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ABSTRACT The innate immune system is normally programmed for immediate but
transient upregulation in response to invading pathogens, and interferon (IFN)-stimu-
lated gene (ISG) activation is a central feature. In contrast, chronic innate immune sys-
tem activation is typically associated with autoimmunity and a broad array of autoin-
flammatory diseases that include the interferonopathies. Here, we studied retroviral
susceptibility in a transgenic mouse model with lifelong innate immune system hyperac-
tivation. The mice transgenically express low levels of a picornaviral RNA-dependent
RNA polymerase (RdRP), which synthesizes double-stranded RNAs that are sensed by
melanoma differentiation-associated protein 5 (MDA5) to trigger constitutive upregula-
tion of many ISGs. However, in striking counterpoint to the paradigm established by nu-
merous human and murine examples of ISG hyperactivation, including constitutive
MDAS5 activation, they lack autoinflammatory sequelae. RdRP-transgenic mice (RARP
mice) resist infection and disease caused by several pathogenic RNA and DNA viruses.
However, retroviruses are sensed through other mechanisms, persist in the host, and
have distinctive replication and immunity-evading properties. We infected RdRP mice
and wild-type (WT) mice with various doses of a pathogenic retrovirus (Friend virus) and
assessed immune parameters and disease at 1, 4, and 8 weeks. Compared to WT mice,
RdRP mice had significantly reduced splenomegaly, viral loads, and infection of multiple
target cell types in the spleen and the bone marrow. During chronic infection, RdRP
mice had 2.35 * 0.66 log,, lower circulating viral RNA than WT. Protection required on-
going type | IFN signaling. The results show that the reconfigured RdRP mouse innate
immune system substantially reduced retroviral replication, set point, and pathogenesis.

IMPORTANCE Immune control of retroviruses is notoriously difficult, a fundamental
problem that has been most clinically consequential with the HIV-1 pandemic. As
humans expand further into previously uninhabited areas, the likelihood of new zoo-
notic retroviral exposures increases. The role of the innate immune system, including
ISGs, in controlling retroviral infections is currently an area of intensive study. This o ,
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cell or adjacent cells until adaptive antigen-specific immunity can generate antibodies
and T cell responses. These transient, rapidly acting and often cell-autonomous de-
fenses comprise a unique set of innate immune pathways driven by the detection of
certain conserved viral components, typically nucleic acids (3). Double-stranded RNAs
(dsRNAs) and single- and double-stranded DNAs that arrive in areas of the cell where
they are normally excluded (e.g., RNA in an endosome) are signals of early viral infection (3).
Mammalian cells have evolved sensors to detect these patterns early in order to trigger the
production of type | interferons (IFNs) (3). The latter will then signal, in both autocrine and
paracrine fashion, to upregulate hundreds of interferon-stimulated genes (ISGs), which act
via diverse mechanisms to inhibit viral replication (2).

While transient expression of ISGs is crucial for combatting infection, a sustained ISG
response can be damaging to the host (2). Chronic production of type I IFN and/or
upregulation of ISGs is associated with multiple autoimmune diseases that include
systemic lupus erythematosus (SLE), Aicardi-Goutiéres syndrome, Singleton-Merten
syndrome, and retinal vasculopathy with cerebral leukodystrophy (1). Strong evidence
links these diseases, which can be grouped broadly under the umbrella of “interfer-
onopathies,” to aberrant sensing of host nucleic acids as foreign (1, 4).

We previously described a unique murine model of chronic, systemic innate im-
mune activation with ISG upregulation, which surprisingly does not result in autoim-
mune or inflammatory disease (5). RdRP-transgenic mice (RARP mice) transgenically
express low levels of the picornaviral RARP from Theiler's murine encephalomyelitis
virus (TMEV) (RARP mRNA fragments per kilobase per million [FPKM] values are 1 to 2)
(data not shown), the expression of which is driven by the tissue-nonspecific human
ubiquitin C promoter (5-7). During the viral life cycle, the picornaviral RdRP is normally
sequestered within membrane-wrapped replication factories (8, 9). When expressed
unsequestered in the RARP mouse, the RARP templates on host cell RNAs to synthesize
dsRNA, which then triggers chronic activation of cytosolic RNA-sensing pathways via
melanoma differentiation-associated protein 5 (MDA5) and, downstream, mitochon-
drial antiviral-signaling protein (MAVS) (5). The exact RNAs synthesized are under
investigation, but dsRNAs are strongly implicated by the intrinsic properties of the
enzyme, our detection of elevated dsRNA levels in RARP mouse tissue, and our previous
genetic crosses with defined knockout strains that established the mechanism to be
strictly MDA5 and MAVS dependent. The outcome of this MDA5/MAVs-mediated
signaling pathway is lifelong, marked upregulation of dozens of antiviral ISGs, some by
more than 100-fold (5). The type | interferon receptor is also required, but the mice do
not have elevations in interferon mRNAs or proteins (5).

This stable ISG upregulation state is protective against the diseases caused by two
picornaviruses (TMEV itself as well as encephalomyocarditis virus), a negative-strand
RNA virus (vesicular stomatitis virus), and a herpesvirus (pseudorabies virus) (5-7).
Importantly, additional crosses showed the elevated ISG signature and viral disease
protection are adaptive immune system (RAG-1) independent, and also Toll-like recep-
tor 3 (TLR3) and IFN-y receptor independent (5).

