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Abstract
Systemic Salmonella infection commonly induces prolonged splenomegaly in murine or human
hosts. Although this increase in splenic cellularity is often assumed to be due to the recruitment
and expansion of leukocytes, the actual cause of splenomegaly remains unclear. We monitored
spleen cell populations during Salmonella infection and found that the most prominent increase is
found in the erythroid compartment. At the peak of infection, the majority of spleen cells are
immature CD71−Ter119+ reticulocytes, indicating that massive erythropoiesis occurs in response
to Salmonella infection. Indeed, this increase in RBC precursors corresponded with marked
elevation of serum erythropoietin (EPO). Furthermore, the increase in RBC precursors and EPO
production required innate immune signaling mediated by Myd88/TRIF. Neutralization of EPO
substantially reduced the immature RBC population in the spleen and allowed a modest increase
in host control of infection. These data indicate that early innate immunity to Salmonella initiates
marked splenic erythropoiesis and may hinder bacterial clearance.

Salmonella infections are typically transmitted by contaminated food or water and can cause
a spectrum of clinical manifestations, ranging from uncomplicated local gastro-enteritis to
typhoid (1, 2). The outcome of Salmonella infection depends on the particular bacterial
serovar and both the genetic susceptibility and immune competence of the infected host (1,
2). The increasing incidence of Salmonella antibiotic resistance and the limited potential for
the development of new antibiotics (3–5) necessitate the generation of new Salmonella
vaccines. However, for this goal to be realized, a greater understanding of bacteria–host
interactions and immunity to infection is required.

Salmonella spp. are facultative intracellular bacteria that are able to survive macrophage
phagocytosis and replicate within a modified endosome, called the Salmonella-containing
vacuole (6, 7). Salmonella-containing vacuole formation is regulated by multiple Salmonella
virulence genes, which allow adaptation of the macrophage intracellular environment for
optimal bacterial growth (7). Infected phagocytes therefore require an activation signal
provided by IFN-γ to initiate bactericidal processes that overcome phagosome modifications
and eliminate the infecting bacteria (8). During the early stages of Salmonella infection,
IFN-γ is provided by cells of the innate immune system, such as NK cells, neutrophils, and
macrophages, thus allowing the host to restrain initial bacterial growth while a Salmonella-
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specific adaptive immune response develops (9, 10). Although Salmonella-specific CD4 T
cells are activated rapidly postinfection, it takes several weeks to develop Salmonella-
specific Th1 cells that are capable of producing large amounts of IFN-γ and controlling
intracellular bacterial replication (11, 12). In the absence of Th1 cells or IFN-γ, the infected
host is unable to regulate bacterial growth and eventually succumbs to infection (13, 14).

During systemic infection, Salmonella spp. replicate extensively within phagocyte
populations of the GALTs, spleen, liver, and bone marrow (15, 16). The early innate
immune response to infection invokes chemokine-dependent recruitment of neutrophils and
monocytes to the infected site, where they can be activated to produce inducible NO
synthase and kill bacteria (16, 17). However, recruitment of phagocytes can also be
counterproductive, because these newly recruited phagocytes provide a rich source of new
cells for additional infection. Indeed, prior depletion of phagocytes actually increases host
resistance to Salmonella infection (18). In addition to recruitment of phagocytes, Salmonella
infection also induces marked activation and expansion of CD4 and CD8 T cells (19–21),
the majority of which appear to be Salmonella-specific and eventually control bacterial
replication (22). Thus, a hallmark of Salmonella infection is increased cellularity of the
spleen, owing in part to recruitment and expansion of phagocyte and lymphocyte
populations responding to infection. Although the splenomegaly accompanying Salmonella
infection is sometimes attributed to this increase in splenic leukocytes, the contribution of
other cell populations is not always carefully examined.

