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Efficacy of JAK1/2 inhibition in murine immune bone
marrow failure
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Immune aplastic anemia (AA) is a severe blood disease characterized by T-lymphocyte-
mediated stem cell destruction. Hematopoietic stem cell transplantation and immuno-
suppression are effective, but they entail costs and risks, and are not always successful.
The Janus kinase (JAK) 1/2 inhibitor ruxolitinib (RUX) suppresses cytotoxic T-cell activa-
tion and inhibits cytokine production in models of graft-versus-host disease. We tested
RUX in murine immune AA for potential therapeutic benefit. After infusion of lymph node
(LN) cells mismatched at the major histocompatibility complex [C67BL/6 (B6)=CByB6F1],
RUX, administered as a food additive (Rux-chow), attenuated bone marrow hypoplasia,
ameliorated peripheral blood pancytopenia, preserved hematopoietic progenitors, and
prevented mortality, when used either prophylactically or therapeutically. RUX sup-
pressed the infiltration, proliferation, and activation of effector T cells in the bone marrow
and mitigated Fas-mediated apoptotic destruction of target hematopoietic cells. Similar effects were obtained when
Rux-chow was fed to C.B10 mice in a minor histocompatibility antigen mismatched (B6=C.B10) AA model. RUX only
modestly suppressed lymphoid and erythroid hematopoiesis in normal and irradiated CByB6F1 mice. Our data sup-

® Ruxolitinib prophylaxis
prevents and ruxolitinib
therapy treats murine
immune aplastic
anemia.

® Ruxolitinib inhibits
T-cell infiltration and
activation and
suppresses bone
marrow cell apoptosis.

port clinical trials of JAK/STAT inhibitors in human AA and other immune bone marrow failure syndromes.

Introduction

The role of the immune system in the pathophysiology of
aplastic anemia (AA) is well established and involves a complex
interaction of immune cells, primarily lymphocytes, with direct
and indirect effects on hematopoietic stem cell and progenitor
cells (HSPCs).! CD8" T cells are the proximate effectors, and
inflammatory cytokines interferon-y (IFN-y) and tumor necrosis
factor-a (TNF-a) have direct toxic effects on HSPCs and indirect
effects on other immune cells and the marrow environment.?
Regulatory T cells (Tregs) are decreased in acute AA and
increase in response to immunosuppression.*

Hematopoietic stem cell transplantation is the preferred ther-
apy, but is limited by patient age, comorbidities, and availability
of donors. Most immune AA patients are treated with immu-
nosuppressive therapy.>® Immunosuppressive therapy regi-
mens are typically administered in a specialized center via
intravenous infusion, and in some cases require intensive care
monitoring for antithymocyte globulin  (ATG) toxicity.
Nonsevere AA and other forms of immune bone marrow failure
(BMF) are typically treated with oral immunosuppression, but
algorithms are less well defined than for severe AA (SAA).7"°

Ruxolitinib (RUX) is a Janus kinase (JAK) 1/2 inhibitor, approved
by the United States Food and Drug Administration to treat
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primary myelofibrosis and graft-versus-host disease (GVHD). In
primary myelofibrosis, RUX has been shown to alleviate symp-
toms and decrease spleen size. In randomized controlled trials
of GVHD, RUX has shown responses in steroid-refractory dis-
ease. RUX has also recently demonstrated efficacy in hemo-
phagocytic lymphohistiocytosis, improving cytopenias and
organ dysfunction."” In murine GVHD, RUX suppressed T-cell
expansion, reduced production of TNF-a, and increased CD4"
FOXP3* Tregs'?; RUX inhibited downstream signaling of IFN-y
and limited CD8" T-cell expansion.'?

We hypothesized that JAK1/2 inhibition by RUX would mitigate
immune destruction in BMF and modulate cytokine production,
leading to improved blood counts and marrow cellularity in
patients. We tested this hypothesis using our well-established
preclinical murine models of immune marrow failure.

Materials and methods

Animals and BMF induction

Inbred C57BL/6 (B6), congenic C.B10-H2b/LilMcd (C.B10), and
hybrid (BALB/cBy x C57BL/6) F1 (CByB6F1) mice were pur-
chased from the Jackson Laboratory (Bar Harbor, ME), bred and
maintained in a specific-pathogen—free animal facility under
standard care and management, and used at 7 to 20 weeks of
age (supplemental Methods, available on the Blood website).
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Figure 1 (continued)
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Figure 1. Ruxolitinib (RUX) ameliorates immune-mediated bone marrow failure in CByB6F1 mice. (A) Eight- to 9-week-old female CByB4F1 mice were preirradiated with
5 Gy total body irradiation plus infusion of 5 x 10° LN cells per mouse from female B6 donors to induce BM failure. Animals were fed with Con-chow (Lab Diet 5002, BMF, n =
7) or with Rux-chow (2 g/kg ruxolitinib in Lab Diet 5002, BMF+RUX, n = 10) starting from day 2. (B) Animals were bled and euthanized at day 14 following LN cell infusion to
measure blood NEUs, RBCs, and PLTs, and BM cells were extracted from bilateral tibiae and femurs to estimate total BM cell recovery. (C) Sternum of each mouse was
sectioned, hematoxylin and eosin stained, and examined under a Zeiss Axioskop2 plus microscope with image captured at x20. (D) BM CD4 and CD8 proportions were
measured by flow cytometry and are shown as representative plots and individual observations. (E) Apoptotic (annexin V*) and viable (annexin V"7AAD") residual BM cells
(RBMs, excluding CD4*and CD8" T cells) were measured by flow cytometry and are shown as representative dot plots and individual observations. (F) Expression of FasL
(CD178) on BM CD4" and CD8" T cells from CByB&F1 BM failure mice without (BMF) and with (BMF+RUX) ruxolitinib treatment are shown as representative flow cytometry
plots and individual observations when animals were analyzed at day 14 following BM failure induction. (G) Fas expression on residual BM cells (RBMs, excluding CD4" and
CD8" T cells) is shown as representative flow cytometry plots and individual observations. (H) Body weight (BW) changes and spleen weight of BMF and BMF+RUX mice. (I)
Proportions of CD4" and CD8" T cells in the spleen with representative flow cytometry plots. (J) Proportions of activation marker CD25 in splenic CD8" T cells with repre-
sentative flow cytometry plots. (K) Proportions of CD25 in splenic CD4™ T cells with representative flow cytometry plots. (L) Proportions of Tregs (CD4*FoxP3") in splenic CD4*

