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ABSTRACT Follicular regulatory T (TFR) cells are a subset of CD4� T cells in second-
ary lymphoid follicles. TFR cells were previously included in the follicular helper T
(TFH) cell subset, which consists of cells that are highly permissive to HIV-1. The per-
missivity of TFR cells to HIV-1 is unknown. We find that TFR cells are more permis-
sive than TFH cells to R5-tropic HIV-1 ex vivo. TFR cells expressed more CCR5 and
CD4 and supported higher frequencies of viral fusion. Differences in Ki67 expression
correlated with HIV-1 replication. Inhibiting cellular proliferation reduced Ki67 ex-
pression and HIV-1 replication. Lymph node cells from untreated HIV-infected indi-
viduals revealed that TFR cells harbored the highest concentrations of HIV-1 RNA
and highest levels of Ki67 expression. These data demonstrate that TFR cells are
highly permissive to R5-tropic HIV-1 both ex vivo and in vivo. This is likely related to
elevated CCR5 levels combined with a heightened proliferative state and suggests
that TFR cells contribute to persistent R5-tropic HIV-1 replication in vivo.

IMPORTANCE In chronic, untreated HIV-1 infection, viral replication is concentrated
in secondary lymphoid follicles. Within secondary lymphoid follicles, follicular helper
T (TFH) cells have previously been shown to be highly permissive to HIV-1. Recently,
another subset of T cells in secondary lymphoid follicles was described, follicular
regulatory T (TFR) cells. These cells share some phenotypic characteristics with TFH
cells, and studies that showed that TFH cells are highly permissive to HIV-1 included
TFR cells in their definition of TFH cells. The permissivity of TFR cells to HIV-1 has
not previously been described. Here, we show that TFR cells are highly permissive to
HIV-1 both ex vivo and in vivo. The expression of Ki67, a marker of proliferative ca-
pacity, is predictive of expression of viral proteins, and downregulating Ki67 leads to
concurrent decreases in expression of viral proteins. Our study provides new insight
into HIV-1 replication and a potential new cell type to target for future treatment.

KEYWORDS HIV pathogenesis, HIV replication, follicular helper T cell, follicular
regulatory T cell, secondary lymphoid follicle

Human immunodeficiency virus type 1 (HIV-1) replication is concentrated in T
follicular helper (TFH) cells within B cell follicles of secondary lymphoid tissues

during chronic asymptomatic disease (1–5). Heightened permissivity of TFH cells (5), a
paucity of virus-specific cytotoxic T lymphocytes (CTL) (4, 6), and the presence of
potently infectious virions on follicular dendritic cells (FDC) (7) all likely contribute to
heightened virus replication at those sites (8). TFH cells are a distinct CD4 T cell
population in which differentiation is driven by expression of the transcription factor
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Bcl-6 (9). They function as a crucial part of the germinal center (GC) reaction, providing
help to B cells undergoing somatic hypermutation (SHM) and affinity maturation via
cytokines such as interleukin-21 (IL-21) and IL-4 (9–11). Despite their heightened
permissivity to HIV-1, TFH cell populations expand in untreated, chronically HIV-1-
infected individuals as a percentage of CD4 T cells found in lymph nodes (LN) (12) and
in chronic simian immunodeficiency virus (SIV) infection as a percentage of central
memory (CM) CD4 T cells (13).

A novel T cell subset, follicular regulatory T (TFR) cells, was previously included
within the phenotypic definition of TFH cells. Originally described in mice (14–16) and
more recently in humans (17–19), TFR cells express Foxp3, the canonical regulatory T
(Treg) transcription factor, Bcl-6, and Blimp-1 (14, 16). TFR cells derive from extrafol-
licular Treg cell precursors and localize to the follicle and GC. They have been shown
to directly suppress TFH cell function in mice (14), nonhuman primates (19, 20), and
humans (19) and have been shown to regulate antibody production in mice (14–16).
We recently demonstrated that TFR cells are expanded in chronic HIV-1 and SIV
infection and that ex vivo spinoculation of disaggregated, uninfected tonsil cells with
X4- or R5-tropic HIV-1 increases TFR cell expression and secretion of regulatory proteins,
such as CTLA-4 and IL-10 (19). However, this study did not determine the permissivity
of TFR cells to HIV-1 relative to that of other lymphoid CD4 T cell subsets.

Using tonsil cells from children at low risk of HIV-1 infection, we show that TFR cells
are more permissive to R5-tropic HIV-1 infection ex vivo than TFH and extrafollicular
CD4 T cells. This was true for both an HIV-1 green fluorescent protein (GFP) reporter
virus as well as transmitted/founder (T/F) R5-tropic HIV-1. TFR cells are more susceptible
to R5 viral fusion than other cells and express the highest levels of CCR5 and CD4. HIV-1
coreceptor expression does not fully account for increased TFR cell permissivity to
HIV-1, however, nor does it fully explain increased HIV-1 fusion. We show that increased
ex vivo permissivity of TFR cells is related to Ki67 expression. In LN cells from asymp-
tomatic HIV-1-infected humans, we determined that TFR cells harbor the highest
concentrations of HIV-1 RNA and, furthermore, express the largest amount of Ki67.
These data indicate that TFR cells are a highly proliferative subset of follicular T cells
that directly contribute to the follicular concentration of HIV-1 replication in vivo.

