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I M M U N O L O G Y

Transitional premonocytes emerge in the periphery 
for host defense against bacterial infections
Ye Chean Teh1,2, Ming Yao Chooi1,3, Dehua Liu1, Immanuel Kwok1, Ghee Chuan Lai1, 
Liyana Ayub Ow Yong3,4, Melissa Ng1, Jackson L. Y. Li1, Yingrou Tan1,5, Maximilien Evrard1, 
Leonard Tan1,3, Ka Hang Liong1, Keith Leong1, Chi Ching Goh1, Andrew Y. J. Chan1,  
Nurhidaya Binte Shadan1, Chinmay Kumar Mantri6, You Yi Hwang1, Hui Cheng7, Tao Cheng7, 
Weimiao Yu8, Hong Liang Tey3,5,9, Anis Larbi1, Ashley St John3,6, Veronique Angeli3, 
Christiane Ruedl10, Bernett Lee1, Florent Ginhoux1,11, Swaine L. Chen3,4, Lai Guan Ng1,3,7,10*†, 
Jeak Ling Ding2*†, Shu Zhen Chong1*†

Circulating Ly6Chi monocytes often undergo cellular death upon exhaustion of their antibacterial effector func-
tions, which limits their capacity for subsequent macrophage differentiation. This shrouds the understanding on 
how the host replaces the tissue-resident macrophage niche effectively during bacterial invasion to avert infec-
tion morbidity. Here, we show that proliferating transitional premonocytes (TpMos), an immediate precursor of 
mature Ly6Chi monocytes (MatMos), were mobilized into the periphery in response to acute bacterial infection 
and sepsis. TpMos were less susceptible to apoptosis and served as the main source of macrophage replenish-
ment when MatMos were vulnerable toward bacteria-induced cellular death. Furthermore, TpMo and its derived 
macrophages contributed to host defense by balancing the proinflammatory cytokine response of MatMos. Con-
sequently, adoptive transfer of TpMos improved the survival outcome of lethal sepsis. Our findings hence high-
light a protective role for TpMos during bacterial infections and their contribution toward monocyte-derived 
macrophage heterogeneity in distinct disease outcomes.

INTRODUCTION
Tissue-resident macrophages (TRMs) are predominantly derived 
from embryonic progenitors before birth and, in certain tissues, are 
able to maintain themselves with minimal monocyte input under 
the steady state (1–3). Because of their tissue residence, TRMs are 
poised to act as early immune sentinels in detecting and controlling 
invading microbes (4, 5). However, it is also increasingly clear that 
TRMs are prone to cellular death through pyroptosis or necroptosis 
in response to pathogen challenge (6–10). While a temporary deple-
tion of the TRM niche may not be detrimental in the steady state, 
the lack of TRMs in the presence of pathogenic bacteria results in a 
gap in host defense and predisposes the host toward increased 
morbidity (11–13). Therefore, it is critical that circulating mono-
cytes are recruited rapidly to occupy the niche and reinstate the pe-
ripheral immune response.

Monocytes are short-lived cells that are derived from a commit-
ted monocyte progenitor known as the common monocyte progeni-
tor (cMoP) in the bone marrow (BM) (14, 15). cMoPs then undergo 
a transitional developmental stage to become transitional premono-
cytes (TpMos) before differentiating into mature classical Ly6Chi 
monocytes (MatMos) (16). During bacterial invasion, MatMos are 
recruited into the periphery and are required to perform two mutu-
ally exclusive functions (17). To control an infection, MatMos per-
form effector functions through production of cytokines, reactive 
oxidative species, and phagocytosis of bacteria. At the same time, 
monocytes are also required to differentiate into monocyte-derived 
macrophages (MDMs) to repopulate the empty niche vacated by 
dying TRMs. However, active monocyte differentiation is incom-
patible with simultaneous effector function as monocytes often 
undergo phagocytosis-induced cell death, a process that involves 
apoptosis after phagocytosis of bacteria and exhaustion of their an-
tibacterial functions (18, 19). Therefore, it remains unclear whether 
the host has evolved strategies to balance the need of monocytes for 
immunosurveillance versus the replenishment of the TRM niche to 
sustain immune defense against invading bacteria.

Here, we show that in response to acute bacterial infection and 
sepsis, a distinct subpopulation of Ly6Chi monocytes, which we 
identify as TpMos (16), appeared in the periphery and served as an 
important source for macrophage replenishment when MatMos were 
vulnerable toward bacteria-induced cellular death. TpMos and 
their derived macrophages provided protection against sepsis by 
balancing the highly proinflammatory cytokine response of MatMos 
that contribute toward the cytokine storm in sepsis. Together, our 
results highlight a specialization of monocytic roles against bacterial 
invasion to balance the need for monocyte effector function versus 
macrophage replenishment to protect the host from infection 
morbidity.

1Singapore Immunology Network (SIgN), A*STAR (Agency for Science, Technolo-
gy and Research), Biopolis, Singapore 138648, Singapore. 2Department of Biolog-
ical Science, National University of Singapore (NUS), Singapore 117543, Singapore. 
3Yong Loo Lin School of Medicine, National University of Singapore, Singapore 
117545, Singapore. 4Genome Institute of Singapore, A*STAR (Agency for Science, 
Technology and Research), Biopolis, Singapore 138672, Singapore. 5National Skin 
Centre, 1 Mandalay Road, Singapore 308205, Singapore. 6Program in Emerging 
Infectious Diseases, Duke-NUS Medical School, Singapore 169857, Singapore. 
7State Key Laboratory of Experimental Hematology, National Clinical Research 
Centre for Blood Diseases, Institute of Hematology & Blood Diseases Hospital, 
Chinese Academy of Medical Sciences & Peking Union Medical College, Tianjin 
300020, China. 8Institute of Molecular and Cell Biology (IMCB), A*STAR (Agency 
for Science, Technology and Research), Singapore 138673, Singapore. 9Lee 
Kong Chian School of Medicine, Nanyang Technological University, Singapore 
308232, Singapore. 10School of Biological Sciences, Nanyang Technological 
University, Singapore 637551, Singapore. 11Shanghai Institute of Immunology, 
Shanghai JiaoTong University School of Medicine, Shanghai 200025, China.
*Corresponding author. Email: ng_lai_guan@immunol.a-star.edu.sg (L.G.N.); dbsdjl@
nus.edu.sg (J.L.D.); chong_shu_zhen@immunol.a-star.edu.sg (S.Z.C.)
†These authors contributed equally to this work.

Copyright © 2022 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

mailto:ng_lai_guan@immunol.a-star.edu.sg
mailto:dbsdjl@nus.edu.sg
mailto:dbsdjl@nus.edu.sg
mailto:chong_shu_zhen@immunol.a-star.edu.sg


Teh et al., Sci. Adv. 8, eabj4641 (2022)     4 March 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 16

RESULTS
A distinct proliferative subset of Ly6Chi monocytes emerges 
in the blood in response to acute bacterial infection 
and sepsis
Monocytes in the circulation are short-lived and have been estab-
lished to be nonproliferative cells (16, 20, 21). Nevertheless, to re-
populate an empty niche left behind by dying TRMs, monocytes are 
able to enter the cell cycle through local cues in the periphery (22, 23). 
However, this process requires monocytes to first infiltrate periph-
eral tissues to receive instructive cues for their proliferation and dif-
ferentiation into macrophages. Since this process must be rapidly 
deployed during pathogenic infections and monocytes are suscepti-
ble to apoptosis upon exposure to bacteria (18, 19), it remains un-
clear whether the host has evolved other immune mechanisms to 
hasten this repopulation process. Specifically, it is unknown wheth-
er circulating Ly6Chi monocytes can be “remotely programmed” to 
proliferate before entering the tissue to provide a source of cells that 
can rapidly repopulate the niche. To address this question, we es-
tablished an acute bacterial infection model that mimics bacterial 
peritonitis caused by Escherichia coli (24, 25) to determine how bac-
teria might influence the macrophages in the peritoneal niche and 
affect the subsequent monocyte response.

