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Transient Inhibition of the JAK/STAT Pathway Prevents
B-ALL Development in Genetically Predisposed Mice
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Preventing development of childhood B-cell acute lymphoblastic
leukemia (B-ALL), a disease with devastating effects, is a longstand-
ing and unsolved challenge. Heterozygous germline alterations in
the PAX5 gene can lead to B-ALL upon accumulation of secondary
mutations affecting the JAK/STAT signaling pathway. Preclinical
studies have shown that this malignant transformation occurs only
under immune stress such as exposure to infectious pathogens. Here
we show in Pax5"’~ mice that transient, early-life administration
of clinically relevant doses of ruxolitinib, a JAK1/2 inhibitor,
significantly mitigates the risk of B-ALL following exposure to

Introduction

B-cell acute lymphoblastic leukemia (B-ALL) is the most common
childhood cancer and greatest cause of cancer-related death in
children (1-3). For many types of childhood B-ALL, there exists a
latent preleukemic phase in which the initiating somatic or germline
genetic event is present, but leukemia does not develop. This clinically
silent preleukemic condition is estimated to be present in more than
5% of the healthy childhood population and does not evolve to disease
in the vast majority of cases (4). Several recent studies have provided
strong evidence confirming the hypothesis that exposure to infections
can be a driver of clonal evolution of preleukemic cells toward overt
leukemia (5-11). It was thought for many years that activation-
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infection; 1 of 29 animals treated with ruxolitinib developed
B-ALL versus 8 of 34 untreated mice. Ruxolitinib treatment pref-
erentially targeted Pax5"~ versus wild-type B-cell progenitors and
exerted unique effects on the Pax5"~ B-cell progenitor transcrip-
tional program. These findings provide the first in vivo evidence
for a potential strategy to prevent B-ALL development.

Significance: JAK/STAT inhibition suppresses tumorigenesis in
a B-ALL-susceptible mouse model, presenting a novel approach to
prevent B-ALL onset.

induced deaminase expression, which is upregulated in preleukemic
B-cell precursors in response to infection, promoted secondary genetic
changes leading to subsequent leukemia development (12). However,
we now know that infection-mediated B-ALL does not result from
expansion of a previously existing transformed clone or from random
mutagenesis. Together, these findings suggest that B-ALL develop-
ment might be preventable (13). Nevertheless, it has remained unclear
how to target preleukemic B cells as a means to prevent the develop-
ment of B-ALL.

Many approaches, including chemotherapy and pan-B cell antigen—
targeting immunotherapies, have been remarkably successful in treat-
ing B-ALL. Although analogous targeting of preleukemic B cells could,
in theory, help to prevent B-ALL development, the concomitant
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depletion of normal immune cells could result in severe and unac-
ceptable immunosuppression in otherwise healthy children. Thus,
therapies directed against preleukemic B cells require more selective
targeting.

Germline mutations in the B-cell commitment gene PAX5 confer
susceptibility to B-ALL in humans that is characterized by the acqui-
sition of cooperating somatic mutations in the JAK/STAT
pathway (14-17). Pax5""~ mice faithfully mimic this genetic predis-
position, and have demonstrated the critical role of exposure to a
natural infectious environment in the evolution of the preleukemic
clone to full-blown B-ALL (9, 13). This transformation is mediated by
the appearance, in otherwise healthy Pax5"/~ mice, of an aberrant IL7-
sensitive progenitor compartment that is susceptible to malignant
transformation through accumulation of secondary mutations in the
JAK/STAT pathway on the basis of a selection pressure triggered by the
exposure to delayed infection in conventional housing facilities (9).
Consequently, we hypothesized that the presence of an IL7-sensitive
immature B-cell population in Pax5™~ mice, which is sensitive to JAK
inhibition in vitro (9), could constitute a therapeutic vulnerability of
this pathway in Pax5"’~ preleukemic cells. Thus, targeting the JAK/
STAT pathway in Pax5"~ B cells could promote killing of preleu-
kemic cells while preserving healthy B cells.

Here, we have addressed this hypothesis by demonstrating that
transient oral administration of the JAK1/2 inhibitor ruxolitinib
differentially targeted precursor B cells in Pax5""~ mice and resulted
in prevention of B-ALL development under oncogenic environmental
conditions. Thus, targeting the deregulated JAK/STAT pathway repre-
sents a novel and promising preventive strategy for this hereditary
leukemia. As the presence of a precancerous cell is a common feature of
many other forms of human leukemia as well as other cancers, our
approach provides a general proof of principle for the development of
similar preventive strategies for other cancer types, including those
that do not rely on this pathway.

Materials and Methods

Data reporting

Sample sizes were determined on the basis of the literature describ-
ing mouse modeling of natural infection-driven leukemia (9) and were
justified by power calculations estimating 90% power to detect dif-
ferential leukemia incidence. The experiments were not randomized
and the investigators were not blinded to allocation during experi-
ments and outcome assessment.

