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numbers complete cell division in vitro, cycling CD4* T cells from INRs do not. Here, we show that cells with the
phenotype and transcriptional profile of Tregs were enriched among cycling cells in health and in HIV infection. Yet there
were diminished frequencies and numbers of Tregs among cycling CD4* T cells in INRs, and cycling CD4" T cells from
INR subjects displayed transcriptional profiles associated with the impaired development and maintenance of functional
Tregs. Flow cytometric assessment of TGF-B activity confirmed the dysfunction of Tregs in INR subjects. Transcriptional
profiling and flow cytometry revealed diminished mitochondrial fitness in Tregs among INRs, and cycling Tregs from INRs
had low expression of the mitochondrial biogenesis regulators peroxisome proliferator—activated receptor y coactivator 1-
o (PGC1a) and transcription factor A for mitochondria (TFAM). In vitro exposure to IL-15 allowed cells to complete
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T cells during antiretroviral therapy.

Introduction

The introduction of combination antiretroviral therapy (cART)
has had a major impact on the morbidity and mortality of HIV-1-
infected individuals. Nonetheless, despite effective control of
HIV replication with cART, a minority of treated individuals fails
to show increased CD4" T cell counts to the levels observed in
uninfected subjects (1, 2). These immune failure or immune non-
responder (INR) subjects remain at greater risk for morbidity and
mortality than do immune responder (IR) subjects in whom the
CD4" T cell count is restored (3, 4). Although the precise determi-
nants of immune failure are not well defined, several characteris-
tics of immune cells define this syndrome and may provide insight
into these mechanisms. High levels of T cell activation and cycling
have been observed in many lymphopenic systems (5). INRs have
high levels of T cell activation, defined by the coexpression of
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Immune nonresponder (INR) HIV-1-infected subjects are characterized by their inability to reconstitute the CD4* T cell pool
after antiretroviral therapy. This is linked to poor clinical outcome. Mechanisms underlying immune reconstitution failure
are poorly understood, although, counterintuitively, INRs often have increased frequencies of circulating CD4* T cells in the
cell cycle. While cycling CD4* T cells from healthy controls and HIV* patients with restored CD4* T cell numbers complete
cell division in vitro, cycling CD4* T cells from INRs do not. Here, we show that cells with the phenotype and transcriptional
profile of Tregs were enriched among cycling cells in health and in HIV infection. Yet there were diminished frequencies and
numbers of Tregs among cycling CD4* T cells in INRs, and cycling CD4* T cells from INR subjects displayed transcriptional
profiles associated with the impaired development and maintenance of functional Tregs. Flow cytometric assessment of
TGF-B activity confirmed the dysfunction of Tregs in INR subjects. Transcriptional profiling and flow cytometry revealed
diminished mitochondrial fitness in Tregs among INRs, and cycling Tregs from INRs had low expression of the mitochondrial
biogenesis regulators peroxisome proliferator-activated receptor y coactivator 1-a (PGC1e) and transcription factor A for
mitochondria (TFAM). In vitro exposure to IL-15 allowed cells to complete division, restored the expression of PGC1o. and
TFAM, and regenerated mitochondrial fitness in the cycling Tregs of INRs. Our data suggest that rescuing mitochondrial
function could correct the immune dysfunction characteristic of Tregs in HIV-1-infected subjects who fail to restore CD4*

CD38 and HLA-DR on CD4* and CD8" T cells, as well as elevated
expression of inflammatory markers in plasma (1). INRs also have
profound decreases in circulating naive CD4* and CD8" T cells (1,
6, 7), and their lymphocytes have poor in vitro responses to IL-7
(8-11). Age (12, 3), nadir CD4* T cell counts (14, 15), longer duration
of HIV-1 infection (12, 3), microbial translocation and inflamma-
tion (1), and poor responses to IL-7 (8-11) have all been associated
with the failure to restore CD4* T cell numbers in INR subjects.
Hepatitis C virus (HCV) coinfection has also been linked to low
CD4" T cell counts in some (16) but not all studies (17). Despite low
CD4" T cell numbers and poor IL-7 responsiveness, an increased
frequency of cycling CD4" T cells is characteristic of INRs (1, 2).
To better understand the characteristics of cycling CD4* T
cells in INRs, we used surface CD71 as a specific marker of cells
in cycle and examined the transcriptional profile of cycling and
noncycling memory CD4* T cells from INRs, IRs, and healthy
controls (HCs). We found that in each subject population, cycling
CD4" T cells were enriched for cells with the transcriptional pro-
file and phenotype of Tregs, and we detected an apoptotic gene
signature in cycling CD4* T cells from INRs, but not in cycling cells
from HCs or IRs. We also found that the impaired Treg homeo-
stasis was linked to decreased CD4* T cell counts in treated HIV
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infection. Mitochondria are the energy powerhouse organelles,
and their function is linked to cell survival and function (18-20).
Importantly, cycling Tregs from INR subjects showed decreased
mitochondrial fitness and low expression of mitochondrial bio-
genesis regulators, the peroxisome proliferator-activated receptor
y coactivator 1-a (PGCla), and the transcription factor A for mito-
chondria (TFAM). PGClo is downregulated in settings of immune
exhaustion such as that seen in murine lymphocytic choriome-
ningitis virus (LCMV) infection and in cancer models (21, 22).
We found that in vitro exposure to IL-15 restored the expression
of PGCla and TFAM and regenerated mitochondrial fitness in
cycling Tregs from INRs. We propose a model in which INR sub-
jects fail to restore CD4* T cells as a consequence of defective Treg
survival and function, resulting in a phenotype of uncontrolled
cycling, immune exhaustion, and increased cell death.

