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  Pref ace   

 After years of disappointments, cancer immunotherapy has fi nally gained consider-
able attention due to the development and use of approaches that target T cells, key 
players in the battle against cancer. In particular, immune checkpoint-targeting anti-
bodies and adoptive T-cell therapies are starting to transform the treatment of 
advanced cancers. However, despite recent successes, many patients with cancer 
fail to respond to these treatments. A major challenge now is to identify underlying 
mechanisms responsible for resistance to cancer immunotherapy in order to over-
come them and propose more effi cient strategies. 

 For an effective direct destruction of cancer cells, CD8 T cells must fulfi ll several 
functions. First, they should be able to migrate effi ciently into and within tumors in 
order to make contact with malignant cells. Second, they should be able to respond 
adequately to tumor antigens by releasing cytotoxic granules. In cancer patients, 
accumulating evidence suggests that responsiveness to tumor antigens is altered and 
current immunotherapies mainly aim at boosting T-cell activities. But relieving the 
brake of T-cell suppression will not be effective if lymphocytes are unable to migrate 
and interact with tumor cells. 

 The objective of this book titled  Defects in T Cell Traffi cking and Resistance to 
Cancer Immunotherapy  is to focus on this important aspect which has been over-
looked for years. The volume starts with a chapter by Stein, Moalli, and Ackerknecht 
who provide an overview of the main features of T-cell traffi cking in basal condi-
tions and during an effi cient immune response. T lymphocytes are among the cells 
in the body that migrate the fastest, and it is now established that these cellular 
displacements are crucial for T cells to mount a protective immune response. Our 
understanding of how T cells move in a variety of organs including malignant 
tumors mainly comes from the two-photon microscopy technique. Loyher, 
Combadière, and Boissonnas present this powerful approach and discuss the 
dynamic behavior of T cells within an intact tumor environment. 

 This volume is also focused on the different obstacles the environment of 
advanced tumors creates to limit T cells from migrating and making contact with 
their malignant targets. A specifi c attention is devoted to defective entry of T cells 
into tumors and its underlying mechanisms. Fabian and Storkus discuss the unique 
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characteristics of the tumor-associated vasculature acting as a barrier for T cells. 
Even when T cells succeed in crossing the tumor vessels, lymphocytes are rarely in 
contact with tumor cells being instead greatly enriched in the surrounding stroma, 
composed of non-cancer cells. Over the last few years, different stromal cells and 
stromal components have been identifi ed as limiting T cells from contacting malig-
nant cells. Pommier and Fearon focus on carcinoma-associated fi broblasts and the 
negative impact of these stromal cells on T lymphocytes. Apart from detrimental 
elements, other structures in the tumor stroma that display strong similarities with 
lymphoid organs favor the traffi cking and surveillance activity of T cells. Dubois, 
Kaplon, Couillault, and colleagues review the current knowledge about these ter-
tiary lymphoid structures and their importance in T-cell antitumor activities. 

 Finally, a special attention is paid to current and future therapeutic interventions 
to improve migration of T cells into tumors and thus to enhance the effectiveness of 
cancer immunotherapy. Several chapters in this book discuss the ideas of modulat-
ing a number of components in the lymphocyte migration machinery. Cantor 
addresses the modulation of integrin functions to improve homing of T cells into 
tumors. Garetto, Sardi, Morone, and Kallikourdis focus on chemokines and the 
enforced expression of their receptors on T cells. Finally, Chen, Dotti, and Savoldo 
explain how the genetic manipulations of chimeric antigen receptor-modifi ed T cells 
with carefully chosen genes can overcome poor migration and persistence of T lym-
phocytes into tumors. 

 The fi eld of cancer immunotherapy has undergone a truly explosive growth in 
recent years. The development of therapies that target T cells raises hopes for these 
approaches to become a signifi cant treatment for a variety of cancers. However, in 
order for these strategies to be fully successful, we need to understand how T cells 
traffi c into and within tumors, how T cells are blocked in these processes, and how 
these obstacles can be overcome. I believe that this book will help readers to do this. 

 I would like to thank the authors, who are among the top leaders in their areas of 
research, for their exceptional contributions. This volume represents one in a book 
series entitled Resistance to Targeted Anti-Cancer Therapeutics of which Professor 
Benjamin Bonavida of the University of California, Los Angeles, serves as the 
series editor (published by Springer Publishing Company). I wish to thank Professor 
Bonavida for his friendly help and encouragement. Also, I acknowledge the valu-
able cooperation and coordination with Fiona Sarne, Joy Evangeline Bramble, and 
Ravishankar Kamalakannan, publishing editors, Cancer Research, Springer 
Science+Business Media.  

  Paris, France     Emmanuel     Donnadieu     
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    Chapter 1   
 Basic Rules of T Cell Migration                     

     Jens     V.     Stein     ,     Federica     Moalli     , and     Markus     Ackerknecht    

    Abstract     The positive correlation of lymphocyte infi ltration into solid tumors with 
the patient survival, as well as recent successes of checkpoint inhibitors enhancing 
antitumor responses, have kindled a huge interest in cancer immunotherapy. In fact, 
adoptive cell therapy (ACT) of tumor-recognizing T cells has led to complete reces-
sion of tumors in a subset of melanoma patients. Yet, the molecular mechanisms 
that guide T cells to infi ltrate tumor tissue for the detection and destruction of can-
cer cells are only incompletely understood. Here, we will give an overview on the 
basic rules of T cell migration, focusing on extra- and intracellular guidance cues 
gained primarily from intravital two photon imaging, and relate this with the effi -
cient unfolding of adaptive immune responses. From this, we outline the challenges 
that T cells face entering and maneuvering inside non-lymphoid tissues including 
tumor sites.  

  Keywords     T cell traffi cking   •   Integrins   •   Small GTPases   •   Intravital imaging   • 
  Extracellular matrix   •   Guanine exchange factors  
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  Abbreviations 

   ACT    Adoptive cell therapy   
  APC    Antigen-presenting cell   
  ATX    Autotaxin   
  DC    Dendritic cell   
  ECM    Extracellular matrix   
  FRC    Fibroblastic reticular cell   
  GALT    Gut-associated lymphoid tissue   
  GEF    Guanine exchange factor   
  GPCR    G-protein coupled receptor   
  HEV    High endothelial venule   
  LN    Lymph node   
  LPA    Lysophosphatidic acid   
  SLO    Secondary lymphoid organ   
  TIL    Tumor-infi ltrating lymphocyte   

1.1         Introduction 

 The adaptive immune system fulfi lls the critical task to protect against infectious 
microbes, including viruses and bacteria, while maintaining tolerance against self. 
The initiation of primary immune responses takes place in lymphoid tissues, such as 
skin-draining peripheral lymph nodes (LNs). There, the cellular arm of the  adaptive 
immune system   consisting of CD4 +  and CD8 +  T lymphocytes has evolved to quickly 
recognize pathogen-derived peptides displayed on major histocompatibility com-
plexes (pMHC) by  antigen-presenting cells (APCs)   such as  dendritic cells (DCs)   
and  macrophages  . The encounter of DCs or macrophages bearing cognate pMHC 
induces a “stop” signal for migrating T cells, i.e., these cells rapidly decrease their 
scanning behavior and engage in long-term interactions with DCs, which imprint a 
differentiation program leading to effector cell generation. Once activated, most 
CD8 +  and CD4 +  T cells leave lymphoid tissue after clonal expansion to accumulate 
at the site of infection, where they fi ght pathogens by a variety of mechanisms 
including cytotoxic activity and cytokine secretion. A second central function of the 
adaptive immune system is to kill or keep in check cancerogeneous cells, which 
present aberrant pMHC on their surface owing to their altered and increased meta-
bolic activity (Fig.  1.1 ). In fact, the concept to exploit the immune system to fi ght 
cancers— cancer immunotherapy  —is supported by the recent observation that the 
presence of CD8 +  T cells correlates positively with the control of triple-negative 
breast cancers when compared in more than 12,000 patients [ 1 ]. Similarly, the pres-
ence of Th1-skewed CD4 +  T cells and other immune cells in colon carcinoma 
patients is a better predictor of the patient’s survival than commonly used histo-
pathological methods for staging [ 2 ]. Accordingly, a recent publication has found 
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that Th1 cytokines induce senescence in tumor cells [ 3 ]. Taken together, these fi nd-
ings underscore the importance of successful entry of CD4 +  and CD8 +  T cells into 
tumors, as well as the importance of further investigations into molecular mecha-
nisms allowing for robust T cell responses against tumor cells. However,  adoptive 
cell therapy (ACT)  , consisting of re-introducing autologous in vitro-activated T 
cells into cancer patients, showed only mixed successes in various trials [ 4 ]. In most 
instances, the reasons for this failure remain unknown but may include defective 
re-activation in lymphoid tissue post transfer or impaired accumulation in tumor 
target tissue. The shaping of  tumor antigenicity   by immunoediting or other tumor- 
suppressive mechanisms, including suppression by tumor-associated macrophages 
or stroma cells, may also lead to defective killing of cancer cells by immune cells 
[ 5 ,  6 ]. Yet, in recent years, there has been a renewed interest in cancer immuno-
therapy, in large part owing to the successful clinical trials targeting immunosup-
pressive signaling pathways, in particular inhibitors of CTLA-4 and PD-1—PD-L1 
signaling [ 7 ]. As example, blocking PD-1 is currently the only treatment proven to 
prolong the life expectancy of prostate cancer patients. The somewhat unexpected 
success of such treatments has prompted Science magazine to promote cancer 
immunotherapy as breakthrough of the year 2013 [ 8 ]. How do these therapies work? 
Studies from  chronic viral infections   have shown that both CTLA-4 and PD-1 are 
expressed on “exhausted” CD8 +  T cells and function as negative regulators of TCR 
signaling by engaging intracellular phosphatases, rather than kinases. Furthermore, 
CTLA-4 has been shown to counteract the “stop” signal delivered by pMHC- 
bearing DCs, which is required for full activation [ 9 ]. Similarly, PD-1 (but not 
CTLA-4) blockade increased CD4 +  T cell arrest in a skin infl ammation model, sug-
gesting that T cell arrest on target cells positively correlates with effector function 

  Fig. 1.1    Scheme of adaptive immune  responses   against pathogen-induced infections and trans-
formed tumor cells. Naïve T cells enter draining lymphoid tissues, e.g., lymph nodes, where they 
encounter DCs presenting cognate pMHC molecules before becoming activated and migrating to 
their respective target organs       

 

1 Basic Rules of T Cell Migration



4

[ 10 ]. A prerequisite for T cell-mediated tumor cell destruction is its ability to enter 
tumor tissue and interact directly with tumor cells, since T lymphocytes have 
evolved to scan the surfaces of other cells for pMHC and act therefore on a strictly 
local level [ 11 ]. Here, we will present an overview on the adaptive immune response 
from a T cell’s perspective, with a focus on basic  extracellular and intracellular 
signaling   circuits guiding their activation and migration.

1.2        T Cell Recirculation Through Secondary Lymphoid 
Organs 

 The primary activation of naïve T cells takes place in secondary lymphoid organs 
(SLOs), including peripheral  lymph nodes (LNs)  , spleen and  gut-associated lym-
phoid tissue (GALT)  . These tissues sample tissue lymph, blood and gut, respec-
tively, to provide a niche for the onset of adaptive immune responses by serving as 
antigen libraries, where lymphocytes screen within a relatively small volume for 
cognate pMHC presented on DCs. Since naïve T cells scan pMHC on DCs through 
direct cellular contact, they have evolved to be highly motile both between organs 
as well as within organ parenchyma [ 12 ]. As consequence, individual T cells show 
high motility between single SLOs, while the average number of lymphocytes in a 
given SLO remains stable over time. During steady state, naïve T cells selectively 
recirculate through  LNs, spleen and GALT   from blood, where they spend a few 
hours before leaving through afferent lymphatics, which drain back into the blood 
circulation (in case of spleen, naïve T cells leave directly through venous sinusoids). 
In average, each T cell completes the round trip from the blood to SLOs back to 
blood one-three times per day [ 13 ]. 

 Naïve lymphocytes entry from the blood into the LN parenchyma is a multistep 
process.  High endothelial venules (HEVs)      in LNs express peripheral node addressin 
(PNAd). Binding of L-selectin (CD62L) on T cells leads to selectin-mediated teth-
ering and rolling of lymphocytes along the endothelium. The chemokines CCL21 
(expressed by HEVs) and CCL19 (expressed by stromal cells and transported to 
HEVs) bind the chemokine receptor 7 (CCR7) on T cells, leading to G-protein 
mediated conformational activation of αLβ2-integrin (leukocyte function- associated 
antigen type 1, LFA-1) on T cells [ 14 ,  15 ]. This activation induces a conformational 
change of integrins that enables rapid binding of LFA-1 to the intracellular adhesion 
molecule (ICAM)-1 and -2, leading to shear-resistant T cell arrest. Finally, adherent 
lymphocytes become polarized and crawl along the luminal surface of the endothe-
lium before transmigrating into the surrounding parenchyme. During this process, T 
cells need to negotiate a path through the basement membrane of HEVs [ 16 ,  17 ]. 
The establishment of twophoton microscopy ( 2PM)      of lymphoid tissue has allowed 
to directly assess the motility parameters of scanning T cells (Fig.  1.2 ).

   After entering LN parenchyma, T cells move along a loosely spaced stromal cell 
scaffold formed by fi broblastic reticular cells ( FRCs)      of the T cell zone, with speeds of 
12–15 μm/min [ 16 ]. Since T cells follow the FRC network but do not appear to move 
along a chemotactic gradient, this migration pattern is referred to  random- guided 
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  Fig. 1.2    Protrusion-contraction  sequences   defi ne lymphocyte motility in lymphoid tissue. ( a ) 
 2PM   projection of a mouse lymph node after adoptive transfer of T cells ( green ; examples labeled 
with  arrowheads ). The blood vasculature is labeled  red , and  arrows  depict HEV (defi ned by their 
“cobblestone” shape). SHG, second harmonic generation, which labels collagen fi bers. ( b ) T cell 
tracks over 20 min from image sequence in ( a ), showing random motility. Scale bar in ( a ) and ( b ), 
40 μm. ( c ) 2PM image sequence of a migrating T cell in lymphoid tissue. The  arrow  indicates 
migration direction, while the  dashed line  delineates the back of the cell at t = 0:00. Time in min 
and sec, scale 5 μm. ( d ) Outline of T cell in consecutive frames showing protrusion (Pr) and con-
traction (Co). Scale, 5 μm. ( e ) Frame-to-frame analysis of cell length showing oscillations induced 
by protrusions and contractions       

walk  . DCs attach closely to the FRC network to facilitate interactions by scanning T 
cells [ 18 ]. FRCs produce CCL19 and CCL21, and both DCs and FRCs express the 
LFA-1 ligands ICAM-1 and ICAM-2 [ 17 ,  19 ,  20 ]. CCR7 ligands and LFA-1—
ICAM-1 interactions contribute to basal migration, although even in either absence, 
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T cells retain a considerable average speed of ~10–12 μm/min [ 21 – 23 ]. Similarly, T 
cells lacking the Gα i2  subunit acting downstream of CCR7 move only marginally 
slower than WT T cells in LN parenchyma [ 24 ]. Thus, additional pathways are likely 
to contribute to T cell motility in vivo, perhaps through cell-intrinsic basal F-actin 
treadmilling in combination with a confi ned 3D environment. In this context,  lyso-
phosphatidic acid (LPA)      produced by the exoenzyme autotaxin (ATX) on stromal 
cells, including HEV and FRCs, has been shown to contribute to transmigration and 
basal lymphocyte motility in lymphoid tissue [ 25 – 29 ]. LPA binds to T cell-expressed 
LPA2, a member of the GPCR family, and induces Rho activation, which cooperates 
with CCL21 to induce to contractility—dependent lymphocyte migration (see below). 
Pharmacological blocking of ATX or LPA receptors or lack of LPA2 reduces T cell 
speeds by approximately 30 % in vivo, and addition of LPA increases T cell polariza-
tion and speeds in vitro [ 27 – 29 ]. These observations are in line with recent descrip-
tions of increased cell motility generated by augmented contractility of the trailing 
edge in confi ned environments [ 30 ,  31 ]. 

 Lymphocytes spend an average dwell time of 8–12 h in resting LNs, and leave 
via medullary and cortical lymphoid sinuses in an  sphingosine-1 phosphate recep-
tor- 1 (S1P1)  -dependent manner [ 32 ].  S1P1  , which is closely related to LPA recep-
tors, functions as a rheostat of tissue dwell time; S1P1 on T cells becomes rapidly 
internalized after binding S1P in blood and lymph but becomes gradually increased 
in S1P-low tissue. Thus, T cells become increasingly responsive to S1P gradients 
close to efferent lymphatic vessels, favoring egress. Interestingly, this mechanism is 
also involved in the retention of T cells in infl amed LNs. T cell activation induces 
the upregulation of CD69, which complexes with S1P1 in  cis , leading to its internal-
ization. Furthermore, TCR signaling induces transient transcriptional repression of 
S1P1 [ 33 ]. Such a mechanism ensures that activated T cells do not leave LNs before 
full activation has been completed. Regulation of S1P signaling on lymphocytes is 
therefore partially responsible for the so-called “ LN shutdown  ”, which leads to a 
transient stop of lymphocyte egress [ 33 ].  

1.3     Molecular Basis of Protrusion: Contraction  Cycles   that 
Confer T Cell Motility 

 Careful quantifi cation of polarized leukocyte shapes during migration has typically 
uncovered consecutive protrusion–contraction cycles (Fig.  1.2 ). During protrusion, 
F-actin formation at the leading edge provides the force for displacement, while 
timed contractions of the trailing edge, or uropod, contribute to cell displacement by 
squeezing cytoplasm and the nucleus through narrow pores [ 34 ]. How is this 
remarkable motility achieved? Chemokines and integrins induce T cell polarization 
and the formation of a leading edge and uropod [ 35 ,  36 ]. Chemokines bind to che-
mokine receptors that belong to the family of  G-protein-coupled receptors (GPCRs)  , 
such as CCR7 mentioned above. GPCRs are 7-transmembrane domain proteins of 
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approximately 40 kDa, which are associated at the intracellular domains with a 
heterotrimeric complex of α, β and γ G proteins. Under steady-state conditions the 
Gα subunit is bound to GDP and associated with Gβγ. Ligand binding to GPCRs 
induces the replacement of GDP by GTP. Gα-GTP dissociates from Gβγ dimers and 
both molecules initiate downstream signaling. The intrinsic GTPase activity of Gα 
hydrolyses GTP to GDP, leading to a reassembly of the Gαβγ complex, which ter-
minates signaling [ 37 ].  Gα proteins   consist of four major families: Gα i/o , Gα s , Gα q/11  
and Gα 12/13 , all of which induce signaling cascades in a variety of biological func-
tions. In the context of chemokine signaling, the Gα i/o  family is the most relevant as 
most ligand-induced signaling events are blocked by pertussis toxin (PTX) [ 38 ]. 
PTX ribosylates a specifi c cysteine residue of the Gα i  subunits, which leads to its 
uncoupling from the GPCR. PTX treatment results in the loss of chemokine induced 
migration in T cells, emphasizing the central role of Gα i/o  family members in medi-
ating T cell motility [ 39 ]. 

 While intermediate fi laments support cell stability and rigidity [ 40 ], the con-
stant remodelling of the actin cytoskeleton is the major regulator of lymphocyte 
motility. Changes in the cytoskeleton are regulated by small GTPases of the Rho 
family, which consists of 25 family members including Rac, Cdc42 and RhoA 
[ 41 ]. Cdc42 activity is important for the initial polarization of a round  lymphocyte   
to promote the formation and the stabilization of a single leading edge. This main-
tains the polarized phenotype intact and is highly relevant for directed  migration   
[ 42 ] (Fig.  1.3 ). Accordingly, Cdc42 −/−  DCs failed to navigate through complex 3D 
environments, due to entangling and formation of multiple competing leading 
edges [ 43 ]. Similarly, human T cells expressing a dominant negative form of 
Cdc42 are unable to form a single lamellipodium and show impaired random and 
chemotactic motility [ 44 ]. Formation of fi lopodia also depends on Cdc42 activity, 
as Cdc42 inhibition by Secramine A blocks T cell transmigration under fl ow by 
reducing invasive fi lopodia formation [ 15 ]. In parallel, continuous Rac-mediated 
F-actin assembly at the leading edge provides the protrusion force in 3D environ-
ments, even in the absence of integrin ligands. This is in stark contrast to leukocyte 
adhesion to endothelium under fl ow or on 2D surfaces, which is strictly integrin-
dependent [ 34 ]. RhoA activity is actively suppressed at the leading edge [ 45 ] and 
is mostly localized to trailing edge or uropod of the cell (Fig.  1.3 ). Rho activates 
ROCK, which induces actin-myosin contractions that are required to detach 
LFA-1—ICAM-1 adhesive interactions at the uropod [ 46 ]. In vitro and in vivo 
experiments have furthermore shown the importance of uropod contraction in con-
fi ned environments, when the nucleus has to be pushed through narrow gaps [ 34 ]. 
Accordingly, impaired ROCK activity delays T cell migration through the base-
ment membrane of endothelial cells [ 47 ,  48 ]. In addition, Rho activates formins, 
actin nucleation factors that produce unbranched F-actin fi laments required for 
Myosin IIA-mediated contractility [ 49 ,  50 ]. Rho GTPases also have overlapping 
functions, as Rac and RhoA cooperate during integrin mediated adhesion and de-
adhesion [ 51 ]. Furthermore, GTP-bound Rac and Cdc42 activate Arp2/3 actin 
nucleation  complexes   to induce branched F-actin fi lament at the leading edge 
through their downstream effector complexes SCAR/WAVE and WASP-WIP [ 49 ].
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  Fig. 1.3     Intracellular signaling   in polarized T cells. ( a ) Activation/deactivation cycles of small 
GTPases. In a GDP-bound state, small GTPases are non-active. Guanine exchange factors (GEFs) 
including members of the DOCK family promote exchange of GDP for GTP, while GTPase acti-
vating factors (GAPs) accelerate the GTPase activity of small GTPases to return to the GDP-bound 
inactive state. ( b ) Cytoskeletal regulation by downstream effectors of small GTPases. Cdc42 and 
Rac1/2 lead to the formation of Arp2/3-mediated branched F-actin through the activation of 
WASP-WIP and Scar-WAVE complexes, respectively, at the leading edge of a polarized cell. 
RhoA and Cdc42 are involved in unbranched, mDia-driven F-actin polymerization. RhoA is par-
ticularly active at the trailing edge, or uropod, of migrating cells, where it contributes to non- 
muscle Myosin II-mediated actomyosin contractility       
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1.4        Regulation of Small GTPase  Activity   

 GTPases are controlled by the interplay of activating  guanine exchange factors 
(GEFs)   and inhibiting factors including GTPase activating proteins (GAPs) and 
guanosine dissociation inhibitors (GDI). GEFs induce exchange of GDP with GTP, 
which promotes local pools of GTP-loaded small GTPases that lead to downstream 
signaling effects. In turn, GAPs activate the intrinsic GTPase activity of GTPases, 
which leads to the hydrolysis of GTP to GDP. GDI prevent the GDP-GTP exchange 
by locking the GDP state and sequestering the GTPase away from membranes, 
where GEFs and effector molecules are located [ 52 ]. Interestingly, it has been 
shown that even with a strong stimulus, at most 5 % of RhoA, Rac1 or Cdc42 are in 
their active, GTP-bound state, indicating stringent control mechanisms. Indeed, 
lymphocytes express 36 of the known 79 Rho GEFs, 38 out of 65 Rho GAPs and 2 
of the 3 known GDIs, indicative of a highly regulated network of actin regulation 
[ 41 ,  53 ]. Recent studies have identifi ed a central role for GEFs of the DOCK family 
as regulators of actin cytoskeleton rearrangement during migration [ 54 ]. DOCK8 is 
a Cdc42 GEF, which is critically involved in DC migration through extracellular 
matrix (ECM) networks in vitro and in vivo [ 55 ]. Similarly, DOCK8-defi cient T 
cells show impaired scanning and increased cell death in skin [ 56 ], which contrib-
utes to the immunodefi ciency observed in DOCK8-defi cient patients [ 57 ]. The sin-
gle most important Rac GEF for T cell migration is DOCK2. T lymphocytes lacking 
DOCK2 display strongly impaired in vitro motility [ 58 ] and, similar to Rac1/2- 
double- defi cient T cells, show virtually no residual migration in the LN parenchyme 
[ 59 ,  60 ]. The importance of this pathway for host surveillance is underscored by the 
recent identifi cation of DOCK2-defi cient patients, who suffer from early onset 
severe invasive infections [ 61 ]. Interestingly, transendothelial  migration   is not 
impaired in the absence of DOCK2-Rac signaling [ 17 ,  62 ], underscoring a central 
role for Cdc42 in this process.  

1.5     Balance Between Motility and Arrest Governs T Cell 
Activation 

 The random-guided pattern of naïve T cell migration in lymphoid tissue has evolved 
to balance two competing  requirements  . On the one hand, naïve T cells need to scan 
a maximum number of DCs to fi nd cognate pMHC molecules, which are likely to 
be rare at the onset of adaptive immune responses. On the other hand, the average T 
cell dwelling time per DC needs to be long enough to switch their motile behavior 
to a stationary one. This conversion facilitates prolonged interactions with cognate 
pMHC-presenting DCs via the establishment of an  immunological synapse (IS)  . 
Early in vitro evidence suggests that decision making leading to arrest on DCs 
requires only a few seconds, correlating with the induction of Ca 2+  infl ux in respon-
sive T cells [ 63 ,  64 ]. Interestingly, DOCK2—Rac-mediated F-actin assembly at the 
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leading edge of motile T cells is maintained during interactions with DCs, but in a 
different spatial arrangement. Thus, TCR signaling and ICAM-1—LFA-1-mediated 
adhesion convert Rac-driven protrusion activity at the lamellipodium of migrating T 
cells into an annular F-actin ring with centripetal directionality at the IS interface 
[ 65 ,  66 ]. Thus, the decision-making of motile T cells to undergo conversion from 
translocation to arrest requires a threshold pMHC level and LFA-1-mediated fi rm 
adhesion. Weak activatory signals because of low pMHC levels, low TCR—pMHC 
affi nity or lack of ICAM-1 on DCs would not suffi ce to switch F-actin protrusions 
to a ring-like structure. Consistent with this model, inhibitory receptors of TCR 
signaling including CTLA-4 and PD-1 prevent T cell adhesion to antigen- presenting 
cells in lymphoid tissues [ 9 ,  67 ]. Inhibition of the canonical PD-1 ligand PD-1L, but 
not CTLA-4, prolonged effector T cell arrest at sites of acute infl ammation [ 10 ], 
whereas CTLA-4 blockade had the same effect on tumor-infi ltrating T cells [ 68 ]. 
While the role of PD1 during T cell interactions in tumors has not been investigated 
thus far, persistent viral infections lead to a PD1-dependent T cell paralysis [ 69 ]. 
Thus,  PD1 signaling   may play context-dependent roles, presumably related to the 
exhaustion state of T cells.  

1.6     Imprinting of T Cell Dissemination After Activation 

 Activation of T cells in lymphoid tissue leads to clonal expansion and changes in 
their homing behavior. Most effector T cells decrease expression of L-selectin and 
CCR7, which reduces their re-entry into SLOs. Instead, differentiating T cells start 
to express high levels of LFA-1, very late antigen 4 (VLA-4, α 4 β 1  integrin) and E- 
and P-selectin ligands, mostly induced by fucosyltransferase VII-mediated glyco-
sylation of PSGL-1 [ 70 ,  71 ]. Glycosylated PSGL-1 allows T cells to effi ciently 
tether to and roll on activated endothelial cells expressing  E- and P-selectins  . 
Infl ammation-induced chemokines presented on endothelium activate LFA-1 and 
VLA-4 to induce fi rm adhesion on ICAM-1 and VCAM-1, respectively, which are 
highly expressed on activated but not resting endothelium. Chemokine receptor and 
adhesion molecule expression on effector T cells is further imprinted by the ana-
tomical localization of SLOs where activation takes place. T cells activated in the 
presence of Vitamin A-derived retinoic acid, which is provided by DCs of the intes-
tinal immune system, up-regulate the expression of the gut-homing receptors CCR9 
and α 4 β 7  integrin, while decreasing expression of  skin-homing receptors   such as 
CCR4 [ 72 ]. These receptors enable T cells to interact with MAdCAM-1 and CCL25, 
which are constitutively expressed in the small intestine [ 73 ]. In addition to DCs, 
stromal cells of the mesenteric LN contribute to the generation of α 4 β 7 -integrin and 
CCR9-expressing gut-homing T cells by their capacity to produce retinoic acid 
[ 74 ]. A complementary imprinting mechanism induces skin tropism of T cells: skin- 
derived DCs process sunlight-induced vitamin D3 to generate an active intermedi-
ate, which induces T cells to express cutaneous lymphocyte antigen 4 (CLA), CCR4 
and CCR10 while suppressing the gut-homing receptors α4β7 and CCR9. This 
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enables T cells to migrate to infl amed skin, where CCL17 and CCL27 are secreted 
by keratinocytes of the epidermis [ 75 ]. Thus, effector T cells are equipped with a 
receptor repertoire that facilitate homing to regions where DCs have taken up anti-
gen. Imprinting of gut or skin tropism also occurs during T cell activation by tumor 
antigen-processing DCs [ 76 ] and contributes to tumor eradication after vaccination 
[ 77 ]. 

 An additional imprinting of homing patterns has been reported for memory T 
cells.  Central memory T cells (T CM )      maintain CCR7 and CD62L expressions and, 
therefore, keep on re-circulating between blood and SLOs. These cells display little 
effector function but become activated upon re-encounter of cognate antigen in 
SLOs, which leads to a fast proliferation and differentiation into effector cells. On 
the other hand,  effector memory T cell (T EM )      have lost their CCR7 expression and 
provide immediate protection by migrating into infl amed peripheral tissue, where 
they readily exert effector functions upon antigen encounter such as cytokine secre-
tion in case of CD4 +  T cells, or target cell killing in case CD8 +  T cells [ 78 ]. A refi ne-
ment of this concept has identifi ed  stem cell memory T cells (T SCM )     , which are 
precursors of T CM  and have a high potential in ACT in cancer patients, in part owing 
to their high proliferative capacity [ 79 ].  

1.7     T Cell Motility in  Non-lymphoid Organs   

 Effector T cells that extravasated in non-lymphoid tissues show polarized cell 
shapes, which correlate with continuous migration and scanning of pMHC com-
plexes on tissue-resident stromal and hematopoietic cells. The tissue architecture 
has a strong impact on T cell motility. Epidermal tissue of the skin with tightly 
packed keratinocytes imposes a challenging environment for migrating CD8 +  T 
cells, which move with average speeds of only 1–2 μm/min [ 80 ,  81 ]. In contrast, T 
cell migration speeds in connective tissue-rich dermis is in the range of 5–8 μm/min 
[ 81 ]. Granuloma-associated T cells showed comparable speeds [ 82 ]. Thus, outside 
epithelial tissue, T cell motility is still high and allows for fast recognition of cog-
nate pMHC. Similar to naïve T cell motility in lymphoid tissue, T cell motility is 
driven by protrusion–contraction sequences, which are likely to be fuelled by 
DOCK8—Cdc42 and DOCK2—Rac modules, with Rho—ROCK—Myosin IIA 
contractions for effi cient nuclear translocation. What are the driving forces that acti-
vate small GTPases in tissue? While chemokines and integrins may contribute to 
basal immune surveillance [ 83 ], activated T cells show spontaneous motility 
in vitro, in the absence of chemokines. Furthermore, F-actin-mediated protrusions 
are suffi cient to drive leukocyte migration in the absence of integrin-mediated bind-
ing in 3D environments [ 34 ,  84 ]. This cell-intrinsic F-actin treadmilling-driven 
motility, in combination with increased contractility of the trailing edge in confi ned 
environments [ 30 ,  31 ], is likely to provide effector T cells a certain degree of auton-
omy in their tissue surveillance strategies. Yet, chemoattractants still play a signifi -
cant role for T cells at infl amed sites. The infl ammatory chemokine receptor CXCR3 
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has been recently identifi ed with effective T cell function. CXCR3 expression is 
increased during T cell activation in an affi nity-dependent manner [ 85 ] and is 
important for homing to infl ammatory sites, including tumors [ 86 ,  87 ]. Its ligands 
CXCL9, CXCL10 and CXCL11 are rapidly induced during infl ammation and guide 
T cells into specifi c microenvironments in lymphoid and non-lymphoid tissues [ 88 ]. 
An important feature for CXCR3 is its role in recruiting activated CD8 +  T cells to 
an epithelial niche [ 89 ,  90 ]. In the absence of CXCR3, CD8 +  T cells fail to cross the 
basement membrane that divides dermis from epidermis, although dermal T cells 
still display high basal motility. Thus, dense tissue structures constitute a barrier for 
T cells, which require chemotactic gradients for effi cient accumulation. Similarly, 
CXCR3 contributes to amass T cells at virus-infected sites in skin, while this recep-
tor is not required for baseline T cell motility in tissue [ 91 ]. Taken together, chemo-
kine guidance to infl amed sites and through dense ECM structures is required for 
CD8 +  T cell function in non-lymphoid sites. 

 In LNs, T cells use FRCs as guidance cues for their migration. Similarly, in non- 
lymphoid tissues, T cells are typically observed in close apposition to substrates, 
which they use as support. As example, epidermal T cells migrate on top of the 
basement  membrane   located at the dermis—epidermis border [ 92 ], while granuloma- 
associated T cells often remain attached to macrophages [ 82 ]. Thus, T cells use 
stromal guidance cues for maneuvering in tissues. While this is an effi cient way of 
dissemination, it can also prevent effective accumulation at tumor sites, as discussed 
below.  

1.8     Challenges for T Cells Infi ltrating into Tumor Sites 

 Since homing and migration of effector T cells into and within tumors is covered 
in other chapters, we will only briefl y delineate the major challenges T cells need 
to overcome during tumor infi ltration for recognition and elimination of neoplas-
tic cells. It is well-described that CD8 +  tumor-infi ltrating lymphocytes ( TILs)      
face an immunosuppressant environment owing to a number of reasons, includ-
ing PD-1L expression on stroma and tumor cells [ 93 ]. Numerous lines of evi-
dence further suggest that tolerance to tumors is fostered by presentation of 
peptide antigens on MHC molecules on the surface of non-activating APCs [ 94 , 
 95 ]. Furthermore, broad classes of cell types derived from the  mononuclear 
phagocyte system  , such as myeloid-derived suppressor cells and tumor-associ-
ated macrophages, have been implicated in promoting tumor growth and metas-
tasis while inhibiting productive immune responses by T cells [ 96 ,  97 ]. In a 
mouse breast cancer model, it was furthermore shown that dendritic cells located 
at the margins of tumor islets failed to support T cell activation [ 98 ]. Similarly, 
regulatory T cells in tumors induced dysfunctional APCs in tumors that prevented 
T cell cytotoxicity [ 99 ]. 

 The tumor architecture also imposes limits to  TIL   accumulation in tumors by 
effectively preventing T cell elimination of neoplastic cells. Similar to non-tumor 
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sites, 2PM studies have shown that T cells migrate along collagen fi bers or in peri-
vascular space surrounding tumors [ 100 ,  101 ]. Thus, TILs often fail to localize to 
the tumor-cell containing part of the tumor but remain in surrounding stroma. This 
was elegantly confi rmed in a recent study using slices of human lung tumors over-
laid with activated autologous T cells. These experiments provided evidence that 
dense ECM areas preclude T cell entry into tumor islets [ 102 ]. As a consequence, T 
cell trajectories were determined by aligned ECM fi bers surrounding blood vessels 
and other structures, where also endogenous T lymphocytes were located. 
Accordingly, active T cell motility was observed in loose fi bronectin and collagen 
regions, whereas T cells migrated poorly in dense matrix areas. Thus, the density 
and orientation of the  ECM   play a key role in controlling T cell migration and posi-
tioning, and act as a physical barrier for T cell infi ltration [ 102 ]. Taken together, T 
cells entry into tumor islets is presumably made diffi cult by tight apposition of 
tumor cells, ECM structure, absence of attracting chemokines and spatial arrange-
ment of guidance cues. 

 Chemotherapy has the potential to induce promigratory chemokines, including 
CXCR3 ligands and CCL5, which binds CCR3, CCR5 and CCR1 [ 103 ]. In addi-
tion, secretion of CXCL10 and CCL5 is associated with effector CD8 +  T cell 
recruitment in colorectal cancer microenvironments [ 104 ]. Thus, combination 
therapies of  chemo- or radiotherapy   with ACT may boost antitumor activity of 
transferred T cells. In this context, it is interesting to note that a number of intra-
cellular negative regulators of antitumor activity were recently identifi ed in acti-
vated T cells [ 105 ]. These negative regulators include phosphatases, but also, 
unexpectedly, modulators of the actin cytoskeleton including the Rho downstream 
effector ROCK1 and the negative regulator of Rho activity, ArhGAP5. ArhGAP5 
belongs to the family of GTPAse-activating proteins, which also includes myosin 
IXb (Myo9b) known to regulate cell shape in macrophages [ 41 ,  45 ]. How the 
inhibition of such negative regulators induces effi cient tumor eradication remains 
unclear to date. Yet, based on evidence outlined above, an attractive hypothesis is 
that regulators of the actin cytoskeleton infl uence the T cell’s ability to migrate 
into tumor sites for increased identifi cation of cognate target cells for killing. 
Since  cytoskeletal dynamics   are governed by upstream regulators and down-
stream effectors of small GTPases, these molecules may constitute valuable drug 
targets. An important aim will be to exploit knowledge gained from T cell traf-
fi cking to non-tumor tissues for improved T cell infi ltration into tumors. Genetic 
engineering of promotility factors, together with breaking of tumor stromal barri-
ers, induction of promigratory chemokines, improved antigen availability and 
reduced immunosuppression may expand the scope of patients profi ting from 

adoptive cell therapy.     
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    Chapter 2   
 Regulation of Anti-tumor T Cell Migration 
and Function: Contribution of Real-Time 
Imaging                     

     Pierre-Louis     Loyher    ,     Christophe     Combadière    , and     Alexandre     Boissonnas    

    Abstract     Mounting a protective immune response is critically dependent on the 
orchestrated movement of leucocytes throughout the body. Effector T cells repre-
sent a major cell type in the antitumor immune response as they can specifi cally 
recognize and target transformed cells. Immunotherapies based on enhancing anti-
tumor T cell functions are being actively developed with many clinical trials under-
way. Yet, the defi nition of basic migratory patterns of lymphocytes in various 
physiological and pathophysiological contexts has only been enabled recently with 
the use of intravital imaging (IVM) at high resolution. This technology allows to 
directly visualize the key events of the T cell-mediated immune response in situ 
including activation, traffi cking, interactions with stromal and immune cell compo-
nents, cell killing but also immune mechanisms suppressing the T cell response. 
With information on the spatiotemporal contexts of these events it is possible to 
determine the relative contribution of different cell types during an antitumor T cell 
response and the major hurdles to successful tumor immune rejection. This chapter 
will focus on different points for which IVM contributed to our understanding of 
antitumor T cell migration and function during an endogenous response or after T 
cell targeted immunotherapies.  
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  Abbreviations 

   APCs    Antigen presenting cells   
  CARS    Coherent anti-stokes raman scattering spectroscopy   
  CTL    Cytotoxic T lymphocyte   
  CTLA-4    Cytotoxic T-lymphocyte-associated protein 4   
  DCs    Dendritic cells   
  DNA    Deoxyribonucleic acid   
  ECM    Extra-cellular matrix   
  GFP    Green fl uorescent protein   
  HIF-1    Hypoxia inductible factor-1   
  HLA    Human leucocyte antigen   
  ICAM-1    Intercellular adhesion molecule-1   
  IDO    Indoleamine 2,3-dioxygenase   
  IFNγ    Interferon gamma   
  IL-10    Interleukin 10   
  IVM    Intra-vital microscopy   
  LSCM    Laser scanning microscopy   
  MDSCs    Myeloid-derived suppressor cells   
  MHC    Major histocompatibility complex   
  NK    Natural killer cell   
  NKT    Natural killer T cell   
  OPO    Optical parameter oscillator   
  OTI    Ova-specifi c CD8 T cell   
  PD-1    Programmed cell death 1   
  PD-L1    Programmed cell death-ligand 1   
  RAE-1γ    Ribonucleic acid export protein 1 gamma   
  Rag    Recombination-activating genes   
  SCID    Severe combined immunodefi ciency   
  SHG    Second harmonic generation   
  TAAs    Tumor-associated antigens   
  TAMs    Tumor-associated macrophages   
  TCR    T cell receptor   
  TDLNs    Tumor draining lymph nodes   
  Teff    T effector lymphocyte   
  Th    T helper   
  THG    Third harmonic generation   
  TILs    Tumor infi ltrating lymphocytes   
  TIM-3    T-cell immunoglobulin mucin receptor 3   
  TME    Tumor microenvironment   
  TNFα    Tumor necrosis factor alpha   
  TPLSM    Two-photon laser scanning microscopy   
  TRAIL    Tumor-necrosis-factor related apoptosis inducing ligand   
  TuDCs    Tumor dendritic cells   
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  VEGF-A    Vascular endothelial growth factor-A   
  WT    Wild type   
  YFP    Yellow fl uorescent protein   

2.1         Introduction 

 The implication of  T lymphocytes   in the control of tumor outcome was a matter of 
controversy. Until recently, evidences that endogenous T cell could help control 
tumor growth were in large part restricted to preclinical mouse models. Mice defi -
cient for T, B and NKT cellular compartments (Rag1-/-, Rag2-/-, SCID mice, 
Athymic nude mice) display an increased sensitivity to carcinogen-induced sarco-
mas [ 1 – 3 ]. Moreover, IFNγ which is secreted by both  CD4+ T helper cells (Th)   and 
 CD8+ cytotoxic T lymphocyte (CTL)   effector cells was shown to play a critical 
function in cancer immunosurveillance [ 4 ]. Subsequently, experiments from 
Schreiber’s group further highlighted the importance of an intact and functional 
lymphocyte compartment for the shaping of tumors. In these experiments, trans-
plantation of tumor-derived from host depleted of CD4+ and CD8+ T cells into WT 
recipients leads to rejection whereas tumor transplanted from WT to WT recipient 
grew readily. This demonstrated that tumors derived from an immunodefi cient host 
are more immunogenic than tumors derived from an immunocompetent host. It was 
the fi rst demonstration that components of the  adaptive immune system   could natu-
rally select tumor cells (expressing weaker antigens or incapable of expressing anti-
gens), by destroying only those expressing strong tumor-specifi c neoantigens, a 
process known as  cancer immunoediting      [ 5 ]. 

 The immune response depends on the recognition of foreign antigens. This con-
cept is critical in tumor immunity as cancer cells result from neoplastic modifi ca-
tions of the self which may generate  tumor-associated antigens (TAAs)  .  TAAs   can 
be formed either from non-mutated proteins that are overexpressed regarding nor-
mal tissue patterns or peptides that are entirely absent from the human genome 
(neoantigens) [ 6 ].  Neoantigens      are created from novel protein sequence because of 
tumor-specifi c DNA alterations or from the viral genome in case of viral-induced 
cancers. They are particularly relevant for studying anti-tumor T cell functions. 
Effector T cells that can specifi cally recognize and target transformed cells may 
play a crucial role in the immune surveillance of cancer [ 7 ].  CTL and Th cells   have 
the potential to kill or control abnormal cells and are also essential for the activation 
of other components of the immune machinery. However, the precise tumor killing 
pathways displayed by these effectors are quite elusive so far. The identifi cation of 
tumor neoantigens and the isolation of tumor-specifi c T cells have led to a great 
effort in developing therapeutic strategies focusing on T cell mediated antitumor 
immune response. The observation that adoptive transfer of ex-vivo expanded 
 tumor-infi ltrating lymphocytes (TILs)   can induce a clinical response in melanoma 
patient has given a direct evidence that the T cell compartment could contribute to 
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the control of tumor growth [ 8 ]. Vaccination with  tumor antigens   were also devel-
oped and tested in different cancer types. A key information from these trials is that 
despite the high level of vaccine-induced circulating T cells and no proof of antigen 
loss by the cancer cells, they provided little clinical effi cacy with evidences of dis-
ease recurrence. Collectively, these observations indicate that generating antigen- 
specifi c T cells is not suffi cient to induce a durable control of tumor growth [ 9 ]. One 
explanation could be that the generated T cells failed to be recruited into the tumor 
and/or their functional activities were dampened by the  tumor microenvironment 
(TME)  . Indeed, immuno-histological analysis of human cancers that did not respond 
to immunotherapies revealed that T cell infi ltration was lacking in the tumor core 
[ 10 ]. Subsequent studies have shown that the intra-tumoral location, density and 
activation status of endogenous or transferred anti-tumor T cells strongly correlate 
with the long-term outcome in patients with colorectal and ovarian cancers [ 11 ,  12 ]. 