RESULTS
Tonsillar TFR cells are highly permissive to R5-tropic HIV-1 ex vivo. To deter-

mine the permissivity of TFR cells to HIV-1 ex vivo, we spinoculated disaggregated tonsil
cells from children at low risk of HIV-1 infection with four different R5-tropic HIV-1
isolates, including a laboratory-adapted GFP reporter virus and three transmitted/
founder (T/F) viruses. At 2 days postspinoculation, GFP or intracellular p24 expression
of T cell subsets was measured by flow cytometry. CD3� CD8� T cells were analyzed
instead of the CD4� T cells as CD4 is downregulated during HIV-1 replication (21–27).
As shown in representative flow cytometry plots (Fig. 1A), CD3� CD8� T cell subsets
were defined as follows: extrafollicular ([EF] CXCR5� CD25� CD127�/�), EF Treg
(CXCR5� CD25� CD127�), TFH (CXCR5� CD25� CD127�/�), GC TFH (CXCR5� PD1�

CD25� CD127�/�), TFR (CXCR5� CD25� CD127�), and GC TFR (CXCR5� PD1� CD25�

CD127�). To define regulatory T cells, the surface phenotype CD25� CD127� was used
(28–30) rather than intranuclear Foxp3 staining as the latter cannot be used for cell
sorting experiments that require live, functional cells postsorting. We confirmed that
Foxp3 expression was restricted to EF Treg, TFR, and GC TFR cells as defined by these
cell surface markers and not expressed in EF, TFH, and GC TFH cells (Fig. 1B). HIV-1
permissivity was assessed by measuring GFP expression for HIV-1 GFP reporter viruses
(Fig. 1C), and p24 antigen was measured for expression for T/F viruses (Fig. 1D).

Compared to TFH and GC TFH cells, TFR and GC TFR cells demonstrated high
percentages of R5-tropic HIV-1 GFP positive (GFP�) (Fig. 2A) and T/F p24 antigen-
positive (Ag�) cells (Fig. 2B to D) following ex vivo HIV-1 infection. EF Treg cells
demonstrated a higher percentage of R5-tropic GFP� or p24 Ag� cells than EF cells for
all four viruses investigated (Fig. 2A to D). Similar results were obtained following
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infection with the R5-tropic GFP reporter virus when regulatory cells were defined as
Foxp3� instead of CD25� CD127� (Fig. 3A and B). In this case, permissivity was
assessed by measuring p24 Ag instead of GFP expression as some GFP expression was
lost when intranuclear permeabilization was performed for Foxp3 staining. While TFR
and GC TFR cells demonstrated the highest geometric mean fluorescence intensity
(MFI) of p24 Ag when infected with three different T/F viruses (Fig. 2B to D, right

FIG 1 Representative flow plots. (A) Representative flow plots showing gating used to define tonsillar CD4 T cell subsets. All
populations were first gated as live, lymphocyte, single, and CD3� CD8� cells. The following populations are defined: EF (CXCR5�

CD25� CD127�/�), EF Treg (CXCR5� CD25� CD127�), TFH (CXCR5� CD25� CD127�/�), GC TFH (CXCR5� PD1� CD25� CD127�/�), TFR
(CXCR5� CD25� CD127�), and GC TFR (CXCR5� PD1� CD25� CD127�) cells. (B) Representative flow plots of Foxp3 expression on T
cell subsets defined as regulatory or nonregulatory based on surface CD25 and CD127 expression. (C) Representative flow plots
showing GFP expression following ex vivo infection with an R5-tropic GFP reporter virus. (D) Representative flow plots showing p24
antigen expression in a CH470 spinoculated tonsil.
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panels), they demonstrated the lowest GFP MFI when infected with the lab-adapted
R5-tropic HIV-1 GFP reporter virus (Fig. 2A, right panel). TFR cell permissivity to
X4-tropic HIV-1 was also investigated using a lab-adapted GFP reporter virus and two
X4-tropic infectious molecular clones. TFR and GC TFR cells demonstrated similar or
higher percentages of GFP� or p24 Ag� cells than TFH and GC TFH cells, respectively

FIG 2 TFR cells are highly permissive to R5-tropic HIV ex vivo. Tonsils were disaggregated and spinoculated with virus at room
temperature for 2 h and cultured for 48 h. Productive infection of the following viruses is shown: R5-tropic GFP reporter virus
(A), CH58 transmitted/founder virus (B), CH470 transmitted/founder virus (C), and CH40 transmitted/founder virus (D). MFI
values and the percentages of GFP� and p24 Ag� cells were determined, as indicated. Statistical significance was determined
using repeated-measures one-way ANOVA. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001; ns, not significant. Only
pairwise comparisons of interest are shown. Overall, the P value was �0.05 (by ANOVA) for all. Tonsil (T) sample numbers are
indicated on the right side of the figure.
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(Fig. 4A to C). Differences in CXCR4 expression levels measured in the same cells as the
GFP experiments (Fig. 4D) paralleled frequencies of GFP� T cells in each subset (Fig. 4A).
As previously reported (21, 22, 31, 32), the percentages of GFP� or p24� cells in each
population were consistently higher in the X4-tropic infections than in R5-tropic
infections (compare Fig. 3A to D and 4A to C). To determine whether the heightened
permissivity of TFR cells extended to other secondary lymphoid tissues, we spinocu-
lated previously cryopreserved, disaggregated cells from LN of HIV-1-seronegative
individuals with R5- and X4-tropic GFP reporter viruses. The highest percentage of
GFP� cells was in GC TFR cells in R5-tropic HIV-1 infection but not X4-tropic infection
(Fig. 5A), similar to what was observed in tonsil cell infections (Fig. 2A and 4A). To
exclude the possibility that productive HIV-1 infection induced cells to acquire a TFR
cell phenotype, disaggregated tonsil cells were first sorted into CXCR5�, TFH, and TFR
cell populations, then spinoculated with R5- and X4-tropic GFP reporter viruses, and
analyzed for GFP expression after 2 days. TFR cells consistently harbored more GFP�

cells than TFH cells in R5-tropic but not X4-tropic HIV-1 infection (Fig. 5B). Taken
together, these data demonstrate that TFR cells were the most permissive lymphoid
tissue CD4 T cell subset to R5-tropic HIV-1 ex vivo.

