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Abstract

Inflammation alters bone marrow hematopoiesis to favor the production of innate immune effector
cells at the expense of lymphoid cells and erythrocytes. Furthermore, proinflammatory cytokines
inhibit steady-state erythropoiesis, which leads to the development of anemia in diseases with
chronic inflammation. Acute anemia or hypoxic stress induces stress erythropoiesis, which
generates a wave of new erythrocytes to maintain erythroid homeostasis until steady-state
erythropoiesis can resume. Although hypoxia-dependent signaling is a key component of stress
erythropoiesis, we found that inflammation also induced stress erythropoiesis in the absence of
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hypoxia. Using a mouse model of sterile inflammation, we demonstrated that signaling through
Toll-like receptors (TLRs) paradoxically increased the phagocytosis of erythrocytes
(erythrophagocytosis) by macrophages in the spleen, which enabled expression of the heme-
responsive gene encoding the transcription factor SPI-C. Increased amounts of SPI-C coupled with
TLR signaling promoted the expression of Gaf15and Bmp4, both of which encode ligands that
initiate the expansion of stress erythroid progenitors (SEPs) in the spleen. Furthermore, despite
their inhibition of steady-state erythropoiesis in the bone marrow, the proinflammatory cytokines
TNF-a and IL-1p promoted the expansion and differentiation of SEPs in the spleen. These data
suggest that inflammatory signals induce stress erythropoiesis to maintain erythroid homeostasis
when inflammation inhibits steady-state erythropoiesis.

INTRODUCTION

Anemia of inflammation (Al) is common among patients with persistent inflammatory
conditions, such as chronic infections, cancer, and autoimmune disorders (1-4). These
conditions are characterized by the overproduction of proinflammatory cytokines, and many
proinflammatory cytokines are known to inhibit steady-state bone marrow erythropoiesis. In
particular, tumor necrosis factor-a (TNF-a) and interferon-y (IFN-y) inhibit the growth
and differentiation of erythroid progenitors in the bone marrow as well as shorten the life
span of mature circulating erythrocytes (5-11). In addition to direct inhibition of bone
marrow erythropoiesis during inflammation and infection, inflammatory cytokines shift
hematopoiesis toward the production of myeloid cells. Stimulation of Toll-like receptors
(TLRs) on hematopoietic stem cells (HSCs) results in increased monocyte and macrophage
production and a loss of lymphoid potential (12). Interleukin-1 (IL-1) has also been shown
to inhibit lymphopoiesis and erythropoiesis, and chronic exposure to IL-1 drives HSCs
toward myelopoiesis (13). In addition, the proinflammatory cytokine IL-6 induces
expression of hepcidin mRNA (#ampJ), resulting in decreased iron availability and iron-
restricted erythropoiesis (14,15).

Stress erythropoiesis is a stress response pathway capable of rapidly producing large
numbers of mature erythrocytes during acute anemia when steady-state production is not
sufficient to correct the anemia. It is best understood in mice where it occurs primarily in the
adult spleen and liver and relies on unique signals from the microenvironment that are
distinct from the signals involved in steady-state erythropoiesis (16-20). Furthermore, stress
erythroid progenitors (SEPs) are derived directly from short-term reconstituting HSCs
(CD34*Kit*Scal*Lin™), which migrate from the bone marrow to the spleen, where
hedgehog (HH) and bone morphogenetic protein 4 (BMP4) signaling specify them as SEPs
(16, 19, 20). Early SEPs can be divided into three distinct populations: CD34*CD133*Kit
*Scal*, CD34-CD133*Kit*Scal*, and CD34~CD133 Kit*Scal*. Each of these populations
is transplantable and self-renewing, but despite their stem cell markers, they are erythroid
restricted (16, 20). In addition to HH and BMP4, growth and differentiation factor 15
(GDF15) is a critical regulator of the expansion of SEPs, and the absence of any of these
signals results in a reduction in stress erythroid potential (20). The development of SEPs
proceeds through three phases, the first of which is the expansion of the early SEP
progenitor populations. At this point, the ability of SEPs to differentiate is limited. The rise
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in serum erythropoietin (EPO) and tissue hypoxia promotes a transition where signals in the
spleen change, and the SEPs acquire the ability to differentiate. In the final phase, SEPs
synchronously differentiate to generate a wave of new erythrocytes (20). All these signals
work in concert to tightly regulate the expansion and differentiation of SEPs and ensure that
the pathway is only activated in times of need.

The induction of inflammation with heat-killed Brucella abortus reduces steady-state
erythropoiesis in the bone marrow and causes an expansion of erythroid progenitors in the
spleen, suggesting that SEPs differ from steady-state progenitors in their responses to
inflammatory stimuli (14, 21, 22). Mice infected with Sa/monella or murine Plasmodium
strains also show a large expansion of the erythroid population in the spleen after infection
(23-25). Activation of TLR2 with the fungal p-glucan zymosan A results in an increase in
stress erythroid burst-forming units (BFU-Es), and, unlike bone marrow erythroid
progenitors, stress BFU-E production is not inhibited by IFN-y (26). However, details about
the mechanisms that regulate the proliferation of SEPs during inflammation and how they
are affected by proinflammatory cytokines are not well understood.

Tissue hypoxia plays a key role in inducing the expression of Bmp4 and in promoting the
response of SEPs to different signals during the recovery from anemia (20, 27). Although
hypoxia is a critical aspect of stress erythropoiesis, here, we describe a mechanism by which
inflammation induces stress erythropoiesis in the absence of anemic or hypoxic stress. We
demonstrate that activation of TLR2 by zymosan A resulted in an increase in
erythrophagocytosis, which induces a signaling cascade that led to the expression of Gdf15
and Bmp4 and the activation of the stress erythropoiesis pathway. This response occurred
rapidly and in the absence of anemia. Increased erythrophagocytosis led to an increase in
intracellular heme caused by the breakdown of hemoglobin. This increase in heme in turn
promoted the induction of Spic, which encodes the heme-regulated transcription factor SPI-
C (28). Our data show that SPI1-C and TLR activation play a critical role in inducing stress
erythropoiesis during inflammation. In addition to inducing erythrophagocytosis,
inflammation also induced the production of proinflammatory cytokines, which others have
shown to inhibit bone marrow steady-state erythropoiesis. In contrast to steady-state
erythropoiesis, we show that the proinflammatory cytokine TNF-a and, to a lesser extent,
IL-1pB enhanced stress erythropoiesis in vitro in murine bone marrow cultures. Together,
these data demonstrate that inflammation induces stress erythropoiesis to offset inhibition of
steady-state erythropoiesis and maintain erythroid homeostasis.

Inflammatory stimulation rapidly induces stress erythropoiesis

We used a mouse model of sterile inflammation in which priming with bacterial
lipopolysaccharide (LPS), which stimulates TLR4, was followed by treatment with the
TLR2 ligand zymosan A. This regimen induces an acute peritonitis that persists for about 48
to 72 hours before resolving into a chronic inflammatory disease from day 5 onward (Fig.
1A) (26, 29). The mice develop anemia within 7 to 9 days after zymosan treatment, which
resolves into a periodic anemia (fig. S4). Injection with EPO can partially correct the low
hemoglobin and erythrocyte numbers in the anemic mice; however, this effect is not due to
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increased bone marrow erythropoiesis but rather an induction of stress erythropoiesis in the
spleen (26). Although it is not unexpected that inducing stress erythropoiesis improves
zymosan-induced anemia, it remained unclear why endogenous stress erythropoiesis failed
to prevent the initial development of anemia. To address this question, we assayed for stress
erythropoiesis in mice treated with LPS and zymosan.

