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ABSTRACT

Interleukin-1 beta (IL-1�) is an inflammatory cytokine that is secreted in response to inflammasome activation by innate mi-
crobe-sensing pathways. Although some retroviruses can trigger IL-1� secretion through the DNA-sensing molecule IFI16, the
effect of IL-1� on the course of infection is unknown. To test whether IL-1� secretion affects retroviral replication in vivo, I con-
structed a novel murine leukemia virus strain (FMLV-IL-1�) that encodes the mature form of IL-1�. This virus replicated with
kinetics similar to that of wild-type virus in tissue culture but caused a dramatically more aggressive infection of both C57BL/6
and BALB/c mice. By 7 days postinfection (PI), mice infected with FMLV-IL-1� exhibited splenomegaly and viral loads 300-fold
higher than those in mice infected with wild-type FMLV. Furthermore, the enlarged spleens of FMLV-IL-1�-infected mice corre-
lated with a large expansion of Gr-1� CD11b� myeloid-derived suppressor cells, as well as elevated levels of immune activation.
Although FMLV-IL-1� infection was controlled by C57BL/6 mice by 14 days p.i., FMLV-IL-1� was able to establish a significant
persistent infection and immune activation in BALB/c mice. These results demonstrate that IL-1� secretion is a powerful posi-
tive regulator of retroviral infection and that FMLV-IL-1� represents a new model of proinflammatory retroviral infection.

IMPORTANCE

Interleukin-1 beta (IL-1�) is an inflammatory cytokine released in response to activation of innate pathogen-sensing pathways
during microbial infection. To examine the potential impact of IL-1� on retroviral replication in vivo, I constructed a novel
mouse retrovirus strain (FMLV-IL-1�) that encodes IL-1� and promotes abundant IL-1� secretion from infected cells. This vi-
rus replicates with normal kinetics in cultured cells but displays a dramatically enhanced ability to replicate in mice and caused
persistent infection and immune activation in the BALB/c strain of mice. These results establish IL-1� as a positive regulator of
retroviral replication and suggest that targeting this pathway may have therapeutic benefits in infections with proinflammatory
retroviruses. This virus can also be used to further study the impact of inflammatory pathways on retroviral infection.

Retroviruses are a large and diverse family of viruses that all
share a replication strategy, involving reverse transcription of

viral genomic RNA into double-stranded DNA, followed by inte-
gration into host cell DNA. Some retroviruses, such as human
immunodeficiency virus (HIV) and human T cell leukemia virus
(HTLV), are significant human pathogens for which no effective
vaccine exists (1). As such, there is still a major need to character-
ize and understand immunological parameters that regulate the
outcome of retroviral infection.

Acute retroviral infection in immunocompetent hosts typically
involves a transient wave of host cytokine secretion, resulting
from the detection of infection by the innate immune system (2).
However, the precise mechanistic roles played by most individual
cytokines in retroviral infection are still unclear. Inflammatory
cytokines could potentially facilitate retroviral replication by pro-
moting the recruitment of susceptible cells to sites of infection, by
triggering cellular activation and proliferation, or by activating
transcription factors that positively regulate viral gene expression.
Conversely, innate cytokine responses could help to activate po-
tent innate and adaptive immune responses at sites of infection
and thus lead to improved viral clearance. As such, the innate
cytokine response likely has complex effects in vivo that collec-
tively influence the outcome of infection.

Innate host pathways that respond to retroviruses and pro-
mote cytokine secretion are therefore promising clinical targets
for modulating the course of retroviral infection. Unfortunately,
the identities of the retrovirus-sensing pathways that contribute to

the cytokine response are not clear, and until recently, little was
known about how the innate immune system detects retroviruses
(3). Nevertheless, some recent reports have begun to identify and
characterize retrovirus-sensing pathways. Work from several lab-
oratories has shown that Toll-like receptor 7 (TLR7), a single-
stranded RNA sensor expressed in endosomes, can act as a sensing
pathway for retroviruses (4–8). The HIV-1 genome contains po-
tential TLR7 ligands (9), and HIV-1 triggers alpha interferon
(IFN-�) and tumor necrosis factor alpha (TNF-�) secretion by
plasmacytoid dendritic cells (pDCs) in a TLR7-dependent man-
ner (10). However, this response requires very high doses of virus,
and TLR7-expressing conventional dendritic cells (cDCs) are cu-
riously inert to HIV-1 (11), suggesting that HIV-1 is a relatively
weak stimulator of TLR7. Furthermore, in vivo evidence from hu-
mans and mice has shown that TLR7 is a protective factor against
retroviral infection—TLR7-deficient mice exhibit greatly elevated
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virus levels after infection with murine gammaretroviruses (5, 8),
and a loss-of-function TLR7 allele in humans correlates with
higher viral loads and accelerated HIV-1 disease progression (12,
13). Furthermore, TLR7-deficient mice mount an elevated in-
flammatory cytokine response to retroviral infection, indicating
the existence of an alternative pathway that drives inflammation
and cytokine secretion (8).

