
1

R E S E A R C H  A R T I C L E

Authorship note: YL and HG 
contributed equally to this work.

Conflict of interest: The authors have 
declared that no conflict of interest 
exists.

Copyright: © 2023, Li et al. This is an 
open access article published under 
the terms of the Creative Commons 
Attribution 4.0 International License.

Submitted: October 14, 2022 
Accepted: February 21, 2023 
Published: April 10, 2023

Reference information: JCI Insight. 
2023;8(7):e166292. 
https://doi.org/10.1172/jci.
insight.166292.

IL-15 enhances HIV-1 infection by 
promoting survival and proliferation of 
CCR5+CD4+ T cells
Yuhao Li,1 Hongbo Gao,1 Kolin M. Clark,1 and Liang Shan1,2

1Division of Infectious Diseases, Department of Medicine, and 2The Andrew M. and Jane M. Bursky Center for Human 

Immunology and Immunotherapy Programs, Washington University School of Medicine, St. Louis, Missouri, USA.

Introduction
CCR5 and CXCR4 are 2 coreceptors for HIV-1 entry (1, 2). CCR5-tropic viruses almost always dominate 
the pool of  viruses in blood and tissues early after acquisition, regardless of  the route of  viral transmission 
(2–6). CXCR4-tropic viruses emerge during later stages of  infection in approximately 50% of  people living 
with HIV (PLWH) that do not take antiretroviral therapy (ART) (7). CCR5 is expressed on a fraction of  
activated CD4+ T cells and some effector memory CD4+ T cells, which are not truly resting, often exhibit an 
exhaustive phenotype, and are prone to cell death (8–11). By contrast, naive and central memory CD4+ T 
cells rarely express CCR5 and may switch on CCR5 expression via activation and proliferation (12). In non-
human primates (NHPs), the host cells that support SIV replication include activated and recently activated 
(ostensibly resting) effector memory CD4+ T cells that contain high concentrations of  CCR5 mRNA (13–
15). In viremic individuals, CCR5+CD4+ T cells with high levels of  activation and exhaustion marker expres-
sion (CD38+HLADR+) are the predominant population of  cells containing HIV-1 RNA (16). CCR5+CD4+ 
T cells are enriched in mucosa-associated lymphoid tissue and are rare in blood and secondary lymphoid 
organs (17) because CCR5 regulates recruitment of  immune cells to sites of  inflammation (18). In addition, 
these cells either actively produce type 1 and type 17 cytokines or have cytolytic capacities (19–23) and are 
often at transitioning stages, either dying quickly or differentiating into quiescent memory cells (12, 24, 25).

Most studies utilize HIV-1 reporter viruses pseudotyped with VSV-G or CXCR4-tropic envelopes 
for bulk CD4+ T cells, which do not precisely model the fate of  CCR5+CD4+ T cells upon viral infec-
tion. However, these cells are the predominant cellular targets for HIV-1, produce high levels of  HIV-1 
RNA, and are essential to the seeding of  latent viral reservoirs (24). Previous studies implicated IL-15 
in expansion of  CCR5+CD4+ T cells (25, 26), and plasma IL-15 concentration has a positive correlation 
with plasma HIV-1 or SIV RNA levels (27, 28). Administration of  IL-15 in rhesus macaques (RMs) 
selectively expanded CCR5+CD4+ T cells that accumulated in extralymphoid tissues (29). In addition, 
depletion of  CD8+ T cells in RMs resulted in rapid expansion of  CCR5+CD4+ T cells, which was 
completely inhibited by IL-15 neutralization (30), suggesting that CD8+ and CD4+ T cells compete for 
IL-15. Although the effects of  IL-15 on memory CD4+ T cells has been studied extensively, the cellular 
mechanisms governing IL-15–mediated regulation of  HIV-1 target cells remain unclear. In the present 
study, we aimed to understand the role of  IL-15 in the survival and proliferation CCR5+CD4+ T cells 
prior to and during HIV-1 infection.

HIV-1 usually utilizes CCR5 as its coreceptor and rarely switches to a CXCR4-tropic virus until the 
late stage of infection. CCR5+CD4+ T cells are the major virus-producing cells in viremic individuals 
as well as SIV-infected nonhuman primates. The differentiation of CCR5+CD4+ T cells is associated 
with the availability of IL-15, which increases during acute HIV-1 infection. Here, we report that 
CCR5 was expressed by CD4+ T cells exhibiting effector or effector memory phenotypes with high 
expression levels of the IL-2/IL-15 receptor common β and γ chains. IL-15, but not IL-7, improved 
the survival of CCR5+CD4+ T cells, drove their expansion, and facilitated HIV-1 infection in vitro and 
in humanized mice. Our study suggests that IL-15 plays confounding roles in HIV-1 infection, and 
future studies on the IL-15–based boosting of anti–HIV-1 immunity should carefully examine the 
potential effects on the expansion of HIV-1 reservoirs in CCR5+CD4+ T cells.
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Results
IL-15 promotes survival of  CCR5+CD4+ T cells. CCR5 is rarely expressed by quiescent CD4+ T cells and is 
upregulated following T cell activation (24). The common γ chain cytokine family members IL-2, IL-7, and 
IL-15 exert a major influence on the survival of  expanding T cell clones (31). IL-2 is produced almost exclu-
sively by activated T cells and regulates T cell proliferation and survival in an autocrine manner (32). Min-
imal IL-2 production can be detected in T cells undergoing the effector-to-memory transition. By contrast, 
IL-7 and IL-15 are produced by stromal cells and other immune cells, including monocytes, macrophages, 
and dendritic cells to regulate memory T cell survival (31). IL-7 and IL-15 play major roles in facilitating 
the transition of  memory precursor T cells to quiescent memory cells. The IL-7 receptor complex includes 
the IL-2 common γ chain (IL-2RG, or CD132) and the IL-7 receptor α subunit (IL-7RA, or CD127), which 
is usually downregulated in activated CD4+ T cells. We first determined which cytokine(s) could promote 
the survival of  CCR5+ effector CD4+ T cells. We analyzed CD127 expression in freshly isolated tonsillar 
CD4+ T cells and found that the CCR5+ cells had significantly lower transcript levels (Figure 1A) and sur-
face expression of  CD127 (Figure 1, B and C). When tonsillar CD4+ T cells were cultured in the presence 
of  IL-7, the frequency of  CCR5+ cells decreased rapidly, while the loss of  CCR5+ cells was partially pre-
vented by IL-15 (Figure 1D). To determine whether the loss of  CCR5+ cells was due to cell death or CCR5 
downregulation, we purified CCR5+ and CCR5– cells to measure cell viability. We found that CCR5+CD4+ 
T cells respond preferentially to IL-15 to maintain their survival, while CCR5–CD4+ T cells were able to 
utilize both IL-7 and IL-15 (Figure 1, E and F).