The expansion and differentiation of erythroid cells usually occurs in the bone marrow and
is tightly regulated by the production of the hormone erythropoietin (EPO). Erythroid
progenitor cells respond to EPO and progress through a series of well-characterized
differentiation stages before extruding nuclei and forming mature circulating erythrocytes
(23, 24). This process of erythroid differentiation is normally regulated so that sufficient
erythrocytes are produced in the bone marrow. However, under conditions of stress,
erythroid differentiation can become dys-regulated, and a large increase in erythrocytes can
be initiated in the spleen (25), termed “extramedullary erythropoiesis”.

Erythropoiesis can also be substantially altered during infection with microbial pathogens.
For example, infection with Friend spleen focus-forming virus initiates erythroid hyperplasia
in the absence of EPO (26), and studies published decades earlier clearly demonstrate that
injection of bacterial endotoxin can reduce bone marrow, but increase splenic erythropoiesis
(27–29). A more recent study reported that Salmonella infection can cause erythroid
depletion of the bone marrow and a corresponding increase in splenic erythropoiesis (30).
However, the initiation of splenic erythropoiesis during Salmonella infection has received
relatively little attention.

In this study, we examined the process of splenomegaly during murine Salmonella infection.
Our data show that a massive increase in immature erythroid reticulocytes accounts for the
greatest single change in splenic cell populations following Salmonella infection. Expansion
of this erythroid population was initiated by a marked increase in EPO production, which
required recognition of bacteria by innate immune receptor signaling. These data document
a major effect of Salmonella infection on erythroid cell development that alone accounts for
much of the splenomegaly in response to infection.

Materials and Methods
Mouse and bacterial strains

C57BL/6 mice were purchased from the National Cancer Institute (Frederick, MD) and The
Jackson Laboratory (Bar Harbor, ME), and they were used at 6–12 wk old. CD90.1
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congenic, RAG-deficient SM1 TCR transgenic mice express a monoclonal TCR specific for
Salmonella flagellin and have been described in detail previously (31, 32). Myd88/TRIF-
deficient mice were bred in our animal facility from breeding stock provided by Dr. M.
Jenkins (University of Minnesota, Minneapolis, MN). CD47-deficient mice were purchased
from The Jackson Laboratory. All mice were given care in accordance with University of
Minnesota Research Animal Resource guidelines. Salmonella BRD509 strain (33) was
provided by Dr. D. Xu (University of Glasgow, Glasgow, U.K.).

Salmonella infection, spleen weights, and bacterial counts
BRD509 (AroA−D−) were grown overnight in Luria-Bertani broth without shaking, and
bacterial numbers were estimated using a spectrophotometer (optical density at 600 nm).
Stocks were prepared in PBS and mice were infected intravenously with 5 × 105 bacteria in
the lateral tail vein. Bacterial doses were confirmed in every experiment by plating serial
dilutions of the stock culture onto MacConkey agar plates and examining colony counts the
following day. Spleens from infected and uninfected mice were surgically removed and
weighed prior to further processing. To determine bacterial growth in vivo, spleens from
infected mice were homogenized in PBS, serial dilutions were plated onto MacConkey agar,
and colonies were counted the following day.

Flow cytometric analysis of spleen and blood
Spleens were harvested from infected and uninfected mice, and a single cell suspension was
prepared in Eagle’s Ham’s amino acids supplemented with 2% FBS. Peripheral blood was
obtained by retro-orbital bleeding of anesthetized mice using heparinized capillary tubes.
Total cells were counted using a hemocytometer and 5 × 106 cells incubated on ice for 30
min in Fc receptor block containing FITC-, PE-, PE-Cy5-, or allophycocyanin-conjugated
Abs specific for CD11b, NK1.1, Gr-1, CD4, CD8, B220, Ter119, and CD71 (eBioscience,
San Diego, CA; BD Biosciences, San Jose, CA). After surface staining, cells were fixed
using paraformaldehyde and examined by flow cytometry using a FACS Canto (BD
Biosciences). All flow data were analyzed using FlowJo software (Tree Star, Ashland, OR).