Upon E. coli infection, we noticed a population of proliferative 
Ly6Chi monocytes in the circulation that stained positive for bro-
modeoxyuridine (BrdU) (Fig. 1, A and B, and fig. S1), a thymidine 
analog that labels proliferating cells in the S phase. Administration 
of E. coli in Fucci-expressing mice, whereby cells in the S-G2-M phase 
of the cell cycle are labeled positive for green fluorescent protein 
(GFP) (26), further confirmed that these Ly6Chi monocytes were 
actively cycling in the circulation (Fig. 1C). Since bacterial peritonitis 

can often lead to sepsis and subsequent mortality, we also asked 
whether these proliferative Ly6Chi monocytes were present in the 
circulation during bacterial sepsis. To address this question, we 
used a model of sepsis using the cecal ligation and puncture (CLP) 
method (27), whereby feces from the cecum were expelled into the 
peritoneum, mimicking peritonitis and subsequent sepsis. Analysis 
of septic mice revealed a notable presence of proliferative Ly6Chi 
monocytes in the circulation that started to emerge at around day 6 
of sepsis, peaked in numbers at day 12 after CLP, and disappeared 
from the blood upon resolution of the infection at day 18 (Fig. 1D). 
We further confirmed that these proliferative Ly6Chi monocytes 
are a distinct subset of cells that differed from nonproliferative 
Ly6Chi monocytes based on their phenotypic markers being CXCR4hi, 
CCR2lo, CD62Lhi, CD11blo, and CD31hi (Fig. 1E). Together, our 
study identifies the presence of a distinct subset of Ly6Chi mono-
cytes that exhibits proliferative activity in the blood upon bacterial 
infection and sepsis.

Emergence of proliferative Ly6Chi monocytes in the 
blood was CCR2 independent and occurred after 
bacteria-induced TRM loss
Since nonproliferative blood Ly6Chi monocytes were not detected in 
the steady state (Fig. 1, A and B), we next investigated the factors 
that might induce their presence in the circulation during infec-
tion. Analysis of the peritoneum compartment revealed increased 
apoptotic and necrotic peritoneal macrophages in E. coli–infected 
mice compared to the control (Fig. 2, A and B, and fig. S2). On the basis 
of these results, we hypothesized that the proliferative Ly6Chi mono-
cytes in the circulation occurred in response to diminishing periph-
eral macrophages in the peritoneal niche. To examine this hypothesis, 

Fig. 1. A distinct proliferative subset of Ly6Chi monocytes emerges in the peripheral blood during bacterial infection and sepsis. (A to C) Proliferative Ly6Chi 
monocytes in the blood assessed by BrdU incorporation in vivo (A) and numbers quantified (B) or Fucci-474 mice (C) were administered E. coli or phosphate-buffered 
saline (PBS) intraperitoneally (i.p.) for 9 hours. Numbers in fluorescence-activated cell sorting (FACS) plots represent the percentage of positive cells. Results are expressed 
as means ± SD (n = 4) and representative of one of three experiments. ***P < 0.001 (Student’s t test). (D and E) Mice were subjected to CLP-induced sepsis, and proliferative 
Ly6Chi monocytes in the blood were quantified on the basis of BrdU incorporation at indicated time points (D). Results are expressed as means ± SD (n = 5 per group) and 
representative of one of three experiments. **P < 0.01, and ****P < 0.0001 [one-way analysis of variance (ANOVA)] compared to day 0. (E) Overlay of surface markers of 
blood proliferative versus nonproliferative Ly6Chi monocytes on day 12 of CLP-induced sepsis.
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we depleted tissue macrophages in the peritoneal cavity using clo-
dronate liposomes with a protocol that does not affect blood mono-
cytes as described by others (Fig. 2C) (5, 28). Our results revealed 
that blood Ly6Chi–proliferative monocytes were not detected in the 
circulation after macrophage depletion alone (Fig. 2C). However, 
with both macrophage depletion followed by E. coli infection, 
Ly6Chi-proliferative monocytes in the circulation increased markedly 
in numbers, with E. coli–infected mice registering a 10-fold increase 
(Fig. 2C). In contrast, the number of total circulating Ly6Chi mono-
cytes did not differ significantly regardless of macrophage depletion 
during E. coli infection (Fig. 2C). While these results demonstrated 
a reciprocal correlation between Ly6Chi-proliferative monocytes in 
the blood and a diminishing peripheral macrophage niche, these 
cells were detected only when the loss of macrophages occurred in 
E. coli infection (Fig. 2C), therefore suggesting that bacterial infec-
tion critically induces the emergence of blood Ly6Chi–proliferative 

monocytes. Since the absence of tissue macrophages would have 
lowered the clearance of bacteria in the periphery, we next deter-
mined whether there was a correlation between Ly6Chi-proliferative 
monocytes in the blood and an increase in bacterial burden. The 
increase in the number of blood Ly6Chi–proliferative monocytes 
after macrophage depletion was proportionate to the expansion of 
E. coli load in infected mice (Fig. 2, D and E). We further confirmed 
the bacterial signal as an important trigger for the emergence of 
blood Ly6Chi–proliferative monocytes as the presence of these cells 
was abolished in Tlr4−/− mice (Fig. 2F). However, in contrast to the 
current paradigm that activation of Toll-like receptor 4 (TLR4)–
signaling triggers CCR2-dependent mobilization of Ly6Chi mono-
cytes (29, 30), the presence of proliferative Ly6Chi monocytes was 
independent of CCR2 signaling as these cells were still present in 
similar numbers in both Ccr2−/− and wild-type (WT) mice (Fig. 2G). 
Together, we have identified a feedback loop that amplifies the 

Fig. 2. Emergence of Ly6Chi-proliferative monocytes was CCR2 independent and occurred after bacteria-induced TRM loss. (A and B) Peritoneal macrophages of 
mice infected with E. coli or PBS were analyzed for live, apoptotic, and necrotic cells using FAM-FLICA and 4′,6-diamidino-2-phenylindole (DAPI) (A) and their percentage 
quantified (B) after 18 hours of infection. Numbers in FACS plots represent the percentage of positive cells. Results are expressed as means ± SD (n = 5) and representative 
of one of two experiments. *P < 0.05, **P < 0.01, and ****P < 0.0001 (Student’s t test). (C to E) Mice were administered clodronate or PBS liposomes intraperitoneally before 
infection with or without E. coli as indicated. (C) Total Ly6Chi monocytes (bottom left) and proliferative Ly6Chi monocytes (bottom right) in the blood were quantified. 
Results are expressed as means ± SD (n = 6) and representative of one of three experiments. n.s., not significant; ****P < 0.0001 (one-way ANOVA). (D) Quantification of the 
peritoneal bacterial load was quantified. Results are expressed as means ± SD (n = 6) and representative of one of three experiments. ***P < 0.001 (Student’s t test). (E) 
Correlation graph of blood proliferative Ly6Chi monocytes versus bacterial load. (F and G) WT and Tlr4−/− (F) or WT and Ccr2−/− mice (G) were administered E. coli or PBS 
intraperitoneally, and the blood was analyzed for proliferative Ly6Chi monocytes using BrdU incorporation in vivo after 18 hours. Results are expressed as means ± SD 
(n = 3 to 6) and representative of one of three experiments. *P < 0.05, **P < 0.01, and ****P < 0.0001 (one-way ANOVA).
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emergence of Ly6Chi-proliferative monocytes in the blood in re-
sponse to a surge in bacterial burden caused by a diminishing pe-
ripheral macrophage niche during infection.