T cells, proportion of Tregs in total splenocytes, and Treg/CD8 T-cell ratio in BMF and BMF+RUX treated mice. **P < .01; ***P < .001; ****P < .0001.

All animals had free access to water and control or experimental
food. Animal studies were approved by the Animal Care and
Use Committee at the National Heart, Lung, and Blood
Institute.

Cells extracted from inguinal, axillary, and lateral axillary lymph
nodes (LN) of B6 donors were intravenously infused into
CByB6F1 or C.B10 recipients (pre-irradiated with 5 Gy total
body irradiation (TBI) 4-6 hours earlier) at 5 x 10% cells per
mouse. Recipient mice were either bled and euthanized at day
14 following LN infusion to collect tissues or maintained for 56
or 70 days to record animal survival and monitor blood counts
biweekly. Survival was recorded when a mouse was found dead
or moribund.

Ruxolitinib administration

Ruxolitinib (INCB01842, RUX) was provided by Incyte Corpo-
ration (Wilmington, DE) as a food additive in standard Purina
5002 Rodent chow (Con-chow) at 2000 mg/kg (Rux-chow) by
Research Diets, Inc (New Brunswick, NJ) as previously
described." Con-chow and Rux-chow were provided to normal
mice or CByB&F1 mice treated with 5 Gy TBI, or to C.B10

RUXOLITINIB FOR IMMUNE BONE MARROW FAILURE

and CByB6&F1 mice that received Bé LN cell infusion to induce
BMF. Animals were fed with Rux-chow 2 days before LN
cell infusion as a prophylaxis (BMF+RUXD-2) or 2, 4, and
6 days after LN cell infusion as therapy (BMF+RUXD+2,
BMF+RUXD+4, BMF+RUXD+6). Rux-chow has been reported
to achieve RUX plasma levels of 1 to 2 mM in mice.'*

In short-term studies, when animals were assessed at day 14
after BMF induction, Con-chow and Rux-chow were provided
for the entire experimental period. In the treatment and pro-
phylaxis survival studies, Rux-chow was provided to mice in the
BMF+RUXD+2 and BMF+RUXD-2 treatment groups for 28
days (5 mice per group) or 42 days (5 mice per group), before
switching to Con-chow for the remaining 28 and 14 days until
day 56, when animals were assessed. In delayed treatment
studies, recipient mice receiving 5 Gy TBI and LN cell infusion
were administered Rux-chow at days 4 and 6, respectively, and
animal survival was monitored until termination of the experi-
ment at day 70. A further group of BMF mice was administered
free-form RUX (Incyte Corporation) by oral gavage at 60 mg/kg
twice daily for 7 or 14 days. Animals were monitored biweekly
until the end of the experiment at day 56 to record animal
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survival. Normal mice or CByB6F1 mice treated with 5 Gy TBI
without BMF induction were also fed Con-chow or Rux-chow for
14 days to assess toxicity. Details of each experiment are
available in supplemental Table 1.

Cell counts, cytokine measurement, and
flow cytometry

At day 14 (short-term study), day 17 (moribund mice in the
survival study) and days 14, 28, 42, and 56 in the survival
studies, blood was collected from the retro-orbital sinus into
Eppendorf tubes containing ethylenediaminetetraacetic acid.
Blood counts measured using an Element HT5 analyzer (Heska
Corporation, Loveland, CO) included white blood cells (WBCs),
neutrophils (NEUs), red blood cells (RBCs), and platelets (PLTs).
Blood was then centrifuged to obtain plasma, cytokines in
plasma were measured using the Luminex assay (R&D Systems,
Minneapolis, MN).

Bone marrow (BM) cells were extracted from bilateral tibiae and
femurs, filtered through 85 pM nylon mesh, and numbers
counted by a Vi-Cell counter (Beckman Coulter, Miami, FL) to
calculate total BM cells per mouse; we assumed that 2 tibiae
and 2 femurs contained 25% of total BM cells.

Blood, spleen, and BM cells were incubated in ACK buffer to
lyse RBCs and then stained with specific antibody mixtures
for flow cytometry. Cells were stained with monoclonal anti-
bodies (supplemental Methods) and were acquired using BD
FACSCanto Il and BD LSRFortessa flow cytometers operated by
FACSDiva software (Becton Dickinson, San Diego, CA), and flow
data were analyzed using FlowJo software. BM HSPCs were
grouped based on surface markers (supplemental Methods).">'¢

Histology

Sterna were fixed in 10% neutral buffered formalin, sectioned at
5-pm thickness, and stained with hematoxylin and eosin (Vitro-
Vivo Biotech, Rockville, MD). Slides were examined under a
Zeiss Axioskop2 plus microscope with images captured at
magnification of x20 using a Zeiss AxioCam HRC camera (Carl
Zeiss Microlmaging GmbH, Jena, Germany).

