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ABSTRACT

Due to a scarcity of immunocompetent animal models for viral hepatitis, little is known about the early innate immune re-
sponses in the liver. In various hepatotoxic models, both pro- and anti-inflammatory activities of recruited monocytes have been
described. In this study, we compared the effect of liver inflammation induced by the Toll-like receptor 4 ligand lipopolysaccha-
ride (LPS) with that of a persistent virus, lymphocytic choriomeningitis virus (LCMV) clone 13, on early innate intrahepatic im-
mune responses in mice. LCMV infection induces a remarkable influx of inflammatory monocytes in the liver within 24 h, ac-
companied by increased transcript levels of several proinflammatory cytokines and chemokines in whole liver. Importantly,
while a single LPS injection results in similar recruitment of inflammatory monocytes to the liver, the functional properties of
the infiltrating cells are dramatically different in response to LPS versus LCMV infection. In fact, intrahepatic inflammatory
monocytes are skewed toward a secretory phenotype with impaired phagocytosis in LCMV-induced liver inflammation but ex-
hibit increased endocytic capacity after LPS challenge. In contrast, F4/80high-Kupffer cells retain their steady-state endocytic
functions upon LCMV infection. Strikingly, the gene expression levels of inflammatory monocytes dramatically change upon
LCMV exposure and resemble those of Kupffer cells. Since inflammatory monocytes outnumber Kupffer cells 24 h after LCMV
infection, it is highly likely that inflammatory monocytes contribute to the intrahepatic inflammatory response during the early
phase of infection. Our findings are instrumental in understanding the early immunological events during virus-induced liver
disease and point toward inflammatory monocytes as potential target cells for future treatment options in viral hepatitis.

IMPORTANCE

Insights into how the immune system deals with hepatitis B virus (HBV) and HCV are scarce due to the lack of adequate animal
model systems. This knowledge is, however, crucial to developing new antiviral strategies aimed at eradicating these chronic in-
fections. We model virus-host interactions during the initial phase of liver inflammation 24 h after inoculating mice with LCMV.
We show that infected Kupffer cells are rapidly outnumbered by infiltrating inflammatory monocytes, which secrete proinflam-
matory cytokines but are less phagocytic. Nevertheless, these recruited inflammatory monocytes start to resemble Kupffer cells
on a transcript level. The specificity of these cellular changes for virus-induced liver inflammation is corroborated by demon-
strating opposite functions of monocytes after LPS challenge. Overall, this demonstrates the enormous functional and genetic
plasticity of infiltrating monocytes and identifies them as an important target cell for future treatment regimens.

Viral hepatitis, predominantly caused by the hepatitis B and C
viruses (HBV and HCV, respectively), is a global health bur-

den (1, 2). Although clearance of HBV and HCV infection is exe-
cuted by multiple epitope-specific adaptive CD4� T, CD8� T, and
B cell responses (3–6), these responses are dependent on and
shaped by the early immunological events provided by innate im-
mune cells in the liver (6, 7). Since immunological studies of virus-
induced hepatitis in human are difficult to perform (reviewed in
references 8 and 9), infections of mice with lymphocytic chorio-
meningitis virus (LCMV) have demonstrated to be a valid model
system to examine intrahepatic antiviral immunity (reviewed in
reference 10). Although mice persistently infected with LCMV
exhibit altered innate responses to subsequent Toll-like receptor
(TLR) stimulations and secondary infections (11, 12), the overall
and intrahepatic alterations of the innate immune system during
early LCMV infections have been less studied.

Monocytes survey the body for inflammatory foci and are
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therefore among the first innate immune cells to respond to infec-
tion. They are equipped with chemokine and adhesion receptors
to mediate migration to the site of infection or inflammation,
upon which they can further differentiate into tissue macrophages
and dendritic cells (13). Depending on the nature of the inflam-
matory agent and the organ system involved, monocytes can exert
both a proinflammatory and an anti-inflammatory role. They
have the ability to produce tumor necrosis factor (TNF) and in-
ducible nitric oxide synthase (iNOS) (14–16), to carry microbial
antigens to local lymph nodes (17), and to present antigens to T
cells (18–20). Alternatively, monocytes may differentiate into an-
ti-inflammatory macrophages (16) or suppress proliferation and
production of cytokines by T cells (21), suggesting their role in
maintaining homeostasis. In Listeria monocytogenes, Mycobacte-
rium tuberculosis, and Toxoplasma gondii mouse models, for ex-
ample, monocyte migration from bone marrow results in resis-
tance to infection (15, 22–24). In contrast, in Trypanosoma brucei
and influenza virus models, monocyte recruitment impairs
pathogen clearance and exacerbates immunomediated pathology
(14, 25, 26).