TFR cells express high levels of CCR5 and CD4 and exhibit heightened R5-tropic
HIV-1 fusion. We next investigated potential mechanisms to explain the heightened
permissivity of TFR cells to HIV-1. Given that differences in GFP expression and p24 Ag
were more pronounced for R5-tropic than for X4-tropic HIV-1 strains, we hypothesized
that R5-tropic HIV-1 entry may be a critical step. To investigate HIV-1 entry, we used a
flow cytometry-based assay to quantify viral fusion (33). Briefly, T/F HIV-1 viruses
containing �-lactamase-Vpr (BlaM-Vpr) were constructed. For this assay, target cells are
loaded with coumarin cephalosporin fluorescein acetoxymethyl ester (CCF2-AM), a
fluorescent BlaM substrate; if fusion occurs in a cell, BlaM cleaves CCF2-AM, changing
the fluorescence emission spectrum from 520 nm to 447 nm, which can be measured
by a flow cytometer (Fig. 6A). As shown in Fig. 6B, fusion of CH58, CH470, and CH40
occurred in a greater percentage of TFR cells than in EF Treg, TFH, and EF CD4 T cells.
Interestingly, fusion occurs in a greater percentage of EF Treg cells than TFH cells in all
three T/F viruses (Fig. 6B); however, the percentage of productively infected EF Treg
cells was not different from the percentage of TFH cells that were productively infected
when spinoculated with CH58 (Fig. 3B) or CH470 (Fig. 3C). Similar to what was observed
when productive infection was measured, fusion occurred in a greater percentage of EF
Treg cells than EF cells in all three T/F viruses (Fig. 6B). The percentage of cells in which
viral fusion occurred was consistently higher than the percentage of cells that were
productively infected in a particular T cell subset for each T/F virus. These data suggest

FIG 3 Tonsil TFR cells are highly permissive to R5-tropic HIV as defined by Foxp3 expression. Fresh, disaggregated tonsil cells were
spinoculated with R5-tropic GFP reporter virus for 2 h at room temperature and analyzed by flow cytometry after 48 h. The following
T cell subsets were first defined by surface and intranuclear proteins: EF (CD3� CD8� CXCR5� Foxp3�); EF Treg (CD3� CD8� CXCR5�

Foxp3�); TFH (CD3� CD8� CXCR5� Foxp3�); TFR (CD3� CD8� CXCR5� Foxp3�); GC TFH (CD3� CD8� CXCR5� PD1� Foxp3�); GC TFR
(CD3� CD8� CXCR5� PD1� Foxp3�) (A) Percent p24 Ag� cells. (B) MFI of p24 Ag. Statistical significance was determined using
repeated-measures one-way ANOVA. *, P � 0.05; **, P � 0.01; ***, P � 0.001. Only pairwise comparisons of interest are shown. The
overall P value was �0.05 (by ANOVA) for all.

TFR Cells Are Highly Permissive to HIV Journal of Virology

September 2017 Volume 91 Issue 17 e00430-17 jvi.asm.org 5

http://jvi.asm.org


FIG 4 TFR cells are highly permissive to X4-tropic HIV. Tonsils were disaggregated and spinoculated with virus at room
temperature for 2 h and cultured for 48 h. Productive infection of the following viruses is shown: X4-tropic GFP reporter virus
(A), HIVMN/H9 (B), and SG3.1 (C). MFI values and the percentages of GFP� and p24 Ag� cells were determined, as indicated.
(D) Frequency of CXCR4 expression at day 0. Statistical significance was determined using repeated-measures one-way ANOVA.
*,P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001; ns, not significant. Only pairwise comparisons of interest are shown.
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that increased fusion likely was at least partially responsible for the increased R5-tropic
HIV permissivity of TFR cells.

Expression of both CD4 and CCR5 is necessary for R5 HIV-1 binding and entry into
cells. At day 0, small, statistically significant, differences were observed between EF and
EF Treg CD4 cell expression levels as well as between GC TFH and GC TFR cell levels, but
not between TFH and TFR cells (Fig. 6C). CCR5 was expressed on a substantially higher
proportion of all regulatory subsets, including EF Treg, TFR, and GC TFR cells than the
nonregulatory subsets of EF, TFH, and GC TFH cells (Fig. 6D, left). Expression of CCR5
based on the geometric mean fluorescent intensity (MFI) was also higher on EF Treg,
TFR, and GC TFR cells than on EF, TFH, and GC TFH cells (Fig. 6D, right). However, CCR5
expression did not differ among regulatory subsets, whereas there were marked
differences in permissivity levels to R5-tropic HIV-1 among these subsets (Fig. 3A to D).
Furthermore, the frequency of CCR5 expression was not a significant predictor of the
frequency of R5-tropic HIV-1 GFP expression (Fig. 6E).

Tonsil CD4 T cell subset permissivity is linked to Ki67 expression. As coreceptor
expression did not predict R5-tropic HIV-1 GFP expression, we hypothesized that
differences in memory or activation status of the different tonsillar CD4 T cell subsets
may be linked to differences in levels of permissivity. Memory CD4 T cells, as well as
activated cells, are known to be more permissive to HIV-1 than naive, resting CD4 T
cells. We examined markers of memory, cellular activation, and proliferation at day 0 to
determine whether any of these parameters were associated with tonsil cell subset
permissivity as assessed by GFP expression at day 2. Nearly all cells of the follicular and
GC CD4 T cell subsets expressed the memory marker CD95, and there were no
significant differences in CD95 expression levels between these subsets (Fig. 7A). The
majority of EF Treg cells were CD95� although significantly fewer than were seen in
follicular subsets, and a minority of EF cells were memory cells (Fig. 7A). Assessing T cell
activation based on CD69, an early T cell activation marker (Fig. 7B), yielded results very

