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ABSTRACT

Changes in regulatory T cells following antiretroviral therapy in HIV
infection and the impact of regulatory T cells on HIV replication

Jin Young Ahn

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Jun Yong Choi)

The role and dynamics of circulating regulatory T cells (Tregs) during human
immunodeficiency virus (HIV) infections remain unclear. Therefore, this study aimed to
evaluate the frequency of Tregs and related factors in HIV-infected patients, as well as the
impact of Tregs on HIV replication.

The frequency of T cell subsets, including Tregs (CD4"CD25"e"FoxP3" cells), and the
production of cytokines were investigated in 17 antiretroviral therapy (ART)-naive patients
and 20 patients with viral suppression who received ART for > 3 months; 13 patients were
sequentially sampled before and after ART. Factors correlated with the frequency of Tregs,
and differences in T cell subsets and cytokines during ART were analyzed. The TZM-bl
assay was used to measure the reduction in relative light units (RLU) of HIV-1 Tat-
regulated Luc reporter gene expression after infection with Env-pseudotyped virus in Treg
and non-Treg co-culture conditions.

Longitudinal comparison of the sequential samples of 13 patients revealed that the
frequency of CD4 T cells and naive T cells significantly increased, whereas that of effector

memory CD8 T cells significantly decreased after ART. No difference was observed in

iii



cytokine concentrations before and after ART, except for a significant decrease in INF-a2
after ART. In ART-naive patients, the frequency of Tregs was significantly negatively
correlated with CD4 T cell (r= —0.595, p=0.012) and CD8 T cell counts (r= —0.517,
p=0.034). However, linear regression model estimated that only the CD4 T cell count was
negatively associated with Treg frequency in ART-naive patients (B-coefficient= —0.511,
p=0.039). No factor correlated with the frequency of Tregs was found in patients with viral
suppression after ART. In the T cell culture model, the degree of RLU reduction increased
with the increasing number of Tregs; when more than 10* Tregs were added, the reduction
in RLU was greater in wells containing Tregs than in those containing the same number of
non-Treg cells.

An inverse relationship between Treg frequency and CD4 T cell count was observed in
ART-naive patients in this study; however, this relationship disappeared with successful
ART. Notably, Tregs may play a role in controlling HIV replication in infected cells.
Therefore, both aspects of Tregs must be considered when designing strategies for Treg

modulation to treat HIV infections.

Key words : human immunodeficiency virus, regulatory T cell, antiretroviral
therapy



Changes in regulatory T cells following antiretroviral therapy in HIV
infection and the impact of regulatory T cells on HIV replication

Jin Young Ahn

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Jun Yong Chot)

I. INTRODUCTION

Human immunodeficiency virus (HIV) causes a chronic infectious disease associated
with progressive depletion of CD4 T lymphocytes and defective HIV-specific T-cell
responses leading to acquired immunodeficiency syndrome (AIDS)."? In addition to the
decreased lymphocyte count, HIV infection also results in defective function of various
immune cells and abnormal activation of the immune system.? Highly active antiretroviral
therapy (HAART) can suppress viral replication and restore the CD4 T cells by mitigating
symptoms caused by immunodeficiency, thus increasing life expectancy.*> However, HIV
is not completely eradicated by HAART; during therapy, the virus can persist as a latent
infection in the form of low levels of viremia (below the detection limit) or as a silent
provirus in resting cells. Various immunological abnormalities, including chronic
immune activation, persist even when viral replication is successfully inhibited by

HAART.

Regulatory T cells (Tregs) account for 5% of peripheral CD4 T cells and are



characterized by high expression levels of CD25 (a chain of IL-2 receptor), low levels of
CD127 (a chain of IL-7 receptor) and low levels of the master transcriptional regulator
forkhead box P3 (FoxP3), which is important for controlling immunosuppressive
function.®” Tregs control immune tolerance and regulate excessive immune responses
during infection.® However, Treg can also contribute to disease progression through
inappropriate downregulation of protective immune response. This dual nature of Tregs
has also been observed during HIV infections. Thus, Tregs can be both beneficial—by
suppressing generalized chronic T cell activation—and detrimental, by reducing HIV-
specific responses, T cell proliferation, and cytokine production that contribute to viral
persistence.’ Furthermore, it is difficult to elucidate the changes in Tregs and their impact
on immune response or viral replication following the initiation/maintenance of

antiretroviral therapy (ART).

Tregs are a relatively scarce cell population in human blood, and their absolute number
continues to decline during HIV infection. Therefore, characterizing the function and
specificity of Tregs in HIV-infected individuals remains challenging. Conflicting data
have been published regarding the suppressive capabilities and effect of Treg on HIV
infection'® Analyzing T cell subsets in samples obtained from HIV-infected patients, as
well as ex vivo expansion and modulation of these Tregs can potentially help us better

understand the impact of Tregs in HIV infection.

In this study, we aimed to investigate changes in T cell subsets, including Tregs, and
plasma cytokine levels as a function of ART and factors associated with the frequency of
Tregs in HIV-infected patients. We also aimed to evaluate the effect of Treg modulation

on HIV replication using an in vitro T cell culture model.



II. MATERIALS AND METHODS

1. Study population and samples

This was a single-center prospective study conducted at a 2,500-bed tertiary care
hospital in South Korea. Adult patients with HIV infection (confirmed by western blotting)
who underwent regular follow-ups at the infectious disease clinic between August 2013
and September 2014, were included in this study. The exclusion criteria were as follows:
patients with conditions that may cause non-HIV-related CD4 decline, such as
hematologic malignancies, or those receiving CD4-lowering medications. The
researchers did not intervene in the treatment of HIV, and ART was provided in

accordance with national and international guidelines, per the decision of physicians.

