Multi-omics analyses reveal that HIV-1 alters
CD4+ T cell immunometabolism to fuel

virus replication
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Individuals infected with human immunodeficiency virus type-1 (HIV-1) show metabolic alterations of CD4* T cells through
unclear mechanisms with undefined consequences. We analyzed the transcriptome of CD4+ T cells from patients with HIV-1
and revealed that the elevated oxidative phosphorylation (OXPHOS) pathway is associated with poor outcomes. Inhibition of
OXPHOS by the US Food and Drug Administration-approved drug metformin, which targets mitochondrial respiratory chain
complex-l, suppresses HIV-1 replication in human CD4+ T cells and humanized mice. In patients, HIV-1 peak viremia positively
correlates with the expression of NLRX1, a mitochondrial innate immune receptor. Quantitative proteomics and metabolic anal-
yses reveal that NLRX1 enhances OXPHOS and glycolysis during HIV-1-infection of CD4* T cells to promote viral replication.
At the mechanistic level, HIV infection induces the association of NLRX1 with the mitochondrial protein FASTKD5 to promote
expression of mitochondrial respiratory complex components. This study uncovers the OXPHOS pathway in CD4* T cells as a

target for HIV-1 therapy.

tively suppresses HIV-1 viremia, approximately 20% of

patients fail to achieve CD4" T cell recovery and exhibit
abnormalities of immune functions, which are likely caused by resi-
due HIV-1 replication in certain tissue compartments in part due to
virus mutants that support escape from antiviral therapeutics'?. A
complementary approach to cART is to target host factors to restrict
virus replication and thus reduce virus mutant escape. Immune cell
metabolism (immunometabolism) correlates with HIV-1 restric-
tion in elite controllers and is an emerging field for developing new
HIV-1 therapies®.

HIV-1 infection causes upregulated metabolism of glucose, lipid
and tryptophan and elevated oxidative stress in immune cells".
Among these, glucose metabolism is the most critical to meet energy
and biosynthesis needs for both HIV-1 replication and responses
of immune cells**, as evident by upregulated expression of glucose
transporter 1 (GLUT1), which resulted in increased uptake of glu-
cose in inflammatory monocytes and CD4" T cells from patients
with HIV-1 (refs. >”). The reprogramming of glucose breakdown,
glycolysis and oxidative phosphorylation in patients with HIV-1
has been documented™**; however, the mechanisms are unknown.
Although metabolic alteration has been associated with HIV-1
replication, immune abnormalities and disease complications,
how HIV-1 infection reprograms immunometabolism is unknown.
This hinders the development of new HIV-1 disease therapy by tar-
geting metabolism’.

!! Ithough combination antiretroviral therapy (cART) effec-

The nucleotide-binding domain and leucine-rich repeat-
containing receptor X1 (NLRX1), a multifunctional innate immune
regulator’?, contributes to CD4" T cell polarization and prolifera-
tion. NLRXI1 also regulates mitochondrial reactive oxygen species
production, suggesting a potential role in metabolism'. Notably,
the role of NLRX1 in facilitating HIV-1 replication has been dem-
onstrated in myeloid cells'’; furthermore, NLRX1 expression in
nonhuman primates is positively correlated with simian immuno-
deficiency virus viremia'*. However, whether and how NLRX1 plays
a role in HIV-1 replication in CD4" T cells, the major cell type that
produces HIV-1 in vivo, remains unstudied and unknown.

This study used transcriptomic and proteomic analyses to
reveal that an enhancement of OXPHOS is associated with HIV-1
infection and disease progression. Repurposing the US Food and
Drug Administration (FDA)-approved agent metformin, which
targets mitochondrial complex-I and therefore OXPHOS, sup-
presses HIV-1 replication in both primary CD4* T cell cultures and
humanized mice. Mechanistically, NLRX1 interacts with another
mitochondrial protein, FAST kinase domain-containing protein 5
(FASTDKS5) and cooperatively promotes both OXPHOS and HIV-1
replication in CD4" T cells. These results raise the promise of con-
trolling HIV-1 replication by targeting the NLRX1-OXPHOS axis.

Results
HIV-1 viral load set point in patients positively correlates with
oxidative phosphorylation. Immunometabolism is dysregulated
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in patients with HIV-1 and is associated with HIV-1 cellular sus-
ceptibility and reactivation in in vitro assays'*". To address how
immunometabolic changes contribute to HIV-1 replication, we
first analyzed gene expression data from the RV217 transcrip-
tomic study of human subjects acutely infected with HIV-1 in Asia
and Africa®. Transcriptomes of CD4" T cells from the Asian (all
males, n=23) and African (all females, n=18) cohort were clus-
tered together regardless of geography (Fig. 1a) and the key prog-
nosis parameter of HIV-1 disease progression, set-point viral load?”',
was not significantly different between these two cohorts (Fig. 1b).
Linear regression analysis between gene expression and set-point
viral load is used to assess how major metabolic pathways of interest
are correlated with the magnitude of set-point viral load in sorted
CD4" T cells from individuals infected with HIV-1 in both Asian
and African cohorts. We found that the OXPHOS pathway from the
KEGG database (C2, Molecular Signatures database) was the most
positively correlated pathway with poor outcome (higher set-point
viral load). This observation was consistent in the Asian cohort
(P=0.0057) and the African cohort (P=0.0063). Notably, only the
OXPHOS pathway was significantly correlated to a poor outcome
when pooling both geographical sites (P=0.0191) (Fig. 1c and
Supplementary Table 1), suggesting that OXPHOS could serve as a
prognosis biomarker for AIDS progression regardless of geographic
variation. Furthermore, this observation was validated using
the OXPHOS pathway from the Hallmark database (P<0.001)
(Supplementary Table 2). Leading-edge analysis was performed to
examine particular genes of a gene set contributing the most to the
enrichment (Asian+ African cohort; Supplementary Table 1). The
coexpression and interaction network of leading-edge genes of the
OXPHOS pathway was established to highlight the top genes con-
tributing to enrichment (Fig. 1d and Extended Data Fig. 1). The
peak viremia of HIV-1 in acute infection usually predicts viral load
at the set point®™. It is highly likely that the OXPHOS-associated
higher set-point viral load is attributed to a higher HIV-1 replica-
tion in the acute infection phase. Therefore, it is of interest to assess
whether altering metabolic pathways, particularly OXPHOS, can
affect HIV replication and hence pathogenesis.

HIV-1 replication is suppressed by targeting metabolic path-
ways. To assess the importance of OXPHOS in HIV-1 infection,
pharmacological inhibitors for OXPHOS, including rotenone and
antimycin A, which target mitochondrial complex-I and mito-
chondrial complex-III respectively, significantly suppressed HIV-1
pseudovirus (the vesicular stomatitis virus envelope glycopro-
tein (VSV-G)-pseudotyped HIV-1 NL4-3-Luc) replication in the
human Jurkat T cell line (Extended Data Fig. 2a). Furthermore, the
FDA-approved antidiabetic agent metformin, which has been shown
to target mitochondrial complex-I (ref. **), suppressed OXPHOS in
HIV-1 pseudovirus-infected Jurkat cells (Extended Data Fig. 2b,c)
and had a similar suppressive effect on HIV-1 replication compared
to rotenone (Extended Data Fig. 2a). These data suggest a critical
role of OXPHOS in HIV-1 replication in CD4* T cells. Combined
data from the Asian and African cohort of patients with HIV-1
demonstrate that glycolysis also positively correlates with HIV-1
set-point viremia, although with less significance than OXPHOS
(Fig. 1c). Blocking glycolysis with 2-deoxyglucose (2-DG) also sig-
nificantly suppressed VSV-G-NL4-3-Luc replication in Jurkat cells
(Extended Data Fig. 2d), congruent with the previous work".

Metformin inhibits HIV-1 replication in both primary CD4*
T cells and humanized mice reconstituted with human CD4*
T cells. We next explored the therapeutic value of HIV-1 replica-
tion requiring OXPHOS in more physiologically relevant systems
by testing human primary CD4* T cells in culture and in humanized
mice. Human primary CD4* T cells were infected with HIV-1 clini-
cal isolates 409, 413 and 414. Metformin suppressed the replication

of all three clinical isolates to a similar extent as rotenone and anti-
mycin A, as measured by intracellular HIV-1 RNA and virion pro-
duction (Fig. 2a,b). 2-DG offered the best effectiveness in inhibiting
HIV-1 replication, likely due to its suppression of both glycolysis
and OXPHOS (Fig. 2a,b).