FIG 5 R5-tropic permissivity of seronegative LN cells and sorted tonsil cells. (A) Cryopreserved seronegative LN cells were
thawed and spinoculated with R5-tropic or X4-tropic GFP reporter virus for 2 h at room temperature; cells were cultured
in R10 medium for 48 h and then analyzed by flow cytometry. LN sample numbers are shown at right. (B) Fresh
disaggregated tonsil cells were stained, sorted, and then spinoculated with R5- or X4-tropic GFP reporter virus for 2 h at
room temperature. Cell were cultured in R10 medium for 48 h and then analyzed by flow cytometry. The percentages of
GFP� cells are shown. Horizontal lines indicate medians.
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FIG 6 TFR cells are more susceptible to HIV fusion than TFH cells. (A and B) Isolated tonsil CD4� T cells were spinoculated with BlaM-Vpr transmitted/founder
viruses. HIV fusion was evaluated at 2 h postspinoculation by flow cytometry. (A) Representative flow plots showing mock-infected and CH40-infected TFH and

(Continued on next page)
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similar to those for CD95 expression (Fig. 7A); nearly all cells of the follicular and GC CD4
T cell subsets express CD69, while the frequency of CD69 expression was significantly
reduced in EF CD4 T cells. Thus, differences in expression of CD95 and CD69 did not
parallel differences in GFP or p24 Ag expression shown in Fig. 2. To determine the
proliferative status of the different tonsillar T cell subsets, Ki67 expression was inves-
tigated (Fig. 7C). GC TFR cells harbored the highest proportion of Ki67� cells, followed
by TFR cells, while significantly fewer EF Treg cells expressed Ki67 (Fig. 7C). Nonregu-
latory T cells (EF, TFH, and GC TFH) expressed Ki67 at a lower frequency than regulatory
T cells (Fig. 7C). This pattern most closely paralleled the pattern of GFP expression seen
in Fig. 2. To further evaluate whether Ki67 was related to the permissivity of tonsil cell
subsets to R5 HIV-1, we analyzed Ki67 expression with respect to GFP expression. All
data were log transformed prior to performing the analysis, and a mixed-effects model
was used to accommodate repeated-measures data. Using this model, Ki67 expression
was predictive of GFP expression; for every log10 increase in the percentage of Ki67,
there was a 0.83 log10 increase in the percentage of GFP (P � 0.0001) (Fig. 7D).

To further evaluate whether the relationship between Ki67 expression and virus
replication was causative, we treated cells with imatinib to arrest T cell proliferation and
decrease Ki67 expression. Imatinib is a tyrosine kinase inhibitor that arrests T cell
proliferation in vitro without affecting cell viability (34). Disaggregated tonsil cells were
cultured for 2 days with or without imatinib, and Ki67 expression was then measured;
cells were then spinoculated with the R5-tropic GFP reporter virus and cultured for 2
more days, when they were analyzed for GFP expression. All CD4 T cell subsets cultured
with imatinib expressed significantly lower levels of Ki67 (33.5% reduction; lower
confidence interval [CI], 5.7%; upper CI, 53.1%) than those that did not receive imatinib
(P � 0.023) (Fig. 7E). Two days after spinoculation, imatinib-treated cells also demon-
strated lower R5-tropic HIV-1 GFP expression (77.1%; lower CI, 60.5%; upper CI, 86.8%)
than untreated cells (P � 0.0001) (Fig. 7F). These data suggest that the proliferative
capacity of tonsillar CD4 T cells, as measured by Ki67 expression, drove differences in
R5-tropic HIV GFP expression between tonsillar CD4 T cell subsets ex vivo.

TFR cells harbor high concentrations of HIV-1 and express high levels of Ki67
in vivo. These data, using an ex vivo infection model, revealed that TFR cells were the
most permissive tonsillar CD4 T cell subset to R5-tropic HIV-1. However, ex vivo
experiments do not always recapitulate events in vivo. To determine if TFR cells were
highly permissive in vivo in chronic HIV-1 infection, we measured HIV-1 RNA in LN cells
from six asymptomatic, chronically HIV-1-infected, untreated individuals. Five of the six
subjects were known to harbor R5-tropic HIV-1, and the tropism of the sixth subject’s
virus was not determined. Previously cryopreserved, disaggregated LN cells were sorted
into EF, TFH, EF Treg, and TFR cell subsets, and HIV-1 RNA was measured by reverse
transcription-quantitative PCR (RT-qPCR). TFR cells harbored the highest concentrations
of HIV-1 RNA per nanogram of RNA, TFH and EF Treg cells harbored intermediate
amounts that did not differ significantly from each other, and EF cells harbored the
lowest concentrations (Fig. 8A). Overall, EF cells constituted the largest subset of CD3�

CD8� cells, with a geometric mean (GM) of 40%, and TFH cells were the second largest
group, with a geometric mean of 24% (Fig. 8B). EF Treg and TFR cells were distinct
minority populations, with geometric means of 4.1% and 3.6%, respectively (Fig. 8B).
Because of the higher concentrations of viral RNA in TFR cells, they contributed a
disproportionately large amount of HIV-1 RNA than would be expected based on
the size of the TFR population: approximately 14.4% of the HIV-1 RNA in the LN CD4

FIG 6 Legend (Continued)
TFR cells. (B) Percentage of fusion-positive cells for the indicated virus populations. (C and D) Disaggregated tonsil cells were evaluated for CCR5 and CD4
expression at day 0 (D0). Statistical significance was determined using repeated-measures one-way ANOVA. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P �
0.0001; ns, not significant. Only pairwise comparisons of interest are shown. The overall P value was �0.05 (by ANOVA) for all data in panels B to D. (E) Tonsil
cells were disaggregated and immediately stained for CCR5 expression and evaluated by flow cytometry or spinoculated with R5-tropic GFP reporter virus and
analyzed for GFP expression after 2 days. A mixed-effects model was used to determine if the percentage of CCR5� cells predicts the percentage of GFP� cells
for all CD4 T cell subsets investigated. For every log10 increase in the percentage of CCR5, there was a 0.17 (95% CI, �0.01, 0.44) log10 increase in the percentage
of GFP (P � 0.21).
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T cell subsets overall (Fig. 8C) and 19.7% of the HIV-1 RNA found in the follicular
CD4 T cell subsets. Ki67 expression was elevated in both TFR and EF Treg cells and
did not differ significantly between these populations (Fig. 8D). Both regulatory
subsets harbored significantly more Ki67� cells than either TFH or EF cells. These

