








Figure 15: Gene expression profiling (GEP) and gene set enrichment analysis
(GSEA) on CD28 mutant versus CD28 WT AITL cases. AITL cases with a high
expression of D124 or T195 mutations (6 total) were compared to CD28-WT
AITL cases. A: There were 178 genes with significant differential expression,
p<0.005. B-G: GSEA on the expression profiles of CD28-mutant versus CD28-
WT cases. Notably, the T-cell signal transduction signature (B) was
overexpressed in the CD28 mutant group, as was the metastatic signature
(C), the TGFPB pathway (D), and the stem cell signature (E). F-I: CD28 mutant
cases underexpressed the IFNy signaling, IL4 signaling, antigen processing,
and pre-B lymphoma pathways, respectively.
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Figure 16. VAV1-HNRNPM construct and controls. Domain names and
amino acid positions are indicated. The three VAV1-containing constructs
have a triple FLAG tag on the N’-terminus; the back-HNRNPM construct
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J.vavl cells transfected with constructs or empty control, or the WT Jurkat, were

assessed for proliferative capacity by carboxyfluorescein succinimidyl ester (CFSE) dye

dilution (Figure 19). The fusion-containing cells have slightly higher fluorescence levels

at later timepoints, suggesting a slightly lower proliferation level, and all J.vavl cell lines

had lower proliferative capacity than Jurkat. Notably, expression of WT VAV1 in J.vavl

cells did not reconstitute the proliferation seen in Jurkat.

These cells were also assessed for capacity to upregulate CD69, a marker of

activation, during stimulation. The fusion-containing cells had lower CD69 expression at

24 hours of stimulation than cells expressing the other constructs (Figure 20).

Expression of VAV1 was assessed by intracellular flow cytometry. VAV1 was seen

in all expected samples (Figure 21). However, the Jurkat cell did not show particularly

good staining.



Figure 17. Cellular localization of VAV1-HNRNPM and related constructs using the FLAG tag.
A-B. IDH2-FLAG Jurkat cells (A) stain in their mitochondria, and J.vav1 cells (B) have no
staining. C. VAV1-HNRNPM cells have mostly cytoplasmic FLAG expression with distinct
nuclear puncta. VAV1-front cells (D) and back-HNRNPM cells (F) have pancellular expression,

whereas VAV1-whole cells have the expected exclusively cytoplasmic expression.

The importance of VAVL1 in the initiation of calcium flux in T-cell activation is well-
described, and the VAV1-HNRNPM fusion has a high predicted affinity for PLCGL1 via a
site on HNRNPM (see “VAV1 mutations — predicted affinity differences). Therefore,
calcium flux in stimulation was assessed by flow cytometry. For two replicates, very little
difference was seen, with the fusion-containing cells fluxing faster than empty vector but
slower than other transfected cells (Figure 22).

To assess the effects of the fusion on transcription, cells were stimulated for 8 hours
then interrogated using the Nanostring codeset described above. For one replicate,

several genes were significantly upregulated compared to controls (Figure 23). Notably,
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CCL4, CD69, CD83, IER3, LTB, TIEG, TNFAIP3, and TNFA, all of which are early
activation response genes, have a large number of reads in the VAV1-HNRNPM
sample, higher than the Jurkat Vavl® control. The VAV1-whole and VAV1-front control-
expressing cells also have higher expression of many of these than Jurkat, and usually

higher than the VAV1-HNRNPM-expressing cells.
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Figure 20. Increased expression of CD69 in response to stimulation. Transfected cells plus
wild-type Jurkat were stimulated for zero (A), 5 (B) or 24 (C) hours with CD3/CD28 beads, and
surface expression of CD69 was assessed by flow cytometry.