 A series of stepwise events are required for T cells to be activated and to migrate 
to the tumor site for a productive immune response to occur, although tumor cells 
and the TME are able to interfere with virtually any of these steps. As a result, the 
study of the regulation of  T cell function   should include, in addition to tumor cells, 
the other cells composing the TME. These stromal cells can either favor or limit 
tumor growth depending on the cell types and physiological situations [ 13 ]. 

 The development of intra-vital microscopy (IVM) has enabled a better under-
standing of the migration patterns in the physiological environment, interactions 
with different cell types and function of T cells during an antitumor immune 
response. The molecular and structural architecture of the  TME  , including vessels, 
extracellular matrix and macrophage networks are key emerging factors affecting 
TIL traffi cking and fi tness [ 14 ]. Distant sites, such as the  thymus or tumor-draining 
lymph nodes (TDLNs)  , can also be regulated by the upstream tumor and this can 
have a profound impact on the outcome of the immune response [ 15 ]. 

 This chapter will present how real time live imaging contributed to our knowl-
edge of the different steps of antitumor T cell activation and migration, highlighting 
the mechanisms that tumor cells may utilize to evade immunity.  

2.2     Basic Principles of Intravital  Imaging   

 The rejection of nascent and established tumors by leukocytes requires distinct 
phases which are precisely coordinated both temporally and anatomically. These 
steps include (i) the homing into tissues via the bloodstream or lymphatics (ii) the 
ability to navigate within the interstitial space and (iii) the recognition of specifi c 
antigens determinants displayed at the surface of target cells or on the surface of 
antigen presenting cells (APCs) by cell-to-cell contact. Understanding these 
immune response processes necessitates the study of immune cells in situ, as they 
interact and adapt uniquely with the microenvironment and the tissue architecture 
they encounter. Fortunately, exciting advances in IVM technology allow the study 
of immune cells in their natural environment in real time [ 16 ]. 
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 The two main forms of  optical imaging techniques   used to study the dynamic of 
leukocytes in real-time are  laser scanning (or spinning-disk) confocal microscopy 
(LSCM)   and  two-photon laser scanning microscopy (TPLSM)  .  Single-photon con-
focal microscopy   allows high resolution optical sectioning through a specimen to 
produce 3D reconstruction of the sample. Beside the superior resolution, confocal 
microscopy also benefi ts from excitation  multiplexing   which enhances spectral sepa-
ration. Although modifi cations can be made to standard single photon confocal 
microscopes, it generally does not allow imaging at depths greater than 100 μm with 
important risk of photoxicity due to light scattering and slow speed of data acquisi-
tion [ 17 ]. TPLSM is a variation of conventional LSCM that has many clear advan-
tages. Compared to conventional fl uorescent imaging, TPLSM relies on the excitation 
of the fl uorescent molecule through the simultaneous absorption of two photons of 
half the energy and thus twice the wavelength. Based on this principle, TPLSM uses 
near-infrared wavelength pulsed laser sending very dense packages of photons with 
a femtosecond time frame resolution. The near-infrared wavelengths used permit 
superior tissue penetration (>300 μm) and high quality images deep inside tissues. 
Near-infrared excitation also causes less tissue autofl uorescence, which improves 
signal specifi city and brightness. Moreover, multiphoton excitation is confi ned only 
to the focal plane (where the photon density is suffi cient to generate this rare event) 
which avoids parasite signal from the out-of focus optical pathway and strongly 
minimizes photobleaching and phototoxicity, thereby allowing longer recording  epi-
sodes   [ 18 ,  19 ] (Fig.  2.1 ). TPLSM can also be used to visualize non- centrosymmetric 
structures such as collagen bundle through a non-linear optical effect called  second 
harmonic generation (SHG)   [ 20 ]. This is particularly useful to provide structural 
reference within the tissue imaged. Disadvantages of this technique might be related 
to the cost of the required hardware and the availability of fl uorescent reporter mice 
or fl uorescent probes with minimal spectral overlap. Indeed, one major limitation of 
TPLSM concerns the range of laser  wavelengths   (around 680 nm–1080 nm classi-
cally) which limits considerably spectral separation and, therefore, multi-parameter 
acquisition. Recent technical development of laserists have rendered much more 
accessible the coupling of  optical parametric oscillator (OPO)   to classical pulsed 
femto laser, increasing the possibility of laser tuning up to 1600 nm with indepen-
dent rays to perform excitation multiplexing. This improvement opens the door to a 
larger panel of fl uorochromes and also to the development of more sophisticated 
non-linear optical effects such as  third harmonic generation (THG)   and  Coherent 
Anti-stokes Raman Scattering (CARS)   to study biological structures [ 21 ].

   Two different approaches are commonly used, either “in vivo”, on anesthetized 
animals in which the tissue of interest is surgically exposed to the objective or 
“explanted” for which tumors, as well as other, lymphoid and non-lymphoid tissues 
can be carefully explanted and immobilized in a heated imaging chamber perfused 
with oxygenated media.  In vivo imaging   is possible using a minimally invasive sur-
gical procedure to maintain a reasonable homeostatic equilibrium in the operated 
animal. In contrast, explanted techniques offer the possibility to study tissues barely 
inaccessible by in vivo procedures and allow for a better stability, avoiding breathes 
and muscular-related drifting troubles from the tissue. Imaging is possible over a 
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relatively long period of time (~4 h) during which the temperature is more easily 
maintained and the immune cells dynamics have been shown to be preserved [ 22 ]. 
Unfortunately, explanted organs lack lymphatic and blood fl ow which might result 
in inadequate oxygen supply in certain deep regions. On the other hand, surgical 
techniques that are employed to expose the tissue of interest may be responsible of a 
side effect infl ammation inducing the recruitment of leukocytes independently of the 
process studied. Alternatively, skin-fold window devices in which tumor cells can be 
implemented, have allowed stable positioning for longitudinal intravital imaging 
studies of skin tumors without recent surgical causing infl ammation [ 23 ,  24 ]. 

 A major and common limiting point of  IVM   is that beyond the theoretical good 
penetrance of the infrared light in biological tissues, the reality is that multiphoton 

  Fig. 2.1    Example of  Two-photon instrument design  . (1) Multiphoton excitation laser (TI:Saphire) 
generates femtosecond near-infrared (680–1080 nm) pulses. (2) Optical parametric oscillator (OPO) 
generates additional beam between (1000–1600 nm). Ti:saphire and OPO beams are temporally 
synchronized using a delay line (3) and spatially co-aligned (4). (5) Spatial confi nement of photons 
results in multiphoton excitation only in the focal plane. (6) Refl ected fl uorescence emission is re-
directed toward photomultiplier tubes (PMTs) detectors. (7) Emitted light is splitted according to 
the wavelength using a set of dichroic mirrors and specifi c fi lters toward each detector. Schematic 
confi guration shows: Far red fl uorescence (e.g., m-cherry; Cy5), in detector 1. Ultra-violet/blue 
fl uorescences (e.g., Hoechst, ECFP), SHG and THG in detector 2. Yellow/Green fl uorescences 
(e.g., EGFP; YFP) in detector 3 and Orange/red fl uorescences (e.g., PE, Dsred, rfp) in detector 4       
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excitation allows imaging of the fi rst 500 μm deep in most cases. Thus, only a very 
small fraction of the tissue is really accessible to our knowledge. This reality 
depends on the intrinsic properties of the tissue (presence of multiple biological 
layers, density, composition) and on the quality of the fl uorescent reporters used. 
Alternatively, cell dynamic can also be studied using culture of tissue freshly 
embedded in an agarose matrix and cut with a microtome into thick slices (~400 μm 
thick). This process preserves tissue architecture and offers the possibility to study 
deeper regions of the tissue [ 25 ,  26 ]. 

 Obviously there is no optimal procedure and the choice of a suitable approach 
will depend on the biological question to be answered.  

2.3     Induction of Anti-tumor T Cell Activation 
and Recruitment 

 There is now doubt that T cells have a clinical relevance in the control of diverse sets 
of human cancers. The co-existence of cancer cells and T cells that recognize them, 
rarely leads to complete tumor eradication. The main hypothesis is that the T cells 
were not generated in suffi cient number to induce tumor regression. Indeed, to 
evade immunity, tumor can interfere with the fi rst steps of T cell generation and 
priming in order to induce, respectively, central or peripheral tolerance against 
tumor antigens. The nature of the antigen that is recognized by  T cells   is also a very 
important factor regulating the outcome of the immune response [ 6 ]. Extensive 
knowledge has been obtained from the use of preclinical models which are often 
based on the adoptive transfer of tumor specifi c T cells. Indeed, adoptive transfer 
can induce tumor rejection in both mouse models and melanoma patients [ 8 ]. It 
should be kept in mind that the transfer of several million of tumor-antigen-specifi c 
T cells in these settings is far from refl ecting any spontaneous immune response. 
Nonetheless, this approach has been useful for IVM studies as it allows the pre- 
labeling of T cells with vital fl uorescent probes which are stable over time and cell 
divisions, in order to accurately track them. 

2.3.1     Tumor Antigen Recognition by T  Cells   

 The presence of TILs has been associated with an increased survival in many cancer 
patients, however, the relative specifi city for self-antigen versus neoantigens in 
these TILs has been diffi cult to assess and is likely to vary between patients and 
tumor types. The principle of immunoediting is that tumor cells may escape the 
immune response by selecting tumor variants with low immunogenicity. The mech-
anisms of tumor escape are different for tumors in which antigens are either from 
self or from neoantigens. T cells having a TCR with high affi nity for self-antigens 
are likely to be deleted in the thymus by negative selection. On the other hand, 
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neoantigens are seen by the immune system as ‘foreign’ and as result seem to have 
superior capacity to induce T cell immunoreactivity [ 27 ]. Unfortunately, the process 
of central tolerance that usually occurs for self-antigens can also occur for tumor- 
specifi c neoantigens.  Dendritic cells (DCs)   that have captured tumor-antigens can 
contribute to central tolerance by inducing Treg generation or negative selection of 
tumor-antigen specifi c T cells [ 28 ]. 

 For tumor neoantigens, loss of immunogenicity is frequently achieved through 
down regulation or loss of HLA Class I molecules. Tumors might also present a 
defect in the antigen-processing machinery or might lose expression of antigens 
[ 27 ]. The mode of targeting and timing of exposure of neoantigens are nonetheless 
important factors that can affect the induction of immunity or tolerance [ 29 ]. 

 In a recent study, in which analyzes of mutations of different tumor types were 
performed, a correlation between the expression of immunogenic  neoantigens   by 
the tumor and the patient response to immunotherapies was established [ 30 ]. This 
further confi rmed that neoantigens are superior targets for induction of an antitumor 
immune response. 

 Whole exome sequence data mining of tumors, combined with major histocom-
patibility complex-binding algorithms allowed the identifi cation of several mutated 
tumor antigens recognized by T cells that are associated with the patient survival 
[ 31 ] and response to immunotherapies [ 32 ] in several cancer types . The presence of 
both MHC class I and MHC class II restricted epitopes was observed in these con-
texts, indicating that they might both present clinical relevance. Further identifi ca-
tion of potential neoantigens by sequencing and MHC binding prediction might 
allow the development of new therapeutic strategies and a better targeting of tumors 
neoantigens repertoires.  

2.3.2     Regulation of Anti-tumor T Cell Priming 

 It is clear from clinical studies that endogenous CD4+ and CD8+ T cells are able to 
recognize tumor epitopes. The prerequisite step for an  adaptive immune response   is 
priming of naïve T cells through antigen encountering. 

 It is unlikely that tumor cells are capable of CD4+ T cell priming by themselves, 
as most tumors are MHCII negative. Moreover, in MHCII positive tumor models, 
priming by professional host APCs seemed to be required, as no rejection occurs in 
hosts lacking  MHCII molecules   [ 33 ]. 

 CD8+ T cell activation can be direct if the tumors express MHC class I or indi-
rect after capture and cross presentation of tumor antigens by APCs. Cross- 
presentation of tumor antigens bound to MHC class I is a process occurring during 
many tumor growth [ 34 ]. As a result, it is expected that the  TDLNs   play a signifi -
cant role in the activation and proliferation of naive antitumor T cells. 

 Indeed, the study of  tumor antigen   presentation has been largely restricted to 
event occurring in the TDLN, although we will see that it can also occur within the 
tumor itself. The TDLN is considered to be the site where tumor antigens fi rst drain. 
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It has a great capacity for antigen collection and for selective migration of naive T 
cells. IVM of lymph nodes has been intensively exploited to describe the different 
steps of  T cell priming  . The encounter of T cells with antigen bearing APCs relies 
on effi cient CCR7-dependent navigation of T cells inside the lymph nodes [ 26 ,  35 , 
 36 ]. In addition, CD4+ and CD8+ T cells Ag-specifi c engagements with DCs release 
CCR5 ligands to attract additional naïve Ag-specifi c CD8 T cells towards the con-
jugates [ 37 ,  38 ]. 

 Schematically, an effi cient immune response relies on the induction of a transient 
“stop  signal  ” with a stable T/APC interaction. T cell motility subsequently resumes 
during the  expansion   phase [ 39 ] (Fig.  2.2 ). Similar reduction in motility were 

  Fig. 2.2     Dynamic cellular interactions   during antitumor T cell priming. IVM of the tumor draining 
lymph nodes allows to visualize the cellular interactions during T cell priming and activation but 
also the processes of immunosuppression. Effi cient priming is characterized by the stable interac-
tion of naïve T cells with tumor antigen bearing dendritic cells (stop signal phase). These interac-
tions can attract additional T cells to the congugate via secretion of chemokines by dendritic cells. 
After priming T cell motility is regained during the expansion phase (Right side). During tumor 
development various secreted factors will alter the lymph nodes environment to promote tolerance 
of tumor antigens. Dendritic cells adopt an immature phenotype with downregulation of stimulatory 
molecules and secretion of immunosuppressive factors. This interferes with the stop signal phase 
and favors anergy of T cells and Treg generation. Tregs can in turn further promote immunosuppres-
sion partly by interfering with the T effector-DC interactions or by direct killing of DCs (Left side)       
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observed in tumor draining lymph node using adoptively transferred OVA-specifi c 
naïve CD8 T cells (OTI) in EG7 tumor-bearing mice (which is an OVA-expressing 
thymoma cell line) [ 40 ]. In this model, the adoptive transfer leads to effi cient tumor 
rejection, refl ecting a strong immunogenic environment with high level of tumor 
antigens. The fundamental immunological concepts that high levels of antigen pre-
sentation and expression of co-stimulatory molecules by  APCs   are a prerequisite for 
effi cient T cell priming has been associated with the dynamics of T cell during the 
priming phase [ 41 ]. Not only is the number of APCs critical [ 42 ] but also the MHC- 
peptide potency [ 43 ]. Agonist of the CD40/CD40L pathways in combination with 
DEC205 specifi c targeting of dendritic cells confers the immunogenic-associated 
stop signal [ 44 ,  45 ]. Genetic deletion of the  intercellular adhesion molecule 1 
(ICAM-1)   impaired the interaction of tumor-specifi c T cells with APCs in the 
TDLNs and resulting in a defective memory response to tumor antigens [ 43 ].

   In a tolerizing context, the  stop signal phase   is absent and only a transient inter-
action occurs between T cells and DCs resulting in clonal deletion or anergy [ 44 ]. 
The improvement of intravital imaging toward molecular-level imaging provided 
novel insights in the links between the cell dynamic and the functional activity and 
revealed that T cell motility does not preclude TCR internalization and signaling 
[ 46 ,  47 ], confi rming that even transient interactions leads to T cell activation. In 
human studies a defect in the number and functional properties of  DCs   in the TDLN 
was observed. For instance, the spatial-organization of DCs within TDLNs (change 
in number, maturity and T cell co-localization) was shown to have an impact on the 
clinical outcome of breast cancer patients [ 48 ]. Different mechanisms have been 
described to explain this process of  active immunosuppression  . DCs isolated from 
TDLNs are phenotypically immature and poor stimulatory of T cells. The use of 
conventional maturation stimuli can, in some cases, overcome this defect and 
licence CD8+ T cells for tumor eradication in murine models [ 49 ]. Tumor cells can 
secrete sterol metabolites which downregulate the expression of CCR7 by DCs, 
thereby disrupting DC migration to the lymph nodes [ 50 ]. Some tumor derived fac-
tors may also induce the scavenger receptor A expression on DCs, leading to 
enhanced lipid uptake while reducing their capacity to process antigens [ 51 ]. DCs 
expressing the immunoregulatory enzyme IDO are present in both murine and 
human TDLNs [ 52 ]. DCs from TDLN can also secrete TGF-β, thereby, enhancing 
Treg cell proliferation [ 53 ] (Fig.  2.2  see comments). 

 Accumulating evidence suggests that the TDLN environment is altered such that 
tumor antigens are presented in a fashion that favors tolerance [ 15 ]. An increase in 
Treg number and suppressive activity in TDLN has been described in most cancers. 
These cells may substantially contribute to the induction of an immunosuppressive 
TDLN via various cell-to-cell or soluble  factors   [ 54 ]. In several experimental condi-
tions, IVM showed that Tregs are also able to interfere with the stable interaction of 
effector T cells with APCs [ 55 ] (Fig.  2.2 ). This mechanism is necessary to prevent 
auto-immune responses but also contribute to the selection of CD8+ T cells with 
higher avidity and promote memory [ 56 ]. In an immunosuppressive experimental 
tumor model expressing OVA,  Tregs inhibition   using anti-CD25 antibodies or 
 specifi c deletion using the DEREG transgenic mouse strain leads to reduced motil-
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ity of OTI T cells in the TDLN. This study revealed that Tregs can directly kill 
tumor antigen expressing APCs in the draining lymph node via perforin, thereby, 
limiting CTL expansion and differentiation [ 57 ] (Fig.  2.2 ). 

 The encounter with cognate antigen in the context of appropriate co-stimulation 
triggers T cell activation and differentiation into effector T cells (Teff). These cells 
move out of the lymph nodes via efferent lymphatic vessels into the blood circula-
tion to reach the tumor site and physically engage their target.  Teff cells   can typi-
cally upregulate adhesion and chemokine receptors that are required for homing to 
the tumor site, while downregulating the receptors that retain them in the draining 
lymph node [ 58 ]. Genetic expression of  chemokine receptors   that are specifi c for 
chemokines overexpressed in the tumor in adoptively transferred T cells could favor 
their migration to the tumor site [ 59 ]. The role of chemokine receptors in the regula-
tion of T cell egress from lymphoid organs and homing toward the tumors will 
undoubtedly be a source of interest for future IVM studies. 

 Little is known, however, about the process of T cell cross priming at the tumor 
site itself. In tumors, cells capable of phagocytic activity, and thus to present tumor- 
antigen, include tumor associated macrophages (TAMs), tumor dendritic cells 
(TuDCs), immature myeloid derived suppressor cells (MDSCs) and monocytes 
[ 60 ]. Recently, these cells have always been implicated in dampening the T cells 
response during tumor progression. In an elegant set of experiments, Broz et al. 
used extensive fl ow cytometric phenotyping of APCs from different  human tumors 
and mouse models   to discover that one rare population of intratumoral DCs is capa-
ble of robust activation and induction of CD8+ T cell priming. These APCs are very 
low in number but are capable of physically engage T cells in tumor distal regions 
and to a lesser extent in the tumor-proximal regions; as shown by in vivo imaging. 
These DCs express CD103 and are required for T cell mediated tumor rejection. 
Moreover, the expression of CD103+ DC related transcripts in human tumors pre-
dicts survival [ 61 ]. 

 Overall T cell priming results from a complex temporal and qualitative cumula-
tion of signals. IVM provided a better understanding of how these parameters regu-
late the probability and the duration of  T cell interaction   with APCs and how their 
maturation state defi nes the outcome of the priming [ 62 ].   

2.4     Regulation of the Intra-tumoral Localization 
and Traffi cking of T Cells 

 The intra-tumoral localization and ability of T cells to infi ltrate tumors have a major 
impact on their  antitumoral functions  . Activated T cell recruitment to the tumor site 
depends on the expression of appropriate chemokine receptors and adhesion mole-
cules to fi rst egress from the priming site and secondly to extravasate to the vicinity 
of the tumor. Next, the accumulation of T lymphocytes within the tumor depends on 
their retention (presence of the antigen, downregulation of chemokine receptors for 
instances) and their ability to survive. Following extravasation, T cells must face the 
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TME which displays complex cellular and architectural properties. The TME is 
suspected to generate immature neovascular structures and secrete soluble factors 
that limit T cell infi ltration [ 63 ]. Some of the properties of the stroma are indisput-
ably shared between most tumors; these include the presence of TAMs or TuDC, 
fi broblasts and mesenchymal cells, fi brilar ECM along with abnormal vessels struc-
ture. All of these factors can have profound impact on the intra-tumoral migration 
and localization of T cells [ 14 ]. Due to its complexity, it is diffi cult to reproduce 
in vitro a 3D environment that will replicate the actual features of the  tumor stoma   
to study its impact on T cell traffi cking. Again, the development of minimally inva-
sive IVM has allowed the visualization of T cell behavior in intact living tumors. 
Moreover, the combination with  novel fl uorescent cell labeling techniques   allows 
the study of  T cell interactions   with the different components of the TME. Finally, 
the study of tumors that are modifi ed to express a particular antigen combined with 
the adoptive transfer of transgenic T cells specifi c for this antigen allows to decipher 
the impact of the spatiotemporal distribution of TILs. 

2.4.1     Antigen Specifi city, T Cell Recruitment and Retention 
Within  Tumors   

 Live imaging has highly contributed to the understanding of tumor infi ltration 
through the real-time visualization of intratumor distribution and migration of lym-
phocytes. Although there is compelling experimental and clinical evidences that 
CD4+ T cells play a crucial role in rejecting solid tumors [ 33 ], most studies on T 
cell traffi cking so far have focused on CD8+ T cells, because they are considered to 
be the most potent cytotoxic effectors (CTL)   . The majority of these studies rely on 
the use of tumors expressing a neoantigen combined with transgenic CD8+ T cell 
having a TCR specifi c for the antigen. Using these tools, it has been possible to 
assess the importance of the presence of cognate antigen for T cell accumulation 
within the tumor parenchyma. After activation, CD8+ T cells can infi ltrate tumors 
independently of the expression of the cognate antigen by tumor cells, though pref-
erential accumulation of antigen specifi c CTL in the tumor expressing the cognate 
antigen was observed [ 64 ]. One hypothesis could be that specifi c T cells are retained 
in the tissue through antigen dependent stable interactions with antigen presenting 
cells, whereas non specifi c one may leave. Studies that used similar approaches 
were in accordance with this hypothesis, as antigen specifi c T cells made stable, 
long lasting contacts with antigen expressing-tumor cells, while the tumor-T cell 
contacts were brief and did not cause arrest when the antigen was not expressed 
[ 65 ,  66 ]. These stable contacts with tumor cells may extend the residence time, and 
thereby retain T cells within the tumor. The motility-based model of tumor infi ltra-
tion by CTL suggest that after destruction of tumor cells, CTL motility resume to 
reach the remaining live tumor cells through a series of “stop” and “go” phases 
(Fig.  2.3 ). In addition it was observed in real time, that CTL proliferation persisted 
in the tumor nest even after their massive clonal expansion in the tumor draining 
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lymph node [ 66 ]. Mathematical extrapolation of the frequency of these events sug-
gested that the proportion of dividing tumor specifi c CTLs could be very high (up 
to 40 % within a 24 h time frame). Another hypothesis which is not exclusive, 
would consider that the presence of antigen is required to prolong CTL life span 
within the tumor.

   T cell retention may also be favored by upregulation of chemokine receptors to 
local chemokines or loss of sensitivity to external chemoatractants. Likely due to the 
heterogeneity of tumor cells and the diversity of stromal components of the TME, no 
specifi c chemokine can be used as a signature of cancer development. Tumor antigen 
specifi c  CTLs   downregulated the mRNA levels of several chemokine receptors that 
may likely contribute to desensitization and local retention [ 64 ]. Mrass et al. imple-
mented the E7 expressing TC-1 tumors cell in DPE-GFP mice, in which GFP is 
expressed in both CD4+ and CD8+ T cells. In these settings, vaccination with repli-
cation defective adenovirus expressing the E7 protein stimulated the anti-E7 effector 
T cells to reject TC-1 tumors. Intravital imaging of these tumors revealed that T cells 
become highly motile and migrated randomly within the tumor parenchyma arguing 
for an absence of a chemokine gradient [ 65 ]. Alternatively, upon antigen recogni-
tion, T cells can polarize the chemokine receptor CCR5 toward the immune synapse 
in order to sequestrate the receptor and stabilize the interaction [ 67 ]. 

  Fig. 2.3    Regulation of  CTLs   retention by antigen specifi city. Both antigen specifi c and non- 
specifi c CTLs may infi ltrate the tumors but only antigen specifi c ones make long lasting interac-
tions with tumor cells. These interactions are thought to extend the time of residency of the 
antigen-specifi c CTLs and can also lead to clonal expansion of T cells inside the tumor nest. After 
tumor cell destruction, CTLs motility is regained to reach the remaining live tumor cells       
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 In conclusion, tumor-antigens favor the  retention   and accumulation of tumor- 
specifi c T cells by increasing their engagement with tumor cells, thereby, enhancing 
their effector functions.  

2.4.2     Control of T Cell Infi ltration by  Vessels Architecture   

 T cell infi ltration is usually visible in the periphery of solid tumors [ 68 ]. The reason 
why extravasation is reduced in the center mass is unclear so far. One explanation 
would be that T cells stop and extravasate immediately once reaching the tumor-
associated endothelium, thus accumulating fi rst in the periphery of the tumor. 
Intravenous injection of fl uorescent dextran in mice defi nes the vasculature and 
allows to directly image the behavior of TILs in the vicinity of the tumor vessels by 
IVM [ 66 ]. This approach revealed that in the tumor parenchyma, TILs are densely 
packed around the peripheral tumor vessels, which can serve as a route to guide T 
cell infi ltration. TILs stay in close contact with the vessels and migrate with an 
elongated shape, different than the typical ameboid-like morphology described in 
3D collagen  matrix   [ 66 ] (Fig.  2.4 ). Another explanation for the peripheral 

  Fig. 2.4    Control of T cell migration in the interstitial space of  tumors  . IVM of T cell behavior in 
tumor has allowed to determine the components of TME that control T cell migration. After 
extravasation, T cells were shown to migrate along peripheral tumor vessels that can serve as a 
route in the interstitial space. Another well described route that T cell can use is the collagen fi bers 
composing the ECM. There ECM fi bers dictate T cells trajectories but have mainly been impli-
cated in preventing direct contact with tumor cells       
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colonization of the tumor would be that the vasculature from healthy tissue sur-
rounding the tumor is more permeable to T cells compared to deeper tumor  vessels  . 
The morphological and architectural abnormalities of the tumor vasculature are 
known to represent a barrier to effi cient T cell extravasation and infi ltration [ 63 ]. 
Indeed, ongoing production of factors such as the  vascular endothelial growth factor 
A (VEGF-A)   or endothelin-1, by both malignant and stromal cells, lead to enhanced 
angiogenesis but is accompanied with a decreased infl ammatory response of the 
tumor-associated endothelium. This can results in a decreased infl ux of immune 
effector cells into the tumor parenchyma because of the down regulation of adhe-
sion molecules that are required for normal homing, adhesion and transendothelial 
migration [ 69 ]. This process underlying the tumor’s resistance to lymphocytic infi l-
tration and immune surveillance has been termed tumor endothelial cell anergy. 
One pioneer evidence for this phenomenon came from a study that used intravital 
microscopy to monitor vessels phenotype, microcirculation and leucocytes adhe-
sion during tumor development. In this study, the author used genetically modifi ed 
mice that develop spontaneous pancreatic islet carcinoma. Excessive angiogenesis 
in the pancreatic islet was associated with increased frequency of vessels with irreg-
ular diameters. In vivo staining of leucocytes revealed a dramatic decreased in adhe-
sion and leucocyte-  endothelium   interaction that correlated with the morphological 
alterations of the vasculature [ 70 ]. Signaling mechanisms leading to abnormal 
tumor vascular morphology have been identifi ed, and will be discussed in Chap.   3    .

2.4.3        Control of Intratumoral T Cell Migration by the  ECM   

 Two main modes of migration have been characterized, thanks to imaging studies of 
cell behavior in three-dimensional extracellular matrix [ 71 ]. A slow integrin- 
dependent one coupled to matrix degradation and remodeling capacities that usually 
concerns tumor cells, mesenchymal cells and fi broblasts. The second, integrin- 
independent, concerns mainly T cells, NK cells and some APCs displaying ameboid- 
like structure with much faster displacement [ 72 ]. During this migration, T cells 
adopt a highly polarized morphology (with a uropod, a central compartment and a 
leading edge) with strict organization and location of the membrane and the cyto-
skeleton molecules [ 73 ]. A similar behavior of CTLs is reported in the different 
studies that took advantage of IVM. Visualization of the different components of the 
stroma confi rmed that the tumor architecture dictates T cell infi ltration. Beyond the 
density of the collagen matrix, tumor cell density, antigen presenting stromal cells 
and blood vessels infl uence the deepness and speediness of TILs. 

 Successful interstitial navigation of T cells is required for effi cient antitumor 
immunity. The extracellular matrix (ECM) of the tumor stroma is rich in type I col-
lagen and fi bronectin secreted by cancer-associated fi broblasts. Because of their 
particular structural sequence, collagen fi bers can be made visible through second 
harmonic generation. In the previous studies analyzing CTL migration inside a 
tumor using two-photon IVM, CTLs were found to be in close contact with collagen 
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fi bers and fi bronectin rich perivascular region, crawling along them. This suggested 
that the ECM may infl uence T cell functions and migration [ 65 ,  66 ]. In the course 
of tumor destruction, tumor cells are progressively eliminated leaving a loose net-
work of collagen fi bers that may correspond to the residual ECM, but active fi brosis 
could also contribute to remodeling of the ECM. TILs migrate through this network 
from the extravasation points to the regressing tumor front [ 66 ,  74 ]. This migration 
was shown to be dependent on the expression of the receptor for extracellular matrix 
proteins and glycosaminoglycans CD44. CTLs defi cient for CD44 migrated at a 
lower velocity and were unable to sustain a polarized amoeboid-like shape, regard-
less of the presence of the cognate antigen [ 75 ]. Live imaging of fl uorescent T cells 
in viable slices of human tumors revealed that ECM may also represent an obstacle 
to T cell  infi ltration  . In these experiments, T cells migrated poorly in dense ECM 
areas near he tumor nests. T cell trajectories were dictated by collagen orientation 
and density, preventing the direct contact with neoplasic cells. T cell motility could 
be regained in area loose of fi bronectin and collagen or by adding collagenase to 
reduce matrix rigidity. ECM fi bers surrounding perivascular regions and around 
tumor epithelial regions were shown to restrict T cells from contacting tumor cells, 
while collagenase enhanced the number of T cells in contact with tumor cells [ 25 ]. 
In conclusion, the density of ECM fi bers of the tumor stroma strongly infl uence the 
localization and migration of T cells, it provides the structural basement necessary 
for T cell migration but tumors could also take advantage of this to be protected 
from T cell attack (Fig.  2.4 ).   

2.5     Imaging Antitumor T Cell Effector Functions 
and  Immunosuppression   

 In principle, the elimination of neoplastic cells is the main expected T cell function. 
After recognition of MHCI complex at the surface of tumor cells or APCs, T cells 
can exert either  direct or indirect killing pathways   or both [ 76 ]. Direct killing path-
ways which mainly concern CD8+ cytotoxic T cells, are based on the polarized 
liberation of enzymes and cytotoxins containing granules, such as perforin or gran-
zymes, toward the target or from interactions of membrane molecules on the surface 
of T cell (Fas-TRAIL) with their ligands on the surface of target cells to trigger 
apoptosis. The indirect killing pathways are more complex. They correspond to the 
elimination of tumor cells without a direct interaction. For instance, they can rely on 
the destruction of stromal cells, such as endothelial cells, resulting in necrosis of the 
tumor environment or on the local secretion of cytotoxic factors. The sensitivity of 
stromal cells to the secretion of IFNγ by T cells has been shown to be crucial for 
effi cient tumor rejection in several tumor models [ 76 ]. CD4+ Th cytokines can 
directly induce scenecense in tumor cells; however, in most cases the role of CD4+ 
T cells in tumor rejection is indirect. Before mediating their benefi cial effect, T cell 
must face and survive the local immunosuppression in the TME. As stated in part 2, 
regulation of the T cell antitumor response can occur through the regulation of 
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priming, T cell activation or localization/retention. These different steps have been 
extensively investigated and numerous immune checkpoints pathways are associ-
ated with the immune escape mechanisms. In this part, we will describe how the use 
of IVM has allowed to better determine the contribution of antitumor T cells to 
tumor rejection, as T cell killing can be seen in real time, and how it has permitted 
to visualize the effect of certain immune checkpoint blockade therapies on T cell 
dynamics. 

2.5.1     Imaging T Cell Cancer Killing  Mechanisms   

 The killing of cancer cells by CTL through direct cytotoxic mechanisms would 
require the formation of stable contacts between the CTL and the tumor. The visu-
alization and dynamic analysis of such interactions have been rather well measured 
in vitro since several decades [ 77 ]. In vivo, this process is far from being accurately 
characterized. IVM studies confi rmed that CTLs can stably engage tumor cells dur-
ing hours, but evidence of direct tumor cell killing resulting from this interaction 
has been technically diffi cult to assess. One study revealed that direct CTL engage-
ments could indeed contribute to tumor killing. Capsase3-sensitive  Foster resonance 
energy transfer (FRET)   biosensor expressing tumor cells were used to track tumor 
apoptosis in real time in vivo. This was combined to an adoptive transfer of in vitro 
primed CTLs that were effi cient at inducing tumor rejection. The results shed light 
on another limitation to effi cient antitumor T cell response. The rate of killing eval-
uated from this study was extremely slow (average of 6 h for the killing of one tar-
get), suggesting that the ratio between CTL and tumor cells is crucial to overcome 
tumor cell  expansion   and promote the balance toward tumor reduction, even though 
synergistic involvement of other effectors could not be ruled out [ 78 ]. The in vitro 
studies suggested that one CTL may engage sequentially several targets [ 79 ]. In 
vivo, different behaviors of CTLs have been described. CTLs that make long lasting 
interactions with a single target, CTLs that make multiple but proximal interactions 
with neighboring cells, CTLs making multiple distal interactions and fi nally CTLs 
fl eeting in the tumor mass without making visible interactions. The relative propor-
tion of these different behaviors was related to the density of tumor cells and the 
distribution of CTLs within the tumor parenchyma and correlated with the tumor 
cell apoptosis [ 66 ]. CD44 defi ciency in CTLs was shown to strongly affect the effi -
cacy of target cell screening and thus tumor rejection, without affecting the duration 
of cell-to-cell interactions or cytoxic functionalities [ 75 ]. Disturbances in these 
abilities to maintain interstitial navigation further emphasized the crucial role of 
multiple targeting in the tumor-rejecting capability of T cells. 

 More recently, IVM was used to compare the behavior of NK and CTLs during 
tumor regression [ 80 ]. Compared to CTLs that require antigen recognition, NKs 
cells require NKG2D ligand expression by the tumor cells [ 81 ]. NK cells were 
highly motile in tumor regions and made short-lasting contacts with their targets, 
whereas T cells were retained in these regions by long-lasting contacts. The study 
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also analyzed the calcium elevation in the two cell types, as it has been shown to 
occur after both T cell stop signal and NKG2D binding. The results show that 
although killing by both cell types was dependent on calcium availability, NK cells 
undergo only limited calcium infl ux compared to T cells. This infl ux was still suf-
fi cient for NK granule exocytosis [ 80 ]. Thus, drastic differences exist between 
CTLs and NKs cells mechanisms of direct killing and this two cell types could act 
synergistically during tumor rejection. 

 Stromal  cells   cross-presenting tumor-antigens can, in some cases, stimulate 
antigen- specifi c CTLs and enhance local IFNγ and TNFα release, which were 
shown to be required for tumor elimination [ 82 – 84 ]. Tumor cell variants that have 
lost the antigen recognized by CTLs can also be eliminated though a bystander 
effect dependent on the sensitization of the stroma [ 85 ,  86 ]. This bystander effect is 
at least dependent on antigen presentation by APCs and was associated with CTLs- 
APCs interactions [ 23 ]. In contrast, using a mixture of antigen-bearing and non- 
bearing EL4 tumors, Breart et al. showed that OTI T cells specifi cally eliminated 
antigen-bearing tumor islets [ 78 ]. The frequency of antigen-loss variants and the 
level of antigen expression may dictate the effi cacy of bystander elimination. 
Another evidence that T cells can attack stromal components of the tumor came 
from an IVM study in which the authors used a mouse window chamber model. 
This approach permits the imaging of the same tumor region over several days. 
Increased vessel damage was observed and coincided with early T cell entry and 
was followed by cancer regression, suggesting that T cell-endothelial cells engage-
ments might be important for cancer elimination. Nevertheless, no direct visualiza-
tion of CTLs interaction with endothelial cells was imaged, despite the fact that 
vessels destruction was antigen dependent [ 23 ]. 

 Antigen-dependent interactions with TAMs have been clearly observed in sev-
eral models as described below. To date, no direct cytotoxicity against this stromal 
subset has been identifi ed but the interactions can results in an active immunosup-
pression of CTLs Altogether these observations argue for a direct contribution of 
CTL in tumor  elimination  , but evidence for simultaneous indirect bystander effect 
through stromal cells sensitization also exists. This further emphasizes the fact that, 
besides the sole killing of tumor cells, complex reactions involving multiple cell 
types of the tumor microenvironment are occurring during T cell mediated tumor 
elimination.  

2.5.2     Imaging  Immune Checkpoints Blockade   

 Breaking the immune checkpoints mediated-tolerance is among the most promising 
cancer immunotherapy. These inhibitory molecules include the receptor cytotoxic T 
lymphocyte antigen 1 (CTLA-4) and the expression of Programmed Death 1 (PD-1) 
and its ligand PD-L1, which are potential therapeutic targets under investigation 
[ 87 ]. These pathways can directly terminate T effector functions. Evidences sup-
porting a central role of T cells in the control of tumors were provided by Ipilimumab, 
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a monoclonal antibody directed against CTLA-4, which increased the overall sur-
vival of a signifi cant number of patients with advanced melanoma [ 88 ]. The B7 
ligand CD80 and CD86 expressed by APCs are co-stimulatory signal that bind 
CD28 receptor on T cells for their full activation and survival. CTLA-4 can compete 
with CD28 for binding to CD80 and CD86, reducing the level of B7 ligands on APC 
and thus attenuating T cell activation. These properties of CTLA-4 are believed to 
contribute the state of immunosuppression and immune evasion in the tumoral con-
text [ 87 ]. 

 Anti-CTLA4 antibodies (mAb) are thought to block the effect of CTLA-4 inter-
action with CD80 and CD86 thereby enhancing CTLs priming and effector func-
tions. These antibodies may also activate anti-apoptotic, pro-adhesion and 
pro-polarity signaling pathways in T cells [ 87 ]. The effect of anti-CTLA-4 on T cell 
dynamics in the tumor microenvironment have also been revealed by IVM [ 89 ,  90 ]. 
4 T1 breast cancer bearing CXCR6 +/gfp  reporter mice were used to track CTLs cells 
that infi ltrated the tumor, as the majority of CTLs present in tumors that are being 
rejected have been shown to be CXCR6+. In these setting, CTLA-4 mAb not only 
increased intra-tumoral CTLs infi ltration but also increased their motility and 
decreased their arrest coeffi cient as a  monotherapy  . CTLA-4 mAb also increase the 
motility of purifi ed pre-activated CD8+ T cells and reverses the TCR stop signal 
induced by anti-CD3 ligation, suggesting that the antibody delivers a ‘go’ signal by 
binding to CTLA-4 but did not reduce growth of 4 T1 [ 89 ,  91 ]. In vivo, the antibody 
acted synergistically with ionizing radiation therapy to deliver the “stop” signal 
allowing the CTLs to make more MHC-I dependent contacts with tumor cells and 
subsequently delayed tumor growth, inhibited metastases formation and gave a sur-
vival advantage. Expression of the NKG2D ligand RAE-1γ by these otherwise 
poorly immunogenic tumor cells was required for these interactions to occur [ 89 ]. 
Clinical data indicate that the  NKG2D receptor-ligand system   plays an important 
role in the response of melanoma patients treated with anti-CTLA-4 [ 92 ]. Together 
these data indicate that the success of anti-CTLA-4 therapy might be dependent on 
the tumor expression of NKG2D ligands and/or strong antigen. Another target of 
CTLA-4 inhibition are Tregs, which extensively use this inhibitory molecule to 
mediate their suppressive functions [ 93 ]. In a recent study, the impact of CTLA-4 
blockade on Tregs, Th and DC dynamics during an antigen-specifi c response was 
assessed by two-photon IVM of the lymph nodes. CTLA-4 blockade was shown to 
reduce Treg-Th interaction times while increasing the volume of DC-Th clusters. 
These cellular choreography events were followed by an enhanced Th proliferation 
and might thereby be a major mechanism underlying the effects CTLA-4 blockade 
[ 94 ]. 

 Independently of their suppressive activities in TDLN, tumor-infi ltrating Tregs 
can induce a state of functional hyporesponsiveness in TILs [ 54 ]. In another study, 
the authors implemented CT26 colonic carcinoma cells into dorsal skin-fold cham-
bers to image antigen-dependent Treg activities and impact on the function of adop-
tively transferred CTLs [ 24 ]. In this model, the transfer of  Tregs   aggravated the state 
of dysfunction of tumor-infi ltrating CTLs, characterized by impaired cytokine 
secretion and cytotoxic granule release, as well as, co-expression of the co- inhibitory 
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receptor PD-1 and TIM-3. This effect was dependent on  recognition   of the antigen 
by the Tregs in tumor tissue and correlated with down-regulation of co-stimulatory 
molecules (CD80, CD86) on DCs. In vitro, activation of CTLs with Treg–condi-
tioned APCs was suffi cient to induce expression of the coinhibitory receptor on 
CTLs. In vivo, antigen-specifi c Tregs were shown to make short interactions (less 
than 5 min) with APCs in both the tumor parenchyma and the stroma. However, 
Tregs did not make a direct physical contact with antigen-specifi c CTLs [ 24 ]. These 
experiments showed that the dynamics of Treg-DC interactions in tumors might 
explain the induction TILs dysfunction, similarly to Treg-DC interactions in the 
lymph nodes that led to attenuated T cell functions. 

  PD-1   is an inhibitory molecule found on the surface of activated B and T cells 
which has been implicated in inducing T cell anergy. PD-1 ligands are commonly 
expressed by multiple human tumors and its expression correlatse positively with 
worse prognosis [ 88 ]. Anti-PDL1 treatment amplifi es T cell recruitment to tumors 
by overcoming T cell exhaustion [ 95 ], can yield sustained tumor regression in 
patients with different cancer types [ 96 ] and has also been shown to synergize with 
adoptive T cell therapies [ 97 ]. 

 The two photon IVM system was used to image T cell-DC interactions after PD-L1 
blockade and adoptive transfer of pancreatic islet-specifi c transgenic Th in the auto-
immune context of  non-obese diabetic (NOD) mice  . Antibody blockade of PD-L1 
decreased Th cell motility and enhanced T cell-DC contacts duration in vivo, thereby 
causing autoimmune diabetes in NOD mouse [ 98 ]. The imaging data were correlated 
with functional measurements and revealed that PD-L1 blockade simultaneously pro-
moted Erk phosphorylation and IFN-γ production in the tolerised T cells. This fi nding 
supports a key role for PD-L1 blockade in restoration T cell-DC interactions and 
inhibition of anergy during tissue-specifi c reactivation [ 98 ]. Similar investigations in 
tumoral settings are needed to help understand the  signals   that maintain tolerance. 

 Real-time IVM imaging of DCs, T effectors cells and Tregs interactions pro-
vided novel insights in the mechanisms of inhibitory checkpoint pathways.  