Activation of the BMP4-dependent stress erythropoiesis pathway by acute anemic stress is
characterized by an expansion of stress BFU-Es in the spleen, and hypoxia plays a role in
initiating this response. Zymosan-treated mice do not develop anemia until 7 to 9 days after
treatment (26, 29). Despite the lack of anemia, we observed a significant increase in the
number of stress BFU-Es in the spleen between 24 and 72 hours after zymosan treatment
(Fig. 1B). Analysis of SEP populations by flow cytometry revealed a large expansion of
CD34*CD133*Kit*Scal* cells, the most immature subset of the SEPs (Fig. 1C and fig.
S1A) (20). In response to EPO, this population of CD34*CD133*Kit*Scal* cells
differentiates into CD34~CD133"Kit*Scal " CD71*Ter119!° stress BFU-Es (16, 20). These
data demonstrate that zymosan-induced inflammation triggered an immediate expansion of
early SEPs that develop into stress BFU-Es. In the bone marrow, BFU-Es decreased within
36 hours after treatment with zymosan (fig. S1B). This is consistent with the findings from
Millot et al. showing a decrease in both Ter119* cells in the bone marrow and reduced
numbers of immature erythrocytes after treating with zymosan (26).

GDF15 and BMP4 drive the proliferation of SEPs and their differentiation into stress BFU-
Es. Treatment with zymosan leads to increased mRNA expression of both of these essential
factors within the first 9 hours after treatment. Gdf15 expression in the spleen increased
more than 20-fold 3 hours after zymosan treatment (Fig. 1D), and Bmp4 expression in the
spleen increased 12-fold at 9 hours after treatment (Fig. 1E). We previously demonstrated
that hypoxia stimulates Bmp4 expression in the spleen. However, the rapid increase in Bmp4
mMRNA after zymosan treatment occurred well before the onset of anemia, which suggests
that mechanisms other than hypoxia stimulate Bmp4 expression in response to

inflammation.

The expansion of stress BFU-Es requires BMP4- and GDF15-dependent signaling. flexed-
tail (7 mice exhibit a delayed stress erythropoiesis response due to a splicing mutation in
Smad5, resulting in insufficient BMP4 signaling during stress erythropoiesis (17, 30). In
response to zymosan treatment, #fmice exhibited a similar delay in stress erythropoiesis. At
36 hours, #/fmice had significantly fewer stress BFU-Es compared to wild-type mice, but by
72 hours, the number of stress BFU-Es was comparable to wild type (Fig. 1F). GDF15 is
also required for the expansion of SEPs. Gdf15~~ mice failed to expand the population of
stress BFU-Es in the spleen and generated significantly fewer colony-forming BFU-Es than
did wild-type mice at 36 and 72 hours after inducing inflammation (Fig. 1F). In addition to
the defects in SEP expansion, both mutant strains exhibited significant lethality in the first 4
days after treatment, with Gaf15/~ mice exhibiting 90% lethality compared to 40 and 10%
for fifand wild-type mice, respectively (fig. S1C).

In addition to the increased expression of Gdfi5and Bmp4 in the spleen, stress
erythropoiesis also requires high amounts of serum EPO to promote the transition of SEPs
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from a state of self-renewal to differentiation (20). EPO is produced in the kidney, where
expression of Epois regulated by the hypoxia-inducible factor 2a (HIF-2a)) (31). Under
normoxic conditions, a von Hippel-Lindau—dependent ubiquitin ligase promotes the
degradation of HIF-2a. (32). Despite the lack of anemia, we observed an accumulation of
HIF-2a protein in the kidney after treatment with zymosan, peaking at 9 hours (Fig. 1G).
This increase in HIF-2a protein was followed by an about 30-fold increase in Epo
expression at 24 hours after treatment, and a corresponding rise in serum EPO concentration
was observed at 24 and 36 hours (Fig. 1H). This increase in serum EPO is sufficient to
activate stress erythropoiesis and is similar to what we observe during the recovery from
bone marrow transplant (16, 20). These data demonstrate that treatment with zymosan
induces the expression of key signals that are required for the expansion and differentiation
of SEPs.

Stress erythropoiesis generates new erythrocytes immediately after zymosan treatment,
delaying the onset of anemia

Reticulocyte numbers dropped steadily on days 2 and 4 after zymosan treatment, consistent
with an inhibition of bone marrow erythropoiesis, before increasing on day 6 and continuing
to rise steadily through day 14 after the burst of stress erythropoiesis in the spleen (Fig. 2A).
There was no change in the number of reticulocytes in phosphate-buffered saline (PBS)—
treated controls (Fig. 2A). BFU-Es in the spleen increased between days 0 and 6 after
treatment with zymosan, and the rise in reticulocytes followed this increase (Fig. 2B). BFU-
Es represent the earliest cells committed to the erythroid fate, and the lag between increased
BFU-Es and the rise in reticulocytes is consistent with time required for maturation in vivo.
In fifmice, there is a lag in the increase in reticulocytes, and their numbers are statistically
significantly lower than those in wild-type mice on days 6 and 8. However, reticulocytes
began to increase on day 10 and reached wild-type numbers by day 14 (Fig. 2C). We also
analyzed erythrocyte turnover by biotinylating erythrocytes in vivo. Over a 14-day period
after zymosan treatment, we observed a small but significant increase in erythrocyte turnover
in wild-type mice compared to PBS-treated controls (Fig. 2D). fifmice exhibited a
significantly higher percentage of biotinylated erythrocytes than their wild-type counterparts
from days 6 to 14 after zymosan treatment, suggesting that fewer new erythrocytes had
entered circulation (Fig. 2E). Hematocrits for wild-type and #fmice decrease steadily over
the first 4 days after treatment. However, between days 6 and 8, #fmice exhibited a rapid
drop in hematocrit, whereas wild-type mice showed a more modest drop (Fig. 2F).
Hematocrit values seemed to increase slightly on day 10, consistent with the corresponding
increase in reticulocytes on that day, before dropping again and reaching a lower nadir than
in wild-type mice. Together, these data suggest that activation of the stress erythropoiesis
pathway by inflammation increases reticulocyte production, and this influx of new
erythrocytes into circulation acts to maintain hematocrit values temporarily. In the case of fif
mice, in which induction of stress erythropoiesis is delayed, hematocrit values dropped
rapidly and remained lower than those of wild-type mice.
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Zymosan induces GDF15 expression by increasing erythrophagocytosis by splenic
macrophages

