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PREFACE

The first edition of Clinical Application of Immunophenotypic Analysis
appeared in 1994. This work was intended to be a comprehensive and up-
to-date book developed to serve a diverse group of individuals ranging from
practicing general immunologists, hematologists, students of the field, basic
scientists involved in research of cell surface antigens, as well as practicing
internists and pediatricians. The science and practice of flow cytometry
and immunophenotyping have continued to evolve. With more and more
clinical information and evaluation demonstrating the value of
immunophenotypic analysis, this has become an established clinical proce-
dure.

The rapid advancement of this field has necessitated the creation of a
second edition, in order that the book remains current and useful to our
readers. Besides, there is a need to put a great deal of effort into promoting
the value of clinical flow cytometric tests which can be more efficiently per-
formed and provide more definitive results than many of the classical proce-
dures. This is especially important in areas of clinical immunology and
hematology.

We retained the features of the first edition that were regarded by our
audience as most valuable, but altered the second edition as required to fur-
ther enhance the quality of the book. We have incorporated much new in-
formation regarding normal immune cell development as well as diagnosis
of acute leukemias, malignant lymphomas and characterization of stem cells
for transplantation. To accommodate these new insights without significantly
increasing the size of the book, we have reduced discussions of historical
debates that are now resolved by experiments.

All chapters have been rewritten and extensively updated to reflect the
explosion of knowledge. Beside the editor four excellent contributors have
been involved in creating the second edition and all the authors are working
leaders in their subjects. Most of the authors confront their clinical prob-
lems on a daily basis and have that uniquely urgent spur to keep them at the
cutting edge. As a result of the collective labor of a creative people, we now
have a book, which hopefully fills a real need in one of the most exciting
branches of modern medicine.

The contributors to this edition have done an outstanding job, and
the editor is indebted to them for their diligence, perseverance, and scholarly
presentations.

The Editor



ADA
ADCC
Ag
AGM
AIDS
AL
ALCL
ALL
AML
ATL/L
AUL
BCR
BL
B-LBL
BM
BMT
CALLA
CD
CGD
CLL/SLL
CTL
DCs
DLBL
EBV
ECM
FAB
FL
GM-CSF
GVHD
HCL
HHVS
HIV
HLA
HPC
HTLV-1
IFN

Ig

IL

KIR
KSHV
LPL/IC

ABBREVIATIONS

adenosine deaminase

antibody dependent cytotoxic-cytolytic activity
antigen

aorta-gonad mesonephros

acquired immunodeficiency syndrome
acute leukemias

anaplastic large cell lymphoma

acute lymphoid leukemia

acute myeloid leukemia

adult T cell leukemia/lymphoma

acute undifferentiated leukemia

B cell receptor

Burkitt’s lymphoma

B-lymphoblastic leukemia/lymphoma
bone marrow

bone marrow transplantation

common acute lymphoid leukemia antigen
cluster of differentiation

chronic granulomatous disease

chronic lymphocytic leukemia/small lymphocytic lymphoma
cytotoxic T lymphocytes

dendritic cells

diffuse large B cell lymphoma

Epstein Barr virus

extracellular matrix
French-American-British

follicular lymphoma
granulocyte-macrophage colony stimulating factor
graft versus host disease

hairy cell leukemia

human herpes virus 8

human immunodeficiency virus

human leukocyte antigen

hematopoietic progenitor cell

human T cell lymphotropic virus-1
interferon

immunoglobulin

interleukin

killer inhibitory receptors

Kaposi’s sarcoma associated herpes virus
lymphoplasmocytoid lymphoma/immunocytoma



MALT
MCL
MDR
MDS
MF
MoAb
MPO
MRD
MZL
NHL
NK
PBPC
PCR
PLL
PNP
REAL
SCID
sm

SS
SSC
TCR
Tdt
T-LBL
TNF
T-PLL
WAS
XLA

mucosa associated lymphoid tissue
mantle cell lymphoma

multidrug resistance

myelodisplastic syndrome

mycosis fungoides

monoclonal antibody
myeloperoxidase

minimal residual disease

marginal zone lymphoma
non-Hodgkin’s lymphoma

natural killer

peripheral blood progenitor cell
polymerase chain reaction
prolymphocytic leukemia

purin nucleotide phosphorilase
Revised European American Lymphoma classification
severe combined immunodeficiency
surface membrane

Sezary syndroma

side scatter

T cell receptor

terminal deoxyribonucleotydil transferase
T-lymphoblastic leukemia/lymphoma
tumor necrosis factor
T-prolymphocytic leukemia

Wiskott Aldrich syndrome

X-linked agammaglobulinemia



Acknowledgements

Landes Bioscience has provided excellent support
for this project and we thank the team of publishers
for their continued confidence in our efforts.

In particular, Ronald G. Landes and Cynthia Conomos
are acknowledged for their extraordinary contributions.



CHAPTER 1

Normal Hematopoietic Cell Differentiation

Gyongyi Szabo and Angela Dolganiuc

Immunologic Marker Analysis of Cells in the Various Stages of
Hematopoietic Differentiation

Differentiation Pathways of Normal Hematopoietic Cells

ematopoiesis is a complex process in which hematopoietic stem cells self-replicate
H and differentiate to generate the different mature cell types in the blood and lymphoid

organs. Under steady-state conditions, stem cells and hematopoietic progenitor cells
reside in the bone marrow (BM) medullary cavity in contact with the bone marrow microenvi-
ronment, which includes a diversity of mesenchymal cells that secrete hematopoietic cytokines
and extracellular matrix components. Most of the factors required for the orderly development
of stem cells are present in the BM microenvironment. More than 40 different growth factors,
cytokines, and chemokines interact with stem and progenitor cells through specific receptors
and regulate proliferation, differentiation, and cell fate. Hematopoietic growth factors are pro-
duced by both mesenchymal and hematopoietic cells and can be present in soluble, cell-bound
forms, or bound to the extracellular matrix (ECM)."? Stem and progenitor cells express adhe-
sion molecules that provide specific cell-cell and cell-ECM interactions. In addition, cytokines
and growth factors affect adhesive interactions between stem and progenitor cells and their
adhesive ligands in the BM providing a further level of regulation.

During development, cells express various surface markers that serve as a tool in their
identification (phenotypes).>” These molecules, recognized by various monoclonal antibodies,
were defined as Clusters of Differentiation (CD) for both standardization procedures and im-
munological analysis.*® While some CDs appear temporarily during different stages of cell
differentiation, others are present during the entire life-span of a particular cell; some CD are
specific only for one differentiation stage and/or cell lineage, others are common for multiple
differentiation stages of a particular lineage or could recognize cell of multiple lineage descen-
dents. The number of characterized CDs has expanded during the last few years and increasing
number of specific monoclonal antibodies are offered by different laboratories.

Pluripotent stem cell can differentiate into lymphoid and myeloid progenitors (Table 1).%!°
Within the lymphoid differentiation B, T, NK and NKT cells lineage can be distinguished.
The myeloid progenitors give rise to monocytic, granulocytic, erythroid and megakaryocytic
differentiation.'® Dendritic cells develop from either lymphoid or myeloid precursors.'!

Immunophenotypic Analysis, Second Edition, edited by Katalin P4léczi. ©2005 Eurekah.com.
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Table 1. Surface Ag expressed during hematopoiesis

Stem Cell CD34*

Lymphoid Stem Cell Myeloid Stem Cell
Pro-B cell Early Myeloblast ~ Monoblast Megakaryoblast Erythroblast
HLA-DR  thymocyte HLA-DR HLA-DR HLA-DR HLA-DR
CD19 CD2 CD13 CD13 CD41 CD71
(CD22) (CD3) CD33 CD14 CD42 Glycophorin
Cytoplasmic CD7 CD33 CD61 Aand C
TdT TdT
Pre-B cell Intermediate Promyelocyte Promonocyte Normoblast
HLA-DR  thymocyte CD13 HLA-DR CD71
CD10 CD1 CD15 CD13 Glycophorin
CD19 CD2 CD33 CD14 Aand C
CD20 CD3 CD33
CD22 CD4
CD5
CD7
CD8
TdT
Immature  Mature Myelocyte Megakaryocyte
B cell  thymocytes CD13 CD41
HLA-DR CD2 CD15 CD42
CD10 CD3 CD33 CD61
CD19 CD4/CD8
CD20 CD5
CD21 CD6
CD22 CD7
Surface Ig
Mature Mature Neutrophil ~ Monocyte Platelet Erythrocyte
B cell T cell CD11b HLA-DR CD41 Glycophorin
HLA-DR CD2 CD13 CD11b CD42 Aand C
CD19 CD3 CD15 CD11c CD61
CD20 CD5 CD33 CD13
CD21 CD6 CD43 CD14
CD22 CD7 CD33
CD23 CD4/CD8
CD37 CD25
Surface Ig  (activated
T cells)
CD43
Lymphoid Descendents
Populations of B Cells

B cells produce antibodies, the cornerstones of “humoral immunity”, and participate in
immune memory. B cell differentiation occurs partly in the bone marrow (antigen indepen-
dent differentiation) and partly in the peripheral lymphoid tissues (antigen-dependent prolif-
eration) (Table 2).'* Two different subpopulations of B lymphocytes, B1 and B2 cells have

been characterized.'?
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Table 2. Human B cell development and markers

* Pre-B-I cells: CD19* CD10" CD34" TdT* Ragl* VpreB* Hu-cycling cells have DJy-rearranged
IgH-chain loci, while their L-chain loci remain in germline configuration. Defective pre-BCR
expression arrests B-cell development at the transition from pre-B-I to large pre-B-Il cells.

e Large, pre-BCR" pre-B-Il cells: CD19* CD10* CD34" TdT Rag1” VpreB* Hu* pre-BCR" cycling
cells are productively VyDJ rearranged in the IgH chain locus, while their L-chain gene loci
remain in germline configuration.

e Large pre-BCR" pre-B-Il cells: CD19* CD10* CD34 TdT Ragl1™ VpreB™ Hu* pre-BCR cycling
cells have their IgH-chain locus productively VyDJy rearranged, while their L-chain loci are
largely in germline configuration.

e Small resting pre-B-Il cells: CD19" CD10* CD34" TdT Rag1* VpreB™ Hu* sigM™ small resting
cells have a majority of their L-chain gene loci in V), rearranged configurations but do not yet
express L-chains on their surface.

e Immature B cells: CD19* CD10" slgM* sigD"

e Mature B cells: CD19* CD10" sigM* slgD*

Abbreviations: BCR= B-cell receptor; Ragl= recombinase-activating gene 1; TdT= terminal
deoxynucleotidyl transferase

The B cells that develop earliest during ontogeny are referred to as B1 cells. Most B1 cells
express CD5, an adhesion and signaling cell-surface molecule!®!> and are the source of the
natural antibodies, which can be produced without exposure to any environmental antigen or
immunization. B1 cells are predominantly localized in the peritoneal cavity where they can be
distinguished as Ithi IngO, CD9*, IL-5R*, CD23 CD43"* and CD5* (B-1a) or CD5"
(B-1b) cells.'

The splenic B cell population lacks the CD5 molecule, and because these cells develop
slightly later in ontogeny, they are referred to as B2 cells. Before they encounter antigen, ma-
ture B2 cells co-express IgM and IgD antibodies on their cell surface, but by the time they
become memory cells, they have usually switched to the use of IgG, IgA, or IgE as their antigen
receptors. Marginal zone B cells express CD9 but not CD5, IL-5R or CD43 and play an
important role in T cell independent antibody response via activation of Pyk-1 tyrosine ki-
nase.'> Association of CD21 with CD19 and B cell receptor (BCR) lowers activation threshold
of naive B cells.'® The final stages of differentiation of B2 cells into antibody-secreting plasma
cells occur within the secondary lymphoid tissues outside the germinal centers. Although gen-
erally short-lived, with a half-life of only a few days, some plasma cells survive for weeks,
especially within the bone marrow. The CD markers associated with B cells are summarized in

Table 3 (for additional details see ref. 8).

Populations of T Cells

T lymphocytes are the major effectors of “cellular immunity”, produce cytokines, provide
signals for B cells differentiation, act as memory and regulatory compartment of immunity.
The antibody-dependent cytotoxic-cytolitic (ADCC) activity and cytotoxic T lymphocytes
(CTL) is key to tumor immunity. Adult peripheral T cells developed from bone marrow de-
rived thymic lymphoid progenitor.” T cell development in the thymus can be subdivided into
two main phases that govern lineage fate decision: an early T cell developmental stage before
CD4 and CD8 coreceptor expression, in which a common T-lineage-restricted precursor gives
rise to af or YO T lineage cells; and the T cell selection phase in which af lineage CD4*CD8*
double positive (DP) cell commit to become either CD4" helper of CD8* cytotoxic T cells.'” "
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Table 3. B cells

Receptor

Molecular

Family Weight (kDa) Distribution

Function

BCR: The BCR is a complex of surface membrane Ig (slg) and the associated proteins CD79a

and CD79b.
slg

The surrogate
BCR complex

MHC class Il

CD5

CD9

CD10
CALLA

CD19

CD20

Ig-SF 26-73
prototype

Ig-SF 20
Ig-SF 35
related

SRCR-SF 67
TM4-SF 22-27
Zinc 100
metallo-

protease

Ig-SF 95

Unassigned33-37

On all mature B cells and
most neoplastic B cells

Pro- and pre-B cells

B cells, monocytes,
macrophages, myeloid
and erythroid precursors,
DCs, some epithelial cells

Subset of mature B cells,
mature T cells, thymocytes

Early B cells, activated

B cells, activated T cells,
platelets, eosinophils,
basophils and endothelial
cells

Widely expressed,
including early T- and
B-cell precursors, marker
for CALL, neutrophils,
fibroblasts, epithelial cells

All human B cells and
B-cell precursors, FDCs

All mature B cells,
human pre-B cells,
not plasma cells

Specific binding to antigen

Not known: probably
important for early B-cell
proliferation and allelic
exclusion. The natural ligand
has not been identified.

Presentation of processed
antigen peptides to CD4*

T cells. Role in positive and
negative selection of CD4*
T cells in thymopoiesis.

Unknown. CD5" B cells
(B-1) cells implicated in
autoimmune disease.

Platelet activation and
aggregation, cell-cell adhesion
(pre-B cells). Possible role in
signaling mediated by
interaction with GTP-binding
proteins.

Zinc metalloprotease.
May act to limit activity of
fMLP peptide hormones.
Possible role in B-cell
development.

Regulation of B-cell
activation and proliferation.
Part of signal transduction
complex that includes CD81,
CD21 and Leu-13. Reduces
BCR signaling threshold.

Can generate intracellular
Ca** signal, may be important
for regulation of B-cell
activation and proliferation.

Table continued on next page
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Table 3. Continued

Molecular

Receptor Family Weight (kDa) Distribution Function

CD21 Member 145 Mature slg* B cells Receptor for C3d, EBV. Role in
of RCA (lost on activation), FDCs,  B-cell activation and part of
gene cluster subset of normal thymocytes signaling complex that includes

CD19, CD81 and Leu-13.
Binds CD23 and is implicated
in regulation of IgE production.
CD22 Ig-SF 130-140 Surface expression on Mediates adhesion to
mature B cells, erythrocytes, T cells, B cells,
cytoplasmic expression monocytes and neutrophils.
in late pro- and early CD22-deficient mice have
pre-B cells. Lost prior increased sensitivity to BCR
to plasma-cell stage. activation, thus probably limits
BCR signal.
CD23 Novel 45 FceRlla form expressed Low affinity IgE receptor:
superfamily on mature B cells and role in IgE regulation. Binds
of type Il monocytes, Fcellb on CD21 and has role in B-cell
proteins monocytes, IL-4 activated ~ activation, may also prevent
with C-type macrophages, eosinophils,  apoptosis of germinal center B
lectin motifs platelets, DCs, FDCs cells.
CD24 CD52/CD2 35-45 Expressed throughout Play a role in regulation
4/HAS B-cell development. of B-cell growth and antibody
Decreased on activation production
and lost on plasma cells.
Present on mature
granulocytes and on
epithelial cells.
CD25 New family 55 Activated B cells, Induces activation and
IL-2Ra with IL-15R T cells, monocytes, proliferation of T cells, B cells,
a-chain: has NK cells and macrophages  thymocytes, NK cells and
homology macrophages
with CCP
CD32 C2 Ig-SF 40 FcyRIIB form presenton B Low-affinity receptor for
FcyRII cells, FcyRIIA and C forms  aggregated 1gG. Binding to
expressed on neutrophils;  FcyRIl on B cells can deliver a
all forms are found on negative signal to B cells.
monocytes. FcyRIl proteins
are also on endothelial cells.

CD37 TM4-SF 40-52 Mature normal and Role in signal transduction

neoplastic B cells;
neutrophils and monocytes;
low expression on T cells

and intracellular trafficking

Table continued on next page
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Table 3. Continued

Molecular
Receptor Family Weight (kDa) Distribution Function
CD40 TNFR-SF 48-50 Normal and neoplastic Binds CD40L (CD154) on
B cells, FDCs, IDCs, activated T cells. Key signal for
endothelial cells, B-cell activation, proliferation
thymic epithelium, and differentiation, formation
macrophages of GCs, isotype switching,
rescue from apoptosis and
differentiation into memory or
plasma cells.
CD45 PTP 220 All haematopoietic cells PTP activity. Has critical
regulatory role in TCR and
BCR activation.
CD72 C-type 43 All B cells except plasma Induce B-cell activation
lectin cells; spleen red pulp and proliferation
macrophages, Kupffer cells
CD79a Ig-SF 33-39 Normal and neoplastic CD79 forms noncovalent
CD79% B cells, expressed early association with slg and is
during B-cell ontogeny important for BCR signal
transduction. CD79 may also
mediate transport of IgM to
cell surface.
CD80 Ig-SF 60 Activated B cells, Early activation marker.
activated T cells, Regulates IL-2 gene expression
IFN-y-stimulated and T-cell activation.
monocytes, DCs
CD81 TM4-SF 26 All B cells and T cells, Part of signal transduction
leukaemia and lymphoma  complex that includes CD19,
lines, neuroblastoma and Leu-13 and CD 21.
melanoma lines, Cross-linking CD81 induces
GC FDCs, NK cells, effects consistent with a role in
thymocytes, eosinophils signal transduction, e.g.,
homotypic adhesion.
CD83 1g-SF 43 Weakly expressed on Has role in antigen
activated B cells, GC B presentation/ cell-cell
cells and lymphoblastoid interactions following
B-cell lines. Langerhans activation
cells, blood DCs and
interdigitating reticulum cells.
CD86 Ig-SF 80 Activated B cells, blood Expressed rapidly following

monocytes, mature
circulating B cells, DC

B-cell activation. Regulate IL-2
expression and prevent T-cell
anergy.

Table continued on next page
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Table 3. Continued
Molecular
Receptor Family Weight (kDa) Distribution Function
CD95 TNFR-SF 45 Expressed at high levels Fas ligation induces
on activated B cells apoptosis. Fadd/MORT1
and T cells associates with intracellular
death domain.
CD122 CKR-SF 70-75 B cells, T cells, NK cells, Signaling subunit of IL-2R
monocytes, macrophages  and IL-15R
CD124 CKR-SF 130-150  Mature B and T cells, Activates B cells causing
IL-4R haematopoietic increased expression of
precursors, pre-B, B- surface CD23 and IgM.
and T-cell lymphomas Stimulates proliferative activity
in pre-activated B and T cells.
Switch factor involved in IgE
regulation.
CDw125 CKR-SF 60 Eosinophils, basophils Promotes growth and
IL-5Ra differentiation of eosinophil
precursors and activates
mature eosinophils
CD126 CKR-SF 80 Activated B cells, Promotes growth of myelomas,
IL-6R plasma cells, T cells, B-cell hybridomas, activated
monocytes, epithelial and EBV-transformed B cells
cells, fibroblasts and T-cell lines. Induces
hepatocytes, neural cells differentiation and proliferation
of haematopoietic precursors
and mediates acute phase
response of hepatic cells.
CD127 Low 68 Thymocytes, T-cell and Stimulates proliferation of
IL-7Ra homology B-cell progenitors, mature  pro- and pre-B cells,
with T cells, monocytes, some  thymocytes and mature T
CKR-SF lymphoid and myeloid cells, and induces monocyte
cell lines activation
CD132 CKR-SF 65-70 B cells, T cells, NK cells, Signaling component
IL-2Ry monocytes, macrophages,  receptors for IL-2R, IL-4R,
common neutrophils IL-7R, IL-9R, IL-15R
gamma
chain (yc)
IL-TOR Class Il 110 B cells, thymocytes, mast  Induces B-cell proliferation
CKR-SF cell and macrophage and differentiation, switch

cell lines

factor for IgA secretion with
CD40L and TGF-B

Table continued on next page
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Table 3. Continued

Molecular

Receptor Family Weight (kDa) Distribution Function

IL-13Ra CKR-SF 49 Human B cells, Activates STAT6, induction
endothelial cells, other of inflammatory cytokines
nonhaematopoietic cells

IL-15Ra New family 65-75 mRNA found in T-cell Binds IL-15 with high affinity.

with CD25 lines, macrophage lines, Complexes with IL-2R B-chain

bone marrow stromal cell  and yc-chain to form IL-15R
lines. Especially abundant ~ complex. Soluble form
in liver. identified.

During thymic development, these precursors expand by a million fold, differentiate into
two T cell and at least two non-T cell lineages, and, within the T cell lineage, acquire the
capacity to express the Ag-specific TCR complex. The two T cell lineages are designated alpha/
beta and gamma/delta, depending upon expression of the respective TCRs.!”2® Expression of
the alpha-, beta-, gamma-, and delta-chains of the TCR requires somatic recombination of the
V, D, and ] genes encoding the V domain of the corresponding TCR proteins.

Stage 1 precursors can give rise to multiple lineages, including T, NK, and dendritic cells
(DCs), but not B cells or myeloid cells. The successive steps of immature, CD4/CD8 thy-
mocyte (double negative) differentiation have been characterized by surface expression of CD44
in the absence (stage 1) or presence (stage 2) of CD25 followed by an initial down-regulation
of CD44 (stage 3) and subsequently of CD25 (stage 4). Stages 1 and 2 have been shown to
have the TCR-beta and TCR-gamma loci in germline configuration. Both partial (D to J) and
complete (V to DJ) rearrangements of the TCR-beta locus as well as V to ] rearrangements of
the TCR-gamma locus occur primarily in stage 3. No further rearrangements of these loci
(beta, gamma and delta) are known to occur after the transition to stage 4, which marks the
onset of TCR locus recombination and commitment to the alpha/beta lineage.'”*!

T helper and T cytotoxic/suppressor lymphocytes can be divided into two distinct subsets
of effector cells based on their functional capabilities and the profile of cytokines they pro-
duce.?>? The Th1 subset of CD4* T cells, as well as Tc1 subset of CD8" cells secretes cytokines
usually associated with inflammation, such as IFN-gamma and TNF and induces cell-mediated
immune responses. The Th2 and Tc2 subsets produces cytokines such as IL-4, IL-5 and IL-10
that help B cells to proliferate and differentiate and are associated with humoral-type immune
responses. The selective differentiation of either subset is established during priming and can
be significantly influenced by a variety of factors. The separate ThO subset was characterized by
capacity to produce IL-2, IL-4, IL-5, IL-10, IFN-gamma and TNF and it is considered as a
precursor for Th1 or Th2 development.??2#?> T cells require two signals for activation. The
first signal is provided through the TCR and a second one via costimulatory molecules and/or
signals.?® The identification of a newly extended family of molecules related to the T-cell
costimulatory proteins, CD28 and B7, suggests that a distinct form of costimulatory signals
could be important for effector T cell responses.”” The CD classification of markers and recep-
tors of T lymphocytes are summarized in Table 4 (additional details are in ref. 8).

