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Salmonella Infection Enhances Erythropoietin Production by the
Kidney and Liver, Which Correlates with Elevated Bacterial Burdens

Lin-Xi Li,a* Joseph M. Benoun,a Kipp Weiskopf,b,c,d K. Christopher Garcia,b,c,d Stephen J. McSorleya

Center for Comparative Medicine, Department of Anatomy, Physiology and Cell Biology, School of Veterinary Medicine, University of California, Davis, Davis, California,
USAa; Institute for Stem Cell Biology and Regenerative Medicine, Stanford University School of Medicine, Stanford, California, USAb; Department of Molecular and Cellular
Physiology and Department of Structural Biology, Stanford University School of Medicine, Stanford, California, USAc; Howard Hughes Medical Institute, Stanford University
School of Medicine, Stanford, California, USAd

Salmonella infection profoundly affects host erythroid development, but the mechanisms responsible for this effect remain
poorly understood. We monitored the impact of Salmonella infection on erythroid development and found that systemic infec-
tion induced anemia, splenomegaly, elevated erythropoietin (EPO) levels, and extramedullary erythropoiesis in a process inde-
pendent of Salmonella pathogenicity island 2 (SPI2) or flagellin. The circulating EPO level was also constitutively higher in mice
lacking the expression of signal-regulatory protein � (SIRP�). The expression level of EPO mRNA was elevated in the kidney and
liver but not increased in the spleens of infected mice despite the presence of extramedullary erythropoiesis in this tissue. In con-
trast to data from a previous report, mice lacking EPO receptor (EPOR) expression on nonerythroid cells (EPOR rescued) had
bacterial loads similar to those of wild-type mice following Salmonella infection. Indeed, treatment to reduce splenic erythro-
blasts and mature red blood cells correlated with elevated bacterial burdens, implying that extramedullary erythropoiesis bene-
fits the host. Together, these findings emphasize the profound effect of Salmonella infection on erythroid development and sug-
gest that the modulation of erythroid development has both positive and negative consequences for host immunity.

In the United States, Salmonella enterica infections are an impor-
tant cause of foodborne infection, where they are responsible for

periodic outbreaks of gastroenteritis that can be traced to a variety
of sources (1–3). Other Salmonella enterica serovars impact devel-
oping nations, where they can be transmitted from human to hu-
man and cause a systemic infection called typhoid fever (4–6).
Although there are two licensed vaccines for typhoid, neither of
these vaccines provides effective immunity to young children or is
widely used in areas of endemicity (7, 8). An additional problem is
that nontyphoidal Salmonella serovars are now a major cause of
bacteremia in sub-Saharan Africa, where they are associated with
HIV, poor nutrition, or malaria coinfection (9, 10). Thus, the
development of new vaccines for typhoid and nontyphoidal sal-
monellosis (NTS) is an important public health priority. How-
ever, the generation of effective vaccines will require a greater
understanding of how the innate and adaptive immune responses
recognize and combat Salmonella infections (11).

Some Salmonella serovars cause disease in a single species,
while other serovars infect a broad range of animals, causing local
or disseminated infection depending on host susceptibility. Al-
though Salmonella enterica serovar Typhimurium causes gastro-
enteritis in humans, it causes a disseminated infection in mice that
displays some similarities to human typhoid and NTS (12, 13).
This murine infection has been widely used as a model to under-
stand Salmonella pathogenesis and the host immune response to
infection (11, 14). Salmonella immunity in mice requires the co-
ordinated activation of innate and adaptive immune compart-
ments, leading to a wide variety of immune effector mechanisms
that eliminate bacteria and establish protective immunity to sec-
ondary challenge (11, 15). Both CD4 and CD8 T cells contribute
to the resolution of primary Salmonella infection, while CD4 T
cells play a dominant role in providing secondary protective im-
munity (16–18). The role of B cells is more complex, since this cell
population is not required for primary clearance but contributes

to secondary protective immunity via antibody-dependent and
antibody-independent mechanisms (19–22). In order to survive
within an immunocompetent host, Salmonella has evolved mul-
tiple mechanisms to combat innate and adaptive immune re-
sponses (23–26). Some of these evasion strategies rely on the ex-
pression of Salmonella pathogenicity island (SPI) genes that
encode a molecular syringe to deliver effector proteins to infected
cells and disrupt cellular signaling or vesicle trafficking (27–29).
Salmonella can also shut down the synthesis of flagellin soon after
infecting host tissues (30), most likely because this antigen serves
as a target for innate and adaptive immune responses (31, 32).

