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Pathogen-initiated chronic in ammation or autoimmune disases accelerate proliferation
and promote differentiation of hematopoietic stem cells (BCs) but simultaneously
reduce reconstitution capacity. Nevertheless, the effectof acute infection and
in ammation on functional HSCs is still largely unknown. He we found that acute
infection elicited by heat-inactivatedEscherichia 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. Bwever, the total
number of BM phenotypic HSCs (FIk2 CD48 CD150% LSK cells) was not altered in
HIEC-challenged mice. Additionally, the reconstitutionapacity of the total BM between
infected and uninfected mice was similar by both the competive repopulation assay and
measurement of functional HSCs by limiting dilution. Thusiccasionally occurring acute
in ammation, which is critical for host defenses, is unlikly to affect HSC self-renewal and
maintenance of long-term reconstitution capacity. Duringacute bacterial infection and
in ammation, the hematopoietic system can replenish hemaipoietic cells consumed in
the innate in ammatory response by accelerating hematopatic stem and progenitor cell
proliferation, but preserving functional HSCs in the BM.

Keywords: hematopoietic stem cells, acute infection, in ammat ion, long-term reconstitution, self-renewal

HIGHLIGHTS

Heat-inactivatedE. colielicited acute infection triggers expansion of lineagea-f c-kit®
(LSK) cells.

HIEC-elicited acute infection reduces the frequency of fioral HSCs in expanded LSK cells
but does not alter the total number of functional HSCs in thd B

HIEC-induced acute infection does not a ect the long-terntoastitution activity of BM HSCs
in primary recipients.

HIEC-induced acute infection does not a ect the long-terntoastitution activity of BM HSCs
after the secondary BM transplantation.
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INTRODUCTION to aect HSC self-renewal and maintenance of long-term

reconstitution capacity.
Blood cell homeostasis is maintained by balanced selfwahe

and dierentiation of bone marrow (BM) hematopoietic

stem and progenitor cells (HSPCs))( During steady-state MATERIALS AND METHODS

hematopoiesis, most hematopoietic stem cells (HSCs) aidlice

quiescent. Hematological stresses such as blood loss,ue#posC57BL/6 and C57BL/6/Ly5.1 mice were purchased from the
to cytotoxic agents, infection, and in ammation can enhanc jackson Laboratory (Bar Harbor, ME). Although sex-based
HSPC proliferation, mobilization, and myeloid di erentiath to  immunological di erences are well-documente®d, infection-
replenish hematopoietic cell®<5). These e ects are mediated induced alteration of hematopoietic system and emergency
by various pro-in ammatory cytokines such as interferon§fl),  hematopoiesis occur in both males and females. To elimirgee a
tumor necrosis factor (TN&), interleukin-1 (IL-1), transforming  and sex-related variation, we used aged matched (8—-12 weeks
growth factor (TGF)b, granulocyte-colony stimulating factor old) male mice in current study. All mice were housed and
(G-CSF), and IL-6 &17). Additionally, functional toll-like cared for in approved veterinary facilities located withireth
receptors (TLRs) exist on HSPCs, so bacterial componenghildren's Hospital Boston, which provides sterile isolatages
such as lipopolysaccharide (LPS) may directly stimulate HSPith fresh food, water, and bedding provided weekly. All arlima
proliferation (18-22), and HSPCs are often committed to manipulations were conducted in accordance with the Animal
myeloid di erentiation after stimulation with TLR ligandslf, welfare Guidelines of the Children's Hospital Boston. The

21-23). Children's Hospital Animal Care and Use Committee approved
Proliferating HSCs often display reduced long-termand monitored all procedures.

engraftment and capacity for multilineage reconstitution
compared to GO cells. Thus, it is commonly believed thaHeat-Inactivated E. coli-Elicited Peritoneal
frequently dividing HSCs are likely functionally impaired |n ammation

(24). Consistently, pathogen-initiated chronic inammation 14 assess the e ect of acute infection on HSCs, we developed

or autoimmune diseases accelerate proliferation and promotg, 5cute bacterial infection-induced in ammation model 0§
di erentiation of HSCs but simultaneously reduce recongtitn ¢, Gram-negative bacteriur. coli a pathogen commonly

capacity g, 3, 5,6, 12, 13 25-29). Repetitive and relatively high jsqgjated from bacteremic patients. To eliminate the variatio
doses of cytokines or LPS produce similar outconies30-32).  c4ysed by di erential bacterial growt vivo, we used heat-
HSCs are thought to divide more frequently in responsenaciivatedE. coli(strain 19138, ATCC) (HIEC). HIEC were
to infection and in ammation, reducing their reconstituin repared as previously34). Brie y, bacteria were rst cultured
capability. This conclusion is mainly based on results Oﬁ1 LB broth at 37C for 16 h and then washed and re-suspended
pathogen-initiated chronic in ammation or autoimmune j, pgs E. coliwere killed by heating suspensions to 60for
diseases)( 3,5, 6,12 13, 20,25-29). The e ect of acute infection 1h. To induce peritoneal in ammation, HIEC (1 19 in 200

and in ammation on functional HSCs remains elusive. Acuten pgs) was injected intraperitoneally. At di erent time points
in ammation is an essential host defense against invadinglV  after HIEC injection, mice were anesthetized with iso uesand
bacterial, and fungal infections and a response to tisSueynj  retro-orbital blood was collected. At the end of the experirise
A signi cant number of blood cells, particularly innate imme  ice were euthanized by GGnhalation. In ammation-induced

