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Pathogen-initiated chronic inflammation or autoimmune diseases accelerate proliferation

and promote differentiation of hematopoietic stem cells (HSCs) but simultaneously

reduce reconstitution capacity. Nevertheless, the effect of acute infection and

inflammation on functional HSCs is still largely unknown. Here we found that acute

infection elicited by heat-inactivated Escherichia coli (HIEC) expanded bone marrow

lineage-negative (Lin)− stem-cell antigen 1 (Sca-1)+cKit+ (LSK) cell population, leading

to reduced frequency of functional HSCs in LSK population. However, the total

number of BM phenotypic HSCs (Flk2−CD48−CD150+ LSK cells) was not altered in

HIEC-challenged mice. Additionally, the reconstitution capacity of the total BM between

infected and uninfected mice was similar by both the competitive repopulation assay and

measurement of functional HSCs by limiting dilution. Thus, occasionally occurring acute

inflammation, which is critical for host defenses, is unlikely to affect HSC self-renewal and

maintenance of long-term reconstitution capacity. During acute bacterial infection and

inflammation, the hematopoietic system can replenish hematopoietic cells consumed in

the innate inflammatory response by accelerating hematopoietic stem and progenitor cell

proliferation, but preserving functional HSCs in the BM.
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HIGHLIGHTS

• Heat-inactivated E. coli-elicited acute infection triggers expansion of lineage−sca-1+c-kit+

(LSK) cells.
• HIEC-elicited acute infection reduces the frequency of functional HSCs in expanded LSK cells

but does not alter the total number of functional HSCs in the BM.
• HIEC-induced acute infection does not affect the long-term reconstitution activity of BM HSCs

in primary recipients.
• HIEC-induced acute infection does not affect the long-term reconstitution activity of BM HSCs

after the secondary BM transplantation.
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INTRODUCTION

Blood cell homeostasis is maintained by balanced self-renewal
and differentiation of bone marrow (BM) hematopoietic
stem and progenitor cells (HSPCs) (1). During steady-state
hematopoiesis, most hematopoietic stem cells (HSCs) are
quiescent. Hematological stresses such as blood loss, exposure
to cytotoxic agents, infection, and inflammation can enhance
HSPC proliferation, mobilization, and myeloid differentiation to
replenish hematopoietic cells (2–5). These effects are mediated
by various pro-inflammatory cytokines such as interferons (INF),
tumor necrosis factor (TNFα), interleukin-1 (IL-1), transforming
growth factor (TGF)-β, granulocyte-colony stimulating factor
(G-CSF), and IL-6 (6–17). Additionally, functional toll-like
receptors (TLRs) exist on HSPCs, so bacterial components
such as lipopolysaccharide (LPS) may directly stimulate HSPC
proliferation (18–22), and HSPCs are often committed to
myeloid differentiation after stimulation with TLR ligands (19,
21–23).

Proliferating HSCs often display reduced long-term
engraftment and capacity for multilineage reconstitution
compared to G0 cells. Thus, it is commonly believed that
frequently dividing HSCs are likely functionally impaired
(24). Consistently, pathogen-initiated chronic inflammation
or autoimmune diseases accelerate proliferation and promote
differentiation of HSCs but simultaneously reduce reconstitution
capacity (2, 3, 5, 6, 12, 13, 25–29). Repetitive and relatively high
doses of cytokines or LPS produce similar outcomes (11, 30–32).

HSCs are thought to divide more frequently in response
to infection and inflammation, reducing their reconstitution
capability. This conclusion is mainly based on results of
pathogen-initiated chronic inflammation or autoimmune
diseases (2, 3, 5, 6, 12, 13, 20, 25–29). The effect of acute infection
and inflammation on functional HSCs remains elusive. Acute
inflammation is an essential host defense against invading viral,
bacterial, and fungal infections and a response to tissue injury.
A significant number of blood cells, particularly innate immune
cells such as monocytes and neutrophils, are consumed in acute
inflammation. Accelerated hematopoiesis and myelopoiesis are
critical host responses that restore blood homeostasis after acute
inflammation. Acute infection and inflammation are frequent
events throughout life, but whether this generally beneficial host
defense response causes long-term damage to hematopoietic
cells is still an open question.

Here we induced acute infection and inflammation using
heat-inactivated Escherichia coli (HIEC) and determined whether
such treatment was detrimental to HSCs. Challenge with HIEC
expanded the BM lineage-negative (Lin)− stem cell-antigen
1 (Sca-1)+cKit+ (LSK) population, which was largely due to
upregulation of Sca-1 on LK cells. The total number of BM
phenotypic HSCs (Flk2-CD48−CD150+ LSK cells) was not
altered in HIEC-challenged mice. Consistently, there was no
significant reduction in reconstitution capacity of the total
BM in the infected mice measured by both the competitive
repopulation assay and measurement of functional HSCs by
limiting dilution. We conclude that occasionally occurring acute
inflammation, which is critical for host defenses, is unlikely

to affect HSC self-renewal and maintenance of long-term
reconstitution capacity.

MATERIALS AND METHODS

Mice
C57BL/6 and C57BL/6/Ly5.1 mice were purchased from the
Jackson Laboratory (Bar Harbor, ME). Although sex-based
immunological differences are well-documented (33), infection-
induced alteration of hematopoietic system and emergency
hematopoiesis occur in both males and females. To eliminate age
and sex-related variation, we used aged matched (8–12 weeks
old) male mice in current study. All mice were housed and
cared for in approved veterinary facilities located within the
Children’s Hospital Boston, which provides sterile isolator cages
with fresh food, water, and bedding provided weekly. All animal
manipulations were conducted in accordance with the Animal
Welfare Guidelines of the Children’s Hospital Boston. The
Children’s Hospital Animal Care and Use Committee approved
and monitored all procedures.

