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Kupffer cell reverse migration into the liver sinusoids 
mitigates neonatal sepsis and meningitis
Bruna Araujo David1,2, Jawairia Atif3,4, Fernanda Vargas e Silva Castanheira1,2, Tamanna Yasmin5, 
Adrien Guillot6, Yeni Ait Ahmed6, Moritz Peiseler6,7, Josefien W. Hommes1,2, Lilian Salm1,8,  
Marie-Anne Brundler9, Bas G. J. Surewaard1,2, Wael Elhenawy10,11,12,13,14, Sonya MacParland3, 
Florent Ginhoux15,16, Kathy McCoy17, Paul Kubes1,2,5*

In adults, liver-resident macrophages, or Kupffer cells (KCs), reside in the sinusoids and sterilize circulating blood 
by capturing rapidly flowing microbes. We developed quantitative intravital imaging of 1-day-old mice combined 
with transcriptomics, genetic manipulation, and in vivo infection assays to interrogate increased susceptibility of 
newborns to bloodstream infections. Whereas 1-day-old KCs were better at catching Escherichia coli in vitro, we 
uncovered a critical 1-week window postpartum when KCs have limited access to blood and must translocate from 
liver parenchyma into the sinusoids. KC migration was independent of the microbiome but depended on macro-
phage migration inhibitory factor, its receptor CD74, and the adhesion molecule CD44. On the basis of our find-
ings, we propose a model of progenitor macrophage seeding of the liver sinusoids via a reverse transmigration 
process from liver parenchyma. These results also illustrate the importance of developing newborn mouse models 
to understand newborn immunity and disease.

INTRODUCTION
At birth, the immune system of neonates (1 to 28 days old in hu-
mans; 1 to 7 days old in mice) is fundamentally different from that 
of adults (1). This results in notable differences in susceptibility to 
bloodstream infections in neonates. Approximately 2 million chil-
dren younger than 5 years old die annually because of infections, 
and, astoundingly, 50% of these deaths occur in neonates (2, 3). Af-
ter the neonatal stage, mortality rates due to infections strongly de-
cline, suggesting a fundamental change in the immune system (4). 
Two major bacterial species, Escherichia coli (E. coli) and Group B 
Streptococcus (GBS; Streptococcus agalactiae), account for most neo-
natal infection cases that manifest as bloodstream infections (sepsis) 
and lead to meningitis (5), although other pathogens also can con-
tribute. Whereas there is a prophylactic treatment for GBS (6), there 

is no preemptive therapy available for E. coli, in part because there 
are innumerable serotypes and because this ubiquitous bacterium is 
harbored by the human commensal microbiome. Antibiotics are used 
to treat E. coli infections in newborns, but a prophylactic adminis-
tration to all newborns would (i) destroy critical commensal micro-
bial flora (7), (ii) cause long-lasting alterations in immunity (8, 9), 
and (iii) make infants more susceptible to infections after termina-
tion of antibiotics (10).

Despite the infection rate differences between neonates and adults, 
very few investigations have been performed in newborn humans or 
mice. Bloodstream infections have been investigated extensively in adult 
mice, and intravenous administration of E. coli and many other bacterial 
strains does not result in equal dissemination to all organs. First-pass 
clearance of blood-borne E. coli occurs within the liver, limiting dissemi-
nation to other organs (11). Intravital microscopy has identified a popu-
lation of liver-resident macrophages called Kupffer cells (KCs) that reside 
within the sinusoids and sequester almost all bacteria flowing within the 
bloodstream (12, 13). This vital contact of bacteria to the KC surface al-
lows for subsequent phagocytosis that is mediated by canonical comple-
ment and unidentified immunoglobulin receptors (11, 13). Specific 
removal of KCs from the sinusoids of adult mice leads to uncontrolled 
bacterial dissemination and increased mortality (14, 15). As such, the 
intravascular location of KCs is critical for preventing bloodstream bac-
terial dissemination to other organs.

KCs develop from erythromyeloid progenitors (EMPs) that in-
vade and colonize the fetal liver around embryonic day 8.5 (E8.5) 
onward (16, 17). These EMPs located in the liver parenchyma un-
dergo a coordinated differentiation program that includes the up-
regulation of macrophage-specific transcription factors, chemokines, 
phagocytosis, and scavenger receptors (17). Many of these cells leave 
the fetal liver and seed several organs where they acquire tissue-
specific phenotypes. In adults, the tissue-specific signature of KCs 
includes the expression of the transcription factors Nr1h3 (Lxra), 
Spic, Id1, and Id3, which can be traced back to as early as E10.5 
(16–18). Similarly, in humans, progenitors from the yolk sac and the 
aorta-gonad-mesonephros colonize the fetal liver and give rise to 
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cells with a KC signature as early as 7 postconceptional weeks (PCW) 
(19,  20). KCs reside in the fetal liver parenchyma and are distinct 
from the erythropoiesis-supporting VCAM-1+, CD169+, and eryth-
ropoietin receptor (EPOR)+ erythroblastic island (EBI) macrophages 
also localized in the fetal liver parenchyma of both mice and humans 
(20, 21). Given that the KC program is established before birth, KCs 
should be able to enter sinusoids to clear bloodstream bacteria. A 
previous study described KCs to be associated with sinusoids but 
more rounded and less ramified in the fetal liver than in adults (22). 
In this study, we imaged KCs in their neonatal environment and 
identified a critical parenchymal to intravascular relocation in the 
first few days after birth, which may explain the substantial increase 
in susceptibility to bloodstream infections and the considerable mor-
tality in newborns.

RESULTS
E. coli sequestration by KCs is impaired in newborn mice
Among all organs, the liver has the largest population of resident 
macrophages (KCs) (23). These cells are an efficient filter, capturing 
pathogens directly from the bloodstream (11, 24, 25). To test whether 
the same pathogen clearance efficiency could be performed by new-
born KCs, we challenged 1-day-old newborn mice with green fluo-
rescent protein (GFP)–expressing E. coli, a pathogen responsible for 
high mortality rates in neonatal sepsis (6). First, we established the 
largest intravenous E. coli dose that was cleared from the circulation 
over time and did not induce mortality in adult mice [1 × 108 colony-
forming units (CFUs)] (fig. S1A). To adjust the dose to a comparable 
infection in newborns, the CFU value was normalized and adjusted 
per body weight (fig. S1B). In vivo imaging revealed that bacteria 
reached the liver microcirculation at high speeds and were arrested/
captured almost immediately in adults (Fig. 1, A and B, and movie 
S1). In stark contrast, 60% fewer bacteria were arrested in newborn 
livers (Fig. 1, A and B, and movie S2). Most E. coli were captured by 
KCs (defined as CD45+CD19−F4/80highCD11bintTIM4+CRIg+; fig. 
S1C) in both adults and newborns, but a much higher percentage of 
KCs caught E. coli in adults (83%) than in newborns (40%) (Fig. 1, C 
to E, and fig. S1, D and E). By contrast, less than 5% of E. coli in the 
liver was captured by neutrophils in both groups, with a slightly high-
er number of mature circulating neutrophils in newborns (fig. S1, F 
to H). Imaging also allowed for analysis of the number of bacteria 
caught per KC, which revealed that 65% of KCs in adults and 15% in 
newborns caught multiple bacteria (Fig. 1, D and E). We verified 
these results by flow cytometry, where no surgery or anesthesia was 
necessary before infection. In adults, the frequency of E. coli+ KCs 
(defined as CD45+CD19−F4/80highCD11bintTIM4+CRIg+; fig. S1C) 
was double that of E. coli+ KCs in newborns (Fig. 1, F and G).

Measuring bacterial burden in adult mice revealed that 70% of 
the bacteria injected were found in the liver 30 min after infection, 
compared with 35% in newborns (Fig. 1, H and I). In adult mice, the 
remaining bacteria that were able to bypass the liver were caught in 
the spleen and in the lung vasculature (fig. S1, I and J). As such, very 
few bacteria (102 of 108 injected or 0.0001%) reached the kidneys 
and/or brain, and these were further eradicated over 12 hours to un-
detectable levels in the brain and blood and fewer than 100 CFUs in 
the kidneys (Fig. 1, J and K, and fig. S1K). By contrast, in newborns, 
there was rapid dissemination to the brain, which increased ~2.5-log 
fold over the first 12 hours and coincided with increased levels of 
bacteria in blood (Fig. 1, J and K). Intravital microscopy of the brain 

meninges showed a similar increase. At 30 min, the bacteria were 
intravascular, whereas at 12 hours after infection, they could be seen 
in the parenchyma and often in CX3CR1+ macrophages (Fig. 1, L 
and M). Whereas bacterial burden rose substantially in all organs of 
newborn mice, the increase in the brain was by far the greatest (Fig. 
1, I to K, and fig. S1, I to K), consistent with the high susceptibility 
for meningitis observed in newborn humans. All newborn mice died 
in the first 24 hours after bacterial infection, whereas uninfected new-
borns and infected adult mice all survived indefinitely (Fig. 1N). New-
borns succumbed to this concentration and even a 100-fold lower 
inoculum of E. coli (fig. S1A).