Results
Tregs are enviched in cycling memory CD4* T cells, yet their frequen-
¢y is diminished in INRs. To identify the mechanism that drives
CD4' T cell cycling in cART-treated subjects, we sorted memory
CD4' T cells expressing the transferrin receptor CD71. CD71 was
recently identified as a surrogate for Ki67 in both human CD8* T
cells (23) and mouse T cells (24). Here, we expand these findings
to human CD4* T cells, as we observed that cell-surface expres-
sion of CD71 was tightly correlated to intracellular expression
of Ki67 (r = 0.9854) among CD4" T cells (Supplemental Figure
1, A and B; supplemental material available online with this arti-
cle; https://doi.org/10.1172/JC1120245DS1). We found that the
frequency of cycling memory CD4* T cells as identified by Ki67
expression (Figure 1A) in subjects from a Russian cohort (n = 20
HCs, n = 21 IRs, and n = 16 INRs; Supplemental Table 1), or by
CD71 expression (Figure 1B) in subjects from a Cleveland cohort
(n =10 HCs, n =20 IRs, and n = 16 INRs; Supplemental Table 3)
was increased in INRs compared with cycling frequencies in the
IRs or HCs, confirming previous observations (1, 2). We applied
the same criteria for INRs as in our earlier description of INRs (1).
INRs were defined as having CD4* T cell counts below 350 cells/
ul and IRs as having CD4* T cells counts above 350/l after at least
2 years of cART with virologic control. Microarray analysis of sort-
ed CD71"*CD45RA"CD4* T cells (cycling memory cells) and CD71°
CD45RACD4" T cells (noncycling memory cells) from 6 HCs,
6 IRs, and 6 INRs (Supplemental Table 2) confirmed that CD71*
cells in all 3 groups upregulated cell-cycle-related gene modules
(e.g., CDK1, CDK4, CDC20) (Figure 1C, Supplemental Figure 1C,
and Supplemental Table 4) and downregulated genes that inhibit
cell-cycle entry (e.g., CDKN2A, CDKN2B, CDKN1C) (Supplemen-
tal Figure 1D and Supplemental Table 4), thus validating the use
of surface CD71 expression to identify CD4" T cells in cell cycle.
We also found significantly higher frequencies (P < 0.05) of
phenotypically defined Tregs (FOXP3*CD127-CD25*) among
cycling memory cells (Supplemental Figure 2A) than among non-
cycling memory CD4* T cells in all 3 subject groups (Supplemental
Figure 2B). Transcriptional profiling showed that genes typical-
ly expressed by Tregs (CTLA-4, IL-2RA [also known as CD25],
ICOS) were upregulated in cycling memory cells when compared
with their expression in noncycling memory cells in all 3 subject
groups (Figure 1D), confirming the flow cytometric phenotypes
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shown in Supplemental Figure 2B. Nonetheless, Treg frequen-
cies were significantly diminished among cycling memory cells
of INRs compared with their frequencies among cycling mem-
ory cells of IRs (Figure 2A), and the frequencies of Tregs among
cycling memory cells were inversely correlated with cycling fre-
quencies (CD71*) among total CD4* T cells (Figure 2B). Finally,
the proportion of Tregs among cycling memory CD4" T cells and
the peripheral CD4* T cell count (in IRs and INRs) were positively
correlated in the HIV* subjects (Figure 2C).

Although the frequencies of cycling CD4" T cells were elevat-
ed in INRs compared with frequencies in IRs, the absolute num-
bers of both cycling and noncycling Tregs in circulation remained
significantly lower in INRs than in IRs (Supplemental Figure 2C).
These data suggest a potentially important role of Tregs in the
homeostatic maintenance of CD4* T cell numbers (25).

