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Abstract

SAMHD1 is a potent HIV-1 restriction factor that blocks reverse transcription in monocytes,
dendritic cells and resting CD4+ T cells by decreasing intracellular dNTP pools. However,
SAMHD1 may diminish innate immune sensing and antigen presentation, resulting in a weaker
adaptive immune response. To date, the role of SAMHD1 on antiretroviral immunity remains
unclear, as mouse SAMHD1 had no impact on murine retrovirus replication in prior /n vivo
studies. Here, we show that SAMHDL1 significantly inhibits acute Friend retrovirus infection in
mice. Pre-treatment with lipopolysaccharide (LPS), a significant driver of inflammation during
HIV-1 infection, further unmasked a role for SAMHDL1 in influencing immune responses. LPS
treatment /n vivo doubled the intracellular ANTP levels in immune compartments of SAMHD1
KO, but not WT mice. SAMHD1 KO mice exhibited higher plasma infectious viremia and
proviral DNA loads than WT mice at 7 days post-infection (dpi), and proviral loads inversely
correlated with a stronger CD8+ T cell response. SAMHD1 deficiency was also associated

with weaker NK, CD4+ T and CD8+ T cell responses by 14 dpi and weaker neutralizing
antibody responses by 28 dpi. Intriguingly, SAMHD1 influenced these cell-mediated immune
(14 dpi) and neutralizing antibody (28 dpi) responses in male, but not female mice. Our findings
formally demonstrate SAMHDL1 as an antiretroviral factor /n vivo that could promote adaptive
immune responses in a sex-dependent manner. The requirement for LPS to unravel the SAMHD1
immunological phenotype suggests that co-morbidities associated with a ‘leaky’ gut barrier may
influence the antiviral function of SAMHDL1 /n vivo.
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Introduction

The existence of restriction factors and counterpart retroviral antagonists illustrate the long-
standing evolutionary relationship between retroviruses and mammalian hosts (1, 2). Many
simian immunodeficiency viruses (SIVs), including those in the HIV-2/SIVsm lineage,
encode the Vpx/Vpr proteins to counteract a restriction factor known as SAMHDL (3, 4).
However, Vpx has not evolved in the HIV-1/SIVcpz lineage, and the Vpr proteins in this
lineage do not antagonize SAMHDL (5). SAMHD1 inhibits HIV-1 reverse transcription in
monocytes, dendritic cells (DCs) and resting CD4 T cells by depleting the intracellular
deoxynucleotide (dNTP) pool through its dNTP triphosphohydrolase activity (6-10).
Under this scenario, SAMHD1 protects against HIV-1 infection by reducing overall virus
replication. However, a counter-theory posits that enhanced virus replication in SAMHD1-
deficient myeloid cells such as DCs may promote antigen presentation (11) and innate
sensing via the cGAS/STING pathway (12) to direct a stronger adaptive immune response.
Thus, a lack of ‘enforced viral replication’ in DCs with functional SAMHD1 may weaken
adaptive immune responses. Such a mechanism could contribute to weaker adaptive immune
responses in HIV-1 (where SAMHDL1 is functionally restrictive) compared to HIV-2
infection (where SAMHDL is antagonized by Vpx). In other words, SAMHD could

be protective or pathogenic during retrovirus infection, depending on how it influences
subsequent adaptive immune responses.

Investigating a potential role of SAMHDZ1 in shaping adaptive immunity would require a
suitable /n vivo model. Individuals with homozygous mutations in SAMHD1 were found in
the human population. These individuals are at high risk for an autoimmune encephalopathy
known as Aicardi-Goutierres Syndrome (AGS), which is associated with a persistent type

| interferon (IFN-1) response (13, 14). However, individuals with AGS due to SAMHD1
mutations are extremely rare and would be difficult to study with respect to HIV-1 infection.
Studies on rhesus macaques infected with SIV lacking Vpx may be a way to evaluate

the role of SAMHDL1 /in vivo, but Vpx may have additional activities such as degrading

the HUSH Complex that inhibits reverse transcription (15-18). Thus, to directly assess

the effects of SAMHDL1 /n vivo, efforts were made to develop mice lacking SAMHDL to
evaluate their susceptibility to murine retroviruses (19, 20).

Previously, knockouts (KO) of the murine orthologues of HIV-1 restriction factors
APOBEC3G and/or Tetherin/BST2 supported higher infection levels of Friend retrovirus
(FV) complex, Moloney murine leukemia virus (MLV), murine AIDS (LP-BM5) and/or
mouse mammary tumor virus (21-27). Studies on FV were particularly informative in
documenting how these restriction factors influence adaptive immune responses (28-32).
FV is a complex of a replication-competent helper virus, Friend MLV (F-MLV) and a
replication-defective spleen focus-forming virus (SFFV). SFFV encodes an altered envelope
protein (gp55R) that promotes the rapid proliferation of erythroblasts in mice with the Fv2-
susceptibility allele, leading to severe splenomegaly (33). Murine Apobec3 and Tetherin/
BST2 were shown to promote neutralizing antibody and cell-mediated immune responses
against FV, respectively, even in genetic backgrounds such as B6 that were Fr2-resistant
(22, 31). To date, the impact of SAMHD1 on adaptive immunity following infection with
replication-competent retroviruses remain unknown.
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C57BL/6 (B6) SAMHD1 KO mice showed elevated dNTP levels and modestly increased
expression of IFN-I-stimulated genes (ISGs) compared to B6 wild-type (WT) mice, but
Moloney MLV and FV infection were similar between WT and SAMHD1 KO mice (19,
20). By contrast, HIV-1 pseudotyped with the pan-tropic vesicular stomatitis virus G protein
showed higher infection levels in SAMHD1 KO mice (19, 20). One explanation was that
unlike lentiviruses that can replicate in nondividing cells that normally harbor low dNTP
levels, most murine oncoretroviruses require active cell division to propagate (34); dNTP
levels are relatively higher in actively dividing cells (35). While these results are interesting,
HIV-1 is not an endemic retrovirus in mice, as it encounters blocks at multiple stages in
murine cells both /n vitroand in vivo (36). By contrast, MLVs have co-evolved with mice
about 1 million years ago (37). Notably, murine SAMHD1 exhibited a modest inhibitory
effect against Moloney MLV in vitro (38). In fact, an MLV-GFP vector exhibited 10-fold
higher reverse transcription levels in bone marrow-derived DCs from SAMHD1 KO mice
versus WT mice (39). An earlier study demonstrated that VVpx could alleviate an intrinsic
restriction for MLV in nondividing cells (40), though there may be a further block in nuclear
import of viral cDNA (41). Interestingly, FV was reported to infect DCs both /n vitro

and /n vivo (42). These findings raised the possibility that murine SAMHD1 may restrict
replication-competent retroviruses /77 vivo under certain conditions.