Considering that Gram-positive bacterial infections are also com-
mon in newborns and the increased burden of methicillin-resistant 
Staphylococcus aureus (MRSA) (26, 27), we also tested the catching 
ability of KCs after MRSA infection. Similar to E. coli, S. aureus were 
efficiently captured by adult KCs, whereas in newborns, the number 
of bacteria arrested in the liver was considerably impaired (fig. S1, L 
and M). S. aureus was caught in the liver by KCs, with a higher per-
centage of bacteria-containing KCs in adults (60%) in comparison 
with newborns (20%) (fig. S1, N to P). In adults, KCs were found 
to internalize up to five bacteria per cell, whereas most KCs in new-
borns captured only one bacterium per cell (fig. S1, O and P). After 
S. aureus infection, all newborn mice died in the first 48 hours, with 
no mortality observed in adult mice (fig. S1Q). Together, these find-
ings demonstrate that KC bacterial capture is impaired in newborns, 
leading to increased dissemination and higher mortality.

Lack of opsonins does not contribute to catching 
impairment by newborn KCs
To test whether a potential lack of natural antibodies and comple-
ment could explain the impaired catching of E. coli by newborn KCs, 
antibodies and complement that bound E. coli in the sera of adult 
and newborn mice were measured by flow cytometry. Unexpectedly, 
newborns had similar or higher levels of antibodies and complement 
factors in their sera compared with adults, with one exception: im-
munoglobulin M (IgM) (fig. S2, A to G). IgM is not maternally trans-
ferred and showed negligible levels in newborns, whereas adults had 
substantial amounts of this antibody (fig. S2G). To test whether the 
impairment in E. coli catching by KCs was due to a deficiency in bac-
terial opsonization by IgM, newborn mice were infected with E. coli 
incubated with phosphate-buffered saline (PBS) (naturally opsonized 
by their own newborn serum) or E. coli opsonized with adult serum. 
No differences were observed in the capture of adult serum–opsonized 
bacteria versus newborn naturally opsonized bacteria by KCs in 
newborns (fig. S2H). In addition, adult serum treatment did not re-
duce bacterial burden in the liver, brain, or blood 6 hours after infec-
tion in newborn mice (fig. S2, I to K), indicating that the presence of 
IgM does not improve E. coli capture by KCs or prevent dissemina-
tion in 1-day-old newborns.

Our group has previously reported that preimmunization could 
improve bacterial clearance by KCs in complement-deficient mice as 
young as 2 weeks of age and in adult complement-deficient mice (11). 
To test whether preimmunization with E. coli could improve bacte-
rial catching by newborn KCs, adult female mice were preimmunized 
with heat-killed E. coli intraperitoneally before mating (fig. S2L). To 
confirm the transfer of anti–E. coli antibodies, the levels of IgG3 reac-
tive against E. coli were measured in pups from immunized moms, 
showing a significant increase in comparison with newborn controls 
(fig. S2M). However, the higher levels of IgG3 reactive against E. coli 
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Fig. 1. E. coli sequestration by KCs is impaired in newborn mice. (A) Representative intravital microscopy (IVM) 30 min after GFP E. coli (yellow) challenge of adult and 
newborn mouse livers. Scale bars, 50 μm. (B) Quantification of (A) as E. coli arrested in the livers of adult and newborn mice (n = 6 per group, N = 2). (C) Representative IVM 
of GFP E. coli (yellow) caught by KCs labeled with F4/80 (magenta) in adult and newborn mice 30 min after bacterial challenge. Scale bars, 25 and 8 μm (zoom in). (D and 
E) Quantification of (C) as the frequency of KCs with internalized GFP E. coli in adult and newborn mice (pie chart). Number of E. coli per individual KC in adult and newborn 
mice (bar graph) (n = 7 or 8 per group, N = 3). (F) Representative flow cytometry pseudocolor plots of adult and newborn E. coli–infected mice gated on KCs. KCs were 
pregated as shown in fig. S1H. (G) Quantification of (F) as the frequency of KCs with internalized GFP E. coli in adult and newborn mice (n = 6 per group, N = 2). (H) Bacte-
rial load in the liver and other organs combined 30 min after E. coli infection in adult and newborn mice (n = 5 or 6 per group, N = 2). (I to K) E. coli bacterial load in the 
livers, brains, and blood of adult and newborn mice 0.5 and 12 hours after E. coli infection (n = 5 or 6 per group, N = 2). (L) Representative brain IVM of newborns (D1) 
0.5 and 12 hours after E. coli infection. Scale bar, 70 μm. (M) Quantification of (L) as E. coli per field of view (FOV) of newborn (D1) mice 0.5 and 12 hours after infection (n = 3 
or 5 per group, N = 2). (N) Survival analysis of adult and newborn mice infected with 1 × 108 CFU E. coli normalized per 20 g of body weight (n = 10 to 15 per group, N = 2). 
Data are presented as individual values with the means ± SD. Mann-Whitney test was used for (B), (G), and (M). Two-way ANOVA with Šidák’s posttest was used in (I) to (K). 
Kaplan-Meier test with Gehan-Breslow-Wilcoxon curve comparison was used in (N).
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in the maternally immunized group did not affect the number of 
KCs, their location, or their efficiency in E. coli capture in the liver 
(fig. S2, N to P). This finding indicates that the bacteria, regardless of 
the presence of anti–E. coli antibodies or complement, were detected 
less efficiently by newborn KCs, suggesting an unknown underlying 
factor for impaired catching in newborns that may not be blood de-
rived. For completeness, we used a public single-cell RNA sequencing 
(scRNA-seq) database (28) to assess the gene expression level of bac-
terial recognition and sensing receptors by KCs from day one (1 day 
old; D1) to adulthood (8 weeks old: D56) (fig. S2Q). The overall ex-
pression of the various phagocytic-related genes was similar among 
the age groups, with very few genes showing lower or higher expres-
sion in adults (fig. S2R).

Newborn KCs are morphologically distinct
Despite the vast number of studies on KCs, very little is known about 
these cells in newborns. Using a fate-mapping reporter mouse for 
Clec4f (Clec4Fcre-nTdTomato/+/Rosa26ZsGreen/+), a type-C lectin identified 
as a specific marker for murine KCs (29), and intravenous injection of 
anti-F4/80 and anti–TIM-4 antibody, we were able to visualize bona 
fide KCs (Fig. 2A and fig. S3A). Unexpectedly, adult mice had fewer 
KCs than newborn mice (Fig. 2B). Moreover, the newborn KCs ap-
peared more rounded and less polarized and had fewer ramifications. 
Three-dimensional (3D) reconstruction of newborn and adult KCs 
showed significant differences in cell morphology (Fig. 2C), with adult 
KCs having greater surface areas, volumes, and elongation and new-
born KCs appearing smaller and more rounded (sphericity closer to 1) 
(Fig. 2, D to G). To investigate the same parameters in humans, pre-
term (22 to 30 PCW), full-term (37 to 40 PCW), and adult liver sam-
ples were obtained. In humans, liver macrophage (IBA1+CD163+ 

CD16+) numbers were similar in adults and pre- and full-term new-
borns (Fig. 2, H and I). Evaluating the same morphological parame-
ters, we found profound differences, with newborn macrophages being 
smaller and more spherical, consistent with our observations in mice 
(Fig. 2, J to L, versus E to G).

Adult and newborn KCs adopt distinct 
anatomical localizations
A key feature that KCs share in mice and humans is their strategic 
location, within the liver sinusoids in direct contact with the blood-
stream. Intravital microscopy demonstrated the intravascular posi-
tion of KCs in adult mice, where they cover a substantial portion of 
the sinusoidal lumen (Fig. 3A and fig. S3B), whereas intravital imag-
ing of KCs in the D1 mice showed that the cells are still mostly out-
side the liver sinusoids in the perisinusoidal space (Fig. 3A and fig. 
S3B). Because it was not unusual to see adult KCs partially in and 
outside the vasculature (Fig. 3A, arrow heads) (30), we developed an 
image quantification protocol that assessed the percentage of sinu-
soidal lumen covered by KCs (fig. S3C). First, the surface area mask 
of blood vessels was created, and then the overlapping portion of 
KCs was superimposed onto the sinusoids to calculate the area of 
lumen covered by these cells (fig. S3C). Initial analysis of adult and 
D1 mice unveiled a notable difference in that KCs from D1 mice 
only covered ~6% of the sinusoidal lumen, whereas KCs from adult 
mice covered ~20% of the lumen (Fig. 3B). The percentage of lumen 
covered consistently increased over the first week, reaching ~20% at 
D7, with no additional increase at D21 or later (Fig. 3B and fig. S3D).