The inflammasome has recently been described as a retrovirus-
sensing pathway that triggers caspase-1 activation and secretion of
the inflammatory cytokine interleukin-1 beta (IL-1�) in response
to viral cDNA generated during abortive infection (14, 15). Se-
creted IL-1� binds to, and activates, its cognate receptor (IL-1�
receptor 1 [IL-1R1]) and is a potent stimulator of the transcrip-
tion factor NF-�B. Since IL-1R1 is broadly expressed in the im-
mune system, IL-1� can affect many different immune lineages
(16). IL-1� is also known to have important roles in promoting
tumorigenesis and autoimmune diseases (17, 18). It has been pro-
posed that the release of cytokines such as IL-1� in response to
infection initiates an inflammatory positive feedback loop that
promotes retroviral replication, immune activation, and patho-
genesis (14, 19). However, the in vivo effects of IL-1� on retroviral
infection and the host response are unknown and have not previ-
ously been investigated.

Mouse models of retroviral infection offer a system where the
role of specific molecules such as IL-1� can be easily tested, but it
is unclear if murine retroviruses trigger a similar inflammatory
process. Murine retrovirus infection induces a modest IL-1� re-
sponse (8, 20, 21), but IL-1R1-deficient mice exhibit little overt
phenotype with respect to disease or viral loads following infec-
tion with the retroviral pathogen Friend virus (FV) (my unpub-
lished data). To circumvent this limitation, and to test the role of
virus-induced IL-1� in retroviral infection, I constructed a novel
strain of murine leukemia virus (FMLV-IL-1�) that encodes the
active mature form of murine IL-1�. FMLV-IL-1� thus permits
direct examination of the virological and immunological conse-
quences of virus-dependent IL-1� secretion and inflammation.
FMLV-IL-1� was found to exhibit greatly elevated replication in
vivo, demonstrating that coupling IL-1� secretion to infection po-
tently enhances retroviral replication in mammalian hosts.

MATERIALS AND METHODS
Plasmids and FMLV-IL-1� construction. A full-length clone of NB-
tropic FMLV (generous gift from Mario Santiago, University of Colorado
Denver) was modified by inserting an in-frame coding sequence for a 2A
peptide from porcine teschovirus (P2A) at the 3= end of the envelope gene,
as well as a NotI restriction enzyme site. The parental FMLV plasmid was
first digested with the restriction enzymes ClaI and BplI, which cut up-
stream and downstream of the envelope stop codon, respectively, and a
commercially synthesized double-stranded DNA sequence (IDT-DNA)
that overlaps this region and contains the P2A and NotI sequences was
ligated into the digested plasmid. Coding sequence for murine IL-1� from
valine 118 to serine 269 (corresponding to the mature cleaved form of
IL-1�) was then cloned in-frame into the NotI site downstream of the P2A
sequence. The integrity of the construct was verified by DNA sequencing.

Virus stocks and focus-forming assays. To generate stocks of infec-
tious FMLV or FMLV-IL-1� virus, 10 �g plasmid was transfected into
subconfluent 293FT cells, a fast-growing subclone of 293T cells (Invitro-
gen), using LT1 transfection reagent (Mirus Bio, Madison, WI, USA). At
4 h posttransfection, medium was replaced. Two days after transfection,
supernatant was clarified by low-speed centrifugation and filtered
through a 0.45-�m filter to remove cell debris. To generate reliable high-
titer stocks for infection of mice, this supernatant was used to infect Mus

dunni cells, which were then passaged for 1 to 2 weeks, until the majority
of cells showed evidence of infection. Supernatants from these cells were
collected, filtered, and frozen in aliquots at �80°C.

To generate stocks of Friend virus complex (FV), a 10% spleen ho-
mogenate from BALB/c mice at 8 days after infection with B-tropic poly-
cythemia-inducing FV was prepared in phosphate-buffered saline (PBS)
and freeze-thawed once to release virus particles. This mixture was then
centrifuged, filtered through a 0.45-�m filter, and frozen at �80°C in
aliquots. The original FV stock was obtained from K. Hasenkrug (NIAID)
and was confirmed to be free of lactate dehydrogenase-elevating virus
by PCR.

To assay the titers of FMLV or FV in stocks, a focus-forming assay was
performed. Serial 10-fold dilutions of virus samples were plated on sub-
confluent Mus dunni cells. At 3 days postinfection (dpi), the cells were
washed with PBS, fixed with methanol for 10 min, and then stained with
monoclonal antibody (MAb) 720, which recognizes the FMLV envelope
protein (22). To visualize infected foci, the cells were then stained with
anti-IgG1– horseradish peroxidase followed by treatment with amino-
ethyl carbazole substrate (Sigma). The number of foci was then used to
calculate the number of infectious focus-forming units (FFU) in the orig-
inal sample.

To measure expression of glycosylated Gag (glyco-Gag) or envelope
protein on the surfaces of infected cells, MAb 34 (23) or MAb 720, respec-
tively, was used to stain infected cells, followed by a fluorescein isothio-
cyanate (FITC)-labeled anti-mouse IgG antibody (eBioscience). Stained
cells were then washed in PBS before flow cytometry to determine the
mean fluorescence intensity (MFI) of infected cells. MAb 34 and MAb 720
hybridomas were obtained from K. Hasenkrug (NIAID).