The expression of genes that regulate Treg differentiation and
function is suppressed in INRs. We then fit a linear model between
Treg frequencies and gene expression pathways specific to Treg
function (Supplemental Table 5). We found that the expression of
genes specific to Treg function was associated with higher Treg
frequencies in cycling memory CD4* T cells (normalized enrich-
ment score [NES] = 1.6, P < 0.05) (Figure 3A). The expression of
genes upregulated by the master transcription factor of Treg dif-
ferentiation and function FOXP3 (26) (i.e., CD2, TNFRSF4, CD83)
was linked to increased frequencies of cycling effector Tregs and
was lower in INRs (NES = 1.9, P < 0.05) (Figure 3B). These find-
ings were extended to a signature that includes genes of the TGF-§
signaling pathway (TGIF1, SMAD1, SMAD7, LEFTY) (Figure 3C).
TGF-B controls the development, differentiation, and function of
Tregs (27) (NES = 1.7, P< 0.05), which further validates our model.

Deletion of Tregs can lead to systemic inflammation (28, 29),
confirming their role in controlling inflammatory processes driven by
type I1FNs (30, 31). IFN-stimulated genes (ISGs) were upregulated in
INRs, and overall, this was inversely associated with Treg frequencies
in cycling memory CD4" T cells (NES =-1.4, P < 0.05) (Figure 3D).

To further explore Treg function in phenotypically defined
Tregs among INRs, we measured the expression of glycoprotein
A repetitions predominant (GARP) and latency-associated pep-
tide (LAP) as surrogates of TGF-B secretion (32). As shown in
Figure 3F (and Supplemental Figure 3), the frequencies and abso-
lute numbers (Supplemental Figure 3B) of cells expressing GARP
and LAP among Tregs were significantly lower (P < 0.05) in INRs
than in IRs, reflecting a diminished production of TGF-p by INR
Tregs. Moreover, we established significant positive correlations
between the numbers of peripheral CD4* T cells and the frequen-
cies of phenotypically defined Tregs expressing GARP and LAP in
treated HIV infection (IRs plus INRs) (P = 0.02, rho = 0.4) (Figure
3G). Taken together, these data suggest that Treg production of
TGF-f is impaired in the setting of immune nonresponse and sug-
gest that Treg dysfunction may underlie CD4" T cell homeostatic
failure in treated HIV infection or is a consequence of it.

To explore the potential mechanisms for Treg dysfunction,
we examined the oxidative phosphorylation (OXPHOS) pathway,
which is associated with the development and maintenance of
Tregs (33, 34). We found that expression of OXPHOS genes was
positively correlated with the increasing frequency of Tregs in
cycling memory CD4* T cells (NES = 2.1, P < 0.0001) (Figure 3E).
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Figure 1. Cycling memory CD4* T cells are enriched in Tregs. Frequency of cycling CD4*CD45RA" T cells detected by (A) Ki67 expression in HCs (n = 20),

IRs (n =21), and INRs (n = 16) or by (B) CD71* expression in HCs (n = 10), IRs (n = 20), and INRs (n = 16) among subjects from the Russian cohort (A) and the
Cleveland cohort (B) (*P < 0.05). (C) Heatmaps of cell-cycling-related modules comparing cycling and noncycling memory cells (P < 0.05) from HCs, IRs,
and INRs of the Russian cohort. (D) Heatmaps of the Treg signatures showing upregulation (P < 0.05) in the cycling memory (CD45RA-CD71*) CD4* T cells
compared with signatures in noncycling memory (CD45RA-CD717) CD4 T cells from HCs (n = 6), IRs (n = 6), and INRs (n = 6) of the Russian cohort. P values
for A and B were determined by a Wilcoxon rank-sum test. Data represent the mean + SD.

Cycling CD4* T cells from INRs have distinct gene expression — nisms that could explain the low CD4" T cell numbers observed in
profiles reflecting apoptotic signaling and inflammatory responses. ~ INRs. We monitored for differences in gene expression profiles of
Having demonstrated that Treg dysfunction is characteristic of  the cycling memory cells among the 3 groups and found that the
cycling CD4* T cells in INRs, we next explored potential mecha-  gene expression profiles of the HCs and IRs were similar and dis-
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Figure 2. Cycling Tregs are linked to CD4*T cell homeostasis. (A) Proportions of Tregs (FOXP3*CD25*CD127-) among all CD4* T cells among noncycling
memory (CD71-CD45RA") CD4* T cells and cycling (CD71*) memory CD4* T cells (n = 46, Cleveland cohort subjects) (*P < 0.05). (B) Spearman’s correlation
between Treg frequencies (y axis) in CD4* T cells in noncycling memory and cycling memory CD4* T cells with the frequencies of CD71* cells among CD4*

T cells (x axis) (n = 46, Cleveland cohort subjects). (C) Spearman'’s correlation between the frequency of Tregs among cycling memory CD4* T cells and the
absolute CD4* T cell count in HIV* donors (n = 36, Cleveland cohort subjects). P values for A were determined by a Wilcoxon rank-sum test. Data represent

the mean + SD.