Recently, KCs were shown to extend out of the vasculature and 
make contact with hepatic stellate cells (HSCs), which is critical for 

KCs to establish their identity in adult mice (30). Using an HSC re-
porter mouse (Lratcre/Rosa26tdtomato), we found that KCs do make 
contact with extravascular HSCs in adult mice (fig. S3E). The HSC-
KC interaction was notable and perhaps even more extensive in 
newborns, where both cell types are in the same extravascular com-
partment (fig. S3F).

To examine whether newborn humans have a similar localiza-
tion of liver macrophages as newborn mice, we obtained samples 
from humans of different ages and used the pan–macrophage mark-
ers CD163, IBA1, CD16, and collagen IV to delineate the basement 
membrane around the liver sinusoids (Fig. 3C). In the adult sam-
ples, macrophages were firmly within the sinusoids, covering ~20% 
of the sinusoidal lumen (Fig. 3, C and D). In pre- and full-term new-
borns, macrophages covered significantly less of the sinusoidal lu-
men (Fig. 3, C and D).

Next, we examined GFP E. coli capture in D1, D7, D21, and D56 
mice. A minute-by-minute bacterial capture quantification (movies 
S1 to S4) showed that only the D1 mice had impaired E. coli–catching 
ability (Fig. 3E). The E. coli capture capability of KCs in D7 mice 
was similar to that in both D21 (movie S4) and D56 mice (Fig. 3E 
and movie S1), suggesting that increased lumen coverage by KCs in 
D7 and older mice had greater bacterial catching efficiency than the 
D1 KCs. The antimicrobial killing capacity of D7 mice was also clos-
er to that of adults. Six hours after infection, liver bacterial burden 
suggested very effective killing of E. coli by adult mice, with similar 
killing efficiency in D7 mice but poor killing efficiency in D1 mice 
(fig. S3G). Similar E. coli elimination was observed in the brains of 
adult and D7 mice (fig. S2H).

Newborn KCs relocate to the intravascular compartment 
within 7 days postpartum
To track D1 perivascular KCs, we labeled the cells using a long-
lasting tracer (blue CellVue cell linker) (Fig. 4A). Twenty-four hours 
after administering CellVue, 95% of the F4/80+ KCs took up Cell-
Vue, suggesting efficient labeling of the perivascular cells (Fig. 4, B 
and C). This finding demonstrates that these perivascular KCs do 
have some access to the vasculature but have not yet fully translo-
cated to the intraluminal space. This dye is retained by macrophages 
for up to 8 weeks, as previously shown (31). At D7 and even at D56, 
between 85 and 90% of the intravascular KCs retained CellVue 
(Fig. 4, B and C).

Because some CellVue does leak into other cells over 8 weeks, we 
also used a genetic approach to demonstrate that the D1 KCs in the 
parenchyma migrate into the vasculature at D7 and later. CX3CR1 
inducible fate-mapping mice were used to track newborn KCs that at 
birth express CX3CR1 (fig. S4A) but are negative at D56. Cx3cr1creER/
Rosa26YFP pregnant mice were treated with hydroxytamoxifen 
(OH-TAM), and the offspring were observed at D7 and D56 after 
birth (Fig. 4D). The vast majority (~90%) of intravascular KCs were 
YFP+ and covered the lumens of sinusoids, identical to wild-type 
(WT) mice at D7 and D56 (Fig. 4, E and F).

The other possible seeding route of KCs is for monocyte pro-
genitors to enter the liver directly via the vasculature and adhere in 
sinusoids. To examine this possibility, we used Ms4a3cre-Rosa26TdTomato 
mice, which report on monocyte-derived macrophages (32). Less 
than 5% of monocyte-derived KCs were detected at D7, followed by a 
very small increase in KC turnover observed in adult mice (fig. S4B), as 
previously shown (32), consistent with the view that most KCs in D7 
mice were not derived from circulating monocytes. Dimensionality 
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Fig. 2. Newborn KCs in mice and humans are morphologically distinct. (A) Representative IVM of liver showing bona fide KCs in Clec4F-cre-nTdTomato/+ Rosa26-ZsGreen/+ 
adult and newborn mice. Cytosolic Clec4F (Zsgreen; yellow) and nuclear Clec4F (tdTomato; cyan) combined with F4/80 (magenta). Scale bars, 25 μm. (B) Quantification of 
(A) as KCs per FOV in adult and newborn mice (n = 10 per group, N = 3 or 4). (C) Representative IVM with 3D reconstruction of adult and newborn KCs distributed on the 
basis of cell volume and surface area and color-coded by sphericity. (D to G) Quantification of (C) as the morphology parameters of cell volume, surface area, longest axis, 
and sphericity of KCs in adult and newborn mice (n = 5 per group, N = 2). (H) Representative immunofluorescence showing IBA1 (yellow), CD16 (cyan), and CD163 (ma-
genta) in human livers. Scale bars, 25 μm. (I) Quantification of (H) as number of IBA1+CD16+CD163+ cells (macrophages) per square millimeter (n = 5 to 7 per group, N = 2). 
(J to L) Quantification of (H) as the human liver macrophage morphology parameters comparing surface area, longest axis, and sphericity in adult and newborn mice 
(n = 6 for adults and n = 12 for newborns, N = 2). Data are presented as individual values with the means ± SD. Mann-Whitney test was used for (B), (D) to (G), and (J) to 
(L). One-way ANOVA with Dunnett’s posttest was used for (I).
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Fig. 3. Adult and newborn KCs adopt distinct locations in the liver. (A) Representative IVM of adult and newborn mice showing liver sinusoids labeled with CD31 (cyan) 
and highlighting KC location (arrowheads) labeled with F4/80 (magenta). Scale bars, 25 and 10 μm. (B) Quantification of (A) as liver sinusoidal lumen coverage by KCs at 
D1, D3, D7, D21, and D56 (n = 7 to 14 per group, N = 4). (C) Representative human liver immunofluorescence showing collagen IV (cyan) and CD163 (magenta). Scale bars, 
25 and 10 μm. (D) Quantification of (C) as sinusoidal lumen coverage by human CD163–positive cells (macrophages) (n = 5 to 7 per group, N = 2). (E) Time-lapse analysis 
of E. coli arrested in the livers of D1, D7, D21, and D56 mice (n = 7 to 9 per group, N = 4). Data are presented as individual values with the means ± SD. One-way ANOVA 
with Dunnett’s posttest was used for (B) and (D).
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Fig. 4. Newborn KCs relocate to the intravascular compartment within 7 days postpartum. (A) CellVue dye injection scheme with newborn injection at D1 and liver 
intravital performed at D2, D7, D21, and D56. (B) Representative IVM of KCs labeled with F4/80 (magenta) with internalized CellVue (cyan) in newborn and adult mice. 3D 
reconstruction highlights the presence of the dye inside KCs in adult and newborn KCs. Scale bars, 45 μm. (C) Quantification of (B) as the frequency of KCs positive for 
CellVue (n = 4 per group, N = 2). (D) Fate mapping of CX3CR1-expressing cells after 4-OH-tamoxifen injection in Cx3cr1creER-Rosa26EYFP pregnant mice at E18. Liver IVM 
was performed in the dams at D7 and D56. (E) Representative liver IVM of D7 mice with EYFP (yellow) labeling in KCs of Cx3cr1creER-Rosa26EYFP mice induced with 
4-OH-tamoxifen (E18). KCs were labeled with F4/80 (magenta), and blood vessels were labeled with CD31 (cyan). Quantification of frequency of EYFP+ KCs on the right 
(n = 4, N = 2). Scale bars, 45 μm. (F) Representative liver IVM of D56 mice with EYFP (yellow) labeling in KCs of Cx3cr1creER-Rosa26EYFP mice induced with 4-OH-tamoxifen 
(E18). KCs were labeled with F4/80 (magenta), and blood vessels were labeled with CD31 (cyan). Quantification of the frequency of EYFP+ KCs on the right (n = 4, N = 2). 
Scale bars, 45 μm. (G) UMAP of KCs from a liver scRNA-seq database (28) of mice at D1, D3, D7, D21, and D56. Dataset colored according to age group. (H) UMAP showing 
lineage trajectory analysis of KCs from D1 to D56. Dataset colored according to a progression in cell differentiation.
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reduction with Uniform Manifold Approximation and Projection 
(UMAP) using a liver scRNA-seq dataset showed that KCs of differ-
ent ages clustered together in a transition from time point to time 
point (Fig. 4G), and a trajectory inference analysis showed a linear 
progression in cell development over time from D1 to D56 (Fig. 4H).

We also investigated whether the KC migration into the liver si-
nusoids was zone specific, given that it has been recently shown that 
liver zonation influences hepatic metabolism as well as KC distribu-
tion and immune functions (33,  34). Intravital imaging of adult 
Clec4f reporter mice (Clec4Fcre-nTdTomato/+/Rosa26ZsGreen/+) showed 
that KCs were concentrated in the periportal regions (fig. S4C). This 
asymmetric distribution is controlled by commensal bacteria in a 
process that happens around 20 to 25 days postpartum (33). At D1 
and D7 after birth, Clec4f+ cells were homogenously distributed in 
the liver, suggesting that the KC migration into the sinusoids pre-
cedes the KC spatial polarization (fig. S4C).

