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ABSTRACT

heumatoid arthritis (RA) is a debilitating autoimmune disease

characterized by chronic inflammation and progressive destruc-

tion of joint tissue. It is also characterized by aberrant blood phe-
notypes including anemia and suppressed lymphopoiesis that contribute
to morbidity in RA patients. However, the impact of RA on hematopoi-
etic stem cells (HSC) has not been fully elucidated. Using a collagen-
induced mouse model of human RA, we identified systemic inflamma-
tion and myeloid overproduction associated with activation of a
myeloid differentiation gene program in HSC. Surprisingly, despite
ongoing inflammation, HSC from arthritic mice remain in a quiescent
state associated with activation of a proliferation arrest gene program.
Strikingly, we found that inflammatory cytokine blockade using the
interleukin-1 receptor antagonist anakinra led to an attenuation of
inflammatory arthritis and myeloid expansion in the bone marrow of
arthritic mice. In addition, anakinra reduced expression of inflammation-
driven myeloid lineage and proliferation arrest gene programs in HSC of
arthritic mice. Altogether, our findings show that inflammatory cytokine
blockade can contribute to normalization of hematopoiesis in the con-
text of chronic autoimmune arthritis.

Introduction

Rheumatoid arthritis (RA) is a chronic, systemic inflammatory autoimmune dis-
ease affecting up to 1% of the population.' RA is associated with significant mor-
bidity and mortality, and substantial healthcare-related costs.” While the pathogen-
esis of RA is most often associated with breaking of central tolerance and activa-
tion of autoimmune T and B lymphocytes, all types of blood cells contribute to the
RA disease process. Platelets and myeloid cells, such as neutrophils and
macrophages, have been shown to infiltrate the joint synovia, damaging tissue and
presenting antigens that initiate autoimmunity.’ RA is also associated with co-mor-
bid hematologic manifestations including chronic anemia, impaired production of
naive T cells, autoimmune cytopenias and leukocytosis during disease ‘flares’.*” In
addition, RA is associated with elevated levels of pro-inflammatory cytokines
including interleukin-1 (IL-1), tumor necrosis factor (TNF) and interferon (IEN)-y.*
Therapeutic blockade of these factors has been used with success to alleviate the
symptoms of inflammatory arthritis in patients, underscoring the importance of
pro-inflammatory cytokines in the pathogenesis of RA.
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Maintenance of the blood system requires a carefully
orchestrated interaction between blood-forming
hematopoietic stem cells (HSC) and cell-extrinsic signals
provided by their microenvironment in the bone marrow
(BM).® Such signals regulate HSC quiescence and/or direct
HSC differentiation into lineage-biased multipotent pro-
genitors (MPP) and mature blood cells.” Pro-inflammatory
cytokines can activate 'emergency' gene programs in HSC
associated with overproduction of myeloid- and platelet-
biased MPP subsets that, in turn, overproduce myeloid
cells and platelets at the expense of other lineages.”"
Along these lines, hematopoietic defects in RA patients
have been ascribed to pro-inflammatory cytokines."
However, the underlying molecular mechanism(s) and
impact of therapeutic intervention on HSC function have
not been well characterized.

Here, we used the type II collagen-induced arthritis
(CIA) mouse model of human RA to identify the impact
of chronic autoimmune arthritis on HSC function. We
found that CIA leads to expansion of myeloid progenitors
in the BM and overproduction of myeloid cells. HSC from
CIA mice activated a myeloid gene program, although
they retained their quiescence and long-term repopulating
function. Interestingly, HSC quiescence was associated
with a proliferation arrest program, characterized by
downregulation of cell cycle and mRNA translation genes,
which may serve to limit spurious HSC activation.
Notably, we showed that pharmacological cytokine
blockade using the recombinant IL-1 receptor antagonist
anakinra alleviated inflammatory arthritis and myeloid
expansion in the blood and BM of mice with CIA. In addi-
tion, anakinra treatment reduced activation of inflamma-
tion-induced myeloid and proliferation arrest gene pro-
grams in HSC. Taken together, our findings suggest that
anti-inflammatory therapies such as cytokine blockade
can restore hematopoietic function in the context of
chronic inflammatory diseases such as RA.

Methods
The methods are described in detail in the Online Supplement.

Mice and in vivo treatments

Male, 6- to 12-week old C57BL/6] (strain #000664) and
B10.RIII (strain #000457) mice from The Jackson Laboratory (Bar
Harbor, ME, USA) were maintained in a temperature- and light-
controlled environment with irradiated chow and water ad libi-
twm for all experiments. Arthritis was induced by intradermal
injection of type II chicken (for C57BL/6] mice) or bovine (for
B10.RIII mice) collagen (Sigma-Aldrich) emulsified in Complete
Freund Adjuvant (CFA; Sigma-Aldrich).” Anakinra (Swedish
Orphan Biovitrum) was administered daily at a dose of 50
mg/kg via subcutaneous injection. All animal procedures were
approved by the University of Colorado Denver Anschutz
Medical Campus Institutional Animal Care and Use Committee
(IACUC).

