




















Infection of CD25" FoxP3" Memory CD4 T Cells by HIV

FIG 4 Quantification of cell-associated HIV gag DNA in sorted memory CD4 T cell subsets. (A) Gating/sorting strategy used to sort different memory CD4 T
cell populations delineated by Helios, CD25, and FoxP3 expression. (B) Numbers of gag DNA copies/10°cells detected in CD25~ FoxP3~ and CD25" FoxP3™
memory CD4 T cells from 21 different subjects. (C) Numbers of gag DNA copies/10°cells detected in these memory CD4 T cell subsets further delineated by
Helios expression. gag DNA within different CD4 T cell populations of the same subject was quantified during the same real-time (RT)-PCR run. Cryopreserved
PBMC:s from the WHIS and HISIS cohorts were used for cell sorting. Statistical analysis was performed using the Wilcoxon rank matched-pairs test.
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FIG 5 Phylogenetic relationship of HIV envelope sequences derived from plasma and sorted memory CD4 T cell populations. Plasma- and cell-derived
sequences of the highly variable EnvV1V3 region (Hxb 6559 to 7320) were amplified, cloned, sequenced (n = 384, Sanger method), and analyzed for 6 viremic
subjects from the WHIS and HISIS cohorts with differing HIV infection durations (H574, H605, 6233K12 [6233], 9440A11 [9440], 8710U11 [8710], 8975T11
[8975]). (A and B) The phylogenetic relationship was inferred by the maximum-likelihood method based on the general time-reversible substitution model
(GTR+G). (C) Correlation between frequency of cell-derived sequences that were quasi-identical to plasma-derived sequences and the estimated infection
duration. (D and E) Linear regression analysis (green line) between the distance of the EnvV1V3 sequences derived from plasma to the sequences extracted from
the corresponding cellular fractions and the estimated duration of infection (D) and plasma sequence diversity plotted against the estimated duration of infection
(E). The red line indicates a nonlinear analysis performed using a second-order polynomial equation taking into account the best-fit values. The evolutionary
distances were computed using the Kimura 2-parameter method (77) and are given in units of the number of base substitutions per site, including both
transitions and transversions. The rate variation among sites was modeled with a gamma distribution. The analysis was conducted in MEGAG6 (44). No sequence
diversity was observed in the subject 8710 plasma fraction, probably because the number of viruses sampled in each PCR was very low (Table 2). We therefore
excluded the results for subject 8710 from the linear regression analysis. P and r values were calculated with the Pearson two-tailed statistical test.

CCRS5 (35), potentially supporting viral entry. Although frequen- (50, 52, 66). A greater proportion of CD25" FoxP3™ memory
cies of CD25" FoxP3" CD4 T cells were slightly elevated in vire- CD4 T cells from HIV™ subjects expressed Ki67 ", with almost
mic, HIV™ subjects, absolute cell numbers of this subset were one-third of these cells “cycling” at any given time. This pattern,
significantly depleted, which confirms previously published data i.e., depleted cell counts despite increased fractions of Ki67* “cy-

TABLE 2 Key data of the EnvV1V3 phylogenetic studies and HIV infection duration for 6 viremic subjects

% of cell-derived

sequences Mean no. of nt
HIV infection quasi-identical to substitutions between
duration plasma-derived plasma and cell- Cellular origin of closest No. of nt Cellular origin of most ~ No. of nt
Subject ID  (mo) sequences (1) derived sequences sequence substitutions  distant sequence substitutions
H574 9-12 11.4 (8 of 70) 6 CD25" FoxP3* Helios™ 1 CD25" FoxP3"* Helios® 16
CD25" FoxP3" Helios" 1
CD25" FoxP3™ Helios* 1
CD25" FoxP3™ Helios™ 1
H605 27-30 6.8 (3 of 44) 39 CD25" Foxp3~ Helios~ 3 CD25" FoxP3™ Helios™ 32
6233K12 16-38 1.9 (1 of 53) 30 CD25~ FoxP3™ Helios* 2 CD25~ FoxP3™ Helios* 30
9440A11°  >38 2.6 (1 of 38) 46 CD25" Helios™ 4 CD25" Helios™ 76
8710U11 >38 0 (0 of 39) 57 CD25~ FoxP3™ Helios™ 32 CD25~ FoxP3~ Helios™ 67
8975T11 >54 0 (0 of 55) 53 CD25~ FoxP3™ Helios™ 54 CD25" FoxP3™ Helios™ 86