Colony-forming unit assay

BM mononuclear cells from various treatment groups were
mixed in semisolid methylcellulose medium containing
interleukin-3 (IL-3), IL-6, stem cell factor, and erythropoietin
(STEMCELL Technologies, Inc, Vancouver, BC, Canada) at

2 x 10* cells per plate. BM cell cultures were grown at 37°C
with 5% CO,. Colonies were counted at day 10.

Gene expression assays

RNA isolation

CD8" T cells were isolated from BM cells using CD8 microbe-
ads (Miltenyi Biotec, Auburn, CA). To harvest sufficient cells for
RNA extraction, CD8" T cells from 2 to 3 mice in a group were
pooled with 3 pools per group. Total RNA was isolated using
the RNeasy Mini kit (Qiagen, Valencia, CA), according to the
manufacturer’s instructions. RNA concentration was measured
using a Nanodrop device (Peglab, Erlangen, Germany). Quality
was assessed in an Agilent 2100 Bioanalyzer to obtain a RNA
Integrity Number score.

RNA sequencing and analysis

RNA sequencing and analysis were performed by Novogene
(Durham, NC) using NEBNext Ultra Il RNA Library Prep Kit for
lllumina and the lllumina Novaseq6000, according to the
manufacturer’s protocols (supplemental Methods).

Statistical analysis

Data were analyzed using JMP (SAS Institute, Cary, NC) or
GraphPad Prism statistical software with standard variance
analyses followed by multiple comparisons. Results are shown
as means with standard errors. Statistical significance was
measured by convention as P < .05, P < .01, P < .001, and P <
.0001.

Results

RUX mitigates BMF and improves blood counts in
an MHC-mismatched AA model

Therapeutic efficacy of RUX was assessed in an MHC-
mismatched B6=CByB4F1 LN cell infusion AA model. Mice
were fed Con-chow (BMF) or Rux-chow starting 2 days after
BMF induction (Figure 1A). RUX improved NEU, RBC, PLT, and
total BM cell recovery (Figure 1B), preserved BM cellularity
(Figure 1C), suppressed BM CD4" and CD8" T-cell infiltration/
expansion (Figure 1D), and reduced BM cell apoptosis
(Figure 1E), assessed at day 14. Expression of FasL on BM CD8"
T cells (Figure 1F) and Fas on residual bone marrow (RBM) cells
(Figure 1G) were both downregulated by RUX. On average,
RUX treated mice gained ~0.6 g but BMF mice lost ~1.2 g (P <
.0003) (Figure TH). RUX-treated mice had smaller spleens, with
an average weight of 41 mg, far below the average spleen
weight of 78 mg for BMF mice (P < .0001) (Figure 1H). The

Figure 2. RUX preserves hematopoietic progenitor cells inimmune-mediated bone marrow failure in CByB6F1 mice. (A) Eight- to 9-week-old male CByB6F1 mice were
preirradiated with 5 Gy total body irradiation (TBI, n = 5+5). Some irradiated mice were infused with 5 x 10° LN cells per mouse from B6 male donors and were fed with Con-
chow (Lab Diet 5002, BMF, n = 7) or with Rux-chow (2 g/kg ruxolitinib in Lab Diet 5002, BMF+RUX, n = 5+5) starting from day 2. Mice in TBI and BMF+RUX groups were each
divided into 2 equal subgroups. One subgroup was bled and euthanized at day 14 (W2), along with mice in the BMF group; the other subgroup was maintained on Rux-chow
until day 28, switched to Con-chow for 28 more days, and then was bled and euthanized at day 56 (W8). (B) Peripheral blood was collected at day 14 following LN cell infusion
to analyze NEUs, RBCs, and PLTs, and BM cells were extracted from bilateral tibiae and femurs of euthanized mice to estimate total BM cell recovery. As a reference, pale
green shading shows the range of blood counts in normal, nonirradiated mice. (C) MP (Lin"Sca-1"CD117%) and KSL cells (Lin"Sca-1"CD117") in the BM are shown as
representative dot plots, as well as recovery of total MP and its subset population, including granulocyte macrophage progenitor (GMP, Lin"Sca-1"CD117°CD34°CD16/32"),
common myeloid progenitor (CMP, Lin"Sca-1"CD117"CD34"CD16/327), and megakaryocyte erythrocyte progenitor (MEP, Lin"Sca-1"CD117"CD34"CD16/32"), as well as KSL
and its subset population, including short-term hematopoietic stem cell (ST-HSC, Lin"Sca-1"CD117°CD34*CD1357), long-term HSC (LT-HSC, Lin~Sca-
1"CD117*CD34~CD1357), and multipotent progenitor (MPP, Lin"Sca-1"CD117*CD34"CD135") cells per mouse at 2 and 8 weeks. (D) Sca-1 expression of KSL and CD117
expression of KSL and MP in RUX-treated mice and TBI controls at 8 weeks. (E) BM cells flushed from tibiae and femurs of mice at week 2 and week 8 were cultured for 10 days
to measure colony-forming units (CFU). *P < .05; **P < .01; ***P < .001; ****P < .0001.
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CD8" T-cell proportion in spleen was reduced in RUX-treated
mice, but CD4" T cells were increased (Figure 11). Levels of
the activation marker CD25 were much decreased on both
CD8" and CD4™ T cells (Figure 1J and K). Upregulated FoxP3
expression in splenic CD4" T cells accompanied the increased
the Treg cell proportion in spleen and increased the Treg/CD8"
T-cell ratio in RUX mice (Figure 1L).

Not unexpectedly, RUX prevented BMF when administered
prophylactically, 2 days prior to LN cell infusion (supplemental
Figure 1A-K).