Upon recruitment to the liver, monocytes are referred to as
inflammatory monocytes and identified as F4/80low Ly6C�

CD11b� cells (27–29). Similar to their systemic function, oppos-
ing roles during sterile toxin-induced liver inflammation have
been identified. For example, in acetaminophen-induced hepati-
tis, hepatic inflammatory monocytes are endocytic and display an
immunoregulatory phenotype (27), while in concanavalin A and
CCl4 hepatitis, they promote Th1 cell proliferation and produce
proinflammatory cytokines such as TNF and interleukin-6 (IL-6)
(28–30). Due to the shortage of specific animal models, the role of
these innate immune cells during virus-induced liver disease is less
explored. Furthermore, before the recruitment of monocytes,
Kupffer cells, together with dendritic cells, liver sinusoidal endo-
thelial cells, and stellate cells, are the first to encounter pathogens
upon their passage through the liver sinusoids. Both Kupffer cells
and inflammatory monocytes likely play a role in shaping the im-
mune response and thereby affect the outcome of a viral infection
in the liver. We and others have previously shown that murine
Kupffer cells can be unequivocally identified by the expression of
F4/80, CD11b, and CD68 and are predominantly phagocytic in a
steady-state condition (31, 32).

In the present study, we set out to characterize in depth the
phenotype, function, and gene expression profiles of liver mono-
cytes and Kupffer cells during the early phases of chronic LCMV
infection. We demonstrate a strong influx of inflammatory mono-
cytes in the liver within 24 h after LCMV inoculation. Using
NanoString gene expression analysis (NanoString Technologies,
Seattle, WA) on highly purified Kupffer cells and inflammatory
monocytes isolated from mouse liver, we demonstrated that un-
der steady-state conditions these cells are transcriptionally and
functionally distinct. As a consequence of LCMV infection, the
expression profiles of both Kupffer cells and inflammatory mono-
cytes are strongly altered. Strikingly, 24 h after LCMV infection,
differences in gene expression levels of both cell types largely but
not completely disappear, resulting in the strong resemblance of
Kupffer cells and inflammatory monocytes. These findings pro-
vide insight into the function of the cells involved in the early
stages of virus-induced liver disease and present potential target
cell types for the early control of viral hepatitis.

MATERIALS AND METHODS
Mice, virus, and antibodies. LCMV Cl13 was propagated in BHK21 cells,
and the titer was determined by plaque assay as previously described (33,
34). C57BL/6 mice aged 8 to 12 weeks (Charles River Laboratories,
France) received LCMV Cl13 (2 � 106 PFU) intravenously, 5 �g of lipo-
polysaccharide (LPS; TLR4 ligand, S. Minnesota ultrapure, Invivogen)
intraperitoneally, or 200 �l of phosphate-buffered saline (PBS) intraperi-
toneally. Animals were maintained in a biosafety level III (BSL-III) isola-
tor according to Dutch national biosafety guidelines. Infection was con-
firmed by plaque assay on liver homogenate. All animal work was
conducted according to relevant Dutch national guidelines. The study
protocol was approved by the animal ethics committee of the Erasmus
University Rotterdam. The antibodies used in flow cytometry included
CD45 eFluor450 (30-F11), F4/80-allophycocyanin (APC) or F4/80-fluo-
rescein isothiocyanate (FITC; BM8), CD11b-PECy7 (M1/70), and TNF-
PerCPCy5.5 (MP6-XT22) from eBioscience, Ly6C APCCy7 (HK1.4)
from Biolegend, MARCO (macrophage receptor with collagenous struc-
ture) FITC (ED31) from AbdSerotec, and Aqua Dead Cell Stain from
Invitrogen. The VL4 cells, producing LCMV-nucleoprotein (LCMV-NP)
monoclonal antibody, were kindly provided by M. Groettrup, University
of Constance, Constance, Germany.

Isolation of total liver nonparenchymal cells. Liver was removed
without perfusion, cut into small pieces, incubated in RPMI 1640 contain-
ing 30 �g of Liberase TM (Roche)/ml and 20 �g of DNase type I (Sig-
ma)/ml for 20 min, and passed through a 100-�m-pore-size cell strainer.
After centrifugation, the cells were resuspended in PBS containing 1%
fetal calf serum (FCS) and 2.5 mM EDTA. Parenchymal cells were re-
moved by low-speed centrifugation at 50 � g for 3 min, and erythrocytes
were lysed with 0.8% NH4Cl. The remaining nonparenchymal cells were
resuspended in culture medium (RPMI 1640, 10% FCS, 10 mM HEPES, 2
mM L-glutamine, penicillin-streptomycin [100 U/ml and 100 �g/ml], 50
�M �-mercaptoethanol) and used for further analysis.