@ Cells (PBMCs) from this subject were sorted into four populations only on the basis of CD25 and Helios expression on memory (CD45RO) CD4 T cells.
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FIG 6 Phylogenetic analyses of HIV envelope sequences derived from plasma and sorted memory CD4 T cell populations using next-generation sequencing.
Shown are the phylogenetic analyses of EnvV1V3 sequences from the 50 most frequently detected sequences derived from either plasma or the different sorted
memory CD4 T cell subsets for two viremic subjects of the WHIS cohort. The phylogenetic relationship was inferred by the maximum-likelihood method based
on the general time-reversible substitution model (GTR+G). EnvV1V3 amplicons were directly subjected to next-generation sequencing. Quasispecies recon-
struction was performed using the software QuasiRecomb. The methods used are described in detail in Materials and Methods.

cling” cells, demonstrates that homeostasis of CD25" FoxP3™
CD4 T cells is heavily perturbed by HIV infection. Furthermore,
expression of CCR5 and high proportions of cycling cells within
CD25" FoxP3™ CD4 T cells should support both cell entry and
reverse transcription of HIV, which is supported by the increased
HIV DNA loads observed in memory CD25" FoxP3™ CD4 T cells
observed in this study (12, 36). Other reports show discrepant
results regarding in vivo levels of HIV DNA in “regulatory” CD4 T
cells that are typically defined by a CD25"&" phenotype, instead of
the definition using coexpression of CD25 and FoxP3 that we used
(67—69). Tran et al. observed a higher infection rate in CD25hish
than CD25~ CD4 T cells (70) but did not exclude naive CD4 T
cells, which are not susceptible to CCR5-tropic strains which pre-
dominate throughout most of the infection course. Of note, high
invivo proliferation of memory CD25* FoxP3™ CD4 T cells might
also potentially pass on proviral HIV DNA to the cell progeny in
the absence of productive HIV infection during ART. Previous
studies reported that CD25"%#" T cells (which were >99%
FoxP3™) release virus upon in vitro restimulation and have ~3-
fold-higher HIV infection rates than other CD4 T cells upon in
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vitro activation (36, 70). Together these data suggest that CD25™
FoxP3* CD4 T cells are a prime cellular target for HIV infection
that might serve as an important HIV reservoir during ART.

We next wanted to address whether memory CD25" FoxP3™
CD4 T cells could potentially contribute to plasma virion pro-
duction. Because cell fixation complicates analyses of HIV
transcription in sorted cell populations defined by intranuclear
transcription factors (such as FoxP3), we decided to study the
phylogenetic relationship between plasma- and cell-derived se-
quences within the highly variable EnvV1V3 region; if CD25"
FoxP3" memory CD4 T cells significantly contribute to plasma
virion production, EnvV1V3 DNA sequences derived from this
cell population should often be quasi-identical or preferentially
cluster with plasma-derived sequences. A previous study had re-
ported rapid replacement of cell- and plasma-derived HIV se-
quences by an incoming superinfecting HIV strain (71), implying
a highly dynamic exchange between these two compartments. In
our study, the detection of quasi-identical sequence pairs derived
from cells and plasma was rare and their fraction further decreased
with infection duration, which is consistent with the broadening
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of the viral reservoir with time. There was no clear pattern of
phylogenetic clustering of the plasma virus with any of the cell
subset-derived sequences we had sorted. In fact, cell-derived se-
quences did not “behave differently” from plasma-derived se-
quences, and sequences from both compartments intermingled.
Our phylogenetic data therefore do not allow definite conclusions
about the cellular origin of plasma virions. The high variability
between individual plasma-derived sequences during chronic in-
fection emphasizes that a huge number of infected cells must con-
tribute to plasma virion production at any given time during
chronic infection. It might therefore be difficult to determine the
exact cellular origins of plasma virus through phylogenetic se-
quence analyses. Nonetheless, in our analyses of individual se-
quences, we did find several quasi-identical sequence pairs be-
tween plasma and CD25" FoxP3™ CD4 T cells, indicating that
they may contribute to the plasma viremia. One limitation of our
study was that we used comparatively small amounts of PBMCs
and plasma (compared to the total body amount) for phylogenetic
analyses, and we therefore probably included insufficient num-
bers for detection of clusters of cell- and plasma-derived se-
quences. Virus sequences from very large amounts of specimen
will need to be analyzed and will optimally include material from
secondary lymphoid tissues for more conclusive answers. Second-
ary lymphoid tissues are thought to constitute the primary site for
virion production (reviewed in reference 61). After ART interrup-
tion, the onset of viral RNA transcription in lymph nodes coin-
cides with a rise in plasma viral load (72). CD25" FoxP3" CD4 T
cells in secondary lymphoid organs contain high frequencies of
Ki67" “cycling” cells with a significant capacity for IL-2 produc-
tion and often express a CD69™ “recently activated” phenotype
(32), thereby differing from those in peripheral blood. A recent
study detected colocalization of SIV p27 and FoxP3 expression in
intestinal tissues using confocal microscopy (73). We therefore
consider it likely that CD25" FoxP3" CD4 T cells in lymphoid
tissues are targeted by HIV, but additional studies will be needed
to define the role of CD25" FoxP3" CD4 T cells for plasma virion
production in vivo.