Whole blood samples were collected from all participants at the time of enrollment. For
participants enrolled prior to ART initiation, blood samples were collected once at
enrollment and then sequentially at three months, six months, or more after treatment
initiation. Blood samples at each time point were separated into plasma and peripheral
blood mononuclear cells (PBMCs), and stored in a liquid nitrogen tank. Data on
demographics, HIV diagnosis, CD4 T cell count, HIV viral load, medical history, history
of opportunistic diseases and co-infections, ART, and treatment progress were also
collected. For the purpose of this study, virologic suppression was defined at a confirmed

HIV RNA level <400 copies/ml.

Informed consent was obtained from all the participants. This study was approved by
the Institutional Review Board (IRB) of Severance Hospital, and the study procedure was

designed in compliance with ethical considerations for prospective studies.



2. Cell immunophenotyping and sorting

T cell subsets were determined by six-color flow cytometry using a fluorescence-
activated cell sorter (FACS; BD Biosciences, San Jose, CA, USA). Aliquots of
cryopreserved PBMCs were thawed, washed twice in Dulbecco’s phosphate-buffered
saline, and stained for viability at room temperature using a Live/Dead Fixable Aqua
Dead Cell Staining Kit (Invitrogen). The cells were surface-stained with the following
directly conjugated human antibodies: FITC-conjugated anti-CD3 (BioLegend, San
Diego, CA, USA), PE-conjugated anti-CD4, APC/Cy7-conjugated anti-CD8, APC-
conjugated anti-CD45RA, and perCP/Cy5.5-conjugated anti-CCR7, APC-conjugated
CD25 (BD Pharmingen, San Diego, CA, USA), APC-conjugated anti-Foxp3
(eBioscience, San Diego, CA, USA), and PE-conjugated anti-PD-1 (BD Biosciences).

Data were analyzed using BD FACSuite (BD Biosciences).

For this study, CD3"/CD4" and CD3"/CD8" cells were considered as CD4 T cells and
CD8 T cells, respectively. CD3"/CD45RA"/CCR7" cells were considered naive T cells,
CD3"/CD45RA/CCR7" cells as central memory T cells, and CD3"/CD45RA/CCR7"
cells as effector memory T cells. The CD3"/CD4* and CD3*/CD8" cell fractions were
analyzed separately. In addition, CD3*/CD4"/CD25"/FOXP3* cells were considered

Tregs.

3. Plasma cytokine measurement

Cytokine levels were measured using the ProCarta Human Cytokine Immunoassay Kit

(Affymetrix, Santa Clara, CA, USA). Interleukin (IL)-18, IL-4, IL-6, IL-12, IL-15, IL-17,



tumor necrosis factor (TNF)-a, interferon (INF)-o, INF-y, and monocyte chemoattractant
protein (MCP)-1 were quantified using a Luminex 200 System software (Luminex

Corporation, TX, USA).

4. Treg modulation of HIV replication in T cell culture models

We performed a TZM-bl assay to measure the effect of Tregs on HIV replication and
determined it as the degree of reduction in HIV-1 Tat-regulated firefly luciferase (Luc)
reporter gene expression after a single round of infection with Env-pseudotyped viruses

using the method reported by Montefiori et al.!!"!3

Tregs (CD3*/CD4"/CD25"e") and conventional T cells (Tcons; CD3*/CD4"/CD25")
were purified from the PBMCs of an HIV-infected patient by magnetic activated cell
sorting (MACS). Purified Tregs and Tcons were cultured (1x10° cells/well) in 96-well U-
bottomed plates. Tregs were cultured in the presence of 100 U/ml recombinant human (rh)
IL-2 (HumanZyme; ProteinTech Group, Inc.) at 37°C and 5% CO,, and counted after 3,

5, and 7 days of culture.

Env-pseudotyped viruses were prepared by transfecting 293T/17 cells (3 x 10° cells in
15 ml growth medium, in a T-75 culture flask) with 5 pug of rev/env expression plasmid
(pNL4-3-deltaE-EGFP) and 10 pg of env-deficient HIV-1 backbone vector (pSG3Aenv).
The pseudovirion-containing culture fluid was collected from the flasks, filtered through
a 0.45 um filter, aliquoted, and stored at —80°C in 1 ml sterile screw-capped cryogenic

vials.

Env-pseudotyped virus stocks were titrated by performing serial five-fold dilutions (for

a total of 11 dilutions) in 96-well culture plates: columns 1-11 were used for the dilution



series and column 12 was used for the controls. Freshly trypsinized TZM-bl cells (10*
cells/100 pl) were added to each well and incubated for 48—72 h. Then, 100 pl of culture
fluid was removed from each well, and an equal volume of Luc reporter gene system
reagent (Britelite; PerkinElmer) was added to each well. After incubation for 2 min at
room temperature, 150 ul of cell lysate was transferred to 96-well black solid plates for
measuring the luminescence using a luminometer. The 50% tissue culture infectious dose
(TCIDsp) was calculated using Reed—Muench formula.'* Wells with relative light units

(RLU) >2.5 times of the background were considered positive for the calculation.!!