Flow cytometry. Total liver nonparenchymal cells were stained with
Aqua Dead Cell Stain, CD45-eFluor450, F4/80-APC, CD11b-PECy7, and
Ly6C-APCCy7 (unless otherwise indicated) and fixed with 2% formalde-
hyde for 1 h. F4/80high-Kupffer cells were identified as CD45� F4/80high

CD11b� and inflammatory monocytes were identified as CD45� F4/
80low CD11bhigh Ly6Chigh by using a FACSCanto-II flow cytometer and
FACSDiva software (BD Biosciences).

RNA isolation of liver homogenates, generation of cDNA, and real-
time PCR. Liver was homogenized in RNAlater (Qiagen). RNA was ex-
tracted using TRIzol (Life Technologies) and a NucleoSpin RNA II kit
(Bioké). cDNA was generated by using an iScript cDNA synthesis kit
(Bio-Rad Laboratories) according to the manufacturer’s protocol.
Quantitative PCR (qPCR) were performed using SYBR-green and
MyIQ5 detection system (Bio-Rad Laboratories). The sequences of the
primers are listed in Table 1. The expression of target genes was nor-
malized to the expression of 18S or GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) using the formula 2��CT, �CT � CT TLR � CT 18S or �CT �
CT RNAX � CT GADPH.

RNA isolation of sorted cells and NanoString. Kupffer cells and in-
flammatory cells were purified by cell sorting after initial enrichment us-
ing CD45-phyoerythrin (PE), followed by anti-PE microbead (Miltenyi
Biotec) selection. To obtain sufficient cells, the organs of six mice were
pooled. After staining to identify Kupffer cells and inflammatory mono-
cytes as described above, cells were fixed with 2% formaldehyde for 1 h
and sorted on a FACSAria SORP flow cytometer (BD Biosciences). Total
RNA was isolated from these formaldehyde-fixed cells by using reagents
from an RNeasy FFPE kit (Qiagen) according to the manufacturer’s pro-
tocols, starting with the addition of 150 �l of buffer PKD. An nCounter
GX mouse immunology kit (NanoString Technologies) was used to mea-
sure the expression of 561 genes in our RNA samples. After hybridization,
transcripts were quantitated using the nCounter digital analyzer. Samples
were run by the Johns Hopkins deep sequencing and microarray core
facility (35). To correct for background levels, the highest negative-con-
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trol value for each sample was subtracted from each count value of that
sample. After background subtraction, any negative count values were
considered as 0. Values were normalized by the geometric mean of 13
housekeeping genes provided by the company panel.

Immunohistochemistry for F4/80. Livers were fixed in 4% formalde-
hyde, embedded in paraffin, and cut into 5-�m sections. F4/80 antigen
was retrieved using proteinase K. Endogenous peroxidase was inactivated
using 3% hydrogen peroxide. Liver sections were incubated with rat anti-
F4/80 antibody (eBioscience) and rabbit anti-rat horseradish peroxidase
(Dako). Upon addition of DAB, liver sections were counterstained with
hematoxylin.

Intracellular detection of LMCV-NP. Intracellular LCMV-NP detec-
tion was performed as previously described (36). Total liver nonparen-
chymal cells were incubated with Aqua Dead Cell Stain, fixed with 2%
formaldehyde for 1 h, and permeabilized by using 1% Triton X-100
(Sigma) for 20 min. The cells were further incubated with rat anti-
LCMV-NP antibody (VL4), goat anti-rat Alexa 594 (Invitrogen), and
blocking buffer (5% bovine serum albumin and 10% rat serum). F4/80-
FITC was used in the antibody cocktail. LCMV-NP-positive F4/80high-
Kupffer cells were identified.

Cytokine production by total liver nonparenchymal cells. Total liver
nonparenchymal cells were cultured for 5 h at 106 cells/well in a 24-well
plate (Costar) in 1 ml of culture medium alone or in combination with
phorbol myristate acetate (PMA) and ionomycin (50 and 500 ng/ml, re-
spectively). Brefeldin A (10 �g/ml; Sigma) was added after 1 h. Next, the
cells were incubated with Aqua Dead Cell Stain, fixed with 2% formalde-
hyde for 1 h, permeabilized with 0.5% saponin (Rectapur), and further
stained with TNF-PerCPCy5.5. The TNF-positive F4/80high-Kupffer cells
and inflammatory monocytes were determined.

In vitro receptor-mediated endocytosis assay. One million total liver
nonparenchymal cells were incubated for 45 min with dextran-FITC (10
�g/ml, 40,000 molecular weight; Invitrogen) at 37°C or on ice. Dextran-
positive F4/80high-Kupffer cells and inflammatory monocytes were de-
tected by flow cytometry.

ALT measurement. Serum alanine aminotransferase (ALT) levels
were measured by using an enzyme-linked immunosorbent assay kit for
ALT (Biotang USA) according to the manufacturer’s protocol.