IL-15 promotes proliferation of  CCR5+CD4+ T cells. Resting CD4+ T cells — including naive and central 
memory cells — typically are CCR5–, some of  which may turn on CCR5 expression after activation. By 
contrast, the vast majority of  CCR5+CD4+ cells are effector or transition memory cells (Figure 2A and 
Supplemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.166292DS1), which are more active and more differentiated than their CCR5– counterparts, sug-
gesting that most CCR5+CD4+ T cells are recently activated cells. To recapitulate this process, blood, ton-
sillar, or lymph node CD4+ T cells were stimulated with anti-CD3 and anti-CD28 antibodies for 3 days and 
then cultured in the presence of  IL-7 or IL-15 for another 6 days (Figure 2B). As expected, a higher frequen-
cy of  CCR5-expressing cells was observed when activated blood and lymphoid CD4+ T cells were cultured 
in the presence of  IL-15 (Figure 2, B–D). We hypothesized that increased cell viability might not be the 
only reason that IL-15 treatment led to a higher frequency of  CCR5+ cells. We then determined whether 
IL-15 could drive proliferation of  these cells. The proportion of  CCR5+CD4+ T cells that proliferated under 
IL-15 stimulation and became CFSElo was higher than CCR5– cells, and IL-15 reduced the CFSE mean 
fluorescence intensity of  CCR5+CD4+ T cells by 15-fold compared with nonproliferating controls (Figure 
2, E and F). IL-15 treatment led to a 200-fold increase in the numbers of  CCR5+CD4+ T cells (Figure 2, G 
and H). Although CD4+ T cells do not express IL-15 receptor α chain (IL-15RA, or CD215) (Supplemental 
Figure 2A), we found that CCR5+CD4+ T cells expressed high levels of  IL-2 common β chain (IL-2RB, or 
CD122) and CD132 (Figure 2, I and J, and Supplemental Figure 2), which is likely one of  the reasons that 
CCR5+ cells respond to IL-15 more efficiently than their CCR5– counterparts.

Next, bulk RNA sequencing (RNA-Seq) was performed to compare between CCR5+ and CCR5– CD4+ 
T cells and the data were analyzed for differential expression using DESeq2, resulting in 1,602 differentially 
expressed genes at a conservative P-value cutoff  of  1 × 10–6. Some of  the most significantly differentially 
expressed genes can be seen in Figure 3A, such as KLRG1, CCR5, and IFNG for CCR5+ cells and CCR7 for 
CCR5– cells. To further assess the gene signature differences between these 2 populations, we conducted 
gene set enrichment analysis (GSEA) using MSigDB’s GSEA software (v2.3) and the immunologic gene 
signatures set to identify particular immunologic profile differences between CCR5+ and CCR5– cells. One 
of  the most significant differentially expressed gene sets was the unstimulated versus activated CD4+ T cells 
(enrichment score of  0.474 and FWER P value of  0). This indicates that CCR5+CD4+ T cells displayed 
a transcriptional signature that was more active, whereas CCR5– cells displayed a more resting profile. 
A heatmap of  the top genes expressed in CCR5+ cells from this gene set is shown in Figure 3B. Next, we 
performed cytometry by time of  flight (CyTOF) to understand IL-15–mediated expansion of  CCR5+ cells 
and identified 4 CCR5+ clusters (Figure 3C and Supplemental Figure 3). None of  these expanded clusters 
expressed CD127 or CCR7. Cluster 1 was positive for Tim3, PD-1, and LAG3, while clusters 2 and 3 
were positive for Tim3/LAG3 and Tim3/PD-1, respectively. Cluster 4 contained CD57-expressing cells, 
which marks late-stage differentiated or senescent lymphocytes. By contrast, treatment of  CCR5–CD4+ 
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T cells with IL-15 led to expansion of  resting central memory cells expressing CCR7 and CD127 but not 
activation or exhaustion markers. We also performed cytometry analysis and confirmed the emergence of  
the CD57+ population, most of  which were CCR5+ cells (Supplemental Figure 4A) and had lower CFSE 
intensity than CD57–CCR5+ cells (Supplemental Figure 4, B and C), suggesting that this subset of  cells 
underwent more rounds of  proliferation than other CCR5+ cells.

IL-15 promotes CCR5-tropic HIV-1 infection. Since IL-15 promotes survival and proliferation of  CCR5+CD4+ 
T cells, it should facilitate replication of  CCR5-tropic HIV-1 by increasing the availability of  target cells. In 
addition, IL-15 induces SAM domain– and HD domain–containing protein 1 (SAMHD1) phosphorylation, 
relieving the inhibition of  reverse transcription (33). As expected, CD4+ T cells pretreated with IL-15 had a 
higher percentage of  infection by a CCR5-tropic HIV-1 reporter virus (Figure 4A). We found that the virus 
burst size was nearly 10-fold larger in IL-15–treated cells (Figure 4B), likely because cells were more active 
when treated with IL-15. Next, we asked whether IL-15 could promote survival and proliferation of  HIV-
1–infected CCR5+CD4+ T cells. We purified cells infected by a CCR5-tropic HIV-1 reporter virus (GFP+), 
which were exclusively CCR5+. These cells were cultured for 3 days before cell viability and viral RNA mea-
surement (Figure 4C). Both IL-7 and IL-15 increased the viability of  infected cells and IL-15 was more effec-
tive than IL-7 (Figure 4D). To monitor cell proliferation, CCR5+CD4+ T cells were infected by a CCR5-trop-
ic HIV-1 reporter virus and then labeled with CellTrace Violet dye. Although uninfected cells proliferated 

Figure 1. IL-15 enhances survival of CCR5+CD4+ T cells. (A–C) CD127 expression in unstimulated CCR5+ and CCR5– 
tonsillar CD4+ T cells. (A) CCR5+ and CCR5– cells were purified by sorting for RNA extraction and cDNA synthesis. 
CD127 expression levels were normalized to POLR2A. n = 5. (B and C) CD127 expression was determined by flow 
cytometry. n = 6. (D) Freshly isolated tonsillar CD4+ T cells were cultured in the presence of IL-7 or IL-15 for 3 days. 
Frequency of remaining CCR5+ cells was determined by flow cytometry. (E and F) Viability of CCR5+ or CCR5– CD4+ 
T cells. Blood and tonsillar CCR5+ and CCR5– cells were purified by sorting and then cultured in the presence of 
PBS, IL-7, or IL-15 for 3 days. Solid circles indicate blood (n = 6). Hollow squares indicate tonsils (n = 2). P values 
were calculated using a paired, 2-tailed t test (A and C) or 1-way ANOVA with Tukey’s multiple-comparison test 
(F). **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 2. IL-15 drives proliferation of CCR5+CD4+ T cells. (A) The distribution of memory T cell subsets among 
total, CCR5–, and CCR5+ CD4+ T cells. Blood samples were collected from 5 heathy donors without stimulation. 
Tn, naive T cells (CD45RA+CCR7+); Tem, effector memory T cells (CD45RA–CCR7–CD27–); Ttm, transitional memory 
T cells (CD45RA–CCR7–CD27+); Tcm, central memory T cells (CD45RA–CCR7+CD27+); Temra, RA+ effector memory 
T cells (CD45RA+CCR7–). (B–D) Differentiation of CCR5+CD4+ T cells following T cell activation. CD4+ T cells from 
blood, tonsils, or lymph nodes were costimulated with anti-CD3 and anti-CD28 antibodies for 3 days and then 
cultured in the presence of IL-7 or IL-15 for 6 days. Frequency of CCR5+ cells was determined by flow cytometry. Cir-
cles indicate blood (n = 20), squares indicate tonsils (n = 2), and triangles lymph nodes (n = 2). (E–H) Expansion of 
CCR5+CD4+ T cells by IL-15. Total CD4+ cells from blood were costimulated with anti-CD3 and anti-CD28 antibodies 
for 3 days. Activated cells were then stained with CFSE and cultured in the presence of IL-7 or IL-15. Mean CFSE 
intensity and number of CCR5+ cells were determined by flow cytometry. In F, CD4+ T cells from 6 blood donors 
were included. In G, fold increase was calculated on day 12. CD4+ T cells from 5 blood donors were included. (I and 
J) CD122 and CD132 expression in CCR5+ and CCR5– CD4+ T cells. CCR5+ and CCR5– cells were purified by sorting for 
RNA extraction and cDNA synthesis. CD122 and CD132 expression levels were normalized to POLR2A. CD4+ T cells 
from 5 blood donors were included. P values were calculated using a paired, 2-tailed t test (C, D, F, G, I, and J) or 
2-way ANOVA with Tukey’s multiple-comparison test (H). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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quickly under IL-15 treatment, the infected cells remained Violethi (Figure 4, E and F), suggesting that IL-15 
could not overcome the cell cycle arrest caused by HIV-1 proteins such as Vpr and Vif  (34). To evaluate viral 
replication, we used the replication-competent R5-tropic virus HIVBa-L to infect CD4+ T cells treated with 
IL-7 or IL-15. Both the number of  viable infected cells (Annexin V–7-AAD–p24+) and the production of  viral 
particles were significantly increased by IL-15 (Figure 4, G and H). Notably, we only monitored the survival 
and proliferation of  productively infected cells (GFP+ or p24+). It is possible that the infected CCR5+CD4+ T 
cells would have begun to proliferate in response to IL-15 as soon as the virus entered the latent state.

