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Summary

Germinal centers (GCs) are confined anatomic regions where rapidly proliferating B cells undergo
somatic mutation and selection and eventual differentiation into memory B cells or long-lived
plasma cells. GCs are also the origin of malignancy, namely follicular lymphoma (FL), GC B cell-
diffuse large B cell lymphoma (GCB-DBLCL), and Burkitt lymphoma (BL). GC B cell
lymphomas maintain their GC transcriptional signatures and sustain many features of the GC
microenvironment, including CD4* T follicular helper (Tfh) cells. Tfh cells are essential for the
formation and maintenance of GCs, providing critical helper signals such as CD40L. Large scale
sequencing efforts have led to new insights about the tightly regulated selection mechanisms that
are commonly targeted during GC B cell lymphomagenesis. For instance, HVEM, a frequently
mutated surface molecule in GC-derived lymphomas, engages the inhibitory receptor BTLA on
Tth cells and loss of HVEM leads to exaggerated T cell help. Here we review current
understanding of how Tth cells contribute to the selection of GC B cells, with a particular
emphasis on how Tfh cell signals may contribute to lymphomagenesis. The possibility of targeting
Tth cells for the treatment of GC-derived lymphomas is discussed.
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Introduction

Germinal centers (GCs) are anatomic regions in lymphoid organs where activated B cells
undergo somatic mutation and rapid proliferation, and give rise to memory B cells and long-
lived antibody secreting plasma cells. GCs are organized into two main anatomical
compartments, named based on their histological appearance in early staining techniques, a
dark zone (DZ) and light zone (LZ). In the DZ, B cells express activation induced cytidine
deaminase (AID) which mutates immunoglobulin (1g) genes through deamination of
cytosines, leading to Ig diversification. In the LZ, GC B cells test their newly mutated Ig
proteins for improved affinity to antigen presented on the surface of specialized stromal cells
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called follicular dendritic cells (FDCs). If the B cell recognizes antigen, it internalizes the
antigen for presentation to the limited number of CD4* T follicular helper (Tfh) cells that
reside in the LZ. Tfh cell positive selection drives expression of Myc, which determines GC
B cell size and subsequent numbers of clonal cell divisions that occur in the DZ 14, Just as
GC B cells are some of the most proliferative mammalian cells, dividing every 4-6 hours,
they are also particularly sensitive to cell death with ~50% of GC B cells dying in 6 hours.
DZ GC cells die due to deleterious AID-induced mutations and LZ GC B cells die by default
if there is a lack of antigen engagement and subsequent T cell help.

Tfh cells are a subset of CD4™ T cells that require the transcription factor Bcl6, localize to B
cell follicles and GCs, and depend on GC B cells for their maintenance 6. Tfh cells are not
necessarily defined by their production of particular cytokines, but rather by their ability to
support GC formation, select GC B cells, and determine GC B cell differentiation into
memory B cells and plasma cells through cognate interactions. Tth cell positive selection of
GC B cells occurs predominantly through CD40L engagement of CD40 on the GC B cell.
However, several cytokine and cell surface proteins contribute to the Tth cell’s ability to
promote the clonal expansion and selection of GC B cells.

Despite the fragility of GC B cells in the absence of sufficient Tfh cell positive selection
signals, GC B cell selection can go awry. While overexpression of anti-apoptotic molecules
such as Bcl2 and cell cycle promoting molecules such as c-Myc have long been recognized
to drive lymphomagenesis, whether mutations occur that lead to exaggerated T cell help has
been less clear 7. There are three main types of non-Hodgkin B cell lymphomas that
originate in the GC and maintain a GC B cell transcriptional identity: follicular lymphoma
(FL), GC-type diffuse large B cell lymphoma (GC-DLBCL), and Burkitt lymphoma (BL).
Follicular lymphoma, in particular, maintains the normal GC architecture, such as the
presence of Tfh cells and stromal cells, despite dyssynchronous LZ and DZ cycling 8-10.
GC-DLBCL also maintains a CD4* T cell and Tth cell signature; in contrast the related
Activated B cell (ABC)-DLBCL, that is thought to be a post-GC stage lymphoma, does not
maintain these signatures 1112, Burkitt lymphoma, which is largely defined by MYC
translocations 13, is more similar to the DZ GC B cell stage and is not associated with CD4*
T cells. FL and GC-DLBCL association with Tfh cells and phenotypically normal stroma
has led to the hypothesis that non-malignant immune cells support lymphomagenesis. Large
scale sequencing of patient samples has provided novel insights about the regulatory
pathways that are commonly targeted during GC B cell lymphomagenesis 11:14.15_ |n this
review, we explore evidence for participation of Tfh cells in the formation and progression
of GC B cell lymphomagenesis with a focus on the key molecular mediators of Tfh cell
help. We will also discuss the role of GC B cells in supporting Tfh cell lymphomagenesis.
We will discuss how the feedforward loop of Tfh cell support of GC B cells suggests that
targeting molecular regulators of Tfh cells may be a method to inhibit early
lymphomagenesis or thwart progressive disease.

Mutations in B cell ymphomagenesis

In follicular lymphoma, the first genetic hit in 90% of cases is the t(14;18)(q32;q21)
chromosomal translocation of the anti-apoptotic Bcl2 gene with the IgH locus during Ig

Immunol Rev. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mintz and Cyster

Page 3

gene recombination in the bone marrow (BM). Although Bcl2 overexpression provides B
cells with a survival advantage, it is not sufficient for lymphomagenesis as 10-100 per
million circulating peripheral blood B cells in a healthy adult have this translocation 16,
Bcl2-overexpressing GC B cells have increased survival and this is likely associated with an
increased risk of abnormal selection and AlD-induced transformation to a malignant state 8.
Indeed, Bcl2 overexpression can occur in FL and GC-DLBCL, driving survival of GC B
cells that normally do not express Bcl2. This correlates with the increased frequency of Bcl2
translocations in older people, and the evidence that Bcl2-overexpressing B cells give rise to
memory B cells that preferentially undergo iterative rounds of GC entry, allowing for
multiple rounds of mutagenesis and potential errors in selection 1718,

AID-mediated cytidine deamination can be recognized by base excision repair or mismatch
repair mechanisms leading to either point mutations or double strand breaks followed by
recombination. While AID is hypothesized to drive the majority of mutations that transform
a mature B cell into a malignant cell, some lymphoma-associated mutations may arise
independently of AID, perhaps as a consequence of the increased error prone DNA repair in
GC B cells 1920, Extensive sequencing has been done in GC-derived lymphomas to
understand what mutations are driving lymphomagenesis. Surprisingly, only around half a
dozen mutations are shared by FL and GC-DLBCL! 14.15. 21 (Figure 1). These include
mutations in BCLZ, TNFRSF14, SOCS1, STAT6, CREBBP, EZHZ, and GNA13.

