer etc) by combining the SABR with
indirect induced immune re-activation; (b) to elicit an “abscopal effect” by sequen-
tial treatment with immunotherapeutic principles such as (anti CTLA-4 and/or anti
PD1 MoABs autologous dendritic cells and/or TIL cells adoptive cell transfer, cyto-
kines GM-CSF, Interleukins etc.).

Recruitment of a patient cohort could include in a first stage patients with meta-
static tumours (Fig. 9.2). These patients would have at least one metastatic lesion
available for SABR (15Gy x 3) and one marker lesion for evaluation of effect with-
out SABR. In light of the recent knowledge a phase-I study could be planned for
these patients for a combination treatment of anti-CTLA4+ SABR +anti PDI (or
anti PDL-1) sequentially [46, 68], SABR would be delivered to at least one meta-
static or primary lesion with a standard dose of 15 Gy x3 prescribed to the 67 %
isodose. This dose has been documented to result in high local control in various
tumour types and it is in accordance with experimental evidence for induction of the
abscopal effect.

Search for the best and most effective individualized treatment strategy is abso-
lutely dependent on a complete analysis of the predictive and prognostics markers
that can scrutinize the capacity to response at the individual level. Prediction should
be oriented to base line and during treatment. This relates to determination of
immune-markers that best reveal the specificity of the treatment. The individualized
treatment against cancer has to be defined more specifically, in order to understand
which, are the markers that indicates individual benefit. These may be HLA,
gene profile in general and the markers that identify the tumour at the cellular,
microenvironment and genetic level (e.g. Infiltrating inflammatory cells cytokines,
oncogenes, miRNA).

The Relevance of Predictive and Prognostic Biomarkers
in Relation to Combined Therapies

Treatment with checkpoint inhibitors such as anti CTLA-4, anti PD-1 or anti
PD-1 L1, needs biomarkers to identify those patients that will respond to treatment
and also those who will show severe side effects. Since both the treatment and the
side effects are immune mediated, there should be a high likelihood to find such
biomarkers by monitoring the patient’s immune system. The analysis of the immune
response should be focused at each single patient at treatment start and during its
consequent manipulation as related to treatment with checkpoints inhibitors. This is
crucial for the determination of efficacy and also for predicting clinical outcome.
Immune biomarkers can be divided into effector type (they give the ability of



9 T Cell Blockade Immunotherapy Against Cancer... 223

the immune system to react to the presence of cancer cells) in priming markers
(they measure the characteristics of the tumour itself and the microenvironment)
and meaning the genetic fingerprinting of the individual (i.e. HLA genotype).
A possible panel of markers might be also presented as positive or negative
predictors in relation to clinical outcome. The immune related biomarkers are not
necessarily bound to the tumour histology but rather to the individual immune
response state. It is known that the tumour microenvironment can induce recruit-
ment and expansion of suppressive immune cells and immune suppressive factors
to the tumour site. In patients treated with checkpoint inhibitors, it is relevant
to investigate the potential value of immune-markers. Studies on ipilimumab
have suggested a possible predictive role for a number of biomarkers, including the
early increase of the absolute lymphocyte count (ALC) or the early decrease
of lactate dehydrogenase (LDH) levels, the maintained expression of the inducible
co-stimulator molecule (ICOS) and the detection of humoral immune response
against NY-ESO-1 antigen [75].

Levels of Tregs are increased in different cancer types [76]. This accumulation of
Tregs may result from aberrant proliferation and trafficking and, as we recently
have described, greater resilience to oxidative stress compared with conventional
T cells [77]. This enhanced antioxidative capacity of Tregs possibly serves as feed-
back inhibition during inflammation and prevents uncontrolled immune reactions
by favoring survival of suppressor rather than effector cells. Also Myeloid Derived
Suppressor Cells (MDSC) accumulate in cancer patients. Thus, we have recently
described the presence of increased numbers of MDSC in the peripheral blood of
patients with stage III-IV melanoma [78]. These melanoma MDSC:s mediate strong
suppression of CD8 and CD4 T-cell proliferation and inhibit T-cell IFN-gamma
production and can also impair the quality of Dendritic cell tumour vaccines [59].
However, their presence appears to be strongly tumour-dependent, as they rapidly
disappear once the tumour is surgically removed or successfully diminished by
other treatments. Both nutrient starvation as mediated by the enzyme Arginase-1
and oxidative stress contributed to T cell suppression, but additional unknown
mechanisms must also be at work. It is therefore conceivable that in patients with
advanced malignant melanoma, MDSC and their products can have a major influ-
ence on their ability to respond to antibodies to checkpoint molecules. Several other
immune factors contribute to the immune suppressive environment and can consti-
tute important prognostic markers for therapy. Inducible nitric oxide synthase
(INOS) and cyclooxygenase type 2 (COX-2) have been described to correlate with
progression of tumour tissue [79].

NK cells are of potential importance in inhibiting the spreading of malignant cells
[80, 81]. For instance several of the ligands for the NK cell receptors and for cyto-
toxic T cells (CTLs) can be detected on malignant melanoma cells [82]. There is
pre-clinical evidence that the NKG2D Ligands (NKG2DL), which belong either to
the MIC A/B or the ULPB 1-6 molecule families, are involved in immune surveil-
lance, and NKG2DL can sensitize tumour cells to NK and CTL killing [83]. Others
have described that NKG2DL in the sera of cancer patients are strong independent
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predictors of poor prognosis [82]. Therefore, NK cells, their receptors and their
ligands are of potential interest as predictive factors for therapies.

As a prognostic factor, HLA has been studied in association with lung [84] and
head and neck tumours [85]. HLA has been studied as a factor that may predict the
response to different immune therapies, such as vaccine or cytokine therapy, in e.g.
melanoma [10, 86-93] and in chronic myelogenous leukaemia [94]. There is an
association of the HLA-A2 allele with severe prognosis in serous adenocarcinoma
of the ovary in stage III-IV and malignant melanoma [95]. There is also a correla-
tion of two so called Ancestral HLA Haplotypes (AHH) 8.1 (A1-B6-C7-DRB-1*03)
and 62.1 (A2-B15(62)-C3-DRB1%04) to a rapid tumour progression in patients with
ovarian-, prostate cancer and malignant melanoma [96, 97]. The presence or absence
of Major histocompatibility molecule in tumour cells is relevant for the tumour cell
to be recognized by the immune system and lack of these is a negative prognostic
factor 1 [98]. HLA-G and -E are a new series of tumour surface markers that can
predict the aggressiveness of the tumour tissue and has a inhibitory activity toward
the efferent arm of the immune cells as reviewed by Rebmann et al. [99]. Challenges
exist that need to be resolved to facilitate development of innovative approaches
such as the utilization of the radiotherapy induced abscopal effect and checkpoint
inhibitor therapy. There is a need for development and validation of tools to identify
patients who can benefit from these particular forms of combined immunotherapy.
For example, only a fraction of patients are eligible for adoptive tumour-infiltrating
lymphocyte (TIL) cell transfer [59] only a fraction of patients can achieve durable
regressions in response to cell or antigen vaccination [79], or antibody therapies.
The problem is that we do not know how to select for such cases because we lack
deep knowledge on the responsible mechanisms responsible. Despite substantial
efforts from many groups, we do not know which parameters of immune responses,
and which assays used to assess these parameters, are optimal for efficacy analysis.
Indeed, the tumour-specific cellular immune response promoted by immunization
often has not correlation with clinical cancer regression despite the induced cyto-
toxic T cells detected in “in vitro” assays [82, 83, 100, 101].

Conclusions

Radiation therapy for cancer is usually considered simply a local treatment modal-
ity; however, there is clinical evidence of longer-range effects that render this con-
ceptual simplicity misleading. It is clear that abscopal effects are beneficial in terms
of tumor control. The increasing use of high dose per-fraction radiotherapeutic
approaches (SABR) offers the possibility that novel combinations with current sys-
temic strategies could enhance systemic anti-tumor effects. Challenges exist that
need to be resolved to facilitate development of innovative approaches such as the
utilization of the radiotherapy induced abscopal effect and checkpoint inhibitor
therapy. There is a need for development and validation of tools to identify patients
who can benefit from these particular forms of combined immunotherapy.
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Chapter 10
T Cell Modulation: Anti-PD-1 Antibodies

for the Treatment of Cancer
Patrick A. Ott and F. Stephen Hodi

Abstract The expression of inhibitory receptors on tumor specific T cells leads to
compromised effector function such as decreased proliferation, cytokine secretion,
and tumor cell lysis. These receptors can be targeted therapeutically using monoclo-
nal antibodies, an approach that was termed “checkpoint blockade”. The improved
survival of advanced melanoma patients treated with the anti-CTLA-4 antibody
ipilimumab validates this new treatment concept. Inhibition of another inhibitory
pathway, PD-1/PD-L1, using monoclonal antibodies has recently shown much
promise in the treatment of melanoma, renal cell cancer, non-small cell lung cancer,
among other tumor types. Durable anti-tumor activity with a favorable safety profile
has lead to fast paced clinical development of many compounds targeting both PD-1
and PD-L1.

Keywords T cell e PD-1 ¢« PD-L1 « CTLA-4 « Immune checkpoint blockade ¢ Cancer

Introduction

Immune checkpoint blockade was proven as a successful strategy for cancer therapy
based on the improved overall survival of advanced melanoma patients who were
treated with the anti-Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) antibody ipili-
mumab in phase 3 trials [1, 2]. Programmed Death-1 (PD-1) is a member of the
immunoglobulin superfamily; it was initially discovered as an upregulated gene in
a T cell hybridoma undergoing apoptosis [3]. PD-1 interacts with two ligands:
PD-L1 (B7-H1) and PD-L2 (B7-DC) (Fig. 10.1). PD-1 is expressed on T cells,
B cells, natural killer (NK) T cells, activated monocytes, and myeloid CD11c* den-
dritic cells (DCs). PD-L1 is expressed in many immune cells including T and B
cells, monocytes, dendritic cells (DCs) as well as non-hematopoietic tissues and
many different tumor types [4—6]. The expression of PD-L1 is constitutive in many
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Tumor cell

Fig. 10.1 PD-1 is upregulated on antigen- experienced memory T cells in peripheral tissues,
thereby protecting them from collateral damage during an inflammatory response. Tumor cells can
evade T cell mediated destruction by upregulating PD-L1 and PD-L2. IFN-y production by T cells
leads to upregulation of both PD-1 and PD-L1

cell types, however it can also be induced by type I and type II interferons [7, 8].
In contrast to the fairly wide expression of PD-L1 including non-hematopoietic
tissues, PD-L2 is primarily expressed upon induction in hematopoietic cells [9, 10].
The MyD88-, TRAF6-, and MEK and AKT dependent pathways have been impli-
cated in mediating upregulation of PD-L1; loss of phosphatase and tensin homolog
(PTEN) leads to increased PD-L1 expression in tumors [11]. The engagement of
PD-1 on T cells mediates inhibitory signals, affecting cytokine production, cell pro-
liferation, apoptosis and cytolysis [12—14].

CTLA-4 and PD-1: Different Functionality

CTLA-4 modulates T cell function primarily during early activation in the lymph
node. In contrast, regulation of T cells through the PD-1/PD-L1 pathways takes
place both in the activation and effector phases of the T cell response in peripheral
tissues e.g. during chronic inflammation, thereby protecting tissues as described
above. This distinct functionality is reflected in the phenotype of CTLA-4 and PD-1
knockout (KO) models: CTLA-4 KO mice succumb to massive systemic lymph
node hyperproliferation several weeks after birth, whereas PD-1 KO is manifested
in autoimmune syndromes such as autoimmune diabetes, dilated cardiomyopathy,
or glomerulonephritis in sensitive mouse strains [15-17].

The presence of PD-L1 on peripheral tissues represents a protective mechanism
against T cell mediated tissue damage such as during chronic tissue inflammation/
infection. PD-L1 expression on CD8+ cells correlates with an “exhaustive” pheno-
type in viral infection models resulting in impaired or lost effector function such as
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cytokine secretion (e.g. IFN-y, IL-2, TNF-a) and cytolytic function [18-20].
Consistent with this immunosuppressive effect in the periphery, PD-1/PD-L1 inter-
action was found to be critical in the control of self-reactive T cells during both
initial activation and re-encounter in the periphery in animal models of type 1 dia-
betes and multiple sclerosis (Experimental Allergic Encephalomyelitis) [21-24]. In
PD-1 and PD-L1 double knock out mouse models, different types of spontaneous
autoimmunity have been observed, including glomerulonephritis and dilated car-
diomyopathy [15, 25]. In the non obese diabetes (NOD) model, PD-1/PD-L1 block-
ade reversed anergy in islet-antigen-specific T cells, whereas inhibition of CTLA-4
blockade did not, suggesting a unique function for PD-1:PD-L1 interactions in
maintaining peripheral tolerance [26].

Complexity of PD-1:PD-L1 pathway interactions is added by the finding that
PD-L1 exerts an additional inhibitory signal to T cells through B7.1, independent of
PD-1, which also modulates T cell activation and proliferation [27]. As a result, PD-1
blockade, which only suppresses interactions between PD-1 and its two ligands,
B7-H1 and B7-DC, does not block the inhibitory signal through B7.1. Similarly,
PD-L1 blockade affects the inhibitory signals through PD-1 and B7.1, but does not
impact the B7-DC-PD-1 pathway. These different sets of receptor-ligand interactions
need to be taken into account when assessing antibodies with specificities to PD-1
versus B7-H1 in the clinical context [28].

Tumors can co-opt the PD-1/PD-L1 pathway as a defense mechanism against
attack by tumor infiltrating lymphocytes (TIL). PD-L1 expression has been reported
in a broad spectrum of tumor types including melanoma, glioblastoma, non small cell
lung cancer (NSCLC), urothelial cancer, ovarian cancer, breast cancer, cervical can-
cer, colon cancer, pancreatic cancer, and gastric cancer [29-34]. PD-L1 and PD-L2
expression has also been found on hematologic malignancies such as multiple
myeloma, acute myeloid leukemia chronic lymphocytic leukemia, adult T-cell leuke-
mia/lymphoma, Hodgkin lymphoma, primary mediastinal B cell lymphoma, and
angioimmunoblastic T-cell lymphoma [35-39]. Tumor PD-L1 expression has been
associated with poor clinical outcome in many retrospective series, which seems intui-
tive and consistent with the immunosuppressive role of the PD-1/PD-L1 pathway in
the tumor microenvironment. Intriguingly however, tumor PD-L1 expression can also
correlate with favorable outcome in melanoma patients [40]. In a recent study, PD-L1
expression, IFN-y production, and TIL were found to be co-localized in melanoma
specimens. In this context, the expression of PD-L1 was interpreted as an adaptive
homeostasis reaction to the infiltration with TILs since IFN-y production by T cells
can directly mediate upregulation of PD-L1 expression locally as a resistance mecha-
nism of the tumor, thus explaining the improved clinical outcomes [40].

PD-1/PD-L1 Inhibition in Cancer Patients

Clinical activity of PD-1 blockade in cancer patients was first reported in 2008 [41].
In subsequent large phase 1 studies, encouraging objective tumor response rates in
patients with different tumor types including melanoma, renal cell carcinoma
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Table 10.1 Tumor activity Melanoma |RCC | NSCLC

of monoclonal antibodies N

targeting PD-1/PD-L1 Anti-PD-1

(efficacy population, all Nivolumab (BMS)

doses) Number of patients 94 33 76
Objective response rate (%) | 26 (28) 9(27) 14(18)
Stable disease (24+ weeks) | 6 (6) 927 5
MK3475 (Merck)
Number of patients 117 NA NA
Objective response rate (%) | 44 (38) NA NA
Stable disease (24+ weeks) | NA NA NA
Anti-PD-L1
MDX-1105 (BMS)
Number of patients 52 17 49
Objective response rate (%) |9 (17) 2(12) 5(10)

Stable disease (24+ weeks) | 14 (27) 741) 6(2)
MPDL3280A (Roche/Genentech)

Number of patients 38 NA 53
Objective response rate (%) | 11 (29) NA 12 (23)
Stable disease (24+ weeks) | NA NA 2(5)

(RCC), and NSCLC were reported with both PD-1 and PD-L1 blocking monoclonal
antibodies [42, 43] (Table 10.1). The tremendous promise of this treatment strategy
from these early studies prompted the initiation of intense and fast paced clinical
development programs of monoclonal antibodies directed at the PD-1/PD-L1 path-
way in cancer patients (Table 10.2).

PD-1 Inhibition
Nivolumab

Nivolumab (also known as MDX-1106; ONO-4538) is a fully human monoclonal
IgG4 antibody directed at the PD-1 receptor. In the dose range of 0.1-10 mg, the
pharmacokinetics are linear with dose-proportional increases in C,,x and AUCq_4 gays.
Because of its IgG4 Fc-domain, the drug does not exhibit antibody dependent cell
death (ADCC). Patients with melanoma, RCC, NSCLC, prostate cancer, and colorec-
tal cancer (n=296) who had tumor progression on prior anti-cancer therapies were
treated with nivolumab every 2 weeks at doses of 0.1, 0.3, 1, 3, and 10 mg/kg.
Objective tumor responses were observed in 26 of 94 (28 %) patients with melanoma,
14 of 76 (18 %) patients with NSCLC, and 9 of 33 (27 %) of patients with RCC [43].
Many of the responses were durable: Thirteen of 18 (72 %) melanoma patients and
5 of 8 (63 %) RCC patients who had received nivolumab for more than 1 year had
responses that lasted for 1 year or longer; 8 of 14 (57 %) NSCLC patients who were
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treated for 24+ weeks had tumor responses that lasted 24 weeks or longer. Updated
results from this study were presented for the melanoma, NSCLC, and RCC cohorts
at ASCO 2013 [44]. In melanoma patients (all dose cohorts), the median duration of
response was 104 weeks (18.4—117.0+ weeks). Thirty-three of 107 (31 %) melanoma
patients in the updated dataset had an objective tumor response, in addition to 7
patients (7 %) with stable disease (SD) lasting >24 weeks and 4 patients with an
unconventional (immune-related) pattern. The onset of RECIST responses was rapid:
15 of 33 (45 %) of patients had a CR or PR at the time of the first tumor assessment at
8 weeks. The median OS of melanoma patients was 16.8 months whereas 1 year OS
and 2 year OS were 62 % and 43 %, respectively. Twenty of 122 (16 %) of NSCLC
patients had objective tumor response in the updated data set; median OS was 9.6
months. One-year OS and 2-year OS were 43 % and 32 %, respectively. In RCC,
median OS was >22 months with 70 % and 52 % 1-year and 2-year OS, respectively.
Nivolumab was remarkably well tolerated in this trial. Eighteen of 296 (6 %) patients
experienced a treatment related grade 3 or 4 adverse event and 122 of 296 (41 %)
patients had adverse events associated with an immune-related etiology. Adverse
events observed in more than 5 % of patients were rash (12 %), diarrhea (11 %), and
pruritus (9 %). Other, infrequently observed inflammatory adverse events included
pneumonitis, vitiligo, hepatitis, and hypo/hyperthyroidism. Most of these toxicities
were reversible with treatment interruption, treatment discontinuation, or the admin-
istration of glucocorticoids. Three deaths due to pneumonitis related to nivolumab
occurred on the study. Algorithms are now employed to guide treatment of inflamma-
tory events associated with PD-1/PD-L1 blockade.

