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ABSTRACT Worldwide, nearly two million children are infected with human immu-
nodeficiency virus (HIV), with breastfeeding accounting for the majority of contem-
porary HIV transmissions. Antiretroviral therapy (ART) has reduced HIV-related mor-
bidity and mortality but is not curative. The main barrier to a cure is persistence of
latent HIV in long-lived reservoirs. However, our understanding of the cellular and
anatomic sources of the HIV reservoir during infancy and childhood is limited. Here,
we developed a pediatric model of ART suppression in orally simian immunodefi-
ciency virus (SIV)-infected rhesus macaque (RM) infants, with measurement of virus
persistence in blood and tissues after 6 to 9 months of ART. Cross-sectional analyses
were conducted to compare SIV RNA and DNA levels in adult and infant RMs naive
to treatment and on ART. We demonstrate efficient viral suppression following ART
initiation in SIV-infected RM infants with sustained undetectable plasma viral loads
in the setting of heterogeneous penetration of ART into lymphoid and gastrointesti-
nal tissues and low drug levels in the brain. We further show reduction in SIV RNA
and DNA on ART in lymphoid tissues of both infant and adult RMs but stable (albeit
low) levels of SIV RNA and DNA in the brains of viremic and ART-suppressed infants.
Finally, we report a large contribution of naive CD4� T cells to the total CD4 reser-
voir of SIV in blood and lymph nodes of ART-suppressed RM infants that differs from
what we show in adults. These results reveal important aspects of HIV/SIV persis-
tence in infants and provide insight into strategic targets for cure interventions in a
pediatric population.

IMPORTANCE While antiretroviral therapy (ART) can reduce HIV replication, the virus
cannot be eradicated from an infected individual, and our incomplete understanding
of HIV persistence in reservoirs greatly complicates the generation of a cure for HIV
infection. Given the immaturity of the infant immune system, it is critically important
to study HIV reservoirs specifically in this population. Here, we established a pediat-
ric animal model to simulate breastfeeding transmission and study SIV reservoirs in
rhesus macaque (RM) infants. Our study demonstrates that ART can be safely admin-
istered to infant RMs for prolonged periods and that it efficiently controls viral repli-
cation in this model. SIV persistence was shown in blood and tissues, with similar
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anatomic distributions of SIV reservoirs in infant and adult RMs. However, in the pe-
ripheral blood and lymph nodes, a greater contribution of the naive CD4� T cells to
the SIV reservoir was observed in infants than in adults.

KEYWORDS antiretroviral therapy, SIV, infants, rhesus macaques

In 2016, 2.1 million children were living with human immunodeficiency virus (HIV)
infection and 160,000 children were newly infected by the virus. In the absence of

treatment, a more rapid tempo of disease is observed in pediatric HIV infection than in
adults, with higher peak and set point viral loads during the first years of life, leading
to death in 50% of untreated HIV-infected children by the age of 2 years (1–4). Several
factors might account for this rapid disease progression, including high rates of virus
production and CD4� T cell turnover, as well as weaker HIV-specific immune responses.
As in HIV-infected adults, antiretroviral therapy (ART) has greatly reduced HIV-related
morbidity and mortality in children, but it is not curative due to the persistence of
latent virus in cellular and anatomic reservoirs. Children face the prospect of lifelong
ART with the associated difficulties of limited pediatric drug formulations, drug adher-
ence requirements during challenging developmental stages, and potential adverse
medication effects. As such, HIV cure/remission represent especially important goals for
the pediatric population.

In 2014, absence of detectable viremia following ART cessation was reported in a
perinatally HIV-infected child treated for 18 months starting 30 h after birth (5, 6).
Although the virus levels ultimately rebounded 28 months after ART interruption, this
case raised hope for the potential of remission in perinatal HIV infection that is treated
early. There have since been several other notable pediatric case reports of potential
HIV remission (7–10), but clear evidence for a generalizable approach to eliminate HIV
reservoirs in infants and children is lacking. Particularly with late gestation and intra-
partum HIV transmission, the capacity to treat soon after infection makes the pediatric
setting favorable for cure approaches that incorporate early ART. However, due to
increased efforts to prevent mother-to-child transmission of HIV and interventions used
during pregnancy and delivery, the rates of in utero and intrapartum transmission have
decreased in recent years. As a result, over 50% of new pediatric HIV infections occur
through breastfeeding (11). As infants infected via breastfeeding are frequently diag-
nosed late and ART initiation is delayed, studies of reservoirs and cure interventions in
this setting are greatly needed.

The specificities of the developing immune system provide a unique setting for HIV
cure research. The dynamics of HIV persistence in children may differ from those in
adults, due to different types and numbers of target cells, a bias toward immune
tolerance, lower immune activation than in adults, a reduced T cell memory compart-
ment, and distinct pharmacokinetics of ART in blood and tissues. In adults, the
best-characterized HIV reservoir consists of a small pool of latently infected memory
CD4� T cells carrying transcriptionally silent but replication-competent HIV (12–15). The
HIV reservoir has been extensively studied in HIV-infected adults, as it represents the
main barrier to a cure. However, little is known about the cellular and anatomic
distribution of the HIV reservoir in the pediatric population. Given the difficulties in
studying young children, development of specific pediatric animal models is critical.