Sample Mame Subset Name | Count
ADB Jurkat no primary fos Ungated 11384
ADB Jurkat fos Single Cells 4781
ADT Jvavi-EcRfcs Single Cells 4685
ADS pMIT-empty Thy1-high.fcs Single Cells 4809
ADS back-HNRMPM Thy1-high.fes | Single Cells 4785
AD4 Vavl-whole Thyl-high.fos Single Cells 4504
AD3 Vavl-front Thy1-high.fos Single Cells 4748
AD2 Vav1-HNRNPM Thy1-high.fcs | Single Cells 4748

FL4-AZ FL4-A

Figure 21. Intracellular expression of VAV1. Cells were

permeabilized and stained for VAV1, then assessed by flow

cytometry.
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VAV1 constructs: Nanostring data
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Figure 22. Changes in expression of TCR-upregulated genes over time. Transfected cells or
wild-type Jurkat were stimulated or not for 8 hours with CD3/CD28 beads, and RNA levels
were directly assessed. The VAV1-HNRNPM cells (red square and upright blue triangle)
notably upregulated many targets higher than Jurkat (blue circle and brown square),
including CD69, and IER3. The VAV1-whole and VAV1-front controls, however, upregulated
most of the targets greater than Jurkat as well.

Figure 23. Calcium flux. Transfected cells or wild-type Jurkat were stimulated and degree of
calcium flux was measured. Jurkat cells (top blue line) show the expected kinetics and
degree of flux. Empty vector and EcR-transfected J.vav1 cells (bottom orange circle and gray
crosses, respectively) show characteristic delay of influx and lower maximum levels, plus low
sustainability. Cells with VAV1-front and VAV1-whole (green triangle and purple “X”,
respectively) have a similar early kinetic profile to Jurkat cells but cannot sustain the influx.
Cells with VAV1-HNRNPM and back-HNRNPM display an intermediate kinetic profiles.
Average of two replicates, normalized to baseline values.
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CHAPTER 3: DISCUSSION AND DIRECTIONS FOR

FUTURE STUDY?®

CD28 and VAV1 mutations

Gene expression profiling analysis has pointed to a strong T-cell receptor signal in
peripheral T-cell lymphomas, both for AITL and PTCL, NOS. This work explores the
outcomes of mechanisms by which increased or constitutive activation of the T-cell
receptor pathway may occur: mutation of proximal signal molecules. Sequencing data
on 105 PTCL, NOS and AITL cases showed a fusion and recurrent mutations in CD28,
the canonical T-cell co-stimulatory receptor, as well as several mutations and a fusion in
VAV1. These molecules sit at the earliest stages of signal transduction through the
TCR, and in both cases, their proper function is necessary to propagate and sustain T-
cell activation. Recent sequencing studies on PTCLs, particularly AITL, have shown
frequent mutations in RHOA and in the epigenetic modifiers TET2, DNMT3A, and IDH2,
as well as less frequent mutations affecting TCR signaling proteins, including FYN. Our
study finds similar frequencies and locations of TET2 mutations in AITL and other types
of PTCL as previously determined, and we show that the less frequent CD28 mutations
may play a role in promoting TCR and NF-kB signaling.

CD28 is the canonical co-stimulatory receptor which is activated by B7-family ligand
while MHC binds the CD3/TCR complex with co-receptor CD4 (or CD8, though for the
purpose of the diseases discussed in this thesis, CD4 is the operative molecule). Upon

ligation, the CD28 intracellular domain’s SH2- and SH3-binding motifs bind and a

* Sections of the discussion are based on Rohr et al. 2015 (ref. 122)
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multitude of signaling proteins, notably, GRB2, PI3K, ITK, LCK, PKC6, and FYN. These
activated intermediates initiate major shifts in cellular metabolism, motility, and
transcription status in concert with CD3/TCR activation. Although the TCR provides the
major stimulatory signal, co-stimulator activation is required to maintain activation and
allow the T-cell to assume its effector function. Co-inhibitory B7 family receptors,
including CTLA4 and PD1, among others, compete with CD28. In addition to directly
competing for ligand, the B7 family co-inhibitors can decrease CD3/CD28 signaling
through direct and indirect interaction with signaling intermediates.

The cancer samples in this study show recurrent mutations of CD28 at two residues:
aspartate 124, which is immediately adjacent to the six-amino acid MYPPPY “antigen-
binding” motif, and threonine 195, which is between the SH2- and N-terminal SH3-
binding motifs. One mutation at each residue (D124V and T195P) was found to have a
higher affinity for binding partner by SPR and each was found to induce higher NF-kB
activation than CD28 WT when stimulated. For T195P, there were also notable
transcriptional differences upon activation. The interactions were modeled to identify the
potential mechanism by which the increased affinity may occur.