In addition to these inhibitory effects of Salmonella on host
immune responses, recent studies demonstrate that Salmonella
infection disrupts homeostatic erythroid development (33, 34),
although the consequence of this for the host and pathogen is
poorly understood. Our laboratory reported previously that Sal-
monella-induced splenomegaly is largely a consequence of ex-
tramedullary erythropoiesis in the spleen (33). Approximately 10
to 30% of the spleen of a healthy naive mouse is composed of
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erythroid cells, but this proportion rises to 80 to 85% at the peak of
Salmonella-induced splenomegaly (33). This striking effect of Sal-
monella on erythroid development has been largely ignored de-
spite the fact that several studies over the last 40 years have noted
that bacterial endotoxin can affect erythropoiesis (35–38).

Erythrocytes develop from hematopoietic stem cells via inter-
mediate stages, before they shed nuclei and enter the circulation
(39, 40). CD71 and Ter119 define late stages in the process of
erythroid development (41, 42), and Salmonella infection is
known to induce a large expansion of these immature Ter119�

CD71� reticulocytes while decreasing mature erythrocytes (33).
This expansion of immature reticulocytes correlates with a large
increase in the level of serum erythropoietin (EPO) that can be
inhibited by EPO neutralization (33), demonstrating that dys-
regulated EPO production is responsible for this effect. However,
the signals that drive EPO production and the location of EPO
secretion during Salmonella infection are not well defined. With
regard to EPO responsiveness, it has recently been appreciated
that EPO receptor (EPOR) can be expressed by nonerythroid cells
(43). A recent study using EPOR-rescued mice lacking EPOR on
nonerythroid cells found that Salmonella bacteria were rapidly
eliminated, suggesting that EPO signaling in nonerythroid cells
encourages bacterial persistence (34). This effect correlated with
EPO-mediated inhibition of inflammatory cytokine and nitric ox-
ide production by activated macrophages (34), suggesting that
EPO might represent a critical mediator of host immune evasion.
Signal-regulatory protein � (SIRP�) is a transmembrane glyco-
protein expressed by macrophages that interacts with CD47 on
erythroid cells, inhibiting phagocytosis and allowing red blood
cells (RBCs) to remain in the circulation (44, 45). We recently
reported that SIRP�-deficient mice display basal splenomegaly
and have a higher number of splenic erythroid cells, including
reticulocytes (46). Furthermore, this abnormal basal erythroid de-
velopment correlated with the increased susceptibility of these
mice to Salmonella infection (46), thus strengthening the connec-
tion between erythroid dysfunction and Salmonella persistence.

Here, we further examine the interaction of Salmonella infec-
tion with erythroid development and show that Salmonella and
lipopolysaccharide (LPS) induce extramedullary erythropoiesis
and splenomegaly. While erythropoiesis was induced promi-
nently in the spleen, increased EPO production derives from the
kidney and liver of infected mice. Furthermore, we show that mice
lacking EPOR expression on nonerythroid cells do not display any
heightened susceptibility to infection and that treatment to reduce
numbers of circulating erythrocytes actually increases EPO pro-
duction and encourages bacterial persistence. Thus, the modula-
tion of erythroid development can have both positive and negative
consequences for host immunity to Salmonella infection.

MATERIALS AND METHODS
Mice. C57BL/6 mice were purchased from the National Cancer Institute
(Frederick, MD) and The Jackson Laboratory (Bar Harbor, ME). Con-
genic SIRP�-deficient (Sirp��/�) mice (B6.129P2-Sirpa�tm1Nog�/Rbrc)
and EPOR�/�

rescued mice (EpoR�/�::HG1-EpoR) were provided by
RIKEN BRC, Japan. Mice used for experiments were 6 to 12 weeks old,
unless otherwise noted. All of the animal experiments were approved by
the University of California, Davis, Institutional Animal Care and Use
Committee.