IL-15 promotes HIV-1 infection in humanized mice. Delivering human IL-15 into humanized mouse sys-
tems is often used to improve human NK cell and T cell responses due to the poor cross-reactivity between 
murine IL-15 and the human receptors. However, the delivery approaches that include IL-15 protein injec-
tion and transgenic or viral vector–mediated IL-15 expression are not physiologically relevant because the 
serum IL-15 concentration in these models (1–100 ng/mL) is orders of  magnitude above normal concen-
trations (<10 pg/mL). To understand the roles of  IL-15 in the differentiation of  CCR5+CD4+ T cells and 
HIV-1 infection in vivo, we generated human IL-15–knockin (IL15KI) mice as previously described (35). 
The IL-15 concentration in IL15KI mice was 60–70 pg/mL (Supplemental Figure 5), which is 5- to 10-fold 

Figure 3. Transcriptional and phenotypic profiling of CCR5+CD4+ T cells. (A–C) Activated blood CD4+ T cells were cul-
tured in the presence of IL-15 for 6 days. CCR5+ and CCR5– cells were purified by sorting for RNA-Seq (A and B) or mass 
cytometry (C). (A) Volcano plot of 1,602 genes differentially expressed in CCR5+ and CCR5– cells. (B) Heatmap of genes 
associated with T cell activation and their relative expression levels in CCR5+ and CCR5– cells. (C) viSNE plots show cell 
density or expression levels of indicated genes. CD4+ T cells from 2 blood donors were included.
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higher than its physiological concentration in humans, but is much lower than other mouse models. First, 
we transfused bulk blood CD4+ T cells into the IL15KI or control (IL15WT) mice and found that the frequen-
cy of  human CD4+ T cells in blood was significantly higher in IL15KI mice (Figure 5, A and B), mainly due 
to the increased frequency and number of  CCR5+CD4+ T cells (Figure 5, C–F). To determine the prolifer-
ation of  CCR5+CD4+ T cells, CFSE-labeled blood CD4+ T cells were transfused into the 2 groups of  mice. 
CCR5–CD4+ T cells had comparably low proliferation capacity in both IL15KI and IL15WT mice, whereas 

Figure 4. IL-15 promotes replication of CCR5-tropic HIV-1. (A and B) Activated blood CD4+ T cells were cultured in the 
presence of IL-7 or IL-15 for 6 days. Cells were infected with the single-round HIV-1 reporter virus NL4-3Δenv-EGFP 
pseudotyped with the Yu2 envelope. (A) GFP expression was measured 3 days post infection (dpi). n = 4. (B) Virus 
production per infected cell was determined by quantification of copies of HIV-1 RNA in supernatant, divided by 
the number of GFP+ cells in the culture. n = 3. (C and D) Survival of HIV-1–infected cells. Infection was performed as 
described in A. GFP+ cells were purified by cell sorting on 3 dpi and were cultured with IL-7 or IL-15 for 3 days. Cell via-
bility was determined by flow cytometry. CD4+ T cells from 4 blood donors were included in this experiment. (E and F) 
Proliferation of HIV-1–infected cells. Infection was performed as described in A. Cells were stained with CellTrace Violet 
on 2 dpi. Proliferation of infected and uninfected cells was measured on 3 and 6 dpi. CD4+ T cells from 3 blood donors 
were included. (G and H) Quantification of HIV-1 replication. Activated blood CD4+ T cells were infected with HIVBa-L for 9 
days in the presence of IL-7 or IL-15. (G) Culture supernatant was collected on day 3, 6, and 9 for p24 ELISA. CD4+ T cells 
from 10 blood donors were included. (H) Viable infected cells on day 9 were determined by flow cytometry. CD4+ T cells 
from four blood donors were included. P values were calculated using 1-way ANOVA with Tukey’s multiple-comparison 
test (A, D, and H), paired, 2-tailed t test (B), or 2-way ANOVA with Holm-Šidák multiple-comparison test (F and G). *P < 
0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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CCR5+CD4+ T cells expanded more efficiently in IL15KI mice, most of  which became CFSElo (Figure 5, 
G–I). CCR5+CD4+ T cells that express CD57 also emerged in IL15KI but not IL15WT mice (Supplemental 
Figure 6), likely due to hyperproliferation of  these cells in the presence of  IL-15. These results suggest that 
IL-15 facilitated differentiation and expansion of  CCR5+CD4+ T cells in vivo.

Although transfusion of  total CD4+ T cells clearly showed the impact of  IL-15 on CCR5+CD4+ T 
cell differentiation, its effect on already differentiated CCR5+CD4+ T cells remained unclear. To further 
evaluate whether IL-15 enhanced survival of  CCR5+CD4+ T cells in vivo, we purified CCR5+ cells 
and performed transfusion experiments (Figure 6A). The number of  remaining infused cells was 5- to 
10-fold greater in IL15KI mice than in IL15WT mice (Figure 6, B and C). In immunodeficient mice, the 
spleen is the only secondary lymphoid organ. Interestingly, a fraction of  infused CCR5+CD4+ T cells 
turned off  CCR5 expression and acquired a central memory phenotype (CCR7+), which likely drove 
their accumulation in spleens (Figure 6, D–F). These central memory–like cells had reduced levels of  
expression of  T cell exhaustion markers, including PD-1 and CD57, when compared with those main-
taining CCR5 expression (Figure 6, G–I).

Next, we tested the impact of  IL-15 on R5-tropic HIV-1 infection in humanized mice. Plasma HIV-1 
RNA became detectable in all mice on day 6 after infection and the viral loads in IL15KI mice were 12- 
to 15-fold higher than in IL15WT mice between day 6 and day 12 (Figure 7, A and B). The numbers of  
HIVp24+ cells in blood and all tissues of  IL15KI mice were 5- to 15-fold greater than their controls (Figure 
7, C and D). The difference in HIVp24+ cells was not significant in the spleen, likely because the accumu-
lation of  central memory cells, which were no longer susceptible to R5-tropic viruses. Similarly, the levels 
of  cell-associated HIV-1 RNA were approximately 100-fold higher in the tissues (except the liver) of  IL15KI 
mice (Figure 7E).