Retroviruses have distinctive replication cycles and immune evasion properties
compared to RNA viruses and DNA viruses. During retroviral replication, two copies of
single-stranded (ssRNA) genome in the incoming particle are converted to dsDNA
during reverse transcription in the target cell. This DNA becomes integrated into the
host genome, resulting in permanent, lifelong infection (10). Innate sensing mecha-
nisms for both RNA (TLR3, TLR7) and DNA (cyclic GMP-AMP synthase [cGAS], interferon
gamma-inducible protein 16 [IFI16], and stimulator of interferon genes [STING]) have
been described for retroviruses (11-16), with the cellular level of the three-prime repair
exonuclease 1 (TREX1) being important for cGAS sensing (17). Retroviruses character-
istically have a complex relationship with the host immune system, since immune cells
themselves are frequently the targets of infection (18, 19). Accordingly, retroviral
infection can cause progressive immunodeficiency or leukemic-like expansion of host
immune cell subsets (18, 19). The most notable human retroviral pathogens are human
immunodeficiency virus type 1 (HIV-1) and human T cell lymphotropic virus 1 (HTLV-1).
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Both viruses are the cause of persistent human pandemics that have affected millions
worldwide. Practically applicable cures or vaccines remain elusive for both.

Mice are useful and accessible animals for studying immunity to viruses. However,
HIV-1 does not infect mice, and while HTLV-1 can infect rodents, viral pathology does
not occur without extensive manipulations of the host immune system, which con-
found studies of immune response/control (20). In contrast, mice are readily infected
with mouse-specific retroviruses such as murine leukemia viruses (MLVs). In particular,
infection studies of various strains of mice with Friend retrovirus (FV) have, since the
1950s, provided breakthrough understanding of mechanisms of host genetic control
(21). FV is a complex of two retroviruses: a replication-competent Friend MLV, which
acts as a helper virus with a functional envelope protein, and a replication-defective
spleen focus-forming virus (SFFV), which encodes a modified form of envelope, gp55P,
which can activate the erythropoietin receptor in conjunction with an Fv2-susceptible
allele (22). Infection of mice with an Fv2-susceptible allele results in severe splenomeg-
aly due to uncontrolled proliferation of erythroblast precursors. Subsequently, eryth-
roleukemia develops due to insertional mutagenesis. Critical genes that control FV
infection such as the postentry restriction factor Fv1, the major histocompatibility locus,
and the retroviral deaminase apolipoprotein B mRNA editing enzyme, catalytic
polypeptide-like (APOBEC)/Rfv3 were found to be highly relevant to HIV-1 infection; for
a review, see reference 23. Here, we used the FV model to determine the impact of
low-level transgenic RARP expression on retroviral pathogenesis in vivo. Our results
suggest that a broad ISG response that is constitutive but not autoinflammatory
disorder provoking may have potential for protection against pathogenic human
retrovirus infection.

RESULTS

RdRP protects against high-dose FV infection. RdRP-transgenic mice were cre-
ated in the FVB mouse strain, which harbors the Fv2-susceptibility allele (24). Thus, we
expected FVB mice to be highly prone to FV-induced splenomegaly. Given the strong
resistance of RARP mice to infection by several DNA and RNA viruses (5-7), we initially
used a high-dose inoculum (10,000 spleen focus-forming units [SFFU]) to test if RARP
mice completely resist FV infection. We used FV stocks lacking lactate dehydrogenase-
elevating virus (LDV), which triggers a strong type | IFN response (25, 26). To determine
the level of infection, spleen, serum, and bone marrow were harvested at 7 days postin-
fection (dpi). Circulating plasma viral loads were quantified using quantitative RNA PCR
(gPCR), and spleens were weighed to assess splenomegaly, which is consequent to the
erythroleukemia that FV causes and is a frequent proximate cause of mortality when splenic
rupture occurs.

We observed substantially lower spleen sizes and circulating plasma viral loads in
RARP mice than in wild-type (WT) mice at 7 dpi (Fig. 1A and B). Thus, RARP mice are not
entirely immune to high-dose FV infection, but they control the virus better than their
WT counterparts. We next examined the level of infection in immune cell subsets by
flow cytometry. In addition to erythroblasts, FV is able to infect B cells, T cells, and
dendritic cells (DCs) in both bone marrow and spleen (27, 28). The bone marrow is the
initial site of infection after FV inoculation and the site of leukemogenesis of erythro-
cyte precursor cells (27-29). We observed relatively small differences in the level of
infection of cellular subsets in the bone marrow (Fig. 1C). However, we did identify a
significant decrease in infection of T cells and B cells in RARP mice compared to WT
mice (Fig. 1C). The effects on splenic subsets were more significant. We observed
decreased infection of total splenocytes, erythroblasts, T cells, and B cells in RARP mice
compared to WT controls (Fig. 1D). Taken together, these results show that RARP mice
significantly controlled acute-phase FV infection compared to WT counterparts after a
high-dose challenge.

Canonical ISG and cytokine mRNA assessments in spleen and bone marrow.
Infection with LDV-free FV stimulates a very weak ISG response. Thus, RdRP expression
may have protected mice against high-dose FV infection by compensating for this low
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FIG 1 Differences in high-dose acute phase FV infection in WT and RdRP mice. Mixed-gender, 13- to 16-week-old mice were infected with
10,000 PFU B-tropic FV by retroorbital injection. (A) At 7 dpi, spleens were harvested for weight analysis to determine the level of
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ISG response. We began to investigate this question by performing gPCR for selected
canonical ISGs on splenic tissue from FV-infected and FV-uninfected WT and RdRP mice.
As shown in Fig. 2A, and congruent with the prior data (5), in uninfected RdRP mice,
there was elevated expression of the representative ISGs Ifit1 (interferon-induced
protein with tetratricopeptide repeats 1) and Oasl2 (2'-5'-oligoadenylate synthase-like
protein 2). These genes were chosen as representative of the generally upregulated ISG
response observed in RARP mice, since we have previously shown them to be highly
upregulated and easily measurable (5). After FV infection, Ifit1 and Oasl2 expression
remained significantly elevated in infected RARP mice relative to infected WT mice.
Interestingly, FV infection of RARP mice reduced Ifit1 and Oasl2 expression, suggesting
that FV infection is able to partially inhibit type | IFN responses, similar to immuno-
suppressive effects reported by others (30) (Fig. 2A). We also measured expression of
the RdRP transgene itself. Interestingly, FV infection reduced expression of the RdRP
mRNA in splenic tissue (Fig. 2B), which may explain the mild drop in ISG expression in
RARP mice after infection.