Flow cytometry and hematopoietic stem cell isolation
BM was flushed from femora and tibiae with Hank’s balanced
salt solution (HBSS) without calcium or magnesium salts but
containing 2% heat-inactivated fetal bovine serum (FBS). BM
cells were depleted of red blood cells using ACK lysis except for
the erythroblast analysis. Next, 1x107 cells were stained for
hematopoietic stem and progenitor cells or 1x10° for mature BM

cells and were analyzed on a BD FACSCelesta or LSRII instru-
ment. For HSC isolation, posterior limb, anterior limb and pelvic
bones were crushed in HBSS + 2% FBS, treated with ACK,
placed on a Histopaque 1119 gradient and enriched in c-Kit cells
using anti-c-Kit microbeads (Miltenyi) and separation on an
AutoMACS Pro (Miltenyi). Cells were double-sorted to purity
on a FACSAria ITu or FACSAria Fusion (Becton Dickenson) at 20
psi using a 100 um nozzle.

Hematopoietic stem cell and bone marrow
transplantation assays

Lethally irradiated (11 Gy, split dose 3 h apart) CD45.1" Boy/J
congenic recipient mice were transplanted with either 250
CD45.2" donor HSC plus 5x10° CD45.1* Sca-1 depleted cells, or
5x10° unfractionated BM cells, via the retro-orbital vein in a 100
uL volume of HBSS + 2% FBS. Recipient mice were maintained
on autoclaved water containing Bactrim for 4 weeks following
transplantation, and donor blood chimerism was assessed every
4 weeks up to 16 weeks via bleeding from the tail vein or retro-
orbital sinus.

Gene expression analyses

RNA-sequencing analysis was performed on three bio-
logical replicate pools of 4x10° to 1x10* HSC isolated
from groups of two mice per condition (control and CIA).
DESeq2-1.12.3 within R-3.3.0 was used for data normal-
ization and differential expression analysis with an
adjusted P-value threshold of 0.05. Fluidigm analyses
were performed using commercially designed DeltaGene
primer sets on a Biomark instrument (Fluidigm). Relative
gene expression was calculated using the ACt method.
Data were normalized to Actb.

Cytokine analysis

Serum cytokine levels were determined using a Luminex 36-
analyte ProCartaPlex cytokine array (Thermo Fisher) according
to the manufacturer’s instructions.

Statistical analysis

Statistical analyses were performed using Prism 7 software
(GraphPad). P-values were determined using a Mann-Whitney
U-test or one-way analysis of variance. P-values <0.05 were con-
sidered statistically significant.

Results

Aberrant blood system in mice with collagen-induced
arthritis

The CIA system is the most commonly studied model
of RA, and faithfully recapitulates several disease features,
including B- and T-cell-driven autoimmunity and chronic
production of pathogenic cytokines.” To assess the impact
of RA on the blood system, C57BL/6 mice were injected
intradermally at the base of the tail twice 21 days apart
with an emulsion of CFA and type II collagen (Figure 1A).
Non-arthritic control mice were injected with CFA alone
on the same treatment schedule. After the second (boost)
injection, mice rapidly developed polyarthritis character-
ized by swelling and erythema of the front and rear paws,
metatarsals and/or ankles within a week of the boost
injection (Figure 1A, Ounline Supplementary Figure S1A).
Peripheral blood parameters in CIA mice 21 days after the
boost injection showed a significant increase in neu-
trophils, while lymphocyte and platelet numbers were not



significantly different (Figure 1B). While the overall num-
ber of BM cells in the femora and tibiae of CIA mice were
unchanged, (Figure 1C), Mac-1"Gr1* BM granulocytes
were significantly increased in CIA mice while the num-
bers of Mac-1"Gr1"Ly6C immature granulocytes and
Mac-1"Gr1™Ly6C* monocytes were unchanged (Figure 1D
and Online Supplementary Figure S1B). On the other hand,
the numbers of CD19'IgM* immature B cells and CD19*
IgM" B cells were significantly decreased, as were the

numbers of CD4* and CD8" T cells (Figure 1D-F and

Cytokine blockade reduces myeloid expansion in RA

Ounline Supplementary Figure S1B). CIA mice were anemic,
with significantly decreased hematocrit and hemoglobin
levels (Figure 1G). CIA BM was also pale, with decreased
basophilic erythroblasts (population II) (Figure 1H, I and
Online Supplementary Figure S1B). Altogether, CIA mice
exhibited myeloid expansion, consistent with previously
published studies using the KRNxG7 genetic autoimmune
arthritis model.” Importantly our findings mirror features
of human RA, such as leukocytosis, anemia and
immunosenescence.'
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Figure 1. Altered blood system in mice with collagen-induced arthritis. (A) The strategy for producing collagen-induced arthritis (CIA) and representative images show-
ing swelling and anklyosis in the hind paws of a CIA mouse and a control (Ctrl) mouse 21 days after disease induction. (B) Peripheral blood (PB) parameters, deter-
mined by a complete blood count, of Ctrl and CIA mice (n=5 per group). (C) Total bone marrow (BM) cellularity of hind legs, and (D-F) numbers of the indicated pop-
ulations (see Online Supplementary Figure S1 for FACS gating and surface marker definitions) expressed as number per million BM cells (n=6 Ctrl and 11 CIA). (G)
Red blood cell parameters in PB (n=5 per group). (H) Representative image of flushed BM. (I) Erythroblast number per million BM cells (n=6 Ctrl and 11 CIA). *P<0.05;
**P<0.01 ***P<0.001, as determined by the Mann-Whitney U-test. The data were compiled from three independent experiments. CFA: complete Freund adjuvant;