Loss of function mutations in TNFRSF14and SOCSI and activating mutations in STAT6
enhance or override Tfh cell helper signals to GC B cells 21-23 and these molecules will be
discussed in detail in later sections. CREBBP and EZHZ2 are epigenetic modifiers that have
complex effects on GC B cell signaling and gene expression. Loss of function mutations in
CREBBP promote unrestricted GC growth, in part through increasing CD40 signaling, and
also reducing MHC-I11 expression, which alters mutant FL cell ability to present antigen to
CD4* T cells 24, Gain of function mutations in polycomb repressor complex-2 (PRC2)
component £ZHZ inhibits cell cycle checkpoints, promoting uncontrolled GC B cell
proliferation 2526, GN/A13 s a signaling protein downstream of transmembrane G-protein
coupled receptors S1IPR2 and P2RY8 that confines B cells to the GC and inhibits Akt and
possibly other signaling molecules, limiting survival signals 2729, While mutations in some
of the key positive regulators of GC B cells, such as CD40, ICOSL, and SLAMF and
negative regulators of GC B cells, such as PD-L1/2 and Fas, are less selected in GC
lymphomas, we suggest that these molecular mediators may often play an important, and yet
underappreciated role in disease pathogenesis.

Tfh cell participation in follicular lymphoma

Tth cells, defined by surface expression as CXCR5*PD-1*1COS*CD4* T cells, support GC
B cells, which in turn maintain Tfh cells, providing a feedforward positive selection loop. In
a mouse model of follicular lymphoma, in which the Vav promoter drives Bcl2
overexpression in hemopoietic cells, depletion of CD4* T cells reduced the size of the GCs,
suggesting that disease initiation and likely progression depends on T cells 30, Tth cells in
the FL tumor microenvironment have been demonstrated by several studies °. Tfh cell gene
signatures are also maintained in Bcl2-positive GC-DLBCL cases 12. An association of Tfh
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cells with EBV* BL cases has not been reported 13, supporting the idea that BL is more DZ-
like and less dependent on Tfh cell help signals, perhaps because BL cells constitutively
express MYC. We will focus our review on what is known about the key molecular
regulators of Tfh cell help to GC B cells and how they may play a role in GC B cell
outgrowth and lymphomagenesis (Figure 2).

Before discussing CD4* T helper molecules, the role of cytotoxic lymphocytes in
lymphomas should be mentioned. GC lymphoma cells have a high mutation burden and are
susceptible to killing by cytolytic CD8 T cells and NK cells 31. It is therefore not surprising
that GC lymphomas commonly show mutations in beta-2-microglobulin (b2m) and CD58
(LFA3). B2m is a component of all MHC class | molecules, and loss of this protein leads to
loss of MHC class | expression and protection from CD8 mediated killing. Loss of MHC
class I can, however, lead to recognition by NK cells. GC lymphomas can become resistant
to NK cells through loss of CD58 expression, a surface counter receptor for the CD2
adhesion and activating molecule expressed on NK cells 32, Cytotoxic cells usually have
very limited access to B cell follicles and GCs and it is possible that another mode of GC
lymphoma evasion of cytotoxic cells is through continued CXCR5-CXCL13 mediated
compartmentalization within the follicular microenvironment. CXCL13 is made by several
types of stromal cells, including FDCs and marginal reticular cells (MRCs) and GC
lymphomas, especially FLs, maintain their FDC networks and have strong expression of
CXCL13 33, A signature feature of Tfh cells is their expression of CXCRS5 and efficient
ability to access lymphoid follicles. Human Tfh cells are also a source of CXCL13 though
the role of Tfh CXCL13 in GCs remains unclear. While most cytotoxic cells are CXCR5
negative, in some situations they can be induced to express CXCR5 and this facilitates their
access to GC microenvironments and elimination of GC lymphoma cells 34-36.

IL-4 — STAT6

IL-4 isa CDA4 T cell derived cytokine known to support B cell proliferation, class-switching,
and survival 37. Sequencing of human FL identified activating mutations in STATS, the main
IL-4R signaling mediator, and loss of function mutations in a suppressor of cytokine
signaling, including IL-4R signaling, SOCS1 15, This is consistent with increased STAT6
signaling measured by p-STATS6 in formalin fixed FL sections compared to tonsil 38.
Furthermore, IL-4 protein was identified to be 5-fold more abundant in FL samples
compared to tonsils 39, Interestingly, normal Tfh cells express high amounts of I1L-4 mRNA,
yet produce small amounts of IL-4 protein 6. When malignant B cells and bystander healthy
immune cells were sorted and their transcriptional signatures analyzed, Tth cells were found
to express high levels of 1L-4 transcripts in FL 40, Furthermore, FL B cells in close
proximity to Tfh cells were actively signaling through STAT6 as measured by p-STAT6,
suggesting Tfh cells in FL are the major producers of IL-4. A follow up study, confirmed the
high expression of IL-4 in CD25-low Tth cells 41.

It remains unknown what is driving the elevated expression of IL-4 transcripts by FL Tfh
cells compared to tonsillar Tfh cells. Unlike the increase seen in IL-21 expression, I1L-4
expression was unchanged when the amount of antigen GC B cells presented to Tth cell was
increased, suggesting that TCR signaling in Tfh cells is not sufficient to increase IL-4
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mRNA expression 2. IL-4 production in Tfh cells is uniquely regulated compared to Th2
cell IL-4, as Tfh cell IL-4 is transcriptionally regulated by CNS2, a 3’ enhancer in the IL-4
locus, but not by GATA-3 43, Understanding the production of IL-4 by Tth cells and its
consequential IL4-R — STAT6 signaling in FL B cells is further complicated by the results
that the blockade or deletion of these signaling pathways results in minor alterations in the
normal GC response 44. In the mouse, production of both IL-4 and IL-21 are required for a
robust GC B cell response 4546, Loss of IL-4 signaling into the B cell modestly reduces the
size of the GC response in some studies. Two recent studies have found that IL-4 is
preferentially expressed by Tfh cells later in the immune response, compared to 1L-21 which
is preferentially expressed early in the GC 4748, |L-4 has also recently been shown to be
uniquely able to induce high levels of Bcl6 protein, which is the transcription factor that is
required for GC B cell formation and maintenance 4°.

