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BRAFVF gccelerates disease progression and enhances immune
suppression in a mouse model of B-cell leukemia
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m Mutated mitogen-activated protein kinase (MAPK) pathway components promote tumor
survival, proliferation, and immune evasion in solid tumors. MAPK mutations occur in
*Mutated BRAF hematologic cancers as well, but their role is less clear and few models are available to study
accelerates disease
and enhances immune
abnormalities in murine
B-cell leukemia.

this. We developed an in vivo model of disseminated BRAF'*°°F B-cell leukemia to
determine the effects of this mutation on tumor development and immune evasion. Mice
with B-cell-restricted BRAFV®?°F expression crossed with the Eu-TCL1 model of chronic
lymphocytic leukemia (CLL) developed leukemia significantly earlier (median, 4.9 vs 8.1
* This new model will be months; P < .001) and had significantly shorter lifespan (median, 7.3 vs 12.1 months;

valuable for. P < .001) versus BRAF wild-type counterparts. BRAFV?F expression did not affect B-cell
understanding and tar- FV600E,

geting disease-induced
immune modulation in
MAPK-mutated B-cell
malignancies.

proliferation but reduced spontaneous apoptosis. BRA -mutant leukemia

produced greater T-cell effects, evidenced by exhaustion immunophenotype and
CD44™" T-cell percentage, as well as increased expression of PD-L1 on

CD11b™ cells. Results were confirmed in syngeneic mice engrafted with BRAFY6%%F
leukemia cells. Furthermore, a BRAFV%°E_expressing CLL cell line more strongly inhibited
anti-CD3/CD28-induced T-cell proliferation, which was reversed by BRAF'®°°F inhibition.
These results demonstrate the immune-suppressive impact of BRAFV®°°F in B-cell leukemias
and introduce a new model to develop rational combination strategies targeting both
tumor cells and tumor-mediated immune evasion.

Introduction

The mitogen-activated protein kinase (MAPK) pathway regulates diverse cell functions downstream of
many cell-surface receptors by controlling transcription, cell cycle, and apoptosis and is commonly
aberrant in tumor cells." Mutated MAPK pathway components drive tumor survival and proliferation in
the absence of external stimuli, and therapeutic MAPK inhibitors are being pursued to block these
effects.?® MAPK signaling also induces immune-suppressive behavior of tumor cells via multiple
mechanisms, including production and secretion of cytokines, induction of immune checkpoint
molecules, and cytoskeletal remodeling.”® MAPK pathway activation in tumor cells without MAPK
mutations, such as through Toll-like receptor stimulation or transforming growth factor beta signaling,
can promote tumor infiltration and immune suppression at least in part via CD200 and programmed
death-ligand 1 (PD-L1) induction, and these effects can be reversed by MEK inhibition.'®"® Similar
findings are reported in BRAFY®°°E-mutant melanoma, in which inhibition of BRAF and MEK increases
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T-cell recognition and dendritic cell function.'*'® This evidence
strongly supports that targeting MAPK signaling in cancer patients
could reverse tumor-induced immune suppression, leading to
longer disease control, improved resistance to opportunistic
infections, and enhanced efficacy of immune-based therapies.

The MAPK pathway is mutationally activated in hematologic
malignancies, although generally less frequently than in solid
tumors. Most notably, nearly 100% of classic hairy cell leukemia
(HCL) cases carry the BRAFY5°°F mutation,'® suggesting a key
function for the mutated protein in disease development. Multiple
reports demonstrate that HCL can be successfully treated with
vemurafenib, further supporting this hypothesis.'” Approximately
10% of chronic lymphocytic leukemia (CLL) patients carry an
activating mutation in an MAPK pathway component, including
BRAF,'®2° and BRAF mutations were identified as one of the
acquired initiating mutations in early hematopoietic cells of
CLL patients.?! A recent case report describes the clinical efficacy
of MAPK inhibition in a patient with BRAFY®°°E-mutated multiple
myeloma.?? Moreover, a BRAF pseudogene transcript is aberrantly
expressed in primary human diffuse large B-cell lymphoma and is
positively correlated with BRAF expression, resulting in MAPK
signaling activation. Global expression of this pseudogene in mice
results in aggressive B-cell lymphoma.?® Together, these findings
indicate a role for activated MAPK in a meaningful subset of B-cell
malignancies. However, its function with regard to immune
suppression in these diseases is unclear, and no suitable mouse
model with a B-cell-specific MAPK activating mutation has been
available. Here, we describe a new model of BRAF-mutated B-cell
leukemia to investigate this critical aspect.

In this study, we generated a murine model of BRAF/®°%E.mutated
B-cell leukemia based on the well-established Ep-TCL1 strain®428
and documented the phenotype of the resulting disease. Epn-TCL1
mice with BRAF'6°°E-mutated B cells develop an aggressive
leukemia significantly earlier than standard Ep-TCL1 mice and have
shortened survival. In addition, BRAF'9%%E.mutated leukemic
B cells exert a greater immunosuppressive effect on T cells, and
this can be reversed by pharmacologic inhibition of BRAFY6°E, This
study provides a new model of MAPK-driven immune defects in
B-cell leukemia and supports the introduction of combination
strategies using MAPK pathway inhibitors together with Bruton's
tyrosine kinase and/or immune checkpoint inhibitors in patients with
BRAFY6%%E.mutated B-cell malignancies.