The fusion transcript between ICOS and CD28 is driven by the ICOS promoter, most
likely as a result of partial tandem duplication of the CD28-ICOS-CTLA4 locus. Because
ICOS is highly expressed in AITL, it is expected that this fusion can drive higher CD28
expression (Figure 7). However, the signal peptide, encoded by the first exon of ICOS, is
cleaved from the final protein, such that the product only contains CD28 with the
mutation. Recently reported cases of Sézary syndrome had a CTLA4-CD28 fusion,
whose expression is expected to be driven by CTLA4; in this case, the extracellular
domain of CD28 is replaced by CTLA4, which augments CD28 intracellular signaling
through the higher-affinity CTLA4 extracellular domain.'’®*”® A study on adult T-cell

leukemia/lymphoma found rare CD28 D124, T195, and F51 mutations, ICOS-CD28 and
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CTLA4-CD28 fusion transcripts, and copy number increases of CD28.'¥° Although we
found no CTLA4-CD28 fusions, we show that enhanced CD28 pathway activation can
be achieved also through mutation. The D124V mutant, which occurs adjacent to the
extracellular ligand-binding site, has an increased affinity for ligand CD86 shown by
modeling and SPR analysis (Figures 10 and 11). Our modeling of the interaction
between CD86 and CD28 indicates that the increased affinity of the D124V mutant is
likely due to improved electrostatic interactions as opposed to steric or hydrophobic
factors. There is also evidence of enhanced downstream target activation. The fact that
the D124V mutant has the same NF-kB activation with either CD80 or CD86 stimulation
is unexpected based on the binding analysis (Fig. 14) which shows CD86, but not CD80,
having a higher affinity for the D124V mutant. The model of the CD80-CD28 interaction
shows several interactions that could explain these findings (Fig. 12). On the cell
surface, the orientation of CD28 homodimers is highly constrained, whereas in the SPR
flow cell, they are three-dimensionally unconstrained. Three-dimensional K,
measurements by SPR of TCR/MHC interactions are approximately 1000-fold lower than
the same analysis in two dimensions. Thus, it is possible that a difference in affinity for
CD80 between WT and mutant CD28 when confined to the plasma membrane may not
be apparent by SPR analysis. Also, crystal structures of the modeled complexes would
be useful, as they may reveal changes not predicted by the molecular modeling.
Interestingly, CD28 expression in multiple myeloma has been shown to alter

185
l

myeloma proliferation and surviva and to be predictive of disease progression and

relapse in conjunction with CD86, but not CD80, expression.*#®!%’
There are several possible mechanisms by which increased ligand affinity may
augment CD28 signaling. First, the increased affinity for SH2-containing adaptor proteins

may directly increase CD28 signaling. Another possibility is through reduced receptor-

mediated endocytosis. The PI3K regulatory subunit's SH2 domain binds to the
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should they prove to be true. Given the preponderance of mutations throughout VAV1 in
ATLL, it follows that the apparent mutations in AITL and PTCL, NOS, if they are true, are

likely relevant to the disease as well.
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The mutations in AITL and PTCL, NOS must cooperate

TET2, IDH2, and DNMT3A mutations in AITL and PTCL, NOS are discussed at
length in “Genetic origins.” We found the expected overall and variant frequencies of
TET2 mutations; IDH2 and DNMT3A mutations for these same cases are reported in
Wang et al. 2015. Given that each of the other mutations exists nearly exclusively in the
background of TET2 loss-of-function, there must be a degree of either cooperativity
between the later mutations and TET2 LOF, or the loss of TET2 predisposes to other
mutations. Either way, the global hypermethylation phenotype in TET2 mutant cells
must create the environment required for T-cell lymphomagenesis, and exactly how the
other mutations fit in is still a puzzle that must be solved.