These data support a model in which Tfh cells in FL are most similar to late GC-Tth cells.
The independent data supporting high IL-4 and selection for activating STA76 and loss of
function SOCS1 mutations adds further support to the notion that IL-4 production by Tfh
cells is supportive of FL B cells. Additionally, IL-4’s ability to stabilize Bcl6 protein may
play an important role in maintaining GC B cell identity and preventing transformation into
a post-GC B cell lymphoma. While the effect of IL-4 alone in driving GC B cell outgrowth
is less clear based on the normal GC B cell evidence, it remains to be studied whether IL-21
is being co-produced by FL Tth cells, such that FL B cells are receiving two complementary
cytokine signals known to support GC B cell expansion.

CD40L - CD40

CDA40, a TNFRSF member, predominantly promotes B cell survival, proliferation and class
switching through its ability to signal via NFxB. In humans with mutations in CD40L-CD40
signaling, GCs cannot form and hyper-lgM immunodeficiency develops. FL B cells express
CDA40 and respond to CD40L. CD40 signaling in FL B cells increased the anti-apoptotic
protein Bcl-XL and prolonged FL B cell survival /n vitro, suggesting CD40 promotes the
survival of FL B cells complementary to their overexpression of Bcl2 5051, CD40 signaling
can promote differentiation into plasma cells and CD40 amplifications occur in human
plasma cell malignancies, yet none have been described in GC-derived lymphomas 52,

CDA40L is expressed by naive and activated CD4* T cells, but not by CD8* T cells 5354,
CDA40L expression increases after TCR signaling, and Tth cells contain pre-formed CD40L
55-57 The amount of preformed CD40L mobilized to the surface of Tfh cells increases in
proportion to the amount of antigen encountered 2. One study found FL Tth cells expressed
2.5-fold higher amounts of CD40L mRNA compared to tonsillar Tfh cells, suggesting FL
Tth cells may receive stronger TCR signals, though it is also possible that the FL samples
were more enriched for the type of Tfh cells associated with GCs (GC-Tfh) that correspond
to only a fraction of Tfh cells in healthy lymphoid tissue 41. CD40L protein is also expressed
on T cells in the FL environment %8, Strong evidence for a positive role of CD40L in
promoting lymphomagenesis comes from a mouse study in which the LTR of HTLV1 drives
constitutive expression of CD40L in mature T cells; one third of these mice developed a GC
lymphoma by 6 — 12 months of age °. These data are in contrast to B cell constitutive
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CD40L transgenic mice which do not maintain the GC B cell response 0, suggesting that
the cellular source and regulation of CD40L delivery is crucial to the signaling outcome.

As CDA40 signaling is a master regulator of B cell responses, therapeutics have been
developed for the purposes of immune modulation in transplantation, autoimmunity, and
lymphoma. While several CD40 agonists have been developed to stimulate the immune
response via costimulation of antigen presenting cells, CD40 blocking agents have also been
developed. In a Phase I/11 trial with a CD40 antagonist HCD122, CD40 blockade induced a
response in a third of FL patients with refractory disease to rituximab treatment 61, Since
HCD122 has been shown to induce antibody dependent cellular cytotoxicity (ADCC), it
remains to be determined if the clinical efficacy is due to ADCC, blockade of CD40L-CD40
signaling, or both.

PD-1 — PD-L1/PD-L2

The inhibitory IgSF member PD-1 is a defining marker of normal and FL Tfh cells 62. PD-1
is also highly upregulated on exhausted CD8" T cells that cannot appropriately perform
cytotoxic functions, which has led to impressive immunotherapy benefit by blocking PD-1
to restore TCR sensitivity and T cell function in some cancers 63:64, Several studies have
attempted to correlate the outcome of FL with PD-1* T cells, but the results have not been
consistent, likely due to heterogeneity of PD-1* T cells within the FL environment 8566,
While the number of PD-1* T cells did not correlate with outcome, the location of PD-1* T
cells in a follicular pattern was associated with a shorter time to transformation compared to
a diffuse pattern 85. Although these results are difficult to interpret as the authors did not
stain for CD4 or CD8, the finding that the diffuse PD-1* cells co-stained for TIM-3, a
marker of CD8* T cell exhaustion, whereas the follicular PD-1* cells did not, suggests that
the diffuse T cells are CD8" cells whereas the follicular cells may be Tth cells. In another
study, higher levels of PD-1 expression were found in CD4* T cells compared to CD8* T
cells in FL %6, Amongst the CD4*CD25" PD-17 cells in FL, there were 4 subsets: (1)
CD27*CXCR5* Ttfh cells, (2) CD27*CXCR5- cells, (3), CD28"CCR4™ cells, (4) CD28"
CCR4- cells. Interestingly, CD27+*CXCR5* Tfh cells and CD27*CXCR5cells were
correlated with better overall survival while CD28"CCR4* cells and CD28"CCR4- cells were
correlated with poor overall survival. These data suggest that non-Tfh CD4* T cells with low
expression of costimulatory molecules likely prevent a productive immune response to the
FL or, alternatively, directly support FL B cell proliferation. While a higher frequency of
PD-1* Tth cells in the FL microenvironment did not correlate with poor survival, these data
do not rule out a possibility that PD-1 may be restraining the Tfh cell’s ability to support FL
B cell survival. Interestingly, 40% of ABC-DLBCL have mutations or copy number gains of
PD-L 1, whereas only 10% of GC-DLBCL have increased PD-L1 expression 467, Increased
expression of PD-L1 is associated with increased numbers of CD8* T cells in the tumor
microenvironment. However, these data suggest that increased PD-L1 is not as prevalent of a
selection mechanism in GC-DLBCL compared to post-GC ABC-DLBCL, perhaps due to
the inhibition of PD-1* Tfh cells in GC-DLBCL tumors. It remains to be determined if PD-
L1 expression alters Tfh cells in the GC-DLBCL tumor microenvironment and if PD-L1 is
mutated in a manner that leads to loss of expression in some GC-DLBCL cases 67.
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During the normal GC response, the majority of evidence suggests that PD-1’s interaction
with PD-L1 restrains the response. However, PD-1’s function in the Tfh cell and how it
restrains the amount of help provided to GC B cells remains unclear despite several studies.
PD-L1 is expressed in naive B cells, and upregulated in GC B cells, whereas PD-L2 is not
expressed in naive B cells, but slightly increased in GC B cells 8. In one study, where PD-1
or its ligands were deficient, plasma cell output was decreased at 2 weeks and this decrease
was sustained for greater than 1 year after NP-CGG immunization. In discordance with PC
output, GC B cells were not increased, likely due to their increased cell death in the absence
of PD-1 during this immunization. Interestingly, while the authors found that PD-1
deficiency led to increased Tth cell numbers, these Tfh cells had reduced expression of
helper cytokines such as 1L-21 8. In another study, after helminth infection, PD-L1-
deficiency led to increased GC B cells and Tfh cells 89, After immunizing with KLH/CFA
and blocking PD-1, PD-L1, or PD-L2, it was found that PD-L1 blockade increased Tth cells
5-fold, whereas PD-L2 blockade had no effect, and PD-1 blockade provided an intermediate
2-fold increase in Tfh cells, suggesting that PD-L2 is not upregulated during KLH/CFA or
the blocking agent is not sufficient to reveal an effect 6. These data are further complicated
as PD-1 is also expressed by T follicular regulatory (Tfr) cells, CD4*Foxp3* cells that
express CXCR5. PD-1 or PD-L1 deficiency, but not PD-L2 deficiency, led to increased Tfr
cells rather than Tfh cells after immunization with MOG 0. Interestingly, PD-1 or PD-L1-
deficiency or blockade increased GC B cell responses in a mouse model of type | diabetes,
whereas PD-L2 blockade had no effect /1. While these studies suggest that PD-1 restrains
Tfh cells, together they do not point to a mechanism of how PD-1 on the T cell restrains help
to GC B cells. In a more recent study, mixed chimeras were generated with PD-L1 deficient
and wild-type BM. While PD-L1 deficient B cells were increased in representation in the
GC, memory B cell, and plasma cell compartments, they had reduced affinity to the
immunogen, the hapten NP 572, These data most clearly suggest that PD-L1 expression on
the GC B cell restricts the amount of T cell help and the stringency of GC B cell selection by
Tth cells. While the authors did not directly show PD-L1 in the GC B cell was regulating
PD-1 in Tth cells, they observed that PD-1 mutant antigen-specific Tfh cells supported
larger GC B cell responses.