MK3475

MK3475 is a fully human monoclonal anti-PD-1 antibody of the IgG4-x isotype. In
a multi-institutional, phase 1 trial, 135 patients with metastatic melanoma, many of
whom had visceral metastases, received MK-3575 at doses of 10 mg every 2 weeks,
2 mg every 3 weeks, or 10 mg every 3 weeks [45]. The treatment was well tolerated;
grade 3 or 4 related adverse events attributed to treatment were seen in 17 of the 135
(13 %) patients. Toxicities included fatigue, fever, chills, myalgias, and headaches,
which were almost exclusively grade 1 or 2. Treatment-related pneumonitis was
seen in 6/135 (4 %) of the patients. Forty-four of 117 (38 %) of the patients had an
objective response by RECIST 1.1 criteria. Eight additional patients had an uncon-
firmed response, resulting in a RR including confirmed and unconfirmed responses
of 44 %. In the highest dose cohort, 27 of 52 (52 %) patients experienced a con-
firmed tumor response. Interestingly, response rates did not differ between patients
who had been previously treated with ipilimumab (anti-CTLA-4) versus those who
had not. Most tumor responses were observed when the tumors were first assessed
after 12 weeks of treatment. Moreover, the median duration of responses and median
OS had not been reached after 11 months of follow-up, indicating that the responses
may be durable in many patients. In an update presented at the annual meeting of
the Society of Melanoma Research (SMR), the one year overall survival was 82 %
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and median OS had still not been reached. Phase 2 and 3 trials with MK3475 are
currently underway in melanoma and NSCLC; other tumor types are under investi-
gation in phase 1 and 2 studies.

PD-L1 Inhibition

BMS936559

In a multi-institutional phase 1 trial with dose escalation cohorts and tumor type
specific expansion cohorts, patients with NSCLC, melanoma, RCC, ovarian cancer,
gastric cancer, pancreatic cancer, and colorectal cancer were treated with the anti-PD-
L1 monoclonal antibody BMS936559 (also known as MDX-1105) [42]. Most of
these patients were refractory to one or more lines of prior systemic treatment. The
treatment was well tolerated: 39 % of patients had grades 1 and 2 inflammatory toxici-
ties such as rash, diarrhea, hypothyroidism, and hepatitis, whereas 9 % of patients had
treatment-related grade 3 or 4 AEs. In this study, objective tumor responses were seen
in 9 of 52 (17 %) melanoma patients, 5 of 49 (10 %) NSCLC patients, 2 of 17 (12 %)
RCC patients, and one of 17 ovarian cancer patients. In addition to the objective tumor
responses, between 12 and 41 % of patients in these cohorts had SD >24 weeks.

MPDL3280A

MPDL3280A is a fully human monoclonal IgG4 antibody directed at PD-L1. Safety
and efficacy data in patients with melanoma and NSCLC have been reported from a
phase 1A dose escalation study including patients with multiple different tumor
types [46]. Six of 38 (14 %) advanced melanoma patients had treatment-related
grade 3 and 4 adverse events and two patients (5 %) had immune-related grade 3 and
4 events. Eleven of 38 (29 %) melanoma patients had a CR or PR while 2 of 38 (5 %)
patients had SD lasting >24 weeks. In a cohort of 53 patients with NSCLC the RR
was 23 % (12/53) [47]. Notably, 11 of the 12 responders in the NSCLC cohort were
smokers, for a RR of 26 % (11/43) in this subset of patients. Objective tumor
responses were also observed in patients with colorectal cancer, gastric cancer, and
squamous cell head and neck cancer treated with MPDL3280A [48].

MEDI4736

MEDI4736 is an anti-PD-L1 human monoclonal antibody that lacks the Fc domain
and therefore has no Fc-mediated effector function. Preliminary data from a phase 1,
multi-center, open label study in patients with advanced solid tumors suggest that
the antibody is safe; a signal for clinical activity was detected as evident by tumor
regression and prolonged stable disease in several tumor types [49].
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Other Immune Modulating Antibodies and Opportunities
for Combinatorial Approaches

The efficacy of PD-1/PD-L1 and anti-CTLA-4 blockade given without vaccination
indicates that pre-existing, endogenous tumor specific T cells, once uncoupled from
the inhibitory signaling, can eradicate tumor cells. It may be surprising that target-
ing a single inhibitory receptor such as PD-1 or CTLA-4 can induce tumor responses
given the multitude of immune regulatory mechanisms, which also include T regu-
latory cells, myeloid derived suppressor cells [50], and immunosuppressive media-
tors such as IDO (indoleamine 2,3-dioxygenase), arginase and prostaglandin E2
(PGE2), IL-6, IL-10, and vascular endothelial growth factor (VEGF).

Multiple inhibitory molecules expressed on T cells such as LAG-3 [51], Tim-3
[52],BTLA [53] as well as anumber of co-stimulatory members of the CD28/CTLA-4
family (ICOS) and the TNF superfamily (CD40, CD27, CD137, Glucocorticoid-
induced TNFR-related protein (GITR), and OX40) can be targeted with monoclonal
antibodies. Some of these antibodies (directed at CD27, CD137, GITR, CD40,
LAG-3) are already under clinical investigation. In addition, inhibitory receptors in
other immune cell populations, such as Killer-cell immunoglobulin-like receptor
(KIR) expressed by natural killer (NK) cells, are suitable targets for immune inter-
vention and being investigated in clinical trials.

Co-expression of PD-1 and LAG-3

There is preclinical evidence of co-expression of multiple inhibitory receptors and
synergistic effects achieved with combined checkpoint blockade. In patients with
ovarian cancer, TILs co-expressing LAG-3 and PD-1 were found to be more func-
tionally impaired than TILs expressing either of the receptors individually. This
CD8exhaustion could be rescued in vitro by double blockade of PD-1 and LAG-3,
but not by inhibition of either of the receptors alone [54].

Co-expression of PD-1 and Tim-3

Tumor infiltrating lymphocytes in mouse models of acute myeloid leukemia (AML)
and colon cancer were found to co-express PD-1 and Tim-3, leading to impaired pro-
liferation and decreased IL-2, TNF-a, and IFN-y secretion in both models. Of note,
co-inhibition of PD-1 and Tim-3 revealed a synergistic anti-tumor effect [55, 56].
In metastatic melanoma patients, NY-ESO-1-specific CD8+ cells present in PBMC
were found to predominantly co-express Tim-3 and PD-1, resulting in decreased
IFN-y, TNF-a, and IL-2 production; Tim-3 and PD-1 blockade was synergistic in
rescuing the PD1+ Tim3 + NY-ESO-1-specific CD8+ cells from their dysfunctional
state [57].
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Co-expression of PD-1 and CTLA-4

In the B16 melanoma mouse, CTLA-4 blockade induces PD-1 expression in TILs
whereas PD-1 blockade induces upregulation of CTLA-4 on TIL [58] indicating the
complexity and redundancy of the compensatory T cell regulation network and pro-
viding one possible explanation for the unpredictable response rates. In this model,
both CTLA-4 and PD-1 inhibition individually are compromised by leaving the other
inhibitory pathway unopposed, even leading to its upregulation. As discussed earlier
in this chapter, it is recognized that CTLA-4 and PD-1 play distinct and complemen-
tary roles in the regulation of T cell responses. PD-1 mediates exhaustion of antigen
experienced T cells in peripheral/tumor tissue, whereas CTLA-4 dampens early
T cell activation in lymphoid tissues. Combined CTLA-4 and PD-1 blockade has
been explored in patients with advanced melanoma in a phase 1 study.

Nivolumab Plus Ipilimumab

In a phase 1 study, 53 patients with metastatic melanoma received nivolumab (anti-
PD-1) and ipilimumab in combination [59]. The two antibodies were given concur-
rently every 3 weeks for 4 doses, followed by nivolumab monotherapy every 3 weeks
for 4 doses. Subsequently, nivolumab and ipilimumab were administered concur-
rently every 12 weeks for up to 8 doses. A separate cohort of 33 patients previously
treated with ipilimumab received nivolumab every 2 weeks for up to 48 doses. Grade
3 or 4 treatment-related adverse events were observed in 28 of 53 (53 %) patients and
included elevated transaminases (11-13 %), diarrhea (6 %), rash (4 %), elevated
lipase (13 %), and emesis (2 %). Common grade 1 and 2 events (>20 %, all grades)
included rash, pruritus, fatigue, diarrhea, fever, nausea, and elevated transaminases.
Twenty of 52 (42 %) patients receiving the concurrent regimen had a confirmed
objective tumor response according to modified WHO criteria. Four additional
patients had a response by immune-related response criteria and two patients had an
unconfirmed response. Sixteen of 52 (31 %) patients experienced rapid and deep
responses as defined as >80 % tumor reduction at 12 weeks, including 5 patients
with a CR. In the 17 patients who received concurrent ipilimumab and nivolumab at
3 mg/kg and 1 mg/kg, respectively (the maximal dose levels associated with accept-
able toxicity), 9 patients (53 %) had an objective response, 7 of which (41 %)
achieved >80 % tumor reduction. Notably, objective responses were seen in patients
with extensive and bulky disease. Tumor responses may be durable as 19 of 21
responses were ongoing at the time of data-cutoff, with response duration ranging
between 6.1 and 72 weeks.

These data suggest that combined CTLA-4 and PD-1 blockade mediates more
rapid and deeper tumor responses in a higher proportion of melanoma patients
compared to monotherapy with either CTLA-4 or PD-1 inhibition. Larger, com-
parative trials to confirm these observations are ongoing.
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TumorPD-L1 Expression

PD-L1 expression by the tumor is actively being pursued as a predictive marker for
tumor activity of PD-1 and PD-L1 directed antibodies. In a retrospective analysis of
a subset of 101 melanoma and NSCLC patients treated with nivolumab, none of
the patients with tumors lacking PD-L1 expression had a tumor response [43, 60].
This observation has lead to the selection of patients based on tumor PD-L1 expres-
sion in some of the ongoing anti-PD-1 and anti-PD-L1 clinical development pro-
grams. It is important to emphasize that the data from the nivolumab study are
preliminary and that only tumor responses (and not disease stabilization) was cap-
tured as a clinical benefit endpoint. Of note, objective responses were seen in a
small subset of advanced melanoma patients with PD-L1 negative tumors who were
treated with the anti-PD-L1 antibody MPDL3280A [61].

Furthermore, PD-L1 expression may undergo changes driven by alterations in
the tumor microenvironment, e.g. infiltrations with immune cells, potentially limit-
ing its use as a clear-cut predictive biomarker as opposed to, for example, BRAFV6®
mutational status. Furthermore, reliable PD-L1 specific antibodies have been diffi-
cult to develop and an agreement on acceptable criteria for the definition of PD-L1
positivity such as appropriate staining patterns (membranous versus cytosolic) and
cutoffs for percentages of staining cells have so far been elusive. Prospective ran-
domized trials using validated immunohistochemical assessment of PD-L1 expres-
sion are needed for further exploration.

Conclusions and Outlook

The B7-H1/PD-1 pathway is an important mechanism cancers utilize to evade
destruction by the host immune response; the anti-tumor activity achieved with
PD-1/PD-L1 inhibition across a spectrum of different cancers indicates that the
pathway is a critical target for immunotherapy. Particularly encouraging is the
observation that PD-1/PD-L1 blockade can be effective in tumor types that were
previously not considered amenable to immune intervention such as NSCLC, the
favorable toxicity profile of PD-1 and B7L1 inhibition, and the potential for durabil-
ity of tumor responses. These attributes of PD-1/PD-L1 blockade have led to ongo-
ing immunotherapy development programs that are unparalleled in scope and
tempo. Preclinical studies suggest that many other inhibitory and stimulatory recep-
tors such as LAG-3, Tim-3, CD40, CD137, and others are potential targets for
immune modulation and the remarkable efficacy of combined PD-1 and CTLA-4
blockade in melanoma patients indicates that synergy can be achieved clinically
with combination of immune modulatory antibodies. Many other combinatorial
approaches including combinations of checkpoint blockade with novel vaccines,
angiogenesis inhibition, molecular targeted therapies, and direct targeting of other
immunosuppressive pathways are ongoing.
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Chapter 11
Enhancing T Cell Performance Against
Cancer in Combination Treatment Strategies
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Abstract Increasing evidence suggests that some patients with cancer can mount
an antitumor immune response capable of controlling cancer. Although both innate
(natural killer cells, dendritic cells) and adaptive (T cells) immunity play important
roles in cancer immune surveillance, most emphasis has been placed on the exploi-
tation of adaptive immune responses for cancer immunotherapy. In particular, sev-
eral preclinical and clinical reports have shown that both cytotoxic CD8+ T cells
(CTLs) and CD4+ Thl cells are able to control and even completely reject tumors
through the secretion of cytokines such as interferon gamma (IFN-y) and tumor
necrosis factor alfa (TNF-a). These observations have spurred a revolution in cancer
therapeutics, as several treatment strategies are clinically tested and developed in an
iterative fashion. In melanoma, multiple immunotherapeutic approaches aimed at
manipulating and optimizing the activation of CTLs and CD4+ Thl cells and their
recruitment to malignant tissue are being assessed. Here, we provide an overview of
the main immune-oncology treatment strategies that, either alone or in combination,
are undergoing clinical development at different stages. Namely, we will refer to
those immunotherapeutic strategies that include cancer vaccines, adoptive transfer
of ex vivo activated T cells and immunomodulatory monoclonal antibodies.
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Introduction

Anti-cancer therapies have traditionally targeted transformed cancer cells. However,
the contribution of non-transformed host immune cells to control the progression of
cancer has also been extensively explored over the last six decades. Clinical obser-
vations during the past 10 years provide compelling evidence that some patients
with cancer can mount an antitumor immune response capable of controlling their
disease. These finding emphasize that the roles played by host immune cells in the
tumor stroma are critical determinants of cancer biology and key factors for the suc-
cess or failure of cancer therapy. Such discoveries have changed the field of tumor
immunology so that, as remarked by Hanahan and Weinberg [1] in a recent review,
‘avoiding immune destruction’ is now considered an emerging hallmark of cancer.

Although both innate (natural killer cells, macrophages and dendritic cells) and
adaptive (T cells) immunity arms are postulated to play coordinated roles in cancer
immune surveillance [2, 3], most emphasis in immunotherapy has been placed on
the adaptive immune response. In support of the critical role of T lymphocytes in
human against cancer, tumor infiltrating T cell numeration estimated by tissue
microarray have revealed a positive prognostic association between high density of
CD8+ effector memory cells and overall survival (OS) of patients with colon and
other cancer types [4, 5]. Moreover, analyses conducted on pretreatment melanoma
biopsies using gene expression analysis revealed the exist of activation of interferon
signal transduction pathway signified by STAT1, IFNg, CCR5 CXCR3 and their
ligand are positively correlated with favorable clinic outcome in response to therapy
[6]. Furthermore, colon, melanoma and breast cancer specimens have shown a posi-
tive correlation between upregulation of genes involved in the CD4 +Th1 adaptive
immune response and reduced risk of relapse [3, 7].

To date, there is limited evidence with regard to the antigen specificity and
understand of the tumor tropic mechanism of such spontaneous tumor-infiltrating T
(TIL) cells. However, these observations have given rise to a conceptual model in
which an adaptive T cell response composed of both cytotoxic CD8+ T cells (CTLs)
and CD4+ Thl cells controls cancer progression. In this immunosurveillance inter-
pretation, the ability to produce cytokines such as interferon (IFN)-y and tumor
necrosis factor (TNF)-a, together with the expansion and activation of cytotoxic
CD8+ T cells, is considered critical [8]. Immunosurveillance also predicts the evo-
lutionary adaptation of cancer through genetic or epigenetic changes that determine
the appearance of immune-evasive variants, a phenomenon shown in mouse models
of sarcoma and termed immunoediting [9].

Because of these observations, attempts to exploit CTLs, TILs and CD4+ Thl
cells have predominated in immunotherapeutic approaches for cancer. Here, we
provide an overview of the major strategies in immunotherapy, involving single
agents as well as potentially synergistic treatment combinations. These include can-
cer vaccines, adoptive transfer of ex vivo activated T cells and immunomodulatory
monoclonal antibodies. Challenges, advantages and disadvantages associated with
each of these approaches will be discussed.
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Cancer Vaccines

Tumors are antigenic as a result of somatic genetic alterations, viral oncogenesis and
deregulated expression of genes. However, their immunogenicity is generally weak
due to constant immunosurveillance selection and therefore tumor antigens need
proper formulation in vaccines in order to elicit a strong enough and sufficient anti-
cancer response. Among the different immunotherapeutic strategies that have been
introduced, cancer vaccination is the one most often investigated in a variety of pre-
clinical and clinical settings [10]. The first immunotherapy to show efficacy in large
controlled phase I1I studies was sipuleucel-T, which consists of a preparation of autol-
ogous antigen-presenting cells activated and pulsed with a fusion protein consisting of
prostatic acid phosphate (PAP) and granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF). Treatment with sipuleucel-T in patients with metastatic prostate can-
cer improved median survival by approximately 4 months and it was approved by the
US Food and Drug Administration (FDA) in 2009 as the first antigen-specific cancer
immunotherapy [11]. This complex cell product, which involves three sequential leu-
koapheresis leukocyte suspensions being cultured for 48 h with the PAP-GM-CSF
fusion protein, contains both antigen-presenting cells and activated T cells and thus
the exact mechanism of action is undefined. However, its use has been shown to
prolong OS without improving progression-free survival (PFS).

Also in prostate cancer, a randomized phase IIb study in patients with metastatic
disease revealed that vaccination with prostate-specific antigen (PSA) encoding
poxviral vector (Prostvac) improved OS by more than 8 months compared with the
control vector group [12]. Prostvac is a prostate cancer vaccine regimen consisting
of a recombinant vaccinia vector as a primary vaccination, followed by multiple
booster vaccinations employing a recombinant fowlpox vector. Both vectors con-
tain the transgenes for PSA and multiple T-cell costimulatory molecules. Its clinical
benefit is currently being further evaluated in an ongoing phase III trial.