Although the wild-type mice were not anemic in the first 48 to 72 hours after zymosan
treatment, they exhibited all the hallmarks of activating stress erythropoiesis, suggesting that
inflammatory signals are capable of inducing stress erythropoiesis through a previously
unrecognized hypoxia-independent mechanism. The initial feature of this response was the
increase in Gdf15expression in the spleen. Two mechanisms are known to stimulate Gdf15
expression. One is the heme-dependent activation of the transcription factor SPI-C, and the
second is the TLR-dependent activation of nuclear factor xB (NF-xB) (28, 33). Spic mRNA
expression is repressed by the BTB domain and CNC homology 1 (BACHZ1) protein, but
BACH1 is degraded in the presence of heme, leading to increased Spic expression (34-36).
This heme-dependent signal is required for the development of splenic red pulp
macrophages and bone marrow macrophages (28, 37). Erythrophagocytosis by red pulp
macrophages plays a key role in maintaining erythroid homeostasis. Previous work from our
laboratory showed that erythrophagocytosis by red pulp macrophages in the spleen is
associated with increased production of the chemokine CCL2, which recruits monocytes to
the spleen to establish the niche for stress erythropoiesis after bone marrow transplant (38).
Signal regulatory protein alpha (SIRPa) is present on the surface of macrophages and
negatively regulates erythrophagocytosis by binding to CD47 on the surface of erythrocytes.
This interaction acts as a “don’t-eat-me” signal (39-41). As red blood cells (RBCs) age, the
abundance of CD47 on the cell surface decreases, resulting in less interaction with
macrophage SIRPa and leading to phagocytosis of the erythrocyte (39). Mutation of SIRPa
leads to shorter erythrocyte half-life and a mild anemia that is compensated by stress
erythropoiesis in the spleen (42). Activation of TLRs decreases surface abundance of SIRPa
(40). In addition, TLR signaling promotes erythrophagocytosis through the spleen tyrosine
kinase (Syk)— and phosphatidylinositol 3-kinase (PI3K)-dependent signaling pathways
independently of CD47 and SIRPa. (42). We propose that TLR signaling decreases the
amount of Sirpa on macrophage plasma membranes and, in concert with Syk and PI13K
signals, increases erythrophagocytosis. The subsequent turnover of hemoglobin releases
heme, driving increased expression of Spic and leading to the expression of Gdf15. Because
of the rapid increase in Gdf15expression in the spleen after treatment with zymosan, we
tested whether zymosan can induce heme-dependent signaling in splenic macrophages and
focused our studies on the events occurring within the first 3 hours after zymosan treatment.

We first examined SIRPa protein on the surface of F4/80* cells (macrophages) isolated from
the spleen by flow cytometry immediately after treatment with zymosan. SIRPa surface
abundance decreased significantly by 150 min after zymosan treatment, resulting in a
relative loss of 10.7% of SIRPa. compared to unstimulated controls (Fig. 3A). To address
whether this small reduction in SIRPa on the surface of macrophages was capable of
increasing phagocytosis of circulating erythrocytes, we measured erythrocyte uptake by
splenic macrophages. Erythrocytes were labeled with carboxyfluorescein diacetate
succinimidyl ester (CFSE) and transfused into LPS-treated mice such that they constituted
about 5 to 10% of the circulating erythrocytes (Fig. 3B). We observed no significant
difference in the percentage of CFSE* cells in the blood of PBS- or zymosan-treated mice at
3 hours after treatment, demonstrating that CFSE* and CFSE™ erythrocytes were
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phagocytosed at equal rates (Fig. 3C). However, examination of F4/80* phagocytes in the
spleens revealed that there was a small but significant increase in the percentage of
macrophages that had phagocytosed CFSE™ erythrocytes (F4/80*CFSE* cells) in zymosan-
treated mice, indicating a small increase in erythrophagocytosis that was detectable at 3
hours after treatment with zymosan (Fig. 3C). Twenty-four hours after treatment,
F4/80*CFSE™" cells in the spleens of zymosan-treated mice continued to increase after
treatment compared to PBS-treated mice (Fig. 3D). At no time was there a significant
change in the percentage of CFSE* erythrocytes in the blood (Fig. 3D).

The breakdown of hemoglobin from phagocytosed erythrocytes releases free heme, which
can be toxic to the cell. We observed that, after zymosan treatment, the expression of Aeme
oxygenase 1 (HmoxI), which encodes an enzyme that breaks down heme, was induced at 60
min after treatment (Fig. 4A). Feline leukemia virus subgroup C cellular receptor 1 (Flvcer),
which encodes the heme exporter (43), was also induced at later time points (Fig. 4B). These
data indicate that the concentration of intracellular heme increased in the spleen after
zymosan treatment. We examined expression of Spic, which is known to promote the
differentiation of monocytes into mature red pulp macrophages. Spic expression is normally
repressed by the transcriptional repressor BACH1, which is negatively regulated by heme
(28). After treatment with zymosan, Spic expression was significantly increased at 90 min
with a peak increase at 150 min (Fig. 4C). BACHL1 protein abundance, as measured by
Western blot, also decreased rapidly after treating with zymosan (Fig. 4D). To determine
whether changes in heme-regulated genes were occurring primarily in macrophages that
have phagocytosed CFSE™* erythrocytes, we sorted F4/80"CFSE™ and F4/80*CFSE™ cells by
flow cytometry. The increased expression of Spicwas limited to CFSE* macrophages,
implying that heme derived from erythrophagocytosis led to increased Spic expression (Fig.
4E). Similarly, the expression of Gdf15was significantly increased by 3000-fold but only in
F4/80*CFSE* macrophages (Fig. 4F). Both F4/807CFSE™ and F4/80*CFSE™ cells sorted
from PBS-treated mice had significantly lower expression of Gafl5and Spic when
compared with the expression of these genes in F4/80"CFSE™ cells from zymosan-treated
mice (fig. S2, A and B). Together, these data are consistent with a mechanism wherein
zymosan treatment increases erythrophagocytosis, resulting in increased abundance of
intracellular free heme, which is sufficient to drive the expression of heme-related genes and,
in particular, lead to SPI-C-dependent induction of Gdf15.

At baseline, mice with mutations in CD47 or SIRPa exhibit faster erythrocyte turnover than
control mice and exhibit mild splenomegaly (42). However, when treated with inflammatory
stimuli such as LPS, CD47~ and Sirpa™~ mice exhibit an exaggerated response
characterized by excessive erythrophagocytosis, splenomegaly, and anemia, which is not
observed in wild-type animals (42). The more potent erythrophagocytosis in both CD47-/~
and Sirpa”~ mice suggests that the CD47-Sirpa. signaling axis is critically important for
negatively regulating erythrophagocytosis in response to inflammation. Increased
erythrophagocytosis in response to LPS or other inflammatory stimuli in the mutant mice
could be abolished in the presence of inhibitors of either Syk or PI3K (42). We stimulated
bone marrow—derived macrophages (BMDMs) with zymosan alone or zymosan and either
the PI3K inhibitor LY294002 or the Syk inhibitor piceatannol. SIRPa surface abundance
decreased significantly after treatment with zymosan, even in the presence of LY 294002 or
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piceatannol (Fig. 4G). Erythrophagocytosis was significantly increased after treatment with
zymosan, and Gaf15 mRNA expression was also increased, as observed in vivo (Fig. 4, H
and I). Both piceatannol and LY294002 inhibited erythrophagocytosis and the increase in
Gdfi5expression (Fig. 4, H and ). These data support the conclusion that TLR signaling
decreases the production of SIRPa,, which negatively regulates erythrophagocytosis and
promotes the phagocytosis of erythrocytes through a PI13K- and Syk-dependent pathway that
in turn drives an increase in Gdf15 expression.

TLR2-dependent signaling contributes to the increase in Spic and GDF15 expression after
zymosan treatment

MyD88 is a critical adaptor protein for signaling through all TLRs except TLR3 (44, 45).
Previous work showed that Sa/monella infection increases the number of TER119*CD71*
erythroid progenitors in the spleen in wild-type mice but not in MyD88-deficient mice
(MyD887!7) (25). These data suggest that increase in splenic stress erythropoiesis by
inflammatory stimuli is a MyD88-dependent event. To determine whether the response to
zymosan was MyD88 dependent, we used either wild-type or MyD88'~ BMDMs to assess
the role of MyD88 in regulating erythrophagocytosis and the increase in the expression of
Spicand Gdf15. MyD88™'~ mutant BMDMs failed to decrease SIRPa cell surface
abundance after treatment with zymosan (Fig. 5A). Furthermore, the mutant macrophages
exhibited significantly less phagocytosis of CFSE-labeled erythrocytes (Fig. 5B). Their
inability to phagocytose erythrocytes led to a weak increase in Spic expression, which was
lower than the amount of Spic expression induced in wild-type BMDMs (Fig. 5C). The lack
of robust Spic expression prevented the increase in Gdf15 expression in MyD88'~ BMDMs
(Fig. 5D).