We reported that SAMHDZ1 limits NFxB and IFN-I signaling in human macrophages
following treatment with the gram-negative bacterial cell wall component, LPS (43, 44).
Ex vivo, primary macrophages from SAMHD1 KO mice expressed higher levels of

the inflammatory cytokine TNFa than macrophages from SAMHD1 heterozygous mice
following treatment with monophosphoryl lipid A (MPL-A), a vaccine adjuvant derived
from LPS (43). Moreover, mouse SAMHD1 was reported to alter immunoglobulin somatic
hypermutation (SHM) (45) and class switch recombination (CSR) (46) following LPS
activation of B cells ex vivo. Notably, LPS is elevated in plasma from persons with chronic
HIV-1 infection (47). This was likely due to the loss of Th17 cells that protect the integrity
of the gut epithelial barrier, resulting in the translocation of microbes and/or microbial
products from the gut lumen to the systemic circulation (48, 49). Importantly, LPS levels
correlated with inflammation and immune activation during HIV-1 infection (50). Thus, a
‘leaky’ gut is a physiologically-relevant feature of chronic HIV-1 infection (51, 52). We
therefore tested if pre-treatment of mice with LPS could unravel a role for SAMHD1 during
FV infection.

Materials and Methods

Mice.

C57BL/6J (B6) and BALB/cJ mice were purchased from The Jackson Laboratory (Bar
Harbor, ME). B6 mice are susceptible to FV infection and succumb to acute viremia, but
recover from viremia by 14 dpi due multiple resistance alleles that govern erythroblast
proliferation (Fv27"), cell-mediated immunity (H-22%) and neutralizing antibody responses
(Rfv3"1 (33, 53). SAMHD1 KO mice were generated in the B6 background from
embryonic stem cells from the International Knockout Mouse Consortium as previously
described (19). It encodes a gene trap cassette in intron 1 of the SAMHDI, resulting in
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exon 2 deletion and subsequent frameshift and premature stops in the SAMHDZ gene. Upon
arrival at the University of Colorado, SAMHD1 KO mice were crossed to B6 mice and
heterozygous mice were mated to each other, and progeny mice were genotyped to generate
WT and SAMHD1 KO cohorts. This mating strategy was adopted to reduce potential
genetic variation between the mouse cohorts. The mice used in the study ranged from 11 to
25 weeks of age. This study was approved by the University of Colorado Institutional Care
and Use Committee Permit Number 00054.

Mice were infected intravenously with 10,000 spleen-focus forming units of FV complex,
which is composed of a replication-competent F-MLV and replication-defective spleen-
focus forming virus SFFV. The stock used in this study, a kind gift from Dr. Kim Hasenkrug
(Rocky Mountain Laboratories, Hamilton, MT, USA), lacked a contaminant in early studies,
lactate-dehydrogenase-elevating virus (54). Assays for virus replication described below
specifically focused on F-MLV, which is critical for FV replication. By contrast, the
inoculum used for /in vivo infections were based on spleen-focus forming counts that were
assayed after infection of BALB/c mice (55).

Measurement of intracellular dNTP levels.

Plasma viral

dNTP measurement was conducted as previously described (56). Briefly, intracellular
dNTPs were extracted by methanol-based extraction from frozen 2x108 cell pellets sent to
Emory University and applied to the RT-based dNTP assay. For quantification, the products
were run on a 14% urea-PAGE gel then analyzed using a PharosFX molecular imager and
ImageJ software. The dNTP amount (pmole) in each sample was normalized by 1x106 cells
for comparisons.

load.

Total RNA was extracted from 50 pl plasma using the EZNA Total RNA Kit |

(Omega Bio-Tek), eluting in 100 pl water. 10 pl of RNA was added into a 1x 1-step

TagMan Reverse Transcriptase PCR reaction mix (Applied Biosystems) that included 10
pmol of F-MLV-specific primers: F-MLV sense, 5’-GGACAGAAACTACCGCCCTG-3’; F-
MLV antisense, 5’-ACAA- CCTCAGACAACGAAGTAAGA-3’; and F-MLV probe, FAM-
TCGCCACCCAGCAGTTTCAGCAGC-TAMRA. Quantitative PCR (gPCR) conditions in a
Bio-Rad CFX96 cycler were as follows: 48°C for 15 min, 95°C for 10 min, 40 cycles of
95°C for 15 s, 60°C for 1 min. /n vitrotranscribed F-MLV-RNA of known copy number was
used as a standard.

Proviral load.

Spleen and BM DNA were extracted using the EZNA Tissue DNA Kit (Omega Bio-Tek).
100 ng of DNA was added into a gPCR reaction containing the primers noted above and
thermocycling conditions to measure F-MLV DNA copy numbers. Plasmid DNA containing
F-MLV target sequences were used as a standard.
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Infectious viremia.

Infectious viremia was measured as previously described (57). Briefly, plasma (5ul) was
added into Mus dunni cells in a 48-well plate (~4000-8000 cells/well) in the presence of
4 pg/ml polybrene. After 48 h, DNA was extracted from the cells using the EZNA Tissue
DNA Kit (Omega Bio-Tek), and proviral DNA copy numbers were measured by gPCR as
described above.