In melanoma, vaccination with a peptide derived from melanoma-associated
antigen gpl00, applied together with interleukin (IL)-2, showed in a controlled
phase III trial significantly improved PFS in a cohort of patients with metastatic
disease [13]. In this case, the antigen is a tissue differentiation protein expressed in
melanosomes. Moreover, in a fully individualized and cancer specific approach
(BiovaxID), the B cell rearranged receptors expressed on the malignant clones of B
cell lymphoma cells were used in a phase III trial of a heterohybrioma-derived idio-
type (Id) vaccine in patients with follicular lymphoma (FL) resulting in prolonged
duration of clinical remission [14]. These idiotypic vaccines are formulated with
GM-CSF and a mollusc protein to enhance immunogenicity. However, insufficient
accrual in the phase III trial, together with the advent of CD20-specific monoclonal
antibodies regimens, have prevented it being approved to date, although it is cur-
rently being reviewed by the regulatory authority in Europe for the treatment of
follicular lymphoma in patients who have achieved a first complete remission.
Another phase III trial with anti-idiotype vaccination has rendered negative results,
although the results remain unpublished.
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Currently, a series of promising clinical phase II and III trials applying various
technical approaches and targeting different tumor indications are being conducted
and are expected to release results over the upcoming years. Importantly, some of
these vaccines are targeting minimal residual disease following surgical resection.

The concept of therapeutic vaccination against cancer is based on the idea that
there is a repertoire of functionally competent effector and memory T cells with
specificity for tumor cell antigens at sufficient frequencies to control tumor progres-
sion [10]. However, at least three major hurdles need to be considered. Firstly, tumor
antigens used in vaccination are self-proteins and T cells with high affinity receptors
recognizing these antigens might have been deleted through thymic and peripheral
negative selection. Secondly, tumors deploy panoply of molecules that are locally
and systemically immunosuppressive, meaning mechanisms of immune tolerance
against cancer-associated antigens need to be overcome. Lastly, tumor cells are noto-
riously heterogenic and their antigen expression of a given tumor can range from
completely negative to highly expressed and changing upon microenvironment and
systemic conditions. Hence, it should be considered that cancer vaccines not only
induce a newly primed T cell repertoire de novo but may also reactivate and poten-
tially reeducate pre-existing tumor reactive memory T cells. As such, the presence or
absence of preexisting effector/memory T cell responses represent an important
prognostic biomarker for response to vaccination.

In order to have a successful vaccination a high quality CD4 and CD8 effector
and memory T cell responses against tumor-associated antigens need to be achieved
and circumvent the problems of immune tolerance and the selection of immune
escape variants of cancer cells become extremely important. Several vaccination
strategies have currently been adopted including whole proteins, peptides, mRNA
encoding for antigens, and viral vectors encoding tumor antigens. Vaccines consist
of an antigen recognized in tumor cells or critical components of the tumor stroma
together with adjuvant biomolecules that enhance the immunogenicity of the vac-
cination antigens. In this regard, viral and microbe mimicry play a crucial role.
Accordingly, vaccines are usually particulated, encompass bacterial agonists of toll-
like receptors (TLRs), or contain viral or viral-like nucleic acids. Immune system
cells such as dendritic cells bear surface and endosomal receptors that recognize
these microbial-associated patterns.

Short peptide vaccines consist of one or more HLA-class I restricted epitopes
derived from tumor antigens [15, 16]. These peptides can bind to HLA antigen-
presenting molecules at the binding groove on the cell surface with no need to be
processed. Short peptides have the advantage of selecting only the immune domi-
nant epitopes and facilitating the precise assessment of subsequent immune
response, e.g. with fluorescent HLA-peptide multimers. Disadvantages derive
from the high risk of selection of immune escape variants if a single antigen is
used and from the lack of CD4 T cell help if the vaccine is based only on class I
HLA restricted epitopes. Recent strategies have aimed to overcome these limita-
tions by combining multiple HLA-I and II restricted short peptides from many
tumor antigens [16].

Another approach is the use of synthetic long overlapping peptides of 20-30
amino acids. Long peptides are avidly taken up by antigen-presenting cells,
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processed, and presented by HLA-class I as well as HLA-class II molecules.
Therefore, they provide CD4 T cell help that supports the induction of long-lived
memory T cells [17]. Long peptide antigens have the advantage of being selectively
presented by professional antigen-presenting cells, resulting in better quality T lym-
phocytes [18]. Using this approach with the human papillomavirus (HPV)-16 viral
oncoproteins E6 and E7, therapeutic effects have been reported in patients with pre-
malignant vulvar lesions [19]. Similar to the use of long overlapping peptides is the
application of recombinant full-length proteins. Such approaches are currently being
investigated in controlled clinical trials by various pharmaceutical companies [20].

Alternatively, antigen expression in an immunogenic fashion can be induced by
means of gene therapy employing DNA or mRNA encoding for single or multiple
tumor antigens. After injection, not all the naked nucleic acids are completely
degraded but some are locally expressed by a variety of somatic cells, including
antigen-presenting cells. Local inflammation and immunity is fostered through rec-
ognition of the naked nucleic acids by innate endosomal and cytoplasmic receptors
in leukocytes. Stimulation of TLR9, stimulator of IFN genes (STING), TLR3, TLR7,
RIG-I, and MDA-5 by DNA is vital for the mechanism of action. TLR stimulation
increases antigen processing and presentation of dendritic cells, their migration into
regional lymph nodes and the expression of costimulatory receptors and cytokines
favoring T cell activation. Because of some proportions of applied nucleic acids can
be rapidly degraded by intra- and extracellular nucleases, many protective modifica-
tions have been chemically introduced [10]. Major advantages of using DNA and
RNA vaccines are related to ease of production and high stability in vitro. The first
cancer immunotherapy that has been approved using this approach is a DNA-based
tyrosinase vaccine for the treatment of malignant melanoma in dogs [21]. In humans,
an ongoing phase III trial is testing an mRNA vaccine encoding for PSA in patients
with castration-resistant prostate cancer, with the aim being to improve OS [22].

No matter which vaccine formulation is used, the strength and type of the
vaccine-induced immune response is truly determined by the amount of antigen
presented by the activation/maturation of dendritic cells induced through the stimu-
lation of danger-associated molecular pattern (DAMP) receptors [10].

A cumbersome but actively tested approach is to culture patients dendritic cells
ex vivo, loading their antigen-presentation pathways with sources of tumor antigens
to induce activation before being reinfused into the patient [23]. Such a complex
and individualized approach is difficult to test in large-scale randomized trials.
However, the use of dendritic cells differentiated in culture with monocytes and
loaded with whole cell tumor lysates is being tested in phase III trials in glioblas-
toma to prevent postsurgical relapse.

Cancer vaccines have been a source of disappointment in the past due to repeated
failures. It is important to recognize that it is likely that the critical antigens are not
shared differentiation antigens but rather are individual mutations of each tumor [24].

Technical advances in biotechnology may permit cost-efficient and rapid identifi-
cation of such mutations by means of whole exome sequencing and bioinformatic
predictions for HLA binding of ensuing peptides. Alternatively, HLA-eluted pep-
tides can be sequenced by proteomic approaches. Individualized peptide or mRNA
vaccines are predicted to be a major line of progress in the near future.
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Adoptive T Cell Therapy

Adoptive cellular immunotherapy involves administering autologous or allogeneic
tumor-reactive T cells to patients in order to achieve tumor regression. Today, adop-
tive T therapy represents one of the most promising therapies in the field of cancer
treatment, shown promising results in patients with transplant-related malignancies,
leukemia and melanoma [25]. Adoptive T cell therapy involves the isolation of lym-
phocytes with high affinity for tumor antigens which can be selected ex vivo, stimu-
lated, expanded and infused back into the patient. The feasibility of generating T
cells ex vivo is limited by the initial frequency of tumor antigen-specific T cells,
which can be very low. Initially, tumor-specific T cells were selected from periph-
eral blood mononucleated cell (PBMCs) and subjected to cloning. However, cul-
tures of monoclonal and polyclonal T cells do not show great efficiency in T cell
expansion nor in induce tumor rejection. The recent advance in tumor-specific T
cells have been generated from enriched sources such as tumor-infiltrating lympho-
cyte (TILs) populations and tumor-draining lymph nodes. In melanoma, it has been
shown that numerous tumor antigen-specific T cells can be isolated from excisional
the tumor mass, dissociating cells into single cell suspensions and adding the T-cell
growth factor interleukin-2 (IL-2) [26]. Several clinical trials using this approach
have provided highly promising results, especially in melanoma. For instance, a
recent study involving 93 patients with stage IV melanoma showed objective clini-
cal response rates, ranged from 49 to 72 % [27]. Of particular note, 22 % of patients
had a complete tumor regression and some of these patients have been alive and
disease-free for more than 8 years [26]. To achieve these results patients must be
heavily conditioned by total body irradiation and lymphodepleting chemotherapy.
This aggressive procedure is supposed to eliminate regulatory T cells and eliminate
competition for homeostatic cytokines sustaining T cell proliferation and survival.
Recent reports document that several other groups have showed similar results with
objective response rates of up to 48 % [28].

Despite the successes of T adoptive therapy with TILs, a clinical response is still
not guaranteed for all patients. Indeed, not all patients respond to this type of ther-
apy in the same way and the reasons behind this differential response to TIL T cell
transfer remain unknown. It has been shown that tumors escape TIL transfer by
several mechanisms and there is considerable evidence that TILs are blocked in vivo
by many immunosuppressive molecules, such as programmed cell death protein-1
(PD1) and cytotoxic T cells antigen-4 (CTLA-4). Thus, increased expression of
molecules with immunosuppressive properties such as NOS1 [29] might block TIL
activity in tumors and decrease response to adoptive T cell transfer therapy [5]. As
such, a clear portrait of the phenomena associated with the lack of response observed
in some patients is necessary in order to prevent both costly regimens and side
effects associated with the therapy.

According to immune repertoire selection established by immunosuppressive
tumors in vivo, the affinity of the repertoire of endogenous T cell receptor (TCRs)
for tumor-specific antigens can be very low. Thus, several approaches have been
developed to genetically engineer T cells with high affinity TCRs and confer strong
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effector functions upon recognition of tumor-associated antigens. High avidity
human TCRs are isolated either from in vitro cultures of naive T cells with allogeneic
peptide pulsed antigen presenting cells [30] or following vaccination of humanized
mice expressing human HLA alleles together with the human TCR alpha and beta
genetic loci [31]. Candidate TCRs are sequenced, cloned and inserted into retrovirus
or lentiviruses which can be then used to transduce autologous T cells from other
patients with matching HLA restriction elements [32]. The specificity of the
TCR-transduced T cells is not altered compared to the parental T cell clone [33].

Another problem associated with the transfer of genetically modified TCRs is the
restriction to single HLA alleles. This limitation is overcome by the use of chimeric
antigen receptors (CARs) in which a single chain antibody (artificially linked light
and heavy chains) is coupled to the transmembrane and cytoplasmic signaling domains
of the TCR complex and costimulatory molecules, thus inducing a lymphocyte activa-
tion upon antigen encounter. Genetic modification of T cells can also involve inserting
genes to improve the efficacy of the T cells or induce co-stimulation and inhibit apop-
tosis of modified T cells. Risks associated with modifying T cells include the emer-
gence of serious toxicity, such as cytokine release syndrome [26] or organ damage
due to overexpression of the recognized antigen or cross-reactivity with other self-
antigens. However, safety can be improved by identifying those antigens that can be
targeted to destroy cancer cells without toxic effects in normal tissues.

Monoclonal Antibodies for Cancer Therapy

The use of monoclonal antibodies (mAbs) in cancer therapy is one of the great clinical
successes of the past decade. The fact that these antibodies can be used in the effective
treatment of cancer is based on many years of comprehensive research into their com-
plex structure, physical, chemical and biological properties, specificity to targeted
antigens, and therapeutic activity in vivo alone and in combination. Following the
discovery of mAbs by Cesar Milstein and George Kohler immortalizing antibody-
producing rodent B cells, their therapeutic use has relied on strategies to humanize
mouse sequences such that their immune potential is much reduced when adminis-
tered to humans.

In cancer therapy, an antibody can impact tumor regression through various mech-
anisms. Firstly, direct action of the antibody on tumor cells through binding to a tumor
cell surface receptor can induce receptor activation or an antagonist activity leading to
tumor cell apoptosis. Secondly, the antibody may not act directly on the tumor but
instead induce an immune response which mediates tumor cell death by phagocytosis,
complement activation (complement-dependent cytotoxicity [CDC]) or antibody-
dependent cellular cytotoxicity (ADCC). Thirdly, the antibody may have a specific
effect on the tumor stroma, such as toxin delivery to the stromal cell or the blockade
of angiogenesis by an antagonizing vasculature receptor or growth factor [34].

In case of a direct effect or effect on tumor stroma, it is important to consider that
the efficacy of therapeutic mAbs is based on the target antigen which, ideally, should
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be very abundant and mostly or only expressed on cancer cells or selectively expressed
in tumor stroma. If possible, the antigen should be functionally related to the biology
of cancer development and progression. In solid tumors, some of the most successful
antibodies directly targeting tumor cells are those that block the ErbB family (which
include epidermal growth factor receptor [EGFR]) or vascular endothelial growth
factor (VEGF). For example, much evidence has shown that the EGFR-specific anti-
body cetuximab has improved response and survival in patients with colon cancer,
breast cancer and glioma. In colon cancer, cetuximab has been indicated for first line
of treatment of metastatic disease in combination with chemotherapy [35].

Similarly, trastuzumab is specifically targeted against ERBB2 and has been
shown to be effective in patients with breast, ovarian and prostatic cancer with high
expression of ERBB2 [36]. Trastuzumab is a good example of how the genetic back-
ground of the patient plays an important role in therapy response and thus urges the
need for biomarkers that identify patients most likely to benefit from treatment.

Several mAbs have also been approved for the treatment of hematological malig-
nancies. The most well known and widely used of these is rituximab, which is
directed against the CD20 receptor and has shown considerable success in patients
with B cell non-Hodgkin’s lymphoma (NHL) and chronic lymphocytic leukemia
[37]. Amajoradvanceinthis field of anti-CD20 mAbs is the advent of glyco-engineered
antibodies with higher avidity for the CD16 receptor that ignites ADCC on NK cells.
In addition, antibody-conjugated drugs or toxins have been approved by FDA. These
include brentuximab vedotin for patients with CD30-positive Hodgkin’s lymphoma
[38] which provided the first proof-in-principle that antibodies can selectively deliver
active drug to cancer cells.

Antibodies have also been devised to enhance cellular immune responses by
activating or antagonizing immunological receptors important for cancer immuno-
surveillance. These are thus referred to as immunomodulatory or immunostimula-
tory mAbs. The concept behind the usage of these immunomodulatory mAbs is
based on the knowledge that the immune system, and in particular T lymphocyte
activity, is regulated by a balance of costimulatory and co-inhibitory signals known
as immune checkpoints. Under physiological conditions, these immune checkpoints
are crucial for avoiding autoimmunity and protecting tissue during an immune
response to infection. However, during cancer development, the balance can shift
towards a reduced immune response, thereby promoting unchecked progression of
the tumor. The two molecules involved in the immune checkpoint regulation that
have been most actively studied in the context of cancer immunotherapy are the
CTLA-4 and PD-1 receptors. These are believed to inhibit immune responses at
different levels and by different mechanisms [39]. The CTLA-4 receptor antago-
nizes binding between the T cell receptor co-stimulatory molecule CD28 and the
ligand CD86, thereby mediating a down modulation of T cell activation [40].
A mAb able to block CTLA-4 was designed by Allison et al. [41], who used
preclinical models to show that a significant antitumor response without overt
immune toxicity was achieved when mice were treated with anti CTLA-4 antibody.
These preclinical findings encouraged the production and testing of two fully human-
ized CTLA-4 antibodies, ipilimumab and tremelimumab, which began clinical trials
in 2000. Both antibodies produced a clinical response in patients with melanoma.
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However, ipilimumab was more successful, being associated with a 17 % survival
benefit in patients with advanced melanoma [42, 43] and opening a window of hope
for long-term survival in these patients [44]. Compelling evidence led to the FDA
approval of ipilimumab for patients with advanced melanoma in 2010. However,
tremelimumab also produced an OS benefit of 12.6 % in a phase III melanoma trial
[45] and its use in the treatment of melanoma and other cancer types, possibly in
combination with other therapies, should not be completely disregarded [46].

The immunostimulatory mechanism of action of ipilimumab has meant immune-
related adverse effects can occur. However, no correlation between efficacy and
toxicity has been observed in ipilimumab-treated melanoma patients [47]. Efficacy
of ipilimumab has also been reported in patients with advanced uveal and mucosal
melanoma, who generally have a poor prognosis and otherwise have limited treat-
ment options [48, 49].

In physiologic conditions, PD-1 interacts with PD-1 ligand 1 or 2 (PD-L1 and
PD-L2) to limit and regulate T cell activity in peripheral tissues during the inflam-
matory or autoimmune processes. This co-inhibitory system has probably evolved
to minimize collateral damage to healthy tissue and non-infected cells during clear-
ance of viral and bacterial intracellular infections. Recently, a fully human PD-1
blocking antibody, nivolumab, has been developed and a durable clinical response
reported in a large phase I trial of patients with different tumor types, including
melanoma, renal cell carcinoma, colorectal cancer and non-small-cell lung cancer
[50]. Some studies have also suggested that the response to nivolumab might cor-
relate with the expression of PD-L1 [51], but further confirmation is required from
prospective studies with larger number of patients. The use of nivolumab has been
also tested in combination with other treatments, such as ipilimumab, with an objec-
tive response rate of 53 % and a tumor reduction of 80 % or more in a study of 53
patients with advanced melanoma [52]. Importantly, responses to the nivolumab
and ipilimumab combination are both rapid and dramatic.

Other antibodies that target the PD-1/PD-L1 pathway are also under clinical
development. These include the anti-PD-1 antibody, MK-3475 (previously known
as lambrolizumab), which showed a high rate of sustained tumor regression with
mainly grade 1 or 2 toxic effects in 135 patients with advanced melanoma, includ-
ing some with previous disease progression on ipilimumab. Moreover, the response
rate did not significantly differ between patients who had received prior ipilimumab
treatment (38 % [95 % CI: 23-55]) and those who had not (37 % [95 % CI: 26—49])
[53]. The future of immunostimulatory antibody therapies in cancer immunother-
apy is rapidly advancing [54] and is dependent on better understanding of the under-
lying biology as well as innovative clinical trial design.