Gr: mature granulocytes; Pre-Gr: immature granulocytes; Mon: monocytes; RBC: red blood cells.
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Figure 2. Myeloid expansion in the bone marrow of mice with collagen-induced arthritis. (A) Experimental design and numbers of colony-forming units (CFU)-granu-
locyte-macrophage (GM), CFU-burst (CFU-B) (n=4 per group) and CFU-erythroid (CFU-E) (n=8/group) in unfractionated bone marrow cells from control mice (Ctrl) and
mice with collagen-induced arthritis (CIA). (B-l) Numbers of the indicated populations (see Online Supplementary Figure S1 for FACS gating and surface marker def-
initions) expressed as number per million cells. (H) Representative FACS plots showing the gating strategy for identifying the CD41" fraction of hematopoietic stem
cells (HSC) (n=6 Ctrl and 11 CIA). The data were compiled from three independent experiments. (J) Experimental design and (K, L) Fluidigm gene expression analysis
of HSC from Ctrl and CIA mice showing (K) myeloid and (L) megakaryocyte (Mk), erythroid (E) and lymphoid (Ly) lineage genes. The data are presented as log,, fold
expression in CIA HSC versus Ctrl HSC. Ct values were normalized to Actb (n=8-16 per group). Data are compiled from two independent experiments. *P<0.05;
**P<0.01 ***P<0.001, as determined by the Mann-Whitney U-test. BM: bone marrow; Pre GM: precursor granulocyte-macrophage; GMP: granulocyte-macrophage
progenitors, CLP; common lymphoid progenitors; Pre MKE: precursor megakaryocyte/erythroid; MkP: megakaryocyte progenitors; MPP: multipotent progenitors; gRT-
PCR: real-time quantitative polymerase chain reaction.
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Collagen-induced arthritis leads to myeloid
expansion and activation of a myeloid gene program
in hematopoietic stem cells

We next assessed BM lineage potential using methylcel-
lulose-based colony-forming unit (CFU) assays (Figure
2A). Strikingly, the numbers of granulocyte-macrophage
colonies (CFU-GM) (Figure 2A) were significantly
increased, whereas erythroid colony formation was
impaired (Figure 2A). CFU-GM were also significantly
increased in the spleens of CIA mice alongside a signifi-
cant increase in splenocyte numbers, indicative of
extramedullary hematopoiesis'® (Online Supplementary
Figure S2A-C). While granulocyte-macrophage progenitors
(GMP; Linc-Kit'CD41 CD150FcyR") were unchanged in
the BM, common lymphoid progenitors (CLP; Lin
FIk2IL7R*c-Kit™Scal™) and phenotypic CFU-E cells (Linc-
Kit'CD41FcyRCD150CD105°) were significantly reduced
(Figure 2B-D and Oumnline Supplementary Figure S1C).
Recently, distinctive lineage-biased MPP populations
downstream of HSC were identified and termed MPP2,
MPP3 and MPP4, (LSK Flk2:CD48'CD150", LSK Flk2
CD48°CD150, and LSK Fk2*, respectively); these popula-
tions exhibit megakaryocyte/erythroid, myeloid and lym-
phoid lineage priming, respectively.” CIA mice exhibited
expansion of myeloid-biased MPP3 in the BM (Figure 2E
and Online Supplementary Figure S1C), consistent with
myeloid overproduction. Within the phenotypic LSK Flk2-
CD48CD150" compartment, hereafter referred to in the
text as HSC, the distribution of CD34 long-term HSC
(HSC") and metabolically-activated CD34* MPP1 subsets
was unchanged (Figure 2G and Online Supplementary Figure
S1C). Despite some heterogeneity between individual
mice, we also did not observe a significant increase in the
abundance of CD41-expressing (CD41%) HSC, which rap-
idly differentiate into megakaryocytes in the context of
inflammation (Figure 2H, I).”*® Likewise, the numbers of
short-term HSC (HSC®'; LSK Flk2:CD48CD150) were
unchanged (Figure 2F and Ownline Supplementary Figure
S§1C). Since remodeling of BM stroma occurs in RA
patients and animal models,” we analyzed stromal cell
populations comprising the endosteal HSC niche® and
observed a significant decrease in bone-forming mes-
enchymal stromal cells (MSC), consistent with reduced
bone-forming activity in a genetic mouse model of RA
(Online Supplementary Figure S2D, E).”” Lastly, we con-
firmed activation of a myeloid lineage gene program in
HSC from CIA mice using custom Fluidigm real-time
quantitative polymerase chain reaction (qQRT-PCR) assays
(Figure 2J). Consistent with prior reports,” expression of
myeloid genes was increased in HSC from CIA mice,
including the myeloid master regulator Spi1/PU.1 and its
target genes ligam1 and Csf2rb, as well as Mpo (Figure 2K).
On the other hand, other lineage determinant genes were
minimally altered (Figure 2L). Altogether, these data iden-
tify aberrant activation of an 'emergency' myeloid differ-
entiation pathway in CIA mice, characterized by BM
remodeling, myeloid expansion and activation of a
myeloid gene program in HSC.