NK Cells
NK cells, like other hematopoietic cells, are derived from pluripotent stem cells. Evidence
for a restricted NK/T cell progenitor came initially from analysis of early fetal thymocytes,
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Table 4. T cells

Receptor

Molecular

Family Weight (kDa) Distribution

Function

TCR: The TCR is a complex of surface TCR af3 or yd and associated CD3 proteins (see below).

TCRop
and
TCRyd

CD1

CD2
LFA-2,
T11

CD3

CD4

CD5

CD7

Ig-SF 40-45 af on T cells; y8 in
fetal and adult thymus,
and the thymic
independent population
of the intestinal epithelium
and other epithelia
(skin, mucosa).

MHC-like  50-67 Cortical thymocytes

Ig-SF 55-60 Thymocytes, mature T
cells, murine B cells

Ig-SF Three chains: Al T cells

y [25-28 (human),
21 (mouse)],
5 (21, 28),
€ (20, 25)
associated to
T (16) and
n (22, 21) by
disulphide
bridges and
to the TCR
ap chains.
Ig-SF 60 Thymocytes, Th cells,

SRCR-SF 67

1g-SF

monocytes, bone
marrow cells

Thymocytes, mature
T cells

40 Thymocytes, mature
T cells

T-cell antigen-specific
receptor for MHC-peptide
complexes on APCs.

Peptide presentation,
Lipid presentation

Adhesion (CTLs to target cells,
T cells to endothelium, and
monocytes and thymocytes to
TECs). Signal transduction;
T-cell activation. Interaction
with tubulin and regulation of
anergy.

Signal transduction (€),
T cell activation and function

Helper activity, coreceptor
with the TCR and signaling in
association with p56'*;
adhesion (stabilizes TCR-MHC
class Il interaction)

T-cell costimulation.
Thymocyte activation.
Anti-CD25 stimulates T-cell
proliferation, IL-2 secretion
and an increase in Ca®*
concentration.

Signal transduction

Table continued on next page
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Table 4. Continued

Molecular
Receptor Family Weight (kDa) Distribution Function
CD8 Ig-SF 34 Thymocytes, CTLs, Maturation and positive
IELs (CD8aa), some selection of MHC class |
DCs restricted CTLs
CD16 Ig-SF 50-65 Subsets of mature T ADCC. Thymocyte
cells, monocytes, B cells, development.
NK progenitors and
NK cells
CD25 Hemato- 55 Immature TN, activated T-cell growth, enhances
poietin T cells, pre-B cells NK-cell activity
receptor
SF
CD26 Ecto- 220 Thymocytes, T cells, T-cell triggering, binds and
peptidase 1V NK cells transports ADA to the cell
surface, binds to fibronectin,
collagen
CD28 Ig-SF 44 T cells, resting T cells, Costimulatory molecule
plasma cells initiating signal transduction
CD30 TNFR-SF 105 Activated T and B cells Transduction of a death signal
CD38 Unassigned 46 Thymocytes, activated Signal transduction.
T10 T cells, NK and DC Cell adhesion.
precursors
CD43 Unassigned 115 T cells, induced on Leucosialin, Sialophorin.
gp115 activated CD4" T cells, Role in T-cell proliferation,
pre-B cells costimulation and adhesion.
CD45 Unassigned180-220 Fetal liver T cell A protein tyrosine phosphatase
LCA progenitors, mature, that regulated Src-family
activated, naive T cells kinases. Role in thymocyte
(CD45R0O), and memory development, selection and
(CD45RA) T cells TCR-mediated signal
transduction.
CD56 Ig-SF 200-220 T cells, IL-2 dependent Induces killer activity and
NCAM T-cell clones, NK cells non-MHC restricted
cytotoxicity
CD69 C-type 85 Marker of positively Signal transduction in T
VEA lectin SF selected thymocytes; cells. Apoptosis in eosinophils.
(group V) T-cell precursors and

TN thymocytes

Table continued on next page
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Table 4. Continued

Molecular
Receptor Family Weight (kDa) Distribution Function
CD90 Ig-SF 25-35 T-cell lineage, Role in lymphoycte
Thy1 kDa haematopoietic stem recirculation, adherence,
cells, pre-B cells T-cell activation, cellular
recognition
CD95 TNFR-SF  36-45 Thymocytes, mature Induces apoptosis signal
Fas, T cells, activated when triggered by FasL or
APO-1 lymphocytes anti-Fas Ab. Role in clonal
deletion of peripheral T cells
and AICD of mature T cells.
CD100 Semaphorin 150 Normal PBLs, resting Proliferation and activation
and activated T cells, of PBMCs. Role in T-cell
most hematopoietic cells homotypic adhesion and
B-cell differentiation.
CD117 Ig-SF and 145-150  Hematopoietic progenitors  Signal transduction. Cell
receptor differentiation. Regulation of
kinase adhesion.
IL-2R CKR-SF B (70) Activated T cells (o, f,yC). Responsible for all biological
a chain yc (64) yc is constitutively effects induced by IL-2.
(CD25) expressed on lymphocytes;  Increases cytolytic activity of
B-chain By on NK cells and CD8* NK cells and Ig biosynthesis
(CD122), T cells. CD4*CD25* by B cells. Signaling via yc can
y-chain (yc) autoimmune-preventative  prevent induction of anergy in
(CD132) T cells. T cells.
CD124 CKR-SF T cells, B cells, Stimulates T-cell growth
IL-4R haematopoietic and B-cell activation to
gp140 precursors promote T-B interactions.
Induces differentiation of Th2
cells: stimulates CTL
development; induces CD8*
cells produce IL-4.
CD127 CKR-SF 75 Immature thymocytes, Induction and promotion
IL-7R mature T cells, human of immature T-cell growth,
bone marrow lymphoid pre-B/B-cell proliferation.
progenitors, yd IEL Induces CD25 on T cells.
CD129 CKR-SF 64 T cells, B cells, Growth promoting activity
IL-9R macrophages, for T-cell tumours. Inhibits

megakaryoblasts

apoptosis induced in thymic
lymphomas.

Table continued on next page
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Table 4. Continued

Molecular
Receptor Family Weight (kDa) Distribution Function
IL-12R CKR-SF  B1(100), CD4*, CD8" activated Signal transduction ($2).
p2(130); T cells, human Th1 clones, Supports proliferation of
high-affinity  NK cells, B-cell lines T cells and NK cells.
receptor
B1p2)
IL-17R Unassigned 98 Widespread, in particular ~ Enhances PHA-induced T-cell
(predicted)  expressed in TN proliferation: sIL-17R inhibits
thymocytes, T-cell lines T-cell proliferation and IL-2
(EL4) and T-cell clones production
CD152 Ig-SF 70% Activated T cells Binds CD80 and CD86.
CTLA-4 sequence Costimulatory molecule.
similarity
with CD28
CD154 TNF-SF 33 Activated CD4* T cells Costimulates proliferation and
CD40L lymphokine secretion from T

cells. Activates and induces
B-cell proliferation and
differentiation.

many of which—like NK cells—express the Fcy receptor III (FcyRIII). This FeyRIIT* fetal
thymocyte population gave rise to TCR" T cells after intrathymic transfer or to NK cells after
intravenous transfer but are incapable of giving rise to myeloid cells or B cells. NK cell develop-
ment normally occurs extrathymically, posing the question of whether restricted NK cell pro-
genitors exist in the periphery.

In humans the well-established lineage characteristic for NK cell development is not known
yet. In mice the FcRIII* fetal thymic population is heterogeneous. A fraction of the cells ex-
presses the NK cell markers NK1.1 and DX5 but fail to express CD117 (c-kit)—NKI1.1*
DX5* CD117" cells—and another fraction exhibits the NK1.1* DX5" CD117* phenotype.?
The CD117 subset exhibits ex vivo cytolytic activity against some tumor target cells, suggest-
ing that it contains functionally mature NK cells. The CD117* subset is capable of reconstitut-
ing T cell development in fetal thymic organ culture and NK cell development when cultured
in special conditions, but failed to give rise to B cells or myeloid cells. The CD117" population
cannot give rise to T cells. Possibly related is the finding that human precursor thymocytes
express NKR-P1A, a human isoform of the murine NK1.1 antigen. It was concluded that the
CD117" population represents restricted progenitor cells for the T and NK lineages while the
CD117" population represents mature NK cells.?*?

Human natural killer cells express the IL-15R chain, the IL-2/-15R chain and the
common-cytokine-receptor chain (c), but do not express the whole IL-2R. IL-15 is necessary
for both in vivo and in vitro NK cells differentiation from lymphoid-cell-restricted bone mar-
row progenitor-cell population.?”*

Human natural killer cell subsets can be distinguished by CD56 surface density expres-
sion.?! In killing of cellular targets, NK cells employ receptors that activate them and receptors



Normal Hematopoietic Cell Differentiation 13

Table 5. Human NKT cell markers

Characteristic Human Comment
Major subsets CD4*, DN Proportions vary
T cell receptor
a-chain Va24)oQ Homologous
B-chain VBII Homologous
Expression level Intermediate
Accessory molecules
NK associated NKR-PI Homologous (CD161)
Restriction element Cbid Homologous
Cognate antigen Glycolipid a-GalCer stimulates
Cytokine production
IL-4 Rapid, high levels Following TCR ligation
IFN-y + Following TCR ligation
Frequency
PBL ~0.1-0.5% More variable in humans

Abbreviations: a-GalCer= a-galactosylceramide; DN= double negative; IFN-y= interferon y; IL-4=
interleukin 4; NKR= NK-cell receptor; NKT=NK1.1* T cells; PBL= peripheral blood leukocytes; TCR=
T-cell receptor.

specific for MHC class I that inhibit their activation. There has been a rapid progression in
recent years in the understanding of the inhibitory receptors that fall into two distinct struc-
tural types (CD94/NKG2 and killer inhibitory receptors [KIR]) that appear to utilize the same
inhibitory signaling cascade (immunoreceptor tyrosine-based inhibitory motifs: ITIMs).%

NKT Cells

NKT cells are a phenotypically and functionally diverse cell population found in spleen,
liver, bone marrow and thymus that are derived from lymphoid descendents of stem cells. They
co-express some NK receptors such as NK1.1 (CD122, CD161 or NKR-P1) and T-cell recep-
tor (TCR) (Table 5). The key features of NKT cells include heavily biased TCR gene usage
with rearrangements of the AV24-AJ18 gene, CD1d restriction and high levels of cytokine
production following TCR ligation, particularly for interleukin 4 (IL-4) and interferon gamma
(IFN). NKT cells can be double-negative (DN) (CD47/CD8) or single-positive: CD4"/CD8
or CD8*/CD4".%* Most of CD4" NKT cells were found in thymus, while CD8* NKT cells are
preferentially extrathymic. In contrast to conventional T cells, NKT cell development requires
interaction with membrane lymphotoxin-expressing cells, and lymphotoxin deficiency affected
all three populations (CD4*, CD8" and DN) of NKT cells. Their development is also abso-
lutely dependent on pre-T-alpha signaling and at least partly dependent on
granulocyte-macrophage colony-stimulating factor (GM-CSF) signaling. Like conventional T
cells, peripheral NKT cells are regenerated from bone morrow in a relatively thymus-independent
manner and their frequency in the peripheral blood and liver is about 0.1-0.5%. NKT cells
require TCR-specific recognition in order to be activated, and their ligand is a conventional
MHC-peptide complex. Most NKT cell seems to recognize CD1d in conjunction with hydro-
phobic ligands, although the precise nature of these ligands is not clear yet.*

The function most characteristic of CD4" and DN thymic NKT cells is the rapid produc-
tion of relatively high levels of immunoregulatory cytokines IL-4, IFN-gamma and TNF as
well as potent lytic activity. They constitutively express Fas-L and can kill Fas* target cells,
including DN thymocytes; they can kill also tumor cells in a perforin-dependent manner. The
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role of NKT cells in immune responses is diverse.>>4 They can control immune responses to
infection and some tumors by: (a) driving the differentiation of Th2 responses mediated by
their IL-4 production; (b) suppression of Thl immune response through the production of
IL-4, IL-10 and TGF-beta; (c) essential role in controlling anterior chamber-associated
immune-deviation (ACAID), believed to prevent the eye from damage by inflammatory im-
mune response; (d) the bone marrow DN NKT cells are important in preventing graft-versus-host
disease following allogeneic bone-marrow transplantation in an IL-4-dependent way.

Myeloid Descendents

A common myeloid precursor gives rise to polymorphonuclear leukocytes (neutrophils,
eosinophils, basophils), monocytes, platelets, and erythrocytes. Almost all myelo-monocytic
cells (immature and mature) are positive for CD13 and CD33 antigens.'® The myeloid
cell-associated CD markers are summarized in Table 6 (for additional details see ref. 8).

Monocytes

Monocytes, members of the human mononuclear phagocyte system, are important in
nonspecific defense against pathogens and in tumor surveillance. They also exert
immunoregulatory functions via accessory cell activities and cytokine production. Monocytes
derive from CD34" precursors that express macrophage colony stimulating factor receptor
(M-CSF-R) and/or Fey-receptor-1 (CD64) and give rise exclusively to myelomonocytic cells.
Neither of these receptors is found on early erythroid or lymphoid precursors. Immature my-
eloid monocytic precursors in bone marrow or cord blood are also characterized by high ex-
pression of CD135.%° In peripheral blood, both CD34" progenitor cells and mature mono-
cytes may undergo further differentiation depending on the local environment. During tissue
damage and infection, different components of pathogens, cytokines, chemokines, etc., are
produced and deliver activation signals for the recruitment, activation, and differentiation of
various leukocytes to the inflammatory site. Peripheral blood monocytes receiving such a stimulus
enter the inflamed tissue and differentiate into macrophages, a process associated with func-
tional alterations.>> All monocytes/macrophages express the monocytic marker CD14, which
is part of the lipopolysaccharide (LPS) receptor complex that is associated with the recently
characterized toll-like receptor-4 (TLR4). Other members of the TLR family are also expressed
on monocytes and myeloid cells and mediate pattern recognition signals.>**”

At least two different monocyte subsets can be distinguished based on phenotype and
function.®® A major subset of CD64 (FeyRI)*, CD14"8" monocytes exhibit high phagocytic
activity, high production of inflammatory cytokines and reactive oxygen species, high ADCC
and suppressor activity for antigen-activated lymphocytes. The small subset is represented by
CD64", CD14%™ and loosely adherent HLA-DR* cells with high IFNa producing capacity
and exhibiting potent antigen presentation and T cell costimulatory capacity (Table 7). Pheno-
typic and functional heterogeneity has been described for tissue macrophages.

Dendpritic Cells

Denderitic cells (DCs) are a distinct lineage of antigen-presenting leukocytes with potent
capacity to induce primary T cell-mediated immune response.”® DCs are characterized by
distinct dendritic morphology, high expression of major histocompatibility complex (MHC)
and costimulatory molecules, characteristic endocytic pathway for antigen ug)take and process-
ing, high capacity to stimulate resting T cells in an MHC-restricted fashion.*® These attributes
apply only to fully activated DC, whereas resting DCs and DC precursors lack some of them.
In addition, DCs provide costimulatory signals required for T cells activation, secrete different
cytokines (which can influence Th cells differentiation), enhance B lymphocyte expansion and
antibody production, stimulate NK antibody-independent cytotoxic/cytolytic function and
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Table 6. Myeloid/monocyte

Molecular
Receptor Family Weight (kDa) Distribution

Function

CD9 TM4-SF 24-26 Eosinophils, basophils,

MRP-1 platelets, early B cells,
activated T cells,
endothelial cells, neurons,
vascular smooth muscle,

epithelia
CD13 Metallo- 150 Granulocytes, monocytes
Amino- protease and their precursors;
peptidase N endothelial cells, BM

stromal cells, subset of
large granular lymphocytes

CD14 LRG 55 Monocytes and
LPS-R (leucin- granulocytes

rich

repeats)
CD16 Ig-SF 50-65 NK cells, granulocytes,
FeyRIIl macrophages,
(note) subset of T cells
CD16b Ig-SF 50-65 Granulocytes
FoyRINB
CD23 C-type 45 FceRllb: Macrophages,
FceRII; lectin monocytes, eosinophils;
Blast-2 FceRlla: activated B cells
CD32 Ig-SF 40 Granulocytes,
FeyRIl macrophages, monocytes,

eosinophils, basophils, B
cells, platelets, Langerhans
cells, some endothelium

CD34 Sialomucin 90 Peripheral and mesenteric
LN HEV. Haematopoietic
stem/precursor cells.
Widespread distribution
on vascular endothelium

Involved in cell adhesion and
migration; role in platelet
activation; ion channel/
transport molecule.

Aminopeptodase N. Receptor
for coronavirus; involved in
interaction with
cytomegalovirus

Membrane bound; high-
affinity receptor for LPS-LBL
complexes on granulocytes,
monocytes and macrophages.
Soluble: binds LPS; required
for LPS-induced activation of
endothelial cells.

Low-affinity 1gG receptor;
main receptor for ADCC;
activation of cytotoxicity,
cytokine production and
receptor expression.

Low-affinity 1gG receptor

Low-affinity Fc receptor
for IgE; triggering of monokine
release by human monocytes

Low-affinity receptor for 1gG;
mediates endocytosis,
activation of secretion,
cytotoxicity,
immunomodulation

Mediates L-selectin-
independent binding of
leukocytes to HEV and
L-selectin-independent
binding of haematopoietic
stem cells to stromal elements
of bone marrow.

Table continued on next page
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Table 6. Continued

Molecular
Receptor Family Weight (kDa) Distribution Function
CD35 RCA 190-250  Neutrophils, monocytes, Receptor for C3b or C4b.
eosinophils, B cells, Mediates adherence of C4b/
subset of T cells, C3b coated patrticles prior to
erythrocytes, glomerular phagocytosis. Major role in
podocytes, FDCs, and removing and processing
some astrocytes immune complexes and
facilitating their localization to
lymphoid follicules.
CD36 Unassigned 88 Monocytes, macrophages, ~ Scavenger receptor
platelets, microvascular recognition and phagocytosis
endothelial cells, DCs, of apoptotic cells; cell
mammary endothelial adhesion molecule in
cells platelet-monocyte and
platelet-tumor cell
interactions
CD40 TNFR-SF 48 Macrophages, CD34* Promotes cytokine
hematopoietic progenitors, production in macrophages
B cells and DCs
CD47 Ig-SF 50 Hematopoietic cells, Facilitates integrin-
endothelial cells, dependent adhesion
fibroblasts, epithelial
tumor cells
CD53 TM4-SF 32-42 All leukocytes Signal transduction
CD54 Ig-SF 90-115 Endothelial cells, DCs, Ligand for LFA-1 and Mac-1.
ICAM-1 epithelial cells, Mediates leukocyte adhesion
monocytes, B cells, to endothelium in
T cells (low), fibroblasts inflammation: mediates T cell
interactions with APCs or
target cells and other T-T or
T-B interactions
CD55 RCA 70 All leukocytes Binds C3b and C4b to inhibit
DAF complement activation and

deposition on plasma
membranes. Binds C3bBb
(alternative pathway
convertase) and C4b2a
(classical pathway convertase)
to accelerate decay of the 3
convertase.

Table continued on next page
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Table 6. Continued

Molecular
Receptor Family Weight (kDa) Distribution Function
CD64 Ig-SF 72 Monocytes, macrophages,  High-affinity receptor for
FcyRI blood DCs, activated monomeric IgG promoting
neutrophils, early phagocytosis, ADCC, super-
myeloid lineage cells oxide and cytokine release
in macrophage activation
CD66a Ig-SF, 140-180  Granulocytes Plays signaling role and
CEA regulates adhesion activity of
B2 integrin in neutrophils
CD69 C-type 28/32 All activated leukocytes Signal-transmitting receptor
lectin including neutrophils that may be involved in early
(group V) and eosinophils events of monocyte activation
CD71 Unassigned 95 Macrophages and Receptor for transferring;
transferrin proliferating cells important in iron metabolism
receptor and cell growth; expressed by
proliferating cells
CD74 Ig-SF 35-53 Macrophages, B cells, Chaperone promoting
activated T cells intracellular sorting of MHC
class Il molecules
CD88 G-protein- 43 Granulocytes, C5a receptor
C5aR coupled monocytes, DCs
CD89 Ig-SF 45-70 Neutrophils, monocytes, Receptor for monomeric
FcaR myeloid progenitors, and polymeric forms of IgA
activated eosinophils and 1gA2
CD90 IgSF 25-35 Hematopoietic stem cells  Contribute to the inhibition of
Thy-1 proliferation/differentiation of
hematopoietic stem cells
CD105 TGF- 90 Activated monocytes Receptor for TGF-B1 and
Endoglin receptor, and tissue $3; modulator of cellular
type Il macrophages responses to TGF-B1
CD114 Class | 130 Granulocytes, monocytes,  Receptor for G-CSF
CKR-SF granulocyte precursors
CD115 Subclass 150 Monocytes, Receptor for M-CSF (CSF-1)

Il receptor
tyrosine
kinase

macrophages, and
their progenitors

which supports differentiation,
survival and proliferation of
mononuclear phagocytes

Table continued on next page
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Table 6. Continued

Molecular
Receptor Family Weight (kDa) Distribution Function
CD116 Class | 80 Macrophages, neutrophils,  Binds GM-CSF with low
CKR-SF eosinophils and DCs affinity; binds GM-CSF with
high affinity when
co-expressed with CDw131
CD117 Receptor 145-150 Hematopoietic stem Growth factor receptor
tyrosine and progenitor cells which binds SCF, mast cell
kinase growth factor and Kit ligand
(type 3),
Ig-SF
CDw119 Class Il 95 Macrophages and IFNy-dependent
CKR-SF most leukocytes biological signals
CD120a TNFR-SF 55 Activated granulocytes Receptor for TNF; mediates
TNFRI, and monocytes anti-tumor effect; induces
p55 inflammatory response;
upregulates leukocyte adhesion
molecules and MHC class |
CD120b TNFR-SF 75 Monocytes and Receptor for TNF
TNEFRII, p75 macrophages
CD121a Ig-SF 75-85 All leukocytes Binds biologically active IL-1
o and B, and the biologically
inactive ILTra
CDw128 o chemo-  44-70 Neutrophils, monocytes, IL-8 receptor
IL-8R types  kines NK cells
Aand B receptor
CD135 Receptor 130 Multipotential Growth factor receptor for
PLT3 tyrosine myelomonocytic and early hematopoietic
kinase primitive B cell progenitors  progenitors
CD164 Unassigned 80 Monocytes, bone Thought to mediate adhesion
MGC-24 marrow stromal cells between bone marrow stromal
cells and hematopoietic
progenitor cells
CD166 Ig-SF 100-105  Activated monocytes, Adhesion molecule
ALCAM activated T cells

participate in homeostasis of immune system.! DCs do not express lineage the specific mark-
ers CD3, CD16 and CD19.