Salmonella infection and LPS treatment. Salmonella enterica serovar
Typhimurium strain SL1344 and a variety of mutants, including BRD509
(aroA mutant) (47), BRD509-SPI2 (aroA aroD spiB mutant) (29), and

BRD509-Flagellin (aroA aroD fliC fljB mutant) (18), were grown over-
night in LB broth without shaking before bacterial concentrations were
estimated by using a spectrophotometer (optical density at 600 nm). All
mice were infected intravenously (i.v.) in the lateral tail vein with 5 � 105

CFU of bacteria diluted in 200 �l phosphate-buffered saline (PBS). For
intraperitoneal (i.p.) infection, mice were administered 500 CFU of
SL1344 diluted in 500 �l PBS. The actual Salmonella bacterial dose ad-
ministered was confirmed by plating serial dilutions of the bacterial cul-
ture onto MacConkey agar plates. To determine Salmonella bacterial
loads in vivo, spleens and livers were removed from infected mice at var-
ious time points. Serial dilutions of organ homogenates were plated onto
MacConkey agar plates, and bacterial counts per organ were calculated.
For LPS treatment, C57BL/6 mice were injected i.v. with 1 to 10 �g of LPS
[from Escherichia coli serotype EH100 (Ra); Enzo Life Sciences, NY] di-
luted in 200 �l PBS in the lateral tail vein daily for 7 consecutive days.

Measurement of packed cell volume. C57BL/6 mice were injected
intravenously with 5 � 105 CFU of BRD509. Whole blood was collected
retroorbitally into heparinized capillary tubes every week after infection.
Blood was transferred to BD heparinized Microtainers, briefly vortexed,
and placed on ice. All samples were transported to the UC Davis Compar-
ative Pathology Laboratory for packed cell volume (PCV) analysis.

Flow cytometry. Spleens were harvested from naive, immunized, or
infected mice, and single-cell preparations were generated in PBS supple-
mented with 2% fetal bovine serum (FBS). Aliquots of each single-cell
suspension were stained with CD71-fluorescein isothiocyanate (FITC)
(clone R17217) and Ter119-allophycocyanin (APC) (clone Ter119;
eBioscience, San Diego, CA) and analyzed by using an LSRFortessa flow
cytometer (BD Biosciences, San Jose, CA). Flow cytometric data were
analyzed by using FlowJo software (TreeStar, Ashland, OR).

Determination of EPO levels by ELISAs. Mice were bled retroorbitally
at various time points postinfection or postimmunization, and serum was
collected. Serum was analyzed for EPO protein levels by an enzyme-linked
immunosorbent assay (ELISA) according to the manufacturer’s instructions
(R&D Systems, MN). Briefly, serial dilutions of serum samples were added to
96-well ELISA plates (Costar, Corning, NY) precoated with purified anti-
EPO antibody. Bound EPO was detected by using biotinylated anti-EPO an-
tibody, followed by the ExtrAvidin peroxidase substrate (Sigma-Aldrich, St.
Louis, MO). Color change was analyzed by using a spectrophotometer (Spec-
traMax M5; Molecular Devices, Sunnyvale, CA), and EPO concentrations
were calculated according to a standard curve.

Determination of Epo mRNA levels by real-time qPCR. C57BL/6
mice were injected intravenously with (i) 5 � 105 CFU of BRD509 on day
0, (ii) 1 �g LPS daily for 7 days, or (iii) PBS daily for 7 days. Spleen, liver,
kidney, and thymus were harvested on day 7, and total RNA was isolated
by using an RNeasy kit (Qiagen, Valencia, CA). SYBR green-based real-
time quantitative PCR (qPCR) for Epo mRNA was carried out by using the
following primers: Epo forward primer 5=-CAGAGACCCTTCAGCTTC
ATATAG-3=, Epo reverse primer 5=-TCTGGAGGCGACATCAATTC-3=,
Hprt forward primer 5=-CTTTCCCTGGTTAAGCAGTACA-3=, and Hprt
reverse primer 5=-GCCTGTATCCAACACTTCGA-3=. Data were ac-
quired by using a ViiA 7 real-time PCR system (Applied Biosystems) and
analyzed by the comparative threshold cycle (CT) method. Expression
levels of Epo mRNA were normalized to the amounts of Hprt mRNA in
each sample.