Impact of collagen-induced arthritis on long-term
reconstitution of hematopoietic stem cells

We and others previously showed that chronic inflam-
mation impairs HSC long-term reconstitution capacity.*To
interrogate long-term HSC potential, we transplanted
purified CD45.2* HSC from control and CIA donor mice

into lethally-irradiated (11 Gy) CD45.1* recipient mice
(Figure 3A and Ounline Supplementary Figure S3A).
Strikingly, overall reconstitution capacity of HSC from
CIA mice 16 weeks after transplantation was not signifi-
cantly different from that of controls (Figure 3B), consis-
tent with short-term CFU assays on purified HSC (Online
Supplementary Figure S3B). Interestingly myeloid lineage
output at week 16 was significantly increased (Figure 3C),
with a significantly increased proportion of CIA donor-
derived phenotypic MPP3, consistent with a myeloid
biased phenotype (Online Supplementary Figure S3C, D). In
parallel, we assessed HSC function independently of sur-
face markers via transplantation of unfractionated BM
cells from control and CIA mice (Figure 3D). We observed
no defect in reconstitution, save for a slight myeloid bias
(Figure 3E-F) and a decreased frequency of CIA donor-
derived phenotypic HSC, likely related to a decreased fre-
quency of HSC in the BM of CIA mice (Ounline
Supplementary Figures S1D and S3E, F). These results sug-
gest that long-term HSC potential is not compromised,
although a degree of myeloid bias is present, consistent
with prior published results in the KRNxG7 arthritis
model* Likewise, expression of genes associated with
HSC identity and self-renewal was largely unchanged
(Figure 3G-I) except for an increase in Cd48 expression,
suggesting that HSC from CIA mice may be primed
toward differentiation into MPP (Figure 3I). However, at
the protein level CD48 and other key surface markers
associated with lineage bias or differentiation, such
CD150, were unchanged,” suggesting that such MPP
priming could be restricted primarily to the mRNA level
(Online Supplementary Figure S4A, B). In addition, reactive
oxygen species, which accompany differentiation and can
impair HSC function if chronically elevated,®* were
unchanged in HSC from CIA mice (Online Supplementary
Figure $4C). Taken together, these data indicate that, apart
from myeloid priming, the functional and molecular prop-
erties of HSC are largely unperturbed in CIA mice.

A proliferation arrest gene program is associated with
quiescence in hematopoietic stem cells from mice
with collagen-induced arthritis

To gain additional insight into the impact of CIA on
HSC molecular regulation, we performed RNA-sequenc-
ing analysis on HSC isolated from control and CIA mice
(Figure 4A). Differential expression analysis identified 292
significantly downregulated genes and 237 upregulated
genes based on an adjusted P-value (P.q) of >0.05 (Figure
4B and Online Supplementary Table S1). To uncover poten-
tial mechanisms regulating HSC function in CIA mice, we
used the Upstream Regulator analysis function in
Ingenuity Pathway Analysis (IPA) software. Strikingly,
few regulatory pathways were significantly activated in
HSC from CIA mice, most notably APC and PTEN, which
both suppress HSC activity and enforce quiescence (Figure
4C and Ounline Supplementary Table S2).° On the other
hand, pathways activated in response to inflammatory
and mitogenic cues were downregulated, including ERK,
MYC and IL-1/NF-kB (Figure 4C and Ounline Supplementary
Table S2).” In parallel, gene ontology (GO) analysis” iden-
tified enrichment of downregulated genes involved in pro-
tein translation initiation, G1/S cell cycle transition, posi-
tive regulation of gene expression and transcription
(Figure 4D and Online Supplementary Table S3). Conversely,
significantly upregulated genes in HSC from CIA mice

Cytokine blockade reduces myeloid expansion in RA -
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were enriched for cell cycle arrest, negative regulation of
transcription, and regulation of cell proliferation categories
(Figure 4E and Ounline Supplementary Table S4). Reinforcing
these findings, gene set enrichment analysis identified sig-
nificant (false discovery rate<0.1) enrichment of downreg-
ulated genes related to mRNA translation initiation, elon-
gation and termination in HSC from CIA mice (Online
Supplementary Table S5), whereas only two gene sets were
significantly enriched, both related to mitochondrial ribo-
some function (Online Supplementary Table S6). The GEO

accession number for the RNA-sequencing data reported
in this paper is GSE129511.