The dominant negative G17V mutation in RHOA is particularly perplexing, though a
variety of mutations in RHOA are known to occur in other cancers. For essentially all
cell lineages including most hematopoietic cells, RHOA acts to polymerize actin and
controls contraction on the trailing or lagging edge during cellular migration. RHOA was
found to be a transforming factor in fibroblast culture,*®** and its activity is very important
in metastasis of many solid tumors;'***® RHOA is frequently highly expressed in
metastatic cancers. Several other mutant forms of RHOA have recently been identified

in diffuse gastric carcinomas.™’

A plethora of RHOA mutations were also found in
ATLL, some of which are activating and some inactivating.’®® Notably, the most
common mutants in the gastric cancers — Y42C, R5Q/W, and G17E — are also expected
to decrease GTP binding, though this has not been shown for R5 mutants. Pediatric
Burkitt lymphomas also have relatively frequent R5Q/W mutations in RHOA.'®

Together, this suggests a common mechanism of RHOA GTP-binding inactivation that

promotes cancer development, though what exactly this is remains mysterious,
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particularly because no G117V mutations occurred in gastric disease or Burkitt
lymphoma, and because RHOA-activating mutations can also occur in the same
diseases. It would also be expected that if RHOA loss-of-function was oncogenic, then
there would be examples of indels and nonsense mutations, and/or many more locations
of mutation which would decrease RHOA activity. The fact that there are specific
mutational hotspots suggests a mechanism beyond simple loss, and/or only a few
mutations are not maladaptive.

Even the function of RHOA in lymphocytes has evidence somewhat difficult to
reconcile. Early work on thymocyte development (the process summarized under “From
stem cell to mature aff T-cell’) shows that RHOA activity is necessary for T-cells to
mature, presumably because of 1) the intrathymic migration necessary for training, and
2) the importance of actin in stabilizing the immunologic synapse. Further, intercellular
adhesion, which is initiated by transmembrane protein interactions but maintained by
actin polymerization to keep adhesion proteins stable in the cell membrane, also
requires RHOA function as specifically tested in Jurkat cells.*®® Thus, a loss of GTPase
function would be expected to reduce actin polymerization, and this is indeed shown for
the G17V mutant. Nevertheless, the total loss of functional RHOA in T-cells by
transgenic expression of C3 exotoxin generates a T-acute lymphoblastic leukemia-like
disease with thymic enlargement in mice.*®

One possible explanation for this strange behavior of RHOA G17V may relate to its
affinities for other proteins in the so-called GTPase cycle.?® In order for GTPases like
RHOA to function, they must be loaded with GTP. Inactive GTPases are stably bound to
GDP, and in the case of the Rho family, most are complexed in the cytosol with any of a
class of guanine dissociation inhibitors, or GDIs; the prototypical GDI for RHOA is
RhoGDI. The GDI-bound fraction is in equilibrium with a small portion of membrane-

bound, inactive protein that can potentially be activated by guanine exchange factors
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(GEFs, of which VAV1 is one) which catalyze the exchange of GDP for GTP. The
GTPase is now active. For the GTPase to become inactive, the GTP must be
hydrolyzed; this is by the action of GTPase accelerating proteins (GAPS), prototypically
RhoGAP for RHOA, which increases the intrinsic activity of the GTPase, hydrolyzing the
terminal phosphate bond of the GTP to generate GDP. At this point, the GDP-bound
GTPase can then re-complex with a GDI or be reactivated through the action of a GEF.
Not only is RHOA G17V unable to bind GTP and be active, it is unable to bind
guanine nucleotide at all. Thus, it is hypothesized that the mutant RHOA may be
“locked” in a conformation where it binds a GEF, but the GEF cannot dissociate because
it cannot load GTP. If this were the case, there may be a preferential sequestration of
some GEF or GEFs, allowing other GEFs or GAPs or GDIs to exert their pleiotropic
effects on any number of cytosolic proteins. Our laboratory is actively working on
discovering what the important interactions for RHOA G17V might be. One patrticularly
interesting hypothesis (proposed by Timothy McKeithan) would be mostly lymphocyte-
specific: because VAV1 is among the most important GEFs for RHOA in T-cells,
perhaps membrane-bound RHOA G17V sequesters VAV1 close to the plasma
membrane, preventing dissociation. VAV1 has many domains which can interact with
many other proteins (see Figures 4 and 8) independent of its GEF function. Thus, if
VAV1 is constitutively membrane-bound, it may be able to activate other early

intermediates independent of TCR/CD28 activation.
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Future directions: towards a model of PTCL, NOS and AITL

Research in PTCL, NOS and AITL pathogenesis is hindered for several reasons as
mentioned above. Perhaps the most frustrating is a lack of PTCL models. Other T-cell-
derived cancers such as T-cell leukemias and cutaneous T-cell lymphomas have several
cancerous cell lines available publically from repositories such as the American Type
Culture Collection (ATCC). The former includes the cellular model used for the majority
of this study, Jurkat; besides the fact that is a leukemic line, it also is not the best
representation for normal T-cells because it is missing the tumor suppressor PTEN,
which exerts a variety of its own effects on cell cycle, activation, and migration; thus, it
likely dos not faithfully represent the human mature T-cell.