Mouse model for natural infection-driven leukemia
Heterozygous Pax5 mice (Pax5"; ref. 18) and wild-type (WT)
control mice were bred and maintained in the specific pathogen-free
(SPF) area of the animal house until the moment when they were
relocated to an environment where natural infectious agents were
present, as described previously (9). All mouse experiments were
performed following applicable Spanish and European legal regula-
tions, and had been previously authorized by the pertinent institu-
tional committees of both University of Salamanca (Salamanca, Spain)
and Spanish Research Council (CSIC) under the approved project
license (number: 607). The study includes both male and female mice.
There were no mice excluded from any experimental group. Housing
environmental conditions included a temperature of 21°C £2°,
humidity of 55% £10%, and a 12-hour:12-hour light: dark cycle. Mice
had access to food and water ad libitum. During housing, animals were
monitored daily for health status. Pax5™~ and WT mice of a mixed
C57BL/6x CBA background were used in this study. We used WT and
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Pax5"" littermates of the same breeding to establish the control
groups. When animals showed evidence of illness [lethargy, decreased
appetite, and weight loss or detection of blast cells in peripheral blood
(PB)], they were humanely euthanized, and organs were extracted by
standard dissection. All major organs were macroscopically inspected
under the stereo microscope and representative samples of tissue were
cut and immediately fixed. Differences in Kaplan-Meier survival plots
of transgenic mice and WT mice treated or not with ruxolitinib were
analyzed using the log-rank (Mantel-Cox) test. Statistical analyses
were performed by using GraphPad Prism v5.01 (GraphPad Software).

Generation of a targeted mouse line conditionally expressing
mJak3"67°4 in Pax5/~ precursor B cells

The mjak3"*"%* cDNA was targeted to the ubiquitously expressed
Rosa26 locus (19) where the GFP (eGFP) was linked to the mouse
Jak3V%7°* cDNA via an internal ribosomal entry site. In the absence of
Cre, neither Jak3"”%4 nor eGFP is expressed. The Rosa26-mjak3"6704
mice were bred to MbI-Cre (20) previously crossed with Pax5™~
mice (18) to generate Rosa26-mJak3V*%" + Mb1-Cre + Pax5"~ mice.
Also Rosa26-mJak3V%7°* + Mb1-Cre + Pax5"" mice were generated
as controls.

Preparation of ruxolitinib food pellets

For the pilot study, food pellets were prepared with ruxolitinib.
Ruxolitinib content in pellets was 0.375 and 0.75 g/kg of food.
Powdered food was mixed with water and ruxolitinib monophosphate
(formulated as suspension in 0.5% methylcellulose), pressed into a
cylindrical mold, cut into pellets and dried for 48 hours under high air
flow at room temperature. Food pellets were provided ad libitum in the
pellet rack of the animal cages at start of the experiment. For the 4-week
study, food pellets without or with ruxolitinib (0.375 g/kg of food) were
custom made at Profimi Kliba SA/Kliba Nafag (Switzerland).

Pilot pharmacokinetic study

Pax5""~ animals were fed with food pellets containing ruxolitinib at
0.375and 0.75 g/kg of food ad libitum (n = 5/group) for 14 days. Blood
samples were taken from animals 2 hours after start of the active dark
phase (corresponding to Cy,,,) and 2 hours prior end of the inactive
light phase (corresponding to Cin), three times per week during the
treatment period. Ruxolitinib levels were determined by LC/MS-MS
method. Food consumption per cage was measured daily and back-
calculated to an average food intake per mouse per day.

Flow cytometric analysis

Nucleated cells were obtained from total mouse bone marrow (BM;
flushing from the long bones), PB, thymus, lymph nodes (LN), or
spleen. Contaminating red blood cells were lysed with red cell lysis
buffer and the remaining cells were washed in PBS with 1% FCS. After
staining, all cells were washed once in PBS and were resuspended in
PBS with 1% FCS containing 10 pg/mL propidium iodide (PI) to
excluded dead cells from analyses and sorting procedures. The samples
and the data were acquired in an AccuriC6 Flow Cytometer and
analyzed using Flowjo software. Specific fluorescence of FITC, PE, PI,
and APC excited at 488 nm (0.4 W) and 633 nm (30 mW), respectively,
as well as known forward and orthogonal light scattering properties of
mouse cells were used to establish gates. Nonspecific antibody binding
was suppressed by preincubation of cells with CD16/CD32 Fc-block
solution (BD Biosciences, catalog no. 553142). For each analysis, a total
of at least 50,000 viable (PI) cells were assessed. The different immune
cell populations were determined as follows: peripheral mature B cells
(B220"1gM™'™), peripheral CD4 T cells (CD4" CD8"), peripheral
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CD8 T cells (CD4~ CD8"), peripheral granulocytes (Gr1" Mac1"),
BM pro-B and pre-B cells (B220""IgM "), BM pro-B cells (CD19"¢c-
Kit"), BM pre-B cells (B2201°WCD25+IgM_), BM recirculating B cells
(B220™IgM ™), BM immature B cells (B220"*IgM ™), BM CD4 T
cells (CD4" CD87), BM CD8 T cells (CD4~ CD8"), BM granulocytes
(Gr1™ Mac1™), spleen and LNs mature B cells (CD197B220") and
(B220"IgM™~). The following antibodies were used for flow cyto-
metry: anti-B220 (RA3-6B2, catalog no. 103212), CD4 (RM4-5, 1:250,
catalog no. 100516), CD8a (53-6.7, 1:250, catalog no. 100708), CD11b/
Macl (M1/70, 1:200, catalog no. 553310), CD19 (1D3, catalog no.
152404), CD117/c-Kit (2B8, 1:200, catalog no. 105807), Ly-6G/Gr1
(RB6-8C5; catalog no. 108412), IgM (R6-60.2, catalog no. 406509), and
CD25 (PC61, catalog no. 553866) antibodies. All antibodies were
purchased from BioLegend and used at a 1:100 dilutions unless
otherwise indicated.