Models of simian immunodeficiency virus (SIV) infection of adult macaques are well
established and robust and possess many similarities to HIV infection in terms of
transmission, acute/early infection events, viral and CD4� T cell dynamics, and disease
progression. Using an optimized ART regimen, several groups have demonstrated
consistent suppression of plasma viral loads in rhesus macaques (RMs) with viral
dynamics that replicate those of ART-treated, HIV-infected patients (16–19), thus allow-
ing the RMs to be used as a translational animal model for HIV cure studies. In the
present study, we developed a pediatric model of oral transmission of SIV followed by
ART suppression of viremia. Using this model and in comparison to cohorts of viremic
RM infants, as well as viremic and ART-suppressed adult RMs, we show (i) safety and
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efficacy of ART in SIV-infected infant RMs; (ii) variable penetration of ART in tissues, with
very low drug levels found in brain; (iii) an expected reduction in SIV RNA and DNA on
ART in lymphoid tissues, but no change in viral levels in the brains of RM infants; and
(iv) an enhanced contribution of naive CD4� T cells to the total CD4 reservoir of SIV in
infants compared to adults. These results inform our understanding of HIV/SIV persis-
tence in infants and suggest that remission-directed strategies for this age group may
need to consider naive T cells.

RESULTS
Experimental design. To establish an infant model of breastfeeding transmission

and ART suppression of viremia, four infant Indian RMs (three males and one female)
were exposed to two consecutive doses of 105 50% tissue culture infective doses
(TCID50) SIVmac251 by orogastric administration at 20 to 21 weeks of age. Starting at day
35 postinfection, all four RMs were initiated on ART. ART was started during early
chronic infection to simulate a “real-world” timeline of breastfeeding transmission and
diagnosis and to allow maximal establishment of SIV reservoirs (20–22). The ART
regimen consisted of two reverse transcriptase inhibitors (tenofovir [PMPA] at 20 mg/kg
of body weight/day and emtricitabine [FTC] at 40 mg/kg/day) and one integrase
inhibitor (dolutegravir [DTG] at 2.5 mg/kg/day) coformulated into a single dose admin-
istered once daily by subcutaneous injection. The drug doses were based on prior
experience and published literature for adult macaques, and it should be noted that, of
the three drugs used, only FTC has FDA-approved dosing guidelines for the age group
studied here (https://aidsinfo.nih.gov/guidelines/html/2/pediatric-arv/0). The RMs were
euthanized on ART 6 to 9 months postinfection, and detailed necropsy was performed
to thoroughly quantify SIV reservoirs and measure drug penetration in various tissues.

Efficiency and safety of the ART regimen in SIV-infected infant RMs. As shown
in Fig. 1A, following experimental infection with SIVmac251, the four infant RMs expe-

FIG 1 SIV-infected infant RM virologic and immunologic response to ART. (A) Longitudinal analysis of
plasma SIV RNA levels. The shaded area represents the period of ART treatment. The dotted line
represents the limit of detection of the assay. (B) Longitudinal analysis of peripheral CD4� T cell absolute
counts. The shaded area represents the period of ART treatment.
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rienced a rapid, exponential increase in virus replication that peaked at weeks 2 to 4
postinfection (106 to 107 SIV RNA copies/ml plasma). Following ART initiation at week
5 after infection, we observed a 2 to 3 log reduction in plasma viral loads within 2 weeks
and levels below the limit of detection of our assay (60 copies/ml plasma) after 4 to 22
weeks of treatment. Consistent with prior studies of SIV infection in adult RMs (17, 23),
the absolute number of peripheral CD4� T cells was significantly decreased following
infection (1,644 � 203 preinfection versus 916 � 101 pre-ART; P � 0.006) (Fig. 1B) and
was partially restored on ART (916 � 101 pre-ART versus 1,441 � 81 on ART; P �

0.0003) (Fig. 1B). The four RM infants demonstrated normal levels of white blood cells
throughout the treatment period (Fig. 2A). Platelet counts, while high at ART initiation,
tended to normalize during treatment (Fig. 2A), and no clinical thrombotic events
occurred. Three of four RM infants became anemic following the period of intensive
blood sampling, but hemoglobin returned to normal levels for the remainder of the
study (Fig. 2A). Hepatic and renal functions were not adversely impacted by ART, as
indicated by serum levels of aspartate transaminase (AST), alanine transaminase (ALT),
creatinine, and blood urea nitrogen (BUN) (Fig. 2B), with only transient elevations in
these parameters in 1 or 2 animals. Finally, SIV-infected RM infants demonstrated
steady weight gain after ART initiation (Fig. 2C), with weights within the low-normal
range or slightly below normal at selected time points (which is not unexpected during
SIV infection). Altogether, these results show that ART was well tolerated by infant RMs
and was efficient at reducing SIV replication within a time frame similar to that for
HIV-infected infants (24, 25), resulting in partial reconstitution of the peripheral CD4�

T cell pool.