AITL and PTCL, NOS, however, have never been successfully grown in vitro. This is
partially due to the relative patient infrequency, such that there has been less available
to attempt to grow, as well as the paucity of historical and even current data concerning
primary tumor drivers. But the major reason is that both of these entities are strongly
influenced by the micro-environment in which they develop. As discussed in “COO:
AITL,” the cells from which AITL are derived, Tgy cells, are able to mature and stay alive
as a differentiated Tgy cell only in the presence of a germinal center, e.g. activated B-
cells and FDCs. In vitro differentiation of Tgy cells, or at least Try-like cells, has been
accomplished. However, long- or even medium-term expansion of a non-cancerous Tgy
cell without B-cell and FDC interaction is as of yet impossible; our group has even tried
to overexpress BCL6 in Jurkat cells, but to no avail (Jianbo Yu, unpublished data). This
is further underscored by the fact that AITL only extremely rarely undergoes a leukemic
transition, in which the cells are able to stay alive while circulating in the blood without

the constant support of the meshwork of the peripheral lymphoid tissues. The only
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foreseeable way truly generate a cell culture-based model of AITL is to develop a multi-
cell-type co-culture in which dendritic cells present an antigen to which both
PRDM1°BCL6"CXCR5"CD4" T-cells and mature B-cells are able to interact. Only in
this complex system can the appropriate degree of activation through the TCR, along
with OX40 co-stimulation from B-cells and CD28 co-stimulation from both B-cells and
dendritic cells, be maintained. It is important to note that FDCs are important for T-cell
training and do not normally take part in the GC reaction,® but there still needs to a
consistent, controlled, physiologic activation measure for the T-cells to become Tgu.

Practically, the one way to possibly accomplish the model outlined above would be to
generate mice in some way. We have generated mice with conditional loss of TET2 in
T-cells to recapitulate what is found in human AITL and PTCL, NOS. Mice expressing
Cre recombinase under control of the Cd4 promoter (Jackson Laboratory, Tg(Cd4-
cre)1Cwi/Bflud, stock 017336) were crossed with mice which have the third exon of both
their Tet2 alleles bounded by LoxP sites.'®® Without Cre, cells have normal Tet2
expression because the LoxP sites are spliced with the introns in which they sit.
However, in the presence of Cre, the third exon of Tet2 is removed, such that all
progeny of Cre-expressing cells, in this case CD4+ T-cells as well as perhaps some
dendritic cells, will lose the third exon of Tet2 and not have a functional protein. Some
mice were also crossed with the OTII line, expressing a transgenic T-cell receptor which
encodes an ovalbumin-specific TCR for MHC Class Il, thereby allowing selective
activation with a known antigen (Jackson Laboratory, B6.Cg-Tg(TcraTcrb)425Chbn/J,
stock 004194). These mice are currently aging and will be assessed over their life for
development of lymphoma. Further, T-cells will be removed at various ages and
assessed for functionality.

T-cells from the murine lines above could potentially be used as donors for in vitro or

in vivo work. Another way to generate reactive T-cells could be through an acute
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injection that would elicit an antibody reaction, such as sheep red blood cells; this will be
less uniform, but would more appropriately generate a heterogeneous reaction more
representative of the likely physiological reaction to antigenic challenge. There are still
other agents that could generate a known response, e.g. murine viruses, but for these it
would be too easy to contaminate the mice intended to be uninfected. This would be
particularly problematic in a mouse facility at an academic institution that does not
normally use biosafety level 2+ precautions or higher in routine handling and
maintenance of mouse colonies.