Using Fluidigm gRT-PCR to validate our RNA-sequenc-
ing analyses, we found decreased expression of Myc,
Mycn, Cend1 and Cend2, which are all required for HSC
cell cycle entry (Figure 4F). Conversely, cyclin-dependent
kinase inhibitors (CKI) Cdkn1a (p21) and Cdknic (p57),
which enforce HSC quiescence, were significantly upreg-
ulated in HSC from CIA mice (Figure 4G). In addition,
Eif4b, which is required for Eif4a activity during mRNA
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Figure 3. Hematopoietic stem cells from mice with collagen-induced arthritis retain reconstituting capacity. (A-C) Long-term engraftment of purified hematopoietic
stem cells (HSC) isolated from control mice (Ctrl) and mice with collagen-induced arthritis (CIA). (A) Experimental design. (B) Donor chimerism and (C) lineage distri-
bution in peripheral blood of recipient mice over time (n=8 Ctrl and 7 CIA recipient mice). (D-F) Long-term engraftment of unfractionated bone marrow isolated from
Ctrl and CIA mice. (D) Experimental design. (E) Donor chimerism and (F) lineage distribution in peripheral blood of recipient mice over time (n=10 Ctrl and 9 CIA recip-
ient mice). The data are representative of one of two independent experiments. (G) Experimental design and (H-I) Fluidigm gene expression analysis of HSC from Ctrl
and CIA mice showing (H) HSC genes and () HSC surface marker genes. The data are presented as log,, fold expression in CIA HSC versus Ctrl HSC. Ct values were
normalized to Actb (n=8-16 per group). *P<0.05, as determined by the Mann-Whitney U-test. The data were compiled from two independent experiments.
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with collagen-induced arthritis showing (F) cell cycle activator genes; (G) cell cycle repression genes; (H) mRNA translation genes. The data are presented as log,, fold
expression in CIA HSC versus Ctrl HSC. Ct values were normalized to Actb (n=8-16 per group). The data were compiled from two independent experiments. (1)
Experimental design. (J) Representative FACS plots and (K) cell cycle distribution of HSC in Ctrl and CIA mice (n=8 Ctrl and 7 CIA mice). The data were compiled from
two independent experiments. See also Online Supplementary Tables S1-S6. *P<0.05; **P<0.01 ***P<0.001, as determined by the Mann-Whitney U-test.
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translation, was decreased (Figure 4H). Collectively, these
data identify a global downregulation of HSC activation
pathways despite chronic inflammation.

To identify the functional impact, we analyzed the cell
cycle distribution of HSC in control and CIA mice (Figure
4]). Strikingly, HSC from CIA mice retained a quiescent
cell cycle phenotype (Figure 4]-K). Likewise, the cell cycle
distribution of phenotypic MPP or LincKit'Sca-1 CD34*
myeloid progenitors (MyPro) was unaltered (Online
Supplementary Figure SS5E). This suggests that myeloid
expansion in CIA mice likely arises from preferential dif-
ferentiation into myeloid-biased progenitors from HSC
and/or MPP, rather than from increased proliferative activ-
ity. Thus, despite ongoing inflammatory arthritis, HSC
retain a quiescent phenotype associated with a prolifera-
tion arrest gene program that could serve to prevent cell
cycle entry during chronic inflammatory stress.

Systemic pro-inflammatory cytokine production in mice
with collagen-induced arthritis

RA-associated cytokines, such as IL-1, TNE IFN-y, and
myeloid growth factors, such as granulocyte-colony stim-
ulating factor (G-CSF), can activate myeloid gene pro-
grams in hematopoietic stem and progenitor cells, leading
to altered blood lineage output.®”® We therefore used a
Luminex-based 36-plex array to analyze cytokine levels in
the serum of control and CIA mice (Figure 5A, Online
Supplementary Figure S6). Several cytokines were increased
in the serum of CIA mice, including TNE, G-CSF and IEN-
y. On the other hand, IL-1f, which is often produced local-
ly at the joint synovia in RA patients,” was not detected
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(Figure 5B). Using qRT-PCR, we found IFN target genes
unchanged in HSC from CIA mice, consistent with
unchanged Sca-1 surface expression (Figure 5C, Online
Supplementary Figure S4A, B)." In contrast, IL-1 receptor
(Il1r1), which is a target of multiple cytokines including IL-
1 itself, was increased in HSC from CIA mice (Figure 5D).
These data suggest that systemic production of pro-
inflammatory cytokines is a feature of CIA mice, similar
to human RA patients.

Impact of cytokine blockade on myeloid expansion in
mice with collagen-induced arthritis

Cytokine blockade therapy, particularly against IL-1 and
TNE is efficacious in reducing inflammatory arthritis. It
can also normalize blood parameters in RA patients,”
although its impact on hematopoiesis is not well
described. We used anakinra, a recombinant form of
human IL-1 receptor antagonist (IL-1Ra) that is approved
for treatment of RA in human patients and is considered a
paradigm for cytokine blockade therapy.” We induced
CIA in C57BL/10.RIII (B10.RII) mice (Figure 6A), a
C57BL/6-related strain that develops a severe and highly
penetrant autoimmune arthritis following CIA induction.”
These mice are thus ideal for testing therapeutic interven-
tions. Consistent with prior mouse studies, anakinra treat-
ment significantly reduced arthritis severity based on clin-
ical scoring of paw swelling (Figure 6B).” Strikingly,
anakinra normalized peripheral blood neutrophil and, to a
lesser extent, red blood cell counts (Figure 6C, Online
Supplementary Figure S7A). Anakinra treatment also nor-
malized granulocyte and B-cell numbers in the BM, with a
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tion in mice with collagen-
induced arthritis. (A)
Experimental design. (B)
Cytokine levels in serum from
control mice (Ctrl) and mice
with collagen-induced arthritis
(CIA) (n=7 Ctrl and 4 CIA).
Serum sample data were com-
piled from two independent
experiments. (C,D) Gene
expression analysis of
hematopoietic stem cells
(HSC) from Ctrl and CIA mice
showing (C) IFN/STAT signal-
ing genes and (D) IL-1/TNF
signaling genes. The data are
presented as log,, fold expres-
sion in CIA HSC versus Ctrl
HSC. (n=14-16 per group)
*P<0.05; **P<0.01, as deter-
mined by the Mann-Whitney U-
test.
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slight but statistical increase in immature granulocytes in
anakinra-treated mice, perhaps reflecting slowed differen-
tiation of these cells into mature granulocytes (Figure 6D,
E). While the numbers of common lymphoid progenitors
were not restored, anakinra treatment modestly reduced
GMP and MPP3 expansion in CIA mice to a point below
statistical significance relative to controls, suggesting
reduced activation of myeloid differentiation pathways
(Figure 6F-H). On the other hand, HSC" and MPP1 num-
bers were unchanged in all conditions (Figure 6I).
Altogether, these data indicate that pro-inflammatory
cytokine blockade can at least partially alleviate myeloid
expansion and neutrophilia associated with CIA.