We also screened for proinflammatory cytokine changes during FV infection. We
reported previously that RARP expression does not result in a tissue inflammatory
response, both when expressed alone or in response to encephalomyocarditis virus
(EMCV) infection. Instead, the responses are confined to upregulation of ISGs (5). To test
whether FV infection combined with RdRP expression would differ in this regard, we
measured the relative expression of mRNAs for two classical proinflammatory cyto-
kines, tumor necrosis factor alpha (TNF-«) and interleukin 6 (IL-6). In both infected and
uninfected mice, we observed no RdRP genotype-specific differences in TNF-« and IL-6
transcripts. Both proinflammatory gene mRNAs were depressed in FV-infected mice
compared to uninfected mice (Fig. 2C). These results suggest that RARP mice do not
control infection through the induction of a proinflammatory response. In bone mar-
row, analogous investigations revealed a largely similar pattern, although in this tissue,
there was not a suppression of Ifit1, Oasl2, or Isg15 transcripts by FV like that observed
in splenic tissue, and proinflammatory transcripts were largely unchanged by either the
RdRP transgenic state or the virus (Fig. 2D and E).

RdRP expression is protective during chronic Friend virus infection. We then
turned to the issue of whether the RARP-mediated antiviral effects observed extend to
the chronic stage of FV infection. In view of the high levels of splenomegaly that
occurred at 7 dpi after high-dose (10,000 SFFU) FV infections, we reduced the inoculum
to 2,500 SFFU and evaluated infection sequelae at 28 dpi. Several mice (n = 4 out of 20)
had to be prematurely removed from the study due to morbidity or mortality (at 10 and
23 dpi for WT and 12 and 22 dpi for RdRP), indicating that this dose can still cause
severe disease. At 28 dpi, we harvested spleens for weight assessment and blood for
plasma viral load quantification. Among mice that survived, there was a significant
decrease in spleen size in RARP mice compared with WT mice (Fig. 3A and C). The
distribution of spleen sizes was bimodal, suggesting that some RdRP mice may be
recovering from infection (spleens under 1.0 g) and some may have progressed to
disseminated disease (spleens over 1.0 g), with the majority of mice falling into the less
ill group. When we measured circulating plasma viral load, we observed similar results;
RdARP mice had significantly decreased plasma viral loads (2.35 *+ 0.66 log,, lower) (Fig.
3B). Again, we noted a wide distribution in RARP mice, ranging from 10> to 10° (similar
to all WT mice measured), down to below the limit of detection (less than 100
copies/ul). When we plotted spleen weight against plasma viral load, we observed a

FIG 1 Legend (Continued)

splenomegaly. (B) Plasma was simultaneously obtained to determine plasma viral load via gPCR. (C) Bone marrow was harvested, and a
single-cell suspension was created to determine the overall amount of FV infection, as well as the level of FV infection in erythroblasts, B cells,
T cells, and DCs via flow cytometry. (D) As in panel C, single-cell solutions were prepared from spleen, and the overall infection level, as well
as infection of erythroblasts, B cells, T cells, and DCs, was determined using flow cytometry. For all experiments shown, n =6 for WT
uninfected and WT, n = 5 for RdRP uninfected, and n = 7 for RdRP. A one-way ANOVA with a Tukey test was used to analyze data in panel
A, and student’s t tests were used to analyze data in panels B through D. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Data in panel

B were log transformed prior to statistical analysis.
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FIG 2 Correlates of protection in RARP mice during acute-phase infection. Total RNA isolated from spleen (A, B, and C) and bone marrow (D, E) from infected and
uninfected mice described in Fig. 1 was used for reverse transcription-quantitative PCR (QRT-PCR) analysis of differences in mRNA expression. (A) ISGs Ifit1 and Oasl2
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FIG 3 RdRP mice show resistance and signs of recovery during low-dose chronic FV infection. Mixed-gender mice 16 to 17 weeks
of age were retro-orbitally injected with 2,500 PFU of B-tropic FV. At 4 weeks after infection, spleens were harvested to assess
splenomegaly by weight (A) and photography (C), and plasma was harvested to determine plasma viral load by gPCR (B). (D)
Correlation analysis of plasma viral load versus spleen weight. Plasma viral load was log transformed before analysis, and correlation
analysis was done to determine significance. For all experiments, n = 5 for uninfected, n = 9 for WT, and n = 7 for RdRP. For spleen
weights, data were analyzed using a one-way ANOVA followed by a Tukey test to determine significance. For plasma viral loads, data
were log transformed and then analyzed using a Student’s t test. For correlation analysis (D), plasma viral load was log transformed,
and correlation analysis and a Pearson’s test was run. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

strong correlation for all mice (Fig. 3D). RARP mice with spleen weights under 2.0 g had
low to undetectable circulating virus, while animals with spleen weights over 2.0 g had
high levels of circulating virus; all WT spleens weighed over 2.0 g (Fig. 3D). Together,
these data reveal that RdRP expression reduced splenomegaly and viremia at a chronic

infection time point after low-dose FV challenge.