Because NF-xB has been shown to induce the expression of Gdf15(33), SPI-C and NF-xB
could work in concert to stimulate Gaf15 expression. We isolated primary adherent cells
from the spleen, about 12 to 14% of which were F4/807, and treated them in vitro with either
zymosan or aged erythrocytes. Both zymosan and aged erythrocytes were capable of
increasing Spicand Gdfl5 expression in the cells, but treatment with zymosan produced the
greatest increase in Spicand Gdfl5 mRNA expression (Fig. 5, E and F). Inhibition of NF-
xB by JSH-23 did not affect the induction in Gdf15or Spic mMRNA expression in zymosan-
treated cells or in the cells incubated with aged erythrocytes (Fig. 5, E and F). These data
demonstrate that TLR-dependent signaling plays a role in the initiation of stress
erythropoiesis, but NF-xB-dependent regulation of Gdf15expression is not involved in this
context.

The increase in Gdf15 expression was transient. EPO can act on macrophages where its
effects are anti-inflammatory (46). We observed that EPO treatment also decreased the
induction of Spicand Gadfi5expression in cells stimulated with zymosan (Fig. 5, E and F).
Analysis of serum EPO abundance showed a smaller increase in EPO at 3 hours followed by
a much larger increase in starting at 12 hours after treatment (Fig. 1H). This early increase in
EPO, coupled with an increase in the expression of Hmox1, could work in concert to limit
the increase in Spic expression and the subsequent increase in Gdfl5 expression.
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Spic™~ mice fail to increase Gdf15 expression and initiate stress erythropoiesis in
response to zymosan

Our data support a model wherein the heme-dependent increase in Spic expression is a
central event in inducing stress erythropoiesis in response to inflammation. On the basis of
these data, Spic™'~ mice would be predicted to have a defect in inducing stress
erythropoiesis. As reported previously, we observed fewer F4/80* cells in the spleens of Spic
=/~ mice (Fig. 6A). Furthermore, the F4/80* population in these mice also exhibited a
significant decrease in phagocytosis of CFSE* erythrocytes compared to wild-type mice 3
hours after inducing inflammation with zymosan (Fig. 6B). Gaf15 expression was lower in
F4/80*CFSE* cells in Spic™~ mice than in wild-type controls (Fig. 6C). The failure to
increase Gdf15expression resulted in a defect in the expansion of the stress BFU-E
population in the spleen. Spic~ mice made fewer stress BFU-Es at 36 and 72 hours after
zymosan than did wild-type mice (Fig. 6D). Our observation that Spic™/~ F4/80* cells in the
spleen phagocytosed fewer CFSE™ erythrocytes suggested that SPI-C may also promote
macrophage function. We generated BMDMs from wild-type and Spic™/~ mice and treated
them with zymosan in vitro. We observed no difference between wild-type and Spic™/~
BMDMs in the decrease in surface levels of SIRPa. (Fig. 6E). Furthermore, in contrast to
what we observed in vivo, Spic'~ and wild-type BMDMs exhibited similar frequencies of
erythrophagocytosis in response to zymosan, which is consistent with those events being
upstream of Spicactivation (Fig. 6F). However, the ability of zymosan to induce Gadf15
expression in vitro was severely compromised in Spic”’~ BMDM s (Fig. 6G).

To demonstrate the importance of Spic expression in splenic macrophages during
inflammation-induced stress erythropoiesis, we tested the ability of wild-type monocytes to
rescue inflammation-induced stress erythropoiesis in Spic™'~ mice. Previous studies showed
that heme-dependent activation of Spic drives the development of monocytes into red pulp
macrophages (26, 28). We adoptively transferred purified CD11b*Ly6G"9Ly6C* monocytes
into either wild type or Spic™’~ recipients (Fig. 6H). Spic’~ mice with wild-type donor
monocytes exhibited a mild, but significant, increase in stress BFU-Es at 36 hours compared
with Spic™'~ mice receiving no donor cells (Fig. 61). By 72 hours, however, Spic”’~ mice
with wild-type donor monocytes had numbers of stress BFU-Es similar to wild-type mice,
indicating that Spic expression in monocytes and red pulp macrophages is critical for the
induction of stress erythropoiesis by inflammatory signaling (Fig. 61). Gaf15/~ mice have
defective stress erythropoiesis but, unlike Spic™’~ mice, have normal development of red
pulp macrophages (47). To confirm that the absence of stress erythropoiesis in Spic™’~ mice
was due to the inability to induce GDF15 signaling in macrophages rather than a result of
general red pulp macrophage dysfunction, Gdf15/~ monocytes were adoptively transferred
into Spic”'~ mice.

Gdf15~ monocytes did not rescue BFU-E formation in Spic™~ mice (Fig. 61). Donor cells
comprised between 2 and 11% of recipient spleens at 72 hours after adoptive transfer, and
there was no difference in the homing of donor cells to the spleen between wild-type, Spic
/=, and Gdf157~ mice (fig. S3A). Adoptive transfer of wild-type monocytes into Gaf157~
mice resulted in a small increase in BFU-Es (fig. S3B). This partial rescue most likely
reflects a role for Gaf15 expression in SEPs, which would not be rescued by the control
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monocyte transfers. Similar results were obtained when native phagocytes were depleted in
Spic™'~ and wild-type mice using clodronate liposomes and wild-type BMDMSs were
adoptively transferred into these macrophage-depleted recipients (fig. S3C). Transfer of
wild-type BMDMs into Spic™'~ mice resulted in a partial rescue with the number of stress
BFU-Es being nearly equivalent to that in wild-type mice and increased compared to control
Spic™'~ mice that received no donor cells (fig. S3D). Together, these data support the
conclusion that SPI-C-dependent expression of Gdf15 in splenic macrophages is essential
for the activation of stress erythropoiesis during inflammation.

TNF-a and IL-1B promote expansion and differentiation of SEPs

Activation of TLR2 by zymosan, in addition to increasing erythrophagocytosis, also induces
the expression of genes encoding proinflammatory cytokines. Previous work by others
showed that inflammation inhibits bone marrow steady-state erythropoiesis (5-13). This
effect is in part due to proinflammatory cytokines, such as TNF-a and IFN-y (5, 7-11).
Furthermore, chronic exposure of HSCs to IL-1p results in activation of the transcription
factor PU.1, which both drives myelopoiesis and represses erythropoiesis and lymphopoiesis
(13). At 3 hours after treatment, zymosan induced an increase in 7nfa, /116, and /fng mRNA
expression in the spleen (Fig. 7, A, D, and G). We observed a significant increase in TNF-a
*F4/80* and IL-1B*F4/80* cells by flow cytometry after treatment with zymosan (Fig. 7, B,
C, E, and F). IFN-y*F4/80* cells were detectable by flow cytometry but were not
significantly changed compared with unstimulated controls (Fig. 7, H and I). The expansion
of SEPs despite the presence of proinflammatory cytokines known to inhibit steady- state
erythropoiesis further supports the idea that SEPs respond differently than steady-state
erythroid progenitors to inflammatory signals.