DC:s can arise both from lymphoid and myeloid precursors (Table 8). Two types of my-
eloid DCs (interstitial DC and Langerhans-cell derived DC) and one type of lymphoid
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Table 7. Phenotypic characteristics of human blood monocyte subsets
Monocyte Subsets
Synonym names  “intermediate Mo”  Fcy-R-1 (CD64) “regular Mo” Fcy-R-1 (CD64)*
CD647/CD16° CD647/CD16* CD64*/CD16* CD64%/CD16
NIP CD149m/CD16* CD14%/CD16°
Percentage <10% <10% <10% < 80%
within Mo
Phenotype
Morphology plasmacytoid monocytic monocytic monocytic
Myeloid markers
Esterase - +++ +++ +++
CD14 - + +++ +++
CD33 - + +++ +++
CD32 (FcyR-II) - + +++ +++
CD68 +++ +++ +++ +++
Lymphoid
markers
CD3 (T cells) - - - -
CD19 (B cells) - - - -
CD56 (NK cells) - - - -
DC markers
CD11c - +++ +++ ++
(integrin)
CD4 +++ + + +
CD123 ++ - - -
(IL-3 receptor)
Other markers
CD86 (B7-2) - +++ +++ ++
MHC I-ll + +++ +++ ++
Function
Cytokine release
IFN-o +++ + + +
IL-1, IL-6, - + +++ +++
TNF-a, CSF
PGE; - - +++ +++
IL-12 + +++ +++ ++
Phagocytosis
& MPO activity - + +++ +++
T/B-cell
interaction
APC - +++ +++ +
MLR * +++ ++ *

(plasmocytoid) DCs have been identified.”! The plasmocytoid DCs are localized in T cell
zones of lymphoid organs or can exist as DC precursors in blood; they participate in CD4" and
CD8"* T cell priming and produce little or no IL-12. Myeloid DCs are also localized to T cell
zones of organs and as DC precursors in peripheral blood, they can also occur as immature cells
in epithelia and tissue interstitia. In contrast to plasmocytoid DCs, myeloid DCs produce large
amounts of IL-12 and are superior in CD4" and CD8" cell priming. Some of the recently
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Table 8. Human dendritic cells and markers

Lymphoid Myeloid
Postulated Lineage Plasmacytoid DC Interstitial DC LC-Derived DC
Blood precursors
Phenotype CD11c¢ CD1a CD11c* CD1a* CD11c* CD1a*
IL-3R* IL-3R° IL-3R°
IFN-a production ++++ - -
Mature DCs
Phenotype CD11c CD11c* CD11c*
IL-3R* IL-3R" IL-3R"
MHC class II* MHC class II* MHC class II*
CD11b CD11b* CD11b*
CD13" CD13* CD13*
CD33" CD33* CD33*
CD4** CD4* CD4*
CD1a” CD1a” CD1a*
Birbeck granule” Birbeck granule” Birbeck granule*
Langerin Langerin Langerin*
CD86* CD86* CD86*
CD40* CD40* CD40*
DC-LAMP* DC-LAMP* DC-LAMP*

Localization

T-cell zones of
lymphoid organs;
DC precursors in
blood

T-cell zones of
lymphoid organs;
Germinal centers
(GCDCs)?; DC
precursors in blood;
immature cells in
tissue interstices
(lungs, heart, kidney)

T-cell zones of lymph
nodes;

DC precursors in
blood; immature cells
in epithelia

Function
IL-12 secretion +/- ++++ o+
IL-10 secretion - ++++ +/-
CD4* T-cell priming ++ ++++ ++++
CD8* T-cell priming ++ +++ o+
DC-B-cell interaction ~ ? ++++ +

Abbreviations: DC= dendritic cell; IFN-a= interferon a; IL= interleukin; LC= Langerhans cell; MHC=
major histocompatibility complex; R= receptor

identified dendritic cell-associated molecules, expressed during different stages of maturation
include DC-LAMP, DC-CK1, Dectin-1 and-2, DC-SIGN, DORA, and TARK.*2

International Nomenclature and Functional Characterization

of Immunologic Markers

More than 166 different CDs were well characterized and approved for use in immuno-
logic diagnoses during the last years. Hematopoietic differentiation schemes are based upon
knowledge concerning normal hematopoiesis as well as the development of neoplastic cells in
leukemias and nonHodgkin lymphomas (NHLs). Immunologic marker analysis can be ap-
plied for characterization of hematopoietic cells populations in normal, healthy populations, as
well as in different autoimmune and primary or secondary immunodeficient diseases. The



Normal Hematopoietic Cell Differentiation 21

immune marker information is indispensable today for diagnosis and treatment of hemato-
logic and solid tumors. With the expanding research in the area of signal transduction path-
ways and gene activation, highly specific molecular markers are emerging to further assist clini-
cians to distinguish normal from diseased cells and to design therapies targeted to the specific
molecular defects characteristic of a particular disease.

The International workshops on Leukemia Marker Conference Analysis were started in

1981 and were held in every two years to update the list of CD molecules with nearly identified
members. The following websites provide additional details about CD classifications:

htep://www.ncbi.nlm.nih.gov/PROW/guide/45277084.htm
htep://rncc.bidme.harvard.edu/labs/viral/CD Antigens Table.html
hetp://www.researchd.com/rdicdabs/cdindex.htm
heep://130.189.200.66/AboutFlow/cd table.html
htep://www.bioscience.org/atlases/cdclass/cdclass.htm
htep://www.keratin.com/am/am025.sheml
htep://www.univie.ac.at/Immunologie/cdguide.htm
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CHAPTER 2

Application of Monoclonal Antibodies

to the Diagnosis and Classification
of Acute Leukemias

Nora Regéczy

More than Routine Immunophenotyping of Acute Leukemias
he classification of acute leukemias (AL) should reflect as objectively as possible
I the biology and the clinical features of the many different disorders presenting as
proliferations of hematopoietic precursors or blast cells (Fig. 1). The traditionally used
method of classifications divides AL into morphologically distinct subtypes. Over past de-
cades, there have been many advances in the understanding of genetic factors in the biology of
these neoplasms, particularly the acute leukemias.

The newly proposed WHO classification of hematological malignancies stratifies the dis-
orders according to a combination of morphology, immunophenotype, genetic features and
clinical syndromes. The WHO defined beyond the lineage assignment, specific subclassifica-
tion of the tumors for understanding the prognosis and selection of more specific therapeutic
approaches, wich disease entities can be recognized by pathologist and have clinical relevance.
Although, flow cytometry has evolved more than an indispensable tool to hematologic diagno-
sis, the multiparameter immunophenotyping are based on gating and separating techniques to
isolate a most homogenous blast population combined morphological, immunological and
special genetic data. Thus, we will summarize each of major subtypes of AL incorporating the
morphologic, immunophenotypic and cytogenetic, molecular approach in the delineation of
biologically important subgroups to support a combined modality attitude to the daily practice
of hemato-oncology.

The FAB and the New WHO Classification

The French, American, British (FAB) classification introduced in the late 1970s and re-
fined ten years later with M7 has been the basis for most studies to date."* After the FAB group
defined relatively precise criteria for the morphological differentiation of acute lymphoid leu-
kemia (ALL) from acute myeloid leukemia (AML) and for the identification of major sub-
types, the further studies failed to show the high interobserver reproducibility for the clinically
important distiction of ALL from AML (range of 95% or higher), in the case of subtyping
distinct smaller entities the diagnostic concurrence was only 60%-80%.>* The second major
point of criticism of the FAB morphological-cytochemical classification relates to its apparent
lack of prognostic significance. A series of large studies failed to show a prognostic relationship
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Figure 1. Cellular origin of blood cell malignancies.

between the different myeloid FAB subtypes.? Regarding the lymphoid FAB subtypes (L1-L3)
it is generally agreed that L3 morphology conveys a bad prognosis.

Advances in the fields of immunology (monoclonal antibodies), cytogenetics (chromo-
some abnormalities) and molecular genetics (gene rearrangement, protooncogens) have intro-
duced a greater complexity with some important evidence of prognostic utility which recently
needed to be taken into consideration by WHO in order to improve both the diagnostic preci-
sion and the reproducibility of the classification.”'*

The WHO adopts not only the clinical features such as prior therapy and history of
myelodysplasia, but also the previous description of morphology, immunology and cytogenet-
ics (MIC) proposals which emerged from the knowledge that some ALs are probably better
defined by chromosome translocation and that immunophenotyping is an essential compo-
nent in the investigation of acute leukemias.”'*

Immunophenotyping

The multidimensional flow cytometry using hundreds of monoclonal antibodies (MoAbs),
improved gating strategies, such as coupled analysis of common leucocyte antigen CD45 with
SSC-granularity and quantitation of antigen expression has become an important diagnostic
tool in the differential diagnosis of acute leukemias.'*!* Multivariate analysis has permitted a
powerful determination of the composite phenotypic pattern of each individual tumor and
documented that immunophenotypes are independent prognostic factors. Therefore, in light
of its high reproducibility and prognostic significance, immunophenotyping could merge sev-
eral diagnostic processes achieving an essential role in the diagnosis and categorization of acute
leukemias.®1215-21

The previous hypothesis for classification systems has considered that the leukemic cell
has a normal counterpart due to ALs derive from immature lympho-hematopoietic cells with
the definitive phenotypic features of these precursors that are also found in the corresponding
malignancy.”? Oppositely, the current knowledge has confirmed that the relationship of blasts
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with normal precursors is more contoversial.*>? Since all antigens are expressed normally dur-
ing hematopoietic development, it is worth to know that the staining is not simply related to
the contaminating normal cells included in the tumor. Excluding the normal cells from the
analysis is esssential on the basic knowledge of antigen expression on both normal and abnor-
mal cells."”???¢ The phenotypic abnormalities presented in leukemias could be categorized
into four major groups, but not rarely more than one abnormality expressed: (a) lineage infi-
delity, (b) maturational asynchrony, (c) antigenic absence, (d) quantitation abnormalities.?
a. Because of the neoplastic cells were not representative of a frozen state of normal develop-
ment but were truly aberrant, only the particular constellation of antigens, the complex
patterns should be the basis for comparing leukemic cells to the normal cells, especially the
lineage infidelity appears. Various terms have been used to designate these unusual acute
leukemias showing both myeloid and/or lymphoid features: hybrid, biphenotypic, biclonal,
bilineal, chimaeric, mixed or infidelity lineage and multiphenotypic.?22°
b. Some leukemias expressed maturational asynchony such as the appearance of early precursor
antigens (CD34, terminal deoxynucleotidyl transferase: Tdt) with mature markers (CD11b,
CD20 or CD?’).IS,17»19,22»26
c. A common example of antigenic absence is in the case of some ALL without CD45
panleukocyte antigen expression.!>-19:27:28
d. The leukemia is different not only from normal but also from every other leukemia due to
dysregulation in tumorigenesis proceed in maturational stages. These uncoordinated regula-
tion results multivariant differences in phenotype and antigenic intensities expressed by the

various hematological neoplasm.!%-23.24:27.28

Basic Distinction of AML versus ALL

Traditionally, the major point is to distinguish myeloid from lymphoid leukemia that is
cardinal in the view of therapeutic and prognostic importance. In this regard, immunological
methods are the basis, but there is an evidence that no single marker identifies every case of
leukemias. Beyond lineage assignment, the more homogenous grouping of cases, specific sub-
classification is essential for defining the clinically and biologically relevant subtypes of ALL
and AML. Although no real consensus exists, the basic panel of immunological markers—
more than 30 antigens—used to distinguish properly AML from ALL, as well as T-lineage ALL
from B- lineage ALL is shown in Table 1.

The most specific antigens for defining lineage are expressed in the cytoplasm
(intracytoplasmatic: cy): myeloperoxidase (MPO), cyCD79a and cyCD3 for myeloid, B- and
T-lineages respectively, and the cyw, cyCD22 are also provided analysis the more mature stages
of B cell differentiation (Table 2).1115:16:252629 Nfsreqver, the detection of surface and/or
intracytoplasmatic antigens are also sensitive for the classification of rare subtypes as mega-
karyocytic (CD41, CD42, CD61) and erythroid (glycophorin A) markers.'' The leukemic
cells in all myelocytic and monocytic subtypes express a various combinations of CD13, CD33,
CDG65, CD117 and MPO. 13163031

On the cell surface, the CD13 is an important pan myeloid marker which is, however, not
absolutely specific, as about 10-20% of ALL cases are CD13 positive, as well,!>18243133 The T
cell antigen (Ag) CD7 is found in all stages of T-ALL and the B cell Ag CD19 is characteristic
of all stages of B-lineage ALL.'"'®!? Although CD7 expression has been also reported on
about 10-30% of AML cases.?#?433 The combinations of surface membrane (sm) CD13 with
cytoplasmic MPO staining, the smCD7 with cyCD3 as well as smCD19 with cyCD22 are
definitive indicators of AML and T or B lineage ALL, respectively.!”34° The vast majority of
cases (> 90%) can be assigned confidently to the major classes of acute leukemia on the basis of
these marker profiles.
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Table 1. Panel of markers for the diagnosis of acute leukemias

Monoclonal Antibodies Specificity

1% panel cyCD22, cyCD79a, CD19, CD10 B lineage
cyCD3, CD7, CD2, T lineage
cyMPO, CD13, CD33, CD65, CD117* Myeloid
Tdt, CD34, HLA-DR Nonlineage

2" panel cyw, smlg,x,A,CD20,CD24 B lymphoid
CD1a, CD3, CD5, CD4, CD8, TCR T lymphoid
CD41, CD42, CD61 Megakaryocytic
glycophorin A Erythroid

Optional CD14, CD15, CD11, cy-lysozime, CD36, Myeloid
CD38, CD68

cy= cytoplasmic; sm= surface membrane; * known as stem cell factor or c-kit, too (References: 11, 15,
16,19, 20, 23, 26, 29-31)

Table 2. Basic monoclonal antibody panel for the distinction of ALL versus AML

Type cyMPO CD13 cyCD3 CD7 cyCD79a cyCD22  CD19
M

T

M= acute myeloid leukemia; B= B-lineage ALL; T= T-lineage ALL; cy= intracytoplasmic

Immunological Classification of ALL

The WHO did not retain the FAB classification of ALL: L1, L2 and L3 which does not
correlate well with the immunologic classification and the genetic abnormalities; only L3 mor-
phology seems to be restricted to the B-ALL.!>1841 As to date, the genetic as well as
immunophenotypic markers should be important prognostic factors and allow more adequate
therapeutic approaches.

The most immature lymphoid leukemia is characterized by stem cell markers showing
HLA-DR, CD34 and terminal deoxynucleotidyl transferase (Tdt) positivity (Figs. 2, 3, 4,
5).'"1® The enzyme Tdt is expressed on the nuclear membrane of immature leukemic lym-
phoid cells, but is absent in more mature lymphoid leukemias. This expression pattern is re-
lated to the important role of Tdt in the rearrangement of immunoglobulin (Ig) and T cell
receptor (TCR) genes during the early stages of lymphopoiesis.”” Both Tdt and CD34 are
restricted to immature lymphoid leukemias. Although, the diagnostic specificity of cyTdT is

limited by its presence 20% in cases of AML, but the level of expression is higher in case of ALL
than AML,'13>-3842
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Figure 2. Immunological markers of B-cell acute lymphoid leukemias.

Immunophenotypic Profile of the B-Lineage ALL

The aquisition of knowledge in the field of leukemia immunophenotyping continues to
be a dynamic process. The phenotyping plays a central role in the determination of clinically
relevant subsets of B-ALL. The proposed classification should be based on the pattern of reac-
tivity to a panel of antibodies rather than any specific reagent. We divide ALL into precursor B,
pre-B, transitional pre-B and B-ALL, and T-ALL (Table 3 and Fig. 2)'>'%3!

The most immature cell of B-lineage ALL (precursor B cell) can be characterized by Tdt,
CD34, HLA-DR, CD19, cyCD79a with variable cyCD22, CD10 and CD20. (Figs. 2, 3).
One early and highly specific intracytoplasmatic marker is the CD79a besides cyCD22.% Some
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Figure 3. Acute lymphoblastic leukemia with cyCD79a, Tdt and CD34 positivity: precursor B-ALL.
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Figure 4. Immunological markers of acute lymphoid leukemias with T-cell type.
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Figure 5. Acute lymphoblastic leukemia with cyCD3, Tdt and CD2 positivity: early T-ALL.

cases may have very low or absent CD45.7® Recently, ALL may be classified on the basis of
DNA content measured also by flow cytometry. Moreover, the relatively absence of the
pan-leukocyte antigen (CD45) and the higher DNA index of blasts was correlated with well
respond to therapy and long time survival.'®%

In another, earlier proposed classification the presence of CD10(CALLA) considered as
an entity (common B-ALL), but the CD10 antigen may be expressed in all types of B lineage
ALL."' Among early B-ALL cases, CALLA is associated with excellent prognosis and a clearly
discriminated subtype harbors frequently hyperploid DNA content and t(12;21) creates TEL/
AMLI product.”*"# Oppositely, the absence of CD10 correlated with the aberrant expres-
sion of myeloid antigens particularly CD15, and these phenotypes are typically presented with
translocations involving the MLL gene at t(4;11) or 11q23 and (9;22) rather with poor prog-
nosis.! 183132414 The incidence of myeloid antigen positive ALL is approximately 5-25% or
higher."> 184! However, most of the lineage disrupted leukemias: My+ALL (myeloid antigen
positive ALL) or Ly+AML and the biphenotypic acute leukemias correlates with these cytoge-
netic abnormalities, !>18:31:32:35:36:46

Cells of the more mature pre-B ALL express CD19, HLA-DR, cyCD79a, cyCD22, cyu
and CD10. Tdt and CD20 are variable, but CD34 generally negative. A most common and

Table 3. Classification of acute lymphoid leukemia with B cell type

B-ALL
Subgroups Antigens

HLA-DR CD34 Tdt CD22 cyCD79a CD19 CD20 CD10 lIgu K/\

Precursor + + + cy+ + + - + - -
Pre + + + + + + - + cy+ -
Transitional + -+ + + + + +- + -
Mature + - -+ + + + + +- + +

cy= intracytoplasmic; Tdt= terminal deoxynucleotidyl transferase
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specific subtype has t(1519) and it is characterized by worse outcome and by the absence of
CD34 and the presence of CD10 and CD9.!>3"%7 The absence of CD34 seems to be an
independent poor prognostic factor in general in B-lineage ALL.*®

The transitional pre-B cell ALL has been newly designated by expression of both cytoplas-
mic and surface immunoglobulin heavy chains without light chains. The phenotype usually is
as in pre-B ALL with more favorable prognosis.'®3!4?

As the result of the WHO classification, ALL presented a leukemic phase of any precursor
lymphoid neoplasm. However, the B-ALL is quite similar to the Burkitt’s lymphoma in leuke-
mic phase having t(8;14).'>184! On the CD45-SSC plot, this leukemia display larger size than
other ALL. The phenotype shows the B-lineage antigens (CD19, CD20, CD22) and HLA-DR
with bright clonal smlg including either cytoplasmic or surface ligth chain expression. The
absence of immature markers, CD34 and Tdt is characteristics. The defining characteristics is
the surface Ig, also in many cases with CD10 positivity or distinct morphology.'® Rarely cases
expressing light chain are seen without L3 morphology.">! Conversely, occasional cases may
present similar phenotype to precursor B-ALL (smlg negative) not only with L3 morphology
and cytoplasmatic ligth chain expression but also with t(8;14) that should be considered func-
tionally equivalent to B-ALL.!>>°

Immunophenotypes of T Cell ALL

T-ALL have commonly larger lymphoblastic scattergram without measurable granularity.
The most sensitive marker of T-ALL is CD7, but questionable specificity in the view of CD7
or other lymphoid marker positive AML cases.'®!?3438 The detection of particularly sensitive
and specific cyCD3 must strongly confirm the T lineage assignment (Table 4 and Figs. 4,
5).11.29

The most immature differentiation stage of T-ALL (also designated as pre-T or early
T-ALL) is characterized by CD7 positivity and intracytoplasmic CD3: features which appear
simultaneously or more often precede the expression of the CD2 antigen (Fig. 5).

The next differentiation stage of T-ALL (mid or common) is characterized by especially
CD1a and double CD4 and CD8 with pan T antigens (CD7, CD2, CD5) which are common
thymocyte markers, respectively. In these cases Tdt is frequently positive with minimal or ab-
sent surface CD3.

The cells of the mature T cell leukemias (medullary, mature or late) express pan T mark-
ers (CD7, CD2, CD5) and segregated CD4 or CD8 with CD3. It is important to notice that
leukemias with double negative cells (CD3+, CD4-,CD8-) represent a distinc leukemic cell
population.

Table 4. Classification of acute lymphoid leukemia with T cell type

T-ALL
subgroups

CcD7 CcD2 CD3 CD5 CDla CD4 CD8
Early + +- cy+ +- - - -
Mid + + + + + + +
Mature + + + + - +/- +/-

+/-= No simultaneous expression of CD4 and CD8; cy= intracytoplasmic
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The common phenotypic feature of T-ALL is the abnormal selection from pan T cell
antigens that results the loss of these specific antigens or aberrant combinations.'®!?! Al-
though the adult pre-T ALL has been shown to differ significantly in clinical features and
prognosis from more differentiated phenotypic subtypes the prognostically important T-ALL
subtypes are not well defined.!>'#414 Only the one suggested prognostic factor should be the
CD2. Thus, patients have CD2 positive T blasts may have also higher survival rate than others
with CD2 negative T-ALL.”! Moreover, the CD10 negative T-ALL cases appear to do

‘WOorse. 15.18,53

Acute Lymphoid Leukemias Expressing Myeloid-Associated Antigens

In 30 to 40% of adult ALL the lymphoblasts express antigens characteristic of myeloid
cells. 243233 There are very few antigens considered reliable in defining strictly “myeloid”
versus “lymphoid” antigens. Furthermore, the stringency of the criteria used to diagnose My+ALL
has varied but finally in 1995 has concluded.!! However, immunophenotyping and genetic
studies have led to recognition of lineage disrupted and true biphenotypic ALs associated with
specific genetic alterations as a potentially important pro§nostic factors, such as t(9;22) and
MLL gene rearrangements t(4;11) or (1 1q23).15‘18‘31’32’35’ 6,46 Expression of myeloid antigens
in adult ALL is clearly associated with a lower likelihood of achieving remission.'®4°

Immunophenotypic Classification of Acute Myeloblastic Leukemia

Immunophenotyping allows an early and rapid diagnosis of AL and established the lin-
eage assignment. The classification of AML, from M1 to M7, is still largely based on mor-
phology and cytochemistry."* Studies with MoAbs also provide beyond the phenotype a spe-
cial cellular morphology on scattergram using CD45 versus SSC and could show effectively
the different cell populations, demonstrates each major lineage in the bone marrow. Multipa-
rameter analysis is a powerful tool to detect some very large variables such as size, shape and
granularity during myeloid maturation pathway thus we summarized AML phenotypes be-
low in the context of FAB categories (Table 5 and Figs. 6, 7).613.1419

However, the newly described WHO classification summarized the myeloproliferative
disorders correlating not only with MIC abut also with clinical behavior and genetic markers.
Within AML four main groups are recognized: (I) AML with recurrent cytogenetic transloca-
tions, (II) AML with myelodysplasia-related features, (III) Therapy-related AML and MDS,
IV. AML not otherwise specified, respectively.'?

The major changes that have had an impact on flow cytometric analysis are concluded in
this classification: above 20% blast count should define AML, cytogenetic aberrations are
recongnized as distinct categories as well as dysplasia and therapy are included in AML diag-
nosis.