FIG 2 Legend (Continued)

Journal of Virology

in spleen. We observed a similar baseline 5- to 10-fold upregulation of 1sg15 (interferon-stimulated gene 15) mRNA in uninfected RARP mice spleens (data not shown).
(B) RARP mRNA expression. (C) The proinflammatory cytokines TNF-a and IL-6 were similarly assessed. For experiments shown, n = 6 for WT uninfected and WT, n =5
for RARP uninfected, and n = 7 for RdRP. (D, E) Similar assays for ISG expression (D) or proinflammatory cytokine expression (E) were performed on bone marrow
infected with 1,000-PFU B-tropic FV, harvested on 7 dpi; n = 4 for uninfected WT, n = 5 for uninfected RdRP, and n = 7 for infected WT and RdRP. Data were analyzed

using a one-way ANOVA followed by a Tukey test for individual comparison (¥, P < 0.05; **, P<0.01; ***, P < 0.001; ****, P < 0.0001).
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Increased ISG levels in the spleens of infected RARP mice are associated with
retroviral control. As previously shown in Fig. 2, in both spleen and bone marrow,
RdRP expression results in drastically upregulated ISG expression without induction of
proinflammatory cytokines prior to infection. We wanted to investigate whether there
were other immunological differences in RARP mice prior to infection, specifically in the
various cellular subsets targeted by FV, which may be contributing to protection. FVB
mice express the attenuated form of the APOBEC protein that is known to be a major
determinant of FV susceptibility (31-33). The ISG tetherin/BST-2 also limits FV infection
and has well-described antiviral roles in HIV pathogenesis (34-37). We measured cell
surface BST-2 expression in various cellular subsets in the spleens of WT and RdRP mice
as well as the overall percentages of different cellular subsets (Fig. 4A to C). When we
examined baseline differences in cellular subsets, we observed minor changes in the
quantities of B cells and T cells in RARP mice compared to WT, with a decrease in the
number of T cells and an increase in the number of B cells (Fig. 4A). We also observed
increased expression of BST-2 in all cellular subsets examined (Fig. 4B and C), suggest-
ing that all cells are responding to RdRP-mediated ISG upregulation. RARP-mediated
upregulation of BST-2 might be contributing to resistance to FV infection.

Finally, since we observed that during acute infection, DC subsets consistently
showed no differences in infection in both the spleen and bone marrow (Fig. 1C and
D), we wished to determine if there was an intrinsic difference in DC functionality in
RdRP mice that might be causing this lack of DC resistance. Because we observed no
differences in the overall quantities of DCs in RdRP mice (Fig. 4A), we quantified
different subtypes of DCs. We observed a slight decrease in conventional DC1s (cDCQ),
cDC2s, and plasmacytoid DCs (pDCs), and a trend toward an increase in monocytes (Fig.
4D). We also examined activation statuses of the DC subsets via CD80/CD86 staining.
Only monocytes showed a significant difference in the amount of CD80/CD86 staining,
with decreased expression on cells from RdRP mice at baseline (Fig. 4E). Monocytes are
functionally less mature than DCs of various subsets, and they tend to act in a more
inflammatory manner as a secondary response to infection or trauma (38, 39). A
decrease in monocyte activation might be indicative of a lack of ability of the cells
to differentiate into predecessor cells that include monocyte-derived DCs (moDCs)
and macrophages (note moDCs were measured in Fig. 4F, and no significant change
was observed, although data trended toward a decrease in RARP mice; P = 0.127)
and respond to stimuli, indicating infection or inflammation (39). Together, these
data suggest a lack of functionality that might impact the ability of DCs to control
FV infection.

Matched acute and chronic disease assessments to determine if RARP mice
recover from FV infection. The results described above support an inference that
RdARP expression drives aspects of recovery from FV infection. To test this hypothesis,
we designed an infection protocol that would allow evaluation of disease signs at both
acute and chronic time points (Fig. 5A). Mice were inoculated with a lower dose of virus
(1,000 SFFU), and a subset was euthanized at 7 dpi to determine acute disease
sequelae. In these mice, we again observed a significant decrease in spleen size in RARP
mice compared to WT (Fig. 5B), similar to the previous high-dose acute infection
experiments. Decreased splenomegaly corresponded with decreased infection overall
in splenocytes (Fig. 5C). Interestingly, at this lower dose, we also observed a significant
decrease in overall infection in the bone marrow (Fig. 5D), which is distinct from what
we observed in the bone marrow after infection with high-dose (10,000 SFFU) FV
challenge (Fig. 1). These results suggest that the protective effects against infection of
this compartment mediated by the RJRP may be saturable at the high FV dose.
Examining infection in different immune subsets in the spleen and bone marrow, we
found that infection was reduced specifically in erythroblasts and T cells in the spleen
(Fig. 5E). In the bone marrow, there was decreased FV infection of all subsets of cells
examined in RARP mice compared to WT (Fig. 5F), again in contrast to what we
observed after high-dose infection (Fig. 1). These results indicate that, in addition to the
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FIG 4 Correlates of protection in RARP mice. (A) Total splenocytes from uninfected WT and RdRP mice stained for markers to identify T cells,
B cells, DCs, natural killer (NK) cells, or erythroblasts. (B, C) MFI of BST-2 expression on total splenocytes (B) or on cellular subsets (C), stained
as described in panel A. For WT, n =10, and RdRP, n = 11. (D, E) RBC-lysed splenocytes were stained for DC subsets (D) and CD80/CD86
expression (E) to determine cellular activation status. In panels D and E, n = 5 for WT and 5 for RdRP. Data for all experiments were analyzed
using an unpaired Student’s t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

spleen, the RARP mouse bone marrow is also relatively protected at a nonsaturating
inoculum dose.

