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SUMMARY

Psychosocial stress accelerates myelopoietic production of monocytes and neutrophils that
contributes to a variety of health complications ranging from atherosclerosis to anxiety. Here, we
show that social stress in mice mobilizes hematopoietic stem progenitor cells (HSPCs) from the
bone marrow that enter circulation, engraft into the spleen, and establish a persistent
extramedullary hematopoietic depot. These splenic progenitors actively proliferate and
differentiate into multiple cell types, including monocytes, neutrophils, and erythrocytes. Splenic
erythropoiesis partially abrogates stress-induced anemia. Repeated injection with isoprenaline
induces progenitor mobilization to the spleen, identifying a key role for B-adrenergic signaling.
Moreover, protracted splenic production of CD11b* cells persists for at least 24 days after the
cessation of social stress. Thus, chronic stress establishes a persistent extramedullary
hematopoietic depot that can modify a wide range of chronic disease processes and alter
homeostasis of the bi-directional regulatory axis between the nervous and immune systems.
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McKim et al. show that social stress enhances innate immune cell production in the bone marrow
and mobilizes blood cell progenitors to the spleen, where they establish protracted ectopic
production of innate immune cells. This represents a mechanism by which stress causes protracted
changes in immunity and inflammation.

INTRODUCTION

Immunological adaptations contribute to the negative health outcomes associated with
chronic psychological stress. Stress regulates immune cell inflammatory biology via
descending neuroendocrine signaling pathways, including the hypothalamic pituitary adrenal
(HPA) axis and the sympathetic nervous system (SNS). The effects of stress on the immune
system are complex and depend on the nature, duration, and identity of the leukocytes in
question (Wohleb et al., 2015; Reader et al., 2015). Nonetheless, some consensus has
recently emerged from the human clinical, epidemiologic, and social genomics literature.
Chronic social adversity in humans is associated with increased monocyte and neutrophil
production (Heidt et al., 2014; Powell et al., 2013), exaggerated cytokine responses to
leukocyte stimulation (Rohleder et al., 2009), insensitivity to the anti-inflammatory effects
of glucocorticoids (Cohen et al., 2012; Rohleder, 2012), and impaired expression of genes
involved in humoral immunity (Kiecolt-Glaser et al., 1996). This profile is consistent with
the “conserved transcriptional response to adversity” (CTRA) that has been observed in
leukocyte profiles of individuals experiencing chronic stress (Cole et al., 2011, 2015a;
Powell et al., 2013; Miller et al., 2014). CTRA and stress-induced myelopoiesis are major
predictors of disease outcomes, including atherosclerosis (Tawakol et al., 2017; Heidt et al.,
2014), cancer (Antoni et al., 2016), and anxiety disorders (Kohrt et al., 2016; Wohleb et al.,
2015). These observations demonstrate that immune adaptations to chronic stress are
important mediators of the social determinants of health. For instance, Tawakol et al. (2017)
reported that enhanced hematopoiesis in the bone marrow and spleen accounted for the
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majority of increased cardiovascular incidents in high-stress patients. Similarly, Heidt et al.
(2014) showed that chronic variable stress in mice increased monocyte and neutrophil
production in bone marrow that accelerated atherosclerotic plaque production. Immune
adaptations to stress are also predictive of mental health outcomes. For instance, post-
traumatic stress disorder (PTSD) symptom severity and progression are predicted by CTRA
profiles (Kohrt et al., 2016).

The murine repeated social defeat stress model increases myelopoiesis and produces a
CTRA profile similar to that observed in humans with low socioeconomic status (Powell et
al., 2013). Using this model, we have found that stress-induced monocyte production
contributes to prolonged and recurring anxiety-like responses in mice. For example, SNS
activation during repeated social defeat stress increases monocyte production in the bone
marrow, release into circulation, and accumulation in the brain (Wohleb et al., 2011; Hanke
et al., 2012). Congruent with this, Heidt et al. (2014) found that sympathetic activation
during chronic variable stress in mice also increased myeloid cell production and
accumulation in atheroscleratic lesions. In our work, prevention of monocyte trafficking to
the brain with sympathetic inhibition or CCR2 deficiency prohibited the induction of
anxiety-like behavior and reduced neuroinflammatory signaling (Wohleb et al., 2011,2013;
McKim et al., 2018). As with PTSD in humans (American Psychiatric Association, 2000),
the impact of stress on immune function and inflammatory biology are protracted following
social stress in mice. For example, immune and behavioral sensitization following repeated
social defeat stress persisted for at least 24 days (Wohleb et al., 2014; McKim et al., 2016b).
We found that this persistent vulnerability was mediated by a long-lasting pool of releasable
monocytes in the spleen. This extended immunologic impact could not be explained by any
extended change in bone marrow myelopoiesis (Wohleb et al., 2014), nor could this be
explained by the persistence of a stress-induced bolus of long-lived monocytes (Yona et al.,
2013; Patel et al., 2017). We hypothesized that the protracted oversupply of splenic
monocytes may be mediated by the induction of extramedullary myelopoiesis in the spleen
following stress. This hypothesis was supported by the observation that the sympathetic
activation has been linked to the release of hematopoietic stem cells from their niches in the
bone marrow (Méndez-Ferrer et al., 2008). In the present study, we sought to test this
hypothesis and identify the biological mechanism of chronic stress-induced augmentation of
myelopoiesis. Unlike existing reports on stress and bone marrow hematopoiesis (Heidt et al.,
2014; Powell et al., 2013), results here show that social stress mobilized hematopoietic
progenitor cells to the spleen, which established a persistent depot of erythromyeloid
production. This discovery provides a mechanism by which transient stress exposure leads to
a protracted influence on hematopoiesis.