Blood proliferative Ly6Chi monocytes were TpMos that have 
been mobilized from the BM
Since blood Ly6Chi–proliferative monocytes expressed a distinct 
repertoire of surface makers and were mobilized in a CCR2- independent 
manner, we next sought to investigate the origin of these cells. 
Phenotypic mapping of blood Ly6Chi–proliferative monocytes to BM 
monocytes and their progenitors revealed that these blood prolifer-
ative (Fucci+) Ly6Chi monocytes phenocopied TpMos that are 
found in the BM (Fig. 3A). Notably, TpMos are the immediate pre-
cursors of MatMos and have been previously shown to be in a con-
stitutive proliferative state where they serve as a reservoir for the 
replenishment of MatMos in the BM (16). Analysis of the BM and 
blood after E. coli infection (Fig. 3B) revealed that the appearance of 
Ly6Chi-proliferative monocytes in the circulation corresponded re-
ciprocally to a decrease in the number of TpMos in the BM, suggest-
ing that BM TpMos could have been released into the circulation. 
To provide definitive proof that blood proliferative Ly6Chi mono-
cytes were TpMos that have exited the BM into the circulation, we 
performed an adoptive cotransfer of fluorescent tagged TpMos 
(GFP-tagged) and MatMos (tdTomato-tagged) into the femoral BMs 
of recipient mice to track their egress from the BM into the circula-
tion under the same experimental conditions. We demonstrated 
that in the absence of infection, both adoptively transferred TpMos 
and MatMos appeared in the circulation and were negative for BrdU 
staining, indicating that they egressed as nonproliferative cells 
(Fig. 3C). These findings are in line with our previous study where-
by TpMos were shown to exit the cell cycle and differentiate into 
MatMos before entering the circulation in the steady state (16). 
During E. coli infection, both transferred TpMos and MatMos were 
also found to have egressed from the BM into the circulation (Fig. 3C). 
However, upon gating of these cells, only TpMos stained positively 
for BrdU (Fig. 3C). In contrast, MatMos egressed from the BM and 
appeared as nonproliferative cells, therefore suggesting that bacte-
rial infection or TLR4 signaling does not cause the expansion/
proliferation of circulating monocytes during infection (Fig. 3C). 
Hence, these results show that blood Ly6Chi–proliferative mono-
cytes that emerged during E. coli infection were TpMos that have 
exited the BM into circulation. Our results hence highlight an atypical 
host response initiated by invading bacteria that triggered the mobi-
lization of a monocyte precursor in the event of a compromised 
peripheral macrophage niche.

TpMos express effector genes distinct from MatMos 
in response to sepsis
Since TpMos are absent in the circulation in the steady state (16), it 
is pertinent to ask how their recruitment into the periphery may 
result in differing functions from MatMos during sepsis. To address 
this question, we sorted these cells and compared their transcrip-
tomic signatures via bulk RNA sequencing (RNA-seq). Principal 
components analysis (PCA) of TpMos and MatMos revealed that 
while sepsis altered both their transcriptomic signatures, they first 
clustered separately according to developmental stage (PC1, TpMo, 
or MatMo) before segregating according to whether sepsis was 
induced (PC2, sham, or sepsis) (Fig. 4A). As TpMos and MatMos 
were found to retain a substantial amount of their phenotype from 

each other in these settings, we next assessed how these cells may 
function differently during sepsis. To this end, we compiled the dif-
ferentially expressed genes (DEGs) of TpMos and MatMos during 
sham and sepsis conditions and derived 4095 unique DEGs (Fig. 4B). 
We next performed unsupervised k-means clustering on these 
DEGs and identified six transcriptional clusters (Fig. 4C). Analyses 
of Gene Ontology (GO) revealed that TpMos were characterized by 
genes enriched in processes of noncoding RNA (ncRNA) metabo-
lism, cell proliferation, and adenosine triphosphate (ATP) metabo-
lism (clusters 1 to 3). On the contrary, MatMos were distinguished 
by enriched genes involved in immune inflammatory responses, 
pathogen response, and chemotaxis (clusters 4 to 6) (Fig. 4C). Anal-
ysis of genes revealed that TpMos retained their higher proliferative 
capacity compared to MatMos during sepsis based on up-regulation 
of Mki67 and several other cell proliferation markers (Fig. 4D). TpMos 
also displayed a distinct immunometabolic profile from up-regulated 
genes annotated to ncRNA- (GO:0034660) and ATP-metabolic (GO: 
0046034) processes in comparison to MatMos (Fig. 4D). For example, 
TpMos were characterized by aminoacyl-tRNA synthetase genes 
such as Kars and Lars, which have been shown to be important for 
innate immune responses and regulation of cellular energetics via 
mammalian target of rapamycin 1 signaling, respectively (31, 32). In 
addition, TpMos also up-regulated Atp5a1 and Tigar genes (Fig.  4D) 
that have been described in the reprogramming of mitochondria 
activity and energy metabolism regulation to support efficient 
immune responses (33, 34). These findings hence suggest a meta-
bolically robust phenotype for TpMos that may contribute toward 
enhanced responses against infections compared to MatMos.

We next investigated the inflammatory-related genes in TpMos 
compared to MatMos. MatMos were found to positively regulate in-
flammatory pathways via activation of the proinflammatory response 
and inflammasome-activated interleukin-1 (IL-1) production, as an-
notated in the inflammatory response (GO:0006954) and cytokine 
production (GO:0001816) pathways (Fig. 4E). In contrast to MatMos, 
TpMos up-regulated genes such as Cd1d1, Il1rl2, and Serpinb1a that 
are either anti-inflammatory or are involved in dampening IL-1 pro-
duction (35, 36). These results suggest that TpMos may have an attenu-
ated inflammatory phenotype compared to MatMos. TpMos and MatMos 
also up-regulated distinct sets of genes in response to bacterium 
(GO:0009617) pathway (Fig. 4E). While MatMos up-regulated 
genes mainly associated with complement and bacterial sensing such as 
C5ar1, Cfh, and Myd88 (37,  38), TpMos up-regulated antimicrobial 
genes that involved cytotoxic immune serine proteases such as Ctsg, 
Elane, and Mpo (Fig. 4E), which are associated with direct killing of 
bacteria (39, 40). Last, TpMos and MatMos were also found to enrich 
differing genes in the chemotaxis (GO:0006935) pathway, with TpMos 
up-regulating genes such as Cxcr4, Mif, and Nrg1, and MatMos 
up-regulated genes such as C5ar1 and C5ar2 (Fig. 4E). Together, our 
results reveal distinct metabolic and effector transcriptional signatures 
between TpMos and MatMos during sepsis, suggesting that the direct 
mobilization of TpMos into the circulation may provide distinct effec-
tor responses in the periphery.

TpMos surpass MatMos in replenishing 
the macrophage niche
Our current results suggest that TpMos are transcriptomically dis-
tinct from MatMos during sepsis (Fig. 4). However, as immediate 
precursors of MatMos, it is unclear whether mobilized TpMos are 
merely replenishing their mature counterparts in the periphery or 
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they have distinct effector functions that may modify the overall 
immune response. To seek clarity, we first evaluated the migratory 
properties of TpMos and MatMos by comparing their recruitment 
competency into the infection site. TpMos were found to down-regulate 
CXCR4 when they enter the peritoneum and were therefore chal-
lenging to trace upon their migration. To mitigate this issue, we 
adoptively transferred Fucci (CD45.2+) BM TpMos or MatMos in-
travenously into CD45.1 recipient septic mice. TpMos were present 
within the peritoneum 6 hours after intravenous transfer as detected 
by their Fucci+ signal (Fig. 5, A and B). Hence, these results suggest 
that TpMos are not inferior in their migratory properties compared 
to MatMos during inflammation.