Using another 96-well template, Dulbecco’s modified Eagle medium (DMEM) was
added to all wells in column 1 (cell control; 150 pl) and columns 2—6 (100 ul; column 2
is the virus control). In columns 3 and 4, Tregs were added in numbers starting at 10° cells
and decreasing 0.1 fold from rows A to F. Similarly, Tcons were added to columns 5 and
6 from rows A to F. Env-pseudotyped viruses were thawed and diluted in complete
DMEM to a concentration of 4,000 TCIDso/ml. Approximately 50 pl of Env
pseudovirions (200 TCIDs) was added to all wells in columns 2 to 6, rows A to F. Freshly
trypsinized TZM-bl cells were prepared at a density of 1 x 10° cells/ml in growth medium
and 100 pl of cell suspension (10* cells) was added to each well in columns 1 to 6 from
rows A to F. Plates were covered and incubated for 48 h at 37°C and 5% CO,. Culture
medium (100 pl) was removed from each well, and the same volume of Luc reporter gene
system reagent (Britelite; PerkinElmer) was added to each well. After incubation for 2
min at room temperature, 150 ul of cell lysate was transferred to 96-well black solid plates
for luminescence measurement. The percentage reduction in RLU for each sample was

calculated by measuring the difference in mean RLU between the test wells (cells + Tregs



or Tcons + pseudovirions) and the cell control wells, and dividing this result by the
difference in mean RLU between the virus control and cell control wells, subtracting from

1, and multiplying by 100.

5. Statistical analysis

Nonparametric tests were performed for all data. Comparisons between the two groups
were made using the Mann—Whitney U test for continuous values and using chi-squared
and Fisher’s exact tests for categorical values. Correlations were determined using
Spearman’s rank correlation coefficients. Univariate and multivariate linear regression
analyses were performed to determine the correlates of Tregs frequency. Each variable
was first tested using univariate linear regression analysis; variables with p <0.1 in the
univariate analysis were then used in multivariate analysis. The Wilcoxon signed-rank
test was used for paired comparisons. Statistical significance was set at p <0.05. All
statistical analyses were performed using SPSS software version 22 (IBM Corp., Armonk,

NY, USA), and GraphPad Prism V8.0 (GraphPad Software, San Diego, CA, USA).



II1. RESULTS

1. Study population and baseline characteristics

A total of 24 participants were enrolled in this study, and 48 blood samples were
collected during the study period. Seventeen participants were enrolled prior to ART
initiation, and seven participants were enrolled during receiving >3 months of ART. Of
the 17 ART-naive participants, 16 had at least one post-ART follow-up sample collection,
and 13 had viral suppression levels <400 copies/ml. The mean number of sample
collections per participant was 2.3 in the ART-naive group. Seven participants enrolled
during ART had confirmed viral suppression confirmed in their blood samples. We
analyzed 17 ART naive samples and 20 virally suppressed samples. (Figure 1) In cases
with multiple virally suppressed samples from the same participant, the sample with the

longest time since ART initiation was selected.

The baseline characteristics of the study participants are shown in Table 1. The median
age was 27 and 31 years, and the percentages of male participants were 94.1% and 90.0%
in the ART-naive and virally suppressed patients, respectively. Body mass index and
underlying comorbidities did not differ between the two groups. The median viral load at
baseline was 49,200 copies/ml in ART-naive patients, whereas it was below the detection
limit (<20 copies/ml) in virally suppressed patients after a median of 169 days of ART.
All virally suppressed patients were receiving ART at the time of sampling, most of whom
were on protease inhibitor-based regimens (45%), followed by non-nucleotide reverse
transcriptase inhibitor-based regimens (35%) and integrase strand transfer inhibitor-based
regimens (20%). The median CD4 T cell count was significantly lower in ART-naive

patients than in virally suppressed patients (226 vs. 466, p=0.002), and the incidence of



AIDS-defining illness, AIDS diagnosis, and co-infection with other pathogens was higher

in the ART-naive group; however, this difference was not statistically significant.

Patients with HIV infection undergoing regular follow up
during Aug 2013 to Sep 2014
(N=24)

| |

ART naive patients o | Patients without follow up
(N=17) g sample (N = 1)

ART-experienced patients
(N=T7)

Patients with follow up
samples (N = 16)

v l 4

Non-virally suppressed Virally suppressed patients Virally suppressed patients
Patients (N = 3) (N=13) (N=7)

h 4

ART-naive samples Virally suppressed samples
(N=17) (N=20)

Figure 1. Flow chart of study participants and sample collection. Virological
suppression was defined at a confirmed HIV RNA level <400 copies/ml. HIV, human

immunodeficiency virus; ART, antiretroviral therapy.



Table 1. Baseline characteristics of study participants with HIV infection.

Virally suppressed patients' (N=20)

Variables A.RT-nai've -
patients (N=17) Total (N=20) Enrolled bffore Enrolled dllrlng
ART (N=13) ART (N=7)
Demographics
Age (year) 27 [25-41.5] 31[25.3-50.3] 28 [23.5-47] 38 [30-51]
Male 16 (94.1) 18 (90.0) 12 (92.3) 6(85.7)
BMI (kg/m?) 21.7 [20.6-23.5] 21.8[18.7-24.2] 21.8[19.8-24.3] 22.1[17.6-23.8]
Alcohol use 9(52.9) 10 (50.0) 7(53.8) 2 (28.6)
Current smoker 10 (58.8) 9 (45.0) 8 (61.5) 2 (28.6)
Baseline comorbidities
Hypertension 0 (0) 0(0) 0 (0) 0(0)
Diabetes Mellitus 0(0) 2 (10.0) 0 (0) 2 (28.6)
Dyslipidemia 0(0) 1(5.0) 0(0) 1(14.3)
Chronic kidney disease 1(5.9) 1(5.0) 1(7.1) 0(0)
Malignancy 0(0) 1(5.0) 0(0) 1(14.3)
Chronic HBV carrier 0(0) 0 (0) 0(0) 0(0)
Previous TB 1(5.9) 1(5.0) 0(0) 1(14.3)
HIV infection
Viral load at sampling 49200