cells such as monocytes and neutrophils, are consumed iR acyjanylopoiesis was assessed by analyzing PB and BM cells.
in ammation. Accelerated hematopoiesis and myelopoiese ar

critical host responses that restore blood homeostasisaftte  Hematologic Analysis

inammation. Acute infection and in ammation are frequent \ice were anesthetized and immediately bled retro-orhyjtaito
events throughout life, but whether this generally bend tiast 33 EDTA-coated tube (Becton Dickinson, Franklin Lakes, NJ;
defense response causes long-term damage to hematopoigtigt: 365974). Complete blood counts were performed using an
cells is still an open question. automated hematology analyzer (Hemavet 850; Drew Scignti
Here we induced acute infection and in ammation using oxford, CT). For BM cells, the total cell counts were deteredin
heat-inactivatedscherichia colHIEC) and determined whether using a hemocytometer, and the di erential cell counts were
such treatment was detrimental to HSCs. Challenge with HIEGgnducted by microscopic analysis or FACS analysis using a
expanded the BM lineage-negative (Linstem cell-antigen Facscanto Il ow cytometer (BD Biosciences, San Jose, CA).
1 (Sca-1jcKit® (LSK) population, which was largely due to The absolute numbers of neutrophils and other immune cells

upregulation of Sca-1 on LK cells. The total number of BMyere determined based on FACS analysis.
phenotypic HSCs (FIk2-CD4&D15¢ LSK cells) was not