2.5.3     Role of Tumor-Associated Antigen Presenting Cells in T 
Cell Infi ltration and  Immunosuppression   

 Infl ammatory cells of the tumor microenvironment infl uence every aspect of cancer 
progression, including tumor cell’s ability to metastasize [ 13 ]. Beyond Tregs,  tumor-
associated macrophages (TAMs)   represent a main protagonists of intratumoral immu-
nosuppression. TAMs are largely represented in the TME, forming a heterogeneous 
and plastic population of cells which are associated with poor prognosis in 80 % of 
studies because of their angiogenic, tissue remodeling, growth factor providing and 
immunosuppressive properties [ 99 ]. Although mature TAM usually express MHCII 
and are capable of tumor cell phagocytosis, they have been extensively implicated in 
dampening the responsiveness of both CTLs and helper T cells. Moreover, TAM have 
been shown to induce tolerance in tumor infi ltrating CTLs [ 100 ]. 
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 Secretion of the immunosuppressive cytokine IL-10 by macrophages can stimu-
late differentiation of CD4+ T cells toward the Th2 phenotype that will reinforce 
pro-tumor properties of macrophages [ 101 ] and can also limit the CD8+ T cell- 
dependent response to anticancer  therapy   [ 102 ]. Other molecules secreted by TAMs 
that have been shown to suppress anti-tumor T cell function include the hypoxia 
inducible factor-1 alpha HIF-1 [ 103 ], Arginase 1 [ 104 ] and PD-L1 [ 105 ]. 

 Because of their heterogeneity and distinct transcriptional programs compared to 
normal tissue macrophages, TAMs display high surface markers overlaps and are 
diffi cult to classify [ 99 ]. Moreover, TAMs phenotypes may also vary between 
tumors or between different areas of the same tumor. Technological advances of 
tumor model imaging allow to better dissect the TAM compartment according to 
their in vivo morphology and behavior. The study of interactions between tumor- 
specifi c T cells and TAMs allow to characterize subsets according to their functional 
capacity to induce a strong productive T cell response. The CD11c-YFP reporter 
mouse has been used to illuminate APCs of the tumor microenvironment and study 
their function through intravital imaging. CD11c-YFP+ cells of the tumor stroma 
have been termed  tumor DC (TuDC)   because they also express high levels of MHC 
II, although their co-expression of F4/80 and CD11b indicate that they very likely 
represent a subset of TAMs. In a spontaneous breast cancer model, both CD11c- 
and CD11c + are competent to phagocyte tumor cells as shown by uptake of tumor- 
derived fl uorescent particles [ 106 ]; it should be noted however that CD11c + cells 
localized along the tumor margin were more effi cient at ingesting tumor cells, and 
that their position would ideally place them to interact and activate upcoming anti-
gen specifi c T cells . Indeed, transferred tumor-specifi c CTL were shown to make 
long-lasting interactions (up to 30 min or more) either as clusters or as single cells, 
preferentially with TuDCs of the tumor proximal region. On the other hand, T cell- 
TuDC interactions were less frequent and more transient in the distal region of the 
tumor. These tumor-specifi c T cell—APC interactions were confi rmed in vitro, with 
isolated TuDC and did corroborate the observations made during intravital imaging, 
as T cells preferentially coupled with tumor phagocytic DC and less with tumor 
cells themselves. Nonetheless, these interactions failed to effectively restimulate T 
cells to control tumors (Fig.  2.5 ). Tumor specifi c T cells  cultured   with TuDC had 
signifi cantly lower lytic activity against targets compared to those cultured with 
bone marrow derived dendritic cells [ 106 ]. Broz et al. identifi ed a subset of TuDC 
(CD103+ described previously in part 2.2) that are effi cient at cross-priming and 
reactivation of effector T cells. Unfortunately, these specifi c APCs are very scarce 
and total TAMs typically outnumber CD103+ DCs by approximately tenfold. 
Analysis of the percentage of APCs that were coupled to T cells revealed that most 
T cells are captured by poor stimulatory APCs at the tumor margin [ 61 ].

   These observations are consistent with another report focusing on chemothera-
peutic failure [ 74 ]. By inducing immunogenic cell death, chemotherapeutic agents 
are known to, in addition to their direct effect on tumor cells, enhance anti-tumor 
immunity by restoring the function of effector immune cells, while inhibiting the 
function of regulatory ones [ 107 ]. In this study, combination of cyclophospha-
mide to adoptive transfer of tumor-specifi c CTLs initially led to an increase infi l-
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tration of CTLs and improved immune control of tumor growth. The synergistic 
action of both therapies was only transient, between day 4 and 7 after chemo-
therapy the TILs started to enter in immunosuppressive phase characterized by a 
signifi cant decrease of the percent of cell secreting IFNγ. At this particular time 
point, the proportion of CTLs contacting TuDCs increased and these interactions 
were confi rmed to be tumor-antigen specifi c. Analysis of intratumoral T cell 
tracks revealed that the CTLs velocity was largely reduced and stopped more fre-
quently in areas rich in TuDC compared to collagen rich areas. The density of 
TuDC correlated positively with the one of CTLs. TuDC in these models were 
also shown to be able to cross- prime naïve tumor-specifi c CTLs in vitro and dis-
played a similar phenotype to those seen in the breast tumor model, although the 

  Fig. 2.5    Regulation of T cell activation and infi ltration by  tumor-associated antigen presenting 
cells  . In most tumors, mature populations of macrophages compose more than 50 % of the CD45+ 
stroma. These have mainly been associated with dampening the T cell response and promoting 
tumor growth via various trophic and pro-angiogenic mechanisms. TAMs are organized into a dense 
network in tumor proximal regions. These networks have been shown to trap tumor-antigen specifi c 
CTLs though long-lived contact, preventing deep T cell infi ltration of tumors. In contrast to immu-
nosuppressive TAMs, the CD103+ DCs seem to be fully competent for CD8+ T cell priming or CTL 
reactivation and are in fact required for tumor-cell killing by CTLs in vivo. These DCs lie distal to 
the tumoral lesion in collagen rich areas. IVM revealed that T cell interactions with TAMs dominate 
probably because of their higher intra-tumoral abundance compared to CD103 + DCs       
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lytic capacity of CTLs that have infi ltrated the tumor was not verifi ed. In this case, 
induction of tolerance in intratumoral CTLs correlated with their trapping by the 
TuDC network, indicating that these interactions might be involved in the relapse 
phase that follows chemotherapy- induced anti-tumor  immunity   [ 74 ]. In conclu-
sion, results from real time imaging of T cell dynamics are in accordance to sug-
gest that T cell infi ltration is limited by non-productive interactions with tumor 
APCs which rather impede T cell functions. Thus, trapping of CTLs by TuDC 
might represent an hurdle to the enhancement of anti-tumor immunity though 
combined chemo-immunotherapies.   

2.6     Concluding Remarks 

 IVM has allowed to unravel the spatiotemporal regulation of immune cell interac-
tions within the tumor  microenvironment   and this has highly contributed to our 
understanding of the mechanisms of tumor clearance. Most studies focused on 
contact- dependent CTL attack but indirect killing though local secretion of cyto-
kines has been diffi cult to assess based solely on IVM assays. Although transferred 
CTLs can successfully mediate tumor rejections if they are in suffi cient number, the 
imaging studies revealed that this was a slow process highly dependent on antigen 
availability. Given the rapid turnover of tumor cells and that of different cell type 
exhibiting non-redundant killing mechanism, it is expected that tumor control rather 
rely on the synergistic action of multiple immune cells [ 108 ].  CD8 T cells   were also 
shown to release cytokine to activate and recruit other immune cells at the tumor site. 
The mechanisms that are required for cancer control may also vary from tumor to 
tumor and rejection has also been interpreted as a consequence of CD4, NK cells or 
macrophages depending on the context. Indeed, rejection of solid tumors after CTLs 
attack is followed by a large infi ltration of myeloid cells [ 109 ], and these were 
recently shown to be required for therapeutic peptide vaccine-induced CD8 T cells 
effi cacy [ 110 ]. 

 T cells must face many obstacles in the  TME  . All of these factors such as the 
tumor vessel phenotype, extracellular matrix, and expression of checkpoint inhibi-
tory molecules can dictate T cell dynamics, infi ltration and survival. As a result, 
combination therapies targeting multiple TME components may improve the over-
all clinical outcome of immunotherapies [ 111 ]. New fl uorescent reporters for track-
ing cell populations that have escaped attention so far and to assay T cell functions 
in real time will unquestionably be instrumental to in vivo imaging studies of cancer 
immunology. IVM has great potential to further dissect the mechanisms of anti- 
tumor immune surveillance.     
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    Chapter 3   
 Vascular Normalization, T Cell Traffi cking 
and Anti-tumor Immunity                     

     Kellsye     L.     Fabian     and     Walter     J.     Storkus    

    Abstract     Improved understanding of the role of the immune system to limit tumor 
establishment and progression has led to the development and refi nement of tar-
geted immunotherapies. Treatments, such as cancer vaccines, CAR T cells and 
immune checkpoint inhibitors, aim to activate and harness T cells against cancer. 
However, tumors induce pathological angiogenesis and, at the same time, condition 
the tumor blood vessels to form a tumor vascular network that is highly abnormal. 
As a consequence, activated tumor- and stroma-specifi c T cells may be impeded 
from penetrating into the tumor lesions, greatly obstructing the therapeutic effi cacy 
of such therapies. Hence, approaches designed to normalize the tumor vasculature 
are essential to optimize the activity of effector T cells as well as alternate innate 
and adaptive immune effector cells. In this chapter, we discuss how T cell traffi ck-
ing is blunted at the tumor blood vessel interface and how therapies that are effec-
tive in normalizing the tumor vasculature such as anti-VEGF, tyrosine kinase 
inhibitors and vaccines targeting tumor blood vessel-associated antigens, among 
others, can re-establish T cell infi ltration into an infl ammatory tumor microenviron-
ment, leading to therapeutic benefi ts in the cancer setting.  
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  Abbreviations 

   αSMA    α-Smooth muscle actin   
  ADAM    A disintegrin and metalloproteinase   
  ACT    Adoptive cell transfer   
  Ang    Angiopoietin   
  CAR    Chimeric antigen receptor   
  CTL    Cytotoxic T lymphocyte   
  CTLA-4    Cytotoxic T-lymphocyte-associated protein 4   
  DLK1    Delta-like homologue 1   
  DC    Dendritic cell   
  ET    Endothelin   
  ET B R    Endothelin B receptor   
  ECM    Extracellular matrix   
  FGF    Fibroblast growth factor   
  FDA    Food and Drug Administration   
  HUVEC    Human umbilical vein endothelial cells   
  HIF    Hypoxia inducible factor   
  IGF    Insulin-like growth factor   
  ICAM-1    Intercellular adhesion molecule-1   
  IFNγ    Interferon-γ   
  IL    Interleukin   
  LFA-1    Lymphocyte function-associated antigen-1   
  MHC    Major histocompatibility complex   
  MDSC    Myeloid derived suppressor cell   
  NRP    Neuropilin   
  NSCLC    Non-small cell lung cancer   
  PDGF    Platelet-derived growth factor   
  PD-1    Programmed cell death protein 1   
  PD-L1    Programmed cell death protein ligand 1   
  PSGL-1    P-selectin glycoprotein ligand 1   
  RTK    Receptor-type tyrosine kinase   
  RGS-5    Regulator of G-protein signaling-5   
  Treg    Regulatory T cell   
  RCC    Renal cell carcinoma   
  SCLC    Small cell lung cancer   
  TCR    T cell receptor   
  Th1    T helper type 1   
  TGF    Transforming growth factor   
  TBVA    Tumor blood vessel-associated antigen   
  TEM1    Tumor endothelial marker-1   
  TIL    Tumor infi ltrating lymphocyte   
  TME    Tumor microenvironment   
  TNFα    Tumor necrosis factor-α   
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  TAM    Tumor-associated macrophage   
  TKI    Tyrosine kinase inhibitors   
  VCAM-1    Vascular adhesion molecule-1   
  VEC    Vascular endothelial cells   
  VEGF    Vascular endothelial growth factor   
  VEGFR    VEGF receptor   
  VLA-4    Very late antigen-4   

3.1         Introduction 

  Type I T lymphocytes   play a key role in tumor immune surveillance. In fact, the 
presence of  tumor infi ltrating lymphocytes (TILs)  , specifi cally CD8 +  T cells and 
CD4 +  T helper type 1 (Th1) cells, has been associated with improved patient sur-
vival in a number of clinical studies involving various types of cancers, including 
melanoma, ovarian cancer, head and neck cancer, breast cancer, esophageal cancer, 
and colorectal cancer, to name just a few [ 1 – 5 ]. T cells recognize tumor cells via 
specifi c, clonotypic T cell receptors (TCR) that bind major histocompatibility com-
plexes (MHC) presenting processed tumor antigens (i.e., in the form of short pep-
tides fragments) on the tumor cell surface [ 6 ]. Upon TCR:peptide-MHC engagement, 
CD8 +  cytotoxic T lymphocytes (CTLs) are triggered to respond by secreting soluble 
factors (i.e., cytokines and chemokines) and by directly killing tumor cells via deliv-
ery of perforin/granzyme and via FasL/Fas binding [ 7 ]. CTL and T helper cell elab-
orated cytokines and chemokines can also mediate anti-tumor activity and/or can 
direct the anti-tumor activities of other immune cells [ 8 ,  9 ]. Thus, the ultimate goal 
of  cancer immunotherapy   is to enhance the proliferation, migration and activity of 
tumor-specifi c T cells. So far, DC-based vaccines [ 10 ] and adoptive cell transfer 
(ACT) [ 11 ] have shown promising, but as yet limited, benefi ts in pre-clinical and 
clinical settings. In order to improve these therapies, vaccine and ACT strategies 
have to be optimized and/or administered with “adjuvants” to ensure that the acti-
vated tumor-specifi c T cells are provided with optimal proliferative, survival and 
homing signals [ 12 – 14 ]. 

 Circulating anti-tumor T cells face a hostile, immunosuppressive environment 
upon interaction with the tumor bed. Hence, reversal of immunosuppressive mecha-
nisms within the  tumor microenvironment (TME)   is a key goal of successful cancer 
immunotherapy [ 15 ]. Tumor and stromal cells could impede T cell recognition and 
functional activity by down-regulating major histocompatibility complex (MHC) 
molecules [ 16 ], upregulating inhibitory receptors like programmed cell death pro-
tein ligand 1 (PD-L1) [ 17 ,  18 ] and secreting inhibitory factors such as transforming 
growth factor (TGF) β, interleukin (IL)-10 and prostaglandin E2 [ 19 ]. The tumor 
stroma also contains large populations of immunosuppressive hematologic progeny, 
such as regulatory T cells (Tregs), myeloid derived suppressor cells (MDSCs) and 
M2-like tumor-associated macrophages (TAMs) [ 20 ,  21 ]. Despite such therapeutic 
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concerns, one would be placing the proverbial “cart before the horse”, since in most 
cases, circulating T effector cells fail to gain entry into the TME because they are 
functionally and physically blocked by unique characteristics in the tumor- 
associated vasculature. Thus, the “tumor endothelial barrier” must be fi rst broken, 
before worrying about regulatory mechanisms in place within the TME that may 
modulate optimal anti-tumor T cell effi cacy in vivo.  

3.2     Events in T Cell Traffi cking 

 T cell traffi cking into peripheral tissues involves a series of sequential adhesion 
interactions between T cells and tissue-associated  vascular endothelial cells (VECs)     . 
The T cell initially tethers on the endothelium, followed by rolling, fi rm adhesion 
and fi nally extravasation through the blood vessel wall into sites of infl ammation. 
This multistep cascade requires  adhesion molecules   such as selectins and integrins, 
as well as, chemokine receptors [ 22 ]. 

 Priming of naïve T cells to become effector T cells results in changes in expres-
sion of surface proteins and receptors. Cell surface expression of the molecules 
CCR7 and CD62L allows naïve T cells to traffi c into the lymph nodes via PNAd + high 
endothelial venules under the chemotactic infl uence of the CCL19 and CCL21 che-
mokines produced in secondary lymphoid organs. Both CCR7 and CD62L are down-
regulated in their expression of activated T cells. Instead, T effector cells express 
homing molecules such as Sialyl Lewis X  and  P-selectin glycoprotein ligand 1 (PSGL-
1)   on their surface.  Sialyl Lewis X  and PSGL-1   bind E-selectin and P-selectin on the 
activated endothelial cells, respectively, in weak affi nity interactions that result in the 
tethering and rolling of the effector T cells on the endothelial lumen of a blood ves-
sel. Chemokines CXCL9, CXCL10 and CXCL11 produced within infl amed tissues 
bind to their CXCR3 receptors on the rolling, activated T cells, causing the spreading 
and clustering of lymphocyte function-associated antigen- 1 (LFA-1) and very late 
antigen-4 (VLA-4) on the T cell surface. High affi nity binding of LFA-1 to intercel-
lular adhesion molecule-1 (ICAM-1) and VLA-4 to vascular adhesion molecule-1 
(VCAM-1) on activated VECs mediate the arrest of T cells on the infl amed endothe-
lium, thus facilitating the extravasation of T cells into tissue [ 22 – 24 ].  

3.3     The Tumor Vasculature Blocks T Cell Traffi cking 
into Solid Tumors 

3.3.1     The Tumor Vasculature is  Aberrant   

 In normal adult tissues, angiogenesis is generally quiescent and the balance of pro- 
and anti-angiogenic factors is tightly controlled, resulting in mature and stable ves-
sels. The vasculature is composed of VECs, pericytes and the basement membrane. 
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VECs form a continuous monolayer of cells that lines the blood vessel and acts as a 
selective barrier that regulates the exchange of substances between the blood and 
the surrounding tissues [ 25 ,  26 ]. The integrity of the endothelium is maintained by 
abluminal pericytes. Pericytes form tight associations with the VECs and provide 
signals via cell-cell contact as well as secreted products that affect VEC prolifera-
tion and differentiation, as well as, the contractility, tone, stability, and permeability 
of intact blood vessels [ 27 – 29 ]. In addition, the pericyte-VEC interaction leads to 
the deposition of the basement membrane, which is typically composed of Type IV 
collagen, laminin, fi bronectin and heparin sulfate proteoglycans [ 30 ]. The basement 
membrane provides additional queues to maintain normal tissue VECs under 
steady-state conditions in a state of quiescence, in mature, stable blood vessels [ 31 ]. 

 In the TME, on the other hand, factors such as hypoxia, acidosis and epigenetic 
alterations associated with oncogene activation and tumor-suppressor mutation 
[ 32 – 34 ] skew towards a pro-angiogenic bias supported by elevated production of 
factors like vascular endothelial growth factor (VEGF), fi broblast growth factor 
(FGF), platelet-derived growth factor (PDGF), insulin-like growth factor (IGF), 
TGF, and angiopoietins (Ang) [ 35 ]. This turns on the “angiogenic switch” and the 
imbalance of pro- over anti-angiogenic  signals   ultimately results in sustained growth 
of blood vessels in tumors that are phenotypically and transcriptionally distinct 
from their normal tissue-associated counterparts. 

 Tumors employ various mechanisms to support blood vessel growth. Tumors 
may induce vasculogenesis wherein endothelial progenitor cells are recruited from 
the bone marrow or peripheral blood into the TME to assemble into nascent blood 
vessels. The tumor cells themselves have the capability to de-differentiate into 
endothelial-like cells and form tubular conduits that can serve as vessels. Tumors 
may also induce intussusception, wherein blood vessels are split into daughter ves-
sels by re-organizing the VECs. The most common method utilized by tumors for 
blood vessel growth, however, is sprouting angiogenesis or the formation of new 
capillaries from existing ones [ 36 ]. The hypoxic environment and gene mutations in 
the tumor promote the local overproduction of VEGF that causes pre-existing capil-
laries or post-capillary venules to dilate and become leaky [ 37 ]. Plasma proteins 
extravasate from the leaky vessels and form a provisional matrix in support of VEC 
migration and proliferation. Ang-2 disrupts the association between VECs and peri-
cytes and, together with matrix metalloproteinases, dissolves the basement mem-
brane and extracellular matrix (ECM) to make way for the growing blood vessel 
[ 38 ]. VEGF, FGF and other pro-angiogenic factors trigger the VECs to invade the 
surrounding ECM and to proliferate and migrate to form tubular structures [ 38 ,  39 ]. 
The growing endothelial column secretes PDGF-B that recruits PDGFRβ +  pericytes 
to the angiogenic sprout [ 27 ]. The pericytes normally form tight associations with 
the endothelial cells, leading to the eventual production of the basement membrane 
and resolution of the angiogenic process [ 40 ]. In tumor angiogenesis, pericytes 
remain only loosely attached to the  endothelium   [ 41 ] and this abnormal cell interac-
tion results in a basement membrane that is either too thick or too thin [ 42 ] (Fig.  3.1 ).

   The persistent production of pro-angiogenic molecules and the aberrant cell-cell 
and cell-basement membrane interactions formed as a consequence of tumor angio-
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genesis results in a tumor vasculature that is structurally and functionally defective. 
Unlike the organized vasculature in normal tissues, the tumor vasculature is  tortuous, 
chaotic and does not follow the standard hierarchical arrangement of arterioles, cap-
illaries and venules [ 43 ]. In addition, the abundant VEGF produced in the TME 
dissolves adherens junction complexes that hold VECs together [ 44 ] and, hence, the 
tumor endothelium is fi lled with intercellular gaps, transendothelial holes and fenes-
trae (pores) [ 45 ] (Fig.  3.1 ). These structural defi ciencies in the endothelium and 
suboptimal VEC-pericyte interactions make the tumor blood vessels unusually 
leaky and highly permeable to blood plasma and red blood cells in an unregulated 
fashion, resulting in increasing interstitial fl uid pressure in the TME [ 45 ,  46 ]. The 
high interstitial fl uid pressure and the tensile pressure exerted by the growing tumor 
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  Fig. 3.1    The  tumor vasculature   is architecturally and functionally aberrant. In contrast to normal, 
healthy tissues, pro-angiogenic factors are excessively produced within the tumor microenviron-
ment, resulting in a tumor-associated vasculature that is tortuous, hyper-permeable, dilated, leaky, 
and morphologically and structurally abnormal (i.e., loose physical association between endothe-
lial cells, weak pericyte-endothelial cell interactions, basal membrane modifi cations); Adapted 
from Jain et al. [ 157 ]       
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mass leads to reduced blood fl ow and even blood stagnation/stasis [ 47 ,  48 ], which 
impedes the traffi cking of circulating effector T cells facing a hyperbaric barrier into 
tumors [ 49 ]. Irregular blood fl ow also leads to decreased oxygen levels in the tumor 
lesion and the resulting hypoxic environment promotes anaerobic metabolism in the 
tumor cells, which increases local lactic acid concentrations in the TME [ 47 ,  48 ]. 

 Cellular responses to adapt to low oxygen levels in the TME are regulated by the 
 hypoxia inducible factor (HIF)   family of transcription factors [ 50 ]. Ultimately, the 
altered metabolism of tumor cells and immune cells due to the hypoxic TME enables 
tumors to escape immunosurveillance in number of ways. Hypoxia stimulates the 
accumulation of extracellular adenosine that inhibits a wide range of T cell activi-
ties including proliferation, adhesion to tumor target cells, synthesis of IL-2, 
interferon-γ (IFNγ) and tumor necrosis factor (TNF) α, upregulation of IL-2 recep-
tor α chain (CD25), expression of FasL and perforin, and CTL granule exocytosis 
(which is also negated in hyper-baric conditions [ 51 ]). In addition, hypoxia pro-
motes the shedding of MHC-I related chain molecules from the tumor cell surface 
[ 52 ]. HIF-1α promotes the  expression   of “a disintegrin and metalloproteinase” 
(ADAM)-10 and 17 that cleave MHC class I-related chain molecules A and B [ 53 , 
 54 ]. MHC-I related chain molecule shedding renders the tumor cells “less invisible” 
to CD8+ T cells, natural killer cells and NKT cells [ 52 – 54 ]. HIF-α also promotes 
the expression of inhibitory molecules PD-L1 on tumor cells [ 55 ] and Foxp3 and 
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) in Treg cells [ 56 ]. Lastly, 
hypoxia hinders the effector cell response by enhancing the recruitment of Tregs, 
MDSCs and M2-like TAMs in the TME [ 57 ].  

3.3.2     Tumor Conditioning of the  Endothelial Barrier   

 Tumor and tumor stroma-derived factors and cellular stressors alter gene program-
ming in VECs and pericytes [ 58 – 60 ] and the resulting altered phenotype of the tumor 
blood vessel-associated cells hinders T cell traffi cking into the tumor lesion. During 
vasculogenesis and angiogenesis, VEGF receptors (VEGFR) 1 and VEGFR2 are 
expressed by VECs that allow these cells to proliferate, migrate and form tubular 
structures in response to VEGF. Once the vessels mature, VECs downregulate 
VEGFR expression. In tumors, however, VEGFR1, VEGFR2 and even VEGFR3 
(which is usually restricted to endothelial cells of the lymphatic vessels, are reacti-
vated and upregulated in VECs) promote the unrestricted growth of tumor blood ves-
sels in response to abundant levels of VEGF in the TME [ 61 – 63 ]. Also, pro- angiogenic 
factors VEGF and bFGF overproduced in the tumor reduce expression and proper 
clustering of VCAM-1 and ICAM-1 on the VEC cell surface [ 64 ]. The lack of 
VCAM-1 and ICAM-1 hampers T cell extravasation into the tumor and decreases the 
effi cacy of immunotherapeutic  vaccination   and adoptive T cell transfer [ 49 ]. 

  Neuropilins (NRPs)   are non-tyrosine kinase receptors that act as co-receptors for 
VEGFRs and are important in modulating angiogenesis. It has been reported that 
while NRP-1 is expressed in the endothelium of healthy donors, it is overexpressed 
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two to threefolds the normal levels in cancer patients [ 65 ]. High neuropilin expres-
sion has been associated with abnormal angiogenesis and poor prognosis in patients 
with different types of cancers [ 66 – 69 ]. Administration of NRP-1 antagonists leads 
to inhibited tumor angiogenesis, growth and metastasis [ 70 ]. 

 Genes aside from growth factor receptors are also upregulated in the tumor vas-
culature. Most of these genes are also involved in angiogenic pathways but some are 
overexpressed as a consequence of hypoxia or shear stress due to irregular blood 
fl ow [ 71 ,  72 ]. In human ovarian cancers, the expression of  endothelin B receptor 
(ET B R)   on VECs has been associated with the absence of TILs [ 73 ]. ET B R is a G 
protein-coupled receptor that binds endothelins (ET) 1, 2 and 3 and this ligand- 
receptor binding is involved in VEC proliferation, invasion and migration during 
neoangiogenesis [ 74 ,  75 ]. ET-1 is also expressed by ovarian tumors [ 76 ] and, hence, 
this pathway is constitutively activated in the cancer setting. ET B R activation by 
ET-1 also causes upregulation of nitric oxide [ 77 ], which in turn represses ICAM-1 
expression and, therefore, also prevents T cell adhesion to the endothelium [ 73 ]. 
ET B R blockade in an ovarian mouse model decreased nitric oxide levels resulting in 
enhanced T cell homing into the tumor in an ICAM-dependent manner. Furthermore, 
when ET B R blockade was combined with prophylactic vaccination or adoptive T 
cell therapy, therapeutic benefi ts were enhanced [ 73 ]. 

  Pericytes   in the RIP1-Tag5 model of the pancreatic islet cancer overexpress reg-
ulator of G-protein signaling-5 (RGS-5) [ 78 ]. These pericytes have immature phe-
notypes, as indicated by high levels of PDGFRβ and low levels of  α-smooth muscle 
actin (αSMA)  , and associate preferentially to the growing angiogenic neovascula-
ture [ 79 ]. Genetic deletion of RGS-5 in RIP1-Tag5 mice leads to the downregula-
tion of PDGFRβ and upregulation of αSMA in the pericytes. Furthermore, RGS-5 
deletion caused the tumor vasculature to become more homogenous such that it 
resembles the normal vasculature. In RGS-5 −/−  RIP1-Tag5 mice, immunotherapy 
(vaccination and adoptive T cell therapy) was also enhanced and prolonged the 
survival of the tumor bearing mice [ 80 ].   

3.4     Tumor Vascular Remodeling 

 Methods to inhibit tumor angiogenesis and to normalize tumor blood vessels for 
improved immune cell recruitment, infi ltration, and anti-tumor function will ulti-
mately be needed to ensure the optimal success of immunotherapeutic intervention. 
 Anti-angiogenic agents   were originally developed to prune the excessive neo- 
vasculature in tumors in order to cut their supply of nutrients and oxygen, leading to 
disease regression [ 81 ]. This was based on the principle that tumors necessitate the 
formation of new blood vessels to meet their metabolic requirements, as well as, 
their need to dispel metabolic waste. Indeed,  vascular pruning   using high concentra-
tions of anti-angiogenic drugs, caused tumor growth delay and necrosis. However, 
this effect was only temporary, and eventually, hypoxia was again increased in the 
TME leading to renewed tumor angiogenesis via drug-refractory pathways [ 82 ]. 
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High doses of anti-angiogenic drugs have also been shown to increase tumor inva-
sion and metastasis [ 83 ]. 

 One must also consider that the tumor vasculature is required for the delivery of 
systemically-delivered anti-cancer drugs into the TME. Excessive  vascular pruning   
using anti-angiogenic agents actually impedes the effective delivery of chemothera-
peutic drugs and renders radiotherapy ineffective [ 82 ,  84 ]. 

 Hence, instead of using anti-angiogenic therapy to ablate the tumor vasculature, 
it might be more rational to utilize this approach to instead, normalize it. Optimal 
doses of  anti-angiogenic agents  , in fact, prune immature vessel branches and 
remodel the remaining vessels into more normal architectures. The normalized vas-
culature is less tortuous, more organized and less leaky. This phenotype potentially 
alleviates hypoxia and interstitial fl uid pressure in the TME and, therefore, could 
improve chemotherapy delivery into the TME. Furthermore, the normalized vascu-
lature improves the oxygenation of the tumor, which is important for the anti-cancer 
actions of radiotherapy. Importantly, vascular normalization also boosts tumor infi l-
tration by immune effector cells, including, with the TME becoming more pro- 
infl ammatory as a consequence of decreased hypoxia [ 82 ,  84 ]. The normalized 
vasculature also acts as a barrier that prevents cancer cell shedding and intravasa-
tion, conditional steps for metastasis [ 85 ]. 

3.4.1      TNFα Therapy   

 TNFα is a vasoactive infl ammatory cytokine that has the ability to activate VECs 
and, hence, if applied to tumors, can potentiate T cell extravasation and infi ltration 
[ 49 ]. TNFα therapeutic effects are dose-dependent and associated with VEC activa-
tion, increased vascular permeability, VEC apoptosis and hemorrhagic necrosis. To 
avoid the pathologic effects of high doses of systemic TNFα, low concentrations of 
the cytokine must be targeted specifi cally to the tumor vasculature. To achieve this, 
a Cys-Asn-Gly-Arg-Cys (NGR) sequence serving as a ligand for the CD13 isoform 
expressed in tumor neovasculature, was fused with TNFα to develop tumor vascu-
lar–targeting version of TNF α  [ 86 ]. Therapy using TNF-NGR resulted in transiently 
enhanced tumor blood vessel permeability, and the increased effi ciency of chemo-
therapy drugs delivery into murine  tumors  , without the development of systemic 
toxicities usually observed for administration of native TNFα. Low doses of NGR- 
TNF also activated the endothelium as evidenced by VEC upregulated expression of 
VCAM-1 and ICAM-2, and by VEC release of MCP-1/CCL-2, MCP-3/CCL-7, 
MIP-2, oncostatin-M, and stem cell factor (SCF), factors that serve to attract and 
activate T cells. This TNF-based therapy also resulted in the loosening of 
VE-cadherin in the adherens junctions of VECs such that it favors T cell extravasa-
tion. Furthermore, this regimen led to reduced hypoxia in the TME, alleviating the 
immunosuppressive environment and supporting TIL proliferation and survival. 
When applied with cancer vaccines and ACT, TNF-NGR enhances the effi cacy of 
these immunotherapeutic modalities in the absence of signifi cant toxicity [ 87 ]. 
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Moreover, in phase II trials in relapsed patients with ovarian cancer, the combina-
tion of NGR-TNF and doxorubicin improved progression-free survival and overall 
survival [ 88 ].  

3.4.2      Metronomic Chemotherapy      

 Most chemotherapeutic agents damage the DNA or inhibit microtubule formation in 
order to selectively kill rapidly dividing cells, which includes neo-angiogenic endo-
thelial cells. Conventionally, chemotherapeutic drugs are administered at the maxi-
mum tolerated dose in single doses or short courses followed by prolonged breaks 
between each therapeutic cycle [ 89 ]. The 2–3-week break between cycles is neces-
sary to allow the patient to recuperate from adverse drug reactions but it also affords 
the tumor endothelial cells time to recover and continue their pro-angiogenic pro-
gramming [ 90 ]. 

 Metronomic chemotherapy, on the other hand, involves the administration of 
low doses of chemotherapeutic  agents      on a frequent or continuous schedule with 
no drug-free breaks. Metronomic chemotherapy has been shown to have anti- 
angiogenic effects in vivo. It selectively prevents the proliferation and migration 
of endothelial cells, while blocking their apoptosis. Metronomic chemotherapy 
also leads to production of thrombospondin-1 (an anti-angiogenic factor) and 
reduces the content of bone marrow-derived endothelial cell precursors within the 
treated TME [ 90 ]. 

 Metronomic chemotherapy has also been reported to exert immunomodulatory 
effects that favor anti-tumor response. Several pre-clinical and clinical studies have 
shown that metronomic chemotherapy reduces the Treg population and suppresses 
Treg function. It has also been shown to improve lymphocyte proliferation and T 
cell memory population expansion [ 90 ,  91 ]. 

 In clinical trials, metronomic chemotherapy as a single modality or in combina-
tion with other anti-cancer therapies demonstrated clinical benefi ts in patients with 
advanced breast cancer, recurrent ovarian cancer, hormone-resistant prostate cancer, 
advanced multiple myeloma, recurrent non-Hodgkin’s lymphoma, recurrent malig-
nant glioma and glioblastoma, metastatic or locally advanced neuroendocrine carci-
noma, among others. Response to metronomic chemotherapy was observed to last 
for several months and was associated with increased overall survival and progres-
sion free-survival [ 91 ]. Furthermore, the vascular normalizing and immunomodula-
tory effects of metronomic chemotherapy make it a potential adjuvant for 
immunotherapy-based approaches. Indeed, metronomic cyclophosphamide therapy 
in combination with prophylactic gene-based vaccine targeting mel3 has been 
reported to inhibit B16.mel3 tumor growth in mice when compared to  monotherapy   
with cyclophosphamide or vaccination [ 92 ]. However, several clinical studies have 
suggested that metronomic chemotherapy does not signifi cantly improve anti-tumor 
effi cacy of immunotherapy although there was a trend towards improved overall 
survival and even increased antigen-specifi c CD8 +  activity in some cases [ 93 ]. 
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 Metronomic chemotherapy is generally well-tolerated and, thus, has the poten-
tial to improve quality of life with minimal toxicity. However, prolonged  metro-
nomic chemotherapy   can lead to the accumulation of anti-cancer drugs and to the 
subsequent development of secondary diseases [ 94 ]. Furthermore, resistance to 
metronomic chemotherapy could develop through “reduced vascular dependence,” 
in which resistant tumor cells grow in hypoxic and malnourished environments 
without the formation of neovasculature [ 90 ].  

3.4.3      Anti-VEGF   

 VEGF is an important driver of angiogenesis and is overexpressed in a number of 
tumor lesions. Hence, targeting VEGF has been the focus of numerous studies that 
aims to inhibit tumor angiogenesis. So far, two anti-VEGF agents have been approved 
by the  US Food and Drug Administration (FDA)   as anti-angiogenic therapy for can-
cer:  bevacizumab   (Avastin, Genetech), which is a humanized anti- VEGF- A mono-
clonal antibody [ 95 ] and afl ibercept (Zaltrap, VEGF-Trap, Regeneron and Sanofi  
Aventis), which is a recombinant fusion protein consisting of the extracellular 
domains of VEGFR1 and VEGFR2 and the Fc portion of human IgG [ 96 ]. Both 
bevacizumab and afl ibercept bind VEGF and prevent its binding to  VEGFR   (Fig.  3.2 ). 
Treatment with these anti-VEGF agents inhibits VEC proliferation, reduces vessel 
permeability, lowers blood vessel density, and inhibits tumor growth [ 97 – 100 ].

   In pre-clinical studies, anti-VEGF treatment pruned immature tumor vessel 
branches and the vessels that survive were reverted to a more normal phenotype that 
enhanced blood fl ow and perfusion and reduced hypoxia in the TME. However, 
vascular normalization and, therefore, clinical benefi t with anti-VEGF treatments is 
only transient with treatment-refractory disease developing in most cases. Hence, 
 anti-VEGF therapy   is typically administered in combination with chemotherapy in 
the clinic [ 101 ,  102 ]. 

 Bevacizumab, in combination with chemotherapy, has been approved as fi rst- or 
second-line treatment for metastatic colorectal cancer, non-small cell lung cancer 
(NSCLC), and metastatic renal cell carcinoma (RCC) and, as a single-agent, second- 
line treatment option for patients with recurrent glioblastoma [ 103 ].  Afl ibercept  , 
also in combination with chemotherapy, has been approved as second-line treatment 
for metastatic colorectal carcinoma [ 96 ].  

3.4.4      Tyrosine Kinase Inhibitors   

 VEGF, FGF, PDGF, and other angiogenic factors signal through specifi c  receptor- 
type tyrosine kinases (RTKs)  . In general, RTKs consist of an extracellular ligand- 
binding region, a transmembrane helix, and a cytoplasmic tyrosine kinase domain. 
Activation of the pro-angiogenic pathway begins with the binding of an angiogenic 
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 angiogenesis  . ( a ) 
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expressed on the surface of 
endothelial cells. ( b ) 
Bevacizumab (a 
monoclonal anti-VEGF 
antibody) and afl ibercept 
(a recombinant VEGFR-Fc 
fusion protein), bind VEGF 
and prevent its interaction 
with endothelial cell- 
expressed VEGFR, thereby 
inhibiting growth of new 
tumor-associated blood 
vessels ( c ) TKIs compete 
with ATP in the catalytic 
tyrosine kinase domain of 
VEGFR and other RTKs 
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factor to its cognate RTK and the dimerization/oligomerization of the receptor. 
Assembly of the RTK complex induces a receptor molecule to phosphorylate one or 
more tyrosines in the adjacent receptor. The phosphorylated receptor then serves as 
a docking and activation site for other signaling proteins [ 104 ].  Tyrosine kinase 
inhibitors (TKIs)   are small molecules that inhibit downstream signaling of RTKs by 
competing with ATP binding to the catalytic domain of tyrosine kinase [ 105 ]. 

 Several TKIs targeting angiogenesis-related  RTKs   have been developed as anti- 
cancer treatment. Sunitinib (SU11248, Sutent, Pfi zer), sorafenib (BAY43-9006, 
Nexavar, Bayer, Inc.), pazopanib (GW786034, Votrient, GlaxoSmithKline), and 
axitinib (Inlyta, AG-013736, Pfi zer) target VEGFRs and some of these TKIs also 
bind PDGFRs, stem cell factor receptor (c-Kit), Flt3 and other RTKs [ 106 – 109 ]. In 
vitro assays using human umbilical vein endothelial cells (HUVECs) demonstrated 
that sunitinib,  sorafenib  , pazopanib and axitinib inhibit downstream VEGFR signal-
ing, leading to decreased proliferation, survival, migration and capillary tube forma-
tion of HUVECs [ 110 – 113 ]. In vivo, these TKIs normalize the tumor-associated 
vasculature by suppressing angiogenesis and decreasing microvessel density. The 
anti-angiogenic effects of these TKIs are associated with tumor growth inhibition in 
a range of murine xenograft models [ 107 ,  111 ,  114 – 116 ]. 

 Although developed as an anti-angiogenic drug, several pre-clinical studies have 
shown that sunitinib also has the capacity to reverse immune dysfunction in the 
TME. In MCA-26 colon and LLC1-Lewis lung carcinomas, treatment with suni-
tinib led to a reduction in immunosuppressive MDSCs and Tregs, while coordi-
nately promoting CD8 +  and CD4 +  effector T cell infi ltration into the TME. Type-2 
immune responses were also blocked as suggested by the decrease in expression of 
IL-10 and TGFβ. Furthermore, sunitinib treatment decreased PD-L1 expression on 
MDSCs and DCs, and CTLA-4 and PD-1 expression in CD8 +  and CD4 +  T cells 
[ 117 ]. Similarly, sunitinib treatment also restored normal T cell function and sup-
pressed MDSCs in the spleens of mice bearing B16, RENCA, CT26 and 4T1 tumors 
[ 118 ,  119 ]. Clinical results for sunitininb have provided concordant results. After 
one cycle of sunitinib treatment, the number of IFN-g-producing (type-1) T cells 
increased, while IL-4-producing type-2T cells were reduced in patients with renal 
cell carcinoma (RCC) [ 120 ]. Although no signifi cant reduction in the Treg cell fre-
quency in patient peripheral blood was observed, there was an inverse correlation 
noted between increased type-1T cell responses and decreased Treg levels in PBMC 
after sunitinib treatment. On the other hand, others have reported that sunitinib 
might have a negative impact on immune cells numbers/function.  Sunitinib   has 
been shown to inhibit T cell proliferation and to down-regulate expression of the 
activation markers CD25 and CD69 on in vitro (mitogen)-activated T cells isolated 
from healthy volunteers and cancer patients [ 121 ]. High doses of sunitinib have also 
been reported to block IL-12 production from DCs matured in vitro with IFN-α, 
TNF-α and poly I:C [ 122 ]. These data suggest that the dose and schedule of TKIs, 
such as sunitinib, must be carefully regulated based on possible (high-dose, chronic) 
immune-toxicities. 

 Anti-angiogenic TKIs have been FDA-approved as fi rst-line or second-line treat-
ment for different malignancies.  Sunitinib   is currently being administered as fi rst- 
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line therapy for patients with RCC and unresectable pancreatic neuroendocrine 
tumors. It is also approved as second-line therapy for patients with gastrointestinal 
stromal tumors [ 123 ,  124 ]. Sunitinib is effective in inducing objective clinical 
responses in patients with small cell lung carcinoma (SCLC), breast cancer, thyroid 
cancer and chondrosarcoma [ 123 ].  Sorafenib   has been approved as a therapeutic 
agent for advanced RCC, unresectable hepatocellular carcinoma, and recurrent or 
metastatic differentiated thyroid carcinoma [ 125 ,  126 ].  Pazopanib  , on the other 
hand, has been approved as treatment for patients with RCC or soft tissue sarcoma 
after standard-of-care chemotherapy [ 127 ,  128 ].  Axitinib   has been approved as a 
second-line treatment option for RCC [ 106 ].  

3.4.5     Tumor Blood Vessel-Associated Antigens (TBVA)-
Targeted  Vaccines      

 The FDA approval of the fi rst therapeutic cancer vaccine, sipuleucel-T (Provenge, 
Dendreon), has confi rmed that antigen-specifi c vaccines can elicit an immune sys-
tem to attack tumor cells in the clinical setting [ 129 ].  Sipuleucel-T   is a treatment 
option for castration-resistant prostate cancer, targeting prostate acid phosphatase 
expressed on cancer cells. Tumor blood vessel cells are also attractive targets for 
active, specifi c immunotherapy, and hypothetically, have several advantages over 
cancer cells as targets. Cellular stressors in the TME promote unique epigenetic 
programing, resulting in unique phenotypes that allow for differential recognition of 
tumor stromal cells, including VECs and pericytes, from their normal counterparts 
by the adaptive immune response [ 58 – 60 ]. These tumor blood vessel-associated 
antigens (TBVA) may be targeted immunologically via active, specifi c vaccination 
to promote the activation of T effector cells that can selectively target abnormal 
tumor blood vessel cells, leading to the potential normalization of the tumor-associ-
ated vasculature (Fig.  3.3 ). VECs and pericytes are also strategically more visible to 
immune surveillance being highly accessible to circulating immune effector cells in 
the blood. Lastly, VECs and pericytes are more genetically stable than tumor cells 
and, hence, less prone to adaptive mechanisms associated with immune escape.

   Early TBVA-based vaccines targeted VEGFRs, which are highly expressed on 
the surface of tumor VECs in the neovasculature. In murine tumor models, peptide- 
based and gene-based VEGFR1- and VEGFR2-targeted vaccines elicited antigen- 
specifi c CD8 +  T cell responses in association with inhibited tumor angiogenesis and 
slowed disease progression [ 130 – 132 ]. The success of VEGFR-targeted vaccines in 
pre-clinical models drove the development of elpamotide, a vaccine against human 
VEGFR2 containing the HLA-A24-presented peptide epitope RFVPDGNRI [ 132 , 
 133 ]. Phase I trials of elpamotide (as a single agent or in combination with other 
peptide vaccines and/or chemotherapy) demonstrated safety of the treatment and, to 
some degree, the ability of the approach to induce T cell immune responses associ-
ated with reduced angiogenesis in patients with pancreatic cancer, colorectal cancer 
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or NSCLC [ 134 – 137 ]. However, in a Phase II/III clinical trial,  elpamotide      in com-
bination with the chemotherapeutic agent gemcitabine, did not improve overall sur-
vival of patients with advanced-stage pancreatic cancer [ 133 ]. 