PD-1 is known to dampen T cell signaling by inhibiting TCR and CD28, and has been
shown to signal predominantly through the phosphatase SHP-2 21.73.74_ Although T cell
deficiency in SHP-2 did not phenocopy many of PD-1’s known roles in CD8" T cells, in the
absence of SHP-2, the inhibitory phosphatase SHP-1 was capable of replacing SHP-2 in
mediating inhibition 727, The relative importance of SHP-1 and SHP-2 for PD1 function in
Tth cells remains to be determined. Another set of recent observations has shown the
existence of cis-interactions between PD-1/PD-L1 and PD-L1/CD80 on dendritic cells 77:78,
Since B cells can express PD-1 and CD80 %8, it may be the case that not all PD-L1
molecules expressed on GC B cells are capable of engaging with PD-1 on Tfh cells to
restrain their TCR signaling.

The heterogeneity of PD-1* T cells in FL and the role of PD-1 in restraining Tfh cell help to
GC B cells may provide an explanation for the modest effects of PD-1 blockade in FL. If the
majority of PD-1* T cells in the FL microenvironment are exhausted CD8* and CD4* T
cells that are failing to perform cytotoxic or immune priming functions, we would

Immunol Rev. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mintz and Cyster

Page 8

hypothesize that FL patients would likely have good clinical responses to anti-PD-1 therapy.
However, if PD-1* Tfh cells are present in nearly all FL microenvironments, we would
hypothesize that blocking PD-1 in Tfh cells would increase helper signals to FL B cells and
lead to poor clinical responses. In agreement with the diversity of PD-1* T cells, FL clinical
responses to PD-1 have only been effective in a third of patients, while in classical
Hodgkin’s lymphoma nearly 90% of patients exhibit a response 63:64, This suggests that
additional immunotherapy approaches that do not unleash Tth cell helper signals need to be
tested in FL, such as CD47 blockade, where combination therapy with rituximab has shown
a response in 70% of patients in a small clinical trial 6379, CDA47 is present on GC B cells
and is often upregulated on DLBCL and FL cells 80. CD47 binds SIRPa., an ITIM
containing inhibitory receptor that is expressed on myeloid cells, transmitting an anti-
phagocytic ‘don’t eat me signal’. Blockade of CD47 maybe an approach to enhance
rituximab mediated ADCC. SIRPa. is not expressed on T cells and therefore blocking
antibodies to CD47 are unlikely to lead to augmented Tth cell responses.

HVEM - BTLA

HVEM, TNFRSF member 14, is one of the most highly mutated surface receptors in GC-
derived lymphomas, with the gene harboring mutations in approximately 50% of FL and
GC-DLBCL cases 111581 No mutations in 7AVFRSF14 have been documented in BL cases
13 supporting the idea that BL does not benefit from CD4* T cell help. Although reports of
TNFRSF14 mutations have been found in double BCL2and MYC mutated lymphomas 2, it
remains to be determined if 7AVFRSFI4 mutations are occurring prior to the MYC
translocations and if loss of TNFRSF14is redundant with MYC overexpression. Mutations
in TNFRSF14 are concentrated in the extracellular region of the encoded protein and a third
are predicted to lead to truncations %81 and at least some mutations have been confirmed to
cause a loss of HVEM surface expression 83,

As a TNFRSF molecule, HVEM can recruit TRAF2/TRAFS5 and signal via NFxB, as well as
through NIK and STAT3 84-86_ Although it is unexpected that a potential NFxB signaling
mediator is selectively lost during GC B cell lymphomagenesis, HVEM has been shown to
be a tumor suppressor in mouse models of lymphomagenesis 21:81, HVEM has a complex
signaling network that can promote reverse signaling through HVEM ligands. HVEM’s
signaling network is conserved in mouse and human, with the exception of one partner
(LTa) which only binds human HVEM. HVEM received its name Herpes virus entry
mediator as it is the receptor for the gD subunit of HSV-1 and HSV-2. HVEM can bind to
two TNFSF members, LIGHT and LTa through its cysteine rich domain 2 (CRD2). HVEM
transmits reverse signals through its two IgSF ligands BTLA and CD160, which bind
HVEM’s CRD1, as well as via a more recently identified synaptic adhesion molecule
SALM5 8687,