TCR transgenic adoptive transfers
Spleen and lymph node cells were harvested from SM1 TCR transgenic mice. A single cell
suspension was generated and stained using Abs to CD4 and Vβ2 to determine the
percentage of TCR transgenic cells. The volume was adjusted accordingly, and 1 × 105-1 ×
106 SM1 cells were injected intravenously into recipient mice. Three days postinfection,
spleens were harvested and a single-cell suspension was generated in Eagle’s Ham’s amino
acids medium containing 2% FBS. Samples were incubated on ice for 30 min in Fc block
containing FITC-, PE-, PE-Cy5-, or allophycocyanin-conjugated Abs specific for CD4,
CD11a, and CD90.1 (eBioscience; BD Biosciences). After staining, cells were fixed using
paraformaldehyde and examined by flow cytometry using a FACS Canto. All flow data
were analyzed using FlowJo software (Tree Star).

EPO measurement
Blood was collected by retro-orbital bleeding of anesthetized, infected, and uninfected mice
and incubated at room temperature for 2 h. Each sample was centrifuged in a bench-top
centrifuge to pellet the RBCs, and serum was collected and stored at −20°C. EPO
concentrations in serum samples were measured using the Quantikine Mouse/Rat Epo
Immunoasssay (R&D Systems, Minneapolis, MN) following the recommended protocol.
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In vivo blockade of EPO
Salmonella-infected mice were injected i.v. with 250 μg monoclonal rat anti-mouse EPO or
rat IgG2a isotype control (R&D Systems) in PBS, 2 and 4 d postinfection. Blood was
collected by retro-orbital bleeding of anesthetized mice on days 4 and 7 postinfection, and
serum was collected.

Statistical analysis
Statistical differences between groups of normally distributed data were examined using
InStat (GraphPad Software, La Jolla, CA). For bacterial burdens, Log10 CFUs are normally
distributed and were also compared using InStat. Data in each group were compared using
an unpaired t test and were considered significantly different at p < 0.05.

Results
Salmonella infection causes a marked increase in erythroid cells in the spleen

We examined the development of splenomegaly in response to Salmonella infection by
weighing spleens harvested from infected mice. One week postinfection of C57BL/6 mice,
the average spleen weight increased markedly and continued to increase over subsequent
weeks (Fig. 1A). This period of increasing spleen weight corresponded closely to the time
when live bacteria could be cultured from the spleen (Fig. 1B). After bacterial clearance
occurred (4 wk postinfection), the average spleen weight steadily declined at each
subsequent time point (Fig. 1A).

To examine which cell populations contributed to splenomegaly, spleen cells were harvested
from infected mice at various time points, and the change in various cell types was
examined directly by flow cytometry. As expected, a large increase in the number of splenic
CD11b+ cells was detected, which peaked at ~3 wk postinfection (Fig. 2A). Most CD11b+

cells did not express the dendritic cell marker CD11c and therefore are likely to be
monocytes, which are known to infiltrate infected tissues (16). A substantial increase in the
number of NK1.1+ cells and Gr-1+ neutrophils was also noted over the same period (Fig.
2A). Thus, a marked increase in the number of phagocytes and NK cells was detected in the
spleens of infected mice. Each of these cell populations steadily increased until bacterial
clearance was eventually achieved, at ~4 wk postinfection (Fig. 1B).

Similar increases were noted in the absolute number of CD4 and CD8 T cells following
Salmonella infection (Fig. 2B). It has previously been reported that these expanded T cell
populations display evidence of Ag-induced activation and likely represent the development
of Salmonella-specific T cell responses (19–21). The number of splenic B cells also
increased (Fig. 2B), although it is unclear whether this is a consequence of Ag-specific B
cell expansion or polyclonal activation of splenic B cells in response to endotoxin.