Quantification of IgM and 1gG subclasses in plasma.

Immulon-4 HBX plates (Thermo-Scientific) were coated with 200 ng/well with goat, anti-
mouse kappa light chain (Bethyl) and incubated overnight at 4°C. The following day, the
plates were blocked with Superblock (Pierce) for 2 h at room temperature, and serial
dilutions of IgM, IgG1, 1gG2b, 1gG2c and IgG3 standards (Bethyl) were added using PBS
as a diluent and incubated for 1.5 h. The plate was washed six times with PBS containing
0.25% Tween-20, then HRP-labeled conjugates were added and incubated for 1.5 h at

room temperature. The conjugate concentrations were: IgM, 1:2000 (Bethyl); 1gG1, 1:1000
(Bethyl); 1gG2b, 1:2000 (Bethyl), 1gG2c, 1:2000 (Southern Biotechnology); 1gG3, 1:10,000
(Bethyl). After incubating for 1.5 h at room temperature, the plates were washed six times
with PBS containing 0.25% Tween-20, and developed by adding TMB substrate (BioFX)
and stopped with 0.3M sulfuric acid. Plates were read at 450 nm using a Victor X5 plate
reader. Ig concentrations were interpolated from linear regression curves generated with the
standards using GraphPad Prism 8.0.

Virus-specific antibody titers.

F-MLV virions generated from Mus dunni cells (57) were coated into Immobilon-4 HBX
plates (Thermo-Scientific) at 200 ng/well. Plates were blocked with Superblock (Pierce)
for 2 h then serial 2 to 10-fold dilutions of plasma were incubated for 1 to 1.5 h at

room temperature. Plasma dilutions started at 1:100 for total IgG and IgG1 and 1:1000

for IgM, 1gG2b and IgG2c. After 4 to 6 washes with PBS with 0.25% Tween-20, goat
anti-mouse antibodies conjugated to HRP were added and incubate for 30 to 50 min at room
temperature. The conjugate concentrations were as follows: total 1gG, 1:4000 (Southern
Biotechnology); 1gM, 1:5000 (Bethyl); 1gG1, 1:1000 (Bethyl); 1gG2b 1:400 (Bethyl);
IgG2c 1:400 (Southern Biotechnology). After 6 washes with PBS-T, 1:4000 streptavidin-
conjugated HRP was added. The plates were developed by adding TMB substrate (BioFX)
and stopped with 0.3M sulfuric acid. Plates were read at 450 nm using a Victor X5 plate
reader. Binding curves were generated in Prism 8.0 using a one-site total equation and
reciprocal titers at an OD450n,m=0.25 or 0.5 were calculated.

Neutralizing antibody.

Neutralizing antibody titers were evaluated as previously described (31, 57). Briefly, 4-fold
dilutions of plasma were incubated with ~50 infectious foci of F-MLV for 1 h at 37°C. The
virus/plasma mixture was then added into Mus dunni cells in a 48-well plate. After 48 h, the
cells were fixed briefly with ethanol, then incubated overnight with Mab 720, a monoclonal
antibody that specifically binds to F-MLV envelope protein (58). The number of foci were
counted using ImageJ software, and the percentage of foci relative to mock or the highest
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plasma dilution (1:5120) was calculated. Inhibitory concentrations (80%) were calculated
using GraphPad Prism 8.0 using a one-site total equation.

Flow cytometry.

Spleen and bone marrow cells (4 x 10%) were disaggregated into single-cell suspensions,
treated with RBC lysis buffer (eBioscience) then stimulated with PMA (25 ng/ml) and
ionomycin (1 pg/ml) (Sigma). After stimulation, the cells were stained with NK-1.1-
allophycocyanin (PK136), CD3-AlexaFluor700 (17A2), CD8a-FITC (53-6.7) and CD4-PE-
CF594 (RM4-5) (all from BD Biosciences) for 30 min. The cells were permeabilized in
Perm/Fix buffer (BD Biosciences) then stained with IFN-y-PE (XMG1.2) (BD Biosciences).
All cells were fixed in 1% paraformaldehyde before analysis with an LSR-11 flow cytometer
(BD Biosciences). Up to 500,000 events per sample was captured for data analysis using the
FlowJo software (Treestar). Isotype controls (BD Biosciences) were used for gating.

Statistical analyses.

Results

Differences between WT and SAMHD1 cohorts were evaluated using GraphPad Prism

8.0. Datasets were first evaluated for skewness using the Kolmogorov-Smirnov test. If the
distribution of data values were not normal, a 2-tailed nonparametric Mann-Whitney U test
was used. If distribution was normal, a 2-tailed Student’s t-test was used. Comparisons with
p<0.05 were considered statistically significant, though comparisons with p-values between
0.05 and 0.10 were described as trending towards significance and noted in the graphs.

SAMHD1 restricts a replication-competent retrovirus in mice.

Previous studies have not shown a role for SAMHD1 in murine retrovirus replication

in vivo, as WT and SAMHD1 KO mice had similar levels of Friend retrovirus (FV)

(19) and Moloney MLYV replication (20). These data seemed inconsistent with in vitro
studies demonstrating mouse SAMHD antiviral activity against murine retroviruses (38—
40). However, the prior FV infection study (19) measured virus at 10 days post-infection
(dpi), which was past the initial peak of virus replication (7 dpi). We therefore evaluated if
SAMHD1 can inhibit FV infection at 7 dpi. WT and SAMHD1 KO mice were infected with
10 spleen-focus forming units (SFFU) of FV complex, and plasma and splenocytes were
harvested to measure FV infection levels. To quantify FV replication, assays based on the
helper virus (F-MLV) were used (57). Notably, SAMHD1 WT mice had significantly lower
splenic proviral loads compared to SAMHD1 KO mice (Fig. 1A), and this was observed for
both male and female mice (Fig. S1A). Plasma infectious titers, measured by quantifying
proviral DNA levels in Mus dunnitarget cells 48 h after incubation with plasma, were also
higher in SAMHD1 KO mice (Fig. 1B), although the difference did not reach statistical
significance (p=0.066).