Social Stress Enhances Myelopoiesis at the Expense of Lymphopoiesis and
Erythropoiesis

Based on our previous research documenting stress-mediated induction of a long-lasting
pool of splenic myeloid cells (McKim et al., 2016b; Wohleb et al., 2014), the present study
sought to delineate the effect of stress on hematopoiesis and investigate how myeloid cells
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home to and persist in the spleen long after stress cessation. To address this question, mice
were subjected to the repeated social defeat model of social stress, and the percentage of
erythrocytes (Es), lymphocytes (Ls), monocytes (Mos), and granulocytes (Gs) were
determined in the bone marrow (BM), blood, and spleen 0.5 days later. This time point (0.5
days after the final cycle of stress) was chosen to avoid the detection of transient leukocyte
dynamics that occur immediately following stress-induced neuroendocrine activation
(Dhabhar et al., 2012). Figures 1A-1F show representative examples of the effect of social
stress on Es (Ter119%), Mos (CD11b*/ Ly6C™"), Gs (CD11b*/Ly6G"), and Ls (B220" or
CD3%) in BM (Figures 1A and 1B), blood (Figures 1C and 1D), and spleen (Figures 1E and
1F). Because stress does not alter total BM cellularity (Figure 1G), cells in BM are
expressed as a percentage (Figure 1H). Stress increased MOs and Gs in the BM with a
reciprocal reduction in Es (Ter119%) and Ls (p < 0.01 for each, Figure 1H). Similar effects
were also observed in the blood (Figures 1C and 1D), which showed stress-dependent
increases in Mos and Gs (p < 0.01) and a decrease in Ls (p < 0.01, Figure 1 1). Figures 1E
and 1F show the effect of stress on spleen Es (Ter119*), Mos (CD11b*/Ly6C*), and Gs
(CD11b*/Ly6C*). The total number of cells within the spleen was increased by ~2.6-fold
after stress (Figure 1J), reflecting increased numbers of Es, Gs, and Mos (p <0.01, for each,
Figure 1J). This increased spleen cellularity was associated with an ~2-fold increase in
spleen size and mass (Figures 1K and 1L).

Social Stress Mobilizes Hematopoietic Progenitors to the Blood and Spleen

To determine whether stress-induced myelopoiesis stemmed from increased mobilization of
hematopoietic progenitor cells, colony-forming units (CFUs) of hematopoietic progenitors
were determined in the BM, blood, and spleen 0.5 days after stress (Figure 2). In this assay,
non-lineage-restricted hematopoietic progenitors expanded into large multipotent
granulocyte-erythrocyte-macrophage-megakaryocyte (GEMM) colonies, and lineage-
restricted progenitors expanded into granulocyte-macrophage (GM), macrophage (M), G,
and E colonies (Figure 2A). In the BM, the total number of CFUs was unchanged (Figures
2B and 2C), but GM-CFUs were increased at the expense of E-CFUs (p < 0.05 for each,
Figure 2C). This is consistent with the shift toward Mo and G production in the BM after
stress (Figure 1). In contrast, both blood and spleen showed a significant increase in the total
number of hematopoietic progenitor cells following stress. M-, G-, GM-, and GEMM-CFU
were robustly increased in both blood and spleen (p < 0.05 for each, Figures 2C-2F).
Notably, there were few CFUs in the blood or spleen of control mice. In addition, social
stress induced an ~5-fold increase in the number of splenic Lin—-/cKit*/Scal * (LSK) cells (p
< 0.05, Figures 2H and 2I) and a >5-fold increase in the proportion of splenic LSK cells that
were proliferating (p < 0.05, Figures 2J and 2K).

Social Stress Increases the Recruitment of Hematopoietic Stem and Progenitor Cells to

the Spleen

To determine whether the hematopoietic progenitors in the spleen following stress reflect
bona fide multipotent and self-renewing hematopoietic stem and progenitor cells (HSPCs), a
competitive repopulation assay was completed. To do this, GFP* BM competitor cells were
mixed with an equal number of CD45.1 * splenocytes from either control or stressed mice,
and this mixture was intravenously (i.v.) transferred into mye-loablated CD45.2 host mice
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(Figure 3A). Splenocytes from stressed mice but not control mice were significantly
enriched for HSPCs and were able to competitively engraft into host mice (Figure 3B).
Engrafted HSPCs from stress spleens produced multi-lineage progeny that were detectable
in the blood at 1 and 4 months post-transfer (Figure 3C), including B cells (B220*; F(1,23) =
162.3, p < 0.0001), Mos and neutrophils (CD11b*; F(1,23) = 110.9, p < 0.0001), and T cells
(CD3*; F(1,23) = 77.1, p < 0.0001). Engraftment of HSPCs from stressed spleens
progressively increased from 1 to 4 months post-transfer (stress x time interaction: B220
F(1,23) =5.1, p<0.05, CD11b F(1,23) = 6.9, p < 0.05, and CD3 F(1,23) =9.9, p < 0.01). To
test whether HSPCs were being recruited to the spleen from the blood, 130,000 GFP*
lineage-depleted cells were i.v. transferred into control and stress mice (Figure 3D), and
recruitment of GFP*/Lin™ cells to the spleen was assessed 1 hr later by flow cytometry
(Figure 3E). Stress significantly increased the recruitment of GFP*/Lin™ cells to the spleen
(p <0.05, Figure 3F). Collectively, stress mobilized HSPCs into circulation and were actively
recruited into the spleen.