Mouse strains and infections. All mouse strains were purchased from
The Jackson Laboratory. Specific strains and stock numbers are C57BL/6J
(000664), BALB/c (000651), and IL-1 receptor 1 (IL-1R1) knockout mice
(003245). For FMLV, FMLV-IL-1�, and FV infections, mice at 6 to 8
weeks of age were infected with 30,000 focus-forming units (FFU) of
infectious virus by intraperitoneal injection. To measure the number of
infected cells per spleen in infected mice, serial dilutions of splenocyte
suspensions were plated on subconfluent Mus dunni cells. Three days
later, splenocytes were washed away, and the number of infected foci
determined by a focus-forming assay as described for assaying virus
stocks. The number of foci was then used to calculate the number of
infected cells per spleen in the original sample.

Ethics statement. This study was carried out in strict accordance with
the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health (24). These studies were ap-
proved by the Committee on Animal Care of the Massachusetts Institute
of Technology (protocol 0712-075-15).

Organ processing and analysis by flow cytometry. For analysis of
mouse spleens, dissected organs were first mashed through a 70-�m
mesh, pelleted, and then subjected to erythrocyte hypotonic lysis. Spleno-
cytes were then resuspended in fluorescence-activated cell sorting (FACS)
staining buffer (PBS with 2% fetal calf serum and 2 mM EDTA). For flow
cytometry, splenocyte samples were stained with 1 to 2 million cells in 100
�l of FACS staining buffer. An Fc-blocking antibody (eBioscience) was
used to prevent cross-reactivity of labeled antibodies with Fc receptors.
Specific antibodies/fluorophores used to detect antigens were TCR�-
APC, CD8-FITC, B220-PerCP-Cy5.5, CD4-AF700, CD69-BV510, CD44-
BV421, CD11b-APC-Cy7, CD11c-APC, Gr-1-FITC, CD86-PE, and PD1-
PECy7. All antibodies were obtained from eBioscience (San Diego, CA) or
BioLegend (San Diego, CA). The H2Db-GagL-PE tetramer was synthe-
sized by Beckman-Coulter (Brea, CA). Samples were stained for 20 min
on ice, followed by washing with PBS and resuspension in FACS buffer.
Lineage-defining markers and activation markers were stained simultane-
ously. Samples were analyzed on an Accuri C6 or a BD LSRII flow cytom-
eter.

Antibody assay. To measure virus-specific antibodies in plasma sam-
ples, a rat kidney cell line that is chronically infected with FV and abun-
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dantly expresses the FV envelope protein on its surface (obtained from
Leonard Evans, NIAID) was stained with samples of mouse plasma at 1:10
dilution in PBS with 2% fetal calf serum (FCS) for 30 min on ice. The cells
were then washed in PBS and stained with a FITC-labeled anti-mouse IgG
antibody. The mean fluorescent intensity (MFI) of staining was then as-
sayed by flow cytometry.

IL-1� assay. Murine IL-1� was assayed using a commercial IL-1�
enzyme-linked immunosorbent assay (ELISA) kit (eBioscience).

Statistical analyses. To determine significant statistical difference be-
tween experimental groups, Student’s t test was used, except for virus-
level data from infected mice, for which a Mann-Whitney analysis was
used. Unless otherwise indicated, error bars on figures represent the stan-
dard deviations of the data set.

Nucleotide sequence accession numbers. Accession numbers for
genes/viruses discussed in this study are as follows: for IL-1�, NM_
008361; for IL-1R1, NM_008362; for FMLV, NC_001362.

RESULTS
Construction and characterization of FMLV-lL-1�. To test the
effect of virus-driven IL-1� on retroviral replication and patho-

genesis, I constructed a novel strain of murine leukemia virus
(FMLV-IL-1�) that encodes the mature caspase 1-processed form
of murine IL-1�. Inserting a cytokine-coding sequence into the
viral genome allows direct manipulation of the infected cell’s re-
sponse to infection and mimics a spatially localized innate im-
mune response more accurately than repeated dosing of mice with
recombinant cytokines. FMLV-IL-1� was derived from a full-
length replication competent clone of NB-tropic F-MLV (25). To
permit viral expression of IL-1�, the coding sequence for the ma-
ture caspase-1-processed form of IL-1� (Val118-Ser269) was in-
serted immediately downstream of, and in frame with, the viral
envelope gene but separated by a 2A peptide sequence from por-
cine teschovirus (P2A) (Fig. 1A). The 2A peptide sequence medi-
ates “cleavage” between envelope and IL-1� by preventing peptide
bond formation (26). In cells infected with FMLV-IL-1�, IL-1� is
thus expressed and secreted independently of inflammasome and
caspase 1 activation. DNA sequencing confirmed the integrity of
all constructs.