Data analysis and statistics. Differences between groups were calcu-
lated using one-way analysis of variance (ANOVA; Kruskal-Wallis test,

with Dunn’s multiple-comparison post-test) or two-way ANOVA with a
Bonferroni post-test (GraphPad Prism version 5.01; GraphPad Software).
Differences were considered significant when P 	 0.05. The results are
presented as the means 
 the standard errors of the mean (SEM), unless
otherwise indicated.

RESULTS
LCMV infection induces a rapid recruitment of inflammatory
monocytes to the liver. Previous studies showed an accumulation
of LCMV particles in the liver within minutes after an intravenous
challenge (37). In line with this, we observed a reproducible
LCMV replication in the liver of mice inoculated 24 h earlier,
reaching average titers of 2.27 � 105 PFU/g of liver. To examine
the impact of viral replication versus sterile TLR ligand-induced
challenge on the innate immune cell repertoire in the liver, we
performed a flow cytometric analysis on total liver nonparenchy-
mal cells obtained from LCMV-infected and LPS-treated mice.
LPS was used as a model mimicking bacterial infection. F4/80high-
Kupffer cells and inflammatory monocytes were identified as
CD45� F4/80high CD11b� and CD45� F4/80low CD11bhigh

Ly6Chigh cells, respectively (28, 31) (Fig. 1A). After 24 h, LCMV
induced an almost 5-fold increase in the fraction of inflammatory
monocytes similar to a single LPS injection (from 5.8% in healthy
liver to 25.6 and 24.5% of total intrahepatic CD45� cells in LPS-
and LCMV-challenged livers, respectively; Fig. 1B). This increase
was not yet observed 4 h after LCMV infection or LPS adminis-
tration. Interestingly, monocyte recruitment was accompanied by
a decrease in the frequency of F4/80high-Kupffer cells in the LPS-
treated and LCMV-infected livers (from 10.4% in healthy cells to
5.7 and 4.4% of total intrahepatic CD45� cells in LCMV-infected
and LPS-treated livers, respectively).

To examine whether the reduction of intrahepatic CD45� F4/
80high CD11b� cells upon LCMV challenge corresponded to a
genuine reduction in the frequency of Kupffer cells or a dimin-
ished surface expression of these markers, we performed an im-
munohistochemical analysis on 24-h-LCMV-infected and healthy
livers (Fig. 1C). Interestingly, in contrast to the flow cytometric
quantification, there was no clear depletion of Kupffer cells upon
LCMV infection. Instead, the morphology of F4/80� cells, which
predominantly consist of Kupffer cells, changed toward larger or
swollen cells, with a less intense F4/80 staining (Fig. 1C), suggest-
ing a downregulation of F4/80 expression in comparison to
healthy liver. Importantly, no cleaved caspase-3� cells could be
identified in both healthy and 24-h-LCMV-infected livers,
thereby excluding the presence of apoptotic parenchymal or non-
parenchymal cells (data not shown). Kupffer cells, which retained
their F4/80 expression and were still identifiable by flow cytom-
etry, were further termed F4/80high-Kupffer cells.

Corroborating earlier data on infection of Kupffer cells (37),
we observed that 29% of F4/80high-Kupffer cells were LCMV-NP�

within 24 h after infection (Fig. 1D). In addition, at this stage
F4/80high-Kupffer cells were the predominant LCMV-NP� cells in
the liver (90%), while the remainder LCMV-NP� cells were in-
flammatory monocytes (8%) and granulocytes (2%) (data not
shown).

During early LCMV infection, F4/80high-Kupffer cells re-
main endocytic. Previous data from our group and others have
shown that Kupffer cells from healthy mice are specialized phago-
cytes with only marginal cytokine production ex vivo under
steady-state conditions (31) and that Kupffer cells are among the

TABLE 1 Gene-specific primers used in qPCR analysis

Gene
NCBI
accession no.

Primer (5=–3=)