altered in HIEC-challenged mice. Consistently, there was nFACS Analysis

signi cant reduction in reconstitution capacity of the tdta Mice were 8 to 12-week-old males. Single-cell BM suspensions
BM in the infected mice measured by both the competitivyere obtained by re- ushing both tibias and femurs using
repopulation assay and measurement of functional HSCs by 25G needle and ltering through 4@m cell strainers.
limiting dilution. We conclude that occasionally occurriagute  Erythrocytes were lysed with an ACK lysis buer (Gibco
in ammation, which is critical for host defenses, is Un"ye BRL) Sing|e_ce|| BM and PB cell Suspensions were washed
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with DPBS (Life Technologies, Carlsbad, CA; Cat: 14190-250nder sterile conditions. The red blood cells were lysed using
supplemented with 2% FCS (Atlanta Biologicals, Flowery BrancACK lysing bu er. For limiting dilutions, di erent doses of
GA; Cat: S11150H). The following antibodies were used facSK cells sorted from PBS or HIEC-treated mice were injected
ow cytometry: allophycocyanin-conjugated lineage masker together with 0.5 million supporting cells into lethally irreded
speci ¢ for CD3e (145-2C110), CD4 (RM4-5), CD8a (53-6.7)recipients. Transplanted mice were rst bled 2 or 4 weeks after
CD11b (M1/70), B220 (RA3-6B2), GR-1 (RB6-8C5), and Terll1®ansplantation and then on a monthly schedule. Peripheral
(TER119) (eBioscience, Thermo Fisher Scientic; BioLegendlood was obtained retro-orbitally. Complete blood cellsmsu
or BD Pharmingen). Other antibodies included PC-Cy7- orwere analyzed with the Hemavet hematology system (Drew
FITC-conjugated Sca-1 (D7), APC-conjugated c-kit (2B&CA  Scienti c, Inc., Miami Lakes, FL). Hematopoietic chimerismswa
conjugated CD45.2 (104), PE- conjugated CD150 (SLAM) (clongnalyzed by uorescence-activated cell sorting (FACS). Reatbl
TC15-12F12.2), FITC-conjugated CD48 (clone HM48-1), andells were lysed in 2ml ACK (Gibco, Thermo Fisher Scienti c,
PE-conjugated CD45.1 (A20). Samples were incubated in DMEMaltham, MA) before ow cytometry.
(Life Technologies; Cat: 31053-028) supplemented with 2%
FCS on ice for 15min, washed, and Itered before analysisAnalysis of Cell Proliferation by Ki67
Unstained cells were used as negative controls to estabiish tCell proliferation in vivo after HIEC-induced in ammation
ow cytometer voltage settings, and single-color stainogtrols was determined by staining with Ki67-FITC (BD Biosciences,
were used to adjust the compensation. Unstained cells wef56026) antibody and Hoechest33342 dye which measure the
used as negative controls to establish the ow cytometaiagel frequency of cycling cells. BM cells were xed using the
settings, and single-color staining controls were usedijosithe  eBioscience Intracellular Fixation and Permeabilizatianeb
compensation. Flow cytometry was performed on the CANTGset (Invitrogen). After xation and permeabilization, cellgere
II, LSR Il, and LSRFortessa (BD Biosciences) instrumerasv Fl centrifuged and resuspended in 160 permeabilization bu er.
cytometry data were analyzed with FlowJo software (TrepStar Cells were subsequently stained and analyzed following a
protocol provided by the manufacturer (Invitrogen).
Hematopoietic Stem and Progenitor Cell
Sorting Granulocyte/Monocyte CFU Assays
Single-cell BM suspensions were obtained by ushing tibia@ 10* BM cells from WT mice were seeded in semisolid
and femurs using a 25G needle and ltering throughm@  MethoCult GF M3434 medium (STEMCELL Technologies,
cell strainers. Erythrocytes were lysed with an ACK lysigbu Cambridge, UK) containing recombinant mouse stem cell factor
(Gibco BRL). Single-cell BM suspensions were washed twi¢8CF), recombinant mouse IL-3, and recombinant human IL-
with DPBS (Life Technologies, Carlsbad, CA) supplemented with for granulocyte/monocyte CFU (CFU-GM) detection. The
2% FCS (Atlanta Biologicals, Flowery Branch, GA). The cefumber of colonies containing 50 cells was counted on day 7.
suspension was centrifuged for 5min at 1,500 rpm, and the )
cell pellet was resuspended in 1 ml of DPBS with 2% FCS. Férytokine Analyses
sorting, cells were stained with the CD3e (145-2C110), CDMlice were euthanized at each indicated time points. The
(RM4-5), CD8a (53-6.7), CD11b (M1/70), B220 (RA3-6B2), GRperipheral blood was collected via cardiac puncture and
1 (RB6-8C5), and Terll19 (TER119) antibodies (eBiosciencallowed to clot at room temperature for 30 min. Samples were
Thermo Fisher Scienti ¢, BioLegend, or BD Pharmingen). @th subsequently spun down at 12,0009 for 10 min to remove
antibodies included PC-Cy7- or FITC-conjugated Sca-1 @#) blood cells. Supernatants were further centrifuged andrelte
APC-conjugated c-kit (2B8) (BD Pharmingen), LSK cells werdising a 0.22m lter. The resulting sera were stored at20 C
sorted using a FACSAvia Il equipped with FACSDiva softwareintil use. For cytokine measurement, mbof 2 diluted sample
(BD Biosciences). was analyzed with the Mouse 32-plex Assay, Eve Technology
(Calgary, Canada).
BM Cell Transplantation
Donor LSK cells were sorted as described above. For LSK c8tatistical Analysis
transplantation, 8- to 12-week-old CD45. Two recipient miceOur research design incorporates rigorous methodological
were lethally irradiated (10.5 Gy, split dose 3—4 h apart) gisin approaches, independent blinded measurements, unbiased data
137Cs source. The sorted CD4E.1.SK cells were retro-orbitally analysis plan, and statistical procedures to minimize tecinic
injected together with 0.5 million CD45.2 supporting cellsoin variability and ensure scientic rigor and reproducibility.
lethally irradiated recipients. For competitive transplaidat Experiments were performed independently at least three times
experiments, 8- to 12-week-old CD45.1 and 2 recipient micand the data were pooled and analyzed together. For most
were lethally irradiated (10.5Gy, split dose 3-4 h apart) gisinexperiments, comparisons were made using a 2-tailed, unpaired,
a 137Cs source. Half a million CD45%2donor cells combined Studentst-test. Data were presented as means$SD). AP
with 0.5 million CD45.f donor cells were injected retro- 0.05 was considered statistically signi cant. Statistiralyses
orbitally. For serial transplantation, secondary recipgemtere were performed with appropriate software (e.g., GraphPad
transplanted with one million total BM cells from primary Prism or SPSS Statistics). No samples or animals subjected to
recipients 24 weeks after initial transplantation. The dowbiole  successful procedures and/or treatments were excluded fnem t
BM (WBM) cells were prepared by spinning femurs and tibiasanalysis. The limdil function in ELDA software was used in
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the analysis of stem cell frequencies [http://bioinf.wethii.au/ receptors (CD150 and CD48%1-53). To better understand
software/elda/f5)]. the eect of HI E. colion phenotypic HSCs, we furtherly
examined the LSK subpopulation, including LT-HSC (CD135
RESULTS CD156°CD48 LSK), ST-HSC (CD135 CD48 LSK), MPP2
(CD135 CD15¢ CD4& LSK, myeloid-biased), MPP3 (CD135
HIEC-Induced Acute In ammation CD150 CD4&°LSK, myeloid-biased), and MPP4 (CDf35
Expands LSK Cell Population CD150 CD4&LSK, Iymphoid-primed) (_:ells f4); Figure 1G]_.
To assess the eect of acute infection and in ammationwe found that HIEC-triggered expansion of LSK cells mainly

H | t terial infecti curred in MPP2 and MPP3 populations. The total number of
on HSCs, we developed a mouse acute bacterial infectighi’!{ % &0 (CD135CD156° CD48 LSK) that contain long-
model using heat-inactivate&. coli (HIEC) [(36); Figure 1A

and Figure S14. Peritoneal infection with HIEC triggered term, multi-lineage repopulating cells was not increased dwrin

mobilization of neutrophils from the BM to the peripheral HIEC-induced acute in ammationfigure 1H).

blood, leading to initial increase of peripheral blood neutnd To further examine the function of thg expanded BM LSK
counts days Rigure S1B. The number of BM mononuclear cells, a competitive BM transplant experiment was performed

cells (BMMCs) reduced at the early time points and thenusing LSK cells isolated from HIEC-infected or uninfected

: . : : CD45.1 mice Figure 2A). One thousand CD45.1 LSK cells
increased after 2 daysigure S1Q. Consistently, peripheral ) ) . .
blood counts, particularly neutrophil counts, was elevatttera were mixed with 0.5 million total CD45.2 BM cells isolated