CV1-hIgG4 treatment. The high-affinity SIPR� variant (CV1-hIgG4,
referred as CV1 below) was described previously (48). To deplete mature
RBCs, Salmonella-infected mice were injected i.p. with 200 �g CV1 in 500
�l PBS on day 3 and day 6 postinfection. Mice were sacrificed on day 7 for
analysis.

Statistical analysis. Statistical analysis was performed by using an un-
paired t test for normally distributed continuous-variable comparisons
and a Mann-Whitney U test for nonparametric comparisons (Prism;
GraphPad Software, Inc.).
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RESULTS
Salmonella infection induces anemia and extramedullary eryth-
ropoiesis. In order to examine the effect of infection on erythroid
development, C57BL/6 mice were injected intravenously with 5 �
105 CFU of an attenuated strain of Salmonella (BRD509), and
erythrocytes were subsequently examined in the blood and spleen.
The hematocrit of whole blood was significantly reduced follow-
ing Salmonella infection (Fig. 1A), while the corresponding weight
of the spleen and proportion of splenic reticulocytes and their
progenitors (proerythrocytes) were increased (Fig. 1B). These
data are in broad agreement with results of previous reports de-
scribing Salmonella infection-induced anemia and splenic ery-
throid expansion and splenomegaly (33, 38, 49). Next, we exam-
ined whether LPS alone was sufficient to initiate erythroid
dysfunction by regular i.v. injection of 5 or 10 �g of LPS into
C57BL/6 mice. One week later, the overall size and weight of
spleens of LPS-injected mice had increased substantially (Fig. 2A).
This splenomegaly also correlated with markedly increased
splenic cellularity and a 10-fold expansion in the percentage of
CD71� Ter119� erythroblasts in the spleens of LPS-injected mice
(Fig. 2A and B). The extramedullary splenic erythropoiesis de-
tected in Salmonella-infected mice correlated with a significant
rise in serum erythropoietin levels (Fig. 2C). In vivo survival of
Salmonella is controlled by the expression of Salmonella pathoge-
nicity island 2 (SPI2) genes and the downregulation of flagellin
(50). In order to determine whether either of these virulence fac-

tors affected the development of anemia and splenomegaly, we
infected mice with Salmonella strains lacking the expression of
SPI2 or flagellin. Since SPI2 mutants display low levels of bacterial
growth in vivo, we also infected some mice with higher doses of
this mutant strain. The high doses of both the SPI2- and flagellin-
deficient bacteria induced splenomegaly and anemia in C57BL/6
mice (Fig. 2D). Thus, Salmonella infection or repeated exposure to
LPS can induce EPO production, splenomegaly, and extramedul-
lary erythropoiesis in a process that does not depend on the SPI2
type III secretion system (T3SS) or flagellin.

Salmonella infection and LPS injection elevate EPO produc-
tion in the kidney and liver. Previous studies demonstrated that
elevated EPO production is essential for extramedullary erythro-
poiesis driven by Salmonella infection (33). Under homeostatic
conditions, EPO is produced in the kidney (51), but the source of
elevated EPO levels during Salmonella infection is currently un-
clear. In order to explore the source of EPO in more detail, we used
ELISAs to detect EPO in organ lysates following Salmonella infec-
tion but found that this methodology gave inconsistent results.
Therefore, we examined EPO mRNA expression in several differ-
ent organs after C57BL/6 mice were infected with Salmonella or
injected with LPS. The level of EPO mRNA was unaltered in the
thymus and spleen of Salmonella-infected or LPS-injected mice
(Fig. 3), indicating that splenic erythropoiesis is most likely not
induced by local EPO production. In marked contrast, LPS and
Salmonella infection resulted in elevated EPO mRNA levels in
both the kidney and liver (Fig. 3). At baseline, the relative expres-
sion level of EPO mRNA was higher in the kidney than in the liver
(Fig. 3), suggesting that this organ is the major site of EPO pro-
duction.