Matched chronic disease assessment reveals that RdRP drives recovery from
viremia but not splenomegaly. We next determined disease outcomes in the remain-
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ing mice at 56 dpi (i.e., at the final endpoint illustrated in Fig. 5A). As in the previous
chronic disease experiment (Fig. 3), several mice had to be removed from the study due
to morbidity or mortality (Fig. 6A). When we measured survival over the course of the
8 weeks, we did not find a significant difference in overall survival between WT and

FIG 5 Legend (Continued)

weeks after infection to assess matched acute and chronic disease. (B) Spleen weight harvested at 1 week postinfection. (C, E) Single-cell suspensions
of splenocytes stained for overall FV infection level (C) and specific infection levels in erythroblasts, B cells, T cells, and DCs, determined by flow
cytometry (E). (D, F) Single-cell suspensions of bone marrow cells were stained for overall infection (D) and specific infection in erythroblasts, B cells,
T cells, and DCs (F), and analyzed by flow cytometry as in panels C and E. In all experiments, n = 4 for uninfected WT, n = 5 for uninfected RdRP, and
n =7 for both WT and RdRP. A one-way ANOVA followed by a Tukey test to determine significance was used to analyze spleen weight in panel B,
and for all other analyses, a Student's t test was used to determine significance. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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RdRP mice (Fig. 6A). However, we observed a significant decrease in spleen weight and
visually assessed splenomegaly in RARP mice compared to WT (Fig. 6B and C). Average
spleen weight was reduced by more than half (Fig. 6B). Despite the significant reduc-
tions in spleen size at 8 weeks, all infected mice exhibited marked splenomegaly and
signs of disseminated erythroblastoma, suggesting that RdRP status alone does not
permit full recovery from splenomegaly (Fig. 6).

To assess another recovery metric, we measured plasma viral loads at days 7 and 56
postinfection. This measurement has a correlate in HIV-1 viral load, which strongly
determines HIV disease progression (40). The purpose was to determine if there were
differences in viral load between WT and RdRP mice, not only within a harvest point but
also over time. A decrease in plasma viral load from day 7 to day 56 within an infection
group would suggest that those mice were beginning to recover from viremia, which
can occur independently of control of erythroblastoma and recovery from splenomeg-
aly. At each harvest point, we observed a significant decrease in circulating plasma viral
load in RARP compared to WT (Fig. 6D). Interestingly, we also observed a significant
decrease in viral load in RARP mice at day 56 compared to day 7 (Fig. 6D), which
amounted to a mean 1.36-10g,, drop in circulating virus by day 56, signifying that
RARP mice are recovering from viremia. In contrast, in WT mice, significant decreases in
circulating virus were not observed between harvest time points (Fig. 6D), indicating
that this recovery is unique to RdRP mice. Additionally, when spleen weight was
compared to plasma viral load at 56 dpi, we observed a significant correlation between
weight and circulating virus (Fig. 6E), again confirming, as in Fig. 3D, that RARP mice are
better able to control FV infection at chronic disease time points. These results indicate
that RARP expression is able to reduce disease sequelae throughout the course of FV
infection and drive recovery from viremia.

Neutralizing type I IFN signaling blocks RdARP-mediated resistance to FV infec-
tion. Lastly, we wanted to determine whether ongoing type | IFN signaling contributes
to protection against FV. Previous studies have shown that knockout of the type I IFN
receptor (IFNAR), which mediates all type | IFN signaling in mice (41), results in
increased susceptibility to FV infection (25). In the RARP mouse model, our previous
crosses with similar IFNAR1~/~ mice showed that type | IFN signaling is necessary for
development of the augmented ISG expression profile of the RARP mouse and for
protection against EMCV (5). This is the case even though type | IFN mRNA and protein
levels are not elevated in these mice (5). Here, the postdevelopmental situation was
assessed by treating adult mice, prior to and during FV infection, with MAR1-5A, an
anti-IFNAR1 monoclonal antibody that blocks receptor signaling (42), or an IgG control
antibody (Fig. 7A). Such treatment reverses the broad ISG elevations of adult RARP mice
(data not shown). Mice were given an initial high dose (2.5mg) of antibody via
intraperitoneal injection in order to saturate whole-body expression of IFNAR and two
follow-up doses to maintain ablation (Fig. 7A). This inhibited expression in both groups
of a canonical ISG, Oasl2 (Fig. 7B).

After the antibody treatments, the mice were infected with 100 PFU of FV. This very
low dose was chosen because of the likelihood of increased morbidity/mortality in the
absence of functional type | IFN signaling (25). The mice were then euthanized at 7 dpi
for disease evaluation. In MAR1-5A-treated mice, we observe increased spleen sizes and
circulating plasma viral loads in RARP mice compared to RARP mice treated with control
antibody (Fig. 7C and D). Note that the IFNAR1 blockade-caused increase in circulating
viral load was an approximately 1.5-log,, difference in RARP mice versus an approxi-
mately 0.5-log,, difference in WT mice, and the level was equivalent to that in the WT
group, suggesting full reversal of the protective state (Fig. 7D). Total infection in both
the spleen and bone marrow was increased in both WT and RdRP mice treated with
MAR1-5A compared to RARP mice treated with the control antibody (Fig. 7E and F).
Individual cellular infection of T cell, DC, and erythroblast subsets in both the spleen
and bone marrow also increased in MART-5A-treated RdARP mice compared with
IgG-treated RARP mice (Fig. 7G and H). Together, these results indicate that ongoing
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(postdevelopment) type | IFN signaling is required to limit FV replication and patho-
genesis in RARP mice.

DISCUSSION

Retroviruses have a distinctive life cycle and immune system evasion features and
characteristically produce chronic infections that are abetted by the signature property
of permanent integration into the host cell genome. Immune control of these viruses
is notoriously difficult, a problem that has been most clinically consequential with the
HIV-1 pandemic. Therapeutically, neither vaccine nor immune system-mediated control
strategies have yet succeeded. The role of the innate immune system, including ISGs,
in controlling retroviral infections is currently an area of intensive study. In this work, we
demonstrate that low-level transgenic expression of a picornavirus RdRP, which results
in substantial elevation of a broad panel of antiviral ISGs (5), was protective against
acute and chronic retroviral infection in mice. This mouse synthesizes elevated levels of
cellular dsRNA, which triggers chronic MDA5-MAVs activation, lifelong ISG upregula-
tion, and consequent resistance to plus- and negative-strand RNA viruses and a DNA
virus (5, 7). These effects are mouse strain independent and, of great interest, result in
no discernible negative health effects or longevity costs (5). Normally, mice with
activating mutations in MDAS5 develop early, severe disease that is reflective of human
autoimmune interferonopathies (1, 43, 44).