Even once these T-cells are ready to be used in modeling, the major issue remains
recapitulation of normal nodal architecture. For in vivo work, simple injection of
potentially malignant T-cells should be enough to get them to home to peripheral
lymphoid organs and divide as expected; only performing this experiment can decide.
The in vitro modeling is even more complex. Peripheral lymphoid organs are three-
dimensional structures, clearly, whereas tissue culture plates are two-dimensional.
There do exist mesh inserts which adherent cells, FDCs in this particular model, could
use as a scaffold and allowing multi-dimensional access for the potential interacting B
and T cells, but it doesn’t let B- and T-cells move around each other with the dendritic
meshwork in place. Plus, gravity would pull non-adherent cells away from the insert
towards the bottom of the well, and without moving lymph to keep cells in circulation, the
lymphocytes would eventually not be able to interact with the FDCs anyway. A round-
bottom plate would avoid the gravity issue but still not mimic the 3D structure of a lymph
node. It is truly a conundrum.

Recent advances in bioengineering have generated organ-specific scaffolding which

allows population by living, functional cells. In the functional cases (including heart,®*

2 3

liver,®®> and pancreas,”® among others), the stated goal involves a single cell type

(cardiomyocyte, hepatocyte, pancreatic -cell, respectively) performing a cell-intrinsic
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function in a position fixed in space. For peripheral lymphoid organs, these strategies
would not work so well, because these organs need specific inflow and outflow with
many different cell types interacting, and most of these interactions are not fixed in
space anyway. Thus, a scaffold on which dendritic cells can grow would likely not be
able to support a germinal center reaction or the migratory patterns of mature CD4" T-
cells. Perhaps in many years, there will exist an artificial lymph node or spleen which is
able to function in all organ capacities, but that certainly is not just around the corner.
One other possibility rests in the recent development of patient-derived xenograft
(PDX) models, in which excisions of patient tumors are implanted in NOD/SCID/II12rg-null
(NSG) mice, and different potential chemotherapies are tried to assess the best
response of the individual tumor. These findings then inform the choice of therapy in the
patient. PDX models are fairly easy to generate for epithelial, solid tumors; in general,
they can implant in almost any tissue. For the PTCLs, especially the stromal-dependent
tumors like the two diseases assessed here, this does not work as well, but has been
previously met with moderate success.”® If PDXs can work consistently for biopsies of
AITLs, then in addition to using the models to look at therapy, the tissue can propagate
1) to give more cells for sequencing, and 2) allow long-term monitoring of cancer
progression in a way that has certainly not been possible up to this point, thereby

generating an extrinsic model which uses human cells.

Conclusion: towards targeting co-stimulation for treatment of PTCLs

Here we have studied the effects of mutations in proximal molecules of the T-cell so-
stimulatory pathway and found that they allow angioimmunoblastic T-cell lymphoma

(AITL) and peripheral T-cell lymphoma, not otherwise specified (PTCL, NOS) to increase
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activation through the TCR, thereby increasing downstream signaling. This signaling
likely contributes to the survival of mutated cells, giving these cells the ability to
contribute to lymphoma development and potentially resistance to therapy. It is clear,
from this and from others’ work, that the CD3/CD28 pathway is a central mechanism
which prevents these cancerous cells from dying. Therefore the co-stimulatory pathway
is a rational target for these diseases.

Altering CD28 biology, however, can have serious effects. In a Phase | trial of a
CD28 superagonist used to stimulate immune reaction, all six healthy individuals
experienced cytokine storm and progressed to various degrees of organ failure,
consistent with systemic inflammatory response syndrome (SIRS).”® Blocking of CD28

activity through an inhibitory antibody has recently been successful in preventing acute

6 207

kidney allograft rejection in non-human primates®® and is well-studied in rodents,
though titration for humans must be carefully done before clinical trial. Other inhibitors of
co-inhibitory CD28-family receptors already exist and are used in patients:**® anti-CTLA4
(ipilimumab), anti-PD1 (nivolumab), and anti-PDL1 (atezolizumab) are used to increase
immunologic response to solid tumors in humans. More relevant to PTCLs, CTLA4-Ig
(abatacept), which binds B7 ligand and prevents ligation with CD28, is already used
successfully to treat many autoimmune diseases by preventing T-cell activation. With
proven tolerability, we hold that abatacept or similar classes of immune modulators
should be considered for trial in PTCLs. If a lymphoma is sequenced and has a
TCR/CDZ28 activating mutation, then this drug may provide the key to prevent the signals
which allow the cancer to persist.

Someday soon, there will be a successful treatment for PTCLs. It is only through

hard work that we will find it.
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