p-Adrenergic Signaling Enhances Myelopoiesis and Increases HSPCs in the Blood and
Spleen

We have reported that stress-induced Mo accumulation is mediated by the activation of p-
adrenergic receptors and is blocked by pharmacologic B-adrenergic antagonists (Hanke et
al., 2012; Powell et al., 2013; Wohleb et al., 2011). To determine whether p-adrenergic
signaling alone is sufficient to induce HSPC and myelopoietic activation, mice were treated
with the pharmacologic p-agonist, isoprenaline (Iso; injected 2x daily at 10 mg/kg for 6
days). Iso increased BM production of Mos (M) and Gs, with a corresponding decrease in Ls
and Es (Figure 4A, p < 0.05 for each). Iso also induced splenomegaly (Figure 4, p < 0.05)
and increased CFUs in blood and spleen (Figures 4C and 4D, p < 0.05 for each).

Social Stress Enhances Erythromyeloid Progenitor Proliferation in the Spleen

To identify the specific lineage differentiation mechanisms underlying the observed splenic
myelopoiesis, mice were pulsed with ethynyldeoxyuridine (EdU) 0.5 hr before spleens were
collected for sectioning and analysis. Notably, spleens from control mice had few EdU*
proliferating cells (Figure 5A, top and inset). The spleen from stressed mice, however, had
large numbers of EdJU*/DraQ5* nucleated proliferating cells throughout the red pulp (Figure
5A, bottom). The size and distribution of these proliferating cells suggested that many of
them were E progenitors. These cells, unlike mature Es, are nucleated. While control spleens
contained a large number of DraQ5~ non-nucleated Ter119* mature Es (Figure 5B, top
inset), spleens from stressed mice had a large number of DraQ5*/Ter119* nucleated E
progenitors throughout the red pulp (Figure 5B, bottom). DraQ5*/Ter119* E progenitors in
stressed spleens were located along the outside edge of dense clusters of nucleated cells,
which had varying levels of Ter119 expression toward the center of the clusters (Figure 5B,
inset). Ter1199~ cells in the center of these clusters may be proliferating common myeloid-
erythroid progenitors that have not yet become fully restricted to the E lineage.

In bromodeoxyuridine (BrdU) pulse analysis of cell-cycle phase, social stress substantially
increased the number of S-G,-M phase cells within the spleen (Figure 5C). Consistent with
the above data, there was a significant increase in both Ter119*/DAPI* nucleated red blood
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cells (NRBCs; Figure 5D, p < 0.05) and CD11b™ cells (Figure 5E, p < 0.05). Cell-cycle
analysis shows that nucleated E progenitors in the spleen after stress were rapidly
proliferating; > 50% of Ter119*/DAPI* were BrdU* at both 0.5 and 18 hr post-injection
(Figures 5F and 5G). Stress increased the number of proliferated GO BrdU*/CD11b* cells in
the spleen at 18 hr but not 0.5 hr post-injection (Figures 5H and 5I). These data are
consistent with findings that Mos and neutrophils originate from asymmetric mitosis of
CD11b™ myeloid progenitors, and there is a lag before daughter cells upregulate mature
myeloid cell markers such as CD11b (Hettinger et al., 2013). These data demonstrate that
stress increased the extramedullary production of CD11b* and Ter119* cells in the spleen.

Splenic Erythropoiesis Partially Mitigates Anemia during Social Stress

To determine whether secondary erythropoiesis represents a physiological compensation to
reduce stress-induced anemia, the effect of splenectomy on stress-induced changes in
complete blood counts was assessed (Table 1). Social stress significantly reduced red blood
cell count (F(1,11) = 109.9, p <0.0001), hemoglobin (F(1,11) = 159.7, p < 0.0001), and
hematocrit levels (F(1,11) = 197.0, p < 0.0001) compared to controls. Moreover, each of
these indicators of anemia was further exacerbated in splenectomized stress mice (red blood
cell count [F(1,11) = 3.7, p = 0.08], hemoglobin [F(1,11) = 8.5, p < 0.05], and hematocrit
[F(1,11) = 11.6, p < 0.01]) compared to controls.