To determine how exposure to proinflammatory cytokines affects SEPs in the spleen, we
used a two-stage in vitro culture system developed in our laboratory that includes the signals
necessary to promote the expansion and differentiation of stress progenitors (20).
Unfractionated bone marrow cells were cultured in stress erythropoiesis expansion media
(SEEM) and pulsed with TNF-a,, IFN-y, or IL-1p for 24 hours. Transient exposure to TNF-
a had no effect on the expansion of SEPs compared to cells grown only in SEEM after 7
days of culture (Fig. 7J). However, treatment with IFN--y significantly decreased cell
expansion (Fig. 7J). IL-1p treatment also resulted in a moderate but insignificant decrease in
cell expansion (Fig. 7K). SEPs expanded in SEEM exhibit limited differentiation potential
(20). However, when cells were plated in SEEM only to quantify stress BFU-Es after 7 days,
cells treated with either TNF-a or IL-1p showed a significant increase in the frequency of
stress BFU-Es, indicating that the presence of IL-18 or TNF-a enhanced erythroid output
(Fig. 7K). The increase in stress BFU-Es with TNF-a treatment was more profound when
total numbers of stress BFU-Es per culture were calculated (Fig. 7L). The overall increase
with IL-1p treatment was more modest because of the slight decrease in growth compared to
untreated cells (Fig. 7L). Unlike its effect on steady-state erythropoiesis, IFN-y not only
seemed to inhibit the growth of SEPs but also had no significant effect on erythroid output
because there was no significant change in stress BFU-Es (Fig. 7K). However, the number of
stress BFU-Es in the total culture was lower because there were far fewer cells in cultures
treated with IFN-y (Fig. 7L). These data suggest that inflammation not only increases the
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expression of Gdfl5and Bmp4to induce stress erythropoiesis but also, through the action of
the proinflammatory cytokines TNF-a and IL-1, further promotes stress erythropoiesis by
expanding the population of SEPs in the spleen.

DISCUSSION

Our results indicate that inflammatory stimuli, such as zymosan and proinflammatory
cytokines, increase the phagocytosis of circulating erythrocytes, and this drives changes in
gene expression in splenic macrophages, which then activate the BMP4-dependent stress
erythropoiesis pathway. Previous studies demonstrated an expansion of the erythroid
compartment in the spleen during other models of infection and inflammation (23-25).
However, most of these studies were performed after the establishment of Al and several
days to weeks after the initial infection or inflammatory stimulus. Here, we demonstrate that
there was a rapid stress erythroid response after the initial inflammatory stimulus that
occurred before the onset of anemia. Stress erythropoiesis is typically considered a stress
response to acute anemic or hypoxic stress. However, our data show that inflammation
rapidly induced stress erythropoiesis before any overt anemia or tissue hypoxia. We propose
that inflammation induces stress erythropoiesis to maintain erythroid homeostasis.
Proinflammatory cytokines inhibit bone marrow erythropoiesis by shifting bone marrow
hematopoiesis to favor myelopoiesis to generate innate effector cells, which are critical to
resolve inflammation and clear pathogens during infection, at the expense of erythropoiesis.
The ability of inflammation to induce stress erythropoiesis ensures that sufficient
erythrocytes will be produced to maintain tissue oxygenation during infection. This
temporary shift to extramedullary erythropoiesis is needed until homeostatic conditions in
the bone marrow can be reestablished.

Our data also outline a previously unknown mechanism for the activation of the stress
erythropoiesis pathway under inflammatory conditions (Fig. 7M). Stimulation of TLRs
increases the phagocytosis of circulating erythrocytes, which is critical in the activation of
stress erythropoiesis. Our data show that small changes in the amount of SIRPa. on the
surface of splenic macrophages coupled with TLR signaling was sufficient to increase
erythrophagocytosis. The breakdown of hemoglobin and the subsequent increase in
intracellular heme led to changes in the expression of several heme-regulated genes and
decreased the abundance of BACH1 protein. Turnover of BACH1 derepressed Spic
expression, leading to increased expression of its downstream target Gaf15.

Previous work by Bian ef a/. showed that the CD47-SIRPa signaling axis suppresses
erythrophagocytosis. Mice mutant for either CD47 or SIRPa exhibit exaggerated responses
to inflammatory stimuli, which requires PI3K- and Syk-dependent signaling downstream of
TLRs to induce phagocytosis of erythrocytes. This increased turnover leads to anemia and
splenomegaly (42). Similarly, our data show that zymosan reduced the abundance of SIRPa
on splenic macrophages, which, in combination with activation of the PI3K and Syk
signaling pathways, drove increased erythrocyte turnover and induction of Spicand Gdf15
expression. TLR signaling can also increase the surface abundance of calreticulin (CRT),
which can induce phagocytosis of cells (48). Although we did observe an increase in surface
CRT after zymosan treatment, that increase was not substantial and CRT-dependent
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phagocytosis relies on Bruton’s tyrosine kinase—dependent signaling, not PI3K and Syk
signaling.

Erythrophagocytosis appears to be a general mechanism by which stress erythropoiesis is
induced. Liao ef al. observed increased erythrocyte uptake by red pulp macrophages and
monocytes recruited into the spleen during the first 4 days after bone marrow transplant (38).
Macrophages that phagocytosed erythrocytes produced CCL2, a chemokine that recruits
monocytes to the spleen to contribute to the developing stress erythropoiesis niche. In
addition, increased Spic expression is observed in the developing splenic niche, which
corresponds with an increase in Gdfl5and Bmp4 expression (38). These data support a role
for the heme-dependent increase in expression of Spicto stimulate the activation of stress
erythropoiesis by inducing expression of Gdf15and subsequently the expression of Bmp4.
The induction of Gdfi5is a key initiating signal in the activation of stress erythropoiesis.
Others have shown that Gdf15expression is directly regulated by NF-xB. However,
although our data indicate that TLR-dependent signaling plays a role in stimulating Gaf15
expression, it did not require NF-xB. It remains unclear whether SPI-C and TLR signaling
events promote Gdf15 expression directly or indirectly, and future studies are needed to fully
understand this interaction.

In addition to eliciting changes in erythrophagocytosis, proinflammatory cytokines are
induced by inflammation. Our data also clearly demonstrate that SEPs are not affected by
proinflammatory cytokines in the same way as are steady-state erythroid progenitors. Many
studies have demonstrated the direct and indirect inhibition of erythroid progenitors by TNF-
a, IFN-y, and IL-1B (2, 5-11, 13, 49). Both IFN-y and IL-1p signaling drive cells toward
the myeloid lineage (13, 50). TNF-a and IFN-y have been shown to inhibit the proliferation
and differentiation of erythroid progenitors in the marrow (5, 7-11). A study examining
stress erythropoiesis during inflammatory conditions showed that IFN-y did not affect stress
BFU-Es in the spleen, whereas it negatively affected numbers of BFU-Es in the bone
marrow (26). Our data shows that TNF-a and, to a lesser extent, IL-1p enhanced the
erythroid potential of bone marrow cells cultured under stress erythropoiesis conditions,
which supports a model wherein acute exposure to TNF-a and IL-1p acts in concert with
other stress erythropoiesis signals to promote the expansion of erythroid progenitors during
inflammation. It is unclear whether TNF-a and IL-1p are acting on SEPs directly or
affecting them indirectly through macrophages, and more work will be necessary to fully
understand the relationship between SEPs and these proinflammatory cytokines. These data
provide new insights into the complex interactions of SEPs with the splenic
microenvironment and the unique signals that affect their proliferation and differentiation.