 Other TBVA that may not be directly involved in angiogenic pathways may also 
be targeted for use in tumor immunotherapies. Vaccination of HLA-A2 (HHD) 

TBVA

VEC

T cell-mediated
cytotoxicity

PericyteTumor vasculature

Vaccine-induced
immunological targeting of
tumor blood vessel cells

DC + TBVA peptide-based vaccine

DC presenting tumor VEC-
associated antigen

CD8+ T cell

  Fig. 3.3     TBVA-targeted vaccines  . Tumor-associated pericytes and VECs express unique antigens 
that differentiate them from their normal counterparts. Active vaccines (such as those implement-
ing patient-derived DCs and TBVA-derived peptides) activate TBVA-specifi c T effector cells that 
circulate through the blood system, where they can selectively recognize/target tumor blood vessel 
cells. Infl ammatory/cytotoxic mechanisms mediated by anti-TBVA T cells promote vascular nor-
malization (i.e., reduced vascular arborization and permeability with coordinate decreases in tissue 
hypoxia and interstitial fl uid pressure) and increased T cell traffi cking into the tumor (based on 
vascular activation and locoregional production of T cell-recruiting chemokines)       
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transgenic mice bearing HLA-A2 neg  B16 melanoma or MC38 colon carcinoma with 
dendritic-based (DC) 1-based vaccines incorporating HLA-A2-restricted peptide 
epitopes derived from TBVAs such as delta-like homologue 1 (DLK1), EphA2, 
hemoglobin-β, NG2, NRP-1, PDGFRβ, RGS5, and tumor endothelial marker 
(TEM1) were shown to be effective in providing protective and therapeutic anti- 
tumor immunity [ 138 ]. The vaccination strategy resulted in tumor infi ltration by 
CD8 +  T cells that differentially recognized tumor VECs and/or pericytes, in associa-
tion with a reduction in blood vessel density in the TME. Pericytes in murine mela-
noma, murine RENCA and human RCC overexpress the Notch receptor antagonist 
DLK1 [ 138 ,  139 ]. DLK1-targeted DC peptide-based and gene-based vaccination of 
RENCA-bearing mice upregulated the expression of VCAM-1 in VECs and 
CXCL10 in the TME that improved type-1 CD8 +  T effector cell infi ltration into 
tumors and in CD8 +  T cell-dependent inhibition of tumor cell growth [ 139 ]. The 
vaccines also resulted in a normalization of the vasculature in the TME, as charac-
terized by treatment-associated reductions in vascular arborization, vascular perme-
ability and hypoxia. Gene-based vaccination against TEM1 (aka CD248) has also 
been used as a prophylactic or therapeutic strategy against CT26 (colon), TC1 (cer-
vical), and LLC (lung) carcinomas, with the vaccine resulting in CD3 +  T cell- 
dependent tumor growth inhibition [ 140 ]. These results suggest that TBVA-targeted 
 vaccination      can lead to vascular normalization within the TME as a prelude to the 
more effective delivery of chemotherapeutic agents and ACT in combination treat-
ment approaches.  

3.4.6      Chimeric Antigen Receptor (CAR) T Cells      

 CAR T cells are genetically-engineered to express antigen-specifi c receptors that 
combine antibody-like recognition and T cell receptor activating functions [ 141 ]. 
CARs are composed of antigen-binding region, usually single-chain variable frag-
ments from monoclonal antibodies, a transmembrane domain and an endodomain 
derived from the CD3 zeta co-receptor. 

 Recent clinical studies on CAR T cells, the majority of which were designed to 
treat B cell malignancies, suggest great promise in the clinic [ 142 ]. Thus far, how-
ever, CAR T cells have displayed only limited effectiveness in solid tumors due to 
their inability to actively migrate and extravasate into the TME. As a consequence, 
TBVA-targeting CAR T cells are being developed to circumvent the need for pen-
etration into the TME (or to potentially improve co-transferred anti-tumor CAR T 
cells based on vascular normalization mechanisms). CAR T cells engineered to tar-
get echistatin, which binds to the α v β 3  integrin expressed on tumor VECs, have been 
shown to lyse αvβ3 integrin +  HUVECs in vitro [ 143 ]. Treatment of tumor-bearing 
mice with echistatin-reactive CAR T cells led to the destruction of tumor blood ves-
sels and inhibition of tumor growth. Adoptive transfer of VEGFR-2 CAR T cells 
co-transduced with cDNA encoding IL-12p70 has also demonstrated anti-tumor 
effi cacy in tumor-bearing mice and prolonged overall survival [ 144 ]. Interestingly, 

K.L. Fabian and W.J. Storkus



67

this approach also resulted in a treatment-associated reduction in tumor-associated 
MDSC (as previously observed for the anti-angiogenic action of  TKI         as described 
above). Despite such promising pre-clinical results, TBVA-targeted CAR T cells 
have yet to be administered to cancer patients in the clinical setting.  

3.4.7     Combination Therapy:  Vascular Normalizing Agents 
and Immunotherapy   

 Improved understanding of the complexities of cancer heterogeneity, genetics and 
oncogenic signaling pathways associated with acquired resistance to single modal-
ity therapies has reinforced the need to develop combination/multi-modality immu-
notherapies in order to reproducibly achieve durable objective clinical responses in 
the cancer setting. As single modality approaches (cancer vaccines, immune check-
point inhibitors, ACT, among others) have each demonstrated promising (sustained) 
therapeutic benefi ts in a minority of treated patients [ 145 ,  146 ]. Cancer vaccines are 
effective in eliciting anti-tumor immune response but one of the main limitations is 
the ineffi cient delivery of vaccine-induced T cells into the tumor lesion [ 147 ]. A 
number of studies have suggested that anti-angiogenic agents may be largely 
immune-dependent in their anti-tumor action, with many suggesting their use as 
“adjuvants” for integration into cancer vaccine formulations. Anti-angiogenic 
agents normalize the vasculature, increase blood perfusion and improve delivery of 
chemotherapeutic drugs and immune effector cells in the tumor bed [ 148 ]. In addi-
tion, some anti-angiogenic agents also have the capability to reduce hypoxia and 
immunosuppressive MDSC and T cell populations and promote the upregulation of 
vascular adhesion molecules and chemokines that enhance T cell recruitment into 
the TME [ 147 ,  149 ]. Indeed, in murine melanoma models, combination vaccination 
along with systemic delivery of TKIs axitinib, sunitinib or dasatinib resulted in 
superior therapeutic benefi t when compared to either vaccination alone or TKI 
treatment alone. Concurrent administration of a DC/peptide vaccine and TKI 
improved the overall survival of M05 melanoma-bearing mice and was associated 
with the upregulated expression of VCAM-1 and CXCR3 ligand  chemokines   in the 
tumor endothelium and robust type-1 T cell infi ltration in the TME [ 118 ,  149 ,  150 ]. 
In another study, treatment of MC38 colon carcinoma-bearing mice with the com-
bination of sunitinib pre-conditioning followed by a CEA gene-based vaccine 
resulted in increased tumor infi ltration by CEA-specifi c CD8 +  T cells, decreased 
Treg and MDSC populations, reduced tumor volumes and prolonged survival [ 151 ]. 
Simultaneous administration of sunitinib and the vaccine or administration of vac-
cine prior to sunitinib, however, did not result in improved survival [ 151 ,  152 ]. In a 
phase III clinical trial, the combination of a poxvirus-based vaccine encoding the 
tumor antigen 5T4 (TroVax) followed by administration of sunitinib was evaluated 
in renal cancer patients, with no benefi t for the combined protocol versus sunitinib 
monotherapy observed [ 153 ]. These translational and clinical data strongly suggest 
that treatment schedule is likely critical to the success of such combination 

3 Vascular Normalization, T Cell Traffi cking and Anti-tumor Immunity



68

therapies. The temporal interval wherein the anti-angiogenic agents (TKIs, TBVA-
based vaccines, others) normalize the tumor vasculature and decrease immunosup-
pressive cell populations in the TME in advance of the arrival of vaccine-induced or 
ACT anti-tumor T cells must be determined in order to optimize the clinical benefi ts 
of such combination vaccines. This is further complicated by the effective window 
during which the adjuvant qualities of anti-angiogenic inhibitors act in the TME in 
the absence of off-target toxicities (including some manifest in immune cell popula-
tions). Hence, biomarkers to predict the effi cacy of anti-angiogenic drugs (i.e., 
increased systemic levels of CXCR3 ligand chemokines, reduced levels of CXCL12, 
etc.) or techniques to monitor blood perfusion in patients in a non-invasive manner 
must be developed to defi ne an optimal  combination   schedule based on vascular 
normalization criteria [ 82 ,  154 ,  155 ].   

3.5     Summary 

 Type-I T cell functions such as IFN-γ secretion and cytolytic activity appear essential 
to tumor immune surveillance and regulation [ 156 ]. Effective immunotherapies 
(including cancer vaccines, immune checkpoint inhibitors and ACT) have been 
designed to reinstate, bolster and sustain Type-1 immunity against primary and meta-
static cancer cells. These approaches have thus far, yielded sporadic instances of pro-
found clinical effi cacy, however, their rate and magnitude of clinical responsiveness 
may be limited by prohibitory characteristics of the TME that harbor dominant sup-
pressor networks or that curtail T effector cell infi ltration from the peripheral blood. 
These obstacles may be obviated in a coordinate manner by co- therapy approaches 
that lead to vascular normalization within the TME. Combination protocols integrat-
ing TKI or vaccines/CAR T cells targeting TBVAs are currently being developed and 
tested, bearing in mind the likelihood that vascular normalization should be achieved 
in advance of eliciting or delivering anti-tumor T cell populations in vivo. 

 The comparative genetic stability of tumor-associated vascular cells and their 
expression of a unique antigenic signature borne of TME conditioning supports 
their targeting as a general strategy for solid cancers in any combination approach. 
Furthermore, cancer vaccines based on TBVAs have demonstrated the added benefi t 
of expanding the anti-tumor T cell repertoire based on the process of epitope/deter-
minant spreading. The identifi cation of additional novel TBVAs that are broadly 
shared amongst solid tumor types is of great translational/clinical interest for devel-
oping cancer vaccines and targeted therapies. In this regard, genomic and proteomic 
analyses of isolated cells from tumor versus (patient-matched) normal tissues to 
defi ne new TBVA may support major advances in these clinical approaches and the 
future development of increasingly effective combination therapies.     
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    Chapter 4   
 Disruption of Anti-tumor T Cell Responses 
by Cancer-Associated Fibroblasts                     

     Arnaud     Pommier      and     Douglas     T.     Fearon    

    Abstract     Tumors arise from the malignant transformation of normal cells through 
genetic dysregulation of the cell growth controls. However, cancer cells are not the 
only component of a tumor and the non-cancer cell part of the tumor has been 
termed stroma. The tumor stroma comprises cells of at least three different origins: 
endothelial, mesenchymal and hematopoietic, thereby forming a complex microen-
vironment. Among these three elements, immune cells have been extensively stud-
ied for the last 20 years because of their potential tumoricidal properties. However, 
immunologists failed to effi ciently harness the immune system’s anti-tumor proper-
ties until very recently, shedding light on a very complex immuno-suppressive net-
work in tumor-bearing hosts. The mesenchymal part of the tumor, the so-called 
cancer-associated fi broblasts (CAFs), is among those actors of the tumor that have 
been disregarded despite their crucial role. Indeed, CAFs have been recently shown 
to be one of the more potent immune-suppressive cells of the tumor micro- 
environment. This chapter focuses on their roles on immune components of the 
tumor micro-environment, especially T cells. CAFs can impact T cells in two major 
ways: Disruption of T cell homeostasis and functions, and exclusion of T cells from 
the vicinity of tumor cells. These recent advances in the understanding the tumor 
micro-environment reveals potential new ways for attacking tumor cells.  
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  Abbreviations 

   Ab    Antibody   
  APCs    Antigen presenting cells   
  CAFs    Cancer-associated fi broblasts   
  CSC    Cancer stem cell   
  CTL    Cytotoxic T cells   
  CTLA-4    Cytotoxic T lymphocyte antigen-4   
  DCs    Dendritic cells   
  ECM    Extracellular matrix   
  EMT    Epithelial-to-mesenchymal transition   
  FAP    Fibroblast activation protein   
  FRCs    Fibroblastic reticular cells   
  FSP1    Fibroblast specifi c protein-1   
  HCC    Hepatocellular carcinoma   
  HGF    Hepatocyte growth factor   
  HO-1    Heme oxidase-1   
  HSCs    Hepatic stellate cells   
  IDO    Indolamine-2,3-dioxygenase   
  IFN    Interferon   
  IL    Interleukin   
  ITIM    Immunoreceptor tyrosine inhibitory motif   
  LOX    Lysyl-oxidase   
  MDSCs    Myeloid derived suppressor cells   
  MHC    Major hiscompatibility complex   
  MLR    Mixed lymphocyte reaction   
  MMPs    Matrix metalloproteases   
  MSCs    Mesenchymal stem cells   
  NSCLC    Non-small cell lung carcinoma   
  PD-1    Programmed death-1   
  PD-L1    Programmed death ligand-1   
  PDAC    Pancreatic ductal adenocarcinoma   
  PDGF    Platelet-derived growth factor   
  PGE2    Prostaglandin E2   
  PSCs    Pancreatic stellate cells   
  ROS    Reactive oxygen species   
  α-SMA    α-Smooth muscle actin   
  TAMs    Tumor-associated macrophages   
  TGFβ    Transforming growth factor β   
  TLSs    Tertiary lymphoid structures   
  Tregs    Regulatory T cells   
  TSLP    Thymic stromal lymphopoietin   
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4.1         Introduction 

 Tumors arise from the malignant transformation of normal cells through genetic 
dysregulation of the cell growth controls as highlighted by Hanahan and Weinberg 
in their hallmarks of cancer almost 15 years ago [ 1 ]. However, cancer cells are not 
the only component of a tumor. Although the importance of the  tumor stroma  , i.e., 
the non-cancer cell part of the tumor, has been proposed since a very long time 
through the concept of “seed and soil” [ 2 ], it has been only recently that there has 
been renewed interest in it. The tumor stroma comprises cells of at least three dif-
ferent origins: endothelial, mesenchymal and hematopoietic, thereby forming a 
complex  microenvironment   (Fig.  4.1 ). Among these three elements, immune cells 

  Fig. 4.1    Components of the tumor micro- environment  . Immunofl uorescence staining of liver 
metastases sections from KPC mice. ( a ) Tumor cells identifi ed by ErbB2 staining, ( b ) Collagen 
identifi ed by second harmonic generation (SHG), ( c ) T cells identifi ed by CD3 staining, ( d ) 
Endothelial cells identifi ed by CD31 staining, ( e ) CAFs identifi ed by FAP staining and ( f ) Myeloid 
cells identifi ed by CD11b staining. Dashed lines delimitate the desmoplastic region, that include 
tumor cells and stromal compartment, for each tumor. Scale bar = 100μm       
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have been extensively studied for the last 20 years because of their potential tumori-
cidal properties [ 3 ]. However, immunologists failed to effi ciently harness the 
immune system’s anti-tumor properties until very recently, shedding light on a very 
complex immuno-suppressive network in tumor-bearing hosts [ 4 ].  Cytotoxic T cells 
(CTL)   are a main component of the adaptive immune system and are the most 
potent anti-tumor cells [ 5 ] yet their activity is inhibited by multiple actors of the 
tumor microenvironment. Indeed, every cell type in the tumor may contribute to 
CTL suppression by a variety of mechanisms. Cancer cells on their own have devel-
oped multiple mechanisms to avoid CTL-mediated killing either by avoiding recog-
nition through down-regulation of antigen expression [ 6 ,  7 ], resistance to lysis [ 8 ] 
or expression/secretion of immuno-regulatory molecules [ 9 ]. Aberrant vasculature 
in tumor leads to impaired CTL infi ltration and localization, thus, limiting their 
anti-tumor properties [ 10 ]. Immune cells in the tumor microenvironment not only 
have potential roles in immune activation, but also have immuno-suppressive capa-
bilities like tolerogenic dendritic cells (DCs) [ 11 ], tumor-associated macrophages 
(TAMs) [ 11 ], myeloid-derived suppressor cells (MDSCs) [ 11 ], and regulatory CD4 +  
T cells (Tregs) [ 12 ]. Finally, the mesenchymal part of the tumor, the so-called 
cancer- associated fi broblasts (CAFs), also is a major component of the suppressive 
tumor microenvironment [ 13 ,  14 ].

4.2        Defi nition: From  Myofi broblasts to CAFs   

 Cells of mesenchymal origin, or fi broblasts, are a key component of tissue homeo-
stasis. They model the framework of tissues by their synthesis of extracellular matrix 
(ECM) constituents such as fi bronectin and collagens [ 15 ]. Fibroblasts remain in a 
quiescent state until tissue remodeling becomes necessary during wound-healing 
and tissue regeneration. These activated fi broblasts have been termed myofi bro-
blasts and were originally described during the  wound-healing process  . Upon tissue 
damage, fi broblasts proliferate and differentiate to myofi broblasts, as originally 
described by Darby and Laverdet [ 16 ], which express the contractile stress fi bers, 
spliced variants of fi bronectin and α-smooth muscle actin (α-SMA), and produce 
high levels of ECM components and chemokines. Thus, myofi broblasts acquire 
contractile capabilities to close the wound, regenerate the ECM and attract epithelial 
cells to complete the healing process [ 16 ]. Once the wound-healing process is com-
pleted, the majority of myofi broblasts are cleared from the tissue through apoptosis 
[ 16 ] or nemosis [ 17 ]. Tumors share many of the features of the wound-healing pro-
cess, leading to the proposal that they are “wounds that do not heal” [ 18 ]. Therefore, 
CAFs reasonably share similarities with myofi broblasts found in wounded tissues, 
including expression of α-SMA and contractile properties [ 19 ]. CAFs are found in 
all solid tumors but their prevalence varies greatly. Many are found in prostate, 
breast and pancreatic cancers whereas there are fewer CAFs in ovarian, renal and 
melanoma tumors [ 15 ]. The lack of generally accepted specifi c markers for CAFs 
suggests that they are a heterogeneous population at the phenotypic level. Besides 
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α-SMA, many other markers have been used to defi ne CAFs, many of which, how-
ever, may also be found in mesenchymal cells from normal  tissues  , which have 
made diffi cult their specifi c targeting for conditional ablation. Of note,  Fibroblast-
specifi c protein-1 (FSP-1)   has long been used as a fi broblast marker but it is now 
known that macrophages express FSP-1 particularly in the infl amed environment 
[ 20 ]. Also, when combined with other markers, FSP-1 expression by CAFs seems 
rather poor in the Rip1Tag2 transgenic model of pancreatic cancer and transplanted 
breast tumors [ 21 ].  Platelet-derived growth factor (PDGF)   receptors α and β, α-SMA 
and NG2 are frequently expressed on CAFs; however they are also found on peri-
cytes, the smooth-muscle cells coating vasculature [ 22 ,  23 ]. Furthermore, some 
 cancer cells, especially sarcomas, express PDGFRα and PDGFRβ [ 24 ].  Fibroblast-
activation protein-α (FAP)   is expressed by fi broblastic cells of most human adeno-
carcinomas [ 25 ], but is also expressed on mesenchymal cells at sites of chronic 
infl ammation, such as rheumatoid arthritis synovial tissue, cirrhotic lesions of the 
liver, and atherosclerosis. In the mouse, FAP is expressed by CAFs in the autochtho-
nous model of pancreatic ductal adenocarcinoma (PDAC) KPC (Kras G12D ; p53 R172H ; 
Pdx-1Cre) [ 26 ] and in transplanted tumors [ 13 ,  14 ]. FAP is also expressed on a 
small fraction (less than 10 %) of TAMs [ 27 ]. Nevertheless, all FAP-expressing cells 
of the tumor microenvironment express α-SMA and PDGFRα but do not surround 
the vasculature [ 14 ] thus probably making FAP the most accurate marker of  CAFs  . 
However, the presence of FAP- expressing cells in many normal tissues excludes it 
from being a specifi c marker for CAFs [ 28 ].  

4.3     On the Origin of CAFs 

 The origin of the CAF population is still debatable. Indeed, several reports have 
suggested different, and sometimes contradictory, origins of CAFs. A fi rst source of 
CAFs is local fi broblasts. Using a mouse model of  non-small cell lung cancer 
(NSCLC)  , it has been shown that exposure of normal lung fi broblasts to tumor cells 
induces the gene signature and phenotype found in CAFs [ 29 ]. In breast cancer, co- 
implantation of tumor cells with normal human resident fi broblasts gradually con-
verts them to a CAF phenotype in a TGFβ- and CXCL12-dependent manner [ 30 ]. 
 Stellate cells   are a specialized population of fi broblasts found in the liver (hepatic 
stellate cells, HSCs) and pancreas (pancreatic stellate cells, PSCs). Normally they 
may support organ development and regeneration [ 31 ]. However, they are also 
involved in liver and pancreas fi brosis that precede the occurrence of hepatocellular 
carcinoma (HCC) and b-cell tumors of the pancreas [ 31 ,  32 ], making them a likely 
source of CAFs. Two other local sources of CAFs have been suggested: In  fi brosis   
of the kidney, lung and liver, epithelial-to-mesenchymal transition (EMT) has been 
found to account for a large proportion of myofi broblasts [ 33 ]. Also, in models of 
 melanoma and pancreatic carcinoma  , transition of endothelial cells to a mesenchy-
mal phenotype has been shown to be an important origin of CAFs [ 34 ]. Beyond 
those local sources, more distant ones have been suggested. In breast and ovarian 
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murine tumors, it has been proposed that the mesenchymal cells associated with the 
vasculature originate from the surrounding adipose tissue, whereas the majority of 
the CAFs not associated with vasculature are recruited from the bone marrow [ 35 ]. 
Indeed,  bone marrow mesenchymal stem cells (MSCs)   share many features with 
CAFs [ 36 ]. In a mouse model of gastric cancer, 20 % of CAFs originate from bone 
marrow MSCs [ 37 ]. Finally, fi brocytes, which are a circulating population that is 
recruited to sites of infl ammation, have been shown to account for 25 % of CAFs in 
β-cell tumors of the pancreas [ 38 ].  

4.4     Role of CAFs on  Non-immune Components   of the Tumor 

 CAFs have both a capacity for modulating the tumor microenvironment, and for 
acting directly on cancer cells to support multiple aspects of tumor growth. 
Co-culture of CAFs and pre-malignant epithelial cells from human prostate cancer 
suggested that CAFs support the initiation of tumors. In vivo, co-implantating pre- 
malignant prostate cells with prostate-cancer derived CAFs markedly enhanced 
tumor growth while normal prostate fi broblasts showed no sign of malignant trans-
formation of the epithelial cells [ 39 ]. Moreover, CAFs support growth of 
 pre- malignant and malignant cells but not normal epithelial cells in vitro as well as 
in vivo [ 40 ]. Furthermore, CAFs have the capacity to remodel ECM leading to a 
tumor-prone desmoplastic stroma. This is of particular importance in breast [ 41 ], 
lung [ 42 ], colorectal [ 43 ] and pancreas tumors [ 44 ]. 

 CAFs have been shown to increase the numbers of cancer stem cells (CSC) and 
expression of CSC markers through secretion of IL-6 [ 45 ,  46 ], reactive oxygen spe-
cies (ROS) [ 47 ], hepatocyte growth factor (HGF) [ 48 ], CXCL7 [ 46 ], IL-17 [ 49 ] and 
prostaglandin E2 (PGE2) [ 50 ], leading to more aggressive tumor behavior. 

 CAFs may further support progression by increasing proliferation of tumor cells 
through secretion of CXCL12, CXCL14 [ 51 ,  52 ] and TGFβ [ 53 ], increasing angio-
genesis [ 54 ,  55 ]. Another important role of CAFs is to provide a tumor friendly 
ECM [ 56 ]. Indeed CAFs remodel and regulate the ECM thanks to their expression 
of multiple Matrix Metallo-Proteases (MMPs) and Lysyl oxidase (LOX), an enzyme 
responsible for type I collagen cross-linking [ 15 ]. Overall, CAFs acquire an infl am-
matory signature during cancer  progression   [ 57 ] that correlates with a poor clinical 
outcome [ 58 ]. Interestingly, TGFβ is required for the differentiation of normal fi bro-
blasts to CAFs and their maintenance [ 59 ] but CAFs are also a major source of 
 TGFβ   in the tumor micro-environment [ 30 ]. This suggests an autocrine loop where 
CAFs increase their own activation and therefore pro-tumoral properties. 

 Finally, CAFs can increase metastatic activity through multiple processes. 
Secretion of IL-11 in colorectal cancer (CRC) [ 60 ] and CCL5 in breast cancer [ 61 ] 
stimulates tumor cells and accelerates metastasis. Degradation of the ECM by CAF- 
derived MMPs have been shown to promote metastasis in melanoma [ 62 ], skin ska-
mous cell carcinoma [ 63 ], breast cancer [ 64 ] and CRC [ 65 ]. EMT has been proposed 
to be a crucial, if not mandatory, step to metastasis [ 66 ], and CAFs may promote 
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EMT in PDAC [ 67 ] and in prostate cancer through secretion of ROS [ 47 ]. Beyond 
promoting primary tumor seeding by infl uencing the microenvironment, CAFs can 
support tumor cells that are actually migrating. Indeed, analysis of the efferent 
blood of tumors showed clusters of epithelial cells and CAFs that are more likely to 
survive in the blood stream. Furthermore, those clusters seem to colonize target 
organs more effi ciently than solitary tumor cells [ 68 ]. 

 Recently, it has been suggested that CAFs may also act to restrain tumor progres-
sion, a fi nding that recalls much earlier work [ 69 ]. In the KPC mouse model of 
PDAC [ 70 ], deletion of Shh, a soluble ligand that drive generation of desmoplastic 
stroma, in tumor cells led to tumors with fewer CAFs (by α-SMA staining), less 
immune cell infi ltration (by CD45 staining) and more vasculature (by CD31 stain-
ing) that caused more rapid mortality despite being smaller than control PDACs. 
Moreover, tumors displayed a less undifferentiated morphology characteristic of 
EMT. While the mechanism underlying this process remains elusive, one can 
hypothesize that disruption of the cross-talk between CAFs and epithelial cells 
could lead to increase of the EMT-inducing program in CAFs. On the other hand, 
the alteration of the tumor microenvironment by the relative absence of immune 
cells could have had a major effect on cancer cell proliferation and differentiation.  

4.5     Infl uence of CAFs on Immune Components of Tumors 

 MSCs in the bone marrow have been shown to have immunoregulating properties 
contributing to maintenance of peripheral tolerance, autoimmunity, fetal-maternal 
tolerance and transplantation tolerance [ 71 ]. Similarly, beyond infl uencing the 
tumor cells on their own, CAFs, which some have proposed may be developmen-
tally related to MSCs, are powerful modulators of the tumor immune environment, 
acting both on innate and adaptive immunity. 

4.5.1     Role of CAFs on  Innate Immune Components   (Fig.  4.2 ) 

    (a) CAFs promote an  infl ammatory micro-environment   
 The tumor micro-environment may shape the secretory profi le of CAFs. For 

example, CAFs that are co-cultured with carcinoma cells exhibit a pro- infl ammatory 
secretory profi le including the biosynthesis of CCL7, CXCL1, CXCL2 and CXCL8 
[ 26 ,  72 ,  73 ]. Similarly, gene analysis of CAFs from skin tumors has shown that they 
possess an “infl ammatory signature”, also secreting high quantities of IL-6, IL-1β 
and CXCL5 [ 14 ,  74 ]. Mass spectrometry analysis of the secretome of CAFs from 
CRC further adds CXCL12, CCL5 and CXCL6 [ 75 ]. Finally, CAFs also produce 
IL-1β, CCL20 [ 76 ], CCL2 and CCL26 [ 77 ]. Of note, CAFs have been suggested to 
be higher producers of those infl ammatory mediators than tumor cells [ 76 ]. 
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 This secretion profi le shapes the tumor micro-environment to be infl ammatory. 
Indeed, IL-6, IL-1α and β cytokines of granulocytes and their recruitment in the 
tumor micro-environment but also stimulate invasion and angiogenesis [ 78 ]. 
CXCL1, 2, 5, 6 and 8 are ligands for the receptors CXCR1 and CXCR2 and are 
also implicated in granulocytes generation and recruitment [ 79 ]. Beyond its role 
on tumor cells, it was suggested that CXCL12 and its receptor CXCR4 play a role 
on hematopoietic precursors that in turn act on tumor progression and metastasis 
[ 80 ]. CCL5 and CCL7 act widely on immune cells but are of a particular impor-
tance in the generation and recruitment of monocytes and macrophages [ 81 ]. 
CCL20 and CCL26 interact with CCR6 and CCR3, respectively, and have been 
implicated in the recruitment of immature DCs [ 79 ] that are ineffi cient at present-
ing antigens (Ag) to T cells and can be immune-suppressive [ 82 ]. CCL2 has a 
broad range of targets but is mandatory to the generation, extravasation and recruit-
ment of infl ammatory monocytes [ 81 ]. While infl ammatory monocytes have 
mainly been associated with tumor progression [ 83 ], they have also been shown to 
exert anti-tumor properties in melanoma metastasis [ 84 ]. CCL2 expression in 
CAFs is controlled by galectin-1 which was also shown to regulate their activation 
[ 85 ] and CCL2 was implicated in inducing monocytes to a M2  macrophages   pro-
gram [ 86 ]. This raises the possibility of CAFs playing a role in the switch from 
anti- to pro-tumoral profi le of monocytes. Moreover, depletion of CAFs via a DNA 

  Fig. 4.2    Infl uence of CAFs on  innate immune components   of the tumor. CAFs act by three main 
mechanisms: Recruitment and promotion of survival of pro-tumoral innate immune cells, disrup-
tion of NK cell functions, and switch of innate immune cells from anti- to a pro-tumoral 
functions       
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vaccine targeting FAP has been shown to decrease TAMs and MDSCs numbers in 
breast cancer, suggesting a role of CAFs in their recruitment and/or differentiation 
[ 87 ]. However, this study fails to directly link CAF depletion to myeloid cell 
decrease. Indeed, some macrophages express FAP [ 27 ]. Thus, in the absence of 
appropriate verifi cation of the FAP-cell depletion, the disruption of the microenvi-
ronment observed may be also due to FAP-expressing macrophages depletion. 
Nevertheless, CAFs and myeloid cells seems to overall synergize to increase 
tumor progression, as CAFs recruit monocytes and polarize them into M2 macro-
phages, and the later in turn enhance activation of CAFs [ 88 ]. Of note, CAFs and 
M2 macrophages biomarkers are associated with the clinical outcome of CRC 
patients, those whose tumors have high numbers of both cells types having poor 
long term survival [ 89 ]. 

 Mast cells have been implicated in the reorganization of the tumor micro- 
environment and stimulation of angiogenesis [ 90 ]. In PDAC, a complex interaction 
between CAFs and mast cells has been recently suggested whereby CAFs promote 
both mast cell recruitment and activation. Thereafter, mast cells reciprocally 
enhance CAFs proliferation by their secretion of IL-13 and tryptase [ 91 ]. 
Accordingly, blockade of mast cell degranulation in this orthotopic model of PDAC 
decreased tumor growth. 

 In conclusion, due to their production of cytokines and chemokines, CAFs shape 
the infl ammatory character of the tumor micro-environment by recruiting innate 
immune cells, such as granulocytes, monocytes and mast cells. In turn, those infl am-
matory cells support tumor growth by stimulating  angiogenesis   and creating an 
immune-suppressive environment [ 11 ]. 

 (b) CAFs disrupt cytotoxic response of NK  cells   
 NK cells are potent cytotoxic lymphocytes that recognize aberrant expression of 

MHC class I molecules and stress factors. Their potential as an anti-tumor effector 
cell type due to their high capacity for lysing cancer cells was apparent to early 
investigators [ 92 ]. Therefore, it is relevant that MSCs and skin fi broblasts have 
been shown to decrease NK cell cytotoxicity in co-culture models [ 93 ]. Likewise, 
recent studies suggested that CAFs also are able to suppress NK cells functions. 
Co-culture of NK cells with CAFs from HCC decreased expression of the NK acti-
vation molecules, NKG2D and NKp46, as well as impaired granzyme B, perforin, 
TNFα and IFNγ secretion resulting in a decrease of 50 % of the cytolytic activity. 
This effect was mediated by expression of PGE2 and indolamine-2,3-dioxygenase 
(IDO) in CAFs [ 23 ]. A similar, PGE-dependent effect was observed with CAFs 
derived from CRC [ 94 ] and melanoma [ 95 ]. As previously stated, CAFs may be a 
major source of TGFβ in the tumor micro-environment [ 30 ], and TGFβ has been 
shown to decrease NK cell activation and cytotoxic activities by downregulating 
the activating  receptors  , NKG2D, Nkp6, NKp44, and NKp30, and decreasing IFNγ 
production [ 96 ].  
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4.5.2     Role of CAFs on Tumor Infi ltrating T Cells 

 A role for CAFs in regulating tumor-infi ltrating T cells has been highlighted by the 
analysis of mice in which FAP-expressing CAFs can be conditionally depleted. 
Mice depleted in CAFs show an immediate arrest of the growth of a transplanted 
Lewis lung carcinoma that was mediated by T cells [ 13 ]. There are several mecha-
nisms by which CAFs may disrupt T  cell   function in the tumor micro-environment 
(Fig.  4.3 ).

   (a) TGFβ dependent role of  CAFs   
 CAFs may produce large quantities of TGFβ [ 30 ], which, in the tumor microen-

vironment, may act on CD8 +  T cells both by decreasing their frequency and also by 
dampening their functions [ 97 ]. TGFβ has been shown to lower Bcl-2 expression in 
CD8 +  T cells leading to apoptosis [ 98 ]. TGFβ also inhibits effector functions of 
CD8 +  T cells. When cultured with TGFβ cells. Ag specifi c CD8 +  T cells from mela-
noma patients display a decrease in effector functions, as demonstrated showed by 
a decreased production of IFNγ, TNFα and GM-CSF, perhaps through a suppressive 
effect on T-bet expression. Interestingly, these changes were not refl ected by an 
altered effector memory phenotype of the cells [ 99 ]. Cytotoxic functions of CD8 +  T 
cells also are hampered by TGFβ, which downregulates expression of perforin, 
granzyme A, granzyme B, Fas ligand and IFNγ. This inhibitory outcome was a 

  Fig. 4.3    Infl uence of CAFs on  T cells  . CAFs impair anti-tumor properties of T cells by directly 
disrupting their effector functions, shaping T cells response to a pro-tumoral phenotype, disrupt 
their activation by DCs, and prevent T cells from contacting tumor cells       
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direct effect of TFGβ as a direct effect of TGFβ through activation of the Smad 
pathway and direct binding of pSmads to the granzyme B and INFγ promoters 
[ 100 ]. 

 Finally, TGFβ may contribute to immune suppression within the tumor microen-
vironment by inducing Foxp3 in naïve CD8 +  T cells at sites of T cell priming turn-
ing them into CD8 +  Tregs capable of inducing new  Tregs   in the tumor 
micro-environment [ 101 ]. 

 TGFβ also acts on CD4 +  T cells, downregulating GATA3 and T-bet to promote 
naïve over effector programming [ 102 ]. Furthermore, TGFβ is a powerful inducer 
of CD4  +  Tregs. TGFβ induces Foxp3 that in turn shuts down Smad7 expression, a 
protein that normally limits TGFβ signaling. Thus, a positive autoregulatory loop of 
TGFβ signaling is induced due to the absence of Smad7 [ 103 ]. Of note, it has been 
suggested that Tregs engage a cross-talk with CAFs via their own expression of 
TGFβ, increasing CAFs activation and pro-tumoral programming. Overall, the pres-
ence of high quantities of both CAFs and Tregs in the tumor microenvironment of 
lung adenocarcinoma correlates with a poor clinical outcome [ 104 ]. 

 Finally, TGFβ acts as an indirect inhibitor of T cells via its action on  Antigen- 
Presenting Cells (APCs)  . TGFβ decreases the number of DCs in the favor of TAMs. 
Moreover, it downregulates the expression of MHCII, CD80, CD86, CD40 that are 
necessary to effi cient Ag presentation as well as TNFα, IFNy, IL-12 and CCL5 
secretion that promote survival and recruitment of T cells. MSCs can inhibit CD4 +  
and CD8 +  T cell proliferation in a dose-dependent manner via their secretion of 
TGFβ [ 105 ], but whether this effect directly targets T cells or works through impair-
ment of DCs presentation properties remains to be elucidated. 

 While few of the previous effects have been directly linked to  TGFβ   produced by 
CAFs they are major producers of that cytokine in the tumor micro-environment. 
Thus it is very likely that one of their roles on T cells is in part mediated by TGFβ. 

 (b) CAFs shape  T cell responses   
 CAFs have the ability to infl uence T cell responses by switching them from an 

anti-tumor to a pro-tumor program. Naïve CD4 +  T cells can differentiate to multiple 
T helper cell subsets with different functions and cytokine secretion [ 106 ]. Th1 
secretes IFNy and are the main anti-tumor CD4 +  T cell population, compared to Th2 
that secrete IL-4 and stimulate antibody (Ab) secretion [ 107 ]. In a murine model of 
breast cancer, depletion of CAFs has been suggested to drastically infl uence T cells 
in the tumor micro-environment by reverting them from a Th2 to a Th1 phenotype. 
Moreover, this was accompanied by a decrease in Tregs and increase in CD8 +  cyto-
toxic T cells proportions. As an indirect infl uence on T cells, recruitment of DCs 
was also increased [ 87 ]. However, as stated before, in the absence of accurate veri-
fi cation of FAP-cell depletion in this study, more work will be needed to confi rm the 
multiple impacts of CAFs on T cells. Another indirect role of CAFs has been sug-
gested in PDAC patients. CAFs produce  Thymic Stromal LymphoPoietin (TSLP)   
that activates myeloid DCs and makes them secrete Th2-polarizing cytokines. This 
results in a micro-environment dominated by Th2 as shown by GATA3 expession 
over Th1 [ 108 ]. 

4 Disruption of Anti-tumor T Cell Responses by Cancer-Associated Fibroblasts



88

 As stated previously,  MSCs   may be a source of CAFs [ 37 ]. Through expression 
of Heme Oxygenase-1 (HO-1), MSCs promote differentiation of naïve CD4 +  T cells 
to Foxp3 +  Tregs and IL-10 producing CD4 +  T cells (Tr1) in Mixed Leukocyte 
Reaction (MLR). Interestingly, MSCs pre-conditioned in MLR lost expression of 
HO-1 but depict even higher Treg-promoting functions [ 109 ]. This suggests that a 
cross-talk between MSCs and T cells could lead to increased immunosuppressive 
environment by upregulation of other mechanisms to be determined. Two other 
reports support this idea of Tregs induction by MSCs, further suggesting induction 
of Tregs from CD8 +  T cells [ 110 ,  111 ]. Interestingly, a study suggests that local 
fi broblasts, that are another main source of  CAFs  , are potent immune-regulatory 
cells that inhibit CD8 +  T cell activation and promote Th2 polarization of naïve CD4 +  
T cells [ 112 ]. 

 Controversially, a recent study suggests an anti-tumoral role of CAFs by restrain-
ing Tregs infi ltration in the tumor micro-environment [ 113 ]. Indeed, this study 
reports that depletion of α-SMA expressing cells in PDAC leads to a Treg-dominant 
environment that result in more aggressive tumors and decreased survival. Curiously, 
despite essentially all α-SMA +  stromal fi broblasts expressing FAP in the autochtho-
nous murine pancreatic cancer [ 14 ], this report found no loss of FAP +  CAFs follow-
ing depletion of α-SMA +  cells. Nonetheless, as stated before, α-SMA is found in 
pericytes surrounding tumor vasculature [ 114 ]. Decreasing of vasculature by CD31 
staining was also reported in the same study, thus it is unclear whereas the observed 
effect was mainly due to CAFs depletion or to a dominant vasculature disruption. 
Indeed, vascular impairment leads to increase hypoxia that is a major condition for 
increase recruitment of Tregs through upregulation of HIF1α [ 115 ] that is expressed 
in  CAFs   from PDAC patients [ 116 ]. 

 (c) CAFs directly impair  T cell functions   
 CAFs can directly disrupt the functions of effector T cells using several mecha-

nisms. One study suggests that MSCs can suppress proliferation of CD8 +  T cells, 
although, interestingly, the effect on CD8 -  T cell subsets was marginal. Moreover, 
this effect is likely to be direct on T cells and not on presentation capacities by DCs. 
Indeed, co-injection of B16 melanoma with MSCs into C3H mice, which are not 
syngeneic, prevents rejection of the tumor cells that occurs with tumor cells alone 
[ 117 ]. HGF secreted by MSCs also seems to have a role in the inhibition of T cell 
proliferation independently of DCs [ 105 ]. Furthermore, T cell proliferation in vitro 
may be disrupted by IDO expression in MSCs, and addition of tryptophan to the cell 
culture partially restores proliferation. Of note, induction of IDO in MSCs may be 
dependent on IFNγ, implying a possible cross-talk between MSCs and T cells [ 118 ]. 
In PDAC patients, CAFs have been shown to express high levels of  Arginase II 
(ARG2)   correlated to a poor clinical outcome. ARG2 expression was mainly 
observed around necrotic areas and HIF1a was almost always co-expressed sug-
gesting a role of hypoxia in ARG expression [ 116 ]. ARG2 is one of the two enzymes 
catabolizing arginine into ornithine and urea. Thus, ARG2 acts on T cells by 
depriving the environment of arginine that is mandatory for T cell proliferation and 
functions [ 119 ]. 
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 Recently, the T-cell checkpoints, Cytotoxic T Lymphocyte Antigen-4 (CTLA-4) 
and Programmed Death-1 (PD-1), have attracted much attention because of their 
capacity to induce immune control of tumors in subsets of patients with melanoma, 
non-small cell lung cancer and renal cell cancer [ 120 ]. PD-1 is expressed by T cells 
following T-cell Receptor (TcR) signaling, and contains an  immunoreceptor tyro-
sine inhibitory motif (ITIM)   that binds the inhibitory phosphatase SHP-2 [ 121 ]. 
Engagement of PD-1 inhibits TcR-mediated effector functions [ 122 ] and thereby 
limits the time of interaction with peptide-MHC complexes therefore impairing 
activation, differentiation and proliferation [ 123 ]. Myofi broblasts from the colon, 
which are likely to give rise to CAFs in CRC, express the ligands of PD-1, PD-L1 
and PD-L2 and regulate proliferative response of CD4 +  T cells [ 124 ]. PD-L1 and 
PD-L2 expression has also been reported on CAFs from lung cancer. This expres-
sion was induced by IFNγ and disrupts CD8 +  T cell activation [ 125 ]. Interestingly, 
in melanoma it has been shown that expression of PD-1 ligands on CAFs is depen-
dent on IL-1α and β secretion by melanoma cells and melanocytes [ 126 ]. As men-
tioned before  CAFs   are also producers of IL-1α and β in many tumor types. Thus, 
one may consider an autocrine induction of PD-L1 and PD-L2 on CAFs. 

 Controversially, a recent study in lung carcinoma suggests that CAFs have the 
ability to increase T cell cytokine production and proliferation. T cells in culture 
stimulated by CAFs or their supernatant showed increased IFNγ and IL-17A pro-
duction, this effect being related to IL-6 production by CAFs [ 127 ]. However, the 
authors did not determine if CAFs were promoting a particular T cell subset that 
may potentially present pro-tumoral properties. Indeed, IL-6 is critical to the gen-
eration of the pro-infl ammatory Th17 subset from naïve CD4 +  T cells. Th17 are an 
important pro-tumoral cell type through their high infl ammatory profi le [ 128 ]. This 
observation of an immuno-stimulatory role of CAFs that seems favorable at fi rst 
could thus be deleterious. Yet, there is a potential benefi cial role of CAFs that 
remains to be further investigated.  Tertiary lymphoid structures (TLSs)   are ectopic 
lymph-node like structures found in infl amed tissues that can serve as a site of anti-
gen presentation and T cell activation without the requirement of secondary lym-
phoid organs [ 129 ]. They are frequently found within solid tumors, especially lung 
carcinomas [ 130 ]. The presence of TLSs has been mainly associated with a positive 
clinical output in patients with breast carcinoma, CRC, NSCLC and melanoma 
[ 130 ]. The formation of such structures is mainly orchestrated by the chemokines 
CCL19, CCL21 and CXCL13 [ 131 ], similar to the requirements for lymph node 
formation [ 132 ]. In the lymph nodes, those chemokines are mainly produced by 
 fi broblastic reticular cells (FRCs)  , that can be considered lymph node counterparts 
of CAFs, and are crucial to T and B cells migration, survival and activation [ 132 ]. 
The exact mechanisms ruling TLSs formation and their implication in anti-tumor 
immune responses remains to be  elucidated  , however it is very likely that local 
fi broblasts play a key role. Thus CAFs may have crucial anti-tumoral properties by 
allowing formation of functional TLSs. 