Relocation to the sinusoids precedes age-associated 
transcriptional reprogramming in KCs
In contrast with D1 newborn KCs, D7 KCs covered a similar pro-
portion of sinusoidal lumen and efficiently captured E. coli in vivo 
when compared with adult KCs (Fig. 3, B and E). To better under-
stand the differences between KCs at different life stages, we initially 
profiled newborn (D1), 7-day-old (D7), and adult (D56) KCs using 
multiparametric flow cytometry. Bona fide KCs were isolated from 
Clec4Fcre-nTdTomato mice and gated on the basis of their expression of 
F4/80highCD11b+Clec4f tdtomato (fig. S5A). Dimensionality reduction 
with t-distributed stochastic neighbor embedding (tSNE) showed 
that D1 and D7 KCs are phenotypically more similar to each other 
when compared with adult KCs (Fig. 5, A to F, and fig. S5B). Where-
as KCs from all three age groups displayed high expression levels of 
TIM4 (Fig. 5B), D56 KCs had homogenously high levels of CRIg, 
whereas D1 and D7 KCs showed greater heterogeneity (Fig. 5C and 
fig. S5C). Major histocompatibility complex class II (MHC-II), 
which is highly expressed on mature KCs (adult mice; D56), was not 
yet expressed on KCs from D1 and D7 mice (Fig. 5D and fig. S5C). 
A similar pattern was found for MHC-II expression in resident 
macrophages across tissues (fig. S5, D to F), with newborn resident 
macrophages showing lower expression in comparison with adult 
counterparts (fig. S5, G to J). Other markers, including MerTK, 
Clec2, CD11a, and CD29, were also more robustly expressed on 
adult KCs, whereas CD44 had higher expression patterns in new-
borns (Fig. 5, E and F, and fig. S5, B and C). By contrast, Fc receptors 
associated with bacterial recognition and capture, such as CD16 
(FcγRIII) and CD64 (FcγRI), were highly expressed by newborn 
KCs in comparison with adult macrophages (fig. S5C), suggesting 
that newborn KCs may have greater intrinsic antimicrobial func-
tion. This observation was not restricted to KCs but extended to 
lung alveolar and interstitial macrophages in newborns compared 
with adults (fig. S5, H and I).

To investigate the differentiation status of KCs at the gene expres-
sion level, we used a public scRNA-seq database (28) to measure KC 
core genes and transcription factors (Fig. 5, G and H, and fig. S6A). 
With Clec4f as a reference gene, we identified two main populations 
among liver cells: KCs and Dcn+ macrophages (fig. S6B) (28). The 
KC population was identified on the basis of the combined expres-
sion of Adgre1, Timd4, and Clec4f, and the Dcn+ macrophage cluster 
was excluded on the basis of the expression of Dcn (fig. S6, B to F). 
Doublet clusters were subsequentially removed on the basis of the 

expression of lineage markers (fig. S6, G to J). We did not detect 
Epor and Klf1 in our KC cluster, excluding a potential contamina-
tion with EBI macrophages (fig. S6K) (20, 21). More recently, KCs 
were shown to be divided into two subpopulations, a major KC1 
population and a minor KC2 population (35, 36). We assessed the 
frequency of KC2 and found it to be lower than 5% at D1, D7, and 
D56 by flow cytometry; as such, we treated KCs as a single popula-
tion (fig. S7, A and B). KC core genes Cd5l, Clec4f, Vsig4 (encoding 
CRIg), Lyz2, Csfr1, and Folr2 showed high expression at D1, with a 
small gradual increase as mice aged (Fig. 5G). Other identity mark-
ers such as Timd4, Adgre1 (encoding F4/80), Marco, Slc40a1, and 
Msr1 increased over the first 7 days, but then expression levels 
slightly waned with time (Fig. 5G). C1pb, Hmox1, and Vcam1 
showed higher expression in newborns (Fig. 5G). Cd207, a gene ex-
pressed by liver capsule macrophages (37), was not expressed at any 
age. Ccr2 and Ms4a3 were not expressed at any age, consistent with 
the KCs not being monocyte derived, even 8 weeks after birth (Fig. 
5G) (32). Kit, a gene associated with immature cells, also showed 
negligible expression by KCs at any age (Fig. 5G).

DNA3 and liver X receptor-α (LXRα) are two of the key transcrip-
tion factors previously described to affect KC identity (17, 30, 38). Id3 
(encoding DNA3) was the most expressed transcription factor among 
all age groups (Fig. 5H). Over the first 7 days, Id3, Fos, and Spic showed 
higher expression when compared with D56 (Fig. 5H). Nr1h3 (encod-
ing LXRα), Spic1, Id1, and Irf7 are up-regulated in embryonic macro-
phages upon entry into the fetal liver (17). In our analysis, Irf7, Maf, 
and Nr1h3 expression levels were increased from D1 to D7 and con-
tinued to further increase toward adulthood (D56) (Fig. 5H). Other 
transcription factors, such as Hes1, Tcf7l2, Zfp36l1, and Jun, showed 
peak expression before adulthood (Fig. 5H). In addition to the expres-
sion level, analysis of transcription factor activity showed that Fos and 
Spic activity was consistent during the first week, whereas Hes1, Jun, 
and Rxra activity increased from D1, reaching their peak at D7 and 
followed by a notable decrease in adults (fig. S7C). Irf7, Maf, and 
Nr1h3 also increased in activity during the first week but remained 
highly active until adulthood (fig. S7C). To provide a more robust as-
sessment of changes in transcription factors, the top 10 most-predicted 
differentially active transcription factors were identified in KCs from 
newborns to adults (fig. S7D). These results suggest that the KC trans-
location into the vasculature is coupled with up-regulation of some 
genes associated with the adult KC identity status. In contrast, some 
genes, including Fos and Spic, were at peak levels during the first week 
of life and declined in expression and activity with time (Fig. 5H and 
fig. S7C). Principal components analysis (PCA) revealed stronger cor-
relation among KCs during the first week of life (D1, D3, and D7) 
(Fig. 5I) and an overall similar gene expression signature at D1, D7, 
and D56 after birth, with only 142 differentially expressed (DE) genes 
when comparing these three age groups (fig. S7E). Pathway enrich-
ment analysis of DE genes showed some differences between D1 and 
D7 KCs, including a positive regulation of metal and ROS metabolism 
at D1, whereas at D7, the pathways enriched were toward T cell mi-
gration and proliferation (fig. S7, F and G).

From these gene expression data, it is hard to conclude whether 
KCs at D1 had reduced intrinsic capacity to capture bacteria when 
compared with D7 or D56. To test this, adult and newborn KCs 
(F4/80+TIM4+) were isolated and incubated in vitro with opsonized 
E. coli (Fig. 5J). Adult and newborn KCs placed in the same in vitro 
environment with equal exposure to bacteria showed that both 
groups efficiently internalized E. coli, with newborn KCs being even 
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Fig. 5. Relocation to the sinusoids precedes age-associated transcriptional reprogramming in KCs. (A) t-SNE showing adult (D56), neonate (D7), and newborn (D1) 
KCs. KCs were pregated as shown in fig. S5A. (B to F) Representative histogram overlay of (B) TIM4, (C) CRIg, (D) MHC-II, (E) MerTK, and (F) Clec2 expression by D1, D7, and 
D56 KCs, gated as shown in fig. S5A. (G) Dot plot of liver scRNA-seq showing expression of KC-core genes in D1, D3, D7, D21, and D56 mice. (H) Dot plot of liver scRNA-seq 
showing expression of KC-associated transcription factors in D1, D3, D7, D21, and D56 mice. (I) Principal components analysis of KCs in D1, D3, D7, D21, and D56 mice. 
(J) Experimental design for E. coli–catching and –killing in vitro assay. (K) Frequency of adult and newborn KCs (F480+TIM4+) isolated and infected in vitro by confocal imag-
ing (n = 5 per group, N = 2). (L) Frequency of adult and newborn KCs (F480+TIM4+) isolated and infected in vitro by flow cytometry (n = 6 per group, N = 2). (M) Bacterial 
burden of KCs 1 and 4 hours after E. coli infection in vitro (n = 5 or 6 per group, N = 2). Data are presented as individual values with the means ± SD. Mann-Whitney test 
was used for (K) and (L). RM two-way ANOVA with Šidák’s multiple comparison posttest was used for (M).
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more efficient than adult KCs (Fig. 5, K and L). To examine potential 
effects of the KC isolation process, we systematically assessed expres-
sion of F4/80, TIM4, and CRIg. After isolation and incubation, these 
proteins did not change and were at levels similar to those seen in 
vivo (fig. S8, A to G). Associated with catching ability, newborn KCs 
were also efficient in killing E. coli in vitro when compared with adult 
KCs (Fig. 5M). These results indicate that newborn KCs are capa-
ble of capturing and killing E. coli when in direct contact with 
the bacteria.