tinct from those of the INR subjects (Supplemental Figure 4A and
Supplemental Table 6). We then used the gap statistic approach
(35) to identify the genes that showed distinct expression profiles
among these groups and characterized pathways enriched among
the genes (see Methods). This analysis revealed that the expres-
sion of proapoptotic genes in cycling CD4* T cells was significant-
ly (P < 0.05) upregulated specifically in the INRs when compared
with expression of these genes in IRs and HCs (Figure 4A). Type I
IFN triggers the expression of several proapoptotic genes (36).
Figure 4B shows that ISGs, including proapoptotic genes (IFI27
IFIT2, SAMD9), were significantly upregulated in cycling CD4*
T cells from INRs. As expected, higher expression of these ISGs
was associated with lower absolute numbers of CD4* T cells and,
importantly, with lower frequencies of phenotypically defined
Tregs among cycling memory CD4" T cells (Supplemental Figure
4, B and C, and Figure 4, C and D). These 2 pathways (type I IFN
and apoptosis) were also positively correlated with the frequency
of cycling (Ki67*) CD4* T cells, a hallmark feature of disrupted
T cell homeostasis among INRs (Supplemental Figure 4, D and E).
These signatures, which were observed to be specific to the cycling
memory cells of INRs, were not observed in their noncycling
memory cell counterparts (data not shown).

These apoptotic gene signatures were relevant to cell survival,
as in short-term culture experiments (Figure 4, E and F) we found
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that sorted (CD71") cycling cells from INRs failed to complete the
cell cycle and divide ex vivo, and this was associated with a pro-
found loss of viability that we did not observe in the cycling or
noncycling cells from IRs or HCs or among the noncycling cells
from INRs (Figure 4G).

OXPHOS and mitochondrial mass are downregulated in the
cycling Tregs of INRs. As mitochondrial function is linked to cell sur-
vival (18-20), we analyzed mitochondrial transcriptional signatures
and found a dramatically diminished expression of genes involved
in different phases of mitochondrial function in the cycling mem-
ory CD4" T cells of INRs (P < 0.05) (Supplemental Figure 5 and
Figure 5A). Genes downregulated in cycling memory cells in INRs
included COX8, COX5, COX6, and SURF1, which are known com-
ponents of the mitochondrial respiratory chain; CPTAI as well as
PDK4, genes upstream of fatty acid oxidation (FAO); and IDH1 and
IDH2, two enzymes that are critical for glucose-dependent ener-
gy production. We found that genes of the NADH family were also
expressed at significantly lower levels in the INRs (P < 0.05).

To examine at the single-cell level the mitochondrial defects
suggested by transcriptional profiling, we used MitoTracker
Green (MG) and MitoTracker Orange (MO) dyes, which quantify
mitochondrial mass and OXPHOS, respectively (see Methods).
OXPHOS activity, measured by the mean fluorescence intensity
(MFI) of MO, was significantly lower (P < 0.05) in cycling CD4*
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Figure 4. Cycling memory CD4* T cells in INRs show increased type | IFN
and apoptosis signaling that correlates with low Treg frequencies and

is linked to failure to complete the cell cycle and divide. Heatmaps of

(A) the apoptosis signaling pathway and (B) the IFN-a response in cycling
memory cells from HCs (n = 6), IRs (n = 6), and INRs (n = 6) of the Russian
cohort, identified by the gap statistic (see Methods). The rows represent
genes and the columns represent samples. The bar plot above the heat-
maps shows the Z score of the pathway in each sample (determined by
SLEA; see Methods). P values among SLEA Z scores of the donor groups
were determined by a Wilcoxon rank-sum test. (C) Spearman'’s correlations
between expression of apoptosis signaling pathway genes (y axis) and (D)
IFN-a response pathway genes (y axis), with the frequency of Tregs among
cycling memory CD4* T cells (x axes) from the Russian cohort subjects. (E)
Representative histograms showing cell proliferation, measured by the
dilution of CFSE dye, of sorted cycling (CD4*CD45RA-CD71*) and noncycling
(CD4*CD45RA-CD717) memory CD4* T cells after a 7-day in vitro incubation.
(F) Mean (+ SD) percentage of sorted cycling and noncycling memory CD4*
T cells that divided at least once after a 7-day in vitro incubation of cells
from HCs (n = 3), IRs (n = 3), and INRs (n = 3). (G) Mean (+ SD) cell count
after a 7-day in vitro culture of sorted cycling and noncycling memory

CD4* T cells from the same subjects as in F. Data in E-G were derived from
Cleveland cohort subjects.