Whereas each of these immune cell populations increased postinfection, the population of
cells displaying the largest increase was actually cells expressing the erythroid lineage
marker Ter119 (Fig. 2C). In uninfected mice Ter119+ cells represent 10–30% of spleen
cells, whereas they accounted for 80–85% of all spleen cells in some mice at the peak of
splenomegaly (~3 wk post-infection; Fig. 2C). Thus, an increase in erythroid cells is the
largest total and proportional increase of any splenic cell population after Salmonella
infection. Despite this large increase in the splenic erythrocyte population, there was only a
modest reduction in circulating erythrocytes detected in the peripheral blood of infected
mice (Fig. 3). Thus, splenic erythrocyte expansion is most likely initiated in the spleen, and
it does not represent relocation of cells from peripheral circulation. These data are in broad
agreement with early studies demonstrating that bacterial endotoxin initiates splenic
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erythropoiesis and a recent study reporting that Salmonella infection causes an increase in
splenic erythrocytes (27–30).

The majority of splenic erythroid cells are immature reticulocytes
Erythrocytes develop from hematopoietic stem cells via a series of intermediate stages,
starting from burst-forming unit cells, pro-erythroblasts, and then subsequent basophilic,
polychromatic, and orthochromatic erythroblast stages (23, 24). In the later stages, the
nucleus is shed prior to the formation of mature erythrocytes (23, 24). At these later
developmental stages, the erythroid cells initially express CD71 and subsequently express
Ter119. During the transition from reticulocytes to mature erythrocytes, cells eventually lose
surface expression of CD71, but maintain the erythroid marker Ter119 (34, 35). Thus,
surface staining with Abs specific for CD71 and Ter119 can be used to examine the stages
of erythroid development. We decided to use this strategy to characterize the large increase
in erythroid cells accompanying Salmonella infection.

The spleen of uninfected C57BL/6 mice contained two discrete populations of
Ter119+CD71+ and Ter119+CD71− cells at relatively similar frequency (Fig. 4A,
uninfected). As noted previously, Ter119+CD71− has been used to define mature
erythrocytes, whereas Ter119+CD71+ represent immature reticulocytes developing into
erythrocytes (34, 35). In these uninfected mice, an extremely small proportion of spleen
cells expressed CD71, but did not express Ter119 (Fig. 4A). These cells could be earlier
stage erythroid progenitors or simply nonerythroid cells expressing CD71, which by itself is
not a specific marker for erythroid cells.

Four days after Salmonella infection, the percentage of both Ter119+ populations decreased
slightly (Fig. 4B). In some but not all mice, this decrease was particularly notable in the
immature CD71+ population (Fig. 4A, day 4). These data suggest that Salmonella infection
may initially cause erythroid depletion in the spleen, as was previously reported for the bone
marrow (30). At 8 and 15 d postinfection, a massive increase in the percentage of Ter119+

cells was detected (Fig. 4A). Almost all of these cells were immature Ter119+CD71+

reticulocytes, whereas the percentage of mature erythrocytes remained significantly
depressed (Fig. 4A, 4B). At 3 wk postinfection as bacterial loads were rapidly decreasing
(Fig. 1), the percentage of immature Ter119+CD71+ reticulocytes remained high, but the
mature erythrocyte population had recovered to levels that were detected in un-infected mice
(Fig. 4). Four weeks postinfection, when bacteria were cleared from the spleen, the
percentage of immature reticulocytes decreased significantly, and mature erythrocytes were
also clearly detected. At every time point after 8 d, an increase in CD71+Ter119− cells was
detected in Salmonella-infected mice (Fig. 4A, 4B) relative to preinfection.

Given these substantial changes in splenic erythroid cell populations, we also examined
whether immature Ter119+CD71+ reticulocytes were elevated at other systemic sites of
infection—the bone marrow and liver. Whereas a large increase in Ter119+CD71+