Discussion
Due to its functions in the maturation and homeostasis of  memory CD8+ T cells and NK cells (36), 
IL-15 is often considered a useful immunotherapeutic agent to treat HIV-1 infection. However, plasma 
IL-15 levels increase during HIV-1 infection (37) and are associated with high viral load or set point 
(27, 28, 38), likely because of  the correlation between IL-15 and the frequency of  HIV-1 target cells (25, 
26, 29, 30). In the present study, we focused on the roles of  IL-15 in the development of  CCR5+CD4+ 
T cells, the major cellular targets of  HIV-1. By studying human blood and lymphoid tissue CD4+ T 
cells in vitro and in humanized mice, we found that the vast majority of  CCR5-expressing CD4+ T cells 
were short-lived CD127– effector cells and produced high levels of  IL-2Rβ and IL-2Rγ, which form 
the heterodimeric IL-15 receptor with intermediate affinity, sufficient to transduce downstream IL-15 
signaling (39–41). Next, we found that IL-15 promoted the proliferation and survival of  CCR5+CD4+ T 
cells purified from blood and lymphoid tissues. In addition, IL-15 treatment prolonged the lifespan of  
infected CCR5+CD4+ T cells and increased their virus production. By contrast, IL-7 treatment margin-
ally expanded CCR5+CD4+ T cells in vitro, which suggests that IL-15 plays a more important role in the 
persistence of  infected CCR5+CD4+ T cells. We further showed the expansion of  CCR5+CD4+ T cells 
in humanized mice that produced physiologically relevant levels of  human IL-15. Overall, our results 
demonstrate that IL-15 facilitates HIV-1 infection both in vitro and in humanized mice.

IL-15 plays confounding roles in HIV-1 infection. On the one hand, IL-15 augments anti–HIV-1 
immune responses. On the other hand, it promotes HIV-1 infection by increasing the availability of  
CCR5+CD4+ T cells. For example, although blocking IL-15 signaling with neutralizing antibodies in 
RMs resulted in rapid depletion of  NK cells and CD8+ effector memory T cells in blood and tissues, 
it did not alter the timing or magnitude of  peak SIV infection (42, 43). Moreover, IL-15 treatment 
increased viral set point and accelerated disease progression despite enhancement of  SIV-specific 
CD8+ T cell responses (44). These results and ours suggest that IL-15 treatment may drive high levels 
of  HIV-1 replication, which cannot be fully counteracted by enhanced antiviral immune responses. 
Both IL-7 and IL-15 are implicated in the long-term maintenance and homeostatic proliferation of  
HIV-1 reservoirs in PLWH on ART (45, 46). Interestingly, pre-ART plasma IL-15 levels positively 
correlated with both pre- and on-ART frequency of  HIV-1 DNA in all subsets of  CD4+ T cells in all 
study participants (46), suggesting a central role of  IL-15 in the initial seeding of  HIV-1 reservoirs. 
As IL-15 improves the viability of  HIV-1–infected CCR5+CD4+ T cells and may drive their expansion 
once the integrated provirus becomes transcriptionally silent, the IL15KI and control mice under ART 

https://doi.org/10.1172/jci.insight.166292
https://insight.jci.org/articles/view/166292#sd
https://insight.jci.org/articles/view/166292#sd


8

R E S E A R C H  A R T I C L E

JCI Insight 2023;8(7):e166292  https://doi.org/10.1172/jci.insight.166292

will be useful to evaluate the effect of  IL-15 on the seeding and stability of  HIV-1 reservoirs in vivo. In 
vivo studies will help understand how HIV-1–infected CCR5+CD4+ T cells undergo transcriptional and 
phenotypic changes to become either long-lived central memory cells or more active effector memory 
cells while carrying a latent provirus.

Since IL-15 can induce HIV-1 transcription in latently infected CD4+ T cells (47), the IL-15 receptor 
superagonist complex N-803 is considered a promising agent that leads to both viral latency reversal 
and enhanced immune clearance (48). However, CCR5+CD4+ T cells contribute a significant portion of  
the latent reservoir for HIV-1 in PLWH on ART (24). In addition, IL-15–expanded CCR5+CD4+ T cells 
coexpress PD-1, TIGIT, and LAG3 (Figure 3C and Supplemental Figure 2), which are highly enriched 
for transcription-competent viral reservoirs in PLWH (49, 50). In NHPs, N-803 alone did not reactivate 
latent SIV, while its administration in conjunction with CD8+ cell depletion led to virus reactivation (51). 
It is possible that CD8+ cell depletion made IL-15 more available to CD4+ T cells and drove expansion of  
CCR5+CD4+ T cells, which likely contributed to the reactivation of  latent SIV. Therefore, in addition to 
latency reversal, studies on the potential effects of  IL-15 signaling on expansion of  the viral reservoir in 
CCR5+CD4+ T cells are warranted.

Figure 5. Differentiation and proliferation of CCR5+CD4+ T cells in humanized mice. (A–F) Total blood CD4+ cells 
from 4 different donors were costimulated with anti-CD3 and anti-CD28 antibodies for 3 days before transfused 
into IL15WT and IL15KI mice by retro-orbital injection. Each mouse received 5 × 106 cells. Blood and tissues were 
collected on day 6 after transfusion. The percentage of human CD4+ T cells of total CD45+ cells in blood (A and 
B) or spleen (D) from IL15WT and IL15KI mice was determined by flow cytometry. The frequency (C and E) and the 
number (F) of CCR5+CD4+ T cells in blood, spleens, and lungs are shown. In E and F, data were from cohort 1 and 2 
combined. Group sizes in cohorts 1–4 are 4, 5, 4, and 3, respectively. (G–I) Activated CD4+ T cells were labeled with 
CellTrace CFSE before being transfused into IL15WT and IL15KI mice by retro-orbital injection. Tissues were collected 
on day 9 after transfusion. (G) Representative plots of cells from spleens. (H and I) Proportion of proliferated 
(CSFElo) CCR5+ and CCR5– cells from spleen and lung. Each group contains 4 mice. P values were calculated using 
2-way ANOVA with Holm-Šidák multiple-comparison test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Methods
Human samples. Anonymous peripheral blood samples were acquired from the Mississippi Valley Region-
al Blood Center as waste cellular products. Human tonsils were collected from elective tonsillectomies 
from Children’s Hospital in St. Louis, which were provided as surgical waste, with no identifiers attached. 
De-identified lymph node samples were obtained from fine needle aspiration. Mononuclear cells were iso-
lated using Ficoll-Paque PLUS (GE Healthcare) by density gradient separation following the manufacturer’s 
protocol. CD4+ cell negative selection (MojoSort Human CD4 T Cell Isolation Kit, BioLegend) was per-
formed and CD4+ T cells were sorted using a FACSAria II sorter (BD Bioscience) based on the expression of  
the following markers: CD3 (APC-Cy7), CD4 (APC), CD45RO (PE), CCR5 (BV421), and CCR7 (FITC).

Plasmids and viruses. The plasmid pNL4-3Δenv-EGFP (ARP-11100) and the HIVBa-L viruses (ARP-510) 
were obtained from the NIH HIV reagent program. The CCR5-tropic HIV-1 reporter viruses were pro-
duced by transient transfection of  HEK293T cells with pNL4-3Δenv-EGFP and the expression plasmid for 
the Yu2 envelope. HIVBa-L was propagated in PHA-stimulated PBMCs. A Lenti-X Concentrator (Takara) 
was used to generate concentrated viral stocks. Viral titers were determined by p24 ELISA (XpressBio). For 
in vitro infection, spin inoculation at 1,200g for 2 hours was performed at a dose of  25 ng p24 per 106 CD4+ 
T cells for HIVBa-L, or 70 ng p24 per 106 CD4+ T cells for the reporter virus NL4-3Δenv-EGFP. For in vivo 
infection with HIVBa-L, 20 ng p24 in 100 μL PBS per mouse was used via retro-orbital injection.