Quantification of serum cytokine levels

Serum cytokine levels were analyzed using the Cytometric Bead
Array immunoassay system (BD Biosciences), which assesses simul-
taneously IL2, IL4, IL6, IL10, IL17A, TNFa, and IFNY (Mouse Thl
Th2 Th17 Cytokine Kit #560485; BDB) and the IL1J assay (Mouse
IL1P Enhanced Sensitivity Flex Set #562278; BDB). Briefly, 50 uL of the
serum was incubated for 2 hours at room temperature with 50 pL of
anticytokine MAb-coated beads and 50 UL of the appropriate PE-
conjugated anticytokine antibody detector. After this incubation
period, samples were washed once (5 minutes at 200 g) to remove
the excess of detector antibodies. Immediately afterward, data acqui-
sition was performed on a FACSCanto II flow cytometer (BDB) using
the FACSDiva software program (BDB). During acquisition, infor-
mation was stored for 3,000 events corresponding to each bead
population analyzed per sample (total number of beads >9,000). For
data analysis, FCAP Array Software v3.0 program (BDB) was used.

Histology

Tissue samples were formalin fixed and embedded in paraffin.
Pathology assessment was performed on hematoxylin-eosin-stained
sections under the supervision of O. Blanco, an expert pathologist at
the Salamanca University Hospital.

V(D)J recombination

Immunoglobulin rearrangements were amplified by PCR using the
primers below. Cycling conditions consisted of an initial heat activa-
tion at 95°C followed by 31-37 cycles of denaturation for 1 minute at
95°C, annealing for 1 minute at 65°C, and elongation for 1 minute 45
seconds at 72°C. This was followed by a final elongation for 10 minutes
at 72°C. To determine the DNA sequences of individual V(D)]
rearrangements, the PCR fragments were isolated from the agarose
gel and cloned into the pGEM-Teasy vector (Promega); the DNA
inserts of at least 10 clones corresponding to the same PCR fragment
were then sequenced. The primers used for VDJ recombination
analysis are listed in Table 1.

Microarray data analysis

Total RNA was isolated in two steps using TRIzol (Life Technol-
ogies) followed by RNeasy Mini-Kit (Qiagen) purification, following
the manufacturer’s RNA Clean-up Protocol with the optional On-
Column DNase treatment. The integrity and the quality of the RNA
were verified by electrophoresis, and its concentration was measured.
Samples were analyzed using Affymetrix Mouse Gene 1.0 ST arrays.

Briefly, the robust microarray analysis algorithm was used for
background correction, intramicroarray and intermicroarray normal-
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Table 1. List of primer pairs used for VDJ recombination analysis.

VpJ558  forward  CGAGCTCTCCARCACAGCCTWCATGCARCTCARC
reverse  GTCTAGATTCTCACAAGAGTCCGATAGACCCTGG
Vy7183  forward CGGTACCAAGAASAMCCTGTWCCTGCAAATGASC
reverse  GTCTAGATTCTCACAAGAGTCCGATAGACCCTGG
VuQ52  forward CGGTACCAGACTGARCATCASCAAGGACAAYTCC
reverse  GTCTAGATTCTCACAAGAGTCCGATAGACCCTGG
DH forward  TTCAAAGCACAATGCCTGGCT
reverse ~ GTCTAGATTCTCACAAGAGTCCGATAGACCCTGG
Cu forward  TGGCCATGGGCTGCCTAGCCCGGGACTT
reverse ~ GCCTGACTGAGCTCACACAAGGAGGA

ization, and expression signal calculation (21-23). Once the absolute
expression signal for each gene (i.e., the signal value for each probeset)
was calculated in each microarray, a method called significance
analysis of microarray (24) was applied to calculate significant differ-
ential expression and find the genes that characterized the impact of
ruxolitinib treatment in Pax5™~ B220" BM cells from mice treated
with ruxolitinib for 2 weeks (n = 4) compared with untreated Pax5t/~
mice (1 = 4). In the same way, the gene expression of WT BM B220*
cells from mice treated with ruxolitinib for 2 weeks (n = 5) was
compared with nontreated WT B220" cells (n = 5). The method uses
permutations to provide a robust statistical inference of the most
significant genes and provides P values adjusted to multiple testing
using FDR (25). A cutoff of FDR < 0.015 was used for the differential
expression calculations. We applied all methods using R (https://www.
r-project.org/; ref. 26) and Bioconductor (27). Gene set enrichment
analyses were performed using GSEAv2.2.2 (28, 29) and hallmark
collection of gene sets (30).

Whole-genome sequencing

Genomic DNA libraries were prepared from sheared DNA (BM or
LN tumor samples with more than 70% blast cells and germline tail
DNA samples) with the HyperPrep Library Preparation Kit (Roche PN
07962363001). Paired-end 150 cycle sequencing was performed on a
NovaSeq 6000 (Illumina). Illumina paired-end reads were prepro-
cessed and were mapped to the mouse reference genome (mm10) with
BWA (31). We used an ensemble approach to call somatic mutations
(SNV/indels) with multiple published tools, including Mutect2 (32),
SomaticSniper (33), VarScan2 (34), MuSE (35), and Strelka2 (36). The
consensus calls by at least two callers were considered as confident
mutations. The consensus call sets were further manually reviewed for
the read depth, mapping quality, and strand bias to remove additional
artifacts. Somatic copy-number alternations were determined by
CNVKkit (37). For somatic structural variants (SV), four SV callers
were implemented in the workflow for SV calling, including Delly (38),
Lumpy (39), Manta (40), and Gridss (41). The SV calls passing the
default quality filters of each caller were merged using SURVIVOR (42)
and genotyped by SVtyper (43). The intersected call sets were manually
reviewed for the supporting soft-clipped and discordant read counts at
both ends of a putative SV site using IGV. The validation of the
germline Pax5 exon2 deletion is exemplified in Supplementary
Fig. S4G.