Monocytes are highly plastic cells known for their ability to dif-
ferentiate into monocyte-derived cells with properties according to 
the environmental stimuli (41–43). Among the many peripheral 
stimuli that influence monocyte fate, colony stimulating factor 1 
(CSF-1) is a secreted cytokine that is critical for monocyte differentia-
tion into macrophages or other related cell types (44, 45). Notably, 

CSF-1 production is often increased during bacterial infections and 
has been shown to be critical for host defense by mediating survival 
and antimicrobial functions of mononuclear phagocytes (46,  47). 
We found that CSF-1 was increased during infection in septic and 
E. coli–infected mice compared to the controls as detected by enzyme- 
linked immunosorbent assay (ELISA) of peritoneal lavage (PL) 
(Fig. 5C). Therefore, we cultured sorted TpMos and MatMos in the 
presence of CSF-1 in vitro for 5 to 7 days to assess how these two cell 
types respond to CSF-1 as a local stimulus and determine their func-
tional outcome. We noticed that TpMos generated more CD11b+ 
F4/80+ macrophages than MatMos at differing time points, plating 
densities and doses of CSF-1 (fig. S3, A to C). Coculture of TpMos 
and MatMos at a 1:1 ratio also resulted in a significantly higher per-
centage of macrophages derived from TpMos (Fig. 5D). Furthermore, 
TpMo-derived macrophages (TpMo-dMs) were more viable and 
less susceptible to cell death compared to MatMo-derived macro-
phages (MatMo-dMs) (Fig. 5, E and F). The ability of TpMos to 
surpass MatMos in macrophage generation was further validated 

Fig. 3. Blood Ly6Chi–proliferating monocytes are TpMos that have been mobilized from the BM. (A) Uniform Manifold Approximation and Projection (UMAP) anal-
ysis was performed on total monocytes from uninfected BM cells (left) total uninfected blood cells (middle), and infected blood cells (right). Parameters used for UMAP 
projection include Ly6C, CXCR4, CD49f, CD115, cKit, CD43, CX3CR1, and CD48. Monocyte subsets, including proliferative (Fucci+) Ly6Chi monocytes, were then manually 
gated and overlaid onto the UMAP space. (B) BM TpMos (left) and blood Ly6Chi–proliferative monocytes (right) were quantified after E. coli infection at indicated time 
points. Results are expressed as means ± SD (n = 5) and representative of one of two experiments. *P < 0.05, ***P < 0.001, and ****P < 0.0001 (one-way ANOVA). (C) GFP-
tagged TpMos and tdTomato-tagged MatMos were resuspended in a 1:1 ratio and adoptively transferred as a single injection via the intrafemoral route [intra-BM (IBM)] 
into the femurs of donor mice. Donor mice were subsequently infected with or without E. coli and analyzed for GFP-tagged TpMos and tdTomato-tagged MatMos in the 
blood after 9 hours (left). These cells were subsequently gated and examined for BrdU incorporation in vivo (middle). Results (right) are expressed as means ± SD (n = 4 to 
8 per group) and representative of one of three experiments. ***P < 0.001 (one-way ANOVA).
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Fig. 4. TpMos express distinct effector genes from MatMos in response to sepsis. (A to E) TpMos and MatMos from sham and CLP-induced sepsis conditions on day 
6 were sorted from the BM. (A) PCA of bulk RNA-seq data for BM TpMo and MatMo subsets across sham and sepsis conditions; TpMo-sepsis (black star, top left), 
MatMo-sepsis (black circle, top right), TpMo-sham (gray star, bottom left), and MatMo-sham (gray circle, bottom right). (B) Venn diagrams representing DEGs (up/down) 
between BM TpMo and MatMo subsets across sham and sepsis conditions; TpMo-sham (pale orange), TpMo-sepsis (orange), MatMo-sham (pale blue), and MatMo-sepsis 
(blue). All DEGs identified across four conditions were merged, and repetitive genes were excluded to obtain 4095 unique DEGs for gene expression analysis. (C) Heatmap 
of unique DEGs expression across subsets represented as z score. Gene clusters (1 to 6) were obtained by unsupervised k-means clustering and subjected to GO biological 
process enrichment analysis. Functional characterization of gene clusters was based on the top five GO terms obtained from analysis. Functional scores for each gene 
cluster across conditions were represented as normalized z score. RNP, ribonucleoprotein. (D) Cell population proliferation, ncRNA metabolic process, and ATP metabolic 
process (left to right) related gene expression between BM TpMo and MatMo subsets during sepsis. (E) Cytokine production/inflammatory response, response to bacterium, 
and chemotaxis (top to bottom) related gene expression between BM TpMo and MatMo subsets during sepsis.
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Fig. 5. TpMos are more competent than MatMos in replenishing the macrophage niche. (A and B) TpMos and MatMos from Fucci-474 CD45.2 mice were sorted and 
adoptively transferred intravenously into CLP-induced CD45.1 recipient mice. Analysis of peritoneal lavage (PL) of recipient mice for transferred cells was performed 6 hours 
later (A), and total migrated cells into peritoneum was quantified (B). Results are expressed as means ± SD (n = 4 to 6) and representative of one of three experiments. 
*P < 0.05 (Student’s t test). (C) Concentration of CSF-1 in the PL of mice that have undergone sham surgery versus CLP-induced sepsis and infection with E. coli. Results are 
expressed as means ± SD (n = 3 to 8) and representative of one of three experiments. ****P < 0.0001 (one-way ANOVA). (D) CD45.1 TpMos and CD45.2 MatMos were co-
cultured in 1:1 ratio in vitro with CSF-1 (20 ng/ml), and percentage of CD11b+ F4/80+ macrophages derived from each cell type were analyzed at indicated time points. 
Results are expressed as means ± SD and representative of one of three experiments. ****P < 0.0001 (Student’s t test). (E and F) TpMos and MatMos were cultured with 
CSF-1 (20 ng/ml) for 2 days, and percentage of live, early and late apoptotic and necrotic cells was quantified using FLICA Poly Caspase and DAPI via flow cytometry. Re-
sults are expressed as means ± SD (n = 3) and representative of one of three experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t test). (G and H) TpMos and 
MatMos from Fucci-474 CD45.2 mice were sorted and adoptively transferred intraperitoneally into CD45.1 recipient mice. Analysis of adoptive transferred cells in the PL 
of recipient mice was performed 3 days later (G), and total number of CD11b+ F4/80+ macrophages (top) and percentage of Fucci signal in these transferred TpMo- or 
MatMo-dMs (bottom) were quantified (H). Results are expressed as means ± SD (n = 4 to 6) and representative of one of three experiments. *P < 0.05 (Student’s t test).
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in  vivo when adoptively transferred TpMos or MatMos into the 
peritoneum of recipient mice resulted in increased TpMo-dMs 
that retained a higher percentage of Fucci signal (Fig. 5, G and H). 
These results hence reveal that in contrast to MatMos, TpMos are 
poised to replenish the macrophage niche rapidly in response to ex-
ternal stimuli such as CSF-1.

TpMo-dMs were distinct from MatMo-dMs
While our current results now indicate that TpMos are more com-
petent at generating macrophages rapidly, it remains unclear whether 
TpMo-dMs would be functionally distinct from MatMo-dMs 
and whether they are able to alter the course of infection. To address 
this question, we first analyzed a panel of surface markers on TpMo- 
dMs and MatMo-dMs. TpMo-dMs were found to be pheno-
typically distinct from MatMo-dMs as they express distinct surface 
markers during the course of differentiation (fig. S4, A and B). In 
particular, TpMo-dMs displayed reduced expression of programmed 
cell death ligand 1 (PD-L1) and stem cell antigen-1 (Sca-1) compared 
to MatMo-dMs (Fig. 6, A and B). Upon exposure to bacteria, 
TpMo-dMs responded by preferentially expressing tumor necro-
sis factor– (TNF-) and inducible nitric oxide synthase (iNOS) 
instead of phagocytosis compared to MatMo-dMs at the early 
stages of differentiation (Fig. 6C). However, at day 7 after differen-
tiation, both TpMo-dMs and MatMo-dMs appeared to converge 
in an equal ability to phagocytose bacteria and express iNOS, but 
MatMo-dMs expressed a higher level of TNF- (Fig. 6C). These 
results hence suggest that TpMo-dMs and MatMo-dMs were not 
only phenotypically distinct but also functionally discrete in their 
response to bacteria at different stages of differentiation.