Orientation Primer sequence

GAPDH NM_008084.2 Forward CGTCCCGTAGACAAAATGGT
Reverse TCTCCATGGTGGTGAAGACA

18S NR_003278.3 Forward GTAACCCGTTGAACCCCATT
Reverse CCATCCAATCGGTAGTAGCG

TNF NM_013693.2 Forward CAGGCGGTGCCTATGTCTC
Reverse CGATGACCCCGAAGTTCAGTAG

IL-10 NM_010548.2 Forward CACAGGGGAGAAATCGATGACA
Reverse ATTTGAATTCCCTGGGTGAGAAG

IL-6 NM_031168.1 Forward TGGTGACAACCACGGCCTTCC
Reverse AGCCTCCTGACTTGTGAAGTGGT

MCP-1 NM_011333.3 Forward CAGGTCCCTGTCATGCTTCT
Reverse TCTGGACCCATTCCTTCTTG

RANTES NM_013653.3 Forward GCGGGTACCATGAAGATCTCTG
Reverse CACTTCTTCTCTGGGTTGGCAC

IFN-� NM_010504.2 Forward AGGATTTTGGATTCCCCTTG
Reverse TATGTCCTCACAGCCAGCAG

IFN-� NM_010510.1 Forward ATGAACAACAGGTGGATCCTCC
Reverse AGGAGCTCCTGACATTTCCGAA

CXCL10 NM_021274.2 Forward CCCCGGTGCTGCGATGGATG
Reverse AGCTGATGTGACCACGGCTGG
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FIG 1 Infiltration of inflammatory monocytes characterizes the activation of the intrahepatic immune response upon challenge by LCMV, as well as LPS. (A)
Representative dot plots showing flow cytometric identification of Kupffer cells and inflammatory monocytes in mouse liver. The total liver cells were determined
using viability, CD45, and size and granularity gates. Inflammatory monocytes and F4/80high-Kupffer cells were identified as CD45� F4/80low CD11bhigh Ly6Chigh

and CD45� F4/80high CD11b� cells, respectively. (B) The frequencies of inflammatory monocytes and F4/80high-Kupffer cells in liver were determined as a
percentage of total CD45� cells at 4 and 24 h after LCMV infection or LPS challenge or in a PBS control. The data were obtained from four separate experiments.
Statistical analysis: one-way ANOVA (Kruskal-Wallis test with Dunn’s multiple-comparison post-test). ***, P 	 0.001. The data show the averages 
 the SEM.
(C) Liver tissues from PBS-challenged mice (n � 6) and infected mice (24 h postinfection, n � 6) were subjected to F4/80 staining and evaluated by immuno-
histochemistry. In healthy liver, F4/80-positive cells appear as elongated cells with intense brown F4/80 staining, whereas after 24 h of LCMV infection, F4/80�

cells appear slightly larger in size, with diffuse brown F4/80 staining, compared to the F4/80� cells in healthy liver. (D) Representative dot plots (from n � 8) of
the frequency of LCMV-infected F4/80high-Kupffer cells and inflammatory monocytes, as evidenced by intracellular LCMV-NP staining 24 h postinfection.
Control staining without the addition of LCMV-NP antibody or anti-rat CD45 was used to set the threshold gate.
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first to be infected with LCMV, thereby limiting viral spread (37–
39). We studied here in detail the endocytic ability of F4/80high-
Kupffer cells and inflammatory monocytes during early LCMV
infection. As shown in Fig. 2A, the endocytic ability of F4/80high-
Kupffer cells, as expressed by the fraction of dextran� F4/80high-
Kupffer cells, was reduced in LCMV-infected compared to PBS-
injected mice, but the majority of cells were able to perform
endocytosis, which was similar to F4/80high-Kupffer cells from
LPS-challenged mice. The data at 4 and 24 h were comparable.
Inflammatory monocytes exhibited a weaker endocytic ability in
control mice, which was completely lost 24 h after LCMV infec-
tion, whereas LPS treatment increased it at this time point (14.8%
versus 29.3% versus 1.5% dextran� inflammatory monocytes, in
healthy, LPS-treated, and LCMV-infected livers, respectively;
Fig. 2A).

Next, we evaluated whether the endocytic function was re-
flected by the gene expression profile of the cells. F4/80high-
Kupffer cells purified from unchallenged mice show higher ex-
pression levels of various complement genes (C1qa, C1qb, C2,
C4a, and C6) compared to inflammatory monocytes, both iso-
lated from unchallenged mice (Fig. 2B). Also, gene expression
levels of F4/80, genes encoding various Fc� receptors and Marco
were more expressed by F4/80high-Kupffer cells than inflamma-
tory monocytes, indicating a more pronounced activity of the
“classical scavenger functions” of F4/80high-Kupffer cells under
steady-state conditions. As shown in Fig. 2B, infection with
LCMV or challenge with LPS upregulated the expression levels of
Marco on F4/80high-Kupffer cells, while the expression of various
genes encoding complement remained high, with the exception of
C2 and C3, which were further upregulated. In LPS- or LCMV-
challenged inflammatory monocytes the expression levels of the
complement genes remained lower than those observed in F4/
80high-Kupffer cells: i.e., there was minimal upregulation of Marco
and the complement genes, with the exception of C1qa and C1qb.

We then examined whether the observed differences in the
endocytic response of F4/80high-Kupffer cells and inflammatory
monocytes to LPS or LCMV were related to changes in the expres-
sion of genes associated with cell activation at 24 h after challenge.
As presented in Fig. 2C, induction of mRNA expression of the
activation markers CD80 and CD86 was observed for both F4/
80high-Kupffer cells and inflammatory monocytes purified from
the livers of LCMV-infected mice, whereas CD14 mRNA expres-
sion was downregulated. The effects of in vivo exposure to LPS on
the expression levels of these markers were minimal at 24 h after
challenge. In line with published data on Listeria monocytogenes, as
well as in vitro exposure of macrophages to alpha interferon
(IFN-�) (40, 41), we now show that both F4/80high-Kupffer cells
and inflammatory monocytes isolated from LCMV-infected mice
exhibited downregulation of the expression of IFN�R1, despite
enhanced expression of IFN� and Tbx21 mRNA.