Data availability

Authors can confirm that all relevant data are included in the article
and/or its Supplementary Data files. The gene expression data dis-
cussed in this publication have been deposited in NCBI's Gene
Expression Omnibus (GEO; ref. 44) and are accessible through GEO
Series accession number: GSE179182.
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Statistical analyses

Statistical analyses were performed using GraphPad Prism v5.01
(GraphPad Software). Statistical significance was calculated by two-
tailed unpaired ¢ test. Data normality was tested using the D’Agostino
and Pearson test (alpha level = 0.05). Survival analyses were per-
formed using the log-rank/Mantel-Cox test. Two-side Fisher exact test
was used to compare leukemia incidence. P values are depicted on the
figures only for significant differences. According to power analysis
calculations, assuming development of leukemia as the experimental
endpoint, and an expected proportion of 0.23 B-ALL-positive untreat-
ed animals at 20 months of age, a sample size of 34 in each group has a
73% power to detect a decrease in the incidence of the disease to a
proportion of 0.03 B-ALL-positive mice in ruxolitininib-treated ani-
mals, with a significance level (alpha) of 0.05.

Results

In vivo ruxolitinib delivery in Pax5/~ mice

JAK inhibitors are widely used in the clinic to alleviate overactiva-
tion of the immune system (45). However, there is potential for
immune suppression and subsequent risk for infection. Consequently,
proper scheduling of JAK inhibition is essential to achieve maximal
anti-preleukemic B-cell activity while minimizing side effects. Toward
this end, the JAK2 inhibitor CHZ868 was tolerated at a dose of
30 mg/kg/day in NSG mice for up to 25 days and in immunocompetent
mice for up to 44 days, with no obvious effects on PB counts (46).
Similarly, lymphocytic choriomeningitis virus-infected Prfl /" mice
and lethally irradiated C57BL/6 mice transplanted with cells harboring
an activating Jak2 mutation, have been treated with the JAK1/2
inhibitor ruxolitinib at doses of 90 mg/kg twice daily for up to 1 month
and do not show any signs of ruxolitinib-mediated weight loss or other
toxicities (47, 48). In humans, ruxolitinib has been used to treat adults
with myelofibrosis for up to 5 years or more (49), and adolescents and
adults with steroid refractory GVHD for up to 1 year or more (50). In
both of these human studies, cytopenias were the most common
hematologic adverse events; however, they often normalized or could
be managed with ruxolitnib dose reduction. Together, these data
suggest that JAK inhibitors such as ruxolitinib are tolerable and
provide a therapeutic index for treatment (46, 51).

We first identified the appropriate dose and schedule for ruxolitinib
administration in the in vivo treatment of Pax5"’~ mice, where leuke-
mia spontaneously occurs upon natural infection exposure (9). It is
possible that ruxolitinib-treated Pax5"'~ mice kept in a common in-
fectious environment could exhibit an increased frequency of infec-
tions due to suppression of immunity as a consequence of JAK1/2
inhibition. To identify an appropriate dose and exposure, we con-
ducted a pilot pharmacokinetic study in which Pax5™~ mice were
fed with food pellets containing two different concentrations of
ruxolitnib for a period of 14 days (Fig. 1A). Food pellet dosing is
ideal for long-term treatments, especially in distressed disease animal
models where repeated oral gavage or other invasive approaches
can prove detrimental. Furthermore, ruxolitinib has the appropriate
pharmacokinetic (e.g., bioavailability, half-life) and chemical (e.g.,
stability, formulation) properties (52, 53) to be formulated in food.
Dosing via food gives a sustained compound exposure with high
levels in the active dark phase of the mice and lower levels in the
inactive light phase. Through this approach, we aimed to identify
a ruxolinib dose and exposure that was neither myelosuppressive
nor immunosuppressive, but pharmacologically active in inhibiting
JAK signaling. Ruxolitinib was given at either 0.375 or 0.75 g/kg of
food. On the basis of previously observed, average food intake (4 g/day)
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and body weight (25 g) of Pax5"~ mice, these ruxolitinib formula-
tions correspond to doses of approximately 60 and 120 mg/kg/day,
respectively. These daily dose levels were previously shown to be well
tolerated and pharmacologically active in mouse disease models
(48, 51, 54). During the pilot pharmacokinetic study, the average
food intake of the Pax5"~ mice was 4-5 g/day/mouse (Fig. 1B). For
the 0.75 g/kg formulation, we anticipated an exposure of 1-3 umol/L,
similar to the Cp,.x expected for oral dosing at the corresponding
same daily dose (120 mg/kg/day or 60 mg/kg twice daily). Indeed,
this exposure was achieved in the active dark phase for several days
during the treatment period (Fig. 1C). In contrast, with dosing
at 0.375 g/kg (corresponding to an oral dose of 60 mg/kg/day
or 30 mg/kg twice daily), we observed lower exposures of 0.5 to
0.7 umol/L Cy,,y in the active dark phase for most of the days during
the treatment period (Fig. 1C). Because the C,,.x in myelofibrosis
patients at a maximally tolerated dose of 25 mg twice daily is approx-
imately 1.2 umol/L (53), the 0.75 g/kg formulation was chosen for
all subsequent experiments as it mirrored clinically relevant inhib-
ition of JAK1/2 signaling in humans.