Heat-Inactivated E. coli-Elicited Peritoneal
Inflammation
To assess the effect of acute infection on HSCs, we developed
an acute bacterial infection-induced inflammation model using
the Gram-negative bacterium E. coli, a pathogen commonly
isolated from bacteremic patients. To eliminate the variation
caused by differential bacterial growth in vivo, we used heat-
inactivated E. coli (strain 19138, ATCC) (HIEC). HIEC were
prepared as previously (34). Briefly, bacteria were first cultured
in LB broth at 37◦C for 16 h and then washed and re-suspended
in PBS. E. coli were killed by heating suspensions to 60◦C for
1 h. To induce peritoneal inflammation, HIEC (1 × 107 in 200
µl PBS) was injected intraperitoneally. At different time points
after HIEC injection, mice were anesthetized with isoflurane and
retro-orbital blood was collected. At the end of the experiments,
mice were euthanized by CO2 inhalation. Inflammation-induced
granulopoiesis was assessed by analyzing PB and BM cells.

Hematologic Analysis
Mice were anesthetized and immediately bled retro-orbitally into
an EDTA-coated tube (Becton Dickinson, Franklin Lakes, NJ;
Cat: 365974). Complete blood counts were performed using an
automated hematology analyzer (Hemavet 850; Drew Scientific,
Oxford, CT). For BM cells, the total cell counts were determined
using a hemocytometer, and the differential cell counts were
conducted by microscopic analysis or FACS analysis using a
FACSCanto II flow cytometer (BD Biosciences, San Jose, CA).
The absolute numbers of neutrophils and other immune cells
were determined based on FACS analysis.

FACS Analysis
Mice were 8 to 12-week-old males. Single-cell BM suspensions
were obtained by re-flushing both tibias and femurs using
a 25G needle and filtering through 40µm cell strainers.
Erythrocytes were lysed with an ACK lysis buffer (Gibco
BRL). Single-cell BM and PB cell suspensions were washed
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with DPBS (Life Technologies, Carlsbad, CA; Cat: 14190-250)
supplemented with 2% FCS (Atlanta Biologicals, Flowery Branch,
GA; Cat: S11150H). The following antibodies were used for
flow cytometry: allophycocyanin-conjugated lineage markers
specific for CD3e (145-2C110), CD4 (RM4-5), CD8a (53-6.7),
CD11b (M1/70), B220 (RA3-6B2), GR-1 (RB6-8C5), and Ter119
(TER119) (eBioscience, Thermo Fisher Scientific; BioLegend,
or BD Pharmingen). Other antibodies included PC-Cy7- or
FITC-conjugated Sca-1 (D7), APC-conjugated c-kit (2B8), APC-
conjugated CD45.2 (104), PE- conjugated CD150 (SLAM) (clone
TC15-12F12.2), FITC-conjugated CD48 (clone HM48-1), and
PE-conjugated CD45.1 (A20). Samples were incubated in DMEM
(Life Technologies; Cat: 31053-028) supplemented with 2%
FCS on ice for 15min, washed, and filtered before analysis.
Unstained cells were used as negative controls to establish the
flow cytometer voltage settings, and single-color staining controls
were used to adjust the compensation. Unstained cells were
used as negative controls to establish the flow cytometer voltage
settings, and single-color staining controls were used to adjust the
compensation. Flow cytometry was performed on the CANTO
II, LSR II, and LSRFortessa (BD Biosciences) instruments. Flow
cytometry data were analyzed with FlowJo software (TreeStar).

Hematopoietic Stem and Progenitor Cell
Sorting
Single-cell BM suspensions were obtained by flushing tibias
and femurs using a 25G needle and filtering through 40µm
cell strainers. Erythrocytes were lysed with an ACK lysis buffer
(Gibco BRL). Single-cell BM suspensions were washed twice
with DPBS (Life Technologies, Carlsbad, CA) supplemented with
2% FCS (Atlanta Biologicals, Flowery Branch, GA). The cell
suspension was centrifuged for 5min at 1,500 rpm, and the
cell pellet was resuspended in 1ml of DPBS with 2% FCS. For
sorting, cells were stained with the CD3e (145-2C110), CD4
(RM4-5), CD8a (53-6.7), CD11b (M1/70), B220 (RA3-6B2), GR-
1 (RB6-8C5), and Ter119 (TER119) antibodies (eBioscience,
Thermo Fisher Scientific, BioLegend, or BD Pharmingen). Other
antibodies included PC-Cy7- or FITC-conjugated Sca-1 (D7) and
APC-conjugated c-kit (2B8) (BD Pharmingen), LSK cells were
sorted using a FACSAria III equipped with FACSDiva software
(BD Biosciences).