FIG 1 Construction of FMLV-IL-1�. (A) A full-length replication-competent clone of ecotropic FMLV was modified by the addition of coding sequence for the
porcine teschovirus 1 2A peptide (P2A) followed by the coding sequence for a region of murine IL-1� from Val118 to Ser269. (B) The ability of the new virus
(FMLV-IL-1�) as well as its parent virus to replicate in cultured murine fibroblasts was analyzed. Subconfluent Mus dunni cells were infected with virus at a
multiplicity of infection (MOI) of 0.01. At 24-h intervals, supernatant samples were removed, and the concentration of focus-forming units (FFU) was measured
by focus-forming assays. Each infection was carried out in triplicate, and data points represent the averages of three measurements. (C) The concentration of
IL-1� released into the supernatant of infected Mus dunni cells at 3 dpi was measured by ELISA. Each data point is the average for three replicates. The asterisk
indicates a P value of �0.05 (t test). ND, not detected. (D) Mus dunni cells were infected at an MOI of 0.001, and at 3 dpi, the cells were stained with MAb 34 or
MAb 720, which recognize the viral proteins glyco-Gag and envelope, respectively, followed by a FITC-labeled secondary antibody. The mean fluorescence
intensity (MFI) of the infected-cell gate was determined by flow cytometry and is represented in arbitrary units. Each bar represents the average of triplicate
measurements. Error bars indicate the standard deviations of the data set. NS, not significant (P � 0.05).
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To test the ability of FMLV-IL-1� to replicate in tissue culture,
I infected Mus dunni cells with FMLV or FMLV-IL-1� at a low
multiplicity of infection (MOI, 0.01) and monitored the level of
infectious virus in the supernatant at 24-h intervals postinfection
(1, 2, and 3 dpi) by focus-forming assay. Infectious virus was de-
tectable in the supernatant by 1 dpi for both viruses and increased
progressively until 3 dpi. Notably, FMLV-IL-1� replicated with
kinetics indistinguishable from wild-type FMLV (Fig. 1B), indi-
cating that P2A peptide sequences or heterologous inserts in this
location do not dramatically affect FMLV replication. To confirm
the ability of this virus to express IL-1�, I measured IL-1� in the
supernatant of infected cells at 3 dpi by enzyme-linked immu-
nosorbent assay (ELISA). As expected, abundant IL-1� was de-
tectable in the supernatant of FMLV-IL-1�-infected cells but not
in that of cells infected with wild-type FMLV (Fig. 1C). To inves-
tigate whether modification of FMLV altered expression of viral
gene products, I infected Mus dunni cells with FMLV or FMLV-
IL-1� at a low MOI (0.001) and then, at 3 dpi, stained these cells
with monoclonal antibodies specific for glycosylated Gag (MAb
34) or envelope (MAb 720). The expression level of these proteins
was then quantified by staining with a fluorescently labeled sec-
ondary antibody and flow cytometry to determine the mean flu-
orescence intensity (MFI) of infected cells. Notably, FMLV-in-
fected cells and FMLV-IL-1�-infected cells expressed glycosylated
Gag and envelope at similar levels (Fig. 1D). These results verify
that FMLV-IL-1� replicates normally in tissue culture and pro-
motes secretion of IL-1� from infected cells.

FMLV-IL-1� exhibits enhanced replication in vivo. To ex-
amine the effect of virus-induced IL-1� secretion on retroviral
replication in vivo, I infected C57BL/6 (B6) mice with FMLV or
FMLV-IL-1� and examined the level of infected cells in the spleen
at 7 dpi by focus-forming assay. Adult B6 mice are relatively resis-
tant to FMLV infection, and as expected, by 7 dpi, the spleens of
mice infected with FMLV exhibited only limited numbers of in-
fected cells (Fig. 2A). In contrast, FMLV-IL-1� infection resulted
in a dramatically higher number of infected cells, approximately
300-fold higher than for FMLV. Also, FMLV-IL-1�-infected mice
displayed significant splenomegaly, with an average 3-fold in-
crease in spleen size (Fig. 2B).

To rule out the possibility that the FMLV-IL� virus had ac-
quired an additional mutation that enhanced its ability to repli-
cate in vivo or had become contaminated with another more ag-
gressive MLV strain, I examined whether FMLV-IL-1� viral loads
or splenomegaly was altered in IL-1 receptor 1 (IL-1R1)-deficient
mice. Consistent with the hypothesis that the enhanced replica-
tion of FMLV-IL-1� in vivo is due to virus-driven IL-1� expres-
sion, IL-1R1 knockout mice had much lower viral loads and
spleen sizes, similar to those observed for mice infected with wild-
type virus (Fig. 1C). These data thus demonstrate that IL-1�-de-
pendent signaling is a potent positive regulator of retroviral infec-
tion in vivo and that coupling retrovirus infection with secretion
of IL-1� results in a significantly more aggressive acute infection.

FMLV-IL-1� infection causes an expansion of CD11b�

Gr-1� myeloid-derived suppressor cells. To understand the cel-
lular basis of the splenomegaly observed during FMLV-IL-1� in-
fection, I compared the cellular composition of the spleens of
FMLV- and FMLV-IL-1�-infected mice at 7 dpi by flow cytom-
etry. Interestingly, forward-scatter (FSC) and side scatter (SSC)
plots showed that, compared to FMLV-infected spleens, FMLV-
IL-1�-infected spleens exhibited a significant increase in the pro-

portion of cells within the myeloid compartment, defined as cells
with a high degree of SSC (Fig. 3A). Specifically, the proportion of
myeloid cells increased from approximately 10% to almost 40%
(Fig. 3B). This suggests that IL-1� secretion by infected cells has
had a substantial effect on the cellular composition of the spleen
and promotes a dramatic expansion of high-SSC myeloid cells.