In the case of AML, the valuable markers, beyond cyMPO, CD13, CD33, CD65 and
CD117 (known as stem cell factor or c-kit, too) myeloid antigens are correlated closely with
differentiation features.>!"1¢1%3% Thegse features could be e.g., the lack of HLA-DR expres-
sion on promyelocytes of M3 and the bright expression of the CD14 antigen in leukemias
with a monocytic component (M4 and M5), megakaryoblastic leukemia (M7) by MoAbs
(CD41, CD42, CDG61) and erythroleukemia (M6) with glycophorin A, respectively.!"1¢1

Immunophenotyping is also of prognostic importance in AML. The immunological defi-
nition of AML are based on two or more myeloid antigen positivity, however all of the cyMPO,
CD13, CD33, CDw65 and CD117 antigen expressed phenotypic pattern seems to be a ho-
mogenous subgroup in AML predicting higher complete remission rate and overall survival.>®
The expression of TdT, CD7, CD2 or CD19 in a given percentage of blast cells may influ-
ence the biologic features of AML.243#38 Oppositely with ALL, CD34 positivity of blast cells
adversely affects remission induction and duration of survival after intensive chemotherapy
independently from secondary AML and pre-existing myelodysplasia. 364053
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Table 5. The classification of acute myeloblastic leukemias

Nonlineage

FAB Type AML Subgroups Myeloid Markers Expressed Markers Expressed

MO Early myeloblastic cyMPO-+, CD13, CD33, CD117+-* CD34, HLA-DR, Tdt+-
leukemia
M1 Undifferentiated cyMPO, CD13, CD33, CD11b-+, CD34+-, HLA-DR, Tdt-+

myeloblastic leukemia CD15-+, CD65-+, CD117+-

M2 Differentiated cyMPO, CD13, CD33, CD15,
myeloblastic leukemia CD65-+, CD117

CD34+-, HLA-DR, Tdt-+

M3 Promyelocytic cyMPO, CD13-+, CD33, CD15
leukemia
M4 Myelomonocytic cyMPO+-, CD13-+, CD33, CD34+-, HLA-DR+-
leukemia CD14+-, CD11b+-, CD65+-, CD117
M5a Monoblastic leukemia cyMPO-+, CD13-+, CD33, CD14+-, CD34-+, HLA-DR+-
CD11b+-, CD65, CD117+-
M5b Differentiated cyMPO-+, CD13-+, CD33, HLA-DR

monocytic leukemia ~ CD14, CD11b, CD65, CD117-+

M6 Erythroblastic cyMPO-+, CD13+-, CD33+-, CD65, CD34, HLA-DR
leukemia CD117,Gly A, H Ag
M7 Megakaryoblastic CD13,CD33,CD117, CD34, HLA-DR

leukemia

CD41, CD42, CD61

cy= intracytoplasmic; MPO= myeloperoxidase; GlyA= glycophorin A; * known as stem cell factor or
c-kit too; +-= variable often positive; -+= variable often negative

Early Myeloblastic Leukemia: AML-MO

A distinct group of cases, 3% of all AML have blasts with immature morphology (with
low forward scatter as lymphoblasts often resembling ALL 1.2) and negative cytochemical tests
which are insufficient for them to be classified as AML by FAB criteria.®!"1¢* B and T specific
lymphoid markers are negative, except for the Tdt which is expressed in half of the cases.**3"*

The key finding to define these cases as AML-MO is their reactivity with one MoAbs
against myeloid associated antigens, usually CD13, CD33, CD117 (known as stem cell factor
or c-kit, t0o) or cyMPO.'3%5%38 M0 blasts are often positive for HLA-DR and CD34. This
group represents an early form of AML which can be distinguished from ALL (positive lym-
phoid markers) and other types of AML (positive cytochemistry).

Confirmation of the myeloblastic nature of AML-MO can be obtained by means of ultra-
structural cytochemistry with the demonstration of small MPO positive granules.’® In the
absence of MPO, leukemias should be classified as MO only also in the absence of other lineage
restricted antigens.

Our experience in acute leukemias using the MoAb anti-MPO, which detects the intracy-
toplasmic proenzyme form and the alpha-chain of the MPO molecule, has confirmed the
valuable sensitivity and specificity of this reagent when used by flow cytometry.”” However, the
ultrastructural demonstration of MPO is slightly more sensitive than the MoAb anti-MPO for
the detection this enzyme in very early myeloid cells.’® The expressed lymphoid markers on
MO blasts, such as CD7 or CD4, and the CD34 are in association with worse prognosis.
Among the patients with AML MO, frequently could be detected complex cytogenetic abnor-
malities involving chromosomes 5 or 7 and the presence of lymphoid markers correlated with
t(9;22) or MLL gene aberrations.!>%38
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Figure 6. Immunological markers of acute myeloid leukemias.

AML M1-M2

During the maturation the flow appearance of M1 and M2 demonstrates a continuum
from blasts changed rather with granularity (higher SSC). Moreover, at least one prominent
expression of myeloid antigens: brighter CD13 and CD15 than CD33, particularly on M2
blasts with HLA-DR, but reduced CD34 may be detected. The blast count should be lower,
but cyMPO positive blast are the predominant population in the bone marrow (Fig. 7).!>40:5¢
The presence of lymphoid antigens as CD19 and less often CD56 is correlated with transloca-
tion involved (8;21) and favorable prognosis in adulgs, 34355356
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Figure 7. Acute myeloid leukemia (AML M1) with cyMPO and CD13 positive blast population.
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AML M3

This morphologically exclusive type of AML shows these features also on CD45-SSC
plot. Large size and high granularity, lower level of CD45 similarly to myeloblasts, except a
micro-, hypogranular form of this type (M3v).'*! The characterization of M3 cells should be
based on these morphology and high autofluorescence, the lack of surface HLA-DR with dense
expression of CD33 and less prominent other pan myeloid antigens (CD13, CD11b and CD15)
and CD34.!531:36.6061 Ty spite of this association, this phenotype still form a heterogenous
group of patients, due to this limitation immunophenotyping of AML M3 has been
considered as a secondary diagnostic tool almost exclusively restricted to supporting the
morphologic diagnosis.*’

The presence of CD2 lymphoid marker on both M3 and M3v blast associated with
translocation (15;17) rather than ¢(11;17) and favorable prognosis due to retinoic acid
treatment.34‘36‘58'60‘63

There are newly described, rarely cases of myeloid/NK AML with CD56 positivity and
similar morphology to M3 tend to be unexpectedly refractory to this therapy.®t

AML M4 and M5

Typically these monocytoid forms of AML demostrate an abnormal overlapping
scattergram from myelo-monoblasts to mature monocytic region making it difficult to
gate on either population exclusively.

The phenotype requires the pan myeloid antigen expressions CD33, CD13, HLA-DR,
during maturation variable CD11b and CD14. The lack of CD34 and more dense CD33
positivity characterized the M5, particularly the more matured M5b cells.">*! These forms of
AML rarely presented lymphoid antigens, such as CD4, CD2 or CD19.3"343>53 The impor-
tant subtype of M4 is M4Eo has the CD2 positive phenotype pattern frequently involved the
alterations of 16 chromosome with marrow eosinophilia.!>®

An other rare but distinct form of AML is characterized by monocytic features, eryth-
rophagocytosis and bleeding diathesis with coagulation features suggestive of fibrinolysis and
not of disseminated intravascular coagulation (DIC) as seen in M3. The chromosome abnor-
mality €(8;16) (p11;p13) is a consistent finding in these patients.®

AML M6

This subtype of acute myeloid leukemia is rare and not well characterized with flow
cytometry. The erythroid components of bone marrow show as a CD45 negative and variable
CD71 as well as CD13, CD33 and HLA-DR, CD34 positive population. The most specific
antigen, glycophorin A may be seen by intracytoplasmic staining. 1%

AML M7

It is quite difficult to detect reliable by known diagnostic methods in hematology this
standalone form of AML. Thus flow cytomerty should be achieve an applicable assay for de-
scribing M7. Because of the platelets are often adhere to blast fals positive reactions with
megakaryocyte-platelet antigens may be seen. The lineage of M7 blasts must be confirmed
with CD33, CD34 or HLA-DR antigens rather by ultrastructural platelet peroxidase assay or
by intracytoplasmic staining of CD42, CD41 or CD61.%

AML with Trilineage Myelodysplasia

An important minority of primary AML (between 10-15% of cases) show marked
myelodysplastic features involving erythroid, granulocytic and megakaryocytic cells. Trilineage
myelodysplasia could be seen in all FAB subtypes of AML except M3; it is more common in
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M6 and M7 and rare in M1. It is presumable that these cases represent myelodysplastic syn-
drome (MDS) presenting as AML. No specific immunologic markers are known in this pecu-
liar type of AML.%'?

Acute Myeloid Leukemia Expressing Lymphoid Markers

The incidence of lymphoid-associated antigen expression in AML (Ly+AML) has been
measured extremely variable. The results range from 13% to 60%. The wide variability is
related to the analysis of different study population (children versus adults), to the stringency
of the initial definition of AML, and to various technical aspects such as use of flow cytometry,
immunofluorescence microscopy, or immunoenzymatic staining.r‘)z‘%%3 8

The strict definition of lymphoid marker positive myeloid leukemia is the expres-
sion of one or two lymphoid antigens without fulfilling the criteria for biphenotypic
acute leukemia.'® A wide range of lymphoid-associated markers are expressed on AML
cells (CD1, CD2, CD3, CD4, CD5, CD7, CD8, CD10, CD19, CD20, CD21,
CD22),!115:16:22:24,34:38:40.53-56.60-63 \ o5t of these markers fall within the 0-10% range of posi-
tivity but CD7 and CD4 antigens are expressed on 15% and 24% of AML cells, respectively.
According the newly proposed criteria, the cut-off point to consider a marker positive at 20%
of blast cells with exception for cytoplasmatic CD3, CD79a and Tdt.!! The simultaneous
expression of CD2 and CD7 in AML cases is suggested to be a nonrandom event being associ-
ated with distinct clinical and prognostic features.

Recent advances in understanding the biologic function of CD antigens has considered
their lack of lineage fidelity. CD10 and CD13 are membrane associated enzimes, other surface
antigens have originally been demonstrated to be expressed on both (normal) lymphoid and
myeloid cells: CD4, present on T cells and monocytes; CD10, expressed on pre-B cells and
granulocytes; due to its broad spectrum of reactivity CD7 is no longer considered by some
investigators to be solely a T-lineage antigen, but it appears to identify also a particular subset
of myeloid progenitors.">

Except for CD4, CD2, CD7 and CD56 no correlation was found between FAB morphol-
ogy and the expression of any of the antigens studied e.g., CD10, CD19.%% The frequent
accurence of the CD4 antigen in M4 and M5 AML is not unexpected. CD7 was most often
detected in subtype M0 and M1.3%%58 CD2 expression is frequently associated with M4Eo
and M3 morphology.*®® It is of particular importance to distinguish cases of myeloid marker
positive early T-ALL from CD7 positive AML. Such a distinction seems to be especially diffi-
cult in adult cases and might require analysis of cytoplasmic CD3 and myeloperoxidase.' ">’

Biphenotypic Acute Leukemia

The most common problems leading to discrimination of true biphenotypic acute leuke-
mia (BAL) cases, the features of samples, the failure to exclude normal cells from analysis, the
type, number and lineage specifity of antigens studied (there is also a significant epitopic het-
erogeneity among monoclonal antibodies in a given CD group) are resolved by single or
multi-color staining &1321:24:26:46

Findings on the BAL, as defined by the scoring proposed support that such cases arise
from early progenitors or stem cells exhibiting both myeloid and lymphoid features shown not
only by immunological markers but the Ig and TCR gene configuration (Table 6).°® When a
proper definition for BAL or mixed-linegae AL is applied the score is greater than two from
two separate lineages, excluding the My+ALL and Ly+AML cases. "1 Application of this scor-
ing might be useful to distinguish the true biphenotypic leukemias and will help in the future
to disclose whether biphenotypic leukemia represents a distinct clinicobiological entity. Thus,
these previously unanticipated reactivities support the assumption that only few antigenic de-
terminants are entirely restricted to a particular cell lineage the most important lineage-specific
antigens are cytoplasmic CD22 and CD79a, CD3 and MPO, respectively.
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Table 6. Scoring system for the definition of acute biphenotypic leukemia*

Score Points B Lymphoid T Lymphoid Myeloid

2 cyCD79a, cyCD22, cyu cyCD3, TCR cyMPO

1 CD10, CD19, CD20 CD2, CD5, CDs8, CD13, CD33, CD65,
CD10 CD117**

0.5 Tdt, CD24 Tdt, CD7 CD14, CD15, CD64

* A case is defined bi henotgpic when scores greater than 2 points for the myeloid and one
lymphoid lineage;!1-16:46,69 % known as stem cell factor or c-kit too

Aberrant phenotype pattern of BAL correlate highly with specific genetic alterations,
particularly MLL gene alterations and translocation of the (9;22) chromo-

Somes.6,15»17,23»25,31,4 ,69,70

Undifferentiated Acute Leukemia

Rare subtypes of acute leukemia remain unclassifiable even after extensive analysis, these
are recognised as acute undifferentiated leukemia (AUL).

The AUL blast cells do not express lineage specific markers. Although these cases are
often CD34+, HLA-DR+, CD38+ and Tdt+, or other CD7, CD9 antigens without lin-
eage commitment, 13!

Minimal Residual Disease in Acute Leukemia

The aim of treatment of AL is ultimately to eradicate the tumor cells. Recently, many
approaches play a role in the assessment and monitoring of minimal residual disease (MRD) in
the undetectable range by conventional morphology and cytochemistry.”'”

The possibility of early investigation of the real clonogenic cells is of great clinical interest
and value not only to predict relapse but also the rate of contamination of leukemic cell in
samples collected for autologous transplantation. In this point of view, the sensitivity of these
methods is the most important question.

There are many advances of using flow cytometry in detection of MRD: higher sensitivity
than traditional morphology and cytogenetic studies, high specificity and the more rapid, simple
and reproducible data acquisition than also highly (most) sensitive and specific favorable mo-
lecular polymerase chain reaction (PCR) techniques.!>!81%317174 A the time, the use of PCR
for the analysis of specific gene rearrangements and the identification of phenotype patterns
have emerged the most attractive ones. In spite of these advantages of flow cytometry, it is
worth to know that major disadvantages also exist: there are no leukemia specific antigens and
several phenotypic changes may be investigated during relapse.'”3347577 If |eukemia specific
pattern is detected, the only question remained to solve whether abnormal phenotype is stable.

The leukemia associated phenotype generally results from linegae infidelity, asychronous
antigen expression, and antigen overexpression that are above reviewed.!*2434

There are other situations to help investigating MRD by cytometry. Some phenotypic
combinations found on leukemic blasts are restricted to certain normal tissues e.g., bone mar-
row or thymus'>181%247377 and ectopic phenotype may be demonstrated if e.g., normal corti-
cal thymocytes are outside the thymus. Therefore, even a TdT positive and pan T antigen
(CD7, CD2, CD5) positive cells in the peripheral blood, bone marrow or central nervous
system of T-ALL patients indicates residual disease.'®”"7>74 Immature cells with CD34 or Tdt
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positivity are seen in central nervous system could lead the diagnosis of leukemia. Second, in a
higher proportion of B lineage and myeloid acute leukemias blasts express combinations of
normal differentiation antigens which are not found or extremely rare among normal hemato-
poietic cells.!>8197478 [ B lineage ALL leukemia-associated phenotypes include Tdt, CD34
and CD19, a combination that is very rare or absent in normal B cell precursors. One of the
most inconsistent result of immunophenotyping is in the case of higher proportion of reactive
B cell precursors. After chemotherapy or transplantation, increased numbers of CD10 and
CD19 positive B cell precursors are in the peripheral blood as well as bone marrow, and the
percentage of these cells may suggest AL.'®*7375 Without any tumor specific phenotype the
maturational spectrum represents the one detectable feature of reactive, normal B cell precur-
sors. In AML, leukemia-associated features include the expression of myeloid-associated anti-
gens cyMPO, CD13, CD33, CD65 and CD117 (CD117 known as stem cell factor or c-kit,
too) with CD7, CD19, CD56 and/or Td,22:2434-3642.53.7476-79 Third  the existence of light
scatter changes demonstrated abnormal cells, such as more forward scatter in the case of
myelo- or lymphoblasts.”>”°

Although there is a little doubt about the reliability of immunologic techniques to iden-
tify small numbers of leukemic cells, at levels below 104, their value relative to that of other
methods for detecting minimal residual disease needs to be evaluated.”'7#78 The general limi-
tations of the immunophenotyping are dictated by the size of the sample required and by the
uneven distribution of residual leukemia. Clinical observations have shown that bone marrow
samples taken from different sites may contain different numbers of leukemic blasts. Nonethe-
less, all PCR methods also have limitations, including amplifications of genome parts from
nonviable or nondividing leukemic cells.”"4

Advantages of immunologic techniques over other available methods include speed, as
well as the ability to precisely quantitate the number of residual leukemic cells and to assess
their viability. Moreover, the detection of neoplastic cells, whether by flow cytometry or mo-
lecular methods, at a single point posttreatment probably does not predict relapse as reliably as
changing values over time. Thus, future technical efforts in this area should focus on the precise
follow-up of patients with multicolor analysis selecting more homogenous blast populations
and on the identification of new leukemia-associated phenotypes.

Multidrug-Resistance in Acute Leukemia

The prognostic implications of flow cytometry as are the follows: the investigation
of leukemia types with variable risk and the monitoring of residual disease as well as to
approximate the response to therapy with a newly described feature of several tumors,
the multidrug-resistance, !+16:30:36:80-83

The identification of a phenotypically distinct subset of drug-resistant leukemic blasts
may be provided by immunological and molecular methods, respectively. It has recently been
shown, the expression and the function of drug transporters, such as MDR1 is associated with
CD34 positivity and poorer outcome in AML.">?%882 The major clinical aspect of
multidrug-resistance is how effectively the multidrug transporters function regarding the abil-
ity to response to therapy.'®183%8183 The functional activity of these proteins affected signifi-
cantly the clinical outcome and the alternative treatment applicated drug-resistance modulat-
ing agents. The antigen detection or quantitation of resistance limited by the wide range of
expressed drug-transporters are investigated regarding multidrug-resistance phenotype.>*3¢5
In spite of this limitation, there is a valuable funcional test using selective inhibitors for known
transporters that allows a discrimination not only the resistant phenotype but also the related
proteins separately. Thus, clinically relevant multidrug-resistance assay should be selected properly
to assess the clinical relevance of further therapeutic trials.
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CHAPTER 3

Immunophenotypic Markers in the Diagnosis
of Non-Hodgkin's Lymphomas

Andrds Matolcsy

biologically diverse spectrum of malignant neoplasms. The classification and diagnosis

of NHLs are a traditionally difficult problem for both pathologists and hematologists.
One circumstance accounts for the difficulties is that neoplastic lymphoid cells often share
morphologic, imunophenotypic and molecular features with those of normal lymphoid cells.
The second circumstance is the lack of complete knowledge and understanding the maturation
and differentiation of the normal hematopoietic and immune system. The new scientific re-
sults that has appeared during the past decades on the hematopoietic and immune system have
generated time to time scientific basis for the discovery of new lymphoma entities and created
new lymphoma classifications. In 1994 the International Lymphoma Study Group published a
consensus proposal for the classification of lymphoid neoplasms named Revised European
American Lymphoma (REAL) classification.! This is based on the principle that the classifica-
tion is a list of “real” entities defined by the combination of morphology, immunophenotype,
genetic and clinical features. Since 1995, members of the European and American
Hematopathology Societies have been collaborating on a new WHO classification of lympho-
mas. This classification is an updated version of REAL representing the first international con-
sensus on the classification of lymphomas.”

The immunophenotypic profiles of each lymphoma entities have been integrated in the
diagnosis and classification of lymphomas. The widespread application of immunophenotypic
analysis in lymphomas is due to the standardization of cytofluorometric and immunohistochemi-
cal techniques and the development of well-characterized monoclonal antibody reagents. These
factors have resulted in a voluminous data of the literature concerning the reactivity of different
monoclonal antibodies with normal and malignant lymphoid cells.” In this chapter the
immunophenotypic profiles of the major lymphoma entities will be discussed which have been
defined by the REAL/WHO classification of lymphomas.

N on-Hodgkin’s lymphomas (NHL) represent a large, clinically, morphologically and

Lineage of Non-Hodgkin’s Lymphomas

In the REAL/WHO classification the major lymphoma categories have been separated
according to the putative normal counterpart cells. Based on these principles NHLs are sepa-
rated into B- and T/NK-cell categories. The determination of lineage commitment of lympho-
mas is basically on the immunophenotypic analysis of the tumor cells. There is no any gold
standard for the determination of cellular lineage of lymphomas, but combination of different
monoclonal antibodies is helpful to find out the cellular origin of lymphomas.

Immunophenotypic Analysis, Second Edition, edited by Katalin P4léczi. ©2005 Eurekah.com.
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The most frequently used reagents to detect B-cell lineage with the greatest specificity and
sensitivity are the CD19, CD20 and CD22 clusters.? In formoll-paraffin embedded tissues,
L26 monoclonal antibody (MoAb) recognizing an intracellular epitope of CD20 and MoAb
JCB117 detecting CD79a antigen expressing by B-cells in association with surface
immunglobulin are the most helpful.*> The advantages of CD79a over CD20 is that CD79a i
expressed by normal and neoplastic B-cells at all stages of differentiation from progenitor B-cell
to plasma cell. A diagnosis of B-cell lymphoma requires evidences of monoclonality.
Monoclonality of a B-cell proliferation can be verified by detection of k or A light chain restric-
tion using immunohistochemical analysis or by the detection of clonal immunoglobulin gene
rearrangement using molecular studies.®

The immunophenotypic identification of T-cell lineage is based on the detection of one
or more pan-T-cell markers (CD2, CD3, CD5 and CD?7), in the absence of B-cell associated
antigens.”’ However, the immunophenotypic criteria for T-cell neoplasia are based on other
antigen profiles including T-cell subset antigen restriction, anomalous T-cell subset antigen
expression and a precursor T-cell immunophenotype.® In a marked T-cell proliferation with
restriction of CD4+ or CD8+ cells raises the possibility of T-cell neoplasm but these are not
sufficient to warrant a definitive diagnosis of lymphoma. Anomalous T-cell subset antigen
expression is a more useful criterion in the immunodiagnostics of T-cell neoplasia. The pres-
ence of CD4+/CD8+ or CD4-/CD8- T-cell population is distinctly abnormal and suggestive
for T-cell neoplasia. Finally, the detection of TdT and CD1 on peripheral T-cells which anti-
gens usually expressed in various stages of intrathymic T-cell differentiation is abnormal that
also suggestive for T-cell neoplasia. Although these immunphenotypic criteria are useful in the
diagnosis of T-cell neoplasia, no immunophenotypic marker of T-cell clonality exist, unlike
immunoglobulin light chain restriction in clonal B-cell proliferations.

The identification of NK cell lineage is based on the detection of CD56, CD57 and
CD16 epitopes. These antigens are frequently co-expressed with other T-cell antigens includ-
ing CD2, CD3, CD7 and CD8 because T- and NK-cells are closely related lineages originating
in a common T/NK-cell progenitor.” The presence of intracellular cytotoxic molecules like
granzyme-B, perforin and/or TIA1 also help to identify lymphoproliferations with NK- or
cytotoxic T-cell origin.'

B-Cell Non-Hodgkin’s Lymphomas

Precursor B-Lymphoblastic Leukemia/Lymphoma

Precursor B-cell lymphomas presenting as solid tumors (B-lymphoblastic lymphoma) and
those of presenting with bone marrow and blood involvement (B-lymphoblastic leukemia) are
biologically the same diseases with different clinical presentations. Since most precursor lym-
phoid neoplasms present as leukemia, the term acute lymphoblastic leukemia (ALL) has been
retained for the leukemic phase of precursor B-cell neoplasms.? Precursor B-lymphoblastic
leukemia/lymphoma (B-LBL) is composed of lymphoblasts that are slightly larger than small
lymphocytes with round or convoluted nuclei, fine chromatin and basophilic cytoplasm. In solid
tissue involvement the number of mitoses are high and a “starry sky” pattern frequently present.!