Methods

Cell lines and reagents

OSUCLL cells were originally established by Epstein-Barr virus
transformation of cells from a CLL patient.2® This cell line displays
immunophenotype and cytogenetics similar to the patient's CLL
(trisomy 12 and 19). OSUCLL cells with doxycycline-inducible
expression of normal or mutated BRAF were previously described.®°
Vemurafenib and dabrafenib were obtained from Selleck Chemicals
(Houston, TX) and doxycycline from Clontech (Mountain View, CA).

Transgenic mice

Generation of mice with B-cell-specific BRAFY®°°E as the result

of CD19-driven Cre recombinase is described in the supple-
mental Data. These or CD19-Cre mice without BRAFY°°F were
crossed with the established En-TCL1 model.?* Eu-TCL1 mice
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with  BRAF-mutated B cells are referred to in the text as
“BRAFVEXTCL1,” and BRAF wild-type (WT) counterparts are
referred to as “BRAFWTXTCL1" (no BRAF'®°°F allele) or
“BRAFCAXTCL1" (conditional allele [CA], no CD19-Cre). Mice
were monitored once every 2 weeks by flow cytometry and spleen
palpation. Leukemia was defined as enlarged (palpable) spleen
and =10% CD5*CD19™ cells in the peripheral blood CD45™
population. For adoptive transfer experiments, spleen cells were
isolated from transgenic mice with leukemia and assessed by flow
cytometry. Live CD5YCD19" cells (107) were injected intrave-
nously into 8- to 10-week-old WT female C57BL/6 mice. The mice
were sacrificed upon reaching predetermined euthanasia criteria
(=20% weight loss, hind limb paralysis, respiratory distress, rough
coat, or =10% weight loss, with other signs). All mouse experiments
were performed under a protocol approved by The Ohio State
University Institutional Animal Care and Use Committee.

Cell isolation

Mouse CD19 MicroBeads (Miltenyi Biotec, San Diego, CA),
EasySep Mouse Pan-B Cell Isolation Kit, and EasySep Mouse
T-Cell Isolation Kit (STEMCELL Technologies, Vancouver, BC,
Canada) were used to isolate B and T cells from mouse spleens.
Purity was confirmed by flow cytometry and was at least 90% for all
experiments.

Immunoblotting

Lysates from B and T cells from spleens were immunoblotted with
antibodies for human BRAFY6°°E (Spring Bioscience, Pleasanton,
CA), total BRAF (Santa Cruz Biotechnology, Santa Cruz, CA),
phosphorylated and total MEK and ERK (Cell Signaling Technology,
Danvers, MA), and actin (Santa Cruz Biotechnology) using standard
procedures.

Flow cytometry

Flow cytometry was performed by using either a Gallios (Beckman
Coulter, Brea, CA) or a Fortessa (BD Biosciences, San Jose, CA)
cytometer, and results were processed using Kaluza software
(Beckman Coulter). Antibodies, stains, and sources are listed in
supplemental Data.

Cell proliferation assay

Mice were intraperitoneally injected with 50 pg of 5-ethynyl-2'-
deoxyuridine (EdU; Santa Cruz Biotechnology) per gram of body
weight. After 24 hours, spleen cells were collected and stained
with anti-CD5 fluorescein isothiocyanate, anti-CD19 phycoerythrin,
and anti-CD45 Alexa700, followed by Click-iT EdU labeling
(ThermoFisher). Cells were analyzed immediately by flow cytometry.

Histology

Details of histologic examinations are provided in the supple-
mental Data.

Functional assays

T cells from peripheral blood of healthy adults were negatively selected
to enrich for CD3, CD4, or CD8 T cells stained with carboxyfluorescein
succinimidyl ester (Thermo Fisher Scientific) and stimulated with plate-
bound anti-CD3 and soluble anti-CD28 antibodies (BD Biosciences).
Human T cells were cocultured with OSUCLL cells expressing normal
BRAF or BRAFY6%%_ Al conditions, including T cells alone, also
received 1 ng/mL doxycycline. For cytokine analyses, supernatants
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from cocultures of stimulated healthy T cells with or without leukemic
B cells were analyzed by cytometric bead array (BD Biosciences) per
the manufacturer's protocol. Cytokines in mouse plasma were also
assessed using MILLIPLEX Multiplex Assays (EMD Millipore, Billerica,
MA) according to the manufacturer’s instructions.