 (d) CAFs impair T cell accumulation in the  tumor micro-environment   
 CAFs are able to infl uence T cell activation, proliferation and functions. However, 

depletion of FAP-expressing cells from the tumor micro-environment didn’t show 
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an increase in proportion of tumor infi ltrating T cells or difference in T cell subsets 
despite a drastic T-cell dependent decrease of tumor growth [ 13 ,  14 ]. Moreover, 
there was no difference in activation (as shown by CD69 staining), cytolytic capa-
bilities (as shown by granzyme B expression) or IFNγ secretion [ 13 ]. This result 
suggests that T cells from the micro-environment are functional. Thus, CAFs may 
also act by preventing T cells from contacting tumor cells, therefore impairing their 
function only by lack of recognition. Indeed, T cell exclusion from the vicinity of 
tumor cells was shown to be a dominant mechanism in multiple cancers [ 133 ]. Lack 
of infi ltration of CD8 +  T cells predicts a poor outcome in CRC patients, even being 
the most effi cient histopathological method to use [ 134 ]. There is also a signifi cant 
difference in progression-free survival between patients with ovarian cancer show-
ing exclusion of T cells or not [ 135 ]. Finally, lack of infi ltration of T cells is also 
found in PDAC patients [ 14 ] and lung tumors [ 136 ]. 

 CAFs have been shown to impact on T cell localization within the tumor micro- 
environment by two mechanisms. First, in lung cancer, CAFs restrain T cells in the 
stroma via their synthesis of extracellular matrix [ 136 ]. Very few T cells were found 
in the tumor nests and their motility was decreased compared to the stroma. This 
affected CD4 +  or CD8 +  T cells and resting or activated T cells in the same way. 
While T cells were more frequent to contact tumor cells engineered to overexpress 
CCL5, the role of  chemokines   on the exclusion phenomenon seems to be marginal. 
Indeed, treatment with pertussis toxin to inhibit G-coupled proteins signaling abro-
gates motility of T cells in the stroma but doesn’t allow accumulation of T cells in 
the tumor nests, thus chemo-repulsion isn’t responsible for T cell exclusion. 
Adhesion molecules also don’t account for this process as blocking of β1 and β2 
integrins does not allow T cell infi ltration. On the other hand, T cells are accumulat-
ing in stromal zones with less collagen and fi bronectin density, suggesting a role of 
matrix proteins in defi ning localization of T cells [ 136 ]. Indeed, T cells show an 
elongated morphology on the matrix fi bers and, even when they are close, are not 
contacting tumor cells. Treatment with collagenase allowed T cells to accumulate at 
the boundary of the tumor regions [ 136 ]. However, even if T cells were able to con-
tact tumor cells, they remained at the boundary of the nests suggesting other mecha-
nisms involved in T cell exclusion. 

 In the KPC model of PDAC, depletion of FAP-expressing cells allows a T cell- 
dependent decrease of tumor growth [ 14 ]. Checkpoint antagonist, which were not 
effective in human PDAC [ 137 ] or the KPC mice [ 14 ], exhibited their anti-tumor 
Effects in the mouse model of this cancer [ 14 ]. Thus, exclusion seems to be a simple 
yet dominant mechanism of disruption of the anti-tumor immune response of T 
cells. The mechanism of T cell exclusion from the vicinity of cancer cells in this 
setting was attributable to production of CXCL12 by FAP +  CAFs, which were the 
only CXCL12 producers of the tumor micro-environment, as inhibition of signaling 
by its receptor CXCR4 with the antagonist, AMD3100, allows the same decrease in 
tumor growth and improvement of checkpoint antagonists’ effi ciency as depletion 
of CAFs. This response was also associated with accumulation of T cells among 
tumor nests [ 14 ]. Interestingly, there was no difference in the quality of infi ltrating 
T cells, Tregs accumulating the same way as effector T cells do, and also no increase 
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in T cell  proliferation  . This suggests that effector T cells in the tumor micro- 
environment are functional and may be dominant over other immune-suppressive 
mechanisms. Remarkably, although the CAFs were the producer of CXCL12, the 
chemokine was found to “coat” the tumor cells. This association of tumor cells with 
CXCL12, by a mechanism yet to be identifi ed, may be a critical point in the T cell 
exclusion phenomenon. FAP cells being also recruited to all sites of infl ammation, 
we consider that CXCL12 coating may be a mean by which stressed epithelial cells 
are protected from immune attack and that tumor cells exploit this homeostasis 
feature. Interestingly, CXCL12 coating of tumor cells is not a characteristic only in 
PDAC [ 138 ] as it has been reported also in CRC [ 139 ] and ovarian cancer [ 140 ]. 
Since these tumors are also unresponsive to anti-PD-1/anti-PD-L1 immunotherapy 
[ 137 ], there is a possibility that these murine fi ndings may be relevant to human 
epithelial carcinomas.   

4.6     Targeting CAFs to Harness the Immune System 
Against  Tumors   

 The roles of CAFs in disrupting anti-tumor immune responses make them and their 
functions potential targets for new therapies. Depleting CAFs from the tumor 
micro- environment is a very seductive concept. The targeting of CAFs with 
Chimeric Antigen Receptor (CAR) T cells directed against FAP has shown promis-
ing results. Decreased tumor growth was found in murine models of cervical cancer 
(TC1), malignant mesothelioma (AE17), lung cancer (LKR), CRC (C26) and breast 
cancer (4T1) after infusion with FAP-CAR CD8 +  T cells. Moreover, endogenous 
anti- tumor response of CD8 +  T cells was enhanced as shown by IFNγ secretion and 
CD69 expression [ 94 ]. However, FAP cells are present in multiple tissues including 
skeletal muscles and bone marrow and their depletion was shown to induce  cachexia 
and anemia  . Cachexia and anemia are common syndromes associated with cancer 
and coherently, cachectic KPC or C26 bearing mice were shown to have impaired 
FAP cells [ 28 ]. In another study, injection of FAP-CAR T cells in mice bearing 
melanoma (B16), CRC (MC38 and C26), fi brosarcoma (MC17-51), breast cancer 
(4 T1) or kidney cancer (Renca) showed limited impact on tumor  growth   and lead 
to severe cachexia and anemia [ 141 ]. These studies point forward caution in 
attempts to target FAP-expressing cells on their own. To circumvent this issue, a 
recent report showed reprogramming of PSCs in KPC mice. A vitamin D analog, 
calcipotriol, was able to revert activation of PSCs to a quiescent state, decreasing 
their infl ammatory properties and increasing the effect of chemotherapeutic agent 
gemcitabine [ 142 ]. 

 Targeting the functions of CAFs may be the safest way to apprehend their role, 
especially regarding T cell exclusion from the tumor nests. Indeed the small mole-
cule inhibitor AMD3100 (or Plerixafor) was originally designed to as an anti-HIV 
drug [ 143 ] and was approved. It is also already approved for mobilization of stem 
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cells in non-Hodgkin’s lymphoma and multiple myeloma [ 144 ]. As previously 
stated, CAFs alter T cell distribution in the tumor micro-environment by  remodel-
ing   of the ECM. Targeting this function can be promising as inhibition of LOX 
thanks to β-Aminopropionitrile (BAPN) was shown to decrease tumor growth in a 
model of breast cancer [ 145 ]. More studies are needed in tumors where T cell exclu-
sion is a hallmark.  

4.7     Conclusion 

 After more than 20 years of modest progress,  immunotherapies   have now emerged 
as an exciting perspective for future cancer treatments. This is the result of two 
decades of extensive efforts in understanding fundamental immunology and its 
applications in cancer. Only very recently the major role of the  tumor micro- 
environment   in disrupting anti-cancer therapies was properly apprehended. CAFs 
are among those actors of the tumor that have been disregarded despite their crucial 
role. Here we have stressed their potential roles, especially on immune components 
of the tumor micro-environment, which reveals potential new ways for attacking 
tumor cells. At the time where “personalized medicine” begins to show promise, it 
is important to keep in mind that a simple idea, T cell exclusion from tumor nests by 
CAFs, may be the dominant mechanism impairing anti-tumor immune responses.     
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    Chapter 5   
 Cancer-Associated Tertiary Lymphoid 
Structures, from Basic Knowledge Toward 
Therapeutic Target in Clinic                     

     Bertrand     Dubois    ,     Hélène     Kaplon    ,     Coline     Couillault    ,     Christophe     Caux    , 
and     Marie-Caroline     Dieu-Nosjean    

    Abstract     The tumor growth is under the control of the immune system, and this 
represents a signifi cant challenge for the development of new therapeutic strategies. 
It is now recognized that not only the density, but also the organization of tumor- 
infi ltrating immune cells is critical for the shaping of the tumor microenvironment. 
In human cancers, several levels of structuration of lymphoid aggregates have been 
observed, including Tertiary Lymphoid Structures (TLS) displaying strong similari-
ties with secondary lymphoid organs. In this review, we discuss about the role of 
immune cells homing selectively in the T-cell or B-cell zone of TLS with putative 
consequences on the initiation of effi cient cellular and humoral immune responses 
against tumor, and ultimately on the clinical outcome of cancer patients. However, 
immunoregulatory cells may also infi ltrate TLS and it is thus crucial to determine 
the circumstances in which TLS might be a site for the development of a suppres-
sive and detrimental immune responses. We also discuss how TLS could be a useful 
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marker of effi cient immunotherapy, and raise the question of the capacity of 
immune-based vaccinations along with immune checkpoint blockade to induce TLS 
neogenesis. As TLS may represent the best place to induce or amplify protective 
immunity targeting neoantigens, TLS may be a promising target in order to boost 
anti-tumoral immunity in cancer patients.  

  Keywords     Tumor microenvironment   •   Tertiary lymphoid structure   •   Dendritic cell   
•   T cell   •   Antibody   •   Immune checkpoint   •   Biomarker   •   Immunointervention   •   High 
endothelial venule   •   Neoantigen  

  Abbreviations 

   Ab    Antibody   
  ADCC    Antibody-Dependent Cell-mediated Cytotoxicity   
  Ag    Antigen   
  AID    Activation-Induced cytidine Deaminase   
  APC    Antigen-Presenting Cell   
  BCR    B-Cell Receptor   
  ccRCC    Clear cell Renal Cell Carcinoma   
  CDC    Complement-Dependent Cytotoxicity   
  CIN    Cervical Intraepithelial Neoplasia   
  CRC    Colorectal Cancer   
  CSR    Class Switch Recombination   
  CTL    Cytotoxic T lymphocyte   
  DC    Dendritic Cell   
  FcR    Fc Receptor   
  FcRn    Neonatal Fc Receptor   
  GALT    Gut-Associated Lymphoid Tissue   
  GC    Germinal Center   
  G-VAX    GM-CSF transfected tumor cell vaccine   
  GM-CSF    Granulocyte Macrophage Colony-Stimulating Factor   
  HCV    Hepatitis C Virus   
  HEV    High Endothelial Venule   
  HPV    Human Papilloma Virus   
  ICP    Immune CheckPoint   
  Ig    Immunoglobulin   
  LN    Lymph Node   
  MHC    Major Histocompatibility Complex   
  NK    Natural Killer cell   
  NSCLC    Non-Small Cell Lung Cancer   
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  PAP    Prostate Acid Phosphatase   
  PB    Plasmablast   
  PC    Plasma Cell   
  PDAC    Pancreatic Ductal Adenocarcinoma   
  RCC    Renal Cell Carcinoma   
  SCC    Squamous Cell Carcinoma   
  SHM    Somatic HyperMutation   
  SLO    Secondary Lymphoid Organ   
  TAA    Tumor-Associated Antigen   
  T CM     Central-Memory T cell   
  TCR    T-Cell Receptor   
  T EM     Effector-memory T cell   
  T FH     Follicular Helper T cell   
  TLS    Tertiary Lymphoid Structure   
  T Reg     Regulatory T cell   

5.1         Introduction 

 During the evolution of animal species, the adaptive immune system has evolved 
from ectopic lymphoid organization with the presence of  Gut-Associated 
Lymphoid Tissues (GALT)         since lower vertebrates to a highly sophisticated sys-
tem with the appearance of fully dedicated organs like  lymph nodes (LN)   in 
mammals and rare birds. Thus, many different lymphoid organizations exist in 
the body (i.e., spleen, LN, Peyer’s patches, cryptopatches, isolated lymphoid 
follicles, tonsils, adenoids, tertiary lymphoid structures (TLS), and milky spots 
in the omentum), which differ in their anatomical localization, duration (consti-
tutive versus transient), cellular composition, time of appearance (during 
embryogenesis or later on) and, as a consequence of all these characteristics, by 
their immune function. The role of canonical  secondary lymphoid organs (SLO)   
in the development of antigen (Ag)-specifi c immunity has been extensively stud-
ied. Yet, it is now clearly established that adaptive immune responses can be 
induced independently of  SLO   [ 1 ,  2 ]. Thus, many efforts have been concentrated 
on TLS in different physiopathological disorders among which cancers. TLS are 
ectopic lymphoid structures that can arise in every infl amed tissue and then turn 
off after resorption of the infl ammation. Initially described in  autoimmune dis-
eases  , TLS have been reported to have a deleterious effect in autoimmunity and 
transplantation, whereas they have been associated with a benefi cial effect in 
infectious diseases [ 3 ,  4 ]. 

 This review will highlight recent data from the literature on tumor-associated 
TLS with a particular focus on their local impact on  T- and B-cell immune responses   
and ultimately on patient’s outcome. We will also discuss how TLS could represent 
a putative target in the next generation of immunotherapies and/or could be used as 
biomarkers of therapeutic effi cacy of current cancer treatments.  
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5.2     Relationship Between Tumor-Associated TLS and T Cell 
Infi ltrate 

5.2.1     From Rudimental Lymphoid Aggregates to Fully 
Organized TLS 

 Different levels of organization of infi ltrating immune cells have been reported 
in cancer, ranging from rudimental clusters of lymphocytes, dense T and/or B 
cell aggregates to fully organized LN-like structures containing  High Endothelial 
Venules (HEV)      (Fig.  5.1 ) [ 5 – 7 ]. The presence of such lymphoid organizations is 
highly heterogeneous from one tumor to another, even if they are of the same 
histologic type. For instance, in infi ltrated breast carcinoma, lymphocyte organi-
zation varied from simple aggregates in some tumors [ 8 ] to fully organized ecto-
pic lymphoid structures, which exhibit strong analogy with LN [ 6 ,  9 ]. Using a 
retrospective cohort of 290 breast cancer patients, Figenschau et al. reported that 
TLS negative tumors were mainly estrogen and progesterone receptors positive 
and HER2 negative [ 10 ]. These data indicate that the  tumor microenvironment   
along with the tumor cell itself may dictate permissiveness for TLS neogenesis. 
In  Non-Small Cell Lung Cancer (NSCLC)  , melanoma or  colorectal carcinoma 
(CRC)     , most of lymphoid organizations are TLS with the selective homing of 
mature  dendritic cells (DC)     , the presence of proliferating lymphocytes and reac-
tive germinal centers (GC) [ 5 ,  11 – 13 ]. The situation is much more complex in 
 Renal Cell Carcinoma (RCC)      where mature DC can also be detected outside 
TLS [ 14 ]. This raises the possibility of a differential function and behavior of 
these  antigen-presenting cells (APC)      depending on their localization inside ver-
sus outside TLS.

  Fig. 5.1    Colocalization between TLS and HEV. Triple immunofl uorescent stainings on breast 
cancer-associated TLS. ( a ) Presence of PNAd +  HEV ( green ) within TLS segregated into two dis-
tinct areas, a CD3 +  T-cell rich zone ( red ) adjacent to a CD20 +  B-cell follicle ( grey ) in the tumor 
stroma. ( b ) Higher magnifi cation of insert in ( a ). Original magnifi cation: ( a ), ×10; ( b ), ×20       
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5.2.2         Cellular Composition   of the TLS T-Cell Rich Areas 

 As in LN, tumor-associated TLS are composed of infi ltrating T and B cells, which 
segregate into two distinct areas, a T-cell rich zone adjacent to a B-cell follicle. The 
B-cell zone will be described below. Like in SLO, the T-cell zone mainly consists of 
T cells and, to a lesser extend, of mature DC and few B cells (Fig.  5.2 ) [ 5 ,  15 ,  16 ]. 
However, no NK cells (based on the expression of NKp46) were observed in lung 
tumor-associated TLS in contrast to LN [ 17 ]. Interestingly, NK cells have not been 
reported so far in TLS whatever the pathology concerned (other cancers, transplan-
tation, infectious or autoimmune diseases) indicating that it is a common character-
istic of TLS. As for mature DC, naïve and central-memory T cells (T CM ), CD62L 
and the CCL19/CCL21 axis are critical for the extravasation of circulating NK cells 
through HEV and their migration to the T-cell zone of LN. As the expression of 
CD62L and lymphoid chemokines have been reported in TLS of many cancers, the 
absence of TLS NK cells could rather be a consequence of an inappropriate expres-
sion of chemokine receptors (i.e., CCR7) by NK cells and/or the presence of distinct 
subsets of NK cells infi ltrating the tumor compared to the canonical SLO.

  Fig. 5.2    Characterization of tumor-associated TLS. ( a ) Characterization of TLS ( dashed line ) in 
lung tumor section counterstained with hematoxylin. TLS are composed of a T-cell rich areas which 
comprised DC-Lamp +  mature DC ( red ) and CD3 +  T cells ( blue ), and a CD20 +  B cell follicle ( red ) 
characterized by the presence of a network of CD21 +  follicular DC ( blue ). Original magnifi cation: 
( a ), ×200; ( b ), ( c ), ×400.  Abbreviations : TLS, Tertiary Lymphoid Structure; Tu, tumor cells       
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   The presence of HEV and expression of  lymphoid chemokines   in both TLS and 
LN strongly suggests that HEV may represent a major gateway for tumor entrance 
by immune cells. This  hypothesis   is supported by two major observations. First, 
HEV are positive for PNAd and its receptor, CD62L is exclusively expressed by 
TLS-T and B cells (except GC-B cells), as previously described in LN [ 6 ,  18 ]. 
Secondly, the density of HEV in tumors positively correlates with the lymphocyte 
infi ltrate in human melanoma [ 12 ,  19 ], breast cancer [ 6 ], CRC [ 7 ] as well as in a 
mouse model of methylcholanthrene-induced fi brosarcoma [ 20 ]. This privileged 
access of immune cells from the blood stream to TLS can present many advantages, 
starting with the direct extravasation of circulating cells into TLS prone to the 
induction or amplifi cation of a protective immunity (Fig.  5.3 ). In other words, 
myeloid and lymphoid cells infi ltrating the tumor do not need to traffi c into the 
immunosuppressive tumor microenvironment before reaching  TLS  . This may 
explain why HEV are the unique entity among whole blood vessels that are associ-
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  Fig. 5.3    Shaping of the cellular immune response by cancer-associated TLS. TLS may represent a 
privileged site for the priming and activation of naïve specifi c T cells by mature DC. This encounter 
will give rise to an active proliferation and differentiation of cells into either T EM  or T CM . T EM  can 
migrate to tumor cells in order to exert their cytotoxic function whereas T CM  can migrate to the drain-
ing LN in order to develop a systemic anti-tumoral immunity at the primary and metastatic sites via 
new T EM  differentiation. TLS may be also a major site for the reactivation and differentiation of 
TAA-specifi c T CM  cells into T EM  which can then kill tumor cells present in the microenvironment. 
Abbreviations: B, B cell; LN, Lymph Node; mDC, mature Dendritic Cell; HEV, High Endothelial 
Venule; T, T cell; TAA, Tumor-Associated Antigen; T CM , central-memory T cell; T EM , effector-mem-
ory T cell; T FH , follicular helper T cell; TLS, Tertiary Lymphoid Structure; Tu, tumor cell       
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ated with a favorable clinical outcome in cancer patients [ 6 ]. It is known that naïve 
and T CM  enter LN through HEV. In NSCLC, rare naïve T cells infi ltrate the tumor 
but all of them home in TLS [ 18 ]. T CM  are also present in TLS whereas the majority 
of effector-memory T cells (T EM ) are detected in the stroma (except for TLS) and 
tumor nests. The selective homing of the different T cell subsets is in accordance 
with the expression of CCR7 by only naïve and T CM , and the secretion of its two 
lymphoid ligands CCL19 and CCL21 in TLS. Regulatory T cells (T reg ) expressing 
CCR7 and CCR4 can migrate in response to their ligands (CCL19/CCL21 and 
CCL17/CCL22, respectively) produced in TLS [ 8 ,  18 ,  21 ,  22 ] indicating that puta-
tive suppressive mechanisms can operate in TLS (see below).

5.2.3        Impact of Tumor-Associated TLS on the Local  Immune 
Microenvironment      

 Tumor infi ltration by T cells—especially Th1, memory and cytotoxic T cells—has 
been correlated to a positive clinical outcome of patients in many solid cancers [ 23 ]. 
Nevertheless, whether the activation and differentiation of tumor-specifi c T cells 
takes place in the draining LN or in the tumor site still remains enigmatic. Thus, it 
is becoming critical to address this question in the context of tumor-associated 
TLS. One limitation for this kind of investigation is the limited relevance of cur-
rently used animal models in face of the complexity and heterogeneity of human 
tumors. However, some indirect responses and arguments came from human stud-
ies. In NSCLC, the presence of TLS-mature DC was strongly correlated with a 
specifi c gene signature related to Th1 polarization, T-cell activation and cytotoxic 
effector functions [ 24 ,  25 ], as well as to the density of intra-tumoral T-bet +  Th1 
cells, some of which being in contact with tumor cells [ 5 ]. In addition, all these 
genes co-regulate together indicating that a coordination of the immune response 
occurs in tumors. By contrast, the huge density of mature DC was not associated 
with immune genes related to Th2 orientation, immunosuppression, infl ammation, 
or angiogenesis. The correlation between a high expression level of cytotoxic genes 
and presence of TLS has also been reported in CRC and breast carcinoma [ 9 ,  21 ]. 
Thus, the presence of TLS  seems      to infl uence the shaping of the intra-tumoral 
immune microenvironment by inducing a bias toward a Th1 orientation, T-cell acti-
vation and cytotoxic effector functions, in at least NSCLC and CRC. This is consis-
tent with several mouse studies demonstrating that circulating naïve CD8 +  T cells 
can migrate through HEV in the tumor, and undergo activation, proliferation and 
differentiation into effector cells to promote tumor eradication [ 26 ], even in the 
absence of any SLO [ 27 ,  28 ]. The same demonstration has been published in infec-
tious diseases [ 1 ] indicating that initiation of specifi c immunity can occur indepen-
dently of canonical lymphoid organs. It is tempting to postulate that the presence of 
TLS mature DC may be a prerequisite for optimal processing and presentation of 
 tumor-associated antigens (TAA)     —emerging as a consequence of somatic muta-
tions in tumor cells—and coordination of local adaptive immune response (Fig.  5.3 ). 
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Thus, TLS could play a key role in anti-tumoral immunity by allowing activation of 
naïve T cells and their differentiation into anti-tumor effector cells and/or reactiva-
tion of tumor-specifi c memory T cells at the tumor site. 

 In LN, many cross-talks have been reported between NK cells and other immune 
cells including DC and T cell subsets. Therefore, the absence of NK cells in TLS 
may have functional consequences on the local shaping of both innate and adaptive 
immune responses such as defi cient IFN-γ production, incomplete T and dendritic 
 cell   activation and biased T-cell polarization towards a non-Th1 pathway. Several 
studies also demonstrated that tumor-infi ltrating NK cells display a profound func-
tional defect and an altered phenotype characterized by the downregulation of acti-
vation receptors and upregulation of inhibitory receptors [ 17 ]. Thus, the absence of 
functionally impaired NK cells in intra-tumoral TLS may favor an optimal T cell 
activation. It remains to be determined whether there is a causal link between the 
preferential localization of NK cells outside TLS and their dysfunction in situ. 

 In conclusion, TLS represent a privileged site for T cell  recruitment     , differentia-
tion and activation in tumors, and support a key role of these lymphoid structures in 
the shaping of a local anti-tumor immunity.  

5.2.4      Prognostic Value   of Cells Homing in the TLS 
T Cell-Areas 

 During the last decade, the association between the presence of immune infi ltrate 
and the clinical outcome of cancer patients has been extensively documented, but 
this is only recently that the organization of immune cells is taken into account. 
Indeed, the prognostic value of cancer-associated TLS has been considered through 
different approaches including immunohistochemistry and gene expression 
(Table  5.1 ). Whatever the strategy used, results are consistent meaning that either 
strategy can be used for retrospective and prospective studies depending on the 
biological material available.
   Among the fi rst studies, Miyagawa et al. reported that high infi ltration of CD83 +  
cells, which supposedly correspond to mature DC, is associated with long-term sur-
vival of patients with colorectal liver metastasis [ 29 ] (Table  5.1 ). Yet, it is of note 
that CD83 does not solely identify mature DC but also some activated B and T cells. 
DC-Lamp appears as a better specifi c marker of human mature DC whatever the DC 
 lineage   considered (except in lung, where this molecule is also expressed by type II 
pneumocytes which can however be distinguished from DC by their distinct cellular 
morphology). Two studies showed that a high DC-Lamp +  mature DC density cor-
relates with a favorable clinical outcome of patients with primary melanoma [ 30 ] or 
NSCLC [ 5 ], the last study achieved a complete cellular characterization of 
TLS. Since this pioneer work, many other publications showed that a high fre-
quency of TLS (detection of lymphoid aggregates, mature DC, T, and B cells, and/
or HEV) has a good prognostic value in primary breast, colorectal and lung 
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carcinomas, gastric cancers, melanomas as well as in metastatic CRC (Table  5.1 ). 
Despite the fact that DC-Lamp expression is considered as a hallmark of TLS in at 
least NSCLC, high mature DC infi ltrate was unexpectedly shown to correlate with 
short-term survival in RCC [ 31 ]. Further analysis revealed that TLS DC-Lamp +  
cells are associated with a favorable clinical outcome whereas non-TLS DC-Lamp +  
cells are correlated with poor prognosis in ccRCC patients [ 14 ]. 

 High density of tumor-infi ltrating CD8 +  T cells positively infl uences the outcome 
of NSCLC patients [ 24 ,  32 – 34 ]. Interestingly, Goc et al. showed that the presence 
of TLS conditions the prognostic value of intra-tumoral CD8 +  T cells [ 24 ]. Indeed, 
among NSCLC patients with high density of CD8 +  T cells and overall favorable 
clinical outcome, those having a low density of mature DC have the worst prognosis 
(comparable to patients having low CD8 +  T cell infi ltrate) indicating that TLS 
mature DC are required to license the positive prognostic value of infi ltrating CD8 +  
T cells (Fig.  5.3 ). The mechanism underlying the imprinting of CD8 +  T cell function 
remains to be elucidated. 

 Altogether, it is tempting to speculate that TLS could potentiate anti-tumor 
immunity mediated by CD8 +  T cells through different mechanisms. Firstly, infi l-
trating immature DC could take up and process TAA and migrate to TLS in order 
to present processed tumor peptides to specifi c T cells (Fig.  5.3 ). This could 
favor the continuous differentiation of tumor-specifi c T cells through the activa-
tion of naïve T cells and/or reactivation of specifi c memory T cells. Such local 
immune responses initiated in TLS could be more adaptable to the shift of tumor 
antigen expression occurring during tumor progression. Secondly, CD4 +  T cells 
are enriched in TLS and may exert a key helper function on CD8 +  T cells by 
promoting the recruitment, activation, and differentiation of naïve cells into 
effector cells, as demonstrated in a model of pancreatic tumors [ 35 ]. This is con-
sistent with the strongly coordinated expression of genes related to Th1, activa-
tion and cytotoxicity, and their association with high density of mature DC 
reported in NSCLC [ 24 ]. Thirdly, because their prognostic impact is always 
observed after resection of the tumor,  TLS   might allow the establishment of sys-
temic immunity against the tumors i.e., through the recirculation of anti-tumor 
memory T cells (T CM  and/or T EM ) previously generated in TLS.   

5.3     Relationship Between TLS and B Cell Infi ltrate 

 The existence of  intra-tumor lymphoid-like structures   with segregated T and B 
cell zones argues for the existence of a local Ag-driven humoral immune 
response and suggests potential roles of antibodies (Ab) and B cell subsets in 
anti-tumor immunity. 
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5.3.1     TLS as Sites for Development of Tumor Specifi c 
 Humoral Immunity   

 Intra-tumor TLS have a LN-like organization with the presence of typical B cell 
follicles containing naïve B cells and GC, and more dispersed plasmablasts (PB)/
plasma cells (PC) [ 5 ,  9 ,  16 ,  21 ,  36 ,  37 ]. As in SLO, GC contain highly proliferating 
B cells expressing AID—an enzyme involved in somatic hypermutation and Ig class 
switching—as well as mesenchymal follicular DC and follicular helper T cells (T FH ) 
(Fig.  5.2 ), a specialized subset of T helper cells critical for GC formation and devel-
opment of high-affi nity Ab, memory B cells and PC. TLS also contain cells produc-
ing the chemokine CXCL13, which governs the recruitment of circulating CXCR5 
expressing B and T cells and structuration of B cell follicles. Importantly, this che-
mokine appears as one of the best predictive marker for prognosis in breast [ 9 ] and 
colon [ 21 ] cancers (Table  5.1 ), further pointing to an essential role of TLS in anti-
tumor immunity. Studies in BC and NSCLC revealed that highly infi ltrated tumors 
contained nearly all stages of B cell differentiation [ 11 ] (Couillault et al., unpub-
lished data) arguing for an in situ Ag-driven humoral immune response resulting in 
the formation of memory B cells and Ab-producing PC (Fig.  5.4 ). Through a com-
prehensive molecular profi ling of tumor-infi ltrating CD4 +  T cells, Gu-Trantien et al. 
recently revealed that the presence of a T FH  signature robustly predicts breast cancer 
patient survival and response to chemotherapy, suggesting that local T FH -driven B 
cell differentiation is essential for anti-tumor immunity [ 9 ].

   Evidence of an in situ Ag-driven humoral response in intra-tumor TLS has been 
revealed by a restricted immunoglobulin (Ig) variable gene usage by tumor-infi ltrat-
ing B cells, isotype switching and  somatic hypermutation (SHM)      in various cancers 
including breast medullary carcinoma [ 38 – 42 ], breast ductal carcinoma [ 16 ,  36 ,  40 ] 
and metastatic melanoma [ 12 ]. More recently, using the  Cancer Genome Atlas   
mRNA-seq data, Iglesia et al. identifi ed, in a subset of tumors from basal like breast 
cancers, specifi c BCR segments, which expression correlates with better patient 
survival, supporting that the presence of a productive and potentially restricted anti-
tumor B cell response may directly impact patient clinical outcome [ 43 ]. 

 TLS thus exhibit many features of an ongoing T-cell-dependent humoral response 
to protein Ag and analysis of the specifi city of Ab produced in the tumor microen-
vironment provides evidence that TLS may be elicited by TAA [ 16 ]    or autoAg [ 39 , 
 44 ]. More recently, Germain et al. demonstrated that about half of the TLS rich 
NSCLC tumors contained cells producting Ab directed against one or several shared 
lung TAA, such as LAGE-1, MAGEA1, MAGEA2, TP53 and NY-ESO-1, known to 
elicit spontaneous immune responses in cancer patients [ 11 ]. Whether the Ab pro-
duced by tumor specifi c PC infi ltrating the tumor versus those localized in periph-
eral tissues target similar Ag is so far poorly understood and remains an important 
issue to address in order to better appreciate the still obscure role of humoral immu-
nity in cancer. In this respect, besides the shared TAA analyzed so far, it will be 
important to study Ab reactivity to patient specifi c neoantigens emerging as a result 
of mutations in tumor cells, as this is now being done for T cells [ 45 ].  
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5.3.2     The Various Ways TLS B Cells May Impact Anti-tumor 
Immunity 

5.3.2.1     By the Production of Ab 

 In many cancers, tumor-infi ltrating B cells have been shown to produce class-
switched affi nity-matured anti-tumor Ab [ 46 ], most often IgG, and some anti-tumor 
effects of these Ab have been demonstrated [ 47 – 49 ]. This is in accordance with the 
fact that the presence of PC or  IgG   in the tumor is associated with a better prognosis 
in breast cancer, NSCLC, CRC, and metastatic melanoma [ 43 ,  50 – 53 ]. Anti-TAA 
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  Fig. 5.4    Opposing functions of IgG and IgG produced/expressed in the  tumor microenvironment  . 
TLS allow expansion of naïve B cells, activation of CSR and SHM machineries, and differentiation 
into memory B cells and plasma cells producing IgG or IgA, depending on the nature of the cyto-
kines produced by T FH  and other immune infi ltrating cells. IgG released in the tumor microenviron-
ment may contribute to the elimination of tumor cells by CDC and ADCC, while IgA may 
antagonize these processes by competition. Opsonisation of tumor cells by IgG favors the transfer 
of tumor Ag to dendritic cells through engagement of the FcγR for cross-presentation to CD8 +  T 
cells and induction of anti-tumor cytotoxic T cells. After capture of TAA through their membrane 
Ig and accommodation into MHC molecules, memory B cells can also impact anti-tumor T cell 
immunity. IgA PC can express IL10 and PDL1 and impair anti-tumor T cell immunity. 
 Abbreviations : ADCC, antibody-dependent cell-mediated cytotoxicity; B, B cell; CDC, 
complement- dependent cytotoxicity; CSR; Class Switch Recombination; CTL, Cytotoxic T 
Lymphocyte; DC, Dendritic Cell; HEV, High Endothelial Venule; mem B, memory B cell; PC, 
Plasma Cell; SHM: Somatic HyperMutation; T, T cell; TAA, Tumor-Associated Antigen; T FH , 
follicular helper T cell; TLS, Tertiary Lymphoid Structure; Tu, tumor cell       
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IgG may contribute to the elimination of tumor cells, either directly after fi xation of 
complement or indirectly by activating accessory cells expressing FcγR to exert 
cytotoxic function (i.e., antibody-dependent cell-mediated cytotoxicity, ADCC). 
Tumor mouse models have indeed revealed that administration of anti-TAA IgG2 
Ab can induce ADCC and prevent tumor metastasis by a process involving FcγR 
[ 54 ], but there is so far no formal proof in humans that a naturally occurring anti-
tumor IgG response can exert such a role. Besides these effector roles, Ab can also 
contribute to the effi cient priming of anti-tumor immunity (Fig.  5.4 ), which requires 
the capture of TAA and their presentation in association with MHC-class-I mole-
cules to CD8 +  T cells. This process, known as Ag cross-presentation, is greatly 
enhanced in the case of Ag/Ab immune complexes, which can engage FcγR on 
multiple DC subsets to shuttle exogenous Ag into the cross-presentation pathway 
[ 55 ]. IgG deposition on tumor cells has been documented in several cancers and two 
recent studies in mouse models point to an essential role of Ab/TAA immune com-
plexes for priming anti-tumor CD8 +  T cells through DC [ 56 ,  57 ]. This is reminiscent 
to a previous observation in a mouse model of CRC showing that administration of 
anti-TAA IgG potentiates the effi cacy of anti-cancer drugs and results in enhanced 
anti-tumor CD8 +  T cell response [ 58 ]. 

 The function of Ab inside the  tumor microenvironment   likely varies with the 
class of Ig, which is known to dictate its effector functions. In this respect, one 
should distinguish pro-infl ammatory complement fi xing and ADCC-prone Ab 
(IgG1-3) from non-infl ammatory IgG 4  and IgA, which emerge in situations of 
chronic antigen exposure, have poor ability to bind complement and Fc receptors 
and to activate effector cells, and can actively contribute to immune tolerance. B cell 
isotype switching to IgA and IgG4 are induced by TGF-β and IL10, two suppressive 
cytokines that are often expressed in the  tumor microenvironment  , and there is now 
some evidence that these two classes of Ig may contribute to immune suppression 
in cancer patients. By analyzing rearranged immunoglobulin genes from micro-
dissected TLS B cells, Cipponi et al. recently revealed that IgA and IgG isotype 
switching occurred nearly at a similar frequency in TLS of metastatic melanoma 
patients, indicating that TLS may favor differentiation of IgA producing PC [ 12 ] in 
addition to IgG +  PC. Indeed, serum anti-TAA IgA or tumor-infi ltrating IgA +  PC can 
be detected in a proportion of tumor patients [ 11 ,  16 ,  59 – 64 ]. Importantly, tumor-
infi ltrating IgA PC were recently shown to strongly dampen anti-tumor CTL 
responses induced by immunogenic chemotherapy in mouse models of prostate 
cancer [ 65 ]. This suggests that IgG PC and IgA PC may exert opposite functions in 
anti-tumor immunity [ 66 ] (Fig.  5.4 ). IgA +  PC were also detected in human prostate 
tumors near lymphoid-like structures and patients with a high density of IgA +  PC 
displayed lower CD8/B cell ratios suggesting that, also in humans, the presence of 
IgA +  PC within the tumor microenvironment may be associated with tumor immune 
evasion [ 65 ]. Regarding IgG, a differential role of subclasses in anti-tumor immu-
nity has been recently highlighted in melanoma. PC-producing tumor reactive IgG4 
were detected in melanoma tumors and elevated serum IgG4 levels inversely cor-
related with patient survival [ 67 ]. Mechanistically, IgG4 antibodies were ineffective 
in triggering effector cell-mediated tumor killing and even blocked IgG1-mediated 

B. Dubois et al.



113

tumoricidal functions through reduction of  FcγRI activation  . IgG4 PC have also 
been reported in extra-hepatic cholangiosarcoma and their presence was associated 
with a lower survival rate and positively and negatively correlated with tumor infi l-
tration by FoxP3 +  T reg  and CD8 +  T cells, respectively [ 68 ]. This indicates that IgG4 
responses promoted by  Th2-biased infl ammation   may restrict effector cell function 
and contribute to immune escape. 

 Altogether, these recent important advances have revealed some of the so far 
neglected essential roles of Ab in modulating anti-tumor immunity within the 
 tumor microenvironment   (Fig.  5.4 ). These include induction or modulation of 
tumor cell death (via ADCC and/or CDC), modulation of the biology of targeted 
tumor molecules, induction of anti-tumor immunity by facilitating DC-mediated 
TAA presentation to T cells and modulation of DC functions by engagement of 
FcR or C-type lectins [ 69 ]. The anti- versus pro-tumoral functions of Ab depends 
on several factors including the isotype of Ab and IgG subclasses, their degree of 
syalilation [ 70 ], the targeted Ag and the nature of infi ltrating immune cells and 
pattern of expression of Ig receptors.  

5.3.2.2     By Presenting TAA to T Cells 

 As sites of Ag-driven oligoclonal B cell expansion, TLS are most likely enriched 
in  TAA   specifi c B cells, which may become the dominant APC within tumors with 
the capacity to effi ciently capture tumor Ag through their BCR. Compatible with 
such a role, TLS B cells and activated T cells were found in close contacts in mela-
noma and the presence of both cell types correlates with a better survival of patients 
[ 71 ]. B cell antigen presentation to T cells is critical for the establishment and 
recall of antigen-specifi c memory CD4 +  T cells [ 72 ]. Not only memory B cells, 
which can express costimulatory molecules, but also IgM +  and IgA +  PC, which 
retain surface expression of Ig [ 73 ] and are able to exert Ag-presenting functions 
towards CD4 +  T cells [ 74 ], could present TAA inside tumor-associated TLS. B 
cells and PC may thus, through their APC function, modulate T cell fates within 
the  tumor   microenvironment.  

5.3.2.3     By Producing Molecules Modulating the T Cell Response 

    It is noteworthy that the benefi cial impact of TLS B cells or T FH  in cancer is often 
associated with increased Th1 and/or CD8 responses [ 9 ], suggesting that B cells 
may support anti-tumoral T cell responses and/or Th1-T FH - dominant immunity. 
It is indeed noteworthy that tumor infi ltration by both CD20 +  B cells and Th1/
CD8 +  T cells often shows the best survival benefi t is several cancer types, as 
compared to infi ltration by either population alone [ 37 ,  75 – 77 ]. At the same line, 
it was recently demonstrated in NSCLC that a high density of TLS B cells was 
associated with increased clonality of tumor-infi ltrating CD4 +  and CD8 +  T cells 
[ 78 ]. Besides their already discussed capacity to promote TAA presentation 
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though Ab production, B cells could shape T cell differentiation and functions by 
releasing immuno-modulatory type 1 (IL12, IFN-γ), type 2 (IL4, IL13), and sup-
pressive (IL10, TGF-β, IL35) cytokines [ 79 ]. As for example, tumor-infi ltrating 
B cells have been shown to produce IFN-γ and IL12 in hepatocellular carcinoma 
[ 76 ], suggesting their potential involvement in inducing or amplifying cellular 
immunity. On the opposite, so-called regulatory B cells producing IL10, TGF-β 
or Granzyme B have been shown to dampen anti-tumor immunity and/or expand 
T reg  and to promote tumor progression [ 80 – 82 ]. Likewise, B cells and PC can 
express PD1 ligands at high levels [ 83 ,  84 ] and tumor-infi ltrating PDL1-
expressing IgA +  PC were recently shown to dampen CD8 +  T cell-mediated 
immunity [ 65 ] (Fig.  5.4 ). Altogether, through their capacity to produce Th cell 
polarizing cytokines, such as IFN-γ, IL12, IL4 or IL13 or immunosuppressive 
cytokines like IL10 and TGFβ [ 85 ] and express of ligands for stimulatory or 
inhibitory immune check points (ICP), tumor-infi ltrating B cells can modulate T 
cell functions and increase or dampen anti-tumor immunity.   

5.3.3     Regulation of TLS Immune Function 

 Although TLS have been associated with a better clinical outcome in most types 
of cancers (Table  5.1 )   , their exact role remains debated and it is not excluded 
that particular types of TLS might be detrimental and favor immune suppres-
sion. Such notion of “ immunosuppressive TLS  ” came from the fi eld of trans-
plantation, where TLS have been observed in tolerated lung or kidney grafts 
[ 86 ,  87 ]. Indeed, long-term lung graft acceptance is associated with induction of 
bronchus-associated lymphoid tissues, where FoxP3 +  T reg  accumulate and con-
trol the anti-donor immune response [ 87 ]. Such TLS have not been described so 
far in cancer. Nevertheless, in similarly, Gobert et al. have shown in breast can-
cer that patients with a high density of T reg  in lymphoid aggregates have a worse 
prognosis [ 8 ]. Others have shown in mice that the transgenic expression of the 
TLS-inducing cytokine LTαβ in hepatocytes leads to recruitment and activation 
of immune cells and development of  hepatocellular carcinoma   [ 88 ]. In likewise, 
 LTαβ expression   in B cells drives the rapid re-emergence of prostate cancer fol-
lowing androgen deprivation [ 89 ]. Just as LN, TLS may thus act by amplifying 
the prevailing immune response in tumor-bearing patients, should it be a sup-
pressive and detrimental immune response or an anti-tumoral Tc1/Th1 benefi -
cial immune response. What differentiates these two putative types of TLS is so 
far poorly understood, but might rely in the functional properties of their B 
cells, including the nature of the cytokines and the class of Ig they produce, the 
pattern of expressed ICP ligands and the presence of immunosuppressive cells 
such as T reg .   
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5.4     Immunotherapies and TLS Development 

5.4.1     TLS Neogenesis 

 The mechanism of  lymphoid organogenesis   are now quite well known and involved 
many molecules including lymphotoxin (LT)-α and LT-β. TNF-α the lymphoid 
chemokines CCL19, CCL21, CZCL13, and RANK-L (for more details, see review 
by [ 90 ]). Since the growing interest in the fi eld of TLS in autoimmunity, infectious 
diseases and cancers, many laboratories studied whether the neogenesis of TLS 
can occur via the same set of molecules involved in lymphoid organogenesis. 
Strikingly, the answer is yes, meaning that there is no apparent specifi city within 
the two developmental programs (reviewed by [ 4 ]). In particular, the concomitant 
expression of the  lymphoid chemokines   is (i) mandatory for the completion of 
lymphoid neogenesis program, and (ii) critical for the maintenance of lymphoid 
organization via a self-amplifi cation loop. 

 The knowledge on TLS is very recent compared to LN but it is worth noting 
that during the evolution of vertebrates, TLS and other lymphoid organizations 
like  Gut-associated lymphoid tissues (GALT)  , emerged since lower vertebrates 
whereas LN appeared very recently in mammals (also in few birds). This indi-
cates that LN organogenesis has evolved through the recapitulation of the TLS 
neogenesis, and thus can explain the redundancy of the molecules implicated in 
each of their formation. 