Enhance Trafficking of T Cells

Infiltration of immune system cells into healthy tissues is limited. However, inflam-
mation due to microbial invasion or injury results in dramatic histological changes.
At the vascular cell level, this is controlled by chemokines that attract leukocytes



254 M.L. Ascierto et al.

and adhesion molecules that arrest leukocytes from circulation and extravasate them
into tissue. Recirculation of memory lymphocytes via afferent lymphatic vessels is
also relevant to ensure systemic immunity.

Effector and potentially tumorocidal T lymphocytes are recruited into the tumor
by comparable mechanisms. However, the aberrant vasculature of tumors in not
prone to the entrance of T lymphocytes. Vascular normalization antagonizing VEGF
is known to enhance entrance of T lymphocytes [53]. The tumor and the tumor vas-
culature also attract factors that downregulate the expression of adhesion molecules
on endothelial cells in the tumor microvasculature. Tumors often show an infiltrate
that is mainly composed of immunosuppressive leukocyte subsets such as myeloid-
derived suppressor cells (MDSCs), M2 macrophages and regulatory T cells. These
subsets are attracted by defined and undefined chemo-attractants. Counteracting
chemokines that attract immunosuppressive populations is another strategy cur-
rently under scrutiny in experimental models.

Enhancing T cell migration to tumors is a neglected field in cancer immuno-
therapy although it is envisioned to be a major factor in limiting tumor growth.
Local approaches including radiotherapy and intratumoral injection of
proinflammatory agents including TLR agonists may be effective. MAbs can also
be used to directly upregulate chemokines and adhesion molecules in the tumor
endothelium, such as those directed to CD40 and CD137.

Recent research suggests that T cells retain a memory of the tissue and draining
lymphoid tissue of the organ in which they were primed. This is due to imprinted
epigenetic changes induced by the specific dendritic cells in each tissue and their
draining lymph nodes. Hence, memory T lymphocytes primed in the skin, gut or
respiratory system tend to migrate home to the tissue where originally primed. This
molecular mechanism relies on selective adhesion molecules and chemokine recep-
tors and has profound implications for the route of vaccination [55] and the in vitro
activation of T cells for adoptive T cell therapy.

Conclusions

Recently, an improved understanding of cancer pathogenesis has given rise to new
treatment options for cancer patients, including targeted agents and cancer immuno-
therapy which endeavors to stimulate a host immune response that effectuates long-
lived tumor destruction. Among the multiple immune therapeutic approaches that have
been discovered and tested, some have been clearly showed to increase the capacity
of the immune system to attack and destroy cancer cells thus increasing the survival of
patients with cancer. We predict that these novel immune therapeutic approaches will
help revolutionize, either alone or in combinations, the management of cancer.

Already some trials conducted in mice have showed that the combination of
vaccines and PD1 blockade increased overall survival and decreased tumor growth
[56]. Additionally, combining blockade of multiple inhibitory pathways decreases
T cell anergy and improves T cell responsiveness [57].



11 Enhancing T Cell Performance Against Cancer in Combination Treatment Strategies 255

In humans, the combination of ipilimumab with plus bevacizumab (anti VEGF)
in a phase I study of 22 patients, has shown interesting results with one-year sur-
vival rate of 72 % [58]. A similar combination approach of bevacizumab plus
MPDL3280A (an anti-PD-L1) is currently being evaluated (NCT01633970). The
combination of ipilimumab and GM-CSFhas also been recently investigated. In a
phase II trial, 245 patients were randomized to receive ipilimumab and GM-CSF in
combination or ipilimumab alone [59]. The survival rate after one year of treatment
in the combination arm was 68.9 % compared with 52.9 % in the monotherapy arm,
while the median OS in the combination arm was 17.5 months compared with
12.7 months in the group of patients that received ipilimumab alone.

Taken altogether the above observations showed that the usage, either alone or in
combinations of immunomodulatory approaches holds an absolutely unprecedented
hope for a robust impact on the survival of cancer patients and may represent a
decisive turning for cancer therapy.

References

—

. Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell 144(5):646-674
2. Ascierto ML, Idowu MO, Zhao Y, Khalak H, Payne KK, Wang XY, Dumur CI, Bedognetti D,
Tomei S, Ascierto PA et al (2013) Molecular signatures mostly associated with NK cells are
predictive of relapse free survival in breast cancer patients. J Transl Med 11(1):145
3. Ascierto ML, Kmieciak M, Idowu MO, Manjili R, Zhao Y, Grimes M, Dumur C, Wang E,
Ramakrishnan V, Wang XY et al (2012) A signature of immune function genes associated with
recurrence-free survival in breast cancer patients. Breast Cancer Res Treat 131(3):871-880
4. Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, Lagorce-Pages C, Tosolini M,
Camus M, Berger A, Wind P et al (2006) Type, density, and location of immune cells within
human colorectal tumors predict clinical outcome. Science 313(5795):1960-1964
5. Ascierto ML, De Giorgi V, Liu Q, Bedognetti D, Spivey TL, Murtas D, Uccellini L, Ayotte BD,
Stroncek DF, Chouchane L et al (2011) An immunologic portrait of cancer. J Transl Med 9:146
6. El-Hamamy E, Wright A, B-Lynch C (2009) The B-Lynch suture technique for postpartum
haemorrhage: a decade of experience and outcome. J Obstet Gynaecol 29(4):278-283
7. Disis ML (2010) Immune regulation of cancer. J Clin Oncol 28(29):4531-4538
8. Wang E, Uccellini L, Marincola FM (2012) A genetic inference on cancer immune responsive-
ness. Oncoimmunology 1(4):520-525
9. Schreiber RD, Old LJ, Smyth MJ (2011) Cancer immunoediting: integrating immunity’s roles
in cancer suppression and promotion. Science 331(6024):1565-1570
10. Beckhove P (2013) Cancer immunotherapy: overview in brief. In: The tumor immunoenviron-
ment. Springer
11. Higano CS, Small EJ, Schellhammer P, Yasothan U, Gubernick S, Kirkpatrick P, Kantoff PW
(2010) Sipuleucel-T. Nat Rev Drug Discov 9(7):513-514
12. Kantoff PW, Higano CS, Shore ND, Berger ER, Small EJ, Penson DF, Redfern CH, Ferrari
AC, Dreicer R, Sims RB et al (2010) Sipuleucel-T immunotherapy for castration-resistant
prostate cancer. N Engl J Med 363(5):411-422
13. Schwartzentruber DJ, Lawson DH, Richards JM, Conry RM, Miller DM, Treisman J, Gailani
F, Riley L, Conlon K, Pockaj B et al (2011) gp100 peptide vaccine and interleukin-2 in patients
with advanced melanoma. N Engl J Med 364(22):2119-2127
14. Schuster SJ, Neelapu SS, Gause BL, Janik JE, Muggia FM, Gockerman JP, Winter JN,
Flowers CR, Nikcevich DA, Sotomayor EM et al (2011) Vaccination with patient-specific



256 M.L. Ascierto et al.

tumor-derived antigen in first remission improves disease-free survival in follicular lymphoma.
J Clin Oncol 29(20):2787-2794

15. Rammensee HG (2006) Peptides made to order. Immunity 25(5):693-695

16. Dutoit V, Herold-Mende C, Hilf N, Schoor O, Beckhove P, Bucher J, Dorsch K, Flohr S,
Fritsche J, Lewandrowski P et al (2012) Exploiting the glioblastoma peptidome to discover
novel tumour-associated antigens for immunotherapy. Brain 135(Pt 4):1042-1054

17. Bonertz A, Weitz J, Pietsch DH, Rahbari NN, Schlude C, Ge Y, Juenger S, Vlodavsky I,
Khazaie K, Jaeger D et al (2009) Antigen-specific Tregs control T cell responses against a
limited repertoire of tumor antigens in patients with colorectal carcinoma. J Clin Invest
119(11):3311-3321

18. Melief CJ (2008) Cancer immunotherapy by dendritic cells. Immunity 29(3):372-383

19. Kenter GG, Welters MJ, Valentijn AR, Lowik MJ, Berends-van der Meer DM, Vloon AP,
Essahsah F, Fathers LM, Offringa R, Drijthout JW et al (2009) Vaccination against HPV-16
oncoproteins for vulvar intraepithelial neoplasia. N Engl J Med 361(19):1838-1847

20. Powell E, Chow LQ (2008) BLP-25 liposomal vaccine: a promising potential therapy in non-
small-cell lung cancer. Expert Rev Respir Med 2(1):37-45

21. Grosenbaugh DA, Leard AT, Bergman PJ, Klein MK, Meleo K, Susaneck S, Hess PR,
Jankowski MK, Jones PD, Leibman NF et al (2011) Safety and efficacy of a xenogeneic
DNA vaccine encoding for human tyrosinase as adjunctive treatment for oral malignant mela-
noma in dogs following surgical excision of the primary tumor. Am J Vet Res 72(12):
1631-1638

22. Dayyani F, Gallick GE, Logothetis CJ, Corn PG (2011) Novel therapies for metastatic castrate-
resistant prostate cancer. J Natl Cancer Inst 103(22):1665-1675

23. Palucka K, Ueno H, Roberts L, Fay J, Banchereau J (2010) Dendritic cells: are they clinically
relevant? Cancer J 16(4):318-324

24. Sahin U, Tureci O, Chen YT, Seitz G, Villena-Heinsen C, Old LJ, Pfreundschuh M (1998)
Expression of multiple cancer/testis (CT) antigens in breast cancer and melanoma: basis for
polyvalent CT vaccine strategies. Int J Cancer 78(3):387-389

25. Brenner MK, Heslop HE (2010) Adoptive T cell therapy of cancer. Curr Opin Immunol
22(2):251-257

26. Restifo NP, Dudley ME, Rosenberg SA (2012) Adoptive immunotherapy for cancer: harness-
ing the T cell response. Nat Rev Immunol 12(4):269-281

27. Rosenberg SA, Yang JC, Sherry RM, Kammula US, Hughes MS, Phan GQ, Citrin DE, Restifo
NP, Robbins PF, Wunderlich JR et al (2011) Durable complete responses in heavily pretreated
patients with metastatic melanoma using T-cell transfer immunotherapy. Clin Cancer Res
17(13):4550-4557

28. Besser MJ, Shapira-Frommer R, Itzhaki O, Treves AJ, Zippel DB, Levy D, Kubi A, Shoshani
N, Zikich D, Ohayon Y et al (2013) Adoptive transfer of tumor-infiltrating lymphocytes in
patients with metastatic melanoma: intent-to-treat analysis and efficacy after failure to prior
immunotherapies. Clin Cancer Res 19(17):4792-4800

29. Liu QZ, Tomei S, Ascierto ML, De Giorgi V, Bedognetti D, Dai CL, Uccellini L, Spivey T,
Pos Z, Thomas J et al (2014) Melanoma NOS1 expression promotes dysfunctional IFN signaling.
J Clin Invest 124(5):2147-2159

30. Wilde S, Geiger C, Milosevic S, Mosetter B, Eichenlaub S, Schendel DJ (2012) Generation
of allo-restricted peptide-specific T cells using RNA-pulsed dendritic cells: a three phase
experimental procedure. Oncoimmunology 1(2):129-140

31. Li LP, Lampert JC, Chen X, Leitao C, Popovic J, Muller W, Blankenstein T (2010) Transgenic
mice with a diverse human T cell antigen receptor repertoire. Nat Med 16(9):1029-1034

32. Voss RH, Thomas S, Pfirschke C, Hauptrock B, Klobuch S, Kuball J, Grabowski M, Engel R,
Guillaume P, Romero P et al (2010) Coexpression of the T-cell receptor constant alpha domain
triggers tumor reactivity of single-chain TCR-transduced human T cells. Blood 115(25):
5154-5163

33. Rosenberg SA, Restifo NP, Yang JC, Morgan RA, Dudley ME (2008) Adoptive cell transfer: a
clinical path to effective cancer immunotherapy. Nat Rev Cancer 8(4):299-308



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Enhancing T Cell Performance Against Cancer in Combination Treatment Strategies = 257

Scott AM, Wolchok JD, Old LJ (2012) Antibody therapy of cancer. Nat Rev Cancer
12(4):278-287

Van Cutsem E, Rivera F, Berry S, Kretzschmar A, Michael M, DiBartolomeo M, Mazier MA,
Canon JL, Georgoulias V, Peeters M et al (2009) Safety and efficacy of first-line bevacizumab
with FOLFOX, XELOX, FOLFIRI and fluoropyrimidines in metastatic colorectal cancer: the
BEAT study. Ann Oncol 20(11):1842-1847

Hudis CA (2007) Trastuzumab—mechanism of action and use in clinical practice. N Engl J
Med 357(1):39-51

Cheson BD, Leonard JP (2008) Monoclonal antibody therapy for B-cell non-Hodgkin’s lym-
phoma. N Engl J Med 359(6):613-626

Younes A, Bartlett NL, Leonard JP, Kennedy DA, Lynch CM, Sievers EL, Forero-Torres A
(2010) Brentuximab vedotin (SGN-35) for relapsed CD30-positive lymphomas. N Engl J] Med
363(19):1812-1821

Pardoll DM (2012) The blockade of immune checkpoints in cancer immunotherapy. Nat Rev
Cancer 12(4):252-264

Linsley PS, Clark EA, Ledbetter JA (1990) T-cell antigen CD28 mediates adhesion with B
cells by interacting with activation antigen B7/BB-1. Proc Natl Acad Sci U S A 87(13):
5031-5035

Leach DR, Krummel MF, Allison JP (1996) Enhancement of antitumor immunity by CTLA-4
blockade. Science 271(5256):1734-1736

Melero I, Grimaldi AM, Perez-Gracia JL, Ascierto PA (2013) Clinical development of immu-
nostimulatory monoclonal antibodies and opportunities for combination. Clin Cancer Res
19(5):997-1008

Prieto PA, Yang JC, Sherry RM, Hughes MS, Kammula US, White DE, Levy CL, Rosenberg
SA, Phan GQ (2012) CTLA-4 blockade with ipilimumab: long-term follow-up of 177 patients
with metastatic melanoma. Clin Cancer Res 18(7):2039-2047

Hodi FS, O’Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, Gonzalez R, Robert
C, Schadendorf D, Hassel JC et al (2010) Improved survival with ipilimumab in patients with
metastatic melanoma. N Engl J Med 363(8):711-723

Ribas A, Kefford R, Marshall MA, Punt CJ, Haanen JB, Marmol M, Garbe C, Gogas H,
Schachter J, Linette G et al (2013) Phase III randomized clinical trial comparing tremelim-
umab with standard-of-care chemotherapy in patients with advanced melanoma. J Clin Oncol
31(5):616-622

Ascierto PA, Marincola FM, Ribas A (2011) Anti-CTLA4 monoclonal antibodies: the past and
the future in clinical application. J Trans] Med 9:196

Ascierto PA, Kalos M, Schaer DA, Callahan MK, Wolchok JD (2013) Biomarkers for immu-
nostimulatory monoclonal antibodies in combination strategies for melanoma and other tumor
types. Clin Cancer Res 19(5):1009-1020

Maio M, Danielli R, Chiarion-Sileni V, Pigozzo J, Parmiani G, Ridolfi R, De Rosa F, Del
Vecchio M, Di Guardo L, Queirolo P et al (2013) Efficacy and safety of ipilimumab in patients
with pre-treated, uveal melanoma. Ann Oncol 24(11):2911-2915

Del Vecchio M, Di Guardo L, Ascierto PA, Grimaldi AM, Sileni VC, Pigozzo J, Ferraresi V,
Nuzzo C, Rinaldi G, Testori A et al (2014) Efficacy and safety of ipilimumab 3 mg/kg in
patients with pretreated, metastatic, mucosal melanoma. Eur J Cancer 50(1):121-127
Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, Powderly JD,
Carvajal RD, Sosman JA, Atkins MB et al (2012) Safety, activity, and immune correlates of
anti-PD-1 antibody in cancer. N Engl ] Med 366(26):2443-2454

Taube JM, Anders RA, Young GD, Xu H, Sharma R, McMiller TL, Chen S, Klein AP, Pardoll
DM, Topalian SL et al (2012) Colocalization of inflammatory response with B7-h1 expression
in human melanocytic lesions supports an adaptive resistance mechanism of immune escape.
Sci Transl Med 4(127):127ral37

Wolchok JD, Kluger H, Callahan MK, Postow MA, Rizvi NA, Lesokhin AM, Segal NH,
Ariyan CE, Gordon RA, Reed K et al (2013) Nivolumab plus ipilimumab in advanced melanoma.
N Engl J Med 369(2):122-133



258

53.

54.

55.

56.

57.

58.

59.

M.L. Ascierto et al.

Chiang CL, Kandalaft LE, Coukos G (2011) Adjuvants for enhancing the immunogenicity of
whole tumor cell vaccines. Int Rev Immunol 30(2-3):150-182

Grimaldi AM, Cassidy PB, Leachmann S, Ascierto PA (2014) Novel approaches in melanoma
prevention and therapy. Cancer Treat Res 159:443-455

Sandoval F, Terme M, Nizard M, Badoual C, Bureau MF, Freyburger L, Clement O, Marcheteau
E, Gey A, Fraisse G et al (2013) Mucosal imprinting of vaccine-induced CD8(+) T cells is
crucial to inhibit the growth of mucosal tumors. Sci Transl Med 5(172):172ral20

Li B, Van Roey M, Wang CY, Chen THT, Korman A, Jooss K (2009) Anti-programmed
death-1 synergizes with granulocyte macrophage colony-stimulating factor-secreting tumor
cell immunotherapy providing therapeutic benefit to mice with established tumors. Clin
Cancer Res 15(5):1623-1634

Curran MA, Montalvo W, Yagita H, Allison JP (2010) PD-1 and CTLA-4 combination blockade
expands infiltrating T cells and reduces regulatory T and myeloid cells within B16 melanoma
tumors. Proc Natl Acad Sci U S A 107(9):4275-4280

Hodi FS, Friedlander PA, Atkins MB, McDermott DF, Lawrence DP, Ibrahim N, Wu X, Zhou
J, Giobbie-Hurder A, Murphy G et al (2011) A phase I trial of ipilimumab plus bevacizumab
in patients with unresectable stage III or stage IV melanoma. J Clin Oncol 29(15)

Hodi FS, Lee SJ, McDermott DF, Rao UNM, Butterfield LH, Tarhini AA, Leming PD,
Puzanov I, Kirkwood JM, Eastern Cooperative Oncology Group (2013) Multicenter, random-
ized phase II trial of GM-CSF (GM) plus ipilimumab (Ipi) versus Ipi alone in metastatic
melanoma: E1608. J Clin Oncol 31(18)



Chapter 12
Chimeric Antigen Receptor (CAR) T Cells

Daniel W. Lee and Alan S. Wayne

Abstract Recent advances in cellular engineering techniques coupled with modern
chimeric antigen receptors (CARs) now permit the efficient targeting and killing of
malignant cells using patients’ own T cells. Freedom from MHC restriction by rely-
ing most commonly on single chain variable fragments of monoclonal antibodies
for antigen recognition rather than T cell receptors expands the list of potential tar-
gets. Unlike small molecule inhibitors, the targets of CAR T cells are not required
to play a critical function in the tumor cell. CAR targets must be extracellular and
ideally should have limited expression on normal, vital tissues. By incorporating
primary and co-stimulatory domains, CAR T cells possess a substantial prolifera-
tive capacity allowing for small cell doses, which reduces the manufacturing bur-
den. This therapeutic approach allows a potent yet customized in vivo response. The
potential of CAR T cells to contribute to the overall treatment of cancer is exempli-
fied by the impressive clinical responses with predominantly reversible toxicities
seen in early phase clinical trials targeting the B-cell antigen, CD19, in B-lineage
hematologic malignancies.

