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AHTUPETPOBWUPYCHYIO TEPAIMUIO
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Huemumym sKon02uu u eeHemuku MUKpoopeanuzmos Ypanvckoeo omoenenus Poccuiickoil akademuu Hayk — guruan
DIbYH «llepmckuii hedepanvhbiii uccaedosamensckuii uenmp Ypanvckoeo omoenenus Poccuiickoil akademuu Hayk»,
2. Ilepmo, Poccus

Pe3iome. BI'C-kouHdekiuss 1mmpoko pacmpocTtpaHeHa cpean BUY-mHOUIIMPOBAHHBIX MAIIMEHTOB.
B Poccun no 50% BUY-no3utuBHBIX 601bHBIX KoMHGUIMpoBaHbl BI'C. [IpuMeHeHUe BHICOKOAKTUBHOM
aHTtupetpoBupycHoil tepanuu (BAAPT), B OOJLIIMHCTBE ciiy4yaeB, MPUBOAUT K TMOJABIECHUIO PEIUIMKAa-
uuu BUY 1 BoccTtaHOBIEHUIO UMMYHHOI cucteMbl BUY-nHdunmpoBaHHbix nanueHToB. OagHako BI'C-
KOMH(EKIIUs NpersiTcTByeT 3¢hdeKTuBHOMY BoccTtaHOBIeHNI0 CD4*T-kitleToK 1 moBbIIIaeT pUcK 3a0oJe-
BaemMocTu U cMeptu BUY-nHduumpoBaHHbIX 00abHBIX, Noaydyaomux BAAPT. M3BecTHO, 4TO CKOPOCTh
nporpeccun BUY-undexkuuu v 3¢pheKTUBHOCTh BOCCTAHOBJIEHUSI UMMYHHOM CUCTEMBI Ha (poHE mpuema
BAAPT B 3HauuUTENBbHOU Mepe 3aBUCST OT YPOBHS aKTUBALIMA UMMYHHOU CUCTEMBI U CTETIEHU UCTOILEHUS
CD4*T-xnetok. Llenblo HacTosIIEH pabOTHI OBLIO OTIpeAeIeHNEe YPOBHS aKTUBAIIUY U UCTOIIEHUS, a TAKXKE
UTOKUH-TIpoayuupytonieit hynkimu CD4*T-kiieTok, moaydeHHbIX 13 KpoBu nonydatonimx BAAPT BUY/
BI'C-koundunupoBanHbix 1 BUY-MoHOMHGMUIIMPOBAHHBIX OOMBHBIX. B MccaenoBaHue ObLIM BKIIIOUYEHBI
BNY/BI'C-koundunmpoanubie (n = 11) u BUY-moHonnduumposanubie (n = 10) manueHTHI, moyda-
e BAAPT 0Ooliee nByx neT. B KoHTpoJibHYIO rpynny Bouuid 10 no6poBosblieB 0e3 npuzHakoB BUY- u
BI'C-undekumii. Beuio ycranosneno, uto y BUY/BI'C-konHGUIIMPOBaHHBIX MAlIMEHTOB, B CPAaBHEHUU
CO 3IOPOBBIMU JIOABMU, ITOBBIIICHBI CIEAYIONINE IToKa3aTean: moyst aktuBupoBaHHBIX CD38*HLA-DR*
CD4*T-mumpornuroB (p < 0,05), ypoBeHb mcromeHnss CD4*'T-kIeToK, oIpencaeHHBIA MO TUIOTHOCTUA
akcrnpeccun TIGIT Ha moBepxHocTu kaxmnou kietku (p < 0,05), u yncno CD4*T-numbonuros, cro-
cobHbIX Tpou3BoauTh MHTepdepoH-ramma (IFNy) mocne aktuBauum (p < 0,05). OTHOCUTENBHOE YUCIIO
IFNy-nponytumpytonmx CD4"T-mum¢bo1MToB B KPOBU JOHOPOB TO3UTUBHO KOPPEJIUPOBAJIO C MOJEH aK-
tuBupoBaHHbIXx CD4*T-knetok (R = 0,514, p < 0,01). BacxkHo OoTMeTUTh, YTO, HECMOTPSI Ha OOJIBIIIOE KO-
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guyectBo [FNy-mpoayiupyomux CD4 T-nmum@onuToB, cpeaHss MPOAYyKIIUS 3TOro HutoknuHa B CD4*T-
xietkax BUY/BI'C-konHMUIIMPOBaHHBIX OOJILHBIX OblIa CYIIECTBEHHO HIDKE, YEM Y 3MOPOBBIX CYOBEKTOB
(p < 0,05). IMpoaykuus IFNy B CD4*T-nmumdonuutax He 3aBucena OT CTerneHu ux aktupauuu (p > 0,05).
HeraTtuBHas koppesiMoHHast CBSI3b ObLIa YCTaHOBIEHA MexXay coaepxaHueM [FNy 1 ypoBHEM UCTOIEHUS
CD4*T-xkietok (R = -0,400, p < 0,05). [Tokazatenu uctomeHuss CD4*T-muMdoMTOB Tak:kKe 00paTHO KOP-
penupoBaiu ¢ conepxkanuem CD4*T-knetok B kpoBu (R =-0,598, p < 0,01). [ToxydyeHHbIe CBEASHUS [TO3BO-
JISTIOT MPEearnooxXuTh, yTo BI'C-KonHdeK11s MPUBOAUT K BbIpaxkeHHOMY (PYHKIIMOHAJIbHOMY UCTOILLIEHUIO
CD4*T-KJIETOK U TeM caMbIM MOXeT OoTsroiaTh TeueHne BUY-mHbekinm y marmeHTOB, IPUHUMAOIINX
BAAPT.