To test the impact of these treatments in vivo in human
cells, we used a human CD4* T cell-reconstituted NOD-RagI™"
IL2rg™" (NRG) mouse model (hereafter referred to as NRG-hu
CD4" mice), which supports HIV-1 replication and pathogen-
esis in vivo’. NRG-hu CD4" mice were infected with the CCR5/
CXCR4 dual-tropic HIV-1 strain R3A. One day before infection,
half of the NRG-hu CD4* mice were given metformin in drinking
water, while the other half were left untreated. The dose of metfor-
min delivered in vivo was based on the literature to assure mini-
mal toxicity*>*. At 2 weeks post-infection (wpi), HIV-1 titer in the
metformin-treated group was approximately one order of magni-
tude lower than that of the untreated control group (Fig. 2c). The
depletion of CD4* T cells is the hallmark of HIV-1 pathogenesis
and HIV-1-induced immunodeficiency in patients®. Metformin
did not alter human CD4* T cell numbers in peripheral blood at
1 wpi when HIV-1-induced CD4" T cell depletion had not begun.
The drug partially protected human CD4" T cells from depletion
at 2wpi compared to untreated but HIV-1-infected mice as we
observed more 7AAD negative CD4* T cells in metformin-treated
mice (Fig. 2d and Extended Data Fig. 2e). In addition, human
CD4* T cell depletion by HIV in the spleen of NRG-hu CD4*
mice treated with metformin was partially protected (Fig. 2e). As
metformin is routinely and safely used for treating diabetes® these
results suggest that repurposing this drug has the potential to sup-
plement cART for better containment of HIV-1.

NLRX1 positively correlates with both HIV-1 viremia and
OXPHOS of CD4* T cells in patients. We next explored the molec-
ular pathway by which HIV-1 can dynamically regulate OXPHOS
to favor its own replication in CD4* T cells. When we screened
the individual gene product correlated with HIV-1 viremia in the
RV217 cohort, the mitochondrial protein NLRX1 drew our atten-
tion. NLRX1 transcript levels in CD4* T cells positively correlated
with peak HIV-1 viremia in the RV217 cohort (all males, n=22)
(Fig. 3a). To confirm this observation, we examined the expression
level of NLRX1 in HIV-1 infected CD4* T cells in vitro. Staining of
endogenous NLRX1 followed by imaging flow cytometry (Extended
Data Fig. 3a) showed that NLRX1 protein level was enhanced in
Jurkat cells infected with an HIV-1 pseudovirus that expressed
green fluorescent protein (GFP) (VSV-G-NL4-3-EGFP) compared
to uninfected cells in the same culture (Extended Data Fig. 3b). The
expression level of NLRX1 was positively correlated with HIV-1
replication represented by GFP expression (Extended Data Fig. 3¢c),
which is congruent with the analysis of the RV217 cohort. NLRX1
messenger RNA was also significantly upregulated in Jurkat cells
infected with VSV-G-NL4-3-EGFP (Extended Data Fig. 3d). To
provide a more physiological context, we found that NLRX1 mRNA
was increased in human primary CD4* T cells infected with any one
of three different HIV-1 clinical isolates (Extended Data Fig. 3e).
NLRX1 is located in the mitochondria, which leads us to hypoth-
esize that NLRX1 may regulate OXPHOS during HIV-1 infection of
CD4* T cells and thus influence viral replication. In fact, we found
that in CD4* T cells sorted from the RV217 cohort, genes whose
expression positively correlate with NLRXI expression level were
significantly enriched in the OXPHOS pathway regardless of the
geographic differences (Fig. 3b and Supplementary Table 3). The
expression of leading-edge genes in individuals infected with HIV-1
contributing to this enrichment was represented in a heat map along
with NLRX1 expression (Fig. 3¢ and Supplementary Table 3). These
data led us to investigate whether NLRX1 regulates HIV-1-induced
oxidative phosphorylation to alter viral replication.
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Fig. 1| Transcriptome analysis of CD4+ T cells from patients with HIV-1. a, Multi-dimensional scaling highlighting transcriptomic variance of the full
cell-sorted RV217 dataset. Euclidean distance was used. Circle, African cohort; triangle, Asian cohort; red, B cells; green, CD4+ T cells; blue, CD8* T cells;
and purple, innate cells. b, Set-point viral load (VL) was not significantly different between Asian and African RV217 cohorts. Africa, n=18, minima=3.21,
maxima=6.29; Asia, n=22, minima=4.61, maxima=5.65. Jitter-plot displays the first (bottom) and third quartiles (top), the median (line inside box)
and 1.5 x interquartile range of upper or lower quartile (whiskers). Significance was assessed by Wilcoxon rank-sum test (one-tailed). ¢, Linear regression
analysis between gene expression and set-point VL. Normalized enrichment score (NES) reflects the degree to which a set of genes is overrepresented
among genes that are differentially expressed. Bar plot represents positively (red) and negatively (blue) correlated pathways. Supplementary Table 1
provides statistical results for enrichment of these pathways. d, The highlight of leading-edge genes of the OXPHOS pathway, which are associated with
set-point VL. Circular nodes represent genes, and edges reflect the association between these features. Color of the edge highlights the association
between nodes. Biological annotation (diamond nodes) reflecting the function of sets of genes is represented; subfunctions within the network are labeled

above groups of genes.

NLRX1 is required for HIV-induced oxidative phosphorylation.
To further test the connection between NLRX1 and metabolism
alteration during HIV-1 replication in CD4* T cells, we dimin-
ished NLRX1 expression in the human Jurkat T cell line by two
short hairpin (sh)RNA (sh-NLRX1 line 1 and line 2) and profiled
the proteome of VSV-G-NL4-3-Luc-infected and uninfected Jurkat

cells by quantitative mass spectrometry. We normalized protein
levels in VSV-G-NL4-3-Luc-infected cells containing two indi-
vidual sh-NLRX1 (Jurkat-sh-NLRX1 line 1 and line 2) and cells
containing a control shRNA (Jurkat-sh-Ctr) by protein levels in
uninfected cells. Compared to Jurkat-sh-Ctr cells, 336 proteins in
Jurkat-sh-NLRX1 line 1 and 294 proteins in Jurkat-sh-NLRX1 line
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Fig. 2 | Inhibition of OXPHOS reduces HIV-1 replication in human primary CD4+ T cells and NRG-hu CD4+ mice. a,b, Human primary CD4+ T cells were
infected with three different HIV-1 clinical strains (409, 413 and 414, 10 ng p24) in the presence of rotenone (1uM), antimycin A (1uM), metformin (1mM
and 5mM) or 2-DG (10 mM). Cell-associated HIV-1 RNA (a) and cell-released virions (b) were assessed by gPCR and p24 ELISA, respectively. Ethanol

or sterile water was used as vehicle control (n=3 cell cultures per experiment). ¢, HIV-1 viremia in HIV-1 R3A-infected NRG-hu CD4* mice at 1and 2 wpi
(n=5 mice per group). d, Human CD4~ T cell counts in peripheral blood of NRG-hu CD4+ mice as determined by flow cytometry at 1and 2wpi (n=5 mice
per group). e, Human CD4* T cells in the spleen of NRG-hu CD4+* mice as quantified by flow cytometry at 17 d post-infection (dpi) (n=>5 mice per group).
Representative data of three independent experiments with similar results are presented as mean + s.e.m. Statistical significance was tested by one-way
analysis of variance (ANOVA) with Dunnett's multiple comparisons test (a,b), two-way ANOVA with Tukey's (¢) or Sidak's (d) multiple comparisons test
or unpaired two-tailed Student'’s t-test (e).

2 had more than a twofold change, with 210 proteins shared by the
two lines as shown by the heat map (Fig. 4a,b and Supplementary
Table 4). A distinct protein expression pattern was evident between
Jurkat-sh-NLRX1 cells and Jurkat-sh-Ctr cells upon VSV-G-NL4-
3-Luc infection, although two infected Jurkat-sh-NLRX1 cell
lines showed a similar pattern of enhanced and reduced protein
levels compared to Jurkat-sh-Ctr cells (Fig. 4b). When compar-
ing virus-infected cells to uninfected cells, differentially expressed
proteins (infection/mock, |fold change| >2) in the sh-Ctr group

were clustered in the OXPHOS pathway with the most significance
(P value) and most of the proteins detected in this pathway were
upregulated (z score) (Fig. 4c). This observation echoed our tran-
scriptomic analysis of the RV217 cohort, showing that OXPHOS
positively correlated with HIV-1 set-point viral load. Notably,
although proteins in the OXPHOS pathway were predominantly
upregulated in Jurkat-sh-Ctr cells upon VSV-G-NL4-3-Luc infec-
tion, they were upregulated to a lesser extent in Jurkat-sh-NLRX1
cells (Fig. 4c,d and Supplementary Table 5). The proteome analysis
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showed an association of NLRX1 with genes in the OXPHOS path-
way; however, it is essential to test whether NLRXI1 is a bona fide
regulator of OXPHOS during HIV-1 infection by metabolic assays.
NLRX1-depletion did not affect the amount of mitochondrial
DNA (Fig. 4e) or OXPHOS in Jurkat cells under the noninfected
condition (Fig. 4f); however, there was a substantial increase of
OXPHOS in Jurkat-sh-Ctr cells upon VSV-G-NL4-3-Luc infection.
This increase was abolished in Jurkat-sh-NLRX1 cells at both basal
and maximal respiration and reserved respiratory capacity (Fig. 4f).
This indicates that NLRX1 is required for increased OXPHOS upon
HIV-1 infection. An increased OXPHOS might be accompanied by
increased glycolysis. Indeed, a significant increase of glycolysis and
glycolytic capacity was observed upon HIV-1 pseudovirus infection
(Fig. 4g), which is in line with the literature®. Collectively, these data

indicate that NLRX1 is involved in the reprogramming of OXPHOS
upon HIV-1 infection of CD4* T cells.