Transient JAK/STAT pathway inhibition selectively targeted
susceptible B cells in vivo

Pax5""~ mice have an expanded IL7-dependent immature B-cell
compartment, from which the leukemic cells are believed to arise (9).
Therefore, we next studied whether treatment with ruxolitinib targeted
this immature B-cell compartment in Pax5"~ mice. To this end,
Pax5"~ and WT mice received either vehicle or ruxolitinib, and all
animals were euthanized either on day 14 or on day 28 (Fig. 2A). On
day 14, Pax5"~ mice treated with ruxolitinib exhibited a significantly
reduced proportion of pro-B and pre-B cells in the BM when compar-
ed with nontreated age-matched Pax5"~ littermates (P = 0.0003;
Fig. 2A; Supplementary Fig. SIA and S1B). This decrease was much
more evident after 28 days of ruxolitinib treatment (P < 0.0001) and at
that later time pro-B and pre-B cells from ruxolitinib-treated WT mice
are also affected (P = 0.0018; Fig. 2A; Supplementary Fig. SIA and
S1B). However, 1-year-old Pax5™~ mice receiving ruxolitinib for
28 days and not developing B-ALL showed a precursor B-cell pop-
ulation similar to treated 1-year-old WT (Fig. 2B; Supplementary
Fig. S1C). These findings are consistent with our prior studies in which
in vitro treatment with ruxolitinib increased cell death of IL7-depen-
dent pro-B cells from WT and Pax5*'~ mice, with Pax5*'~ cells most
greatly affected (9). Treatment of WT and Pax5"~ mice with rux-
olitinib for 4 weeks caused a transient increase in the proportions of B
cells and granulocytes and a concomitant decrease in the proportions
of T cells (CD4* and CD8™) in the PB (Supplementary Fig. S1D and
S1E). Taken together, these results show that transient treatment with
ruxolitinib targets immature B cells and exerts rather modest effects on
the frequencies of mature immune cells in the blood.

Transient JAK/STAT pathway inhibition targets preleukemic
cells via a cell-autonomous mechanism

JAK1/2 inhibitors are widely used in the clinic to alleviate the
exacerbated activation of the immune system and prior studies have
shown abnormal profiles of inflammatory markers in neonatal blood
spot samples of children who later developed B-ALL (55). To explore
the mechanism of immature B-cell susceptibility to JAK/STAT path-
way inhibition, we next explored whether the decrease of preleukemic
B cells in Pax5"~ mice after transient ruxolitinib treatment is in part
due to dysregulated expression of inflammatory cytokines. To this end,
we measured concentrations of inflammatory cytokines (IL2, IL4, IL6,
IL10, IL17a, IFNY, TNFa, and IL1b) in the serum of WT and Pax5~
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(orange). Blood samples were collected 2 hours after start of the active dark phase

0.375 g/kg food and n = 5; 0.75 g/kg food) at the time of exposure to infections
(corresponding to Cinax) and 2 hours prior to the end of the inactive light phase

(corresponding to Cryin) three times per week during the treatment period. B, Food consumption per cage was measured daily and back calculated to an average food

intake per mouse per day. C, Ruxolitinib concentration in the blood was determined

by LC/MS-MS for the different doses of ruxolitinib being examined. Mean blood

concentration + SEM for each day and at the corresponding phase (active: Ciax Or inactive: Crin) is represented in the graph.

mice before and after transient ruxolitinib treatment. We found that
WT and Pax5"~ mice had similar cytokine concentrations in serum
samples taken before and after ruxolitinib treatment (Supplementary
Fig. S1F). Thus, the decrease of preleukemic B cells is not associated
with an obvious change in the serum cytokine profile. This finding
suggests that the decrease of preleukemic B cells may be cell auton-
omous. In agreement with these findings, expression array analysis of
preleukemic BM B220" cells derived from Pax5"~ mice after rux-
olitinib treatment for 2 weeks shows a distinct expression pattern
compared with BM B220™ cells derived from untreated Pax5" ™ mice
(Fig. 2C and D; Supplementary Table S1). This change in expression
pattern was specific to the Pax5"~ genetic background as WT mice
treated with ruxolitinib underwent a different pattern of gene expres-
sion alterations (Fig. 2C and E; Supplementary Table S2). We found
that, due to the treatment, 1,504 gene-probe sets (FDR =
0.015; Fig. 2D; Supplementary Table S1) were differentially expressed
in Pax5"~ B220" BM cells compared with the same cell population
from untreated Pax5"~ mice (n = 4). Most of the genes (n = 1,443)
were transcriptionally downregulated with some of these implicated in
B-cell development and B-cell receptor signaling (e.g., Syk, Pax5,
CD79a, CD79b, Btk, or IL6st; Fig. 2D). In contrast, these same genes
were not affected in WT mice treated with ruxolitinib (n = 5) in which
the treatment only affects the gene expression of 294 genes (FDR =
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0.015; Fig. 2E; Supplementary Table S2). Using the hallmark collection
from the Molecular Signatures Database 7.1 (MSigDB; ref. 29), we
found that preleukemic BM B220™ cells from Pax5"'~ and WT mice
treated with ruxolitinib for 2 weeks were enriched for several hallmark
gene sets (Supplementary Fig. S2A and S2B), as well as the apoptosis
and p53 pathways (Supplementary Fig. S2C). As expected, genes
engaged in IL2 and IL6 signaling were also enriched as a consequence
of the cell death induced by ruxolitinib treatment and the association
between Pax5 heterozygosity and production of inflammatory cyto-
kines such as IL6 (Supplementary Fig. S2D; ref. 56). Moreover, genes
engaged in the IL7 signaling pathway were selectively downregulated
in Pax5"'" mice after ruxolitinib treatment (Supplementary Fig. S2E).
Taken together, these results reveal that ruxolitinib treatment exerts
potent and at times differential effects in Pax5™~ versus WT BM
B2207 cells in terms of global transcriptional program, with potential
impacts on B-cell ontogeny, BCR signaling, apoptosis induction, and
cytokine signaling.