Persistence of Extramedullary Myelopoiesis 24 Days after Social Stress

We previously found that stress induces a releasable reservoir of splenic Mos that persisted
for at least 24 days (McKim et al., 2016b; Wohleb et al., 2014), but it remains unclear
whether this stems from ongoing myelopoietic output or increased myeloid cell lifespan. To
address this question, a fate mapping study using CX3CR1-CreERT2/Stopf!fl-tdTomato mice
(Figure 6A) was completed in which Mos express yellow fluorescent protein (YFP) under
the control of the CX3CR1* promoter and CX3CR1* cells are subsequently induced to
permanently express tdTomato (tdTom) following injection of tamoxifen (Tam). Here, mice
were subjected to social stress and then injected with Tam either 1 or 24 days later. Tam
injection induced ~40% recombination efficiency in Mos, as tracked by tdTomato expression
24 hr post-injection (Figure 6B). tdTomato™ Mos were detected in the spleen 1 day after
stress (p < 0.05), but they were not detected at 24 days later (Figures 6B and 6C). These data
indicate that the Mos that remain in the spleen 24 days after stress were not the same ones
generated initially with stress. Thus, these cells may be the result of the proliferation of the
progenitor cells that engrafted in the spleen.

To confirm that a splenic Mo reservoir was maintained by extramedullary myelopoiesis after
stress, CFU and BrdU pulse chase experiments were conducted at 24 days after cessation of
stress. At this time point, the number of progenitors present in BM and blood did not differ
as a function of stress (Figures 6D and 6E), but the splenic CFU remained highly elevated
(Figure 6F, p < 0.0001). Increased total CFU stemmed primarily from the increased presence
of GM- and M-CFU in the spleen (Figure 6F, p < 0.0001 for each). In a separate experiment,
mice were pulsed with BrdU 24 days following the cessation of stress, and results showed a
significant population of BrdU*/CD11b* Mos in splenic red pulp that was not detected in
control mice (Figures 6G and 6H, p < 0.05). These cells were likely locally produced
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because BM myelopoiesis had returned to baseline by this time point (Wohleb et al., 2014)
and because of the short latency between pulse and tissue collection. Thus, the HSPC that
engraft in the spleen after social stress maintain the capacity to produce myeloid cells for at
least 24 days afterward.

DISCUSSION

Chronic stress is associated with increased Mo and neutrophil production (Wohleb et al.,
2015) that can in turn contribute to an array of poor health outcomes, ranging from anxiety
(Wohleb et al., 2013, 2014; McKim et al., 2016b, 2018) to atherosclerosis (Heidt et al.,
2014; Tawakol et al., 2017) and metastatic cancer (Cole et al., 2015b; Antoni et al., 2006,
2016). Here, we identify a major biological mechanism of such effects by revealing that
repeated social stress mobilizes BM HSPCs to circulate, engraft into the spleen, and
establish a persistent extramedullary hematopoietic depot that selectively enhances the
production of erythroid and myeloid lineage blood cells. Similar dynamics were observed
after repeated pharmacologic stimulation of B-adrenergic receptors. This indicates a key role
for SNS activation in mediating long-term hematopoietic adaptation to chronic stress. These
findings are consistent with previous observations that linked other sources of chronic
sympathetic activation, including myocardial infarction to induction of a splenic myeloid
cell pool that can exacerbate inflammatory pathology (Emami et al., 2015; Dutta et al.,
2012; Leuschner et al., 2012; Robbins et al., 2012). Furthermore, our previous studies
document a diverse array of exacerbated pathologies associated with the persistent induction
of Mo production following social stress. For instance, repeated social defeat stress
exacerbated lupus nephritis (Agel et al., 2017) and allergen-induced airway inflammation
(Bailey et al., 2009) and promoted the reactivation of latent herpes simplex virus infections
(Padgett et al., 1998). Moreover, social defeat stress increased susceptibility to endotoxic
shock (Quan et al., 2001), caused increased lung inflammation (Curry et al., 2010),
promoted allodynia and hyperalgesia (Sawicki et al., 2018), impaired learning and memory
(McKim et al., 2016a), and prolonged anxiety (McKim et al., 2016b, 2016a). Our findings
here significantly diverge from previous reports that stress transiently increased myeloid cell
production in the BM (Heidt et al., 2014; Powell et al., 2013) by showing that stress also
mobilizes HSPCs to the spleen that generate myeloid cells over protracted durations.
Fundamentally, these results define the hematological basis for the pro-inflammatory effects
of chronic stress and identifies targets for interventions to block those effects and protect
health in the face of adverse social conditions.

Stress enhancement of BM myelopoiesis occurred at the cost of lymphopoiesis and
erythropoiesis (Figure S1, top box). Our observation of suppressed B cell production may
help explain previous observations of stress-induced reduction of humoral reactions to
vaccines and infections (Kiecolt-Glaser et al., 1996). Similarly, the observed suppression of
BM E production may contribute to stress-induced anemia and thereby explain clinical
observations linking stress and trauma to increased incidence of anemia (Weisberg et al.,
2002). Moreover, stress-induced suppression of BM erythropoiesis was accompanied by a
robust expansion of E proliferation in the spleen (Figure S1, bottom left box) that constitutes
the primary cellular driver of the stress-induced splenomegaly. Splenectomy significantly
aggravated stress-induced anemia. These data indicate that the establishment of a splenic
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erythropoietic depot represents an adaptive response to compensate for stress-induced
effects on BM hematopoiesis. Despite this, the pathways mediating stress-induced
erythropoietic shifts are as yet unknown. However, stress-induced hypoferremia and anemia
have been linked to the HPA-interleukin-6 (IL-6)-hepcidin axis (Wei et al., 2008; Zhao et al.,
2008).