Our analysis used a model of sterile inflammation that combined LPS and zymosan
stimulation. However, our observation that deletion of MyD88 blocked the increase in
erythrophagocytosis and the induction of stress erythropoiesis suggests that this response
would be induced by activation of many different pattern recognition receptors that stimulate
MyD88-dependent signaling. These data also provide an explanation as to why Salmonella
infection induces the expansion of splenic erythroid progenitors and suggest that changes in
myelopoiesis during infection may require compensatory stress erythropoiesis in the spleen
as well (24, 25).
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Together, these data suggest a new paradigm for inflammatory responses that incorporate
stress erythropoiesis. In this model, inflammatory responses can mobilize and expand innate
immune effectors cells at the expense of steady-state erythropoiesis because these same
signals also induce stress erythropoiesis to maintain homeostasis. Ideally, the inflammation
is resolved in a timely manner, and erythrocyte numbers are maintained. Unfortunately, this
system breaks down in chronic inflammatory disease. Stress erythropoiesis does not
generate erythrocytes at a constant rate but rather generates waves of new erythrocytes with
a periodicity of about 28 days. Increased erythrocyte turnover coupled with inhibition of
steady-state erythropoiesis erodes the increase in reticulocytes produced by stress
erythropoiesis, resulting in anemia. If we follow the zymosan-treated mice for longer
periods, we observe periodic anemia (fig. S4). These observations suggest that treatments
geared to decreasing inflammation and boosting stress erythropoiesis may be effective in
treating chronic Al.

MATERIALS AND METHODS

Mice
C57BL/6 mice were purchased from Taconic Biosciences Inc. All mice were 6 to 12 weeks
old. Gaf157'~ mice were provided by S.-J. Lee at Johns Hopkins (51). Spic™’~ mice were
provided by K. Murphy at the Washington University School of Medicine (St. Louis, MO)
(37). B6.129P2(SJL)-MyD88!M1-1Defr/j mice were purchased from the Jackson Laboratory
(44). Mouse strains were crossed to C57BL/6 mice and maintained on that background
before use. All procedures were approved by the Institutional Animal Care and Use
Committee of the Pennsylvania State University.

Zymosan-induced generalized inflammation

Mice were first treated with 40 pg of LPS from Escherichia coli0128:B12 (L2887, Sigma-
Aldrich) at a concentration of 200 pg/ml, and this was followed 6 days later by zymosan A
from Saccharomyces cerevisiae (24250, Sigma-Aldrich) at a concentration of 0.48 mg/g
mouse. All treatments were administered by intraperitoneal injection.

Murine cell cultures

Murine bone marrow was isolated from the femurs and cultured in SEEM for 7 days at
normoxia as previously described and plated for colony assays (20). Briefly, SEEM is
composed of Iscove’s modified Dulbecco’s media containing 10% fetal bovine serum,
insulin (10 ug/ml), holo-transferrin (200 pg/ml), 2 mM L-glutamine, ciprofloxacin (10 pg/
ml), 1% bovine serum albumin (BSA), 2-mercaptoethanol (7 pl/liter), GDF15 (30 ng/ml,
Biomatik), BMP4 (15 ng/ml, R&D Systems), sonic hedgehog (SHH) (25 ng/ml, GoldBio),
and stem cell factor (SCF) (50 ng/ml, Gold-Bio). TNF-a. (1330-01, GoldBio) was added to
cultures for 24 hours at a concentration of 50 ng/ml. After 24 hours, cells were washed and
replated with fresh SEEM.

Colony assays

Murine splenocytes or bone marrow were plated in methylcellulose media (M3334, Stem
Cell Technologies) at a concentration of 1 x 10° cells per well in a 12-well tissue culture
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plate. For bone marrow, IL-3 (25 ng/ml) and EPO (3 U/ml) were added to methylcellulose
media, and cells were incubated at 20% O, for 7 days before assessing BFU-Es. For
splenocytes, BMP4 (15 ng/ml), SCF (50 ng/ml), SHH (25 ng/ml), GDF15 (15 ng/ml), and
EPO (3 U/ml) were added to methylcellulose media to assay stress BFU-E formation. Cells
were incubated at 1% O», for 5 days before counting BFU-Es. BFU-Es were stained with
benzidine solution for counting.

MRNA isolation and gene expression analysis

Total RNA was isolated using TRIzol reagent (15596, Invitrogen). Complementary DNA
(cDNA) was generated using the high-capacity cDNA synthesis kit (Applied Biosystems).
Quantitative reverse transcription polymerase chain reaction (PCR) was carried out using
TagMan probes and an ABI7300 real-time PCR system. TagMan probes: Bmp4
(MmO00432087_m1), Gdf15(Mm00442228_m1), Epo (Mm01202755_m1), Spic
(Mm00488428_m1), Flver (Mm01320423_m1), Hmox1 (Mm00516005_m1), 7nfa
(Mm00443258 _m1), and 785 (Hs99999901 s1).

Western blotting

Primary antibodies recognizing HIF-2a. (working concentration, 1:500; NB100-122, Novus
Biologicals), BACH1 (working concentration, 1:1000; AF5777, R&D Systems), and p-actin
(working concentration, 1:3000; MAB8929, R&D Systems) were used for Western blots.
Secondary antibodies against rabbit (working concentration, 1:10,000; SC-2004, Santa Cruz
Biotechnology) and goat (working concentration, 1:10,000; SC-2768, Santa Cruz
Biotechnology) conjugated to horseradish peroxidase were used. Bands were visualized
using Amersham ECL prime Western blotting detection reagent (working concentration,
1:10,000; RPN2106, GE Healthcare).

Enzyme-linked immunosorbent assays

Serum concentrations of EPO were determined using the commercially available mouse
Erythropoietin Quantikine ELISA kit (MEPOOB, R&D Systems) according to the
manufacturer’s instructions.

Flow cytometry

Flow cytometry was performed using a BD Accuri C6 flow cytometer (BD Biosciences),
and data were analyzed in FlowJo v10. Cells were sorted on a Beckman Coulter MoFlo
Astrios. Flow antibodies: c-Kit Alexa Fluor 647 (clone 2B8, 105818, BioLegend), Sca-1
phycoerythrin (PE)-Cy7 (clone D7, BDB558162, BD Biosciences), Ter119 PE (clone
Ter119, BDB553673, BD Biosciences), CD71 FITC (fluorescein isothiocyanate) (clone C2,
BDB553266, BD Biosciences), F4/80 PE-Cy7 (clone BM8, 123112, BioLegend), CD172a
allophycocyanin (APC) (clone P84, BDB560106, BD Biosciences), FITC TNF-a (506304,
BD Biosciences), FITC IL-1p (1C4013F, R&D Systems), and APC IFN-y (505809,
BioLegend). Working concentration for all flow cytometry antibodies was 1:200. For
reticulocytes, whole blood was stained with thiazole orange (390062, Sigma-Aldrich) at
room temperature for 1 hour and then analyzed by flow cytometry.
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In vivo biotinylation of erythrocytes

Biotinylation was performed as previously described (39). In short, 1 mg of Biotin-X-NHS
(Cayman Chemicals) was dissolved in 20 pl of dimethylformamide and diluted in PBS.
Biotin was administered intravenously daily for three consecutive days. Biotinylated
erythrocytes were quantified by flow cytometry using a Strepavidin-Pe-Cy7—conjugated
antibody (working concentration 1:200; 557598, BD Biosciences).

In vivo transfusion assay

Erythrocytes were isolated by terminal cardiac puncture and labeled with CFSE (C34554,
Life Technologies). About 200 plI of blood was removed from recipients by retro-orbital
bleeding, and recipients were then transfused with labeled erythrocytes (total volume of 200
ul). Mice were treated with either zymosan or PBS 24 hours after transfusion. Splenic
macrophages were examined by flow cytometry to determine levels of internalized CFSE-
labeled erythrocytes.