BM Cell Transplantation
Donor LSK cells were sorted as described above. For LSK cell
transplantation, 8- to 12-week-old CD45. Two recipient mice
were lethally irradiated (10.5Gy, split dose 3–4 h apart) using a
137Cs source. The sorted CD45.1+ LSK cells were retro-orbitally
injected together with 0.5 million CD45.2 supporting cells into
lethally irradiated recipients. For competitive transplantation
experiments, 8- to 12-week-old CD45.1 and 2 recipient mice
were lethally irradiated (10.5Gy, split dose 3-4 h apart) using
a 137Cs source. Half a million CD45.2+ donor cells combined
with 0.5 million CD45.1+ donor cells were injected retro-
orbitally. For serial transplantation, secondary recipients were
transplanted with one million total BM cells from primary
recipients 24 weeks after initial transplantation. The donor whole
BM (WBM) cells were prepared by spinning femurs and tibias

under sterile conditions. The red blood cells were lysed using
ACK lysing buffer. For limiting dilutions, different doses of
LSK cells sorted from PBS or HIEC-treated mice were injected
together with 0.5 million supporting cells into lethally irradiated
recipients. Transplanted mice were first bled 2 or 4 weeks after
transplantation and then on a monthly schedule. Peripheral
blood was obtained retro-orbitally. Complete blood cells counts
were analyzed with the Hemavet hematology system (Drew
Scientific, Inc., Miami Lakes, FL). Hematopoietic chimerism was
analyzed by fluorescence-activated cell sorting (FACS). Red blood
cells were lysed in 2ml ACK (Gibco, Thermo Fisher Scientific,
Waltham, MA) before flow cytometry.

Analysis of Cell Proliferation by Ki67
Cell proliferation in vivo after HIEC-induced inflammation
was determined by staining with Ki67-FITC (BD Biosciences,
556026) antibody and Hoechest33342 dye which measure the
frequency of cycling cells. BM cells were fixed using the
eBioscience Intracellular Fixation and Permeabilization buffer
set (Invitrogen). After fixation and permeabilization, cells were
centrifuged and resuspended in 100 µl permeabilization buffer.
Cells were subsequently stained and analyzed following a
protocol provided by the manufacturer (Invitrogen).

Granulocyte/Monocyte CFU Assays
2 × 104 BM cells from WT mice were seeded in semisolid
MethoCult GF M3434 medium (STEMCELL Technologies,
Cambridge, UK) containing recombinant mouse stem cell factor
(SCF), recombinant mouse IL-3, and recombinant human IL-
6 for granulocyte/monocyte CFU (CFU-GM) detection. The
number of colonies containing >50 cells was counted on day 7.

Cytokine Analyses
Mice were euthanized at each indicated time points. The
peripheral blood was collected via cardiac puncture and
allowed to clot at room temperature for 30min. Samples were
subsequently spun down at 12,000 × g for 10min to remove
blood cells. Supernatants were further centrifuged and filtered
using a 0.22µm filter. The resulting sera were stored at −20◦C
until use. For cytokine measurement, 75 µl of 2× diluted sample
was analyzed with the Mouse 32-plex Assay, Eve Technology
(Calgary, Canada).

Statistical Analysis
Our research design incorporates rigorous methodological
approaches, independent blinded measurements, unbiased data
analysis plan, and statistical procedures to minimize technical
variability and ensure scientific rigor and reproducibility.
Experiments were performed independently at least three times
and the data were pooled and analyzed together. For most
experiments, comparisons were made using a 2-tailed, unpaired,
Student’s t-test. Data were presented as means (±SD). A P ≤

0.05 was considered statistically significant. Statistical analyses
were performed with appropriate software (e.g., GraphPad
Prism or SPSS Statistics). No samples or animals subjected to
successful procedures and/or treatments were excluded from the
analysis. The limdil function in ELDA software was used in
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the analysis of stem cell frequencies [http://bioinf.wehi.edu.au/
software/elda/(35)].

RESULTS

HIEC-Induced Acute Inflammation
Expands LSK Cell Population
To assess the effect of acute infection and inflammation
on HSCs, we developed a mouse acute bacterial infection
model using heat-inactivated E. coli (HIEC) [(36); Figure 1A
and Figure S1A]. Peritoneal infection with HIEC triggered
mobilization of neutrophils from the BM to the peripheral
blood, leading to initial increase of peripheral blood neutrophil
counts days (Figure S1B). The number of BM mononuclear
cells (BMMCs) reduced at the early time points and then
increased after 2 days (Figure S1C). Consistently, peripheral
blood counts, particularly neutrophil counts, was elevated after
2 days (Figure S1B). HIEC-challenge also increased spleen
size (Figure S1D). In parallel, there was an increase in
cytokine production in HIEC-challenged mice (Figure S1E).
Consistent with published results, HIEC-elicited acute infection
also expanded the HSC-enriched LSK pool (Figure 1B). The
percentage (Figure 1C) and total number (Figure 1D) of BM
LSK cells increased gradually, peaking 24 h after E. coli challenge
and returning to baseline after 5 days. Previous study revealed
that HIEC-challenge promotes cell division of LSK cells (34).
Here, we assessed cell proliferation by staining cells with Ki67
and Hoechest33342. Consistently, the percentage of G1- and
G2/S/M-phase proliferating cells increased both in LSK and
Lin-Sca-1-c-Kit+ (LK) cell populations (Figure 1E). Bacterial
infection triggers myelopoiesis (34, 37–39) and consistent with
this, the BM fromHIEC-treatedmice containedmore committed
myeloid progenitors than untreated controls (Figure 1F). Thus,
HIEC-induced acute infection significantly expands the LSK cell
population and augments myelopoiesis.