Our previous work shows that enhanced Mo trafficking from the spleen to the brain after
acute stress contributes to recurring anxiety 24 days after exposure to repeated social defeat
stress (i.e., stress sensitization). The relevance of this finding was that stress caused
protracted immune sensitization that persisted well beyond the cessation of the stressor.
Here, we identify the biological basis for that persisting enhancement of Mo trafficking in
the establishment of a stable myelopoietic depot in the spleen. For instance, fate mapping
confirmed that the Mos present in the spleen 24 days after social defeat stress were not the
same ones generated earlier during stress exposure. Instead, these cells were recent
myelopoietic progeny, and their elevated numbers likely stem from the ongoing activity of
the hematopoietic system induced in the spleen by chronic stress (Figure S1, bottom). This
suggests that persistent splenic generation of Mos contributes to recurring anxiety following
acute stress (McKim et al., 2016b; Wohleb et al., 2014). For example, splenectomy either
before or after stress blocked Mo trafficking and the recurrence of anxiety in stress-
sensitized mice. Mo trafficking to the brain represents an independent axis of immune-to-
brain signaling that contributes to negative behavioral adaptations to stress (Wohleb et al.,
2015). For instance, increased perivascular Ms were observed in the brains of depressed
individuals who committed suicide (Torres-Platas et al., 2014). The present results advance
our understanding of those dynamics by establishing one hematological pathway by which
social stress persistently alters circulating Mo population dynamics and thereby influences
myeloid cell inflammatory signaling in the brain over an extended period.

Another important aspect of the present study is that our results are consistent with previous
data indicating that p-adrenergic signaling is the key mediator of chronic stress effects on
inflammation and myeloid cell population dynamics (Powell et al., 2013; Hanke et al., 2012;
Heidt et al., 2014). Consistent with activation of the SNS, we previously reported that social
stress increased norepinephrine in plasma and spleen (Hanke et al., 2012). Elevations in
plasma persisted only 20 min, while elevations in spleen persisted >24 hr. Here, 6 days of
isoprenaline injections (non-selective B-adrenergic agonist) was sufficient to induce a
splenic extramedullary hematopoietic depot. Nonetheless, 1 or 3 days of isoprenaline
injections had no effect (data not shown); thus, there is a requirement for chronic or repeated
[B-adrenergic signaling in driving extramedullary hematopoiesis in the spleen. This
observation parallels our results using 6 days of repeated social defeat stress. Similarly, 1
and 3 days of social defeat stress were insufficient to increase spleen weight (Wohleb et al.,
2014). The present agonist studies establish p-adrenergic signaling alone as sufficient to
induce splenic myelopoiesis, and they complement previous studies with p-adrenergic
antagonists that have identified adrenergic signaling as a necessary mediator of stress-
induced myelopoiesis (Powell et al., 2013; Heidt et al., 2014; Hanke et al., 2012). Relevant
to this, circadian fluctuations in HSPC circulatory dynamics (Lucas et al., 2008) were
mediated by sympathetic tone in the BM (Méndez-Ferrer et al., 2008). In the chronic
variable stress model, p3 adrenergic antagonists inhibited myelopoietic response to stress

Cell Rep. Author manuscript; available in PMC 2019 January 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McKim et al.

Page 9

(Heidt et al., 2014). In addition, we have reported that neutralization of GM-colony-
stimulating factor (CSF) similarly prevented increased myelopoiesis during social defeat
stress (Powell et al., 2013) and that inhibition of corticosterone synthesis partially blocked
stress-induced monopoiesis (Niraula et al., 2018). However, the specific role of adrenergic
receptor subtypes was not assessed here. Ongoing studies are addressing the multifaceted
neuroendocrine signaling pathways that mediate stress-induced myelopoiesis in the spleen
and BM. It should be noted that stress-induced myelopoiesis is undoubtedly dependent on
CNS threat appraisal. For instance, the blockade of central responses to social defeat stress
by benzodiazepines completely prevented both stress-induced myelopoiesis and
splenomegaly (Ramirez et al., 2016; McKim et al., 2018). These data support the conclusion
that robust activation of the CNS threat appraisal circuitry is the primary source of the SNS
outflow to the immune system (McKim et al., 2018). These results may explain recent data
correlating human amygdalar positron emission tomography (PET) activity and self-reported
stress with increased splenic hematopoiesis (Tawakol et al., 2017).

In summary, our work demonstrates that social stress dramatically skews medullary
hematopoiesis to myelopoiesis, induces HSPC mobilization from the BM, and promotes
long-lasting extramedullary hematopoiesis in the spleen (Figure S1). These findings provide
a clear biological mechanism for understanding the complex effects of stress on hematologic
and immune function, and they suggest targets for interventions to protect health against the
risks associated with chronic stress and adverse social conditions.