FIG 7 Ki67 expression predicts GFP expression. (A to C) Disaggregated tonsil cells were stained for activation, memory, and proliferation markers at day 0 and
immediately analyzed by flow cytometry, as indicated. Statistical significance was determined using repeated-measures one-way ANOVA. *, P � 0.05; **, P �
0.01; ***, P � 0.001; ns, not significant. Only pairwise comparisons of interest are shown. The overall P value was �0.05 (by ANOVA) for all. (D) A mixed-effects
model was used to determine that the percentage of Ki67� cells predicts the percentage of GFP� cells for all T cell subsets investigated (n � 6; P � 0.0001).
(E and F) Disaggregated tonsil cells were rested for 2 days with or without imatinib. At day 2, cells were split such that half were analyzed for Ki67 expression,
and half were spinoculated with R5-tropic GFP reporter virus and cultured for another 2 days with or without imatinib (n � 6). The percentages of Ki-67� and
GFP� cells were determined.
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data demonstrate that, similarly to the ex vivo model, TFR cells supported high
levels of virus replication in vivo.

DISCUSSION

To our knowledge, this is the first study to investigate the permissivity of TFR cells
to HIV-1 ex vivo and in vivo. Using four different R5-tropic viruses, we found that
uninfected tonsillar TFR cells are highly permissive ex vivo to R5-tropic HIV-1, the most
common virus found in HIV-1-infected individuals in early and mid-stages of disease.
TFR cells express the highest levels of CCR5 and CD4, and a greater percentage of
tonsillar TFR cells than EF Treg, TFH, and EF cells undergoes viral fusion, indicating that
increased permissivity of TFR cells begins with viral entry. Patterns of CCR5 expression
parallel HIV-1 fusion but not differences in virus permissivity ex vivo, suggesting that
other factors are involved. The cellular proliferation marker Ki67 predicts GFP expres-
sion following ex vivo infection with an HIV-1 GFP reporter virus, and reductions in Ki67
expression through addition of imatinib reduce GFP expression. In vivo, TFR cells harbor
more HIV-1 RNA per nanogram of total RNA than all other subsets and also exhibit high
levels of Ki67 expression. Collectively, these data demonstrate that TFR cells are highly
permissive to R5 HIV-1 ex vivo and in vivo and that this elevated permissivity is related
to elevated levels of HIV-1 coreceptor expression as well as a heightened proliferative
state.

Previous studies that investigated the ex vivo permissivity of blood Treg cells to
HIV-1 produced mixed results. In one study, ex vivo infection with an R5-tropic GFP

FIG 8 TFR cells are highly permissive to HIV in vivo. Cryopreserved, disaggregated LN cells from chronically HIV-infected, untreated
individuals were thawed, stained, and sorted into EF, TFH, EF Treg, and TFR cell populations. RNA was isolated immediately and stored
at �80°C. One-step RT-qPCR was performed to measure viral RNA. (A) HIV copy number per nanogram of total RNA in each LN for all
sorted T cell populations (overall, P � 0.05; ANOVA). (B) T cell populations as a percentage of total CD3� CD8� cells (overall, P � 0.0001;
ANOVA). (C) Calculated HIV RNA contribution from each T cell population as a percentage of the total population (overall, P � 0.12;
ANOVA). (D) Percent Ki67� cells in each LN T cell population investigated (overall, P � 0.01; ANOVA). Statistical significance was
determined using repeated-measures one-way ANOVA. *, P � 0.05; ***, P � 0.001; ns, not significant. Only pairwise comparisons of interest
are shown.
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reporter virus showed that Treg cells are more permissive than memory T cells (35).
Another study found that blood Treg cells are not more permissive than effector T cells
to R5-tropic HIV-1 (36). Less than 1% of peripheral blood CD4� T cells have a TFR
cell-like phenotype. It is unknown how their permissivity compares to that of other
peripheral blood or LN subsets, and this could be investigated in future studies. A
limitation of peripheral blood studies is that peripheral blood mononuclear cells (PBMC)
must be stimulated to enable HIV-1 replication, which enhances cellular proliferation
and permissivity, thereby clouding results. An advantage of the tonsil cell model over
PBMC is that it does not require any exogenous stimulation and therefore more closely
mimics the cell state in vivo. Using this model, we observed that TFR cells were more
permissive than TFH, EF Treg, and EF non-Treg cells. Additionally, we found that the
proliferative status of the CD4 T cell subset is predictive of R5-tropic HIV-1 GFP
expression and that changing the proliferative status of the CD4 T cell subsets altered
their permissivity. Any exogenous stimulation will likely alter the proliferative status of
cells; this provides a possible explanation of differing results. Our results demonstrate
that careful attention must be paid to cell type and ex vivo culture conditions in
investigations of HIV-1 permissivity as both variables can drastically alter experimental
results.

In contrast to the consistent pattern of preferential R5-tropic HIV-1 replication in TFR
cells across all viruses investigated, replication of X4-tropic HIV-1 was more variable.
Frequencies of GFP� and p24 Ag� TFR and GC TFR cells are high, though not always
higher than those of TFH and GC TFH cells. Inconsistencies in GFP/p24 expression
patterns in X4-tropic viruses may be due to the fact that SG3.1 and HIV-1MN/H9 were
previously passaged in cell lines. The R5-tropic viruses are all molecular clones. The
HIV-1MN/H9 virus, on the other hand, is not maintained as a molecular clone and is
propagated via infecting CD4- and CXCR4-expressing cells. SG3.1 is now maintained as
a molecular clone but was originally passaged in a cell line. It is possible that these
viruses acquired mutations that were advantageous to productive infection under the
specific laboratory conditions by which they were propagated that has changed the
way they infect and replicate within primary cells. As it is still unknown why the majority
of transmitted viruses are R5 tropic, further investigation into T cell permissivity to
X4-tropic compared to R5-tropic HIV-1 could help answer this question.

