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Abstract

Hairy cell leukemia (HCL) is a chronic lymphoproliferative disorder characterized by somatic
BRAFV600E mutations. The malignant cell in HCL has immunophenotypic features of a mature B
cell, but no normal counterpart along the continuum of developing B lymphocytes has been
delineated as the cell of origin. We find that the BRAFV600E mutation is present in hematopoietic
stem cells (HSCs) in HCL patients, and that these patients exhibit marked alterations in
hematopoietic stem/progenitor cell (HSPC) frequencies. Quantitative sequencing analysis revealed
a mean BRAFV600E-mutant allele frequency of 4.97% in HSCs from HCL patients. Moreover,
transplantation of BRAFV600E-mutant HSCs from an HCL patient into immunodeficient mice
resulted in stable engraftment of BRAFV600E-mutant human hematopoietic cells, revealing the
functional self-renewal capacity of HCL HSCs. Consistent with the human genetic data,
expression of BRaf\VV600E in murine HSPCs resulted in a lethal hematopoietic disorder
characterized by splenomegaly, anemia, thrombocytopenia, increased circulating soluble CD25,
and increased clonogenic capacity of B lineage cells—all classic features of human HCL. In
contrast, restricting expression of BRafVV600E to the mature B cell compartment did not result in
disease. Treatment of HCL patients with vemurafenib, an inhibitor of mutated BRAF, resulted in
normalization of HSPC frequencies and increased myeloid and erythroid output from HSPCs.
These findings link the pathogenesis of HCL to somatic mutations that arise in HSPCs and further
suggest that chronic lymphoid malignancies may be initiated by aberrant HSCs.

INTRODUCTION

Hairy cell leukemia (HCL) is a chronic lymphoproliferative disorder characterized as a
mature B cell malignancy based on the fact that the hallmark leukemic cell in HCL
expresses CD19, surface immunoglobulin (1), and clonal rearrangements of
immunoglobulin heavy and light chain genes (2, 3)—all features of mature B cells (4, 5). At
the same time, HCL cells also express cell surface markers not present on normal B cells,
including CD103 and CD11c, antigens typically expressed on intraepithelial T cells and
monocytes, respectively (6, 7). In addition, HCL patients have long been known to have
clinical features disparate from most mature B cell malignancies, including the absence of
lymph node involvement and frequent splenomegaly due to extramedullary hematopoiesis
(EMH) (4). Gene expression microarray studies have not precisely identified a specific B
cell population as the cell of origin of HCL (8). Hence, the hematopoietic population that
initiates and propagates HCL has not been definitively delineated, and the cell of origin of
HCL has remained under debate (9-12).

Tiacci et al. recently identified somatic BRAFV600E mutations in nearly 100% of classic
HCL patients (13), a finding since confirmed in multiple studies (14, 15). This seminal
observation provided the first genetic insight into HCL pathogenesis and a clonal marker to

Sci Transl Med. Author manuscript; available in PMC 2015 July 14.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chung et al.

RESULTS

Page 3

track the origin and propagation of HCL. We therefore sought to identify the cell of origin of
HCL by identifying the point of hematopoietic development at which the BRAFV600E
mutation arises.

Here, we identify the presence of the BRAFV600E mutation in hematopoietic stem cells
(HSCs) in patients with HCL, as well as consistent abnormalities in hematopoietic stem and
progenitor cell (HSPC) frequencies in HCL patients. We also use murine genetic models to
functionally characterize the effects of mutant BRaf\VV600E expression at various stages of
development and hematopoietic differentiation, revealing that many of the characteristic
clinical features of HCL are seen only with expression of BRaf\V600E in cells less mature
than committed B cells. Finally, we evaluated the effect of mutant BRAF inhibition on
hematopoiesis in our murine models, as well as in patients with BRAF-mutant HCL using
material from patients in an ongoing clinical trial of vemurafenib for relapsed/refractory
HCL.

Altered HSPC composition and the presence of BRAFV600E mutations in HSCs from HCL

patients

To identify the cell population along the hematopoietic hierarchy in which the BRAFV600E
mutation arises, we prospectively purified HSCs [lineage-negative (LN) CD34* CD38~
CD90* CD45RAT, pro-B cells (LN CD34* CD38* CD10* CD19"), hematogones (CD34~
CD38** CD10* CD19%), myeloid progenitor (MP) cells (LN CD10~ CD19~ CD34* CD38*
CD45RA*~ CD123*"), and HCL cells (CD19* CD103* CD11c*) from the bone marrow
(BM) of 14 HCL patients and age-matched controls (Fig. 1A and table S1). CD10, CD19,
CD103, and CD11c were excluded from the lineage cocktail and stained with different
fluorochromes to assess B and HCL cell frequencies. HCL patients were characterized by an
expansion of HSCs among CD34* CD38~ LN cells and a marked decrease in the frequency
of granulocyte-macrophage progenitor (GMP) cells among MPs, consistent with the
neutropenia and monocytopenia characteristic of HCL (Fig. 1B). This stage-specific dropout
of GMPs was also linked to a decrease in the lymphoid-primed multipotent progenitor
population (LMPP; LN CD34* CD38~ CD90~ CD45RA™*) (Fig. 1B), which has been shown
to have granulocyte/macrophage-restricted myeloid, as well as normal lymphoid
differentiation potential (16, 17). We then used an allele-specific oligonucleotide assay to
assess for the BRAFV600E mutation (14) in different hematopoietic subsets after double
FACS (fluorescence-activated cell sorting) to ensure >97% purity (fig. S1). We identified
the BRAFV600E mutation in the HSC, pro-B cell, and HCL cell populations of HCL
patients (Fig. 1, C and D). Analysis of sorted chronic lymphocytic leukemia (CLL) cells in
addition to HCL cells from one individual harboring both diseases identified the presence of
the BRAFV600E mutation in both cell populations, suggesting a potential shared origin of
these two leukemias (Fig. 1E). These data suggest that HCL initiates within the HSPC
compartment and not in committed lymphoid cells as previously suggested (9-12).
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Genetic and functional evaluation of HSPCs in HCL