EPOR expression on nonerythroid cells does not affect bac-
terial persistence. It was reported previously that mice lacking
EPOR expression on nonerythroid cells (EPOR�/�

rescue) display
an enhanced ability to clear Salmonella infection (34). This finding
suggested a novel mechanism of bacterial persistence where the
induction of elevated EPO levels is able to suppress bacterial kill-
ing by macrophages and other EPO-responsive nonerythroid cells
(52). We reexamined this issue by infecting EPOR�/�

rescue and
littermate control mice with an attenuated Salmonella strain and
monitored bacterial counts at weekly intervals. Surprisingly, there
was no statistically significant difference detected in bacterial
loads in the spleen or liver of EPOR�/�

rescue and littermate control
mice at any time point postinfection (Fig. 4A). Since it was possi-
ble that any effect of EPO on persistence was masked by the slow
growth of the attenuated bacteria used in our experiment, we chal-
lenged EPOR�/�

rescue and littermate control mice with a virulent
strain, SL1344. Again, there was no significant difference in bac-
terial loads in the liver or spleen between EPOR�/�

rescue and lit-
termate control mice (Fig. 4B). Thus, the expression of EPOR on
nonerythroid cells does not appear to adversely affect the growth
or survival of attenuated or virulent Salmonella in vivo.

Depletion of erythroid cells increases EPO production and
bacterial growth. Previous studies have shown that SIRP�-defi-
cient (Sirp��/�) mice exhibit enhanced basal erythropoiesis and
display enhanced susceptibility to Salmonella infection (46).
Given the correlation between EPO levels and susceptibility in
Salmonella-infected wild-type mice, we examined EPO levels in
SIRP�-deficient mice. EPO levels were markedly elevated in the
sera of Salmonella-infected SIRP�-deficient mice (Fig. 5), thus
providing further evidence to link circulating EPO levels with en-

FIG 1 Systemic Salmonella infection induces anemia and extramedullary
erythropoiesis. C57BL/6 mice were infected i.v. with 5 � 105 CFU of an atten-
uated Salmonella strain (BRD509). (A) The percentages peripheral blood
packed cell volume (PCV%) were measured weekly after Salmonella infection.
Statistical significance was established via multiple t tests. (B) Percentages of
RBCs (Ter119� CD71�), reticulocytes (Ter119� CD71�), and proerythro-
blasts (Ter119med CD71�) in the peripheral blood of naive and Salmonella-
infected mice were measured by flow cytometry. dpi, days postinfection; *, P 	
0.05. Comparisons were made between infected and uninfected (week 0)
groups.
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FIG 2 LPS induces erythropoiesis and EPO production. C57BL/6 mice were injected with 5 �g or 10 �g LPS daily for 7 consecutive days or infected i.v. with 5 �
105 CFU of attenuated Salmonella strains (BRD509 or mutant strains). (A) Sizes, weights, and total cell numbers of mouse spleens 7 days after LPS injection. (B)
Total RBCs and RBC precursors recovered from the spleens of mice injected with LPS. (C) Blood EPO levels 7 days after LPS injection or Salmonella infection.
(D) Bacterial counts per organ, spleen weights, and PCV in mice infected with either BRD509 or mutant strains. For the SPI2 mutant, both a low dose (5 � 105

CFU) and a high dose (5 � 107 CFU) were used for i.v. infection. Error bars represent the means 
 standard errors of the means. *, P 	 0.05; **, P 	 0.01; n.s.,
not significant (by an unpaired t test). WT, wild type.
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hanced Salmonella susceptibility. As noted above, our laboratory
and others previously demonstrated that neutralization of EPO
reduces bacterial growth (33, 52). Since the experiments using
EPOR�/�

rescue mice described above suggested that any effect of
EPO most likely involves erythroid responsiveness to EPO, we
decided to examine whether depletion of erythroid cells could
enhance bacterial clearance.