The mechanism for SAMHDL1 restriction /n vivo could be due to lower intracellular dNTP
levels, as previously reported in WT versus SAMHD1 KO mice (19, 20). However, an
improved adaptive immune response may also contribute to the antiviral effect. Specifically,
cell-mediated immune responses could be readily detected in FV-infected B6 mice by 7
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dpi (21, 22, 59). We therefore evaluated cell-mediated immune responses in the spleen by
quantifying the percentage of natural killer (NK), CD4+ T and CD8+ T cells that express
IFNy by flow cytometry, using a similar gating strategy as we previously reported (22)

(Fig. 1C). NK cell, CD4+ T cell and CD8+ T cell responses were not significantly different
between WT and KO mice at 7 dpi (Fig. 1D). SAMHD1 also did not influence cell-mediated
immune responses at 14 dpi (Fig. S1B). Thus, SAMHDZ1 functions as a retrovirus restriction
factor in mice, but other factors may be required to unravel an effect of SAMHD1 on
cell-mediated immunity.

Pre-treatment with LPS doubled intracellular dNTP levels in SAMHD1 KO mice.

LPS induced higher levels of TNFa production in SAMHD1-deficient myeloid cells,
suggesting that SAMHD1 could inhibit inflammatory responses (43). We therefore
hypothesized that pre-treatment with LPS, a bacterial component present in the systemic
circulation of persons with HIV- 1 infection, may unveil a role for SAMHDZ in antiretroviral
immunity. As SAMHDL1 is a known dNTPase, we first tested how LPS exposure in vivo
would impact SAMHD1-dependent intracellular dNTP levels. WT and SAMHD1 KO mice
were treated intraperitoneally with 10 pg of LPS and splenocytes and bone marrow (BM)
cells were harvested after 24 h. BM and spleen were chosen as these are the primary

tissue compartments for FV replication (60). A 24 h timepoint was chosen, as inflammatory
cytokines TNFa and IL6 triggered by LPS treatment of B6 mice peak at 2 h, wane by 6 h
(61, 62), and normalize by 24 h (62).

As previously reported (19, 20), in the absence of LPS, SAMHD1 KO mice exhibited higher
dNTP levels in both spleen and the BM compared to WT mice (Fig. 2). These differences
were most pronounced for dATP, dGTP and dTTP. LPS treatment had no effect on dNTP
levels in WT mice (p>0.05 for all pairwise comparisons). By contrast, in the presence

of LPS, the fold-difference in dNTP levels between WT and SAMHD1 KO mice were
significantly higher. Specifically, /n vivo LPS treatment of BM and spleen cells doubled the
intracellular ANTP levels (mean=2.1x; range: 1.5x spleen dCTP to 3.0x spleen dTTP) in
both immune compartments of SAMHD1 KO mice (Fig. 2A-B). These findings reveal that
LPS pre-treatment augmented the impact of SAMHD deficiency on the intracellular ANTP
pool.

SAMHD1 inhibits proviral DNA loads and virion infectivity in LPS-treated mice.

Administration of LPS in SIV-infected monkeys resulted in higher viral loads (63, 64),
possibly due to heightened inflammation that increased the numbers of activated cellular
targets. We thus tested how LPS pre-treatment affects acute FV replication in mice with

or without SAMHD1. WT and SAMHD1 KO mice were infected with 10* SFFU of FV
complex as in Fig. 1, then immediately treated with 10 ug LPS intraperitoneally. At 7

dpi, plasma, splenocytes and BM cells were harvested to measure FV infection levels. As
expected, pre-treatment with LPS resulted in significantly higher splenic proviral DNA loads
and plasma infectious viremia in WT mice (Fig. S1C).

In the context of LPS exposure, splenic proviral DNA loads were significantly higher in
SAMHD1 KO mice (Fig. 3A); a similar pattern was observed in the BM (Fig. 3B). Plasma
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infectious viremia was significantly higher in SAMHD1 KO mice compared to WT mice
(Fig. 3C). However, plasma viral loads (F-MLV RNA copy numbers) were not significantly
different between WT and SAMHD1 KO mice at 7 dpi (Fig. 3D). This suggested that

the infectivity of virions, taken as the ratio of infectious titers over plasma viral RNA

copy numbers, were significantly lower in WT mice (Fig. 3E). Of note, splenic proviral
DNA loads were higher in both male and female SAMHD1 KO mice compared to WT
counterparts (Fig. 2F), similar to our findings in mice that were not pre-treated with LPS
(Fig. S1A). Interestingly, the effect of SAMHDZ1 on infectious viremia, virion infectivity
and BM proviral load were more pronounced in males (Fig. 2G-I). These findings confirm
that SAMHDL acts as a potent retrovirus restriction factor even in the setting of elevated
inflammation due to LPS exposure.

SAMHD1 promotes CD8+ T cell responses in LPS-treated mice at 7 dpi that inversely
correlated with proviral DNA loads.

We next evaluated if SAMHD1 could influence cell-mediated immune responses in the
context of LPS exposure. The percentage of natural killer (NK), CD4+ T and CD8+ T cells
that express IFNy were evaluated in splenocytes of WT and SAMHD1 KO mice by flow
cytometry at 7 dpi (Fig. 1C). We found no significant difference in NK cell responses (Fig.
4A) and a trend (p=0.09) for higher CD4+ T cell responses (Fig. 4B) between WT and
SAMHD1 KO mice at 7 dpi. Interestingly, SAMHD1 WT mice had significantly stronger
CD8+ T cell responses compared to KO mice (Fig. 4C), and this CD8+ T cell response
inversely correlated with proviral DNA loads from the same compartment and time point
(Fig. 4D). The differences in CD8+ T cell responses between WT and SAMHD1 KO mice,
and the inverse correlation with spleen proviral loads, were observed in both male and
female mice (Fig. S2). These data suggest that SAMHD1 can promote early antiretroviral
CD8+ T cell responses in the context of LPS exposure.