FIG 2 Safety data in ART-treated SIV-infected RM infants. Longitudinal assessment of complete blood counts (Hgb, hemoglobin levels) (A), serum chemistries
(B), and body weight (C). The shaded areas represent the period of ART treatment. The dotted lines represent the normal range for each parameter.
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Drug concentrations in blood and tissues of ART-treated SIV-infected RM
infants. We next measured antiretroviral drug levels in fluids and tissues using both
liquid chromatography-tandem mass spectrometry (LS-MS/MS) and infrared matrix-
assisted laser desorption-electrospray ionization (IR-MALDESI) techniques (26). Trough
plasma concentrations of PMPA, FTC, and DTG measured by LS-MS/MS are shown in
Fig. 3A. These measured values are below published ranges for the same drugs dosed
orally in children (27–29); however, it is important to recall that plasma viral loads were
below the limit of detection at the time of this analysis, meaning that the combination
ART regimen was effective in suppressing viremia in infant RMs. In the cerebrospinal
fluid (CSF), trough levels of PMPA and DTG were lower than in plasma, with levels of
DTG near or below the limit of quantification of the LS-MS/MS method in three of four
animals (Fig. 3A); however, CSF viral loads were undetectable in all the animals at the
same time point (data not shown). Since PMPA and FTC are rapidly converted to active
drug metabolites inside the cell, we also measured PMPA-diphosphate (PMPAdp) and
FTC-5=-triphosphate (FTCtp) in peripheral blood mononuclear cells (PBMCs) of the four
infant RMs (Fig. 3B). FTCtp levels were similar to or lower than those found in healthy
adults (30, 31), but reference data for children are not available. The observed levels of
PMPAdp in three animals were much higher than has been reported for HIV-infected
children (28), possibly reflecting a higher dose used in the macaques than is recom-
mended for pediatric clinical practice.

FIG 3 Antiretroviral drug levels in fluids and tissues of ART-treated SIV-infected RM infants. (A) Levels of PMPA, FTC, and DTG in the plasma and
CSF. (B) Levels of phosphorylated metabolites of FTC and PMPA (FTCtp and PMPAdp) in PBMCs. (C, D, and E) Levels of PMPA (C), FTC (D), and
DTG (E) in tissue measured by LS-MS/MS in the LN, spleen, colon, and brain. The horizontal lines represent medians. (F, G, and H) Representative
IR-MALDESI images of ART distribution in lymph nodes (F), spleen (G), and colon (H). The distribution of the drugs is depicted using a color scale
ranging from dark red for areas of low concentration to yellow for areas of high concentration. The maps are overlaid on the ion map for
cholesterol (blue-green color scale).
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We then assessed drug penetration in lymph nodes (LN), spleen, colon, and brain
using LS-MS/MS and IR-MALDESI, a technique that allows the spatial visualization of the
anatomic distribution of the drugs within the tissue (26). LS-MS/MS analyses showed
detectable levels of all three drugs in the lymphoid tissues and colon but very low to
undetectable levels in the brain (Fig. 3C to E). Higher, but variable, levels of PMPA were
found in LN and spleen than in the colon (Fig. 3C). Conversely, FTC and DTG distribution
was slightly greater in the colon than in the lymphoid tissues (Fig. 3D and E). The animal
(RUh16) with the lowest plasma trough level of DTG also had the lowest levels of DTG
measured in LN, spleen, and colon.

In the LN, IR-MALDESI analyses depicted a heterogeneous distribution of both DTG
and PMPA, with PMPA concentrated in the medullary sinuses (Fig. 3F). In the spleen,
IR-MALDESI confirmed diffuse low levels of DTG (Fig. 3G), but PMPA and FTC could not
be visualized by this method (data not shown). DTG appeared to concentrate along the
mucosa of the colon by IR-MALDESI (Fig. 3H), with PMPA and FTC again below the limit
of quantification. None of the drugs could be detected by IR-MALDESI across all the
brain sections assessed (deep frontal lobe, frontal cortex, parietal cortex, and basal
ganglia) in the infants (data not shown). An important caveat to this work is that, due
to rapid degradation of the phosphorylated active metabolites of PMPA and FTC, all
IR-MALDESI measurements were of the parent drug.

SIV RNA and DNA persistence in tissues. To better define the tissue compart-
ments contributing to SIV persistence in ART-treated RM infants, we performed RNA-
scope and DNAscope in situ hybridization to quantify SIV RNA� and DNA� cells,
respectively, in various lymphoid and nonlymphoid tissues (32). We used this highly
sensitive and specific approach to compare the levels of SIV DNA and RNA in the LN,
spleen, brain, and gut compartments of the four ART-suppressed SIV-infected RM
infants (cohort A) to those in independent cohorts of viremic ART-naive SIV-infected RM
infants (cohort B), ART-suppressed SIV-infected RM adults (cohort C), and viremic
ART-naive SIV-infected RM adults (cohort D) (Table 1).

Viral DNA� (vDNA�) cells were found for all the animals tested in all tissues with no
restriction in the anatomic location (Fig. 4A). Comparing vDNA levels in primary
lymphoid tissues (LN B-cell follicle, LN T cell zone, spleen follicle, and gut lymphoid
aggregates), the numbers of vDNA� cells in ART-suppressed infant RMs were similar to
those found in ART-suppressed adults but were significantly lower than those observed
in both viremic infants (P � 0. 0024) and viremic adults (P � 0.0001) (Fig. 4B). In
contrast, similar levels of vDNA� cells were found in the gut lamina propria and in the
brain in the ART-suppressed and viremic infant RMs (Fig. 4B), as well as ART-suppressed
and viremic adult RMs (Fig. 4B).

In ART-suppressed RM infants, low levels of SIV RNA were detected in all the tissues
analyzed (Fig. 5A). The cross-sectional comparison showed no statistical difference in
the numbers of vRNA� cells in any tissue between ART-suppressed infants and ART-
suppressed adults. Reduced levels of SIV RNA� cells were observed in ART-suppressed
infant RMs compared to viremic infant RMs in the primary lymphoid tissues (P �

0.0001) and spleen red pulp (P � 0.0111) (Fig. 5B). Interestingly, while already at low
levels in viremic animals, the number of vRNA� cells did not decline in the brains of
ART-suppressed infant RMs compared to viremic infant RMs (Fig. 5B), whereas a
reduction was observed in ART-suppressed adults compared to viremic adults (P �

0.0318). The lack of reduction of SIV RNA� and DNA� cell levels in the brains of
ART-suppressed compared to viremic RM infants is consistent with low to undetectable
drug levels seen in the brain.