STARXMETHODS
CONTACT FOR REAGENTS AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, John Sheridan (Sheridan.1@osu.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Male C57BL/6 (6-8 weeks old) and CD-1 (12 months old) mice were purchased
from Charles River Breeding Laboratories (Wilmington, MA) and allowed to acclimate to
their surroundings for 7-10 d before initiation of any experimental procedures. C57BL/6
mice were housed in cohorts of three and CD-1 mice were singly housed. CAG-EGFP (stock
#006567), Cx3cr-CreER (stock #021160), Rosa26-Stopflfl-tdTom Ai9 (stock #007909), and
CD45.1 (stock #002014) mice were purchased from Jackson Laboratories (Bar Harbor, ME).
All mice were housed in 11.5 x 7.5 x 6 inch polypropylene cages. Rooms were maintained
at 21°C under a 12 h light/dark cycle with ad /ibitum access to water and rodent chow. All
procedures were in accordance with the NIH Guidelines for the Care and Use of Laboratory
Animals and were approved by the Ohio State University Institutional Laboratory Animal
Care and Use Committee.

Repeated Social Defeat (stress)—In brief, an aggressive intruder male CD-1 mouse
(retired breeder) was introduced into cages of established male cohorts (three per cage) of
C57BL/6 mice for 6 consecutive nights between 1700 and 1900 (2 h). During each cycle,
submissive behaviors including upright posture, fleeing, and crouching were observed to
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ensure that the resident mice showed subordinate behavior. If the intruder did not initiate a
defeat within 5-10 min or was defeated by any of the resident mice, then a new intruder was
introduced. At the end of the 2 h period, the intruder was removed and the residents were
left undisturbed until the following day when the paradigm was repeated. Different intruders
were used on consecutive nights. The health status of the mice was examined throughout the
paradigm and injured or moribund mice were removed from the study. Consistent with
previous studies using stress, < 5% of mice met the early removal criteria (Wohleb et al.,
2013). Control mice were left undisturbed in their home cages. Tissue collection occurred
between 0800 and 0930.

METHOD DETAILS

BrdU & EdU injections—Mice were injected i.p. with 50 mg/kg BrdU or EdU either 30
minutes or 18 hours prior to tissue collection.

Tamoxifen injections—Tamoxifen (2 mg) was injected i.p. into CX3CR1-
CreERT2xROSA26-STOPfIfl-tdTomato either on the last night of stress or 23 days after
stress. tdTomato fluorescence in splenic monocytes was assessed by flow cytometry 24 days
after the final cycle of stress.

Isolation of Cells from BM, Spleen, and Blood—Tissues were collected immediately
following CO5 asphyxiation. Whole blood was collected with EDTA-lined syringes by
cardiac puncture. Spleens were collected in ice-cold Hanks’ balanced salt solution (HBSS).
Spleens were then scored with a surgical blade and gently pressed through a 70 uM strainer
to obtain a single cell suspension. To collect bone marrow, the epiphyses of femurs were cut
off and the marrow was flushed out with ice-cold HBSS. Cell pellets were washed, filtered
through a 70-uM nylon cell strainer, and then the total number of cells was determined with
a LUNA Automated Cell Counter (Logos, Anyang, South Korea).

Flow Cytometry—In brief, Fc receptors were blocked with anti-CD16/CD32 antibody
(eBioscience). Cells were washed and then incubated with the appropriate antibodies for 40
minutes at 4°C. Nonspecific binding was assessed using isotype-matched antibodies. BrdU
antibody labeling occurred following permeablization with 0.1% Triton-X, fixation with 1%
paraformaldehyde, and incubation with DNAase at 37°C. Antigen expression was
determined using a modified a DxP 9 (Cytek, Fremont, CA) Becton Dickinson FACSCalibur
9-color 3 laser cytometer (BD Biosciences, Franklin Lakes, NJ). DAPI fluorescence was
analyzed with the violet laser, and DAPI-Width" doublet events were excluded from cell
cycle analysis. Data were analyzed using FlowJo software (Tree Star) and positive labeling
for each antibody was determined based on isotype stained controls.

Immunohistochemistry—Mice were transcardially perfused with cold saline followed
by ice cold 4% PFA. Spleens were post fixed in 4% PFA at 4°C for 24 hours followed by
30% sucrose for 48 hours. Tissue was then embedded in OCT and flash frozen is super
cooled isopentane and cryosectioned at 12 uM. Sections were incubated in primary
antibodies (rat anti-CD11b clone M1/70, rat anti-ter119 clone ter119; rat anti-BrdU clone
BU1/75) followed by appropriate fluorochrome conjugated secondary antibodies.
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Colony-forming unit assay—Colony-forming unit (CFU) assay was completed using
Methocult M3434 media (Stem Cell Technology) following the manufacturer’s protocol.

Cells were resuspended in Iscove’s Modified Dulbecco’s Medium supplemented with 2%
FBS. Colonies were counted using a low magnification inverted microscope.