SAMHD1 promoted cell-mediated immune responses in a sex-dependent manner at 14 dpi.

We next evaluated if these cell-mediated immunity profiles were maintained at a later

time point. SAMHD1 WT and KO mice were treated with LPS, infected with 10* SFFU

of FV complex and spleens were harvested at 14 dpi. At 14 dpi, multiple resistance

genes in the B6 background (Fv27, H-29 and Rfv3™) result in significant recovery from
viremia (33, 53). The mean proviral DNA loads dropped 4.5-fold in WT and 6.4-fold

in SAMHD1 KO mice from 7 dpi (Fig. 3A) to 14 dpi (Fig. S3A). Although the mean
proviral DNA loads in SAMHD1 KO mice were higher than WT mice, these differences
were not significantly different, even if partitioned between males and females (Fig. S3B).
Nevertheless, differences in adaptive immune responses may still be observed at this later
time point as a consequence of SAMHDL1 effects during the acute stages (7 dpi). Flow
cytometry was performed as in the 7 dpi time point (Figs. 1C-D and 4) to determine the
percentage of IFN-y-expressing NK cell, CD4+ T cell and CD8+ T cells. SAMHD1 KO
mice exhibited significantly weaker NK cell, CD4+ T cell and CD8+ T cell responses (Figs.
5A-C, left panels). Interestingly, the difference between SAMHD1 WT and KO mice were
driven primary by male mice (Figs. 5A-C, middle panels) and not female mice (Figs. 5A-C,
right panels). As expected, CD4+ and CD8+ T cell responses did not inversely correlate with
proviral DNA loads (£>0.05 in both cases). Interestingly, we detected an inverse correlation
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between NK cell responses and proviral DNA loads at 14 dpi (Fig. S3C), and this was
reflected in males, though the correlation did not achieve statistical significance (p=0.06).
These data demonstrate a sex-dependent effect of SAMHDZ1 on cell-mediated immune
responses in the context of LPS exposure.

SAMHD1 promotes neutralizing antibody responses but not virus-specific IgG binding
titers by 28 dpi.

SAMHD1 was recently reported to influence Ig SHM in B cells pre-treated with LPS (45).
We thus tested if SAMHDL1 had an effect on the humoral immune response at 28 dpi in the
context of LPS pre-treatment. We first evaluated IgG binding titers against native F-MLV
virions in an ELISA (Fig. 6A). IgG binding titers were similar between WT and SAMHD1
KO mice (Fig. 6B), in both male and female mice (Fig. 6C). By contrast, neutralizing
antibody (NAb) responses were significantly weaker in SAMHD1 KO mice (Fig. 6E).
Interestingly, the SAMHD1-dependent NAD response was biased towards male and not
female mice (Fig. 6F). Thus, SAMHDL did not influence the development of 1gG antibodies
that bind to the virus, but the neutralization capacity of those antibodies was impaired in the
absence of SAMHD1 in male mice.

Since SAMHD1 was recently shown to influence Ig CSR (46), we next measured the
levels of IgM, 1gG1, IgG2b, IgG2c and 1gG3 in the 28 dpi plasma from LPS pre-treated
mice (Fig. 7TA-E, Fig. S4A-E). We observed lower levels of IgG1 (Fig. 7B) and 1gG2c
(Fig. 7D) in SAMHD1 KO mice, and these trends were reflected in both male and female
mice (Fig. S4B, S4D). As lower levels of 1gG1 and IgG2¢c may explain why SAMHD1

KO mice had weaker neutralizing antibodies, we next determined the titers of IgM and
IgG-subclass antibodies that reacted to FV virions in an ELISA (Fig. 7F-I and Fig. S4F-I).
FV-specific 1gG3 antibodies in most samples were near background levels, precluding robust
comparisons (not shown). We did not observe a significant decrease in virus-reactive IgM,
IgG1 and 1gG2b binding titers in SAMHD1 KO mice (Fig. 7F-H). There was a trend for
lower virus-reactive 1gG2c in SAMHD1 KO mice (Fig. 71), but these data were driven by
female mice (Fig. S41), where SAMHDL had no significant effect on NAb responses (Fig.
6F). Thus, the decrease in neutralizing antibody responses in SAMHD1 KO mice (Fig.
6D-E) did not correlate with the effects of SAMHD1 on Ig CSR.

Discussion

Restriction factors initially identified to potently restrict HIV-1 - APOBEC3G and
tetherin/BST2 — have orthologues in mice that could inhibit replication-competent murine
retroviruses /n vivo (21-27). However, to date, this did not appear to extend towards mouse
SAMHD1 (19, 20), despite emerging evidence that SAMHD1 could modulate both innate
and adaptive immune responses (65). Here, we demonstrate that murine SAMHD1 protects
against Friend retrovirus infection /n vivo. Proviral DNA loads at 7 dpi were significantly
higher in SAMHD1 KO versus WT mice, independent of LPS treatment. These findings
strengthen the case for SAMHD1 as a retrovirus restriction factor that is evolutionarily
conserved from mice to humans /n vivo. However, in the absence of LPS treatment, we

did not detect an effect of SAMHDL on cell-mediated immune responses. We showed in
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this report that LPS treatment doubled intracellular dNTP levels in SAMHD1 KO mice,
but not WT mice. Previously, we showed that human SAMHD1 inhibited LPS-mediated
NF«xB activation by directly interacting with NFxB1/2 and inhibiting 1xBa phosphorylation
(43, 44). Following MPL-A treatment, inflammatory cytokine production (TNFa) was also
augmented in murine SAMHD1 KO macrophages compared to heterozygous counterparts
(43). LPS treatment of murine B cells ex vivo also unraveled an effect on Ig CSR and
SHM (45, 46). Thus, LPS treatment may have activated additional pathways to potentiate
an effect of SAMHDL1 on antiretroviral immune responses (see next paragraph). Of note,
heightened levels of plasma LPS is a common feature of chronic HIV-1 infection as well
as in individuals with inflammatory bowel diseases, COVID-19 and cancer (52, 66, 67).