Interestingly, while patterns of percent p24 Ag� cells and the p24 Ag MFI parallel
each other in all R5 viruses, the percent GFP and the GFP MFI do not. p24 is a viral
capsid protein; presence of this protein indicates later stages of productive infection of
a cell. The p24 Ag MFI therefore measures the amount of virus produced in each T cell
population. GFP, however, is expressed via an internal ribosome entry site (IRES)
inserted into the HIV-1 genome, so it is possible that translation of GFP does not
necessarily reflect translation of native viral proteins. Additionally, the GFP reporter
viruses are lab-adapted strains while the T/F virus sequences are those that have been
transmitted from one individual to another. The envelope proteins of the lab-adapted
viruses (especially the R5-tropic GFP reporter virus) have been altered from their native
configuration. This may result in suboptimal viral entry compared to that of T/F viruses
in cells expressing CCR5 and CD4 and thus decreased GFP production in different T cell
populations compared to levels in T/F viruses. Further, it is also possible that the GFP
reporter virus may be better adapted to replicating in nonregulatory subsets than in
Treg cells, whereas T/F viruses may not have evolved such an adaptation in vivo.

TFR cells demonstrate more fusion with three different R5-tropic HIV-1 transmitted/
founder viruses than EF Treg, TFH, and EF T cells. Unsurprisingly, the patterns of HIV-1
fusion parallel the differences in coreceptor expression when CCR5 expression and CD4
expression are taken together. However, fusion and coreceptor expression do not
directly parallel the frequency of p24 Ag� cells found in each T cell subset; there is a
much higher frequency of CCR5 expression in EF Treg cells than in TFH cells, but the
frequency of p24 antigen-positive or GFP� cells is not higher in EF Treg cells than in
TFH cells. While none of the follicular T cell subsets examined differ in their expression
levels of CD95 or CD69, TFR cells are more proliferative than EF Treg, TFH, and EF cells,
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and EF Treg cells are more proliferative than TFH and EF cells, based on Ki67 expression.
Proliferating, activated cells are known to support higher levels of HIV-1 integration and
replication (37, 38), and here we show that Ki67 expression predicts GFP expression.
Further experiments showed that reducing Ki67 expression while leaving CCR5 expres-
sion unchanged causes a concurrent reduction in GFP expression. While expression of
CCR5 is undoubtedly necessary for viral fusion and entry, this study suggests that
heightened proliferation of TFR cells is a key determinant of their heightened permis-
sivity to R5-tropic HIV-1 ex vivo.

Similar to ex vivo HIV-1 infection, TFR cells isolated from LN of chronically HIV-1-
infected, untreated individuals contain more HIV-1 RNA than TFH (including GC TFH), EF
Treg, and EF LN T cell subsets. Indeed, TFR cells account for only a median of 3.6% of
LN CD3� CD8� T cells but a median of 14.4% of the calculated total HIV-1 RNA from
CD3� CD8� T cell populations. Because TFH cells are more frequent in the LN
population, however, constituting a median of 23.7% of CD3� CD8� T cells, they harbor
the largest amount of HIV-1 RNA, a median of 48.1% of the calculated total HIV-1 RNA
in LN cells. Similar to findings in human tonsil cells, chronically HIV-1-infected LN TFR
cells exhibit a higher frequency of Ki67 expression than TFH and EF cells, which
suggests that heightened proliferation promotes HIV-1 replication in these cells. Inter-
estingly, however, the approximately 2-fold difference in the magnitudes of productive
infection between TFH and TFR cells as measured by RNA in vivo (Fig. 5) is not as great
as the approximately 5-fold difference in productive infections between TFH and TFR
cells as measured by GFP or p24 antigen in ex vivo infections (Fig. 2). One possible
explanation for this is that levels of Ki67 expression in TFR cells in HIV-1-infected human
LN were not as elevated as they were in tonsils; overall a geometric mean of 20% of TFR
cells in LN expressed Ki67, versus 55% of tonsil TFR cells. On the other hand, levels of
Ki67 in TFH cells were similar in LN TFH cells (geometric mean 5.8%) and tonsil TFR cells
(geometric mean, 5.8%). Why TFR cells express less Ki67 in HIV-1-infected LN than in
seronegative tonsils in this study is unclear but could be related to intrinsic differences
between these tissues, age, or chronic HIV-1 infection as tonsils were obtained from
children at low risk of HIV-1 infection whereas LN were obtained from chronically
HIV-1-infected adults. Further, this and our imatinib data suggest that it is possible to
lower TFR cell permissivity to HIV by reducing Ki67 expression and the proliferative
capacity of the cells. Whether this may have any clinical implications remains to be
explored.

Levels of Ki67 expression in LN EF Treg cells (GM, 19%) were similar to those in TFR
cells (GM, 20%) and higher than those found in TFH cells (GM, 10%). Intriguingly,
however, HIV-1 RNA was significantly lower in EF Treg cells than in TFR or TFH cells. We
have previously demonstrated that CTL fail to accumulate in B cell follicles and that this
is related to high levels of virus replication in B cell follicles in secondary lymphoid
tissues in HIV-1-infected humans (4) and SIV-infected rhesus macaques (6). We have
also demonstrated in the SIV-infected rhesus macaque model that depletion of CD8 T
cells results in substantial increases in HIV-1-producing cells in extrafollicular regions
and much smaller increases in follicular regions (39), suggesting that CTL exert much
more antiviral activity in extrafollicular than in follicular regions. It seems likely that
increased CTL surveillance in the EF region compared to that in the follicles resulted in
less viral RNA in EF Treg cells than in TFR and TFH cells despite similar or higher levels
of Ki67 expression.

