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Abstract

Background: Natural killer (NK) cells play a critical role in suppressing human immunodeficiency virus-1 (HIV-1) infection,b}
knowledge on whether and how NK cells affect immune reconstitution in HIV-1-infected individuals who receive antiretroviral
therapy (ART) is limited.

Methods: We performed a case-control study with 35 healthy individuals and 66 HIV-1-infected patients including 32
immunological non-responders (INRs) with poor CD4" T-cell recovery (<500 cells/pL after 4 years of ART) and 34 immunological
responders (IRs) with improved CD4* T-cell recovery (>500 cells/iL after 4 years of ART). NK cell phenotype, receptor repertoire,
and early activation in INRs and IRs were investigated by flow cytometry.

Results: A significantly higher proportion of CD564™CD16%™ NK cells was observed in INRs than IRs before ART and after 4
years of ART. The number of CD569™CD169™ NK cells was inversely correlated with CD4* T-cell counts in INRs before ART
(r=-0.344, P=0.050). The more CD69-expressing NK cells there were, the lower the CD4* T-cell counts and ACD4, and these
correlations were observed in INRs after ART (r=-0.416, P=0.019; r=-0.509, P =0.003, respectively). Additionally, CD69-
expressing CD569™CD169™ NK cells were more abundant in INRs than those in IRs (P = 0.018) after ART, both of which had an
inverse association trend towards significance with CD4* T-cell counts. The expression of the activating receptors NKG2C,
NKG2D, and NKp46 on CD564™CD16%™" NK cell subsets were higher in IRs than that in INRs after 4 years of ART (all P < 0.01).
Strong inverse correlations were observed between CD69 expression and NKG2C, NKG2A'NKG2C*, NKG2D, and NKp46
expression on CD56%™CD16%™ NK cells in INRs after ART (NKG2C: r=-0.491, P =0.004; NKG2A'NKG2C*: r=-0.434,
P=0.013; NKG2D: r=-0.405, P=0.021; NKp46: r=-0.457, P =0.008, respectively).

Conclusions: INRs had a larger number of CD569™CD16%™ NK cells characterized by higher activation levels than did IRs after
ART. The increase in the CD569™CD169™ NK cell subset may play an adverse role in immune reconstitution. Further functional
studies of CD569™CD16%™ NK cells in INRs are urgently needed to inform targeted interventions to optimize immune recovery.
Keywords: HIV-1 infection; Immunological non-responders; Natural killer cells; Immune reconstitution

Introduction related neurocognitive disorder than complete immunologi-
cal responders (IRs).["**3 The reason for immunological
non-response is incompletely understood. It is currently
believed that decreased hematopoiesis in the bone marrow
and insufficient thymic and lymph node outputs lead to a
reduction in the production of CD4™" T cells, and residual viral
replication, sustained immune activation, and disturbed in
cytokine levels can all cause CD4" T-cell apoptosis and
depletion.!®®! However, the current preliminary research on
how dysfunction in the innate immune system affects the
immune reconstitution in HIV-infected patients is limited.

Antiretroviral therapy (ART) can effectively suppress human
immunodeficiency virus (HIV) replication, increase HIV-
infected patients’ peripheral blood CD4" T-cell counts, and
dramatically reduce acquired immunodeficiency syndrome
(AIDS)-related morbidity and mortality. However, 15% to
30% of patients fail to recover their CD4" T-cell counts
despite the complete suppression of viral replication. These
individuals are identified as immunological non-responders
(INRs)."*! INRs exhibit severe immune dysfunction and
have a higher rate of AIDS and non-AIDS events, such as
metabolic syndrome, liver disease, nephropathy, cardiovas-
cular disease, non-AIDS-related malignancies, and HIV-1-
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Human natural killer (NK) cells provide powerful innate
defenses against virus-infected cells and tumor cells. Their
function is crucial at the time of infection and can impact the
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quality of adaptive immune responses and the overall
outcome of infection. NK cells can be sub-divided into
several sub-populations based on the relative expression of
the adhesion molecule CD56 and the activating receptor
CD16. CD56 8 CD 116%™~ NK cells are classically viewed
as immature precursors and secrete cytokines; the larger
CD569™CD 168" NK cell subset is considered the mature
subset of NK cells and the more cytotoxic subset.
CD56° CD16™8" NK cells with low cytotoxic activity
and cytokine production are considered the “dysfunctional”
subset. /-]