It would be of interest to determine how SAMHD1 affects virus infections in established
mouse models of mucosal barrier dysfunction.

The antiretroviral effect of SAMHDL1 /n vivoby 7 dpi could be due to its dNTPase

activity that would maintain lower intracellular ANTP concentrations in critical target cells.
However, in the context of LPS exposure, we also observed a negative correlation between
proviral loads and CD8+ T cell responses at this time point. CD8+ T cell responses were
stronger in WT compared to SAMHD1 KO mice at 7 dpi, and may have contributed

to the overall antiretroviral effect of SAMHD1 /n vivo. Based on studies on HIV-1 and
human monocyte-derived DCs (11) and nonreplicating HIV-1 encoding a SIINFEKL epitope
in SAMHD1 KO mice (12), we speculate that the effect of SAMHD1 on CD8+ T cell
responses /11 vivo maybe due to an effect on antigen-presenting cells (APCs) such as DCs.
FV infection was shown to inhibit DC maturation (42), although FV infection is usually
not cytopathic. Higher FV replication in APCs due to SAMHD deficiency may have
augmented the immunosuppressive effects of this virus, resulting in a weaker CD8+ T cell
response, as well as weaker NK cell and CD4+ T cell responses in SAMHD1 KO mice

at 14 dpi. A similar scenario may operate in HIV-1 infection. HIV-1 can suppress the
maturation of primary DCs /n vitro, and removal of SAMHD1 (through VpXx) increased
HIV-1 replication and further suppressed DC maturation (68). We note that at this time,

the specificity of the SAMHD1-dependent CD4+ and CD8+ T cell responses remains to be
determined. Additional T cell epitopes of FV have been identified (69), and responses to
individual epitopes could be altered by SAMHD1 deficiency if DCs are involved. Further
studies that probe the role of SAMHD1 in antigen presentation and virus-specific T cell
responses should provide more mechanistic insight. Importantly, the effects of SAMHD1
on cell-mediated immunity may also be NK- and T-cell intrinsic. Altered dNTP levels

due to SAMHD1 deficiency in these cells could affect cellular metabolism, activation and
proliferation. Overall, our work reinforces the model that SAMHDL could significantly
influence cell-mediated immunity during retrovirus infection in the context of LPS exposure.
Further studies on the underlying mechanism(s) should provide interesting immunological
insights on SAMHD1 biology /n vivo.

SAMHD1 was previously implicated as a potential modulator of humoral immunity (45, 46).
A study done using transgenic B cells specific to hen-egg lysozyme revealed that imbalances
in the NTP pool in SAMHD1-deficient B cells may affect transversion rates and reduce
immunoglobulin somatic hypermutation (Ig SHM). In that study, CRISPR-engineered B
cells were stimulated with LPS ex vivothen injected into congenic mice (45). SAMHD1
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is involved in DNA repair and in resolving entanglements in DNA replication forks (70,
71). Thus, SAMHD1 deficiency may perturb the resolution of double-stranded DNA breaks
induced by Activation Induced Cytidine Deaminase in B cells. In fact, a recent study
showed that SAMHD1 localized to the Ig switch region and SAMHDL deficiency resulted
in lower class-switching of IgM to IgA, 1gG1 and 1gG3 in LPS-activated B cells ex vivo
(46). To date, it remains unknown whether these effects of SAMHD1 on Ig SHM and

CSR would extend to virus infections. Here, we demonstrate that SAMHD1 promoted FV-
specific neutralizing antibody responses /n vivo. The levels of 1IgG1 and IgG2c antibodies
in SAMHD1 KO mice were decreased, consistent with the reported effect of SAMHD1 on
Ig CSR. These findings were intriguing, as 1gG2c antibodies primarily mediate antibody
neutralization against FV, and passive protection from 28 dpi FV antisera was diminished in
mice lacking FcyRIV (29, 72). However, FV-reactive 1IgG1 and 1gG2c were similar between
WT and SAMHD1 KO mice. Given that there was no impact on the titers of virus-reactive
binding 1gG antibodies, we speculate that the effects of SAMHD1 on neutralizing antibody
responses may be at the level of Ig SHM. Aside from potential effects of SAMHD1 on
dNTP levels and DNA repair, SAMHD1 also promoted the release of noninfectious virions
at 7 dpi. We reported a similar phenomenon with Apobec3/Rfv3, and proposed that the
release of Apobec3+ noninfectious virions during acute infection in mice may help prime

a stronger antibody response (57). Of note, SAMHDL could restrict HIV-1 not only at the
reverse transcription step, but also during endogenous reverse transcription in the virion.
HIV-1 virions with lower levels of endogenous reverse transcription due to SAMHD1
activity were found to be less infectious /n vitro (14, 73). Thus, multiple mechanisms

could explain how SAMHD1 influenced neutralizing antibody responses that could be tested
in subsequent work. Follow-up studies should also help confirm if LPS is required for
SAMHD1 to influence neutralizing antibody responses against retroviruses, as well as virus
families for which SAMHD1 had no /n vitrorestriction activity.

The current study unraveled a sex-dependent effect of SAMHD1 on humoral and cell-
mediated immune responses. In HIV-1 infection, sex-dependent differences in viral load
and innate immunity have been reported (74). In fact, macrophages derived from peripheral
blood of male donors were more susceptible to HIV-1 infection than macrophages from
female donors (75). SAMHDL restriction activity is inhibited by phosphorylation at T592
by cyclin-dependent kinases CDK1 and CDK2 (76-78). The authors reported that SAMHD1
in male macrophages expressed higher levels of CDK1 and were hyperphosphorylated

at position T592 compared to that of females (75). This would suggest that removal of
SAMHD1 in males should have no phenotypic effect on immune responses, as SAMHD1
was already inactivated due to hyperphosphorylation. However, we observed the opposite
effect in mice, as removal of SAMHD1 had a significant effect on adaptive immunity in
males, but not females. Mouse SAMHDL is phosphorylated at multiple sites, including

an analogous site (T634) to human SAMHD1 T592 (38, 39). It would be of interest

to document the phosphorylation status of murine SAMHD1 in APCs from male versus
female mice pre-treated with LPS, how it potentially affects antigen presentation during FV
infection in the context of LPS exposure, and subsequent cell-mediated and neutralizing
antibody responses. Of note, sexual dimorphism in viral infections and autoimmunity were
previously documented in mice, and have been linked to the IFN-I response (79, 80).
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SAMHD1 KO mice express modestly elevated levels of IFN-stimulated genes (19, 20).