HIEC-Induced Acute Inflammation Does
Not Alter the Total Number of Functional
HSCs in the BM
Mouse HSCs are often characterized as lineage-negative LSK
cells, but <10% of these cells are functional long-term HSCs
(LT-HSCs) (40, 41). LSK population also contains short-term
HSC with multilineage potential (ST-HSC and MPP). Expansion
of LSK cells does not equivalent to expansion of functional
HSC population. Additionally, although expansion of the BM
LSK population is a hallmark of infections induced by various
pathogens including bacteria, fungi, and viruses (5, 9, 42–47), it is
well-documented that Sca-1, a canonical stem cell marker, can be
upregulated on hematopoietic cells including non-HSCs during
inflammation by either IFNs or TNFα (10, 48–50). LPS and IL6
also convert LK to LSK cells in vitro (50). Thus, infection-induced
expansion of the LSK population may simply reflect elevated
Sca-1 expression on LK cells rather than expansion of Sca-1-
positive functional HSCs. Significantly higher stem cell purities
can be achieved by selecting LSK cells that show differential
expression of CD135 (a.k.a. FLT3 and FLK2) and SLAM

receptors (CD150 and CD48) (51–53). To better understand
the effect of HI E. coli on phenotypic HSCs, we furtherly
examined the LSK subpopulation, including LT-HSC (CD135−

CD150+CD48−LSK), ST-HSC (CD135−−CD48−LSK), MPP2
(CD135−CD150+CD48+LSK, myeloid-biased), MPP3 (CD135−

CD150−CD48+LSK, myeloid-biased), and MPP4 (CD135+

CD150−CD48+LSK, lymphoid-primed) cells [(54); Figure 1G].
We found that HIEC-triggered expansion of LSK cells mainly
occurred in MPP2 and MPP3 populations. The total number of
BM LT-HSCs (CD135−CD150+CD48−LSK) that contain long-
term, multi-lineage repopulating cells was not increased during
HIEC-induced acute inflammation (Figure 1H).

To further examine the function of the expanded BM LSK
cells, a competitive BM transplant experiment was performed
using LSK cells isolated from HIEC-infected or uninfected
CD45.1 mice (Figure 2A). One thousand CD45.1 LSK cells
were mixed with 0.5 million total CD45.2 BM cells isolated
from uninfected mice and transplanted into lethally-irradiated
primary recipients. Donor LSK cells from both uninfected
and infected mice engrafted the BM. However, when donor
LSK cells were isolated from infected mice, their engraftment
efficiency was significantly reduced, remaining at low levels
6 months after transplantation (Figures 2B,C). To further
examine whether the number of functional HSCs was reduced
in the LSK population isolated from infected mouse BM, we
measured competitive repopulating units (CRU) using a limiting
dilution assay (Figure 2D). Lethally-irradiated recipient mice
were transplanted with different doses of donor LSK cells
isolated from infected or uninfected CD45.1 mice together with
a constant number (5 × 105) of CD45.2 supporting BM cells.
BM chimerism was calculated as the percentage of donor-
derived cells in the peripheral white blood cell pool 6 months
after transplantation, with chimerism of >0.5% considered
positive engraftment (Figure S2 and Table S1). Compared to
LSK cells isolated from uninfected donors, CRU frequency
in LSK cells isolated from infected donors was significantly
decreased from one in 140 to one in 852 (Figure 2E and
Table S2). However, since the percentage of LSK cells in
the HIEC-challenged mice was seven-fold greater than in
unchallenged mice, the total number of CRU per femur
was in fact not altered in challenged mice (Figure 2F and
Table S2). Taken together, our results show that the frequency
of functional HSCs in the expanded LSK cell population appears
to be reduced in HIEC-infected mice but the total number
is unaltered.

HIEC-Induced Acute Inflammation Does
Not Impair HSC Long-Term Reconstitution
Activity in Primary Recipients
Next, to directly measure the total BM reconstitution activity
in infected and uninfected mice, we conducted a competitive
BM transplant experiment using total BM instead of isolated
LSK cells (Figure 3A). BM cells from infected and uninfected
mice were mixed at a 1:1 ratio and transplanted into lethally-
irradiated primary recipients. After 24 weeks, the majority of
recipient peripheral blood cells were CD45.1+ or CD45.2+,
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FIGURE 1 | HIEC-elicited acute inflammation triggers expansion of lineage–sca-1+c-kit+ (LSK) cells. (A) Experimental scheme for the in vivo HI E. coli challenge

experiments. Heat-inactivated E. coli (HIEC, 1 × 107 CFU) were injected intraperitoneally. At each time point, BM cells were collected and analyzed by FACS.

(B) Representative FACS plots showing changes in LK and LSK cell frequency in BM mononuclear cells at different time points after HIEC challenge. (C) Percentage

of LSK and LK cells in BM mononuclear cell (BMMC) populations at different time points after E. coli challenge. Data shown are means ± SD (n = 4 mice). *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001 vs. unchallenged mice (blk). (D) Absolute number of LSK and LK cells in the total BM at different time points after E. coli

challenge. Data shown are means ± SD (n = 4 mice). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. unchallenged mice (blk). (E) Percentage of G1 and

G2/S/M cells in LK and LSK cells 24 h after the HI E. coli challenge. Data shown are means ± SD (n = 5 mice). *p < 0.05, **p < 0.01, ***p < 0.001 vs. unchallenged

mice (time 0). (F) The number of committed myeloid progenitors analyzed using a quantitative granulocyte–monocyte colony-forming unit (CFU-GM) assay. BMMCs

were prepared 24 h after E. coli injection and cultured in MethoCultTM GF M3434 medium for 7 days. Representative photographs of cell clusters/colonies are shown.