RUX preserves functional hematopoietic
progenitor and stem cells

We assessed functional effects of RUX on HSPCs in the same
MHC-mismatched CByB6éF1 model (Figure 2A). RUX was
administered at day +2 and discontinued at week 4. We again
demonstrated significant RUX therapeutic effects in improving
blood counts and BM cellularity in both short-term and long-
term studies (Figure 2B). Untreated BMF mice had almost no
myeloid progenitor (MP) and Lin"Sca-1%c-Kit"™ (KSL) cells in BM
due to T-cell-mediated BM destruction. In contrast, all RUX-
treated BMF mice had recovery of MP and KSL cells. The MP
number was higher than in TBI control mice at 2 weeks and
remained similar level to that in TBI controls at 8 weeks,
whereas the KSL number was comparable to that in TBI control
mice at 2 weeks but later expanded to higher levels than in TBI
control mice (Figure 2C). The subsets of MP (GMP and MEP)
and subsets of KSL (LT-HSC, ST-HSC, and MPP) showed similar
changes (Figure 2C). RUX treatment was associated with
increased expression of Sca-1 in KSL (Figure 2C-D); however,
Sca-1 may not be a neutral marker for murine stem cells,'” as it
is also linked to inflammation.'® At 8 weeks, RUX-treated mice
had lower CD117 (c-Kit) expression in KSL and MP compared
with TBI controls (Figure 2C-D), possibly due to higher self-
renewal potential of HSCs,"” which may explain the difference
in blood counts and HSPCs between RUX-treated mice and TBI
controls. When BM cells were cultured in vitro for 10 days, we
observed higher CFU in BM cells from RUX-treated mice than in
untreated BMF mice at 2 weeks and TBI control mice at 2 and 8
weeks following BM failure induction (Figure 2E). RUX effec-
tively preserved phenotypic and functional HSPCs.

RUX suppresses immune response

In the same short-term and long-term studies, we evaluated BM
T-cell phenotype. Again, we observed reduction of both CD8*
and CD4" T-cell marrow infiltration in RUX-treated animals
compared to untreated mice at 2 weeks. T-cell activation, as
measured by CD25 expression, also was suppressed by RUX in
both CD4" and CD8" BM T cells at 2 weeks, but CD25
expression in CD4" T cells rebounded at 8 weeks (Figure 3A),
probably reflecting recovery of Tregs in the BM. RUX did not
change the expression of the immune checkpoint and T-cell

exhaustion marker PD-1 on both CD4* and CD8" T cells in BM
at 2 weeks, but significantly decreased PD-1 expression on T
cells at 8 weeks (Figure 3A).

Following BMF induction, we observed systemic cytokine storm
including IFN-y, TNF-q, IL-5, CCL-2, FasL, CCL5, and IL-10 at 2
weeks; RUX markedly decreased the concentrations of these
cytokines. Levels gradually increased at 8 weeks, after drug had
been discontinued, but IFN-y remained low throughout
(Figure 3B).

Survival following RUX treatment

As RUX was effective in treating BMF and preserving hemato-
poietic progenitor cells, we next determined long-term survival.
For both female and male mice in the MHC-mismatched LN cell
infusion AA model, we administered RUX prophylactically
(BMF+RUXD-2) and therapeutically (BMF+RUXD+2) until day
56 (RUX was discontinued at days 28 or 42 and normal Con-
chow resumed) (Figure 4A). Body weight (BW) loss between
week 0 and week 2 in control BMF mice was severe, whereas
BW was maintained and increased in BMF+RUXD-2 and
BMF+RUXD+2 mice (Figure 4B). Blood NEU, RBC, and PLT
levels were much higher in mice treated with BMF+RUXD-2
and BMF+RUXD+2 than in BMF mice (Figure 4B).

RUX treatment provided a striking survival advantage. All ani-
mals in the BMF+RUXD-2 and BMF+RUXD+2 treatment groups
lived to the conclusion of the study at day 56, whereasd all BMF
mice were found dead or moribund and requiring immediate
euthanasia, with none surviving beyond week 3 (Figure 4C).

BMF mice in the survival study receiving treatment
(BMF+RUXD+2) or prophylaxis (BMF+RUXD-2) also had
reductions in the proportions of BM CD4" and CD8" T-cell
percentages (supplemental Figure 2A), in apoptotic RBM with
increased viable RBM (supplemental Figure 2B), and decrease
in levels of intracellular IFN-y (supplemental Figure 2C) and
TNF-o (supplemental Figure 2D) in BM CD4" and CD8™ T cells.
In addition, stable blood counts were sustained beyond the
immediate treatment period.

We assessed delayed therapy, beginning at day 4
(BMF+RUXD-+4) or day 6 (BMF+RUXD+6) after LN cell infusion,
with observations to day 70 (week 10) after BMF induction
(Figure 4D). BW as well as NEUs, RBCs, and PLTs were similar to
those in previous survival studies showing maintenance of BW
and improved NEU, RBC, and PLT counts in the BMF+RUXD+4
and BMF+RUXD+6 groups relative to untreated BMF mice
(Figure 4E). Again, all RUX-treated mice survived to 10 weeks,
whereas BMF mice died within 6 weeks after BMF induction
(P < .0001) in the RUX-treated mice (Figure 4F). RUX exerted
significant therapeutic effects even with delayed treatment
initiation.