Statistics

Kaplan-Meier estimates and the log-rank test were used to compare
time from birth to development of leukemia and overall survival from
birth among BRAF"/TXTCL1, BRAF"XTCL1, and BRAF®AXTCL1
groups. Organ weight comparisons were made by using two-sample
Student ¢ tests, assuming unequal variances; for the spleen data, the
nonparametric Wilcoxon rank sum test was used instead. Differences
in EdU incorporation and annexin-V binding were assessed by using
two-sample Student t tests or Wilcoxon rank sum tests. For the
messenger RNA (mRNA) data, mixed effects models were applied to
the ACt values (difference in cycle numbers at which detection
thresholds are reached), and estimated differences were transformed
back into fold changes. Changes in F4/80" macrophages, myeloid-
derived suppressor cells (MDSCs), patroling monocytes, cytokine
levels, and T-cell proliferation data (division index [DII®") were estimated
by using mixed effects models to allow for correlations among
observations from the same donors. All analyses were performed using
SAS/STAT software Version 9.4 (SAS Institute Inc., Cary NC).

Results

B-cell selective expression of BRAFV°°E jn Ep.-TCL1
mice accelerates disease and shortens survival

Mouse strains carrying CD19-driven Cre recombinase and immuno-
globulin (Ig) Ep-driven human TCL1, without or with a conditional
Cre-driven BRAF"®%°F allele (BRAF"TXTCL1 and BRAF'XTCLI,
respectively) were generated and genotypically confirmed. Immunoblot
analysis showed that BRAF6%° protein is expressed in B cells but not
T cells from the spleens of BRAFYEXTCL1 mice, and this expression is
associated with increased phosphorylation of downstream kinases
MEK and ERK (Figure 1). The onset of leukemia, as defined by at least
10% CD197CD5" double-positive cells among the CD45™ pop-
ulation in the peripheral blood, was evaluated once every 2 weeks by
flow cytometry starting at 6 weeks. BRAFYEXTCL1 mice (n = 34)
developed leukemia at a median of 4.9 months (95% confidence
interval [Cl], 4.5-5.6 months), significantly earlier than BRAFVTXTCL1
mice (median, 8.1 months; 95% Cl, 7.6-9.2 months; n = 46) or
BRAFCAXTCL1 mice (median, 8.1 months; n = 22) (P < .001 for
both comparisons; Figure 2A). Leukemia onset in the control groups
was comparable to that in standard Ep.-TCL1 mice.2*2 There was no
evidence of leukemia during this period in BRAF"XCD19 Cre mice
as expected, because BRAF'6°%F by itself is not sufficient to induce
malignancy.®33* This group was therefore not included in the
remaining experiments. BRAFYEXTCL1 mice exhibited significantly
shorter survival (median, 7.3 months; 95% CI, 6.9-8.0 months; n = 34)
compared with BRAFVTXTCL1 mice (median, 12.1 months; 95% Cl,
11.5-12.7 months; n = 46) or BRAFCAXTCL1 mice (median, 11.3
months; 95% CI, 9.9-11.9 months; n = 22) (Figure 2B; P < .001 for
both comparisons).

Phenotype of disease in BRAFVExTCL1 mice

Detailed necropsies were performed on mice meeting euthanasia
criteria as a result of advanced disease. Spleens and livers were
enlarged in BRAFVE vs BRAFYYT TCL1 mice (n = 19 per group for
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spleen [P = .043]; n = 18 per group for liver [P = .004]; Figure 3).
These are shown as organ:body weight ratios to control for body
size because the BRAFVT mice were older by the time they reached
euthanasia criteria; absolute weights are shown in supplemental
Figure 1A. Gross appearances of the spleen and liver are shown in
supplemental Figure 1B-C. BRAF'E animals showed thymic
enlargement and reduced hematocrit relative to BRAF™T mice,
although differences did not reach statistical significance (n = 15
per group for thymus [P = .058]; n = 16 and 13, respectively, for
hematocrit [P = .079]), as well as larger submandibular,
mediastinal, and intra-abdominal lymph nodes.

Unlike Epn-TCL1 mice with unmutated BRAF, the disease in
BRAF'EXTCL1 mice later progressed to a tissue-phase cancer
consistent with histiocyte-associated B-cell lymphoma. As
shown in supplemental Figure 2A-B, spleens and lymph nodes
of BRAF"TXTCL1 mice are infiltrated by a uniform population of
small to intermediate size lymphocytes characterized by scant
basophilic cytoplasm, dense chromatin, and central round nuclei,
as previously reported for this model.?* In contrast, spleens of
BRAF'EXTCL1 mice (supplemental Figure 2B) show sheets of a
homogeneous population of round cells with abundant eosino-
philic cytoplasm and ovoid nuclei with lacy chromatin, consistent with
histiocytes or macrophages. Spleens of BRAF'EXTCL1 mice also
show histiocytic-origin multinucleated giant cells, and lymph nodes
show numerous scattered foci of large, atypical lymphocytes, many of
which demonstrate plasmacytoid differentiation, on a background of
histiocytic cells. Extended histologic investigation of organs from
BRAF'EXTCL1 mice with advanced disease (supplemental Figure 2C-
D) showed clear neoplastic cell infiltration, together with increased
numbers of cells with B-cell (B220™) and macrophage (F4/80%)
lineages. Both genotypes showed small CD3™ lymphocytes through-
out the neoplastic population, interpreted as tumor-infiltrating T cells.