The number of granulocyte colony-forming units (CFU-G), monocyte colony-forming units (CFU-M), and granulocyte–monocyte colony-forming units (CFU-GM) from

10,000 BMMCs were calculated. Data shown are mean ± SD of n = 3 mice. *p < 0.01 vs. PBS-treated mice. (G) Representative FACS plots showing HSC/HPC

subpopulations. LT-HSC (CD135−CD150+CD48−LSK), ST-HSC (CD135−CD150−CD48−LSK), MPP2 (CD135−CD150+CD48+LSK, myeloid-biased), MPP3

(CD135−CD150−CD48+LSK, myeloid-biased), and MPP4 (CD135+CD150−CD48+LSK, lymphoid-primed) cell populations were defined as previously reported (54).

(H) Percentage of LT-HSC, ST-HSC, MPP2, MPP3, and MPP4 cells in BM mononuclear cell (BMMC) population and their absolute number in tibia 24 h after the HI E.

coli challenge. Data shown are means ± SD (n = 5–7 mice). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. control (PBS treated).

indicating successful engraftment of donor BM cells (Figure 3B).
At 4 weeks, the percentage of CD45.2+ donor-derived cells
(from infected donor mice) was significantly higher than that

of CD45.1+ donor-derived cells (from uninfected donor mice),
indicating BM hematopoietic progenitor cell expansion in the
infected donors and that acute infection could indeed induce

Frontiers in Immunology | www.frontiersin.org 5 April 2020 | Volume 11 | Article 626

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. The Effect of Acute Inflammation on HSC

FIGURE 2 | HIEC-elicited acute inflammation reduces the frequency of

functional HSCs in expanded LSK cells but does not alter the total number of

functional HSCs in the BM. (A) Schematic of the in vivo hematopoiesis

reconstitution experiment. 1000 LSK cells from PBS or HIEC-challenged mice

(CD45.1) were transplanted into lethally-irradiated congenic recipients

(CD45.2) together with 0.5 million supporting cells (CD45.2). BM chimerism in

recipients was analyzed at each indicated time point. (B) Representative FACS

plots of donor-derived WBCs in the peripheral blood 6 months after

transplantation. (C) The percentages of donor derived cells (CD45.1+) in total

hematopoietic cells (CD45.2+ or CD45.1+) at the indicated time points in PBS

and HIEC-treated groups. Data shown are means ± SD (n = 5 mice). **p <

0.01 vs. control by unpaired two-tailed nonparametric t-test. (D) Schematic of

the limiting dilution analysis (LDA). Limiting dilution experiments were

performed with indicated doses of LSK cells obtained from PBS- or

HIEC-treated mice (CD45.1) combined with 5 × 105 competing cells (CD45.2)

transplanted into recipients (CD45.2). BM chimerism in recipients was

(Continued)

FIGURE 2 | analyzed at each indicated time point. Hematopoietic chimerism

was analyzed by FACS. (E) Log-fraction plots of the limiting dilution model

fitted to the data in Figure S2B and Table S1. Recipient chimerism was

determined at 6 months, and >0.5% engraftment was considered positive.

The slope of the line is the log-positive transplantation fraction. The dotted

lines give the 95% confidence intervals. The frequencies of functional HSCs in

LSK cells were calculated accordingly. All the analyses and calculations were

performed using ELDA software. (F) The number of functional HSCs in the BM

was assessed using limiting dilution analysis. The number of functional HSCs

was calculated based on the raw data shown in Table S1. Data shown are

mean ± SD of n = 4 mice. NSp > 0.05 vs. PBS-treated mice.

proliferation of hematopoietic progenitor cells (Figures 3C,D).
HSPCs differentiated into a diverse range of specialized cell
types, with myeloid lineage cells predominating, consistent with
augmented myelopoiesis during acute inflammation [(3, 55, 56);
Figure 3E and Figure S3] and the elevated G/M-CFU detected
in infected mice. To evaluate the long-term engraftment of
transplanted HSCs, peripheral blood was continuously sampled
at 4-week intervals for 24 weeks, over which time the percentage
of CD45.2+ cells did not fall (Figures 3C,D). In fact, a higher,
although sometimes not statistically significant, percentage of
CD45.2+ cells compared to CD45.1+ cells was always detected.
The unaltered or even elevated CD45.2+ cell percentage
represented all cell types including B cells (B220+), T cells
(CD3+), and myeloid cells (Gr1+). Therefore, the number and
function of long-term multiple-lineage BM HSCs was likely
unaltered or even elevated in acute inflammation (Figure 3E and
Figure S3).

HIEC-Induced Acute Inflammation Does
Not Impair HSC Long-Term Reconstitution
Activity After the Secondary BM
Transplantation
To further reveal how acute inflammation affects HSC function
in the long term, we conducted secondary transplantation
of BM cells from primary recipients (Figure 4A). Total
BM cells were harvested from primary recipients after
4 months and then transplanted into lethally-irradiated
secondary recipients. In contrast to primary recipients, the
peripheral blood of secondary recipients did not show further
increases in CD45.2+-derived cells. The ratio of CD45.2+ to
CD45.1+ cells remained constant over the 6-month period
(Figures 4B–D). At each time-point examined over long-term
serial transplantation, secondary recipients showed long-term
multilineage reconstitution derived from both CD45.2+ and
CD45.1+ donor cells. Compared to the donor population ratio,
there was no significant reduction in CD45.2:CD45.1 cell ratio
for each lineage (Figure 4E and Figure S4). Noticeably, HIEC
challenge was able to significantly increase the reconstitution
capacity of myeloid cells and B cells at several time points
post the first transplantation (Figure 3E). Similar effect
was also observed in B cell reconstitution 1 month after
the secondary BM transplantation (Figure 4E). This was
likely due to the expansion of hematopoietic progenitor
cells and/or ST-HSCs which were enriched in the LSK
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FIGURE 3 | HIEC-induced acute inflammation does not affect the long-term reconstitution activity of BM HSCs in primary recipients. (A) Schematic of the competitive