Mice. The generation of  mice with human IL15 knockin on a 129 × BALB/c (N3) genetic back-
ground was performed using VelociGene technology by Regeneron Pharmaceuticals. Mice were bred to 
a Rag2−/− IL2rg−/− background with homozygous IL15 knockin. IL15KI and IL15WT mice were houses in 
specific pathogen–free animal facilities with appropriate biosafety containment at Washington Univer-
sity in St. Louis. Both male and female mice were used between the ages of  6 and 10 weeks.

Figure 6. Survival and transdifferentiation of CCR5+CD4+ T cells in humanized mice. (A) Total blood CD4+ cells 
were costimulated with anti-CD3 and anti-CD28 antibodies for 3 days and then cultured in the presence of IL-2 for 
6 days. CCR5+ cells were purified by sorting and were then transfused into 4 IL15WT or 8 IL15KI mice by retro-orbital 
injection. Each mouse received 3 × 106 CCR5+ cells. Tissues were harvested on day 6 after transfusion. (B and C) The 
number of infused CD4+ T cells in spleens and lungs of IL15WT and IL15KI mice were determined by flow cytometry. 
(D–I) Transdifferentiation of CCR5+ cells into CCR7+ central memory cells in spleens and lungs of IL15WT and IL15KI 
mice. In G–I, the PD1 and CD57 expression analysis was only performed in IL15KI mice. n = 8. P values were calculat-
ed using unpaired, 2-tailed t test (B, C, E, and F) or paired, 2-tailed t test (H and I). **P < 0.01; ****P < 0.0001.
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Isolation and culture of  CD4+ T cells. CD4+ T cells were purified by negative selection with a MojoSort 
Human CD4 T Cell Isolation Kit (BioLegend) or EasySep Human CD4+ T Cell Isolation Kit (STEMCELL 
Technologies). Purified CD4+ T cells (1 × 106 cells/mL) were cultured in RPMI 1640 medium supple-
mented with 10% FCS, penicillin (100 U/mL), and streptomycin (100 μg/mL). To generate activated cells, 
CD4+ T cells were stimulated with plate-bound anti-CD3 and anti-CD28 antibodies at 1 μg/mL (BioLeg-
end) for 3 days in the presence of  20 ng/mL IL-2 (BioLegend). Stimulated CD4+ T cells were cultured with 
20 ng/mL IL-7 (BioLegend) or IL-15 (BioLegend). Fresh medium was provided every 3 days to maintain 
the cell densities at 1 × 106 to 2 × 106 cells/mL.

Mass cytometry. For mass cytometry analysis, metal-tagged antibodies were purchased from Flui-
digm or custom-conjugated using the Maxpar X8 Antibody Labeling Kit according to the manufacturer’s 
instructions (Fluidigm). All metal-conjugated antibodies used in this study are included in Supplemental 
Table 1. Unstimulated or activated CD4+ T cells (5 × 106) were washed and resuspended in CyFACS buf-
fer (0.1% BSA, 0.02% NaN2, 2 mM EDTA in CyPBS, Rockland). Human Fc-receptor blocking solution 
(Affymetrix) was added to each sample for 10 minutes at room temperature. Cells were then stained with 
surface antibodies for 60 minutes on ice. Surface antibodies were washed away using CyPBS. Subse-
quently, cells were exposed to 2.5 μM cisplatin (Enzo Life Sciences) as a viability indicator before being 
fixed in 4% paraformaldehyde. Fixed cells were barcoded with a Fluidigm Cell-ID 20-Plex Pd Barcoding 
Kit. All mass cytometry data were collected on a CyTOF2 mass cytometer (Fluidigm) and analyzed 
using Cytobank. Cell gating was performed as described in Bandyopadhyay et al. (52) and gated based 
on EQ1–, DNA+, singletlo, cisplatin–, CD45+, CD3+, and CD4+. viSNE analysis, which uses Cytobank 
applications employing the Barnes-Hut implementation of  the t-stochastic neighbor embedding (t-SNE) 
algorithm, was performed as previously described (53).

Flow cytometry. Cell viability was determined by the APC Annexin V Apoptosis Detection Kit with 
7-AAD (BioLegend). For HIV-1–infected cells, cells were fixed using 4% paraformaldehyde for 10 minutes 
after antibody staining. The Cytofix/Cytoperm kit (BD Biosciences) was used for intracellular p24 stain-
ing. To track cell proliferation in vitro and in mice, activated CD4+ T cells were labeled with the CellTrace 

Figure 7. IL-15 promotes replication of CCR5-tropic HIV-1 in humanized mice. Total CD4+ cells from blood were costimu-
lated with anti-CD3 and anti-CD28 antibodies for 3 days before transfused into IL15WT and IL15KI mice by retro-orbital injec-
tion. Each mouse received 5 × 106 cells. Mice were infected with HIVBa-L 1 day after transfusion. (A) Plasma HIV-1 RNA was 
measured on 3, 6, and day 12 days after infection. (B) Plasma viral load AUC in A was calculated. In A and B, each group 
contained 5 mice. (C–E) Blood and tissues were collected on day 7 after infection. (C and D) Number of p24+ cells in blood 
and indicated tissues of IL15WT and IL15KI mice determined by flow cytometry. (E) Cell-associated HIV-1 RNA measured by 
RT-qPCR. In C–E, 5 IL15WT and 6 IL15KI mice were included. P values were calculated using 2-way ANOVA with Holm-Šidák 
multiple-comparison test (A, D, and E) or unpaired, 2-tailed t test (B and C). *P < 0.05; **P < 0.01; ****P < 0.0001.
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CFSE or Violet at 5 μM (Thermo Fisher Scientific). To label dead cells, 7-AAD was used for uninfected 
cells and the Zombie Aqua Fixable Viability Kit (BioLegend) was used for infected cells prior to fixation. 
All flow cytometry data were acquired by BD LSR Fortessa, BD X20, or BD Accuri C6 cytometer, and 
FlowJo software was used for data analysis. Sorting of  CCR5+ and CCR5– CD4+ T cells and HIV-1–infect-
ed GFP+ cells was performed using a BD FACSAria II flow cytometer. The following antibodies used for 
surface and intracellular staining were purchased from BioLegend: mCD45 (clone 30-F11), hCD45 (clone 
HI30), hCD3 (clone HIT3a), hCD4 (clone OKT4), hCCR5 (clone J418F1), hCCR7 (clone G043H7), 
hCD45RO (clone UCHL1), hCD45RA (clone HI100), hCD57 (clone HNK-1), hPD1 (clone EH12.2H7), 
hCD122 (clone TU27), and hCD132 (clone TUGh4). Anti–HIV-1 p24 (clone KC57-RD1) was from Beck-
man Coulter and anti-hCD215 (clone JM7A4) was from R&D Systems.