CD74/MIF and CD44 control KC migration into the sinusoids
Exposure to commensals at birth could be a potential strong stimulus 
for initiating/priming the translocation of KCs into the sinusoids. To 
test this hypothesis, we performed liver intravital imaging in germ-
free (GF) D7 mice, which revealed no delay in KC translocation from 
the parenchyma to the sinusoidal lumen and essentially identical KC 
numbers regardless of the microbiome status (Fig. 6A and fig. S9A). 
To further investigate a potential role of the microbiota in KC translo-
cation, GF dams were colonized with a wild microbiome harvested 
from wild mice, which have been shown to be more similar to humans 
and to better predict human disease responses (39, 40). Rewilded pups 
showed no expedited translocation of KCs into the sinusoids (Fig. 6A 
and fig. S9A). Furthermore, the KC number and coverage of the sinu-
soidal lumen remained nearly identical among specific pathogen–free 
(SPF), GF, and rewilded mice at D21 (fig. S9, B and C). In our scRNA-
seq dataset analysis, the scavenger receptor Marco was highly ex-
pressed in newborns, with a significant increase over the first week of 
life (Fig. 5F). Another scavenger receptor, Msr1, had lower but consis-
tent expression over the first few days of life (Fig. 5F). However, mice 
deficient in both MARCO and MSR-1 showed no effect on the reloca-
tion of KCs into the sinusoids, suggesting a limited role for these mol-
ecules (Fig. 6B).

We next focused on other molecules that might induce the migra-
tion of KCs into sinusoids. Because it has been shown that CXCR3 is 
important in KC distribution and immune zonation (33), we first ex-
amined CXCR3−/− mice, and no significant difference was observed 
in KC relocation into the sinusoids during the first week of life (Fig. 
6C). Among the classical chemokine receptors, only CCR5 was up-
regulated over the first 7 days of life. However, CCR5−/− mice had only 
a minor delay in KC translocation into the sinusoids (Fig. 6C). KC num-
ber was similar between WT, MARCO−/−MSR-1−/−, CXCR3−/−, and 
CCR5−/− mice (fig. S9D).

We next compared the gene expression profiles of D1 versus D7 
KCs to identify other potential molecules regulating KC migration. 
Cd74 and Cd44 were among the top DE genes (Fig. 6D), with sub-
stantial enrichment of Cd44 at D7, and Cd74 continued to be the top 
DE gene to adulthood (D56) (Fig. 6E). CD74 is an MHC-II–associated 
protein invariant chain that has been associated with dendritic cell 
migration (41), whereas CD44 is a cell-surface glycoprotein report-
ed to be involved in cell adhesion and migration, particularly in 
liver sinusoids (42). The ligand for CD74 has been reported to be 
macrophage migration inhibitory factor (MIF) (43), a cytokine ex-
pressed by multiple tissues and cell types that induces macrophage 
migration. In the liver, a variety of cells showed Mif expression (Fig. 
6F). In addition, the level of MIF in the circulation was highest in 
newborns (D1) and strongly decreased once KCs assumed their fi-
nal location (Fig. 6G).

To test the potential role of CD74/MIF and CD44 in KC transloca-
tion, liver intravital imaging was performed in D7 CD74−/− mice, 

CD44−/− mice, and mice treated with an MIF antagonist (Fig. 6H) 
(44). CD74−/− mice displayed a delay in KC relocation into the sinu-
soids (Fig. 6I). CD44 deletion and inhibition of MIF led to an extend-
ed delay in KC relocation, with ~50% impairment in luminal coverage 
of sinusoids (Fig. 6I). Whereas MIF binds other receptors besides 
CD74, including CXCR4, CXCR2, and Ackr3 (CXCR7) (45, 46), none 
of these receptors were found on KCs (fig. S9, E to H). Because dele-
tion of these molecules could also affect the migration of hematopoi-
etic stem cells to fetal liver, we also quantified the number of KCs by 
imaging and flow cytometry. None of these strains or mice treated 
with the MIF antagonist had reduced KC numbers in the liver, sug-
gesting that specifically translocation into the lumen of the sinusoids was 
impaired in CD74−/− mice, MIF antagonist–treated mice, and 
CD44−/− mice (Fig. 6, J to L). Morphologically, all groups showed KCs 
with similar volumes, whereas CD74−/−, MIF antagonist–treated, and 
CD44−/− mice presented more elongated and polarized KCs in com-
parison with controls (fig. S9, I to K). Last, in older mice, only CD44−/− 
mice showed a significant delay in sinusoidal coverage at D21 despite 
similar cell numbers (fig. S9, L and M), a phenotype not seen at D56.

Delay in KC translocation correlates with increased 
bacterial dissemination
Given our finding that naïve mice showed a similar E. coli–catching 
ability in the liver at day 7 after birth compared with adults, we next 
tested whether a delay in KC translocation would also affect bacterial 
capture and dissemination. CD74−/−, MIF antagonist–treated, and 
CD44−/− mice were infected with E. coli. Intravital microscopy re-
vealed a notable reduction in bacteria arrested in the livers of these 
groups when compared with control counterparts (Fig. 7, A and B). 
The frequency of E. coli+ KCs was significantly reduced in CD74−/−, 
CD44−/−, and MIF antagonist–treated mice by intravital microscopy 
(Fig. 7C). In MIF antagonist–treated and CD44−/− mice, more than 
50% of KCs and 43% of KCs in CD74−/− mice were unable to capture 
any bacteria versus only 30% in WT mice (Fig. 7, D to G). In KCs that 
caught bacteria, most had only one E. coli captured (Fig. 7, D to G).