A high-affinity SIRP� variant (CV1) has been developed and
used as a therapeutic to enhance tumor-specific monoclonal an-
tibodies (48). CV1 antagonizes the “do not eat me” signal deliv-
ered by CD47 and thus has the effect of enhancing macrophage
phagocytosis of CD47-expressing tumor cells. Since this same
CD47 signal regulates erythroid homeostasis in the spleen, we
injected Salmonella-infected C57BL/6 mice with CV1 and exam-

ined the effect on erythroid expansion. While Salmonella-infected
mice displayed a marked expansion of erythroblasts (CD71�

Ter119�) and mature red blood cells (CD71� Ter119�) in the
spleen, this expansion was curtailed in Salmonella-infected mice
administered CV1 (Fig. 6A). Thus, CV1 effectively prevented in-
fection-induced splenic erythroid expansion by antagonizing
CD47. Since EPO production and erythroid expansion correlate
with enhanced bacterial persistence (33, 52), our expectation was
that this CV1-mediated reduction in erythroid expansion would
limit bacterial growth. However, mice injected with CV1 actually
displayed significantly higher bacterial burdens in the spleen de-
spite the fact that extramedullary erythropoiesis was effectively
curtailed (Fig. 6B). A possible explanation for this increased bac-
terial growth was that CV1-injected mice displayed elevated levels
of EPO in the circulation (Fig. 6C). Thus, directly blocking ery-
throid expansion or the availability of EPO itself has differential
effects on bacterial growth in vivo.

DISCUSSION

Salmonella infection of inbred mice causes profound enlargement
and increased cellularity of the spleen, which is sometimes as-
cribed to the proliferation of innate and adaptive immune cells
responding to infection. Although the numbers of splenic macro-
phages, NK cells, dendritic cells, T cells, and B cells increase during
Salmonella infection, the largest increase is actually found among
erythroid cells, which expand to account for 80 to 85% of the
spleen at the peak of infection (33). This extramedullary erythro-
poiesis causes a large expansion of the red pulp, which disrupts the
splenic architecture and has the potential to influence innate and
adaptive immunity to infection (53). The relationship between
Salmonella infection, extramedullary erythropoiesis, and host im-
munity therefore represents an important but poorly understood
component of the host-pathogen dynamic.

Previous studies have shown that Toll-like receptor (TLR) rec-
ognition of Salmonella increases EPO production and red blood
cell expansion and that EPO neutralization alone can decrease
bacterial growth (33, 52). Our current data confirm that ex-
tramedullary erythropoiesis is a consequence of Salmonella infec-
tion and further show that this expansion is accompanied by a
reduction in circulating red cells. Furthermore, these erythroid
alterations in the spleen are not a direct consequence of the type III
secretion system encoded by SPI2 or bacterial expression of flagel-
lin. Thus, erythroid dysregulation is induced in the spleen by vir-
ulent or highly attenuated Salmonella and is likely a direct conse-
quence of host recognition of bacterial pathogen-associated
molecular patterns (PAMPs) (35, 36). In support of this idea, in-
jection of mice with LPS alone also induced splenomegaly and
extramedullary erythropoiesis. This finding conflicts somewhat
with previously reported data showing that LPS or the cytokines
gamma interferon (IFN-�) and interleukin-1 (IL-1) can inhibit
circulating EPO and EPO mRNA production (54–56). Con-
versely, our data show that the levels of EPO mRNA in the kidney
and liver were markedly elevated during Salmonella infection,
suggesting that these two organs are the primary sources of ele-
vated EPO levels. Indeed, both of these organs were previously
shown to account for elevated EPO levels in response to reduced
oxygen tension (52, 57). As expected, the EPO mRNA level was
not increased in primary or secondary lymphoid tissues during
infection. It is not yet clear whether kidney and liver cells are
responding to hypoxia during Salmonella infection or whether