(copies/ml)

CD4 count at sampling
(/mm?®)

ART duration at sampling
(day)

ART at sampling
NRTI + NNRTI
NRTI + PI
NRTI + INI

AIDS

AIDS defining illness

Co-infection
Active TB

Latent TB

[19600-348000]
226 [65.5-446]
0 [0-0]
0(0)

0 (0)

0 (0)

0 (0)

8 (47.1)
5(29.4)
7(412)
1(5.9)
1(6.7)

<20 [<20-54]
466 [300-663]
169 [115-1437]
20 (100)
7 (35.0)
9 (45.0)
4(20.0)
4(20.0)
3 (15.0)
3 (15.0)
1(5.0)
3(37.5)

10

26 [<20-109] <20 [<20-<20]

410 [311-667] 638 [256-664]

168 [102-179] i 6;?{380]

13 (100) 7 (100)
6 (46.2) 1(14.3)
5(38.5) 4(572)
2 (15.4) 2 (28.6)
2 (15.4) 2 (28.6)
1(7.7) 2 (28.6)
2 (15.4) 1(14.3)

0 (0) 1(14.3)
1(50.0) 2(33.3)



Candidiasis 4(23.6) 0 (0) 0(0) 0 (0)
Pneumocystis jirovecii 2 (11.8) 0(0) 0 (0) 0(0)

Others 3(17.7) 1 (5.0 1(7.1) 0(0)

Continuous variables are presented as medians [interquartile ranges], and categorical variables are
presented as numbers (percentages).

! Virological suppression was defined at a confirmed HIV RNA level <400 copies/ml.

HIV, human immunodeficiency virus; ART, antiretroviral therapy; BMI, body mass index; HBV,
hepatitis B virus; TB, tuberculosis; NRTI, nucleotide reverse transcriptase inhibitor; NNRTI, non-
nucleotide reverse transcriptase inhibitor; INI, integrase strand transfer inhibitor; AIDS, acquired
immunodeficiency syndrome.

11



2. T cell subsets and plasma cytokine profiles in HIV-infected patients

Differences in T cell subsets and cytokines between ART-naive and virally suppressed
HIV-infected patients are shown in Table 2. The median CD4 T cell count and frequency
were 226 (11.2%) and 466 (23.8%) in ART-naive and virally suppressed patients,
respectively. Frequency of naive T-cells (CD3*/CD45RA/CCR7") was higher in patients
with viral suppression (16.7% vs. 29.0%), whereas the frequencies of effector memory T
cells (CD3"/CD45RA/CCR7; 41.5% vs. 31.7%) and PD-1" CD4 T cells
(CD3"/CD4'PD-1"; 2.4% vs. 0.9%) were lower in patients with viral suppression.
Frequency of Tregs was 6.8% in ART-naive patients and 8.2% in patients with viral

suppression.

When analyzing samples from 13 participants with serial pre-ART and post-ART
(receiving at least 3 months of ART and having viral suppression), the median ART
duration between samples was 168 days, and the CD4 T cell count increased significantly
from 235 to 410 (p=0.02) with a decrease in viral load (70,800 copies/ml vs. 26 copies/ml,
p=0.001). CD8 T cell count and frequency did not differ between pre-ART and virally
suppressed samples. The frequency of naive T cells was significantly increased in virally
suppressed samples (12.0% vs. 29.1%, p=0.039). Both CD4 and CDS8 naive T cell
frequencies increased after ART, but the increase in CD8 naive T cell frequency was
statistically significant (7.4% vs. 9.1%, p=0.009). The changes in the frequency of total
central memory T cells and effector memory T cells during ART were not significant,
however, the frequency of effector memory T cells decreased numerically during ART
(41.5% vs. 33.8%, p=0.101) and the decrease in CD8 effector memory T cell frequency

was statistically significant (35.6% vs. 21.2%, p=0.013). The median Treg frequency

12



increased from 4.7% to 8.8% and the PD-1" CD4 T cell frequency decreased from 4.4%

to 0.9% during ART, both changes were not statistically significant.

Among plasma cytokines, the levels of most pro-inflammatory cytokines, such as IL-
1B, IL-2, IL-6, TNF-0, MCP-1, INF-a2, and INF-B, were numerically lower in virally
suppressed samples compared to those in ART-naive samples. Among them, only the
decrease in INF-02 level was statistically significant in patients with serial samples (42.6
pg/ml vs. 8.6 pg/ml, p=0.039). IL-15 and IL-17 were both absent in ART-naive and virally
suppressed patients. The levels of anti-inflammatory cytokines, such as IL-4, IL-10, and

IL-12, did not differ significantly according to virological control status.

13



Table 2. Differences in T cell subsets and cytokines between ART-naive and virally

suppressed patients with HIV infection.