Transient JAK/STAT pathway inhibition prevents B-ALL
development in Pax5"/~ mice

Building upon these findings, we next examined whether transient
ruxolitinib treatment in vivo might prevent B-ALL development in
Pax5"" mice. We have previously reported that when Pax5""~ mice
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Impact of ruxolitinib in preleukemic cells. A, Flow cytometric analysis of Pax5"/~ (n=4-9)and WT (n = 4-8) mice treated with ruxolitinib (for 14 or 28 days) identified
a significant decrease of bone marrow pro-B and pre-B cells (B220'°"IgM ™) due to the treatment. Box plots horizontal bars represent the mean + SD. To determine
statistical significance, an unpaired ¢ test was used. B, Percentage of BM pro-B and pre-B cells (BZZO"’WIgM‘) of 1-year-old Pax5~ (n=25)and WT (n = 5) mice that
were previously treated with ruxolitinib for 28 days and compared with age-matched untreated Pax5"~ (n = 7) and WT (n = 4) mice. Box plots horizontal bars
represent the mean & SD. To determine statistical significance, an unpaired t test was used. C, Principal component analysis plot showing the differences in gene
expression of B220" BM cells from Pax5"~ mice treated with ruxolitinib (red dots; n = 4), untreated Pax5"~ mice (green dots; n = 4), ruxolitinib-treated WT mice
(purple dots; n = 5), and untreated WT mice (blue dots; n = 5). Dotted arrows represent the ruxolitinib treatment effect on gene expression of B220* BM cells from
WT and Pax5"~ mice. RUXO, ruxolitinib. D, Unsupervised heatmap showing the significant differentially expressed genes (1,504 genes-probesets) between
B220* bone marrow cells from Pax5™~ mice treated with ruxolitinib during 2 weeks (n = 4) and Pax5%/~ untreated mice (n = 4). E, Unsupervised heatmap
showing the significant differentially expressed genes (294 genes-probesets) between B220" BM cells from control-WT mice treated with ruxolitinib during 2 weeks
(n = 5) and control-WT untreated mice (n = 5). The significance analysis of microarrays was defined by an FDR = 0.015%.
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were moved to a conventional facility in the presence of infectious
agents, 22% of the animals developed B-ALL and the leukemia occurr-
ed between 6 and 16 months of age (9). Therefore, we established a
mouse cohort consisting of 42 control littermate WT and 71 Pax5™~
mice. All mice were born in a SPF facility. Four weeks after birth, mice
were transferred to a conventional facility, and 19 WT and 29 Pax5""~
mice were fed with pellets containing ruxolitinib for 4 weeks, 8 Pax5"~
mice were fed with pellets ruxolitinib for 2 weeks, and the remaining
23 WT and 34 Pax5"~ mice received pellets containing vehicle
(Fig. 3A). The microbiologic status of mice was monitored before
and periodically throughout treatment, with no differences observed
between treated and untreated animals (Supplementary Table S3).
Consistent with our previous findings, 8 of 34 (23.52%) Pax5"~ mice
receiving vehicle developed and succumbed to leukemia (Fig 3B and
C). In contrast, the B-ALL incidence was significantly decreased after
treatment with ruxolitinib, where only 1 of 29 (3.4%) Pax5"" mice
developed and died from disease (P = 0.0332; Fig 3B and C).
Curiously, when Pax5"~ mice were treated with ruxolitinib for 14
instead of 28 days, the incidence of B-ALL (2/8, 25%) was similar to
Pax5""~ mice that had not been treated with the inhibitor (Fig 3C).
Thus, ruxolitinib treatment reduces B-ALL risk, with leukemia pre-
vention occurring in a time-dependent manner, presumably to ensure
eradication of maximal numbers of susceptible immature B cells.

B-ALL onset in vehicle and ruxolitinib treated mice occurred
between 7 and 15 months of age (Fig. 3B) and became manifest by
the appearance of blast cells in the PB, BM, spleen, and LNs (Fig. 3D
and E; Supplementary Fig. S3A-S3C). Flow cytometric analysis
revealed the expected CD197B220""IgM CD25" cell surface phe-
notype for leukemic blasts, regardless of their location (Fig. 3D;
Supplementary Fig. S3B and S3C). None of the ruxolitinib-treated
WT mice developed hematologic or other malignancies over the time
course of this experiment (Fig. 3B; Supplementary Fig. S3D). The
leukemic Pax5""~ mouse treated with ruxolitinib also displayed clonal
immunoglobulin VH-DJH and D-JH gene rearrangements consistent
with a pro-B or pre-B cell of origin (Supplementary Fig. S3E).

To identify somatically acquired second hits leading to B-ALL
development in ruxolitinib-treated or untreated Pax5™~ mice, we
performed whole-genome sequencing of paired tumor and germline
tail DNA samples from 8 leukemic Pax5"" mice, including 7 vehicle
and 1 ruxolitinib-treated animal. The percentage of leukemic cells for
each mouse was: 95% (A428) from total BM, 94% (A707) from total
BM, 70% (A733) from total BM, 91% (L832) from total BM, 95%
(L380) from total BM, 80% (A734) from total LN, 85% (L712) from
total BM and 90% (W471) from total LN. We identified several
somatically acquired recurrent mutations and copy-number variations
involving B-cell transcription factors in diseased Pax5""~ mice of the
vehicle-treated cohort (e.g., Ikzfl, Ebfl; Fig. 4; Supplementary
Fig. S4A-54G), similar to those commonly identified in human B-
ALL samples. Furthermore, recurrent mutations affecting the JAK/
STAT and RAS signaling pathways were detected (Fig. 4; Supple-
mentary Fig. S4A-S4G). The leukemia sample from the ruxolitinib-
treated mouse harbored similar recurrent mutations in JAK/STAT
pathway genes as those identified in leukemic Pax5"~ mice from the
vehicle treated cohort (Fig. 4), suggesting that treatment was not able
to eradicate all of the susceptible preleukemic cells in this particular
case.