FIG 3 EPO mRNA levels are upregulated in kidney and liver during ex-
tramedullary erythropoiesis. C57BL/6 mice were injected with 1 �g LPS daily
for 7 consecutive days or infected i.v. with 5 � 105 CFU of an attenuated
Salmonella strain (BRD509). Spleen, liver, kidney, and thymus were harvested
on day 7, and total mRNA was isolated as described in Materials and Methods.
Graphs show the fold changes (log10) of EPO mRNA levels in mice receiving
LPS or Salmonella compared with mice injected with PBS as controls. *, P 	
0.05 (by a Mann-Whitney U test).
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EPO is enhanced by the detection of PAMPs or inflammatory
cytokines. The fact that EPO production is highly dependent on
TLR signaling (33) suggests that the latter pathway may be more
important than hypoxia. Whatever the stimulus, the erythroid
dysfunction detected in the spleen during Salmonella infection is
likely to be driven by elevated EPO production from the kidney
and liver.

It is clear from previous studies that TLR-dependent EPO pro-
duction drives splenic erythropoiesis and that this correlates with
enhanced bacterial growth (33, 52). However, the actual mecha-
nism accounting for enhanced bacterial growth is substantially
less clear. One possibility comes from the understanding that EPO
has pleiotropic effects on a broad range of cell types in vivo (52).

Indeed, various effects of EPO and/or EPOR expression on T cells,
B cells, neutrophils, dendritic cells, and macrophages have been
reported (52, 58). Most importantly, EPO was found to have di-
rect inhibitory effects on macrophage killing of Salmonella in vitro
(34). Furthermore, mice that lacked EPOR expression on non-
erythroid cells were able to control bacterial growth more effi-
ciently (34). Indeed, some of our data add some support to this
mechanism since CV1 treatment effectively blocked splenic eryth-
rocyte expansion while maintaining high levels of circulating
EPO, and the consequence was enhanced bacterial growth. Simi-
larly, our data demonstrate that circulating EPO levels are elevated
in SIRP�-deficient mice, which also display enhanced susceptibil-
ity to Salmonella (46). Together, these findings reinforce the idea
that EPO, rather than extramedullary erythropoiesis, is the critical
variable for inhibiting bacterial clearance. Importantly, however,
we were unable to detect any difference in the bacterial burdens in
wild-type and EPOR�/�

rescue mice, which lack the expression of
EPO on nonerythroid cells. This negative result was confirmed by
using both attenuated and virulent bacteria, neither of which dis-
played enhanced clearance in EPOR�/�

rescue mice. Thus, this data
set conflicts with a model where EPOR expression by non-
erythroid cells would be responsible for encouraging Salmonella
growth in vivo. Although our mice were obtained from the same
source as the mice used in a previous study, it remains possible
that minor differences in bacterial strains, infection doses, or host
microbiota could account for the divergent results. Indeed, it
should also be noted that EPO was previously reported to have
proinflammatory and anti-inflammatory effects on cell signaling
and cytokine production, and thus, small alterations in the exper-
imental setup between these two studies could have accentuated
these effects.

Overall, our data are consistent with a model where (i) in-

FIG 4 EPO does not appear to act on nonerythroid cell lineages to modulate host protective immunity against Salmonella. EpoR�/�rescue mice and littermate
controls were infected with either 5 � 105 CFU of an attenuated Salmonella strain (BRD509) i.v. (A) or 500 CFU of a virulent Salmonella strain (SL1344) i.p. (B).
Spleens and livers were recovered at 1, 2, and 3 weeks post-BRD509 infection or at 5 days post-SL1344 infection. The bacterial counts per organ were determined
by serial dilution and plating. No statistical significance was determined.

FIG 5 The EPO level is highly elevated in SIRP�-deficient mice after Salmo-
nella infection. Blood EPO levels in wild-type and Sirp��/� mice 2 and 3 weeks
after infection with an attenuated Salmonella strain (BRD509) were measured
by an ELISA. Error bars represent the means 
 standard errors of the means. *,
P 	 0.05; **, P 	 0.01 (by an unpaired t test).
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creased EPO production is responsible for encouraging Salmo-
nella persistence and (ii) the primary effect of EPO is on cells of an
erythroid lineage but that (iii) erythroid cell expansion in the
spleen is not absolutely required to encourage bacterial growth. A
potential model that focuses more on erythroid cell responsive-
ness to EPO can be generated from the understanding that ex-
tramedullary erythropoiesis encourages splenic hemophagocyto-
sis, a pathological process whereby local macrophages engulf red
blood cells and lymphocytes (59, 60). The process of hemophago-
cytosis can be induced by injection of mice with heat-killed Bru-
cella or a variety of TLR ligands (61–63). Indeed, a recent report
showed that stimulation of macrophages with heat-killed Salmo-
nella or LPS induces hemophagocytosis (64).