To date, we have tested resistance to rapidly replicating RNA and DNA viruses that
cause transient infections and rapidly culminate in either virus clearance/latency or
mouse death (5, 7). The RARP mice very effectively control (and are fully resistant to the
diseases caused by) the picornaviruses EMCV and TMEV (plus-strand RNA), the rhab-
dovirus vesicular stomatitis virus (VSV) (negative-strand RNA), and the swine alpha-
herpesvirus pseudorabies virus (PRV) (a DNA virus) (5, 7), but they have yet to be
challenged with a retrovirus or any other virus that establishes prolonged, chronic
replication in normal mice. Here, mice were infected with various doses of a highly
pathogenic retrovirus (FV) and disease variables were assessed at both acute (1 week)
and chronic (4 and 8 weeks) stages of infection. At all of the time points, we observed
reduced circulating free virus in plasma and reduced splenomegaly resulting from
disseminated erythroblastoma. Notably, at the FV doses we used, FV was not com-
pletely blocked, which is unique among the viruses tested in RARP mice to date (5, 7).
We did observe consistently lower circulating virus and disease signs over the course
of infection, indicating that the RdRP reduces disease progression during chronic FV
infection, contributing to lower morbidity and mortality. For example, at the 8-week
time point, we found that the RARP genotype was associated with significant recovery
from FV viremia (Fig. 6D). Splenomegaly progressed in infected RARP mice (compare
weight values in Fig. 6B with values in Fig. 5B) but was still lower than in WT mice (Fig.
6B and Q). The two processes are not necessarily linked during pathogenesis. Recovery
from viremia but progression of splenomegaly indicates that RARP mice dampen viral
replication but do not block progression of the erythroblastoma once established.
Overall, our findings extend the resistance spectrum of RdRP mice to retroviruses,
utilizing FV infection as a model to investigate immune control of persistent viral
infections.

The RdRP transgene protected mice from FV infection during the acute stages. We

FIG 7 Legend (Continued)

pre- and postinfection. Mice were sacrificed at 7 dpi for evaluation of FV infection. For all experiments shown, n = 4 for mock (uninfected
WT mice, included to show baseline spleen size), n = 8 for WT with MAR1-5A or IgG, and n = 7 for RdRP with MAR1-5A or IgG. (B) gRT-PCR
from liver sections for the mRNA of the representative ISG Oasl2. (C) Spleen weights of mice described in panel A. (D) Plasma viral load of
mice described in panel A. Data were log,, transformed prior to analysis. (E, G) Spleen cell analyses. Shown are total FV-positive (FV*)
splenocytes (E) and FV* T cells, B cells, DCs, and erythroblasts (G) in the spleens of infected mice as determined by flow cytometry. (F, H)
Bone marrow cell analyses. Shown are percent FV-positive total cells (F) and percent FV-positive T cells, B cells, DCs, and erythroblasts (H)
in the bone marrows of infected mice as determined by flow cytometry. A one-way ANOVA followed by a Tukey’s test to determine
significance was used to analyze spleen weight and Oasl2 expression. All other data were analyzed using a two-way ANOVA followed by

a Tukey’s test to determine significance. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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further observed that lowering the FV inoculum dose revealed an antiviral effect of the
RdRP in the bone marrow (Fig. 5D and F), suggesting that RdRP likely inhibited early FV
infection through yet-to-be-identified saturable factors. Studies using IFNAR knockout
(KO) mice demonstrate that type | IFN signaling is critical for inhibiting FV infection in
vivo (25). IFNAR signaling triggers many antiviral genes. Using the anti-IFNAR antibody
MAR1-5A, we demonstrate that neutralizing the ISG signature in RdRP mice blocks
protection from FV infection and simultaneously downregulates Oasl2 expression as
well (Fig. 7). These data indicate that ongoing type | IFN signaling is required to
maintain ISG augmentation and FV protection. Previous studies in RARP mice have
shown that hundreds of ISGs in multiple antiviral pathways are elevated in these mice
(5). It is likely that many ISGs act at a number of different stages of the FV life cycle to
limit viral infection and spread.

The most well-characterized and understood host protein that affects FV infection is
murine apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like (APOBEC) 3
(mA3) (31, 32). Compared to WT mice, mA3 KO mice exhibited higher FV infection levels
(31,45, 46). Moreover, the antiretroviral effects of exogenously administered IFN-« were
abrogated in mA3 KO mice (47). Interestingly, it was also shown that mA3 inhibited FV
infection independent of IFNAR (48). The mA3 gene in FVB mice is the full-length,
biologically attenuated form compared to that found in C57BL strains of mice. This
raised the question of what other restriction factors, such as Tetherin/BST-2, may be
involved in inhibiting FV infection in RARP mice. In Fig. 2 and 4, we showed that, in fact,
a number of ISGs are elevated in both the spleen and bone marrow, including BST-2.
This again confirms that a broad range of I1SGs upregulated in different tissues of RARP
mice are mediating protection from FV infection. Studies into less well-described genes
upregulated in RARP mice would be of interest in the future for identifying novel
antiviral factors.