Emerging data suggest that T regulatory cells do not harbor a major fraction of viral
DNA in untreated HIV or SIV infection but that cells with a follicular and/or regulatory
phenotype increasingly harbor the majority of viral DNA in treated disease (40, 41). The
findings of the present study as well as our previous work provide important insight
into the mechanisms that may account for this. We previously demonstrated that TFR
cells incorporate significantly more bromodeoxyuridine (BrdU) than other lymphoid
tissue cells (19), and in the present work we demonstrated that Treg cells, and
particularly TFR cells, express heightened levels of the proliferation marker Ki67,
suggesting that T regulatory cells are exceptionally proliferative. Proliferation of latently
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infected T cells has been shown to contribute significantly to the viral reservoir in
antiretroviral therapy (ART)-treated patients (42). We previously demonstrated as well
that TFR cells are more resistant to apoptosis than TFH cells in ex vivo HIV-1 infection
(19) and that CXCR5� HIV-1-producing cells have more Bcl-2 expression than CXCR5�

HIV-1-producing cells in R5-tropic HIV-1 infection (22). These data, when taken together
with data in the current study showing that TFR and Treg cells express elevated levels
of CCR5, suggest that TFR and Treg cells may be more resistant than other cells to cell
death and able to survive despite HIV infection. It seems likely that as these cells
proliferate over time, they increasingly contribute to the latent viral reservoir in
ART-treated patients. Thus, a better understanding of the establishment and mainte-
nance of latent infection in TFR and Treg cells is essential and could lead to novel
strategies to treat and cure HIV-1 infection.

MATERIALS AND METHODS
Ethics statement. All research involving human subjects conformed to the principles set forth in the

Declaration of Helsinki and was approved by the Colorado Multiple Institutional Review Board (COMIRB).
Human tonsils were obtained from the Colorado Children’s Hospital (Aurora, CO, USA) following routine
tonsillectomies from children at low risk of HIV infection. Use of these tonsils for these studies was
reviewed by COMIRB and was determined not to constitute human subject research in accordance with
guidelines issued by the Office of Human Research Protections (http://www.hhs.gov/ohrp/policy/
checklists/decisioncharts.html). Informed consent was therefore not required. Informed consent was
obtained from all subjects who donated inguinal LN, and the study was approved by COMIRB.

Human LN. Inguinal LN were obtained as previously described (43, 44). In this study, four HIV-
seronegative LN were used. One (25%) of the seronegative subjects was female, ages ranged from 35 to
74 years (median, 60.5 years), three subjects (75%) were white, and the race of one subject (25%) was
unknown. Six HIV-1-seropositive LN were used. Seropositive individuals had documented HIV-1 infection
for at least 6 months, were not receiving ART, and had CD4 T-cell counts of �300 per mm3. None of the
subjects had an opportunistic infection, malignancy, or acute illness at the time of excision. CD4 T-cell
counts ranged from 300 to 1,117 cells per mm3 (median, 542.5 cells per mm3), and plasma viral load
ranged from 3.84 to 5.24 log10 copies per ml (median, 4.53 log10 copies per ml). Virus tropism was
evaluated in all six subjects as previously described (45). In five subjects virus was determined to be R5
tropic, and in the sixth subject tropism could not be determined. A total of four (66.7%) subjects were
females, ages ranged from 23 to 42 years (median, 29.5 years), two subjects (33.3%) were white, including
one Hispanic, three subjects were black (50%), and one subject (16.7%) was Native American. At the time
of excision, LN were minced in phosphate-buffered saline (PBS) to obtain a single-cell suspension and
cryopreserved in liquid nitrogen.

Viruses: GFP reporter viruses, T/F viruses, and fusion viruses. The R5-tropic GFP reporter virus
NLYUV3-GFP (21) and X4-tropic GFP reporter virus NLENG1-IRES (46) were prepared by transfecting 293T
cells (ATCC) with NLYUV3-GFP or NLENG1-IRES plasmid constructs using Effectene transfection reagent
(Qiagen 301425) according to the manufacturer’s protocol, and transfected cells were cultured in
complete Dulbecco’s modified Eagle’s medium (DMEM; supplemented with 10% fetal bovine serum
[FBS], penicillin-streptomycin [Pen-Strep], and nonessential amino acids) for 48 h. Supernatants were
collected, spun at 800 � g to remove cellular debris, and stored at �80°C prior to use. SG3.1 (NIH AIDS
Reagent Program, Division of AIDS, NIAID, NIH; pSG3.1 was from Sajal Ghosh, Beatrice Hahn, and George
Shaw; [47]) was prepared by transfecting 293T cells (ATCC) with pSG3.1 plasmid constructs using Mirus
TransIT-LT1 transfection reagent (MIR 2300) according to the manufacturer’s protocol, and transfected
cells were cultured in complete DMEM (DMEM supplemented with 10% FBS, Pen-Strep, and nonessential
amino acids) for 48 h. Supernatant was collected and spun at 80,000 � g for 2 h over a 20% sucrose
cushion to concentrate virus. HIVMN/H9 virus stocks (previously referred to as HTLV-IIIMN/H9; obtained
through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH; HTLV-IIIMN/H9 was from Robert
Gallo [48, 49]) were prepared by infection of MOLT4-CCR5 (ARRP 510) cells and passage for 9 days.
Supernatants were collected and spun at 80,000 � g for 2 h over a 20% sucrose cushion to concentrate
virus. CH58, CH470, and CH40 (obtained from Beatrice Hahn, University of Pennsylvania [50]) BLaM-Vpr
viruses were constructed by cotransfecting pAdVantage, pBlaM-Vpr, and the appropriate virus plasmid
into 293T cells with 2 M CaCl2. Transfected 293T cells were cultured for 48 h in complete DMEM, and
supernatants were collected and ultracentrifuged at 80,000 � g for 2 h over a 20% sucrose cushion to
concentrate virus. Titers of concentrated virus stocks were determined via a p24 enzyme-linked immu-
nosorbent assay (ELISA) (ABL 5421).