reticulocytes was found in the spleen, this population remained unchanged or slightly
decreased in the bone marrow (Fig. 5). A small but statistically significant increase in
Ter119+CD71+ reticulocytes was also detected in the liver of infected mice (Fig. 5). These
data demonstrate that Salmonella infection induces massive splenic erythropoiesis and that
this erythroid population is composed almost completely of immature reticulocytes.
Furthermore, few mature erythrocytes were detected developing from this immature pool
until bacteria started to be cleared from the spleen.
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Salmonella innate activation induces the production of EPO
Given the large increase in immature erythroid cell development, it seemed likely that EPO
production was induced by Salmonella infection. However, previous studies in a viral model
have also demonstrated direct viral stimulation of erythropoiesis that was EPO-independent
(26). Therefore, we measured the level of EPO in the serum of mice after Salmonella
infection. Indeed, Salmonella infection caused a substantial increase in the serum EPO
concentration, which peaked at ~2 wk postinfection before steadily declining thereafter (Fig.
6A).

The kinetics of EPO production closely mirrored the bacterial load detected in the spleen
during infection (Fig. 1), suggesting that recognition of bacteria by the innate immune
system was responsible for stimulating EPO production. Alternatively, the production of
EPO could simply be a natural consequence of erythropoietic stress accompanying infection.
To examine this issue, we measured EPO production in Salmonella-infected, wild type
(WT) and Myd88/TRIF-deficient mice, lacking the major adaptor proteins downstream of
TLR ligation. As expected, WT mice displayed a substantial increase in serum EPO
concentration after Salmonella infection (Fig. 6B). In marked contrast, Myd88/TRIF-
deficient mice had no significant increase in serum EPO concentration up to 8 d after
Salmonella infection (Fig. 6B), despite the fact that elevated numbers of bacteria were
detected in the spleen of these mice (Fig. 6C). Furthermore, the expansion of immature
reticulocytes (Ter119+CD71+) was substantially reduced in Salmonella-infected Myd88/
TRIF-deficient mice (Fig. 6D). Therefore, both EPO production and the expansion of
Ter119+CD71+ immature reticulocytes required recognition of bacteria by innate immune
receptors and signaling through their associated adaptor molecules.

Effect of EPO on immunity to Salmonella infection
It seemed plausible that massive expansion of erythroid precursors and the resulting
splenomegaly was advantageous for bacterial growth, either because immune architecture is
substantially disrupted during erythroid expansion or because of the direct effects of
increased numbers of erythroid cells on dendritic cell or T cell populations. It has been
reported that erythroid cells can inhibit dendritic cell function in vitro, probably via CD47
interactions with SIRPα (36). However, we infected CD47-deficient mice with Salmonella
and found no difference in the ability of these mice to resolve infection (data not shown).
Next, we directly examined whether erythroid expansion was detrimental to Salmonella-
specific CD4 T cell activation using SM1 TCR transgenic T cells. Mice were adoptively
transferred with Salmonella-specific SM1 CD4 T cells, and T clonal expansion was
examined in the presence or absence of recombinant EPO injections. As expected, injection
of rEPO caused transient expansion of Ter119+CD71+ erythroid cells in the spleen, but did
not affect the activation or clonal expansion of Salmonella-specific SM1 T cells after
immunization (data not shown). Thus, we were unable to detect a direct effect of erythroid
expansion on the initiation of an adaptive immune response in vivo.

To examine whether erythroid expansion was inhibiting bacterial clearance, we injected
Salmonella-infected mice with a neutralizing Ab against EPO. As expected, mice injected
with anti-EPO had a much lower frequency of Ter119+CD71+ cells in the spleen after
Salmonella infection, conclusively demonstrating that the expansion of these precursors is
due to increased EPO concentration (Fig. 7A). Furthermore, anti-EPO mice with lower
percentages of erythroid cells also had a modest but significant reduction in bacterial burden
(Fig. 7B). Thus, although we were unable to detect a direct effect of erythroid cells on T cell
responses, the rapid expansion of immature erythroid cells appears to be advantageous for
bacterial growth.