Adoptive transfer—1 x 106 CD45.1* splenocytes from control or stressed mice were
injected together with 1 x 108 GFP+bone marrow competitor cells (from JAX strain 006567)
intravenously into CD45.2 host mice 48 hours following myeloablation. Myeloablation was
achieved by injecting CD45.2 mice with 30 mg/kg busulfan twice 24 hours apart. Relative
engraftment of CD45.1+ splenocytes was assessed 1 and 4 months later via mandibular
blood and flow cytometry.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis—To test for normal distribution, data were subjected to Shapiro—
Wilktest using Statistical Analysis Systems (SAS) statistical software. To determine
significant main effects and interactions between main factors, data were analyzed using
two-way (stress x treatment) ANOVA using the General Linear Model procedures of SAS.
When there was a main effect of experimental treatment or a treatment interaction effect,
differences between group means were evaluated using a Bonferroni adjusted probability
thresholds. Post hoc analysis results are depicted graphically in figures. All data are
expressed as treatment means + SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Social stress mobilizes hematopoietic progenitors from the bone marrow to
the spleen

Splenic HSPCs proliferate and differentiate into multiple erythromyeloid cell
types
Ectopic splenic erythropoiesis abrogates stress-induced anemia

Extramedullary production of CD11b™ cells persists for at least 24 days
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Figure 1. Social Stress Enhanced Myelopoiesis at the Expense of Lymphopoiesis and

Erythropoiesis

(A-F) Male C57BL/6 mice were exposed to 6 repeated cycles of social defeat stress (Stress)
or left undisturbed as controls. BM, blood, and spleen samples were collected 0.5 days after
the final cycle of stress. Representative bivariate dot plots show the labeling and gating
strategies for (A and B) BM, (C and D) blood, and (E and F) spleen.

(G-J) Terl19* erythrocytes (Es), B220* or CD3* lymphocytes (Ls), CD11b*/Ly6G*
granulocytes (Gs), and CD11b*/Ly6CN monocytes (Mos) in (G and H) BM, (1) blood, and

(J) spleen.

(K) Representative picture of spleen size.

(L) Spleen weight.
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Data from (A)-(F) and (H)—(L) derived from 1 experiment (n = 6). Data in (G) derived from
2 experiments (N = 12). Bars represent means + SEMs. Means with asterisks are
significantly different from control (p < 0.05).
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Figure 2. Social Stress Mobilized Hematopoietic Progenitors to the Blood and Spleen
Male C57BL/6 mice were exposed to 6 repeated cycles of social defeat stress (Stress) or left

undisturbed as controls. BM, blood, and spleen samples were collected 0.5 days after the

final cycle of stress.

(A-G) Representative images of (A) phenotyped colony forming units (CFUs) of cell
lineages: GEMM, E, GM, Ms, and G. Representative pictures of CFUs collected and
quantification of phenotyped CFUs are shown from the (B and C) BM, (D and E) blood, and
(F and G) spleen of control and stress mice. In a separate experiment, male C57BL/6 mice
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were exposed to 6 repeated cycles of social defeat stress (Stress) or left undisturbed as
controls. Spleen samples were collected 0.5 days after the final cycle of stress.

(H) Representative bivariate density plots show the labeling and gating strategy for detection
of Lin~/cKit*/Scal* (LSK) cells in the spleen.

() Number of LSK cells in the spleen.

(J) Representative histogram of DAPIN S-G2-M phase LSK cells.

(K) Number of proliferating S-G2-M phase LSK cells in the spleen.

Bars represent means + SEMs. Data from (A)—(G) derived from 1 experiment, with n = 4,
and data from (H)—(K) derived from 1 experiment, with n = 6. Means with asterisks are
significantly different from control (p < 0.05).
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Figure 3. Social Stress Increased Self-Renewing and Long-Lived HSPCs in the Spleen
(A) Schematic representation of experimental design. CD45.1* splenocytes from control or

stress mice were mixed 1:1 with GFP* BM competitor cells and were i.v. injected into
CD45.2 myoablated host mice. Engraftment of donor cells was assessed in cheek blood 1
and 4 months after i.v. transfer.

(B) Representative bivariate density plots of GFP* and CD45.1* cells collected from cheek
blood 1 month after i.v. transfer.

(C) The ratioofCD45.1 * cells to GFP* cells (%)for each cell type (B220, CD11b, CD3)
detected in the cheek blood from CD45.2 host mice at 1 or 4 months after i.v. transfer.

(D) Schematic representation of experimental design. Magnetic-activated cell sorting
(MACS)-isolated GFP*Lin~ BM cells were i.v. transferred into control or stressed mice 0.5
days after stress. Recruitment of transferred GFP*/Lin~ cells to the spleen was assessed 1 hr
later.

(E) Bivariate density plots of GFP*Lin™ cells in the spleen.

(F) Number of GFP*Lin~ cells that were recovered in spleen. RSD, repeated social defeat.
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Data from (A)—(C) are derived from 1 experiment (n = 6-7), and data from (D)—(F) are
derived from 2 experiments (N = 6). Bars represent means £ SEMs. Means with asterisks are
significantly different from control (p < 0.05).
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Figure 4. -Adrenergic Signaling Enhanced Myelopoiesis and Increased HSPCs in the Blood and
Spleen

Male C57BL/6 mice were injected i.p. twice daily with vehicle (\Veh) or 10 mg/kg/day
isoprenaline (Iso). BM, blood, and spleen samples were collected 0.5 days after the final
injection.