BM transplantation experiment. 0.5 million total BM cells from PBS-treated or HIEC-challenged mice (CD45.2) were transplanted into lethally-irradiated congenic

recipients (CD45.1 and 2 C57/B6 mice) together with 0.5 million competing BM cells (CD45.1). BM chimerism in recipients was analyzed at each indicated time point.

Hematopoietic chimerism was analyzed by FACS. (B) Representative FACS plots showing the percentage of donor-derived WBCs in the peripheral blood 24 weeks

after transplantation in PBS and HIEC groups. The experiments were conducted 24 weeks after the transplantation. (C) The percentage of the donor-derived

CD45.2+ and CD45.1+ WBCs in the peripheral blood at the indicated time points. Data shown are mean ± SD of n = 5 mice. (D) Ratio of CD45.2+ to CD45.1+ cells

at the indicated time points after transplantation in PBS and HIEC groups. Data shown are mean ± SD of n = 5 mice. (E) Chimerism in indicated blood lineages. Ratio

of CD45.2+ to CD45.1+ cells was calculated based on the percentage of donor-derived CD45.2+ and CD45.1+ cells in each indicated linage (Figure S3). Data

shown are mean ± SD of n = 5 mice. *p < 0.05 vs. PBS-treated group.

population [(34); Figure 1]. However, such effect became
significant 2 month after the secondary BM transplantation
(Figure 4E). Collectively, our results demonstrate that HIEC-
induced acute inflammation expands the BM LSK population
but does not affect the long-term reconstitution activity
of BM HSCs.

DISCUSSION

HIEC-Induced Acute Inflammation Model
To assess the effect of acute infection and inflammation on HSCs,
we developed a mouse acute bacterial infection model using the
Gram-negative bacterium E. coliK12, a strain commonly isolated
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FIGURE 4 | HIEC-induced acute inflammation does not affect the long-term reconstitution activity of BM HSCs after the secondary BM transplantation. (A) Schematic

of secondary BM transplantation experiment. One million total BM cells from primary recipients were transplanted into lethally-irradiated congenic recipients (CD45.1

and 2 C57/B6 mice). BM chimerism in secondary recipients was analyzed at each indicated time point. Peripheral blood was obtained retro-orbitally using a

heparinized capillary tube. Hematopoietic chimerism was analyzed by FACS. (B) Representative FACS plots showing the percentage of CD45.2+ and CD45.1+ WBCs

in the peripheral blood 20 weeks after secondary BM transplantation. The experiments were conducted 20 weeks after the transplantation. (C) The percentage of

donor-derived CD45.2+ and CD45.1+ WBCs in the PB of secondary recipients at the indicated time points. Data shown are mean ± SD of n = 5 mice. (D) Ratio of

CD45.2+ to CD45.1+ cells at the indicated time points after secondary BM transplantation. Data shown are mean ± SD of n = 5 mice. (E) Chimerism in indicated

blood lineages. Ratio of CD45.2+ to CD45.1+ cells was calculated based on the percentage of donor-derived CD45.2+ and CD45.1+ cells in each indicated linage

(Figure S4). Data shown are mean ± SD of n = 5 mice. *p < 0.05 vs. PBS-treated group.

from bacteremic patients. E. coli normally resides in the intestine
but is a major cause of sepsis in hospitalized patients (36). Live
bacteria grow in the host, introducing an unnecessary variable
to the system. To eliminate the variation caused by differential
bacterial growth in vivo, we used heat-inactivated bacteria (36).
Additionally, the focus of current study is the acute response to
infection and inflammation. A controlled and consistent acute
infection is better achieved by using heat-inactivated E. coli. If
mice were challenged with live E. coli, the infection would last
much longer. The function of HSPCs isolated frommice infected
with live E. coli for 6 days has been previously examined, and the

total BM HSC activity in E. coli-infected mice was moderately
diminished compared to that of uninfected mice, mainly due to
HSC mobilization from the BM to the spleen (57).

The Effect of Acute Infection on HSC
Function
In this study, we investigated the impact of acute infection
on HSC function using the HIEC-induced acute infection
model. Challenge with HIEC expanded the BM LSK cell
population, which was largely due to upregulation of Sca-
1 on LK cells. The total number of BM phenotypic HSCs
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(Flk2−/CD48−/CD150+ LSK cells) was not altered in HIEC-
challenged mice. Consistently, there was no significant reduction
in reconstitution capacity of the total BM in the infected
mice assessed by both the competitive repopulation assay
and measurement of functional HSCs by limiting dilution.
Noticeably, a similar result was observed in terms of the role
of type I interferons in hematopoiesis (10). When CD150+ LSK
was used as phenotypic definition for HSCs, interferon signaling
led to expansion of HSCs (8, 58). In contrast, when the more
stringent Flk2−/CD48−/CD150+ LSK was used as phenotypic
definition for HSCs, IFN–induced HSC proliferation was only a
transient event even in the presence of chronic IFN treatment,
and was not sufficient to deplete the HSC pool (10).