We then assessed the phenotype of the cells harboring vRNA for all ART-suppressed
infants in the LN and brain tissues. Unsurprisingly, only CD4� T cells were found to
harbor vRNA in the LN (Fig. 6A). Only microglial cells, identified using Iba1 antibody
(Ab), were found to be vRNA� within all brain compartments (frontal lobe, deep frontal
lobe, parietal cortex, and basal ganglia) (Fig. 6B). Since the RNAscope approach allowed
us to visualize individual virions, we quantified the single particles trapped within the
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follicular dendritic cell (FDC) network in gut lymphoid aggregates and B-cell follicles in
LN and spleen. We observed a drastic diminution of the number of trapped virions in
ART-suppressed infants compared to viremic infants in all the tissues assessed (Fig. 6C).
However, free viruses were observed in the LN of one infant and in the spleens of two
infants on suppressive ART.

SIV persistence in CD4� T cells. We first measured the level of SIV DNA in total
CD4� T cells isolated from peripheral blood and found a 1.7 log reduction comparing
pretreatment to posttreatment time points (Fig. 7A) (P � 0.0499). To better characterize
the CD4� T cell reservoir in infants compared to adults, we next sorted naive, stem cell
memory (SCM) (TSCM), central/transitional memory (CM/TM) (TCM/TM), and effector
memory (EM) (TEM) CD4� T cells by fluorescence-activated cell sorter (FACS) from
peripheral blood. The levels of cell-associated SIV DNA were measured in these CD4�

T cell subsets isolated from the four ART-suppressed infant RMs (cohort A) (Table 1), as
well as four RM adults who received the same ART regimen for comparable periods
(cohort E) (Table 1). In ART-suppressed RM infants, SIV DNA was detected at similar
levels in naive and memory populations of CD4� T cells in the peripheral blood (Fig.
7B). However, in ART-suppressed RM adults, the frequency of SIV DNA in peripheral
naive CD4� T cells was significantly lower than in SCM (P � 0.0483), CM (P � 0.0092),
and TM (P � 0.0199) cells (Fig. 7B). Furthermore, the peripheral CD4� T cell pool was
composed of a majority of naive CD4� T cells in infants (Fig. 7C), and naive CD4� T cells

FIG 4 SIV DNA persistence in tissues. (A) Representative images of DNAscope in situ hybridization of ART-suppressed infant RMs (top) and viremic
infant RMs (bottom). Bars, 50 �m. (B) Comparative analyses of SIV DNA levels measured by DNAscope in lymphoid tissues and brain in
ART-suppressed infant RMs, viremic ART-naive infant RMs, ART-suppressed adult RMs, and ART-naive viremic adult RMs. The horizontal lines
represent medians. *, primary lymphoid tissues.
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were found to represent the main contributors to the total SIV reservoir in CD4� T cells
in infants, with a relative contribution of 74% in the peripheral blood (Fig. 7D). As
expected, naive CD4� T cells were less frequent in the peripheral blood of adults (Fig.
7C) and made a relative contribution of only 14% to the total CD4� T cell reservoir in
blood (Fig. 7D). Conversely, the CM/TM subsets of CD4� T cells represented the largest
contributors to the total SIV reservoir in adults at 65% (Fig. 7D).

We undertook a similar comparison in the lymph node compartment, where naive,
SCM, CM/TM, and follicular helper (TFH) CD4� T cells were sorted from various LN,
including superficial, mesenteric, and retroperitoneal LN. Cell-associated SIV DNA was
detected at similar levels in all the populations of CD4� T cells in ART-suppressed
infants, with slightly higher levels seen in TFH cells from superficial LN than in naive
cells (P � 0.0279) (Fig. 8A). The distributions of the CD4� T cell pool (Fig. 8B) and the
SIV reservoir (Fig. 8C) within LN CD4� T cell subsets were again different between
SIV-infected, ART-suppressed infants and adults, with higher levels of naive CD4� T cells
that made a greater contribution to the SIV reservoir in CD4� T cells in infants (range,
73 to 88% in infants compared to 42 to 57% in adults). Due to the increased frequency
of naive T cells in the LN compared to peripheral blood of adults, the differential
contribution of the naive subset to the LN CD4� T cell reservoir between adults and
infants was less striking than in the blood (Fig. 7D and 8C).

FIG 5 SIV RNA persistence in tissues. (A) Representative images of RNAscope in situ hybridization of ART-suppressed infant RMs (top) and viremic
infant RMs (bottom). Bars, 50 �m. (B) Comparative analyses of SIV RNA levels measured by RNAscope in lymphoid tissues and brain in
ART-suppressed infant RMs, viremic ART-naive infant RMs, ART-suppressed adult RMs, and ART-naive viremic adult RMs. The horizontal lines
represent medians. *, primary lymphoid tissues.
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Having shown that SIV DNA persists in both naive and memory CD4� T cells of
ART-suppressed infant RMs and that naive T cells appear to constitute a relatively large
proportion of the CD4� T cell reservoir in infants, we next asked if these cells harbored
replication-competent virus. It should first be noted that, based on both low to absent
cell surface expression of activation markers and lack of gamma interferon (IFN-�)
production following ex vivo stimulation with phorbol myristate acetate (PMA)/iono-
mycin (Fig. 9A and B), the cells we identified and sorted as naive CD4� T cells displayed
a phenotypic and functional profile expected of naive T cells. In two of four RM infants
where sufficient cells were available, we used the gold standard quantitative viral
outgrowth assay (QVOA) to measure replication-competent virus in naive and memory
CD4� T cells isolated from LN. Replication-competent SIV was recovered from the naive
and memory CD4� T cell compartments of both RM infants, with an estimated
frequency of latently infected naive CD4� T cells of 0.8 to 1.1 per million cells and
memory CD4� T cells of 0.8 to 5.6 per million cells (Fig. 9C). Acknowledging the small
sample size, this result is suggestive of a previously unrecognized replication-
competent naive CD4� T cell reservoir in infants.