Knrouesvie cnosa: BUY-ungpexyus, eenamum C, CD4* T-aumepoyumot, ummyHHas akmueayus, UMMYHHOe UCMOueHue, npooyKyus
UYUMOKUHO8

FUNCTIONAL EXHAUSTION OF CD4*T CELLS IN HIV/HCV
COINFECTED HAART-TREATED PATIENTS

Vlasova V.V, Korolevskaya L.B., Loginova O.A., Shmagel N.G,,
Saidakova E.V.

Institute of Ecology and Genetics of Microorganisms, Perm Federal Research Center, Ural Branch, Russian Academy
of Sciences, Perm, Russian Federation

Abstract. Infection with hepatitis C virus (HCV) is common among HIV-positive patients, with up to
50% of them being coinfected in Russia. While highly active antiretroviral therapy (HAART) suppresses
HIV replication and restores the immune system of HIV-infected subjects, HCV coinfection interferes with
CD4*T cell regeneration and increases the risk of patients’ morbidity and mortality. During HAART, HIV-
infection progression and the immune system restoration efficiency largely depend on immune activation and
CD4*T cell exhaustion. This study determined the level of activation, exhaustion, and cytokine production
in CD4'T cells obtained from the peripheral blood of HAART-treated HIV/HCV coinfected and HIV
monoinfected subjects. The study comprised 11 HIV/HCYV coinfected individuals and 10 HIV monoinfected
patients receiving HAART for more than two years, with a control group of 10 volunteers without the signs
of HIV or HCV infections. Compared with healthy controls, HIV/HCYV coinfected patients had an increased
frequency of activated CD38*HLA-DR* CD4*T lymphocytes (p < 0.05), a higher level of CD4*T cell
exhaustion determined according to the TIGIT expression density per cell (p < 0.05), and a greater proportion
of interferon-gamma (IFNy)-producing CD4*T lymphocytes following activation (p < 0.05). The frequency
of IFNy-producing CD4*T cells in the donors’ blood positively correlated with the proportion of activated
CD4'T cells (R = 0.514, p < 0.01). Despite having a large number of IFNy-producing CD4*T lymphocytes,
the HIV/HCV coinfected patients’ average production of IFNy by CD4*T cells was significantly lower
than that in healthy controls (p < 0.05). The IFNy production in CD4*T lymphocytes did not depend on
activation (p > 0.05). However, a negative correlation was established between the IFNy production and the
level of CD4'T cell exhaustion (R = -0.400, p < 0.05). The letter was also found to inversely correlate with
the CD4*T cell counts in the donors’ peripheral blood (R = -0.598, p < 0.01). These data suggest that HCV
coinfection leads to pronounced functional exhaustion of CD4*T cells and may aggravate the course of HIV-
infection in patients receiving HAART.