To provide a deeper insight on how TpMo-dMs and MatMo- 
dMs may differ in their immune responses from each other, we 
performed bulk RNA-seq on these cells 7 days after their differenti-
ation to examine their gene expression profiles. Comparison of their 
transcriptome profiles across 776 significant DEGs by GO enrich-
ment analyses (Fig. 6D) revealed that TpMo-dMs were still tran-
scriptomically distinct from MatMo-dMs and were characterized 
by enriched expression of genes involved in immune response to 
pathogens and interferon- (IFN-) (Fig.  6E). In contrast, Mat-
Mo-dMs were characterized by genes involved in inflammatory 
response, chemotaxis, and cell proliferation (Fig. 6E). At this time 
point, we found that MatMo-dMs up-regulated proliferative genes 
including Mki67 and Trp53inp1, while TpMo-dMs had already 
down-regulated these genes (Fig. 6F). These findings suggested that 
the increased macrophage numbers derived from TpMos compared 
to that of MatMos could possibly be due to a head start in the acti-
vation of proliferating genes in TpMos. We next analyzed the response 
of TpMo-dMs and MatMo-dMs toward bacterium. TpMo-dMs 
up-regulated genes such as Acod1, Cxcl10, and Irgm2 tagged under 
response to bacterium (GO:0009617) (Fig. 6F). Notably, Acod1 has 
been shown to promote the production of the metabolite, itaconate, 
involved in bacterial killing and suppression of proinflammatory 
cytokines (48). Furthermore, TpMo-dMs showed up-regulated 
Cxcl10 and Irgm2, which are genes associated with decreased bacte-
rial burden and inhibition of inflammasome activation in septic 
mice (49, 50). Acod1, Cxcl10, and Irgm2 in TpMo-dMs were also 
found to have an enriched response toward type I IFN- (GO:0034340) 
(Fig. 6F), which has been demonstrated in macrophages to promote 
efferocytosis and reprogramming toward a phenotype that favors inflam-
mation resolution (51). Consistent with the attenuated inflammatory 

phenotype of TpMos described earlier (Fig. 4E), TpMo-dMs were 
also found to up-regulate genes including Apoe, Ccr5, and Cd5l (52–54) 
in comparison to MatMo-dMs (Fig. 6F). Together, these contrast-
ing gene signatures propose a distinctive functional phenotype in addi-
tion to their differential kinetics, which distinguishes TpMo-dMs 
from MatMo-dMs.

TpMos protect against lethal sepsis by balancing 
the proinflammatory functions of MatMos
Given the divergent functions of TpMos versus MatMos in sepsis 
response and their distinct outcomes even after differentiation, we 
next determined how these two monocyte subsets would influence 
the outcome of sepsis. We found that at the steady state, MatMos 
reacted differently from TpMos by expressing significantly larger 
amounts of proinflammatory mediators such as IL-1, TNF-, and 
iNOS after stimulation with lipopolysaccharide (LPS) (Fig. 7, A and B). 
Furthermore, when stimulated with LPS, “sepsis-primed” MatMos 
isolated from CLP mice generated much more of these proinflam-
matory mediators (Fig. 7B) and were more sensitive to apoptotic cell 
death than their TpMo counterparts (Fig. 7C). These results hence 
suggest that TpMos and MatMos display functional differences that 
poise them toward distinct subsequent roles during infection.

Since TpMos are direct precursors of MatMos and originate 
from the same cell lineage, we next performed an adoptive transfer 
of sorted TpMos and MatMos into septic mice to track their devel-
opment/differentiation and determine key effector differences be-
tween these two cell types that would functionally influence the 
course of sepsis. We found that TpMo-dMs expressed lower levels 
of F4/80 compared to MatMo-dMs when analyzed 1 day after the 
adoptive transfer of these cells into the peritoneum of septic mice; 
however, this disparity diminished over time (fig. S5, A and B). In 
addition, while the expression of IL-1, TNF-, and iNOS differed 
between these two cell types at certain time points, MatMo-dMs 
consistently expressed higher levels of IL-6 throughout the course 
of infection (Fig. 7D). Hence, these results do not indicate any inter-
switching of phenotypes between TpMos and MatMos even under in-
flammatory conditions. Finally, we observed an increase in the survival 
rate when TpMos, but not MatMos, were transferred into septic 
mice (Fig. 7E). While these septic mice that received TpMos or MatMos 
did not display significant differences in bacteria load, aspartate 
aminotransferase/alanine aminotransferase (AST/ALT), and leuko-
cyte numbers in the blood (fig. S6, A to C), we noticed distinct dif-
ferences in the serum profile of these recipient mice (fig. S7, A 
and B). In particular, mice that received TpMos had an increase in 
chemokines such as CCL2, CCL3, and CXCL10 as well as IL-10 and 
IL-18 at day 1 after sepsis compared to mice that received MatMos 
(fig. S7A). Notably, the difference in IL-10 was detected significant-
ly only at day 1 and not at later time points tested during sepsis (fig. 
S7B). Furthermore, TpMos may have modulated the production of 
IL-10 through other cell types as we did not detect significant levels 
of IL-10 in transferred TpMos themselves (fig. S7C). Therefore, these 
results reveal a protective role of TpMos for the host during bacterial 
sepsis by balancing the proinflammatory functions of MatMos.

DISCUSSION
In summary, our findings illustrate a previously unidentified pro-
tective monocyte response that occurs in response to bacterial invasion 
(Fig. 8). While monocyte precursors have been traditionally thought 
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Fig. 6. TpMo-dMs are distinct from MatMo-dMs. (A to C) TpMos and MatMos were cultured with CSF-1 (20 ng/ml) and analyzed at 2 or 7 days after culture for surface 
markers (A) with median fluorescence intensity (MFI) quantified (B) or incubated with E. coli–GFP for 3 hours before TNF- and iNOS expression, as well as phagocytosis 
of E. coli–GFP, was quantified (C). Results are expressed as means ± SD and representative of one of three experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 
(Student’s t test). (D to F) TpMo-dMs and MatMo-dMs 7 days after culture were analyzed by RNA-seq. (D) Venn diagram representing 776 DEGs between TpMo-dM 
and MatMo-dM subsets. (E) Heatmap of unique DEGs expression across subsets represented as z score. DEGs were subjected to GO biological process enrichment 
analysis. Functional characterization of DEGs was based on the top five GO terms obtained from analysis. (F) Cell population proliferation, response to type I interferon/
IFN-, response to bacterium, and cytokine production/chemotaxis/inflammatory response (top to bottom) related gene expression between TpMo-dM and MatMo- 
dM subsets.
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Fig. 7. TpMos display protective functions during sepsis by balancing the proinflammatory functions of MatMos. (A) TpMos and MatMos were sorted and analyzed 
for the expression of IL-1, TNF-, and iNOS after stimulation with LPS. (B) Control and CLP-induced septic BM TpMos and MatMos were stimulated with LPS and analyzed 
for the expression of IL-1, TNF-, and iNOS. (C) LPS-stimulated control BM TpMos and MatMos were analyzed for apoptotic cells using FLICA Poly Caspase. (D) TpMos and 
MatMos were sorted from CD45.1 mice and adoptively transferred into CLP-induced CD45.2 recipient mice via the intraperitoneal route. Analysis of PL of recipient mice 
for transferred cells was performed on days 1, 3, and 5 after adoptive transfer for the expression of IL-6, IL-1, TNF-, and iNOS. Results are expressed as means ± SD (n = 4 
to 6) and representative of one of three experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (Student’s t test). (E) TpMos or MatMos were sorted and adop-
tively transferred into recipient mice shortly after they were subjected to CLP. The mortality of these recipient mice was assessed using the Kaplan-Meier survival curve. 
Results are representative of one of three independent experiments (n = 10). *P < 0.05 (Mantel-Cox).
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to function merely as cells for the replenishment of MatMos in the BM 
(14, 16, 55), our study highlights a paradigm shift from these find-
ings by showing that proliferative TpMos can be mobilized into the 
periphery to partake in effector functions when the host’s immune 
response is at threat of being overwhelmed by a bacterial stimulus. 
In particular, the recruitment of TpMos into the periphery sug-
gests an “on- demand” mobilizable source of proliferative mono-
cytes that can replenish the macrophage niche rapidly. These 
findings also elucidate an outstanding conundrum of macrophage 
replenishment during bacterial infection when MatMos are suscep-
tible to cell death upon exhaustion of their antibacterial functions 
(18,  19) and can only enter the cell cycle after a few days in the 
specific presence of local proliferative cues in the tissue site (22). Fur-
thermore, TpMos responded differently from MatMos in response to 
local and bacterial stimuli by differentiating into phenotypically and 
functionally distinct macrophages. TpMos and their derived macro-
phages conferred protection against sepsis by serving as a reservoir 

of cells to equilibrate the antibacterial and inflammatory responses of 
MatMos. Together, we believe that our present work uncovers a host 
regulatory mechanism that balances the competing demands of mono-
cytes during bacterial infections and contributes to the emerging 
paradigm of MDM heterogeneity in distinct disease outcomes.