 Nonetheless, it is important to underline that one major difference exists 
between  LN   and TLS formations. During fetal development, LN organogenesis 
is initiated by interactions between  lymphoid tissue inducer (LTi)      cells and stro-
mal organizer cells, and this key cellular cross-talk is LTα1β2 (membrane form 
of LTβ)-LTβ dependent. Several studies have shown that TLS can be induced 
upon infl ammatory stimuli in mice devoid of any LTi cells (i.e., RORγ −/−  and 
Id2 −/−  mice [ 91 ]), suggesting that other inducer cells can trigger TLS neogenesis 
[ 92 ,  93 ]. By using different mouse models, several immune cell types have been 
shown to promote TLS induction, along with the presence of DC that seems to 
play a central role. In breast cancer, mature DC are the major source of the  mem-
brane-bound LTβ   [ 94 ] and thus this immune population play a key role in the 
differentiation and maintenance of mature HEV, which are essential for the 
extravasation of peripheral blood immune cells into TLS [ 94 ]. In a model of 
ectopic expression of  CCL21   in the thyroid, DC-CD4 +  T cell interaction initiates 
the formation of HEV in a CCR7- and LTβR-dependent mechanism, and ulti-
mately TLS neogenesis [ 92 ]. In addition, the presence of DC has been shown to 
be essential for the maintenance of TLS in the lung after virus infection (infl u-
enza virus) [ 95 ] and modifi ed vaccinia virus Ankara [ 96 ]. Interestingly, a pro-
active role for  neutrophils   in TLS neogenesis has been recently highlighted in 
mice in a model of acute LPS instillations [ 97 ]. Finally, TLS formation can also 
be negatively regulated. Indeed, regulatory T cells (Tregs) can interfere with this 
lymphoid neogenesis program by dampening the neutrophilic infl ammation induced 
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by acute LPS exposure [ 97 ]. Very recently, Joshi et al. have shown that depletion 
of Tregs results in an increase number of cancer-associated TLS and the promo-
tion of anti-tumor immunity in established  lung adenocarcinoma   [ 98 ]. 

 Altogether, the mechanisms of LN and TLS formation share many similarities 
with the particularity that several LTi-like cells can promote TLS development at 
the infl ammatory site.  

5.4.2     Vaccination 

 The  vaccination   was discovered in 1796 by Edward Jenner who fi rst inoculated 
cowpox pus, an agent of mild disease infecting cows, and then injected the small-
pox to James Phipps. This pioneering experiment opened a fi eld of intense inves-
tigation on strategies to manipulate the immune system to protect the host [ 99 ]. 
Thereby, anti-infectious vaccination has permitted to eradicate or at least to 
greatly reduce morbidity of many pathologies, notably poliomyelitis, smallpox, 
measles, and mumps. In the fi eld of cancer, vaccination against  human papilloma 
virus (HPV)      serotypes 16 and 18 (Cervarix ® , Gardasil ® ) prevents 70 % of cervical 
cancer [ 100 ]. Despite the recent introduction of these preventative HPV vaccines, 
the frequency of high-grade  cervical intraepithelial neoplasia (CIN)      in women 
remains too high worldwide. In this setting, Maldonado et al. investigated the 
immune infi ltrate of lesional mucosa after therapeutic vaccination against HPV16 
[ 101 ]. In post-vaccination, a huge modifi cation of the immune microenvironment 
is observed with a marked increase of T cell infi ltrate with an activated effector 
memory phenotype and oligoclonal expansion. In contrast to unvaccinated sub-
jects, the immune infi ltrate is organized in TLS adjacent to HEV in target lesions 
of treated patients indicating that TLS are a marker of effi cient immunotherapy. 
CIN-associated TLS have features of an ongoing immune response, and their 
presence correlates with increased Th1 responses and immune cell activation-
related genes, as previously observed in some primary tumors such as 
NSCLC. Thus, we can speculate that TLS may provide a local niche for the dif-
ferentiation and maintenance of memory cells and consequently, may participate 
in the generation of a long-term protection against HPV. 

 Several immune-based cancer therapies aim to target DC subsets to induce anti-
tumor immunity. The two main strategies of DC-based therapies were to pulse 
ex vivo generated DC with TAA and to reinject them to cancer patients or to directly 
mobilize endogenous DC using cytokines like Flt3 ligand or GM-CSF. Despite the 
limited adverse effects, the objective responses using either approach were quite 
disappointing with regards to the central role of DC as bridges between the innate 
and adaptive immunity. It is of note nowadays that only two anti-tumor vaccines, 
both targeting GM-CSF, have been approved by the US Food and Drug 
Administration: GVAX for pancreatic cancer and Sipuleucel-T for treatment of 
metastatic castrate-resistant prostate cancer [ 102 ]. GVAX is an allogeneic GM-CSF 
gene-transfected tumor cell vaccine designed to elicit T cell immunity to cancer 
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antigens including mesothelin. Recently, Lutz et al. observed TLS neogenesis in 
most pancreatic tumors following G-VAX vaccination [ 103 ]. TLS-T cells exhibit 
signs of activation and effector functions, and a Th17 orientation. Importantly, even 
in the presence of T reg  and expression of inhibitory ICPs i.e., PD1/PD-L1 in TLS, 
the effector T cells/T reg  ratio is highly in favor of an anti-tumor response in vacci-
nated patients and the enhanced Th1/Th17 axis in TLS correlates with decreased 
T reg  density and long-term survival after vaccine therapy. Thus, these studies showed 
that immune-based vaccinations, which were initially designed to boost the adap-
tive immunity, are able to reprogram the tumor microenvironment from an unfavor-
able to a favorable milieu for TLS neogenesis. 

 It is of note that Sipuleucel-T is a GM-CSF-prostate acid  phosphatase   (PAP, a 
tumor antigen) fusion molecule contraindicated in patients with history of meta-
static castrate-resistant prostate cancer. In this context, it will be interesting to evalu-
ate the shaping of the local immune microenvironment post-vaccination, and to 
correlate the putative presence of TLS with the objective response to the treatment. 

 Altogether, it will be interesting to reanalyze data from previous vaccine clinical 
trials, according to TLS stratifi cation, density of tumor-infi ltrating effector T cells 
and outcome of vaccinated cancer patients in order to characterize therapies that 
best promote  de novo  formation of TLS with anti-tumoral  activity  .  

5.4.3      Immune Checkpoints      

 The undeniable success of ICP inhibitors with anti-CTLA-4 ( Ipilimumab  ) and 
anti-PD1 ( Pembrolizumab   and  Nivolumab  ) antibodies is considered as a revolu-
tionary therapeutic advance in cancer [ 104 – 108 ]. First introduced in unresect-
able or metastatic melanoma and now in chemo-resistant NSCLC, anti-PD1/
PD-L1 therapies remarkably enhanced the survival of a fraction of patients. 
Recently, it has been demonstrated that the mutational landscape of tumor cells 
could predict response to anti-PD1 treatment in NSCLC patients [ 109 ]. Numerous 
somatic mutations are indeed found in smokers compared to never-smokers, 
leading to an increased number of neoantigens and promote the effi cacy of anti-
PD1 treatment. In many human cancers, PD1 and its ligands have been shown to 
be expressed by tumor-infi ltrating immune cells among which T cells [ 110 – 112 ] 
and TLS-T cells [ 9 ]. Thus, it will be very interesting to correlate the presence of 
TLS with response to ICP inhibitory antibodies in order to evaluate the putative 
impact of these immunotherapies in patients with an already well organized 
immune microenvironment. 

 Taking into account the role of TLS in the shaping of the local immune micro-
environment, we can speculate that immunotherapies based on ICP blockade 
may act as a powerful booster of immune responses initiated in TLS already 
present in the tumor, TLS being the best place to induce or amplify protective 
immunity targeting neoantigens.   
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5.5     Conclusions 

 The recent discovery of tumor-associated TLS adds a new variable to be integrated into 
the current efforts to better understand the role played by the immune system in human 
cancers and identify effi cient immunotherapies aimed to harness anti-tumor immunity. 
That tumor TLS display many similarities with canonical SLO and most often corre-
late with long-term survival of patients, argue for a protective role of TLS in cancer. 
These structures, which are enriched in DC and organized in T and B cell zones, may 
indeed constitute preferential sites for the presentation of TAA allowing the priming of 
tumor-reactive naïve T cells and/or the reactivation of specifi c memory T cells. In addi-
tion, thanks to the presence of T FH  and GC, TLS are also sites for initiation and/or 
amplifi cation of humoral responses, which role in cancer just start to be appreciated. 
From a therapeutic point of view, pre-existing intra-tumor TLS may constitute a very 
useful biomarker for selecting patients who could best benefi ciate of immunotherapy 
aimed to reactivate tumor-specifi c T cells. In addition, neo-induction of TLS might be 
benefi cial in cancer patients to generate effi cient anti-tumor immunity, as suggested in 
animal models. Yet, several critical questions need to be addressed before exploiting 
TLS in therapy. One of these concerns the possible existence of detrimental TLS favor-
ing tumor progression and the identifi cation of the key factors that distinguish good 
TLS from bad TLS. Another important issue is to identify the mechanisms allowing 
TLS neogenesis in the tumor milieu in order to defi ne strategies that could be used in 
patients. Finally, determining how TLS-based strategies could best be combined with 
currently used targeted- or immunotherapies is of utmost importance. In particular, 
combining inhibitory ICP blockade and TLS induction may represent a promising 
strategy to promote effi cient cellular and humoral immune responses against tumor.     
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    Chapter 6   
 Homing Improvement: Boosting T Cell 
Traffi cking for Cancer Immunotherapy                     

     Joseph     M.     Cantor    

    Abstract     Advances in T cell tumor immunotherapy have raised hopes for this 
approach to become a signifi cant treatment for a variety of cancers. Recent suc-
cesses in leukemia using CAR-modifi ed T cells and in metastatic melanoma using 
tumor-infi ltrating lymphocytes have provided impetus to expand adoptive cellular 
immunotherapy into treatment of solid tumors. In this setting, adoptively- transferred 
T cells face a hostile tumor environment that suppresses their anti-tumor functions. 
In addition, T cells activated and expanded outside of the lymph node lack naturally 
imprinted homing cues and often exhibit poor homing to most sites of tumor growth. 
This signifi cant problem has limited the application of cellular tumor immunother-
apy to a select few malignancies. However, new ideas to improve the migration of 
transferred T cells have been generated and tested in preclinical models. Super- 
charging infl ammatory migration of T cells is possible by modulating any number 
of components in the leukocyte migration machinery, from chemo-attractants, to 
integrins, to extracellular matrix adhesion ligands. Promising results suggest that 
the homing problem can indeed be overcome to remove a major barrier in allowing 
cellular tumor immunotherapy to achieve its full potential as a cancer treatment.  
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  Abbreviations 

   ACT    Adoptive cellular tumor immunotherapy   
  AML    Acute myeloid leukemia   
  CAR    Chimeric antigen receptor   
  CCR9    Chemokine receptor 9   
  CML    Chronic myeloid leukemia   
  CRISPR    Clustered regularly-interspaced short palindromic repeats   
  CTLA-4    Cytotoxic T lymphocyte-associated protein 4   
  DC    Dendritic cell   
  EGFR    Epidermal growth factor receptor   
  FAK    Focal adhesion kinase   
  ICAM-1    Intercellular adhesion molecule 1   
  IL-1β    Interleukin 1 beta   
  IL-2    Interleukin 2   
  IL-6    Interleukin 6   
  IVIG    Intravenous immunoglobulin   
  LFA-1    Leukocyte functional adhesion molecule 1   
  NK    Natural killer cell   
  PD-1    Programmed cell death protein 1   
  PKA-I    Protein kinase A, Type I   
  SDF-1α    Stem cell-derived factor 1 alpha   
  TAA    Tumor-associated antigen(s)   
  T CM     Central memory T cell   
  TCR    T cell receptor   
  T EM     Effector memory T cell   
  TIL(s)    Tumor-infi ltrating lymphocyte(s)   
  TLS    Tumor lysis syndrome   
  TNF-α    Tumor necrosis factor-alpha   
  TSA    Tumor-specifi c antigen(s)   
  VCAM-1    Vascular cell adhesion molecule 1   
  VEGFR    Vascular endothelial growth factor receptor   
  VLA-4    Very late activation antigen 4   

6.1         Introduction 

 Harnessing the potential of the immune system to fi ght tumors has long been a goal 
of the immunology and oncology research fi elds. Immune-related therapies for can-
cer have been evolving for 50 years [ 1 ], but in the last decade, the promise of tumor 
immunotherapy has rapidly changed from potential to possibility as exciting clinical 
trial results have identifi ed several successful approaches [ 2 – 9 ]. At the same time, 
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signifi cant barriers have come to light that must be overcome before tumor immuno-
therapy can make a broad contribution to cancer treatment [ 10 – 13 ]. Poor homing of 
T cells to sights of tumor growth is one of the major diffi culties in applying adoptive 
cellular tumor immunotherapy to solid cancers [ 7 ,  12 – 14 ]. This review will (1) briefl y 
describe the fi eld of cancer immunotherapy, (2) review current T cell adoptive trans-
fer therapies, (3) defi ne the problem of T cell migration to tumors, (4) outline strate-
gies to improve migration, and (5) propose future directions for research in this area. 

6.1.1      Passive Immunotherapy  : Therapeutic Antibodies 
with Direct Effects on Tumor Cells 

 Paralleling the state of immunologic knowledge, early immunotherapies utilized 
soluble immune-proteins: antibodies. Antibodies were raised in mice to human 
tumor-specifi c antigens and developed for infusion to take advantage of antibody 
effector functions such as antibody-dependent cell-mediated cytotoxicity (ADCC), 
complement fi xation, and innate immune cell sensitization. In addition to these 
“naked” monoclonal antibodies, immunoglobulins have been conjugated to toxins, 
radioisotopes, and even used as bi-specifi c reagents to bring relevant immune cells 
or cytotoxic molecules into close proximity to the tumor (Fig.  6.1 ) [ 15 ]. Anti-tumor 

  Fig. 6.1     Immunotherapy using anti-tumor antibodies.  Several forms of monoclonal antibodies 
have been used for cancer immunotherapy. Each major type depicted uses the specifi c of the anti-
body to bring destruction from a different source to the tumor cell. Radioisotope-conjugated anti-
bodies expose rapidly dividing tumor cells to radiation-induced DNA damage. Toxin-conjugated 
antibodies deliver cytotoxic molecules to the cancerous cell, whereas “naked”, or unconjugated, 
antibodies utilize natural immunoglobulin effector functions to kill tumor cells, including ADCC, 
complement fi xation, opsonization, and sensitization of Fc receptor-bearing immune cells. 
Bi-specifi c antibodies bring activate immune cells into close proximity to target tumor cells for 
recognition and killing       
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therapeutic antibodies (typically IgG) generally diffuse easily into infl amed tissues 
and have not faced signifi cant diffi culties getting to the tumor. Rather, the chal-
lenges of antibody therapy are fi nding the ever-elusive tumor-specifi c antigens 
(TSA’s), early problems with clearance of foreign IgG, and tumor immune evasion 
via antigen downregulation. To overcome xenogeneic antibody clearance, current 
generations of therapeutic monoclonal antibodies for tumor treatment are exten-
sively “humanized” or comprised of fully human sequences. Broadly speaking, 
tumor-specifi c antibodies aim to either (1) deplete tumor cells through immune 
mechanisms, (2) block division of tumor cells by downregulating or inhibiting func-
tion of critical cell surface proteins, or (3) prevent adhesion/metastasis of tumor 
cells [ 16 ].  Rituximab   is the most widely-used anti-tumor therapeutic antibody and 
has been a highly successful treatment for many B cell malignancies [ 17 ]. Since 
malignant  cells   evolve resistance and often escape single-antigen blockades, there 
is a current push to develop individual antibodies that kill cancer cells using multi-
ple mechanisms in a so-called “multipronged” attack, or to use combinations of 
multiple anti-tumor antibodies on the same disease [ 2 ,  18 ]. Table  6.1  summarizes 
targets for FDA-approved therapeutic anti-tumor antibodies in use today.

6.1.2          Immunomodulatory Therapy  : Antibodies that Modify 
Immune Responses 

 Therapeutic antibodies represent a type of immunotherapy that utilizes the remark-
able specifi city and affi nity of the B cell receptor directly; they could thus be consid-
ered “passive” immunotherapy. However, the next major goal of oncologists and 
immunologists was to modulate the natural immune system to actively attack tumors. 
In most cancers, the immune system is suffi ciently present, but fails to mount an 
aggressive response to the tumor. Various checkpoints on natural T cell- dependent 
immune responses are hijacked by tumors to inappropriately suppress anti-cancer 
immunity [ 11 ,  19 – 21 ]. Following up on this knowledge, several antibodies have tar-
geted immune checkpoints (summarized in [ 22 ]). Anti-CTLA-4 removes a “brake” 

  Table 6.1    Anti-tumor 
antibodies approved for use 
in the United States  

 Target  Malignancy 

 CD20  B cell lymphomas 
 GD2  Neuroblastoma 
 EGFR  Colorectal Cancer 
 VEGFR2  Gastric Cancer 
 CD52  CML 
 Her2  Breast Cancer 
 CD30  Hodgkins’ Lymphoma 
 CD33  AML 
  CTLA4    Metastatic Melanoma  
  PD-1    Melanoma  
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on initial T cell activation to allow full co-stimulation of antigen- specifi c T cells. 
PD-1 is a co-inhibitory receptor that is expressed on “exhausted” effector T cells in a 
suppressive environment after constant antigen exposure and failed clearance. The 
success of these two reagents alone, or in combination, for treatment of metastatic 
melanoma, has highlighted the potential of “checkpoint blockade” as a way to modu-
late effector immune cells to clear tumors [ 2 ]. Depleting immunoregulatory cells 
(e.g., Treg, Breg) that suppress effector T cells could also become a useful immuno-
modulatory  strategy   [ 23 – 25 ]. One more way that antibodies are used as immuno-
modulatory therapy for cancer is to bring immune cells or cytotoxins into close 
proximity with tumor cells. These so-called bi-specifi c antibodies are diffi cult to pro-
duce, but have shown some promise [ 26 ,  27 ]. Overall however, harnessing the speci-
fi city of immune receptors using antibody treatment will continue to be a major mode 
of anti-cancer therapy for the near future since the methods are simple and well-
established. The barriers to realizing the full potential of these agents are (1) the cost 
of producing large quantities of biologics for longer- term treatment (2) the limited 
number of known tumor-specifi c antigens, and (3) the loss of antigenic targets within 
the time frame required for effi cacy of passive immunotherapy.  

6.1.3      Active (Cellular) Tumor Immunotherapy   

 Despite early successes in passive tumor immunotherapy, cell-mediated immune 
responses, both innate and adaptive, have nevertheless been considered the crucial 
route for immune surveillance and defense against aberrant cell growth (cancer). 
Harnessing active cellular immunity to prevent and/or eliminate tumors is thus a 
continuing quest in immunology and oncology [ 1 ]. Cell-mediated immunity is initi-
ated by tissue-resident cells that have an “innate” capacity to be activated by 
pathogen- like features (in the case of dendritic cells, or DC) or missing/altered self 
(in the case of “natural” killer, or NK, cells). After antigen uptake, DC prime T 
lymphocytes to mount a full adaptive immune response. Cancerous cells can be 
recognized in this indirect fashion by T cells (through DC) or be recognized directly 
by NK cells. In a healthy individual, this system prevents growth of tumors. When 
cancer does appear, it is thought to represent a breakdown in the ability of DC, T 
cells, or NK  cells   to successfully recognize and eliminate the neoplastic growth. 
Efforts to harness active cellular immunity to cancer have thus focused on boosting 
activation and function of DC, T, or NK cells [ 1 ].  

6.1.4      Dendritic Cell Tumor Immunotherapy   

 Some of the earliest cellular tumor immunotherapies attempted to produce fully 
activated DC, loaded with tumor antigen and competent to prime effi cient anti- 
tumor T cell responses. DC-based tumor immunotherapy approaches have been 
most thoroughly tested in melanoma, renal cell carcinoma, brain, and prostate 
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cancers [ 28 ]. Since DC shape the adaptive immune response by the quality of their 
initial activation, vaccination strategies represent the furthest development of these 
cells for cancer immunotherapy [ 9 ,  28 ]. Common protocols begin by isolating DC 
from a patient, activating/maturing them extensively in vitro with pro-infl ammatory 
cytokines, and loading them with tumor peptide antigens in the form of soluble 
peptides, recombinant protein, whole tumor cells, or peptide-expressing virus or 
bacteria [ 29 ]. The antigen-loaded, mature DC are then re-infused by intravenous, 
intra-dermal, intra-nodal, subcutaneous, or intra-lymphatic injection [ 29 ]. An in- 
depth discussion of this topic is outside the focus of this chapter; excellent reviews 
on this topic can be found elsewhere [ 9 ,  28 ,  30 ,  31 ]. With a few exceptions, most 
notably the FDA-approved Sipuleucel-T (Provenge) for prostate  cancer   [ 32 ], the 
primary emphasis of cellular tumor immunotherapy research has now shifted toward 
direct manipulation of T cell activity.  

6.1.5     T Cell Tumor Immunotherapy:  Boosting Endogenous 
Responses   

 CD8+ T cells are often considered the primary effector cell of the natural adaptive 
immune response to cancer. The generation of large numbers of functionally compe-
tent CD8 T cells is thus a critical determinant for the successful defense against 
tumor growth. In the cancer patient, it is assumed that there is a defect in CD8 T cell 
function that prevents their clearance of tumor cells. One remedial approach is to 
strongly prime anti-tumor T cell immunity by vaccination with a tumor-specifi c 
antigen and a strong adjuvant to activate lethargic endogenous naïve and effector 
anti-tumor T cells and convert them into effi cient killers [ 33 ,  34 ]. Compared to stim-
ulating production of high-affi nity antigen-specifi c antibody, it is less clear how to 
most effi ciently elicit a strong T cell response to a given antigen in humans. The 
most successful efforts have indirectly boosted T cell responses using DC vaccines 
(described briefl y above). Another way to prime endogenous anti-tumor T cell 
responses is to deliver an immunogenic form of a relevant tumor-specifi c antigen 
(TSA) into the tumor itself [ 35 ]. In this way, the immunogenicity of viral vectors 
in vivo could be a benefi t rather than a liability, providing a natural adjuvant. An 
alternative to optimizing priming signals for effector T cells, endogenous T cells can 
be expanded by infusion of interleukin-2 (IL-2), an important growth cytokine for T 
cells and NK cells. Some success was observed in metastatic melanoma with various 
doses of recombinant IL-2, although side effects were signifi cant and response rates 
were remained less than 15 % [ 36 ]. Other than checkpoint blockade, overall attempts 
to boost the generation and function of endogenous T cell immunity through vacci-
nation and growth factor treatment have fallen short of expectations. It is possible 
that this is due to immunosuppressive conditions present both in tumors and lym-
phoid tissue after tumors have progressed, resulting in insurmountably lethargic 
endogenous T cells [ 36 ]   . As a result of this disappointing effi cacy, recent attempts 
have turned toward ex vivo re-programming of T cells under controlled conditions.  
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6.1.6     T Cell Tumor Immunotherapy: Adoptive Cellular 
Immunotherapy ( ACT)   

 In adoptive cellular immunotherapy, T cells (or NK in rare cases) are isolated from 
the affected patient, activated, expanded, and re-infused [ 3 ,  37 ,  38 ]. These methods 
have several advantages. First,  lymphocytes   can be “reprogrammed” in vitro in the 
absence of suppressive signals present in the cancer patient and, instead, in the pres-
ence of growth and infl ammatory cytokines.  Expansion and cytotoxic activity   of 
tumor-infi ltrating T cells can often by recovered after they are removed from 
hypoxia, inhibitory ligands, immunosuppressive cytokines, barren extracellular 
matrix, and regulatory T cells that characterize the tumor environment. In the place 
of this  immunosuppression  , T cells are strongly activated using anti-CD3/28 stimu-
lation and expanded in the presence of large amounts of IL-2. Within these proto-
cols, T cells can be genetically altered in vitro with a nearly unlimited array of 
stimulatory or cytotoxic molecules, specifi cally increasing the potency of these cells 
without collateral damage to sensitive tissues [ 39 ,  40 ]. By way of contrast, modifi -
cation of  endogenous T cells   in the host has largely ground to a halt due to the 
potential of unpredictable immune reactions to some viral vectors. Finally, in ACT 
protocols, harvest of autologous T cells and expansion ex vivo provides a window 
of time during which the remaining endogenous immune system can be therapeuti-
cally modulated to provide a receptive setting for re-infused effector T cells. For 
example, non-myeloablative short-term chemotherapy or total body irradiation has 
greatly increased response rates to ACT using TIL for treatment of metastatic mela-
noma [ 3 ,  36 ].  

6.1.7     Adoptive Cellular Immunotherapy Using TILs 

 Two main sources of  anti-tumor cells   have been investigated for autologous re- 
infusion: (1) tumor-infi ltrating lymphocytes (TIL) or (2) peripheral T cells modifi ed 
with tumor-specifi c antigen receptors. In the fi rst approach, TILs are isolated from 
surgically resected tumors, expanded, and re-injected [ 6 ,  8 ]. When tumor fragments 
are grown in IL-2, the surviving/proliferating cells represent a nearly pure popula-
tion of tumor-infi ltrating CD4+ and CD8+ T cells.  Tumor-specifi c T cells   can then 
be identifi ed by reactivity to tumor cell targets. A portion is typically frozen as a 
cellular back-up, and the remainder is expanded in IL-2 and re-injected into the 
patient 5–6 weeks later. For reasons that are not entirely clear, the ability to grow out 
tumor-specifi c TIL for immunotherapy has been largely limited to melanoma [ 3 ]. 
One possible explanation for the unique sensitivity of  metastatic melanoma   to 
immunotherapy may have to do with its rather high mutation frequency, providing 
a large pool of tumor-specifi c antigens along with infi ltrating T cells that are specifi c 
for these antigens. There is now a large effort to identify the less frequent mutations 
in other solid cancers and construct corresponding peptides to expand 
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mutation- specifi c TIL that are quite scarce in these tumors. Exome sequencing of 
 normal vs. tumor tissue   is a newer technology that may allow the identifi cation of 
possible mutant antigens for expansion in an individual patient, bringing the con-
cept of personalized medicine to cellular tumor immunotherapy [ 3 ]. For  metastatic 
melanoma  , however, there has been steady progress in the effi cacy of TIL-based 
ACT. Since the addition of pre-conditioning chemotherapy and/or total body irra-
diation (TBI), 40–50 % Overall Response (OR) rates are now observed at some of 
the most successful centers in treating highly advanced melanoma and ~20 % of 
patients experienced durable complete regression. Although checkpoint blockade 
has already made a major impact on treatment of advanced melanoma, TIL–based 
cell infusion seems likely to join this rank in the near future.  

6.1.8     Adoptive Cellular Immunotherapy Using  CAR-Modifi ed 
T Cells   

 An alternative cellular immunotherapy strategy re-directs polyclonal circulating 
peripheral T cells by introducing high affi nity tumor-specifi c antigen receptors and 
co-stimulatory molecules before re-infusion [ 7 ,  38 ,  40 ]. These synthetic chimeric 
antigen receptors (CARs) are typically composed of  single-chain variable regions 
(scFv)      of a proven tumor-specifi c antibody, fused to portions of a T cell receptor 
signaling complex. They can thus recognize a tumor-specifi c antigen in an HLA- 
independent fashion, which theoretically sidesteps tumor cell immune evasion 
caused by antigen processing variation. Lack of MHC restriction also raises the pos-
sibility of universal (allogeneic) CAR T cells if the endogenous lymphoid compart-
ment is depleted prior to T cell infusion, although this may require silencing of the 
potentially alloreactive original TCR in the CAR T cell. CARs are now in their 3rd 
or 4th iteration of composition, mostly for receptor length and presence of co- 
stimulatory signaling sequences [ 38 – 42 ]. As noted above, it is possible to introduce 
other proteins to the T cells in the same setting that CAR’s are added, in efforts to 
boost effector function. Alone these lines, “armored” CAR  T   cells engineered to co- 
express IL-12 show evidence of increased resistance to suppression/exhaustion in 
pre-clinical models [ 39 ,  40 ]. This demonstrates that modifi cation of tumor- specifi c 
T cells with carefully chosen genes can overcome some of the weaknesses in anti- 
tumor T cells and turn them into more effective tumor killers. Delivery of genes 
encoding CARs and other important proteins into T cells in vitro using lentivirus or 
gammaherpes viruses is now fairly safe and effi cient [ 43 ], although alternative 
modes exist [ 44 ], including electroporation, and more recently, zinc-fi nger nucleases 
or Cas/CRISPR gene editing. After polyclonal T cells are isolated from circulation, 
stimulated with anti-CD3/CD28 beads, and modifi ed with CAR (and genes for other 
proteins of interest), they are expanded in IL-2 and re-infused. Adoptive transfer of 
chimeric antigen receptor-modifi ed T cells has received much recent attention due to 
a number of encouraging results in clinical trials for leukemia/lymphoma [ 4 ,  5 ,  45 –
 48 ]. Durable remissions have been seen in a number of patients, and transferred 
CAR T cells have persisted for many years [ 43 ]. The choice of which T cell subset(s) 
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to modify and re-infuse is a relevant question with the CAR approach, and recent 
work seems to have identifi ed the need for a blend of central memory CD8+ T cells 
(T CM ) with naïve CD4+ cells for maximum effectiveness [ 49 – 51 ]. This knowledge, 
and the remarkable capacity of CAR T cells to expand, persist, and continue to 
express CAR after adoptive transfer for >10 years [ 43 ], has allowed the T cell num-
ber needed for transfer to be lowered from 5 × 10 9  to 5 × 10 6  cells/patient [ 49 ,  52 ]. 
Thus, tumor immunotherapy with CAR  T   cells is likely to become an effective 
option for non-melanoma tumors where antigenic targets exist that are either tumor-
specifi c or are expressed on tumors and non-essential tissues (e.g., CD19).   

6.2     Barriers to Cellular Tumor Immunotherapy 

 Given the recent explosion in the development and initial success of ACT, it seems poised 
to become a major therapeutic, or even curative, treatment for some cancers. However, as 
this therapeutic strategy has been developed and implemented, several signifi cant barri-
ers have become clear that must be overcome for ACT to realize its full potential 
(Table  6.2 ). Some of these challenges are inherent in the approach, others have been 
partially addressed, but several major hurdles remain that require creative solutions.

6.2.1       Identifi cation and Prioritization of  Tumor-Specifi c 
Antigens (TSA)      

 An inherent challenge to tumor immunotherapy is the  same   immense task that the 
immune system faces daily: distinguishing self from non-self (or altered self). As 
we attempt to re-program and guide immune molecules and cells, we face the same 

   Table 6.2    Barriers to effective ACT   

 Cell immunotherapy barrier  Affects  Solutions (realized or potential)  Refs 

 Lack of Tumor-specifi c 
Antigens 

 CAR, 
TIL 

 Exome sequencing to ID mutant self- 
antigens in tumors 

 [ 3 ] 

 Insuffi cient tumor-specifi c 
T cells 

 TIL  IL-2, pre-conditioning/lymphodepletion  [ 36 ] 

 Integration-related 
transformation 

 CAR  Newer viral vectors, Non-viral delivery 
methods 

 [ 10 ,  43 ] 

 Excessive persistence of 
infused T cells 

 CAR  Incorporate suicide genes; use short lived 
cells (NK) 

 [ 10 ,  43 , 
 53 ] 

 On-target toxicity  CAR  Delete endogenous TCR; use dual CAR  [ 10 ] 
 Tumor Lysis Syndrome  CAR  Anti-IL-6, Anti-TNF treatment; use minimal 

CAR T cells 
 [ 51 ,  54 , 
 55 ] 

 Suppressive tumor 
microenvironment 

 TIL, 
CAR 

 Combine w/ checkpoint blockade, use 
“Armored CARs” 

 [ 39 ,  40 ] 

 Poor migration of T cells to 
solid tumors 

 CAR, 
TIL 

 (See strategies for improving tumor homing 
below) 

 [ 13 , 
 56 – 72 ] 
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dilemma: how do we identify antigens that are unique to tumors, and whose target-
ing would not harm essential tissue? This problem has hampered antibody-based 
immunotherapy and similarly limits the repertoire of effective antigen receptors that 
can be used in CAR T cell therapy. Cutting edge sequencing technologies may be 
used to identify mutated self-antigens or antigens non-essential to normal tissues 
[ 3 ]. In cancers where identifi cation of  TSAs      is impossible or impractical, forms of 
immunotherapy may need to be used that leave this to endogenous immune mecha-
nisms, such as checkpoint blockade, or TIL-based cellular immunotherapy.  

6.2.2     Generation and Persistence of Suffi cient Tumor-Reactive 
T Cells 

 A diffi culty encountered early on in cellular immunotherapy was an inability to 
generate large numbers of  tumor-reactive effector T cells   from tumors for re- 
infusion. This is partly due to central and peripheral tolerance mechanisms that pro-
tect from autoimmunity but can also weaken responses to tumor cells that represent 
altered self. IL-2 seemed to largely address the problem of low numbers since it can 
stimulate such a large expansion of activated T cells [ 36 ]. Although tumor- reactive 
T cells are a rare cell within tumors, culture in IL-2 allows the CD4 and CD8 T cells 
present to outgrow and kill the tumor cells in primary culture and permits expansion 
of tumor-reactive lines in the second culture step of TIL-based immunotherapy. 
Injection of recombinant IL-2 can even boost expansion of tumor- reactive TILs after 
infusion. Unfortunately, generating enough tumor-reactive TIL from cancers other 
than melanoma has been limiting and will require more creative solutions, such as 
the exome sequencing for antigens mentioned above [ 3 ]. For CAR immunotherapy, 
tumor-specifi c T cells are not limiting as their specifi city is generated artifi cially, 
and these, too, can be further expanded in IL-2 before re- infusion [ 7 ,  38 ,  40 ]. 
Maintenance of transferred T cell numbers was also a signifi cant problem, at least in 
the case of TIL therapy. However, provision of IL-2 and inclusion of lympho-deplet-
ing treatment prior to T cell infusion creates a niche and an available cytokine pool 
for survival and expansion [ 36 ]. Transferred CAR T cells do not seem to suffer poor 
in vivo persistence, perhaps because they are stimulated with so many targets when 
used as a treatment for  leukemias   [ 43 ]. On the contrary, the outstanding survival and 
expansion in vivo is itself a potential challenge for CAR T cell therapy to provide an 
optimal long-term outcome for the patient (see below). It will be interesting to see if 
CAR T cells persist and expand as dramatically when CAR T cell therapy is applied 
to solid tumor cancers with scarcer and less accessible antigens.  

6.2.3     Safety:  Integration-Related Transformation   

 Since retro- and lenti-viruses are commonly used for gene delivery in creating CAR 
T cells, insertional mutagenesis is a concern. This worry is partly based on leuke-
mias observed following early attempts at viral gene therapy for SCID-X1 [ 73 ]. 
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However, no suspected retrovirus-related leukemias have been observed in >200 
patients now infused with CAR T cells [ 43 ]. These recipients were further analyzed 
for signifi cant clonal expansions within the transferred CAR T cell population using 
two methods and no evidence of such expansions was found [ 43 ]. While the poten-
tial for transformation always exists, it appears that modern retroviral vectors have 
largely overcome the risk of insertional mutagenesis. Nevertheless, this risk may be 
gene-dependent and could thus vary as additional genes are delivered in conjunction 
with chimeric receptors. It is therefore prudent to continue developing targeted gene 
delivery strategies using zinc-fi nger nucleases or Cas/CRISPR technology, along 
with the inclusion of suicide genes as outlined below [ 10 ].  

6.2.4     Safety:  Excessive Persistence   

 Following the incorporation of co-stimulation, IL-2, and lymphodepleting pre- 
conditioning into protocols, CAR T cells were observed to persist long-term, and 
may do so indefi nitely [ 43 ]. In some patients, the transferred T cells occupied the 
majority of the CD8 subset. After tumor clearance, long-term persistence of CAR T 
cells at high levels might present some problems. First, this level of “clonal” domi-
nance is likely to lessen the effi ciency of cell-mediated immunity, as oligoclonal T 
cell repertoires in the elderly correlate with, and may be the cause of, declining 
immune function [ 74 ]. Second, the long-term presence of effective CAR T cells 
prevents recovery of healthy cells/tissues that were targeted by virtue of shared 
antigen expression. For example, successful CD19 CAR T cell  therapy   generally 
results in a long-term loss of most B cells; however, monthly injections of IVIG can 
mostly compensate for protective B cell immunity [ 10 ]. Third, the long-term pres-
ence of dual-TCR cells raises the risk of possible autoimmunity due to activation/
differentiation signals provided by the CAR when a possibly autoreactive 2nd TCR 
could still be present and available for targeting sensitive self-antigen. 

 Two possible remedies have been proposed to address these concerns. One is to 
use a more transient cell population such as effector-memory T cells as CAR T 
cells; the other idea is to develop CAR NK cells, which are potent tumor-killing 
cells, but do not survive long-term [ 53 ]. Both of these approaches may hold prom-
ise, but are in the early stages of development and may limit the effectiveness of 
CAR T therapy. The most attractive strategy to address over-persistence (and long- 
term safety) is to introduce a suicide gene into CAR T cells. Following this idea, 
when the tumor cells are clearly gone, a specifi c reagent could be given that the 
CAR T cells would respond to and be eliminated. HSV-TK was the fi rst suicide 
gene tested for CAR T cell removal in response to ganciclovir; unfortunately 
HSV-TK may suffer from immunogenicity due to recognition as a foreign protein 
[ 10 ]. Other options include: (1) iCasp9 (activated by a small molecule drug), (2) a 
chimeric protein containing anti-CD34 and anti-CD20 antibody epitopes (for 
selection with anti CD34 and deletion with rituximab), or more recently, (3) a trun-
cated EGF receptor (EGFR) used with approved anti-EGFR  antibody   [ 48 ]. With 
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these options in hand, new protocols will soon offer a patient the choice to remove 
CAR T cells if exhibiting unequivocal absence of disease for a pre-determined 
period of time.  

6.2.5     Safety:  Off-Target Damage   

 Damage to essential tissue due to shared antigens (“on-target toxicity”) is another 
safety concern in adoptive cellular immunotherapy, particularly in using CAR T 
cells [ 75 – 78 ]. This is partly related to the paucity of tumor-specifi c antigens; when 
tumor-associated antigens (TAA) are the only choice, collateral damage can be 
anticipated. Continued efforts to identify the best TAA, or if possible TSA, using 
new molecular technologies should gradually lessen this problem. Another clever 
approach is to introduce 2 CARs [ 10 ]. A CAR specifi c for one TAA could contain 
the co-stimulatory moieties, while another CAR specifi c for another TAA transmits 
the antigen receptor signal (TCR ζ chain). Full activation would only be given in the 
presence of both antigens, a less likely scenario in normal tissue. A second version 
of this concept combines two antigen-binding domains in one CAR that would only 
be fully activated when both antigens are bound. A further way to utilize dual CARs 
to avoid on-target toxicity is to use one regular full-activation CAR specifi c for TAA 
in conjunction with an inhibitory CAR (iCAR) specifi c for an antigen expressed in 
normal tissue that the TAA is frequently expressed in. One of these possible solu-
tions seems likely to lessen the problem of CAR on-target toxicity. However, the 
endogenous TCR present in CAR-modifi ed T cells can also cause “second-target” 
toxicity if it is self-reactive. In this scenario the CAR T cell is activated/differenti-
ated in vivo due to the CAR receptor signal. Thereafter, if it encounters the natural 
TCR self- antigen  , it may precipitate autoimmunity. So far this has not been a major 
problem and the option to delete endogenous TCR while adding CAR is always an 
option [ 10 ].  

6.2.6     Safety: Tumor Lysis Syndrome 

 A fi nal and serious safety concern is tumor lysis syndrome, primarily seen in CAR 
therapy for leukemia with heavy tumor burden.  Tumor lysis syndrome (TLS)         is a 
life-threatening shock-like condition caused by the release of pro-infl ammatory 
cytokines when CAR T cells rapidly kill a large number of (circulating) target tumor 
cells [ 51 ]. The sudden release of intracellular ions and metabolic byproducts appar-
ently prompts a chaotic response from the liver as it processes the debris. Although 
it is a critical complication, TLS seems to occur in a predictable time window after 
CAR T cell therapy, and careful monitoring for metabolic and renal symptoms, 
combined with appropriate and immediate cytokine blockade has lessened the dan-
gers of TLS [ 51 ,  54 ,  55 ]. Moreover, recent CAR protocols that use up to 1000-fold 
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fewer T cells should allow a more gradual tumor cell elimination, less bystander 
activation, and ultimately less cytokine release [ 79 ].  

6.2.7      Suppressive Tumor Microenvironment   

 A large barrier to both natural anti-tumor immunity and to therapeutic immuno-
therapy is the hostile extracellular environment of the tumor [ 12 ]. Partly an immune 
evasion strategy and partly a result of tumor cell metabolism, the “suppressive 
tumor microenvironment” refers to conditions within a tumor that dampen or shut-
down protective T cell immunity. This occurs through a number of mechanisms, the 
details of which are beyond the scope of this chapter; rather, a brief summary will 
be offered [ 80 ,  81 ]. First, the unusual cellular  metabolism   of tumor cells creates a 
hypoxic environment, which is particularly challenging for effector T cells and 
inhibits their anti-tumor function. Second, the recruitment and activity of immuno-
suppressive leukocyte subsets such as regulatory T cells (Treg) and/or myeloid- 
derived suppressor cells (MDSC) dampen cell-mediated immunity [ 23 ,  24 ]. The 
roles of these subsets in effector T cell proliferation have been well-described and 
are an important natural counterbalance against unrestrained infl ammation or auto-
immunity. However, they are commandeered by tumors in their defense against 
anti-tumor immunity [ 80 ,  81 ]. Similarly, a wide range of co-inhibitory receptors 
govern natural cell-mediated immunity and function as natural “check-points” for 
T cell activation and function. CTLA-4 directly blocks co-stimulation during early 
T cell activation, while PD-1 and many other proteins provide negative regulation 
during later stages of T cell differentiation and effector function. Blockade of 
CTLA-4 or PD-1 signals appears to partly overcome the “exhausted” phenotype of 
tumor- specifi c T cells seen in cancer patients, particularly within tumors [ 2 ]. Anti-
CTLA-4 and/or anti-PD-1 antibodies have indeed become valuable therapeutics for 
the treatment of advanced melanoma and represent a weapon to battle tumor-medi-
ated immunosuppression [ 2 ,  22 ]. A major way that tumors co-opt immune check-
points is through expression of ligands for T cell co-inhibitory receptors, and 
blockade of these ligands may also release T cell anti-tumor immunity [ 2 ,  11 ,  20 , 
 21 ]. Avenues to specifi cally inhibit Treg and MDSC are also in current high demand 
[ 23 ,  24 ], since they represent the main leukocyte sources for immunosuppression 
within the tumor. Re-programming the extracellular tumor environment may also 
be possible. CAR T cells that secrete pro-infl ammatory cytokines (IL-12 or IFN-γ) 
under the control of CAR signaling have been engineered and are currently in test-
ing. These “Armored CAR’s” [ 40 ] or “Trucks” [ 39 ] carry their anti-suppressive 
products with them to be released in the tumor environment and away from sensi-
tive tissues. IL-12 secretion within the tumor also recruits pro-infl ammatory macro-
phages and activates their anti-tumor functions [ 82 ]. Even while much progress is 
being made to reverse tumor immunosuppressive  mechanisms  , circumspection is 
required, as unregulated immune activation may result in auto-immune or patho-
logical infl ammatory reactions [ 83 ].  
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6.2.8     Poor Homing to Tumors 

 Since ex vivo-modifi ed T cells have been activated and expanded outside the lymph 
node environment, they lack naturally-imprinted homing cues and exhibit relatively 
poor homing to sites of solid tumor growth [ 7 ,  14 ,  84 ,  85 ]. This is a particularly 
signifi cant problem for CAR T cell immunotherapy and to date has largely confi ned 
its application to hematological malignancies [ 7 ,  12 ,  86 ]. In order to understand 
why this barrier exists and begin to formulate strategies to surmount this obstacle, a 
brief overview of T cell traffi cking to infl amed tissue is necessary.  