ART- Virally Patients with serial samples (N=13)
Variables na"l've supp.resseld virally
patients patients before ART suppressed p-value
(N=17) (N=20) (during ART)
Baseline
characteristics
Age (year) 27[25-41.5]  31[25.3-50.3] 28[24.5-47]  28[23.547] 0953
49200 70800
Viral load (copies/ml) <20 [<20-54] [27100— 26 [<20-109]  0.001
[19600-348000] 532000]
ART duration (day) 0 [0-0] 169 [115-1437] 0[0-0] 168 [102-179]  0.001
T cell subsets
235
3 - —
CD4 count (/mm?) 226 [65.5-446] 466 [300-663] 8554435 41011667 0.2
CD4 %? 11.2[6.8-16.0] 23.8 [18.8-35.5] [6 5:71126 3] 22.2[17.2-27.9] 0.004
912
3 _ _ _
CDS count (/mm?) 854 [461-1488] 621 [509-1194] (53951507 503 [528-1260] 0507
50.8
0/2 .
CDS8 % 50.1[42.9-62.4] 41.5[33.2-48.3] G654y 4351804901 0075
Naive T cell %’ 16.7[7.0-20.8] 29.0[16.6-38.9] 5 91_22% 8] 29.1[16.6-36.2] 0.039
Naive CD4 %> 27[1594]  11.8[6.8-20.7] 27[1595]  9.7[7.821.0]  0.101
Naive CD8 %> 74[52-103]  10.1[7.0-18.8] 74[32-86]  9.1[7.0-182]  0.009
Central memory T 13.0
el o 12.4[8.1-164]  13.1[9.1-22.7] 87-17.9] 11.9[8.6-17.4] 0917
ngj{, /“;em‘“y 94[4.6-12.6]  10.9[7.8-19.8] 94[4.9-150]  8.1[6.7-140]  0.753
0
Central memory
D8 2 2.1 [1.4-2.9] 1.8 [0.9-2.5] 21[14-34]  19[0924] 0311
Effector memory T 41.5
ol 02 41.5[323-59.7] 31.7[14.2-42.2] B45c03 3801494121 001
EgeDC;";Tem"ry 2.2[1.0-4.4] 3.9[0.9-11.9] 19[1.044]  3.8[0.7-13.8]  0.196
0
Effector memory 35.6
DR 0% 35.4[24.7-523]  17.1[8.2-28.9] Dadsso] 21201052791 0013
Regulatory T cell % 6.8[3.8-16.1]  82[1.9-11.3] 47[38-7.7]  88[03-132] 0917
CD3'/CD4"/PD-1" %2 2.4[1.6-5.8] 0.9 [0.5-6.0] 441.8-102]  0.9[0.6-6.2] 0.279
Cytokines
IL-4 (pg/ml) 2.7[0.9-6.1] 2.1[0.5-3.1] 27[07-59]  22[1435]  0.753
IL-10 (pg/ml) 5.8[4.7-13.2] 3.5[2.9-5.7] 58[4.7-97]  45[32-83]  0.116
IL-1B (pg/ml) 3.4[1.6-6.0] 2.3[0.9-3.3] 34[14-58]  24[17-33]  0.701
IL-6 (pg/ml) 16.1[8.0-25.8]  8.7[4.5-14.9] 7 ;fi% . 102[8.5-16.8]  0.552
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IL-12 (pg/ml) 8.8[7.0-19.5] 6.4 [4.5-14.9] 8.8[7.0-18.5]  6.6[5.6-134]  0.421

29.5

TNF-a (pg/ml) 29.5[13.5-19.5]  15.6[1.9-27.3] (02372 21201362951 0917

IL-17 (pg/ml) 0[0-0.5] 0[0-1.0] 0[0-0.5] 0[0-3.1] 0.441
75.8

MCP-1 (pg/ml) 75.5[40.8-99.8]  50.3 [37.8-69.5] (528.1004] 4583587571 0249

IL-15 (pg/ml) 0[0-0] 0[0-0] 0[0-0] 0[0-0] 0.655
42.6

INF-02 (pg/ml) 36.8[3.0-104.6]  8.6[ 1.3-20.9] [6.5-105.4] 8.6[6.6-22.4]  0.039

INF-B (pg/ml) 8.6 [2.4-12.6] 2.3[0-8.6] 50[0.6-17.9]  2.5[1.0-152]  0.328
12.2

INF-y (pg/ml) 12.2[12.2-333]  14.2[1.3-27.4] (6.1-4.0.5] 14.8[9.7-274]  0.753

Continuous variables are presented as medians [interquartile ranges].

! Virological suppression was defined at a confirmed HIV RNA level <400 copies/ml.

2 Percentage of peripheral blood mononuclear cells.

3 Percentage of CD4 T cells.

Naive T cells, CD3"/CD45RA"/CCR7"; central memory T cells, CD3*/CD45RA/CCR7"; effector
memory T cells, CD3*/CD45RA/CCR7-; regulatory T cells, CD3*/CD4"/CD25"¢"/FoxP3"; HIV,
human immunodeficiency virus; ART, antiretroviral therapy; IL, interleukin; TNF, tumor necrosis
factor; MCP, monocyte chemoattractant protein; INF, interferon.
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3. Correlates of Treg frequency in HIV-infected patients

The relationship between Treg frequency and other T cell subsets or plasma cytokines
was evaluated in ART-naive and virally suppressed HIV-infected patients (Table 3). As
shown by Spearman’s rank correlation coefficient (r), Treg frequency was moderately
negatively correlated with CD4 T cell (r =-0.595, p =0.012) and CD8 T cell (r=—0.517,
p = 0.034) counts in ART-naive patients. Linear regression model estimated that only CD4
T cell count was negatively associated with Treg frequency in ART-naive patients (8
coefficient= —0.511, p= 0.039) (Table 4, Figure 2). However, this correlation was not
observed in virally suppressed patients. The frequency of other T cell subsets or cytokine
levels did not correlate with Treg frequency in either ART-naive or virally suppressed

patients.
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Table 3. Correlates of Treg frequency in ART-naive and virally suppressed patients.