During an infection, a surge in demand for monocytes is essen-
tial to replace bacteria-induced TRM loss and sustain the clearance 
of the infection (56, 57). This demand is first achieved through the 
mobilization of BM MatMos into the bloodstream through CCR2 
signaling whereby CCL2 is expressed by BM mesenchymal Nestin+ 
stromal cells upon sensing of TLR ligands such as LPS in the circu-
lation (30). At the same time, BM hematopoietic precursors are 
activated to proliferate and differentiate toward the myeloid lineage, 
in a process known as “emergency myelopoiesis” (58), to sustain the 
output of MatMos throughout the course of infection. These mech-
anisms are in line with a progressive layered defense that the immune 
system executes to control the pathogen response. Contrary to these 

Fig. 8. The mobilization of TpMos into the periphery allows a diversification of monocytic roles to protect the host against bacterial infections. During steady 
state, TpMos are immobilized in the BM where they serve as a reservoir of precursor cells to replenish the pool of MatMos in the circulation. Consequently, the replenish-
ment of TRMs in the periphery are carried out solely by MatMos, giving rise to MatMo-dMs. However, upon bacterial infection, TRMs undergo rapid cellular death, which 
predisposes the host toward morbidity from an empty macrophage niche and the ensuing bacterial burden. This scenario results in competing demands placed on 
MatMos, which must now fulfil both antibacterial effector functions and macrophage replenishment roles simultaneously. To circumvent this challenge, TpMos are 
mobilized from the BM into the circulation to serve as the main source of macrophage replenishment when MatMos are vulnerable toward bacteria-induced cell death 
after the exhaustion of their effector functions. Furthermore, TpMos and their derived macrophages provided protection against sepsis by balancing the highly proin-
flammatory cytokine response of MatMos that contribute toward the cytokine storm in sepsis. Together, our findings highlight a specialization of monocytic roles against 
bacteria invasion through the mobilization of a monocyte precursor, which may be an evolutionary designed mechanism to balance the competing demands placed on 
the immune system in their arms race against pathogens. (Figure created with BioRender.com.)

http://BioRender.com
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findings, our data suggest a new working model whereby proliferative 
TpMos can be mobilized directly into the circulation in a CCR2- 
independent manner after a surge in peripheral bacterial burden. 
Notably, this response provides an important conceptual bridge in 
our understanding of the host response toward MDM replenishment 
during bacteria-induced TRM loss. Specifically, MatMos require a 
substantial duration to activate their proliferative genes by local 
stimuli in the tissue (22, 59, 60) and, during this period, are suscep-
tible to cell death (19). In contrast to MatMos, our data revealed 
that proliferative TpMos are advantaged in the periphery as these 
cells are already in cell cycle before infiltrating into the tissue, which 
allows them to overcome the challenge of cell death by differentiating 
into macrophages rapidly. In support of this notion, our results have 
demonstrated that TpMos that have been exposed to local stimuli 
such as CSF-1 were more resistant to cell death and exhibited reduced 
phagocytosis of bacteria compared to MatMos during the early dif-
ferentiation stages. Consequently, the mobilization of proliferative 
TpMos fulfills a critical gap in immune defense during bacteria in-
vasion by providing a source of rapidly generated macrophages, while 
MatMos are occupied with antibacterial effector functions that pre-
dispose them to cell death (18). Our findings also indicate that the 
host has evolved strategies to bypass the hierarchal process of 
monocyte generation in the BM should the barrier of immune de-
fense become overwhelmed.

It is increasingly perceived that monocytes can be preeducated 
in the BM to promote tissue-specific functions (61–66). Specifically, 
monocyte precursors can be primed to up-regulate differential phe-
notypic markers according to particular disease states, which leads 
to functionally distinct MatMos that leave the BM with enhanced 
tissue regulatory properties. Furthermore, monocyte progenitors 
have also been recently shown to give rise to multinucleated giant 
cells present in granuloma formation during mycobacteria infec-
tions (67). Our results demonstrating the mobilization of prolifera-
tive TpMos into the circulation during bacterial infections further 
highlights the BM as a critical player in modifying immune fate and 
outcome in the release of distinct subsets of immune cells. In partic-
ular, the egressed TpMos were found to be protective against sepsis, 
and these cells displayed properties distinct from MatMos upon ex-
posure to local and bacterial stimuli. Notably, MatMos were found 
to be highly proinflammatory upon exposure to bacterial stimuli, 
resulting in a rapid production of cytokines that are important for 
the cytokine storm. This can be illustrated by their increased ex-
pression of IL-1 and TNF- and their continued higher expression 
of IL-6 during the course of their differentiation compared to 
TpMos. In particular, septic mice that received an adoptive transfer of 
TpMos displayed a significant difference in IL-10 at day 1 of sepsis 
compared to mice that received MatMos. The presence of IL-10 in 
the early stages of sepsis have been shown to play a critical role in 
controlling the onset of irreversible septic shock (68, 69), suggesting 
that TpMos may exert their protective effects via IL-10 production. 
Since we were unable to identify detectable levels of IL-10 in trans-
ferred TpMos, it is feasible that TpMos may modulate IL-10 pro-
duction by other cell types. We have also found that TpMo-dMs 
may also be beneficial to the host in avoiding excessive inflamma-
tion during bacterial infections as they displayed reduced expression 
of PD-L1, which has been shown to increase host survival during 
sepsis (70–72). While our functional and transcriptomic findings 
have demonstrated an attenuated inflammatory response for TpMos, 
it is unlikely that this will lead to an attenuated host response as our 

data have revealed that TpMos eventually up-regulate their proin-
flammatory cytokine response at later stages of macrophage differ-
entiation, indicating that TpMos do not remain at an attenuated 
state throughout the course of infection. Rather, our data suggest 
that TpMos and MatMos likely give rise to macrophages on a con-
tinuum since both macrophage subsets are derived from monocyte 
subsets at different stages of maturity. Consequently, these findings 
further underscore the diversified yet complementary roles of 
TpMos and MatMos in the periphery to equilibrate the antibacterial 
and inflammation response during the course of infection. As there 
are currently no effective ways of targeting TpMos and MatMos ex-
clusively without affecting the other subset due to their developmen-
tal relationship, understanding the exact impact of each individual 
subset by tracing their kinetics and development into macrophages 
in vivo in a single entity would require more sophisticated fate-mapping 
models in the future. Since monocytes have also been shown to 
differentiate into self-renewing functional macrophages that persist 
after infection (73–75), further research depicting the impact of 
TpMo-dMs in the periphery upon a secondary microbial challenge 
in vivo should be explored.

Together, our results resolve the longstanding and seemingly 
contradictory demands placed on circulatory monocytes during in-
fections. Our model suggests that the host resolves this conundrum 
by mobilizing TpMos into the periphery, such that the bactericidal 
and macrophage replacement tasks can be specialized by MatMos 
and TpMos in the early stages of infection, respectively. The pres-
ence of TpMos in the periphery functions as a reservoir of cells in an 
early stage of differentiation that balances the antibacterial and 
inflammatory responses during infections. Our findings also demon-
strate a rapid host response without the need to generate a new sub-
set during the early stages of infection, supporting our hypothesis 
that the mobilization of TpMos represents an evolutionary designed 
mechanism to balance the competing demands placed on the immune 
system during their arms race against pathogens. In summary, we 
envision that our results will provide further insights into monocyte 
and macrophage heterogeneity during bacterial infections and may 
lead to the engineering of TpMo-mobilization strategies for future 
therapeutic intervention of sepsis.