RNA-Seq. CCR5+ and CCR5– CD4+ T cells were sorted, and total RNA was extracted using a Direct-
zol RNA kit (Zymo Research). The cDNA library was prepared using strand-specific RNA-Seq proto-
cols. Samples were prepared according to the library kit manufacturer’s protocol, indexed, pooled, and 
sequenced on an Illumina HiSeq. Basecalls and demultiplexing were performed with Illumina’s bcl2fastq 
software and a custom python demultiplexing program with a maximum of  1 mismatch in the index-
ing read. RNA-Seq reads were then aligned to the Ensembl release 76 primary assembly with STAR ver-
sion 2.5.1a (54). Gene counts were derived from the number of  uniquely aligned unambiguous reads by 
Subread:featureCount version 1.4.6-p5 (55). Sequencing performance was assessed for the total number 
of  aligned reads, total number of  uniquely aligned reads, and features detected. The ribosomal fraction, 
known junction saturation, and read distribution over known gene models were quantified with RSeQC 
version 2.6.2 (56). Counts were first filtered by removing genes where greater than half  of  the samples had 
counts per million (cpm) values less than 1 using Python version 3.8.5 (https://www.python.org/). Differ-
ential expression analysis was assessed using the R/Bioconductor package DESeq2 (57). Volcano plot of  
differentially expressed genes was created using the R/Bioconductor package EnhancedVolcano (58). For 
GSEA, genes were preranked using log2(fold change) and analysis was done via MSigDB’s GSEA desktop 
software using the Immunologic Gene Signature gene sets (59, 60). Barcode plots were generated using the 
R/Bioconductor package fGSEA. Fragments per kilobase of  exon per million reads mapped (FPKMs) of  
DESeq2-normalized counts were used for calculating z scores in Microsoft Excel for generating heatmaps 
of  the top genes from the selected gene sets. RNA-Seq data were submitted to the NCBI Gene Expression 
Omnibus GEO repository (GEO GSE199729).

Animal experiments. IL15WT and IL15KI mice were used for transfusion of  human blood CD4+ T cells 
by retro-orbital injection. CD4+ T cells were stimulated with anti-CD3 and anti-CD28 antibodies for 3 
days. For transfusion of  total CD4+ T cells, each mouse received 5 × 106 activated cells. For transfusion of  
CCR5+CD4+ T cells, cell sorting was performed, and each mice received 3 × 106 purified CCR5+ cells. To 
track cell proliferation in vivo, activated CD4+ T cells were labeled with CSFE and infused into IL15WT and 
IL15KI mice (8 × 106 cells/mouse). For in vivo HIV-1 infection, mice received total CD4+ T cells (5 × 106 
cells per mouse) 24 hours before infection with HIVBa-L at a dose of  20 ng p24.

ELISA. IL15WT and IL15KI mice were injected with lipopolysaccharide (Sigma-Aldrich) at a dose of  0.4 
mg/kg. Human IL-15 protein concentration was measured in the plasma 6 hours later using a human IL-15 
Quantikine ELISA kit (R&D Systems).

Viral quantification and gene expression analysis. Supernatant HIV-1 particles were quantified by p24 ELISA 
(XpressBio). For quantification of cell-free HIV-1 RNA, a Quick-RNA Viral Kit (Zymo Research) was used 
to extract viral RNA from culture supernatant or peripheral blood. For quantification of cell-associated HIV-1 
RNA, a Directzol RNAmini Plus kit (Zymo Research) was used to extract total RNA from cell cultures and 
mouse tissues. Extracted RNA was reverse transcribed with SuperScript III Reverse Transcriptase and ran-
dom primers (Invitrogen), and cDNA was used for real-time PCR. The primers and probe used for HIV-1 gag 
mRNA measurement were described previously (61). The detection limit for HIV-1 RNA was 200 copies/mL.

To determine host gene transcription levels, RNA polymerase II subunit A (POLR2A) was used as a 
reference gene. Predesigned gene-specific TaqMan assays were purchased from Thermo Fisher Scientific 
for quantitative PCR. The TaqMan assay IDs are listed in Supplemental Table 1.

Statistics. Statistical analyses were performed using Prism software (GraphPad Software). A P value of  
less than 0.05 was considered significant. Statistical tests are listed in the figure legends.

Study approval. All animal experiments were approved by the Institutional Animal Care and Use Com-
mittee of  Washington University School of  Medicine.

https://doi.org/10.1172/jci.insight.166292
https://www.python.org/
https://insight.jci.org/articles/view/166292#sd


1 2

R E S E A R C H  A R T I C L E

JCI Insight 2023;8(7):e166292  https://doi.org/10.1172/jci.insight.166292

Author contributions
LS, YL, and HG designed the experiments and performed analyses. YL and HG performed experiments. 
KMC performed the RNA-Seq analyses. LS wrote the manuscript.

Acknowledgments
We thank the Genome Technology Access Center in the Department of  Genetics at Washington Univer-
sity School of  Medicine for help with the RNA-Seq and data analysis. We thank the Immunomonitoring 
Laboratory at the Bursky Center for Human Immunology and Immunotherapy Programs at Washington 
University School of  Medicine for help with the mass cytometry analyses. This work was supported by 
NIH grants R00AI125065 and R01AI155162 (to LS), F31AI165251 (to KMC), and by the Washington 
University Institute of  Clinical and Translational Sciences which is, in part, supported by the NIH/Nation-
al Center for Advancing Translational Sciences (NCATS), CTSA grant UL1TR002345.

Address correspondence to: Liang Shan, Campus Box 8051, Washington University School of  Med-
icine, 425 South Euclid Avenue, St. Louis, Missouri 63110-1093, USA. Phone: 314.747.0050; Email: 
liang.shan@wustl.edu.

	 1.	Pierson TC, Doms RW. HIV-1 entry and its inhibition. Curr Top Microbiol Immunol. 2003;281:1–27.
	 2.	Berger EA, et al. Chemokine receptors as HIV-1 coreceptors: roles in viral entry, tropism, and disease. Annu Rev Immunol. 

1999;17:657–700.
	 3.	Keele BF, et al. Identification and characterization of  transmitted and early founder virus envelopes in primary HIV-1 infection. 

Proc Natl Acad Sci U S A. 2008;105(21):7552–7557.
	 4.	Margolis L, Shattock R. Selective transmission of  CCR5-utilizing HIV-1: the ‘gatekeeper’ problem resolved? Nat Rev Microbiol. 

2006;4(4):312–317.
	 5.	Moore JP, et al. The CCR5 and CXCR4 coreceptors--central to understanding the transmission and pathogenesis of  human 

immunodeficiency virus type 1 infection. AIDS Res Hum Retroviruses. 2004;20(1):111–126.
	 6.	Scarlatti G, et al. In vivo evolution of  HIV-1 co-receptor usage and sensitivity to chemokine-mediated suppression. Nat Med. 

1997;3(11):1259–1265.
	 7.	Koot M, et al. Prognostic value of  HIV-1 syncytium-inducing phenotype for rate of  CD4+ cell depletion and progression to 

AIDS. Ann Intern Med. 1993;118(9):681–688.
	 8.	Blaak H, et al. Susceptibility of  in vitro stimulated PBMC to infection with NSI HIV-1 is associated with levels of  CCR5 expres-

sion and beta-chemokine production. Virology. 2000;267(2):237–246.
	 9.	Bleul CC, et al. The HIV coreceptors CXCR4 and CCR5 are differentially expressed and regulated on human T lymphocytes. 

Proc Natl Acad Sci U S A. 1997;94(5):1925–1930.
	10.	Ebert LM, McColl SR. Up-regulation of  CCR5 and CCR6 on distinct subpopulations of  antigen-activated CD4+ T lympho-

cytes. J Immunol. 2002;168(1):65–72.
	11.	Lederman MM, et al. Biology of  CCR5 and its role in HIV infection and treatment. JAMA. 2006;296(7):815–826.
	12.	Sallusto F, et al. Central memory and effector memory T cell subsets: function, generation, and maintenance. Annu Rev Immunol. 

2004;22:745–763.
	13.	Mattapallil JJ, et al. Massive infection and loss of  memory CD4+ T cells in multiple tissues during acute SIV infection. Nature. 