NK cell function is regulated by the activating and
inhibitory receptors. NK cells receive inhibitory signals
through the engagement of inhibitory killer immunoglob-
ulin (Ig)-like receptors (characterized by a long (L)
cytoplasmic tail) and C-type lectin receptors, such as
NKG2A. Activating signals are received by activating killer
cell immunoglobulin-like receptors (KIRs, characterized by a
short (S) cytoplasmic tail), as well as natural cytotoxic
receptors (NKp30, NKp44, and NKp46), NKG2C, NKG2E,
or NKG2D."121 The downregulation of CD356 is not the
only NK surface marker altered by HIV-1 viremia. The
expression and functional relevance of several activating and
inhibitory receptors are Fathologically modified by high
levels of viral replication.!'>!*

NK cell effector function during the immune response against
HIV infection has been evaluated in different cohorts: HIV
controls (who maintain lower levels of HIV-1 replication in the
absence of ART), slow progressors, and HIV-1-exposed
seronegative individuals who remain uninfected despite
repeated exposure to the virus.">'® The distribution and
activation of NK cell subsets are also relevant in the context of
mother-to-child HIV-1 transmission, as they influence the
susceptibility to perinatal infection. !

The role of NK cells in immune reconstitution has not been
elucidated. HIV-1 has developed various strategies of
interaction with NK cell receptors and their ligands. The
HIV-1 Nef protein reduces the cell-surface expression of
NKG2D ligand, MICA, ULBP1, and, especially, ULBP2, thus
impairing NKG2D-dependent killing by NK cells. Such
aberrancies limit NK cell immune surveillance and allow the
development of opportunistic infections and cancers. Despite
virus countermeasures, HIV-1-infected T cells express higher
NKG2DL levels than non-infected cells and are highly
susceptible to killing by NK cells through NKG2D activa-
tion.'82% The population expressing another activating
receptor of NK cells, the natural cytotoxicity receptor
NKp44, the ligand of which is expressed on the surface of
uninfected CD4" T cells, is expanded, consequently rendering
these T cells sensitive to NK cell-mediated killing.*'**! In
addition to the complex effects on NK cell receptors, HIV
infection also causes INR patients to have an increase in the
CD 56" NK cell sub-population but causes a poor response
to cytokine stimulation in terms of NKp44 upregulation and
interferon (IFN)-y production, and CD56"%# NK cells from
INRs show relatively hiigh cytotoxicity against autologous
activated CD4* T cells.”* Hence, all of these mechanisms
could be involved in CD4* T-cell depletion in HIV-1 infection
and in impaired immunological recovery in ART-treated
patients.
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In addition, HIV causes upregulation of the expression of
inhibitory NK receptors, leading to impairments in NK cell-
mediated lysis of virally infected cells.'”*) Notably, reduced
expression/function of natural cytotoxicity receptors can also
be detected in NK cells from HIV-infected patients.'* ART
reverses the effects of HIV infection on NK cells; however,
there is no consensus on the degree to which the suppression of
HIV replication restores the NK cell subset distribution and
function.”*?8" Several changes in the NK cell receptor
repertoire and functionality are observed during HIV infection;
some of these changes have been related to progression, but
others are still under study. These complex and possible
changes may represent one of the pathogenic events associated
with the drastic reduction in CD4" T-cell counts.

To better understand the role of NK cells in INRs, in this
study, we focused on the changes in the NK cell phenotype
and receptor repertoire in a cohort of INRs compared to IRs
and health controls (HCs). Our results showed that the
CD56%™CD16%™" subset was expanded in the INR group
compared to the IR group both before and after ART.
CD569™CD16%™" NK cells exhibited a relatively high
degree of early activation even though the suppression of
viral replication by ART is negatively correlated with CD4*
T-cell counts. The expansion of the CD569™CD16%™"
subset may play an dverse role in immune reconstitution.