MATERIALS AND METHODS
Study design
The objective of this study was to identify a monocyte mechanism 
that allows for an effective replenishment of macrophages during 
bacterial infections. To achieve this goal, we induced an acute bac-
terial infection with a pathogenic strain of E. coli and confirmed these 
findings in septic mice. We next profiled peripheral blood mono-
cytes in these mice and identified a distinct subset of proliferative 
Ly6Chi monocytes in the circulation that was subsequently charac-
terized to be TpMos (16). We next used a combination of in vivo 
adoptive transfer assays, transcriptomics, in  vitro differentiation, 
and functional assays to investigate the role and function of TpMos 
upon their migration into the periphery. Experiments that included 
genetically modified mice were performed with littermate controls 
using both males and females. Animals were randomized, and sur-
vival outcome of sepsis was performed in a blinded fashion. Sample 
sizes varied according to the goal of each experiments and are cor-
respondingly provided in each figure for every experimental setup 
in the figure legend. In general, the sample size of n = 3 to 10 mice 
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per group was used and determined to be the optimal size for statis-
tical analyses, and experiments were repeated independently. No 
animals were excluded from analyses.

Ethics statement
All experiments were performed under the approval of the Institu-
tional Animal Care and Use Committee of the Biological Resource 
Center (BRC) under protocol #191437, in accordance with the 
guidelines of the Agri-Food and Veterinary Authority and the Na-
tional Advisory Committee for Laboratory Animal Research of 
Singapore.

Experimental subjects
C57BL/6 (6 to 10 weeks old) mice were bred and maintained under 
specific pathogen-free conditions in the BRC of A*STAR (Agency 
for Science, Technology and Research), Singapore. Both males and 
females were used for experiments, and animals were gender- and 
age-matched in each experiment. CD45.1 (B6.SJL-Ptprca Pepcb/BoyJ) 
mice and Ccr2−/− (B6.129S4-Ccr2tm1Ifc/J) mice were obtained from 
the Jackson Laboratory. Tlr4−/− (IMSR_OBS:4) mice were obtained 
from Oriental BioService. Fucci-474Bsi-Green (B6.B6D2-Tg(Fucci) 
474Bsi) mice were obtained from the RIKEN BioResource Center 
(Ibaraki, Japan) (76). LysM-GFP+ (Lyz2tm1.1Graf) mice were provided 
by T. Graf (Centre for Genomic Regulation, Barcelona, Spain). 
Ms4a3creRosa-tdTomatoflox mice were provided by F. Ginhoux (77). 
All transgenic mice were maintained on a C57BL/6 background.

E. coli infection model
E. coli strain (UTI89) was provided by S. Chen, A*STAR, Singapore. 
To prepare the bacteria for infection, UTI89 was cultured in lysogeny 
broth (LB) and incubated in a shaker incubator at 37°C. Bacteria were 
grown to mid-log phase [an optical density at 600 nm (OD600) of 0.4 
to 0.6] and then washed twice with phosphate-buffered saline (PBS). 
Mice were infected intraperitoneally with 1 × 106 colony-forming 
units (CFU) E. coli in 200 l of PBS. Control group was injected intra-
peritoneally with 200 l of PBS. Mice were harvested 9 or 18 hours 
after infection. E. coli burden was measured by collecting the peri-
toneal fluid 18 hours after infection and diluted accordingly before 
culturing overnight on LB plates. Colonies were counted, and CFU 
were calculated the next day. Bar graphs were plotted as CFU per 
microliter of peritoneal fluid.

CLP-induced sepsis
Experimental procedures were performed as previously described 
(27). The peritoneal cavity was exposed under ketamine/xylazine 
anesthesia, and the cecum was exteriorized. Mid- and high-grade 
sepses were performed through 50 and 75% cecum ligation, respec-
tively, using a nonabsorbable 7-0 suture. A 26 ½ –gauge needle was 
used to perforate the distal end of the cecum, and a small drop of 
feces was extruded through the puncture before being relocated 
back into the peritoneal cavity. The peritoneum was closed and sub-
sequently treated with saline and buprenorphine via subcutaneous 
injection. Age- and gender-matched sham-operated controls were 
included for all procedures.

BrdU pulsing and proliferation assays
Mice were administered 1.5 mg of BrdU (BD Biosciences) via intra-
peritoneal injection for 30 min to assess their proliferative capacity. 
To detect BrdU incorporation, cells were surface-stained, fixed, 

permeabilized, and subjected to intracellular staining with fluores-
cein isothiocyanate– or anaphase-promoting complex–conjugated 
anti-BrdU antibody according to the manufacturer’s protocol (BrdU 
Flow kit, BD Biosciences) before analysis by flow cytometry. The 
Fucci-transgenic mouse model, which labels cells in the S-G2-M 
phase of the cell cycle with a green-emitting fluorescent protein, 
was also used to identify proliferating cells through flow cytometry.

Macrophage depletion
Clodronate liposomes suspension (LIPOSOMA) was administered 
intraperitoneally according to the recommended doses (100 l of 
suspension/10 g of mouse weight), and E. coli infection was carried 
out 66 hours after. PBS liposomes suspension was injected as a control. 
Macrophages were depleted without affecting blood monocytes as 
previously described (5, 28).

Molecular biology
ELISA assay for CSF-1
To determine the levels of CSF-1  in the peritoneum, 3 ml of PBS 
was administered into the peritoneum using a 26 ½–gauge needle, 
and the PL was collected. The PL was spun down, and the super-
natant was collected for ELISA. ELISA for CSF-1 was performed 
according to the manufacturer’s instructions (catalog no. MMC00, 
R&D systems).
AST and ALT
A total of 400 to 800 l of blood was obtained from CLP-induced 
septic mice via an incision in the submandibular region using a 5-mm 
lancet. Collected blood was spun down to collect blood serum. Serum 
AST and ALT levels were measured according to the manufacturer’s 
instructions (AST, catalog no. K753, BioVision; AST, catalog no. 
MAK052, Sigma-Aldrich).

Tissue preparation for flow cytometry and sorting
A total of 200 l of blood was obtained via an incision in the sub-
mandibular region using a 5-mm lancet and treated with commercial- 
grade red blood cell lysis buffer (eBioscience). Mice were euthanized 
by CO2 inhalation. To harvest peritoneal cavity cells, 3 ml of PBS 
with 2 mM EDTA was administered into the peritoneum using a 
26 ½–gauge needle. The PL was collected, and the cell suspension was 
passed through a 70-m nylon mesh. To collect BM cells, mouse 
femurs were flushed using a 23-gauge needle in PBS with 2 mM EDTA 
and 3% fetal bovine serum, and the effluent was passed through a 
70-m nylon mesh. Antibodies were purchased from eBioscience, 
BioLegend, BD Biosciences, or R&D Systems. Mouse cells were 
stained with the following antibodies: CCR2 (475301), CD3e (145-2C11), 
CD11b (M1-70), CD11c (N418), CD16/32 (2.4G2), CD31(390), 
CD43 (S7), CD45 (30-F11), CD45.1 (A20), CD45.2 (104), CD45R 
(B220) (RA3-6B2), CD62L (MEL-14), CD90.2 (53-2.1), CD106 
(429/MVCAM.A), CD115 (AFS98), c-kit (2B8), CXCR4 (2B11), 
CX3CR1 (SA011F11), F4/80 (BM8), I-A/I-E (M5/114.15.2), Flt-3 
(A2F10), Ly6C (HK1.4), Ly6G (1A8), NK1.1 (PK136), PD-L1 (10F.9G2), 
Sca-1 (D7), Siglec-F (E502440), and Tim-4 (54). Dead cells were 
identified and excluded using 4′,6-diamidino-2-phenylindole (DAPI) 
staining. Blood and BM monocytes were identified as Lin (B220/
CD90.2/NK1.1)neg Ly6Gneg CD115pos. Monocytes were further divided 
into cMoPs (CD11bneg Ly6Chi ckitpos), TpMos (CD11blo Ly6Chi 
ckitneg CXCR4hi), and MatMos (CD11bpos Ly6Chi ckitneg CXCR4lo). 
Total PL macrophages were identified as CD45pos Lin (B220/CD90.2/
NK1.1)neg CD11bpos F4/80pos. To check for cytokine expression, BM 
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or peritoneal cells were stimulated with LPS for 3 hours (or 24 hours 
for iNOS expression) at 37°C and 5% CO2 in the presence of 
GolgiStop and GolgiPlug (BD Biosciences) in the medium at a dilu-
tion recommended by the manufacturer’s instructions; stained with 
relevant surface markers; fixed with fixation/permeabilization buffer 
(BD Biosciences) before staining with IL-1 (NJTEN3), IL-6 
(MQ213A5), IL-10 (JES5-16E3), TNF- (MP6-XT22), and iNOS/
NOS2 (CXNFT); washed; and acquired via flow cytometry. Cells were 
acquired on BD LSR II flow cytometer using FACSDiva software, 
and data were subsequently analyzed with FlowJo software (Tree 
Star). The total number of cells collected was quantified using count 
beads (CountBright, Life Technologies) according to the manufac-
turer’s protocol. BM TpMos and MatMos were sorted using a BD 
FACSAria II sorter to achieve >98% purity.