2 days Figure S1B. HIEC-challenge also increased spleerfrqm uninfeqtgd mice and transplanted into Iethally-irradh’ad
size Figure S1D. In parallel, there was an increase in Primary  recipients. Donor LSK cells from both uninfected

cytokine production in HIEC-challenged miceFigure S1B. ﬁg?( 'nfﬁCted mice lengdraffted t_hfe Bl\/clj. H_owevr:ar,_ when df onor
Consistent with published results, HIEC-elicited acute dtifen cells were isolated from infected mice, their engr €

also expanded the HSC-enriched LSK pobiggre 18). The e ciency was signi cantly reqluced, remaining at low levels
percentage Kigure 10 and total number Figure 1D) of BM 6 mo_nths haftﬁr trk?nsplan;atlor; l:{gurgs Z?L?S‘CTO furthzr d
LSK cells increased gradually, peaking 24 h &telichallenge examine whether the number of functiona S was reduce

and returning to baseline after 5 days. Previous study ledea in the LSK populg’;ion isolated .from i.nfected mouse B.M’. we
that HIEC-challenge promotes cell division of LSK ceis)( measured competitive repopulating units (CRU) using a limiting

Here, we assessed cell proliferation by staining cells wi7 K dilution assay Figure 2D). Lethally-irradiated recipient mice

and Hoechest33342. Consistently, the percentage of G1- afff'® transplanted with dierent doses of donor LSK cells

G2/S/M-phase proliferating cells increased both in LSK an('jSOIate? fri)m infgctedsorll,cl)ginf?(:c'[:%d4g[2)45.1 mi(t:.e tog:jhﬂf:lw
Lin-Sca-1-c-Ki€ (LK) cell populations Figure 1E. Bacterial E,\joni_an hum er ( | I)Od .h supporting fced S:
infection triggers myelopoiesis4{, 37-39 and consistent with _chimensm was caicu ate as the percentage of donor-
this, the BM from HIEC-treated mice contained more committe derived cells in the peripheral white blood cell pool 6 months

. ; o 0 .
myeloid progenitors than untreated controligure 1F). Thus, after transplantation, with chimerism of 0.5% considered

HIEC-induced acute infection signi cantly expands the LSl c positive engraftment Rigure S.2 and Table S). Compared to
population and augments myelopoiesis. LSK cells isolated from uninfected donors, CRU frequency

in LSK cells isolated from infected donors was signi cantly

. decreased from one in 140 to one in 85Rigure 2E and
HIEC-Induced Acute In ammation Does Table S2. However, since the percentage of LSK cells in

Not Alter the Total Number of Functional the HIEC-challenged mice was seven-fold greater than in

HSCs in the BM unchallenged mice, the total number of CRU per femur
Mouse HSCs are often characterized as lineage-negative L&#s in fact not altered in challenged mic€&idure 2F and
cells, but<10% of these cells are functional long-term HSCsTable S2. Taken together, our results show that the frequency
(LT-HSCs) 40, 41). LSK population also contains short-term of functional HSCs in the expanded LSK cell population appears
HSC with multilineage potential (ST-HSC and MPP). Expansiorio be reduced in HIEC-infected mice but the total number
of LSK cells does not equivalent to expansion of functionalk unaltered.

HSC population. Additionally, although expansion of the BM

LSK population is a hallmark of infections induced by variou _ .
pathogens including bacteria, fungi, and virusg®(42-47), itis SHIEC Induced Acute In ammation Does

well-documented that Sca-1, a canonical stem cell markerbe  NOt Impair HSC Long-Term Reconstitution
upregulated on hematopoietic cells including non-HSCs dgrin Activity in Primary Recipients

in ammation by either IFNs or TNR (10, 48-50). LPS and IL6 Next, to directly measure the total BM reconstitution adivi
also convert LK to LSK celis vitro (50). Thus, infection-induced in infected and uninfected mice, we conducted a competitive
expansion of the LSK population may simply re ect elevatedM transplant experiment using total BM instead of isolated
Sca-1 expression on LK cells rather than expansion of Sca-ILSK cells Figure 3A). BM cells from infected and uninfected
positive functional HSCs. Signi cantly higher stem cell pi@$s mice were mixed at a 1:1 ratio and transplanted into lethally-
can be achieved by selecting LSK cells that show di erentiairadiated primary recipients. After 24 weeks, the majority of
expression of CD135 (a.k.a. FLT3 and FLK2) and SLAMecipient peripheral blood cells were CD45.br CD45.%,
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FIGURE 1 | HIEC-elicited acute in ammation triggers expansion of linege—sca-1Cc-kitC (LSK) cells.(A) Experimental scheme for thein vivoHI E. colichallenge
experiments. Heat-inactivatedE. coli (HIEC, 1 107 CFU) were injected intraperitoneally. At each time point,\ cells were collected and analyzed by FACS.