Tumor cells of B-LBL characteristically express TdT, CD19, CD79a and HLA-DR but
no surface immunoglobulin. In variable number of cases, CD10, CD20, CD22, CD34 and
cytoplasmic IgM also can be expressed.”®> Cases with CD10 expression have better prognosis
than cases without CD10. Expression of CD20 and cytoplasmic IgM increases with maturity
of the tumor cells. Among patient with B-LBL several genetic subgroups can be identified that
highly correlate with prognosis'! (Table 1). Certain cytogenetic alterations may also be associ-
ated with distinct phenotype of the tumor cells. Cases with translocation of chromosome 11¢23
are frequently CD10 negative. Both the t(9;22) and t(11g23) genetic abnormalities may asso-
ciate with expression of myeloid-associated antigens (CD13, CD33) on B-cells.!?
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Table 1. Cytogenetic subgroups of precursor B-lymphoblastic leukemia/lymphoma
and their clinical prognosis

Cytogenetic Abnormality Molecular Alteration Prognosis
t(9;22)(a34;q11) BCR/ABL Poor
tlv;11923) MLL rearranged Very poor
(1;19)(q23;913) E2A/PBX1 Poor
t(12;21)(p12;922) ETV/CBF- alpha Excellent

Chronic Lymphocytic Leukemia/Small Lymphocytic Lymphoma

Chronic lymphocytic lymphoma/small lymphocytic lymphoma (CLL/SLL) is a clonal
lymphoproliferative disorder of B-cell origin that manifest as a progressive accumulation of
mature, non-activated B-cells in the blood, bone marrow and lymphoid tissues. Most cases
associated with leukemic blood picture, and only rare cases have isolated lymph node involve-
ment called SLL. Histologically, CLL/SLL shows a monotonous infiltration of small cells in
the lymphoid organs, but clusters of larger cells of the lymph nodes, called pseudofollicules or
proliferation centers are a common feature." CLL and SLL are biologically related very closely
to each other, therefore the REAL/WHO classifications has eliminated SLL as distinct cat-
egory and has submitted under the category of CLL.>

CLL/SLL derives from the neoplastic transformation of normal CD5+ (B1) B-cells. Tu-
mor cells of CLL/SLL express low-density monotypic surface immunoglobulin, usually IgM or
IgM and IgD but CD79b molecule is lacking.'? B-cell associated antigens CD19, CD20,
CD23, CD43, and CD79a are co-expressed with CD5 in almost all cases.>'* CD10 and CD22
are negative, whereas CD11c and CD25 are often expressed, but tend to be weak.>"> CLL/SLL
cells express bcl-2 and lack bcl-6 gene expression. The CD20 and CD23 antibodies have stron-
ger reaction in the pseudofollicules than in the small cells. In the pseudofollicules delicate
follicular dendritic cell network is detectable by CD21. Ki-67 positive cells are more frequent
in the pseudofollicules but the positivity is usually below 20%. By using this broad antigenic
fingerprint of the leukemic cells, CLL/SLL can usually be distinguished from other mature
B-cell neoplasms such as mantle cell lymphoma, follicle center cell lymphoma, splenic lym-
phoma with villous lymphocytes and hairy cell leukemia.>!%!>

Several attempts have been made to identify possible immunologic markers associated
with more aggressive clinical behavior or poor prognosis. Among them adhesion molecule
expression (CD44, CD58) may have clinical significance.'® More recent studies suggest that
patients with chromosomal abnormalities like trisomy 12 and abnormalities of 14q, 13q and
22q tend to have a poorer prognosis.'”

In approximately 3-10% of CLL/SLLs, diffuse large B-cell lymphoma (Richter’s syndrome)
or Hodgkin’s lymphoma may develop. In these transformed cases the neoplastic cells may share
immunophenotype of the original CLL/SLL cells or alternatively they can be different. In
those cases where the immunophenotype of the CLL/SLL and the transformed tumors are
different the two lymphomas may have different clonal origin.'®

Prolymphocytic Leukemia

Prolymphocytic leukemia (PLL) is typically a more aggressive disease than CLL/SLL. It
may develop through transformation of CLL/SLL or alternatively as de novo disease.”'* Mor-
phologically, PLL cells are larger than cells of CLL/SLL they have wider cytoplasm, clumped
chromatin and prominent single and central nucleoli. If in patients with CLL/SLL the number
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of PLL cells exceeds 30%, it is called prolymphocytic transformation of CLL/SLL. In
prolymphocytic transformation the tumor cells may retain the immunophenotypic character-
istics of the earlier CLL/SLL or demonstrate brighter surface immunoglobulin, as well as vari-
able CD5 and FMC7 positivity. "

Lymphoplasmacytic Lymphoma/Immunocytoma

Lymphoplasmocytoid lymphoma/immunocytoma (LPL/IC) is an indolent B-cell neo-
plasm, which composed of small B-lymphocytes with a characteristic plasma cell differentia-
tion. The disease usually involves the bone marrow, lymph nodes and spleen. Patients may
develop serum monoclonal protein with hyperviscosity (Waldenstrom’s macroglobulinaemia).
The plasmocytic elements frequently show intranuclear immunoglobulin inclusions
(Dutcher-bodies). The pattern of lymph node involvement is usually diffuse, the bone marrow
involvement either diffuse or nodular. The peripheral blood involvement is usually less promi-
nent than in CLL, and the cells often have a plasmacytoid appearance.'

The LPL/IC cells express surface and sometimes cytoplasmic IgM and lack IgD. Tumor
cells strongly express the B-cell associated antigens CD19, CD20, CD22 and CD79a but not
the CD10 or CD23. The CD5 expression is absent."'>*! Approximately, 40-50% of cases
carry the t(9;14)(p13;q32) chromosomal translocation, that juxtaposes the PAX-5 gene to the
IgH gene. The translocation results overexpression of the PAX-5 protein.??

Mantle Cell Lymphoma

Mantle cell lymphoma (MCL) is a B-cell non-Hodgkin’s disorder that represents 2-8% of
lymphomas.?* Most patients with MCL are older and present with generalized lymphadenopa-
thy and frequent involvement of spleen and bone marrow. Leukemic presentation also may occur.
Extranodal disease occurs in the gastrointestinal tract as multiple lymphomatous polyposis.24

Histologically, MCL consists of atypical small lymphoid cells and have either a nodular or
diffuse pattern of growth or the combination of the two patterns. In nodular MCL, nodules
may consist of follicules with reactive germinal centers surrounded by broad mantles of small
neoplastic cells, the so-called mantle zone pattern. In diffuse growth pattern, invasion and
obliteration of the reactive germinal centers and interfollicular areas by neoplastic cell result in
an effacement of the nodal architecture. Cytologically, neoplastic cells of MCL may show dif-
ferent forms. In classical variant of MCL, the tumor is composed of small lymphoid cells with
irregular and indented nuclei, moderately coarse chromatin and inconspicuous nucleoli. The
high-grade variant of MCL also called blastic variant, composed of more pleiomorphic tumor
cells. In these cases, the tumor cells are medium to large in size, with fine chromatin and
multiple small nucleoli. The blastic variant of MCL may occur de novo or as transformed form
of classical MCL.%

The immunophenotype of MCL is consistent with that of the normal mantle zone cells
with the exception of CD23. Tumor cells express surface IgM and frequently IgD. The expres-
sion of A light chain is more frequent than k. The tumor cells are co-expressing a variety of
pan-B cell antigens including CD19, CD20, CD22, CD43 with the CD5 antigen. The tumor
cells are negative for CD23, CD10 and CD11c. Antibodies to follicular dentritic cells (CD21)
reveal aggregates of these cells in nodular type of MCL. Blastic variant of MCL may show
growth fraction with Ki-67 beyond 30% and may express CD10 antigen."*> The overexpression
of p53 does correlate with disease progression.

The most helpful and sensitive immunohistochemical staining in the diagnosis of MCL
the detection of the overexpression of the PRAD-1/cyclin D1 protein by the tumor cells, which
is highly characteristic for this type of lymphoma. The over expression of the cyclin D1 is
related to the specific cytogenetic alteration t(11;14)(q13;932), which result in rearrangement
and deregulation of the bcl-1/PRAD-1 proto-oncogene.*
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Follicular Lymphoma

Follicular lymphoma (FL) is a tumor of germinal center B-cells composed of centrocytes
(small cleaved cells) and centroblasts (large noncleaved cells). The proportion of centrocytes
and centroblasts vary among cases. The clinical aggressiveness of the tumor increases with
increasing numbers of centroblasts. In addition to cellular composition, the proportion of follicu-
lar and diffuse areas is varying from case to case, and these are also associated with prognosis.'

FL cells express the CD19, CD20, CD22 and CD79a pan-B-cell antigens, about 60% of
the cases also express CD10 and they are negative for CD5, CD43 and CD11c antibodies. In
more than 50% of cases, tumor cells express sIgM, about 40% express sIgG and rare cases
express IgA. Tightly organized meshwork of follicular dendritic reticulum cells is detectable
with CD21 antibodies."® In most cases, FL cells express the bcl-2 protein, however bcl-2 posi-
tivity of the tumor cells can be lost in the clinical course and high-grade transformation of the
tumor.”” The bcl-6 nuclear protein also expressed in a significant fraction of the tumor cells.”®

Approximately 85% of FLs are associated with the t(14;18) translocation that places the
bcl-2 oncogene into juxtaposition with the joining (Ji1) gene segment cluster of the immuno-
globulin (Ig) heavy chain (H) gene locus. The t(14;18) translocation upregulates the expres-
sion of the bcl-2 gene-product which induces prolonged cell survival by blocking programmed
cell death (apoptosis).*’

Nodal Marginal Zone B-Cell Lymphoma

Nodal marginal zone B-cell lymphoma (MZL) is characterized by heterogeneous prolif-
eration of atypical neoplastic B-cells that includes monocytoid B-cells, small to medium-sized
cells with irregular nuclei (centrocyte-like cells) and variable number of plasma cell. The tumor
cells infiltrate predominantly the parafollicular and perisinusoidal areas but diffuse obliteration
of the nodal architecture may occur as well. In some cases leukemic phase of MZL has been
reported but these complication is extremely rare.

Nodal MZL is a mature B-cell neoplasm that expresses B-cell associated antigens CD19,
CD20, CD22 and CD79a, but other B-cell antigens like CD10, CD23, CD21 and CD35 are
usually absent. MZL is usually not associated with CD5 reactivity. Tumor cell express fre-
quently surface IgM but generally lack IgD. In rare cases, IgG and IgA expression has been
documented. Monotypic cytoplasmic immunoglobulin may occur in the perinuclear space of
tumor cells. Bcl-2 immunostaining may be observed in 50-80% of cases and bcl-6 expression is
absent in low-grade MZL. The DBA44 monoclonal antibody that strongly reactive in hairy
cell leukemia could be positive in MZL, occasionally.*’

Cytogenetic and molecular studies show many similarities in nodal and extranodal MZLs.
Trisomy 3 has been found as most frequent genetic alterations in nodal MZLs, but chromo-
somal translocation t(11;18)(q21;q21) is no characteristic for nodal MZLs.3!

Extranodal Marginal Zone B-Cell Lymphoma of MALT-Type

When marginal zone B-cell lymphomas occurs at extranodal sites usually on glandular
epithelial tissues (gastrointestinal tract, lung, salivary glands, thyroid glands etc.) it is com-
monly referred to as MALT lymphoma. These neoplasms derive from B-cells associated with
epithelial tissues. MALT lymphoma is characterized by a polymorphous infiltrate of small lym-
phocytes, marginal zone (centrocyte-like) B cells, monocytoid B cells and plasma cells. In epi-
thelial tissues, tumor cells typically infiltrate the epithelium, forming so-called lymphoepithelial
lesions. Tumor cells usually surround reactive follicules occupying the marginal zone or the
interfollicular region. The invasion of reactive follicules by the neoplastic cells (follicular colo-
nization) is a frequent histological feature of MALT lymphoma. High-grade transformation of

MALT lymphomas is a relatively frequent consequence of the disease.*
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The tumor cells express most frequently surface IgM, followed by IgG and IgA but lack
IgD. In 40-60% of cases monotypic cytoplasmic immunglobulin is detectable indicating plas-
macytoid differentiation. They express CD19, CD20, CD22 and CD79a B-cell associated
antigens and are CD10, CD23 and CD5 negative."'” The number of Ki-67 positive cells rises
significantly upon transformation to a diffuse large B-cell lymphoma.

Trisomy 3 is found in approximately 60% of cases, chromosome translocation
t(11;18)(q21;921) in found in around 25-40%.%>3% Chromosomal translocation
t(1;14)(p22;q32) which involve an apoptosis-promoting gene (bcl-10) is rare and appears to be
associated with more disseminated or aggressive tumor.””

Splenic Marginal Zone B-Cell Lymphoma

Splenic marginal zone B-cell lymphoma (SMZL) is an indolent lymphoma arises from the
marginal zone B-cells in the spleen. Tumor cells of SMZL use to involve red pulp and both
mantle and marginal zone of the splenic white pulp and leave intact central residual germinal
centers. Patients typically have bone marrow involvement and leukemic blood picture without
lymph node involvement. The disease corresponds to a unique chronic leukemia known as
“splenic lymphoma with villous lymphocytes”."¢

The immunophenotype of SMZL is similar to that of extranodal and nodal marginal zone
B-cell lymphoma. Tumor cell express both surface IgM and IgD which is characteristic for the
splenic-type of MZL in contrast to the MALT-type where surface IgD is usually absent. Tumor
cells express the B-cell associated antigens CD19, CD20, CD22 and CD49a, and lack CD5,
CD10, CD11c, CD23 and CD25."

Hairy Cell Leukemia

Hairy cell leukemia (HCL) is a mature B-cell neoplasm characterized by pancytopenia,
myelofibrosis and splenomegaly. The neoplastic cells are small with oval or bean-shaped nuclei,
and abundant pale cytoplasm with “hairy” membrane projections on their surface. They are
preferentially accumulated in the bone marrow and in the splenic red pulp. In the bone mar-
row infiltrated by the neoplastic cells, the reticulin fiber is increased, often resulting in a “dry
tap”. The diagnosis most frequently is made through bone marrow biopsy."

The immunophenotype of tumor cells shows unique features of B-cells. They are express
B-cell associated antigens CD19, CD20, CD22 and CD79a and they are negative with CD5,
CD10, CD23 and CD43. HCL cells are expressing several other antigens detecting by MoAbs
including o chain of the leukocyte adhesion molecule p150 (CD11c), low affinity p55 recep-
tor for interleukin-2 (CD25) and an integrin subunit 37 (CD103). Unfortunately, these epitopes
are not detectable in formoll-paraffin embedded tissues. MoAb DBA.44 stains HCL cells even
in decalcified paraffin-embedded tissues.***” Tartarat-resistant acid phosphatase is present in
most cases however, it is not specific for the diagnosis because this enzyme can be present in
other type of disorders than HCL.

Diffuse Large B-Cell Lymphoma

Diffuse large B-cell lymphoma (DLBL) is a neoplasm of transformed large B-cells with
diffuse growth pattern and a high proliferation fraction (> 40%). DLBLs are a heterogeneous
group of neoplasms. They are composed of large cells resemble centroblasts or immunoblasts
most often with a mixture of the two. Several morphologic variants (centroblastic,
immunoblastic, anaplastic, multilobated, T-cell or histiocyte rich, plasmoblastic, lymphoma-
toid granulomatosis) has been recognized but their clinical significance is debated."*

Generally, DLBLs express one or more B-cell associated antigens (CD19, CD20, CD22,
CD79a) and CD45. Tumor cells may express monotypic surface or cytoplasmic immunoglo-
bulins. Bcl-2 protein expression occurs in a 30-40% of the cases and bcl-6 expression present
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approximately 60% of the cases. A few cases of DLBL may show unique immunophenotype
that suggestive for a distinct pathogenesis of these DLBLs. In rare cases, B-cell associated anti-
gens are co-expressed with the CD5 epitope without history of CLL/SLL or Richter’s syn-
drome. These cases are separated under the name of “de novo CD5 positive DLBL”.*® Other
rare cases co-express the B-cell associated antigens with the CD30 molecule. These cases are
believed to be an anaplastic large cell lymphoma of B-cell origin.?” Furthermore, cases in where
the relative numbers of reactive T-cells and/or histiocytes are high comparing to the DLBL
cells are separated under the name of T-cell/histiocyte rich B-cell lymphoma.®’

In the group of DLBLs three distinct clinicopathological entities have been distinguished
based on their clinical manifestation and separated as subtypes of DLBL.

1. Primary mediastinal B-cell lymphoma (PMBCL): PMBL is an aggressive tumor of the ante-
rior mediastinum that usually involves the thymus. Tumor cells are usually large cells with
clear cytoplasm. Many cases have fine, compartmentalizing sclerosis. The tumor cells share
the immunophenotype of DLBLs and occasionally they express CD30 as well.4!

2. Intravascular large B-cell lymphoma (IVLBCL): IVLBCL is a rare, aggressive variant of
DLBL in which neoplastic cells are disseminated in the vascular lumina. Tumor cell express
one or more B-cell associated antigens and occasionally these antigens are co-expressed with
CD10 or CD5.

3. Primary effusional lymphoma (PEL): PEL is an aggressive NHL that grows in the pleural,
pericardial, and abdominal cavities as a lymphomatous effusion, usually in the absence of a
detectable tumor mass. PEL occurs predominantly but not exclusively among human im-
munodeficiency virus (HIV)-infected individuals. These neoplasms exhibit cytomorphologic
features that bridge large cell immunoblastic and anaplastic large cell lymphoma, usually
lack surface immunoglobulin and B-cell-associated antigens but express CD45 and antigens
associated with late stages of B cell differentiation such as CD30, CD38, CD71, CD138,
and epithelial membrane antigen (EMA). Genotypic analysis of the tumor cells has revealed
clonal Ig gene rearrangement, Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated
herpesvirus (KHSV)/human herpesvirus-8 (HHV-8) infection in most cases.*?

Plasma Cell Myeloma/Plasmacytoma

Plasma cell myeloma/plasmocytoma is a group of related disorders associated with a ma-
lignant plasma cell proliferation involving the bone marrow (plasma cell myeloma) or extraosseal
soft tissues (plasmacytoma). Plasma cell myeloma (plasmacytoma) is characterized by mono-
clonal gammopathy, osteolytic lesion and frequent renal failure.

Plasma cell myeloma/plasmacytoma express monotypic cytoplasmic immunglobulin and
plasma cell-associated antigen CD38. Tumor cells lack B-cell associated antigens CD19, CD20,
CD22 and surface immunglobulins but CD79a can be expressed in some cases. Tumor cell also
express the collagen-1 binding proteoglycan, syndecan-1 (CD138). Occasionally, tumor cells
may express immature B-cell antigens like CD10 and terminal deoxynucleotidyl transferase
(TdT) that usually associated with poor clinical prognosis.'

Chromosomal translocation t(11;14) is found in 20-30% of cases but the breakpoints
differ than that of MCL. In cases carry the translocation cyclin D1 is overexpressed.®?

Burkitt’s Lymphoma

Burkitt’s lymphomas (BL) may occur in three different forms including African or en-
demic type, non-African or sporadic type and immunodeficiency associated type. In African
type, the jaw and other facial bones are involved. In non-African type the majority of the cases
ileum, cecum, mesentery and ovaries are involved. Rare cases present as acute leukemia as well.
BL is an aggressive B-cell lymphoma consisting of medium-sized round cells with a loose chro-
matin pattern and relatively wide basophilic cytoplasm. The number of mitoses and apoptotic
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cells are high. The tumor has an extremely high rate of proliferation. Scattered macrophages
with phagocytosed apoptotic cells give rise to the “starry sky” pattern with tumor cells of BL.

Tumor cells express B-cell associated antigens such as CD19, CD20, CD22, CD79a, as
well as other B-cell antigens that frequently expressed in germinal center B-cells (CD10, CD38,
CDA40). In almost all cases, surface immunoglobulins, most frequently IgM and rarely IgG and
IgA are present. A subset of BL is associated with Epstein-Barr virus (EBV) infection. In these
cases CD21 is expressed that bind both complement (C3b) and EBV.

Most cases of BL carry the translocation of the c-myc oncogene. C-myc oncogene from
the chromosome 8 juxtaposes to the immunglobulin heavy chain on chromosome 14 [t(8;14)]
or to the light chain loci on chromosomes 2 [t(2;8)] or 22 [(8;22)].4 EBV genomes can be
demonstrated in tumor cells in most African type and less frequently in non-African and im-
munodeficiency associated types.

T-Cell Non-Hodgkin’s Lymphomas

Precursor T-Lymphoblastic Lymphoma/Leukemia

T-lymphoblastic lymphoma/leukemia (T-LBL) is a neoplasm of precursor T-cells that
may show two different clinical manifestations. It may occur as solid tumor mass usually in-
volving the thymus or lymph nodes or as acute leukemia. Solid form of T-LBL may progress to
acute leukemia in the course of the disease. Tumor cells are morphologically identical to those
of B-LBL and immunophenotypic analysis is necessary to distinguish the two diseases.

In most cases, tumor cells are CD3 and CD7 positive and the expression of other T-cell
associated antigens like CD2 and CD5 are variable. The tumor cells frequently show TdT and
CD1a expression that consistent with the phenotype of early thymocytes. CD4 and CD8 can
be double positive or double negative.”® Occasionally, cases may express NK-cell antigens (CD16
and/or CD57) that frequently associated with more aggressive clinical course.®® The T-cell
genotype can be identified of T-LBL by the detection of clonal T-cell receptor gene rearrange-
ment, however these cases may show clonal Ig gene rearrangement as well.”

T-Cell Prolymphocytic Leukemia

T-cell prolymphocytic leukemia (T-PL) is a rare aggressive leukemia characterized by pro-
liferation of small- to medium-sized lymphocytes with prominent nucleoli and moderately
abundant nongranular cytoplasm often with blebs. In some of the cases, tumor cells have cere-
briform nuclei and inconspicuous nucleoli. Lymph node, splenic red pulp and hepatic sinuso-
ids can be infiltrated. The lymph node and bone marrow involvements are diffuse."”

Tumor cells usually express T-cell associated antigens (CD2, CD3, CD5, and CD7) and
the TCR af chains. About 65% of the cases express CD4, 20% express both CD4 and CD8
and rare cases express only CD8.”*® Abnormalities of chromosome 14 with breakpoints at q11
and g32 are present in more than 90% of the cases."?

T-Cell Granular Lymphocytic Leukemia

T-cell granular lymphocytic leukemia (T-GLL) is a relatively indolent disease that gener-
ally infiltrates bone marrow and associated with leukemic dissemination. Lymph nodes are
rarely involved but splenic red pulp and hepatic sinuses may be infiltrated. T-GLL cells are
usually small and characteristically show a wide rim of pale blue cytoplasm that contains
azurophilic granules.!