Hemophagocytic macrophages display an anti-inflammatory
phenotype and appear to be permissive for Salmonella growth in a
mouse model of chronic Salmonella infection (65). Thus, any in-
crease in the number of hemophagocytes would be expected to
enhance bacterial persistence in vivo. While conceptually appeal-
ing, some of our data indicate that this model may not fully ex-
plain the effect of EPO and erythropoiesis on bacterial growth. In
particular, our use of the high-affinity SIRP� variant (CV1) dem-

onstrates that splenomegaly and erythroblast formation can be
blocked in the spleen during Salmonella infection and that this
correlates with enhanced bacterial growth. However, it seems pos-
sible that CV1 would enhance erythrocyte uptake by macrophages
and therefore increase the number of hemophagocytes in the
spleen. Since hemophagocytes have an anti-inflammatory pheno-
type (65), any expansion in the number of these cells should pro-
vide a niche for enhanced bacterial growth. Mice infected with
Salmonella also show a loss of iron from the spleen and high levels
of expression of ferroportin-1 on macrophages (66), which should
limit the availability of iron for intracellular bacterial growth. The
enhancement of bacterial growth after CV1 treatment could
therefore reflect an increased access of Salmonella to iron as a
consequence of hemophagocytosis (67).

In addition to the contribution of hemophagocytes to bacterial
growth, EPO is also known to have effects on erythroid cells other
than driving erythroid expansion. In particular, EPO can affect
iron homeostasis as a consequence of modulating transferrin re-
ceptor expression in erythroid cells. In human and murine ery-
throid cell lines, EPO was shown to increase transferrin receptor
expression on the cell surface and consequently to increase iron

FIG 6 Targeted depletion of erythrocytes from the spleen increases host susceptibility to Salmonella. C57BL/6 mice were infected i.v. with 5 � 105 CFU of an
attenuated Salmonella strain (BRD509). Cohorts of mice were treated with high-affinity SIRP� variants (CV1) on day 3 and day 6 after infection. (A) Percentages
and total cell numbers of RBCs (Ter119� CD71�), reticulocytes (Ter119� CD71�), and proerythroblasts (Ter119med CD71�) in the spleens of naive, Salmonella-
infected, and Salmonella-infected and CV1-treated mice as measured by flow cytometry. (B) Bacterial counts in the spleens and livers of Salmonella-infected mice
at 7 days postinfection with or without CV1 treatment. (C) Blood EPO levels in naive, Salmonella-infected, and Salmonella-infected and CV1-treated mice as
measured by an ELISA. An unpaired t test was used to calculate statistical significance for panels A to C. Error bars represent the means 
 standard errors of the
means. *, P 	 0.05; **, P 	 0.01; n.d., not detected.
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uptake into cells (68). Such iron sequestration by erythroid cells
could deliver more iron to hemophagocytes and thus compensate
for reduced erythroid expansion during CV1 treatment. Overall,
we suggest that the critical variables for understanding the effect of
EPO on Salmonella growth might relate to the ability of EPO to
increase hemophagocytosis and the availability of iron for subse-
quent bacterial growth.

Together, our data show that both Salmonella and LPS induce
extramedullary erythropoiesis and splenomegaly. Furthermore,
we show that mice lacking EPOR expression on nonerythroid cells
do not display heightened susceptibility to infection but that di-
rectly reducing circulating erythrocytes increased EPO produc-
tion and encouraged bacterial persistence. Thus, interventions
that modulate erythroid development can have both positive and
negative consequences for host immunity to Salmonella infection.
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