To better understand how the absence of CD74 and CD44 as well 
as how MIF antagonist treatment affect KCs, we analyzed expression 
of surface proteins in KCs from D7 mice using flow cytometry (fig. 
S10, A to N). In CD74−/− mice, we observed lower expression levels 
of ESAM, CD206, MerTK, and CD32 (fig. S10, A to N). Similarly, 
MIF antagonist treatment led to reduced levels of ESAM, CD206, 
MerTK, and CD32, with a subtle increase in the mean expression of 
TIM4, CRIg, CD11a, and CD64 (fig. S10, A to N). CD44−/− KCs ex-
hibited a modest increase in MerTK, CD64, and CD32, with no sig-
nificant changes in the other markers (fig. S10, A to N). Overall, the 
subtle differences in protein expression found in CD74−/−, MIF an-
tagonist–treated, and CD44−/− mice were unlikely to explain the im-
paired catching of E. coli in vivo. These different knockout mice also 
had very minor differences in expression profiles when examining 
other tissue-resident macrophages (fig. S10, O to R). Because inter-
fering with CD74, CD44, and MIF signaling could have effects be-
yond the neonatal phase, we also examined positioning of KCs and 
bacterial catching and dissemination in adult mice. The number of 
KCs and the lumen coverage were similar when comparing CD74−/−, 
CD44−/−, and MIF antagonist–treated mice with their control coun-
terparts (fig. S11, A and B). Liver and blood bacterial burdens were 
similar among the adult groups, suggesting that neither CD74/MIF 
nor CD44 have any notable effects after KCs enter the sinusoids (fig. 
S11, C and D).
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Fig. 6. CD74/MIF and CD44 control KC migration into the sinusoids. (A) IVM quantification of sinusoidal lumen coverage by KCs in SPF, GF, and rewilded D7 mice (n = 3 
to 6 per group, N = 2). (B) IVM quantification of sinusoidal lumen coverage by KCs in WT and Msr1−/−/MARCO−/− D7 mice (n = 3 to 5 per group, N = 2). (C) IVM quantification 
of sinusoidal lumen coverage by KCs in WT, CXCR3−/−, and CCR5−/− D7 mice (n = 5 or 6 per group, N = 2). (D) Volcano plot showing the top 15 DE genes between KCs in D1 
and D7 mice highlighting the up-regulation of Cd74 and Cd44 at D7. (E) Dot plot of liver scRNA-seq showing expression of Cd74, Cd44, and integrins by KCs in D1, D3, D7, 
D21, and D56 mice. (F) Dot plot of liver scRNA-seq showing Mif gene expression by different liver cells in D1, D3, D7, D21, and D56 mice. (G) MIF serum concentration in D1, 
D3, D7, D21, and D56 mice (n = 4 to 10 per group, N = 2). (H) Representative liver IVM of WT, CD74−/−, MIF antagonist–treated, and CD44−/− D7 mice of KCs labeled with 
F4/80 (magenta) and sinusoids labeled with CD31 (cyan). Scale bars, 25 μm. (I) Quantification of (H) as frequency of sinusoidal lumen coverage by KCs in WT, CD74−/−, MIF 
antagonist–treated, and CD44−/− D7 mice (n = 6 to 11 per group, N = 4). (J) 3D reconstruction of KCs labeled with F4/80 (magenta) in WT, CD74−/−, MIF antagonist–treated, 
and CD44−/− D7 mice. Scale bars, 25 μm. (K) Quantification of (J) as KC number per FOV in WT, CD74−/−, MIF antagonist–treated, and CD44−/− D7 mice (n = 5 to 8 per group, 
N = 2). (L) KC number per milligram of liver by flow cytometry in WT, CD74−/−, MIF antagonist–treated, and CD44−/− D7 mice (n = 6 to 8 per group, N = 2). Data are pre-
sented as individual values with the means ± SD. Mann-Whitney test was used for (B). One-way ANOVA with Dunnett’s posttest was used for (A), (C), (G), (I), (K), and (L).
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Fig. 7. Delayed KC migration increases E. coli systemic dissemination. (A) Representative liver IVM of WT, CD74−/−, MIF antagonist–treated, and CD44−/− D7 mice 30 min 
after E. coli (yellow) challenge. Scale bars, 50 μm. (B) Quantification of (A) as number of E. coli arrested in the liver per FOV (n = 4 to 9 per group, N = 3). (C) Frequency 
of infected KCs by IVM in WT, CD74−/−, MIF antagonist–treated, and CD44−/− D7 mice (n = 4 to 6 per group, N = 2). (D to G) Frequency of KCs with internalized E. coli (pie 
chart) and number of bacteria per individual cell in WT, CD74−/−, MIF antagonist–treated mice, and CD44−/− mice (bar graph) (n = 4 to 6 per group, N = 2). (H) Frequency 
of WT, CD74−/−, MIF antagonist–treated, and CD44−/− KCs (F480+TIM4+) isolated from D7 mice and infected in vitro by confocal imaging (n = 3 or 4 per group, N = 2). 
(I) WT and CD74−/− D7 mice were infected with 1 × 108 CFU E. coli Xen14 (normalized per 20 g of body weight), and bacterial loads were determined 30 min after infection 
(n = 5 or 6 per group, N = 2). (J) WT and MIF antagonist–treated D7 mice were infected with 1 × 108 CFU E. coli Xen14 (normalized per 20 g of body weight), and bacterial 
loads were determined 30 min after infection (n = 5 or 6 per group, N = 2). (K) WT and CD44−/− D7 mice were infected with 1 × 108 CFU E. coli Xen14 (normalized per 20 g 
of body weight), and bacterial loads were determined 30 min after infection (n = 5 or 6 per group, N = 2). (L to N) Survival of WT, CD74−/−, MIF antagonist–treated, and 
CD44−/− D7 mice infected with 5 × 107 CFUs E. coli Xen14 (normalized per 20 g of body weight) (n = 10 to 25 per group, N = 3). Data are presented as individual values 
with the means ± SD. One-way ANOVA with Dunnett’s posttest was used for (B), (C), and (H). Mann-Whitney test was used for (I), (J), and (K). Kaplan-Meier test with Gehan-
Breslow-Wilcoxon curve comparison was used in (L), (M), and (N).
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To determine whether CD44 was associating with its ligand, hyal-
uronan, mice were treated intraperitoneally daily for the first 7 days 
of life with hyaluronidase (fig. S11E). Hyaluronidase treatment ef-
fectively reduced ~70% of hyaluronan in the liver vasculature, lead-
ing to a mild delay in KC translocation without affecting the cell 
number (fig. S11, F to I). These data are consistent with the CD44-
hyaluronan pathway being a key adhesion pathway in liver sinusoids 
in newborns, much like in adults (42).

Given that integrins are known to have a large impact on both the 
development and the trafficking of immune cells and that the down-
stream signaling of CD74/MIF has been associated with an increase 
in β1-integrin expression (47), we examined the role of integrins in 
the translocation of KCs into the sinusoids. Itgb1 (encoding CD29) 
was detected at all ages (Fig. 6E), with a progressive increase during 
the first week of life, similar to what we observed for Cd74 and Cd44. 
Other integrins such as Itgal (encoding CD11a) followed a similar 
pattern as Itgb1, and numerous other integrins had some basal inte-
grin expression (Fig. 6E). Blockade of β1 and β2 integrin during the 
first week of life resulted in a 20 to 30% reduction in KC relocation, 
with no alteration in KC numbers (fig. S11, J to L). The delay in KC 
migration mediated by β-integrin blocking decreased E. coli capture 
in the liver (fig. S11, M to O), albeit to a lesser extent than CD44 and 
MIF antagonist treatment. Moreover, integrin inhibition also result-
ed in KCs with smaller and more spherical morphology (fig. S11, P 
to R), as previously reported (48). As such, the integrins may con-
tribute to some extent to the translocation of KCs but do not medi-
ate all of the migration.

To determine whether CD74 and CD44 deletion, as well as MIF 
antagonist treatment, had effects on KCs beyond affecting transloca-
tion into sinusoids, KCs were isolated from WT, CD74−/−, CD44−/−, 
and MIF antagonist–treated D7 mice, and the cells were incubated in 
vitro with bacteria (Fig. 7H). KCs from all groups internalized bacte-
ria to the same degree, suggesting that their intrinsic capacity to cap-
ture bacteria was not altered by CD44 or CD74 deficiency or MIF 
inhibition (Fig. 7H). As a consequence of the reduced ability to cap-
ture bacteria in vivo by KCs, CD74−/−, MIF antagonist–treated, and 
CD44−/− D7 mice showed significantly higher bacterial burden in 
the blood 30 min after infection (Fig. 7, I to K). Moreover, the blood-
stream infection was associated with proportionally higher mortality 
rates in these groups (Fig. 7, L to N).

DISCUSSION
Here, we report that newborn susceptibility to bacterial infection is 
directly related to the limited bloodstream access of KCs at birth and 
that these cells undergo a fundamental change in location within the 
first week of life. We show that right after birth, KCs require reverse 
transmigration from the liver parenchyma into the sinusoids, where 
they provide the critical function of sterilizing blood of any patho-
gens. Whereas intravital imaging could not be performed on live hu-
man samples, results from human tissue sections support our findings 
in mice. This relocalization was not induced by the introduction of a 
commensal microbiome and appears to be an autonomous pathway 
that requires the adhesion molecule CD44 and an enigmatic cytokine 
MIF that binds CD74. MIF has been shown to be produced by endo-
thelial and epithelial cells (49) as well as megakaryocytes and other 
cells to induce chemotaxis via CD74 (50). Our data are consistent 
with MIF potentially acting as a chemoattractant for neonatal KCs. 
However, the MIF receptor CD74 lacks obvious signaling properties 

and is therefore unlikely to function as a canonical chemokine recep-
tor. Coincidently, CD44 has been reported to be a component of the 
MIF-CD74 complex, working as a co-receptor needed for down-
stream signaling (43), and we observed the same molecules being 
critical for the reverse transmigration of KCs from parenchyma into 
the liver sinusoids. Therefore, in addition to its adhesion properties, 
CD44 may contribute to the MIF signaling that leads to KC reverse 
transmigration at birth.

Studies showing the presence of KCs at birth often assumed their 
location to be the same as that in adults (16, 18, 51), which high-
lights an important gap in the knowledge of KCs during the transi-
tion from fetal to postnatal life. Our data suggest that a population 
of progenitor macrophages remains in the fetal liver parenchyma, 
where they activate various liver-specific transcription pathways 
and take on many of the characteristics of liver KCs but still need to 
relocate to the sinusoidal lumen to perform their functions. Given 
that there were numerous KC transcriptional changes over the first 
7 days, it is plausible that, in addition to translocation into sinusoids, 
up-regulation of an antimicrobial molecule could also contribute to 
better clearance of E. coli. That KCs from newborns eradicated 
E. coli in vitro does suggest that KCs from newborns have significant 
antimicrobial capabilities. We previously observed that natural anti-
bodies including IgM and IgG3 enhanced the catching ability of 
E. coli by KCs in female mice, but this was in older mice where KCs 
already had unrestricted contact with blood. That none of these op-
sonins could improve catching of E. coli in newborns further sup-
ports the observation that newborn KCs simply cannot access the 
bacteria in the bloodstream regardless of their opsonin status. Our 
finding that KCs in newborns were located on the parenchymal side 
of the vasculature could potentially explain the very significant sus-
ceptibility of neonates to bloodstream infections. Subsequently, 
once KCs migrate into the sinusoids, opsonins could become im-
portant and lead to a strong decrease in mortality from blood 
stream infections.

Neonatal sepsis and meningitis remain a huge problem, and 
there remains an unmet clinical need particularly for E. coli–induced 
infections. Our data suggest that at birth, the main filter for E. coli, 
the KC, has not yet relocated to the sinusoidal lumen where it can 
clear this infection. This would extend to premature infants, who 
likely would have an even increased deficit in this filtering process. 
Elucidating the molecular mechanisms that underlie the transloca-
tion of KCs into the sinusoids in newborns could open innovative 
treatment modalities. For example, one could potentially increase 
CD44 and CD74 expression in KCs at birth combined with the de-
velopment of MIF agonists that could function to coax KCs into the 
sinusoids for better eradication of circulating pathogens and preven-
tion of E. coli–induced sepsis and meningitis.