Keywords: HIV-infection, hepatitis C, CD4*T cells, immune activation, immune exhaustion, cytokine production

This work was carried out within the framework of HIV-positive individuals. Worldwide, approximately

the State assignment #121112500044-9. 25% of HIV-infected patients are coinfected with
. HCV [7], while in Russia the proportion of HIV/
IntrOdUCt|0n HCV coinfected subjects goes up to 50% [15]. The

Due to shared transmission routes, hepatitis C virus  majority of HIV-positive people receive highly active
(HCV) coinfection has become prevalent among antiretroviral therapy (HAART), which suppresses
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HIV replication and leads to the immune system
regeneration defined by the increase in the peripheral
blood CD4*T cell counts [6]. However, in HIV/
HCV coinfected people receiving HAART, hepatitis
C infection interferes with CD4*T cell recovery [14].
Furthermore, compared with HAART-treated
HIV-monoinfected subjects, HIV/HCV coinfected
patients have a higher risk of developing non-AIDS-
associated diseases [10], opportunistic infections [3],
and death [1]. The mechanisms behind the negative
effect of hepatitis C on the course of treated HIV-
infection remain poorly understood.

Immune activation and CD4*T cell exhaustion
are critical for the natural history of HIV-infection,
affecting both the pace of the disease progression
and the immune restoration efficiency during
HAART [9, 11]. In treated HIV-infected individuals,
HCV coinfection has been shown to significantly
increase the chronic immune activation and systemic
inflammation levels [12]. However, it is unclear if it
affects the CD4*T cells’ functional state. Therefore,
the purpose of this study was to determine the level of
CD4"T cells’ activation and exhaustion, as well as the
cytokine-producing function of these lymphocytes
obtained from the blood of HAART-treated HIV/
HCYV coinfected and HIV monoinfected patients.

Materials and methods

The work plan was approved by the ethics commit-
tee of the Perm Regional Center for the Prevention and
Control of AIDS and Infectious Diseases (committee
registration number 1RB00008964). The study in-
cluded HIV-infected patients receiving HAART for
more than two years (viral load < 50 copies/mL):
1) HIV/HCV coinfected subjects (n = 11); and
2) HIV-monoinfected patients (n = 10). The healthy
control group (HC) comprised 10 volunteers without
HIV or HCV infections.

Blood was collected from the cubital vein into Vacu-
tainer tubes containing ethylenediaminetetraacetic
acid. CD4*T lymphocytes count was assessed using
the commercial BD Simultest™ IMK-Lymphocyte
kit (“BD Biosciences”, USA) with a CytoFLEX S
flow cytometer (“Beckman Coulter”, USA). The HIV
viral load was determined using Versant HIV-1 RNA
3.0 assay b kits by means of a Versant 440 analyzer
(“Siemens”, Germany).

Mononuclear cells were isolated by density
centrifugation using Diacoll (1.077 g/mL, “Diaem”,
Russia). The samples were stored in liquid nitrogen
in a medium containing 90% fetal bovine serum
(FBS, “Biowest”, France) and 10% dimethyl
sulfoxide (“AppliChem”, Germany). In a day of
the study, the cells were thawed at +37 °C, washed

in 10 mL of complete culture medium (10% FCS,
100 U/mL penicillin, and 100 pg/mL streptomycin
(“Sigma”, USA) in RPMI-1640), and then in 10 mL
of Dulbecco’s phosphate buffered saline (DPBS;
“Gibco”, USA). The cytokine-producing function of
CD4"*T cells was assessed after 4 hours of incubation
in complete culture medium containing phorbol
12-myristate-13-acetate (PMA), ionomycin, and
brefeldin A (“BioLegend”, USA).