ART-naive patients Virally suppressed
. (N=17) patients! (N=20)
Variables . -
Correlation ~value Correlation value
coefficient (r) p coefficient (r) P

Age (year) 0.207 0.424 0.399 0.081
Viral load (copies/ml) —0.346 0.174 0.205 0.387
CD4 T cell count (/mm?) —0.595 0.012 -0.218 0.356
CD4 T cell %? -0.366 0.148 0.096 0.686
CD8 T cell count (/mm?) -0.517 0.034 —-0.353 0.126
CD8 T cell %? —-0.167 0.522 —-0.095 0.691
CD3*/CD45RA"/CCRT7*
(Naive T cell) % -0.063 0.811 -0.176 0.458

CD3*/CD4"/CD45RA*/CCR7*

(Naive CD4) % —0.287 0.264 —0.174 0.462

CD3*/CD8*/CD45RA*/CCR7"

(Naive CDS) % 0.164 0.528 —-0.105 0.659
CD3*/CD45RA/CCR7*
(Central memory T cell) % 0.017 0.948 0.016 0.947

CD3"/CD4"/CD45RA/CCR7*

(Central memory CD4) % —0.037 0.888 —0.017 0.945

CD3*/CD8*/CD45RA/CCR7*

(Central memory CDS) % 0.265 0.304 0.134 0.574
CD3*/CD45RA/CCR7-
(Effector memory T cell) %2 —-0.036 0.892 0.218 0.356

CD3*/CD4"/CD45RA/CCR7~

(Effector memory CD4) %2 0.079 0.764 0.095 0.691

CD3*/CD8*/CD45RA/CCR7~

(Effector memory CD8) %2 —0.054 0.837 0.137 0.565
CD3*/CD4*/PD-1* %? —0.063 0.811 0.227 0.336
IL-4 (pg/ml) 0.197 0.449 —-0.034 0.887
IL-10 (pg/ml) 0.218 0.4 -0.074 0.757
IL-1B (pg/ml) 0.291 0.257 —-0.101 0.673
IL-6 (pg/ml) 0.233 0.368 -0.215 0.363
IL-12 (pg/ml) —0.096 0.715 -0.076 0.75
TNF-a (pg/ml) 0.282 0.272 —-0.183 0.439
IL-17 (pg/ml) —0.252 0.329 0.042 0.859
MCP-1 (pg/ml) —0.029 0.911 -0.14 0.556
IL-15 (pg/ml) -0.128 0.625 0.219 0.354
INF-02 (pg/ml) —0.006 0.981 —-0.038 0.874
INF-B (pg/ml) 0.238 0.359 0.168 0.479
INF-y (pg/ml) 0.214 0.41 —0.245 0.297
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Virological suppression was defined at a confirmed HIV RNA level <400 copies/ml.

2 Percentage of peripheral blood mononuclear cells

HIV, human immunodeficiency virus; ART, antiretroviral therapy; IL, interleukin; TNF, tumor
necrosis factor; MCP, monocyte chemoattractant protein; INF, interferon.

Table 4. Independent correlates of Treg frequency in ART-naive patients. (N=17)

Variables B-coefficients p-value
Age (year) -0.475 0.101
Viral load (copies/mL) -0.122 0.617
CD4 T cell count (/mm3) -0.511 0.039
CDS8 T cell count (/mm3) -0.495 0.089

Treg, regulatory T cell; ART, antiretroviral therapy

18



45.04

40,0+

35.04

30.04

25.04

Treg (%)

20.04

15.04

10,0

504

0.0+

T T T T T
200 300 100 500 600
CD4 T cell count (mm?)

o-
=
o

Figure 2. Spearman correlation between CD4 T cell count and Treg frequency in ART-

naive patients. Treg; regulatory T cell, ART; antiretroviral therapy.
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4. Effects of Treg modulation on HIV replication in T cell culture models

The reduction in RLU of HIV-1 Tat-regulated Luc reporter gene expression after
infection with the Env-pseudotyped virus in the TZM-bl assay was measured under Treg-
and Tcon-containing conditions. When 100 Tregs (or Tcons) were added to each well,
RLU reduction in the Treg-containing well was 0.82%, whereas no RLU reduction was
observed in the Tcon-containing well. As the number of cells added increased, the degree
of RLU reduction increased in both the Treg and Tcon-containing wells; however, when
10* and 10° cells were added, the reduction in RLU was greater in the Treg-containing
wells than in the Tcon-containing wells (3.11% vs. 1.27% with 10* cells, and 4.39% vs.

2.13% with 10° cells) (Figure 3).
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Figure 3. Reduction in relative light unit (RLU) of HIV-1 Tat-regulated firefly
luciferase reporter gene expression after Env-pseudotyped virus infection in TZM-bl
assay, depending on the presence of Tregs or Tcons. RLU, relative light unit; Treg,
regulatory T cells (CD3"CD4"CD25"2/FoxP3"), Tcon; Treg not containing conventional
CD4 T cells (CD3*/CD4%/CD257); DMEM, Dulbecco’s modified Eagle medium.
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IV. DISCUSSION

Tregs play a complex role in retroviral infections, including HIV infection, and the
balance of beneficial and detrimental effects of Tregs may change between the acute and
chronic phases of infection.” Kinetic studies have shown that Tregs begin to expand
within weeks of retroviral infection compared to healthy controls.!> In chronic infection,
many studies have consistently reported that overall Treg numbers decrease, similar to
other CD4 subsets, but with relative sparing or increased frequency.” Mechanisms
promoting the expansion of Tregs during HIV infection are not clearly understood, but
several proposed mechanisms spare Tregs relative to other CD4 T cell subsets in chronic
infection. The increased survival of HIV-infected Tregs might be attributed to this finding.
HIV-infected human Tregs remain largely in the reservoir and have been reported to be
less sensitive to T cell receptor re-stimulation than CD4*CD25™ T cells, suggesting a
relative resistance to activation-induced cell death.'® The permissiveness of Tregs to HIV
replication may also be reduced, in part as a result of FoxP3-mediated inhibition of HIV-

1 transcription.'”!®

The sparing of Treg frequency may also be explained by increased
conversion of peripheral conventional CD4 T cells to peripheral Tregs upon induction of

HIV-exposed plasmacytoid dendritic cells (DCs)."