To investigate B-cell development before the onset of leukemia,
cells from spleen and marrow from 2-month-old BRAFVEXTCL1
and BRAFYTXTCL1 mice (n = 7 each) were assessed by flow
cytometry. Figure 4A shows that pro (B220"CD43"IgM"), pre
(B220"CD437IgM"), immature (B220" CD437IgM™), and mature
(splenic IgM"°*IgD") B cells®® developed similarly in the 2 groups.
BRAFYEXTCL1 mice showed a slightly higher percentage of
CD11b™ (myeloid) cells (P = .014) and a trend toward higher
B-cell and lower T-cell numbers in spleens compared with
BRAFWTXTCL1 mice (Figure 4B). Complete necropsies were
also performed on BRAF"WTXTCL1 (n = 5) and BRAF'EXTCL1
(n = 6) mice at 2 months of age, before the onset of leukemia.
Histologically, spleens from all BRAFVEXTCL1 animals showed
increased numbers of atypical lymphocytes throughout the red
pulp, which was not observed in the BRAFWTXTCL1 mice
(supplemental Figure 3). No gross lesions were observed in either
group at this stage. To determine whether this model is
recapitulated by adoptive transfer of neoplastic cells to allow
larger, more uniform studies, leukemia cells from BRAFVEXTCL1
mice were intravenously injected into 7-week-old syngeneic WT
recipients (n = 11). By 2 weeks, CD5"CD19" leukemia cells
were detected in the peripheral blood of all mice. Complete
necropsies with histologic evaluation of spleen, bone marrow,
lymph nodes, thymus, and liver were performed at 3 weeks. All
normal syngeneic mice engrafted with BRAFVEXTCL1 leukemia
cells demonstrated histiocyte-associated B-cell leukemia similar
to BRAFVEXTCL1 transgenic mice (supplemental Figure 4). This
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Figure 1. BRAFV®°°E protein is expressed in the B cells of
BRAFVEXTCL1 mice. Lysates from purified B or T cells from spleens of
BRAFYWTXTCL1 or BRAFVEXTCL1 transgenic (Tg) mice were analyzed by
immunoblot for mutant and normal BRAF as well as total and phosphorylated
MEK and ERK. Lysate from OSUCLL-BRAF5°°+doxycycline was

included as a positive control (+).

BRAFWTXTCL1 BRAFVEXTCL1
Tg mouse: #1 #2 #3 #4
T B T B T B T B +
BRAFV600E ra——
BRAF| == e s s=p s SN S= scs Gl
p-MEK pr— - R —
MEK | " - -_—— T Sy WL
P-ERK] - —_—— — ..
ERK | i e e e S — - —
actin ‘-—f--* ;

demonstrates the utility of the adoptive transfer strategy of this
model to conduct future studies evaluating new treatment
combinations and strategies.

BRAFV®°°F expression does not increase cell
proliferation but reduces cell apoptosis

The expression of mutated BRAF in tumor cells alters their
proliferative and apoptotic properties, in part via cyclin D1 and
BCL2 family proteins, respectively.’® To examine the effect of
BRAFY6°E gxpression on these parameters in preleukemic B cells
in vivo, EdU was injected into BRAFYEXTCL1 (n = 6) or
BRAFVTXTCL1 (n = 5) transgenic mice at approximately 2 months
of age, before the onset of leukemia. After 24 hours, spleen cells
were collected, and EdU incorporation and annexin-V binding
were assessed. Proliferation of CD19*CD5™ B cells, as measured by
EdU incorporation, was not different between the groups (P = .319).

However, B cells from BRAF'E mice showed significantly lower
apoptosis as assessed by annexin-V binding (P < .001) (Figure 5A).

These effects were further investigated in vivo using the adoptive
transfer model. In the first experiment, pooled leukemic B cells from
BRAFVEXTCL1 or BRAFYTXTCL1 mice were engrafted into WT
syngeneic mice (BRAFVEXTCL1, n = 14; BRAFWTXTCL1, n = 24).
After the onset of leukemia, EAU was injected, and 24 hours later,
spleen cells were isolated for flow cytometric analysis as in Figure 5A-B,
which shows that BRAFY?°F did not increase B-cell proliferation in
vivo and, in fact, mildly decreased it (P = .047). Apoptosis was slightly
but not significantly reduced (P = .105). A second adoptive transfer
experiment using a single leukemic B-cell donor for each genotype
confirmed that cell proliferation was not significantly increased in the
presence of BRAFY?E but cell apoptosis was significantly reduced
(P = .756 and P < .001, respectively) (Figure 5C; supplemental
Figure 5). These experiments support that the introduction of mutated
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Figure 2. BRAFV®°°E produces more aggressive disease in the En-TCL1 mouse model. B-cell-specific expression of BRA

FV69%E significantly shortens (A) leukemia

onset and (B) overall survival (P < .001 comparing BRAF'E vs BRAFYT and BRAF* for both onset and overall survival).
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Figure 3. Organomegaly in leukemic BRAF"'T and BRAF'E TCL1 transgenic mice. Weight ratios of spleens (n = 19 for each genotype; P = .043) and livers (n = 18
for each genotype; P = .004) in BRAF"T and BRAF'E TCL1 mice meeting euthanasia criteria. The horizontal bars represent the median.