One hypothesis to pursue in future work will be to test if X-linked immune genes such as
TLRY7, a critical innate sensor for murine retroviruses /in vivo (81, 82), could direct divergent
IFN-I responses in male versus female mice. In fact, TLR7 signaling has been linked to the
development of T-Bet+ B cells (83) that could also explain the sex-dependent difference in
neutralizing antibody responses that we observed.

To conclude, we provide evidence that SAMHD acts as a retrovirus restriction factor

that could promote stronger adaptive immune responses /n vivo, confirming its role as

a protective antiretroviral factor. An immunological phenotype was uncovered after pre-
exposure of mice to LPS. The mechanism for how LPS unraveled an immunological
phenotype of SAMHDL /n vivowas linked to the disproportionate increase in ANTP levels
(in this study) and inflammatory cytokines such as TNFa (43) in SAMHD1-deficient versus
SAMHD1-sufficient mice. Interestingly, adaptive immune responses that were influenced by
SAMHD1 at later time points were sex-dependent. Further investigation on the underlying
mechanisms governing the diverse SAMHD1 phenotypes in the FV infection model may
unravel useful insights on how to harness SAMHD1 biology for better HIV-1 control.
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Key Points

LPS augmented the impact of SAMHD1 deficiency on intracellular dANTP
levels

SAMHD1 protected mice from acute Friend retrovirus replication /n vivo

SAMHD1 promoted immune responses in a sex-dependent manner /7 vivo
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Figure 1.
Effects of SAMHD1 on FV infection and cell-mediated immune responses in the absence

of LPS. B6 SAMHD1 WT (n=10) and KO mice (n=10) were infected with 10* spleen
focus forming units of FV without LPS pre-treatment, and at 7 dpi, spleen and plasma were
harvested. FV infection were evaluated for (A) Proviral loads by gPCR of spleen DNA
and (B) infectious viremia by measuring viral DNA levels in target Mus dunni cells after
48 h following incubation with 5ul plasma. Splenocytes were subjected to flow cytometry
as shown in the (C) gating strategy. The WT and KO panels were derived from samples

in Figure 4C. (D) Splenocytes were evaluated for IFNvy expression in (/eff) NK cells;
(middle) CDA+ T cells and (righf) CD8+ T cells by flow cytometry. For all panels, each
dot corresponds to a mouse. Data were combined from 2 independent mouse cohorts that
included both male and female mice (Fig. SLA). Two-way comparisons were evaluated
using a 2-tailed Student’s t-test. ***, p<0.001; NS, not significant.
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Figure 2.

The effect of SAMHDL deficiency on intracellular NTP levels is more pronounced in the
context of LPS exposure. WT and SAMHD1 KO mice were treated with 10ug LPS i.p. and
(A) splenocytes and (B) BM cells were harvested after 24 h. Intracellular dNTP levels were
quantified using an RT-based assay. Each dot corresponds to mice from one cohort. Both
male and female mice were included in the cohorts. Differences between dNTP levels in
SAMHD1 KO mice treated or not treated with LPS was evaluated using a 2-tailed Student’s
t-test; *, p<0.05; **, p<0.01; ***, p<0.001.

J Immunol. Author manuscript; available in PMC 2022 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Barrett et al.

Page 21

A Proviral Load (spleen) B Proviral Load (BM) C Infectious viremia D  Piasmaviral load E Virion Infectivity
*kkk *%
3000 fi ... 4000 8 15
. = s < NS i
@ [
= . 2 g .
@ o . s|o [
2 8 3000 4 " £ E 6 u HE
E< 2000 Eg : . E<z? 25 -='°:. 8|S 10 e ;.h
2z 23 . " 23 ¢ ZE s >E -
g2 2 2 2000 .o 'lEi' Eg’ ;‘3&4 - §‘>u _._::'
O = O = oge P 2 2 [
28 1000 32 2es® o se 2 B . . ] § 05 v o
= = s3ee L L . Elz °
= 3 1000 : w - e 2 £l
F; o g ..
. LR ...
0 0 . 0 0 00!
SAMHD1:  WT KO SAMHD1: WT KO SAMHD1: WT KO SAMHD1:  WT KO SAMHD1: WT KO
F Proviral Load (Spleen) G Infectious viremia H Virion Infectivity I Proviral Load (BM)
3000, —XX** *kk 15 4000 _NS
. T NS ok x .
5 2 RS 5w 5 .
E< ot e 2z o WAF oo 8|3 S I . P
o.s ° L= F ] [ [ ]
:.E mp e T EE 4 -.'.' ¥ . " >g b - odeel :::- ;E l'. LI
2o . . So L . 1 °te e 2o - ol
S E '-- -l.. e S ; — - - 3l . : S E 2000 oo —I—=
58 ..: .o 2 * . 3 5 - . 32 so3e - s ]
s 10001 eoeg? o0 it 2 °® -E_O,5 ) = Se o o®
L %0 W = =|e L 1000{ "°®* .
. . s H ¢ *
o . . .
[ — [pu— ® 00l —* 0 .
SAMHD1: WT KO WT KO SAMHD1: WT KO WT KO SAMHD1: WT KO WT KO SAMHD1: WT KO WT KO
Males Females Males Females Males Females Males Females
Figure 3.