(B) Representative FACS plots showing changes in LK and LSK cdlequency in BM mononuclear cells at different time pointsféer HIEC challenge (C) Percentage
of LSK and LK cells in BM mononuclear cell (BMMC) populationat different time points afterE. colichallenge. Data shown are means SD ( D 4 mice). < 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 differdrtime points afterE. coli
challenge. Data shown are means SD (1 D 4 mice). p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. unchallenged mice (blk)(E) Percentage of G1 and
G2/SIM cells in LK and LSK cells 24 h after the HE. colichallenge. Data shown are means SD (0 D 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 quantitative granulocyte—monocyte colony-forming ungCFU-GM) assay. BMMCs
were prepared 24 h afterE. coliinjection and cultured in MethoCult™ GF M3434 medium for 7 days. Representative photographs of déclusters/colonies are shown.
The number of granulocyte colony-forming units (CFU-G), nmmcyte colony-forming units (CFU-M), and granulocyte—mastyte colony-forming units (CFU-GM) from
10,000 BMMCs were calculated. Data shown are mean SD ofn D 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 (CD135CD150 CD48 LSK), MPP2 (CD135 CD150° CD48CLSK, myeloid-biased), MPP3
(CD135 CD150 CD48CLSK, myeloid-biased), and MPP4 (CD135CD150 CD48CLSK, lymphoid-primed) cell populations were de ned as previusly reported 64).
(H) Percentage of LT-HSC, ST-HSC, MPP2, MPP3, and MPP4 cells in mononuclear cell (BMMC) population and their absolute nuber in tibia 24 h after the HIE.
coli challenge. Data shown are means SD (1 D 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 ceffigire 3B).  of CD45.£ donor-derived cells (from uninfected donor mice),
At 4 weeks, the percentage of CD45.8onor-derived cells indicating BM hematopoietic progenitor cell expansion in the
(from infected donor mice) was signi cantly higher than tha infected donors and that acute infection could indeed induce
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FIGURE 2 | HIEC-elicited acute in ammation reduces the frequency of
functional HSCs in expanded LSK cells but does not alter theotal number of
functional HSCs in the BM.(A) Schematic of thein vivo hematopoiesis
reconstitution experiment. 1000 LSK cells from PBS or HIEC+allenged mice
(CD45.1) were transplanted into lethally-irradiated coranic recipients
(CD45.2) together with 0.5 million supporting cells (CD48). BM chimerism in
recipients was analyzed at each indicated time pointB) Representative FACS
plots of donor-derived WBCs in the peripheral blood 6 monthsafter
transplantation. (C) The percentages of donor derived cells (CD459) in total
hematopoietic cells (CD45.& or CD45.1°) at the indicated time points in PBS
and HIEC-treated groups. Data shown are means SD (0 D 5 mice). *p <
0.01 vs. control by unpaired two-tailed nonparametrid-test. (D) Schematic of
the limiting dilution analysis (LDA). Limiting dilution pgriments were
performed with indicated doses of LSK cells obtained from PB- or
HIEC-treated mice (CD45.1) combined with 5 10° competing cells (CD45.2)
transplanted into recipients (CD45.2). BM chimerism in régients was
(Continued)

FIGURE 2 | analyzed at each indicated time point. Hematopoietic chimegsm
was analyzed by FACS(E) Log-fraction plots of the limiting dilution model
tted 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 transplantationdction. The dotted
lines give the 95% con dence intervals. The frequencies of factional HSCs in
LSK cells were calculated accordingly. All the analyses anchlculations were
performed using ELDA software (F) The number of functional HSCs in the BM
was assessed using limiting dilution analysis. The numbeif éunctional HSCs
was calculated based on the raw data shown irTable S1. Data shown are
mean SD ofn D 4 mice. NSp > 0.05 vs. PBS-treated mice.

proliferation of hematopoietic progenitor cell§igures 3C,D.
HSPCs di erentiated into a diverse range of specialized cell
types, with myeloid lineage cells predominating, consistertt wit
augmented myelopoiesis during acute in ammatio,[£5, 56);
Figure 3Eand 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 pergenta
of CD45.% cells did not fall Figures 3C,D. In fact, a higher,
although sometimes not statistically signi cant, percemtanf
CD45.% cells compared to CD451cells was always detected.
The unaltered or even elevated CD45.Zell percentage
represented all cell types including B cells (B220T cells
(CD3F), and myeloid cells (Gf4). Therefore, the number and
function of long-term multiple-lineage BM HSCs was likely
unaltered or even elevated in acute in ammatidfigure 3Eand
Figure S3.

HIEC-Induced Acute In ammation Does
Not Impair HSC Long-Term Reconstitution
Activity After the Secondary BM