Next, to more quantitatively define the proportion of HSCs bearing mutant BRAF in HCL
patients, we performed quantitative sequencing of the region of BRAFV600E in
complementary DNA (cDNA) from prospectively purified HCL cells, hematogones, and
HSCs (LN CD34* CD38~ CD90* CD45RA") from five different HCL patients. At a mean
sequencing depth of >1000x%, we identified a mean variant allele frequency (VAF) of 63.1%
(+12.1%), 23.0% (+22.9%), and 4.97% (£1.9%) in HCL cells, hematogones, and HSCs,
respectively (Fig. 2A). The variability of the BRAFV600E VAF in HCL cells was due to the
fact that two of the five patients had a homozygous BRAFV600E mutation, whereas the
others had a heterozygous mutation. In contrast to the mean VAF of >1% in HCL cells,
hematogones, and HSCs, the BRAFV600E mutation was detected at a VAF of only 0.09%
(£0.03%) and 0.07% (+0.009%) in MP and CD14* cells, respectively (table S1).

Given the high frequency of BRAFV600E mutations in HCL and the fact that the mutation
was identified in HSCs, we sought to identify additional co-occurring genetic lesions along
the course of hematopoietic differentiation that might cooperate with the BRAFV600E
mutation to promote hematopoietic transformation. To this end, we performed targeted
mutational analysis of a well-validated panel of 300 known cancer genes (18) (table S2) in
genomic DNA from HCL leukemic cells and paired granulocyte samples from three HCL
patients. We focused on mutations present in the HCL clone and not in paired granulocytes.
This analysis revealed only the BRAFV600E mutation in one patient, BRAFV600E plus an
ARID1A p.V1427fs mutation in another patient, and a BRAFV600E plus a MLL3 p.C394Y
mutation in a third patient. We then performed sequencing analysis by MiSeq for the
BRAFV600E mutation and these additional alterations in HSCs (LN CD34* CD38~ CD90™"
CD45RA™), MPs (LN CD19~ CD10~ CD34* CD38%), and hematogones (LN CD34*
CD38™*) from the respective patients where these somatic mutations were identified in HCL
cells. This analysis failed to reveal any mutation in the HSC or hematogone population other
than the BRAFV600E mutation.

The identification of the BRAFV600E mutation in purified HSCs and progenitor B cells in
HCL patients is highly suggestive of an immature cell of origin in HCL. To define the
functional potential of BRAFV600E-mutant HSCs to give rise to HCL, we transplanted 3000
HSCs (LN CD34* CD38~ CD90* CD45RA") from the BM aspirate of an untreated HCL
patient into sublethally irradiated nonobese diabetic/severe combined immunodeficient
interleukin-2 (IL-2) receptor y chain knockout (NSG) mice (Fig. 2B). Serial flow cytometric
and genetic analysis of human CD45" cells in the BM of engrafted mice at 6 months after
transplantation revealed a population of hCD45* cells with an HCL immunophenotype
(hCD103* hCD11c* hCD19%) as well as immunophenotypic HSCs (LN CD34* CD38~
CD90* CD45RA") (Fig. 2C). Moreover, genetic analysis of unfractionated hCD45* cells
from the BM of engrafted mice revealed the presence of the BRAFV600E-mutant allele at a
VAF of 4 and 9% in genomic DNA at 3 and 6 months after transplant, respectively (Fig.
2D). These data indicate that HSCs from HCL patients bearing the BRAFV600E mutation
have functional self-renewal capacity, and strongly suggest that these cells give rise to HCL.
Moreover, the self-renewal potential of BRAF-mutant HSCs and the fact that the
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BRAFV600E mutation was detected in HSCs, hematogones, and HCL cells indicate that
BRAF-mutant HSCs in HCL patients do not merely represent a subset of HCL cells.