(A) Percentage of TER119* E, B220* or CD3* L, CD11b*/Ly6G* Gs, and CD11b*/Ly6CNi
Mos (M) in BM.

(B-D) Spleen weight is shown (B). Quantification of CFU in (C) blood and (D) spleen are
shown.

Data from (A)-(D) derived from 2 experiments (N = 6). Bars represent means + SEMs.
Means with asterisks are significantly different from control (p < 0.05).
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Figure 5. Social Stress Enhanced Erythromyeloid Progenitor Proliferation in the Spleen
Male C57BL/6 mice were exposed to 6 repeated cycles of social defeat (stress) or left

undisturbed as controls. EdU (50 mg/kg) was injected intraperitoneally (i.p.) 0.5 days after
stress and the spleen was collected 30 min later.
(A) Representative collages of spleen cross-sections for EdU (green) and DraQ5 nuclear

(red) labeling.

(B) Representative collages of spleen cross-sections for Ter119 (green) and DraQ nuclear
(red) labeling. White boxes highlight magnified regions, which are shown at right. White
scale bars, 1 mm. In a separate experiment, mice were subjected to stress, as above. The
spleen was collected 0.5 or 18 hr after injection with BrdU (50 mg/kg).

(C) Representative bivariate density plots of BrdU and DAPI labeling for cell-cycle analysis.
(D) Percentage of nucleated Es (Ter119/ DAPI™) in the spleen.
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(E) Percentage of nucleated Mos (CD14/ DAPI™) in the spleen. Percentage of proliferating
DAPI* nucleated Es in the spleen (F) 0.5 hr and (G) 18 hr post-BrdU injection. Percentage
of CD11b*/ BrdU™ cells in the spleen (H) 0.5 hr and (1) 18 hr post-BrdU injection.

Data derived from 2 experiments (N = 7-8). Bars represent means + SEMs. Means with
asterisks are significantly different from control (p < 0.05).
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Figure 6. Persistence of Extramedullary Myelopoiesis 24 Days after Social Stress
(A) Male CX3CR1(CreERT2)/ROSA26(STOPf!fl-tdTom) were exposed to 6 repeated cycles

of social defeat stress (Stress) or left undisturbed as controls. Next, mice were injected with
Tam (1 mg i.p.) 1 or 23 days later. At the 24-day endpoint, spleens were collected and
tdTomato expression was determined in Mos.

(B) Gating strategy for tdTomato* Mos in the spleen.

(C) Percentage of tdTomato+ Mos in the spleen 24 days later.

(D-F) Quantification of CFUs in the (D) BM, (E) blood, and (F) spleen 24 days after social
defeat. In a separate experiment, male C57BL/6 mice were subjected to 6 repeated cycles of
social defeat (stress) or left undisturbed as controls. Next, mice were injected with BrdU 24
days after social defeat, and myeloid cell proliferation was determined in the spleen.
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(G) Representative BrdU (green) and CD11b (red) labeling in the spleen.

(H) Number of CD11b*/BrdU* cells per field of view in the spleen 24 days after stress.
Data from (B) and (C) are derived from 1 experiment (n = 6), (D)—(F) from 1 experiment (n
=3), and (G) and (H) from 1 experiment (n = 6). Bars represent means + SEMs. Means with
asterisks are significantly different from control (p < 0.05).
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Table 1.
Splenic Erythropoiesis Partially Mitigated Anemia during Social Stress
Control Stress

Blood Sham SPLX Sham SPLX
RBC (K/pL) 98+01  96+03 72+02%  57+03%}
Hemoglobin (g/dL) 14.9+0.1 149+04 11 £0.4* 8.7+0.3*%*
Hematocrit (%) 45.7+09 458+09 343+0.9% 27+0.9%*
MCV (fl) 466+03 47.9+07 479405 475+09
MC HGB (pg) 151+01 155+0.2 154+01 152+0.2
RBC distribution 17.7+0 186+1.1 18.3+05 199+1
Platelet (K/uL) 1,300+78 15053+153 1,279+39 1432.8+112
MPV (fl) 53+0.2 51+01 51+01 52+0.1
Retic % 2201 27+0.2 3408 53+13

Page 29

Male C57BL/6 mice were splenectomized (SPLX) or given sham surgery. Then, 14 days later, mice were exposed to 6 repeated cycles of social
defeat (stress) or left undisturbed as controls. Blood samples were collected for automated complete blood counts 0.5 days after the final cycle of
stress. Main effects of stress: red blood cell (RBC) count (F(1,11) = 109.9, p < 0.0001), hemoglobin (F(1,11) = 159.7, p < 0.0001), and hematocrit

(F(1,11)=197.0, p <0.0001). Stress x SPLX interaction effects: RBC (F(1,11) = 3.7, p = 0.08), hemoglobin (F(1,11) = 8.5, p < 0.05), and

hematocrit (F(1,11) = 11.6, p<0.01). MCV, mean cell volume; MCHGB, mean cell hemoglobin; MPV, mean platelet volume. Numbers represent
means + SEMs. Data derived from 2 experiments (N = 6). Means with asterisks are significantly different from sham control (p < 0.05) and means
with hash mark were significantly different (p < 0.05) from sham stress.
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