Methods

Ethical statement

All the participants came from the Beijing Primo Clinical
Cohort, which ran from 2011 to 2012. They provided
written informed consent for participation in the study.
This study and other related experiments were approved
by the Beijing Youan Hospital Research Ethics Committee
(No. 2017-13), and informed written consent was
obtained in accordance with the Declaration of Helsinki.
The study was carried out in accordance with approved
guidelines and regulations.

Study participants

Sixty-six HIV-1-infected patients from the Primo cohort of
men who have sex with men that were collected at the Beijing
Youan Hospital between 2011 and 2012 were enrolled: 32
INRs with poor CD4" T-cell recovery (<500 cells/p.L after
four years of ART) and 34 IRs with immunological
restoration (>500 cells/pL after four years of ART). We
also included 35 HCs with ages similar to the patients. All
participants were divided into 5 groups: HCs, INRs before
ART (INR pre-ART), INRs after ART (INR-ART), IRs
before ART (IR pre-ART), and IRs after ART (IR-ART). All
subjects without ongoing co-infections or other diseases and
their characteristics are summarized in Table 1.

Cell-surface staining and flow cytometry analysis

Peripheral blood mononuclear cells (PBMCs) were thawed
in a water bath at 37°C for one minute, washed and
resuspended in Roswell Park Memorial Institute (RPMI)
medium containing 10% v/v fetal calf serum. Antibodies
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Table 1: Basic characteristics of HIV-infected patients enrolled in this study.

HIV-infected patients p values

Parameters Healthy controls INRs IRs INRs vs IRs

Number of subjects 35 32 34 NS

Mean age (years) 32 (26-53) 34 (21-57) 33 (23-55) NS
CD4* T-cell counts (cells/nL)

Pre-ART NA 207.00 (100-313) 227.00 (130-313) 0.021

ART NA 380.00 (163-497) 680.00 (505-1240) <0.0001
CD8" T-cell counts (cells/pL)

Pre-ART NA 664.50 (255-1716) 766.50 (331-1928) NS

ART NA 570.00 (229-1192) 919.00 (515-1909) <0.0001
CD4/CD8 ratio

Pre-ART NA 0.25 (0.12-0.76) 0.28 (0.11-0.67) NS

ART NA 0.62 (0.34-1.31) 0.70 (0.45-1.36) NS
Viral load (log10, copies/mL)

Pre-ART NA 4.41 (1.97-5.26) 4.06 (1.70-5.97) NS

ART NA ND ND

Data are presented as 72 or median (range). p values were determined by Mann-Whitney U two-tailed #-test. NA: Not applicable; NS: Not significant; ND:

Not detected.

were incubated at 4°C for surface staining, and PBMCs
were stained with the following fluorophore-conjugated
human monoclonal antibodies at room temperature for
20 min: anti-CD3/PE-Cy7 (clone HIT3a; BioLegend, San
Diego, CA, USA), anti-CD16/APC (clone 3G8; BioLegend,
San Diego, CA, USA) or PerCP (clone 3G8; BioLegend, San
Diego, CA, USA), anti-CD56/APC-Cy7 (clone HCDS56;
BioLegend, San Diego, CA, USA), anti-NKG2A/FITC
(clone REA110; Miltenyi Biotec), anti-NKG2C/PE (clone
REA205; Miltenyi Biotec), anti-NKG2D/BV421 (clone
1D11; BioLegend, San Diego, CA, USA), anti-CD69/FITC
(clone FN50; BioLegend, San Diego, CA, USA), anti-
NKp30/APC (clone P30-15; BioLegend, San Diego, CA,
USA), anti-NKp44/PE (clone P44-8; BiolLegend, San
Diego, CA, USA), and anti-NKp46/BV421 (clone 9E2;
BioLegend, San Diego, CA, USA). Cell viability was
determined using Live/Dead fixable viability stain 510 (BD
Biosciences, San Jose, CA, USA). Cells were washed and
fixed with 2% paraformaldehyde. Cytometer setup and
tracking calibration particles were used to ensure that
fluorescence intensity measurements were consistent
among all experiments. At least 200,000 PBMCs were
acquired on a BD FACSCanto II flow cytometer. Gating on
forward scatter and side scatter parameters was used to
exclude cell debris from the analysis; the forward height
and forward area were used to exclude doublets. Data
analysis was performed using FlowJo 7.6.1 software
version 10.4 (TreeStar, Ashland, OR, USA).