Figure 3. Short-term and long-term changes in immune status in BMF mice by RUX therapy. (A) T-cell phenotype of BM-infiltrated CD4" and CD8" T cells. BMF CByB6F1
mice treated with RUX were euthanized at 2 weeks (RUX-W2, n = 10, short-term) and 8 weeks (RUX-W8, n = 10, long-term) following LN cell infusion, along with TBI mice at 8
weeks (TBI, n = 5) as controls. BMF mice without treatment (BMF, n = 10) were euthanized at 2 weeks because almost all mice would die within 3 weeks post LN cell infusion if
untreated. BM cells and plasma samples were collected and stored at =80°C until analysis. T-cell activation marker CD25 and immune checkpoint and T-cell exhaustion marker
PD-1 are shown in representative flow cytometry plots and histograms. (B) Cytokine profiles of RUX-treated mice. Inflammatory cytokines including IFN-y, TNF-a, IL-5, IL-1a,
CCL2, FasL, CCL5, and IL-10 in plasma samples from different experiments were measured by Luminex simultaneously. TBI (n = 5), BMF (W2, n = 17), RUX-W2 (n = 25), and
RUX-W8 (n = 10) mice, shown as individual observations. *P < .05; **P < .01; ***P < .001; ****P < .0001.
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Figure 4. RUX prophylaxis or therapy extends survival of CByB6F1 mice with immune-mediated BMF. Two independent experiments were performed to assess RUX
efficacy extending animal survival in female and male CByB4F1 mice, in which data were combined from both experiments (A-C). (A) Eight- to 9-week-old female and male
CByB&F1 mice preirradiated with 5 Gy TBI plus infusion of 5 x 10° LN cells per mouse from B6 donors of the same gender to induce BMF. Mice were fed with Con-chow (Lab
Diet 5002, BMF, n = 10+10) or with Rux-chow (2 g/kg ruxolitinib in Lab Diet 5002) starting at day —2 (BMF+RUXD-2, n = 10+10) or day 2 (BMF+RXD+2, n = 10+10) of LN cell
infusion. Half of the mice fed with Rux-chow were switched to Con-chow at days 28 and 42, respectively, and mice were maintained with Con-chow for the remaining 28 and
14 days until animals were bled and euthanized at day 56. (B) Animals were weighed and bled biweekly to monitor body weight (BW) change and to measure blood NEUs,
RBCs, and platelets PLTs. (C) Animal survival at day 56 following BMF induction, in which all mice in the BMF-RUXD-2 (n = 20) and BMF+RUXD+2 (n = 20) groups were alive at
day 56, whereas mice in the BMF groups (n = 20) were found dead or moribund and requiring immediate euthanasia before day 20. (D) Delayed treatment of BMF mice with
RUX. A third study was conducted to induce BMF in 9- to 15-week-old female CByB6F1 mice fed with Con-chow (Lab Diet 5002, BMF, n = 5) or Rux-chow (2 g/kg ruxolitinib in
Lab Diet 5002) starting at day 4 (BMF+RUXD+4, n = 10), or day 6 (BMF+RXD+6, n = 10) after LN cell infusion, respectively. All mice fed with Rux-chow were switched to Con-
chow at days 28 until animals were bled and euthanized at day 70. (E) BW and NEUs, RBCs, and PLTs of BM failure mice with delayed treatment. (F) All mice in the
BMF+RUXD+4 and BMF+RUXD+6 groups were alive at day 70 following BMF induction, whereas all BMF mice were found dead at various time points. ****P < .0001.

RUX was also assessed when the drug was administered by oral the BMF+RUX14D group replicated prior Rux-chow experi-
gavage at 60 mg/kg twice daily for 7 days (BMF+RUX07D) or 14 ments. Higher NEU, RBC, and PLT counts and BW with reduced
days (BMF+RUX14D) (supplemental Figure 3A). The proportions of CD4" and CD8" T cells in peripheral blood were
BMF+RUX07D group represented a shorter duration of therapy; observed when RUX was provided by gavage (supplemental
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Figure 5. Hematopoietic toxicity of RUX in normal CByB6F 1 mice. (A) Normal 7- to 8-week-old CByB6F1 female mice were fed with Con-chow (Lab Diet 5002, CON, n = 10)
or Rux-chow (2 g/kg ruxolitinib in Lab Diet 5002, RUX, n = 10). (B) Animals were bled and euthanized at day 14 to measure NEUs, RBCs, and PLTs. (C) BM cells were extracted
from bilateral tibiae and femurs to estimate total BM cell recovery; spleens (SP) were also extracted to calculate SP cell recovery. (D) BM cells were stained with cell surface
markers to define CLP (CD127*Lin Kit*Sca-1"). (E) MP (Lin"Sca-1"CD117"), KSL cells (Lin"Sca-1*CD117"), and their subset populations in the BM are shown as representative
dot plots. Recovery of total MP and its subset populations including granulocyte-macrophage progenitors (GMP, Lin~Sca-1"CD117*CD34"CD16/32%), common myeloid
progenitors (CMP, Lin~Sca-1"CD117"CD34*CD16/32"), and megakaryocyte-erythrocyte progenitors (MEP, Lin"Sca-1"CD117*CD34 CD16/327), as well as KSL and its subset
population including short-term hematopoietic stem cell (ST-HSC, Lin"Sca-1"CD117*CD34"CD135"), long-term HSC (LT-HSC, Lin"Sca-1"CD117"CD34 CD1357), and mul-
tipotent progenitor (MPP, Lin"Sca-1"CD117"CD34"CD135") cells per mouse at 2 weeks were calculated accordingly. *P < .05; **P < .01; ***P < .001; ****P < .0001.