Tonsil cultures. Fresh tonsils were minced and either cells were stained for day 0 flow cytometry
immediately, or 5 � 106 cells were spinoculated with HIV-1 or mock spinoculated in an equal volume of
complete DMEM for 2 h at 1,200 � g at room temperature. Infected or mock-spinoculated cells were
washed to remove unbound virus and medium and then cultured for 2 days at 37°C with 5% CO2 in RPMI
medium with 10% FBS, L-glutamine, and Pen-Strep (R10) in 3.5 ml in a six-well, flat-bottom plate. After
48 h, cells were collected and stained with antibodies for flow cytometry. In select experiments,
disaggregated tonsil cells were rested in R10 medium for 48 h before flow cytometry analysis or
spinoculation with CH40. Cells spinoculated with CH40 were subsequently analyzed by flow cytometry
after 48 h.
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Cell sorting. Human tonsils and LN were sorted using a MoFlo Astios EQ instrument. Disaggregated
cells from tonsils or seronegative LN were sorted into EF (CD3� CD8� CXCR5� CD25� CD127�/�), EF Treg
(CD3� CD8� CXCR5� CD25� CD127�), TFH (CD3� CD8� CXCR5� CD25� CD127�/�), and TFR (CD3�

CD8� CXCR5� CD25� CD127�) cell populations. After cell sorting, tonsils were spinoculated with
NLYUV3-GFP and analyzed by flow cytometry after 48 h. Sorted LN cells were immediately processed for
RNA isolation.

RNA isolation and RT-qPCR. RNA was isolated from sorted seropositive LN cells using a PicoPure
RNA isolation kit (KIT0204; ThermoFisher) according to the manufacturer’s protocol. RNA concentration
and purity were measured on an Agilent 2200 TapeStation. All RNA samples used had an RNA integrity
number (RIN) of 7 or greater. One-step real-time reverse transcription-quantitative PCR (RT-qPCR) was
then performed on a Bio-Rad CFX real-time system using a QuantiTect Probe RT-PCR kit (204443; Qiagen)
in a final volume of 25 �l using 500 nM primers (forward primer, 5=-TTTGGAAAGGACCAGCAAA-3=;
reverse primer, 5=-CCTGCCATCTGTTTTCAA-3=) and 250 nm dually labeled probe (probe, 5=-6FAM-AAAG
GTGAAGGGGCAGTAGTAATACA-TAMRA-3=, where FAM is 6-carboxyfluorescein and TAMRA is
6-carboxytetramethylrhodamine). These primers target a 127-bp, highly conserved region of HIV-1
integrase (51). Absolute quantification was achieved using a 519-bp DNA standard amplified from pSG3.1
(forward, 5=-CAATACATACAGACAATGGCAGC-3=; reverse, 5=-GTCTACTTGCCACACAATCATC-3=) which was
subsequently gel purified and quantified. The following cycle conditions were used for the RT-qPCRs:
50°C for 30 min (reverse transcription), 95°C for 15 min (hot start transcriptase), and 40 cycles of 94°C for
15 s (denaturation) and 57°C for 40 s (annealing/extension). Efficiency for all runs was between 90 and
100%. To calculate the percentage of total HIV RNA in each CD4 T cell population, HIV RNA copy numbers
in each population were calculated using the RNA copy number and number of cells in each CD4 T cell
population. The percentage of HIV RNA of total HIV RNA from each population was then calculated using
the total number of HIV copies from all CD4 T cell populations divided by the number of HIV RNA copies
in each CD4 T cell population.

Fluorescence-activated cell sorting (FACS) antibodies and staining. Disaggregated tonsil cells or
LN cells were washed in PBS and blocked for 20 min with 2% bovine serum albumin (BSA) in PBS at 4°C
and then stained for 30 min at 4°C in the dark. The following anti-human fluorescently conjugated
antibodies were used: CD3-UCHT1 (25-0038; Tonbo), CD8-RPA-T8 (83-0088; eBioscience), CXCR5-
MU5UBEE (18-9185; eBioscience), PD-1-EH12.2H7 (329908; BioLegend), CD25-BC96 (60-0259; Tonbo),
CD127-A1095 (351306; BioLegend), CD4-RPA-T4 (560158; BD), CD69-FN50 (562989; BD), CD95-DX2
(556640; BD), p24-KC57 (41116015; Beckman Coulter), Foxp3-PCH101 (17-4776; eBioscience), Ki67-B56
(561284; BD), CCR5-2D7 (555992; BD), and CXCR4-12G5 (555974; BD). Intracellular staining (Foxp3 and
p24) was performed using an eBioscience Toxp3/transcription factor permeabilization kit (72-5776)
according to the manufacturer’s protocol. Live cells were determined using Tonbo Ghost viability dyes
(13-0870).

Fusion assay. Fusion assays were performed according to a previously published protocol (33) with
the following modifications: isolated tonsil CD4 cells (EasySep human CD4� T cell enrichment kit [19052;
StemCell]) were substituted for peripheral blood lymphocytes; cells were spinoculated for 2 h at room
temperature instead of being incubated at 37°C for 2 h with virus.

Statistical analyses. Statistical significance was determined using repeated-measures one-way
analysis of variance (ANOVA) with pairwise comparisons if the overall P value was less than 0.05. Only
pairwise comparisons of interest are shown in the figures. No further adjustment was made for multiple
comparisons. For the percentage of Ki67 and percentage of CCR5 predicting percentage of GFP,
mixed-effects models were used to accommodate within-subject correlations; cell type was not consid-
ered a predictor. Data were log transformed as appropriate. Repeated-measures one-way ANOVA tests
were performed using GraphPad Prism, version 6.
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