2005;434(7037):1093–1097.
	14.	Li Q, et al. Peak SIV replication in resting memory CD4+ T cells depletes gut lamina propria CD4+ T cells. Nature. 

2005;434(7037):1148–1152.
	15.	Haase AT. Perils at mucosal front lines for HIV and SIV and their hosts. Nat Rev Immunol. 2005;5(10):783–792.
	16.	Meditz AL, et al. HLA-DR+ CD38+ CD4+ T lymphocytes have elevated CCR5 expression and produce the majority of  R5-trop-

ic HIV-1 RNA in vivo. J Virol. 2011;85(19):10189–10200.
	17.	Veazey RS, et al. Dynamics of  CCR5 expression by CD4(+) T cells in lymphoid tissues during simian immunodeficiency virus 

infection. J Virol. 2000;74(23):11001–11007.
	18.	Oppermann M. Chemokine receptor CCR5: insights into structure, function, and regulation. Cell Signal. 2004;16(11):1201–1210.
	19.	Loetscher P, et al. CCR5 is characteristic of  Th1 lymphocytes. Nature. 1998;391(6665):344–345.
	20.	Qin S, et al. The chemokine receptors CXCR3 and CCR5 mark subsets of  T cells associated with certain inflammatory reac-

tions. J Clin Invest. 1998;101(4):746–754.
	21.	El Hed A, et al. Susceptibility of  human Th17 cells to human immunodeficiency virus and their perturbation during infection. 

J Infect Dis. 2010;201(6):843–854.
	22.	Monteiro P, et al. Memory CCR6+CD4+ T cells are preferential targets for productive HIV type 1 infection regardless of  their 

expression of  integrin β7. J Immunol. 2011;186(8):4618–4630.
	23.	Couturier J, et al. HIV replication in conjunction with granzyme B production by CCR5+ memory CD4 T cells: implications for 

bystander cell and tissue pathologies. Virology. 2014;462-463:175–188.
	24.	Shan L, et al. Transcriptional reprogramming during effector-to-memory transition renders CD4+ T cells permissive for latent 

HIV-1 infection. Immunity. 2017;47(4):766–775.
	25.	Zaunders JJ, et al. Polyclonal proliferation and apoptosis of  CCR5+ T lymphocytes during primary human immunodeficiency 

virus type 1 infection: regulation by interleukin (IL)-2, IL-15, and Bcl-2. J Infect Dis. 2003;187(11):1735–1747.

https://doi.org/10.1172/jci.insight.166292
mailto://liang.shan@wustl.edu
https://doi.org/10.1146/annurev.immunol.17.1.657
https://doi.org/10.1146/annurev.immunol.17.1.657
https://doi.org/10.1073/pnas.0802203105
https://doi.org/10.1073/pnas.0802203105
https://doi.org/10.1038/nrmicro1387
https://doi.org/10.1038/nrmicro1387
https://doi.org/10.1089/088922204322749567
https://doi.org/10.1089/088922204322749567
https://doi.org/10.1038/nm1197-1259
https://doi.org/10.1038/nm1197-1259
https://doi.org/10.7326/0003-4819-118-9-199305010-00004
https://doi.org/10.7326/0003-4819-118-9-199305010-00004
https://doi.org/10.1006/viro.1999.0111
https://doi.org/10.1006/viro.1999.0111
https://doi.org/10.1073/pnas.94.5.1925
https://doi.org/10.1073/pnas.94.5.1925
https://doi.org/10.4049/jimmunol.168.1.65
https://doi.org/10.4049/jimmunol.168.1.65
https://doi.org/10.1001/jama.296.7.815
https://doi.org/10.1146/annurev.immunol.22.012703.104702
https://doi.org/10.1146/annurev.immunol.22.012703.104702
https://doi.org/10.1038/nature03501
https://doi.org/10.1038/nature03501
https://doi.org/10.1038/nature03513
https://doi.org/10.1038/nature03513
https://doi.org/10.1038/nri1706
https://doi.org/10.1128/JVI.02529-10
https://doi.org/10.1128/JVI.02529-10
https://doi.org/10.1128/JVI.74.23.11001-11007.2000
https://doi.org/10.1128/JVI.74.23.11001-11007.2000
https://doi.org/10.1016/j.cellsig.2004.04.007
https://doi.org/10.1172/JCI1422
https://doi.org/10.1172/JCI1422
https://doi.org/10.1086/651021
https://doi.org/10.1086/651021
https://doi.org/10.4049/jimmunol.1004151
https://doi.org/10.4049/jimmunol.1004151
https://doi.org/10.1016/j.virol.2014.06.008
https://doi.org/10.1016/j.virol.2014.06.008
https://doi.org/10.1016/j.immuni.2017.09.014
https://doi.org/10.1016/j.immuni.2017.09.014
https://doi.org/10.1086/375030
https://doi.org/10.1086/375030


1 3

R E S E A R C H  A R T I C L E

JCI Insight 2023;8(7):e166292  https://doi.org/10.1172/jci.insight.166292

	26.	Zaunders JJ, et al. Early proliferation of  CCR5(+) CD38(+++) antigen-specific CD4(+) Th1 effector cells during primary HIV-1 
infection. Blood. 2005;106(5):1660–1667.

	27.	Swaminathan S, et al. Interleukin-15 (IL-15) strongly correlates with increasing HIV-1 viremia and markers of  inflammation. 
PLoS One. 2016;11(11):e0167091.

	28.	Eberly MD, et al. Increased IL-15 production is associated with higher susceptibility of  memory CD4 T cells to simian immuno-
deficiency virus during acute infection. J Immunol. 2009;182(3):1439–1448.

	29.	Picker LJ, et al. IL-15 induces CD4 effector memory T cell production and tissue emigration in nonhuman primates. J Clin 
Invest. 2006;116(6):1514–1524.

	30.	Okoye A, et al. Profound CD4+/CCR5+ T cell expansion is induced by CD8+ lymphocyte depletion but does not account for 
accelerated SIV pathogenesis. J Exp Med. 2009;206(7):1575–1588.

	31.	Read KA, et al 2016. IL-2, IL-7, and IL-15: multistage regulators of  CD4(+) T helper cell differentiation. Exp Hematol. 
2016;44(9):799–808.

	32.	Toribio ML, et al. Interleukin-2-dependent autocrine proliferation in T-cell development. Nature. 1989;342(6245):82–85.
	33.	Manganaro L, et al. IL-15 regulates susceptibility of  CD4+ T cells to HIV infection. Proc Natl Acad Sci U S A. 

2018;115(41):E9659–E9667.
	34.	Sakai K, et al. The Vif  and Vpr accessory proteins independently cause HIV-1-induced T cell cytopathicity and cell cycle arrest. 

Proc Natl Acad Sci U S A. 2006;103(9):3369–3374.
	35.	Herndler-Brandstetter D, et al. Humanized mouse model supports development, function, and tissue residency of  human natu-

ral killer cells. Proc Natl Acad Sci U S A. 2017;114(45):E9626–E9634.
	36.	Lodolce JP, et al. Regulation of  lymphoid homeostasis by interleukin-15. Cytokine Growth Factor Rev. 2002;13(6):429–439.
	37.	Stacey AR, et al. Induction of  a striking systemic cytokine cascade prior to peak viremia in acute human immunodeficiency 

virus type 1 infection, in contrast to more modest and delayed responses in acute hepatitis B and C virus infections. J Virol. 
2009;83(8):3719–3733.