In vitro erythrophagocytosis assay

BMDMs were grown in 20% L929-conditioned media for 7 days and then were replated at a
density of 2 x 10° cells per well. BMDMs were stimulated overnight with zymosan (10
ug/ml) and LPS (10 ng/ml). RBCs were collected in an EDTA-coated tube, labeled with
CFSE, and aged in Hepes buffer [10 mM Hepes, 140 mM NaCl, and 0.1% BSA (pH 7.4)]
containing calcium (2.5 mM) and Ca2* ionophore (0.5 uM, A23187). RBCs were aged for
16 hours at 37°C. BMDMs were washed twice with PBS before aged RBCs were added at a
concentration of 3 x 107 cells/ml (52). BMDMs were incubated with either 20 uM
LY294002 (S1105, Selleckchem) or 100 uM piceatannol (S3026, Selleckchem) for 1 hour
before the addition of aged RBCs. BMDMs were incubated with RBCs at 37°C for 1 hour
and were then washed twice with PBS. BMDMs were harvested, and phagocytosis was
assessed by flow cytometry. For in vitro phagocytosis assays using primary phagocytes,
splenocytes were isolated and rested for 4 hours to allow cells to adhere. Cells were
incubated with 30 uM JSH-23 (S7351, Selleckchem) for 4 hours while resting. Primary cells
were then incubated with aged RBCs for 3 hours, and RNA was isolated.

Adoptive transfer of BMDMs and monocytes

Statistics

Native phagocytes were depleted with clodronate liposomes (ClodronateLiposomes.org),
which were administered for three consecutive days, and mice received 200 pl of clodronate
liposomes (about 50 mg per mouse) according to the manufacturer’s instructions. BMDMs
(1 x 10%) were adoptively transferred 24 hours after completion of clodronate treatment, and
LPS was given the next day. Mice were treated with zymosan as described above.
Monocytes were purified using the EasySep Monocyte Enrichment Kit from Stem Cell
Technologies (19761) according to the manufacturer’s instructions. Monocytes (1 x 105)
were transferred into recipient mice, and zymosan was administered simultaneously.

Pvalues were determined using the Student’s ¢test (two tailed), one-way analysis of
variance (ANOVA) with either Dunnett’s (when comparing to control) or Tukey’s (for
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pairwise comparisons) post-test, two-way ANOVA with Bonferroni post-test, or Mantel-Cox
test. Significance was assigned when P < 0.05. Statistical analysis was performed using
GraphPad Prism v7.03 software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Zymosan activates stress erythropoiesis by stimulating Gdf15, Bmp4, and Epo expression.
(A) Schematic of the LPS-zymosan model of sterile inflammation. (B) Splenocytes were

harvested at the indicated time points and plated at a concentration of 1 x 10° cells per well
in the presence of GDF15, BMP4, SCF, SHH, and EPO at low O to induce the formation of
stress BFU-Es. Stress BFU-Es were scored after 5 days by staining with benzidine. Data
represent the mean + SEM, one-way ANOVA with Dunnett’s multiple comparison test, 7=
4 to 11 mice per time point. (C) Flow cytometry analysis of splenocytes was performed at 0
and 36 hours after treatment with zymosan. Cells were gated on Kit* cells, and frequencies
of CD34* and CD133" populations are shown in representative images. /7= 3 to 5 mice per
time point. (D and E) RNA was isolated from splenocytes at the indicated time points after
zymaosan injection, and relative expression of Gafl5and Bmp4 compared to 185 was
determined by quantitative PCR. Data represent the mean + SEM, one-way ANOVA with
Dunnett’s multiple comparison test, 7= 3 to 10 mice per time point. (F) Splenocytes
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harvested from mice at the indicated time points after zymosan treatment were plated under
conditions to induce stress BFU-Es and stained with benzidine and counted after 5 days.
Data represent the mean + SEM, one-way ANOVA with Dunnett’s multiple comparison test,
n= 310 9 mice per time point. (G) Protein was isolated from kidneys at the indicated time
points after zymosan treatment and Western blotted for HIF-2a. and p-actin. HIF-2a
abundance relative to p-actin was calculated using ImageJ. Data represent the mean = SEM,
one-way ANOVA with Dunnett’s multiple comparison test, 7= 3 mice per time point. (H)
Quantification of Epo expression relative to Z85in RNA isolated from kidneys and
abundance of EPO in serum at the indicated time points after zymosan treatment. Data
represent the mean £ SEM, one-way ANOVA with Dunnett’s multiple comparison test, 7=
2 to 5 mice per time point (MRNA) and 2 to 8 mice per time point (protein). *£< 0.05, **P
< 0.01, and ***P < 0.005.
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Fig. 2. Zymosan-induced inflammation resultsin an influx of new erythrocytesinto circulation
and lessens the severity of anemia.

(A) Wild-type (WT) mice were treated with either PBS or zymosan as described. The
frequency of reticulocytes in the blood at the indicated time points was measured by flow
cytometry after staining with thiazole orange. Data represent the mean + SEM. Two-way
ANOVA, n=4to 22 mice per group per time point. (B) Quantification of reticulocytes and
stress BFU-Es after treatment with zymosan. Data were centered and scaled, and
significance was determined using a two-way ANOVA, 1= 3 to 22 mice per group per time
point. (C) Quantification of reticulocytes in the blood of WT and #/fmice treated with
zymosan as measured by flow cytometry after staining with thiazole orange. Data represent
the mean + SEM. Two-way ANOVA, 1= 10 to 22 mice per group per time point. (D and E)
Mice were injected with biotin for three consecutive days to label all circulating erythrocytes
before treatment with zymosan or PBS. Blood was collected every other day thereafter, and
in vivo biotinylation was measured by flow cytometry. Data represent the mean £ SEM.
Two-way ANOVA, n=4to 19 per group per time point. (F) Blood was collected in heparin-
coated microcapillary tubes after zymosan treatment and spun to determine hematocrit
values. Data represent the mean + SEM. 7= 2 to 10 mice per group per time point. *P<
0.05, **P<0.01, and ***P< 0.005.
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Fig. 3. Zymosan reduces Sirpa on the surface of macrophages and stimulates
erythrophagocytosis.

(A) Splenocytes were isolated at the indicated time points after zymosan treatment, and the
fraction of F4/80* cells (macrophages) that had Sirpa on the cell surface was measured by
flow cytometry. Percentages of SIRPa* cells were normalized to 0 min for each experiment.
Data represent the mean + SEM, one-way ANOVA with Dunnett’s multiple comparison test,
n=3to 4 independent biological replicates. (B) Schematic depicting experimental design of
CFSE* blood transfusion. RPM, red-pulp macrophage. (C and D) Quantification of CFSE*
cells in blood and spleen from PBS- and zymosan-treated mice by flow cytometry at 3 hours
(C) or 24 hours (D) after treatment. The spleen samples were gated on F4/80* cells
(macrophages); F4/80* CFSE™ cells represent macrophages that had phagocytosed CFSE™*
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erythrocytes. Data represent the mean £ SEM, Student’s #test, 7= 3 to 8 mice per condition.
*P<0.05, **P<0.01, and ***P < 0.005.
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Fig. 4. Increased intracellular heme dueto erythrophagocytosis drives changesin heme-
dependent gene expression.

(A to C) RNA was isolated from splenocytes at the indicated times after zymosan treatment.