B-cell-restricted Jak3"¢7°? expression causes B-ALL in Pax5'~
mice with a very short latency

The reduction in B-ALL incidence in ruxolitinib-treated Pax5"'~
mice could be due to the elimination of preleukemic B cells that already
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harbor or acquire a leukemogenic JAK/STAT pathway mutation
during the 4-week treatment period. This second possibility seems
unlikely because previous deep sequencing studies with a depth of
600,000 to 2.5 x 10° reads have shown that somatic Jak mutations
appear in the blood of Pax5"~ mice only at the time that animals
manifest with B-ALL (9). However, in our current study, B-ALL does
not develop until several months after discontinuing ruxolitinib
treatment. Alternatively, it is possible that the lower B-ALL incidence
could result from ruxolitinib-mediated elimination or reduction in the
number of immature Pax5"~ B cells that are susceptible to acquiring
activating Jak or other leukemogenic mutations. To further address
this question, we chose to model leukemia in Pax5*'~ mice that
expressed an activating Jak3"*”°* mutation in the precursor B-cell
population. Toward this end, we generated a conditional Rosa26-
mJak3V9% Pax5"'~ mouse model and crossed it with an MbI-Cre
mouse strain (20). Resulting Cre* animals delete a stop cassette
upstream of the mutant Jak3 allele upon B-lineage commitment at
the pro-B-cell stage, leading to expression of the activated Jak3"*"%4,
Notably, all Rosa26-mjak3"*%A+ Mb1-Cre+Pax5"'~ mice developed
B-ALL with an average latency of 4 weeks after birth and in the absence
of infection exposure (Fig. 5A). Leukemic mice displayed enlarged
LNs at the time of sacrifice (Fig. 5B) due to the accumulation of
leukemic B cells with a B220"IgM™~CD25"CD19" phenotype that
extended throughout the BM, PB, spleen LN (Fig. 5C). All Rosa26-
mJak3"*7°* 4 Mb1-Cre+Pax5"~ B-ALLs displayed clonal immature
BCR rearrangements (Fig. 5D) and infiltrated non-lymphoid tissues,
such as the liver and kidney (Fig. 5E). As a control, we developed and
characterized Rosa26-mjak3V%"°4+ Mb1-Cre+Pax5"+ mice. These
Rosa26-mjak3"*”°* 4+ Mb1-Cre+Pax5"" mice developed leukemia
with a larger latency than Rosa26-mJak3"*"°*+Mb1-Cre+Pax5"~
mice (Supplementary Fig. S5A), butin 100% of the cases, the leukemias
were T-ALL (Supplementary Fig. S5B and S5C). These findings
support the notion that Pax5 downregulation is required to establish
a malignant B-cell identity during ALL development (6, 57, 58). Over-
all, these data are not consistent with a model in which Jak mutations
are present in one or a few cells from birth and suggest that ruxolitinib
treatment reduces leukemia risk by decreasing the number of early
susceptible B cells in which these mutations later arise.

Discussion

Numerous preclinical studies have demonstrated that a gene-
environment interaction is linked to the development of childhood
B-ALL in the context of germline pathogenic Pax5 variants and the
somatic ETV6-RUNXI translocation (9, 11). These studies reveal that
infectious exposure increase the likelihood of B-ALL development as
the result of an increased sensitivity of B-cell precursors harboring
specific genetic variants to transformation. Collectively, these findings
encourage the study of novel interventions to prevent childhood
leukemia development (6, 59). Although the exact nature of this
gene-environment interaction remains unknown (reviewed in
refs. 6,57, 58), the characterization of preleukmic B cells might identify
vulnerabilities to inform development of prevention strategies. Such is
the case for Pax5"'~ preleukemic B cells, where we previously dem-
onstrated that Pax5 heterozygosity creates an aberrant IL7-sensitive
precursor B-cell compartment that is exquisitely sensitive to ruxoli-
tinib in vitro (9). In the current study, we demonstrate for the first time
that eliminating this susceptible precursor population by ruxolitinib
treatment in vivo prevents the development of B-ALL.

Through this investigation, we demonstrate that the incidence of
B-ALL is reduced in Pax5"~ mice in an infectious environment
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Figure 3.