Phenotypic analysis of mice with pan-hematopoietic versus B cell-restricted expression of

BRafV600E

We next sought to assess the effects of expressing BRaf\VV600E in different hematopoietic
compartments in vivo. We used a conditional BRaf\VV600E murine model in which the
mutant allele is expressed from the endogenous BRaf locus after Cre-mediated deletion of a
lox-stop-lox cassette (19). BRaf\VV600E mice were crossed with Mx1-cre, Vav-cre, and Cd19-
cre transgenic mice to delineate the effects of mutant BRaf expression in postnatal HSPCs,
prenatal hematopoietic cells, and B lineage cells, respectively. Mx1-cre BRafV600E mice
developed a lethal hematopoietic disorder characterized by splenomegaly due to EMH [as
previously reported (19)] and hepatomegaly (also due to EMH), anemia due to impaired
erythroid differentiation, and thrombocytopenia by 3 weeks of age (Fig. 3, A to D, and fig.
S2, A and B). The hematopoietic phenotype of Mx1-cre BRafVV600E was recapitulated when
whole BM was transplanted into lethally irradiated recipient mice, consistent with a cell-
autonomous phenotype (Fig. 3, A and B, and fig. S2A) (blood counts, spleen, and liver
weights were analyzed 6 weeks after transplantation in 4-week-old lethally irradiated
recipient mice to allow time for engraftment; spleen and liver weights were analyzed at 3
weeks of age in Cd19-cre BRafV600E mice). In addition, mice with pan-hematopoietic
BRafVV600E expression were marked by increased circulating soluble CD25 (sCD25) (Fig.
3E), a well-characterized tumor marker of HCL (6). sSCD25 levels were significantly down-
regulated (P = 0.002, Mann-Whitney U test) after therapy with the RAF inhibitor PLX4720.
Because of a previously described high frequency of spontaneous Cre induction in the Mx1-
cre BRafVV600E mice (19), we used tamoxifen-inducible mutant BRaf expression in the Cre-
ERT BRafV600E model (which has minimal spontaneous excision) to characterize the
latency of cell-autonomous hematopoietic abnormalities arising after Cre induction. BM
cells from Cre-ERT BRafV600E or BRafV600E Cre-negative control mice were transplanted
into lethally irradiated recipients. Blood samples were taken from recipient mice 4 weeks
after transplantation (at which time there were no significant differences between Cre-ERT
BRaf\VV600E and BRafVV600E cre-negative control mice), and then mice were treated with
tamoxifen to activate expression of BRafVV600E. Two weeks after tamoxifen administration,
Cre-ERT BRafV600E mice developed significant anemia (P = 0.002) and thrombocytopenia
(P =0.02) relative to control mice (fig. S2C).

Expression of BRafVV600E in fetal hematopoietic cells using the Vav-cre transgene resulted
in 100% embryonic lethality (fig. S3A). Analysis of embryos generated from crossing Vav-
cre transgenic mice to BRaf\V600E mice revealed complete lethality of Vav-cre BRafV600E
embryos beyond day 12.5. At embryonic day 12.5, Vav-cre BRafV600E embryos were
observed at Mendelian ratios but were characterized by gross pallor, fetal liver necrosis, and
a marked impairment of erythroid differentiation consistent with in utero hematopoietic
transformation (fig. S3, B to E).

In contrast to the effects of BRaf\VV600E expression in HSPCs, conditional BRaf\V600E
expression in B lineage cells with Cd19-cre did not result in reduced survival or in an overt
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hematopoietic phenotype. Mice sacrificed at 1 year of age had no overt phenotype outside of
the B lineage, despite clear activation of mitogen-activated protein kinase (MAPK) signaling
in B lineage cells (Fig. 3, A to D, and fig. S3, F and G). Cd19-cre BRafV600E mice also had
minimal elevation of sSCD25 (Fig. 3E). These data demonstrate that restricting BRaf\VV600E
expression to committed B lymphoid cells does not result in malignant transformation,
suggesting that the phenotype of HCL is driven by alterations in HSPCs.

Effect of BRafV600E on HSC function and germinal center response to alloantigen

Given the expansion of HSCs noted in HCL patients, we next assessed the effects of
expression of BRafV600E on murine HSPC subsets (fig. S4). FACS analysis of HSPCs from
the BM and spleen of secondarily transplanted Mx1-cre BRafV600E mice and Cre-negative
control mice revealed an increase in lineage-negative sca-1* c-kit* (LSK), LMPP, and
common lymphoid progenitor (CLP) populations in the BM of knock-in mice relative to
controls and a large increase in all HSPC populations in the spleen of knock-in mice relative
to controls (consistent with EMH in BRafV600E knock-in mice) (fig. S4).

We next sought to understand the effects of BRafVV600E expression on HSPC function and
lineage specification. We plated unfractionated BM cells from Mx1-cre BRafV600E mice in
methylcellulose-containing myeloid and erythroid cytokines [IL-3, IL-6, stem cell factor
(SCF), and erythropoietin (EPO)] or the lymphopoietic cytokine IL-7. BRafV600E cells
demonstrated impaired colony formation in myeloid and erythroid conditions. However,
BRafVV600E BM exhibited serial replating capacity (>10 platings) in the presence of IL-7
(Fig. 4A). This increased clonogenic capacity was likewise observed using Cd19-cre
BRafVV600E BM cells, suggesting increased self-renewal of an early B lineage population
(fig. S5A). Accordingly, immunophenotyping of colonies capable of serially replating in
IL-7-containing methylcellulose revealed predominantly pre-B cells and their progeny (fig.
S5B). Given that LMPPs are poised in hematopoiesis between self-renewing HSCs and
lymphoid and granulocyte/macrophage progenitors, we sought to examine the functional
effects of BRafV600E expression in this population. Purified LMPP cells (LSK FIk2*) from
Mx1-cre BRafV600E mice acquired the ability to serially replate in IL-7-containing
methylcellulose but exhibited impaired colony formation relative to control LMPP cells
when plated in the presence of myeloid and erythroid cytokines (Fig. 4B). Together, these
data suggest that BRaf\VV600E induces aberrant self-renewal in lymphoid precursor cells
while impairing myeloid differentiation.