6.2.9     T Cell Traffi cking During Infl ammation 

 The general circulation pattern of central memory (T CM ) and naïve T cells through-
out the body is from blood, across  high endothelial venules (HEV)      into lymph 
nodes, through T cell zones, out via efferent lymphatics, and eventually back into 
the blood through the thoracic duct [ 87 – 89 ]. If circulating T CM  and naïve T cells 
encounter their cognate antigenic peptide presented on a mature dendritic cell as 
they pass through lymphoid T cell zones, they stop circulating and begin the transi-
tion to effector T cells. During this activation and differentiation period (2–5 days), 
antigen-specifi c T cells are essentially trapped in the  lymph node   and guided by 
signals from the antigen-presenting cell (APC, usually DC for naïve T cells) for 
cues as to (1) what effector subset to become, and (2) what tissue(s) to migrate to 
when they leave [ 89 ]. Once the responding T cell (CD4+ or CD8+) is activated, it 
undergoes rapid clonal expansion (up to 100,000-fold), and differentiates into an 
army of the appropriate effector cells [ 90 ]. The activated,  antigen-specifi c effector 
T cells   then exit the lymph node via the efferent lymph and re-enter the blood-
stream, this time with a different adhesion molecule pattern that enables them to 
extravasate into infl amed tissues [ 91 ]. Once they have left the bloodstream, they 
follow gradients of chemoattractants to the site of infection where they should re-
encounter antigen in the form of infected or altered cells [ 92 ]. Once they are re-
activated by antigen, they kill or secrete cytokines until antigen is cleared, which 
signals clonal contraction [ 93 ]. A small fraction of responding antigen-specifi c 
cells remain as memory cells, either in local tissues as “ effector memory  ” cells 
(T EM ) capable of short-term immediate protection, or as a circulating “ central 
memory  ” subset (T CM ) that must be re- activated, differentiated, and expanded for 
effi cient immunity [ 93 ]. 

 Adhesion molecules are critical for nearly every stage of the T cell immune 
response. A wide array of  chemoattractants and adhesion receptors   control the circu-
lation of naïve T and T CM  cells, positioning/cell contact/retention within lymph nodes, 
exit from nodes, traffi cking to infl amed endothelium, extravasation, and migration 
within tissues [ 94 ]. We will primarily consider chemokine signaling and integrin-
dependent migration.  Chemokines/receptors and integrins   act in concert with a com-
plex signaling network and structural proteins to provide fi rm extracellular attachment, 
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traction, and directional migration [ 95 ,  96 ]. Chemokines are small (~10 kD) soluble 
proteins that bind to specifi c G-protein-coupled receptors and stimulate localized 
activation of integrins through the activity of small GTPases (such as Rap1) that pro-
mote binding of talin to integrin cytoplasmic tails [ 94 ,  96 ,  97 ]. Integrins are trans-
membrane heterodimeric proteins comprised of α and β chains that connect 
extracellular ligands to the cytoskeleton [ 98 ]. When integrins are in an inactive con-
formation, they cannot bind ligand with signifi cant affi nity. After  intracellular signals   
are received from chemokine receptors, integrin β chains are re-positioned via the 
binding of talin to the cytoplasmic tail of the integrin β chain, allowing effi cient bind-
ing of extracellular ligand [ 99 ]. This is often termed “inside-out” signaling, or “inte-
grin activation,” [ 100 ,  101 ] which can be contrasted with “outside-in” signals [ 102 ] 
transduced from integrins after ligand binding that result in cell attachment, survival, 
proliferation, migration, and even T cell effector function [ 103 ,  104 ]. 

 Dendritic cells “imprint” different combinations of chemokine receptors and inte-
grins on T cells during activation to provide specifi c guidance cues that localize effec-
tor T cells to appropriate tissues [ 105 – 108 ]. After exit via lymph to the bloodstream, 
effector T cells encounter corresponding chemokines and integrin ligands that pro-
vide additional specifi city and directional cues for homing to T cell targets [ 94 ].   The 
provision of  retinoic acid   (Vitamin A) from DC prompts expression of α4β7 integrin 
and the chemokine receptor CCR9 on effector T cells, which results in homing to 
mucosal tissues [ 109 ]. Activated T cells are directed to most other tissues via 
expression of α4β1 (VLA-4). The presence of  Vitamin D   during activation instructs 
T cells to home to the skin through expression of CLA, E-selectin, and the chemo-
kine receptor CCR10 [ 110 ,  111 ]. Other adhesion molecules have been shown to be 
important for migration to different tissues in specifi c conditions [ 112 ], but the 
exact chemokine receptor + integrin “zip codes” for every tissue have not been fully 
deciphered [ 113 ]. 

 As they pass near infl amed tissues, effector T cells encounter immobilized che-
mokines and other adhesion molecules on activated endothelium that capture the 
cells from circulation via the well-described steps of the “ adhesion cascade  ,” com-
prised of rolling, tethering, fi rm adhesion, and extravasation [ 94 ,  95 ]. After they pass 
between or through endothelial cells, T cells must transit the pericyte layer that sur-
rounds blood vessels on the baso-lateral surface. Once in the tissues, effector T cells 
may migrate via classical integrin-dependent chemotaxis in response to complex 
chemokine gradient vectors or by using amoeboid migration. Many chemoattrac-
tants, both classical chemokine proteins and lipid chemoattractants, contribute to 
extravasation and intra-tissue migration, in addition to an ever-growing list of other 
adhesion molecules [ 94 ]. In the case of  chemotaxis  , it appears that migrating T cells 
must integrate complex vectors of chemokine gradients to home within tissues 
[ 114 ]. It should be noted that in comparison to the complexity of chemokine recep-
tors the migration of effector T cells depends heavily on comparatively few integrin 
heterodimers: α4β7 (LPAM-1), α4β1 (VLA-4), and α  L  β2 (LFA-1) [ 95 ]. This sug-
gests that control of individual chemokine receptors could govern migration to very 
specifi c destinations, while changes in the function of particular integrins would be 
predicted to have broader effects.  
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6.2.10     T Cell Traffi cking to Tumors 

 T cell migration to sites of  neoplastic growth   could be expected to follow that of 
homing to tissues infl amed via infection or other tissue pathology. However, 
tumors present unique challenges to the migrating T cell [ 115 ]. First, there may be 
a disorganization of normal “danger” signals that an invading pathogen normally 
provides to provoke the release of chemoattractants and upregulation of adhesion 
molecules on tissue-resident leukocytes and endothelial cells [ 116 ]. Secondly in 
normal infections, neo-angiogenesis and lymphangiogenesis provide highways for 
rapid fl ow of antigens and APC to lymph nodes and effi cient homing of effector 
cells to sites of  infl ammation  ; tumors have instead hijacked this route for metasta-
sis [ 117 ,  118 ]. Moreover, tumor growth results in excess VEGF and abnormal 
blood vessels that express sparse adhesion molecules [ 115 ]. Third, tumors can 
directly degrade chemoattractants, blocking the recruitment of effector T cells 
[ 56 ]. Many other aspects of the tumor environment [ 80 ,  81 ] affect T cell homing, 
such as hypoxia and the presence of anti-infl ammatory cytokines that antagonize 
the effects of TNF-α, etc. on endothelium. Finally, the migration of  leukocytes   to 
infl amed tissues is often tuned to occur in waves of different immune cell subsets, 
with the function of initial waves helping recruit secondary assaults. When pri-
mary infi ltrating immune cells (myeloid or lymphoid) are suppressed or polarized 
away from an “infl ammatory” phenotype, further infi ltration suffers [ 119 ]. There 
are also likely, as of yet unknown, ways that cancers inhibit migration of  anti-
tumor T cells   to growing tumors, but overall it is clear that poor migration of effec-
tor T cells is a major barrier for the immune response to cancer [ 7 ,  13 ,  14 ,  84 ,  85 , 
 120 ]. This signifi cant challenge is amplifi ed in adoptive cellular tumor immuno-
therapy when T cells are activated and differentiated/modifi ed apart from natural 
migrational imprinting. Thus, improving the migration of adoptively transferred 
tumor-specifi c T cells should be a major goal for optimizing cellular tumor 
immunotherapy.   

6.3     Strategies to Overcome Poor T Cell Migration to Tumors 

 Since T cell infl ammatory migration is governed at so many levels, there are 
numerous ways to potentially enhance tumor homing. Some approaches involve 
acute systemic delivery of an agent shortly before or after adoptive T cell trans-
fer, others seek to infl ame or otherwise modify the tumor to improve T cell 
recruitment, and still others take advantage of the opportunity to upgrade the 
homing capacity of T cells ex vivo during their activation and expansion. Table  6.3     
summarizes current strategies under development or clinical testing to improve T 
cell tumor homing.
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6.3.1        Systemic Treatments   

 Non-cellular systemic approaches to improve tumor homing of transferred T cells 
have practical appeal and are easily combined with other migration enhancements. 
One strategy is to counter one of the tumor’s T cell infi ltration blockade mecha-
nisms. Along these lines, a recent study reported that some tumors use dipeptidyl-
peptidase- 4 (DPPT-4) to degrade CXCL10 and prevent CXCR3-dependent 
infi ltration of lymphocytes [ 56 ]. Blocking this degradation using a drug approved 
for another disease increased lymphocyte infi ltration and decreased tumor growth in 
pre-clinical models for melanoma and colon carcinoma. The authors also found that 
this therapy could synergize with checkpoint blockade, adoptive cellular immuno-
therapy, and adjuvant- based immunotherapy, which raises its appeal [ 56 ]. It is, how-
ever, currently unclear how many different types of tumors use DPPT- 4  . These is 
also some evidence that checkpoint blockade itself [ 57 ], and certain chemotherapies 
[ 58 ] can delivery pro-infl ammatory signals that increase recruitment of T cells to 
tumors. Along these lines, injection of a pro-infl ammatory cytokine, TNF-α, modi-
fi ed for tumor vasculature selectivity, shows evidence of increasing lymphocyte 
migration across the tumor vasculature and combines with anti-CTLA-4 to reduce 
the growth of ovarian cancer in a mouse model [ 13 ,  59 ]. Another systemic approach 
to improve T cell tumor homing is to utilize the febrile response. For many years, 
the immune- biological purpose of fever was unclear. Recently, however, it was 
demonstrated in animal models that fever-range hyperthermia increases the density 
of adhesion molecules and vastly increases T cell migration to sites of tissue injury 
or infection [ 60 ]. There are now efforts to translate this fi nding into the cancer set-
ting [ 61 ]. In the mouse B16 melanoma model, adoptively transferred tumor-specifi c 
T cells home to tumors  much  more effi ciently when the mice are subjected to 

   Table 6.3    Strategies for  improving T cell tumor homing     

 Approach  Strengths  Weaknesses  Refs 

 Inhibit chemokine degradation  Simple when drug is 
available 

 Limited applicability; 
side effects? 

 [ 56 ] 

 Administer hyperthermia  Simple technology  Limited data; need to 
control 

 [ 60 – 62 ] 

 Guide infl ammatory cytokines  Simple, multiple 
benefi ts 

 Effects on other tissues  [ 13 ,  59 ] 

 Chemotherapy/local irradition  Treatments already 
approved 

 Limited data; radiation 
risks 

 [ 58 ,  63 , 
 64 ] 

 Express chemokine in tumors  Highly specifi c  Diffi cult to achieve  [ 65 ,  66 ] 
 Express chemokine receptor in 
T cells 

 Promising results  May require 
customization 

 [ 57 , 
 67 – 71 ] 

 Boost integrin function  More universal 
treatment 

 Limited data; other tissue 
infi ltration? 

 [ 72 ] 
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fever-range hyperthermia prior to transfer [ 62 ]. It is currently unknown whether this 
type of therapy would need to be applied systemically, or whether the cancerous 
organ/tissue could be heated locally to obtain the same result. If local hyperthermia 
could be applied simultaneous to TIL or CAR T cell infusion, it is possible that 
more effi cient homing could result. If any of these systemic strategies proves suc-
cessful, it is likely to be combined with other strategies outlined below.  

6.3.2      Tumor Modifi cations   

 Directly altering tumors to elicit greater effector T cell infi ltration is an attractive 
strategy to avoid systemic side effects that could cause infl ammation of other impor-
tant tissues. The diffi culty in this setting is the genetic instability and multiple sup-
pressive mechanisms that tumors employ to resist protective infl ammation. However, 
local irradiation and certain chemotherapies can cause local release of pro- 
infl ammatory cytokines and chemokines that raise the rate of extravasation and tis-
sue migration of T cells [ 58 ,  63 ,  64 ]. Radiation therapy has its own drawbacks 
though, and the existence of multiple metastases makes application diffi cult. 
Nevertheless, it is possible that increasing infi ltration of a primary tumor could 
“prime the pump” and serve to stimulate a greater tumor-specifi c response through-
out the body due to cell death and release of more tumor antigens to be carried to 
other lymph nodes. Another possibility is to use an oncolytic virus (suc as Ad5Δ24) 
to express cytokines and  chemokines   in tumor cells to draw in and permit the sur-
vival of CAR T cells in tumors [ 65 ]. The benefi t of this technique is that the location 
of chemokine gradients should precisely match up with actively-dividing tumor 
cells. The challenges to viral chemokine expression in tumors may lie with choice 
of virus for tropism, robust infection, and safety. As with any other tumor modifi ca-
tion, genetically unstable tumor cells may mutate and be selected for low chemo-
kine expression. An interesting investigation examined the relative importance of 
various chemokines secreted by different tumors in eliciting infi ltration of T cells 
[ 66 ]. This suggests that the chemokine to be expressed in tumors needs to be care-
fully chosen for maximum impact on T cell tumor homing.  

6.3.3     Expressing  Chemokine Receptors   on T Cells 

 Modifying T cells with the receptors for chemoattractants secreted within tumors 
has attracted investigation as a reasonable way to direct the migration of tumor- 
specifi c T cells to sites of tumor growth. A study in 2002, years before the modern 
explosion of cellular immunotherapy development, established a model for express-
ing chemokine receptors in T cells to improve tumor-specifi c homing [ 67 ]. The 
investigators carefully selected a receptor lacking in most activated human T cells 
for a chemokine that was present in a variety of tumors (Gro-α, CXCL1) and was 
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not secreted by T cells themselves. The study showed that expression of CXCR2 in 
human T cells conferred responsiveness to  CXCL1  , in terms of signaling, cytokine 
secretion, and chemotaxis. No investigation of in vivo activity was performed in this 
study, but it showed that ectopically expressed chemokine receptors could function 
normally in human T cells and could increase their chemotaxis and effector 
function(s). 

 Others have since reported improving adoptive cellular immunotherapy in pre- 
clinical models by expressing various chemokine receptors in adoptively-transferred 
tumor-specifi c T cells [ 57 ,  68 ,  71 ]. Di Stasi and colleagues were fi rst to show an 
increase in tumor homing and anti-tumor activity by adding a chemokine receptor 
to a CAR-modifi ed T cell. Using T cells directed toward CD30 for  Hodgkin’s 
Lymphoma (HL)  , they showed that CCR4 expression enhanced effector function 
in vitro and controlled tumor growth in a xenograft model using human HL [ 70 ]. 
Once again, a chemokine receptor was selected that was lacking in effector CD8+ T 
cells, but whose ligand was present in lymphoma tumors. Of note was the fact that 
the most dramatic migration and tumor protection results were seen when the rele-
vant chemokine, TARC (CCL17), was transgenically expressed in tumor cells. Two 
studies in 2010 reported similar improvements in tumor homing and tumor protec-
tion, the fi rst by adding CCR2b with a GD2-specifi c CAR to target a neuroblastoma 
cell line tumor [ 69 ]. The second utilized two melanoma models to show that CXCR2 
expression increased the homing of TCR transgenic T cells to tumors expressing the 
cognate CAR antigen [ 121 ]. A further step forward was achieved when Moon and 
colleagues expressed CCR2b in CAR mesothelin-specifi c T cells and showed that a 
single injection of CCR2b + mesothelin-CAR T cells had much better homing to 
large established pleural mesothelioma tumors [ 71 ]. The CCR2b + mesothelin-CAR 
T cells also demonstrated signifi cantly greater control of tumor growth than those 
lacking CCR2b. A more recent study also introduced CCR2 into T cells, this time in 
conjunction with a novel retroviral delivery of a WT1 peptide-specifi c TCR [ 68 ]. 
These authors also observed increased migration and anti-tumor activity, and 
 documented that transgenic CCR2 could boost TCR-dependent T  cell   functions. 
This highlights a possible benefi t to upgrading chemokine signaling beyond chemo-
taxis. Interestingly, there are recent efforts to utilize NK cells for shorter-term CAR 
immunotherapy, and their migration and anti-tumor function can also benefi t from 
the introduction of chemokine receptors [ 122 ], signifying the broad appeal of che-
mokine receptor provision to improve tumor homing of adoptively transferred cells. 

 The above studies, over several years from multiple labs using different tumor 
models, demonstrate that chemokine receptor expression can indeed be a useful 
approach to improving tumor homing. Use of xenograft models in some of the studies 
has the benefi t of modeling the chemokines secreted by a human tumor, and the effects 
on human T cells. However, migration of these cells on mouse extracellular integrin 
ligands can be confusing, as some (e.g., ICAM-1) are species-specifi c. A common 
theme in these studies is the careful selection of chemokine and receptor pair based on 
chemokine concentrations and chemokine receptor levels. The complexity of the che-
mokine/receptor system may dictate a custom approach dependent on the specifi c 
cancer. Even more importantly, the in vitro activation protocol used can determine the 

6 Homing Improvement: Boosting T Cell Traffi cking for Cancer Immunotherapy



146

expression, or lack thereof, of critical  chemokine receptors   [ 71 ]. Nevertheless, adding 
chemokine receptors to CAR T cells is likely to augment tumor immunotherapy going 
forward, particularly when critical chemokine/receptor pairs are identifi ed for com-
mon cancers, or when chemokine production is instigated within the tumor.  

6.3.4      Boosting Integrin Function   on T Cells 

 Chemokines affect cell migration by increasing the affi nity of integrins for extra-
cellular ligand [ 97 ]. After ligand binding, integrins control cell migration by reor-
ganizing the cytoskeleton and providing a forceful connection with the extracellular 
environment such that traction and movement may occur [ 98 ,  104 ]. As noted pre-
viously, a large variety of chemokine receptors can receive signals as combinato-
rial vectors of chemokine gradients within peripheral and lymphoid tissues [ 114 ]. 
These signals are integrated to control the function of comparatively few integrins. 
Thus modulating integrin function may have applicability to broader tissues and 
tumors. Altering one integrin “node” could thus prove more potent than altering 
one chemokine receptor. Historically, the common therapeutic integrin interven-
tion strategy has been to block ligand binding. In particular, anti-α4 integrin anti-
body is an approved therapy to block leukocyte recruitment in multiple sclerosis 
[ 123 ,  124 ], and more recently an antibody specifi c for the α4β7 integrin has been 
approved for infl ammatory bowel disease [ 125 ]. α4 integrin blockade has proven 
quite powerful, but unwanted side effects have limited its application [ 126 ,  127 ]. 
A more subtle and specifi c way to alter integrin activity may be to intervene in 
distinct integrin signaling pathways [ 128 ,  129 ]. For example, we have investigated 
the importance of the dynamic binding and release of the adaptor protein paxillin 
with the cytoplasmic domain of α4 integrin (Fig.  6.2 , left panel). This binding is 
spatially regulated through phosphorylation of α4 integrin by Type I PKA (PKA-I) 
to direct α4-dependent directional migration of leukocytes [ 130 – 132 ]. Paxillin and 
α4 integrin mutants that prevent binding or release of paxillin from integrin cyto-
plasmic tail have proven valuable in investigating outside-in α4 integrin signaling 
in leukocytes in vitro [ 133 – 136 ]. In addition, small-molecule inhibitors can be 
 used   to block the paxillin-α4 integrin interaction in vitro and in vivo [ 137 ,  138 ].

6.3.4.1       Integrin Transregulation in T Cells 

 To probe the in vivo role of the dynamic paxillin-α4, two knock-in mice were engi-
neered (Fig.  6.2 , right panels) [ 72 ,  139 ,  140 ]. In the α4(Y991A) mouse, paxillin is 
prevented from binding to the α4 tail. This mouse showed impaired recruitment of 
most leukocytes to infl ammatory sites and defective chemotaxis in vitro on α4 
integrin substrates (e.g., VCAM-1), consistent with the role of α4-dependent 
migration in hematopoietic cells [ 139 ]. A mutation that blocks phosphorylation of 
α4 integrin at Ser988  prevents release  of paxillin and was predicted to cause simi-
lar migration defects to α4(Y991A). However, α4(S988A) mice exhibited a 
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selective  increase  in migration of lymphocytes to infl amed peritoneum, whereas 
myeloid subsets appeared unaffected (Fig.  6.3 ). Further evidence indicated that this 
advantage in infl ammatory migration was intrinsic to the lymphocytes [ 72 ]. The 
in vivo peritonitis experiment requires migration on mixed substrates and is depen-
dent on both α4 and β2 integrins [ 141 ], conditions in which the α4(S988A) muta-
tion could actually  increase  migration of lymphocytes [ 135 ]. To explore this 

  Fig. 6.2     Dynamic Interaction of paxillin and α4 integrin.  Spatial restriction of α4 integrin phos-
phorylation by PKA-I regulates the dynamic dissociation and association of paxillin. At the lead-
ing edge of a migrating cell, α4 integrin is phosphorylated at Ser988, preventing paxillin binding 
and allowing Rac activation and stable cell protrusions. α4 integrin is de-phosphorylated at the 
trailing edge, blocking Rac function and promoting cell retraction. Two α4 integrin mutants inter-
fere with this process; Y991A precludes paxillin binding and S988A prevents its release       

  Fig. 6.3     Selectively increased lymphocyte migration in α4(S988A) mice.  Adult α4(S988A) or wild 
type mice were injected with 1 mL thioglycollate medium i.p. At the indicated time points (12, 24, 
48, and 72 h), mice were sacrifi ced and analyzed for peritoneal cells by cytospin/DiffQuick for 
differential cell analysis, and stained with antibodies to identify T cells and B cell subsets by fl ow 
cytometry. Error bars are S.E.M. of n = 5 for each group. * p  < 0.03, ** p  < 0.02; N.S. = not statisti-
cally signifi cant       
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possibility in a controlled setting, purifi ed T cells from α4(S988A) mice were 
 measured for their ability to migrate in vitro on purifi ed α4 ligand (VCAM-1), puri-
fi ed β2 ligand (ICAM-1), or mixed substrates (VCAM-1 + ICAM-1) in response to 
the chemokine SDF-1α. Using a modifi ed Boyden chamber assay, we confi rmed 
that α4(S988A) lymphocytes exhibited reduced migration on a purifi ed α4 integrin 
ligand: VCAM-1 (Fig.  6.4 ). In contrast, when plated on substrates containing pre-
dominantly ICAM-1 and small amounts of VCAM-1, T cells from α4(S988A) 
mice displayed enhanced migration that was dependent on both α4 and β2 integrins 
(Fig.  6.4b ). These data indicate that the α4(S988A) mutation provides an increase 
in β2 integrin-dependent migration, i.e., “integrin trans-regulation.” Paxillin  inter-
action   with α4 integrin cytoplasmic tail enhances α L β2 integrin-mediated migration 
“in trans” by accelerating FAK or Pyk2 activation [ 135 ], perhaps through recruit-
ing these kinases to α4 integrin adhesions. Maintaining the paxillin-α4 interaction 
thus boosts integrin transregulation, as seen in α4(S988A) lymphocytes.

6.3.5           Integrin Transregulation   in Tumor Homing 

 We thus hypothesized that α4(S988A) mice may have increased ability to resist 
tumors due to selective migration of lymphocytes to a tumor site. We tested this idea 
using the well-established B16 melanoma model [ 142 ] and found that α4(S988A) 

  Fig. 6.4     Increased integrin trans-regulation in α4(S988A) T cells.  T cells were purifi ed from 
α4(S988A) or control α4(wt). Migration towards SDF-1α (15 ng/mL) was assessed using a modi-
fi ed Boyden Chamber assay in ( a ) wells coated with VCAM-1 alone (2 μg/mL), or ( b ) ICAM-1 
(5 μg/mL) +/− VCAM-1 (0.02 μg/mL). For anti-integrin antibody blocking studies, cells were 
treated with 10 μg/mL of either anti-α4 or anti-β2 integrin for 30 min prior to the assay. Part ( b ) is 
the % increase in migration on ICAM-1 + VCAM-1 compared to ICAM-1 alone       
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mice had ~4-fold smaller tumors than wild type BL6 controls (Fig.  6.5 ), indicating 
that blocking α4 integrin phosphorylation on Ser988 increased tumor protection. 
Similar protection was observed when mice were followed for 21 days, or when 
using a Lewis Lung Carcinoma model [ 72 ].

   We next asked whether α4(S988A) resistance to tumor growth was associated with 
increased T cell homing. Whereas α4(S988A) mice have normal numbers of resting 
lymphocytes in blood and lymphoid tissue [ 72 ], B16 tumors in α4(S988A) mice had 
greater concentrations of T cells than those grown in wild type mice (Fig.  6.6 ), while 
containing similar numbers of macrophages, supporting the idea that the decreased 
tumor growth is a result of selective homing of lymphocytes vs. macrophages.

   The differential requirement of β2 integrins for  lymphocytes   or myeloid cells 
in vivo can account for the remarkable leukocyte specifi city of this form of trans- 
regulation. Whereas αLβ2 plays a major role in the migration of T-cells to infl am-
matory sites [ 141 ,  143 – 145 ], macrophage migration to infl amed peritoneum is not 
dependent on β2 integrins, and is reported to be solely dependent on α4β1 [ 146 , 
 147 ]. Thus trans-regulation of migration would be absent in macrophages since β2 
integrins are not required; indeed we were unable to observe integrin transregula-
tion in α4(S988A) or control α4(wt) macrophages [ 72 ]. Among lymphoid cells, 
tumors in α4(S988A) mice had greater numbers of CD4+, CD8+, and regulatory 
T cells, whereas NK cell abundance was similar to controls (Fig.  6.6 , right panel). 
These increases could not be explained by mere differences in intrinsic clonal 
expansion or CD8+ T cell cytotoxic capacity as these functions were similar 
between α4(S988A) and control mice [ 72 ]. The data thus indicate that blocking 
phosphorylation of α4 integrin by Type I PKA is a promising strategy to improving 
the homing of T cells to sites of solid tumor growth.  

  Fig. 6.5     Reduced tumor growth in α4 (S988A) mice.  B16 melanoma cells (3 × 10 5 ) were injected 
subcutaneously in the hind fl ank of α4(S988A) or control α4(wt) mice. Tumor area was measured 
daily and converted to an ellipsoid volume: (length × width 2 )/2. On day 15, tumors were excised 
and weighed. * p  < 0.015, ** p  < 0.002       
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6.3.6     Introducing Integrin Transregulation to Adoptive 
Cellular Immunotherapy 

 There are several possible ways to utilize integrin transregulation to improve adop-
tive cellular immunotherapy for solid cancers. Along with CAR genes, sequences 
encoding α4(S988A) or similar mutants could be introduced using viral vectors. The 
transregulation effect of α4(S988A) should be dominant in the presence of α4(wt) 
protein, since it will compete for pairing with the integrin β chain. Expressing a 
paxillin-α4 fusion protein results in a similar phenotype to α4(S988A) in T cells 
[ 134 ], so this represents another in vitro modifi cation that should improve the tumor 
homing of adoptively transferred T cells. Another way to mimic the integrin trans-
regulation effect of α4(S988A) is to interfere with the function of PKA-I to prevent 
its phosphorylation of α4 integrin. A novel strategy to accomplish this is to sequester 
PKA-I to the mitochondria, away from α4 integrin on the plasma membrane. A pep-
tide specifi c for the PKA R1 subunit has been identifi ed and its fusion with a mito-
chondrial targeting sequence produces a reagent that prevents α4 phosphorylation by 
PKA-I and results in a cellular phenotype similar to the α4(S988A) mutant [ 152 ]. 
This use of a Type I PKA “trap” requires  introduction   of a much shorter genetic 
construct, making its delivery by viral vectors more effi cient. An even more practical 
method would be to inhibit PKA-I pharmacologically. Chemical inhibitors have 
been reported that are specifi c for Type I PKA (Rp-8-Br-cAMPS and 

  Fig. 6.6     Tumor-infi ltrating leukocytes in α4 (S988A) mice.  B16 melanoma cells (3 × 10 5 ) were 
grown in α4(S988A) or control α4(wt) mice. On day 15, mice were sacrifi ced and excised tumors 
were weighed, digested with collagenase, and stained for (CD45+) CD11b + macrophages, CD3+ 
T cells, CD4+ T-cells, CD8+ T-cells, Foxp3 + (CD4+) Treg, and NK1.1+ NK cells. Error bars are 
S.E.M. of n ≥ 10 mice per group. * p  < 0.015, ** p  < 0.002       
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Rp-8-Cl- cAMPS) [ 148 ]. If treatment of primary human T cells with this reagent 
boosts integrin transregulation in similar fashion to blocking α4 Ser988 phosphory-
lation, then this could be a convenient therapeutic possibility. 

 Integrin transregulation could thus be combined with CAR immunotherapy, per-
haps even with “armored CAR’s” to produce “guided armored CAR’s.” One other 
interesting benefi t of this and other homing improvement strategies is the possible 
upgrade of T cell effector function. As noted previously, several of the studies using 
chemokine receptors to improve cellular immunotherapy reported enhanced cyto-
kine secretion, cytotoxicity, and TCR signaling. Indeed, we have unpublished pre-
liminary data hinting that integrin transregulation may improve T cell resistance to 
suppression in the tumor environment. If this proves to be the case, then integrin- 
based modifi cations (and those targeting chemokine signaling) could address  two  of 
the major barriers to adoptive cellular tumor immunotherapy.  

6.3.7     Considerations and Future Questions for Improving 
Homing 

 This chapter has described several major parts of the natural T cell traffi cking 
machinery that could be utilized to improve tumor homing. Interventions specifi c 
for several of these migration components are close to clinical testing and others are 
not far behind. There will thus be a choice of  which homing mechanism to stimulate : 
Inhibition of chemokine degradation? Localized irradiation or hyperthermia? 
Enforced chemokine expression in the tumor? Incorporation of chemokine recep-
tors of trans-regulated integrins into T cells before transfer? 

 Finding the most productive method to execute each of these strategies is the fi rst 
step. For example,  what is the best timeframe  for systemic treatments (e.g., DPPT-4, 
local irradiation, hyperthermia, checkpoint blockade, IL-2 treatment) in relation to 
T cell adoptive transfer? Timing the effect of these interventions to maximize their 
infl uence on transferred T cells will be crucial to their success. Another important 
key to successfully implement each of these approaches will be  how to effect the 
desired change . In general,  small molecule inhibitors   are the simplest way to do this, 
such as in the case of DPPT-4. However, in order to  boost  a mechanism using an 
inhibitor, relevant natural regulators of the pathway would need to be inhibited (e.g., 
inhibiting PKA-I to boost integrin transregulation). Otherwise, gene delivery or 
stimulation of a pathway may be the only choice. Thus an important choice will be 
whether to stimulate or inhibit a negative regulator of a given pathway (often easier). 
Another major question will be which  anti-tumor cells   to modify: CD8+ effectors? 
CD4+ effectors? NK cells? For CAR T cell therapy, it appears that transfer of a 
combination of CD8+ T CM  and naïve CD4+ T conv  offers the greatest benefi t [ 49 – 51 ]. 
We will need to test which of these subsets to boost migration of; perhaps one 
approach will work best for CD8+ T CM  and another for CD4+ T conv . Adding chemo-
kine receptors to CAR NK appears to benefi t their tumor homing [ 122 ]; what about 
integrin transregulation in NK subsets? 

6 Homing Improvement: Boosting T Cell Traffi cking for Cancer Immunotherapy
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 The third major question in how to apply homing improvement is whether the strat-
egies will need to be custom tailored for specifi c cancers (more feasible) or for each 
individual patient (more diffi cult).  Chemokine receptor modifi cation   and  integrin tran-
sregulation   may need to be optimized for cancers of different tissues. Even with our 
incomplete understanding of the details that dictate migration in each tissue, it is clear 
that they differ greatly. In particular the adhesion molecules and signaling pathways to 
home to brain, liver, lung, intestinal, and skin tumors are each distinct due to anatomi-
cal constraints, composition of extracellular matrix, endothelial characteristics, and 
other features [ 107 ,  112 ,  149 – 151 ]. Given these tissue differences, would integrin tran-
sregulation work through α4β7 integrin to boost migration to mucosal sites? For stabi-
lizing chemokines, which cancers degrade which chemokines using which enzymes? 
The chemokine receptor studies in CAR T cells have laid down a pattern of initially 
characterizing the tumor chemokines and identifying the corresponding receptors that 
are lacking in CAR T cells before transfer. Finding similar ways to predict success for 
other homing improvement strategies in individual cancers may also be needed. For 
example, it may be possible to construct an in vitro migration assay that could predict 
whether T cells with trans- regulated integrins could migrate better to a given tumor 
fragment or cell suspension across a transwell. Once these questions are answered for 
given cancers, we may need to determine if truly patient-tailored strategies are needed; 
this would only become feasible with rapid in vitro assays predictive of homing 
improvement in vivo. A more realistic hope is that one or two universal methods to 
improve tumor homing will be adopted, and could then be enhanced with a more dis-
ease-specifi c, or patient-specifi c component, when necessary. 

 A fourth consideration for improving T cell tumor homing is the possibility of 
cross-talk between signaling pathways controlling T cell activation/effector functions 
and those pathways governing cell migration. Hints of this connection were observed 
in several studies when TCR signaling, cytokine secretion, and cytotoxic effi ciency 
were altered after chemokine receptors were added to CAR T cells [ 68 ,  70 ]. There is 
also the possibility that blocking  PKA-I phosphorylation   of α4 integrin may offer 
increased resistance to T cell exhaustion in the tumor microenvironment. These fi nd-
ings highlight the prospect of using one approach to possibly overcome multiple bar-
riers that impede widespread application of cellular tumor immunotherapy.   

6.4     Summary 

 As a result of current advances in adoptive cellular tumor immunotherapy, a growing 
understanding of T cell migration, and development of effective gene and drug delivery 
technology, there is reason to believe that we can overcome the barrier of poor T cell 
traffi cking to tumors for cellular immunotherapy. Moreover, there are several promising 
approaches that have been tested in animal models, some quite extensively. Combining 
improvements in homing with methods to overcome tumor- mediated immunosuppres-
sion will likely make the greatest impact on tumor immunotherapy. The side effects of 
super-homing T cells are unknown, but combinations of subtle, yet specifi cally targeted 
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methods should address this concern. In conclusion, the promise of infusing T cells that 
charge effi ciently into a solid tumor should focus efforts on conquering the challenge of 
poor tumor homing in T cell immunotherapy for solid cancers.     
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    Chapter 7   
 Chemokines and T Cell Traffi cking into 
Tumors: Strategies to Enhance Recruitment 
of T Cells into Tumors                     

     Stefano     Garetto    ,     Claudia     Sardi    ,     Diego     Morone    , and     Marinos     Kallikourdis    

    Abstract     Chemokines are small proteins used by the cells of the immune system 
in order to orchestrate their movement in the body during physiological and patho-
logical conditions. Yet they are also expressed in tumors and their metastases. There, 
they mediate a variety of tumor-specifi c functions, including the recruitment of dif-
ferent immune cell populations to the tumor site. These cells may have a pro- or 
anti-tumoral function. Yet the cells mediating the latter are often prevented from 
infi ltrating the tumor mass, due to functional or physical barriers. This is a major 
obstacle for successful tumor immunotherapy based on cytotoxic T cell administra-
tion. Genetic and other pre-clinical studies have provided insights into the mecha-
nisms that regulate these barriers, such as the peri-tumoral fi brotic capsule. Recent 
novel strategies involving modifi cation of the chemokine receptors expressed in the 
transferred cytotoxic T cells are providing a possible means of overcoming such 
obstacles. Integration of such strategies in immunotherapy protocols may hopefully 
pave the way to a more successful clinical application of T cell immunotherapy.  
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  Abbreviations 

   ACT    Adoptive cell therapy   
  CAF    Cancer-associated fi broblasts   
  CAR    Chimeric antigen receptor   
  ECM    Extra cellular matrix   
  FAP    Fibroblast Activation Protein-α   
  GPCR    G-protein-coupled receptors   
  MDSC    Myeloid-derived suppressor cells   
  NK    Natural Killer   
  SHG    Second harmonic generation   
  TAM    Tumor-associated macrophages   
  TCR    T cell antigen receptor   
  TIL    Tumor infi ltrating Lymphocytes   
  Treg    Regulatory T cells   
  VEGF    Vascular endothelial growth factor   

7.1         Chemokines and Their Receptors 

 Chemokines ( chemo tactic cytok ines ) are small proteins divided into four subfami-
lies (CC, CXC, CX3C or XC), according to the position of conserved cysteine resi-
dues in their amino acid sequence [ 1 ,  2 ]. Chemokines are expressed and secreted by 
diverse cell types and each chemokine can bind to a cognate chemokine receptor, 
albeit with a certain degree of promiscuity. The chemokine receptors are seven- 
transmembrane  G-protein-coupled receptors (GPCRs)  . The cells of the immune sys-
tem express different chemokine receptors according to their developmental stage 
and activation status. This enables the immune cells to utilize chemokine gradients 
released by different tissues in order to move around the body in physiological con-
ditions, as well as during an immune response. The chemokines involved in the 
migration of immune cells to sites of infection are termed “infl ammatory” chemo-
kines (e.g., CCL3, CCL4, CXCL9, CXCL10). They mediate both the extravasation 
of immune cells into the infl amed tissue—together with the action of integrins-, as 
well as the movement within the tissue itself. On the other hand, chemokines 
involved in the orchestration of cell recruitment and retention in physiological con-
ditions are termed “homeostatic” (e.g., CXCL4, CXCL12) [ 1 ,  2 ]. The mechanism of 
chemokine-mediated cell migration is thought to be based on the chemotaxis of 
chemokine receptor-expressing cells along gradients of their cognate chemokine 
ligand. Yet, at least two additional parameters also come into play: (i) atypical che-
mokine receptors, such as ACKR2, function as decoys and remove circulating che-
mokines, affecting the formation of chemokine gradients [ 3 ]; (ii) cell membrane-bound 
heparan sulfate proteoglycans can bind chemokines, thus creating cell surface-bound 
gradients [ 4 ].  
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7.2     Chemokine and  Chemokine Receptor   Expression 
in Tumors 

 Chemokines and chemokine receptors are expressed in tumor and metastatic sites. 
The chemokines may recruit different immune cell subpopulations to the tumor, 
whilst the receptors may also be used by the tumor cells to guide their metastatic 
spreading (discussed in detail below). A very large number of studies have eluci-
dated the identity of the chemokines released by human tumors. Breast cancer 
induces the expression of CCL2, CCL5, CCL19, CCL20, CXCL16, CXCL5, 
CXCL12 and CCL20 [ 1 ,  2 ]. Pancreatic cancer is associated with CCL2 and CCL20, 
whilst prostate carcinoma with CCL2, CCL5, CCL22, CXCL12 and CXCL16 [ 5 –
 8 ]. Indeed, CCL2 has been proposed as a potential biomarker for prostate cancer 
[ 9 ]. CCL22 is also found in lung cancer, several lymphomas and ovarian cancer, 
whilst melanoma drives the expression of CCL5 and CXCL1. Colorectal carcinoma 
is characterized by CXCL9, CXCL10, CXCL16, and CX3CL1 expression [ 1 ]. The 
examples listed here are by no means exhaustive, though they do demonstrate the 
very wide range of chemokines detected in human tumors. 

 Likewise, a wide range of chemokine receptors are expressed by malignant cells 
including CCR4, CCR7, CCR9, CCR10, CXCR1, CXCR2, CXCR3, CXCR4, 
CXCR5, CXCR7 and CX3CR1 [ 2 ]. It is worth discussing additionally two of these 
receptors, as they are good examples of how the physiological expression patterns 
of the receptor infl uences its expression in tumor: 

 The receptor for the homeostatic chemokine CXCL12, CXCR4, has a ubiquitous 
expression range in physiological conditions [ 10 ]. Mirroring this fact, it has been 
found in most tumors (ovarian, prostate, melanoma, lung cancer, bladder, oesopha-
geal, colorectal, neuroblastoma, pancreatic, acute lymphoblastic leukemia, chronic 
lymphoblastic leukemia, stomach cancer, renal cancer, as well as in cancer stem 
cells) [ 1 ,  2 ,  11 ]. Melanoma and breast cancer also express CXCR7/ACKR3 [ 11 ], 
which is an atypical receptor for CXCL12, with different downstream signaling 
effects compared to CXCR4 [ 12 ]. Targeting CXCR4 with a competitive inhibitor, 
AMD3100, was able to improve outcomes in a preclinical model of hepatocellular 
carcinoma, suggesting a role for the receptor in aiding tumor growth [ 13 ]. 

 The receptors CCR7 and  CXCR5   are essential for establishing the distribution of 
lymphocytes within secondary lymphoid organs. Refl ecting this, both are expressed in 
tumors of lymphoid tissue: CCR7 is expressed in T cell leukemia and Non- Hodgkin’s 
lymphoma [ 2 ], whilst CXCR5 is highly expressed in chronic lymphocytic leukemia [ 14 ].  

7.3     Accessory Roles of Chemokines in  Cancer      

 Intriguingly, as hinted from the above, chemokines may actively aid the growth and 
survival of tumor cells [ 2 ]. CCL20 plays a role in the growth of colorectal cancer, 
CXCL1, CXCL2 and CXCL3 are involved in the growth of pancreatic cancer, 
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melanoma, lung cancer, gastric cancer and adenocarcinoma, whilst CCL27 is 
involved in melanoma growth [ 14 ]. Further, the chemokines CCL2, CCL11, CCL16, 
CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL8, CXCL12 have pro-angio-
genic effects at the tumor site [ 2 ,  14 ,  15 ]. 

 Metastasis involves the migration of tumor cells away from the primary tumor 
mass. As tumor cells express chemokine receptors, the metastatic process is thought 
to be driven by chemokine gradients. In most tumors, this involves CXCR4 and its 
ligand, CXCL12. CXCR4 correlates with metastasis formation in breast, ovarian, 
pancreatic and prostate cancer [ 2 ,  15 ,  16 ] as well as in melanoma and glioblastoma 
[ 1 ,  8 ,  17 ]. It is noteworthy that CXCR4 is the only chemokine expressed robustly 
and consistently on cancer stem cells, which are believed to be important for the 
metastatic properties of many tumors (e.g., breast, colorectal carcinoma, mela-
noma) [ 1 ,  15 ,  18 ]. As mentioned above, the orchestration of the lymph node archi-
tecture involves CCR7 and its ligands, CCL19 and CCL21. It is thus unsurprising 
that secondary metastasis to lymph nodes in melanoma and many other tumors 
involves CCR7 [ 1 ,  2 ,  15 ,  17 ]. Several other chemokine receptors have been shown 
to be involved in the metastasis of different tumors: CXCR3 in experimental colon 
cancer metastasis,  CCR9      in melanoma metastasis [ 14 ], CXCR5 in colorectal carci-
noma metastasis [ 1 ], to name but a few. The wide range of chemokines and chemo-
kine receptors associated with several cancer-promoting processes highlights the 
complexity of chemokine functions in the tumor and the tumor stroma. This com-
plexity, however, may even create opportunities for therapeutic strategies, as we 
will discuss below.  

7.4     Chemokines Mediate Recruitment of  Pro- and Anti- 
tumoral Cells   to the Tumor 

 The chemokine function of most interest to us in this chapter is the recruitment of 
immune cell subpopulations to the tumor site. Tumor cells secrete chemokines that 
recruit both tumor-promoting cells but also cells with anti-tumor activity. 
Infl ammatory cytokines, such as CCL2 in breast cancer [ 19 ] and prostate cancer 
[ 20 ] or CCL5 [ 19 ] enable the recruitment of malignancy-promoting  tumor- 
associated macrophages (TAMs)      [ 1 ,  21 ]. TAMs display an alternative (“M2-like”) 
polarization state which favors tumor growth by promoting vascularization, angio-
genesis, tumor cell proliferation and suppression of anti-tumoral immunity [ 2 ,  15 ]. 
Indeed, CCL2 and CCL5 expression in human breast cancer, melanoma, colon, 
prostate and pancreatic cancer is correlated with TAM presence. The source of the 
chemokines attracting TAMs is not limited to the tumor as they may also be pro-
duced by stromal cells [ 1 ]. The fi broblasts that form part of the tumor stroma itself 
may also be recruited to the site via the action of chemokines [ 2 ]. Finally, chemo-
kines also recruit the heterogeneous population of  Myeloid-Derived Suppressor 
Cells (MDSC)     , that favor tumor growth [ 15 ,  22 ]. 
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 The immune cells with tumor-promoting activity are not limited to the cells of the 
innate immune system, such as TAM and MDSC. Regulatory T cells (Treg),    the 
main immunosuppressive T lymphocyte subpopulation [ 23 ] have the ability to block 
CD8 +  cytotoxic T cell responses [ 24 ], which could combat tumor growth; Treg pres-
ence in tumors has been correlated with CCL2 expression by the tumor [ 25 ], though 
more often it is associated with CCL17/CCL22 expression, as Treg are thought to 
express the cognate receptor, CCR4 [ 26 ]. CCR4, along with CCR3, may also medi-
ate the recruitment of Th2-polarized T cells, which can promote M2-polarization 
among macrophages and oppose type-1 polarized cytotoxic responses, contributing 
to the formation of an environment that fosters tumor growth [ 1 ,  2 ]. 