In this study, Treg frequency did not change significantly before and after ART. This
may be due to the relatively higher initial CD4 counts and lower initial Treg frequencies
of ART-naive participants in this study compared to HIV patients analyzed in previous

studies, which may have prevented meaningful ART-related changes.

The inverse relationship between Treg frequency and CD4 T cell count in ART-naive

patients may be understood in terms of the role of Tregs in HIV infection. Increased
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immune activation is a hallmark of HIV infection, and Tregs have been shown to regulate
the immune system to suppress inflammation and viral spread by activated T cells.!® In
vitro studies have shown that in addition to limiting the number of susceptible cells, Tregs
can limit the infection of conventional CD4 T cells through DC-CD4 T cell
immunological synapses.?’ Therefore, Tregs may help prevent the deleterious pathogenic
consequences of HIV infection by controlling the immune activation status of virus-
producing cells by inducing them to enter a quiescent state. However, by forcing infected
T cells into a quiescent state, Tregs promote the generation of a latent viral reservoir,!
which is the ultimate obstacle to curing HIV. In addition, Tregs have been reported to be
more susceptible to HIV than conventional CD4 T cells and act as an important viral
reservoir; replication-competent viruses have been reactivated from Tregs even after
long-term ART.?** Meanwhile, experimental studies have reported that Tregs suppress
CD8 T cell proliferation and effector functions.?* Thus, disruption of the cell-mediated
immune response against HIV inhibits viral clearance in infected individuals, likely
leading to an increased viral replication.!® This Treg-mediated suppression is maintained
during chronic infection and contributes to the exhausted phenotype of CD8 T cells.?
Many studies have reported that in contrast to progressors, HIV controllers and long-term
non-progressors exhibit Treg levels similar or even lower than healthy donors.??® For
these reasons, increased Treg frequency is a hallmark of advanced HIV infection and

inflammation.

Most studies showed an inverse relationship between Treg frequency and CD4 T cell
count?’2%3% and only ART was reported to partially abolish the effect of HIV infection on

abnormal Treg frequency.’!** In this study, consistent with other studies, an inverse
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relationship between Treg frequency and CD4 T cell count was also observed in ART-

naive participants, but this relationship disappeared with successful ART.

Importantly, in vivo studies using the human IL-2/diphtheria toxin fusion protein (Ontak)
to deplete Tregs in simian immunodeficiency virus (SIV)-infected control macaques
reported that after >75% depletion of Treg frequencies, major CD4 T cell activation
occurred, leading to the reactivation of latent SIV. However, Treg depletion also
significantly increases SIV-specific CD8 T cell frequencies, resulting in the rapid
clearance of reactivated virus.>>37 These results suggest that Treg depletion is a plausible
strategy for HIV cure by reducing the reservoir while enhancing effective cell-mediated

immune responses.

However, the beneficial effects of Tregs should also be considered when applying this
strategy. In addition to reducing non-specific generalized inflammation, Tregs have been
suggested to reduce HIV replication in several types of target cells, including CD4 T
cells.*® The underlying mechanism for controlling HIV replication in conventional
activated T cells has been reported to be dependent on direct contact between Tregs and
conventional CD4 T cells.* Moreno-Fernandez et al. showed in an in vitro study that
Tregs reduced the level of HIV infection of conventional T cells in a dose-dependent
manner.*® Purified Tregs and conventional T cells from healthy donors were activated
separately, and conventional T cells were infected with HIV and cultured with or without
Tregs. Co-culture of conventional T cells and Tregs at a 1:1 ratio resulted in the inhibition
of conventional T cell infection.*® Similarly, in the T cell culture model in this study, co-
culture of Tregs with TZM-bl cells showed less HIV replication in TZM-bl cells than in

co-culture of non-Treg T cells with TZM-bl cells, and this effect was shown in a dose-
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dependent manner in co-cultured Tregs. Tregs have high intracellular levels of cyclic
adenosine monophosphate (cAMP), a known inhibitor of T cell growth, differentiation,
and proliferation and can transfer cAMP to conventional T cells through gap junctions.**!

Moreno-Fernandez et al. concluded that Tregs inhibit conventional T cell activation via a

mechanism involving cAMP, which in turn reduces HIV infection.*®

In this study, the frequency of naive T cells increased significantly, whereas that of
effector memory T cells decreased after ART. Changes in CD4 T cell frequencies were
not significant; however, changes in CD8 T cell frequencies were significant. The
frequency of central memory T cells was not significantly different before and after ART
for either CD4 or CD8 T cells. These changes in T cell subsets have also been reported in
other studies.>*** During progressive HIV infection, naive T cells are preferentially
targeted, resulting in a marked decrease in their frequency.* The process of immune
recovery in ART-treated patients induces a sustained increase in naive T cells.*® The
decrease in effector memory T cell subsets, which may play an important role in the direct
killing of target cells, may result from the migration of these cells from the blood to

lymphoid tissues or from the decrease in HIV antigens after ART."