NLRX1 facilitates HIV-1 replication in human CD4* T cells.
Although NLRX1 suppresses type I interferon (IFN-I) to facilitate
HIV-1 replication in myeloid cells', whether it regulates HIV-1
replication in its primary target of CD4* T cells has not been stud-
ied. The observed positive correlation between NLRXI expres-
sion and HIV-1 viremia and increased expression of NLRX1 upon
HIV-1 infection suggested a role of NLRX1 in HIV-1 replication
in CD4" T cells. In line with this hypothesis, HIV-1 replication,
reflected by the luciferase activity, decreased three to fivefold in
Jurkat-sh-NLRX1 cells compared to Jurkat-sh-Ctr cells over time
(Fig. 5a). Consistent with luciferase data, synthesis of HIV-1 Gag
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Fig. 4 | NLRX1-dependent upregulation of OXPHOS in HIV-1-infected T cells. a, Bar diagrams represent numbers of upregulated and downregulated
proteins in VSV-G-NL4-3-Luc-infected Jurkat-sh-NLRX1 compared to Jurkat-sh-Ctr at indicated levels of false discovery rate (FDR)-adjusted significance
(top). Venn diagram shows the number of upregulated and downregulated proteins (sh-NLRX1/sh-Ctr) co-identified using two different NLRX1
shRNA-transduced Jurkat cells (bottom). The 210 co-identified proteins were used to plot the heat map. DEGs, differentially expressed genes. b, Heat
map comparing the differentially expressed proteins between Jurkat-sh-Ctr and Jurkat-sh-NLRX1 line 1 and Jurkat-sh-NLRX1 line 2 cells infected with
VSV-G-NL4-3-Luc. Samples were run in biological duplicates. ¢, Predicted canonical pathways of differentially expressed proteins (infection/mock, fold
change >2), based on ingenuity pathway analysis (P value (left), activation z score (right)). d, Expression change of proteins involved in the OXPHOS
pathway (infection/mock). e, The measurement of nuclear and mitochondrial DNA content in Jurkat cells containing sh-Ctr or sh-NLRX1. sh-Ctr was set
as 1. For each gene region, n=3 cell cultures per experiment. f,g, Oxygen consumption rate (OCR) (f) and extracellular acidification rate (ECAR) (g) in
Jurkat-sh-Ctr or Jurkat-sh-NLRX1 cells infected with VSV-G-NL4-3-Luc (NL4-Luc) or left uninfected (mock). Each dot represents one cell culture. Data
are the pool (a,b) or mean (¢,d) of two biological replicates. Data (e-g) are representative of three independent experiments shown as the mean +s.e.m.
Statistical significance was tested by two-way ANOVA followed by Sidak’s (e) or Tukey's (f.g) multiple comparisons test.

protein was also significantly decreased in Jurkat-sh-NLRXI1 cells
(Fig. 5b). Furthermore, the CCR5/CXCR4 dual-tropic HIV-1
strain R3A also exhibited a dramatic drop of virus replication in
Jurkat-sh-NLRX1 cells over time, determined by the quantifica-
tion of cell-free HIV-1 virions (Fig. 5¢) and intracellular staining

of HIV-1 capsid antigens p24 (Fig. 5d), respectively. To assess
the veracity of these data in primary cells, we decreased NLRX1
expression in primary human CD4* T cells with shRNA and found
reduced replication of HIV-1 R3A (Fig. 5¢). As we have shown,
inhibition of OXPHOS could suppress HIV-1 replication. NLRX1
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was required for upregulation of OXPHOS upon HIV-1 infection
in CD4* T cells. Therefore, a possible model is that NLRX1 would
promote HIV-1 replication in CD4* T cells via OXPHOS. In fact,
OXPHOS inhibitors, rotenone, antimycin A and metformin, which
significantly suppressed HIV-1 replication in Jurkat-sh-Ctr cells,
had less or no effect on HIV-1 replication in Jurkat-sh-NLRX1
cells, indicating that the effect of OXPHOS on HIV-1 replication is
NLRX1-dependent (Fig. 5f,g). Interestingly, NLRXI expression was
significantly increased in metformin-treated primary CD4* T cells
(Extended Data Fig. 4), which may reflect compensatory feedback
for the reduced OXPHOS by metformin. More notably, resveratrol,
which can upregulate the expression of electron transport chain
constituents”*, restored both HIV-1 replication (Fig. 5h) and
OXPHOS (Fig. 5i) in Jurkat-sh-NLRX1 cells to a similar level as
in control cells. Collectively, these results suggest that NLRXI1 is a
host factor that promotes HIV-1 replication in CD4* T cells via the
OXPHOS pathway.

Diminishing NLRX1 reduces HIV-1 replication in humanized
mice reconstituted with human CD4* T cells. To investigate the
function of NLRX1 in HIV-1 replication in vivo, NRG mice were
reconstituted with human CD4" T cells containing sh-NLRX1 or
sh-Ctr, infected with HIV-1 and monitored for viremia and human
CD4* T cell count weekly. Consistent with results from in vitro
CD4* T cell cultures, NRG-hu CD4* mice containing sh-NLRX1
had a one-order-of-magnitude drop in viral load in peripheral blood
over time when compared to those with sh-Ctr (Fig. 5j). Reducing
NLRX1 expression did not affect human CD4* T cell reconstitution,

demonstrated by similar CD4* T cell counts in peripheral blood of
NRG-hu CD4" mice bearing sh-Ctr or sh-NLRX1 before HIV-1
infection (Fig. 5k). Human CD4" T cells were depleted by HIV-1,
starting from 2wpi in the NRG-hu CD4* model. In line with viral
load data, diminishing NLRX1 resulted in protection of human
CD4* T cells from depletion, demonstrated by nearly a log higher
CD4* T cell count in peripheral blood of NRG-hu CD4" mice
bearing sh-NLRX1 assayed at 2 and 3wpi (Fig. 5k and Extended
Data Fig. 5a). In addition to peripheral blood, silence of NLRX1
also significantly protected human CD4* T cells from depletion by
HIV-1 in the NRG-hu CD4" mouse spleen, reflected by an attenu-
ated reduction of spleen size and splenocyte counts (Extended Data
Fig. 5b,c). Together, these data indicate that diminishing NLRX1
partially protected CD4* T cells from HIV-1-mediated depletion by
suppressing viral replication in vivo.

Endogenous NLRX1 interacts with endogenous FASTKD5 to
promote HIV-1 replication. To decipher the mechanism underly-
ing NLRX1-regulated cellular metabolism and HIV-1 replication in
CDA4* T cells, we first examined the previously reported functions of
NLRX1. In addition to regulating IFN-I responses, NLRX1 has been
reported to promote autophagy and endoplasmic reticulum (ER)
stress’>*2. As IFN-I produced by CD4* T cells is too low to limit HIV-1
replication at the first round”, the role of NLRX1 in CD4" T cells is
unlikely to be attributed to IFN-I. Indeed, blockage of IFN-I down-
stream signaling with the Janus kinase inhibitor, ruxolitinib, did not
affect HIV-1 replication in either Jurkat-sh-Ctr or Jurkat-sh-NLRX1
cells (Extended Data Fig. 6a), although it did diminish the
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was performed by Metascape.

phosphorylation of STAT1, indicating the efficacy of the inhibitor
(Extended Data Fig. 6b). An autophagy inhibitor 3-methyladenine
(3-MA) significantly but equally suppressed VSV-G-NL4-3-Luc
replication in Jurkat-sh-Ctr or Jurkat-sh-NLRX1 cells, suggest-
ing that NLRX1-regulated HIV-1 replication is independent of
the autophagy pathway (Extended Data Fig. 6¢). Pharmacological
inhibition of ER stress did not alter VSV-G-NL4-3-Luc replication
in either Jurkat-sh-Ctr or Jurkat-sh-NLRX1 cells (Extended Data
Fig. 6d), suggesting that this pathway is also not involved. These
experiments excluded previously known functions of NLRX1 as the
molecular basis of its enhancement of HIV-1 replication in CD4*
T cells and justified a focus on the link of NLRX1-regulated meta-
bolic changes with HIV-1 replication.