MATERIALS AND METHODS
Study design
This study aimed to elucidate the role of KCs in newborn susceptibil-
ity to bacterial infections and to characterize KC dynamics early in 
life. Newborn (1-day-old) and adult (8-week-old) C57BL/6 mice 
were intravenously challenged with E. coli. Liver intravital microsco-
py was used to evaluate the in vivo bacterial capture capabilities of 
KCs and to characterize their number, distribution, morphology, and 
location. The imaging revealed a marked reduction in sinusoidal lu-
men coverage by KCs in newborn mice compared with adults. To 
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further investigate the developmental changes in KC function, addi-
tional experiments were conducted with mice at 3, 7, and 21 days old. 
By 7 days after birth, KC distribution and bacterial capture capabili-
ties approached those observed in adult mice. Flow cytometry and 
gene expression profiling were used to explore KC changes during the 
first week of life. KC migration mechanisms were investigated using 
various mouse strains and treatment conditions. Sample sizes were 
generally informed by prior studies and internal laboratory bench-
marks, with a minimum of three animals per group used when novel 
approaches were used. Human liver samples were analyzed for com-
parative liver macrophage characteristics, with sample sizes deter-
mined on the basis of tissue availability and preservation status. Data 
were not excluded, and all experiments were replicated at least once 
with consistent results. Randomization was used for pharmacological 
treatments and infection conditions; however, blinding was imple-
mented after data collection for imaging analysis, given that images 
were assigned random keys and processed using the same workflow.

In vivo animal studies
Experiments were carried out using 1-, 7-, and 56-day-old mice unless 
otherwise stated. All mice were used in a C57Bl/6 background, and a 
mix of male and female mice were used for each experiment. The ex-
perimental procedures were approved by the University of Calgary Ani-
mal Care Committee and were in accordance with Canadian Council for 
Animal Care Guidelines (Protocol No. AC19-0138; AC21-0211). GF 
mice were bred and housed at the International Microbiome Centre, 
University of Calgary, Canada. Rewilded mice were obtained from 
GF mice previously colonized with a wild microbiome and cohoused 
and bred in isolators at the Wild Microbiome and Immunity facility, 
University of Calgary, Canada. Other mice were cohoused and bred in 
an SPF facility at the University of Calgary with a 12-hour light/dark 
cycle and access to food and water ad libitum. C56BL/6 mice (WT) 
were obtained from the Jackson Laboratory and subsequently bred 
in house. Cxcr3−/− (B6.129P2-Cxcr3tm1Dgen/J), Msr1−/− (B6.Cg-
Msr1tm1Csk/J), Ccr5−/− (B6.129P2-Ccr5tm1Kuz/J), Cd44−/− (B6.129(Cg)-
Cd44tm1Hbg/J), Cx3cr1-creER (B6.129P2(Cg)-Cx3cr1tm2.1(cre/ERT2)Litt/
WganJ), Ai14 (B6.Cg-Gt(ROSA) 26Sortm14(CAG-tdTomato)Hze/J), and Ai6 
(B6.Cg-Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hze/J) mice were obtained 
from the Jackson Laboratory and subsequently bred in house. Marco−/− 
mice were a gift from D. Bowdish (McMaster University, Ontario). 
Msr1−/− and Marco−/− mice were bred in house to generate the 
Msr1−/−/Marco−/− double knockout. Cd74−/− mice were a gift from 
I. Shachar (Weismann Institute of Science, Israel). Clec4F-crenTdTomato 
mice were a gift from C. Glass (University of California, San 
Diego). Clec4F-crenTdTomato mice were crossed with Ai6 (B6.Cg-
Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hze/J) mice. Ms4a3-cre mice were a 
gift from F. Ginhoux (A*STAR, Singapore). Both Ms4a3-cre and 
Cx3cr1-creER mice were crossed with Ai14 (B6.Cg-Gt(ROSA) 
26Sortm14(CAG-tdTomato)Hze/J) mice.

Human liver tissue samples
Archived formalin-fixed paraffin-embedded (FFPE) liver tissue from 
perinatal and fetal autopsies was retrieved from the archives of 
Alberta Precision Laboratory, Calgary, Alberta, Canada. Pediatric tis-
sue was obtained from pregnancy terminations and neonatal and 
pediatric deaths (see table S1). Cases were grouped into preterm 
newborns (22 to 30 gestation weeks; n = 5) and full-term newborns 
(31 to 38 gestation weeks; n = 7). Autopsy consent was obtained in all 
cases, and ethics approval was sought for use of surplus diagnostic 

tissue. FFPE adult liver tissue was obtained from surgical resections 
(n = 6) from Alberta Precision Laboratory, Calgary, Alberta, Canada, 
and Charite University Medicine, Berlin, Germany. All relevant ethi-
cal regulations were followed in this study, and the study was ap-
proved by the Conjoint Health Research Ethics Board, University of 
Calgary (ethic ID REB14-2296), and the Ethics Committee at Charite 
University Medicine Berlin (Project EA2/091/19).

Bacterial preparation and infection
E. coli strain Xen14, a strain derived from enteropathogenic E. coli 
WS2572, was obtained from PerkinElmer and transformed with 
pGFP_GM_FRT to constrictively express GFP. This plasmid was a 
gift from W. Elhenawy (University of Alberta, Calgary). GFP E. coli 
was grown in lysogeny broth (LB) medium at 37°C on a shaker over-
night and then subcultured until the logarithmic phase [optimal 
density at 600 nm (OD660) = 1.0]. Kanamycin was used for culture 
at a concentration of 30 μg/ml. For infections, a bacterial dose of 
1 × 108 CFUs was normalized per 20 g of body weight and injected 
intravenously, unless otherwise noted. For survival studies, a neona-
tal mouse sepsis score system was adapted from prior work (52) and 
introduced to monitor newborn mice on the basis of their appear-
ance, activity, response to stimuli, respiration rate, and body tem-
perature. A ranked score from 0 to 5 was created, and scores equal 
or lower than 1 were considered a humane end point. For evaluation 
of tissue bacterial burden, organs were harvested, weighed, and ho-
mogenized in 1 ml of sterile PBS. The tissue suspension was plated 
onto kanamycin-containing LB plates in serial dilutions. The CFUs 
were counted 16 to 20 hours after incubation at 37°C. For bacterial 
opsonization, 1 × 108 CFUs of E. coli was incubated with a 50% se-
rum solution (200 μl of sterile saline + 200 μl of fresh adult female 
serum) for 15 min at room temperature, washed twice with sterile 
saline, and resuspended for infection as described above. S. aureus 
strain MW2 was obtained from the Network on Antimicrobial Re-
sistance in S. aureus and transformed with pCM29 (53) to constitu-
tively express GFP (54). Bacteria were cultured overnight under 
agitation at 37°C in brain heart infusion medium (Difco) with chlor-
amphenicol (10 μg/ml). Before infection, bacteria were subcultured 
without antibiotics in brain heart infusion medium for 1.5 to 2 hours 
until exponential phase growth was achieved (OD660 nm  =  1.0), 
washed with saline, and resuspended in saline. For imaging infec-
tion, a bacteria dose of 1 × 108 CFUs was normalized per 20 g of 
body weight and injected intravenously. Given the higher virulence 
of MRSA in comparison with E. coli and previous data from our 
laboratory using adult mice, for survival infection, a bacterial dose 
of 5 × 106 CFUs normalized per 20 g of body weight was used.

Mouse treatments
The CellVue Claret Far Red Fluorescent Cell Linker Kit (Sigma-
Aldrich) was used for the long-term labeling of KCs and prepared 
according to the manufacturer’s instructions. A dose of 10 μM was 
injected intravenously into newborn mice (1 day old) to label KCs. For 
genetic cell labeling, we used the tamoxifen-inducible CX3CR1-creER/
Rosa26tdTomato mice. 4-Hydroxytamoxifen (Sigma-Aldrich) was 
reconstituted in ethanol to a concentration of 100 mg/ml, and ali-
quots were stored at −20°C protected from light. For treatment, the 
stock solution was diluted in corn oil and administered in a single 
dose (75 μg/g body weight) into pregnant females at E18.0 via oral 
gavage (17). MIF antagonist (Sigma-Aldrich; catalog 475846) was 
reconstituted with dimethyl sulfoxide to a concentration of 50 mg/
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ml, and aliquots were stored at −20°C protected from light. For 
treatment, stock aliquots were diluted in corn oil to a final concen-
tration of 1 mg/ml (1 μg/μl) and injected intraperitoneally [5 μg/g; 
5 mg/kg (44)] at 1, 3, and 5 days old. Intravital imaging and flow cy-
tometry were performed at 7 days old. CD29 and CD18 blocking 
antibodies (BioXCell; BE0232 and BE0009, respectively) were ad-
ministered intraperitoneally daily (from day 1 to day 7) at 5 μg/g of 
body weight, and rat IgG2a was used as an isotype control as recom-
mended. Lyve-1 blocking antibody (R&D Systems; mAb2125) (55) 
was administered intraperitoneally daily (from day 1 to day 7) at 
5 μg/g of body weight, and rat IgG2a was used as an isotype control. 
Hyaluronidase (Sigma-Aldrich; H3506) was administered intraperi-
toneally daily (from day 1 to day 7) at 20 U/g of body weight, and 
PBS injection was used as a control.