Our study had several limitations. First, the sample size available for this study is quite
small to show meaningful differences in Tregs and plasma cytokine levels before and
after ART. Second, the timing of sample collection after ART was inconsistent and the
median duration of ART was 169 days. An accurate comparison would require the
analysis of sequential samples collected at regular intervals over a longer period after
ART. Furthermore, in the in vitro T cell culture model experiment, Tregs and Tcons were

purified from the PBMCs of only one HIV-infected patient. Therefore, it is difficult to
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generalize the results of this study. Additionally, when Tregs and Tcons were purified
using MACS, additional flow cytometry was not performed to determine the purity of the
isolates. Finally, when Tregs or Tcons were co-cultured with TZM-bl cells, it is possible
that some of the injected pseudoviruses infected Tregs or Tcons rather than the TZM-bl
cells. This may have contributed to the decrease in the RLU measured in TZM-bl cells as
the number of Tregs and Tcons increased. To confirm this, the env-pseudotyped viral load
in added Tregs or Tcons should be measured, which was not performed in this study.
Despite these limitations, this study is significant because it is the first in Korea to identify
changes in the frequency of Tregs in patients with HIV before and after ART. While we
were able to confirm that a high Treg frequency is associated with a detrimental role in
chronic HIV infection, as shown in many studies, we were also able to confirm the
ambivalent and complex aspects of Tregs in HIV infection using the T cell culture model

and TZM-bl assay.
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V. CONCLUSION

The critical role of Tregs in the pathogenesis and control of HIV makes them interesting
targets for manipulation in the search for a cure. Overall, Tregs play a detrimental role in
chronic HIV infections by inhibiting specific immune responses, thereby reducing the
immunological control over HIV-infected cells and causing uncontrolled viral infections.
Treg depletion directly targeted at a small fraction of the reservoir—which may inhibit
reactivation of the virus and boost cell-mediated immune responses—may be a desirable
therapeutic strategy for HIV cure research. However, the Treg-mediated reduction in HIV
replication could play a beneficial role, particularly during early HIV infections when
effector immune cells are not yet activated, or by limiting infection to sites of high virus
activation. For instance, one might consider modulating an increase in Tregs to prevent
HIV infection in HIV-exposed uninfected individuals, including preventing vertical
transmission of HIV-1.*%%* However, early interference with the Treg suppressive
function could exacerbate HIV infection.’® Therefore, careful consideration should be

given to the appropriate timing for using a Treg depletion strategy.

In conclusion, an inverse relationship between Treg frequency and CD4 T cell count
was observed in ART-naive patients, which disappeared with successful ART. In contrast,
it was also revealed in the TZM-bl assay that Tregs may play a role in inhibiting HIV
replication in infected cells. Therefore, both aspects of Tregs need to be considered when
designing Treg modulation strategies for the treatment of HIV infection. More detailed
analyses are required to understand the changes in Treg frequency, phenotype, and tissue

distribution as a function of HIV infection phases.
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ABSTRACT (IN KOREAN)

HIV 2G4 FHE=Znlo|g]L X5 & 24 T AXe W3l ¢
Z3 T AIE7} HIV EA9 nX& F3

AL HEE>

At g Agetol Y ~HIV) ol - T Al E(Treg)d] 9ty o1 I8
obzl  wWEstA WA A &FUrh o] A= HIVel FE ghAtelA
Iy ERntolg 2~ X FART)O] WE Tregd WxE W3} = Tregd HIE9}
#AE QIAE H7ISFAL Tregel HIV HAlol mX&= F&S H7kstz] ¢4
TP AT. ART ddo] gle &2 17983, 3702 o] ARTE Wil HIVZE
AAE 2t 204S tiFoz Sk AT uldAte] o MENA Tregs
FoeE oAy T /‘ﬂE k9l HEe] wIEeL AlelETRI #EES SASAL
Treg®] W=} #AHE 8215 SRISITE o] F 13 3A= ART %o
FaAFH o= MZo) xﬂﬂmoiz ARTO| w}% Treg 2 T A 319 H3e] W=
H3lE BASAT T AMXE v ZdoA TZM-bl A3l Env-pseudovirusE
HAAZ F Treg =2 Treg®] ofd vt T Mxe} 35 Wl oA HIV-1
Tat-regulated Luc reporter AR} dhE o] Ao A 4 (RLU)Z =351 T
137 9] S-S o2 ART A5 AMES Ak o® F3dte] F4%
A3}, ART & CD4 T A|E2} naive T A|E
effector memory CD8 T A|:E° HZE&=
WA= ART 5 INF-a27} frolstAl Z4gh A& Al9lstal ART A5 tE
Aol E7FQL #e] ou|glE Aol (ISATE ARTE WAl @82 ShxjelA,
Treg®] W%9h CD4T AE & (1= 0595, p=0012) 51 CD8 T A1 ¥ $(=-0517,
p= 0.034) Ztell Folg &9 @AV FAFHAL A 37 BRdoA e
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S 3kajoll A CD4 T ME F1ko] Treg ¥1%=9 29 *Pﬂﬂﬁlﬂ
T AT} (B-coefficient= -0.511, p= 0039) I3y ART &
BAfo| A= Treg WIE9F AdAA7E A= 8ol ATk T
M= F7hE o] wgE Tregel 471 S7HE4% RLU 4
10070 ©]7d9] Tregel F7HE S Wl 2& 49| Tregel ofd
7he A9-®Th RLU #4279 3A SAEA
ARTE A k2 3o A Treg HlE9F CD4 T AHXE
FAAA 7L FOlEAA T ARTS WFar vlolgiart A|Hw
SFolw| %] okttt WHHO Treg X4 A XA HIVY EHAE
g F Ides 5—.“’ stk HIV #aS A
| Aol A Trege] ¥HAQ &
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