FIG 6 vRNA� cells in ART-suppressed infants. (A) Lymph nodes were stained, for all treated infants, for CD4, SIV
RNA, CD68/CD163 (myeloid cells), and DAPI (4=,6-diamidino-2-phenylindole). (B) Brain sections were stained for
CD4, SIV RNA, Iba1, and DAPI. The arrows indicate SIV-infected cells. The images are representative of three animals
per tissue type. All the images are shown at �60 magnification. All scale bars, 200 �m. (C) Comparative analysis
of SIV virions persisting in the follicular dendritic cell network measured by RNAscope in primary lymphoid tissues
in ART-suppressed infant RMs and viremic ART-naive infant RMs.
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FIG 7 SIV DNA persistence in peripheral CD4� T cells of ART-treated SIV-infected RM infants and adults. (A) Comparison of estimated SIV
DNA levels in the peripheral CD4� T cell DNA before (days 21 to 35 postinfection [p.i.]) and after (days 189 to 273 p.i.) ART in infant RMs
calculated based on PBMC frequency of infection as determined by PCR and the frequency of CD4� T cells in PBMCs as determined by
flow cytometry. (B) On-ART SIV DNA levels in sorted subsets of peripheral CD4� T cells (naive, SCM, CM/TM, and EM CD4� T cells) as
determined by PCR. The lines represent medians. (C) Relative contributions of CD4� T cell subsets (naive, SCM, CM/TM, and EM CD4� T
cells) to the total peripheral CD4� T cell pool. (D) Relative contribution of CD4� T cell subsets (naive, SCM, CM/TM, and EM CD4� T cells)
to the total peripheral CD4� T cell SIV reservoir.
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FIG 8 SIV DNA persistence in LN CD4� T cells of ART-treated SIV-infected RM infants and adults. (A) On-ART SIV DNA levels in subsets
of CD4� T cells (naive, SCM, CM, and TFH CD4� T cells) sorted from superficial (axillary and inguinal), mesenteric, and retroperitoneal
LN. The horizontal lines represent medians. (B) Relative contributions of CD4� T cell subsets (naive, SCM, CM/TM, and EM CD4� T cells)
to the total LN CD4� T cell pool. (C) Relative contributions of CD4� T cell subsets (naive, SCM, CM/TM, and EM CD4� T cells) to the
total LN CD4� T cell SIV reservoir.
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DISCUSSION

This pilot study provides key insight into SIV persistence following oral infection in
infants, highlighting specific anatomic and cellular contributors to the viral reservoir in
this population. We demonstrate safety in administering ART in infant RMs for pro-
longed periods and efficient viral suppression by ART in SIV-infected RM infants with
sustained undetectable plasma viral loads. The dynamics of infection and viral sup-
pression were similar to those observed in HIV-infected children (24, 25) and led to a
partial restoration of the peripheral level of CD4� T cells, as previously reported in
ART-treated patients (33). SIV persistence after several months of ART was shown in
various tissues, including blood, LN, spleen, gut, and brain.

As the half-life and homeostasis of the cells latently infected by HIV are critical in the
maintenance of the viral reservoir over time, we specifically assessed SIV DNA persis-
tence in naive and memory subsets of CD4� T cells defined based on their differenti-
ation phenotypes. We found similar levels of infection in naive CD4� T cells and in the

FIG 9 Characterization of the naive CD4� T cell reservoir in ART-treated SIV-infected RM infants. (A)
Flow-cytometric assessment of CCR5, PD-1, Ki67, and HLA-DR expression at the surfaces of peripheral
bulk, naive, SCM, CM/TM, and EM CD4� T cells. (B) Flow-cytometric analyses of IFN-� expression on
splenic naive, SCM, CM/TM, and EM CD4� T cells following ex vivo stimulation with PMA/ionomycin. *,
P � 0.05. (C) Assessment of the frequencies of naive and memory CD4� T cells carrying replication-
competent SIV in ART-suppressed RM infants by quantitative viral outgrowth assay.
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SCM, CM/TM, and EM CD4� T cells in blood of ART-treated SIV-infected RM infants, with
comparable findings in LN (with the exception of TFH cells showing an increased
frequency of infection compared to naive cells in the superficial LN, but not mesenteric
and retroperitoneal LN). These results differ from what we observed in ART-suppressed
adult macaques and previous reports of ART-treated adult patients, in whom memory
cells, especially TM and CM cells, have been shown to have the highest frequencies of
HIV (12, 34). The prior work was performed in patients on long-term ART, while in our
pilot study, ART duration was limited to 6 to 9 months, potentially contributing to the
observed differences. However, we show here that in adult RMs who received the same
ART regimen for a similar duration as the infants, the frequency of naive CD4� T cells
harboring SIV DNA was significantly lower than in subsets of memory CD4� T cells,
which is consistent with the human data. The overall frequency of memory CD4� T cell
infection was higher in adult than in infant RMs, which may in part reflect the route of
virus inoculation (intravenous versus oral); even so, the similar levels of persistent SIV
DNA in naive and memory T cells of infants is notable.