CD4* T-cell count and viral load measurements

Routine blood CD4* T-cell counts (cells/ul) were
measured by four-color flow cytometry using the human
CD45, CD3, CD4, and CD8 cell markers (BD Biosciences)
in whole peripheral blood samples from each patient
processed with a fluorescence activated cell sorter (FACS)
lysing solution (BD Biosciences) according to the manu-
facturer’s instructions. The plasma HIV-1 viral load
(copies per milliliter of plasma) was quantified by real-

time PCR (Abbott, Des Plaines, IL, USA). The sensitivity of
viral RNA detection using this assay is 40 copies/mL of
plasma (BD Biosciences).

Statistical analysis

Statistical analyses were performed using GraphPad Prism
6.0 software (GraphPad Software, Inc., La Jolla, CA, USA).
The statistical significance between the two groups was
calculated using the Mann-Whitney U test, and correlations
were determined by the Spearman rank correlation test,
with 7 being the Spearman correlation coefficient. A
P value < 0.05 was considered statistically significant.

Results

Demographic and clinical characteristics of the subjects
enrolled in this study

We enrolled chronically HIV-1-infected patients under-
going ART for 4 years who were divided into two groups
based on CD4" T-cell recovery: a group of 32 INRs
with <500 CD4* T cells/pL and a group of 32 IRs with
>500 CD4* T cells/pL. Thirty-five age-matched HCs were
also included in this study. The CD4" T-cell counts of the
IRs were higher than those of the INRs (P =0.021 before
ART; P < 0.0001 after ART). The CD8" T-cell counts of
the INRs were similar to those of the IRs before ART,
but at the time of analysis after ART, the CD8* T-cell
counts in the IR group were higher than those in the
INR group (P < 0.0001). There was no difference in the
ratio of CD4/CD8 between the two groups before or after
ART. The plasma HIV-1 viral load did not differ
significantly between the IR and INR groups before
ART. After 4 years of ART, all HIV-infected patients
achieved viral suppression, and the plasma HIV-1 viral
load could not be detected. No differences in demo-
graphics or treatment duration were present between the
groups [Table 1].
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Figure 1: The CD56%™CD16%™ NK cell subset is enlarged in INR patients. (A) The gating strategy used to identify NK cell subsets by flow cytometry and the frequencies of gated
populations are shown for a representative HC. Lymphocytes were gated according to forward and side scatter dot plots. Single cells were gated according to forward height and side scatter
forward area. Dead cells were excluded by staining with Live/Dead fixable viability stain 510. NK cells were defined within the CD3-gate on the basis of the expression of CD16 and CD56. NK
cells were divided into four subsets: CD56°""CD16%™ (P1), CD56“™CD16“™- (P2), CD56°™CD16""™ (P3) and CD56 CD16°"" (P4). (B) Frequencies of NK cells derived from peripheral
blood lymphocytes. (C) Percentages of the different natural killer (NK) cell subsets relative to the total NK cell population (100%). The frequency of CD56“™CD16%™" cells in the total NK cell
population was higher in INRs than that in IRs and HCs. (D) and (E) Correlation between €D56%™MCD16%™" NK cell subset with CD4* T-cell counts and viral load in INR pre-ART group. The
Mann-Whitney U test was used for statistical analysis. Horizontal lines indicate mean values, and error bars represent the mean + standard error of mean. Correlations between two
variables were analyzed in nonparametric Spearman’s rank correlation tests, and p<0.05 was considered statistically significant. HCs: Health controls; INRs: Immunological non-
responders; IR: Immunological responder; NK: Natural killer; PBL: Peripheral blood lymphocytes; VL: Viral load.

INR patients have an increased proportion of
CD56"™CD16"™" NK cells

PBMCs were analyzed by flow cytometry with initial
gating on CD3" peripheral blood lymphocytes (PBLs)

and subsequent analysis based on CD56 and CD16

expression ' ' \ ' '
CDS6™CD16%™, CDs6UCD16%™, CDSE*"CD16™ ",
and CD56°CD16""#" (Figure 1A, presented in gates P1,
P2, P3, and P4, respectively).
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To further delineate the potential role of NK cells in
immune reconstitution, we analyzed their proportions
according to the immune reconstitution status. In our
study, before ART, the frequency of NK cells among PBLs
in INRs was lower than that among HCs (Figure 1B, INR
pre-ART vs. HC, P=0.029), but it was restored by ART.
No differences were observed in the frequency of NK cells
between HCs and IRs.