Jackson et al. Page 6

J Immunol. Author manuscript; available in PMC 2011 July 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Discussion
Although Salmonella is a mucosal pathogen and enters the host via the intestine, the major
anatomical sites of bacterial replication are the spleen, liver, and bone marrow—all systemic
tissues that contain a large population of resident macrophages (37). The capacity of
Salmonella to evade killing and replicate within tissue phagocytes means that infection can
quickly overwhelm local host defenses at the site of infection. Thus, inflammatory signals
produced by cells in the infected tissue rapidly recruit neutrophils and inflammatory
monocytes to engulf replicating bacteria (16). One consequence of rapid phagocyte
recruitment to infected secondary lymphoid tissues, such as the spleen, is that the well-
defined architecture of T cell and B cell zones becomes severely disrupted (16, 31, 38). In
addition, Salmonella LPS signaling via TLR4 can disrupt homeostatic chemokine
production, preventing cellular trafficking and enhancing bacterial virulence (39).
Furthermore, expansion of the CD4 and CD8 T cell pool is rapidly induced, as the adaptive
immune system attempts to control the infection (19–21). These rapid changes to the splenic
architecture, cellular composition, and cell trafficking are also accompanied by a profound
change in the overall size of the organ, expanding to more than 10-fold its normal size (Fig.
1).

Our data confirm these previous observations and show that the number of NK cells,
neutrophils, monocytes, T cells, and B cells increase markedly in the spleen of infected
mice, and the kinetics of this expansion correlate closely with the detection of bacteria in the
tissue. Once bacterial numbers are reduced, each of these leukocyte populations slowly
decreases in number as the corresponding inflammatory response subsides. However, our
data also demonstrate that the biggest change in splenic cellular composition is actually
found within the erythroid compartment, a cell population that has not been well studied in
the context of Salmonella infection. Indeed, at the peak of the host response to infection,
Ter119+ cells can account for ~80% of the total cell number in the spleen. Expansion of the
erythroid compartment therefore represents the main cause of Salmonella-induced
splenomegaly.

It is known that microbes or bacterial products can have major effects on erythroid cell
development (26). Indeed, erythroid colony-forming cells are induced in the spleen after
injection of LPS or other bacterial cell wall components (27–29). Our data show that these
erythroid cells are primarily CD71+Ter119+ reticulocytes, which likely represent an
immature erythroid population produced in the spleen, because no increase in this
population was detected in the bone marrow. However, we also detected a small increase in
CD71+ Ter119+ reticulocytes in the infected liver; therefore, we cannot exclude the
possibility that immature erythroid cells initially develop in the bone marrow in response to
infection, but then develop further at infected sites such as the spleen and liver. Indeed,
previous studies have documented the expansion of hematopoietic stem cells in the context
of infection (40, 41). This expansion can occur as a consequence of TLR signaling in
hematopoietic stems cells themselves (42), or it can be completely independent of TLR
signaling (43), and therefore could be a contributing factor to the extramedullary
erythropoiesis observed in our study.

During erythroid differentiation, cells move through sequential developmental stages
including, proerythroblasts (CD71medTer119low), early basophilic erythroblasts
(CD71HiTer119low), early and late basophilic erythroblasts (CD71HiTer119Hi),
chromatophilic and orthochromatic erythroblasts (CD71medTer119Hi), to late
orthochromatic erythroblasts and reticulocytes (CD71lowTer119Hi). It is interesting that
Salmonella infection caused a large increase in CD71Hi Ter119Hi erythroid cells while
simultaneously decreasing the percentage of mature RBCs. It has been suggested that
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increased erythroid development could simply be initiated because of a greater host
requirement for oxygen in infected tissues, perhaps corresponding with oxidative burst as a
microbicidal mechanism in infected phagocytes (30). However, our data suggest that very
few of these immature cells will actually become mature RBCs in the spleen, and no
increase in peripheral red cell numbers was observed. One possibility is that enhanced red
cell destruction also occurs, effectively offsetting the increased production of red cells in the
spleen. However, we suggest that enhanced erythroid development in the infected spleen is
simply a direct consequence of the vastly elevated concentrations of EPO induced by
Salmonella infection, and few of these cells will actually mature to become erythroid cells in
circulation. Our data show that Salmonella spp. induce a massive, but transient, increase in
serum EPO production that would account for extramedullary erythropoiesis in the spleen.