Both sorted Kupffer cells and inflammatory monocytes ex-
hibit an active cytokine and chemokine transcriptional profile
early after LCMV infection. Next, we determined the ability of
F4/80high-Kupffer cells and inflammatory monocytes to produce
cytokines upon stimulation with PMA and ionomycin. As we in-
dicated in a previously published study (31), Kupffer cells produce
low or undetectable levels of cytokines (such as TNF and IL-
12p40) following in vitro stimulation. We now show that F4/
80high-Kupffer cells are weak producers even when isolated from
mice challenged with LPS or LCMV (in all conditions on average

FIG 2 F4/80high-Kupffer cells retain a gene expression profile characteristic of
phagocytic ability upon LCMV and LPS challenge, while this is only partially
induced in inflammatory monocytes. Mice were infected with LCMV or chal-
lenged with LPS or PBS for 4 or 24 h. (A) Endocytosis was determined by flow
cytometry by incubating total liver nonparenchymal cells with FITC-conju-
gated dextran at 0 or 37°C for 45 min. Inflammatory monocytes and F4/80high-
Kupffer cells were identified as CD45� F4/80low CD11bhigh Ly6Chigh and
CD45� F4/80high CD11b� cells, respectively. Control staining without the
addition of dextran was used to set the threshold gate. The assays were per-
formed two times. Statistical analysis was performed using two-way ANOVA
with the Bonferroni post-test. ***, P 	 0.001. The data show the averages 
 the
SEM. (B and C) Gene expression was determined by using NanoString tech-
nology on total RNA isolated from formaldehyde-fixed, fluorescence-acti-
vated cell sorter (FACS)-sorted inflammatory monocytes and F4/80high-
Kupffer cells from mice at 24 h after LCMV infection or LPS challenge.
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less than 5% TNF� cells). In contrast, we demonstrate here that
inflammatory monocytes isolated from LCMV-infected mice pro-
duced higher levels of TNF compared to control mice after in vitro
exposure to PMA and ionomycin. An increased ability to produce
TNF by these cells was not seen after LPS treatment (Fig. 3A,
13.4% versus 13.3% versus 27.5% TNF� inflammatory mono-
cytes in PBS-treated, LPS-treated, and LCMV-infected livers, re-
spectively, upon in vitro restimulation with PMA and ionomycin).

Next, we examined the hepatic gene expression levels in whole
liver of pro- and anti-inflammatory cytokines, chemokines, inter-
ferons and interferon-inducible antiviral mediators in both exper-
imental challenge conditions. At 24 h after LCMV inoculation,
significant increases of intrahepatic mRNA levels of TNF, IL-6,
IL-10, MCP-1, CXCL10, IFN�, IFN�, and RANTES were noted by

evaluation of the whole liver (Fig. 3B). Distinct to the LCMV in-
fection, LPS treatment primarily increased the mRNA levels of
innate pro- and anti-inflammatory cytokines and chemokines at
an earlier time point (i.e., 4 h after injection [data not shown]),
with the exception of RANTES, which remained upregulated 24 h
posttreatment. It is important to mention that this early LCMV-
induced liver inflammation was not accompanied by a rise in se-
rum transaminases or histological signs of liver damage (data not
shown). To determine the possible contribution of F4/80high-
Kupffer cells and inflammatory monocytes as the source of the
observed gene expression levels, we again determined the gene
expression profiles of cells isolated from mice challenged with LPS
or LCMV. As shown in Fig. 3B, overall, both F4/80high-Kupffer
cells and inflammatory monocytes express mRNA for TNF, IL-6,