BRAF in B-cell leukemia does not impact proliferation and only
moderately reduces spontaneous apoptosis.

BRAFV®°°E B cells suppress T-cell proliferation
and function

The above results, together with the immunophenotypic characterization,
suggest that the BRAFY®°F mutation might accelerate disease
development in B-cell leukemia by promoting immune evasion or
suppression as observed in some solid tumors,'®'2"%37 rather than
simply by affecting proliferation or apoptosis. We therefore examined the
effects of B cells expressing BRAFY°°F on other immune compart-
ments. We first tested this mechanistically in vitro by using OSUCLL
cells with doxycycline-inducible expression of normal or mutated
BRAF.%° These cells were cocultured with T cells from normal donors
that were labeled with carboxyfluorescein succinimidyl ester and
stimulated with anti-CD3/anti-CD28 antibodies. OSUCLL cells in
general impaired proliferation of stimulated T cells, and this was
enhanced in BRAF'®%E.expressing cells compared with those trans-
fected with an empty vector (OSUCLL-tet) or WT BRAF. There was a
significant decrease in DI, defined as the average number of divisions for
all cells in the culture® between OSUCLL-BRAF'® and OSUCLL-
BRAFWT or OSUCLL+et (P < .001) (Figure 6A). Proliferation was
significantly rescued by the BRAF®°°F inhibitor dabrafenib (P = .003
and P = .006 for DIs of CD4 and CD8, respectively, in dabrafenib vs
vehicle treatment; Figure 6B), further supporting the contribution of
mutant BRAF to this effect. Dabrafenib had no direct effect on T-cell
proliferation. Interestingly, vemurafenib at the same dose led to a notable
impairment of T-cell proliferation in contrast to what has been reported in
vitro®® and in support of clinical data®® and was therefore not used.

These experiments were repeated using transwell plates in which
OSUCLL cells and normal T cells were separated by a 0.4 wm filter. As
shown in Figure 6C, OSUCLL cells still caused an impairment of T-cell
proliferation but to a lesser extent, indicating that soluble factors as well
as cell-cell contact contribute to T-cell inhibition. Inhibition of CD4 T-cell
proliferation by OSUCLL-BRAF'E cells was greater in coculture than in
transwell conditions (P = .013). This suggests a greater role for cell-cell
contact in T-cell inhibiton by OSUCLL-BRAF'® cells. To further
interrogate candidate cell surface factors, OSUCLL cells were analyzed
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by flow cytometry for differences in expression of known immune
suppressive molecules, including CD200 and PD-L1. In contrast to what
has been reported in melanoma and acute myeloid leukemia cells,'®"
expression of BRAF®°%E did not affect the expression of either of these
on OSUCLL cells (data not shown). Next, levels of immunomodulatory
cytokines produced by CD3/CD28-stimulated T cells (interleukin-2 [IL-
2], IL-4, IL-6, IL-10, tumor necrosis factor [TNF], and interferon-y [IFN-vy])
were measured. Each of these was strongly induced by anti-CD3/CD28
stimulation, and all except IL-2 were reduced in the presence of
OSUCLL cells (supplemental Figure 6). However, these effects were
not different in BRAF'6%E cells compared with cells transfected with
WT BRAF or an empty vector, suggesting these factors are not
responsible for the increased inhibitory effect of OSUCLL-BRAFY6%%E
cells on T-cell proliferation. In addition, blocking antibodies against IL-10
or TNF did not rescue T-cell proliferation in cocultures with OSUCLL-
BRAF%%E cells (data not shown).

To identify candidate immune suppressive factors in vivo, normal mice
were engrafted with spleen cells from leukemic BRAFYE or BRAFWT
TCL1 mice. After mice achieved a substantial tumor burden in the
periphery, plasma from these animals was analyzed by a multiplex
cytokine assay (BRAF™T mice, n = 18; BRAF'E mice, n = 21).
Although the level of most analyzed cytokines was similar (IL-1¢, IL-18,
IL-2, IL-5, IL-12¢«, IL-1283, IFN-y, MCP1/CCL2, MIP2/CXCL2, and
VEGF; data not shown), TNF and MIG/CXCL9 were significantly
increased in BRAF'E-transplanted mice relative to disease-matched
BRAF"-transplanted mice (Figure 7A). These results were supported
by real-time reverse transcription polymerase chain reaction, suggest-
ing that these increases are the result of a transcriptional mechanism
rather than just increased secretion (data not shown).