Ruxolitinib treatment prevents infection-driven B-ALL development in Pax5*~ predisposed mice. A, Study design. Pax5™~ (gray; n = 71) and WT (white; n = 42)
mice were born under SPF conditions (green). After 1 month of age, the mice were transferred to a conventional facility providing a natural infectious environment
(orange). At the time of exposure to infections, a group of Pax5"~ mice (n = 8) was treated with ruxolitinib (0.75 g/kg food) for 14 days (gray circles). Two additional
groups of Pax5"~ (n = 29) and WT (n =19) mice were treated with ruxolitinib (0.75 a/kg food) for 28 days (blue circles) and the remaining Pax5"~ (n = 34)and WT
(n = 23) mice were treated with vehicle (red circles). The lifespan of the mice included in the study is indicated by a horizontal blue bar (in months). B, B-ALL-specific
survival of mice treated with ruxolitinib for 28 days (Pax5+/’, blue line, n = 29; WT, green line, n =19), Pax5%/~ mice treated with ruxolitinib for 14 days (gray line,
n=8),and nontreated mice (Pax5™~, red line, n = 34; WT, black line, n = 23) following exposure to common infections. Log-rank (Mantel-Cox) test P= 0.0273 when
comparing Pax5"~ mice treated with ruxolitinib for 28 days versus nontreated Pax5"~ mice and P = 0.0154 when comparing Pax5"~ versus WT mice without
treatment. ruxo, ruxolitinib. C, Reduction in pB-ALL incidence in Pax5*/~ mice treated with ruxolitinib for 4 weeks. Ruxolitinib treatment of Pax5~ mice for 4 weeks
resulted in pB-ALL development in 3.44% of mice compared with a 23.52% of incidence in untreated animals. Fisher exact test, P= 0.0332. D, Hematoxylin and eosin
staining of tumor-bearing Pax5"~ mice showing infiltrating blast cells in the LN, compared with an age-matched WT mouse. Loss of normal architecture due to
leukemic cell infiltration can be seen. Magnification and the corresponding scale bar are indicated in each case. E, Flow cytometric analysis of PB showing the
accumulation of blast B cells (B220'°% IgM™) in the leukemic Pax5~ mouse (W471) and compared with a healthy Pax5"~ mouse (W436), both treated with
ruxolitinib (120 mg/kg/day) and exposed to common infections.
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Whole-genome sequencing in leukemic Pax5"/~ mice. Oncoprint of somatic single-nucleotide mutations and copy-number alterations across seven leukemia
samples from Pax5*~ control mice (light blue) and one leukemia from Pax5"" ruxolitinib-treated mouse (dark blue). Somatic alterations are clustered by gene.
Tumor DNA was derived from whole leukemic BM or LN, while tail DNA of the respective mouse was used as reference germline material. Previously reported known
human or mouse leukemia hotspot mutations are highlighted (red). Mean tumor variant allele fraction for each single nucleotide mutation is shown on the dot plot on

the right.

following transient and early administration of the JAK inhibitor
ruxolitinib. These findings support the hypothesis that children who
are genetically predisposed to B-ALL might similarly benefit from early
transient JAK/STAT pathway inhibition as a preventive strategy.
Because we also see a reduction in the immature B-cell population
in WT mice, it is possible that such an approach might prove useful for
other forms of ALL prevention—such as in children whose bone
marrow cells harbor the t(12; 21) translocation. The clinical approach

Cancer Res; 82(6) March 15, 2022

will require delivering the intervention at the most appropriate
temporal window and in a child-tailored manner (59). One option
might be to monitor the blood of predisposed children for the
emergence of leukemogenic clone with second hit mutations, such
as those affecting the JAKs, and when detected, initiate treatment.
However, waiting for the emergence of such clones might be too late in
the disease course. Furthermore, ruxolitinib treatment would not be
expected to cure leukemia because it does not target Jak3, which is
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B-ALL development in Rosa26-mJak3/67%4 + MbI-Cre+ Pax5"~ mice. A, Overall survival of Rosa26-mJak3"67%A + MbI-Cre+Pax5"~ (red line; n = 10) and Rosa26-
mJak367%% 1+ Pax5+/~ mice (blue line; n =10), none of them exposed to common infections. Log-rank (Mantel-Cox) test, P < 0.0001. B, Photographs of the LNs of
1,7 month-old sibling Rosa26-mJak3"67%*+-Mb1-Cre+Pax5"~ (red arrow) and Rosa26-mJak3"%7% +-Pax5%~ mice (blue arrow). Scale bars, 1cm. C, Flow cytometric
analysis of B-cell subsets in diseased Rosa26-mJak3"67%+ MbI-Cre-+Pax5*/~ mice. Representative plots of B cell from the PB, BM, and LNs are shown. B cells from a
control littermate Rosa26-mJak3"57%+Pax5+~ mouse are shown for reference. Tracking of the GFP marker for mJak3"®7% transgene expression in the leukemic B
cells of Rosa26-mJak3"67%+Mbi-Cre+Pax5™~ mice shows that all tumor cells are GFP* in 100% (10/10) of the mice studied. Flow cytometric images are
representative of 10 mice analyzed. D, BCR clonality in Rosa26-mJak3"67%+ MbI-Cre-+Pax5"~ mice. PCR analysis of BCR gene rearrangements in infiltrated BM and
LNs of diseased mice. Sorted CD19" B cells from spleens of healthy mice served as a control for polyclonal BCR rearrangements. DP T cells from the thymus of healthy
mice served as a negative control. Leukemic mice show increased clonality within their BCR repertoire (indicated by colored squares). E, An example of hematoxylin
and eosin staining of liver and kidney from a tumor-bearing Rosa26-mJak3"67%+ Mbi-Cre+Pax5"~ mouse shows infiltrates of relatively uniform lymphoid cells with
immature appearance. The same tissues from a control littermate Rosa26-mJak3"®”%*+Pax5"~ mouse are shown as reference.
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commonly mutated in Pax5"'~ leukemic blasts. Consistent with these
possibilities, treatment with ruxolitinib fails to completely eradicate
leukemic blasts in mice infused with Pax5"'~ pro-B cells harboring an
activating Jak3 mutation (9). Alternatively, treatment could be given to
predisposed children intermittently during early childhood to target
the aberrant B-cell population. In any case, such a preventive approach
could apply to other cases where second hits within the leukemic blasts
guide the identification of vulnerabilities within the preleukemic B-cell
population. Overall, these findings support further investigation of
pathway-specific approaches to target preleukemic B cells as a means
to prevent B-ALL onset in the future.
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