Early CARs

Immunotherapists have struggled for years to re-program the immune system to
attack cancer. Cancer vaccines have proven difficult to translate into positive patient
outcomes [1, 2]. Advances in retroviral systems used to genetically engineer immune
cells first showed promise with T cell receptors (TCRs) designed to target cancer
peptides. Responses have been seen particularly in synovial sarcoma and melanoma
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[3-5], but TCR-based therapies are limited by major histocompatibility complex
(MHC) restriction, which reduces the number of patients that can benefit.

Recognizing this limitation, Zelig Eshhar while on sabbatical at the National
Cancer Institute conceptualized and cloned the first T-body, later to be known as a
chimeric antigen receptor (CAR) [6, 7]. The T-body incorporated the CD3 zeta
signaling domain, like the TCR, but replaced the o and f peptide-MHC recognition
subunits with a single chain variable fragment (scFv) from an antibody. This single
maneuver, after more than a decade of study and improvements, has translated into
the first overwhelmingly successful targeted immunotherapy for relapsed and
refractory malignancies.

Mechanism of Action

The most basic components of a CAR include an extracellular antigen-recognition
sequence, most often an scFv, transmembrane domain and the CD3-zeta signaling
domain from the T cell receptor (Fig. 12.1a, b). This antigen-recognition strategy
overcomes MHC restriction inherent in TCR-based therapies thereby allowing for
the production of one receptor that can be applied to all patients.

Upon antigen recognition, the CAR signals through its CD3-zeta providing Signal
1 required for T cell activation. While these first-generation CARs showed activity in
tumor-bearing mice [8] early human trials of such CARs expressed in autologous
T cells showed minimal activity. Perhaps the best responses were seen by Pule, et al
who treated 11 children with neuroblastoma with a GD2-specific first-generation
CAR in EBV-specific cytotoxic T lymphocytes [9]. In that study, 4 of 8 evaluable
patients had tumor necrosis or regressions including one complete remission.
Interestingly, in this trial PCR-based evidence of CAR T cell persistence extended
for several years in survivors [10]. Specific factors responsible for the long-term
persistence of CAR T cells remain elusive.

Co-stimulation

The Pule experience provided key insights into the limitations of first-generation
CARs. After infusion, circulating CAR T cells were detected and disease burden
appeared to stabilize for a period of time in 5 of 11 patients [9]. This suggests that
in some patients CAR T cells were successfully able to target and interact with the
malignant cells but fell short of becoming completely activated. Many tumors, espe-
cially acute lymphocytic leukemia (ALL), evade immune surveillance in part by
downregulating or interfering with potential co-stimulatory signals [11, 12].
Second-generation CARs (Fig. 12.1c) sought to circumvent this limitation by
incorporating a co-stimulatory domain in the receptor. There are multiple candidate
signaling domains, but the most commonly used are CD28 and 4-1BB (CD137).
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Fig. 12.1 Basic components of CAR T cell signaling. Two activating signals are required for full
T cell activation. (a) The endogenous TCR upon encountering its cognate peptide-MHC complex
on an antigen presenting cell (APC) provides Signal 1 via the CD3-zeta signaling domain. Full
activation is not achieved until Signal 2 is provided by a subsequent interaction with a co-
stimulatory signal (e.g., CD80-CD28 interaction). (b) 1st generation CAR T cells rely on MHC-
independent interactions (e.g., single chain variable fragment, scFv) to provide Signal 1, but still
depend on an additional co-stimulation step for complete activation. The scFv is joined with a
linker sequence, transmembrane (TM) domain and CD3-zeta. (c) Integrating CD3-zeta and a co-
stimulatory domain in the same receptor provides 2nd generation CARs with the capacity to fully
activate T cells in a single step. (d) 3rd generation CARs incorporate two co-stimulatory domains
with CD3-zeta

CD28 interacts with B7 family members on antigen presenting cells and in the
presence of TCR-peptide:MHC complex induces IL-2, IL-6 and other inflammatory
cytokine production. Like CD28, 4-1BB activation induces T-cell proliferation,
cytokine production and inhibits apoptotic signals produced by T cell activation, but
appears to play a more important role in CD8+ cytolytic T cells than CD4+ T cells
[13—15]. Whether CD28 or 4-1BB signaling in the context of a CAR leads to supe-
rior anti-tumor response, proliferation and/or CAR T cell persistence remains to be
determined and is an active area of investigation.
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What is clear at this point is that the addition of a co-stimulatory molecule to the
CD3 zeta domain greatly enhances CAR T cell function. Importantly, this is accom-
plished through a single interaction with the target antigen rather than in a multi-
step process reliant on activated antigen presenting cells or other mechanisms. In
addition, negative immune modulators such as regulatory T cells or other immuno-
suppressive signals from tumors or the microenvironment do not influence CAR
co-stimulation, at least during the initial period of action.

Perhaps not surprisingly, third-generation CARs (Fig. 12.1d), those containing
CD3 zeta and two co-stimulatory domains (e.g.: CD3z-CD28-41BB), have not
been more successful than their second-generation counterparts. Despite efficient
killing in short-term in vitro cytotoxicity assays, in vivo testing has not been as
effective perhaps related to overactivation of CAR T cells and subsequent apoptosis
[16, 17]. At the present time, most investigators are pursuing work with second-
generation CARs.

Targets

Once the role of hard-wired co-stimulation had been established and CAR T cells
were endowed with the signaling domains required for full T cell activation, signifi-
cant toxicities were uncovered related to target antigen choice. The Surgery Branch
at the National Cancer Institute opened a clinical trial of a third-generation CAR
T cell targeting Her2-neu (ErbB2) in adults with Her2+ refractory disease. In con-
trast to modern techniques described below, the Her2-CAR T cells generated from
the initial retroviral transduction and culture were subjected to a second round of
stimulation in a rapid expansion protocol designed to generate more than 10'° cells
at the lowest tested cell dose. A patient with metastatic colon cancer who received
10" CAR transduced T cells after an intensive fludarabine and cyclophosphamide
lymphodepleting regimen developed pulmonary edema within 15 min of cell infu-
sion and subsequently died due to severe cytokine release syndrome likely related
to low-level ErbB2 expression on lung endothelium [18]. In a second event, two
patients who received a TCR-based therapy targeting the cancer testes antigen,
MAGE-A3, died from necrotizing leukoencephalopathy caused by cross-reactivity
of the MAGE-A3 TCR-specific T cells with MAGE-A12 expressed normally in the
brain [5].

These unfortunate cases elucidate, among other factors, the importance of care-
fully choosing targets for T-cell based immunotherapies. In general, targets
expressed in high levels on any tissue or even low levels on vital tissues should be
avoided. Determining this expression is extremely difficult, however, as normal tis-
sue protein arrays are few, incomplete and have variable sensitivity [19]. In the short
term, it will be impossible to pick targets with no normal tissue expression with
certainty. Therefore, alternative strategies are needed to ensure the safety of patients
after CAR T cell infusion, especially as the field moves towards solid tumor targets
after the initial success with hematologic malignancies.
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Suicide Vectors

Suicide vectors have recently been incorporated in CARs to provide a mechanism
to induce CAR T cell apoptosis should unacceptable toxicity be encountered. At the
present time, there are three such vectors: inducible caspase 9, the Herpes simplex
thymidine kinase (Hsv-tk)/ganciclovir system and rituximab therapy for CAR T cells
co-expressing CD20.

The Hsv-tk system although efficacious has significant limitations. Hsv-tk is
immunogenic, which potentially can result in rejection of CAR modified T cells.
Furthermore, this system is activated by ganciclovir, an important anti-viral drug
commonly utilized to manage CMV reactivation, for example after hematopoietic
stem cell transplantation (HSCT) [20].

The CD20 co-expression system also has significant limitations. Although this
strategy overcomes the immunogenicity problem, reliance on a monoclonal anti-
body to eliminate all circulating and tissue-resident CAR T cells in the presence of
a potentially overwhelming population of normal CD20-expressing B cells is inef-
ficient and carries the risk of suboptimal suicide response and continued CAR-
mediated toxicity [21].

The most promising suicide mechanism, presently, relies on an inducible caspase
9 molecule that is incorporated in the CAR backbone. A small molecule, AP1903,
administered to a patient results in dimerization of the modified caspase 9 produced
by the CAR that in turn induces CAR T cell apoptosis via endogenous mechanisms.
This method is extremely desirable compared to the other two methods due to the
wide distribution of the drug in the body, its lack of immunogenicity and the rapid
elimination of the vast majority of CAR T cells [22]. A phase I clinical trial of AP1903
has been completed [23] and the drug has been incorporated in several recent clinical
trials [GD2 CAR for neuroblastoma (NCT01822652) and osteosarcoma/rhabdomyo-
sarcoma (NCT02107963)]. Pre-clinical studies are also underway in other conditions
(e.g., CD123 CAR for acute myeloid leukemia [24]; donor T cells to control
graft-versus-host disease after HSCT [25]; mesenchymal stromal cells [26]).

Target Choice

Appropriate targets for CAR-based therapies are difficult to elucidate. Unlike TCR-
based therapies the target must be extracellular, have limited expression on normal
tissues and is not necessarily predicted by somatic mutations as in small molecule
targeting of overactive kinases. Recent strategies have started with determining key
differences between normal and tumor gene expression profiles, annotating which
genes result in extracellular protein expression and identifying and validating a
method to target this particular protein before incorporating in a CAR. As a leading
example, the Pediatric Oncology Branch at the National Cancer Institute curates a
database of potential extracellular targets for 12 pediatric malignancies [19].
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The array of possible targets is vast and specific candidates are outside the scope
of this report. In general, since CARs are not restrained by MHC, any specific
extracellular molecule can be a viable target, not just proteins [27]. For example,
the disialoganglioside, GD2, has been successfully targeted in neuroblastoma,
osteosarcoma and some rhabdomyosarcomas using CARs [10]. It is important to
note that not all CARs require an antibody to endow specificity and successful inter-
actions. Small molecule or neurotransmitter receptors [28], cytokine receptors such
as the IL-13 receptor in gliomas [29] and growth factor receptors such as EGFVIII
in gliomas [30] have been targeted as well.

Manufacturing

Transduction Strategies

Three general strategies are used to express CARs in T cells: transient transfection
with mRNA, transposon/transposase systems and viral-mediated transduction.
Transient transfection is attractive since it is easy, relatively inexpensive and elimi-
nates the possibility of long-term toxicity since the CAR is not stably incorporated in
the cell’s genome. In addition, daughter T cells produced by CAR-activated T cell
parents will not express the CAR themselves as occurs in stably transduced CAR T
cells. Consequently, multiple doses may be required to achieve the desired anti-tumor
effects, but this may be limited by endogenous immune responses to the CAR, which
has occurred in several settings [31].

The Sleeping Beauty transposon/transposase system permanently incorporates
the CAR gene into non-coding regions of T cells using a plasmid-based approach.
Mutational mutagenesis is largely eliminated since the transposon uses flanking
inverted terminal repeats to identify sites of incorporation via the transposase. These
systems can handle large cassettes (up to 10 kbp) and are less expensive to manufac-
ture than viral systems [32, 33]. However, widespread application of this technology
is currently limited by proprietary interests.

Retroviruses, both y-retrovirus (y-RV) and lentiviruses (LV), remain the prin-
ciple mechanism of CAR transduction in T cells for most centers [34]. Despite
the devastating complications related to insertional mutagenesis in stem cells
observed in early gene therapy trials [35], y-RVs have been widely used espe-
cially in terminally differentiated T cells without such complications. T cells are
exposed to the replication-incompetent retrovirus ex vivo and recombination
events leading to a replication-competent virus as well as insertional mutagene-
sis are highly unlikely [36, 37]. Retroviruses remain the most efficient method of
gene transfer with transduction rates as high as 90 % in some studies [38] but the
cost to establish qualified y-RV producer lines and qualified LV viral supernatant
is high and requires GMP and GCP facilities that are currently limited but
expanding.



12 Chimeric Antigen Receptor (CAR) T Cells 265
General Schema of Virally-Transduced CAR T Cell Production

CAR T cells are most commonly made from peripheral blood mononuclear cells
collected from the patient or transplant donor via apheresis. T cells are activated
with anti-CD3 antibody (OKT3) with or without activation of co-stimulatory
molecules on the T cell (e.g., CD28) prior to exposure to the viral supernatant.
This activation in coordination with cytokine support (e.g., IL-2, IL-7) facilitates
efficient CAR gene transduction and results in expansion of the culture to meet
cell dose requirements [39].

Some groups, especially those evaluating CAR therapy after HSCT, generate
T cell lines whose endogenous TCR is specific for EBV or other viruses with the aim
of reducing the risk of alloreactivity and graft-versus-host disease (GVHD) [40, 41].
This approach requires more extensive culture time and manipulation, which can
dramatically increase costs, and patients with rapidly progressive disease may suc-
cumb or require initiation of therapy before the product generation is complete.
Notably, there is no evidence to date to indicate that allogeneic-derived CAR T cells
induce GVHD. In that regard, no children with ALL treated with an anti-CD19
CAR after a prior HSCT have developed GVHD despite the donor-derived T cells
being collected directly from the patient [38, 42]. Although recruitment is ongoing,
GVHD has also not been observed in any adult patients with ALL or chronic lym-
phocytic leukemia (CLL) after HSCT treated with CD19 CAR T cells manufactured
from donor lymphocyte infusion (DLI) aliquots [43] [NCT01087294].

Proliferative Capacity

Importantly, few CAR T cells are required for significant antitumor effects. In contrast
to trials employing tumor peptide-MHC specific TCRs [3, 5] where billions of cells
are required for objective responses, complete responses have been seen with as few
as 10°-10° CD19 CAR-transduced T cells per kilogram [38, 44, 45]. Since T cells
are activated ex vivo to facilitate transduction resulting in often significant prolifera-
tion, the required starting T cell numbers in culture may be quite low. This reduces
manufacturing cost and facilitates ease of culture manipulations.

Such low doses of CAR T cells are possible in part due to their impressive capacity
for in vivo expansion. Upon encountering antigen, CAR T cells (1) kill the target (2)
produce inflammatory cytokines and (3) proliferate with each of the progeny bear-
ing the CAR gene being fully capable of responding to antigen, killing additional
target cells, producing cytokines and proliferating further. In vivo expansion in leu-
kemia trials has been estimated to be as much as 700-fold [38, 44].

In vivo expansion is dependent at least in part on whole body target antigen
burden (both malignant and non-malignant targets). Lower CAR T cell expansion is
seen, for example, in ALL patients with minimal residual disease in comparison to
those with morphologic evidence of leukemia in bone marrow [38]. Thus, expansion
(and therefore toxicity) may be inherently linked to disease burden.
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In contrast, some patients with massive disease burden who are treated at the
same dose as those with lesser amounts of disease do not have clinically meaningful
responses or toxicity despite higher in vivo expansion [38]. There is a finite limit to
the number of generations of responsive CAR T cells that can be produced after
activation as cells are driven toward exhaustive phenotypes. Some groups are pursu-
ing upfront selection of central memory or stem cell memory T cells before CAR
transduction [46, 47], but an entirely new method to determine optimal cell dose
based at least on proliferative potential, disease burden and anticipated toxicities is
certainly warranted.

Pre-Infusion Conditioning

Most groups pretreat patients with a lymphodepleting chemotherapy regimen prior
to CAR T cell infusion. Lymphodepletion with fludarabine and/or cyclophospha-
mide serve to increase endogenous homeostatic cytokines (e.g., IL-7) that are
thought to be supportive for the infused CAR T cells [48, 49]. Although some mod-
eling in animals has been performed [50], the ideal lymphodepletion strategy is not
known and may differ depending on the patient population. Children with ALL, for
example, receive lymphodepleting chemotherapy as part of the standard of care regi-
men so may need a less intensive preparative regimen prior to CAR T cells. At least
one clinical protocol is currently underway to address this question (NCT00924326).

CD19 CART Cell Therapy

Efficacy

The majority of the clinical experience with CAR T cell therapy to date has been
targeting CD19 in B-lineage leukemias and lymphomas [38, 42, 43, 45]. Despite
differences in receptor co-stimulation endodomains, CAR structural components
and scFv’s, all groups have observed impressive responses in relapsed and refrac-
tory patient populations (Table 12.1). The CD19 CAR T cell, therefore, serves as a
model system on which further advances can be made towards optimizing response
and persistence and mitigating toxicity.

Toxicity

In addition to uniformly impressive clinical responses, second-generation CD19
CART cell protocols have also been associated with severe toxicity. Cytokine release
syndrome (CRS) is the dose limiting toxicity. CRS in its most benign form is charac-
terized by low-grade fever alone, but continues as a spectrum of toxicity to include
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high-grade fever, rigors, myalgia and hypotension requiring vasopressor support.
In addition, significant neurotoxicities have been reported even in patients without
CNS involvement of their disease including visual hallucinations, headache, ataxia
and seizures [38, 45, 51]. CD19 is not expressed on neural tissues, so the leading
hypothesis is that such neurotoxicity is cytokine mediated. Indeed, elevated IL-6 has
been found in the CSF of patients with dysphasia or visual hallucinations [38] and is
dramatically elevated (>2500 pg/mL; normal <10 pg/mL) in the plasma of patients
experiencing severe CRS even without neurologic dysfunction [38, 42, 45, 51].