BTLA, also known as B and T lymphocyte attenuator, is the most highly expressed HVEM
ligand in the GC 8889 BTLA, an IgSF member, has 50% amino acid sequence homology
between mouse and human. BTLA was shown biochemically to recruit the inhibitory
phosphatases SHP-1 and SHP-2 to its cytoplasmic tail %°. While human BTLA has 4
cytoplasmic tyrosines and mouse only has 3, they are conserved in their ability to recruit
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SHP-1, SHP-2, and Grb-2, but do not recruit SHIP-1 99-92_ |n antigen-receptor-BTLA co-
crosslinking studies, BTLA directly inhibited CD3( phosphorylation in T cells and inhibited
BCR signaling by regulating Syk and Fyn in B cells 9394 BTLA is upregulated in Tfh cells
compared to naive CD4* T cells, and one study has suggested BTLA negatively regulates
Tth cell support of GC B cells by restricting 1L-21 production 95:9. Although the BTLA-
deficient TCR transgenic T cells in this model did support a modestly larger GC B cell
response, IL-21 is a notoriously difficult to stain for cytokine and the study did not
determine if IL-21 mRNA was elevated, leaving it unclear whether BTLA-mediated
inhibition of IL-21 was the key mechanism of action of this HVEM ligand in Tfh cells.

While Tnfrsfi4transcripts are expressed at similar levels in naive and GC B cells in mouse,
HVEM surface protein is reduced on GC B cells 21, A similar pattern of HVEM mRNA and
protein expression is evident in human follicular and GC B cells 97 and unpublished
observations. A study of FL has confirmed the specificity of this low-level staining by
identifying some cases that are surface positive and HVEM mutant cases that are surface
negative 83. The apparent post-transcriptional downregulation of HVEM in GC B cells
suggests these cells need to have tight control of HVEM protein abundance. However, what
regulates HVEM protein expression in GC B cells remains unknown and is an area of active
investigation.

Using a mixed chimeric mouse system, HVEM-deficiency was found to provide B cells with
a competitive advantage in the GC compared to the follicular compartment 21, HVEM
haploinsufficiency provided GC B cells with an intermediate advantage, suggesting that the
amount of HVEM expressed on the B cell regulates competitiveness. HVEM-deficient B
cells showed a competitive advantage at both the pre-GC and GC stages 21. HVEM-
deficiency led to a small increase in the frequency of pre-GC and GC B cells entering into
the cell cycle, providing at least a partial explanation for their increased representation.
Following immunization with an NP-haptenated protein, HVEM-deficient GC B cells
showed preferential expansion of the non-NP binding relative to the NP-binding B cells.
Since the NP-binding cells tend to rapidly achieve high affinity, these data suggested
HVEM-deficient B cells with lower affinity were being preferentially selected. In additional
support for this model, HVEM-deficient NP-specific GC B cells had reduced high affinity
W33L mutations compared to HVEM-expressing competitors in the same mice. Comparison
with W33L mutation frequencies in control chimeras suggested that the most prominent
effect was an increased stringency of selection for W33L mutations in wild-type cells that
were in competition with HVEM-deficient cells. One model to explain these observations is
that the wild-type GC B cells needed to acquire more antigen through a higher affinity BCR
in order to receive competitive Tth cell positive selection signals. These data are similar to
what was observed in chimeric PD-L1-deficient GCs, where PD-L1-deficient GC B cells
were preferentially expanded amongst the non-NP binding cells and had reduced high
affinity mutations 72. While the data together suggest that negative regulators maintain the
stringency of Tfh cell selection of GC B cells, the PD-L1 study did not observe an increase
in high affinity mutations in the PD-L1-expressing GC B cells competing with the PD-L1
deficient GC B cells, suggesting that these regulatory molecules do not act in an identical
manner.
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Using gain and loss of function approaches, we demonstrated that the growth restraining
actions of HVEM in GC B cells depended on BTLA expression by T cells 2L, Although
BTLA is highly expressed in B cells and HYEM-BTLA have been shown to engage in cis
interactions in HEK-293 cells 9098 BTLA-deficiency in B cells did not give them a growth
advantage in GCs, suggesting BTLA is not acting in c/sto regulate B cell responses 21. In
contrast to these results, HVEM-BTLA cis-interactions were presented to explain findings
that sh-RNA targeting of Bt/ain Vav-Bcl2 BM chimeras phenocopied the increased GC
lymphomagenesis seen in HVEM-knockdown Vav-Bcl2 BM chimeras 81.99.100 e
reconcile the findings by noting that the global hematopoietic ShRNA knockdown approach
would be expected to reduce BTLA in Tfh cells as well as in B cells. In accord with the
model that BTLA acts in #ransto restrain GC B cell responses, no mutations have been
reported in the coding region of BTLA in B cell lymphomas. It has been suggested that
BTLA expression is lost in a significant fraction of FLs through epigenetic regulation of
KMT2D methylation 81, and an additional report observed a diversity of BTLA expression
in FL samples 191, Further work will be needed to understand if heterogeneity of human
BTLA expression in the GC and follicular B cell compartments is relevant to
lymphomagenesis.

Early evidence that HVEM mutations may be enhancing the ability of FL cells to present
antigen to T cells came from the observation that FL patients with BM transplantation had
increased rates of graft versus host disease 83, Using FL cells as antigen presenting cells in
allogeneic mixed lymphocyte reactions, they found HVEM-mutated FL cells induced more
division in both CD4* and CD8™" T cells than HVEM-expressing FL cells. When HVEM-
expressing FL cells were incubated with a BTLA antagonist both allogeneic CD4* and
CDS8™* T cell proliferation increased, while the antagonist had no effect on the response
elicited by HVEM-mutated FL cells. These findings suggest that HVEM on FL cells inhibits
signaling in allogeneic T cells through engagement of BTLA 83,

Planar lipid bilayer imaging of human T cells showed co-localization of SHP-1 with BTLA
that was largely reversed when BTLA’s ITIM/ITSM motif was mutated; BTLA did not
colocalize with SHP-2 21, These results have been supported by two independent studies that
found BTLA preferentially recruits SHP-1 in mouse CD4* T cells /6. In addition to its
ability to directly dephosphorylate CD3C 93, BTLA inhibited phosphorylation of ZAP-70
and PKC-8 in human Tfh cells 21. Analysis of mice homozygous for a cytoplasmic domain
mutant of BTLA that lacks all three tyrosines including its SHP-1 recruiting ITIM/ITSM
motif, confirmed that BTLA reverse signaling was required for HVEM function in B cells
21 These data suggest that HVEM-expressing B cells are restrained in the help they receive
through #rans signaling into BTLA expressing Tth cells during cell-cell contacts.
Experiments in mice lacking SHP-1 or SHP-2 in T cells further supported the conclusion
that BTLA signaling via SHP-1 into the Tth cell modulates the amount of help provided to
HVEM-expressing B cells 21,