We also sorted memory CD4 T cell populations depending on
their Helios expression. Helios, an Ikaros transcriptional factor
family member, is critical for the regulatory function of CD25"
FoxP3™ CD4 T cells (55-57) and for the prevention of autoimmu-
nity (58). Helios modulates cell cycle progression and sustained
cell survival through the regulation of genes involved in IL-2 sig-
naling (58, 59). Helios expression is also linked to expression of a
range of suppressive T cell markers and can be induced in CD4 T
cells upon in vitro activation (74, 75). In vitro, dividing CD25"
FoxP3™ CD4 T cells coexpress Helios, while nondividing regula-
tory T cells lose expression of FoxP3 and Helios, suggesting that
Helios is a marker of recently divided cells. In the same set of in
vitro experiments, CD25~ Helios* CD4 T cells were composed of
highly activated “effector” memory cells (74). We detected higher
median gag DNA loads in both Helios-positive (26-fold increased)
and -negative (119-fold increased) CD25" FoxP3™ memory CD4
T cells as well as in CD25~ FoxP3~ Helios* memory CD4 T cells
(104-fold increased) than in FoxP3~ CD25~ Helios™ memory
CD4 T cells. It is remarkable that we often did not detect HIV
DNA in this “dominant” memory CD4 T cell subset. A history of
more frequent or recent cell divisions within CD25~ FoxP3™~ He-
lios " memory CD4 T cells might have contributed to high HIV
susceptibility in this memory cell subset, whereas removal of such
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cells in the sorted CD25™ FoxP3™ Helios™ memory CD4 T cells
may potentially explain the low HIV infection rates observed in
this memory cell subset. “Nonactivated” circulating memory CD4
T cells are probably less susceptible and accumulate less HIV DNA
over time than other memory CD4 T cell subsets with a history of
in vivo proliferation. Helios-deficient regulatory CD4 T cells ex-
hibit an activated phenotype, i.e., an increased capacity to secrete
gamma interferon (IFN-vy) and to develop into nonanergic cells
under inflammatory conditions (58, 76). The increased respon-
siveness to cellular activation in comparison to their Helios™
counterparts’ signaling may potentially explain the higher HIV
DNA levels in CD25* FoxP3* Helios~ memory CD4 T cells than
in their Helios™ counterparts. These data show that Helios and
CD25/FoxP3 expression patterns are linked to different cellular
HIV infection rates, consistent with a role of the IL-2 signaling
pathway for HIV infection in vivo.

In conclusion, we find that homeostasis of CD25" FoxP3™
CD4 T cells is heavily perturbed during HIV infection. High ex-
pression of HIV coreceptor CCR5 and in vivo proliferation poten-
tially facilitate efficient HIV infection of memory CD25" FoxP3*
CD4 T cells. Furthermore, high proliferative activity of this cell
subset is likely to passage HIV DNA to cell progeny in the absence
of active viral replication. This subset could therefore serve as an
important viral reservoir during ART. Neither circulating mem-
ory CD25" FoxP3" CD4 T cells nor any of the other memory CD4
T cell subset-derived EnvV1V3 sequences preferentially clustered
with plasma-derived sequences. Instead, sequences from the two
compartments intermingled, and the genetic distance between
and within the two compartments increased with infection dura-
tion, precluding a definite conclusion about the cellular origin of
the plasma virus in this study.
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