SAMHDL1 protects against FV infection in mice pre-treated with LPS. WT (n=29; 16 males,
13 females) and SAMHD1 KO (n=27; 19 males, 8 females) mice were infected with 10%
SFFU of FV complex. Plasma, spleen and BM samples were harvested at 7 dpi to evaluate
FV infection levels using different methods. Proviral DNA load in the (A) spleen and (B)
bone marrow were measured by gPCR and normalized to ng of input DNA. (C) Infectious
viremia were determined by co-incubating 5l plasma with Mus dunni cells for 48 h and
measuring F-MLV DNA copy numbers; (D) Plasma viral load was measured using F-MLV
gPCR. (E) Virion infectivity was calculated by taking the ratio of log-transformed plasma
infectious titer (C) and viral load (D). (Lower panels) Data from panels A, C, E and B were
analyzed separately for males and females for (F) proviral load in the spleen, (G) infectious
viremia, (H) virion infectivity) and (I) proviral load in the bone marrow, respectively. For all
panels, each data point corresponds to a mouse. The data in the upper panels were pooled
from 5 independent cohorts of WT and SAMHD1 KO mice. Each experiment consisted of
WT (n=5-8) and SAMHD1 KO (n=3-8) mice. Log-transformed data were analyzed using a
2-tailed unpaired Student’s t-test. *, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001; NS,
not significant (p>0.05).
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Figure 4.
Cell-mediated immune responses in LPS-treated WT versus SAMHD1 KO mice at 7 dpi.

Splenocytes from WT (n=29; 16 males, 13 females) and SAMHD1 KO (n=27; 19 males, 8
females) mice were subjected to flow cytometry using the gating strategy shown in Fig. 1C,
evaluating the percentage of IFN-y+ cells in (A) NK cells (CD3-NK1.1+); (B) CD4 T cells
(CD3+CD4+) and (C) CD8+ T cells (CD3+CD8+). (D) An inverse correlation was observed
between CD8+ T cell responses and splenic proviral DNA load (from Fig. 3A) using linear
regression. For all panels, each data point corresponds to a mouse. The data were pooled
from 5 independent cohorts of WT and SAMHD1 KO mice. Each experiment consisted of
WT (n=5-8) and SAMHD1 KO (n=3-8) mice. For panels A-C, data were analyzed using a
2-tailed unpaired Student’s t-test. **, p<0.01; NS, not significant (£>0.05).
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Figure 5.

Cell-mediated immune responses in LPS-treated WT versus SAMHD1 KO mice at 14

Page 23

dpi. Splenocytes from WT (n=18) and SAMHD1 KO (n=16) mice were subjected to flow
cytometry, evaluating the percentage of IFNy+ cells in (A) NK cells (CD3-NK1.1+); (B)
CDAT cells (CD3+CD4+) and (C) CD8+ T cells (CD3+CD8+). Left panels correspond to
the full cohort, whereas middle and right panels partitioned the data into males and females,
respectively. For all panels, each data point corresponds to a mouse. The data were pooled
from 3 independent cohorts of WT and SAMHD1 KO mice. Each experiment consisted of
WT (n=5-7) and SAMHD1 KO (n=5-6) mice. Data were analyzed using a 2-tailed unpaired
Student’s t-test. *, p<0.05, ***, p<0.001; NS, not significant (©>0.05).
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Figure 6.
SAMHD1 promoted NAb responses at 28 dpi in a sex-dependent manner. Plasma samples

were collected in FV-infected mice pre-treated with LPS. (A) FV-specific 1gG binding
titers were determined by ELISA using plates coated with native F-MLV virions. Binding
titers were determined based on an arbitrary absorbance cut-off (0.25) from a best-fit curve
and plotted in (B). (C) The data were partitioned between male and female mice. (D)
Neutralizing antibody responses were evaluated by serially diluting plasma 4-fold with a
known amount of F-MLV and plating on Mus dunni cells for 2 days. Foci of infection

were counted using ImageJ software and neutralization curves were constructed. Shown here
were the average %infection values for WT versus SAMHD1 KO mice. (E) 80% inhibitory
concentrations (IC80) were calculated and compared between the cohorts of mice. (F) 1C80
were subdivided between male and female mice. For all panels, each data point corresponds
to a mouse. The data were pooled from 2 independent cohorts of WT and SAMHD1 KO
mice. Experiment 1 had 7 WT and 6 SAMHD1 KO mice, and experiment 2 had 7 WT

and 5 SAMHD1 KO mice. Log-transformed data were analyzed using a 2-tailed unpaired
Student’s t-test. *, p<0.05; **, p<0.01; NS, not significant (£>0.05).
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Figure 7.

IgM and IgG subclass responses to FV. Plasma at 28 days post-infection in WT and
SAMHD1 KO mice pre-treated with LPS were evaluated for (A-E) IgM and 1gG
subclass levels; and (F-1) IgM and IgG subclass binding titers to FV virions. (A-E) The
concentrations of IgM, 1gG1, 1gG2b, 1gG2c and 1gG3 were measured in an ELISA. The
data were interpolated from the respective antibody standard curves. (F-1) FV-reactive IgM,
IgG1, 1gG2b and 1gG2c were measured in ELISA plates coated with FV virions using serial
dilutions of plasma as noted in Fig. 5A-B. Reciprocal binding titers corresponding to an
arbitrary absorbance cut-off (0.25 for IgM and 1gG2c, and 0.5 for IgG1 and IgG2b) from

a best-fit nonlinear regression curve were plotted in log2 scale. Each dot corresponds to

a mouse and the data were pooled from 2 independent cohorts of WT and SAMHD1 KO

mice. Experiment 1 had 7 WT and 6 SAMHD1 KO mice, and experiment 2 had 7 WT

and 5 SAMHD1 KO mice. Differences between the cohorts were analyzed using a 2-tailed
unpaired Student’s t-test or Mann-Whitney U test depending on whether the data distribution
was normal. **, p<0.01; *, p<0.05; NS, not significant (©>0.05).
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