While early T cell-B cell interactions can last for an hour, in the GC the majority of

interactions take place on the range of minutes. Based on finding that HVEM-deficiency led
to an intrinsic growth advantage in B cells, it was inferred that HVEM-deficient B cells must
receive greater help than their wild-type counterparts during these brief interactions. CD40L
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is the main helper factor known to be pre-formed in Tth cells. When Tfh cells were exposed
in vitro to B cells presenting increasing amounts of MHC-peptide complexes, an analog
upregulation of CD40L was observed 21, indicating that the extent of mobilization of
preformed CD40L to the Tfh cell surface is tuned to the TCR signal strength. In accord with
this notion, HVEM-deficient B cells induced greater CD40L surface mobilization in Tth
cells when compared to HVEM-expressing B cells displaying the same amount of MHC-
peptide. Furthermore, CD40 recruitment to the immune synapse was decreased when
HVEM was included in lipid bilayers, suggesting that CD40L mobilization to the synapse is
reduced by HVEM-BTLA interactions. While these data do not rule out additional factors
that HVEM-BTLA may be regulating, such as cytokines, they suggest that BTLA inhibits
Tth cell help by restraining the amount of CD40 signals delivered to GC B cells (Figure 3).
In further support of this model, HVEM-deficient GC B cells competing with wild-type GC
B cells exhibited an increased Myc gene signature 21,

In planar lipid bilayer studies, the presence of HVEM in the bilayer transformed the stable,
centered immune synapse into a motile, polarized kinapse structure 21. These results
suggested that BTLA inhibits strong contacts with HVEM-expressing cells. Surprisingly, 2-
photon microscopy-based imaging of Tth cells interacting with HVEM-deficient and wild-
type GC B cells in intact lymph nodes did not reveal differences in the time of contact or
surface area of interactions (unpublished observations). Further work is needed to determine
if there are differences in interaction stability early versus late in the GC response.

In models of Bcl2-overexpression, HVEM-deficiency continued to provide GC B cells with
an advantage and it led to accelerated lymphomagenesis, suggesting that HVEM-deficiency
was acting in a separate pathway from Bcl2 81, Overexpression of Bcl2 in mice lacking
BTLA in T cells led to similar pre-malignant outgrowths as occurred in Bcl2 over-
expressing HVEM-deficient mice. These data provide some of the first evidence of a cell-
extrinsic tumor suppressor distinct from the mechanism of CD8* and NK cell immune
surveillance. The ways in which increased signaling via CD40 and other T cell-derived
helper factors cooperates with Bcl2-overexpression in lymphoma development remains to be
fully elucidated.

Given HVEM’s complex signaling biology and the expression of several HVEM ligands on
cells in immune microenvironments, it remains to be determined if loss of HVEM in GC-
derived lymphomas alters parameters in addition to the BTLA-HVEM axis. While a third of
TNFRSF14 mutations are truncating, the remaining two-thirds may still preserve HVEM
protein expression but alter its ability to engage ligands. For instance, HVEM-YG61A, a
mutation that disrupts binding to BTLA and CD160 98, is found in FL patients. In particular,
it will be interesting to learn if loss of HVEM or particular mutations alter FL cell
interactions with CD160 expressing cytotoxic CD8* T cells or NK cells and immune
surveillance in the tumor microenvironment. It will also be interesting to learn if LIGHT
engages with HVEM on B cells to determine GC B cell outcomes, and if HYEM can signal
into the B cell. Lastly, given BTLA’s high expression on B cells it will be important to better
understand if the ability of this molecule to negatively regulate BCR signaling is relevant to
lymphomagenesis or other B cell-mediated diseases.
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ICOS - ICOSL

FasL — Fas

ICOS, or inducible T cell co-stimulator, is required for Tth cell differentiation and
maintenance °. ICOS, which signals through PI3K, is the dominant co-stimulatory molecule
for Tfh cells and it functions analogously to CD28 once T cells are in the GC >102, |COSL
is not known to signal and is downregulated on GC B cells compared to follicular B cells.
However, ICOSL is upregulated after CD40 signaling on GC B cells, suggesting that GC B
cells that have received the most T cell help enter into a positive feedback loop that amplifies
this help. Indeed, when ICOSL-high cells versus -low cells were analyzed for high affinity
NP-binding mutations, the highest ICOSL expressing GC B cells had increased high affinity
mutations. When Tfh cells were stimulated /n vitro with activating antibodies to CD3 and
ICOS, Tfh cells increased their mobilization of CD40L to the T cell surface compared to
cells activated by anti-CD3 alone, suggesting ICOS signaling enhances T cell helper signals
to GC B cells 2103, While in a competitive setting with WT cells, ICOSL-deficient GC B
cells formed brief immune synapses with decreased surface area of engagement with Tfh
cells 5103, Together these data suggest that ICOSL expression on GC B cells is crucial for
positive selection by 1COS-expressing Tfh cells.

Surprisingly, increases in ICOSL expression have not been reported in GC B cell
lymphomas. However, ICOSL is more highly expressed in GC-DLBCL compared to ABC-
DLBCL, suggesting ICOSL may be maintained and beneficial in a more GC-like lymphoma
microenvironment 104, Although ICOSL transcripts were expressed highly in FL cells
compared to a B cell line, ICOSL protein was not detected on FL cells in sections. Despite
this, ICOS has been shown to be highly expressed on FL T cells and specifically on a subset
of CD25"CXCR5*PD-1* CD4* T cells 105, While one group suggested that ICOS is
defining a Treg population that is directly suppressing FL B cells through /n vitro
experiments, it has also been shown that ICOS expressing CD4* T cells in the FL
microenvironment are 1L4-expressing non-regulatory Tfh cells 41, Further study on the role
of ICOS-ICOSL signaling in GC lymphomas is needed.