Toxicity Management

Cytokine Release Syndrome

Unfortunately, deaths have occurred in adults after CAR T cell infusion. An adult
with ALL infused with CD19 CAR T cells in 2009 developed symptoms of severe
CRS manifested by fever, hypotension and respiratory failure soon after infusion and
died [52]. Two additional deaths possibly related to severe CRS were more recently
reported—one from intractable seizures and the second from cardiac failure [53].

In all of these cases and others of non-lethal but severe CRS, IL-6 appears to be
principally involved in the clinical syndrome. Plasma IL-6 has routinely been ele-
vated in most responding patients and correlates with CRS severity [38, 45, 51].
Rather than making IL-6 themselves, CAR T cells appear to induce other compo-
nents of the immune system, including monocytes, to release this cytokine
(Fig. 12.2a). The key determinant of the severity of CRS then appears to be the
amount of IL-6 that is produced and is mediated through the different affinities of
the membrane-bound and soluble forms of the IL-6 receptor (IL-6R). At low levels,
IL-6 mediates effector functions via the classic signaling pathway where the cyto-
kine binds a cell-associated IL-6R that then associates with gp130 leading to STAT3
and ERK/PI3K activation (Fig. 12.2b). However, in the presence of high IL-6 con-
centrations, IL-6 also binds to the soluble IL-6R that can in turn crosslink gp130
without the aid of a cell-associated receptor (Fig. 12.2ci). Since gp130 is ubiqui-
tously expressed, IL-6 signaling via trans activation can have profound effects. The
anti-IL-6 receptor monoclonal antibody, tocilizumab, has been used to successfully
stabilize many patients with severe CRS when supportive care alone is not sufficient
[38, 42, 45, 51]. Tocilizumab blocks both the membrane-bound and soluble recep-
tors (Fig. 12.2cii) so that the IL-6 axis is rapidly turned off with similarly rapid
improvement in clinical status. Due to the recruitment of other immune components,
some patients with severe CRS may benefit from corticosteroid therapy as well.

The most important intervention for managing CRS remains aggressive supportive
care initiated early [51]. Patients should be monitored closely from the time of onset
of fever. If initial attempts to stabilize low blood pressure with IV fluids is unsuccess-
ful, patients should be transferred preemptively to critical care units for intensive
monitoring and support. Detailed recommendations have recently been published by
a multi-institutional consortium of investigators involved in CAR clinical trials [51].
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Fig. 12.2 CARs with added functionality. (a) Dual-specific CARs may be designed to (i) overcome
antigenloss immune escape by incorporating two scFv’s where engagement of either one results in full
CAR T cell activation, (ii) impart more specificity by requiring two different antigens to be present on
the same tumor cell before the CAR T cell becomes fully activated, or (iii) differentiate between nor-
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on normal tissues not present on tumors, CAR T cells become activated only when encountering
tumor since the inhibitory signal is not produced. (b) CARs can also be generated to capitalize on
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Importantly, if managed appropriately and anti-cytokine therapy is instituted
before evidence of end organ damage, even severe CRS can be rapidly reversed with
limited consequences. Whether arresting CRS with tocilizumab impacts the anti-
tumor response is an area of ongoing study.

Now that guidelines have been established for managing CRS, the impact of
such interventions on CAR T cell efficacy can be systematically evaluated. It is not
yet clear whether grade 3—4 CRS is required for complete leukemia eradication in
patients with significant disease burdens. However, several patients with ALL and
low-level disease have achieved MRD negative remissions with no more than grade
1 fever [38]. While IL-6 may be the chief harbinger of toxicity, it may play little or
no role in tumor cytotoxicity. If that proves to be true, one might envision a regimen
whereby patients are premedicated with tocilizumab prior to CAR T cell infusion.

Additional work is also needed to evaluate the roles that other cytokines (e.g.,
TNFa, INFy, GM-CSF, IL-10) play in the development of toxicity and anti-tumor
response. Modulating one or more of these may provide a therapeutic advantage.
Also, additional components of the innate immune system are no doubt recruited by
CAR T cell activation and also contribute to toxicity and/or anti-tumor response.

Additional Toxicities

In addition to CRS, patients treated with CAR-based therapies are at risk for on-
target but off-tissue cytotoxicity. Low level Her2 expression on lung epithelium was
attributed as a contributing factor in the death of one patient with metastatic colon
cancer who received a Her2-directed CAR [18]. Other factors such as cell dose
likely also contributed and Her?2 is being targeted with CARs in lower doses in sar-
comas and glioblastoma [NCT00902044 and NCT01109095].

Several targets in ALL for CAR T cell therapies (e.g., CD19, CD22) also have
on-target, off-tissue cytotoxicity, but the elimination of normal B cells is tolerated
with appropriate supportive care. Few antigens isolated to solid tumors and not
normal tissues [e.g., EGFRVIII] have been identified to date. Therefore, strategies to
circumvent damage to normal, oftentimes vital tissue while maintaining potent
cytotoxicity towards tumors are needed.

Dual specific CARs (Fig. 12.3ai) or co-expression of two CARs that transmit a
full activation signal only when both receptors are engaged (Fig. 12.3aii) have
recently been generated. For example, cells co-transduced with an ErbB2-directed
CAR containing CD3( and a MUC 1 -specific CAR containing CD28 only efficiently
proliferate and kill breast cancer targets when both antigens are present [54]

Fig. 12.2 (continued) other features of immunity. (i) Incorporating the production of additional
cytokines, such as IL-12 or IL-15, may help support CAR T cell persistence. (if) Co-expressing the
extracellular component of PD-1 fused with a second co-stimulatory domain may overcome the
endogenous PD-1 inhibitory signal to the CAR T cell when it is engaged by its ligand, PD-L1, a
potential method of immune evasion employed by tumors. (¢) A universal CAR specific for a
unique tag has been conceptualized as a means of CAR T cell activation when used in conjunction
with a tagged monoclonal antibody, for example
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(Fig. 12.3aii). Another group demonstrated tumor-specific lysis, cytokine produc-
tion, in vivo responses and persistence by T cells co-transduced with mesothelin-
CD3( and o-folate receptor-CD28 CARs that are similar to those responses
produced by second-generation CARs [55] (Fig. 12.3aii).

Some groups have opted to transiently express CARs using mRNA electropora-
tion with the aim to minimize the risk of toxicity to normal tissues. A patient with
mesothelioma treated with mesothelin-specific second-generation CAR T cells
using transient CAR expression had a partial response while another patient with
pancreatic adenocarcinoma had stable disease [56]. Importantly, the former patient
had a cardiac arrest due to anaphylaxis during repeated infusions of the CAR T cells
[57], although mesothelin is expressed on pericardium [58] and could have also
played a role. More studies are needed to determine if transient CAR expression
improves the safety profile of CAR T cell therapy.

Another strategy to minimize the risk to normal tissues is to co-transduce T cells
with two CARs targeting different antigens, one of which is present on both normal
and tumor tissues and results in activation while the second is present only on nor-
mal tissues and provides an inhibitory signal preventing T cell activation
(Fig. 12.3aiii). With this approach, the CAR T cell will only become completely
activated when it encounters tumor.

CARs with Additional Functionality

CAR T cells can be engineered with additional functionality triggered by the receptor’s
engagement with its cognate antigen [59] (Fig. 12.3bi). Inducing the T cell to pro-
duce IL-7 receptor alpha, for example, has been hypothesized to better support the
CAR T cell after infusion [60] and studies of this approach are ongoing. Similarly,
IL-15 or IL-12 secreting CAR T cells serve to overcome the inhibitory signals
received by regulatory T cells and other suppressive components of the tumor
microenvironment [61-63].

>
>

Fig. 12.3 (continued) activation and recruits other immune effectors to produce IL-6. IL-6 also
provides an activating signal to CAR T cells and together with other inflammatory cytokines con-
tributes to the clinical features of CRS. Activated CAR T cells and their progeny are capable of
killing additional tumor targets creating a feed-forward loop potentially leading to an even greater
degree of CRS. (b) During periods of low plasma IL-6 levels, IL-6 signals its effectors via the clas-
sic approach by binding to membrane-bound IL-6 receptor (IL-6R) followed by association with
two gp130 molecules. Formation of this complex leads to STAT3 and ERK/PI3K activation and
immune activation. IL-6 in this state does not interact with soluble IL-6R. (¢) i. When high levels
of IL-6 are present, activation is accomplished though the classic method but also through trans
since soluble IL-6R binds IL-6 the complex of which can then associate two gp130 domains with-
out aid from membrane-bound IL-6R and result in signaling. ii. The anti-IL6 receptor antibody
tocilizumab blocks both the membrane-bound and soluble forms of IL-6R thereby preventing IL-6
from associating with gp130 and its subsequent activation signals
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a Model of cytokine release syndrome due to CAR T cell therapy
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Fig. 12.3 Cytokine release syndrome (CRS) is mediated principally by IL-6 and ameliorated
by tocilizumab. (a) Upon encountering its target, the CAR T cell becomes activated and produces
inflammatory cytokines (e.g., IL-2, TNF-a, and IFN-y) that aids in maintaining CAR T cell
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CART Cell Therapy for Solid tumors

To date, treatment of solid tumors with CARs has been disappointing. Five of 11
children with neuroblastoma had reduction or stabilization of disease with a GD2-
directed CAR [9]. In another study of neuroblastoma, 6 patients received two doses
of CAR T cells targeting the L1-cell adhesion molecule (CD171) without response
and limited in vivo proliferation [64]. These trials employed first-generation CARs,
which have since been demonstrated to be inferior to second-generation CARs. A
trial of a third-generation GD2 CAR (0X40-CD28-CD3zeta) is currently ongoing
in neuroblastoma, osteosarcoma and rhabdomyosarcoma [NCT02107963;
NCTO01822652]. CARs targeting carbonic anhydrase IX in renal cell carcinoma also
met with limited results [65, 66].

Aside from incomplete activation of first-generation CARs, one possible expla-
nation for the lack of CAR T cell efficacy in solid tumors may be the tumor micro-
environment, which is often immunosuppressive, or ineffective trafficking of CAR
T cells to the tumor. A variety of approaches to augment immunotherapy (e.g., anti-
CTLA-4, anti-PD-L1, chemokines) and to modulate the microenvironment in order
to allow for more efficient endogenous immune surveillance of tumors are in devel-
opment. Investigations have begun to incorporate such immunologic modifiers as
secretable molecules in CAR-activated T cells [67] while others plan for combina-
tion therapy with existing agents [68].

Rather than block inhibitory signals with monoclonal antibodies, efforts are also
directed at turning T-cell suppressive signals into stimulatory ones. One method of
immune escape employed by many tumors is the upregulation of PD-L1, which
suppresses activated and PD-1 expressing cytotoxic T cells. Co-expressing a second
chimeric receptor of PD-1 to the CD28 signaling domain in CAR T cells provides
an additional stimulation that overcomes the inhibition produced by the endogenous
PD-1 receptor in these CAR T cells [69, 70] (Fig. 12.3bii). Thus tumor escape
mechanisms have the potential to be used as an asset in the eradication of
malignancies.

Future Directions

Development of a CAR that successfully kills its target is a challenging undertak-
ing. The development of multiple CARs for multiple targets for the same tumor will
likely be required since CD19 negative escape clones have been demonstrated in
leukemia patients treated with CD19-directed immunotherapies [38, 42, 71].
Targeting multiple antigens on each tumor will only add to the already complex
process of developing a successful therapy.

For these reasons, an entirely different approach to targeting tumor antigens is
being explored. Rather than making multiple CARs, a single, universal CAR target-
ing biotin, for example could be administered to patients who have been pretreated
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with a biotinylated monoclonal antibody to tumor antigens, in essence labeling
tumor cells for targeting by CAR T cells (Fig. 12.3c). Such an approach is under
development [72].

Given the early results of CD19 CAR T cell clinical trials [38, 42, 73] and the better
understanding of how best to manage CRS [51] this therapy will likely receive regu-
latory approval. Studies are currently limited to patients with relapsed or refractory
disease. So, investigations are needed to determine how best to incorporate CD19
CAR T cells in initial therapy. Although a long-term goal is to reduce chemotherapy
exposure over the course of treatment for leukemia, chemotherapy will remain an
important component of treatment. Importantly in this regard, it appears that CRS is
more likely to be severe in patients with significant leukemia burdens than in those
with minimal residual disease [38]. Further, CAR therapy will likely be more effec-
tive in patients with lower disease burden. So, for the newly diagnosed or relapsed
patient intensive chemotherapy prior to CD19 CAR T cell infusion will likely be
necessary, a strategy that is currently under investigation [NCT01593696].
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Chapter 13

Rapamycin-Resistant T Cells and Pentostatin-
Based Immuno-Selective Conditioning

for the Allogeneic T Cell Therapy of Cancer

Daniel H. Fowler and David C. Halverson

Abstract Allogeneic hematopoietic stem cell transplantation (HSCT) is the most
common T cell therapy procedure, yet little is known about how best to harness the
graft-versus-tumor (GVT) effect that underlies this curative modality. Importantly, it
has proven difficult to clinically dissect GVT effects away from severe GVHD. In this
review, we summarize the often times competing roles of key donor and host cellular
players in the transplant setting; in particular, it is important to consider the influence
of T cells and antigen-presenting-cells (APC) on the fate of host tumor cells. Going
forward, it will be critical to evaluate whether anti-tumor effects can be harnessed in
the mixed chimeric state, which inherently poses less risk for GVHD. We summarize
the history of allogeneic HSCT, with particular attention to its reliance upon myeloab-
lation, which can limit T cell therapy directly by causing conditioning-related toxicity
or indirectly through potentiation of GVHD. Novel approaches to the safe and more
effective delivery of allogeneic T cell therapy are clearly needed, especially in set-
tings of advanced, chemotherapy refractory malignancy. Our laboratory and clinical
trial research has focused on two primary strategies to address these obstacles,
namely: (1) minimization of host conditioning intensity through use of pentostatin-
based chemotherapy; and (2) adoptive transfer of ex vivo manufactured, rapamycin-
resistant allogeneic T cells. Through use of these two approaches, the anti-tumor
mechanism of transplantation is dramatically shifted away from chemotherapy and
towards immunotherapy, thereby exposing the relative merits and limitations of a
given T cell product. Continued advances in allogeneic T cell therapy will rely upon
improvements in host conditioning and enhancement of allogeneic T cell products.
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Shared Biology of Graft-Versus-Host Disease
and Graft-Versus-Tumor Effects

Murine models have provided a framework for understanding the pathogenesis of
graft-versus-host disease (GVHD). Initially, it was discovered that both donor CD4*
and CD8* T cells contribute to GVHD through recognition of host alloantigen as
major histocompatibility class II and class I differences, respectively [1].
Subsequently, a landmark study identified donor T cell IFN-y as being critical for
experimental GVHD; specifically, IFN-y primed the monocyte/macrophage lineage
for response to intestinal-derived bacterial lipopolysaccharide (LPS), which resulted
in lethal levels of TNF-a systemically [2]. As such, by 1992, key aspects of GVHD
pathogenesis were firmly rooted, namely, identification of a role for: (1) both donor
CD4* and CD8* T cells, in particular subsets capable of IFN-y secretion; (2) gut
damage with subsequent systemic LPS exposure; and (3) a distal inflammatory
cytokine cascade. This fundamental understanding of GVHD in large part still
grounds our current translational efforts, which focus on minimization of host tissue
damage (in particular, reducing neutropenia-associated gut damage that can lead to
systemic LPS exposure) in the context of adoptive transfer of allogeneic T cells of
increased function.

An understanding of the role of cytokine-secreting subsets of donor CD4* T cells
in GVHD has increased dramatically since this early linkage of T cell IFN-y secre-
tion to the distal inflammatory state. In an initial experimental murine study [3], we
found that allograft augmentation with IL-4 primed donor T cells of T-helper 2 (Th2)
cytokine phenotype restricted IFN-y driven alloreactivity and prevented LPS-driven,
TNF-a mediated GVHD. As such, when one considers the GVHD potential of a
T cell inoculum, it is important to consider not only T cell dose and relative CD4 vs.
CD8 subset composition, but also T cell cytokine phenotype. Other investigations
have similarly shown a counter-regulatory role of donor T cells of Th2-type: for
example, infusion of donor T cells deficient in the production of multiple Th2 cyto-
kines increased experimental GVHD [4].

On the other hand, other studies have identified a role for both Th1- and Th2-type
T cells in experimental GVHD, including a model whereby cytokine-secreting cells
were selectively deleted in vivo [5]. Indeed, there exists a form of reciprocity in
terms of T cell subsets in GVHD: for example, reduction in the Th1 component can
increase Th2- or Th17-mediated GVHD [6]. Of note, GVHD mediated by a given
inflammatory subset (Th1, Th2, or Th17) induced a differential pattern of target tissue
involvement. Finally, CD4 cells can also exist in a fourth subset, regulatory T cells
(T-Regs), which inhibit GVHD [7] and uniquely have not been shown to mediate
target tissue damage. A previous review has compared and contrasted the biology of
the two T-helper subsets known to reduce GVHD, the Th2 and T-Reg subsets [8].
It should be noted that the Thl-dominant biology of GVHD is to a great extent
illustrated in mouse models of acute GVHD, and it is less clear whether this biology
is operational in chronic GVHD [which is oftentimes primarily summarized as a
Th2-driven process [9]] or in GVHD in humans. Nonetheless, clinical chronic
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GVHD, at least in some target organs, can be associated with infiltrating T cells of
Th1 phenotype [10]. In sum, T cell cytokine phenotype helps determine the pattern
of GVHD, the net balance of which can be influenced by a reciprocal balance
between functional T cell subsets.

In addition to GVHD, it is important to consider the effect of donor T cell subsets
on graft rejection, which is mediated by a host-versus-graft (HVG) rejection response
that is primarily T cell-driven. This consideration is particularly relevant in settings
of lower-intensity host conditioning, as an increased number of host T cells remain
that can mediate an HVG reaction. In an initial experimental murine model that uti-
lized sub-lethal host irradiation, we found that allograft augmentation with donor
Th2-type cells reduced GVHD while eliminating graft rejection [11]. This method of
preventing graft rejection relies largely on the alloresponse (GVHD), and therefore
has a relatively narrow therapeutic window. In a subsequent model that involved an
F;-into-parent strain combination that was thereby devoid of alloreactivity in the
GVH direction, allograft augmentation with ex vivo manufactured donor
CD4*Th2/CD8*Tc2 cells prevented graft rejection [12]; this result thus offered a
potential strategy for use of T cell subsets in the prevention of rejection with reduced
GVHD. More recently [13], using potent donor CD4* Th2 cells rendered rapamycin-
resistant by ex vivo manufacturing, we identified a new mechanism of rejection abro-
gation whereby donor Th2 cells secrete IL-4 which then conditions host T cells to
adopt Th2-type differentiation; importantly, such host Th2-type cells were greatly
reduced in their capacity to mediate allograft rejection. This newly discovered I1L-4
cytokine-mediated mechanism, which involves donor influence on host elements,
differed from prior approaches of rejection abrogation that have been characterized
primarily as cytolytic in mechanism [14]. Given the inhibitory role of T cell-derived
IL-4 in preventing [15] or treating [16] GVHD, allograft augmentation with donor
rapamycin-resistant CD4* T cells enriched for a Th2 component represents a
new strategy to simultaneously prevent graft rejection while reducing GVHD.
This approach is particularly applicable to transplants involving minimal host
conditioning, where both graft rejection and GVHD are clinical concerns.