Based on the antigen expression profile of the tumor cells, T-suppressor and NK-cell types
could be distinguish.”” In T-suppressor cell type the tumor cells express CD2, CD3, CD8 and
TCR af but lack CD4. In come cases CD16 and/or CD57 may be positive. In NK-cell type,
tumor cell also express T-cell associated antigens like CD2 but CD3, CD4, CD8 and TCRaf§
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expression are absent. In these cases, the NK-cell associated antigens (CD16, CD56 and CD57)
are expressd by the tumor cells. T-cell types carry clonal TCR gene rearrangement but NK-cell
type has it in germ line.>°

Aggressive NK-Cell Leukemia

Aggressive NK-cell leukemia is a neoplasm of immature NK-cells with bone marrow infil-
tration, leukemic blood picture, hepatosplenomegaly, lymphadenopathy and aggressive clini-
cal course. The disease is extremely rare and mostly occurs in Asian. In some cases, nasal T/
NK-cell lymphoma progress to aggressive NK-cell leukemia. Tumor cells are medium-sized
with irregular hyperchromatic nucleoli and abundant cytoplasm that contain azurophilic gran-
ules. The number of mitoses is high.

Tumor cells mostly express NK-cell specific antigens like CD56, TIA-1 and granzyme
B and some T-cell specific antigens (CD2, CD3¢). The tumor is always associated with
EBV infection.”"**

Adult T-Cell Leukemia/Lymphoma

Adult T-cell leukemia/lymphoma (ATL/L) is a peripheral T-cell neoplasm that associated
with infection of human T-cell lymphotrophic virus type I (HTLV1). Most cases occur in
Japan and in the Caribbean, sporadic cases may occur elsewhere. Several clinical variants have
been described such as acute, lymphomatous, chronic and smoldering depending on the clini-
cal features. ATL/L encompass a morphologic spectrum of disorders. Tumor cells are usually
varied from medium-sized to large with nuclear pleomorphism. Nuclei are commonly
hyperlobated. Cytoplasm can be amorphophilic, basophilic or pale.

Tumor cells express T-cell associated antigens like CD2, CD3, CD5, but usually lack
CD7. Most cases are CD4" and CD8". Rare cases are CD4” and CD8" or CD4"* and CD8".
Tumor cells frequently express interleukin-2 receptor y chain (CD25). The TCR gene is clonally
rearranged and HTLV-1 genomes are integrated in all cases.”>>>*

Extranodal NK/T-Cell Lymphoma, Nasal Type

Extranodal NK/T-cell lymphoma, nasal type occurs in extranodal sites, predominantly in
nose, nasopharinx and paranasal sinuses. Because the most frequent manifestation of the tu-
mor is in the midfacial structures it was called “lethal midline granuloma”. The majority of the
tumor characterized by prominent angiocentric and angiodestructive growth pattern and marked
necrosis. The cytology of the tumor cells is highly variable ranging from small- to medium-sized
and occasionally large cells. Tumor cells are frequently admixed with inflammatory cells.

Extranodal NK/T-cell lymphoma, nasal type appears to be derived from NK cells, there-
fore the immunophenotype of tumor cells are similar to those of NK-cells. They express CD56
and TIA-1 but lack CD3, CD4 or CD8. The tumor cells are infected by EBV.”

Enteropathy-Type T-Cell Lymphoma

Enteropathy-type T-cell lymphoma (EATCL) is thought to be a neoplastic disease of the
intraepithelial T-lymphocytes of the small intestine that usually associated with history of
gluten-sensitive enteropathy. Most patient presents acute abdominal episodes due to small in-
testine perforation or obstruction. Tumor cell show a broad spectrum of morphological spec-
trum ranging from small to medium-sized and large cells. Anaplastic cells may be present.

EATCL express T-cell associated and/or NK-cell associated antigens. Most cases are CD43,
CD3, CD7 and CD45RO positive, and some cases may also express CD8 and cytotoxic
T-cell-associated proteins (granzyme B, TIA-1, perforin). Immunbhistologically, characteristic
finding is the expression of the mucosal homing receptor CD103 antigen. The TCR gene
shows clonal rearrangement.”®
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Hepatosplenic Gamma-Delta T-Cell Lymphoma

Hepatosplenic gamma-delta T-cell lymphoma is a rare disease that characterized by the
expression of the y/d complex. Most patients with hepatosplenic T-cell lymphomas are young
who presents hepatosplenomegaly without lymphadenopathy. Peripheral blood and bone mar-
row may be involved in a small proportion of the patients. In the spleen, the infiltrate involves
the red pulp and the sinuses. Tumor cells are medium-sized with round or oval nuclei, con-
densed chromatin and abundant pale to eosinophilic cytoplasm.

Neoplastic cells express T-cell associated antigens (CD2, CD3, CD5 and CD7) and TCR
¥/ molecule, but lack neither CD4 nor CD8. Tumor cells also express cytotoxic molecules
(Perforin, Granzyme B, TIA-1) as well NK-cell associated molecules (CD16, CD56). The
TCR y and 8 genes are clonally rearranged.”’

Subcutaneous Panniculitis-Like T-Cell Lymphoma

Subcutaneous panniculitis-like T-cell lymphoma is characterized by multiple subcutane-
ous nodules generally involving the extremities and occasionally the trunk. The disease re-
stricted to subcutaneous tissue and atypical tumor cells infiltrate between fat cells of subcuta-
neous tissue with no dermal involvement. Tumor cells are a mixture of small and large atypical
cells. Fat necrosis and prominent karyorrhexis are frequently found.

Tumor cells express T-cell associated antigens (CD2, CD3, CD5, CD7) and frequently
cytotoxic molecules (CD8, TIA-1, Granzyme B). TCR genes are clonally rearranged.””

Mycosis Fungoides/Sezary Syndrome

Mycosis fungoides (MF) and leukemic variant of the disease called Sezary syndrome (SS)
represent different stages or manifestation of a primary cutaneous T-cell lymphoma. Patients
present cutaneous plaques or nodules and/or generalized erythroderma. Tumor cells are pre-
dominantly small cells and medium-sized cells with cerebriform nuclei that infiltrate the epi-
dermis and later appear in the circulation.

The immunophenotype of the tumor cells is consistent with mature, memory, helper
T-cell. T-cell associated antigens (CD2, CD3, CD5) are co-expressed with the CD4 molecule
in the majority of the cases. Only rare cases show cytotoxic or suppressor (CD4- CD8+) phe-
notype. The cutaneous lymphocyte-associated antigen (CLA) which is the ligand of vascular
E-selectin (ALAM-1) is expressed in MF/SS. In cases, where MF/SS progress to large cell lym-
phoma the tumor cells may express CD30.

Peripheral T-Cell Lymphoma, Not Otherwise Specified

Peripheral T-cell lymphoma, not otherwise specified (PTCL-NOS) comprises a heteroge-
neous group of peripheral T-cell neoplasms not be subcategorized under distinct entities. Lym-
phomas like lymphoepitheloid lymphoma, pleomorphic T-cell lymphoma, T-zone lymphoma
and immunoblastic T-cell lymphoma determined in Kiel classification are falls in this category.
They exhibit a range of cytologic grade, nonetheless, all are clinically aggressive.

PTCLs are express T-cell associated antigens and most cases CD4 positive. Rare cases may
express CD8 or cytotoxic molecules. Aberrant T-cell associated molecule expression like selec-
tive loss of one or more T-cell markers or absent of both CD4 and CD8 molecules may occur.
The TCR genes are clonally rearranged in most cases.

Angioimmunoblastic T-Cell Lymphoma

Angioimmunoblastic T-cell ymphoma (AIL-T) is usually associated with generalized lym-
phadenopathy, fever, weight loss, skin rash and polyclonal hyperagammaglobulinaemia. Histo-
logically, the nodal architecture of lymph node is diffusely effaced and characteristically a pro-
liferation of small arborizing high endothelial venuls is present. Reactive follicles with germinal
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centers are usually absent. The lymphoid infiltrates in the lymph node composed of a mixture
of small lymphocytes, immunoblasts, and atypical “clear” cells. Atypical cells may form small
aggregates or sheets.

Tumor cells express T-cell associated antigens and CD4, however, polyclonal plasma cells,
B-cells and histiocytes are characteristic constitutes of AIL-T as well. CD21 positive follicular
dendritic reticulum cells surround post-capillary venules. Immunoblasts are frequently CD30
positive and EBV gene expression (LMP-1, EBERs) is commonly found in these cells. TCR
genes are clonally rearranged in the majority of the cases.”’

Anaplastic Large Cell Lymphoma T/0-Cell, Primary Systemic Type

Anaplastic large cell lymphoma (ALCL) is a group of lymphomas of T- or 0-cell pheno-
type with consistent CD30 expression. Tumor cells are large cells with pleomorphic often multiple
nuclei and single or multiple prominent nucleoli. Tumor cells infiltrate predominantly sinusoi-
dal and paracortical zones of lymph nodes.

Tumor cells, by definition, are CD30 positive and in the majority of the cases also express
CD45 and epithelial membrane antigen (EMA). About 75% of the cases express T-cell associ-
ated antigens (CD3, CD43 and CD45RO) and CD4 molecule. In some cases, TIA-1, Granzyme
B and Perphorin are expressed suggesting cytotoxic lymphocyte origin of these cases. The CD20
and other B-cell associated antigens are negative.

About half of the ALCLs carry the t(2;5)(p23;935) nonrandom chromosomal transloca-
tion. In this translocation, the nucleophosmin (NPH) gene located on 5935 and anaplastic
lymphoma kinase (ALK) gene located on 2p23 is involved, which results in a chimeric product
called p80. As a result of the translocation ALK gene is over-expressed. Monoclonal antibodies
against ALK and p80 proteins are available that help in the immunhistochemical diagnosis of
ALCLs. ALK positive ALCLs have a distinctly favorable clinical course comparing to ALK
negative cases.”’

Anaplastic Large Cell Lymphoma, T/0-Cell, Primary Cutaneous Type

In primary cutaneous anaplastic large cell lymphoma the skin is infiltrated with cohesive
sheets of large cells with anaplastic morphology and CD30 positivity. Primary cutaneous ana-
plastic large cell lymphoma is different from systemic form of ALCL. In primary cutaneous
anaplastic large cell lymphoma tumor cells express T-cell associated antigens and sometimes
cytotoxic molecules but lack EMA and do not carry the t(2;5) translocation. The disease is
more indolent than systemic ALCL and spontaneous regression may occur.®!
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CHAPTER 4

Clinical Application of Immunophenotyping

in Immunodeficiencies
Katalin Pdléczi

Secondary immunodeficiencies may be acquired as a consequence of treatment with

immunosuppressive agents, bone marrow or organ transplantation, nutritional
deficiencies, and certain viral infections, the most notable of which is the human immunode-
ficiency virus (HIV).

D eficiencies of immune responsiveness can occur as either primary or secondary disorders.

Congenital (Primary) Immunodeficiencies

The primary immunodeficiency diseases are inherited defects of the immune system that
are typically manifested at birth or soon thereafter, although some become evident later in life.!
Frequent or unusually severe infections are the hallmark of immune system defects, the types of
infections reflecting the nature of the defect. Autoimmune disorders and malignancies also
occur more frequently in individuals with immunodeficiency diseases.”

To understand immunodeficiency diseases, it is important to comprehend the normal
development and function of the cells belonging to the immune system. The immune system
employs two broad lineages of cells react specifically with antigens: B cells and T cells. B lym-
phocytes are precursors of antibody secreting cells of the humoral immune system. T lineage
consists of different subtype of cells including cells that mediate important immunoregulatory
functions such as help or suppression, as well as cells involved in effector functions, such as the
direct destruction of antigen bearing cells and the production of soluble products termed
cytokines. The normal cellular events involved in B and T cell differentiation are reviewed in
the Chapter 1. That review forms the basis of the discussion of the pathogenesis of the various
immunodeficiencies.

Immunodeficiency diseases may involve either specific or nonspecific limbs of the im-
mune system. Defects of phagocytic cells and deficiencies of the various complement compo-
nents are examples of the latter category. Defects of specific immunity, both cellular and hu-
moral, will be in the focus of this chapter, in which representative immunodeficiency diseases
within the context of altered development and function of T and B cells are discussed (Table 1).

This approach began with the discovery that T and B cells represent separate lymphocyte
lineages and that prototypic immunodeficiency syndromes could be created experimentally by
depletion of the thymus-dependent and/or bursa-dependent lymphocytes. This hypothetical
framework, outlined in Figure 1, provides a practical basis for consideration of the pathogen-
esis of immunodeficiency diseases. With the development of monoclonal antibodies (MoAbs)
and flow cytometry, the identification of cells expressing certain markers (phenotypes) and the
association of phenotypes with different state and function have become feasible. Although
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Table 1. Primary immunodeficiency diseases

Cellular and Combined Immunodeficiencies

Antibody Deficiency Diseases

Severe combined immunodeficiencies
Autosomal recessive SCID
X-linked SCID
SCID with ADA deficiency
SCID with PNP deficiency
SCID with MHC Class Il deficiency
Deficiencies in expression of CD3 molecules
Reticular dysgenesia
Immunodeficiency associated with

other defects

Congenital agammaglobulinemias
X-linked agammaglobulinemia
X-linked agammaglobulinemia

with growth hormone deficiency
Autosomal recessive agammaglobulinemia
Common variable immunodeficiency
Selective antibody deficiencies
IgA deficiency
1gG subclass deficiencies
Others

T cell activation deficiencies
DiGeorge syndrome
Wiskott Aldrich syndrome
Hyper IgM syndrome

k-chain deficiency
Thymoma and hypogammaglobulinemia

MoAbs proved to be useful in the clinical evaluation of immunodeficiency diseases, many of
these diseases are phenotypically heterogeneous (Table 2). The immunophenotyping of cells
alone may provide only limited information because often no correlation between T or B cell
phenotype and function of these cells in vitro or in vivo exist.’

Cellular and Combined Immunodeficiency Diseases

In the last few years, significant advances have been made in the molecular definition of
human primary immunodeficiencies. T cell immunodeficiencies have been attributed to mu-
tations of the genes encoding the interleukin (IL)-2y receptor, CD3e and y chains as well as the
CDA40 ligand, causing a form of severe combined immunodeficiency (SCID), functional T cell
deficiency and defective immunglobulin (Ig) switching, respectively.

Severe Combined Immunodeficiency

The autosomal recessive form of severe combined immunodeficiency diseases (SCID)
includes those immunodeficiencies in which both cellular and humoral immunity are pro-
foundly impaired. About 20% of patients with SCID present a phenotype characterized by the
absence of T and B lymphocytes. Functional natural killer (NK) cells, however, can be de-
tected. The classical form of SCID, formerly called ‘Swiss-type agammaglobulinemia’ results
from genetic lesions that prevent normal development of both T and B cells. Another autoso-
mal recessive SCID is the ataxia telangiectasia and related syndromes.

An X-linked form of SCID can also occur as a consequence of an isolated developmental
failure of T cells, since B cells require T cell help for their normal growth and differentiation.
Another basis for combined immunodeficiency is the inability to express class II genes of the
major histocompatibility complex (MHC). Still other causes of functional aberrations affect-
ing both T and B cells are found in isolated instances. Impaired cellular and humoral immunity
can result from a variety of defects, a few of which have been rather precisely defined.

SCID with B Cells (X-Linked SCID)

X-linked SCID is characterized by defective T cell differentiation while B cell maturation
is preserved. Patients usually do not have any mature T cells but have an increased number of
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Figure 1. Hypothetical model of various immunodeficiency states. 1) Failure of T and B cell development
(Reticular dysgenesia, SCID). 2) Failure of development of thymus (DiGeorge syndrome). 3) Deficiencies
in expression of CD3 molecules. 4) T cell activation deficiencies. 5) Failure of maturation of stem cells into
pre-B cells (thymoma and hypogammaglobulinemia). 6) Failure of maturation of pre-B cell into B cells
(X-linked hypogammaglobulinemia). 7) Failure of maturation of B cells into plasma cells. 8) Hypercatabo-
lism of Ig. 9) Reduced helper function of T cells. 10) Increase in suppressor activity of T cells. 11) Excessive
loss of immunoglobulins and lymphocytes.

B cells. T cells are missing as a consequence of abortive intrathymic development, the epithelial
thymus being virtually devoid of lymphocytes in affected male infants. B cells are present in
normal numbers and they are capable of differentiating into antibody-producing plasma cells.
As an autosomal recessive SCID, X-linked SCID can be treated by bone marrow transplanta-
tion. Recently, it was found that mutations in the gene encoding the IL-2 receptor (IL-2R)
y-chain account for X-linked SCID phenotype.®

IL-2 deficiency in humans is associated with abnormal T cell differentiation.” This sug-
gests that the IL-2 receptor y-chain may be part of another critical receptor for T cell differen-
tation. The IL-2R vy chain is constitutively expressed in hematolymphoid cells and is known to
be a component of additional cytokine receptors including IL-4, IL-7, IL-9, IL-15 and also
possibly IL-13 receptors. The important finding that mutations in the gene encoding the IL-2
receptor Y-chain profoundly affect T, NK and to a lesser extent B cell dlfferentlatlon will be a
source of further understanding of the mechanism of lymphoid differentiation.? The treatment
of choice is bone marrow transplantation with an HLA-matched donor. With an HLA identi-
cal donor 95% survival with full immune reconstitution may be expected but it drops to 50-60%
survival with varying degrees of hematopoietic reconstitution even in haploidentical transplants.

SCID with Adenosine Deaminase Deficiency

Adenosine deaminase (ADA) deficiency, inherited as an autosomal recessive trait, results
in a lymphopenic form of SCID in homozygous individuals that is fatal in early childhood.”
Phenotypes vary from very early onset disease with no residual ADA activity and profound
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Table 2. Predominant abnormalities in selected primary immunodeficiency diseases

Name of Deficiency
Syndrome

Specific
Abnormality

Immune Defect

Susceptibility

Severe combined
immune deficiency
(SCID)

DiGeorge syndrome

MHC class | deficiency
MHC class Il deficiency

Wiskott-Aldrich
syndrome

Common variable
immunodeficiency
X-linked
agammaglobulinemia
X-linked hyper
IgM-syndome
Selective IgA and/or
IgG deficiency
Phygocyte
deficiencies
X-linked
lymphoproliferative
syndrome
Ataxia telangiectasia

ADA deficiency
PNP deficiency
X-linked SCID,

Yc chain deficiency
Autosomal SCID
DNA repair defect
Thymic aplasia

TAP mutations
Lack of expression
of MHC class Il
X-linked; defective
WASP gene

Unknown;
MHC-linked
Loss Btk tyrosine
kinase

Defective CD40
ligand
Unknown;
MHC-linked
Many different

SAP mutant

Gene with PI-3
kinase homology

No T or B cells
No T or B cells
No T cells

No T or B cells

Variable numbers of
T and B cells

No CD8 T cells

No CD4 T cells

Defective
polysaccharide
antibody reponse
Defective antibody
production

No B cells

No isotype switching
No IgA synthesis
Loss of phagocyte
function

Inability to control

B cell growth

T cells reduced

General
General
General
General

General

Viruses
General

Encapsulated
extracellular bacteria

Extracellular bacteria
Extracellular bacteria,
viruses

Extracellular bacteria
Respiratory infections
Extracellular bacteria
and fungi

EBV-driven B cell

tumors

Respiratory infections

The specific gene defect, the consequence forimmune system, and the resulting disease susceptibilities
are listed for some common and some rare human immunodeficiency syndromes. ADA= adenosine
deaminase; PNP=purin nucleotide phosphatase; TAP=transporters associated with antigen processing;
WASP= Wiskott-Aldrich syndrome protein; EBV= Epstein-Barr virus; NK= natural killer

lymphocytopenia to late onset disease associated with residual enzymatic activity and mild T
cell lymphocytopenia. The deleterious effects of ADA deficiency on immune function are vari-
able. Lymphocyte numbers are often very low but can be nearly normal in some ADA deficient
individuals. Similarly, immunoglobulins of all isotypes may be grossly deficient, while other
affected individuals may have nearly normal immunoglobulin levels.!

The immunodeficiency associated with ADA deficiency has been treated succesfully by
bone marrow transplantation. However, when no matched donor is available there are now
other options as bovine ADA coupled to polyethylene glycol (PEG-ADA) to increase stability
and half-life and decrease immunogenicity given by three times weekly injection until somatic
gene therapy are perfected.’
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SCID with Purin Nucleoside Phosphorylase Deficiency

Purine nucleoside phosphorylase (PNP) deficiency is a rare disease also inhibiting prolif-
eration of T cell precursors. The immunodeficiency is characterized by deficient T cell immu-
nity and normal B cell function. It is often associated with neurological symptoms that remain
poorly understood. PNP deficient individuals are often anergic and lymphopenic due to re-
duced numbers of circulating T cells. T cell responses to mitogens and antigens are reduced or
absent. In contrast, the numbers of circulating B cells are normal or only slightly reduced.
Serum immunoglobulins are also usually normal, as are antibody responses to blood group
antigens, immunizations or natural infections. There is no specific replacement therapy
for this enzyme deficiency. Bone marrow transplantation is at present the only feasible
therapeutic approach.'

SCID with MHC Class I/II Deficiency

One rare form of combined immunodeficiency is called major histocompatibility compex
(MHC) class I deficiency (bare lymphocyte syndrome). These patients often have normal number
of T and B cells, but these fail to express classes I or II or both class antigens. The presumed
pathogenesis is a defect of gene transcription within the cells.

Another autosomal recessive form of SCID is characterized by an inability to express class
IT molecules of the MHC. Normal numbers of T and B cells are generated in these individuals,
but antigen-presenting cells either lack HLA-DR, HLA-DQ, and HLA-DP molecules entirely
or express them in very low levels." Thus macrophages, B cells, Langerhans’ cells, and dentritic
cells all fail to express MHC class II molecules. The defect extends to cells that do not constitu-
tively express these molecules but that normally can be induced to do so.

The T cells present in affected individuals can be activated by mitogens or allogeneic
lymphocytes, but they fail to express class II molecules following activation. The defective
antigen specific T and B cell response in vitro and in vivo are caused by defective expression of
MHC class IT molecules.” This phenotype results from a defect in a transregulatory element of
MHC class IT gene expression. Most patients with a deficiency in the expression of MHC class
II molecules exhibit a partial but variable reduction in the number of CD4+ T cells, as expected
from the known role of MHC class IT molecules in CD4+ T cell differentiation.

The variable clinical picture and the functional heterogeneity of T and B cells observed in
this group of patients suggests that SCID with MHC class II deficiency might be heteroge-
neous disorders with different genetic basis.

Deficiencies in Expression of CD3 Molecules

Mutations affecting the genes encoding CD3y and € chains have recently been described
in patients with immunodeficiencies. Interestingly, the absence of CD3y protein did not abol-
ish TCR-CD3 expression completely and 50% of T cells express TCR-CD3 complexes.* CD8+
T cell counts were reduced in these patients leading to the suggestion that the CD8 molecule
interacts with CD3y in the antigen recognition unit.'’ The occurrence of severe autoimmunity
could point to abnormal intrathymic T cell selection although similar manifestations have
been observed in other T cell immunodeficiencies.

The development of functionally immature T cells with variable phenotypic patterns has
been observed in a few individuals with SCID."! Two infants were found to possess circulating
lymphocytes with the immature thymocyte pattern of CD2 expression without detectable CD3,
CD4, or CDS8 expression.'? Peripheral T cells with the intermediate thymocyte pattern of
CD2, CD3, CD4, and CDS8 expression have been observed in some infants with SCID, while
still others were found to have an isolated deficiency of T cells with the CD4+ phenotype.'!?
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Reticular Dysgenesia

Reticular dysgenesia is a rare congenital disorder that is characterized by impaired devel-
opment of multiple cell lineages." In addition to the early developmental failure of both T and
B cell lineages, there is impaired growth and differentiation of myeloid cells in affected new-
borns. The disorder does not feature a complete developmental failure of hematopoietic stem
cells; affected individuals produce erythroid and megakaryocytic cells in normal numbers. Suc-
cessful treatment of an affected infant by bone marrow transplantation suggests that reticular
dysgenesia may reflect inherent defects shared by myeloid and lymphoid cell precursors."