We also observed a protective effect of the RdRP genotype during the chronic
stages of FV infection. In contrast to the acute stages, at later postinfection time points,
adaptive immune responses play important roles. It is interesting that our data suggest
that the presence of the RARP may act to reduce the FV set point during chronic
infection. Viral set point refers to the equilibrium between virus and host that is
established during chronic infection with viruses such as HIV-1 (40, 49, 50). The host
immune system is able to partially control, but not clear, the virus, maintaining
replication at a fairly constant level. The set point is highly clinically relevant for HIV-1
pathogenesis, as it strongly determines HIV disease progression (40). Current models
suggest that changes in this asymptomatic phase balance point between the human
host and HIV-1 are driven largely by the adaptive immune system (51-55). Major
histocompatibility complex (MHC) alleles that allow for better peptide presentation and
a strong cytotoxic T cell response are the main drivers of a lower viral set point and
delayed disease progression (51-55). Similarly, in Friend virus infection, protective MHC
alleles that confer resistance have been reported (21, 56, 57). Interestingly, in this RARP
mouse model, which is characterized by a predominantly innate as opposed to
adaptive immune system augmentation, we found that RdRP mice, but not their WT
counterparts, had some recovery from viremia during chronic infection (Fig. 6D). The
mechanism(s) remains unclear, and adaptive immune system variables may be opera-
tive too. One possibility is that RARP-induced antiviral ISGs act continuously to restrain
viral replication. They may also or alternatively inhibit acute FV infection, which then
reduces FV-induced immunosuppression (30), resulting in a more potent adaptive
immune response. It will be valuable to evaluate the induction of T cell and neutralizing
antibody responses in RARP mice infected with FV to evaluate the role of the adaptive
response in viral control.

As to the possibility that the sustained antiviral ISG expression in RARP mice may be
sufficient for inhibiting chronic infection, our results suggest that FV infection de-
creased ISG expression in RdRP mice, but even these relatively reduced levels of
antiviral ISG expression are likely to be protective. Our previous EMCV infections of
Rag1—/~ RdRP mice have shown that antiviral protection is independent of the
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adaptive immune system (5). Thus, it is possible that experiments in such mice would
show that RdARP mice can similarly control FV infection independently of adaptive
immunity.

This work indicates that chronic activation of innate immune genes acts early to
reduce viral burden and lessen disease symptoms, with lasting effects on chronic viral
infection time points. A number of human pathogens, including the retroviruses HIV-1
and HTLV-1, establish lifelong infection. If a therapeutic could be created to temporarily
boost the innate immune system in individuals at risk of contracting a retroviral
infection, similar to the RdRP mice, viral control or viral resistance could potentially be
established. Even if full immunity is not possible, predictive models indicate that a treat-
ment that reduces and delays disease symptoms during chronic viral infection, as observed
in RARP mice, would be clinically beneficial (58). Work to determine what the immunos-
timulatory pathogen-associated molecular patterns (PAMPs) synthesized by the RdRP are is
of interest for potential design of novel therapeutics. Development and use of new
immunostimulatory molecules could form the basis for efficacious alternatives to agents
such as polyinosinic-poly(C), which is presently being tested as a therapeutic for chronic
hepatitis C infection (59). Work is in progress to understand how the constitutive MDA5
response and resulting major ISG elevations generated by low-level expression of the RARP
confer resistance without producing autoinflammatory outcomes.

MATERIALS AND METHODS

Mice. FVB mice were purchased from Jackson Laboratory. RARP-FVB mice have been described
previously (5). Mice were maintained as homozygous knock-ins on an FVB genetic background. Mice
were handled in accordance with IACUC guidelines for the University of Colorado Denver, Anschutz
Medical Center.

Infections. Mice of mixed gender were used between 12 and 20 weeks for infection. Within infection
groups, as much as possible, mice were age matched and/or littermates. All infection groups used
mixed-gender mice. Mice were anesthetized and inoculated via retro-orbital puncture with B-tropic virus
(100 to 10,000 PFU) diluted in 300 wl Dulbecco modified Eagle medium (DMEM) media. Lactase
dehydrogenase-elevating virus-free stocks of FV were prepared in BALB/c mice and titers were deter-
mined as described previously (48).

Antibody treatment. Mice were administered purified, low-endotoxin functional-grade anti-IFNAR
antibody MAR1-5A or IgG control antibody (Leinco Technologies, Inc.) via intraperitoneal injection 6 days
prior to, 2 days prior to, and 5 days post-FV infection. Mice were sacrificed at 7 dpi for evaluation of FV
pathogenesis. An initial saturating dose of 2.5 mg/mouse antibody was administered with follow-up
doses of 0.5 mg/mouse administered as described. Determination of dosing was based on manufacturer
recommendations.