Figure 3B). Apoptotic non—T-cell leukocytes were reduced, and
viable non-T-cell leukocytes increased over time in mice from
both the BMF+RUX07D and BMF+RUX14D  groups
(supplemental Figure 3D). RUX extended animal survival in both
the BMF+RUX07D and BMF+RUX14D groups relative to BMF
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mice (supplemental Figure 3C). The majority of mice (6 of 8) in
the BMF+RUX07D group died between days 20 and 40; in the
BMF+RUX14D group, 4 of 10 were found dead during week 8.
RUX administered by oral gavage for 7 or 14 days
(supplemental Figure 3C) was less effective than Rux-chow
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administered for 28 or 42 days (supplemental Figure 4C,F) in
extending long-term overall survival. However, RUX gavage for
both 7 and 14 days did significantly extend animal survival
(supplemental Figure 3C) compared to that in untreated mice.

RUX toxicity

Although RUX mitigated peripheral blood pancytopenia and
alleviated BM cell apoptosis, preservation of BM cellularity was
less obvious (Figure 1 and Supplemental Figure 1), suggesting
myelosuppression. We examined for hemato-toxicity by
feeding healthy CByB6F1 mice with Con-chow or Rux-chow
(Figure 5A). At day 14 of treatment, RUX had increased blood
NEUs and PLTs but had reduced RBCs (Figure 5B). There were
significant declines in BM (298 vs 192.4, x10°; 35%) and spleen
(131.1 vs 45.1, x10% 66%) cells in normal CByB4F1 mice fed
Rux-chow (Figure 5C). RUX decreased common lymphoid pro-
genitor (CLP) frequency and numbers (Figure 5D) but had no
effect on the KSL, LT-HSC, ST-HSC, and MPP subsets in normal
animals (Figure 5E). RUX augmented the proportion of MP,
especially the CMP subset in normal mice (Figure 5E), consis-
tent with increased NEUs. Hematopoietic suppressive effects of
RUX appeared mainly toward lymphoid and erythroid cells, with
myeloid cells and platelets relatively unaffected.

We also investigated toxicity of RUX in sub-lethally irradiated
CByB&F1 mice, to match our TBI controls. Animals were fed
with Con-chow or Rux-chow commencing 2 days before TBI
(supplemental Figure 4A) for 16 days. At day 14, RUX increased
blood NEUs but reduced PLT (supplemental Figure 4B) and
recovery of BM and spleen cells (supplemental Figure 4C). RUX
decreased CLP (supplemental Figure 4D), KSL, LT-HSC, and ST-
HSC, but had no apparent effect on MP, with increased pro-
portions of CMP (supplemental Figure 4E). RUX mainly sup-
pressed lymphoid cells rather than myeloid cells in the setting
of sub-lethal irradiation. Suppression of KSL appeared due
mainly to irradiation injury.

Ruxolitinib suppresses cell cycle and immune
response in CD8" T cells as determined by gene
expression

CD8" T cells are the proximate effector cells of BM destruction
in our model. We used RNA sequencing to assess gene
expression in pooled CD8" T cells from the BMF mice. Among
the many differentially expressed genes in CD8" T cells from
RUX-treated compared to control BMF mice, most prominent
were downregulated T-cell function and JAK/STAT
pathway-related genes: Statl, Stat3, Statd, Fas, Lyba, Infg,
Gzmb, Gzma, Gzmk, Infgrl, 112rb, ll2rg, and Lag3 (Figure 6A).
On pathway analysis, differentially expressed genes were
significantly enriched in  immune responses and cell
cycle-related pathways. Downregulated immune pathways
included cytokine signaling in the immune system, the JAK/

STAT signaling pathway, and the IFN-y pathway, indicating
inhibition of T-cell function by RUX. Cell cycle pathways
included G1/S phases, cell cycle checkpoints, and G2/M
checkpoints, indicating suppression of cell cycle and cell pro-
liferation by the drug (Figure 6B). Gene set enrichment analysis
showed interferon response, rapamycin-sensitive genes, and
Myc gene targets to be the most downregulated pathways
(Figure 6C). On network analysis of differentially expressed
genes in downregulated pathways, Stat1 and Ifn-y genes were
at the center of the network, connecting immune responses and
cell cycle pathways (Figure 3D), consistent with the central roles
of Stat? and Ifn-y in the cellular immune response and the
mechanism of action of RUX on T cells.

RUX attenuates BM destruction in a
minor-H-mismatched AA model

To assess the effectiveness of RUX in immune-mediated AA in a
different strain and antigen combination, we induced AA in a
minor-H-mismatched B6=C.B10 LN cell infusion model, using
female donors and recipients. Recipient mice received Con-
chow or Rux-chow starting at 2 days after LN cell infusion
(Figure 7A); at day 14, all BMF+RUX-treated mice had gained
weight, whereas control BMF mice had lost weight (Figure 7B).
There were significantly higher NEUs, RBCs, and nonsignifi-
cantly higher PLTs in BMF+RUX-treated mice (Figure 7C). There
was marked increase in total BM cell recovery in BMF+RUX-
treated mice (98.8 x 10%) relative to BMF mice (41.7 x 109
(Figure 7D), and higher cellularity in sterna from BMF+RUX-
treated mice (Figure 7E). Similar to the MHC-mismatched AA
model (Figure 1D-E,G and Supplemental Figure 1D-E,l), C.B10
mice treated with RUX had reduced Fas expression on RBM
(Figure 6F), decreased apoptotic RBM, increased BM cell
viability (Figure 7G), and reduced BM CD4" and CD8" T cells
(Figure 7H).

We further assessed the therapeutic effects of RUX in a C.B10
AA model by delaying initiation of Rux-chow to day 5 after LN
cell infusion (Figure 71). At 2 weeks, BMF+RUX mice had higher
levels of NEUs, RBCs, and PLTs than BMF mice fed with Con-
chow (Figure 7J), with higher level of BM cell recovery
(Figure 7K), reduced BM CD4" and CD8" T-cell proportions
(Figure 7L), and reduced Fas expression on RBM (Figure 7M),
showing that delaying Rux-chow initiation to day 5 retained
RUX efficacy in attenuating immune-mediated BMF in C.B10
mice.