The expression of HmoxI (A), Flver (B), and Spic (C) was measured relative to Z8S. Data
represent the mean £ SEM, one-way ANOVA with Dunnett’s multiple comparison test. 7=
4 to 7 mice per time point (Hmox1 and Flver); n= 3 to 8 mice per time point (Spic). (D)
Representative Western blot and quantification of BACH1 abundance in the spleen at the
indicated time points after zymosan treatment. p-Actin is included as a loading control and
was used for calculating the relative abundance of BACH1 using ImageJ software. Data
represent the mean £ SEM, one-way ANOVA with Dunnett’s multiple comparison test, 7=
3 mice per time point. (E and F) Splenocytes from mice transfused with CFSE-labeled
erythrocytes were sorted into F4/80*CFSE™ and F4/80"CFSE™ populations 3 hours after
zymosan treatment. Expression of Spicand Gaf15was measured relative to 785in RNA
isolated from each population. Data represent the mean + SEM. Student’s #tests were
performed on log scale-transformed data. /7= 4 mice per group. (G) Quantification of the
abundance of SIRPa on the surface of bone marrow—derived macrophages (BMDMs)
relative to that on unstimulated BMDMSs as measured by flow cytometry 1 hour after
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zymosan treatment with or without the Syk inhibitor piceatannol or the PI3K inhibitor
LY294002. All replicates were normalized to 0 min (baseline). Data represent the mean +
SEM. Data were analyzed by one-way ANOVA with Tukey’s multiple comparison test, 7=
3 to 6 independent biological replicates. (H) F4/807CFSE™* populations, representing
phagocytosis of CFSE-labeled erythrocytes, were measured by flow cytometry 1 hour after
the indicated treatments. Data represent the mean £ SEM. Data were analyzed by one-way
ANOVA with Tukey’s multiple comparison test, 7= 3 to 6 independent biological replicates.
(I Quantification of Gdf15expression relative to 285in BMDMs 3 hours after the indicated
treatments. Data represent the mean + SEM. Data were analyzed by one-way ANOVA with
Tukey’s multiple comparison test, 7= 3 to 6 independent biological replicates. * < 0.05,
**p<0.01, and ***P < 0.005.
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Fig. 5. Increased erythrophagocytosis and expression of Spic and Gdf15 in response to zymosan
depend on MyD88.
(A) BMDMs from WT and MyD88'~ mice were stimulated with LPS and zymosan for 3

hours, and the abundance of surface SIRPa. was measured by flow cytometry. SIRPa
abundances are indicated as percent of WT unstimulated cells. Data represent the mean +
SEM, one-way ANOVA with Tukey’s multiple comparison test, 7= 3 to 8 mice per
genotype. (B) BMDMs from WT and MyD&8™'~ mice were stimulated for 12 hours and then
incubated with CFSE-labeled erythrocytes for 1 hour. BMDMs were collected and analyzed
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by flow cytometry for the presence of CFSE™* cells. Data represent the mean + SEM, one-
way ANOVA with Tukey’s multiple comparison test, 7= 3 to 7 independent biological
replicates. (C and D) Quantification of the expression of Spic (C) and Gdf15 (D) relative to
18Sin from WT and MyD88'~ BMDM:s. Data represent the mean + SEM, one-way
ANOVA with Tukey’s multiple comparison test. 7= 2 to 4 independent biological replicates
(Spic), n= 3 to 7 independent biological replicates (Gdf15). (E and F) Quantification of the
expression of Spic (E) and Gdfi15 (F) relative to Z8Sin primary splenocytes incubated for 4
hours with or without JSH-23 to allow for adherence. Adherent cells were treated with
zymosan and aged erythrocytes (RBC). Data represent the mean + SEM. Data were analyzed
by one-way ANOVA with Tukey’s multiple comparison test on log scale-transformed data, 7
= 3 to 6 independent biological replicates. *~ < 0.05, **£< 0.01, and ***P < 0.005.
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Fig. 6. SPI-C iscritical for theinduction of Gdf15 and isrequired for the activation of stress
erythropoiesisin response to inflammation.

(A) Percentage of F4/80" cells in the spleen as determined by flow cytometry. Data represent
the mean + SEM. Student’s ¢test, 7= 3 mice per genotype. (B) WT and Spic™"~ mice were
treated with LPS, transfused with CFSE-labeled erythrocytes, and treated with zymosan for
3 hours. The frequency of F4/80"CFSE™ cells in the spleen was determined by flow
cytometry. Data represent the mean + SEM. Student’s ftest, 7= 4 to 7 mice per genotype.
(C) Quantification of Gafi5relative to 218Sin F4/80*CFSE™ and F4/80*CFSE™ cells sorted
from the spleen of Spic™~ or control mice. Data represent the mean + SEM, one-way
ANOVA with Tukey’s multiple comparison test performed on log scale—transformed data, »
= 3'to 7 mice per population for each genotype. (D) Splenocytes isolated from Spic™'~ or
control mice were isolated at the indicated times after zymosan treatment and cultured under
conditions that induce stress erythropoiesis. Stress BFU-Es were scored by staining with
benzidine. Data represent the mean + SEM. Student’s ftest, 7= 3 to 5 mice per genotype.
(E) Relative frequencies of SIRPa* BMDM:s after zymosan stimulation from Spic™’~ and
WT mice as measured by flow cytometry and normalized to WT unstimulated control. Data
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represent the mean £ SEM, one-way ANOVA with Tukey’s multiple comparison test, 7= 3
to 5 independent biological replicates. (F) Percentage of CFSE* cells as measured by flow
cytometry in zymosan-stimulated BMDMs 1 hour after the addition of CFSE-labeled
erythrocytes. Data represent the mean £ SEM, one-way ANOVA with Dunnett’s multiple
comparison test, 7= 3 independent biological replicates. (G) Quantification of Gdf15
expression relative to 78S in zymosan-stimulated BMDMs 3 hours after the addition of
CFSE-labeled erythrocytes. Data represent the mean £ SEM, one-way ANOVA with Tukey’s
multiple comparison test, 7= 3 to 5 independent biological replicates. (H) Schematic
depicting experimental design of adoptive transfer of purified monocytes and representative
flow cytometry plots demonstrating enrichment of the CD11b*Ly6G~Ly6C* monocyte
population after magnetic bead selection. (I) Analysis of stress BFU-Es in the spleen after
monocyte transfer at the indicated times after zymosan treatment. WT (WT mice receiving
no monocytes); Spic™'~ (Spic’~ mice receiving no monocytes); WT-WT (WT monocytes
into WT mice); WT-Spic™~ (WT monocytes into Spic™~ mice); Gdf157'~-Spic™!~ (Gdf157'-
monocytes into Spic”’~ mice). Data represent the mean + SEM, one-way ANOVA with
Tukey’s multiple comparison test, 7= 3 to 6 mice per group. *P< 0.05, **P< 0.01, and
*** P < 0.005.
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Fig. 7. TNF-a and IL-1B promote erythroid differentiation in vitro under stresserythropoiesis.
(A to 1) Quantification of MRNA expression, percentage of F4/80* spleen cells positive for
protein, and representative flow cytometry diagrams for TNF-a (A to C), IL-1p (D to F),
and IFN-y (G to ) in untreated and zymosan-treated mice. Data represent the mean + SEM,

Student’s ttest, 7= 4 to 7 mice per group. (J) Percentage increase in number of bone

marrow cells cultured with the indicated cytokines. Data represent the mean + SEM, one-
way ANOVA with Dunnett’s multiple comparison test, 7=3 to 8 independent biological

replicates. (K) Frequency of stress BFU-Es generated after 7 days of culture with the
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indicated cytokines. Data represent the mean =+ SEM, one-way ANOVA with Dunnett’s
multiple comparison test, 7= 3 to 8 independent biological replicates. (L) Total number of
stress BFU-Es generated in cultures with the indicated cytokines. Data represent the mean +
SEM, one-way ANOVA with Dunnett’s multiple comparison test, 7= 3 to 8 independent
biological replicates. (M) Schematic of the signaling events that occur during the activation
of stress erythropoiesis in response to inflammation. *£< 0.05, **P< 0.01, and ***P<
0.005.
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