There exists significant overlap in terms of the molecular mechanisms and cellu-
lar players that contribute to GVHD and GVT effects [see review [17]]. This shared
biology between GVHD and GVT effects poses an ongoing obstacle to allogeneic
transplantation, particularly for patients with bulky or chemotherapy-refractory
malignancy. In our own initial studies using a murine leukemia model, we found that
recipients of Th2- and Tc2-augmented allografts had reduced GVHD that occurred
at the expense of increased death due to leukemia [18, 19]. Subsequently, using a
murine model involving metastatic breast cancer cells, we found that the Tc2 popu-
lation mediated greatly reduced GVHD relative to Tcl cells; however, the Tcl
population was far superior in terms of GVT potential [20].

The murine literature is certainly replete with examples of interventions that can
“separate” GVHD from GVT effects. In a recent example, the cytolytic molecule
TRAIL mediated anti-tumor effects while reducing experimental murine GVHD [21].
The TRAIL cytolytic pathway thus appears to differ from the donor T cell perforin
and fas ligand effector mechanisms, as each of these contributes to the early stages of
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GVHD [22] while also mediating distinct GVT effects [23]. However, the extent to
which such “separation” strategies can be successfully translated to the clinic is
largely unknown. As such, we have elected to pursue a strategy that seeks to provide
a distinct component associated with known anti-tumor mediation (Th1-type cells) in
combination with a distinct component for GVHD modulation (Th2-type cells).

When one evaluates adoptive T cell therapy in either allogeneic or autologous
settings, one must consider the differentiation status of the infused T cell product
(namely, the mix of naive vs. T central memory [Tcy] vs. T effector memory [Tgy]
subsets). In murine models, Tgy cells (operationally defined by their genetic lack of
expression of the lymph node homing molecule CD62L) mediated reduced GVHD
[24]. In other studies using a CD8-driven model of murine GVHD, the Ty, subset
mediated increased GVHD relative to the Tgy subset [25]. In further studies, a “stem
cell like” subset of CD8* T cells expressing the SCA* marker efficiently propagated
GVHD upon secondary transfer [26]; such stem-like CD8* T cells have similarly
been characterized in models of autologous T cell therapy [27]. Similarly, in further
studies, naive CD8* T cells mediated increased GVHD relative to Ty, cells [28];
still yet, it was observed that adoptive transfer of Tgy cells alone generated an allo-
response that was unsustained, thereby leading to a blunted GVHD response [29].
In a more recent study, it was the CD8* Tgy subset (rather than the CD4+ Ty, subset)
that was capable of mediating a substantial GVL response with reduced GVHD
[30]. Human clinical results seem to corroborate these murine data, as allografts
enriched for CD4*CCR7* Ty cells had increased GVHD potential [31].

In sum, these data demonstrate the increased in vivo potential of allogeneic T cell
products of reduced differentiation status. Although the examples above focused on
GVHD potential, the same principle applies to GVHD counter-regulatory popula-
tions; that is, the CD62L* subset of T-Reg cells had an increased capacity to prevent
GVHD [32]. And, in our own studies, rapamycin-resistant Th2 cells enriched for
the Ty markers CD62L and CCR7 were enhanced in their ability to down-regulate
Th1-driven alloresponses [33]. As such, it is critical to assess T cell differentiation
status in the broader context of the cytokine and regulatory phenotype.

In any type of adoptive T cell therapy, it is important to consider the role of
antigen-presenting-cells (APC); this consideration is particularly relevant in the
allogeneic transplant setting, as both host and donor APC contribute to both GVHD
and GVT effects. In an initial landmark study [34], the critical role of host APC in
the initiation of experimental acute murine GVHD was established; more recently,
non-hematopoietic host APC have also been shown to initiate GVHD [35]. It is also
now known that all host APC subsets are not identical in this regard, as a subset of
host CD8* APC can potentiate GVT effects without exacerbating GVHD [36].

However, the necessity of host APC for GVHD induction is not absolute, as donor
APC alone can drive GVHD in a sex-mismatched, H-Y antigen driven murine model
[37]. Importantly, host conditioning contributes substantially to donor APC-driven
GVHD through release of host antigen that is subsequently “cross-presented” by
donor APC [38]. Because donor APC are critical for maximal GVHD but not maxi-
mal GVL effects [39], we reason that attempts can be made to improve the GVHD-to-
GVL balance by reducing donor APC-driven GVHD; specifically, reduction in host
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conditioning can limit antigen cross-presentation and also delay the onset of donor
myeloid cell engraftment, thereby reducing donor myeloid APC populations post-
transplant. It is further interesting to note that the source of APC may drive antigen-
specific GVHD manifestations, namely: maximal chronic GVHD of the gut required
donor APC whereas either donor or host APC were sufficient to drive skin GVHD
[40]. In sum, these data indicate that consideration of APC biology (both donor and
host) is critical for experimental allogeneic T cell therapy efforts.

Finally, when one considers the allogeneic T cell therapy of cancer, it will be
increasingly important to consider specific aspects of the tumor biology at-hand.
That is, although an initial observation in 1979 associated GVHD itself with clinical
anti-leukemia effects [41], further progress in the field will require an improved
transplantation therapeutic index (increased anti-tumor effects/reduced GVHD). A
recent NCI relapse conference was convened to summarize the current state-of-the-
field in terms of tumor biology as it relates to transplantation therapies [42]. It may be
important to know tumor sensitivity to various cytolytic pathways (TRAIL vs. fas
ligand vs. perforin) or various cytokine mechanisms (Th1 vs. Th2 vs. Th17); an under-
standing of this tumor biology may guide the selection of allogeneic T cell populations
to supply the appropriate mix of effector function for a particular tumor. And from a
second angle, it will be important to understand the extent to which the initial, broader
allogeneic T cell response might be dissected from the tumor antigen specific T cell
response that would presumably associate with less GVHD. The generation of alloan-
tigen-independent CD8* T cell anti-tumor responses that arise during allogeneic trans-
plantation was nicely illustrated in a solid tumor model [43] and more recently, in a
clinical trial of WT-1 specific T cells in leukemia patients [44]. In sum, these data
indicate that it will become increasingly important to consider both T cell and tumor
cell phenotype for attempts to optimize allogeneic transplant therapy.

It is critical to evaluate new approaches to allogeneic transplantation, as it has
been difficult to separate GVHD from GVT effects at a clinical level. This difficulty
remains a sobering reality: for example, in a recent study, the existence of GVL
effects was positively correlated with the occurrence of clinical GVHD by the new
NIH consensus criteria [45]. Current efforts in the field are laudable and perhaps
transformative, but do not necessarily solve the GVHD/GVL imbalance of allogeneic
transplantation. As one example, the use of post-transplant cyclophosphamide
allows for the safer implementation of haplo-identical allogeneic transplantation
[46]; however, malignant disease relapse remains the primary therapeutic obstacle
with this approach [47]. As another example, enforced expression of a novel,
caspase-activating suicide gene in allogeneic T cells represents a new method to
control ongoing GVHD [48]; however, elimination of the entire repertoire of in vivo
activated allogeneic T cells might theoretically blunt an ongoing anti-tumor mem-
ory response. And third, it is exciting to observe the rapid development in the field
of genetic T cell modulation with chimeric antigen receptors (CAR), which offers a
method to dial-in tumor antigen specificity, even in the context of allogeneic trans-
plantation [49]; it is important to note that, in this latter study, CAR-expressing
allogeneic T cell therapy was not associated with clinical GVHD. However, such
efforts are somewhat tangential to the GVHD/GVL balance dilemma, as potent
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CAR-modulated T cell responses can occur in the autologous setting [see recent
review [50]]; in other words, with further developments in the CAR field, it is not
clear how the allo-setting will contribute to this new form of immune therapy. Distinct
from the above efforts and therapeutic approaches, we will summarize our transla-
tional efforts to improve the GVHD/GVL balance after allogeneic HCT. Specifically,
we will highlight our efforts to minimize host conditioning (through pentostatin-
based therapy) and to maximize donor T cell intensity (through adoptive transfer of
rapamycin-resistant donor T cells).

Pentostatin-Based, Immuno-Selective Host Conditioning

Myeloablative host conditioning, such as use of high-dose cyclophosphamide in
combination with high-dose total body irradiation (TBI), was a central component of
initial efforts in allogeneic bone marrow transplantation. This clinical practice was
motivated by an understanding that high-dose therapy could mediate leukemia cure
[51]. In addition, there was a realization that elimination of host cellular elements
reduced the risk of graft rejection; indeed, subsequent experimental models demon-
strated that increased doses of TBI could eradicate the host alloreactive T cells
accountable for graft rejection [52]. However, the morbidity and mortality associ-
ated with myeloablative conditioning occurs in young patients and these effects
increase with age [53]; as such, myeloablation is not a suitable therapy for the major-
ity of patients due to the advanced age at most cancer diagnoses. These toxicity
concerns, combined with the realization that a component of the curative effect of
transplantation is due to a graft-versus-leukemia effect [54] rather than solely condi-
tioning-mediated, led investigators to explore allogeneic transplantation after “non-
myeloablative” or “reduced-intensity” conditions [see review of current progress
[55]]. Here, we discuss how this movement towards less-intensive conditioning is
incomplete, and outline how interventions using pentostatin-based, selective immune
modulation offer an avenue toward a more complete therapeutic transition. It is in
this context of minimally-intensive conditioning that we are evaluating rapamycin-
resistant allogeneic T cell subsets, which will be discussed later in this chapter.
When one considers the overall contribution of conditioning to the morbidity and
mortality of allogeneic transplantation, it is important to consider both direct effects
(neutropenia-related infection, acute and chronic end-organ damage) and indirect
effects (most notably, potentiation of GVHD). In murine models, it has long been
known that the intensity of conditioning correlates with GVHD severity [56].
Conditioning can result in elevated levels of pro-inflammatory cytokines such as
TNF-a, which contributes to GVHD pathogenesis [57]. Recent studies have further
elucidated the link between conditioning and GVHD, namely: conditioning-mediated
tissue damage increases extra-cellular ATP levels, which in turn activate the inflam-
masome that is critical for initiation of complex, down-stream inflammatory pro-
cesses such as GVHD [58]. Our therapeutic approach is predicated on the adoptive
transfer of potent allogeneic T cell products, such as the rapamycin-resistant subsets,



13 Rapamycin-Resistant T Cells and Pentostatin-Based Immuno-Selective... 287

which are capable of causing tissue injury with subsequent activation of inflammatory
cascades. Therefore, we reason that if one is to optimize the T cell component of
allogeneic transplantation it will be necessary to develop less-intensive, less-
inflammatory approaches to conditioning.

As delineated in a recent review [55], reduced-intensity conditioning regimens
come in a substantial variety of intensities, but each published regimen can be con-
sidered to cause significant host inflammation. That is, published regimens utilize
sub-lethal TBI [which, in experimental models, causes intestinal crypt cell apopto-
sis [59]] and/or doses of chemotherapy that induce neutropenia and can cause
inflammation [see recent review of the role of conditioning-related inflammation
[60]]. In our previous studies, we utilized a reduced-intensity regimen of fludara-
bine combined with cyclophosphamide at a total dose of 4800 mg/m?. This regimen,
although ‘reduced’ relative to myeloablative regimens, still required intensive inpa-
tient monitoring, was associated with an approximate 2-week period of neutropenia,
and resulted in acute GVHD in approximately two-thirds of patients [61]; of inter-
est, GVHD primarily involved the gut and was associated with increased inflamma-
tory cytokines [62]. Thus, although substantial graft-versus-lymphoma effects could
be generated with this regimen [63], acute GVHD was a clear constraining factor
that motivated us to subsequently pursue conditioning regimens that were 75 %
reduced in alkylator dose (Cy total dose, 1200 mg/m?). Other approaches that are
less intensive than the approach we initially evaluated, such as the combination of
low-dose TBI with fludarabine, have also been associated with substantial GVHD,
in particular late acute GVHD of the gut [64]. It is interesting to speculate that the
low-dose TBI component of the conditioning packet is a particular driver of GVHD,
as even low doses of TBI are pro-inflammatory in experimental models [65]. In
sum, these clinical data indicate that further steps are clearly required to evaluate
whether further alterations (reductions) in conditioning intensity can translate into
reduced GVHD. Nonetheless, on a more positive note, GVHD that occurs after
reduced-intensity conditioning has an improved therapeutic index relative to GVHD
that occurs after myeloablative conditioning (safer mediation of a GVL effect) [66].

One key component of our translational research is to harness the drug pentostatin
in an attempt to limit inflammation associated with host conditioning. At an opera-
tional level, we define this simply as an ability to reduce the host absolute lympho-
cyte count (ALC; measure of efficacy in terms of reducing the HVG response)
without substantial reduction in the host absolute neutrophil count (ANC; measure of
toxicity in terms of damage to non-lymphoid cells). In 1980, a landmark article dem-
onstrated the link between adenosine deaminase (ADA) deficiency and lymphoid
cell depletion [67], with ADA deficiency now recognized as a common molecular
basis for severe combined immunodeficiency disease. Over the next 35 years, there
has been a dramatic increase in our understanding of the complexities of adenosine
biology, particularly as it resides at the interface between inflammation, immunity,
and cancer [see recent review [68]].

Pentostatin, which is a specific inhibitor of the ADA enzyme [69], appears to be
relatively specific for lymphocytes; this specificity appears to be due to down-stream
pathway alterations rather than to differences in ADA expression [see review [70]].
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That is, lymphocytes inherently have high deoxycytidine kinase activity, which
converts deoxyadenosine (dAdo) to deoxyadenosine monophosphate (dAMP); and,
lymphocytes have intrinsically low 5’ nucleotidase activity, which degrades dAMP
to dAdo. This lymphocyte combination of enzyme activity allows the rapid accumu-
lation of initial dAAMP and subsequent deoxyadenosine diphosphate (dADP) and
deoxyadenosine triphosphate (dATP). As such, inhibition of ADA activity by pento-
statin in lymphocytes represents a sensitive pathway to yield increased levels of
dATP, which is a key molecule that mediates cellular cytotoxicity.

Thus, it is important to emphasize that the specificity of pentostatin for lympho-
cyte modulation is not absolute; this recognition is important both when one consid-
ers the potential toxicities and potential anti-tumor effects of pentostatin-based
conditioning. Patients with genetic deficiency of ADA have severe immune defi-
ciency, but also have dysfunction in multiple organs, most notably brain and bone
[67]. Unfortunately, a paucity of information exists pertaining to whether pharma-
cologic blockade of ADA similarly results in tissue damage, which may then prime
for GVHD; however, the observation that addition of pentostatin to a high-dose
cyclophosphamide containing preparative regimen resulted in lethal cardiac failure
indicates the relevancy of this consideration [71]. From a practical standpoint, it is
important to note that pentostatin is a drug whose half-life is critically influenced by
renal function and therefore must be dose reduced in patients with impaired creatinine
clearance [72].

Given the relative lymphocyte specificity of pentostatin, it is not surprising that
initial phase I clinical trials and current clinical usage of pentostatin is restricted
primarily to lymphoid malignancy, most notable hairy cell leukemia, T cell lym-
phoma, and chronic lymphocytic leukemia (CLL) [see review [73]]. However, just
as one should maintain concern about the non-lymphocyte toxicity of pentostatin,
one should not rule out the possibility that pentostatin, particularly when used in
combination with other agents, might yield anti-tumor effects in non-lymphoid
malignancy; of note, to our knowledge, combination pentostatin regimens have not
been evaluated in a systematic manner in non-lymphoid malignancy. The combina-
tion regimen of pentostatin (4 mg/m?) plus cyclophosphamide (600 mg/m?) has
been evaluated extensively for therapy of CLL [74]. This regimen, although associ-
ated with anti-tumor effects, is associated with grade 3 or 4 neutropenia in 35 % of
patients. As such, we were motivated to evaluate alternative methods of delivering
combination pentostatin plus cyclophosphamide therapy that would avoid neutrope-
nia and thereby be more compatible with a non-inflammatory conditioning platform
prior to allogeneic T cell therapy.

To develop alternative approaches to pentostatin-based conditioning, we turned
to an experimental model of allogeneic bone marrow graft rejection, which we pre-
viously used to test the combination of fludarabine plus cyclophosphamide [75].
In this effort, we found that the combination of pentostatin plus cyclophosphamide
(PC) was more effective than the combination of fludarabine plus cyclophospha-
mide (FC) in preventing marrow graft rejection [76]. Several key findings from this
study have helped inform our subsequent translational efforts, including: (1) the
immune-depleting (defined by decreased T cell numbers) and immune-suppressing
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(defined by decreased T cell effector cytokine secretion) effects of pentostatin were
modest but highly synergistic with daily, low-dose therapy with the DNA alkylator,
cyclophosphamide (Cy); (2) a schedule of intermittent pentostatin plus daily,
low-dose Cy could be employed to attain severe host T cell depletion without severe
neutropenia; and (3) the immunosuppressive effects of the PC regimen lasted several
days, thereby suggesting a prolonged biologic half-life.

In a second experimental model, we evaluated whether the PC regimen could be
used to prevent host capacity to produce neutralizing antibody to a foreign protein,
namely the anti-mesothelin immunotoxin SS1P, which represents a potential thera-
peutic modality for a wide variety of mesothelin-expressing tumors. However,
previous clinical trials of SS1P did not result in anti-tumor responses, at least in part
due to neutralizing antibody formation, which typically limited the duration of
SS1P therapy to one treatment cycle [77]. In our murine model [78], we developed
a PC regimen that extensively depleted host immune T and B cells without substan-
tial depletion of myeloid elements and with no apparent morbidity and no mortality.
Importantly, this immune-depleting, non-myelosuppressive PC treatment regimen
permitted the dosing of six serial injections of SS1P immunotoxin without neutral-
izing antibody formation. These results were then translated into a clinical trial
(clinicaltrials.gov, NSC# 01362790), which demonstrated that a non-neutropenia
inducing, yet immune-depleting PC regimen could: delay the formation of neutral-
izing antibody to SS1P; result in high serum immunotoxin concentrations; and, for
the first time, produce responses against refractory malignant mesothelioma [79].
Further studies will be required to determine the mechanism(s) of anti-tumor action
of this new treatment regimen (direct immunotoxin effect vs. direct pentostatin effect
on tumor vs. indirect effect of pentostatin on immunity). Nonetheless, this pilot study
established the principle that an immune-depleting yet non-myelosuppressive PC
regimen could be safely translated to the clinic for therapeutic gain. Figure 13.1
summarizes the potential effects of pentostatin inhibition of ADA when one consid-
ers the seemingly disparate transplantation variables of host conditioning, T cell biol-
ogy, and tumor cell biology.