To explore this unknown mechanism, we searched NLRX1 inter-
action proteins based on a published database describing interaction
networks of innate immune proteins by the co-immunoprecipitation
and mass spectrometry approach®. NLRXI resides in the mito-
chondria and potentially regulates OXPHOS by interacting with its
mitochondrial partners. Mitochondrial proteins FASTKD5, PRDX3
and SPNS1 were screened as NLRX1 interaction partners previously
using overexpressed NLRX1 as the bait for immunoprecipitation fol-
lowed by mass spectrometry (Extended Data Fig. 7a)*'. We assessed
the physiological relevance of these interactions by examining
interactions between the endogenous proteins in T cells. A strong
specific association was detected between endogenous NLRX1 and
FASTKDS5 (Fig. 6a,b), whereas NLRX1-PRDX3 and NLRX1-SPNS1
interactions were not detected (Fig. 6a). Further, HIV-1 infection
enhanced the interaction between NLRX1 and FASTKDS5, although
it did not alter FASTKD5 expression at both the transcript and pro-
tein level (Fig. 6c and Extended Data Fig. 7b,c).

We next tested the hypothesis that NLRX1 and FASTKD5 work
together to regulate OXPHOS and HIV-1 replication in T cells.

To test the role of FASTKDS5, we silenced FASTKD5 expression in
Jurkat cells by doxycycline-inducible shRNA, and we also silenced
a negative control PRDX3 that did not endogenously interact with
NLRXI1 in our validation experiment (Extended Data Fig. 7d,e).
This was followed by VSV-G-NL4-3-Luc infection. Silencing
FASTKDS5 resulted in significant suppression of viral replication at
24h post-infection (hpi) (Fig. 6d). Silencing PRDX3 showed no sig-
nificant effect on viral replication (Fig. 6d). The latter excluded the
unintended effect from doxycycline treatment and provided a speci-
ficity control. Silencing FASTKD5 in Jurkat cells that also silenced
NLRXI1 with sh-NLRX1 did not further reduce VSV-G-NL4-3-Luc
replication, suggesting that these two proteins are in the same path-
way and thus exhibited redundant activity (Fig. 6e,f). Similar to
the earlier study showing that the silencing of NLRX1 dampened
HIV-1-induced upregulation of OXPHOS, silencing FASTKD5 also
reduced OXPHOS (Fig. 6g,h). Again, silencing both NLRXI and
FASTKD5 provided no significant additive effect over the silenc-
ing of each individual gene in their impact on OXPHOS, rein-
forcing the concept that these two are in the same pathway (Fig.
6g,h). Taken together, these results identified a new NLRX1- and
FASTKD5-dependent pathway that regulates HIV-1 replication and
the OXPHOS state of HIV-1-infected T cells.

Silencing FASTKD5 generally reduces the expression of mito-
chondrial electron transport chain components. To further
explore the molecular mechanism underlying FASTKD5-regulated
OXPHOS in the context of HIV-1 infection, we profiled the pro-
teome of HIV-1 pseudovirus-infected FASTKD5-silenced Jurkat
cells (sh-FASTKD5_inf) and its control cells (sh-Ctr_inf) by quan-
titative mass spectrometry. Compared to control cells, the differ-
entially expressed proteins (|fold change| >1.5, P<0.05) showed
more downregulation than upregulation in FASTKD5-silenced



cells (Fig. 7a and Supplementary Table 6). When analyzing by
ingenuity pathway analysis, these differentially expressed pro-
teins (sh-FASTKDS5_inf/sh-Ctr_inf) were most enriched in the
OXPHOS pathway with a negative z score, suggesting downregu-
lation of OXPHOS in FASTKD5-silenced Jurkat cells (Fig. 7b). In
line with this, we observed a general decrease of electron transport
chain components, which spanned mitochondrial complex-I to V
(Fig. 7¢). To pinpoint how FASTKD5 regulates protein levels in the
OXPHOS pathway, we performed ReactomeFI network analysis of
downregulated proteins in FASTKD5-silenced cells and found that,
in addition to clustered pathways involved in mitochondrial respi-
ration and metabolism of RNA and mitochondrial ribosomal RNA
and transfer RNA processing were enriched (Fig. 7d). By perform-
ing molecular complex detection (MCODE), we found that mito-
chondrial complex-I and IV and notably, a molecular complex for
mRNA splicing were among the downregulated proteins (Fig. 7e).
The proteomic analysis agrees with previous reports that FASTKD5
binds to mitochondrial rRNA and mRNA, which is critical for mito-
chondrial mRNA maturation and subsequent mitochondrial pro-
tein translation and electron transport chain complex assembly™>*.
Thus, combined with the proteomic analysis of NLRXI-silenced
T cells in the context of HIV-1 infection (Fig. 4d), we found
both NLRX1 and FASTKD?5 positively regulate expression of genes
in the OXPHOS pathway. These data reinforced the concept that
NLRX1 and FASTKD5 cooperatively promote OXPHOS in HIV-
1-infected T cells.

Discussion

Immunometabolism is altered in individuals with HIV-1. Although
metabolic reprogramming is associated with persistent HIV-1 spon-
taneous control by CD8* T cells”, the metabolic signatures of CD4*
T cells accountable for HIV-1 disease progression are unclear’. In
this study, we took advantage of the RV217 Early Capture HIV
Cohort Study in which the patients HIV status and progression
were characterized through the acute stages of HIV infection®. We
analyzed the transcriptome of CD4* T cells and found that expres-
sion of genes in the OXPHOS pathway positively correlates with
HIV-1 set-point viral load. As a higher level of HIV-1 set-point viral
load is usually associated with a faster progression to AIDS?, it is
reasonable to recognize OXPHOS as a metabolic signature in the
acute infection phase for predicting AIDS progression.

It was previously shown that HIV-1 preferentially infects CD4*
T cells harboring a higher glycolytic and respiratory activity, but
whether and how HIV-1 infection directly alters glycolysis and
OXPHOS pathways are unclear®. This study used single-round
replication HIV-1 pseudovirus VSV-G-NL4-3-Luc and found that
both OXPHOS and glycolysis are upregulated upon virus infection.
Meanwhile, by using quantitative mass spectrometry, we found an
enrichment of genes in the OXPHOS pathway with the most sig-
nificance among all the canonical pathways analyzed by ingenuity
pathways analysis.

A notable finding in our study is that mitochondria-localized
innate immune protein NLRX1 and FASTKD5 mediate upregula-
tion of OXPHOS in HIV-1-infected CD4* T cells. Mechanistically,
NLRXI1 associates with FASTKDS5, a mitochondrial protein critical
for mitochondrial protein translation and respiratory complexes
assembly by binding with and processing mitochondrial RNA*".
This study shows the NLRX1-FASTKD?5 interaction at the endoge-
nous expression level in CD4* T cells. This association is increased in
HIV-1-infected cells over uninfected cells. Silencing either NLRX1
or FASTKD5 in CD4* T cells dampened expression of genes in the
OXPHOS pathway and mitochondrial respiration. It is notable that,
based on our proteome data, the restricted expression of OXPHOS
proteins by silencing NLRXI or FASTKD5 was not limited to
mitochondrial-encoded electron transport complex components but
extended to nuclear-encoded components. A possible explanation

is that reduced mitochondrial proteins cause mitochondrial respira-
tion dysfunction, which dampens cellular metabolism and, thereaf-
ter, general gene expression.

In line with NLRX1 and FASTKD5-orchestrated upregulation of
OXPHOS in HIV-1-infected CD4" T cells, both genes are required
for HIV-1 replication in CD4" T cells. Currently, it is challenging
to target NLRX1 and FASTKDS5 for treating HIV-1 infection due
to the lack of commercialized inhibitors; thus, we used regulators
of OXPHOS to modulate HIV-1 replication. We showed that the
FDA-approved antidiabetic agent metformin, which is shown to
suppress OXPHOS by targeting mitochondrial complex-I, reduced
HIV-1 replication in primary CD4* T cells in vitro and in mice
reconstituted with human CD4* T cells in vivo. Notably, clinical
data showed that individuals with both HIV-1 and type 2 diabetes
mellitus comorbidity exhibited an average 1.33-fold lower HIV-1
viral load than patients with HIV without diabetes among the early
cART-treated cohort (6 months)®*. In line with viral load data,
patients with both HIV and type 2 diabetes mellitus had a higher
CD4* T cell baseline and faster recovery of CD4* T cell number
after cART, which was correlated with metformin use’®*. These
clinical observations strengthen the supplementation of early-stage
cART with drugs such as metformin to further restrict HIV-1 rep-
lication in patients. The toxic side effects of cART usually leads to
treatment interruption, which results in a rebound of HIV-1 vire-
mia and a decline in CD4* T cells*. Administration of metformin
during cART interruption may delay the rebound of HIV-1 vire-
mia and offer a more extended period before the next round of
cART. It is noted that the safety of administration of metformin for
patients with HIV, especially combined with cART, remains to be
explored. A clinical trial (NCT02659306) registered to treat nondia-
betic patients with HIV-1 with metformin combined with anti-HIV
drugs will shed light on the safety and effectiveness of metformin in
nondiabetic patients with HIV *'.