Transplantation

To further reveal how acute in ammation a ects HSC function
in the long term, we conducted secondary transplantation
of BM cells from primary recipients Higure 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 CD452derived cells. The ratio of CD4%:2to
CD45.f cells remained constant over the 6-month period
(Figures 4B-D. At each time-point examined over long-term
serial transplantation, secondary recipients showed longrte
multilineage reconstitution derived from both CD4%.2and
CD45.F donor cells. Compared to the donor population ratio,
there was no signi cant reduction in CD45.2:CD45.1 cell gati
for each lineageHigure 4E and Figure S4. Noticeably, HIEC
challenge was able to signi cantly increase the recongbitut
capacity of myeloid cells and B cells at several time points
post the rst transplantation Figure 3B. Similar e ect
was also observed in B cell reconstitution 1 month after
the secondary BM transplantationFigure 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 in ammation does not affect the long-ternreconstitution activity of BM HSCs in primary recipients(A) Schematic of the competitive
BM transplantation experiment. 0.5 million total BM cellsém PBS-treated or HIEC-challenged mice (CD45.2) were trapdanted into lethally-irradiated congenic
recipients (CD45.1 and 2 C57/B6 mice) together with 0.5 mithh competing BM cells (CD45.1). BM chimerism in recipients as analyzed at each indicated time point.
Hematopoietic chimerism was analyzed by FACS(B) Representative FACS plots showing the percentage of donoderived WBCs in the peripheral blood 24 weeks
after transplantation in PBS and HIEC groups. The experimestvere 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. Dia shown are mean SD ofn D 5 mice. (D) Ratio of CD45.X to CD45.1€ cells
at the indicated time points after transplantation in PBS ahHIEC groups. Data shown are mean SD ofn D 5 mice. (E) Chimerism in indicated blood lineages. Ratio
of CD45.2° to CD45.1€ cells was calculated based on the percentage of donor-derigd CD45.2¢ and CD45.1€ cells in each indicated linageRigure S3). Data
shown are mean SD ofn D 5 mice. *p < 0.05 vs. PBS-treated group.

population [(34); Figure 1. However, such e ect became

signi cant 2 month after the secondary BM transplantationDISCUSS|ON

(Figure 4B. Collectively, our results demonstrate that HIEC- HIEC-Induced Acute In ammation Model

induced acute in ammation expands the BM LSK populationTo assess the e ect of acute infection and in ammation on HSCs,
but does not aect the long-term reconstitution activity we developed a mouse acute bacterial infection model using the
of BM HSCs. Gram-negative bacteriuff. coliK12, a strain commonly isolated
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FIGURE 4 | HIEC-induced acute in ammation does not affect the long-ternreconstitution activity of BM HSCs after the secondary BM &msplantation. (A) Schematic
of secondary BM transplantation experiment. One million tal BM cells from primary recipients were transplanted inttethally-irradiated congenic recipients (CD45.1
and 2 C57/B6 mice). BM chimerism in secondary recipients was i@alyzed at each indicated time point. Peripheral blood wastained retro-orbitally using a
heparinized capillary tube. Hematopoietic chimerism wasralyzed by FACS.(B) Representative FACS plots showing the percentage of CD452and CD45.1¢ WBCs
in the peripheral blood 20 weeks after secondary BM transplatation. The experiments were conducted 20 weeks after theransplantation.(C) The percentage of
donor-derived CD45.2 and CD45.1° WBCs in the PB of secondary recipients at the indicated time qints. Data shown are mean SD ofn D 5 mice. (D) Ratio of
CD45.2¢ to CD45.1° cells at the indicated time points after secondary BM transfantation. Data shown are mean SD of n D 5 mice. (E) Chimerism in indicated
blood lineages. Ratio of CD45.8 to CD45.1€ cells was calculated based on the percentage of donor-derizd CD45.2° and CD45.1€ cells in each indicated linage
(Figure S4). Data shown are mean SD ofn D 5 mice. *p < 0.05 vs. PBS-treated group.

from bacteremic patient£&. colinormally resides in the intestine total BM HSC activity inE. coliinfected mice was moderately

but is a major cause of sepsis in hospitalized patiedts Cive  diminished compared to that of uninfected mice, mainly due to
bacteria grow in the host, introducing an unnecessary weia HSC mobilization from the BM to the spleef ().

to the system. To eliminate the variation caused by di erahti

bacterial growthin vivo, we used heat-inactivated bactergg T he Effect of Acute Infection on HSC

Additionally, the focus of current study is the acute resppts  Function

infection and in ammation. A controlled and consistent @eu |n this study, we investigated the impact of acute infection
infection is better achieved by using heat-inactivaiedcoli If  on HSC function using the HIEC-induced acute infection

mice were challenged with li. colj the infection would last model. Challenge with HIEC expanded the BM LSK cell
much longer. The function of HSPCs isolated from mice inéect population, which was largely due to upregulation of Sca-
with live E. colifor 6 days has been previously examined, and the on LK cells. The total number of BM phenotypic HSCs
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(FIk2 /CD48 /CD15(F LSK cells) was not altered in HIEC- Both FIk-2 (long-term repopulating HSC enriched) and Flk-
challenged mice. Consistently, there was no signi cantiitn ~ 2€ LSK cells express TLR2( 61). LPS interacts directly with
in reconstitution capacity of the total BM in the infected the TLR4 on these cells in bone marrow, triggering cell cycle
mice assessed by both the competitive repopulation assapntry and stimulating innate immune system replenishment
and measurement of functional HSCs by limiting dilution. in challenged mice A1). Chronic low-dose LPS stimulation
Noticeably, a similar result was observed in terms of the rolleads to HSPC expansion and common lymphoid progenitor
of type | interferons in hematopoiesi¢@). When CD156 LSK  (CLP) depletion. HSC and CLP sensitivity to LPS depends
was used as phenotypic de nition for HSCs, interferon signgli on hematopoietic-derived, cell subset—-autonomous TLRZ. (
led to expansion of HSCs3,(58). In contrast, when the more Takizawa et al. also revealed that systemic LPS application
stringent FIk2 /CD48 /CD15(F LSK was used as phenotypic enhances HSC (LKS CD3@&D15¢) proliferation directly
de nition for HSCs, IFN—induced HSC proliferation was only a via TLR4 @1). TLR1/2 agonist PAM3CSK4 also promotes
transient event even in the presence of chronic IFN treatmengproliferation of both human HSCs (LinCD34°CD38°) and
and was not su cient to deplete the HSC poal ). HPCs (Lin CD34°CD38"). It can bias the lineage commitment