Using male mice in the C.B10 AA model (supplemental
Figure 5A), we unexpectedly observed, in one experiment, lit-
tle to no effect in BMF+RUX-treated mice on blood cell counts
(supplemental Figure 5B), BW change (supplemental
Figure 5C), or BM cellularity (supplemental Figure 5D) at day
14 following LN cell infusion. However, BMF+RUX mice had
reduced BM CD4% and CD8% T cells (supplemental Figure 5E),

Figure 6. RNA sequencing of BM-infiltrated CD8 T cells from RUX-treated and untreated BMF mice. (A) Heat map of T-cell function—related genes dysregulated in BM-
infiltrated CD8" T cells from pooled samples of RUX-treated (n = 3) and untreated BMF (n = 3) control mice. Red—blue color scale depicts gene expression levels (red indicates
high, blue low). (B) Top pathways identified by Genomatrix Generanker with the top 300 downregulated genes in BM-infiltrated CD8" T cells from RUX-treated mice,
compared to those from untreated BMF control mice. (C) Interferon response, rapamycin-sensitive genes, and Myc gene targets enriched to be downregulated in gene set
enrichment plots in CD8" T cells from RUX-treated mice were compared with those from untreated BMF control mice. NES, normalized enrichment score. (D) Putative gene
network interactions with the dysregulated genes in CD8" T cells from RUX-treated BMF mice. Pink color represents cell cycle—related genes, and blue represents immune

response—related genes.
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Figure 7. Efficacy of RUX in immune-mediated bone marrow failure in C.B10 mice. (A) Nine- to 15-week-old female C.B10 mice, preirradiated with 5 Gy TBI, were infused
with 5 x 10° lymph node (LN) cells per mouse from female B6 donors to induce BMF failure, then fed with normal Con-chow (Lab Diet 5002, BMF, n = 3) or with RUX-chow (2 g/
kg RUX in Lab Diet 5002, BMF+RUX, n = 6) starting from day 2 after LN cell infusion. (B) Animals were weighed at days =2 and 14, the BW change serving as an indirect
indicator of even food (RUX) intake. (C) Animals were bled and euthanized at day 14 following LN cell infusion to measure blood NEUs, RBCs, and PLTs. (D) BM cells were
extracted from bilateral tibiae and femurs to estimate total BM cell recovery. (E) Sternum of each mouse was sectioned, hematoxylin and eosin stained, and examined under a
Zeiss Axioskop?2 plus microscope with image captured at x20. (F) BM CD4" and CD8" T-cell proportions are shown as representative flow cytometry plots and individual
observations. (G) Expression of Fas on residual BM cells (RBM, excluding CD4* and CD8" T cells). (H) Proportions of apoptotic and viable RBM cells. () In another study, LN
cells from female B6 donors were infused into 20- to 24-week-old female C.B10 recipients preirradiated with 5 Gy TBI, with 1 group fed Con-chow (Rodent chow 5002, BMF,
n = 5) and the other group fed with Con-chow for 5 days and then switched to Rux-chow (2g/kg ruxolitinib, BMF+RUX, n = 9). (J) Mice were bled and euthanized at day 14 to
measure NEUs, RBCs, and PLTs. (K) BM cells were extracted from bilateral tibiae and femurs to estimate total BM cell recovery. (L) Proportions of CD4" and CD8" T cells in the
BM were analyzed by flow cytometry. (M) Expression of apoptotic Fas on residual BM cells (RBM, excluding CD4 and CD8 T cells). *P < .01; **P < .01; ***P < .001; ****P < .0001.

and reduced Fas expression (supplemental Figure 5F) and
apoptosis (supplemental Figure 5G) on RBM cells relative to
BMF mice without RUX, indicating that RUX suppressed T-cell
expansion and inhibited RBM Fas expression and apoptosis,
but that these effects were not reflected in blood and BM cell
counts. We reasoned that small BW gains (supplemental
Figure 5C) in animals in this single experiment implied low
food consumption, consequent low RUX intake, and thus sub-
optimal RUX blood levels. Therefore, we repeated the same
male B6=C.B10 LN cell infusion model with Con-chow (BMF) or
Rux-chow (BMF+RUX) from day 2 in 2 independent experiments
in which animals were observed for 8 weeks (supplemental
Figure 5H). Combined data from both studies showed signifi-
cant improvements in WBCs, NEUs, RBCs, and PLTs over the
course of the studies, along with significant suppression of
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peripheral blood CD4" and CD8" T-cell levels (supplemental
Figure 5l). Most important, all mice in the 2 BMF+RUX treat-
ment groups survived to week 8, whereas the majority of BMF
mice died within the first 4 weeks of BMF induction, a marked
survival advantage for RUX (supplemental Figure 5J). Thus, RUX
produced significant therapeutic effects in the male B6=C.B10
LN cell infusion AA model, as it did in the female B6=C.B10 LN
cell infusion AA model (Figure 7).