In addition to clinical use of the PC regimen in the setting of immunotoxin ther-
apy, we have tested the PC regimen as an immune-depleting, non-neutropenia
inducing host conditioning regimen prior to allogeneic HSCT (clinicaltrials.gov,
NSC# 00923845). Pentostatin has previously been administered as a component of
conditioning regimens for allogeneic HSCT; however, each of these regimens was
combined with other chemotherapy agents [80] or with TBI [81, 82] at doses that
resulted in substantial neutropenia. In our new protocol effort, 3 weekly infusions of
pentostatin (each at a dose of 4 mg/m?) are combined with low-dose daily Cy
(200 mg flat dose per day) and administered over a 21-day interval. The results of
this clinical trial have not been published. However, analysis of data (Principal
Investigator, Daniel Fowler) from the first ten patients treated on this trial indicates
that the PC regimen: (1) safely induced immune T cell depletion and suppression
without neutropenia; (2) resulted in an alloengraftment pattern marked by promi-
nent mixed chimerism in both lymphoid and myeloid lineages; and (3) was associ-
ated with a virtual absence of clinical acute GVHD.
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Fig. 13.1 Pentostatin at the interface of conditioning-related inflammation, T cell suppression,
and tumor cell biology. Transplant preparative regimens cause host tissue injury, which can cause
extracellular release of ATP. Such ATP can promote inflammation via binding to P2X7 receptors
and subsequent activation of the inflammasome on innate immune cells (see reference [58]).
Alternatively, in the presence of T-Reg cells, ATP can be processed into AMP and then to adenos-
ine through CD39 and CD73 cell surface molecules; pentostatin inhibits the ADA enzyme, which
has CD26 as co-factor. In the presence of pentostatin, adenosine levels increase because ADA acts
to convert adenosine to inosine. Elevated levels of adenosine, acting largely through the adenosine
A,A receptors, can suppress immune Th1/Tcl cells and can have a pro-tumor effect; however,
adenosine can mediate anti-tumor effects in some models, for example, through signaling of the
alternative A; receptor (reference [68])

In this study, which enrolled patients with metastatic renal cell carcinoma, we used
high-dose sirolimus post-transplant therapy for GVHD prophylaxis, with the hypoth-
esis that sirolimus may cause a direct anti-tumor effect [similar to the documented
effect of the rapalog temsirolimus [83]] while permitting an allogeneic GVT effect
[which can occur in at least 20 % of appropriately selected patients with metastatic
renal cell cancer [84, 85]]. However, we observed that adoptive transfer of donor
rapamycin-resistant T cells combined with T cell-replete, HLA-matched peripheral
blood stem cell allografts was associated with persistent mixed chimerism, limited
T cell effector function post-transplant, and an absence of clinical anti-tumor
responses. The absence of anti-tumor effects with this regimen may have been due
to: selection of patients with adverse prognostic characteristics; tolerizing effects of
post-transplant therapy with high-dose sirolimus [which has been observed in the
setting of allogeneic therapy of sickle cell anemia [86]]; or to the non-inflammatory
nature of conditioning using the PC regimen (absence of neutropenia).

In summary, using two distinct murine models, we have demonstrated that the
strategy of selective immune modulation with the PC regimen can be used for either
the prevention of graft rejection or the prevention of host neutralization of foreign
protein therapeutics. And, the PC regimen can be safely translated to the clinic, as it
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can cause immune depletion and immune suppression without neutropenia or other
significant end-organ damage. In future experimental models and clinical trials, it
will be essential to further evaluate: (1) the extent to which the PC regimen is account-
able for reduced GVHD on the basis of lymphocyte selectivity; and (2) the extent to
which the PC regimen might be harnessed to directly mediate anti-tumor responses
through modulation of adenosine pathways in the tumor-T cell micro-environment.

Allogeneic hematopoietic stem cell transplantation using a highly selective
immune-depleting and immune-suppressive pentostatin plus cyclophosphamide
regimen represents a more complete transition towards allogeneic T cell therapy
that is further dissected from the toxic effects of chemotherapy and total body irra-
diation. This shift will hopefully pay dividends in terms of reducing the direct toxicity
of conditioning and through an indirect effect (reduced priming of GVHD). At the
same time, however, minimization of host conditioning through the PC regimen
places a higher anti-tumor burden upon the allograft immunotherapeutic compo-
nent. It is our contention that this represents an obstacle that can be overcome, as:
(1) the current, typical patient enters transplant in a partial or complete remission;
and (2) for the other subset of patients that enter transplant with chemotherapy
refractory disease, increases in the intensity of host conditioning are unlikely to
represent the key element to a curative intervention. Indeed, it is the chemotherapy
refractory patients who are currently typically underserved by allo-transplantation
(they are either not referred for transplant or receive transplantation without effi-
cacy); therefore, this subgroup of patients is likely to benefit from novel strategies
that enhance allogeneic T cell efficacy. To this end, we have evaluated the effect of
allogeneic T cells with potential for increased in vivo activity, namely, subsets of
rapamycin-resistant T cells.

Adoptive Transfer of Rapamycin-Resistant T Cells

mTOR, now known as the mechanistic target of rapamycin, was discovered in 1994
as the target of the rapamycin-FKBP12 complex [87]. Since that time, there has been
arapid advancement of research and a broadened understanding regarding the role of
mTOR in health and disease [see review [88]]. It should be noted that rapamycin
initially inhibits only the mTORC1 complex via an allosteric effect; however,
mTORC2 is sequentially inhibited in an indirect manner with prolonged drug expo-
sure [89]. This indirect and incomplete mechanism whereby rapamycin inhibits
mTOR represents only one of several mechanisms of T cell or tumor cell acquisition
of rapamycin resistance [see review [90]]. It is important to differentiate rapamycin
from the newly described direct, competitive inhibitors of the ATP-binding site of
mTOR that potently and simultaneously inhibit both mTORC1 and mTORC2 [91].
Of note, compared to rapamycin, these direct mMTOR inhibitors preferentially lead
to cellular death rather than the attainment of resistance [92]. One must also differ-
entiate this pharmacologic analysis from genetic approaches, which have character-
ized and cleanly dissected the relative roles of mMTORC1 and mTORC2 on T cell
differentiation [93, 94].
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In initial studies, rapamycin was found to induce T cell anergy, even in conditions
of T cell co-stimulation [95]. More recently, ex vivo rapamycin combined with
relatively weak co-stimulation and the absence of effector cytokine polarization
promoted the generation of T-Reg cells [96]. This predisposition towards regulatory
T cell differentiation in the presence of rapamycin is due in part to the T-Reg cell
transcription factor Foxp3, which up-regulates pim2 as an alternative kinase signal-
ing pathway to the blocked, mTOR pathway [97]. In vivo therapy with rapamycin
after allo-transplant preferentially inhibits effector T cells while sparing T-Reg cells,
with consequent reduction in experimental GVHD [98]. It is critical to note that
experimental models that have found an association between rapamycin and T-Reg
cell differentiation have been performed in the absence of T-helper cell polarizing
cytokines such as IL-4 or IL-12. Indeed, in other studies, IL-4 [99] or IL-12 [100]
promote GATA-3 or T-bet transcription factors, respectively, while restricting Foxp3
expression. Based on these data, we have concluded that the association of rapamy-
cin with a certain pattern of T-helper subset differentiation is contextual and in part
determined by the absence of polarizing cytokines (preferential T-Reg induction) or
the presence of polarizing cytokines (Th1- or Th2-permissive).

In our initial studies of T cell subsets in experimental transplantation, we utilized
an ex vivo manufacturing method whereby donor T cells were stimulated with host
APC in the presence of polarizing cytokines to generate Th1- or Th2-type alloreactive
T cells [18]. However, manufacturing of Thl- or Th2-type antigen-specific T cells
can lack feasibility and reproducibility; and, theoretically, ex vivo clonal expansion to
alloantigen expressed on APC may deviate an immune response away from anti-
tumor specificities. Given these considerations, we began to evaluate whether the
processes of cytokine polarization and antigen-specificity might be dissociated from
one another, namely: to achieve cytokine polarization ex vivo in a polyclonal manner
via APC-free co-stimulation [101] and then to allow clonal expansion to occur in vivo
post-transplant. Indeed, in our studies, we found that donor T cell cytokine polarity
could be achieved ex vivo using polyclonal co-stimulation, with subsequent alloanti-
gen-driven clonal expansion occurring in vivo. Importantly, the in vivo derived
antigen-specific T cells maintained the cytokine polarity of the input polyclonal
T cells, thereby demonstrating that the processes of cytokine polarity and antigen-
driven clonal expansion could be dissected from one another [20].

In subsequent experiments, we evaluated the effect of rapamycin in our method of
ex vivo T cell co-stimulation and cytokine polarization. We found that rapamycin-
resistant CD4*Th1/CD8*Tcl or CD4*Th2/CD8*Tc2 cells could be generated in the
presence of rapamycin depending on whether IL-12 or IL-4 was added to the culture,
respectively [33]. These results stood somewhat in contrast to prior in vivo findings,
where it was found that rapamycin inhibited T cells of Th1 cytokine phenotype when
administered after experimental allogeneic BMT [102]. It is possible that these seem-
ingly disparate results relate in part to rapamycin influence on APC populations,
which is not a factor in our ex vivo method; that is, rapamycin can inhibit APC func-
tion in vivo for inhibition of Thl-mediated immunity [103]. In this way, the T cell
manufacturing method that we have established allows for the isolation of rapamycin
effects on T cells without a competing drug effect at the level of APC populations.
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We found that a combination of high-dose rapamycin, co-stimulation, and IL-4/IL-2
polarization generated CD4* T cells enriched in their capacity to prevent experi-
mental murine acute GVHD [15]. Rapamycin-resistant Th2 cells had minimal
capacity for effector cytokine secretion at the time of adoptive transfer; however,
such recipients had greatly increased type II cytokine secretion in vivo, a marked
drop in IFN-y secretion in vivo, and superior protection against GVHD. These
immune biology and clinical effects were largely abrogated if the Th2 cells were
generated from IL-4 deficient donors, thus confirming a Th2-type mechanism. And,
we found that a sequential infusion of unmanipulated T cells capable of Thl-type
differentiation followed by Th2 cell therapy yielded the best balance of GVT effects
to GVHD. In a separate project, we also found that Th2 cell secretion of IL-10 and
the consumption of exogenous IL-2 were important for reduction of GVHD by Th2
cell therapy [16]. This latter observation suggests that the Th2 cells manufactured in
rapamycin may outcompete other T cell populations for limiting growth factors.
In sum, these results provide evidence for a multi-faceted mechanism whereby
rapamycin-resistant Th2 cells can regulate ongoing GVHD.

In an initial clinical trial, we evaluated the effect of allograft augmentation with
co-stimulated CD4* T cells that were polarized with IL-4 but not manufactured in
rapamycin [61]. The T cells were propagated in culture for approximately 20-days
using 2-rounds of co-stimulation and secreted high levels of a mixed Th2/Th1 pat-
tern of cytokines. Of note, in this trial, acute GVHD was observed in approximately
two-thirds of patients independent of whether patients received the additional, IL-4
polarized T cell population. As a result, we concluded that this first-generation,
highly differentiated T cell population was not efficacious and that further studies
should evaluate an alternative method of T cell manufacturing (that is, inclusion of
rapamycin).

In light of our murine data indicating an improved ability of rapamycin-resistant
Th2 cells to both reduce GVHD and prevent graft rejection, we developed a new
protocol (www.cancer.gov/clinicaltrials; #NCT 00077480) that incorporated rapamy-
cin during ex vivo manufacturing. In addition, we modified our transplant platform
in an attempt to improve the safety of allogeneic T cell therapy. First, we reduced the
transplant preparative regimen intensity (decrease in cyclophosphamide dose by
75 %; total dose, 1200 mg/m?) to a level that could be safely administered in an out-
patient setting. Second, we added a short-course of sirolimus therapy in the first 14
days post-transplant to complement standard cyclosporine GVHD prophylaxis.
Third, and perhaps most importantly, we delayed the infusion of the experimental
T cells from day O of transplant to day 14 post-transplant in an attempt to: (1) sepa-
rate potential side effects of the manufactured T cells from side effects attributable to
the conditioning or to the unmanipulated T cells contained in the initial allograft; (2)
establish and confirm a state of mixed chimerism at day 14 post-transplant prior to
the experimental donor lymphocyte infusion (DLI); and (3) avoid the transfer of
T-Rapa cells during concurrent sirolimus drug administration, which might inhibit
the manufactured T cells in vivo.

In this clinical protocol, n=40 patients were initially treated with pre-emptive DLI
at day 14 post-transplant with rapamycin-resistant donor T cells [104]. The T cells
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were generated by a 12-day culture method using a single round of co-stimulation.
The resultant T cells were comprised of a mix of CD4* Th2 and Th1 cells, as deter-
mined by transcription factor analysis and cytokine secretion; the T cell products
were minimally differentiated, as defined by capacity for only nominal magnitudes
of cytokine secretion. By gene expression micro-array analysis, there was minimal
variability in T cell phenotype and a consistent pattern of alteration in several gene
families, including: up-regulation of cell cycle and stress response genes; and,
down-regulation of apoptosis and inflammation genes.

In this trial, as anticipated given the low-intensity conditioning, we found that
patients had varying levels of mixed donor/host chimerism at day 14 post-transplant
(at the time of pre-emptive DLI). Then, 2 weeks after DLI (at day 28 post-transplant),
we observed a relatively marked increase in donor engraftment in both lymphoid
and myeloid lineages. Several findings suggest that the manufactured T cell DLI
were safe and effective in vivo, including: absence of engraftment syndrome
(cytokine-related toxicity that causes rash, fever, fluid third-spacing, and pulmonary
infiltrates), low rate and severity of GVHD, and absence of transplant-related mor-
tality; preferential post-transplant expansion of donor CD4* T cells relative to donor
CD8* T cells; and promotion of a balanced pattern of Th2- and Th1-type of cyto-
kines post-transplant. Importantly, complete remissions were attained, including in
some patients with chemotherapy-refractory disease or high-risk hematologic
malignancy diagnoses. In sum, these results indicate that the infusion of rapamycin-
resistant donor CD4* T cells on this new, low-intensity transplant platform resulted
in a potentially favorable balance between GVL effects and GVHD.

Nonetheless, approximately one-half of patients on this study eventually died
from their malignancy, and as such, we established the goal of developing and eval-
uating modified populations of rapamycin-resistant T cells that might mediate
increased anti-tumor effects. Towards this end, we reasoned that truncation of the
T cell manufacturing interval might generate a unique cell product with increased
in vivo function; in an analogous effort, reduction in culture time of tumor-
infiltrating-lymphocytes (TIL) products was effective in the treatment of metastatic
melanoma [105]. In our current efforts, we are evaluating rapamycin-resistant
T cells manufactured for 6-days (T-Rapas cells) as an alternative to the 12-day
method in our initial study (T-Rapa, cells).

We have now found that the T-Rapa, and T-Rapa,, cell products were very simi-
lar in terms of standard assays (such as cytokine secretion profile) but differed sig-
nificantly by gene expression micro-array analysis [106]. Using the exact same
transplant platform as we have recently described [104], we have now finished
accruing to a sequential phase II study whereby patients receive the T-Rapagq cell
product instead of the T-Rapa;, cell product at the day 14 post-transplant time point.
The initial results of this trial have been presented at the 2014 Meeting of the
American Society of Blood and Marrow Transplantation [107]. Remarkably,
T-Rapa, cell recipients had an increase in the rate of classical acute GVHD relative
to the T-Rapa,, cell recipients (increase from 10 to 40.5 %); T-Rapa, cell recipients
also had an earlier time to onset and an increase in severity of acute GVHD. However,
overall survival was not decreased in T-Rapag cell recipients and deaths due to
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Table 13.1 Sequential NCI clinical trials evaluating IL-4 polarized donor T cells: minimizing
host conditioning intensity while maximizing T cell intensity

Preparative regimen® PBSCT® IL-4 polarized T cells® Reference number?
Flu/Cy (4800 mg/m?) \/ Th2 (20 days) #63

Flu/Cy (1200 mg/m?) \/ Th2.R (12 days) # 104

Flu/Cy (1200 mg/m?) \/ Th2.R (6 days) #107

No Flu/Cy \/ Th2.R (6 days) Study in progress

*Flu, fludarabine; Cy, cyclophosphamide; dose represent total Cy dosing

"PBSCT, indicates T cell-replete peripheral blood stem cell allograft

“Type of manufactured T cell population; Th2.R indicates cells that are both IL-4 polarized
and rendered rapamycin-resistant. The number in parenthesis indicates total number of days of
ex vivo culture

dFurther details of clinical trial results described in the listed references

malignancy appears to have been reduced; as such, it is possible that the T-Rapag
cell population mediated both increased GVHD and increased GVL effects. In sum,
these results indicate that a seemingly subtle change in ex vivo T cell manufacturing
(reduction in culture time) can result in substantial changes in T cell function that
appear to influence in vivo transplantation outcome.

Current research seeks to better understanding the molecular and pathway differ-
ences that exist between these two T cell products, as this information may provide
leads for the further development of T cell products with increased function. And,
from a translational angle, current efforts are directed towards altering the transplant
platform to more safely accommodate a T cell product that exerts increased in vivo
function (the T-Rapag product). Specifically, given the known inter-relationship
between conditioning intensity and T cell-mediated GVHD, we hypothesize that the
acute GVHD associated with the T-Rapag cell product will be minimized if further
reductions in host conditioning were used prior to adoptive T cell transfer. To
address this hypothesis, we will make use of the immune-selective, pentostatin-
based conditioning regimens that we have detailed and avoid the use of regimens
that can cause neutropenia, even on a limited level (such as the low-dose Flu/Cy
regimen). The success of such an endeavor would represent a further step away from
myeloablative transplant and towards a transplant approach that employs maximal T
cell intensity with minimal conditioning intensity (see Table 13.1, which summarizes
our sequential efforts in this endeavor).
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