Cytokine blockade reduces myeloid expansion in RA -

Cytokine blockade reverses inflammation-driven gene
programs in hematopoietic stem cells from mice with
collagen-induced arthritis

Given the impact of anakinra treatment on
hematopoiesis, we next assessed the effect of anakinra on
cell cycle activity in HSC, MPP and MyPro in CIA mice.
We found their cell cycle distribution remained unchanged
(Figure 7A-C), indicating that anakinra treatment does not
alter cell cycle distribution in these populations.
Nonetheless, anakinra treatment partially normalized
expression of Cend1 and almost completely normalized
expression of the cell cycle inhibitors Cdkn1b, Cdln2c and
Rb1 (Figure 7D). Strikingly, anakinra also significantly
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Figure 6. Cytokine blockade reduces myeloid expansion in mice with collagen-induced arthritis. (A) Induction of collagen-induced arthritis (CIA) and anakinra (Ana)
treatment strategy in B10.RIIl mice. (B) Representative images showing swelling and anklyosis in the hind paws of mice 17 days after disease induction (top left, CIA
mice not treated with Ana; bottom left, CIA mice treated with Ana) and impact of Ana treatment on arthritis score (right) (n=9 per group). (C) Peripheral blood neu-
trophil count and (D-) number of the indicated bone marrow populations expressed as number per million BM cells of control, CIA and CIA+Ana mice (n=9 per group).
The data were compiled from two independent experiments. *P<0.05; **P<0.01 ***P<0.001, as determined by one-way analysis of variance or the Mann-Whitney
U-test. CFA: complete Freund adjuvant; Col: collagen; Ctrl: control; PB: peripheral blood; Gr: mature granulocytes; Pre Gr: immature granulocytes; Mon: monocytes,
GMP: granulocyte-macrophage progenitors, CLP; common lymphoid progenitors; MPP: multipotent progenitors.
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decreased expression of aberrantly activated myeloid line- Discussion

age genes in HSC from CIA mice, including PU.1 and tar-

gets such as Csfr2b, Itgam, as well as [l1r1 and the myeloid Human RA is associated with deregulations in the blood
transcription factor Irf8 (Figure 7E), consistent with system that can contribute to disease pathogenesis and
reduced myeloid expansion in anakinra-treated CIA mice. patient morbidity.""*® Here, we used the CIA mouse
Taken together, these data indicate that inflammation-dri- model of human RA to better understand the impact of
ven myeloid and proliferation arrest gene programs in disease and therapeutic intervention on the hematopoietic
HSC are at least partially reversible, and can be alleviated —system. We found that CIA induced a profoundly
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Figure 7. Cytokine blockade attenuates inflammation-induced hematopoietic stem cell gene programs. (A) Experimental design. (B) Representative FACS plots and
(C) cell cycle distribution of hematopoietic stem cells (HSC) from control mice (Ctrl), mice with collagen-induced arthritis (CIA) and CIA mice treated with anakinra
(+Ana) (n=5 per group). (D) Fluidigm analysis of proliferation arrest gene programs in HSC from Ctrl, CIA and CIA +Ana mice. The data are presented as log,, fold
expression versus Ctrl HSC (n=12-16 per group). (E) Fluidigm analysis of myeloid gene expression in HSC from Ctrl, CIA and CIA +Ana mice. The data are presented
as log,, fold expression versus Ctrl HSC. Ct values were normalized to Actb (n=12-16 per group). The data are presented as log,, fold expression versus Ctrl HSC
(n=12-16 per group). The data were compiled from two independent experiments. *P<0.05; **P<0.01 ***P<0.001, ****P<0.0001 as determined by one-way
analysis of variance or the Mann-Whitney U-test. BM: bone marrow.
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by selective expansion of myeloid progenitors and mature
myeloid cells and activation of myeloid lineage genes in
HSC. Despite chronic inflammation, HSC from CIA mice
retained their long-term potential and maintained a quies-
cent cell cycle state associated with the induction of a pro-
liferation arrest gene program. Strikingly, we found that
cytokine blockade therapy was able to attenuate these
effects (Figure 8).