EPO is primarily produced by kidney fibroblasts and is induced under hypoxic conditions. It
is possible that Salmonella infection induces EPO production from a cell type in the spleen
itself, although we have not yet been able to examine this experimentally. Although
Salmonella infection will likely induce hypoxia, it seems unlikely that this alone could
explain the increase in circulating EPO concentrations, because Myd88/TRIF-deficient mice
have greater bacterial loads than do WT mice, but they do not display increased EPO
production or extramedullary erythropoiesis. Instead, our data suggest that EPO is induced
as a direct or indirect consequence of TLR signaling. Thus, EPO production is increased
following detection of circulating LPS in the kidney or detection of inflammatory mediators
secreted by other cells in a TLR-dependent manner.

Previous studies have suggested that EPO can have direct effects on the immune responses
and enhance dendritic cell activation, Ab production, and cellular immunity (44–48).
However, our studies using SM1 TCR transgenic mice failed to detect a prominent effect of
recombinant EPO on CD4 T cell responses in vivo, although it should be noted that we used
slightly lower concentrations of EPO than these previous studies, because of the prohibitive
cost of using larger concentrations. Other studies suggest that CD47-expressing RBCs can
specifically inhibit dendritic cells by binding to SIRPα (36), an inhibitory receptor
containing two ITIM motifs. However, we failed to detect any difference in bacterial
clearance, splenomegaly, or erythroid expansion in Salmonella-infected or WT mice.
However, blocking EPO in vivo using a neutralizing Ab reduced erythroid expansion and
also lowered bacterial loads in the spleen. Thus, in the context of Salmonella infection,
increased EPO production and the expansion of erythroid progenitors had a modest role in
promoting bacterial growth. Thus, we suggest that one effect of increased EPO production
and erythroid expansion is the inhibition of immune responses in the spleen. However,
because we were unable to detect any direct effect of EPO or CD47 expression on immune
function, we propose that this may simply be an indirect consequence of the major
disruption in splenic architecture that occurs when more than 80% of the spleen is made of
erythroid cells. As a strategy for evasion of host defenses, this effect could complement
more direct disruption of splenic architecture via modulation of homeostatic chemokine
production via TLR4 ligation, as described previously (39). An alternative possibility is that
increased erythrophagocytosis will result in increased iron availability within infected
macrophages and allow for increased bacterial growth (49).

In conclusion, we report that Salmonella infection induces Myd88/TRIF-dependent
production of EPO and expansion of immature erythroid cells, and this response causes
splenomegaly and interferes with the host’s ability to clear bacteria. Greater understanding
of the interaction of host immunity and erythroid development could therefore allow for
improved therapy and vaccines against Salmonella infection.
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FIGURE 1.
Infection with Salmonella causes marked splenomegaly. C57BL/6 mice were infected
intravenously with 5 ×105 attenuated Salmonella, BRD509. Groups of infected mice were
sacrificed every week, and spleen weight and bacterial loads were determined. A, Graph
shows the mean spleen weight ± SD of Salmonella-infected mice from three to four mice per
time points and is representative of two separate experiments. B, Graph shows mean
bacterial CFUs ± SD from three to four mice per group and is representative of two separate
experiments.
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FIGURE 2.
Increase in splenic leukocytes and erythroid cells during Salmonella infection. C57BL/6
mice were infected intravenously with 5 × 105 attenuated Salmonella, BRD509. Groups of
infected mice were sacrificed every week and spleen cell subsets were examined by flow
cytometry. Graphs shows the mean total cell number ± SD of splenic leukocytes (A),
lymphocytes (B), and erythroid cells (C) following Salmonella infection. Each data point
shows the mean cell number of three to four mice per time points and is representative of
two separate experiments.
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FIGURE 3.
The number of erythroid cells in peripheral blood does not change substantially during the
period of Salmonella-induced splenomegaly. C57BL/6 mice were infected intravenously
with 5 × 105 attenuated Salmonella, BRD509. Groups of infected mice were sacrificed every
week, and the total number of Ter119+ erythroid cells in the spleen and peripheral blood was
determined by flow cytometry. Each data point shows the mean cell number of three to four
mice per time point and is representative of two separate experiments.