Significant differences existed in the CD564™CD169™" and
CD569MCD16"8 subsets between groups, but there
were no differences in the CD356™8™CD16%™ and
CD56°CD16 8" subsets [Figure 1C]. Interestingly, both
before ART and after ART, the frequency of
CD569MCD16%™ NK cells was significantly higher in
INRs than that in IRs (INR pre-ART wvs. IR pre-ART,
P=0.019;INR-ART vs. IR-ART, P =0.011). Compared to
that in the HC group, the frequency of CD56%™CD16™"
NK cells in both the IR and INR groups was increased with
HIV-1 infection (INR pre-ART vs. HC, P =0.003; INR-
ARTws. HC, P < 0.0001; IR-ART vs. HC, P = 0.019). With
the prolongation of HIV infection, the frequency of
CD56%™CD16%™ NK cells was increased and not restored
by ART (INR pre-ART ws. INR-ART, P=0.008; IR pre-
ART v5. IR-ART, P = 0.02). The CDS6"™CD 16" subset
in INRs was lower than that in HCs before ART (INR pre-
ART wvs. HC, P=0.006). After 4 years of ART, the
CD56%™CD16"" subset in both INRs and IRs was lower
than that in HCs (INR-ART vs. HC, P =0.0001; IR-ART
vs. HC, P =0.006), but there was no difference between the
INRs and IRs. These results implied that NK cell subsets
were only partially recovered after ART. Of note, in the INR
pre-ART group, correlation an;rinl)/sis revealed that the
increase in the CD569™CD16%™ NK cell subset was
inversely correlated with CD4* T-cell counts (r=-0.344,
P=0.050, Figure 1D) and also inversely correlated with
viral load (r=—0.4495, P =0.010, Figure 1E). We did not
find any significant correlations in other groups.

INRs with an increase in the CD56™CD16“™~ NK cell
subset display higher immune activation

NK cell activation was confirmed by measuring CD69
upregulation in this study. We found that CD69 expression
in the overall NK cell population was higher in HIV-
infected patients than that in HCs (INR pre-ART ws. HC,
P <0.0001; INR-ART vs. HC, P=0.012; IR pre-ART wvs.
HC, P=0.001; Figure 2A). However, if HIV-infected
patients were stratified into IRs and INRs, the INRs had a
significantly higher frequency of CD69 expression than the
IRs after ART and HCs (INR-ART vs. IR-ART, P =0.038;
Figure 2A). In the CD569™CD16%™" NK cell subset, the
frequency of CD69 expression in the INR-ART group was
still significantly higher than that in the IR-ART and HC
groups (INR-ART ws. IR-ART, P=0.018; INR-ART us.
HC, P =0.003; Figure 2F). These results suggest that the
CDS56Y™CD16%™ NK cell subset is activated.

Early activation of NK cells was negatively related to CD4*
T-cell counts

The immune activation of NK cells is responsible for the
poor immune reconstitution of INRs.*”! To further
determine the role of NK cell activation in HIV infection

WWW.Cmj.org

with different degrees of immune restoration after long-term
ART and viral suppression, we analyzed the correlation
between the expression of CD69 on NK cells and CD4" T-
cell counts. In the current study, there was a significantly
negative association between the percentage of CD69" NK
cells and peripheral CD4* T-cell counts in the INR-ART
group (r=-0.416, P=0.019; Figure 2B). The number of
CD4" T cells was increased after 4 years of ART (ACD4)
among INRs and negatively correlated with the frequency of
CD69" NK cells (r=-0.509, P=0.003; Figure 2D).
However, a trend toward a negative relationship between
the percentage of CD69" NK cells and CD4" T-cell counts,
ACD4, was observed in the IR-ART group, but this
relationship was not statistically significant (r =-0.054,
P=0.762; r=-0.098, P =0.578; Figures 2C and 2E).