A more detailed analysis of individual lineages by flow cytom-
etry showed that all lymphocyte subsets (B cells, CD4 T cells, and
CD8 T cells) decreased as a proportion of the total splenocyte
suspension (Fig. 3B), but within the lymphocyte gate, the relative
proportions of these subsets did not change significantly. Signifi-

FIG 2 FMLV-IL-1� exhibits enhanced replication in vivo. (A) C57BL/6 (B6)
mice were infected with FMLV or FMLV-IL-1�. At 7 dpi, mice were dissected,
and the number of focus-forming units (FFU) per spleen was measured by
plating splenocyte dilutions on Mus dunni cells followed by a focus-forming
assay. The results of the focus-forming assay were used to calculate FFU/spleen
in each infected mouse. (B) The weights of spleens from FMLV- and FMLV-
IL-1�-infected mice were measured (right). Representative spleens are shown
on the left. (C) Wild-type B6 (WT) or congenic IL-1 receptor 1-deficient
(IL-1R1 KO) mice were infected with FMLV-IL-1�. At 7 dpi, FFU per spleen
(left) and spleen weights (right) were measured by plating splenocyte dilutions
on Mus dunni cells followed by a focus-forming assay. Each bar represents the
average for 5 mice. The asterisks indicate P values of �0.05 (t test or Mann-
Whitney test). Error bars indicate the standard deviations of the data set.
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cantly, FMLV-IL-1� infection had no effect on the proportion of
Ter119	 erythroblasts, in contrast with published reports for in-
fection with FV complex (27). Within the myeloid gate, however,
there was a large increase in the proportion of CD11b	 Gr-1	 cells
from roughly 10% to 30% (Fig. 3C and D). The CD11b	 Gr-1	

cell population has been characterized as myeloid-derived sup-
pressor cells (MDSCs) that can inhibit pathogen-specific and tu-
mor-specific immune responses. MDSCs have previously been

shown to be induced by IL-1� secretion (28), likely as part of a
negative feedback loop to limit immunopathogenesis. Notably,
MDSC levels have been recently shown to be elevated in HIV-1
patients and may contribute to the suppression of HIV-1-specific
immune responses (29, 30).

FMLV-IL-1�-infected mice exhibit elevated immune activa-
tion. Chronically elevated immune activation and inflammation
is a defining feature of HIV-1 infection, and immune activation is
a strong predictor of disease progression, but the mechanisms
behind this response are unclear (31). In addition to antigen-
driven activation of lymphocytes, many immune cells can also be
activated via pathogen-sensing pathways, such as Toll-like recep-
tors (TLRs), and also by cytokines. Since the IL-1� receptor (IL-
1R1) is broadly expressed on immune cells, I hypothesized that
FMLV-IL-1� would induce elevated immune activation in in-
fected mice. To measure the level of immune activation induced
by FMLV and FMLV-IL-1�, splenocytes from infected mice at 7
dpi were examined by flow cytometry for the expression of known
activation markers for each lineage. Strikingly, most immune lin-
eages exhibited significantly elevated levels of activation in FMLV-
IL-1�-infected mice (Fig. 4). CD4 T cells and CD8 T cells had
elevated expression of the memory marker CD44, indicating an-
tigen exposure, as well as the recent activation marker CD69, while
CD69 and the costimulatory molecule CD86 were upregulated on
B cells. CD86 was also upregulated on innate immune cell lineages
such as plasmacytoid dendritic cells (pDCs), conventional den-
dritic cells (cDCs), and macrophages. These results demonstrate
that increased expression of IL-1� in retrovirus-infected cells
leads to a significantly more potent activation of both lymphoid
and myeloid cell lineages during acute retroviral infection.

FMLV-IL� is controlled by B6 mice by 14 dpi. FMLV-IL-1� is
able to cause an elevated acute infection of B6 mice at 7 dpi, but the
long-term outcome of FMLV-IL-1� infection was unknown. The
inflammatory feedback loop induced by IL-1� could continue to
promote infection, but B6 mice mount a potent adaptive immune
response to gammaretroviral infection, with CD8 T cell responses
and high titers of virus-specific antibodies appearing between 8
and 12 days postinfection (32). To investigate how IL-1� secretion
affects retroviral replication in the context of a virus-specific adap-
tive immune response, I measured the level of infected cells in the
spleens of mice at 14 dpi with FMLV or FMLV-IL-1�. Notably, at
14 dpi, infected cells were undetectable for both FMLV and
FMLV-IL-1�, indicating that infected cells had been largely elim-
inated from the spleen by host immune responses, although sig-
nificant splenomegaly remained (Fig. 5A). To examine the virus-
specific adaptive immune responses, I measured FMLV-specific
antibodies in the plasma (Fig. 5B) and CD8 T cells specific for the
GagL peptide in the spleens (Fig. 5C) of infected mice at 14 dpi.
The assay for FMLV-specific antibodies measures the total serum
reactivity to FV surface antigens, which includes both the enve-
lope glycoprotein and glyco-Gag. Mice infected with FMLV or
FMLV-IL-1� both mounted a virus-specific antibody response,
and this response was not significantly different between these two
groups (P 
 0.681). Similarly, the CD8 T cell response, which
was assayed using the H2Db-GagL tetramer, was not signifi-
cantly different between mice infected with FMLV and those
infected with FMLV-IL-1� (P 
 0.811). Thus, although IL-1�
dramatically enhances retroviral infection in vivo, it does not
counteract the B6 adaptive immune responses that limit and
control infection by 14 dpi.