T cells from INR subjects (Figure 5B). This could not be attributed
to differences in mitochondrial mass in cycling CD4" T cells from
HC, IR, or INR subjects (Figure 5C), as MG fluorescence was sim-
ilar in the cycling cells from subjects of all groups analyzed. This
analysis supported the transcriptional profiling analysis of cycling
memory CD4" T cells displayed in Supplemental Figure 5 and Fig-
ure 5A. When the mitochondrial analysis was restricted to cycling
Tregs, the MFI of both MO and MG was significantly (P < 0.05)
diminished in the INR subjects (Figure 5, D and E, and Supple-
mental Figure 6). This was specific to cycling Tregs, as we detect-
ed no differences in OXPHOS or mitochondrial mass among the
subject groups in CD71" Tregs or in CD71* or CD71°CD4" T cells
that were not Tregs (Supplemental Figure 7).

PGCla and TFAM expression is diminished in the cycling Tregs of
INRs. We next evaluated by flow cytometry the expression of PGCla,
the master regulator of mitochondrial biogenesis (21, 22), and
TFAM, a regulator of expression of 13 mitochondrial genes implicat-
ed in OXPHOS (37). As shown, cycling Tregs from INRs showed sig-
nificantly diminished expression of both PGCla (Figure 5, F and G)
and TFAM (Figure 5, F and H), consistent with the decreased mito-
chondrial mass and decreased OXPHOS in these cells.

IL-15 restores the expression of PGClo and TFAM in cycling Tregs
of INRs. We then asked whether IL-15, a cytokine known to induce
OXPHOS and fatty acid B-oxidation in memory CD8* T cells (18,
19), could help restore mitochondrial fitness in the cycling Tregs of
INRs. We incubated peripheral blood mononuclear cells (PBMCs)
from INR subjects with IL-2 or IL-15 and evaluated PGCla and
TFAM expression in a 20-hour assay. As shown in Figure 5, and J,
IL-15, but not IL-2, significantly induced the expression of PGCla
and TFAM in cycling effector Tregs of INRs. Furthermore, both
MG and MO fluorescence significantly increased when sorted
Tregs (CD4*CD127-CD25") from INRs were incubated for 7 days
with IL-15 (Figure 6, A and B). Sorted Tregs incubated with IL-15
diluted CFSE dye, reflecting successful proliferation in the pres-
ence of IL-15 (Figure 6C). In contrast, as shown in Figure 6, IL-2
had no effect on MG or MO fluorescence or the proliferation of
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INR Tregs. These data suggest that the mitochondrial dysfunction
of cycling Tregs from INRs could be improved by IL-15 and that
this was associated with induction of PGClo and TFAM.

Discussion

Earlier work has found high frequencies of cycling among memory
CD4" T cells in HIV-infected subjects (38-40). Effective combina-
tion antiretroviral therapy leads to a significant decrease in the num-
bers of cycling cells (1, 41), however, among INRs, despite virologic
control, memory CD4" T cell cycling remains elevated. It is not clear
whether this increased CD4* T cell memory cycling is a homeostat-
ic consequence of lymphopenia or a driver of CD4 lymphopenia by
increasing T cell turnover and cell death. Thus, it is important to
define the characteristics of cycling memory CD4* T cells in INR sub-
jects to ascertain whether this increased cycling reflects a “healthy”
homeostatic response, or whether it is reflective of a pathophysiolog-
ic perturbation that contributes to immune dysregulation.

We show here that cycling memory CD4* T cells obtained
from INRs are incapable of completing the cell cycle and prolif-
erating when incubated in culture medium ex vivo. Our ability to
sort cycling cells on the basis of surface CD71 expression allowed
us to study these cells in isolation and also allowed us to character-
ize their transcriptional profile. We found that in health and in HIV
infection, cycling CD4" T cells were enriched for Tregs as defined
by both the transcriptional signature and phenotype.

We report lower frequencies of CD4* T cells with a Treg phe-
notype in cycling memory CD4* T cells in 2 independent INR
cohorts, suggesting that these regulatory cells are not adequately
sustained. (Figures 1-3). Tregs proliferate at higher rates than do
conventional CD4* T cells in mice (42-44) and humans (45, 46).
In humans, Tregs are maintained by a sustained proliferation, as
demonstrated by deuterium uptake in vivo (45). The importance
of Treg maintenance by proliferation was shown by Carbone et al.
(25), who found an impaired capacity of Tregs to proliferate in
relapsing-remitting multiple sclerosis and linked diminished Treg
expansion to increasing disease severity.

Whether circulating Tregs reflect the function of mucosal
Tregs is still unclear. We have discussed elsewhere (47) and pro-
vide evidence here that the proinflammatory environment in
INR individuals is linked to low numbers of circulating Tregs and
functional dysregulation of those that remain. Earlier studies have
reported low frequencies of Tregs in the gut mucosa (48) and lym-
phoid tissues (49) in INR subjects. Yet, from none of those find-
ings can we determine the directionality of these relationships.
Our new observations suggest that the maintenance of circulating
Tregs is sustained by their ongoing proliferation, gene expression,
and metabolic activity, which are linked to CD4" T cell homeosta-
sis. These indices also may be a more accurate reflection of Treg
function than is the simple enumeration of Treg phenotype fre-
quencies. Both the numbers and function of Tregs are diminished
in the circulation of INRs, but the function of mucosal Tregs in this
setting has not yet been studied.