We next sought to determine the effect of alloantigen perturbation on the B cell phenotype
of BRafV600E-mutant mice. Four-week-old mice with B lineage expression of BRaf\VV600E
were injected with T cell-dependent antigen sheep red blood cells (SRBCs) to induce
germinal center (GC) formation. Analysis performed 10 days later (at which time the GC
reaction is at its peak) revealed a significant (P = 0.006) increase in spleen weight, as well as
the number and size of GC B cells in BRafV600E mice relative to controls (Fig. 4, C and D).
The GC response was more significant (P = 0.02) in Cd19-cre BRafV600E mice compared
to mice with GC-restricted expression of BRafV600E (Cy-cre BRaf\VV600E), suggesting that
this enhanced response to antigenic stimulus arises from the effects of BRafV600E in early
B lineage cells rather than in mature B cells (Fig. 4, E and F).
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Given the human and murine data demonstrating that BRaf\V600E is acquired in HSCs in
HCL, we investigated the effects of mutant BRaf on HSC self-renewal. We assessed the self-
renewal of HSCs from CD45.2 Mx1-cre BRafVV600E or cre-negative BRaf VV600E control
mice in competitive repopulation assays. Four weeks after transplantation of equal numbers
of Mx1-cre BRafV600E BM cells and cre-negative control cells into lethally irradiated
recipient mice, the CD45.2 peripheral blood (PB) chimerism of mice transplanted with
CD45.2 Mx1-cre BRafV600E BM was greatly reduced compared to control (Fig. 4, G and
H). At the same time point, the proportion of CD45.2 cells that were B220* B lineage cells
was higher in mice transplanted with Mx1-cre BRafV600E CD45.2-positive cells compared
to controls (Fig. 4G). Sixteen weeks after transplantation, the proportion of Mx1-cre
BRaf\VV600E CD45.2 cells was similar to cre-negative controls, consistent with intact self-
renewal of BRafV600E HSCs (Fig. 4H). Mice transplanted with Mx1-cre BRaf\VV600E
CD45.2-positive cells developed anemia and thrombocytopenia by 16 weeks after
transplantation, a phenotype similar to that which was observed in primary Mx1-cre
BRaf\VV600E mice and noncompetitive transplants (Fig. 41). To exclude an effect of homing
or engraftment on the function of BRafV600E BM cells in vivo, we performed competitive
transplantation of Cre-ERT BRafV600E BM cells followed by cre-mediated expression of
the mutant allele 4 weeks after transplantation, demonstrating a significant (P = 0.006 at 16
weeks after transplantation) competitive advantage of Cre-ERT BRafV600E BM cells (fig.
S5C).

Effect of BRAF inhibition on BRAF-mutant HSPCs and hematopoietic differentiation

The above genetic and functional data suggest that BRafV600E mutations alter the
differentiation and self-renewal potential of HSPCs and that the ensuing lymphoid
transformation and block in myeloid and erythroid differentiation result in phenotypic HCL
(although cells with classic hairy cell-like morphology were not seen in the murine models).
Recent case reports have noted that HCL patients respond to inhibition of mutant BRAF
with vemurafenib, as assessed by a reduction in morphologic hairy cells and a reduction in
splenomegaly (20, 21). We therefore investigated the effect of vemurafenib on
BRAFV600E-mutant HSPCs using murine models and relapsed/refractory HCL patients
treated on a phase 2 study of vemurafenib. PLX4720 treatment of wild-type mice
transplanted with Mx1-Cre* BRafV600E-mutant BM cells improved anemia, reduced
hepatosplenomegaly, and attenuated B cell clonogenic capacity (Fig. 5, A to D, and fig. S6,
A to F). In the clinical context, vemurafenib treatment normalized HSPC frequencies within
3 months of starting therapy (Fig. 5, E and F). Patients treated with vemurafenib had
restoration of normal myelopoiesis with BRAF inhibition, demonstrating that the impaired
myeloid differentiation in HCL is dependent on mutant BRAFV600E signaling (Fig. 5, G
and H). Vemurafenib treatment restored the myeloid colony-forming ability of sorted HSCs
(LN CD34" CD38~ CD90* CD45RA") and MPs (LN CD34* CD38") isolated from HCL
patients compared to pretreatment marrows (fig. S6G), suggesting that the improvement in
myeloid and erythroid progenitor output in vivo is cell-autonomous.
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DISCUSSION

The hallmark leukemic cell in HCL has frequently been considered to be derived from a
postgerminal B cell, given that these cells express switched immunoglobulin isotypes (1),
with immunoglobulin variable genes that have undergone somatic hypermutation in most
patients (3, 22). At the same time, many features of HCL are not consistent with origin from
a postgerminal B cell, such as their unique immunophenotype and morphology, as well as
decreased hematopoietic output that is often out of proportion to HCL disease burden in the
BM. By tracing the origin of a specific somatic aberration characteristic of HCL, we have
identified a clear link in the pathogenesis of HCL to an oncogenic disease allele acquired in
the HSC compartment. Functional studies with human and murine BRAFV600E-mutant
HSCs further demonstrated that the BRAF mutation affects the differentiation and function
of different committed hematopoietic progenitors, which may drive the disease phenotype.