FIG 3 FMLV-IL-1� induces expansion of CD11b	 Gr-1	 myeloid tissue-
derived suppressor cells. Splenocytes from mice infected with FMLV or
FMLV-IL-1� at 7 dpi were stained with fluorescently labeled antibodies and
analyzed by flow cytometry to measure the relative abundance of different cell
lineages. (A) Data were first examined by forward scatter (FSC) and side scatter
(SSC) to distinguish lymphocytes (low SSC) from myeloid cells (high SSC).
(B) The proportion of splenocytes within specific immune lineages was mea-
sured; CD4 and CD8 T cells were identified by coexpression of TCR� and CD4
or CD8, respectively, while B cells were defined as B220	 CD11c� lympho-
cytes. Erythroblasts were defined as Ter119	 cells within the low-SSC gate. (C)
The myeloid gate was further subdivided by CD11b and Gr-1 expression, and
the percentage of CD11b/Gr-1 double positive cells within this gate was calcu-
lated (D). Each flow cytometry plot is representative of 5 mice, while bars
represent the averages for five mice. The asterisk indicates a P value of �0.05
(t test). Error bars indicate the standard deviations of the data set.
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FMLV-IL-1� enhances FV replication in B6 mice. Friend vi-
rus (FV), a complex of FMLV and spleen focus-forming virus
(SFFV), has been widely used as a model for retroviral infection
and pathogenesis (33). SFFV encodes a glycoprotein (gp55) that
activates the erythropoietin receptor (EpoR) and has a strong en-
hancing effect on replication of the complex (34). In B6 mice, FV
is limited by potent virus-specific adaptive immune responses but
is still able to establish a low-level persistent infection. B6 mice are
also protected from FV disease due their expression of a truncated
variant of the Stk kinase that mediates EpoR signaling (34). To
investigate whether FMLV-IL� could enhance FV replication, I
coinfected B6 mice with FV and either FMLV or FMLV-IL-1� and
assayed the number of infected cells in the spleen at 14 dpi. The
focus-forming assay detects both FMLV and FMLV-IL-1�, and
the viral load thus reflects the sum of these two viruses. Signifi-
cantly, coinfection with FMLV-IL-1� resulted in viral loads that
were approximately 100-fold elevated over those in mice coin-
fected with FMLV at 14 dpi (Fig. 5D). This demonstrates that
although FMLV-IL-1� alone is cleared from B6 mice by 14 dpi,
FMLV-IL-1� can still synergize with FV to result in much higher
viral loads in B6 mice at 14 dpi.

FMLV-IL-1� causes prolonged infection and immune acti-
vation in BALB/c mice. Although FMLV-IL-1� is cleared from B6
mice by 14 dpi, I hypothesized that in a different mouse strain with
a less potent FMLV-specific adaptive immune response, FMLV-
IL-1� may persist for longer periods of time. BALB/c mice mount
a suboptimal adaptive immune response to FMLV, since this
strain lacks the H-2Db major histocompatibility complex class I
(MHC-I) haplotype, which correlates with CD8 T cell-dependent
control of FV in B6 mice (33). BALB/c mice also encode a variant
of the retroviral restriction factor Apobec3 that fails to limit FV-
induced B cell dysfunction (35). BALB/c mice are highly sensitive
to FV complex, but FMLV alone replicates less well in this strain
unless inoculated into neonates or after dosing with pristane, pos-
sibly due to insufficient cellular inflammation and proliferation
(36–38).

To test this hypothesis, I infected BALB/c mice with FMLV or
FMLV-IL-1�. At 5 weeks postinfection, FMLV was undetectable
in the spleens of BALB/c mice, and splenic lymphocytes exhibited
only minor levels of activation. In contrast, FMLV-IL-1�-infected
mice exhibited large numbers of infected cells in their spleens at 5

FIG 4 FMLV-IL-1� infection causes elevated immune activation. Splenocytes
from mice infected with FMLV or FMLV-IL-1� at 7 dpi were stained for
markers of immune lineages such as B cells (B220	 CD11c�), CD4 and CD8 T
cells (TCR�	 and CD4	 or CD8	), cDCs (CD11c	 B220�), pDCs (B220	

CD11cint), and macrophages (CD11b	 Gr-1�) as well as known markers of
immune activation (CD69, CD86, and CD44), and analyzed by flow cytom-
etry. Each bar represents the average for five mice. Asterisks indicate P values
of �0.05 (t test). Error bars indicate the standard deviations of the data set.