Peripheral blood mononuclear cells were analyzed
on CytoFLEX S flow cytometer (“Beckman Coulter”,
USA). Viable cells were identified by the absence
of staining with the vital dye Zombie UV Fixable
Viability Kit (“BioLegend”, USA). Anti-CD3-BV605
and anti-CD4-PE antibodies (“BioLegend”, USA)
were used to identify CD4*T lymphocytes. Expression
of the TIGIT exhaustion marker was assessed using
anti-TIGIT-AF488 antibodies (“BioLegend”, USA).
Anti-IFNy-APC antibodies (“BioLegend”, USA)
were utilized to study the production of interferon-y
(IFNy). Activated cells were identified using anti-
CD38-PE/Fire700 (“BioLegend”, USA) and anti-
HLA-DR-APC-R700 (“BD Biosciences”, USA)
antibodies.

Statistical analysis and graph plotting were
performed using the “Statistica 6” software. The data
are presented as medians, interquartile ranges (25-
75 percentile), and 10-90% intervals. Significance of
differences between groups was established based on
the Mann—Whitney U test. Correlation analysis was
performed by the r-Pearson linear correlation test.

Results and discussion

All groups were similar according to age and
gender (Table 1). The HIV-infection and HAART
duration, HIV viral load, and CD4*T cell counts
did not differ between the groups comprised of HIV-
infected subjects. However, CD4*T cell counts in
these groups were significantly reduced compared to
HCs (p < 0.05).

In HIV/HCV coinfected patients compared
with healthy individuals, the proportion of activated
(CD38*HLA-DR") CD4'T lymphocytes was
increased (Figure 1A; p < 0.05). Meanwhile, the
difference between HIV monoinfected patients and
healthy controls was not statistically significant
(p > 0.05).

Thelevel ofexhaustionin CD4*T cellsof HIV/HCV
coinfected subjects was also increased, as evidenced by
the higher frequency of TIGIT*CD4*T lymphocytes
(p <0.05; data not shown) and the elevated expression
of the inhibitory receptor TIGIT on the surface of
these cells (Figure 1B; p < 0.05).
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TABLE 1. CLINICAL CHARACTERISTICS OF HIV-INFECTED AND HEALTHY INDIVIDUALS

Characteristics HIV/HCV coinfected HIV monoinfected Healthy
patients patients Controls (HC)
Number of enroliments 11 10 10
Age (years) 40.0* 435 43.0
gely (37.5-42.0) (37.5-44.8) (37.0-45.8)
Females (%) 45 50 50
HIV-infection duration (years) (1013;(1)9 0) 5 g;% 0) -
HAART duration (years) @3 2'_(1)3 0) 2 gg 2) -
HIV viral load (copies/mL) < 50** <50 -
542 616 707
CD4'T cell counts (uL") (405-663) (480-763) (646-880)
pHC < 0.05 pHC < 0.05

Note. *, the data presented as medians and interquartile ranges. **, the test-system sensitivity limit. HAART, highly active
antiretroviral therapy. Significance of differences between groups was established based on the Mann-Whitney U test.

The number of CD4'T cells that produced
IFNy upon activation with PMA and ionomycin
was significantly higher in HIV/HCV-positive indi-
viduals as compared with healthy donors (Figure
2A; p < 0.05). Across all study groups, the number
of IFNy-producing CD4*'T lymphocytes positively
correlated with the relative number of activated
(CD38*HLA-DR™") CD4*T cells (Figure 2B).

Importantly, although the number of IFNy-pro-
ducing CD4*T lymphocytes in HIV/HCV coin-
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fected individuals was increased, the average pro-
duction of IFNy in CD4'T cells of these patients
was significantly lower than that of healthy subjects
(Figure 3A; p < 0.05). The IFNy production in
CD4*T lymphocytes did not depend on the percent
of activated cells. However, a negative correlation was
established between IFNy production and the level of
CD4*T cell exhaustion (Figure 3B).