Few studies have assessed the impact of acute infectioh human HSCs and shift the dierentiation of lineage-
on HSC function. In a Pseudomonas aeruginasduced committed progenitors to favor myelopoiesis at the expense of
sepsis model, LSK compartment expansion was observed lymphoid B-cell developmentlf). Similarly, speci c ligands for
the rst 24h of sepsis, and there was reduced engraftmentLR7/8 induce the proliferation and di erentiation of human
of LSK cells from infected animals after transplantation intoBM CD34 progenitor cells along the myeloid Lineage?)
lethally-irradiated recipient mice. It was therefore card#d Noticeably, HSPCs can produce various cytokines in respanse t
that acute bacterial infection reduces stem cell activity a LPS and Pam3CSK4 stimulation. Among these cytokines, H.-6 i
reconstitution potential 44). Nevertheless, in this study, the a particularly important regulator of myeloid di erentiatioand
competitive BM transplantation experiments were conductedHSPC proliferation and in mediating rapid myeloid cell recovery
using the same number of LSK cells from infected andluring neutropenia §¢1). Interferon signaling also plays critical
uninfected control mice. The reduced BM reconstitutionroles in hematopoiesis. In response to interferon-a (IFNa) or
capacity of LSK cells from infected mice might simply be causegoly(I:C), an inducer of type | IFN signaling, HSCs [CDf3BK
by increased Sca-1 expression in progenitor cells and thulls g, 58) or CD15¢ CD41 CD48 LSK cells {4)] e ciently
LT-HSC dilution by progenitor cells. Further, in a bacterial exit GO and enter an active cell cycle, leading to expansion 6f HS
infection by Staphylococcus aureo®del and a cecal ligation population. Interferong (IFNg) promotes proliferation of LSK
and puncture (CLP) acute polymicrobial sepsis mode)(the  cell bothin vivoandin vitro (10, 17). In anin vivo mouse model
LSK population was expanded. The number of CCH60135 of Mycobacterium aviumnfection, chronic infection triggers
LSK cells which include LT-HSC (CD136D156°CD48 LSK) IFNg-mediated proliferation of both LT-HSCs (CD3#&Ik2
and MPP2 (CD135CD150°CD4& LSK) also increased, LSK or CD156LSK) and ST-HSCs (CD$#1k2 LSK) ().
consistent with the signi cant expansion of MMPEigure 1H). It was later reported that expansion of HSPCs (LSK cells)
CD150°CD135 cells from septic mice retained sucient triggered by intracellular bacterial infection is mainly dieted
reconstitution capacity to allow survival of lethally-idiated by IFNg. In a murine model of human monocytic ehrlichiosis,
recipients; however, engraftment e ciencies were not congghr IFNg but not IFN-a, acts directly on hematopoietic cells to
between HSCs from infected and uninfected mice. Intergdyin promote their proliferation leading to increased frequency of
CLP-induced HSPC expansion still occurred in the absence &fSK cells inEhrlichia murisinfected hosts ). Interestingly,
TLR signaling 46). another study showed that IFiNsecreted by e ector cytotoxic

It is noteworthy that acute viral infection also inducesCD8" T cells can promote the release of hematopoietic
transient alterations on the hematopoietic proce&s, (60). cytokines, such as IL-6 from bone marrow mesenchymal
Direct viral infection in HSPCs has been shown to reducestromal cells (MSCs), which in turn stimulates hematopoiesis
the hematopoietic output. However, the exact underlyingat the level of early multipotent hematopoietic progenitor
mechanisms is largely unknown. Additionally, viral infiectcan  cells (Lin c-kit") (15). Finally, interleukin-1 (IL-1) has also
a ect hematopoiesis through the action of mediators such aveen implicated in regulating HSC proliferation. Chronic IL-
type | IFNs, TNR, and other cytokines generated during the 1 exposure accelerates cell division and myeloid di ererdrati
infection (59, 60). It was previously reported that vaccinia virus of HSCs (FIk2 CD48 CD15G LSK cells) through precocious
infection induces MyD88-dependent expansion of the both Flkactivation of a PU.1-dependent gene progral)(

2C and FIk-2 LSK cell populations in the BMS). Its e ect on It is commonly thought that HSCs divide more frequently
the long-term BM reconstitution capability of functional €S in response to infection, leading to reduced reconstitution
remains elusive. capability ¢4), a phenomenon known as proliferation-associated