HIV DNA is almost always detected in naive CD4� T cells in both viremic and
ART-suppressed individuals, but how naive CD4� T cells become infected and their
contribution to the latent reservoir are still sources of debate (35–38). Studies in
ART-treated patients suggest that infection of naive CD4� T cells occurs primarily in the
periphery rather than during maturation in the thymus (35, 36, 38). HIV/SIV coreceptor
CCR5 expression on the surfaces of naive CD4� T cells is very low, and viral entry could
involve alternative coreceptors, such as CXCR4 in humans or CXCR6 and GPR15 in
monkeys (39, 40). However, both SIVmac251, used in this study, and SIVmac239 have been
shown to exclusively use CCR5 for entry into rhesus macaque CD4� T cells (41, 42). The
lymphoid tissue microenvironment may also have an important role in HIV infection of
naive T cells, with increased susceptibility to infection in tonsil lymphoid tissue com-
pared to purified CD4� T cells alone (43, 44). In our model of pediatric infection, naive
CD4� T cells appeared to be the main contributors to the CD4� T cell SIV reservoir and
contained quantifiable replication-competent virus, suggesting that these cells might
be of critical importance in HIV persistence in infants. Given the robust naive CD4� T
cell compartment during the period of infancy, this finding requires increased attention
and further investigation into the mechanisms of reservoir establishment and mainte-
nance in these cells. A greater focus on the latent reservoir in naive CD4� T cells may
be warranted when developing cure strategies for the pediatric population.

DNAscope and RNAscope in situ hybridization showed viral persistence in lymphoid
and nonlymphoid tissues of ART-suppressed RM infants, with levels similar to those in
ART-suppressed RM adults. While a reduction of virus levels was observed in primary
lymphoid tissues in ART-suppressed compared to viremic RM infants, similar numbers
of cells carrying SIV DNA or RNA were found in the brains of ART-suppressed and
viremic RM infants, and vRNA� cells appeared to be of myeloid origin. In line with this
result, low to undetectable levels of the ART drugs used were found in the RM infant
brains at necropsy. It should be emphasized that levels of SIV RNA and DNA in the brain
were low, but this anatomic site is increasingly recognized as a latent reservoir for
which unique approaches may be needed to eliminate persistent virus (45–47). Con-
sistent with a recent report, similar levels of vDNA� cells were also found in the gut
lamina propria of the ART-suppressed and viremic infant RMs (46).

As this study was designed to establish the utility of the SIV-infected infant RM
model for investigations of viral reservoirs under ART in a pediatric setting, there are a
number of limitations (animal numbers, ART duration, cross-sectional analysis, and
heterogeneity of measurements between animals) that prevent us from reaching
overarching conclusions from our findings. However, given the difficulties of studying
HIV reservoirs in children, the establishment of this experimental model is of major
importance, with the findings here providing key insights into differences between
infant and adult RMs.

In conclusion, we have established a pediatric model of HIV suppression on ART
recapitulating the key features of HIV persistence in humans. Following ART initiation,
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sustained undetectable plasma viral loads were maintained, with reduction in SIV RNA
and DNA in lymphoid tissues but stable levels of SIV RNA and DNA in the brain. Naive
CD4� T cells constituted a large component of the total CD4 reservoir in blood and LN
of ART-suppressed RM infants, a finding that was not seen in adults. These results reveal
important aspects of HIV/SIV persistence in infants and provide insight into strategic
targets for cure interventions in a pediatric population. This model can be used as an
experimental in vivo platform to test emerging cure interventions being developed for
infants and children.

MATERIALS AND METHODS
Animals and infection. Four infant Indian RMs (Macaca mulatta), with exclusion of Mamu B*08- and

B*17-positive animals, were enrolled in this study. The animals were born at the Yerkes National Primate
Research Center (YNPRC) to dams housed in indoor/outdoor group housing. The infants were removed
from the dams when they were approximately 3 months old and transferred to a nursery, where they
were housed in social pairs with either full contact or protected contact for the duration of the study. The
infants were fed standard primate jumbo chow biscuits (Jumbo Monkey Diet 5037; Purina Mills, St. Louis,
MO) based on age and weight in accordance with YNPRC standard operating procedures (SOPs) for
nonhuman primate (NHP) feeding. The animals also received enrichment of fresh produce daily. The
animals were orally infected at 20 to 21 weeks of age with two consecutive doses of 105 TCID50 of
SIVmac251. All the animals were treated in accordance with Emory University and Yerkes National Primate
Research Center Institutional Animal Care and Use Committee regulations. An additional four groups of
rhesus macaques were used for cross-sectional comparative analyses (Table 1). The infants in cohort B
were housed at the Washington National Primate Research Center and were orally infected between 10
and 16 weeks of age with 103 to 104 TCID50 of SIVmac251. The adult rhesus macaques were housed at
YNPRC and were infected with SIVmac239 or SIVmac251 (48).

Antiretroviral therapy. The four RM infants were treated with a potent three-drug ART regimen
initiated 35 days postinfection. The preformulated ART cocktail contained two reverse transcriptase
inhibitors, 20 mg/kg PMPA and 40 mg/kg FTC, plus 2.5 mg/kg of the integrase inhibitor DTG. This ART
cocktail was administered once daily at 1 ml/kg via the subcutaneous route.