Jackson et al. Page 14

J Immunol. Author manuscript; available in PMC 2011 July 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 4.
Development of erythroid cells in the spleen during Salmonella infection. C57BL/6 mice
were infected i.v. with 5 × 105 attenuated Salmonella, BRD509. Groups of infected mice
were sacrificed every week, and splenic erythroid development was examined at weekly
time points. A, Representative FACS plots showing changes in Ter119 and CD71 staining in
the spleen during Salmonella infection. B, Graphs show the percentage and total number of
spleen cell subsets expressing Ter119 and or CD71 staining at different time points
postinfection. Each data point shows the mean cell number ± SD of three to five mice per
time point.
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FIGURE 5.
Immature erythroid cells in the spleen, bone marrow, and liver during Salmonella infection.
C57BL/6 mice were infected i.v. with 5 × 105 attenuated Salmonella, BRD509. Groups of
mice were sacrificed 15 d postinfection, and immature erythroid cells were examined. The
graph shows the percentage of cells expressing Ter119 and CD71 from a single cell
suspension from the spleen, bone marrow, or liver. Each data point shows an individual
mouse, and data are pooled from two separate experiments. The mean percentage of
Ter119+CD71+ cells was significantly higher in the spleen and liver of Salmonella-infected
mice compared with uninfected mice by Student t test; *p < 0.05.
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FIGURE 6.
Salmonella infection-induced EPO production and erythroid expansion is dependent on
Myd88/TRIF expression. A, C57BL/6 mice were infected i.v. with 5 × 105 attenuated
Salmonella, BRD509, and blood was collected at weekly intervals. EPO concentrations were
measured at weekly time points. The graph shows the mean serum EPO ± SD for three to
five mice per time point and is representative of three individual experiments. B–D, C57BL/
6 WT and Myd88/TRIF-deficient mice were infected i.v. with 5 × 105 attenuated
Salmonella. Spleens and/or peripheral blood were harvested at weekly time points. EPO
concentrations were measured in blood (B), bacterial CFUs were determined (C), and
splenic erythroid cell populations were examined by flow cytometry (D). B, The graph
shows the mean serum EPO ± SD for three to five mice per time point and is representative
of two individual experiments. The mean EPO concentration was significantly lower in the
blood of Salmonella-infected Myd88/TRIF-deficient mice at days 4 and 8. C, The graph
shows bacterial CFUs at day 8 postinfection and is representative of two individual
experiments. The mean bacterial counts were significantly higher in Myd88/TRIF-deficient
mice. D, The graphs show mean percentage and total number of Ter119+/CD71+ cells in the
spleen ± SD for three to five mice per group and are representative of two individual
experiments. The mean percentage and total number of Ter119+/CD71+ cells was
significantly lower in Salmonella-infected Myd88/TRIF-deficient mice. *p < 0.05, as
determined by Student t test.
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FIGURE 7.
In vivo neutralization of EPO reduces splenic erythroid expansion and bacterial counts.
C57BL/6 mice were infected i.v. with 5 × 105 attenuated Salmonella, and 250 μg
monoclonal anti-EPO or isotype control-Ig was injected 2 and 4 d later. Seven days
postinfection, spleens were harvested, splenic erythroid cell populations were examined by
flow cytometry, and bacterial counts determined. Bar graphs show (A) mean Ter119+/
CD71+ cells in the spleen ± SD and (B) mean bacterial counts ± SD for five mice per group.
The mean percentage of Ter119+/CD71+ cells in the spleen and mean bacterial counts were
significantly lower in anti-EPO–treated mice, as assessed by Student t test; *p < 0.05.
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