In vitro differentiation and macrophage function assays
Sorted cells were plated according to indicated plating densities and 
cultured at 37°C and 5% CO2 in complete RPMI 1640 medium with 
25 mM Hepes (HyClone), 10% fetal bovine serum (Serana), 2 mM 
l-glutamine (Invitrogen), and 100× penicillin-streptomycin (Invit-
rogen) with indicated CSF-1 (STEMCELL Technologies) concen-
trations for up to 9 days. Differentiated macrophages were harvested 
and stained for surface markers for analysis by flow cytometry. 
Apoptosis and necrosis of macrophages were measured using the 
FAM FLICA Poly Caspase kit (Bio-Rad) according to the manufac-
turer’s instructions. To investigate the functions of differentiated 
macrophages, DH5 E. coli–expressing GFP (78) was grown in LB 
medium overnight at 37°C to an optical density at 600 nm (OD600) 
of 1.5 to 1.8, at which point, the bacteria were diluted and grown for 
1 to 2 hours to an OD600 of ~0.5 and were lastly washed twice with 
PBS. Seeded macrophages were incubated with bacteria at a ratio of 
1:100 for 3 hours at 37°C and 5% CO2 in the presence of GolgiStop 
and GolgiPlug (BD Biosciences) in the medium at a dilution recom-
mended by the manufacturer’s instructions. Upon harvesting the 
differentiated macrophages, cells were stained with relevant surface 
markers, fixed with fixation/permeabilization buffer (BD Biosciences) 
before staining with TNF- (MP6-XT22) and iNOS/NOS2 (CXNFT), 
washed, and acquired via flow cytometry to determine the median 
fluorescence intensity (MFI) of TNF- and iNOS and phagocytosis 
capacity of macrophages via percentage of positive E. coli–GFP.

Adoptive transfer of TpMos and MatMos
BM TpMos and MatMos sorted from WT or Fucci-474 mice were 
suspended in 200 l of PBS and adoptively transferred through intra-
venous or intraperitoneal routes (as indicated) into CD45.1 recipi-
ent mice in steady state or after induction of sepsis. Recipient mice 
were euthanized at the time points indicated, and blood, BM, and 
PL were harvested, surface-stained, and analyzed by flow cytome-
try. For intra-BM (IBM) transfer of BM TpMos and MatMos, sorted 
5 × 105 GFP+ TpMos and tdTomato+ MatMos were resuspended in 
a 1:1 ratio and transferred as a single injection into CD45.2+ mice as 
previously described (16). Briefly, recipient mice were anesthetized 
using ketamine/xylazine with legs shaven before transfer. Recipient 
tibia and blood were collected, surface-stained, and analyzed by 
flow cytometry 9 hours after bacterial infection.

Multiplex cytokine assay
Serum cytokine and chemokine levels were measured with Cytokine & 
Chemokine Convenience 36-Plex Mouse ProcartaPlex Panel 1A 

(Thermo Fisher Scientific) according to the manufacturer’s protocol. 
Plasma was incubated with fluorescent coded magnetic beads precoated 
with respective antibodies in a black 96-well clear-bottom plate overnight 
at 4°C. After incubation, plates were washed five times with wash buffer 
[PBS with 1% bovine serum albumin (Capricorn Scientific) and 0.05% 
Tween-20 (Promega)]. Sample antibody–bead complexes were incubated 
with biotinylated detection antibodies for 1 hour and washed five times 
with wash buffer. Subsequently, streptavidin–phycoerythrin (PE) 
was added and incubated for another 30 min. Plates were washed 
five times again, before sample antibody–bead complexes were 
resuspended in sheath fluid for acquisition on the FLEXMAP 3D 
(Luminex) using xPONENT 4.0 (Luminex) software. Data analysis 
was performed on Bio-Plex Manager 6.1.1 (Bio-Rad). Standard curves 
were generated with a 5-PL (5-parameter logistic) algorithm, reporting 
values for both MFI and concentration data.

Transcriptomics
BM TpMos, MatMos, TpMo-dMs, and MatMo-dMs were sort-
ed or isolated as described above. Total RNA was extracted using 
Arcturus Picopure RNA Isolation kit according to the manufactur-
er’s protocol. All mouse RNA samples were analyzed on PerkinElmer 
Labchip GX system for quality assessment with an RNA integrity 
number (RIN) of >7.9. cDNA libraries preparation used 2 ng of total 
RNA and 1 l of a 1:50,000 dilution of ERCC RNA Spike-In Controls 
(Ambion) using SMA RTSeq v2 protocol (79), with modifications: 
(i) 20 M template switching oligo (TSO) and (ii) 250 pg of cDNA 
with one-fifth reaction of an Illumina Nextera XT kit. Length distri-
bution of the cDNA libraries was monitored using DNA High 
Sensitivity Reagent kit on the PerkinElmer Labchip. Samples were 
subjected to an indexed PE sequencing run of 2 × 51 cycles on an 
Illumina HiSeq 2500 Rapid mode (14 samples per lane).

RNA-seq data in FASTQ files were mapped to mouse genome build 
mm10 using the STAR alignment software. Mapped reads were 
counted using featureCounts (part of Subread package) based on 
the GENCODE M9 annotations. Raw counts were processed by log2 
transformation using the Bioconductor DESeq2 v1.30.0 package, 
followed by performing PCA using prcomp function in R. Count 
per million (CPM) values were determined from raw counts using 
edgeR. Differential gene expression analysis was then performed on 
CPM values to identify DEGs. Only DEGs with an adjusted P value 
(false discovery rate) of less than 0.05 were represented. CPM values 
of DEGs were normalized and represented as z score for heatmap 
plotting. Unsupervised k-means clustering was performed on DEGs 
using a Euclidean distance measurement and ward.D2 algorithm 
method. Genes in each DEG cluster were characterized by GO en-
richment biological processes using R package clusterProfiler v4.0.3 
(80). Functional gene sets from the Mouse Genome Informatics da-
tabase were used to annotate DEGs across all clusters. For the anal-
ysis of BM TpMos and MatMos in sham and sepsis, z scores of genes 
in each DEG cluster were averaged and normalized across condi-
tions then represented in bar plots. For the GO enrichment analysis 
of TpMo-dMs and MatMo-dMs under response to IFN-, additional 
gene annotation was referenced from Kumaran Satyanarayanan et al. (51).

Statistical analysis
Statistical analyses were performed using Prism software (GraphPad). 
Student’s t test (normal distribution) and one-way or two-way anal-
ysis of variance (ANOVA) were performed as appropriate. For 
correlation analysis, linear regression was used to generate the line 
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of best fit, and Pearson’s correlation test was performed to gener-
ate P value. P < 0.05 was considered as statistically significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj4641

View/request a protocol for this paper from Bio-protocol.
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