Immunodeficiency Associated with Other Defects

T Cell Activation Deficiencies

In recent years, functional T cell immunodeficiencies have been described with abnor-
malities either in signal transduction or in cytokine production. So far, however, the molecular
basis of these immunodeficiencies has not been elucidated. They include a case where T cell
activation could not be induced through the T cell receptor (TcR) triggering but could be
induced by direct activation of protein kinase C and/or calcium entry. A functional decoupling
of the TcR-CD3 complex from phospholipase Cy1 activation was postulated.'® T cell deficien-
cies associated with a lack of production of IL-2 have been described in three patients with
defective IL-2 gene transcription.'4!

DiGeorge Syndrome

DiGeorge syndrome is due to abnormal migration of the third and fourth branchial pouches
with defective development of thymus. Detection of absence or extremely low number of T
cells by immunophenotyping of peripheral blood mononuclear cells is helpful in the diagnosis
of DiGeorge syndrome and related diseases. Hemizygosity is found in a clinically overlapping
syndrome called velocardiofacial syndrome, which does not include abnormal development of
the thym4us. Further work is necessary to identify the genetic basis of the migration of these
pouches.

Wiskott-Aldrich Syndrome

Wiskott-Aldrich syndrome (WAS) is a complex X-linked immunodeficiency associated
with thrombocytopenia, abnormal platelets, eczema, infections and progressive T and B cell
immunodeficiency with a constant defect in the production of antibodies to polysaccharides.
Patients tend to develop autoimmune manifestations and lymphomas.* The molecular basis of
WAS remains unidentified. Recently, morphological and membrane abnormalities as well as
signal transduction defects were described and reduced expression of CD43 by T lymphocytes
was demonstrated.'®!? The expression of CD23 on Epstein-Barr virus (EBV) transformed B
cells has also been found to be reduced in patients with WAS.*

Hyper IgM Syndrome

Hyper IgM syndrome (HIgM) is characterized by defective production of Ig requiring a
switch process, i.e., IgG, IgA and IgE, whereas [gM concentration is either normal or increased.
Several lines of evidence indicate that the X-linked HIgM is not a B cell deficiency. Mayer et al
has been postulated a defect in the T helper cells.”! They showed that B cells from patients
could be triggered to produce IgG and IgA in the presence of a Sezary cell line. Recently it was
found that both the WAS disease locus and the gene encoding the CD40 ligand, a molecule
expressed on activated T (and B cells), are mapped to the same genetic locus of chromosome X.
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It is also suggested that the same molecular interaction between T cells and other CD40 ex-
pressing cells (such as B cells, epithelial cells and follicular dendritic cells) could be involved in
the control of infections caused by opportunistic microorganisms.*

Predominantly Antibody Deficiency Diseases

In this section we consider those antibody deficiencies that feature abnormal B cell devel-
opment and function in the presence of essentially normal T cell development. Although subtle
functional deficits of T cell mediated immunity may sometimes occur, these are usually ac-
quired ones. Bacterial infections are the most frequent complication of the antibody deficien-
cies. In some antibody deficiencies autoimmune disorders occur with greater frequency than in
the general population. Apart from medical management of the infections and autoimmune
disorders, antibody replacement therapy is currently the only effective treatment. Bone mar-
row transplantation has not yet been successfully employed to correct any of the primary anti-
body deficiencies in humans.!

Congenital Agammaglobulinemias

X-Linked Agammaglobulinemia

The X-linked agammaglobulinemia (XLA) is a convenient prototype for antibody defi-
ciency syndromes. Affected boys have undetectable or very low serum levels of all the immuno-
globulin subtypes. Boys with XLA are normal at birth. They usually start to have infections
only after they have catabolized most of their maternally derived IgG antibodies. Although
most of the infections in XLA patients are bacterial in origin, persistent viral and parasitic
infections may also occur. The cellular basis of the antibody deficiency is arrested B cell devel-
opment in the bone marrow (Fig. 2). While mature B cells, plasma cells and plasma cell precur-
sors are deficient, pre-B cells containing intracytoplasmic w chains are usually produced in
normal numbers. Pre-B cells are present in the bone marrow while further development of the
B series appears to be arrested and B lymphocytes in the blood are absent or very rare.

Most B cells display characteristically an immature phenotype as defined by cell surface
markers. T  cell development appears normal in XLA patients, and enumeration of T cell sub-
populations usually reveals no significant abnormalities."*>%

Autosomal Recessive Agammaglobulinemia

The familial occurence of agammaglobulinemia in girls suggests that one form of con-
genital agammaglobulinemia may be inherited as an autosomal trait.?*24 This is relative rare,
and too few cases have been observed to document the exact mode of inheritance or to define
the B cell defect.'

Common Variable Immunodeficiency

The common variable immunodeficiency (CVI) syndrome, which is not considered to be
a single disease entity, is typically characterized by a paucity of antibody producing plasma
cells, low levels of most or all immunoglobulin isotypes, and recurrent infections.”> Most indi-
viduals with CVI have normal numbers of B cells, but they fail to undergo plasmacytic cell
differentdiation (Fig. 2). Helper CD4+ cells are also usually present in normal numbers. Germi-
nal center formation by proliferating B cells may be extensive in CVI patients, as reflected by
hypertrophy of the spleen, lymph nodes, and intestinal lymphoid tissues. This B cells over-
growth appears to reflect a normal proliferative response to antigen stimulation in the absence
of normal feedback control by endogeneously produced IgG antibodies." Possible pathogenetic
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Figure 2. Scheme of B cell deficiencies. SCID= severe combined immunodeficiency; XLA= X-linked
agammaglobulinemia; CVI= common variable immunodeficiency.

mechanisms include maturation defects restricted to B cells and suppression of immunoglobu-
lin production by T cells. With increasing age many of these subjects develop defects of cell
mediated immunity, detected as reduced numbers of T cells in blood and impaired prolifera-
tive responses to mitogens.>®

IgA Deficiency

Isolated IgA deficiency is usually defined by very low level of serum IgA in the presence of
normal or increased IgM and IgG. The clinical consequences of IgA deficiency range from
severe systemic infections to a perfectly healthy state.”> Most IgA-deficient patients never be-
come aware of their antibody deficiency, having no more than the usual upper respiratory
infections and occasional diarrhea. Others may have recurrent infections, interstitial malab-
sorption, allergic diseases, and autoimmune disorders such as rheumatoid arthritis, systemic
lupus erythematosus, hemolytic anemia, and chronic active hepatitis. One reason for this re-
markable spectrum of clinical manifestations may be the variability in the extent of the immu-
nodeficiency. Another potential variable is the ability to replace IgA antibodies with IgM anti-
bodies in the mucosal secretions in some IgA deficient individuals.'

The cellular defect in IgA deficiency is characterized by a failure of IgA B cells to undergo
plasma cell differentiation (Fig. 3). The IgA genes appear to be normal, and the membrane-bound
forms of IgAl and IgA2 are expressed. The IgA bearing B cells produced by IgA deficient
individuals appear to be arrested at an immature stage of development. Most of these IgA B
cells still express IgM, as is normally the case in newborns but not in immunologically
mature individuals.'

T cell development appears normal in most IgA deficient individuals, but T cells that can
selectively suppress differentiation of IgA B cells have been found.'
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Figure 3. Cellular basis of IgA deficiency.

Selective Deficiencies of Other Immunoglobulin Isotypes

IgM deficiency is rare disorder that may be inherited as an autosomal recessive trait. Af-
fected individuals have normal numbers of IgM and IgD bearing lymphocytes. The molecular
basis for the selective inability to undergo IgM plasma cell differentiation is unknown, but
laboratory data suggest abnormal reception of appropriate T cell help as one basis for selective
defect in IgM B cell differentiation. IgG subclass deficiencies may involve one or more of IgG
subclasses and can easily go undetected when total IgG is measured.

The diagnosis is usually made during the evaluation of individuals with recurrent bacterial
infections who have no other obvious immunodeficiency. IgG subclass deficiencies have also
been found in association with IgA deficiency. The immunological defect appears to be in the
regulation of differentiation into IgG producing cells. Immunophenotyping is not helpful in
diagnosis of IgG subclass deficiencies.!

Kappa Chain Deficiency

Immunoglobulin positive B cells with k chains are prevalent in humans with a normal «/
A ratio approximately 2:1. Rare individuals suffering from recurrent infections are selectively
deficient in K chain production. Cell surface K chains are not detectable on peripheral B cells of
these patients by immunophenotyping.'*?

Thymoma and Hypogammaglobulinemia

The association of thymoma and hypogammaglobulmemla in an immunodeficient indi-
vidual was one of the first clues suggesting a role for the thymus in immunity."*® Individuals
with thymoma and hypogammaglobulinemia characteristically lack both pre-B cells in bone
marrow and the cell of antigen dependent B cell proliferation in peripheral tissues. T cells are
maintained in relatively normal numbers, even following removal of the whole thymus includ-
ing the thymoma, although subtle deficits in cellular immunity are sometimes demonstrable.'



Clinical Application of Immunophenotyping in Immunodeficiencies 71

Phagocytic Cell Disorders

Chronic Granulomatous Disease

Chronic granulomatous disease (CGD) consists of a group of several disorders character-
ized by defective phagocyte function. Phagocytic cells in children with CGD ingest organisms
normally but fail to kill them as a result of defects in the superoxide-producing pathway. This
results in recurrent and chronic bacterial and fungal infections in affected individuals. All forms
of the disease affect the various components of the nicotinamide adenine dinucleotide phos-
phate NADPH) oxidase system of phagocytic cells. The NADPH oxidase is now to consist of
four specific components, two of which are cytosolic: p47-phox and p67-phox, and two are
membrane bound flavocytochrome b558 components: gp91-phox and p22-phox. Defects in
any of these components give rise to CGD, with over 90% of all cases caused by defects in
p47-phox and gp91-phox.”**

Leukocyte Adhesion Deficiency

Leukocyte adhesion deficiency (LAD) is an autosomal recessive inability of leukocytes to
adhere to cells such as the endothelium, inhibiting their ability to migrate to the sites of inflam-
mation or infection. Defective expression of specific leukocyte surface integrins CD11/CD18
accounts for the clinical manifestations. Several families studied have specific mutations in
their CD18 genes coding for the 2 integrin subunit. The CD11/CD18 molecules are adhe-
sion antigens. CD11/CD18 are present on all leukocytes (monocytes, macrophages, lympho-
cytes, PMN and natural killer cells). Leukocyte functions mediated by CD11/CD18 are sum-
marized in Table 3. Deficiency of the CD11/CD18 leukocyte adhesion molecules is a rare
inherited disease presenting in the first 2 years of life and characterized by recurrent and often
fatal bacterial infections.”’

Reduced surface expression of CD11/CD18 is observed in specific granule deficiency is
due to the absence of secondary and tertiary granules while in neonatal granulocytes there is a
relative deficiency of these granules. Secondary and tertiary granules are the major intracellular
storage sites for CD11b,c/CD18. Deficient CD11a/CD18 expression is also observed in cer-
tain lymphomas.?” There are also acquired CD11/CD18 deficiency states such as
ischemic-reperfusion injury and transplant rejection. In patients with burns, sepsis, hemodi-
alysis, systemic lupus erythematosus and diabetes mellitus an increased expression of CD11/
CD18 complex was observed.

Mannose-Binding Protein Deficiency

During the past few years it has become a prime suspect for unexplained immunodefi-
ciency with a history of recurrent infection and inability of phagocytosis. This was subsequently
found to be due to lack of a protein that bound to mannan, a mannose binding protein (MBP)
which was absent or present in very low concentration in the blood of those with this impair-
ment of phagocytosis. MBP is a major acute phase protein circulating in the blood in a wide
range of concentration (0.1-50 mg/ml). Structural analysis shows that it resembles C1q by
binding to ligands activating a serine protease and can then form a C3 convertase. Mutations
in the MBP gene have been identified. These mutations apparently prevent MBP from poly-
merizing and performing its function. However, the existence of mutation in MBD, in 17% of
Caucasians, is more frequent than the problems of immunodeficiency, and why this should be
50 has yet to be explained.?®
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Table 3. Leukocyte functions mediated by CD11/CD18 antigens

Leukocyte Function

Relevant Heterodimer

Clinical Manifestation

Myeloid series

Binding to iC3b

Spreading/migration/chemotaxis

Aggregation

Adhesion to endothelium

Phagocytosis

Particle-induced oxidative burst
and degranulation

ADCC

Lymphoid series

Antigen, mitogen, or alloantigen
induced proliferation

NK, K and CTL

T and B aggregation

Adhesion to endothelium

Helper activity for in vitro

CD11b,c/CD18
CD11a,b,s/CD18
CD11a,b/CD18
CD11a,b,c/CD18
CD11b/CD18
CD11b/CD18

CD11a,b,c/CD18
CD11a/CD18
CD11a-c/CD18
CD11a/CD18

CD11a/CD18
CD11a/CD18

Recurrent pyogen
infections

Persistent neutrophilia

Poor granulocyte
mobilization

Poor wound healing

Minimal

Ig production

(References: 1,2,3,4,8,22)

Complement Defects

Inherited defects have been described for most components of the complement system.
These are very rare giving rise to susceptibility to autoimmune disorders for the early compo-
nent deficiencies (C2 and C4) and susceptibility to bacterial infections such as Neisseria
meningitidis for the later components (C5-9). Of the alternative pathway components, X-linked
properdin deficiencies have been described with defined mutations in three or four families
worldwide. C1 esterase deficiency is the most common defect presenting angioedema and/or
abdominal pain. Oedema can be severe leading to pharyngeal and laryngeal swelling, stridor, or
even death. Therapy for acute attack of swelling involves supportive care and infusions of C1
inhibitor have been used. Chronic therapy usually involves treatment with androgenic steroids
for increase protein synthesis from C1 inhibitor gene.*®

Cellular Control Proteins

The most common deficiency of plasma membrane proteins to control complement acti-
vation is paroxysmal nocturnal hemoglobinuria, an acquired clonal defect of bone marrow
stem cells results in failure of expression of all membrane proteins with a phosphoinositol
glycan anchor. There is absence of two complement control proteins, DAF and CD59, which
leads to abnormal complement activation, deposition on, and enhanced sensitivity to lysis of
these erythrocytes. The disease is characterized by increased complement consumption prima-
rily by the alternative pathway, on the surfaces of the abnormal bone marrow derived cells.
Lysis of erythrocytes leads to the primary clinical manifestation, severe hemolytic anemia.”**
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Table 4. Lymphocyte phenotyping in primary immunodeficiency diseases

Disease B Cells T Cells
SCID Variable positivity with a) CD3-,CD4-,CD8-,CD2-
CD19, CD20, CD21, CD9 b) CD3-,CD4-,CD8-,CD38+
c) CD3+,CD4+,CD8+,CD38+
ADA deficiency Absent Absent
Bare lymphocyte Normal numbers of CD3+, CD2+, CD4/CD45RA+,
syndrome CD19, CD20, CD21, CD8/CD28+
slgD/sIgM+ cells HLA-I/Il Ags negative
HLA-I/Il Ags negative
X linked CD19+, CD9+, CD3+, CD2+, CD4/CD45RA+,
agammaglobulinemia ~ CD20+-,CD21-, CD4/CD8 ratio usually normal
CylgM+, slgM-
Common variable Normal CD19, CD20, Normal CD3, CD2
immunodeficiency CD21, slgM Decreased CD4/CD8 ratio
Selective IgA deficiency Normal CD19, CD20, CD21 Normal CD3, CD2, CD4, CD8

slgA/sigM double +
slgA/slgD double +

(References: 1,2,3,8,9) Cy= intracytoplasmic; slg= surface immunoglobulin

Use of Inmunophenotyping in Clinical Evaluation of Patients

with Primary Immunodeficiencies

Immunophenotyping of lymphocytes is an important component of the evaluation of
immunodeficient patients (Table 4). In patients with hypogammaglobulinemia, B cells may be
absent (in SCID, for example). Conversely, if B cells are present, they may not be functional,
because of the number of circulating B cells does not necessary correspond to the quantity of
immunoglobulin found in the serum.? Because CD4+ T cells are necessary for the function of
B cells (as well as other limbs of the immune response), their presence is important. In SCID
these cells (particularly mature T cells) are absent. This is manifest by an inability of the patients
cells to respond to foreign antigens by either immunoglobulin production or cell medi-
ated immune processes that protect the host from overwhelming infections. Therefore,
immunophenotyping of lymphocytes is important in the diagnosis of SCID.
Immunophenotyping can be a potentially valuable tool in the prenatal diagnosis of SCID and
in conjunction with enzyme determinations it has been successful in diagnosis SCID with
adenosine deaminase deficiency.

InT cell deficiencies immunophenotyping may or may not be useful for diagnostic stud-
ies. The most important feature of these patients is the function of their lymphocytes. How-
ever, studies of subsets of CD4 or CD8 cells may help define the basis for demonstrated func-
tional defect.’ Immunophenotyping of various cellular populations in immunodeficiencies are
valuable in diagnosis, treatment and understanding the pathomechanism of these diseases.
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Human Immunodeficiency Virus Infection and Acquired
Immunodeficiency Syndrome

The first cases of the acquired immune deficiency syndrome (AIDS) were reported in
1981 but it is now clear that cases of the disease had been occurring unrecognized for about 4
years before its identification. The disease is characterized by a susceptibility to infection with
opportunistic pathogens or by the occurrence of an aggressive form of Kaposi’s sarcoma or
B-cell lymphoma, accompanied by a profound decrease in the number of CD4 T cells. As it
seemed to be spread by contact with body fluids, and was early suspected to be caused by a new
virus, and by 1983 the agent now known to be responsible for AIDS, called the human immu-
nodeficiency virus (HIV), was isolated and identified. There are known to be at least two types
of HIV —HIV-1 and HIV-2— closely related to each other. HIV-2 is endemic in West Africa
and is now spreading in India. Most AIDS worldwide is, however, caused by the more
virulent HIV-1.%

Pathogenesis of the Immune Deficiency

Infection with HIV produces a wide range of qualitative and quantitative immunological
changes, including defects in T cell, NK cell, monocyte and B cell function. Prominent among
these changes are those that affect the CD4+ T lymphocyte. Normally, the CD4+ T cell pro-
vides regulatory factors that enhance the function of many other cell types. It is believed that
many of the defects in function seen in HIV disease in the other cells are linked to changes in
CD4+ T lymphocyte number and function. There is a characteristic and progressive fall in the
peripheral blood CD4+ T cell number that closely parallels the clinical deterioration in pa-
tients with HIV infection. How HIV produces this effect remains unclear although a number
of mechanisms have been proposed. Which mechanism is most important in vivo remains
unknown, although the loss of CD4+ T cell numbers and function is likely to be multifactorial
(Table 5). CD4+ T cell dysfunction as well as depletion contributes to the immune deficit.
CD4+ T cells from HIV-infected patients are defective in their ability to proliferate in response
to soluble antigen and to induce immunoglobulin production from B cells.

Following primary infection there is a characteristic CD8+ lymphocytosis that persists
until very late-stage disease: some of these CD8+ cells are HIV-specific cytotoxic T cells as well
as nonspecific NK cells. The late stage decline in CD8+ cell numbers suggests that CD4+
lymphocytes have a part in maintenance of CD8+ cell numbers and function perhaps via secre-
tion of IL-2 and other cytokines.

In contrast to infection of CD4+ T cells, HIV infection of cells of the monocyte/mac-
rophage lineage does not result in significant cell death. Rather, persistent infection with the
potential for sustained viral production is the rule and monocyte/macrophage lineage cells may
act as an important reservoir of HIV.

Besides alteration in T cells polyclonal B cell activation is characteristic of HIV infection
and is marked by hyperimmunoglobulinemia and persistent generalized lymphadenopathy.
The immunoglobulin may show restricted mobility on routine electrophoresis, suggesting a
limited idiotypic specificity. Much of the immunoglobulin is directed against HIV epitopes
although neutralizing antibody to HIV is frequently not produced. Nodal and peripheral blood
B cells from HIV-infected patients spontaneously produce immunoglobulin and express sur-
face activation markers, implying they are in an activated state.”®

Flow Cytometry for Detection of Lymphocytes in HIV+ Patients

In HIV infection, alterations in CD4 subsets have been examined in natural history stud-
ies and treatment trials to determine whether a particular cell population is preferentially lost
in HIV infection or if response to therapy can be predicted by changes in CD4+ T cell subsets.
It is clear that CD45RO, CD45RA or CD29 markers on CD4+ cells are not strong predictors
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Table 5. Possible mechanisms of HIV-related immunodeficiency

CD4+ T lymphocytes

Directly cytopathic

Intracellular interaction between gp120 and CD4
Syncytium formation by cells expressing gp120
Binding to uninfected CD4+ cells

Induction apoptosis

Impaired IL-2 production

Impaired antigen and mitogen responses

Altered surface expression of IL-2R, T cell receptor and CD4
Macrophages

Reduced chemotaxis

Reduced monocyte dependent CD4 T cell proliferation
Rediced Fc receptor function

Reduced C3 mediated immune complex clearance
Reduced MHC Il expression and impaired antigen presentation
Reduced intracellular killing

CD8+ lymphocytes

Reduced IL-2, IL-2R and IFN gamma production
Reduced cytotoxiv activity

Natural killer cells

Reduced cytokine production

Reduced cytotoxic activity

B lymphocytes

Polyclonal activation by HIV and other viruses
Increased I1gG1, 1gG3, IgA, IgE, reduced 1gG2 and 1gG4
Reduced neoantigen responses

Other

Infection of bone marrow precursors

Infection of thymocyte precursors

for disease progression or response to therapy. To date, CD4+ T cell levels alone, rather than
any CD4+ subsets are the strongest indicator of HIV immunosuppression and progression to
AIDS. Although CD4+ T cell levels are not the perfect surrogates for the effects of antiretroviral
therapy they have been helpful for determining at least part of the therapy effect.?

CD8+ T cell subsets detecting by immunophenotyping have a multifaceted role in the
immune defense system against HIV infection. In early HIV infection elevated CD8+ cells
may actually predict slow disease progression as it will probably indicate that the immune
system is effectively fighting the viremia. Only in the late stages of HIV infection and AIDS
does this response wane.

Early observations of the changes in T cell subsets in HIV infection were reported as a
percentage and absolute number of lymphocytes that are CD4+ or CD8+. Unfortunately,
measuring the number of circulating CD4+ and CD8+ cells tells us nothing about the cells
present in the tissues, where much of the HIV replication takes place. Because the percent of
CD4+ cells can be measured with good precision and accuracy, it is believed that this is a better
and more reliable measure of immunosuppression in HIV infection than absolute numbers. In
fact, both percentage and absolute numbers of CD4+ T lymphocytes have similar predictive
value in prognosis.

NK cells (CD16+) are reported to be decreased in HIV infection, particularly late in
disease. NK activity is also decreased. However, the importance of enumeration of NK cells in
the natural history of HIV infection is unclear. B cells have found to be decreased during
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HIV disease despite observation that early after infection patients are often hypergamma-
globulinemic.?®

To determine whether the type of response in HIV infection is TH1, TH2 or THO some
researchers have examined intracytoplasmic cytokines in the lymphocytes. This can now be
done on a single cell basis using three-color (four-color) flow cytometry allowing identify both
memory CD4+ and CD8+ T cells and one intracellular cytokine.