Flow cytometry. Analysis of infection and cellular populations in the spleen and bone marrow was
conducted using a BD LSRII collecting 500,000 to 1,000,000 events per sample as previously described
(35, 48). Briefly, samples were stained with mAB34 (monoclonal mouse anti-FV matrix from a hybridoma
cell line) proceeded by the following antibodies: fluorescein isothiocyanate (FITC) anti-mouse Ter119
(eBioscience; catalog no. 11-5921-85), PerCP Cy5.5 anti-mouse CD19 (BioLegend; catalog no. 115534),
Alexa Fluor700 anti-mouse CD3 (BD Bioscience; catalog no. 561388), PE-Cy7 anti-mouse CD11c (eBiosci-
ence; product no. 25-0114-82), and APC goat anti-mouse IgG2b (Columbia Bioscience; catalog no.
D3-112-2b). For analysis of uninfected splenocytes, the above flow panel was used with APC anti-mouse
NKp46 (BioLegend; catalog no. 137608) instead of FV-specific staining and Pacific Blue anti-mouse BST-2
(BioLegend; catalog no. 127108). For analysis of DC populations in uninfected mice, the following
antibody panel was used: FITC anti-mouse CD19 (BioLegend; catalog no. 152404), FITC anti-mouse CD3
(BioLegend; catalog no. 100204), FITC anti-mouse NKp46 (BioLegend; catalog no. 137606), FITC anti-
mouse Ly-6G (BioLegend; catalog no. 127606), Brilliant Violet 605 anti-mouse Ly-6C (BioLegend; catalog
no. 128035), Brilliant Violet 711 anti-mouse CD8« (BioLegend; catalog no. 100759), PE anti-mouse Siglec
H (BioLegend; catalog no. 129606), APC anti-mouse CD11c (BioLegend; catalog no. 117310), Brilliant
Violet 421 anti-mouse CD11b (BioLegend; catalog no. 101235), PerCP Cy5.5 anti-mouse CD80 (BioLegend;
catalog no. 104722), PerCP Cy5.5 anti-mouse CD86 (BioLegend; catalog no. 105028), and fixable viability
dye eFluor 780 (eBioscience; catalog no. 65-0865-14). Splenocytes were red blood cell depleted using red
blood cell (RBC) lysis buffer (eBioscience) according to the manufacturer’s instructions. Live/dead staining
was done before surface staining according to the manufacturer’s instructions (eFluor 780). Data were
analyzed using FlowJo software, and gates were set based on uninfected or isotype stained samples. For
DC/monocyte panel, gating was set based on fluorescence minus one controls. Cells were gated to
exclude doublets, dead cells, and exclude lineage-positive cells (CD19 positive [CD19+], CD3*, NKp46™,
and Ly-6G™). For individual cell populations, pDCs were gated as Siglec H* cells. Siglec H-negative (Siglec
H~) cells were gated for Ly-6C* (monocytes) or Ly-6C—. Ly-6C— cells were gated as CD8a*, CD11c*
(cDC1s) and CD8a—, CD11c*. CD8«a~ and CD11c* were gated as CD11ch, CD11b' (cDC2s), and CD11c'®
CD11b" (monocyte-derived DCs [moDCs)). For experiments where total cell count is shown, percentages
were normalized to spleen weight using the conversion of 100 mg spleen = 108 splenocytes (60).
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Plasma viral load. Plasma viral load (PVL) was determined as previously described (35, 48). Briefly,

RNA was isolated from 50 ul plasma using an RNeasy plus minikit (Qiagen) according to the kit protocol
and eluted in 50 ul RNase-free water. RNA was amplified and quantified using a Luna universal probe
1-step RT-qPCR kit (NEB) with the following 8-pmol primers: forward, 5'-GGACAGAAACTACCGCCCTG-3/,
and reverse, 5'-ACAACCTCAGACAACGAAGTAAGA-3’, and the 4-pmol probe 6-carboxyfluorescein (FAM)-
TCGCCACCCAGCAGTTTCAGCAGC-6-carboxytetramethylrhodamine (TAMRA). Copy number was deter-
mined compared to a plasmid standard. For all experiments, at least one uninfected control mouse
serum was tested in parallel, and all uninfected samples tested resulted in undetectable FV RNA, so the
data were excluded from comparisons.

qPCR measurements of mRNA levels. [fit1, Isg15, and Oasl2 mRNAs were chosen as representative

major mouse ISGs that have reliable primer sets for gPCR measurements, not because they are known
to be particularly contributory to the aggregate antiviral effect among the many ISGs (over 100) that are
constitutively elevated in the RARP mouse. RNA was isolated from spleen using Trizol (Ambion) by use
of the extraction method listed in the manufacturer’s instructions. For bone marrow RNA, extractions
were done using an RNeasy kit (Qiagen) according to the manufacturer’s instructions. cDNA was
synthesized using Maxima H Minus first strand cDNA synthesis kit (Thermo Scientific) according to the
kit instructions. qPCR to quantify cellular transcripts was done using 2X gqPCR master mix green (Apex)
and the primers 5’-CATGGCCTTCCGTGTTCCTA-3" and 5’-CTATGTTTCCCGCGGCACGTCAGATCCA-3' for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5'-TTTGTTGTTGTTGTTGTTCGTT-3" and 5'-GCAG
GAATCAGTTGTGATCT-3’ for Ifit1, 5'-TGGTACAGAACTGCAGCGAG-3’ and 5'-CAGCCAGAACTGGTCTTCG
T-3' for 1sg15, and 5'-CAAACAAACAAACAAACCCTCTC-3" and 5'-TCAAGGTGTCACTCTGCAT-3' for Oasl2.
For measurements of RARP transgene mRNA levels, the primers were 5'-AGTGCTGTCACGCTATGACC-3'
and 5'-GAAGGTCGGTTCGTCTAAGT-3'. For proinflammatory cytokines, primers were 5'-CCGGAGAGGAG
ACTTCACAG-3' and 5'-TCCACGATTTCCCAGAGAAC-3’ for IL-6 and 5'-ACGGCATGGATCTCAAAGAC-3" and
5'-GTGGGTGAGGAGCACGTAGT-3' for TNF-a. Relative amounts of transcripts were quantified using the
AAC; (threshold cycle) method with GAPDH as an internal control.

Statistical analysis. All statistical analyses were conducted using GraphPad Prism 8.2. As indicated,

data were analyzed using a two-tailed, unpaired Student’s t test (two-group comparisons), a one-way
analysis of variance (ANOVA) followed by a Tukey’s multiple-comparison test to determine adjusted P
values, or a two-way ANOVA followed by a Tukey's test for multiple comparisons to determine adjusted
P values. All plasma viral load data were log transformed prior to statistical analysis since standards for
comparison were made in 10-fold dilutions. Data were tested for normalcy using a Shapiro-Wilk normalcy
test, and data found to be non-Gaussian were analyzed with a Kruskal-Wallis test followed by Dunn'’s
multiple-comparison test to determine significance thresholds (multiple group comparisons). On occa-
sion, Grubb's test was used to detect and eliminate data outliers. For correlation analysis, all plasma viral
load data were log transformed, and correlation analysis and a Pearson'’s test were used to determine the
correlation between plasma viral load and spleen weight.
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