GC B cells are known to be intrinsically prone to cell death given their low expression of
Bcl2. Another feature that poises GC B cells for apoptosis is their high expression of the cell
death receptor Fas (CD95). Fas is a TNFRSF molecule that, upon engagement by FasL,
initiates the death inducing signaling complex, leading to Caspase-8 activation and apoptosis
106 Fas is selectively lost in a number of GC-derived lymphomas, as well as antibody driven
autoimmune diseases. Fas mutations are found in GC-DLBCL and in some cases of FL and
transformed FL 11107 Fas mutations likely arise during the GC response and can lead to
dominant negative mutations in the death domain or loss of expression 198, In autoimmune
lymphoproliferative syndrome (ALPS), patients with inherited mutations in the Fas death
domain have a 14-fold increased likelihood in developing non-Hodgkin B cell lymphomas
later in life 109, Interestingly, healthy family members of ALPS patients that have Fas
mutations are at increased risk of lymphomagenesis likely due to their accumulation of
somatic hypermutations during GC responses 110,
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In mice, Fas has varying impacts on GC size and B cell affinity maturation. Fas is highly
expressed on activated and GC B cells. A Fas mutation in the mouse called /prleads to
lymphoproliferation and autoimmunity, yet normal sized peak GC responses after acute
immunization. However, while WT GCs begin to contract three weeks post immunization,
Fas-deficient GCs are maintained at this time point 111, In another study, conditional
deletion of Fas in class-switched B cells was sufficient to lead to increased GC B cell
responses 112, Although FasL transcript was increased in activated T cells and presumably
present on Tfh cells 113, FasL is difficult to stain for and it has yet to be shown that Tfh cells
can negatively select GC B cells through FasL. In addition to the elusive source of FasL in
the GC, contradictory results have also been reported for the role of Fas in regulating GC
size. Loss of Fas in GC B cells led to increased somatic hypermutation, loss of antigen
reactivity, and preferential differentiation into plasma cells late in the response in a more
recent study 114, Together, these data are inconclusive on whether Fas is a crucial negative
regulator of ongoing GC responses, but may suggest Fas is necessary for the proper
contraction and differentiation of the late GC response and suppression of
lymphomagenesis. In a setting in which the intrinsic mitochondrial sensitivity to cell death is
askew, such as in t(14;18) GC B cells, Fas may play a heightened role in maintaining
stringent GC B cell selection. Such a role has been demonstrated in the setting of c-Myc
overexpression 115,

Due to the downregulation of Fas and its apoptosis promoting signaling in many GC-derived
lymphomas, it is not straightforward to consider how FasL-Fas signaling might be restored.
Current approaches take advantage of what is known about molecules used to dampen or
heighten Fas signaling. One group has suggested that CD74 (the invariant chain) might be a
regulator of Fas signaling and that an anti-CD74 antibody, milatuzumab, might act to
enhance Fas mediated cell death 116, though other mechanisms of anti-CD74 action are
likely. Another approach is to inhibit NFxB signaling, which provides resistance to extrinsic
cell death signaling through a Nedd8 inhibitor called Pevonedistat 117. It remains to be
determined how Fas-mediated cell death can best be enhanced as a treatment for
lymphomagenesis.

SAP - SLAMF

Signaling lymphocytic activation molecule (SLAM)-associated protein or SAP (encoded by
SH2D1A) is a T cell signaling molecule that is mutated or lost in patients with X-linked
lymphoproliferative (XLP) syndrome 118, SAP is composed of a single SH2 domain and its
functions include blocking the recruitment of SHP1 and SHP2 to SLAM proteins. SLAM
family members are homotypic adhesion receptors that are involved in the formation of
immune synapses between T and B cells, with SLAMF6 (Ly108) and SLAMF5 (CD84)
being most important. XLP is thought to arise because NK and CD8" T cells in SAP-
deficient patients are ineffective in killing EBV-infected B cells due to exaggerated negative
signaling via SLAM-family proteins. As well as an extreme susceptibility to EBV infection,
patients harboring SHZ2D1A mutations have a 200-fold increased risk in developing
lymphoma compared to the normal population, likely due to uncontrolled EBV, and 30%
have an extranodal BL type presentation in the ileum. XLP patients have not been reported
to have increases in other types of GC-derived lymphomas 119,
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In the mouse, loss of SAP prevents T cells from forming stable conjugates with B cells, but
not other antigen presenting cells 120, Despite the relatively normal expression of helper
molecules, SAP-deficient Tfh cells are altered in their ability to engage GC B cells because
SLAMF6 and SLAMF5 send inhibitory signals into SAP-deficient T cells, and as a result
the GC response fails. The importance of SAP in Tth cell function in supporting GC cells
might explain why XLP patients do not have an increased incidence of non-EBV associated
GC lymphomas. In this regard, it is interesting to consider that a lack of B cell killing ability
might be expected to have a similar effect to loss of b2m or LFA3/CD58, which are common
mutations in GC-derived lymphomas 3; thus the restricted impact of SAP-deficiency may
reflect the need for Tth cells to be able to provide positive signals during lymphomagenesis.
While the negative role of SLAM family molecules is clearly evident when SAP is lacking,
the physiological role of SLAM molecules in SAP replete T cells is less clear. SLAM
signaling can contribute to Tfh cell IL-4 production 12! though recent analysis of mice
lacking all SLAM family members did not reveal an essential role for these molecules in the
GC response 122, More studies of these SLAM-family deficient mice may help reveal how
these molecules influence events necessary for antibody diversification and affinity
maturation in GCs 123,

Tfh cell-derived lymphomas

In addition to GC B cell derived lymphomas, two types of Tth cell-derived lymphomas,
angioimmunoblastic T cell lymphoma (AITL) and Tfh-type peripheral T cell lymphoma
(Tfh-PTCL), originate from the GC reaction. Tfh cell lymphomas frequently maintain a GC
microenvironment and around half maintain EBV* B cells and clonal outgrowths of blasting
B cells in the tumor microenvironment 124, A case study reported depletion of B cells using
rituximab combined with chemotherapy was a successful treatment for a relapsed AITL
patient with EBV reactivation 125 making it important to determine how broadly these T
lymphomas depend on B cells. A small clinical trial of AITL patients observed an
association of EBV copies in PBMCs with shorter progression free survival, but did not find
a correlation with B cell density in tumors or a clinical benefit of adding rituximab to CHOP
126 since the study compared their results to historical CHOP responses in AITL patients,
they may have overestimated the clinical response to CHOP in their elderly cohort, masking
a positive benefit of rituximab 126,