To investigate the effect of BRAF"E leukemic B cells on T cells in vivo,
mice were engrafted with leukemia cells from each genotype and
monitored until the onset of leukemia. After 3 weeks, peripheral blood
T cells were examined by flow cytometry. Relative to BRAF™T leukemia
cells, BRAF"E leukemic B cells induced the T-cell activation/exhaustion
markers programmed cell death protein 1 (PD-1), CD244, and CD160
(n = 25 and n = 11 for BRAF"'T and BRAF"E, respectively; P < .01
for each; Figure 7B). We found no correlation of PD-1, CD44, and
CD244 increases with disease load, although there was a minor
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Figure 4. Cell populations in transgenic mice before leukemia onset. (A) Spleen and bone marrow cells from 2-month-old transgenic mice (n = 6 to 7 for each
genotype) were analyzed by flow cytometry for pro-B (B220"CD43*IgM"), pre-B (B220* CD43IgM"), immature B (B220"CD437IgM*), and mature B (splenic IgM™*IgD")
cells. Differences between groups were not significant. (B) Spleen cells from 2-month-old BRAFT or BRAF'E TCL1 transgenic mice (n = 6 per genotype) were analyzed by

flow cytometry for B-, T-, and myeloid cell populations. BRAF'EXTCL1 mice showed a minor but significant increase in myeloid (CD11b") cells before the onset of leukemia

and trends toward increased B (B220") and decreased T (CD3™) cells. The horizontal bars represent the median.

correlation of CD160 with disease load. In addition, BRAF' leukemic
B cells did not alter the CD4:CD8 ratio but significantly increased the
population of CD44-expressing (antigen-experienced) T cells.*® These
results demonstrate that BRAF-mutated leukemia cells generally
produce a more immune-suppressive T-cell phenotype in vivo
compared with WT BRAF leukemia cells.

BRAFV'E B-cell leukemia impacts myeloid cells

As previously reported, CLL-associated myeloid cells are aberrant
in the Ep-TCL1 model and show skewing toward a patrolling
phenotype, with enhanced PD-L1 expression and secretion of
inflammatory and immunosuppressive cytokines.*' The impact of
the BRAF'E mutation on the myeloid compartment was therefore
evaluated, again using the adoptive transfer model. Mice were
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engrafted with either BRAF"'T or BRAF'E leukemia cells, and upon
achieving disease, spleens were evaluated by flow cytometry.
Interestingly, the presence of BRAF'E leukemia cells resulted in
significant increases in PD-L1 expression on peripheral myeloid
(CD11b™) cells (P < .001; Figure 7C). In addition, there was an
increase in F4/80" macrophages (19.8%; P = .002; n = 15 each;
Figure 7D). However, in another trial of a smaller cohort (BRAFWT,
n = 8; BRAF'E, n = 11), changes were observed only in a
subset, and overall differences were not significant (supplemental
Figure 7A). In 2 separate experiments, there was a trend toward
increased CD11b*Ly6C™Ly6G" MDSCs and decreased CD11b™
Ly6C"Ly6G" patrolling monocytes in spleens of mice with BRAF'E
leukemia, although these differences did not reach statistical
significance (supplemental Figure 7B). Together, these results
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Figure 5. Effect of BRAF'*°°F on cell proliferation and apoptosis in vivo. (A) Proliferation (EdU incorporation) and apoptosis (annexin-V binding) were analyzed by flow cytometry
in normal B cells (CD5"CD19") from the spleens of preleukemic transgenic mice (~2 months old; n = 6 for both BRAFTXTCL1 and BRAFVEXTCL1). (B) The same experiment was
conducted using healthy mice engrafted with leukemia cells pooled from 3 leukemic donor animals after the onset of leukemia (>10% CD19"CD5" cells in peripheral blood of the

CD45" population) (n = 18 for BRAFVTXTCL1 EdU and n = 24 for annexin-V; n = 14 BRAFVEXTCL1 for both EdU and annexin). (C) The experiment in (B) was repeated using single donors
for each genotype (EdU: n = 8 for BRAFVTXTCL1 and n = 9 for BRAF'EXTCL1; annexinV: n = 8 for BRAF/TXTCL1 and n = 19 for BRAF'EXTCL1). The horizontal bars represent the median.

suggest that in addition to T cells, myeloid cells may also be affected
by BRAF'E, mutated cells to result in additional remodeling of the
leukemia microenvironment.

Discussion

BRAF-activating mutations, particularly BRAF'®°°f, have been
most commonly described in solid tumors including melanoma.

€ blood advances 14 NovVEMBER 2017 - VOLUME 1, NUMBER 24

Such mutations are less frequent across hematologic diseases,
with the notable exceptions of HCL,'® Langerhans cell histiocy-
tosis,*?> and Erdheim-Chester disease.*®> However, the numbers
of BRAF-mutant leukemias, lymphomas, and myelomas identified
are increasing because of broader and deeper sequencing
efforts.'® 194445 Besides increased growth and decreased apo-
ptosis, an established effect of aberrantly activated MAPK in
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Figure 6. Inmunosuppressive effect of BRAF'®°°E in B cells in vitro. (A) OSUCLL cells with doxorubicin-induced BRAFY%°E expression were incubated 1:1 with
normal human CD3 T cells labeled with carboxyfluorescein succinimidyl ester (CFSE) and stimulated with antibodies to CD3 and CD28. After a 4-day incubation, proliferation
of CD4* and CD8" T cells was determined by CFSE flow cytometry. Proliferation caused dilution of the CFSE and is evidenced by the appearance of lower-intensity peaks.
Data are representative of 3 separate experiments using T cells from different donors. Statistical analysis of division indices from the 3 independent experiments are included.
(B) The experiment from panel A was repeated with or without dabrafenib (2 wM). Data are representative of 3 similar experiments using T cells from different donors.
Statistical analysis of division indices from 3 independent experiments are included. (C) The experiment in panel A was repeated with the different cell types in the same or in
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T cells from different donors. Statistical analysis of division indices from 3 independent experiments are included. Vertical bars represent mean values, and error bars represent
standard error of the mean. Stim., stimulated; Unstim., unstimulated.
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Figure 6. (Continued).
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tumor cells is enhanced immune suppression, mediated by multiple Here, we generated a novel mouse strain in which BRAF'6%°F is

factors, including immune checkpoint molecules and cytokines.*®*”