Myeloid expansion, chronic anemia of inflammation and
immunosenescence are well-documented hematopoietic
phenotypes in human RA patients, although the precise
causes remain elusive and may be multifactorial."*"**
Strikingly, myeloid expansion in CIA mice closely resembles
that in other models of chronic inflammation including
those induced by lipopolysaccharide, IL-1, IEN and
pathogen infection.”** Pro-inflammatory signals can direct-
ly activate myeloid transcription factors including Spi1/PU.1
and C/EBP family members, which 'override' competing lin-
eage programs and drive expansion of myeloid-biased pro-
genitors.*¥ In line with this, we observed increased expres-
sion of Spi1/PU.1 and its target genes in HSC from CIA
mice. In addition, transplantation of purified CIA HSC
revealed an increased proportion of donor-derived myeloid
cells and phenotypic MPP3, suggesting that BM inflamma-
tion primes HSC to differentiate preferentially into myeloid-
lineage progenitors. Given that PU.1 activation in HSC and
myeloid expansion are features of both our CIA and chronic
IL-1 models, they are likely stereotypical responses to ongo-
ing inflammation rather than a disease-specific mechanism,
wherein PU.1 could serve as a central 'node' that activates a
myeloid gene program in HSC following a variety of inflam-

Cytokine blockade reduces myeloid expansion in RA -

inhibitors of PU.1% could thus provide therapeutic benefit by
blocking this ‘node’ independently of cytokines in an
inflammatory disease.

In the literature, inflammation is often associated with
increased HSC proliferation, typically in response to acute
challenges.*" On the other hand, we previously found that
HSC can maintain quiescence in the context of ongoing
chronic type I IEN signaling." Likewise, here we showed
that HSC quiescence, phenotypic pool size and long-term
repopulating capacity are maintained in CIA mice.
Quiescence protects HSC by preventing excessive apopto-
sis, differentiation, or replicative ‘aging’ associated with pro-
liferation, and HSC lacking quiescence maintenance genes,
such as Ckdn1a and Cdkn1c, become exhausted in response
to stress.” Notably, we found that HSC maintained a quies-
cent state despite ongoing BM remodeling, including
decreased phenotypic endosteal MSC. MSC are required for
HSC maintenance and quiescence,’ and there is evidence
that MSC function may be degraded in the context of RA.**
Our data suggest there are mechanism(s) that may limit
HSC proliferation in response to ‘emergency’ inflammatory
signals and/or BM niche remodeling. Indeed, HSC from CIA
mice activated a proliferation arrest gene program character-
ized by downregulation of genes including Myc and
Ccnd1/2, alongside upregulation of Cdkn1a, Cdkn1b and
Cdkenic. Likewise, MYC and CCND2 are downregulated in
CD34" hematopoietic stem and progenitor cells from
human RA patients.” Such a program could protect HSC
pool integrity by increasing the threshold necessary for HSC
cell cycle entry, thereby compensating for impaired BM
niche function and/or elevated levels of pro-inflammatory

matory insults. Newly developed pharmacological cytokines. The functional significance of this gene program
Homeostasis Rheumatoid Arthritis
Cytokine
Tonic cytokine levels blockade
and BM niche function (anakinra) Jnflammation
’
’
HSC / HSC &/
HSC quiescence @ lCe/I cycle genes @ Myeloid genesT

1 Homeostatic
MPP3/GMP
production

MPP3
GMP

Homeostatic )
myeloid cell Myeloid
production

l

@ MPP3/GMP
Expansion
MPP3
GMP
Myeloid Myeloid

Expansion

Figure 8. Model of inflammation-driven hematopoietic alterations in mice with collagen-induced arthritis. Under homeostatic conditions, hematopoietic stem cells
(HSC) are largely quiescent but occasionally enter the cell cycle and give rise to lineage-biased multipotent progenitor (MPP) subsets, leading to a balanced lineage
output and nominal HSC self-renewal capacity. In mice with collagen-induced arthritis (CIA), chronic inflammation leads to expansion of myeloid-biased MPP3 and
granulocyte-macrophage progenitors (GMP), resulting in increased myeloid cell production. Concurrently, inflammation induces a myeloid lineage gene program in
HSC that may bias HSC toward further overproduction of MPP3. Despite ongoing inflammation, HSC are maintained in a quiescent state characterized by repression
of cell cycle and mRNA translation genes alongside induction of cell cycle inhibitor genes. Notably, pro-inflammatory cytokine blockade, here using anakinra, atten-
uates myeloid expansion and altered gene expression in HSC. These data indicate that chronic inflammation drives aberrant hematopoiesis in rheumatoid arthritis,

and this phenotype can be attenuated by cytokine-blocking therapy.
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could be further addressed by determining whether HSC
from CIA mice fail to proliferate in response to a concurrent
inflammatory stimulus. Future studies could also address the
functional significance of disease-induced changes in key
BM niche populations such as MSC in hematopoiesis.