Both phenotypic and functional indexes of
CD4*T lymphocyte exhaustion correlated with
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Figure 1. Level of CD4'T cell activation (A) and exhaustion (B) in HIV/HCV coinfected people (HIV+HCV+),
HIV monoinfected patients (HIV+) and healthy control (HC) subjects

Note. Medians (horizontal lines within rectangles), interquartile ranges (rectangles), and 10-90% intervals (vertical lines) are shown. *, p < 0.05

(Mann-Whitney U test). MFI, mean fluorescence intensity.
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Note. (A) Medians (horizontal lines within rectangles), interquartile ranges (rectangles), and 10-90% intervals (vertical lines) are shown. *,
p < 0.05 (Mann-Whitney U test). (B) Individual donor values, regression line and 95% confidence intervals are shown (r-Pearson correlation test).
“HIV+HCV+”, HIVIHCV coinfected patients; “HIV+”, HIV monoinfected patients; “HC”, healthy controls.
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Figure 3. Level of IFNy production (A) and its correlation with the degree of exhaustion (B) in CD4'T cells

Note. As for Figure 2.

CD4*T cell counts in donors’ blood. Specifically,
CD4*T lymphocytes count was directly related to the
production of IFNy (R =0.455, p <0.05) and inversely
related to the proportion of exhausted CD4*T cells
(R=-0.598, p <0.01).

These data demonstrate that in HIV-infected
patients, HCV coinfection is associated with a high
level of CD4*T cells’ activation and exhaustion.
CD4*T lymphocytes in HIV/HCYV coinfected patients
show both phenotypic (expression of the inhibitory
receptor — TIGIT) and functional (decrease in IFNy
production) signs of exhaustion. The frequency of
exhausted CD4*T cells inversely correlate with the
total number of CD4*T lymphocytes in donors’
blood. These findings suggest that the negative impact
of HCV on the course of HIV infection controlled

by HAART is due to the functional exhaustion of
CDA4"T cells.

Previously, researchers assessed the level of
CD4*T cell exhaustion in HIV/HCV coinfected
patients by analyzing the relative number of
lymphocytes expressing inhibitory receptor PD-1
[4]. The authors found that the frequency of
PD1*CD4*T lymphocytes in HIV/HCV coinfected
patients was higher than that in HIV monoinfected
subjects or healthy individuals. A noteworthy detail
is that the surface expression of inhibitory receptors
alone does not allow identifying truly exhausted
CD4*T cells, as these molecules are also expressed by
CD4*T lymphocytes that have received an activation
signal [13]. However, exhausted and activated
CD4*'T cells differ significantly in terms of the
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inhibitory receptors’ expression level [5]. The amount
of inhibitory receptors expressed on the surface of
CD4'T cells in HIV/HCV coinfected patients have
not been reported in the literature yet. To account for
this limitation, we assessed the level of CD4*T cells
exhaustion by measuring the surface expression of the
inhibitory receptor TIGIT, rather than by identifying
TIGIT*CD4*T lymphocytes alone. Our findings
show that the level of TIGIT expression on the surface
of CD4*T lymphocytes is significantly higher in HIV/
HCYV coinfected patients than in healthy individuals.
Determining the state of exhaustion in T cells
requires assessing both their phenotype and
function. TIGIT that was shown to be abundant
on CD4'T cells of HIV/HCV coinfected subjects
inhibits the interaction between the costimulatory
CD226 molecule and their common ligand,
CD155 [8], leading to a decrease in T lymphocyte
proliferation and cytokine production [5]. Previous
studies have shown that in HIV-infected patients
exhausted TIGIT*CDS8*T cells are characterized
by the reduced production of IFNy, TNF, and
1L-2 [2]. However in HIV/HCYV coinfected patients,
the cytokine-producing ability of the exhausted
CD4*T cell pool has not been evaluated. In this study,
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we have demonstrated for the first time that the IFNy
production is reduced in CD4*T lymphocytes of HIV/
HCV coinfected patients receiving HAART. These
results strongly suggest a high level of CD4"T cell
exhaustion in patients coinfected with HIV and HCV.

Conclusion

An important finding of this study was the
establishment of a link between the frequency of
CD4*T lymphocytes expressing TIGIT, the level of
IFNy production, and the amount of CD4*T cells
in the patients’ blood. CD4*T cell counts are a
significant clinical indicator in HIV-infection as it
determines the likelihood of developing non-AIDS-
related diseases and death. Therefore, it can be
assumed that the CD4*T cell exhaustion caused by
HCYV coinfection may adversely impact the course of
HIV-infection in patients adherent to HAART.
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