	38.	Roberts L, et al. Plasma cytokine levels during acute HIV-1 infection predict HIV disease progression. AIDS. 2010;24(6):819–831.
	39.	Fehniger TA, Caligiuri MA. Interleukin 15: biology and relevance to human disease. Blood. 2001;97(1):14–32.
	40.	Carson WE, et al. Interleukin (IL) 15 is a novel cytokine that activates human natural killer cells via components of  the IL-2 

receptor. J Exp Med. 1994;180(4):1395–1403.
	41.	Giri JG, et al. Utilization of  the beta and gamma chains of  the IL-2 receptor by the novel cytokine IL-15. EMBO J. 

1994;13(12):2822–2830.
	42.	DeGottardi MQ, et al. Effect of  anti-IL-15 administration on T cell and NK cell homeostasis in rhesus macaques. J Immunol. 

2016;197(4):1183–1198.
	43.	Okoye AA, et al. Role of  IL-15 signaling in the pathogenesis of  simian immunodeficiency virus infection in rhesus macaques. 

J Immunol. 2019;203(11):2928–2943.
	44.	Mueller YM, et al. IL-15 treatment during acute simian immunodeficiency virus (SIV) infection increases viral set point 

and accelerates disease progression despite the induction of  stronger SIV-specific CD8+ T cell responses. J Immunol. 
2008;180(1):350–360.

	45.	Chomont N, et al. HIV reservoir size and persistence are driven by T cell survival and homeostatic proliferation. Nat Med. 
2009;15(8):893–900.

	46.	Pino M, et al. Increased homeostatic cytokines and stability of  HIV-infected memory CD4 T-cells identify individuals with sub-
optimal CD4 T-cell recovery on-ART. PLoS Pathog. 2021;17(8):e1009825.

	47.	Jones RB, et al. A subset of  latency-reversing agents expose HIV-infected resting CD4+ T-cells to recognition by cytotoxic T-lym-
phocytes. PLoS Pathog. 2016;12(4):e1005545.

	48.	Miller JS, et al. Safety and virologic impact of  the IL-15 superagonist N-803 in people living with HIV: a phase 1 trial. Nat Med. 
2022;28(2):392–400.

	49.	Fromentin R, et al. CD4+ T cells expressing PD-1, TIGIT and LAG-3 contribute to HIV persistence during ART. PLoS Pathog. 
2016;12(7):e1005761.

	50.	Pardons M, et al. Single-cell characterization and quantification of  translation-competent viral reservoirs in treated and untreated 
HIV infection. PLoS Pathog. 2019;15(2):e1007619.

	51.	McBrien JB, et al. Robust and persistent reactivation of  SIV and HIV by N-803 and depletion of  CD8+ cells. Nature. 
2020;578(7793):154–159.

	52.	Bandyopadhyay S, et al. Identification of  functionally primitive and immunophenotypically distinct subpopulations in second-
ary acute myeloid leukemia by mass cytometry. Cytometry B Clin Cytom. 2019;96(1):46–56.

	53.	Amir el AD, et al. viSNE enables visualization of  high dimensional single-cell data and reveals phenotypic heterogeneity of  leu-
kemia. Nat Biotechnol. 2013;31(6):545–552.

	54.	Dobin A, et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics. 2013;29(1):15–21.
	55.	Liao Y, et al. featureCounts: an efficient general purpose program for assigning sequence reads to genomic features. Bioinformat-

ics. 2014;30(7):923–930.
	56.	Wang L, et al. RSeQC: quality control of  RNA-seq experiments. Bioinformatics. 2012;28(16):2184–2185.
	57.	Love MI, et al. Moderated estimation of  fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 

2014;15(12):550.
	58.	Blighe K, et al. EnhancedVolcano: publication-ready volcano plots with enhanced colouring and labeling. https://bioconductor.

org/packages/devel/bioc/vignettes/EnhancedVolcano/inst/doc/EnhancedVolcano.html. Accessed March 1, 2023.
	59.	Mootha VK, et al. PGC-1alpha-responsive genes involved in oxidative phosphorylation are coordinately downregulated in 

human diabetes. Nat Genet. 2003;34(3):267–273.
	60.	Subramanian A, et al. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression pro-

files. Proc Natl Acad Sci U S A. 2005;102(43):15545–15550.
	61.	Archin NM, et al. Administration of  vorinostat disrupts HIV-1 latency in patients on antiretroviral therapy. Nature. 

2012;487(7408):482–485.

https://doi.org/10.1172/jci.insight.166292
https://doi.org/10.1371/journal.pone.0167091
https://doi.org/10.1371/journal.pone.0167091
https://doi.org/10.4049/jimmunol.182.3.1439
https://doi.org/10.4049/jimmunol.182.3.1439
https://doi.org/10.1172/JCI27564
https://doi.org/10.1172/JCI27564
https://doi.org/10.1084/jem.20090356
https://doi.org/10.1084/jem.20090356
https://doi.org/10.1016/j.exphem.2016.06.003
https://doi.org/10.1016/j.exphem.2016.06.003
https://doi.org/10.1038/342082a0
https://doi.org/10.1073/pnas.0509417103
https://doi.org/10.1073/pnas.0509417103
https://doi.org/10.1016/S1359-6101(02)00029-1
https://doi.org/10.1128/JVI.01844-08
https://doi.org/10.1128/JVI.01844-08
https://doi.org/10.1128/JVI.01844-08
https://doi.org/10.1097/QAD.0b013e3283367836
https://doi.org/10.1182/blood.V97.1.14
https://doi.org/10.1084/jem.180.4.1395
https://doi.org/10.1084/jem.180.4.1395
https://doi.org/10.1002/j.1460-2075.1994.tb06576.x
https://doi.org/10.1002/j.1460-2075.1994.tb06576.x
https://doi.org/10.4049/jimmunol.1600065
https://doi.org/10.4049/jimmunol.1600065
https://doi.org/10.4049/jimmunol.1900792
https://doi.org/10.4049/jimmunol.1900792
https://doi.org/10.4049/jimmunol.180.1.350
https://doi.org/10.4049/jimmunol.180.1.350
https://doi.org/10.4049/jimmunol.180.1.350
https://doi.org/10.1038/nm.1972
https://doi.org/10.1038/nm.1972
https://doi.org/10.1371/journal.ppat.1009825
https://doi.org/10.1371/journal.ppat.1009825
https://doi.org/10.1371/journal.ppat.1005545
https://doi.org/10.1371/journal.ppat.1005545
https://doi.org/10.1038/s41591-021-01651-9
https://doi.org/10.1038/s41591-021-01651-9
https://doi.org/10.1371/journal.ppat.1005761
https://doi.org/10.1371/journal.ppat.1005761
https://doi.org/10.1371/journal.ppat.1007619
https://doi.org/10.1371/journal.ppat.1007619
https://doi.org/10.1038/s41586-020-1946-0
https://doi.org/10.1038/s41586-020-1946-0
https://doi.org/10.1002/cyto.b.21743
https://doi.org/10.1002/cyto.b.21743
https://doi.org/10.1038/nbt.2594
https://doi.org/10.1038/nbt.2594
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/bts356
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://bioconductor.org/packages/devel/bioc/vignettes/EnhancedVolcano/inst/doc/EnhancedVolcano.html
https://bioconductor.org/packages/devel/bioc/vignettes/EnhancedVolcano/inst/doc/EnhancedVolcano.html
https://doi.org/10.1038/ng1180
https://doi.org/10.1038/ng1180
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1038/nature11286
https://doi.org/10.1038/nature11286