In conclusion, we discovered a critical role of OXPHOS
in HIV-1 replication in CD4* T cells and a new NLRX1 and
FASTKD5-dependent mechanism underlying immunometabo-
lism regulation by HIV-1 in CD4* T cells. These findings build the
premise to repurpose drugs that target OXPHOS for the treatment
of HIV-1 infection.
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Methods

Ethics statement. All experiments using animals and human blood were
conducted according to guidelines for the housing and care of laboratory animals*?
and in accordance with protocols approved by the Institutional Animal Care

and Use Committee and Institutional Review Boards at the University of North
Carolina at Chapel Hill (UNC-CH). Human blood was purchased from the Gulf
Coast Regional Center. The protocol for RV217 study was approved by the local
ethics review boards and the Walter Reed Army Institute of Research. Written
informed consent was obtained from all participants.

Cell culture. Jurkat cells (TIB-152, ATCC) and derived lines were maintained

in RPMI1640 medium (Gibco) containing 10% fetal bovine serum (FBS), 1%
penicillin and 100 pg ml~* streptomycin (hereafter referred to as complete RPMI
medium). HEK293T cells (CRL-3216, ATCC) were maintained in DMEM (Gibco)
containing 10% FBS, 1% penicillin and 100 pgml™ streptomycin. All cell lines
were tested as mycoplasma-free. Human primary CD4* T cells isolated from
human PBMCs using Dynabeads human CD4* T cell kit (11352D, Invitrogen)
were stimulated and expanded with anti-CD3/anti-CD28-coated magnetic beads
(11131D, Gibco) at a bead-to-cell ratio of 1:1 and maintained in a complete RPMI
medium supplemented with 200 IU ml~ interleukin-2 (National Institutes of
Health (NIH) AIDS Reagent Program).

Virus propagation and infection. Single-round virus vectors pNL4-3.Luc.E-R-
were obtained from the NIH AIDS Reagent Program and pNL4-3. EGFP.E- was
shared by S. K. Chanda at Sanford Burnham Prebys Medical Discovery Institute.
VSV-G-pseudotyped HIV was produced as described previously”. Viruses

were concentrated (30-fold) using the Lenti concentrator (TR30026, OriGene).
Viral titer was determined by intracellularly staining with HIV-1 p24 antibody
(KC57-FITC, Beckman Coulter) at 3 dpi. HIV-1 R3A was produced by transfecting
proviral plasmid into HEK293T cells as described previously*. Virions were
quantified by the HIV-1 p24 Antigen Capture Assay kit (NIH AIDS Reagent
Program). HIV-1 clinical isolates recovered from human resting CD4* cells from
HIV-1-infected donors were provided by D. Margolis (UNC-CH). Jurkat and
human primary CD4* T cells were infected with VSV-G-pseudotyped HIV-1,
HIV-1 R3A or HIV-1 clinical isolates in the presence of 8 ugml~! polybrene (TR-
1003-G, Sigma-Aldrich) at the multiplicity of infection (MOI) indicated in figure
legends or below. For drug treatment, 2.5mM 3-MA (tlrl-3ma, Invivogen), 200 uM
tauroursodeoxycholate (T0266, Sigma-Aldrich), 0.2 or 1 uM rotenone (R8875,
Sigma-Aldrich), 0.2 or 1 uM antimycin A (R8674, Sigma-Aldrich), 1 or 5mM
metformin (PHR1084, Sigma-Aldrich), 5 or 10mM 2-DG (D8375, Sigma-Aldrich)
or 5uM resveratrol (R5010, Sigma-Aldrich) was used to treat cells 1 h before and
during virus infection.

Real-time PCR and oligonucleotides. Total cellular RNA was extracted

using TRIzol reagent at indicated time points in figure legends, followed

by reverse transcription by iScript cDNA Synthesis kit (1708891, Bio-Rad).
NLRX1, FASTKD5, GAPDH or ACTB TagMan gene expression assay
(Hs00226360_m1, Hs01855817_s1, Hs02758991_g1 or Hs99999903_m1,

Applied Biosystems) was used to quantify gene expression by real-time PCR.
HIV-1 replication was quantified by real-time PCR using the probe (FAM-
5-AAAATTCGGTTAAGGCCAGGGGGAAAGAA-3'-TAMRA, Applied
Biosystems) and primers (5'-GGTGCGAGAGCGTCAGTATTAAG-3,
5'-AGCTCCCTGCTTGCCCATA-3', Integrated DNA Technologies) targeting
the HIV-1 Gag region. Gene expressions were normalized to ACTB or GAPDH
mRNA levels. Cellular DNA was extracted from 2 X 10° cells using a DNeasy
Blood and Tissue kit (QIAGEN). Mitochondrial DNA (within D-loop or
MT-ND2) and nuclear DNA (within nuclear gene CCR5) content was measured
by real-time PCR using SYBR Green (4309155, Applied Biosystems) and
normalized by the nuclear DNA (within TBP nuclear regions on chromosome 6).
Primers used were CCR5: 5'-CCAGAAGAGCTGAGACATCCG-3', 5'-GCCAAGC
AGCTGAGAGGTTACT-3"; D-loop: 5'-GATTTGGGTACCACCCAAGTATTG-3/,
5'-GTACAATATTCATGGTGGCTGGCA-3'; MT-ND2: 5'-AGCACCACGACCC
TACTACT-3', 5'-TGGTGGGGATGATGAGGCTA-3'; and TBP: 5'-TTCAC
TTCCCCTTGGCCACAACAT-3', 5'-TGTTCCATGCAGGGGAAAACAAGC-3'.
Analyses for relative gene expression, mitochondrial DNA content and HIV-1
replication were performed using the 2-22<T approach™.

Lentiviruses preparation and cell transduction. TRC lentiviral pLKO.1 empty
vector and pLKO.1 containing NLRX1 targeting shRNAs (TRCN0000128446,
sh-NLRX1 line 1: 5'- GTCTGGAATCTCCAAGTTAAA -3’, TRCN0000130325,
sh-NLRX1 line 2: 5'- GAGTCTGGAATCTCCAAGTTA -3’) were obtained
from TRC-Hs1.0 (human) library provided by the Lenti-shRNA Core Facility
at UNC-CH. TRC lentiviral nontargeting shRNA (sh-Ctr) was purchased from
Horizon Discovery (catalog no. RHS6848). SMARTvector inducible lentiviral
shRNA targeting FASTKD5 (sh-FASTKD5 line 1: V3SH11252-226616423 and
sh-FASTKDS5 line 2: V3SH11252-228281042) or PRDX3 (sh-PRDX3 line 1:
V3SH11252-224976620 and sh-PRDX3 line 2: V3SH11252-224980877) were
purchased from Horizon Discovery. Lentiviruses were made by co-transfection
of the lentiviral vector, VSV-G and ANRF into HEK293T cells. Jurkat cells were

infected with lentiviruses containing shRNA by spinoculation (1,000g at 25 °C for
3h) to generate relevant knockdown cell lines. Silencing of FASTKD5 and PRDX3
was induced by 1 pgml~ doxycycline (D3447, Sigma-Aldrich) for 72 h. To double
knock down NLRX1 and FASTKD5, Jurkat-sh-NLRX1 line 2 cells were transduced
with sh-FASTKD?5 line 1. To reduce NLRX1 expression in human primary CD4*
T cells, cells were stimulated with anti-CD3/anti-CD28-coated magnetic beads for
24h and then transduced with concentrated lentiviruses expressing sh-NLRX1
(MOI=5). Beads were removed at day 5 after stimulation. Transduced CD4*

T cells were expanded in a complete RPMI medium containing 200 IU ml~" of
interleukin-2.

Luciferase assay. Various Jurkat cell lines were seeded in U-bottom 96-well plates
at a density of 1.0 X 10° per well and infected with VSV-G-NL4-3-Luc at the

MOI as indicated in figure legends. At indicated time points, cells were collected
and measured for firefly luciferase activity by the Luciferase Assay Reagent II
(Promega) according to the manufacturer’s instruction. Total proteins were
quantified by the Pierce BCA Protein Assay kit. Luciferase activity was normalized
by 1 ug of total proteins.

Immunoblotting. Jurkat cells infected with HIV pseudoviruses or lentiviruses

as indicated in figure legends were collected and subjected to immunoblot as
previously described'. Primary antibodies included anti-NLRX1 (generated

by Ting laboratory, 1:2,000 dilution), anti-HIV-1 p24 (39/5.4A, 1:500 dilution),
anti-STAT1 (9172, 1:1,00 dilution), anti-phospho-STAT1 (Y701, 9171, 1:1,000
dilution; Cell Signaling Technology), anti-FASTKD5 (ab111548, 1:1,000 dilution),
anti-PRDX3 (ab73349, 1:1,000 dilution), anti-SPNS1 (ab59971, 1:1,000 dilution;
Abcam) and anti-B-actin (sc-1615, HRP conjugate, 1:5,000 dilution; Santa Cruz
Biotechnology). Appropriate HRP-conjugated secondary antibodies were used and
proteins were detected using Enhanced Chemiluminescent reagent (Thermo Fisher
Scientific). Densitometry analysis was performed for Gag p55 levels by normalizing
to B-actin using ImageJ (NIH).