Tth cell-derived lymphomas are characterized by epigenetic modifications and often have
inactivating mutations in 7E72and DNMTZ2and activating mutations in /DHZ2. Additionally,
several TCR-related signaling genes are mutated and activate the pathway. In 60-70% of
AITL and Tfh-PTCL cases, RHOA harbors a G17V function altering mutation 114, This
point mutation was sufficient to increase Tfh cells and drive an AITL-like disease in Tet2-
deficient mice 127. Additional activating mutations in the TCR signaling pathway, namely
PLCGI, PIK3CA, VAV, FYN, LCK mutations, are found in both AITL and Tfh-PTCL 116,
In addition to CD28 mutations, a CTLA4-CD28 fusion gene has been discovered,
transforming an inhibitory signal into an activating signal 124. These data provide further
evidence that AITL and Tfh-PTCL cells depend on engaging with antigen presenting GC B
cells in the tumor microenvironment.
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Given ICOS’s ability to drive Tfh cell differentiation and helper signals to B cells, it is not
surprising that multiple mechanisms of regulation of /COS mMRNA has been described, such
as by Roquin and miR-146a 117. It seems reasonable to speculate that the ICOS-ICOSL
positive feedback loop contributes to Tfh cell maintenance in the GC-derived lymphoma
microenvironment. In a mouse model in which Roquin, a protein that negatively regulates
Icos mRNA stability, was heterozygously mutated, ICOS expression was increased and Tth
cells and GC B cells spontaneously outgrew and when the mice were aged AITL developed
128 Additionally, in a mouse model of AITL driven by RHOA G17V, ICOS was strongly
upregulated 118, Although Roquin mutations were not reported in a small cohort of human
AITL patients 129, analysis of more patients is needed.

An ICOS blocking antibody MEDI 570 is being tested for the treatment of AITL and other
Tth cell-derived lymphomas in humans 11°. Given that Tfh cell-derived lymphomas often
maintain normal GC architecture, similar to their malignant B cell counterparts, it seems
likely that blocking this potent positive regulator of GC responses could reduce outgrowth in
both B and T cell lymphomas.

The dependence of SAP—SLAMF signaling for Tfh cell interactions with B cells raises the
possibility that overexpression of SAP, SLAM, SLAMF5, and SLAMF6 could contribute to
GC lymphomagenesis. While alterations in their expression have not been described, SAP
expression is maintained in AITL, suggesting productive AITL Tfh cell immune contacts
with B cells are beneficial 120, Interestingly, AITL cells continue to express high levels of
PD-1 130, More analysis will be needed to determine whether PD-1 can engage growth
regulatory pathways in AITL cells.

The HYVEM—BTLA axis may be a regulatory pathway suppressing Tth cell lymphomas.
Interestingly, high expression of BTLA mRNA in tumor samples correlated with positive
clinical outcomes in AITL 131, We hypothesize that the high levels of BTLA mRNA could
be maintained on Tfh cells to inhibit TCR signaling strength when interacting with HVEM-
expressing B cells, thereby limiting tumor growth. In accord with this logic, a TNFRSF14
mutation has been found in one AITL sample in which the entire tumor was sequenced 130,
These data raise the possibility that loss of HVEM in B cells in the tumor environment could
be driving Tfh cell outgrowth.

approaches

By reviewing the key molecular regulators of Tfh cell help to GC B cells and their possible
roles in GC B cell outgrowth and lymphomagenesis, we have discussed several novel
therapies to stop lymphoma progression. Blunt approaches can be considered if a patient is
at high risk of developing GC-derived lymphomas or failed prior therapies. These include
depleting Tth cells through anti-CD4 antibodies and blocking CD40-CD40L, ICOS-ICOSL
and IL4-IL4R signaling axes. Restoring negative regulation of GC B cell responses by
enhancing PD-1-PD-L1 and BTLA-HVEM axes could inhibit GC B cell outgrowth. This has
been demonstrated in a mouse model of FL where anti-CD19 CAR-T cells delivered soluble
HVEM to the tumor microenvironment and likely inhibited Tfh cell help to FL B cells by
engaging BTLA. Augmenting FasL-Fas interaction in lymphomas that retain this pathway
could have therapeutic benefit. Better definition of the dependency of some GC lymphomas
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on T cells, and of tumor suppressors that are acting in #rans, may identify more opportunities
for restoring tumor suppressors using CAR T cell-type approaches or other surface receptor-
targeted therapeutic strategies. It is also possible that targeting the cues that organize GCs
and foster interactions between GC B cells and Tth cells, such as CXCL13 and CXCRS5,
may be an approach to interrupt T cell support of lymphoma cells.

Conclusion

The study of mutations arising in B and T cell lymphomas is providing important insights
about the normal mechanisms acting in GC responses and this work, in turn, is proving
informative about the drivers of lymphomagenesis. While the tumor microenvironment is
unguestionably crucial for lymphomagenesis 31, the potential of supportive T cells to be
targeted during lymphomagenesis is only just beginning to be appreciated. The evidence
discussed in this review suggests that targeting T cell help during GC-derived
lymphomagenesis can provide a complementary approach to B cell targeted therapies for
treating these lymphomas.
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Figure 1. Common mutationsin germinal center (GC)-derived lymphomas
Venn diagram of mutations found in follicular lymphoma (FL) and germinal center diffuse

large B cell lymphoma (GC-DLBCL) 111415 Common mutations shared by FL and GC-
DLBCL include BCL2, CREBBP, EZHZ2, GNA13, TNFRSF14, SOCS1, and STATG.
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Figure 2. Fallicular lymphoma (FL) germinal center B cells receive exagger ated helper cuesfrom
T follicular helper (Tfh) cells

(A) Germinal center microenvironment in a LN with a follicular lymphoma tumor. The
follicular lymphoma GC contains stromal follicular dendritic cells (FDC, purple), GC B
cells (blue), and Tth cells (yellow). (B) Magnification of GC light zone where a Bcl2
translocated GC B cell is presenting antigen to a Tfh cell and is transmitting and receiving
normal positive selection (left of TCR-MHCII) and negative selection (right of TCR-
MHCII) signals. (C) Magnification of a FL GC B cell’s interaction with a Tfh cell in which
several of the key molecular regulators are altered by AID-induced mutations, as detailed in
the text. In this example, there is increased IL-4 production, increased CD40L due to the
absence of BTLA-HVEM, and mutations in Fas death domain that prevents FasL-mediated
cell death. Small box in B and C shows relative strength of helper signal from Tfh cell to B
cell.
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Figure 3. Model of BTLA action asa cell-extrinsic suppressor of GC lymphomagenesis
(A) HVEM-expressing GC B cell recruits BTLA to immunological synapse. BTLA signals

into Tfh cell through SHP-1, which reduces the strength of TCR signal and amount of
preformed CD40L mobilized to the cell surface. (B) In the absence of HVEM, BTLA is not
recruited to the immune synapse and the amount of preformed CD40L mobilized to the
surface is increased. The HVEM-deficient B cell receives increased CD40 signaling.
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