Sample collection and processing. Blood samples were collected regularly and used for a complete
blood count, routine chemical analysis, and immunostaining, with plasma separated by centrifugation
within 1 h of phlebotomy. PBMCs were prepared by density gradient centrifugation. Tissue samples,
including gut, brain, spleen, tonsils, and LN, were collected postmortem. After two washes in RPMI and
removal of connective and fat tissues, gut tissues were cut in small pieces and LN and tonsils were
ground using a 70-�m cell strainer. Gut cells were isolated by digestion with collagenase and DNase I for
2 h at 37°C and then passed through a 70-�m cell strainer. The cell suspensions obtained were washed
and immediately used for immunostaining or cryopreserved at �80°C until use.

Antiretroviral drug measurements. (i) Mass spectrometry imaging. The spatial distribution of
ARV drug levels was measured by infrared matrix-assisted laser desorption-electrospray ionization (26).
Sections of tissue samples (10 �m) were prepared in a cryotome, thaw mounted on glass microscope
slides, and maintained at �10°C on the sample stage of the IR-MALDESI source chamber prior to analysis.
The stage translated the sample stepwise across the focused beam of an IR laser (IR-Opolette 2371;
Opotek, Carlsbad, CA, USA), which desorbed sample material from adjacent 100-�m-diameter sampling
locations. An electrospray ionized the desorbed neutral molecules, and the resulting ions were sampled
into a high-resolving-power Thermo Fisher Scientific Q Exactive Plus (Bremen, Germany) mass spectrom-
eter for synchronized analysis. Calibration of the IR-MALDESI response was performed on matching tissue
from untreated RMs. To generate images from mass spectrometry data, raw data from each voxel was
converted to the mzXML format using MSConvert software. These mzXML files were interrogated using
free software developed for processing mass spectrometry imaging (MSI) data.

(ii) LC-MS/MS. Plasma, CSF, and PBMC pellet samples were extracted by protein precipitation with
stable isotopically labeled internal standards. Serial 10-�m tissue sections were homogenized in 1 ml of
70:30 acetonitrile-1 mM ammonium phosphate (pH 7.4) using a Precellys 24 tissue homogenizer (Bertin
Technologies, Montigny-le-Bretonneux, France). All analyses were conducted using a Shimadzu high-
performance liquid chromatography (HPLC) system for chromatographic separation and an AB Sciex API
5000 mass spectrometer (AB Sciex, Foster City, CA, USA) equipped with a turbospray interface for
detection using validated LC-MS/MS assays. The samples were analyzed with a set of calibration
standards (0.01 to 50 ng/ml) and quality control (QC) samples. The precision and accuracy of the
calibration standards and QC samples met the acceptance criteria (PMPA and FTC, 15%; PMPAdp and
FTCtp, 20%; DTG, 35%).

RNAscope and DNAscope analyses. We utilized a novel next-generation, ultrasensitive in situ
hybridization technology for the detection of both SIV RNA (RNAscope) and DNA (DNAscope) with
quantitative image analysis as previously described (32, 46). Regions of interest (0.25 mm2) were selected
to maximize the size of the tissue to be assessed. The average total numbers of cells assessed were
138,461 for the spleen, 111,394 for the LN, 88,461 for the gut, and 286,497 for the brain.

Immunophenotype by flow cytometry. Multicolor flow cytometric analysis was performed on
whole blood or cell suspensions using predetermined optimal concentrations of the following fluores-
cently conjugated monoclonal antibodies (MAbs): CD3-allophycocyanin (APC)-Cy7 (clone SP34-2), CD95-
phycoerythrin (PE)-Cy5 (clone DX2), Ki67-AF700 (clone B56), HLA-DR-peridinin chlorophyll protein
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(PerCP)-Cy5.5 (clone G46-6), CCR7-fluorescein isothiocyanate (FITC) (clone 150503), CCR5-APC (clone
3A9), and CD45RA-PE-Cy7 (clone L48) from BD Biosciences; CD8-BV711 (clone RPA-T8), CD4-BV650 (clone
OKT4), and PD-1-BV421 (clone EH12.2H7) from BioLegend; and CD28-ECD (clone CD28-2) from Beckman-
Coulter. Flow cytometric acquisition and analysis of samples were performed on at least 100,000 events
on an LSR II flow cytometer driven by the FACSDiva software package (BD Biosciences). Analyses of the
acquired data were performed using FlowJo version 10.0.4 software (TreeStar).

Cell sorting. Prior to sorting, peripheral CD4� T cells were enriched with the use of magnetic beads
and column purification (Miltenyi Biotec). Enriched peripheral CD4� T cells, lymph nodes, or spleen cell
suspensions were then stained with previously determined volumes of the following fluorescently
conjugated MAbs: CD3-APC-Cy7 or -AF700 (clone SP34-2), CCR7-PE-Cy7 (clone 3D12), CD8-APC-Cy7
(clone SK1), CD45RA-APC (clone 5H9), and CD95-PE-Cy5 (clone DX2) from BD Bioscience; CD28-ECD
(clone CD28.2) from Beckman Coulter; and CD4-BrilliantViolet650 (clone OKT4) and CD8-BV421 (clone
RPA-T8) from BioLegend. Populations for sorting were defined as follows: naive cells, CD45RA� CCR7�

CD95�; TSCM cells, CD45RA� CCR7� CD95� CD28�; TCM/TM cells, CD45RA� CD95� CCR7�; and TEM cells,
CD95� CCR7�. LN cell suspensions were stained with the same antibodies and CXCR5-PE (clone
MU5UBEE) from eBioscience and PD-1-BV421 (clone EH12.2H7) from BioLegend to define TFH cells. TFH
cells were defined as CXCR5hi PD-1high. Memory CD4� T cells were defined as follows: CD45RA� CD95�.
Sorting was performed on a FACSAria LSR II (BD Biosciences) equipped with FACS Diva software.