Although HCL is a relatively rare malignancy, the present data further demonstrate that
mature B cell malignancies can initiate in the HSC compartment. Although the stem cell
origin for myeloid malignancies such as myeloproliferative neoplasms, myelodysplastic
syndromes, and acute myeloid leukemia (AML) is well established, a link between
aberrations in HSPCs and development of mature lymphoid malignancies has been less
thoroughly investigated. One reason for this is that, unlike mature myeloid cells, subsets of
normal mature B cells are characterized by the capacity to self-renew and differentiate as
part of their normal function. For example, the function of memory B cells is to self-renew
and generate differentiated progeny in response to antigenic stimuli. Thus, the paradigm of
linking B cell malignancies to counterparts in normal B cell development has been a
predominant model to describe the cell of origin for these disorders and may have obscured
the identification of a more primitive cell of origin. Emerging evidence suggests that HSPCs
may play important roles in other neoplasms of mature B cells. For example, multiple
myeloma, a disorder considered to be a malignancy of late-stage immunoglobulin-secreting
plasma cells, was recently found to contain subpopulations of pre-plasmablasts and CD20*
B cell progenitors, which propagate the disorder and mediate treatment resistance (23).
Similarly, Kikushige et al. recently demonstrated that the propensity to generate clonal B
cells in patients with the mature B cell malignancy CLL is acquired in the HSC
compartment (24). Recent genomic analyses of leukemias of another lymphoid lineage, T
cell acute lymphoblastic leukemia (T-ALL), revealed that a specific subset of T-ALL is
highly similar to normal and myeloid leukemic HSCs in gene expression and mutational
profile (25). Collectively, these findings suggest that genomic and functional analyses of
lymphoid malignancies may reveal unexpected alterations in less differentiated HSPC
populations.

In the studies by Kikushige et al., xenotransplantation of HSCs from CLL patients gave rise
to engraftment of mono- and oligoclonal cell populations with a CLL-like phenotype, but
the resulting clones were genetically disparate from the original CLL clones seen in the
leukemic cells originally isolated from patients. One potential explanation for this finding is
that additional genetic abnormalities acquired along the course of hematopoiesis might be
essential in giving rise to the clonal CLL disorder (24, 26). Similarly, here, although
BRaf\VV600E expression in HSPCs resulted in increased clonogenic capacity of early B cell
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populations, as well as anemia, thrombocytopenia, and EMH, no cells with a morphologic
phenotype of hairy cells were seen in any murine model studied. This suggests that the
development of additional co-occurring genetic alterations along the course of
hematopoiesis may be necessary to give rise to mature HCL cells. Alternatively, the level of
expression and/or functional role of BRAF in hematopoiesis may be incompletely conserved
between mouse and human.

There are several limitations of this study to note. First, we attempted to address the question
of whether there is a hierarchy of additional genetic alterations co-occurring with the
BRAFV600E mutation in HCL patients. Targeted sequencing analysis of 300 cancer-
associated genes in three HCL samples revealed only two additional somatic mutations co-
occurring with the BRAFV600E mutation in HCL cells, neither of which were present in
HSCs from the same individual. These data are consistent with the BRAFV600E mutation
representing an early or inciting event in HCL pathogenesis. This is analogous to recently
described preleukemic HSCs from AML patients who harbor somatic mutations in
frequently mutated genes such as DNMT3A (27, 28). In such a scenario, a preleukemic HSC
clone in HCL might acquire subsequent additional genetic alterations in HSCs, B cell
progenitors, or mature B cells, resulting in the appearance of a mature B cell clone that
undergoes characteristic immunoglobulin rearrangement and eventually proliferates to
manifest as clinically apparent HCL. However, a more extensive mutational analysis of
HCL cells and paired HSPCs will be needed to more definitively address this question.
Moreover, our use of granulocyte DNA as matched somatic tissue may have obscured
additional mutations acquired early in the hematopoietic compartment and present at similar
frequencies in granulocyte and HCL DNA. Second, although our analyses of the VAF of the
BRAFV600E mutation demonstrated the presence of the BRAF mutation in HSPC subsets
from HCL patients, these analyses used cDNA, where the level of wild-type and mutant
BRAF expression may differ from the VAF at the level of genomic DNA in these cell
subsets.

Data from the murine models studied here and flow cytometric characterization of the BM
of HCL patients suggest that the cytopenias seen in HCL patients are due in part to HSPC-
intrinsic effects of the BRAFV600E mutation on erythropoiesis, megakaryopoiesis, and
myelopoiesis. Moreover, these data suggest that the use of therapies targeting MAPK
signaling in HCL may lead to durable remissions not only through effects on mature
leukemic cells but also through targeted inhibition of signaling and survival in mutant
HSPCs. Indeed, treatment of both murine models and HCL patients with RAF inhibition
resulted in improvements in myelopoiesis and erythropoiesis, as well as restoration of
aberrant HSPC frequencies. Our results predict that therapeutic mutant BRAF inhibition will
have the capability to induce durable remissions and restoration of normal hematopoiesis in
HCL.