 Luckily, pro-infl ammatory chemokines such as CCL5 in ovarian cancer [ 8 ] or 
CCL2, CCL3, CCL4, CCL5, CXCL9 and CXCL10 in metastatic melanoma 
patients [ 19 ,  27 ] can recruit CD8 +  cytotoxic T cells with anti-tumor activity, whose 
presence in the tumor as  Tumor Infi ltrating Lymphocytes (TIL)      is associated with 
improved survival for the patient [ 15 ]. CXCL9 and CXCL10, which are signature 
chemokines of M1-polarized, “classical” infl ammation, are also thought to be 
responsible for the recruitment of  Natural Killer (NK) cells   inside the tumor mass. 
In colorectal and gastric carcinomas these two chemokines are mostly produced by 
stromal macrophages [ 1 ]. 

 In summary, whilst chemokines are involved in a variety of functions in the 
microenvironment of the tumor and the tumor stroma that promote tumor  growth  , 
they also recruit and/or retain both pro- and anti-tumoral cell populations to the 
tumor site.  

7.5     Barriers to Entry: Functional and Physical Obstacles 
to T Cell Infi ltration into Tumors 

 And yet, in many tumors, such as colorectal cancer, pancreatic cancer and ovarian 
cancer, the anti-tumoral cytotoxic T cells appear to be excluded from the tumor 
mass. This is an issue of major importance, as the inability of the T cells to infi ltrate 
into the tumor correlates with poor patient survival [ 28 ]. Therapy protocols aiming 
to combat cancer using anti-tumoral T cells, such  Adoptive Cell Therapy (ACT)      
with cytotoxic T cells [ 29 ] will have to resolve this issue in order to maximize their 
effi cacy. As a fi rst step in addressing this problem, it is imperative to understand 
what keeps the T cells from accessing the tumor. 

 The ancient Chinese strategist Sun Tzu, in his text “The Art of War”, states that 
“ the worst policy of all is to besiege walled cities ”. As recent pioneering studies 
have uncovered, this aphorism appears to be a suitable metaphor for the means 
through which tumors manage to protect themselves from T cell attack. Tumors 
form barriers that impair T cell infi ltration. The barriers can spatially inhibit T cell 
entry, or they can be functional barriers, where the tumor microenvironment under-
goes changes that render the T cells unable to infi ltrate, even in the absence of 
physical obstacles.  
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7.6      Functional Barriers   to T Cell Entry 

 In several human and mouse tumors, the tumor-associated vasculature, unlike 
healthy vasculature, expresses high levels of the “death receptor” ligand FasL. FasL 
expression is driven by  vascular endothelial growth factor (VEGF)     , interleukin-10 
and prostaglandin E 2 . As a result, upon arriving in tumor-associated vessels, anti- 
tumoral CD8 +  cytotoxic T cells are eliminated via FasL-induced apoptosis. At the 
same time, tumor-promoting Treg are not affected by this mechanism. The result is 
a functional barrier that inhibits T cell entry into the tumor [ 30 ]. A similar blockade 
of T cell entry into tumors has been reported to result from other defects of tumor 
vessels, such as increased endothelin B receptor expression [ 28 ,  31 ]. 

 In mouse and human tumors, reactive nitrogen species produced by the tumor 
have been shown to lead to nitration of the chemokine  CCL2  . The nitration of the 
chemokine modifi es its binding properties. As a result, the tumor is unable to recruit 
anti-tumoral CD8 +  T cells, whilst pro-tumoral myeloid cells are still recruited; this 
was explained by the substantially higher levels of expression of the cognate recep-
tor, CCR2, on myeloid cells compared to CD8 +  T cells. Experimental dampening of 
the reactive nitrogen species combined with adoptive T cell therapy in mouse mod-
els enabled higher cytotoxic T cell infi ltration and a subsequent protection from the 
tumor [ 32 ]. Skin tumors have been shown to evade anti-tumoral T cell responses by 
reducing the expression of keratinocyte-specifi c chemokine CCL27, which T cells 
utilize in order to home to the skin [ 33 ]. 

 Finally, targeting of the chemokine CXCL12 by inhibition of its cognate receptor 
CXCR4, or indeed elimination of  Fibroblast Activation Protein-α (FAP)     -expressing 
stromal cells was able to reverse the exclusion of infi ltrating T cells in a mouse 
model of pancreatic ductal carcinoma, via a yet-to-be determined mechanism of 
functional inhibition of T cell entry [ 34 ].  

7.7      Physical Barriers   to T Cell Entry 

 Recent work has shown that, in lung and pancreatic tumors, a densely-packed extra 
cellular matrix (ECM) structure surrounds the tumor. This fi brotic capsule may be 
the product of  Cancer-Associated Fibroblasts (CAFs)      that express FAP [ 28 ,  35 ] and 
it inhibits the infi ltration of anti-tumoral T cells into the tumor. Donnadieu and co- 
workers showed in pioneering ex vivo imaging experiments that T cells were unable 
to infi ltrate human lung tumor due to the dense, parallel collagen fi bers that were 
surrounding the tumor mass [ 36 – 38 ]. Thus, effectively, the collagen fi bers act as 
“walls”, through which the T cells cannot traverse easily. Examples of this barrier 
can be seen in Fig.  7.1 , where two sections of the periphery of a mouse solid  tumor   
are presented. A pancreatic carcinoma cell line, PANC02, was injected subcutane-
ously, leading to the formation of solid tumors, which where subsequently harvested 
from recipient mice 3 weeks after inoculation. In Fig.  7.1a  Masson’s trichrome 
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staining, observed in light microscopy, identifi es the collagen fi bers (in cyan color-
ation) in the capsule. Taking advantage of the spontaneous second harmonic genera-
tion by collagen under 2-photon microscopy, which enables the detection of a signal 
from fi brillar collagen without the use of any additional dyes or antibodies [ 39 ], the 
structure of the collagen matrix can be also be clearly visualized, as shown in 
Fig.  7.1b  (collagen fi bers shown in white). The role of the stroma in dictating T cell 
movement is not unique to the tumor environment. Indeed, in lymph nodes, fi bro-
blastic reticular cells, which can also express FAP, form a conduit-like structure that 
regulates T cell movement and localization [ 40 ,  41 ]. Yet in the case of solid tumors, 
the stroma, instead of channelling T cell infi ltration, appears to keep the cytotoxic T 
cells out.

   Intriguingly, the physical barrier formed by the ECM may not only restrict T cell 
access to the tumor but also the delivery of chemotherapeutic agents [ 37 ,  42 – 44 ]. 

  Fig. 7.1    Example of a peri-tumoral fi brotic capsule section. ( a ): Representative image of a tumor 
section from C57BL/6 J mice with a solid subcutaneous tumor derived from PANC02 murine 
pancreas ductal adenocarcinoma cells. Harvested tumors were fi xed in 4 % formalin, processed for 
paraffi n embedding and sectioned at 3 μm. Tissue collagen content was visualized by staining sec-
tions in Masson’s trichrome. Images were acquired with an Olympus BX53 microscope with a 
digital camera. The collagen fi bers are  stained cyan , the nuclei are  stained purple / black  and the 
cytoplasm is  stained red/pink . The collagen fi bers ( cyan ) form a capsule around the solid tumor 
( red/pink , lower part of the image). ( b ): Representative image of a similar tumor section as in ( a ), 
acquired using LaVision TrimScope II upright 2-photon microscope. The image shows the colla-
gen capsule visualized via Second Harmonic Generation (SHG) and Multiphoton Microscopy 
(excitation wavelength 840 nm). Collagen signal is shown in white. The tumor is on the lower part 
of the image. SHG is an intrinsic signal that does not require any staining and does not suffer from 
photobleaching. It mostly marks collagen I and to a lower extent other types of collagen. Fibrotic 
content can thus be quantifi ed as a density of the SHG signal over the tissue area, while other 
acquisition and analysis techniques can be used to assess the fi brillar order and directionality. As 
such, it is a powerful technique for the study of fi brosis with subcellular resolution on a wide range 
of samples from tissue section slides to in vivo models       
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Further, the fi brotic capsule may enhance the aggressive nature of the tumor itself 
through direct activation of pro-metastatic, growth-enhancing signals in the tumor 
cells. Work on mouse breast cancer models suggests that the tumor can become 
more aggressive, aided by signals from the dense collagen matrix that surrounds it. 
This, for example, can lead to activation of the PI3K pathway, driving tumor pro-
gression towards more invasive forms [ 42 ,  45 ]. 

 Whilst this activation is occurring, the tumor takes advantage of the protection 
offered by the matrix barrier against immune attack or “immunosurveillance” [ 46 ], 
as the process is usually termed. Perhaps ironically, in cases where the tumor is 
accessible, complete surgical removal of the tumor at this encapsulated stage—
when it is constrained by the matrix—would presumably be the only benefi cial 
option created by the existence of the fi brotic capsule. Yet, once tumors reach more 
advanced and invasive states, they are associated with a peritumoral fi brotic  struc-
ture   that is more radial in orientation, enabling the escape of metastasis-forming 
cells [ 42 ]. Unfortunately, in many cases the tumor or metastasis is not treatable by 
surgery, and indeed these are many of the clinical contexts where adoptive cell 
 therapy   is considered as a potential therapeutic approach. In these cases, the physi-
cal barrier described above remains an important obstacle.  

7.8     Breaking Through the Barrier 

 Experimentally, the barrier can be overcome. Indeed there have been many experi-
mental attempts to target the fi brotic structure or the CAF cells that are required for 
its formation, leading to reduced tumor growth [ 43 ,  47 ]. Examples include enzy-
matic depletion of the  hyaluronan component   of the ECM in a model pancreatic 
tumor, which in combination with chemotherapy led to improved survival [ 48 ]. 
Genetic ablation of  Caveolin-1  , which is also expressed in CAFs, decreased tumor 
growth and invasiveness [ 49 ]. In a landmark paper, Kraman and colleagues demon-
strated that genetic depletion of FAP-expressing CAFs enables the T cell- mediated 
control of the growth of injected Lewis lung carcinomas or pancreatic tumors [ 35 ]. 

 In more recent work in lung cancer ex vivo cultures, T cell infi ltration into the 
tumor was made possible when the peritumoral fi brotic capsule was degraded via 
the administration of collagenase. As collagen is one of the main components of the 
capsule, this result confi rms that the capsule stands as a physical barrier to T cell 
entry. Enhanced T cell recruitment into the tumor was also made possible when the 
tumor cells were manipulated ex vivo so as to over-express the chemokine CCL5, 
before being injected as a  xenograft   into immunodefi cient mice [ 36 ,  38 ]. The 
enhanced migration is compatible with the increased expression of the chemokine 
receptor CCR5 in activated T cells [ 50 ]; thus the increased chemokine expression 
by the tumor must have been suffi cient to force T cell migration through the barrier. 
This matches previous fi ndings that transduction of chemokines in tumors may lead 
to a reduction in tumor growth, attributable to the infl ux of T cells [ 51 ,  52 ]. 
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 A highly compatible and complementary set of data has been produced by 
Ozdemir and colleagues. They studied a mouse model of  pancreatic ductal carci-
noma  , where the tumor mass is surrounded by a desmoplastic stroma, mostly com-
posed of myofi broblasts. By genetically depleting the  myofi broblasts  , the 
collagen-I-rich fi brosis surrounding the tumor was substantially reduced. This, sur-
prisingly, led to a boost in tumor growth; this was attributable to the increased infi l-
tration of pro-tumoral Treg cells [ 44 ]. Nonetheless, these results show that the  fi brotic 
capsule   in the pancreatic tumor inhibits T cell access into the tumor; in a pathological 
context, these T cells may well be pro-tumoral Treg; however during cell therapy, the 
same barrier would inhibit the entry of anti-tumoral CD8 +  cytotoxic T cells. 

 Whilst the experiments outlined above have been essential in deciphering the 
mechanisms involved in inhibition of T cell entry, many of them cannot be easily 
translated to the clinic, as they involve genetic manipulation of the tumor, which is 
not feasible in a patient. On the other hand,  pharmacological treatment   of the bar-
rier, whether functional or physical, does have a substantial translational value and 
extensive work is currently aimed at bringing it closer to the clinic. In parallel, 
however, there also exist solutions with a focus on the therapeutic T cells that are 
required to penetrate the tumor. We will discuss these in the next section. Used in 
combination with approaches targeting the stroma itself, these strategies may assist 
in providing better future therapeutic options for fi ghting tumors.  

7.9     Modifying T Cells in Order to Improve T Cell Homing 
to the Tumor 

 Genetic manipulation of chemokine expression in the tumor so as to attract anti- 
tumoral T cells expressing the cognate receptor is not a solution that can be easily 
translated to the clinic. Some  chemotherapeutic drugs   [ 53 ] as well as the TNF 
superfamily 14 protein LIGHT are able to induce intratumoral chemokine expres-
sion, favoring T cell migration [ 54 ]. Nonetheless, the tumors relevant to the applica-
tion of adoptive T cell therapy are likely to be inaccessible, as otherwise they would 
have been surgically removed prior to the consideration of  immunotherapy  . 
Additionally, if the tumor is metastatic, the site of metastasis may well be diffuse. 
Thus modifying the chemoattractant features of the tumor itself may not be a simple 
task. On the other hand, the opposite strategy could be a viable alternative: the cyto-
toxic T cells used in adoptive T cell therapy can be made to express chemokine 
receptors that match the chemokines released by the tumor. The current consensus 
practice in adoptive T cell therapy, irrespective of whether the T cells used are 
peripheral blood T cells or purifi ed tumor-infi ltrating T cells, often involves expand-
ing the T cells ex vivo prior to administration to the patient [ 29 ]. During this phase, 
the T cells are not only accessible, but can be readily transduced with viral con-
structs. Indeed the antigen-specifi city of the T cells, via the transduction of cloned 
 T cell antigen receptors (TCRs)   or chimeric molecules that enable antigen 
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recognition (Chimeric Antigen Receptors— CARs     ), is usually modifi ed during an 
expansion via ex vivo culture [ 29 ]. If a chemokine receptor matching the chemokine 
expressed by the tumor were to be transduced into the T cells at the same time, the 
resulting cytotoxic T cells would have not only improved antigen specifi city for the 
tumor, but also the “homing instructions” necessary to infi ltrate into the tumor mass. 
Much like the increased tumor chemokine production, this would hopefully be suf-
fi cient to counteract the barriers behind which the tumor lies, and enable tumor 
infi ltration. This strategy of “ enhanced migration  ” has been shown to function 
experimentally by our work in a different pathological context [ 50 ]. The application 
of this concept in tumors was outlined by Kershaw and colleagues, who demon-
strated that tumor cells from melanoma patients secreted CXCL1. They thus cloned 
the cognate receptor, CXCR2, and transduced it in T cells, showing that the result-
ing cells had higher  in vitro migration   capacity towards the chemokine [ 55 ]. 
Subsequent studies by the same group showed that in vivo, CXCR2-tranduced T 
cells could migrate with higher effi ciency towards implanted CXCL1-expressing 
tumor cells, leading to better anti-tumor responses [ 56 ]. 

 As  Treg and Th2 ce  lls, both tumor-promoting populations, express the chemokine 
receptor CCR4, reports have shown that transducing CD8 +  T cells with this receptor 
improves their homing and anti-tumor effi ciency. The strategy was demonstrated 
using human T cells, double-transduced with the chemokine receptor and a CAR, in 
a mouse xenograft model of Hodgkin’s lymphoma [ 57 ]. A more recent study has 
confi rmed similar fi ndings in a mouse model of injected pancreatic tumor [ 58 ]. 

 Craddock and colleagues argued that many tumors express CCL2, and thus they 
transduced human T cells with the cognate receptor, CCR2b. They proceeded to 
show enhanced migration to tumors and improved anti-tumor activity in immuno-
defi cient mice injected with the modifi ed T cells and a CCL2-producing neuroblas-
toma cell line [ 59 ]. Moon and co-workers found that mesothelioma cells produce 
CCL2, and demonstrated a similar effect using immunodefi cient mice injected with 
the modifi ed T cells and a mesothelioma cell line [ 60 ]. 

 The above studies clearly demonstrate that “enhanced” migration, engineered by 
the transduction of a suitable chemokine receptor, can lead to improved infi ltration 
of the cytotoxic T cells into the tumor, with measurable benefi cial effects for ther-
apy. Whilst not necessarily all the tumor models used were characterized by a peri- 
tumoral fi brotic capsule, it is likely that the ectopic chemokine receptor expression 
may aid in penetrating this physical barrier. In a bid to further extend the transla-
tional potential of this strategy, we have recently addressed one of the few remaining 
limitations of the prior studies, namely, that in all cases an intentionally inoculated 
tumor was targeted. We thus applied the above chemokine receptor modifi cation 
strategy albeit in a spontaneous model of mouse prostate tumor, the TRAMP model 
[ 61 ], which—importantly—forms spontaneous metastases in lymph nodes starting 
from week 24 of age. We thus identifi ed the spontaneous metastases, characterized 
their chemokine expression profi les, identifi ed the most promising candidate che-
mokine and cloned its matching receptor. We then co-transduced cytotoxic T cells 
with both the chemokine receptor as well as a TCR specifi c for an antigen expressed 
by the tumor. As with the studies discussed above, we obtained improved homing of 
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the T cells, in this case towards  spontaneous lymph node metastases   [ 62 ]. The main 
benefi t of this approach is that it highlights the fl exibility of the chemokine modifi -
cation strategy:  T cell immunotherapy   is likely to be a realistic clinical alternative 
only in cases where more traditional therapeutic strategies have failed. In such cases, 
which may well be characterized by diffuse metastases, characterizing the chemo-
kine profi le of an accessible metastatic focus may provide a gateway to obtaining the 
necessary access information required to “push” T cells to sites of metastasis that are 
inaccessible or even unknown. Admittedly, this would be applicable to those metas-
tases that originate from the same clone, which is not always the case [ 63 ]. Yet, in 
this manner, a biopsy of an accessible metastasis could be used to “calibrate and 
instruct” the therapeutic T cells to home to (and infi ltrate into) similar but inacces-
sible metastases. 

 Interestingly, in situations where metastatic foci are visible and accessible, a 
novel and innovatively alternative approach has been recently proposed. A  CXCR4 
gene   was fused with an optogenetic-control construct, enabling T cells transduced 
with the engineered receptor to switch on chemokine receptor signalling (and thus 
migration) in response to light. The result was that light shone on a melanoma site 
could activate T cell infi ltration into the tumor, enabling enhanced anti-tumor activ-
ity [ 64 ]. Conversely to the above, this approach would require clear prior identifi ca-
tion of all tumor or metastatic sites.  

7.10     Conclusion 

 Taken together, the chemokine receptor modifi cation strategies highlighted here 
offer a range of tools that could be easily integrated into adoptive T cell therapy 
protocols. As an additional benefi t, the risks associated with the viral transduction 
process, such as insertional mutagenesis, are the same as those associated with pro-
tocols of TCR or CAR transduction. Thus one can be hopeful that solutions found 
to these issues, such as more advanced gene delivery technologies [ 65 ] or added 
safety features [ 66 ] should automatically be applicable to chemokine receptor deliv-
ery [ 67 ]. Modifying chemokine receptor expression is likely to improve adoptively 
transferred T cell migration to the tumor and infi ltration into the tumor mass. It may 
not completely overcome the barriers of a different nature, as described above; fur-
ther experimentation will be required to assess this in greater detail. Yet, if com-
bined with therapeutic strategies targeting the barriers, chemokine receptor 
modifi cation of T cells has the potential to become a useful strategy to enhance T 
cell therapy, hopefully leading to better clinical outcomes in cancer.     
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    Chapter 8   
 Strategies to Enhance Migration 
and Persistence of Chimeric Antigen Receptor 
(CAR)-T Cells into Tumors                     

     Yuhui     Chen    ,     Gianpietro     Dotti    , and     Barbara     Savoldo    

    Abstract     Since the past few decades, immunotherapy based on the adoptive trans-
fer of tumor-specifi c T-cells is providing a promising form of cancer treatment. This 
result has been obtained through the improvement of the methodologies used to 
expand ex vivo antigen-specifi c T cells, and through technology advancements in 
T-cell engineering aimed at transferring into these cells chimeric antigen receptors 
(CAR) or αβTCRs chains. High enthusiasm is especially directed to the CAR tech-
nology, as this confers MHC-independent antigen-specifi city to T cells, thus allow-
ing broad clinical applications. The greatest advances have been achieved in 
lymphoid malignancies, while the clinical benefi ts of CAR-T cells to solid tumors 
still remain uncertain. In this review we will explore two of the problems that are 
currently perceived as limiting the success of the clinical translation of CAR-T cells 
in solid tumors: namely, the recruitment and survival of tumor-specifi c T cells in the 
microenvironment.  
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  Abbreviations 

   Bcl-2    B-cell lymphoma 2   
  Bcl-xL    B-cell lymphoma-extra large   
  CAR    Chimeric antigen receptor   
  CD    Cluster of Differentiation   
  CTLA4    Cytotoxic T-lymphocyte-associated protein 4   
  DPP4    Dipeptidyl peptidase 4   
  ECM    Extra cellular matrix   
  ERK    Extracellular signal-regulated kinases   
  GD2    Ganglioside Diasialo 2   
  GM-CSF    Granulocyte-macrophage colony-stimulating factor   
  Gro-α    Growth-regulated oncogene-α   
  HVEM    Herpes Virus Entry Mediator   
  IDO    Indoleamine 2, 3-dioxygenase   
  IFN    Interferon   
  IL    Interleukin   
  LAG3    Lymphocyte-activation gene 3   
  M2    Macrophages type 2   
  MDC    Macrophage-derived chemokine   
  MHC    major histocompatibility complex   
  MDSC    Myeloid derived suppressor cells   
  NF-kB    Nuclear factor-kB   
  NKGD2    Natural Killer Group 2D   
  PD1    Programmed cell death protein 1   
  PD-L1/PD-L2    Programmed death-ligand 1/2   
  PGs    Proteoglycans   
  RANTES    Regulated on Activation, Normal T Cell Expressed and Secreted   
  ROS    Reactive oxygen species   
  siRNA    Small interfering RNA   
  TARC    Thymus and activation-regulated chemokine   
  TCR    T cell receptor   
  Tregs    Regulatory T cells   

8.1         Introduction 

 Since the past few decades,  immunotherapy   based on the adoptive transfer of tumor- 
specifi c T-cells is providing a promising form of  cancer treatment  . This result has 
been obtained through the improvement of the methodologies used to expand 
ex vivo antigen-specifi c T cells, and through technology advancements in T-cell 
engineering aimed at transferring into these cells chimeric antigen receptors (CAR) 
or αβTCRs chains. High enthusiasm is especially directed to the CAR technology, 
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as this confers MHC-independent antigen-specifi city to T cells, thus allowing broad 
clinical application. The greatest advances have been achieved in  lymphoid malig-
nancies  , while the clinical benefi ts of CAR-T cells to solid tumors still remain 
uncertain. In this review we will explore two of the problems that are currently 
perceived as limiting the success of the clinical translation of CAR-T cells in solid 
tumors: namely, the recruitment and survival of tumor-specifi c T cells in the 
microenvironment.  

8.2     CAR-T Cells and  Solid Tumors   

 The typical basic structure of CARs consists of a  single chain variable fragment 
(scFv)      derived from a monoclonal antibody, to confer antigen binding specifi city, 
joined to one component of the T cell receptor (TCR) complex, usually the ζ chain, 
that grants activation of the T-cell killing machinery (1st generation CAR) [ 1 ]. It is 
now well recognized that the engagement of CAR molecules with the tumor antigen 
is often inadequate for optimal activation of T cells, as the majority of tumor cells 
lack the expression of co-stimulatory molecules, or express inhibitory ligands that 
concur in impairing T cell functions [ 1 ]. To address the former issue efforts have 
been made to incorporate relevant co-stimulatory endodomains within CARs, 
including CD28, 4-1BB, OX40 or a combination of them to provide full activation 
of the T cells (2nd and 3rd generations CAR). 

 The adoptive transfer of CAR-T cells specifi c for the CD19 antigen has resulted 
in complete tumor regressions in almost 80 % of patients with relapsed acute lym-
phoblastic leukemia [ 2 ]. Promising clinical responses occur also in patients with 
chronic lymphocytic leukemia and lymphomas [ 3 ,  4 ]. Complete and sustained 
 responses   appear to correlate with the expansion of CAR-T cells post infusion 
in vivo in the peripheral blood and their long-term persistence (>6 months) [ 4 – 15 ]. 
CAR-T cells in responding patients have been detected not only in the peripheral 
blood, but also in the bone marrow and in lymph nodes that are the usual sites of 
tumor localization [ 4 ]. 

 Provided that an appropriate antigen is identifi ed for targeting solid tumors and 
that a CAR targeting this antigen can be successfully constructed, several challenges 
remain in the solid tumor setting for CAR-T cells to promote clinically relevant 
antitumor effects. First of all, leukemic cells or normal B lymphocytes expressing 
the CD19 antigen are immediately available for attack by CD19-specifi c CAR-T 
cells infused intravenously. In addition, secondary lymphoid organs, such as lymph 
nodes and bone marrow where B cell-derived tumor cells are located, are usually 
accessible to T cells. By contrast, the  migration and infi ltration   of CAR-T cells to 
solid tumors has proved more demanding. Second, when CAR-T cells reach the 
tumor environment, they must maintain high proliferative capacity in order to cap-
size tumor cells. In solid tumors CAR-T cells are facing a more complex and immu-
nosuppressive scenarios as compared to “liquid tumors”. The tumor microenvironment 
in solid tumors is indeed represented by a multitude of stromal cell types, including 
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endothelial cells, pericytes, fi broblasts, mesenchymal stem cells, macrophages, 
myeloid suppressor cells and regulatory T cells (Tregs) [ 16 ]. Finally, tumor and 
tumor-associated cells produce a plethora of  cytokines   and molecules capable of 
directly inhibiting T cells or altering the biological properties of surrounding cells.  

8.3     CAR-T Cells and Migration to Tumors 

 A critical step for successful tumor destruction by CAR-T cells is their robust 
recruitment to the tumor site (Fig.  8.1 )   . This process consists of at least two critical 
steps: T-cell traffi cking to the antigen site and active T-cell infi ltration within the 
extra cellular matrix (ECM) that sustains the tridimensional structure of the tumor. 
The migration of antigen-specifi c T cells from the blood to peripheral tissues 
includes T-cell tethering, rolling, adhesion and transmigration through the endothe-
lial cells that ultimately relocate T cells through post-capillary venules into the 
antigenic site [ 17 ]. In the majority of the cases, adoptively transferred CAR-T cells 
are delivered by intravenous infusion, implicating that they need to actively traffi c 
from the blood vessels to peripheral tissues. Soluble and tissue-bonded chemokines 
direct T cells in a specifi c location of the vascular wall, where T cells initiate their 
extravasation and, therefore, a match between the chemokines produced by the 
tumors and the chemokine receptors expressed by T cells is critical for their recruit-
ment [ 18 ]. However,  antigen-specifi c T cells   also actively secrete enzymes, such as 
elastase, metalloproteinases, hyaluronidase, and heparanase, which disrupt the 
ECM and facilitate leukocyte tissue-infi ltration [ 19 ].

  Fig. 8.1     Traffi cking   of T cells to tumors. This fi gure illustrates the critical steps required by 
antigen-specifi c T cells to effectively accumulate within the tumor microenvironment.  1 . Migration; 
 2 . Extravasation;  3 . Modifi cation of the extra cellular matrix       
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8.3.1        T-Cell Traffi cking   

 Despite tumor cells or surrounding stroma cells often secrete abundant and numer-
ous chemokines, adoptively transferred CAR-T cells frequently lack the expression 
of the appropriate chemokine receptor. To overcome this defi ciency, chemokine 
receptors can be expressed in association with CAR molecules in T cells. For exam-
ple, to improve the antitumor effects of CAR-T cells in Hodgkin’s lymphoma, the 
CD30-specifi c CAR has been coupled with the chemokine receptor CCR4 [ 20 ]. 
Indeed, CCR4 is not expressed by effector T cells, while Reed-Stemberg cells are 
well documented to produce the chemokines thymus and activation- regulated che-
mokine/CC chemokine ligand 17 (TARC/CCL17) and  macrophage- derived chemo-
kine (MDC)     /CCL22 which play a role in recruiting Th2 and Tregs within the 
lymphoma environment [ 21 ]. Therefore, by co-expressing the CAR targeting the 
CD30 molecule, which is found on Hodgkin’s tumor cells, and the chemokine 
receptor CCR4, CAR-T cells can be induced to migrate preferentially to the lym-
phoma and accomplish an improved antitumor activity [ 20 ]. Another well studied 
chemokine receptor is CCR2 that is also not very well expressed by effector T cells. 
The corresponding chemokine CCL2 is secreted by a variety of malignancies, 
including neuroblastoma, glioma, melanoma and breast cancer [ 22 ]. The co- 
expression of a subunit of the  CCR2 receptor (CCR2b)      and of a CAR targeting the 
neuroblastoma-associated antigen GD2 has been explored preclinically, demon-
strating an enhanced migration to neuroblastoma tumors and consequent increased 
antitumor activity [ 23 ]. Another successful example is the expression of the CXCR2 
receptor, whose ligand growth-regulated oncogene-α (Gro-α; CXCL1) is produced 
by a wide range of tumors [ 24 ]. 

 An alternative strategy to the ectopic expression of a chemokine receptor to guide 
T-cell traffi cking to the tumor site is the modifi cation of the tumor microenviron-
ment to produce chemokines for which adoptively transferred CAR-T cells consti-
tutively express the specifi c receptor. A good example is represented by the 
chemokine RANTES since its receptors, CCR1, CCR3 and CCR5, are usually 
retained by ex vivo expanded CAR-T cells [ 25 ]. To promote the release of a specifi c 
chemokine such as RANTES by tumor cells, armed oncolytic viruses that have a 
specifi c “tropism” for tumor cells have been used. Tumors infected by a RANTES/
IL-15-armed oncolytic virus locally release these factors, and when the administra-
tion of the oncolytic virus is combined with CAR-T  cells   a robust migration and 
survival of CAR-T cells within the tumor is achieved with consequent signifi cantly 
enhanced antitumor activity [ 26 ]. New and improved biological agents (vaccinia 
virus) or inert vehicles (nanoparticles) can also be engineered to locally deliver 
attractive chemokines, among other molecules, and will certainly fuel the fi eld of 
CAR-T cells in solid tumors. Moreover, inhibition of in vivo post-translational 
 processing of chemokines may also prove a useful approach to improve migration to 
tumor sites. For instance, the inhibition of Dipeptidyl peptidase 4 (DPP4), a member 
of the large family of proteases that can cleave several chemokines, by sitagliptin 
enhances antitumor responses to melanoma by enhanced CXCL10 and CXCR3-
dependent tumor immunity when combined with adjuvant therapies [ 27 ].  
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8.3.2     CAR-T Cell and  Extra Cellular Matrix (ECM)      

 While the chemokine gradient drives CAR-T cells to the tumor site, this process 
needs to be complemented by an active infi ltration of T cells into the antigen-rich 
tissues. The infi ltration of effector T cells within the tumor often positively corre-
lates with clinical responses and prognosis [ 28 – 30 ]. The same concept applies to 
CAR-T cells, with infi ltration into bone marrow and lymph nodes frequently being 
associated with prolonged and sustained responses in patients infused with CD19- 
specifi c CAR-T cells [ 4 – 15 ]. However, unlike lymphoid tissues, solid tumors are 
frequently richer in stroma, which includes a complex milieu of non-malignant 
cells, such as fi broblasts and mesenchymal cells, and abundant ECM. The interac-
tion between tumor cells and the surrounding stroma facilities the initiation, pro-
gression, metastasis and chemoresistance of solid tumors [ 31 ]. CAR-T cells must 
actively degrade the main components of the sub-endothelial basement membrane 
and of the ECM to reach the tumor cells. While this property is physiologically 
present in circulating T cells, ex vivo cultured T lymphocytes, such as CAR-T cells, 
are defective in degrading heparan sulfate proteoglycans because they lack the 
enzyme heparanase [ 32 ]. Re-expressing the enzyme in CAR-T cells clearly restores 
the capability of CAR-T cells to infi ltrate the tumor microenvironment and pro-
mote better control of the tumor growth [ 32 ]. There are more than 300 proteins in 
the ECM in mammals, which included core matrisome, collagen, proteoglycans 
(PGs) and glycoprotein [ 33 ]. The endopeptidases that degrade and cleave  ECM      
components include matrix metalloproteinases, adamalysins, meprins and other 
remodeling enzymes such as Serine proteases, cathepsins and sulphatases [ 19 ]. 
These enzymes and molecules are likely participating in the degradation and/or 
formation of the ECM and may contribute differently to the matrix formation of 
different tumors. Therefore, specifi c tuning may be required for successful tumor 
infi ltration by CAR-T cells.   

8.4     Persistence of CAR-T Cells at the Tumor Site 

 Even if tumor-specifi c T cells succeed in migrating to and infi ltrating the tumor site, 
multiple mechanisms exploited by tumor cells themselves or by surrounding stro-
mal cells can block an effective immune  response   (Fig.  8.2 ). Therefore, it is pivotal 
that CAR-T cells are well equipped to overcome inhibitory mechanisms and to per-
sist once in the tumor.

   Human tumor cells have evolved to express many different molecules that con-
tribute to hamper T-cell responses. The great majority of the  inhibitory molecules  , 
cells and cell-surface ligands found in the tumor microenvironment act by limiting 
T cell signaling, cytokine production and cell cycle progression. Many evidences 
clearly point at the need for lymphodepleting conditioning regimens, to allow 
CAR-T cell expansion upon adoptive transfer [ 34 ,  35 ].  Lymphodepletion   creates 
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less competition for the availability of homeostatic cytokines, such as IL-7 and 
IL-15 that sustain T cell expansion [ 36 ]. When considering solid tumors, lymphode-
pleting chemotherapy may also act in disrupting the tumor microenvironment, thus 
improving the prospects for CAR-T cell persistence, expansion and antitumor activ-
ity. However, experiences in other adoptive  immunotherapy   settings suggest that 
further strategies will likely need to be included [ 37 ]. 

8.4.1     CAR-T Cells and Inhibitory Molecules 

 One of the fi rst molecules implicated in tumor escape is TGF-β, which is produced 
by many tumor cells and stroma cells [ 38 ]. Tumor-derived TGF-β hinders antigen 
presentation by antigen-presenting cells and T-cell proliferation [ 39 ,  40 ]. TGF-β 
also renders the tumor microenvironment unfavorable for T cells, by transforming 
macrophages into a more tumor-supportive phenotype (M2 cells) [ 39 ,  41 ], convert-
ing CD4 +  CD25 −  T cells into Tregs [ 42 ] and attenuating the acquisition and expres-
sion of effector function of tumor specifi c T cells [ 43 ]. Blocking TGF-β signaling in 
T cells enhances their effectiveness [ 44 ]. One example takes advantage of the 
expression of a dominant negative TGFβ  receptor   in tumor-specifi c T cells that 
disrupts the phosphorylation of Smad2 in the TGFβ signaling pathway. As a result, 
TGFβ-resistant T cells can eliminate tumor cells in the presence of TGFβ without 
being affected in their function, phenotype, or growth characteristics [ 45 ,  46 ]. 

 Metabolic inhibition of T cells by tryptophan catabolism allows tumors to resist 
immune destruction. Local degradation of tryptophan results in T cell inhibition 

  Fig. 8.2     Tumor suppressive microenvironment  . This fi gure illustrates complex network of inhibi-
tory mechanisms that tumor-specifi c T cells can encounter within the tumor microenvironment.
 1 . Inhibitory molecules;  2 . Inhibitory cells;  3 . Inhibitory ligands.  EC  endothelial cells,  MSC  myeloid 
suppressor cells,  M2 Mf  M2-macrophages,  Treg  regulatory T cells,  ROS  reactive oxygen species       
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caused by cell cycle arrest, apoptosis mediated by the catabolites kynurenine and its 
derivatives and T cell differentiation into induced Tregs [ 47 ,  48 ]. Indoleamine 2, 
3-dioxygenase (IDO) is a tryptophan-degrading enzyme, ubiquitously produced in 
mammalian tissues and found often upregulated in tumor cells [ 49 ]. IDO impairs T 
cells since tryptophan metabolites inhibit the secretion of IL-2, IL-7, and IL-15 and 
increase T cell apoptosis [ 50 ]. Co-stimulation provided into CAR-T cells may only 
partially counteract the inhibitory effects of TGFβ and metabolic inhibition, and 
thus CAR-T cells may benefi t from the combination with molecules that antagonize 
TGFβ, such a dominant negative receptor, and the effects of IDO. Specifi cally, in a 
xenograft lymphoma model, inhibition of CAR-T cells IDO-mediated could be 
reverted by using an IDO inhibitor (1-methyl-tryptophan) [ 50 ].  

8.4.2     CAR-T Cells and  Inhibitory/Suppressive Cells   

 Tumors often recruit and sustain the proliferation and differentiation of immune- 
suppressive immune cells such as Tregs,  myeloid-derived suppressor cells (MDSC)     , 
type 2 macrophages and mesenchymal stromal cells to create an inhibitory environ-
ment. The incorporation of co-stimulatory endodomains within CARs can per se 
confer T cells with resilience. For example, the incorporation of the CD28 signaling 
domain into CAR not only augments NF-kB expression and IL-2-dependent prolif-
eration of CAR-T cells after antigen engagement, but also reduces their inhibition 
from Tregs and/or inhibitory cytokines like IL-10 and partially TGFβ [ 51 ]. More 
recently it has been reported that the deletion of the  lck  binding site of the CD28 
endodomain abrogates IL-2 release upon CAR engagement, which in turn is no 
longer available to sustain Treg proliferation and inhibitory function. This effect is 
obtained without impairing IFN-γ secretion, proliferation, and cytolysis of CAR-T 
cells warranting antitumor activity in the presence of Tregs [ 52 ]. 

 Provision of cytokines either systemically or endogenously from T cells or dur-
ing the ex vivo culture process may also prove advantageous to overcome inhibition 
from Tregs. Recombinant IL-2 has been administered with the purpose to sustain 
expansion and prolong T cell persistence of adoptively transferred tumor-specifi c T 
cells in patients with melanoma [ 53 ,  54 ]. However, IL-2 also benefi ts the prolifera-
tion and function of Tregs [ 55 ]. As alternative, the systemic administration of IL-15 
may be explored as this γ-chain cytokine seems to preferentially sustain the prolif-
eration of T cells rather than Tregs, while reducing activation-induced cell death 
[ 56 ]. Interestingly, preclinical data suggest that the IL-15-mediated advantages may 
be imprinted to T cells during the ex vivo culture [ 56 ]. Alternatively, the provision 
of cytokines with more contained potential for toxicities can be achieved by genetic 
modifi cation of T cells. For example, IL-15 has been incorporated into CAR to 
confer superior persistence and improved antitumor activity in preclinical models 
[ 57 ]. Finally oncolytic  viruses  , due to their great cargo capacity, have been used in 
mouse models to deliver IL-15 at the tumor site, so that in combination with CAR-T 
cells their local survival is highly promoted, leading to improved overall survival 
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[ 26 ]. Another cytokine of interest is IL-12, which can induce Th1-type responses 
and tumor infi ltration by both natural killer cells and macrophages [ 58 ]. CAR-T 
cells have therefore been explored as a mean to induce local release of IL-12 [ 59 ]. 
In addition to locally attract macrophages, IL-12 also activates T cells, contributing 
to the changes of the immunosuppressive environment with resulting increased 
amounts of Th1 cytokines and reduced IL-4 and IL-5 levels. Finally, CARs can be 
coupled with the expression of specifi c cytokine receptors to favor their use of 
homeostatic cytokines and restore their proliferation even in the presence of immu-
nosuppressive cells [ 60 ]. 

 Myeloid derived suppressor cells (MDSC)    blunt lymphocyte responses through 
the superoxide pathway [ 61 ] and production of IDO [ 62 ]. Strategies to counter 
MDSC have been explored in combination with CAR-T cells. Interestingly, the 
lymphodepleting regimen based on fl udarabine and cyclophosphamide, which is 
frequently used before CAR-T cell administration, has also the advantage of down 
regulating IDO expression in lymphoma cells and, thus, contributes in improving 
antitumor activity [ 50 ]. 

 Pro-tumor-associated macrophages inhibit T cell responses through the release 
of IL-10, prostaglandins and reactive oxygen species (ROS) [ 63 ]. Strategies have 
been explored to overturn these cells, for example using NKG2D-CAR-T  cells   that 
in addition to eliminate tumor cells also cause the activation of anti-tumor- 
associated macrophages through the secretion of GM-CSF and IFN-γ [ 64 ]. Finally, 
the combinations with molecules that inhibit the CSF-1R pathway, such as 
PLX3397, have shown to decrease tumor-infi ltrating macrophages with consequent 
increase in the expansion, distribution, and functional activation of intratumoral T 
lymphocytes [ 65 ].  

8.4.3     CAR-T Cells and  Inhibitory Ligand   

 T cells, especially upon cytokine activation and antigen engagement, upregulate a 
wide array of inhibitory receptors (PD-1, LAG-3, TIM-3, CTLA4, CD160 and 
CD57) that cause contraction of T cell responses. Ligands for these receptors (PD- 
L1/PD-L2, MHC class II, galectin 9, CD80/CD86, HVEM, L/P selectins) are often 
hijacked by tumor cells to drive immune cell exhaustion and anergy [ 37 ,  66 – 69 ]. 

 Clinical studies have shown that the expression of PD-L1 by tumors correlates 
with poor prognosis [ 28 ]. However, the expression of inhibitory molecules by 
tumor cells is a dynamic process since recent evidences suggest that PD-L1 may be 
upregulated after activation by cytokines or antigen engagement [ 70 ], making its 
role in suppressing immune responses more critical than initially thought. For 
example, tumor infi ltrating T lymphocytes (TIL) express higher PD-1 and have 
limited effector cytokine production when compared to T cells present in normal 
tissues and peripheral blood in the same patients [ 71 ]. Blocking antibodies against 
PD-1 and PD-L1 can effectively reverse T cell exhaustion and restore antitumor 
immunity [ 72 ]. 
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 Preclinical studies suggest that these inhibitory pathways remain critical roadblocks 
also for CAR-T cells. Therefore, increasing interests are directed in combining CAR-T 
cells and checkpoints inhibitors [ 37 ,  73 ]. Preclinical  studies   have shown that the incor-
poration of the co-stimulatory endodomain 4-1BB is associated with a less pronounced 
expression of surface inhibitory receptors by CAR-T cells, enhancing T-cell prolifera-
tion and cytokine production [ 74 ]. The incorporation of the IL-15 gene in the CAR has 
also been associated with downregulated expression of PD-1 by CAR-T cells [ 57 ]. 

 Using an alternative approach to the combination with check-point inhibitors, 
investigators have also explored the engineering of PD-1 to revert its inhibitory 
pathway into a co-stimulatory pathway. For instance, PD-1 has been coupled with 
the CD28 intracytoplasmic signaling. With this strategy T cells expressing the chi-
mera engage the PD-L1 molecule expressed by tumors, but the signaling is switched 
into a positive pathway that increases ERK phosphorylation, augments cytokine 
secretion, increases proliferation, and enhances expression of  granzyme B   [ 75 ]. 

 The tumor endothelial barrier may also contribute to the failure of the CAR-T 
cell therapy. The tumor-associated endothelium often provides a selective barrier 
allowing only certain T-cell subsets, notably Tregs, to traffi c effectively into the tis-
sues [ 76 ]. In addition, tumor endothelial cells induce apoptosis of effector T cells 
through activation of the  FasL/Fas pathway   [ 77 ]. Approaches that may prevent T 
cell apoptosis by down-modulation of Fas on T cell using  small interfering RNA 
(siRNA)      [ 78 ] or over-expression of Bcl-2 or Bcl-xL have also been tested to prevent 
the IL-2 withdrawal-induced apoptosis in lymphocytes [ 79 ].   

8.5     Concluding Remarks 

 While compelling activity has been documented in patients with lymphoid malig-
nancies treated with CD19-specifi c CAR-T cells, barriers remain to be defeated 
before equal activity is accomplished in solid tumors. CAR-T cells must actively 
traffi c to the sites of tumor burden, which is rarely a physiological destination for T 
lymphocytes, survive and function in a highly immunosuppressive environment. To 
accomplish these tasks CAR-T cells can confi de on two distinct important strate-
gies: combination therapies and further genetic engineering. The former includes 
consolidation with chemotherapy and radiotherapy, for example to deplete suppres-
sive T cell populations at the tumor sites, or combination with checkpoint inhibitors, 
including PD-1/PD-L1 to keep CAR-T cells functional when they reach the tumor. 
The latter is being actively explored to improve T cell traffi cking, infi ltration and 
endorse improved T cell survival. Clinical trials with these next generations CAR-T 
cells are warranted.     
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