In melanoma models in vitro, selective BRAFY®°°E inhibition improves
T-cell recognition of tumors.'® In a mouse xenograft melanoma
model*” and in patients with metastatic melanoma,*®“° selective
BRAF inhibitor therapy leads to improved CD8" T-cell tumor
infiltration; decreases in immunosuppressive cytokines such as IL-6,
IL-8, and VEGF; and increased levels of activation/exhaustion
markers such as PD-1 and TIM3.*® However, the role of BRAF-
activating mutations in hematologic malignancies and how these
impact immune function are unclear, and few mouse models are
available to evaluate this.

€ blood advances 14 NovVEMBER 2017 - VOLUME 1, NUMBER 24

selectively expressed in B cells of the established Ep.-TCL1 B-cell
leukemia mouse model and investigated the pathologic role of this
mutation in B-cell leukemia development, behavior, and immune
evasion/suppression in vivo. The En-TCL1 model was selected
because of its extensive prior characterization, including studies
that demonstrated its utility in investigating tumor-induced immune
defects.®®®2 Our results demonstrate that BRAF'®°°F acceler-
ates Ep-TCL1 B-cell leukemia development, likely because of a
combination of decreased spontaneous apoptosis and enhanced
immune suppression rather than increased proliferation. In addition,
BRAF'E leukemia cells produced greater T-cell effects than
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Figure 7. Inmunosuppressive effect of BRAFV°°E

in vivo. (A) Plasma from leukemic mice was collected at the point when each mouse exceeded 55% tumor cells in the
peripheral blood CD45™ population and was evaluated by using a Milliplex cytokine assay (n = 18 for BRAF"T and n = 21 for BRAF'E). (B) T-cell immune parameters in

AT mice were assessed by flow cytometry (n = 25 for BRAFT; n = 11 for BRAF'E; P < .01 for each). (C) PD-L1 expression on CD11b™ cells (monocytes/macrophages)
was assessed in peripheral blood from AT mice by flow cytometry (n = 25 for BRAFYT; n = 11 for BRAF'E; P < .001). (D) The percentage of F4/80" cells

(macrophages) was measured in the nonlymphocyte (CD57/CD197) population (n = 15 for each; P = .002). Horizontal lines indicate median. AT, adoptive transfer.
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BRAFWT leukemia cells, including an enhanced activated/
exhausted phenotype that was previously described in CLL
patients.?® Myeloid subsets were affected as well, with increased
expression of PD-L1 on circulating monocytes and an elevated
percentage of F4/80" macrophages in spleens. Alterations in
monocytic subsets were also observed, with a shift from a patrolling
to an MDSC immunophenotype in contrast to what has been
reported in Ew-TCL1 mice.*' Depletion of myeloid cells, including
patrolling monocytes in the En-TCL1 adoptive transfer model,
controls CLL-like disease development,*’ but the patrolling
monocytes also have antitumor function for suppressing tumor
metastasis to lung by increasing natural killer cell-mediated killing of
metastatic tumor cells in multiple metastatic mouse models.®*
Although the function of patrolling cells in the cancer context is
controversial, the observation of the affected myeloid cells in our
mouse model indicates that BRAFY®°°F |eukemia cells can skew
these cells to an immune suppressive phenotype. Although
functional analyses will be required to fully define these populations,
our observations suggest a tumor-mediated shift of innate and
adaptive immunity in BRAF'E mice toward a more tumor-tolerant
environment.

Selective inhibitors of BRAFY®°°F have clear clinical benefit in
BRAF-mutated cancers, but duration of response is typically
short. Thus, efforts are now directed toward combination
strategies with additional kinase inhibitors (eg, trametinib) as
well as immune checkpoint inhibitors and other immune-based
therapies, based on preclinical studies demonstrating activity.>>>
Clinical trials of such combinations are underway, but to evaluate
these systematically in hematologic malignancies in which BRAF
mutations are less common will be a lengthy process. A relevant
model of BRAF-mutated leukemia will be a valuable tool not only to
understand the mechanism of immune modulation but to quickly
evaluate various combinations to support clinical trial design.