Few studies have assessed the impact of acute infection
on HSC function. In a Pseudomonas aeruginosa-induced
sepsis model, LSK compartment expansion was observed in
the first 24 h of sepsis, and there was reduced engraftment
of LSK cells from infected animals after transplantation into
lethally-irradiated recipient mice. It was therefore concluded
that acute bacterial infection reduces stem cell activity and
reconstitution potential (44). Nevertheless, in this study, the
competitive BM transplantation experiments were conducted
using the same number of LSK cells from infected and
uninfected control mice. The reduced BM reconstitution
capacity of LSK cells from infected mice might simply be caused
by increased Sca-1 expression in progenitor cells and thus
LT-HSC dilution by progenitor cells. Further, in a bacterial
infection by Staphylococcus aureus model and a cecal ligation
and puncture (CLP) acute polymicrobial sepsis model (46), the
LSK population was expanded. The number of CD150+CD135−

LSK cells which include LT-HSC (CD135−CD150+CD48−LSK)
and MPP2 (CD135−CD150+CD48+LSK) also increased,
consistent with the significant expansion of MMP2 (Figure 1H).
CD150+CD135− cells from septic mice retained sufficient
reconstitution capacity to allow survival of lethally-irradiated
recipients; however, engraftment efficiencies were not compared
between HSCs from infected and uninfected mice. Interestingly,
CLP-induced HSPC expansion still occurred in the absence of
TLR signaling (46).

It is noteworthy that acute viral infection also induces
transient alterations on the hematopoietic process (59, 60).
Direct viral infection in HSPCs has been shown to reduce
the hematopoietic output. However, the exact underlying
mechanisms is largely unknown. Additionally, viral infection can
affect hematopoiesis through the action of mediators such as
type I IFNs, TNFα, and other cytokines generated during the
infection (59, 60). It was previously reported that vaccinia virus
infection induces MyD88-dependent expansion of the both Flk-
2+ and Flk-2− LSK cell populations in the BM (5). Its effect on
the long-term BM reconstitution capability of functional HSCs
remains elusive.

Mechanisms That Maintains the
Reconstitution Capability of HSCs During
HIEC-Induced Acute Inflammation
Bacterial components such as Lipopolysaccharide (LPS) and
inflammatory cytokines can stimulate HSPC proliferation (6–22).

Both Flk-2− (long-term repopulating HSC enriched) and Flk-
2+ LSK cells express TLR4 (21, 61). LPS interacts directly with
the TLR4 on these cells in bone marrow, triggering cell cycle
entry and stimulating innate immune system replenishment
in challenged mice (21). Chronic low-dose LPS stimulation
leads to HSPC expansion and common lymphoid progenitor
(CLP) depletion. HSC and CLP sensitivity to LPS depends
on hematopoietic-derived, cell subset–autonomous TLR4 (20).
Takizawa et al. also revealed that systemic LPS application
enhances HSC (LKS CD34−CD150+) proliferation directly
via TLR4 (31). TLR1/2 agonist PAM3CSK4 also promotes
proliferation of both human HSCs (Lin−CD34+CD38lo) and
HPCs (Lin−CD34+CD38hi). It can bias the lineage commitment
of human HSCs and shift the differentiation of lineage-
committed progenitors to favor myelopoiesis at the expense of
lymphoid B-cell development (19). Similarly, specific ligands for
TLR7/8 induce the proliferation and differentiation of human
BM CD34+ progenitor cells along the myeloid Lineage (22).
Noticeably, HSPCs can produce various cytokines in response to
LPS and Pam3CSK4 stimulation. Among these cytokines, IL-6 is
a particularly important regulator of myeloid differentiation and
HSPC proliferation and in mediating rapid myeloid cell recovery
during neutropenia (61). Interferon signaling also plays critical
roles in hematopoiesis. In response to interferon-a (IFNa) or
poly(I:C), an inducer of type I IFN signaling, HSCs [CD150+LSK
cells (8, 58) or CD150+CD41−CD48− LSK cells (14)] efficiently
exit G0 and enter an active cell cycle, leading to expansion of HSC
population. Interferon γ (IFNγ) promotes proliferation of LSK
cell both in vivo and in vitro (10, 17). In an in vivo mouse model
of Mycobacterium avium infection, chronic infection triggers
IFNγ-mediated proliferation of both LT-HSCs (CD34−Flk2−

LSK or CD150+LSK) and ST-HSCs (CD34+Flk2−LSK) (6).
It was later reported that expansion of HSPCs (LSK cells)
triggered by intracellular bacterial infection is mainly mediated
by IFNγ. In a murine model of human monocytic ehrlichiosis,
IFNγ but not IFN-a, acts directly on hematopoietic cells to
promote their proliferation leading to increased frequency of
LSK cells in Ehrlichia muris-infected hosts (9). Interestingly,
another study showed that IFNγ secreted by effector cytotoxic
CD8+ T cells can promote the release of hematopoietic
cytokines, such as IL-6 from bone marrow mesenchymal
stromal cells (MSCs), which in turn stimulates hematopoiesis
at the level of early multipotent hematopoietic progenitor
cells (Lin−c-kithi) (15). Finally, interleukin-1 (IL-1) has also
been implicated in regulating HSC proliferation. Chronic IL-
1 exposure accelerates cell division and myeloid differentiation
of HSCs (Flk2−CD48−CD150+ LSK cells) through precocious
activation of a PU.1-dependent gene program (11).