FIG 3 Both sorted Kupffer cells and inflammatory monocytes exhibit an active cytokine and chemokine transcriptional profile early after LCMV. Mice were
infected with LCMV Cl13 or challenged with LPS or PBS (n � 6 to 12 per group) and sacrificed 24 h later. (A) Total liver nonparenchymal cells were stimulated
with medium or PMA/ionomycin for 5 h. Flow cytometric analysis and graphic representation of the frequency of TNF-producing inflammatory monocytes
(CD45� F4/80low CD11bhigh Ly6Chigh cells) determined by intracellular cytokine staining. Control staining without the addition of TNF detecting antibody was
used to set the threshold gate. Statistical analysis was performed using a two-tailed Student t test. *, P 	 0.05; **, P 	 0.01. (B) Gene expression was determined
in whole liver (n � 4 to 6) by qPCR and in RNA isolated from formaldehyde-fixed, FACS-sorted inflammatory monocytes and F4/80high-Kupffer cells from
infected or challenged mice by using NanoString technology. The data shown are obtained from two independent experiments using six pooled livers. The data
show the averages 
 the SEM.
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IL-10, MCP-1, CXCL10, and RANTES 24 h after LCMV infection.
In line with the findings in whole liver, challenge with LPS did not
exhibit enhanced gene expression levels at 24 h after challenge,
except for RANTES mRNA in F4/80high-Kupffer cells. Interest-
ingly, IFN� mRNA was strongly induced in F4/80high-Kupffer
cells from LCMV-infected mice, but not in inflammatory mono-
cytes, whereas IFN� was only weakly induced in both cell types.

Purified F4/80high-Kupffer cells, as well as inflammatory
monocytes, induce an interferon response after early LCMV in-
fection. The induction of IFN-� by F4/80high-Kupffer cells, but
not inflammatory monocytes, may indicate that these cell types
possess distinct functions in the early events following LCMV in-
fection. We therefore examined the expression of IFN-inducible
genes in both cell types to determine to what extent inflammatory
monocytes are triggered by IFN production derived from F4/
80high-Kupffer cell-derived and other liver cells. As shown in Fig.
4, both F4/80high-Kupffer cells and inflammatory monocytes
strongly increase the expression of MxA mRNA early after LCMV
infection. Similar findings were observed for Ifi35, Ifih1, Ifit2, and
various chemokines, as well as for Irf1 and Irf7. In line with the
expected induction of an IFN-dominated response, also the ex-
pression of Stat1, Stat2, and Stat3 mRNA was induced in both
F4/80high-Kupffer cells and inflammatory monocytes, but not that
of Stat4, Stat5, and Stat6 mRNA.

DISCUSSION

Due to a lack of suitable animal models, our current understand-
ing of early virus-host interactions in virus-induced liver disease is
limited. In the present study, we make use of a short-term LCMV
Cl13 infection in mice to examine phenotypic and functional
changes in inflammatory monocytes and F4/80high-Kupffer cells,
which are the first innate immune cells to encounter a viral patho-
gen in the liver. We show here that LCMV induces a marked re-

cruitment of infiltrating monocytes within 24 h after infection.
However, we observed that the major LCMV-NP� population
comprises F4/80high-Kupffer cells, which maintain their endocytic
activity and present increased expression of several pro- and anti-
inflammatory cytokines and chemokines after LCMV infection.
On the other hand, inflammatory monocytes obtained from the
livers of LCMV-infected mice exhibited weak endocytic activity,
while the expression pattern of these inflammatory monocytes
strongly resembled those of F4/80high-Kupffer cells early after
LCMV infection. The observation that during early LCMV infec-
tion inflammatory monocytes outnumber the F4/80high-Kupffer
cells indicates their important contribution to the early phase of
LCMV-induced liver inflammation.

During early LCMV infection, we show that F4/80high-Kupffer
cells become activated, take up LCMV-NP, and remain endocytic.
The endocytic ability is in line with the findings of Lang et al. (37),
who demonstrated that active uptake of LCMV by Kupffer cells
limits viral spread and immunopathology. Similar to the LCMV
model, Kupffer cells represent the predominant cell population to
eliminate adenovirus type 5 from the liver (42). Previously, acti-
vated macrophages have been shown to reduce their F4/80 expres-
sion (43, 44). The immunohistological finding corroborates this
flow cytometric downregulation of F4/80 surface expression. Sim-
ilar phenotypic changes in Kupffer cells have been observed after
an adenovirus type 5 infection in which cytoplasmic LysM expres-
sion was diminished as early as 20 min after infection, whereas
membrane-associated major histocompatibility complex II ex-
pression was not affected (42).