Detection of HIV-infected cells using flow cytometry is an exiting application. However,
methods for measuring virus directly in plasma have found favor in clinical laboratories.

When available, viral load measurements should be evaluated in addition to CD4 cell
counts. Normal or high levels of CD4+ cells generally indicate that the immune system is
competent and has not suffered the consequences of viral infection. Elevated CD8+ cells may
actually predict a good prognosis because it will most likely indicate that the immune system is
trying to defend itself against the virus.
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CHAPTER 5

Immunophenotyping in Hematopoietic
Stem Cell Transplantation

Katalin Pdléczi

in many cases is the only treatment offering long-term cure for otherwise fatal diseases.

In 1957 Thomas and coworkers from Seattle first showed that large quantities of bone
marrow (BM) could be obtained and safely infused into humans.! Historically, this approach
was pioneered, after early failures, using BM cells obtained from HLA-matched sibling donors
as the source of the graft. These grafts are available to only one-quarter to one-third of suitable
patients, and considerable effort has been exerted to find alternative donors for patients lacking
a matched sibling donor. Approaches have included the use of hematopoietic stem cells ob-
tained from matched unrelated donors (obtained through national and international marrow
registries), partially mismatched related marrow donors, placental and umbilical cord blood
and autologous marrow or peripheral blood (PB).!

In contrast to BM, where there is usually a single harvest of hematopoietic progenitor cells
(HPC), the size of which is based on volume and/or nucleated cell numbers, multiple apheresis
are routinly performed to collect peripheral blood progenitor cells (PBPC) due to the lower
frequency of these cells in the peripheral circulation.” Measurements of committed progenitor
cells by colony forming assays were unsuitable for this purpose, since they require 12-15 days
to generate the results and therefore could not be used on a daily basis to determine whether
collections should continue. This problem was largely resolved by identification of the CD34
antigen on HPCs, and the availability of monoclonal antibodies (MoAb) to this antigen, which
could then be used for enumeration of these cells by flow cytometry.?

B one marrow transplantation (BMT) is being increasingly used in clinical medicine and

Use of CD34 for Identification of Hematopoietic Progenitors

The discovery, purification, and labeling of MoAb to an antigen known as CD34 made
possible the enumeration of progenitor cells in the PB and BM using flow cytometry.*> The
CD34 antigen is found on a variety of early committed progenitor cells including, it is be-
lieved, the pluripotent hematopoietic stem cell (HSC) and stromal cell precursors. It is also
present on endothelial cells in some tissues. Siena and coworkers (1991) were the first to report
the use of flow cytometry for the measurement of CD34 HPC in order to determine the
timing of optimum mobilization and whether the presence of CD34 on the progenitor cells
correlated with engraftment potential.® In the clinical practice the percentage of CD34+ cells is
calculated using a two-dimensional dot plot of CD34+ cells versus side scatter. An alternative
approach is to use a multiparameter sequential gating strategy to define the specifically stained
population.” In this case positive staining for CD34 and CD4S5, as well as characteristic light
scatter properties are determined. The CD34+ population forms a cluster when displayed, on
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Figure 1. Peripheral blood stem cell apheresis product with three-color staining: nucleicacid dye/ CD34/CD45.

a plot of CD45 staining versus side scatter that is distinct from that of lymphocytes, monocytes
and neutrophils (Fig. 1).

There has been some controversy about the minimum dose of CD34+ cells required to
achieve stable and sustained engraftment. The minimum number of CD34+ HPC is thought
to be 2-5 x 10%/ kg recipient body Weight.6 That dose is, in most cases, easily obtained from BM
and from small number of collections from mobilized PB of patients or normal donors.

Reconstitution of Hematopoiesis Posttransplant and Normal

Hematopoiesis During Ontogeny

Normal adult hematopoiesis depends on the orderly development of hematopoietic cells
within a specialized tissue, the bone marrow cavity. The blood-forming or hematopoietic sys-
tem has been extensively studied for a variety of reasons. It represents the prototype self-renewing
biological system in that large numbers of blood cells have to be produced daily in order to
compensate for the loss of relatively short-lived mature blood cells. Investigations of the hom-
ing of transplanted hematopoietic cell into preconditioned recipients and the ability of trans-
planted cells to regenerate and maintain the hematopoietic system of an organism are very
important in stem cell biology and hematopoietic stem cell transplantation (HSCT).

Hematopoiesis in Early Life

Hematopoiesis is first observed in ‘blood islands’ in the yolk sac.® Subsequently the liver,
spleen and finally the bone marrow are colonised.®!'! Based on avian experiments, the yolk sac
does not contain precursors of adult hematopoiesis, which can first be found in the
aorta-gonad-mesonephros (AGM) region at day 10 in gestation of mammalian develop-
ment."*!2 From the AGM region haematopoiesis moves to the fetal liver before reaching its
final destination in the bone marrow (Fig. 2). In the adults, the bone marrow stem cells and
circulating stem cell pools are in dynamic equilibrium, with over 98% of all committed pro-
genitor cells in the marrow at any one time and very few stem cells circulating in the blood.?



80 Immunophenotypic Analysis, Second Edition

Thymus
(8 weeks)
o~ Primitive
3 .* Definitive
Endothelivun / Yolk sae
T ‘ Bone Marrow

: (8 weeks)

Fetal liver

; A5 weeks)

: S/

} //

s v / Spleen
Endothelinm AGM A (12 weeks)
(Definitive)

Figure 2. Models of ontogeny of mammalian hematopoiesis. Currently available evidences suggest the early
appearance of hematopoietic cells both in the extraembryonic yolc sac and within the embrio proper, in the
aorta-gonad-mesonephros (AGM) area. Definitive progenitor cells present in circulation colonize the liver
at ~5-6 weeks and full development of liver hematopoiesis is established by 8-9 weeks and maintained about
12 weeks when bone marrow and spleen are colonized. Bone marrow is the exclusive site of hematopoiesis
in the adult mice.

Phenotypic Characterization of Recovering Cells Posttransplant

The marrow microenvironment in the adult human serves as the site of normal hemato-
poiesis. Within this environment, hematopoietic progenitor cells lodge, proliferate and differ-
entiate. In the setting of marrow transplantation, infused hematopoietic progenitor cells home’
to the marrow and lodge. Furthermore, long term marrow cultures, early progenitor cells can
be found preferentially associated with the stromal layer, too. These observations suggest that
stem cells and early progenitors cells possess the ability to bind to marrow stromal components.
The presence of ‘homing receptors’ on HSCs facilitates reconstitution of the BM from the
blood following myeloablative therapy and haematopoietic progenitor cell reinfusion. Success-
ful engraftment requires not only adequate numbers and quality of HSC but also appropriate
localization of these cells within the bone marrow microenvironment (Fig. 3),L315.10

HSCT is used to restore normal hematopoiesis following myeloablative and immunosup-
pressive chemotherapy or chemoradiotherapy. This process requires both lineage-committed
progenitors, to effect early engraftment, and primitive progenitors, to effect long-term recon-
stitution (Fig. 4).>1®1” Although lineage committed progenitors are readily detected by in vitro
cloning assays, there is no method that positively identifies the most primitive totipotent HSCs.
Both primitive and lineage committed progenitor cells are known to be present within the
CD34+ cell population of marrow which constitutes 1-5% of cells in adule BM.*'”"? Other
recent publications confirmed the idea of CD34 negative earliest stem cells and present in-
triguing new data about progenitor cell development demonstrating the reversibility of CD34
expression on pluripotent hemartopoietic cells.'®

HSCT also requires the recipient to create a new immune system as stem cell divide and
differentiate into lymphocyte effector cells (Fig. 5). Recovery of a competent immunological
system capable of defending the marrow transplant recipient against pathogens is vital to the
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Figure 3. Stem cell and stromal matrix: hematopoiesis in a suitable microenvironment.

success of allogeneic HSCT. However, followm% allogeneic HSCT, recipients are characterized
by a varying period of immunoincompetence.'”?! The primary variables that contribute to
posttransplant immunodeficiency include a lack of sustained transfer of donor antigen specific
immunity, an impaired recapitulation of immunological ontogeny, and the effect of aging on
thymic function. Additional factors that may contribute include donor-recipient
histoincompatibility, the presence of acute and/or chronic graft versus host disease (GVHD),
recipient age and anti-GVHD therapies.?!

Long-term engraftment » Rapid reconstitution

ot M,

NUCLEATED CELLS

i C‘Slllll\é ) . PRE-PROGENITORS
N CFU-GM
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Figure 4. Hematopoietic cells in early and late engraftment. Among the transplantable nucleated cells there
are stem cells showing CD34 negativity and preprogenitor cells showing CD34 antigen positivity respon-
sible for late and early engraftment, respectively.
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Other additional factors including the nature of lymphocyte migration into lymphoid
and nonlymphoid tissues following HSCT is currently a subject of scientific inquiry. There is
increasing evidence that the capacity of lymphocytes to migrate into lymph nodes is compro-
mised following HSCT, and that alterations in lymphocyte migration into lymphoid tissues
contribute to delays in immune recovery.?

Cellular Reconstitution after Transplant

Leukocytes usually begin to reappear in the blood during the second or third week
posttransplant. The newly derived neutrophils and monocytes seem to be able to carry out
their most important functions as soon as they are generated. Such acquisition of full normal
function, however, does not apply to T and B lymphocytes, some of whose functional activity
is depressed long-term posttransplant.

There are three main reasons for this delay in acquisition of lymphocyte function; first, it
simply takes time for full functional development of lymphocytes to take place. These cells are
undergoing ontogeny in a relatively adult allogeneic environment where, not only are there
often minor or major histocompatibility differences between donor and recipient, but the amount
of thymic epithelial tissue available for T lymphocyte education is markedly reduced compared
with the situation obtaining during fetal lymphocyte development. A second major reason for
the suppression of lymphocyte function is the administration of immune suppressive drugs to
the recipient posttransplant with the primary aim of minimizing the severity of graft versus
host disease (GVHD). The drug cyclosporin and especially methotrexate, that are used as pro-
phylaxis for GVHD may result in the selective destruction of antigen-specific T lymphocytes
that are stimulated in vivo by the presence of the specific antigen in the recipient. Third,
GVHD selects the lymphoid system (besides the skin, liver and gut) as a target organ. Lym-
phoid hypocellularity and atrophy are characteristic histological hallmarks of moderate
or severe GVHD.?
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Kinetics and Function of Immune System Cells Posttransplant

Three factors govern the kinetics and function of immune system cells posttransplant:
they are the rate of disappearance of host cells, the rate of appearance of cells derived from
donor stem cells, and the persistence of mature (predominantly) lymphocytes infused in the
donor inoculum.

Disappearance of Host (Recipient) Peripheral Blood Cells

With the initiation of the preparative regimen pretransplant, a rapid decline in peripheral
blood white cells of host (recipient) origin begins. The rate of decline depends to some extent
on the preparatory regimen utilized. Regimens employing busulfan®® or dibromomannitol®
are associated with a slower rate of decline than those utilizing total body irradiation.”” The
duration of the nadir of the white blood cell count is dependent on both the rate of disappear-
ance of host cells and the rate of appearance of newly generated donor origin cells. Neutrophils
present in the donor inoculum have little impact on circulating cell numbers in the recipient,
although mature lymphocytes present in the donor graft have been shown to contribute func-
tionally to recipient immunity posttransplant.?'??

T Cell Reconstitution after BMT into Adult Patients

Bone marrow derived HSCs in the normal process of differentiation home to the thymus,
the major site of T cell differentiation. However, the thymus is not the only site of T cell
development. T cell differentiation also occurs through extrathymic pathways in the gut mu-
cosa, in the liver, and, at least in the case of murine T cell development, in the bone
marrow as well 2628

Opver the last 10-15 years, immune reconstitution after marrow transplantation has been
viewed as having some characteristic of the immune development in early life."** However,
Storek et al provided phenotypic data suggesting marked discrepancies between T cell develop-
ment in early life and after marrow grafting.’® (a) The thymus in early life is well-developed;
however, the thymus of an adult patient after transplant is naturally involuted and, further-
more, damaged by radiation, cytotoxic drugs or GVHD;' (b) Normal to markedly supranormal
CD4+ T cell blood counts are typical for the late fetal, neonatal and infant period of life;*°
However, subnormal CD4+ T cell counts are generally detected for more than 1 year after
marrow grafting into adult patients.**?' Markers of naivety (e.g., CD45RA) are infrequently
expressed and antigens associated with memory (e.g., CD45RO) are frequently expressed on
posttransplant T cells. Also in contrast to ontogeny, CD28 is not expressed on the majority of
T cells, however, there is an increased percentage of T cells expressing CD11b, CD57, HLA-DR.
Early activation markers like CD25 or CDG69 are usually not expressed during the first year
after transplzmt.SO’3 U In contrast to CD4+ T cells, CD8+ T cell counts reach normal adult
values within several months posttransplant resulting in CD4:CD8 ratios of <1. In contrast to
their limited ability to produce naive CD4+ T cells, adult transplant recipients appear capable
of producing naive CD8+ T cells. It is speculated that this could be due to extrathymic de novo
CD8 T cell production.?*8 Analysis of T cell receptor reconstitution by T cell receptor (TCR)
VP rearrangements is a very useful method to determine the contribution of CD4 and CD8
subsets in recapitulation of T cell repertoire is also important for detection of host (endog-
enous) T cells and provides a new insight into thymic activity posttransplantation and may
lead to strategies aimed at reactivating the thymus.*

The reconstitution of the recipient immune system requires the generation of new antigen
specific T lymphocytes derived from the engrafted donor HSC. The generation of new T lym-
phocytes is dependent upon the function of the recipient thymus. In nontransplant settings,
investigators have demonstrated an inverse correlation between age and the capacity of patients
receiving chemotherapy to generate naive (CD45RA+CD4+) T lymphocytes.*! Sustained
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cellular and humoral immunity in HSCT recipients requires the production of naive T lym-
phocytes capable of differentiating into antigen-specific T cells. Antigen specific T lymphocyte
immunity is necessary for clinical control of DNA and RNA viral, protozoan, and fungal
infections. Through their control of specific antibody production by B lymphocytes, T lym-
phocytes are also necessary for control of infections with encapsulated respiratory bacteria.
Assessments of the transfer of donor T lymphocyte immunity have failed to demonstrate clini-
cally significant transfer.’>%

Following HSCT, recipients are at high risk for infections with DNA viruses to which the
recipients had pretransplant immunity. Both in vitro and in vivo function of T cells are im-
paired for 2 to 4 years posttransplant.’?

B Cell Reconstitution after BMT into Adult Patients

Quantitative recovery of circulating B cells may be viewed as triphasic: (1) barely detect-
able B cell counts from the time of transplant until 3 to 6 months after transplant; (2) rapidly
increasing B cell counts leading to supranormal level between 6-24 months after transplant;
and (3) subsequent normalization probably over the following several years. Early B cells are
larger and express CD21, sIgM and sIgD less frequently and CD71 (transferrin receptor) more
frequently than normal adult B cells. Early posttransplant, all the stages of the B cell program
(activation-proliferation-differentiation into Ig-producing cells) fail. This has been evidenced
by B cell hyporesponsiveness to polyclonal stimulation."*! In late survivals without chronic
GVHD, activation, proliferation and IgM secretion gradually become normal. The only ab-
normality persisting for more than 1 year after transplant is insufficient production of IgG and
IgA, secondary perhaps to a lack of isotype-switched (memory) B cells.*****3! Tn patients
with chronic GVHD, defects of activation, proliferation, and differentiation tend to persist
beyond 1 year after transplant."*

Serum immunoglobin levels fall near or below the low normal limit during the first week
after transplant. They then return to the normal adult range over the next several months to
years: IgM levels normalize within weeks, IgG1 and IgG3 within months and IgG2, IgG4, and
IgA levels normalize within years after grafting. Unfortunately, the quantity of serum immuno-
globulins is an imperfect index of humoral immunity after BMT since the quality may be
abnormal (the idiotype repertoire may be limited or not directed against microorganisms).
Mono/oligoclonal antibodies and autoantibodies are frequently detected.*>3*3! Antibody
responses to polysaccharide antigens normalize only after several years even in patients without
chronic GVHD.

Natural Killer Cell and Monocyte Number and Function

Large granular lymphocytes with natural killer (NK) activity constitute a major portion of
lymphocytes repopulating the peripheral blood early after grafting. These cells are capable of
producing cytokines and may play a role in regulating hematopoiesis, having been shown to
both augment and suppress the growth of committed marrow progenitors. NK cells have also
been suggested to play a role in the pathogenesis of acute GVHD, though this process is clearly
initiated by donor derived T cells."**3*!

Monocyte numbers in the blood return to normal rapidly posttransplant. Monocyte func-
tion after marrow transplantation has been less closely studied than T-and B-cell function, but
all parameters thus far examined appear predominantly normal.!%3%31

Effects of GVHD on Immunological Reconstitution

Acute GVHD following histocompatible HSCT has little effect on the tempo of lym-
phoid reconstitution as measured by absolute lymphocyte count or the absolute numbers of
CD3+ T lymphocytes. Transient depression of absolute lymphocyte count and CD3+ T cells
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Figure 6. Components of the immune deficiency in chronic GVHD.

occurs following administration of anti-T lymphocyte immunosuppression, especially
antithymocyte globulin (ATG) and anti-T lymphocyte (anti-CD3) monoclonal antibodies.
The most apparent abnormalities due to GVHD are seen in chronic GVHD have a decreased
capacity to develop antigen specific T lymphocyte response and to produce specific antibodies,
particularly to polysaccharide antigens, while having an increased incidence of autoantibod-
ies.>® In vitro analysis of the cellular basis of the immunodeficiency present in patients with
chronic GVHD has demonstrated a variety of cellular defects (Fig. 6). Decreases in the number
and function of CD4+ T lymphocytes have been described, in addition to the presence of
activated (HLA-DR expressing) CD4+ and CD8+ lymphocytes.'*?? Defects in B lymphocyte
function that result in a lack of normal responsiveness to T lymphocyte stimulation have been
identified."'>*>3%3! Thus, no single primary defect can explain the immunodeficiency associ-
ated with chronic GVHD.

Vaccination Posttransplant

Evidence suggests that immunity to specific antigens declines with time after transplant
and may require periodic boosting, although probably not before two years or more from
transplant.”” Immunization on chronic GVHD patients with standard vaccines results in a
poor immune response. Immunization with live virus vaccines is not recommended for fear of
causing disease. Passive immune therapy with intravenous immunoglobulin has been shown to
decrease the risk of Gram-negative sepsis and local bacterial infections, interstitial pneumonitis
and should be utilized routinely in the transplant patients.

Mixed Chimerism

The allogeneic HSCT as it is currently defined includes three major components. These
consist of conditioning regimens to both eradicate the underlying disease and suppress the
host’s immune system in preparation for the graft; infusion of the stem cell graft to rescue the
recipient from otherwise lethal marrow toxicity of the conditioning regimen and to eliminate
host resistance and residual leukemia via GVH reactions; and postgrafting immunosuppression or
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T cell depletion to control GVHD and establish long-term graft-host tolerance. Complica-
tions related to the conditioning regimen are major limitation in the application of HSCT.

To reduce the risks of HSCT from toxic conditioning regimens, investigators have sought
safer transplant programs. These regimens may result in stable mixed donor-host hematopoie-
sis instead of complete donor hematopoietic chimerism. Novel allotransplant studies embraces
the concepts that the currently used intensive cytoreductive conditioning regimen can be re-
placed by nonmyelotoxic immunosuppression and that stem cell graft create their own marrow
space through GVH reactions. Immunosuppression is divided into two parts, one aimed exclu-
sively at host cells before transplantation, and the other directed at both host and donor cells
after transplantation. The net effect is the establishment of mutual graft-versus-host tolerance
as manifested by stable mixed donor-host chimerism.*-3>

A great deal of effort has been expended in the twentieth century to understand how
immune system distinguishes self from non-self. Fragments of mechanism have been unrav-
eled, but there is still no clear understanding of the overall process. It seems likely that only a few of
the millions of different clones of immunocytes recognize the foreign antigens in the transplanted
cells. It is only these cells that need be eliminated. However, presumably because our understand-
ing is incomplete, specific immune tolerance has not been achieved after allogeneic transplanta-
tion. If it can be achieved, cytoreduction may not be necessary for transplantation succeed. 1343

Multi-Tissue Potential of HSC

The hematopoietic system is not unique in its ability to generate large numbers of mature
cells continuously throughout life. The intestinal epithelium, the skin epithelium and the male
germline all share this property.®® Stem cells have been purified from a number of organs and
tissues including BM, liver, skin, gut, muscle and brain. The majority of stem cells reside in a
quiescent or slowly cycling state and undergo cell division to self renew or differentiate into a
transitional pool of rapidly dividing progenitor cells with limited self renewal. Progenitor cells
undergo further lineage commitment and differentiation into the mature post-mitotic cells
that constitute a specific tissue. At any times in this process, stem cells and their differentiated
progeny may undergo apoptosis.

During the past year some groups reported that adult human stem cells have the ability to
reconstitute human bone marrow even across the tissue border. They showed that stem cells
from the adult brain retained the youthful ability to become several different kinds of tissues.
Additionally, nonhematopoietic cells isolated from murine adult sceletal muscle seemed to
exhibit even more BM reconstituting hematopoietic activity as compared to whole BM.?” Re-
cently, Keller (2001) has also proposed a pathway of pluripotent HSC maturation character-
ized by CD34 and c-Kit (CD117, stem cell factor receptor) expression suggesting that c-Kit"*
pluripotent HSC might give rise to c-Kit" cells and that these cells have multitissue potential
(Fig. 7). Experiments are currently underway to determine the plasticity of the c-Kit"® cells.
Progenitor and precursor cells in other organ systems, including germ, skin, muscle, liver, brain
and gut, have been shown to express c-Kit, which suggests that the c-Kit maturation pathway
may be the same for stem cells in other organ systems.”’

Do these surprising observations warrant a rethinking of the current stem cell dogma? At
this point, the answer is no—or at least, not yet.3 © In order to understand the rationale for this
conclusion it is necessary to highlight again the role that clonal analysis has played in defining
the hematopoietic stem cell. Simply stated, the experiments showing that a single cell popula-
tion can yield hematopoietic as well as other tissues were not performed at the level of single
cells. However, the biologic events that occur following HSCT seem to be determined by the
presence of stem cells, progenitors, environmental factors, mature T cell and many soluble
biological factors as well. A greater understanding of the interrelationship between the differ-
ent cell types may result in improved transplantation results.



Immunaphenotyping in Hematopoietic Stem Cell Transplantaion 87

Active (cycling)

Dormant (slowly cycling) %
A

) Ing=1

TNE A 2T

I T i e /
11— "
CD34- CD34- CD34+ CD34+ CD34 low
CD45. CD45+ AC133+,cD82+  CD38+ HLA-DR+ (p334 or
CD38+- CD38-, HLA-DR- CD71+, CD117+  cpg3 cys

CD71.,CD117-low -0, Fl3rec. +  yineaget
FIt3 reclow CDY0-, AC133-

Other cell type Gp130 low

Figure 7. Summary of recent hypothesis of human stem cell development. The earliest stem cell (CD117
negative) is probably not tissue-determined, quiescent or slowly cycling with self-renewing capacity. Pos-
sibly through cell matrix interaction it can acquire a tissue specific phenotype and function. CD117 positive
stem cells may have the potential to give rise to differentiated cells characteristic of other organs showing
plasticity of stem cells. The expression of CD34 antigen is variable in the human bone marrow during
maturation progress.
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