It is commonly thought that HSCs divide more frequently
in response to infection, leading to reduced reconstitution
capability (24), a phenomenon known as proliferation-associated
functional exhaustion (62). In an early study, Passegue
et al. functionally assessed the proliferation index and status
of cell cycle machinery during hematopoietic differentiation
and demonstrated that hematopoietic repopulating potential
critically depends on maintenance of the quiescent state (24).
Similar effect was also observed in a bacterial infection model in
which in vivo LPS application induces proliferation of dormant
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HSCs via TLR4 and sustained LPS exposure impairs HSC self-
renewal and competitive repopulation activity (31). Chronic
type I IFN signaling induces HSC proliferation but also leads
to functional exhaustion of quiescent HSCs (8, 14). Similarly,
chronic IL-1 exposure reduces the self-renewal capability of
HSC (11). Thus, our finding that E. coli-induced acute infection
and inflammation does not affect the reconstitution capacity in
BM is somewhat surprising, suggesting that there must be an
intrinsic biological mechanism that maintains the reconstitution
capability of HSCs during acute infection.

First, it is possible that the functional LT-HSCs do not divide
during acute infection and inflammation. Despite the fact that
chronic inflammation augments HSC proliferation and self-
renewal (2, 3, 5, 6, 12, 13, 25–29), there is no definitive evidence
showing that acute infection also increases HSC proliferation.
BM LSK cells expand during acute infection, which may simply
be a result of infection-induced Sca-1 expression on ST-HSC
and progenitor cells (LK cells) (48–50). Similarly, the accelerated
LSK cell division may simply be a result of accelerated division
of ST-HSC and progenitor cells. HSCs express TLRs and
various cytokine receptors. LPS and cytokines can induce HSC
proliferation both in vitro and in vivo (6–19, 21, 22). On the other
hand, cytokines such as TNFα may act as a cell extrinsic and
potent suppressor of normal HSC activity (12, 13). Numerous
cytokines and chemokines are produced during acute and
chronic infection. E. coli can upregulate various proinflammatory
cytokine expression in cultured human CD34+ cells (63). Some
of these cytokines may antagonize the cell division-promoting
effect of LPS and cytokines. Acute infection may also indirectly
modulate the BM microenvironment, making it unfavorable for
HSC proliferation. In this model, HSCs would not proliferate in
response to acute infection and inflammation and would thus
maintain their long-term reconstitution capability.

Second, the host may develop a strategy to maintain the
“stem” capacity of dividing HSCs. Acute infection increases HSC
proliferation as in chronic inflammation (2, 3, 5, 6, 12, 13, 25–
29), but the transiently proliferating HSCs can maintain their
long-term reconstitution capacity. In this situation, increased
HSC proliferation and differentiation would not necessarily
impair HSC functionality, perhaps due to the action of certain
cytokines/chemokines or a unique BM microenvironment
generated during acute or chronic infection. In this scenario,
the total long-term reconstitution activity would be increased
in infected mice. Notably, we only observed a small (not
statistically significant) increase in the reconstitution activity in
the total BM of infected mice compared to uninfected mice.
This might be a result of HSC mobilization from the BM
to peripheral blood and spleen during acute infection, thus
reducing the number of BMHSCs. It is well-known that infection
or systemic administration of LPS mobilizes HSPCs (57, 64–
66).

Finally, another non-exclusive possibility is that the size
and number of bone marrow niches, which determine the
number of BM HSCs, are only impaired during chronic but not
acute infection and inflammation. Quiescent HSCs are lodged
in phenotypically-defined BM niches, and their self-renewal
and differentiation are tightly controlled by this surrounding

microenvironment (67–70). Even though acute inflammation
triggers proliferation and therefore increases HSC number, the
HSCs outside the niches lose their reconstitution activity and
only HSCs in the niches retain their reconstitution activity,
resulting in unaltered HSC numbers in infected mice.

The Evolutionary Perspective and Clinical
Implications
Uncontrolled inflammation in chronic infection and
autoimmune diseases is not physiologically designed, so it
is understandable that HSCs deplete and suffer long-term
functional defects such as those seen in certain acquired
BM failure syndromes. By contrast, acute inflammation in
response to pathogens is an essential and evolutionarily selected
host defense mechanism that ensures rapid clearance of
invading pathogens. Our findings suggest that, during acute
infection and inflammation, the hematopoietic system can
replenish hematopoietic cells consumed during the innate
inflammatory response by accelerating HSPC proliferation.
However, this acute process preserves functional HSCs in
the BM. Therefore, from the clinical perspective, an induced
acute inflammatory response may be used to improve the
efficacy of BM recovery after chemo- or radiotherapy without
compromising the long-term repopulating capability of
HSCs. We focused on E. coli-elicited acute infection in this
study, but it should be noted that hematopoietic responses
to infection are pathogen dependent, relying on the distinct
pathogen-associated molecular patterns (PAMPS), cytokines,
and chemokines elicited by different pathogens (2, 71).
Whether other Gram-negative and Gram-positive bacteria,
viruses, or fungi have the same effect on HSCs remains to
be determined.

CONCLUSION

Taken together, the results of our work demonstrate that
occasionally occurring acute inflammation, which is critical
for host defenses, is unlikely to affect HSC self-renewal and
maintenance of long-term reconstitution capacity. During acute
bacterial infection and inflammation, the hematopoietic system
can replenish hematopoietic cells consumed in the innate
inflammatory response by accelerating hematopoietic stem and
progenitor cell proliferation, but preserving functional HSCs in
the BM.
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