We investigated several factors that might mediate the enhanced
immune suppressive effects of BRAFYE-mutated leukemia cells. In
agreement with previous reports in solid tumors,®>” PD-L1 and
CD200 are not further induced in BRAFE cells compared with
BRAFWT cells, despite reports showing that these markers are
increased in BRAF inhibitor-resistant cells.'®®7 However, we
detected increased IL-10 and TNF in a CLL cell line with mutated
BRAF, which is in line with the TGF-B—induced IL-10 in the
melanoma line A375 with endogenous expression of BRAFY60F 12,
Although blocking antibodies to these cytokines failed to reverse
T-cell inhibitory effects of BRAF'E-mutant cells in vitro and IL-10
was not changed in vivo, the potential contributions of TNF and
other candidate cytokines in vivo remain to be fully evaluated. TNF
transcript is increased in mouse BRAF'E leukemia cells, and
adoptively transferred BRAF'E leukemia cells increase TNF in
recipient mice. TNF exerts both protumor and antitumor activities in
different cancers. In CLL, TNF supports proliferation of CLL cells
and induces IL-6 expression to protect from spontaneous
apoptosis.®®°® Furthermore, we find that MIG/CXCL9 in recipient
mice is increased in the presence of BRAF'E leukemia. MIG/
CXCL9, a chemoattractant for activated T cells, is secreted by
various cell types, including T cells, natural killer cells, dendritic cells,
macrophages, and endothelial cells. Similar to TNF, the function of
MIG/CXCL9 in tumor regulation is controversial across different
cancer types.® MIG/CXCLO level is higher in CLL patient sera and
is associated with CD38 expression.®’ In addition, a high level of the
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cytokine cluster CL1, including MIG/CXCL9, is correlated
with shorter overall survival,®' suggesting that a high level of
MIG/CXCL9 might predict a poor prognosis in CLL. The
expression of MIG/CXCL9 receptor CXCR3 in CLL and splenic
marginal zone lymphoma is higher compared with normal
circulating B cells and mediates chemotaxis to support CLL
survival and migration.®2¢*

It has been reported that leukemia B cells induce T-cell immune
suppression in Epn-TCL1 mice by changes in expression of
cytokines and immune checkpoint molecules.®® For example,
increase in IL-1, IL-4, IL-6, and CTLA4™ regulatory T cells and
decrease in IL-2, IFN-vy, IL-12, and BTLA are seen in the Ep-TCLA1
mice compared with WT control mice.®® IL-10, MIG/CXCLS, IL-1,
CXCL10, TNF, IL-1RN, and CXCL16 transcripts and cytokine levels
are significantly increased in CLL-associated splenic monocytes
and in the adoptive-transferred TCL1 mice, and elevated TNF,
CXCL9, and CXCL16 are reduced upon depletion of myeloid
cells.*' Along with this, percentage of CD44"CXCR3™ splenic
T cells are increased in the TCL1 mice, indicating that the
monocyte-associated cytokines attract these T cells and may
contribute to CLL-lke disease progression.*’ Along with this,
however, there is increasing data supporting that various myeloid-
derived cells contribute to CLL disease progression indirectly via
their effects on T cells.*' Our results are consistent with this
hypothesis, in that BRAFY®°°E-mutant CLL cells might secrete TNF
and CXCL9 not only to support survival but also to recruit T cells
and macrophages to lymphoid organs and alter their immune
function. Whether the immune suppressive effects seen on T cells
in the BRAFY®°°E.mutant leukemia mouse model are produced
directly by CLL cells and/or indirectly by CLL-enhanced immuno-
suppressive myeloid cells remains to be determined. Our data
suggest that elevated levels of TNF and MIG/CXCL9 in BRAF'E
Ep-TCL1 mice could contribute to the more aggressive disease and
immune evasion. Although additional studies are needed to support
this, our experiments indicate that BRAFVE leukemia cells mediate
suppression simultaneously through several factors, both soluble
and contact-dependent, suggesting therapeutic combinations of
agents that block these different pathways are needed for optimal
disease control.

The phenotype of the disease at earlier stages is similar in BRAF'E

and BRAFYT TCL1 mice, with progressive accumulation of abnor-
mal B lymphocytes in the organs and periphery. However, the
leukemia in most of the BRAFYE mice (19 of the 22 examined for
histology) transforms to a histiocyte-associated B-cell lymphoma
compared with just 2 of the 20 BRAF"T leukemic mice examined
for histology. This intriguing transformation was reproduced in
healthy syngeneic mice receiving BRAF'E leukemia cells by
adoptive transfer, indicating that these effects are the result of
an intrinsic property of the tumor cells. This progression to a
lymphoma-type disease may in part explain the finding that, despite
the relative frequency of MAPK-activating mutations in CLL
(~9%), BRAF"6°°F mutations are quite rare.®® It is possible that
the greater activity of BRAFY®°%E ys other pathway mutations
(even within BRAF) produces a disease phenotype inconsistent
with CLL, and such cases are thus excluded from the cohort being
studied.

In conclusion, the introduction of BRAF'®°%E into B-cell leukemia in
vivo provides a novel and valuable tool to investigate the impact of this
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mutation on immune function in disseminated disease, building on the
extensive work conducted in melanoma models. Current studies are
investigating the impact of BRAF inhibition in these mice on the
immune microenvironment. Our goal is to use this model to test novel
combination strategies that will simultaneously block tumor growth
and restore immune function for long-term disease control.
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