MATERIALS AND METHODS

Study design and patients

The goal of this study was to understand the cell of origin of HCL through the use of (i)
genetic analysis of specific hematopoietic subsets from the BM and blood of HCL patients,
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(ii) comparison of the effects on hematopoiesis of activating the BRafV600E mutation in
various hematopoietic cell subsets in mice, and (iii) analysis of the effects of targeting
vemurafenib on hematopoiesis in patients with HCL treated longitudinally with vemurafenib
and in BRafVV600E mice treated in vivo with vemurafenib.

Patient samples were obtained from patients with newly diagnosed or relapsed HCL seen at
Memorial Sloan Kettering Cancer Center. The effect of vemurafenib on stem cell number,
function, and hematopoietic reconstitution in vivo was studied using patient samples from an
ongoing phase 2 clinical trial of vemurafenib in relapsed or refractory HCL (A phase Il
study of the BRAF inhibitor, vemurafenib, in patients with relapsed or refractory hairy cell
leukemia," Clinical Trials.gov identifier NCT01711632). The study is ongoing and being
conducted according to the Declaration of Helsinki and with approval from the Institutional
Review Board of Memorial Sloan Kettering Cancer Center. All patients had HCL refractory
to standard therapy and met all inclusion and exclusion criteria. All provided written
informed consent before participating in this study. This study involves exposure to
vemurafenib at a dose of 960 mg orally twice a day in back-to-back cycles of 4 weeks (28
days) for at least three cycles. A BM aspirate and/or biopsy is performed before treatment
and after the first cycle. After the completion of the third cycle, a repeat BM aspirate and/or
biopsy is performed for assessment of response and evaluation of minimal residual disease.
If either morphologic or minimal residual disease is evident, an additional three cycles of
vemurafenib are given for a maximum of six cycles total.

Experiments analyzing human hematopoietic cell subsets pretreated with vemurafenib (Fig.
1) involved 14 individual HCL patients and 3 normal age-matched controls (table S1).
Analysis of the effects of vemurafenib therapy on hematopoiesis longitudinally in clinical
trial specimens involved four to six patient samples per group (Fig. 5, F and G) or one to
three representative patient samples (Fig. 5, E and H).

All murine experiments were done using 3 to 10 animals per group in each experiment, and
all experiments were performed at least three times except where noted. For murine drug
experiments, animals were randomly allocated to drug treatment or vehicle treatment, and
treatment was administered in an unblinded fashion.

Antibodies and FACS analysis of human and murine cells

Details of all antibodies (for both human and mouse studies) used for FACS and Western
blot analyses are located in the Supplementary Materials.

Animals, in vivo studies, and in vivo drug treatment of mice

All animals were housed at Memorial Sloan Kettering Cancer Center. All animal procedures
were conducted in accordance with the Guidelines for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and Use Committees at
Memorial Sloan Kettering Cancer Center.

Mice with conditional expression of BRafV600E (LSL-BRaf\VV600E) from its endogenous
locus were originally created and described by Mercer et al. (19). LSL-BRafVV600E mice on
a pure C57BL/6 background were crossed to interferon-a—inducible Mx1-cre mice (The
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Jackson Laboratory), hematopoietic-specific Vav-cre mice, B lineage Cd19-cre mice, GC-
restricted Cy~cre mice, and tamoxifen-inducible pCMVCre-ER' mice (described as Cre-ERT
in the article) (29-33). All Cre strains listed above were on a pure C57BL/6 background.
Further details of transplantation analyses and in vivo drug studies in mice are listed in the
Supplementary Materials.

NSG xenotransplantation assay

FACS-purified cells were transplanted by retro-orbital injection into 6-week-old NSG mice
(The Jackson Laboratory) conditioned with 225 rads of irradiation. BM aspirates were
performed at 3 and 6 months after transplantation, and cells were then analyzed for human
engraftment (hCD45%) that was further characterized for human HSC markers (hCD34,
hCD38, hCD90, hCD45RA) and HCL markers (hCD19, hCD103, hCD11c).

BRAFV600E allele-specific PCR analysis and quantitative sequencing

Allele-specific oligonucleotide PCR analysis for detection of the BRAFV600E mutation was
performed as described previously (14), using cDNA generated from RNA of sorted cell
populations. After amplification of PCR products, Sanger sequencing of PCR products
generated from amplification using wild-type forward (5'-
TAGGTGATTTTGGTCTAGCTACCGT-3) and common reverse primer (5'-
GTAACTCAGCAGCATCTCAGGG-3), as well as using mutant-specific forward (5’-
TAGGTGATTTTGGTCTAGCTACCGA-3’) and common reverse primer, was performed.
The presence of amplified PCR products using the mutant-selective forward primer and
common reverse primer with clear evidence of the BRAFV600E mutation in Sanger
sequencing electropherograms indicated detection of the BRAFV600E mutation.

Quantitative sequencing analysis was performed by first preparing libraries with cDNA or
genomic DNA from sorted hematopoietic cell subsets from HCL patients using the Kapa
Biosystems Library Preparation Kit. In some instances, cDNA was amplified before library
preparation using Kapa HiFi PCR kit followed by Agencourt AMPure bead purification
(Beckman Coulter). Libraries were pooled equimolarly and sequenced on an Illumina
MiSeq. Sequencing was performed at a median depth of >1000x% to identify mutations with
VAF of >1% (variants present at VAF<1% were not considered informative).