Despite the observation that ex vivo stimulations show mini-
mal TNF production by F4/80high-Kupffer cells upon polyclonal
stimulation, the gene expression profile of sorted F4/80high-
Kupffer cells from LCMV-infected mice clearly show induction of
pro- and anti-inflammatory cytokines and chemokines, including
TNF, IL-6, IL-10, and others. The discrepancy between the results
obtained from the in vitro and in vivo data need to be studied in
detail but may be due to the nature of the trigger used for restimu-
lation of the cells in vitro. Detailed comparison of the gene expres-
sion levels of the cytokines and chemokines in whole liver versus
the purified population strongly suggest that both F4/80high-
Kupffer cells and inflammatory monocytes contribute, to a large
extent, to the production of cytokines early during LCMV infec-
tion. Importantly, the mRNA expression levels of TNF, IL-6,
MCP, CXCL10, and RANTES are highly similar between both cell
types, whereas IL-10 mRNA remains expressed at higher levels by
F4/80high-Kupffer cells compared to inflammatory monocytes.
Despite the relatively high expression of IFN� mRNA in whole
liver 24 h after LCMV infection, low or undetectable levels are
observed in F4/80high-Kupffer cells and inflammatory monocytes,
indicating that other intrahepatic cells, such as plasmacytoid DC
and hepatocytes are the source of this IFN. Another option is that
both sorted cell types produce other IFN� subtypes then the
IFN�1 and IFN�2 detected by the NanoString probes (NCBI ac-
cession numbers NM_010502.2 and NM_010503.2, respectively).
Furthermore, due to the known RNA fragmentation after forma-
lin fixation, all tested qPCR primer sets yielded inconsistent re-
sults when tested on RNA from sorted F4/80high-Kupffer cells and
inflammatory monocytes cells (data not shown) (35). IFN�, on
the other hand, was expressed by F4/80high-Kupffer cells, but not
by inflammatory monocytes, which may be the direct result of
triggering of IFN-� production upon LCMV infection and repli-

FIG 4 Both purified Kupffer cells and inflammatory monocytes are activated
and induce an IFN response following early LCMV infection. Gene expression
was determined in RNA isolated from formaldehyde-fixed, FACS-sorted in-
flammatory monocytes and F4/80high-Kupffer cells from LCMV-infected mice
by using NanoString technology. The data shown are obtained from two in-
dependent experiments using six pooled livers.

Role of Inflammatory Monocytes in Early LCMV Infection

May 2015 Volume 89 Number 9 jvi.asm.org 4815Journal of Virology

http://www.ncbi.nlm.nih.gov/nuccore?term=NM_010502.2
http://www.ncbi.nlm.nih.gov/nuccore?term=NM_010503.2
http://jvi.asm.org


cation in F4/80high-Kupffer cells. Importantly, despite distinct and
selective expression of type I IFN, both cell types have transcript
levels for numerous IFN-stimulated genes (ISGs), encoding both
chemokines and proteins that function to suppress viral replica-
tion, such as MxA. This might imply that Kupffer cell IFN-� re-
lease is instrumental in activating the recruited inflammatory
monocytes, which could therefore be an important therapeutic
target.

Previous studies have demonstrated the complexity of the
functions of inflammatory monocytes found in different organs
during a bacterial, fungal, protozoal, or viral infection (14–20).
Although LCMV infection and LPS treatment induce the recruit-
ment of inflammatory monocytes to similar extents, we show that
the activities of LCMV-induced and LPS-induced inflammatory
monocytes are functionally distinct. Similar to their role in co-
lonic inflammation, LCMV-induced inflammatory monocytes
are skewed toward a secretory function, as demonstrated by the
increase in TNF production ability in comparison to liver mono-
cytic cells from healthy mice and their gene expression profile, and
completely lose their steady-state endocytic ability (16). On the
other hand, LPS-induced inflammatory monocytes do not in-
crease their ability to produce or express cytokines or chemokines
but enhance their endocytosis potential. In mouse studies, TNF
production by intrahepatic inflammatory monocytes has been as-
sociated with liver damage (29, 30). Similarly, in patients with
chronic inflammatory and fibrotic liver diseases, inflammatory
monocyte-derived TNF, among other proinflammatory cytokines
and chemokines, has been shown to be profibrogenic (45). How-
ever, we did not find evidence of liver damage at this early stage
after infection. In line with this, Karlmark et al. have shown that
the newly recruited inflammatory monocytes are not responsible
for the early onset of CCl4-induced hepatitis (28). Alternatively,
inflammatory monocyte-derived TNF might act as a positive feed-
back for further recruitment of inflammatory monocytes to the
liver. Recently, the formation of intrahepatic myeloid cell aggre-
gates that can stimulate local T cell proliferation (iMATE) has
been attributed to monocyte-derived TNF (46). Our findings sup-
port the proinflammatory role of recruited monocytes in the set-
ting of early virus-induced liver disease.

Our study demonstrates that early after LCMV infection a
functional dichotomy is observed for inflammatory monocytes
and F4/80high-Kupffer cells with respect to endocytosis, but their
activation and cytokine gene expression profiles exhibit a strong
resemblance. In particular, inflammatory monocytes show a huge
capacity for recruitment to the liver and plasticity depending on
the nature of the inflammatory signal, i.e., whether it is viral or
sterile. While the experiments were performed with a chronic
strain of LCMV, recent data show that innate immune responses
are independent of the strain used during the first 72 h after inoc-
ulation (47). Although the relative contribution of inflammatory
monocytes or F4/80high-Kupffer cells to the outcome of the infec-
tion needs to be investigated, our study points toward a crucial
role for inflammatory monocytes in shaping the inflammatory
environment in the liver early after infection.
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