FIG 5 FMLV-IL� is controlled by B6 mice by 14 dpi. (A) The weights of
spleens from mice infected with FMLV or FMLV-IL-1� at 14 dpi were mea-
sured. (B) Serum from mice infected with FMLV or FMLV-IL-1� at 14 dpi was
assayed for the presence of virus-specific antibodies via a flow-cytometry based
assay. MFI values are in arbitrary units. (C) Splenocytes from mice at 14 dpi
were assayed for virus-specific CD8 T cells by staining with an H2Db-GagL
tetramer, and the percentage of tetramer-positive CD8 T cells was calculated
(D). Error bars indicate standard errors. (E) Mice were coinfected with 30,000
FFU of FV (based on an assay for the infectivity of the FMLV component) and
30,000 FFU of FMLV or FMLV-IL-1�. At 14 dpi, the number of FFU per spleen
was assayed by plating splenocyte dilutions on Mus dunni cells followed by a
focus-forming assay. The focus-forming assay detects both FMLV and FMLV-
IL-1�. Each bar represents the average for 5 mice. The asterisk indicates a P
value of �0.05 (Mann-Whitney test). NS, not significant (P � 0.05). Error bars
indicate the standard deviations of the data set.
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weeks postinfection (Fig. 6A). Moreover, FMLV-IL-1�-infected
mice exhibited splenomegaly (Fig. 6B) and greatly elevated levels
of lymphocyte activation, as shown by expression of CD69, CD86,
or CD44 (Fig. 6C). Interestingly, both CD4 and CD8 T cells also
exhibited elevated expression of the exhaustion marker PD-1, a
known marker of T cell immune dysfunction during HIV-1 infec-
tion (39, 40). These results demonstrate that inclusion of IL-1� in
the viral genome is sufficient to induce an extended retroviral
infection in BALB/c mice for at least 5 weeks, along with a state of
chronically elevated immune activation.

DISCUSSION

Inflammatory cytokines have long been hypothesized to regulate
the course of retroviral infection and pathogenesis, but the roles of
most inflammatory pathways have not been tested. Validating the
inflammatory feedback model and determining which innate
sensing pathways and cytokines mediate it are critical for identi-
fying new therapeutic targets for clinically significant retroviruses.
These data identify IL-1� as a potent positive regulator of retro-
viral infection that promotes persistent infection and immune
activation in mice, and they represent the first direct evidence for
IL-1�s role in retroviral infection.

To demonstrate the role of IL-1� in retroviral infection, I con-
structed a novel IL-1�-expressing strain of FMLV (FMLV-IL-1�).
This strain thus represents a new retroviral infection/disease
model that may have relevance to human disease. Previous reports
using foreign genes inserted into replication competent MLV
strains have used internal ribosome entry site (IRES) sequences to
drive insert expression (41). However, the 2A peptide approach
offers an important advantage over IRESs due to its significantly
smaller size. As such, inserts are more likely to be well tolerated,
and larger inserts may be used. With respect to studying the role of

virus-induced cytokine response in retroviral immunity, insertion
of a cytokine-coding sequence into the viral genome offers advan-
tages over repeated dosing with recombinant cytokines in terms of
cost and in more physiological simulation of a localized innate
immune response at the site of infection. Natural examples of
virus-encoded cytokines have previously been described for
herpesviruses—Kaposi’s sarcoma-associated herpesvirus (KSHV)
encodes an IL-6 homologue (42), and human cytomegalovirus
(HCMV) expresses an IL-10 homologue (43).

Some previous work investigated IL-1� in the context of
mouse retrovirus models. Modestly elevated IL-1� was detected in
the plasma of mice acutely infected with Friend virus complex (8),
and IL-1� transcription is upregulated in LP-BM5-infected mice
(20). In these cases, the cellular source of the IL-1� was not iden-
tified, and it has not been demonstrated that the IL-1� response
influences the course of infection or pathogenesis.

The mechanism by which virus-encoded IL-1� promotes ret-
roviral replication in vivo will require further investigation. Signif-
icantly, elevated levels of immune cell activation were also ob-
served in FMLV-IL-1�-infected mice, and activation of immune
cells is known to increase permissiveness for retroviral infection
(44). IL-1� secretion by infected cells may induce activation
and/or proliferation of neighboring cells, thereby rendering them
more susceptible to infection. Enhanced availability of susceptible
cells will, in turn, amplify further rounds of infection and IL-1�
secretion, establishing an inflammatory feedback loop (Fig. 7).
Although it is also possible that IL-1� enhanced acute infection by
transiently suppressing immune responses in B6 mice, FMLV-IL�
was cleared from this strain by 14 dpi, and these mice mounted
apparently normal B and CD8 T cell responses. Alternatively,
IL-1� may enhance susceptibility of cells to infection indepen-
dently of activation. For example, exposure to a mixture of the

FIG 6 FMLV-IL-1� causes prolonged infection and immune activation in BALB/c mice. (A) BALB/c mice were infected with FMLV or FMLV-IL-1�. At 5 weeks
postinfection, spleens were dissected, and assayed for focus-forming units (FFU) by plating splenocytes on Mus dunni cells, followed by a focus-forming assay.
Assay results were used to calculate the FFU per spleen in each infected mouse. ND, not detected. (B) The weights of spleens from BALB/c mice at 5 weeks
postinfection were measured (right). Representative spleens are shown on the left. (C) Splenocytes were analyzed for immune cell expression of activation
markers by flow cytometry. Each bar represents the average for five mice. Asterisks indicate P values of �0.05 (t test). Error bars indicate the standard deviations
of the data set.
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cytokines IL-2, IL-4, IL-7, and IL-15 has been shown to be suffi-
cient to promote infection of resting human T cells with HIV-1 in
the absence of other stimuli (45).