Altogether, our data suggest that the diminished numbers and
functional alterations of cycling Tregs are associated with a fail-
ure of CD4" T cell recovery and an overall increase in CD4* cell
cycling but an impaired ability of these cycling cells to complete
the cell cycle and divide in treated HIV-1 infection.
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Figure 5. Diminished mitochondrial mass and OXPHOS in cycling Tregs of INRs. (A) Heatmap of the OXPHOS pathway showing significant (P < 0.05)
downregulation in the cycling memory cells of INRs (n = 6) compared with those of IRs (n = 6) (Russian cohort subjects). The rows represent genes and
the columns represent samples. (B) OXPHOS estimated by MO fluorescence and (C) mitochondrial mass as estimated by MG fluorescence in CD4*C-
D45RA-CD71* and CD71" cells from HCs (n = 8; orange), IRs (n = 8; green), and INRs (n = 8; red) (Cleveland cohort subjects). (D) OXPHOS and (E) mitochon-
drial mass estimated as above in cycling CD71* Tregs from HCs, IRs, and INRs. (F) Representative histograms of PGCla and TFAM expression in cycling
(CD71%) Tregs from a HC (orange), an IR (green), and an INR (red) subject. Summary MFI of (G) PGClo. and (H) TFAM expression in cycling (CD71*) Tregs from
HCs (n = 8), IRs (n = 8), and INRs (n = 8). Induction of (I) PGClo. and (J) TFAM following the incubation of PBMCs from INRs (n = 8) in medium or medium
supplemented with IL-15 (100 ng/ml) or IL-2 (100 ng/ml). *P < 0.05 and **P < 0.005, by Wilcoxon rank-sum test. Data shown in B-J are from the Cleveland

cohort subjects and represent the mean + SD.
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Figure 6. IL-15 restores mitochondrial dysfunction in INR Tregs. Estimation of mitochondrial mass (A) and OXPHOS (B) by MG and MO MFI on sorted Tregs
(CD127-CD25*) from INRs (n = 6) of the Cleveland cohort. (C) Cells were left unstimulated or cultured with 1L-2 (100 ng/ml) or IL-15 (100 ng/ml) for 7 days and
evaluated for proliferation by CFSE dye dilution. *P < 0.05 and **P < 0.005, by Wilcoxon rank-sum test. Data represent the mean + SD.

We suspect that the increased CD4* T cell cycling seen in INRs
represents both a failed homeostatic response as well as a dysreg-
ulated control of cellular activation. Our data analysis has led us
to build an integrative model (see Methods) that associates the
low CD4" T cell numbers with the interaction between metabolic
pathways identified by gene expression and the maintenance of
Tregs. The OXPHOS pathway, Treg signature, FOXP3-upregulated
targets, and TGF-f signaling are all positively associated with the
maintenance of cycling Tregs, which correlated to high CD4* T cell
numbers, while greater apoptosis and type ITFN signatures correlat-
ed tolow CD4* T cell numbers (Figure 7 and Supplemental Table 7).

It is interesting that IL-15 mRNA levels were increased in the
transcriptional profile of INR cycling CD4* T cells (Figure 3D),
in which exogenous IL-15 could repair the mitochondrial defect
observed. And though we have previously reported increased lev-
els of IL-15 in lymphoid tissues of untreated HIV-infected individ-
uals (23), CD4" T cells are not thought to be important sources of
IL-15. The significance of this observation is thus uncertain and
should be explored.

IL-15 has been shown to induce the expression of carnitine
palmitoyl transferase (CPT1A), a metabolic enzyme that con-
trols the rate-limiting step to mitochondrial FAO and improves
mitochondrial OXPHOS in mouse CD8* T cells (18). Our data are
consistent with these findings, as we show that IL-15 induced the
expression of PGClo, the master regulator of many genes impli-
cated in mitochondrial metabolism. PGCla induces mitochondri-
al biogenesis in exhausted CD8* T cells in murine viral infection
(22) and murine cancer (21) models, leading to better CD8" T cell
function. Our data extend these findings to human systems, as
we showed that the induction of PGClo and TFAM by IL-15 was
associated with increases in mitochondrial mass and OXPHOS of

Tregs in HIV-1-infected INR subjects and allowed dysfunctional
cycling CD4* T cells in INRs to complete the cell cycle and divide.
These findings suggest that administration of IL-15, a cytokine
in human trials for the treatment of cancer (50, 51), could rescue
functionally impaired Tregs, which bear features of an exhausted
phenotype (52) in INR patients and enhance immune restoration
in these subjects.