Interestingly, these results are distinct from the increased
HSC cell cycle activity and HSC depletion observed in a
model of chronic M. avium infection.” The difference could
be due to ongoing consumption of mature immune cells
(particularly granulocytes) during the active infection that
drives continuous HSC proliferation. Notably, serum levels
of IFN-y in mice infected with M. avium are also over 20-
fold higher than those in our mice with CIA, which may be
sufficient to activate HSC and overwhelm quiescence-
enforcing mechanisms. While we found elevated serum
IEN-y levels in CIA mice, these did not translate into activa-
tion of IEN target genes in HSC, suggesting that either the
IFN-y level was not sufficiently high to activate HSC, or or
HSC had become refractory to such signals. Altogether, our
data suggest that chronic inflammation could actually
induce protection of the HSC pool (at least up to a point) by
activating stress response mechanisms that maintain quies-
cence. Such a model is in line with an emerging body of
work showing that pro-inflammatory signaling can play a
positive role in hematopoiesis.® This model could explain
the rarity of BM failure in RA patients despite some
increased risk of myelodysplastic syndrome," as well as the
rarity of graft failure in RA patients undergoing autologous
BM transplantation.”

While concurrent activation of myeloid differentiation
and proliferation arrest gene programs in HSC seems para-
doxical, cell cycle arrest is crucial for myeloid differentiation
by promoting accumulation of factors needed for differen-
tiation.® Myeloid transcription factors, including PU.1, pro-
mote cell cycle arrest via induction of cell cycle inhibitors
such as Cdkn1a while repressing cell cycle activators like
Cend1.%* Thus, induction of myeloid gene programs could
serve a dual purpose during chronic inflammation: protect-
ing the HSC pool from excess proliferation while promot-
ing myeloid differentiation of actively cycling hematopoiet-
ic progenitor cells. In this way, HSC may participate mini-
mally in day-to-day blood system maintenance® during
chronic inflammation, with occasional HSC divisions
nonetheless leading to preferential myeloid progenitor pro-
duction. On the other hand, telomere attrition has been
identified in CD34* hematopoietic stem and progenitor
cells from human RA patients.” RA is typified by years of
ongoing disease, including ‘flares’ and therapies which
could induce premature replicative ‘aging' in the HSC com-
partment.” Further analyses should clarify the extent to
which HSC are affected by telomere attrition and whether
such effects are due to increased proliferation versus
impaired telomere maintenance. Divisional tracing
approaches, such as H2B-GFP labeling” in mouse models
including the CIA model, could therefore provide valuable
insights into the long-term impact of inflammatory disease
on HSC proliferation.

Cytokine blockade therapies, including anakinra, have
been used for over a decade to treat chronic inflammatory
disorders, such as RA.” Anakinra can correct aberrant blood
parameters in RA patients.” However, the impact of
cytokine blockade on hematopoiesis in the BM has not
been closely studied. Here, we show that anakinra treat-
ment reduces myeloid progenitor expansion in mice with
CIA, characterized by partial reduction of MPP3 and GMP.

It should be noted that MPP3 is not a transient population;
clonal analyses and transplantation assays have shown that
MPP3 can persist in mice and continue to produce GMP for
weeks if not months. Hence, it is possible that the impact
of cytokine blockade on hematopoiesis is gradual, with fur-
ther reduction in MPP3 and GMP numbers as these popula-
tions turn over and are not replaced due to reduced activity
of ‘emergency’ differentiation pathways in HSC. Indeed,
anakinra reduced activation of myeloid and proliferation
arrest gene programs activated in HSC from CIA mice. This
suggests that HSC molecular responses to inflammation are
reversible and may be regulated in proportion to the level of
inflammatory signaling and/or BM remodeling in the indi-
vidual.

Our data are agnostic as to whether anakinra acts directly
on HSC, or orthogonally by reducing inflammation at the
joints, which in turn translates into less systemic inflamma-
tion. Indeed, we did not detect increased IL-1 levels in the
serum of CIA mice, consistent with studies in human
patients indicating that IL-1 production is often localized to
the joint synovia.” On the other hand, we found increased
Il1r1 expression in HSC from CIA mice, suggesting that
HSC could be sensitized to tonic IL-1 production in the BM,
even if IL-1 levels themselves do not increase. Along these
lines, anakinra treatment reduces expression of I[L1R1 and
other IL-1 target genes in blood cells from breast cancer
patients.” Hence, anakinra could also contribute to restored
HSC function by breaking a feedback loop between IL-1
and [/1r1 expression in HSC from CIA mice. Future studies
could determine the extent to which anakinra reduces the
effects of inflammation on HSC via direct versus indirect
mechanisms such as reduction in downstream cytokine
production. Notably, other cytokine blocking drugs, such as
the TNF inhibitor etanercept, also alleviate the symptoms
of inflammatory arthritis in RA patients.” It is therefore
possible that blockade of other cytokines elicits a similar
restoration of hematopoiesis. In addition, blockade of mul-
tiple inflammatory cytokines may further normalize
hematopoiesis in RA and other diseases, although such
interventions could also increase the risk of infection or
cytopenia in patients.” Taken together, our findings show
that pro-inflammatory cytokine blocking treatment can
reverse inflammatory-induced changes in hematopoiesis
and HSC gene regulation, with the degree of impact likely
related to the duration of treatment and/or the extent to
which inflammatory arthritis is alleviated in the patient.
Our data thus provide further rationale for the use of anti-
cytokine therapies to redirect HSC fate and restore normal
hematopoiesis in patients with RA and, potentially, other
chronic inflammatory diseases.
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