IL-1� may also play other roles in positively regulating retro-
viral replication; IL-1� triggers activation of the NF-�B transcrip-
tion factor, which enhances HIV-1 transcription (46, 47). Secreted
IL-1� may thus upregulate viral transcription in infected cells in
an autocrine or paracrine fashion. IL-1� may also have a chemot-
actic role, enhancing virus dissemination by attracting susceptible
cells closer to sites of active infection. For example, macrophage
chemotaxis has been shown to be regulated by IL-1� (48). Also,
IL-1� is a positive regulator of monocyte chemoattractant protein
1 (MCP-1) expression in endothelial cells, and MCP-1 is known to
promote attraction of monocytes, T cells, and basophils (49).

The precise mechanisms behind elevated activation of lym-
phocytes and innate immune cells during FMLV-IL-1� infection
are also still unclear. This response could be, in part, driven by the
much higher loads of viral antigen and viral pathogen-associated
molecular patterns (PAMPS) present in FMLV-IL-1�-infected
mice, which will trigger pathogen-specific B cell/T cell receptors
and innate pattern recognition receptors (PRRs), respectively. Al-
ternatively, since the IL-1� receptor is widely expressed, the
heightened immune activation could be a direct response of these
cells to IL-1�-mediated signaling or due to IL-1� promoting the
expression of other cytokines that stimulate immune cell activa-
tion.

FMLV-IL-1� also induced the dramatic accumulation of
Gr-1	 CD11b	 MDSCs in infected mice. Interestingly, elevated
MSDC levels in HIV-1 infected patients were recently described
(29, 30). IL-1� has also previously been shown to promote MDSC

accumulation in mice in the context of IL-1� expressing tumors
(50). The origin of the IL-1�-induced MSDCs is unclear; IL-1�
may promote proliferation of this lineage in situ or enhance re-
cruitment from other sites. Alternatively, IL-1� may stimulate a
different spleen-resident lineage to develop into MDSCs. MDSCs
are characterized by their ability to inhibit pathogen-specific im-
mune responses (51). Nevertheless, the clearance of FMLV-IL-1�
from infected B6 mice as well as the apparently normal adaptive
immune response in FMLV-IL-1�-infected mice suggests that
these cells do not dramatically impact the course of infection.
MDSCs could, however, still impact viral loads or host immunity
in more subtle ways, such as modulating infection/immunity in
specific tissues or compartments.

Reverse-transcribed HIV-1 DNA generated during abortive
infection of resting CD4 T cells was recently shown to induce
IL-1� secretion by binding to interferon gamma-inducible pro-
tein 16 (IFI16), which, in turn, forms an active inflammasome
with apoptosis-associated speck-like protein containing a caspase
activation and recruitment domain (ASC) (14, 15). This response
is also associated with a highly inflammatory form of cell death
known as pyroptosis (15, 52). As such, it is possible that the ele-
vated viral loads and immune activation observed for FMLV-
IL-1� are relevant to HIV-1 infection. Although, in the case of
HIV-1, the IL-1� secretion occurs in cells that are not produc-
tively infected, this cytokine may still promote replication in
neighboring cells by creating a localized inflammatory environ-
ment. Importantly, genetic studies in humans have identified vari-
ants of IL-1� and inflammasome subunits that affect susceptibil-
ity to HIV-1 infection (53, 54), suggesting that IL-1� does indeed
play a functional role. Nevertheless, since many significant immu-

FIG 7 Possible roles for IL-1� in retroviral infection. IL-1� secreted by cells during, or in response to, retroviral infection engages IL-1R1 either on neighboring
cells or on the infected cells themselves. This interaction activates transcriptional pathways that can enhance viral gene expression, promote cellular proliferation,
and/or increase susceptibility to infection. The uninfected cells thus become infected more easily and express viral genes to a higher level. This then initiates
further rounds of IL-1� secretion, resulting in an inflammatory positive feedback loop. IL-1� also promotes increased abundance of myeloid-derived suppressor
cells (MDSCs) that may negatively regulate immune responses.
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nological differences exist between mice and humans, it will be
important to test whether the findings with FMLV-IL-1� are di-
rectly relevant to HIV-1. Soluble recombinant IL-1R1 has previ-
ously been used in a phase I/II clinical trial and did not produce a
consistent response (55). However, the data from the present
study suggest that further investigation of the therapeutic poten-
tial of targeting of IL-1� in HIV-1 patients is warranted.
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