Methods

Study cohorts. Two cohorts of HIV-1-infected subjects were studied: a
Perm, Russia, cohort (Supplemental Table 1) and a Cleveland, Ohio,
USA, cohort (Supplemental Table 3).

The Russian cohort consisted of 20 healthy, HIV-uninfected con-
trols (HCs) (n = 12 females and 8 males); 21 HIV-1-infected IRs (n = 17
females, 4 males); and 16 INRs (n = 12 females, 4 males). INR subjects
were defined as having CD4* T cell counts below 350 cells/pl and IRs
as having CD4* T cell counts above 350/l after at least 2 years of CART
with virologic control. The median ages of the HCs, IRs, and INRs were
32, 37, and 35 years, respectively. The HC, IR, and INR groups had
median CD4" T cell counts 0f 1,071, 582, and 263 cells/pl, respectively.
The median duration of cART was 4 years in both IR and INR groups.
The Russian cohort’s characteristics are detailed in Supplemental Table
1. Listed in Supplemental Table 2 are the subjects for whom microarray
transcriptomic analysis was performed. These subjects were selected
from the Russian cohort on the basis of sample availability. Gene array
analysis was performed on sorted CD3*CD4*CD45RA"CD71 or CD71*
cells from HCs (1 = 6), IRs (n = 6), and INRs (n = 6).

For the Cleveland cohort, 10 HCs (n = 10 females), 20 IRs (n =14
males and 6 females), and 16 INRs (n = 13 males and 3 females) were
recruited with pre-enrollment CD4" T cell counts below 350/l for the
INRs and above 500/pl for the IRs. The median age was 46, 50, and
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51 years for the HCs, IRs, and INRs, respectively. The median CD4*
T cell count was 887 and 277 for the IRs and INRs, respectively. The
median duration of cART treatment was 8 years and 8.8 years for the
IRs and INRs, respectively. The Cleveland cohort’s characteristics are
described in Supplemental Table 3.

Microarray. For microarray analysis, cryopreserved PBMCs from
the Russian cohort of 6 HCs, 6 INRs, and 6 IRs (Supplemental Table 2)
were thawed and stained with anti-CD3, anti-CD4, anti-CD45RA, and
anti-CD71 antibodies. Twenty thousand CD3*CD4*CD45RA*CD71*
and CD71 cells were sorted into RLT lysis buffer (catalog 79216,
QIAGEN). RNA was isolated and biotinylated (catalog 338904, QIA-
GEN), and complementary RNA (cRNA) was hybridized to the Illu-
mina HT-12V4 expression bead chips and quantified using Illumina
Genome Studio software. The data have been deposited in the NCBI’s
Gene Expression Omnibus (GEO) database (GEO GSE106792).

Flow cytometry. To analyze cycling and noncycling CD4* T cells
and Treg phenotypes by flow cytometry, fluorochrome-conjugated
monoclonal antibodies targeting the following human antigens were
used: CD25 BUV395 (clone 2A3, catalog 564034, BD); CD127 BV786
(clone HIL-7R-M21, catalog 563324, BD Biosciences); CD45RA
BV650 (clone H100, catalog 304136, BioLegend); CD4-QDOT605
(clone S3.5, catalog Q10008, Thermo Fisher Scientific); GARP PECY7
(clone 7B11, catalog 352508, BioLegend); LAP PE-CF594 (clone
TW4-2F8, catalog 562490, BD Biosciences); CD3 BUV737 (clone
UCHT], catalog 564307, BD Biosciences); FOXP3 PE (clone 236/E7,
catalog 12-4777-42, eBioscience); PGCla-DyLight 488 (catalog NBP1-
04676G, Novus Biologicals); and TFAM Alexa Fluor 488 (catalog
ab198308, Abcam). The intracellular detection of PGCla and TFAM
was evaluated using the Transcription Factor Kit (catalog 72-5774-40,
eBioscience, Thermo Fisher Scientific) according to the manufactur-
er’s protocol. Living cells were identified using a LIVE/DEAD Fixable
Aqua Dead Cell Stain Kit (catalog L34957, Invitrogen, Thermo Fisher
Scientific). Between 1 and 2 million PBMCs were examined by flow
cytometry (Fortessa, BD Biosciences) and analyzed using Flowjo soft-
ware (Tree Star). For cell-sorting and cell proliferation assessment,
the anti-CD71 clone b3/25 was used (catalog sc-65877, Santa Cruz
Biotechnology) and locally conjugated to RPE (catalog LNKO22RPE,
AbD Serotec) according to the manufacturer’s protocol. Treg sorting
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Figure 7. Integrative model showing the
correlation between pathway expression
and cell phenotypes determined by SLEA.
The circle nodes represent the pathway, and
the triangle nodes represent the measured
markers. The blue lines represent negative
Spearman’s correlations between nodes,
while the red lines represent positive Spear-
man'’s correlations (P < 0.05). The correlation
coefficients (rho) and P values are shown in
Supplemental Table 7.
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was performed using a Regulatory T Cell Isolation Kit II (130-094-
775, Miltenyi Biotec).