Sequencing analysis of mutations co-occurring with BRAFV600E mutation in HCL We used
standard techniques to extract genomic DNA from flow-sorted HCL and granulocyte cells.
Barcoded, massively parallel sequencing libraries were prepared (New England Biolabs,
Kapa Biosystems), and exon capture was performed on barcoded pools (NimbleGen Seg-
Cap) according to the manufacturer’s directions. Briefly, we designed and synthesized
synthetic DNA probes complementary to the coding sequence of 300 genes known to
undergo somatic genomic alterations in cancer (table S2). Genomic DNA libraries were
subjected to solution-phase hybrid capture using the DNA probes, followed by massively
parallel sequencing on the Illumina HiSeq 2500. We sequenced 100 bases from both ends of
library DNA fragments, achieving about 15 million purity filtered reads per sample. Paired
reads were aligned to the reference human genome (hg19) using the Burrows-Wheeler
Alignment tool (34) and postprocessed using the Genome Analysis Toolkit according to best
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practices (35). Single-nucleotide variants were called using MuTect (36), and indels were
called using SomaticlndelDetector (35). All alterations were manually reviewed using the
Integrative Genomics Viewer (37).

In vitro colony-forming assays

Details of all methylcellulose colony assays using human or mouse hematopoietic cells are
described in the Supplementary Materials.

Histological analyses

Mice were sacrificed and dissected to harvest sternum, femurs, tibiae, spleen, and liver.
Tissue samples were fixed for 24 hours in 4% paraformaldehyde, dehydrated, and embedded
in paraffin. Paraffin blocks were sectioned at 4 um and stained with hematoxylin and eosin.
Cytospins were performed by resuspending cell pellets in warm phosphate-buffered saline.
Cells were then spun onto 3 x 1-inch frosted microscope slides (Fisher Scientific) at 3509
for 5 min. Slides were air-dried and stained using the Giemsa-Wright method (38). Images
were acquired using a Zeiss Axio Observer A1 microscope.

sCD25 receptor measurement

sCD25 concentration was measured in serum from PB using a previously validated Luminex
assay (39). Luminex assays were then carried out using the FLEXMAP 3D multiplexing
platform (Luminex XMAP system). Serum samples were prepared according to the
manufacturer’s instructions.

Statistical analysis

Values reported represent means + SD (or +SEM, where noted). P values were calculated
with GraphPad Prism, with P < 0.05 considered significant. Fisher’s exact test (two-tailed)
or the Mann-Whitney U test (two-tailed, unpaired) was used to compare blood cell counts,
organ weights, and cell frequencies determined by FACS. Experiments were done three to
five times except where noted, and the particular statistical analyses used in the experiments
are noted in the figure captions. Statistics were performed to illustrate significance between
groups where n > 3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. HSPC abnormalities and the presence of the BRAFV600E mutation in HSCs of HCL

patients

(A) Stem and progenitor flow cytometric analysis of the BM of a representative HCL patient
and an age-matched control. The sort schema shown was used for isolation of HCL cells
(CD103* CD19* CD11c* cells), HSCs (LN CD34* CD38~ CD90* CD45RA™ cells),
hematogones (CD34~ CD38** CD10* CD19%), and MP cells (LN CD34* CD38"
CD45RA*~ CD123*/~ cells). (B) Frequencies of HSCs, LMPPs (LN CD34* CD38~ CD90~
CD45RA"), and GMPs (LN CD34* CD38* CD123* CD45RA") in 14 patients with HCL
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and 3 age-matched normal control BM aspirate samples. (C) Prospective cell separation
including double sorting to ensure purity and lack of HCL cell contamination followed by
allele-specific polymerase chain reaction (PCR) analysis for the presence of the
BRAFV600E mutation reveals the mutation in HSCs, pro-B cells, and HCL cells. (D)
Similar data from a second HCL patient revealing the mutation in HSC, pro-B, and HCL
double-sorted cell populations. (E) Prospective isolation of CLL (CD19* CD5* CD103"
CD11c™ cells) and HCL cell populations (CD19* CD103* CD11c* CD5™ cells) from the PB
of one individual with both disorders reveals the BRAFV600E mutation in both cell
populations. Error bars represent means = SD. *P < 0.05 (Mann-Whitney U test).
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Fig. 2. Quantitative analysis of the BRAFV600E mutation in HSCs from HCL patients and
functional self-renewal capacity of BRAFV600E-mutant HSCs

(A) Representative FACS analysis and quantitative sequencing analysis revealing the VAF
of the BRAF ¢.T1860A p.V600E mutation in HCL cells, hematogones, HSCs, and MP cells
from an HCL patient (for clarity, only 52 reads are displayed). cDNA from double FACS-
sorted cell populations were used for MiSeq targeted sequencing. (B) Schema of xenograft
experiment where 3000 HSCs from a BRAFV600E-mutant HCL patient were injected into
sublethally irradiated NSG mice followed by flow cytometric analysis of human engraftment
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and HCL cells, as well as quantification of the BRAFV600E mutation by sequencing
analysis. (C) At 6 months after transplant, overall human chimerism was 4.5% with the
presence of human HSCs (hCD45* hCD34* hCD38~ hCD90" hCD45RA™) and a cell
population with the immunophenotype of HCL cells (hCD45* hCD103* hCD19* hCD11c*).
(D) MiSeq sequencing analysis at 100x coverage reveals BRAFV600E mutation in 4 and 9%
of hCD45* cell genomic DNA at 3 and 6 months, respectively.
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Fig. 3. Phenotypic analysis of mice with pan-hematopoietic versus B lineage—restricted
expression of BRafV600E