functional exhaustion €2). In an early study, Passegue
. . . et al. functionally assessed the proliferation index andusta
MeCham,sm_S That Ma!r_]talns the . of cell cycle machinery during hematopoietic di erentiation
Reconstitution Capability of HSCs During and demonstrated that hematopoietic repopulating potential
HIEC-Induced Acute In ammation critically depends on maintenance of the quiescent stat. (
Bacterial components such as Lipopolysaccharide (LPS) a&milar e ect was also observed in a bacterial infection niade
in ammatory cytokines can stimulate HSPC proliferatioi-¢2).  whichin vivo LPS application induces proliferation of dormant
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HSCs via TLR4 and sustained LPS exposure impairs HSC satficroenvironment ¢7-70). Even though acute in ammation
renewal and competitive repopulation activitylj. Chronic  triggers proliferation and therefore increases HSC numbes, t
type | IFN signaling induces HSC proliferation but also leaddHSCs outside the niches lose their reconstitution activitg an
to functional exhaustion of quiescent HSG% (4). Similarly, only HSCs in the niches retain their reconstitution actiyity
chronic IL-1 exposure reduces the self-renewal capability oksulting in unaltered HSC numbers in infected mice.
HSC (L1). Thus, our nding thatE. coliinduced acute infection
and in ammation does not a ect the reconstitution capacity in
BM is somewhat surprising, suggesting that there must be ap .
intrinsic biological mechanism that maintains the recangton mphcat'ons ] ] o )
capability of HSCs during acute infection. Uncqntrolled in ammagon in chrom_c |nfect|qn and _

First, it is possible that the functional LT-HSCs do not digid autoimmune diseases is not physiologically designed, so it
during acute infection and in ammation. Despite the fact tha IS understandable that HSCs deplete and suer long-term
chronic in ammation augments HSC proliferation and self- functlopal defects such as those seen in .certaln gcqullred
renewal @, 3, 5, 6, 12, 13, 25-29), there is no de nitive evidence BM failure syndromes._ By contra_st, acute in :_ammz_itlon in
showing that acute infection also increases HSC prolifenatio FéSPOnse to pathogens is an essential and evolutionarilytselec
BM LSK cells expand during acute infection, which may simp0St defense mechanism that ensures rapid clearance of
be a result of infection-induced Sca-1 expression on ST-HstBvading pathogens. Our ndings suggest that, during acute
and progenitor cells (LK cells)ig-50). Similarly, the accelerated infection and in ammation, the hematopoietic system can
LSK cell division may simply be a result of accelerated dinisi "€Plenish hematopoietic cells consumed during the innate
of ST-HSC and progenitor cells. HSCs express TLRs arlf ammatory.response by accelerating HSPC. prollferanon..
various cytokine receptors. LPS and cytokines can induce HStowever, this acute process preserves functional HSCs in
proliferation bothin vitro andin vivo(6-19, 21, 229). On the other ~ the BM. Therefore, from the clinical perspective, an induced
hand, cytokines such as ThFmay act as a cell extrinsic and &cute in ammatory response may be used to improve the
potent suppressor of normal HSC activityZ 13. Numerous € cacy of BM recovery after chemo- or radiotherapy without
cytokines and chemokines are produced during acute an@ompromising the long-term repopulating capability of
chronic infection E. colican upregulate various proin ammatory HSCS. We focused of. colielicited acute infection in this
cytokine expression in cultured human CD3¢ells 63). Some  Study, but it should be noted that hematopoietic responses
of these cytokines may antagonize the cell division-pronmti to infection are.pathogen dependent, relying on the dlstlpct
e ect of LPS and cytokines. Acute infection may also indiect Pathogen-associated molecular patterns (PAMPS), cytokines,
modulate the BM microenvironment, making it unfavorable fo @1d chemokines elicited by dierent pathogens, (71).
HSC proliferation. In this model, HSCs would not proliferate in WWhether other Gram-negative and Gram-positive bacteria,
response to acute infection and in ammation and would thusViruses, or fungi have the same e ect on HSCs remains to
maintain their long-term reconstitution capability. be determined.

Second, the host may develop a strategy to maintain the
“stem” capacity of dividing HSCs. Acute infection incread&C
proliferation as in chronic in ammation &, 3, 5, 6, 12, 13, 25- CONCLUSION
29, but the transiently proliferating HSCs can maintain their
long-term reconstitution capacity. In this situation, ireased
HSC proliferation and di erentiation would not necessarily
impair HSC functionality, perhaps due to the action of certain
cytokines/chemokines or a uniqgue BM microenvironment
generated during acute or chronic infection. In this sceoar
the total long-term reconstitution activity would be inased

The Evolutionary Perspective and Clinical

Taken together, the results of our work demonstrate that
occasionally occurring acute in ammation, which is critica
for host defenses, is unlikely to a ect HSC self-renewal and
maintenance of long-term reconstitution capacity. Duringigec
bacterial infection and in ammation, the hematopoietic &

can replenish hematopoietic cells consumed in the innate
{'n ammatory response by accelerating hematopoietic stem and

in infected mice. Notably, we only observed a small (no . . . . .
- A . . TR progenitor cell proliferation, but preserving functional HS@s
statistically signi cant) increase in the reconstitutiaativity in the BM

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, thusDA-l-A AVAILABILITY STATEMENT
reducing the number of BM HSCs. Itis well-known that infexti

or systemic administration of LPS mobilizes HSPGS, 64- Al datasets generated for this study are included in the

66). . o _ article/Supplementary Material
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 ETHICS STATEMENT

acute infection and in ammation. Quiescent HSCs are lodged

in phenotypically-de ned BM niches, and their self-renewalThis animal study was reviewed and approved by Children's
and di erentiation are tightly controlled by this surroundg  Hospital Animal Care and Use Committee.
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