Discussion

Our study evaluated the effectiveness of JAK1/2 inhibition in
preclinical models of immune BMF. RUX showed striking and
consistent efficacy, improving blood counts and prolonging
survival in 2 different strain and antigen combinations and in a
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variety of regimens and modes of administration. Animal
models are generally useful but seldom can exactly reproduce
the analogous human disease. Murine AA is produced by
mismatch of major and minor histocompatibility antigens, not
with the (unknown) antigens responsible for human AA (similar
to other imperfect animal models of autoimmune syndromes).
Nevertheless, despite differences in the source of effector
lymphocytes between the animal model (alloimmune antigens)
and in marrow failure patients (autoimmune), murine AA shares
clinical, cellular, and molecular features with the human disease;
the model has been useful in establishing the plausibility of
mechanisms imputed from human samples and in confirming
and predicting effective drug, biologic, and cell therapies.”**?
The current work has demonstrated that JAK1/2 inhibition
with RUX works by suppression of T-cell activation, inflamma-
tory cytokine secretion, and FasL/Fas-mediated BM destruc-
tion—and is highly supportive of formal clinical trials of this drug
and other JAK inhibitors in immune BMF.

The JAK/STAT pathway is crucial in the control of inflammatory
cytokines and immune activation, making it an attractive ther-
apeutic target. Prior research has implicated the role of JAK/
STAT in immune BMF. In a murine model of increased IFN-y
expression, JAK/STAT pathway induction by IFN-y led to
inhibited myeloid progenitor differentiation.” Somatic STAT3
variants have been detected in the T cells of patients with T-cell
large granular lymphocytic leukemia (T-LGL), pure red cell
aplasia, and immune AA, and likely contribute to their clonal
expansion.?® As recently reported, somatic variants in the JAK/
STAT signaling pathway in both CD4™ and CD8™ T cells occur in
up to 75% of AA patients.”* STAT1 dysregulation has been
demonstrated in immune AA patients and is absent in healthy
controls.?® In a murine hemophagocytic lymphohistiocytosis
model, RUX downregulated STAT1 when measured by phos-
phorylation of STAT1 in peripheral blood.?® In a recent case
report, an AA patient with a STAT1 gain-of-function variant was
successfully treated with the JAK1 inhibitor itacitinib where
cytopenias resolved within 1 week of administration and
marrow cellularity was restored; after 20 months, the drug was
discontinued, and the patient has remained in long-term
hematologic remission.?® Ruxolitinib has recently been shown
to be effective in T-cell lymphomas with JAK/STAT activation, in
particular T-LGL where the majority of patients experienced
improved cytopenias.?’ In our study, mice that received RUX
exhibited downregulation of multiple inflammation genes,
including Stat? and Stat3, and on network analysis, there was
expected Stat1 and Ifn-y downregulation.

Known toxicities of RUX in humans include anemia and throm-
bocytopenia.”®?’ When administered to both normal and irra-
diated mice, RUX did mildly suppress lymphoid and erythroid
cells lineages, but not myeloid cells and platelets, probably due
to physiological differences in hematopoiesis (smaller myeloid
cell fraction and higher level and larger range of platelet counts)
between mice and humans. Functionally using CFU, HSPCs
appeared to be preserved in mice administered RUX compared
to TBI controls; these preliminary data are of interest and are the
focus of future experiments. Similar effects have also been
demonstrated in an ex vivo model of immune AA, in which RUX
improved the proliferation, differentiation, and survival of
HSPCs.*® Potential worsening of marrow suppression is of
concern, but at least in the mouse, improvements in cytopenias

RUXOLITINIB FOR IMMUNE BONE MARROW FAILURE

dominated suppressive effects of the drug on hematopoiesis.
RUX, administered in a phase 1 study of myelodysplastic syn-
drome patients with cytopenias, did not show dose-limiting
toxicity; most patients were transfusion dependent at enroll-
ment, with a response rate of 22%.°" Interruption of drug was
required in 5 patients and treatment was discontinued in 2
patients (11%). Other medications with marrow-suppressive
effects have been successful in BMF patients.*

In normal mice, RUX showed suppressive effects on T cells
and erythrocytes relative to untreated controls. In the BMF
model, RUX showed significant and sustained improved
blood counts despite drug discontinuation, indicating that
the efficacy of RUX in suppressing T-cell-mediated BMF
hematopoietic destruction exceeds its hematopoietic sup-
pressive activity under normal conditions. RUX administered
over a short duration was less satisfactory, suggesting that
more prolonged therapy may be required, as has been the
case with other IST regimens in AA. Although survival was
prolonged when RUX was administered as chow or via
gavage, RUX appeared to be particularly efficacious as a food
additive, possibly due to continued ingestion rather than
periodic infusion leading to better biocavailability and stable
plasma levels, as well as lower levels of animal stress, relative
to RUX delivery by oral gavage.

RUX is a potential new treatment for BMF patients. Hemato-
poietic stem cell transplantation, albeit optimal for young
patients with SAA, remains risky in older patients,*® and many
may not have a suitable donor despite the expanding use of
alternative graft sources. Up to 20% of SAA patients remain
refractory to initial immunosuppression, and 30% to 40%
experience relapse.®* Development of oral therapy that is easily
administered and well tolerated is desirable, as ATG, the basis
of SAA therapy for decades, has significant toxicity, especially
infusion reactions, cardiac effects, and serum sickness. Recently,
the phase Il SOAR study reported that the combination of
cyclosporine with eltrombopag without ATG in treatment-naive
SAA achieved a response rate of only 46%, confirming that
cyclosporine alone as oral immunosuppression is inadequate,
even when added to a thrombopoietin agonist.*> ATG and
cyclosporine have previously been assessed in our murine
model; for ATG, efficacy declined when administered after
1 week from BMF induction.®® In contrast, RUX effectively
salvaged BMF mice when administered up to 1 week after BMF
induction. Therefore, given its broad mechanism of inhibiting T-
cell activation, mitigating key cytokines, and increasing Tregs,
as well as its ease of administration, RUX is a promising new
therapy for BMF patients. The preclinical results will be the basis
of interventional protocols to test the efficacy of RUX in a range
of immune BMF syndromes.
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