Measurement of HIV-1 replication by flow cytometry. Jurkat cells and human
primary CD4* T cells infected with HIV-1 R3A were collected at 48 hpi and fixed
and permeabilized using Fixation/Permeabilization Solution kit (BD Biosciences)
according to manufacturer’s instructions, followed by intracellular staining with
anti-HIV-1 p24-FITC for 30 min. HIV-1 p24-positive cells were determined using
a CyAn ADP flow cytometer. Summit v.5.0 was used for sample collection and
Flow]Jo v.9 was used for data analysis.

Measurement of NLRX1 expression by imaging flow cytometry. Jurkat cells were
infected with VSV-G-NL4-3-EGFP (MOI=0.5). At 48 hpi, cells were fixed and
permeabilized using Fixation/Permeabilization Solution kit. Intracellular staining
of NLRX1 was conducted using 1 ugml~" anti-NLRX1 (PA5-21018, Invitrogen)
and then 1 pgml~" Alexa Fluor 647 donkey anti-rabbit IgG (406414, BioLegend)
for 30 min on ice, respectively. After staining, images of cells expressing GFP and
NLRX1 were obtained by ImageStreamX MKII (Luminex Corporation). Data were
analyzed by IDEAS6.2 software.

Human CD4* T cell-reconstituted mouse model for HIV-1 infection. To test
the efficacy of NLRX1 silencing in HIV-1 infection using an in vivo model, total
CD4* T cells isolated from one healthy donor were activated and transduced

by lentiviruses to generate NLRXI-silenced cells as described above. NRG

mice (007799, Jackson Laboratory) bred and housed in specific-pathogen-free
conditions at 19-23 °C with a 12-h-light-dark cycle were irradiated as previously
described”. Mice at 4-6 weeks of age were randomly assigned to four groups (n=4
for each uninfected group and n =5 for each infected group) to control for sex and
age effects. On the day of transfusion, 1.0 X 107 human CD4* T cells transduced
with lentiviruses expressing sh-Ctr or sh-NLRX1 in 100 ul PBS were injected into
each mouse via the tail vein to generate human CD4* T cell-reconstituted mice
(NRG-hu CD4"). The day after, each mouse was infected with 1ng p24 HIV-1
R3A via the retro-orbital route. Blood was collected weekly after infection through
the tail, with plasma and cell pellets separated by centrifugation at 5,000 r.p.m.

for 5min and plasma was stored at —80 °C for further viral RNA extraction. For
VL determination, viral RNA extracted from standard plasma (3443, NIH AIDS
Reagent Program) and plasma from each infected mouse (QIAamp viral RNA
minikit, QTAGEN) was analyzed by quantitative PCR with reverse transcription
(RT-qPCR) (TagMan One-Step RT-qPCR master mix, Applied Biosystems).

The primers and probe used here were the same as those used to quantify HIV-1
replication described above. Cell pellets were used to quantify human CD4*

T cells. Briefly, red blood cells were lysed using ammonium-chloride-potassium
(ACK) lysis buffer (A1049201, Gibco) at room temperature for 5min. Cells were
then resuspended in FACS buffer (PBS containing 2% FBS) and stained for cell
viability (7-aminoactinomycin D, A1310, Life Technologies) and surface markers,
including mouse CD45 (PE-Cy5-conjugated, clone 30-F11, BioLegend, 1:330
dilution), human CD3 (PE-conjugated, clone HIT3a, BioLegend, 1:330 dilution)
and human CD4* (FITC-conjugated, RPA-T4, BioLegend, 1:330 dilution). After
staining, cell populations were analyzed by flow cytometry analysis using the CyAn
ADP flow cytometer. Stained cells were counted by using a Guava easyCyte flow



cytometer (Millipore). After 3 wpi, spleens were isolated after mice were killed and
splenocytes were counted using a Guava easyCyte flow cytometer after staining of
live/dead cells.

For in vivo testing of metformin in HIV-1 replication, NRG-hu CD4* mice
were administered metformin by drinking water (5 mgml™") 1d before infection
and during the whole infection period. The water bottles containing freshly made
metformin solution were changed every 3-4d. Viremia and human CD4* T cell
counts were determined as described above.

Immunoprecipitation. Jurkat-sh-Ctr or Jurkat-sh-NLRX1 cells (5 107) were
washed twice by PBS and then resuspended in 1 ml lysis buffer (50 mM Tris,

150 mM NaCl, 1% Triton X-100, protease inhibitor cocktail, phosphatase

inhibitor cocktail, pH 7.4). Cell lysates were rotated at 4 °C for 30 min to obtain
complete cell lysis and cell debris was pelleted by centrifugation at 16,000g for
30min at 4°C. Partially cleared lysates (80 ul) were kept for use as the input for
immunoblotting. Immunoprecipitation was performed by incubating cell lysates
with 10 ug anti-NLRX1 or control mouse IgG1 antibody (5415, Cell Signaling)
plus 50 pl protein A/G-conjugated agarose beads (53133, Thermo Fisher Scientific)
for 8, followed by washing three times with lysis buffer. Proteins pulled down by
antibodies were subjected to immunoblotting with antibodies specific for NLRX1,
FASTKD5, PRDX3 and SPNS1. To determine the interaction of NLRX1 and
FASTKD5 upon HIV-1 infection, 1x 10 Jurkat cells were infected with 100 ng p24
HIV-1 R3A. At 72 hpi, immunoprecipitation and immunoblotting were conducted
as described above.

Metabolism assays. Jurkat cells containing various shRNAs were infected with
VSV-G-NL4-3-Luc (MOI=3) or left uninfected. For drug treatment, 5 mM
metformin was maintained in cell cultures through virus infection and metabolic
assays; 5 UM resveratrol was added in the cell culture during infection but was
removed during metabolic assays. At 24 hpi, each group was plated in quintuplicate
in the Seahorse XF24 Cell Culture Microplates (Agilent) (1 X 10° per well) with
500 ul Seahorse XF base medium (Agilent), 100 mM sodium pyruvate (11360070,
Gibco) and 2.5M glucose (A2494001, Gibco) for OCR measurements, and with
500 pl Seahorse XF base medium with 100 mM sodium pyruvate and 2mM
glutamine (25030081, Gibco) for ECAR measurements for 1h in the absence

of CO, at 37 °C before the start of the metabolism assay. OCR and ECAR were
assessed as previously described*. In some experiments, OCR and ECAR were
normalized to the basal levels initially recorded. The following parameters were
assessed as indices of mitochondrial respiratory function: basal respiration
(difference between basal and rotenone-induced OCR), maximal respiration
(difference between FCCP-induced and rotenone-induced OCR) and reserved
respiratory capacity (difference between maximal and basal respiration). Glycolytic
flux activation was determined by levels of glycolysis (ECAR in response to
glucose), glycolytic capacity (maximal ECAR following oligomycin exposure) and
glycolytic reserve (difference between 2-DG-induced and oligomycin-induced
ECAR).

Quantitative proteomics analysis. Stable isotope labeling by amino acids in cell
culture (SILAC)-based quantitative proteomics has been previously described*’.
Five million SILAC-labeled Jurkat-sh-Ctr or Jurkat-sh-NLRX1 cells were infected
with VSV-G-NL4-3-Luc (MOI=5) or left uninfected. At 24 hpi, cells were collected
and subjected to mass spectrometry. For TMT-based quantitative proteomics,