Plasma RNA and cell-associated DNA viral quantification. Plasma viral quantification was per-
formed as described previously. Frozen cell pellets were lysed with proteinase K (100 �g/ml in 10 mM
Tris-HCl, pH 8) for 1 h at 56°C. Quantification of SIVmac gag DNA was performed by quantitative PCR
using a 5= nuclease (TaqMan) assay with an ABI7500 system (PerkinElmer Life Sciences). The
sequence of the forward primer for SIVmac gag was 5=-GAAGGTGAAGGTCGGAGTC-3=, the reverse
primer sequence was 5=-GAAGATGGTGATGGGATTTC-3=, and the probe sequence was 5=-6-
carboxyfluorescein (FAM)-CAAGCTTCCCGTTCTCAGCC-6-carboxytetramethylrhodamine (TAMRA)-3=.
Cell lysate (7.5 �l) was mixed in a 50-�l reaction mixture containing 1� platinum buffer, 3.5 mM
MgCl2, 0.2 mM deoxynucleoside triphosphate (dNTP), 200 nM primers, 150 nM probe, and 2 U
Platinum Taq. For cell quantification, quantitative PCR was performed simultaneously for the
monkey albumin gene copy number. The sequence of the forward (F) primer for albumin was
5=-TGCATGAGAAAACGCCAGTAA-3=; the reverse primer sequence was 5=-ATGGTCGCCTGTTCACCAA-
3=, and the probe sequence was 5=-AGAAAGTCACCAAATGCTGCACGGAATC-3= (49). The reactions
were performed on a 7500 real-time PCR system (Applied Biosystems) with the following thermal
program: 5 min at 95°C, followed by 40 cycles of denaturation at 95°C for 15 s and annealing at 60°C
for 1 min.

Ex vivo IFN-� production. Cryopreserved splenocytes were stimulated with PMA (50 ng/ml) and
ionomycin (1 �g/ml) for 4 h in the presence of monensin (BD GolgiStop protein transport inhibitor; BD
Bioscience) or with dimethyl sulfoxide (DMSO). The cells were then stained with the Abs listed in “Cell
sorting” above and with IFN-�–PE (clone B27) from BD Bioscience following cell permeabilization.

SIV quantitative viral outgrowth assay. Latently infected cells were quantified using a limiting-
dilution culture assay in which naive and memory CD4� T cells sorted from the LN of 2 ART-suppressed
infant RMs were cocultured with CEMx174 cells in duplicate 5-fold serial dilutions ranging from as many
as 1 � 106 cells per well to as few as 320 cells per well. The cells were cultured in RPMI medium
containing 10% fetal bovine serum, 4 mM L-glutamine, 50 U/ml penicillin, 50 �g/ml streptomycin, and
100 U/ml interleukin 2 (IL-2) (Sigma). The ratio of target cells added was 4:1 for the 2 highest dilutions.
A constant number (50,000) of CEMx174 cells were added to all the other wells. The cultures were split
every 2 or 3 days, and fresh medium was added. After 28 days, growth of virus was detected by
quantitative reverse transcription (qRT)-PCR. SIV RNA was isolated from 1,250 �l of culture supernatant
using a Zymo viral RNA isolation kit (Zymo Research). The cell culture supernatant underwent centrifu-
gation for 90 min at 21,000 � g before extraction, following the manufacturer’s instructions. DNase
treatment was performed using an RQ1 RNase-free DNase kit (Promega). A one-step qRT-PCR targeting
SIV gag was performed using an Applied Biosystems 7500 real-time PCR system (Applied Biosystems) and
Veriquest Probe one-step qRT-PCR master mix (Affimetrix) with the following primers and probe:
SIVgagFwd, 5=-GCAGAGGAGGAAATTACCCAGTAC-3=; SIVgagRev, 5=-CAATTTTACCCAGGCATTTAATGTT-3=;
SIVgag-probe, 5=-FAM-TGTCCACCTGCCATTAAGCCCGA-3IBFQ-3=. The frequencies of infected cells were
determined by the maximum-likelihood method (50) and were expressed as infectious units per million
(IUPM) CD4� T cells.

Statistical analyses. Repeated-measures analyses of peripheral CD4� T cell counts were performed
with a means model via the SAS MIXED procedure (version 9.4), providing separate estimates of the
means by week postinfection. A compound-symmetric variance-covariance form in repeated measure-
ments was assumed for the CD4� T cell count, and robust estimates of the standard errors of parameters
were used to perform statistical tests and to construct 95% confidence intervals (51). The model-based
means are unbiased by unbalanced and missing data, as long as the missing data are noninformative
(missing at random). To compare CD4� T cell counts at different periods, specific statistical tests (paired
t tests) were done within the framework of the mixed-effects linear model. For the cross-sectional
analysis of SIV RNA� and DNA� cell levels between cohorts as measured by RNAscope and DNAscope,
the nonparametric Kruskal-Wallis test with Dunn’s correction for multiple comparisons was used. To
analyze SIV DNA levels in naive and memory CD4� T cell subsets, we used the nonparametric Kruskal-
Wallis test with Dunn’s correction for multiple comparisons, with naive T cell values as the control
comparison.
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