Preparation for intravital microscopy
Multichannel spinning-disk confocal microscopy was used to image 
the liver as previously described (56). Mice were anesthetized by an 
intraperitoneal injection of ketamine (200 mg/kg body weight; Bayer 
Animal Health) and xylazine (10 mg/kg body weight; Bimeda-MTC). 
Fluorescent-conjugated antibodies were injected intravenously before 
surgery. Surgery and preparation for liver intravital imaging was done 
as previously described (56). Bacteria were injected intravenously af-
ter mice were positioned at the microscope. For newborn brain imag-
ing, the mice were anesthetized as previously described and received 
the conjugated antibodies intravenously. Next, a skull window was 
opened with a microscissor, and the mouse was carefully positioned 
on a heating stage for imaging.

Intravital microscopy
Image acquisition was done using an inverted spinning-disk confocal 
microscope (IX81; Olympus) equipped with a focus drive by Olympus 
and a motorized stage (Applied Scientific Instrumentation) to allow 
live movement on the x and y axes. The microscope was fitted with a 
motorized objective turret equipped with 4×/0.16 UPLANSAPO, 
10×/0.40 UPLANSAPO, and 20×/0.70 UPLANSAPO objective 
lenses. The microscope was linked to a confocal light path (WaveFx; 
Quorum Technologies) based on a modified CSU-10 head (Yokogawa 
Electric Corporation). Cells of interest were visualized using fluores-
cent conjugated antibodies, reporter mice, and/or fluorescent bacte-
ria. Laser excitation wavelengths were 491, 561, 642, and 730 nm, and 
a 512 pixel–by–512 pixel back-thinned EMCCD camera was used for 
detection. Volocity software (Quorum) was used to drive the confocal 
microscope and for acquisition and analysis of images. Brain imaging 
was performed using the same microscope.

Immunohistochemistry of human liver tissue
FFPE liver samples were cut 2-μm thick and sequentially stained as 
previously described (57, 58). After deparaffinization, heat-mediated 
Ag retrieval was performed in EDTA (pH 8.0) buffer. Nonspecific 
fluorescence was eliminated and nonspecific binding blocked before 
primary antibody incubation. Tissues were then washed and incu-
bated with secondary antibodies, followed by nucleus staining with 
4′,6-diamidino-2-phenylindole (DAPI). Sections were imaged for the 
first markers, and the antibodies were eluted using a 2-mercaptoethanol/
SDS buffer initiating a new staining cycle. At the end, tissues were 
stained for IBA1, CD163, CD16, HepPar1, Coll-IV, and DAPI. Single-
field images were acquired on a Zeiss Observer.Z1 microscope (Carl 

Zeiss, Oberkochen, Germany). Whole-slide scanning was performed 
on a Zeiss Axio Observer 7.

Single-cell analysis
Murine hepatic scRNA-seq data were downloaded (GSE171993) (28). 
Postnatal D1, D3, and D7 (n = 4 each) and D21 and D56 (n = 2 each) 
liver cells were isolated with a two-step perfusion method. RNA-seq 
libraries were prepared from the isolated cells using the Chromium 
Single Cell 3′ Kit (V2 chemistry, 10X Genomics). The sequencing was 
performed on an Illumina HiSeq 4000 at IGM Genomics Center, 
UCSD. Sample processing to sequencing and all of the preprocessing 
of sequencing reads, i.e., aligning the reads to mouse reference ge-
nome GRCm38, batch effect correction, sequencing depth normaliza-
tion, and generating an expression matrix, were done by Liang et al. 
(28). The more detailed analysis done for this paper can be found in 
Supplementary Methods.

Macrophage isolation and flow cytometry
Liver nonparenchymal cells were isolated by adapting a protocol pre-
viously described (59). In brief, mice were anesthetized, and blood 
was collected for serum analysis. The liver was subsequently removed, 
chopped finely, and digested in 10 ml of Hanks’ balanced salt solution 
(HBSS) containing collagenase type IV (1 mg/ml; Sigma-Aldrich, C4-
28) and deoxyribonuclease I (DNAse I, 30 μg/ml) at 37°C for 30 min 
on a shaker. After incubation, the suspension was passed through a 
100-μm cell strainer and centrifuged at 25g for 5 min at room tem-
perature to pellet debris and hepatocytes. The supernatant was trans-
ferred to a new tube and centrifuged at 400g for 10 min at 4°C to pellet 
the cells in suspension. The pellet was resuspended in 8 ml of 17% 
iodixanol solution (Optiprep Density Gradient Meduim), and 1.5 ml 
of red HBSS was gently layered over the cell suspension. The gradient 
was centrifuged at 400g no brake for 15 min at room temperature. The 
band of nonparenchymal cell fraction collected was transferred to a 
new tube, washed twice with HBSS, and centrifuged at 400g for 10 min 
at 4°C to obtain the final pellet. After a step of red blood cell lysis 
using ACK lysis buffer (Thermo Fisher Scientific), all samples were 
centrifuged at 1500 rpm for 7 min at 4°C, and the pellets were resus-
pended in fluorescence-activated cell sorting (FACS) buffer. The sam-
ples were divided and transferred to 96-well plates and centrifuged 
again at 1500 rpm for 7 min at 4°C to pellet cells. Fc receptors were 
blocked using 5 μg of anti-mouse CD16/32 antibody per sample for 
10 min at 4°C. After washing and spinning, the cells were then stained 
with specific surface markers (see table S2) for 30 min at 4°C, and ap-
propriate isotype antibody and fluorescence minus one (FMO) con-
trols were used. Nonviable cells were labeled using viability dye Ghost 
Dye red 710. After staining, the cells were washed twice and acquired 
using a Cytek Aurora spectral cytometer (Cytek Biosceinces) and ana-
lyzed using FlowJo software (Tree Star).

E. coli–catching and –killing assay
KCs were isolated after the liver nonparenchymal cell isolation pro-
tocol described above. After the red blood cell–lysis step, the cells 
were resuspended in Dulbecco’s modified Eagle’s medium (DMEM) 
containing 10% fetal bovine serum (FBS), and KCs were labeled with 
anti-mouse F4/80, TIM4, and CRIg. The cells were then washed, re-
suspended, and counted for normalization among the groups. For 
the E. coli–catching assay, 5 × 106 cells were transferred to six-well 
low-adherence plates and incubated with mouse serum–opsonized 
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E. coli in a 1:50 ratio for 1 hour at 37°C under agitation. After, the 
cells were collected into a new tube, washed, and transferred to FACS 
tubes for cell acquisition or to 24-well glass bottom plates for imag-
ing. For the E. coli–killing assay, 2.5 × 105 cells were transferred to 
24-well plastic plates and incubated for 2 hours for cell adhesion. Af-
ter incubation, the plate wells were washed with cold PBS to remove 
nonadherent cells, and 5 × 106 mouse serum–opsonized E. coli was 
added to the cells and incubated for 1 hour at 37°C under agitation. 
The wells were then washed, and 200 μl of DMEM containing 10% 
FBS and chloramphenicol and tetracycline (30 μg/ml) was added to 
eliminate the remaining E. coli. The antibiotics were incubated for 
15 min and washed, and 500 μl of DMEM containing 10% FBS was 
added to the cells. For in vitro bacterial burden, 500 μl of cell lysis buffer 
(ddH2O, 0.1% saponin, and 10 μg/ml of DNAse I) was added to the 
wells 1 and 4 hours after infection to release the bacteria present in-
side the KCs. The suspension was collected, transferred to Eppendorf 
tubes, and centrifuged at 12,000g for 2 min. The pellet was resus-
pended, serial diluted, and plated for CFU counts.

Statistical analysis
The sample size was determined on the basis of experience with 
similar hypothesis testing experiments. All data are represented as 
individual values with the means ± SD unless otherwise indicated in 
the figure legend. In general, each data point is one biological repli-
cate (n). The number of times an experiment was independently 
repeated (N) and the number of biological replicates (n) are stated in 
the figure legends. Statistical analyses were performed using Graph-
Pad Prism (Version 8.0). Normality was assessed, and comparisons 
between two groups were performed using either an unpaired two-
tailed Student’s t test or the Mann-Whitney test, as appropriate. For 
comparisons involving three or more groups, one-way analysis of 
variance (ANOVA) followed by Dunnet’s posttest or two-way ANOVA 
followed by Šidák’s posttest was used. Statistical significance is 
indicated by P values in the figure graphs.
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