5% 10° Jurkat cells expressing sh-FASTKD5 or control cells were infected with
VSV-G-NL4-3-Luc (MOI=5) or left uninfected. At 24 hpi, cells were collected and
cell pellets were resuspended in 8 M Urea, 50 mM Tris-HCI (pH 8.0), reduced with
5mM dithiothreitol for 30 min at room temperature and alkylated with 15 mM
iodoacetamide for 45 min in the dark at room temperature. Samples were diluted
fourfold with 25 mM Tris-HCI (pH 8.0), 1 mM CaCl, and digested with trypsin

at 1:100 (w/w, trypsin:protein) ratio overnight at room temperature. Peptides

were desalted on homemade C18 stagetips. Then, 100 pg of each peptide sample
was labeled with TMT11plex Isobaric Label Reagent (A34808, Thermo Fisher
Scientific) following the optimal protocol”. The mixture of labeled peptides

was desalted and fractionated into 24 fractions in 10 mM trimethylammonium
bicarbonate buffer containing 5-40% acetonitrile. For mass spectrometry analysis,
dried peptides were dissolved in 0.1% formic acid and 2% acetonitrile. For global
profiling samples, peptide concentration was measured with Pierce Quantitative
Colorimetric Peptide Assay (23275, Thermo Fisher Scientific). Then, 0.5 pg of
each fraction was analyzed on a Q-Exactive HF-X coupled with an Easy nanoLC
1200 (Thermo Fisher Scientific). Peptides were loaded on to a nanoEase MZ HSS
T3 Column (100 A, 1.8 um, 75 um x 150 mm, Waters). Analytical separation of

all peptides was achieved with a 100-min gradient. A linear gradient of 5-10%
buffer B over 5min, 10-31% buffer B over 70 min and 31-75% buffer B over
15min was executed at a 300 nlmin~" flow rate followed by a ramp to 100% B

in 1 min and a 9-min wash with 100% B (where buffer A was aqueous 0.1%

formic acid and buffer B was 80% acetonitrile and 0.1% formic acid). liquid
chromatography-mass spectrometry (MS) experiments were also carried out in a
data-dependent mode with full MS (externally calibrated to a mass accuracy of
<5 ppm and a resolution of 120,000 for TMT-labeled samples at m/z 200) followed
by high-energy collision-activated dissociation MS/MS with a resolution of 45,000

for TMT-labeled global samples at m/z 200. High-energy collision-activated
dissociation MS/MS was used to dissociate peptides at a normalized collision
energy of 32eV (for TMT-labeled samples) in the presence of nitrogen bath gas
atoms. Dynamic exclusion was 45 or 20s. For raw proteomics data processing
and analysis, mass spectra were processed and peptide identification was
performed using MaxQuant software v.1.6.10.43 (Max Planck Institute). All
protein database searches were performed against the UniProt human protein
sequence database (UP000005640). An FDR for both peptide-spectrum match
and protein assignment was set at 1%. Search parameters included up to two
missed cleavages at Lys/Arg on the sequence, oxidation of methionine and protein
N-terminal acetylation as a dynamic modification. Carbamidomethylation of
cysteine residues was considered as a static modification. Peptide identification
was perforned by filtering reverse and contaminant entries and assigning them to
their leading razor protein. The TMT reporter intensity found in MaxQuant was
used for quantitation. Data processing and statistical analysis were performed on
Perseus (v.1.6.10.50). Protein quantitation was performed using TMT reporter
intensity and a two-sample Student’s t-test statistics on two biological replicates
was used with a P value of 5% to report statistically significant protein abundance
fold changes. Functional analysis was performed by ingenuity pathway analysis
(QIAGEN), ReactomeFIplugin in Cytoscape and Metascape. Heat maps were
generated by Morpheus. The Venn diagram was generated through https://www.
meta-chart.com.

Analysis of RV217 transcriptome data. For microarray analysis, the LIMMA
package was used to fit a linear model and calculate the association of gene
expression to the magnitude of set-point viremia®. For pathway analysis, GSEA
using the KEGG database was performed to identify pathway-associated set-point
VL or NLRX1 expression™. GSEA is a statistical method to determine whether
members of a particular gene set preferentially occur toward the top or bottom
of a ranked-ordered gene list, where genes are ranked by the strength of their
association with the outcome of interest (set-point VL). More specifically, GSEA
calculates a NES that reflects the degree to which a set of genes is overrepresented
among genes differentially expressed along with set-point VL. The significance
of an observed NES was obtained by permutation testing: re-sorting the gene list
to determine how often an observed NES occurs by chance. An analysis for the
association of gene expression to NLRXI expression level was also performed

by using the LIMMA package and GSEA similar to the above description.
Leading-edge analysis was performed to examine the particular genes of a gene
set contributing the most to the enrichment. For network mapping/visualization,
GeneMANIA Networks (Genemania.org) were plotted to represent coexpression
of leading-edge genes of the OXPHOS pathway’'. The overlap between the genes
included in the networks and Gene Ontology biological process was assessed using
a Fisher’s exact test. GeneMANIA is a flexible, user-friendly web interface for
generating hypotheses about gene functions, analyzing gene lists and prioritizing
genes for functional assays. Given a query list, GeneMANIA extends the list

with functionally similar genes that it identifies using available genomics and
proteomics data. GeneMANIA also reports weights that indicate the predictive
value of each selected dataset for the query. The Cytoscape (cytoscape.org) plugin
was used to plot networks. An alternative network for leading-edge genes of the
OXPHOS pathway was generated by ClueGO or STRING v.11.

Statistical analysis. Statistical significance was assessed by unpaired Student’s ¢-test
or ANOVA followed by Dunnett’s, Sidak’s or Tukey’s multiple comparisons test in
GraphPad Prism 8.4.3 software, Wilcoxon rank-sum test or Pearson correlation. In
all tests, P values were shown in the figures.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The authors declare that the data supporting the findings of this study are available
with the paper and its supplementary information files. Source data for all figures
are provided with the paper. The RV217 CD4* T cell transcriptome data have been
uploaded to the Gene Expression Omnibus (accession number GSE165841). The
mass spectrometry proteomics data have been deposited to the ProteomeXchange
with identifier PXD023565. The public databases used include UniProt human
protein sequence database https://www.uniprot.org/proteomes/UP000005640;
KEGG pathway database https://www.genome.jp/kegg/pathway.html; Hallmark
gene set https://www.gsea-msigdb.org/gsea/msigdb/genesets.jsp?collection=H; and
Reactome Pathway database https://reactome.org/. Source data are provided with
this paper.

References

42. Committee for the Update of the Guide for the Care and Use of Laboratory
Animals et al. Guide for the Care and Use of Laboratory Animals 8th edn
(National Academies Press, 2011).

43. Konig, R. et al. Global analysis of host-pathogen interactions that regulate
early-stage HIV-1 replication. Cell 135, 49-60 (2008).


https://www.uniprot.org/proteomes/UP000005640
https://www.meta-chart.com
https://www.meta-chart.com
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE165841
http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD023565
https://www.uniprot.org/proteomes/UP000005640
https://www.genome.jp/kegg/pathway.html
https://www.gsea-msigdb.org/gsea/msigdb/genesets.jsp?collection=H
https://reactome.org/

44. Guo, H., Gao, J., Taxman, D. J., Ting, J. P. & Su, L. HIV-1 infection induces
interleukin-1f production via TLR8 protein-dependent and NLRP3
inflammasome mechanisms in human monocytes. J. Biol. Chem. 289,
21716-21726 (2014).

45. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data
using real-time quantitative PCR and the 2 742" method. Methods 25,
402-408 (2001).

46. Uchimura, T. et al. The innate immune sensor NLRC3 acts as a rheostat that
fine-tunes T cell responses in infection and autoimmunity. Immunity 49,
1049-1061 (2018).

47. Chen, X., Smith, L. M. & Bradbury, E. M. Site-specific mass tagging with
stable isotopes in proteins for accurate and efficient protein identification.
Anal. Chem. 72, 1134-1143 (2000).

48. Zecha, J. et al. TMT labeling for the masses: a robust and cost-efficient,
in-solution labeling approach. Mol. Cell Proteom. 18, 1468-1478 (2019).

49. Smyth, G. K. et al. in Bioinformatics and Computational Biology Solutions
using R and Bioconductor 1st edn (eds. Gentleman, R., Carey, V., Huber, W.,
Irizarry, R. & Dudoit, S.) 379-420 (NY Springer, 2005).

50. Subramanian, A. et al. Gene set enrichment analysis: a knowledge-based
approach for interpreting genome-wide expression profiles. Proc. Natl Acad.
Sci. USA 102, 15545-15550 (2005).

. Mostafavi, S., Ray, D., Warde-Farley, D., Grouios, C. & Morris, Q.
GeneMANIA: a real-time multiple association network integration algorithm
for predicting gene function. Genome Biol. 9, S4 (2008).

5

—

Acknowledgements

We thank the UNC Flow Cytometry Core Facility, supported in part by P30 CA016086
Cancer Center Core Support Grant to the UNC Lineberger Comprehensive Cancer
Center, for assistance with flow cytometry. We thank S. K. Chanda at Sanford Burnham
Prebys Medical Discovery Institute for providing the pNL4-3.EGFP.E- construct. This
work was supported by NIH grants R01-AI029564 (J.P.-Y.T.), U19A1109965 (J.P-Y.T.),

AI127346 (L.S.) and DK119937 (L.S.); and UNC CFAR Award P30 AI50410 (H.G.). The
RV217 study was supported by a cooperative agreement (W81XWH-18-2-0040) between
the Henry M. Jackson Foundation for the Advancement of Military Medicine and the US
Department of Defense.

Author contributions

H.G., LS. and J.P-Y.T. designed the experiments; H.G., QW.,, LW, K.G., ER., EH.G,,
L.C, M.L.R. and L.A.E. conducted the studies; K.G. performed the data and statistical
analyses of the RV217 study. X.C. and R.-PS. assisted with the experiments and provided
intellectual input; D.M.M. and C.G. provided critical reagents; J.P-Y.T. supervised the
study; H.G., QW,, L.S. and J.P.-Y.T. interpreted the data and wrote the manuscript.