MG (M-7514) and MO (M-7511) were obtained from Life Tech-
nologies (Thermo Fisher Scientific) and used according to the man-
ufacturer’s protocol. MG is nonfluorescent in aqueous solution and
becomes fluorescent only when it accumulates in the mitochondrial
lipid environment, regardless of membrane potential. MO is a non-
fluorescent dye that, upon oxidation, becomes fluorescent, allowing
mitochondrial OXPHOS estimation.

Statistical analysis of flow cytometric data. Wilcoxon rank-sum
tests were used to determine statistical differences in pairwise com-
parisons. The P values were then adjusted for multiple comparisons
using the Benjamini and Hochberg (BH) method.

Transcriptional profiling of microarray data. Analysis of the raw
quantified microarray output data was conducted using Bioconductor
R software. Missing gene expression data were imputed using nearest-
neighbor averaging (https://bioconductor.org/packages/release/bioc/
html/impute.html). Gene expression was quantile normalized and
then log, transformed to reduce variability. Sample outliers based on
gene expression were detected and removed. Hierarchical clustering
methods and multidimensional scaling analysis were used to evaluate
similarities or differences in gene expression profiles between samples.

To detect differences in gene expression between groups of inter-
est, the LIMMA package (53) was used to fit a linear regression model to
each probe, with transcript expression as the dependent variable and the
group of interest as the independent variable. For each model, a moder-
ated ¢ test was used to test whether the fold changes were different from
zero. The P values were then adjusted for multiple comparisons using
the BH method (54). To identify pathways enriched for the genes dif-
ferentially expressed among the groups compared, gene set enrichment
analysis (GSEA) (55) preranked by the decreasing order of the ¢ statistic
of the genes was performed. The Hallmark gene sets from the Molecu-
lar Signatures Database (MSigDB), along with a Treg signature (56) and
target genes of FOXP3 (26), were used as the pathway database. The P
values of the enriched pathways were then adjusted using the BH meth-
od, and pathways with P values of less than 5% were reported.

To identify modules of cell-cycling pathways among the genes dif-
ferentially expressed between cycling and noncycling memory cells in
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each subject group, we grouped pathways into modules on the basis
of at least 25% gene overlap (Jaccard index) between pathways using
the enrichment map strategy (57). The most frequent genes among the
pathways in a module, defined as genes that were enriched in at least
50% of the pathways in each module, were represented.

Association of gene expression with outcome. We determined the
association of gene expression with the measured outcome (percent-
age of FOXP3*CD25*CD127 cells among CD71*CD45RACD4* T
cells) by fitting a linear regression model with the transcript expres-
sion as a dependent variable and the outcome as an independent vari-
able. The outcome was kept as a continuous variable. A moderated ¢
test was performed to determine whether the coefficient of regression
of each transcript was different from zero, and the obtained P values
were adjusted for multiple comparisons using the BH method.

To identify pathways among the genes associated with the out-
comes, GSEA with 1,000 permutations was performed on genes pre-
ranked by the decreasing order of their ¢ statistic using the Hallmark
gene sets of MSigDB (55). The P values of the enriched pathways were
adjusted by the BH method, and pathways with P values of less than
5% were reported.

For the integrative model, a correlation between pathways and
the outcomes was determined by sample-level enrichment analysis
(SLEA) by calculating the Z score of each pathway per sample (58).
The mean expression value of genes of a selected pathway was com-
pared with the mean expression of 1,000 random gene sets of the
same size of the selected pathway for every sample. The difference
between the observed and expected mean expression values for each
gene set was calculated.

Gap statistic approach. We identified transcripts that were signifi-
cantly (P < 0.05) differentially expressed among the 3 donor classes
in the cycling cell population. Hierarchical clustering of these genes
revealed 2 major clusters in which the gene expression profiles of the
HCs and IRs were similar and distinct from those of the INRs. Clus-
ters of genes that showed unique/distinct gene expression profiles in
the 3 classes of subjects were identified using the gap statistic strategy
(35). Pathways (Hallmark gene sets from the MSigDB) specific to each
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cluster of genes were then identified using a Fisher’s exact test. The P
values of pathways were then adjusted for multiple comparisons using
the BH method.

Study approval. This study was approved by the IRBs of the Uni-
versity Hospitals Case Medical Center and the Perm Regional Center
for Protection against AIDS and Infectious Diseases (Perm, Russia).
Written informed consent was obtained from all subjects.
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