(A) White blood cell (WBC) count, hematocrit, and platelet count in 3-week-old primary
Mx1-cre BRafV600E mice, lethally irradiated CD45.2 recipient mice 6 weeks after
transplantation with Mx1-cre BRafV600E BM, and 3-week-old primary Cd19-cre
BRafVV600E mice (C, Cre-negative BRafV600E control; KI, Cre* BRafV600E knock-in; bar
represents mean). (B) Weights of spleens and livers of lethally irradiated CD45.2 recipient
mice 6 weeks after transplantation with Mx1-cre BRaf\V600E BM versus 3-week-old Cd19-
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cre BRafVV600E mice (bar represents mean). (C and D) Histological evaluation of spleens
(C) and livers (D) from the same mice as in (B). Scale bars, 200 pm. (E) Quantification of
serum concentrations of sSCD25 in CD45.2 mice 6 weeks after transplantation with cre-
negative BRafV600E BM followed by 10 days of vehicle [5% dimethyl sulfoxide (DMSO),
1% methylcellulose] treatment (n = 4), Mx1-cre BRafV600E BM followed by 10 days of
vehicle (5% DMSO, 1% methylcellulose; n = 5), or PLX4720 treatment at 50 mg/kg twice
daily (n=5), or 12-week-old Cd19-cre BRafV600E mice treated with vehicle (n = 5).
sCD25 levels were significantly (P = 0.001) elevated in Mx1-cre BRafV600E mice treated
with vehicle compared with all other groups, and PLX4720 administration resulted in
significant (P = 0.002) down-regulation of sCD25 (box and whiskers plot is shown with
bottom and top of the box representing the first and third quartiles, and the band inside the
box representing the median). *P < 0.05 (Mann-Whitney U test).
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Fig. 4. Effect of BRafVV600E mutation on HSPC differentiation, self-renewal, and GC response to
alloantigen

(A and B) Plating of whole BM (A) and sorted LMPP cells (B) in methylcellulose medium
containing myeloid and erythroid cytokines (EPO, IL-3, IL-6, and SCF) or IL-7.
BRafVV600E cells could be replated for >10 platings in the presence of IL-7. Photograph of
initial plating shown on left. (C and D) GC response in Cd19-cre BRafV600E (n = 5) and
control mice (n = 5) 10 days after SRBC injection by gross photographs of mouse spleens
(top), flow cytometric assessment (bottom and bar graph on right) (C), and
immunohistochemistry for peanut agglutinin (PNA) (D). Scale bars, 100 um. C, Cre-
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negative BRafVV600E control; KI, Cd19-cre BRafVV600E. (E and F) GC response in Cd19-
cre BRafVV600E and control mice alongside age-matched mice with GC-restricted
BRafVV600E expression (Cy1-cre BRafV600E) by flow cytometry (E) and by PNA stain (F).
Scale bars, 500 pm (top) and 100 um (bottom). (G and H) Competitive transplantation of
Mx1-cre BRafV600E (n = 10 recipient mice) compared with Cre-negative BRaf\V600E
whole BM cells (n = 10 recipient mice) 4 weeks (G) and up to 16 weeks (H) after
transplantation. (I) Mice transplanted with BRafV600E hematopoietic cells in a competitive
manner (n = 10 mice in control and n = 10 mice in knock-in group) developed anemia and
thrombocytopenia concomitant with expansion of engrafted BRafV600E HSPCs as shown in
(H). Error bars represent means + SD for (A) to (C), (E), and (H). Bar represents mean value
in (1). *P < 0.05 (Mann-Whitney U test).
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Fig. 5. Normalization of HSPC compartment and increased myeloid/erythroid output after
BRAF inhibition

(A to D) Effect of 10 days of PLX4720 treatment (50 mg/kg orally twice daily) on
hematocrit (A), spleen (B) and liver (C) weights, and ex vivo B cell colony formation (D)
relative to vehicle (5% DMSO, 1% methylcellulose) treatment in Mx1-cre BRaf\V600E mice.
(E) Flow cytometric characterization of long-term HSC (LN CD34* CD38~ CD90*
CD45RA™) and GMP frequencies (LN CD19~ CD10~ CD34" CD38* CD123* CD45RAY)
in serial BM aspirates from patients throughout vemurafenib therapy. (F) GMP frequencies
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throughout vemurafenib therapy in BRAFV600E-mutant HCL patients (four to six patients
per time point). BM aspirates were performed before treatment and at 1 and 3 months after
vemurafenib as part of an ongoing phase 2 clinical trial of vemurafenib in HCL. (G)
Percentage of CD14* cells among PB mononuclear cells in HCL patients throughout
treatment (four to six patients per time point). (H) Analysis of CD14" and CD3* cells in PB
of three patients throughout therapy. Error bars represent means = SD in (A) to (D). (F and
G) Box plots with band inside box representing median and ends of whiskers representing
minimum and maximum values. *P < 0.05 (Mann-Whitney U test).
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