Competing interests

The authors declare no competing interests. The views expressed are those of the authors
and should not be construed to represent the positions of the US Army, the Department
of Defense or the Henry M. Jackson Foundation.

Additional information

Extended data is available for this paper at https://doi.org/10.1038/s41590-021-00898-1.
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41590-021-00898-1.

Correspondence and requests for materials should be addressed to L.S. or J.P.-Y.T.
Peer review information Nature Immunology thanks Xiao-Ning Xu and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available. Zoltan Fehervari was the primary editor on this article

and managed its editorial process and peer review in collaboration with the rest of the
editorial team.

Reprints and permissions information is available at www.nature.com/reprints.


https://doi.org/10.1038/s41590-021-00898-1
https://doi.org/10.1038/s41590-021-00898-1
http://www.nature.com/reprints

([ J
NDUFAB1 NDUFS3 ° @ ATP6ViB2
NDUFS5 ATP6VOB
ATP6V1D
[ ] ) 6
NDUFV3 @ \DUFA9
NDUFA11 [ ) [ )
NDUFS{ °® ND[’FBS ATP6VOD1 ATP6V1C2
RFSA
° UQCREST X UQCRHL ¢oxaa Iron uptake and transport
NDUFS6
®  COX6A1 o (]
® UQCRH ATP6V1F ATP4A
NDUFB6 PY
Oxidative phosphorylation NDUFB2 o °
NDUOFAG COX4I1 ATPEVOET g  ATP6VIH
[ . ATP6V1C1
NDUFA4L2 ° Electron Transport Chain
() o
PACRC2 ° UQCRT1 SDHD
° d ° NDUFB9
NDUFAS8 o (]
NDUFv2 UQCR10 /@ COX5B SDHA
COX7A2 TCA Cycle
@ o ®
NDUFC1 NDUFS4 SDHC
Edge
Textmining
mm  Experiments
Datasets
mm  Coexpression
== Cooccurence
== Neighborhood

Node
M Respiratory chain complex
H lon channel transport

Extended Data Fig. 1| The network of leading edge genes in the OXPHOS pathway associated with set-point viral load. a, Cytoscape was used to plot a
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reflect the association between these genes. b, STRING was used to plot a network highlighting the top genes contributing to enrichment. Nodes represent
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Extended Data Fig. 2 | Metabolic inhibitors suppress HIV-1replication in CD4 T cells and NRG-hu CD4 mice. a, The effect of OXPHOS inhibitors on
virus replication in VSV-G-NL4-3-Luc-infected Jurkat cells. Rotenone (0.2 uM or 1uM), metformin (1mM or 5mM, mitochondrial complex | inhibitor)
and antimycin A (0.2 uM or 1uM, mitochondrial complex Il inhibitor). Ethanol is the vehicle control for rotenone and antimycin A, and sterile water

is the vehicle control for metformin. n=3 cell cultures per experiment. b, The oxygen consumption rate (OCR) was measured in Jurkat cells infected

with VSV-G-NL4-3-Luc or left uninfected (mock) in the presence of metformin or the vehicle control (H20). n=4 cell cultures per experiment. ¢, The
basal and maximal OCR and reserved respiratory capacity of Jurkat cells infected with VSV-G-NL4-3-Luc or left uninfected (mock) in the presence of
metformin or vehicle control (H20). n=12 cell cultures per experiment. d, The effect of 2-DG (5 mM or 10 mM), a glycolysis inhibitor, on virus replication
in VSV-G-NL4-3-Luc infected Jurkat cells. H20 was used as vehicle control. n=3 cell cultures per experiment. e, Representative FACS plots of human
CDA4 T cells from peripheral blood stained with the indicated markers. Cells were obtained from mock or HIV-1 R3A infected NRG-hu CD4 mice with or
without metformin treatment. Data are representative of three independent experiments shown as the mean + s.e.m. Statistical significance was tested by
one-way ANOVA (a,d) or two-way ANOVA followed by Tukey's multiple comparisons test (c).
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Extended Data Fig. 3 | NLRX1 is upregulated in HIV-1infected CD4 T cells. a, Jurkat cells were infected with VSV-G-pseudotyped HIV NL4-3-EGFP

virus (MOI=0.5). After 48 hours post-infection (hpi), cells were stained with an anti-NLRX1 antibody and subjected to ImageStreamX Mkll imaging flow
cytometry. GFP positive cells indicate HIV-1infection. b, The mean fluorescence intensity (MFI) of NLRX1 staining in GFP negative (=532 cells) and
positive cells (n=222 cells). P value was calculated by two-tailed unpaired Student's t-test. ¢, The linear relationship between the expression of NLRX1

and GFP. R, Pearson'’s correlation coefficient; Correlation is significant at P< 0.0001. d, Jurkat cells were infected by VSV-G-NL4-3-EGFP pseudovirus
(MOI=1). At 48 hpi, NLRXT transcripts were assessed by gPCR. n=3 cell cultures per experiment. P value was calculated by two-tailed unpaired Student’s
t-test. @, NLRX1 transcripts were assessed in human primary CD4 T cells infected by three different HIV-1 clinical isolates at 48 hpi by gPCR. n=3 cell
cultures per experiment. Significance was tested by one-way ANOVA followed by Dunnett’'s multiple comparisons test. All data are representative of three

independent experiments. Error bar is s.e.m.
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Extended Data Fig. 4 | The effect of metformin on NLRX1 expression in CD4 T cells. a-d, CD3/CD28 antibody-activated human primary CD4 T cells
were left uninfected (a) or infected by three different HIV-1 clinical isolates, #409 (b), #413 (c), and #414 (d) in the presence of 5mM metformin or the
vehicle control, sterile water. NLRXT transcripts were assessed at 48 hpi by gPCR. Representative data of three independent experiments are shown as the
mean =+ standard deviation (s.d). n=4 cell cultures per experiment. Statistical significance was tested by two-tailed unpaired Student'’s t-test.
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Extended Data Fig. 5 | Silencing NLRX1 protects HIV-1 caused human CD4 T cell depletion in the NRG-hu CD4 mouse model. a, Representative
fluorescence-activated cell sorting (FACS) plot of human CD4 T cells expressing the indicated markers in peripheral blood from mock or HIV-1R3A
infected NRG-hu CD4 mice at 1and 2 wpi. b, Spleens from mock or HIV-1 R3A infected NRG-hu CD4 mice at 3 wpi. n=6 mice per group. ¢, Splenocyte
numbers of mock or HIV-1R3A infected NRG-hu CD4 mice at 3 wpi. The data are a pool of two independent experiments. n=_8 mice for mock groups;
n=9 mice for HIV-1infection groups. Data are presented as the mean + s.e.m. Statistical significance was tested by two-way ANOVA followed by Sidak's
multiple comparisons test.
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Extended Data Fig. 6 | NLRX1 promotion of HIV-1replication in CD4 T cells is independent of IFN-1, autophagy, or ER stress. a, RLU in Jurkat sh-Ctr

or sh-NLRX1 cells infected with VSV-G-NL4-3-Luc (MOI=1) or left uninfected in the presence or absence of JAK1/2 inhibitor Ruxolitinib at 24 hpi.n=3
cell cultures per experiment. b, Ruxolitinib suppressed VSV-G-NL4-3-Luc infection-induced phosphorylation of STAT1 at 24 hpi. -actin was used as

the loading control. ¢, Similar to a except for using autophagy inhibitor 3-Methyladenine (3-MA) to treat cells. Numbers on top of the bar are the fold
differences. n=3 cell cultures per experiment. d, Similar to a except for using ER stress inhibitor sodium tauroursodeoxycholate (TUDCA) to treat cells.
Luciferase activities were determined at 48 hpi. n=3 cell cultures per experiment. Representative data of three independent experiments are presented as
the mean + s.e.m. Two-way ANOVA followed by Sidak’s multiple comparisons test.
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Extended Data Fig. 7 | Expression of FASTKD5 in Jurkat cells and primary human CD4 T cells. a, Candidates of NLRX1 interacting proteins identified by
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are shown as the mean + s.e.m. n=4 cell cultures per experiment. Statistical significance was tested by two-way ANOVA followed by Sidak's multiple
comparisons test. ¢, CD3/CD28 antibody-activated human primary CD4 T cells were infected by three different HIV-1 clinical isolates (10 ng p24),

and FASTKDS transcripts were assessed at 24 and 48 hpi by gPCR. Data are shown as the mean + s.e.m. n=4 cell cultures per experiment. Statistical
significance was tested by one-way ANOVA followed by Dunnett's multiple comparisons test. d, e, Doxycycline-induced silencing of FASTKD5 (d) and
PRDX3 (e) in Jurkat cells transduced by 2 different shRNA containing lentiviruses. f-actin was used as the loading control. Data (b-e) are representative
of three independent experiments.
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