The correlation between the percentages of CD69-express-
ing CD569™MCD16%™ NK cells and CD4* T-cell counts in
HIV-infected patients tended to negative; however, this
correlation was not statistically significant [Figures 2G and
2H]. Notably, ACD4 in the IR-ART group was significantly
inversely correlated with the percentages of CD69-express-
ing CD569™MCD 169%™ NK cells (r=-0.363, P = 0.034), but
this relationship was not seen in the INR group [Figures 21
and 2J]. Thus, a strong CD564™CD16%™" NK cell
activation capacity may have an adverse effect on INR
CD4* T-cell recovery after ART.

The frequency of CD56"™CD16™™~ NK cells in INRs was
positively correlated with the early activation of NK cells

To further determine the contribution of the relatively high
frequency of CDS564™CD169™" NK cells to NK cell
activation, we analyzed the correlation between the
frequencies of CD69* NK cells and CD56%™CD16%4™"
NK cells. In the current study, the frequency of
CD569mMCD164™" NK cells was positively correlated
with the early activation of NK cells in both INRs and IRs
before and after ART (r=0.360, P = 0.042, INR pre-ART;
r=0.381, P=0.034, INR-ART; »=0.602, P=0.0002, IR
pre-ART; r=0.401, P=0.018, IR-ART; Figures 3A-3D).
These findings suggest that a higher level of CD69
expression on NK cells is correlated with a higher
frequency of CD569™CD16%™ NK cells in HIV-infected
patients. This also further confirms the negative role of
CD56Y™CD16%™ NK cells in immune reconstitution.

Expression of NK activating receptors (NKG2C, NKG2D, and
NKp46) on the CD56"™CD16"™- NK subset was higher in
IRs than that in INRs after ART

NK cell functionality is coordinated by a dynamic balance
between inhibitory and activating signals upon encounter-
ing a target cell.'™*%! Previous data have shown that
abnormal expression of NK activating and inhibitor
receptors is associated with impaired NK cell function."
We focused on the receptor spectrum in CD569™CD164™-
NK cells, including the inhibitory receptor NKG2A and
activating receptors NKG2C, NKG2D, NKp30, NKp44,
and NKp46 [Figure 4].

First, we analyzed receptor expression on total NK cells.
Before ART, the frequency of NKG2D expression on
NK cells was lower in INRs than IRs (INR pre-ART vs. IR
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pre-ART, P =0.005; Figure 4A), and NKp30 expression
on NK cells was higher in INRs (INR pre-ART vs. IR pre-
ART, P=0.003; Figure 4B). However, these differences
disappeared after ART. Compared to that in HCs, the
expression of NKp46 in IRs and INRs was lower, and
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this gap actually increased after ART (INR-ART ws.
HCs, P=0.007; IR pre-ART vs. HC, P =0.002; IR-ART
vs. HC, P < 0.0001; Figure 4B). The expression levels of
NKp44 on the NK cells of HIV-1-infected patients were
very low [Figure 4B] if not undetectable without iz vitro
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stimulation.®?! There was no difference in NKG2A,
NKG2C, and NKp44 expression on NK cells among the
groups.

As shown in Figures 4C and 4D, we further investigated
and analyzed the expression of NK cell receptors in the
CD56%™CD169™" subset. A comparative evaluation of
the phenotype of NK cells among INRs and IRs was
performed. Before ART, the frequency of NKG2D-
expressing CD3564™CD169™ NK cells was lower in the
INRs (INR pre-ART ws. IR pre-ART, P=0.013;
Figure 4C), and NKp30 expression was higher in the
INRs (INR pre-ART ws. IR pre-ART, P=0.012;
Figure 4D). After ART, the difference in NKp30 expres-
sion disappeared. However, the levels of NKG2C,
NKG2D, and NKp46, the activating receptor of NK cells
expressed in the CD569™CD16%™" subset, were all higher
in the IR-ART group (INR-ART ws. IR-ART, P=0.016,
P=0.002, and P=0.025, respectively; Figures 4C and
4D). In addition, these activating receptor levels were all
higher in HIV-infected patients after ART, both INRs and
IRs, than those in HCs (INR-ART wvs. HC, P < 0.0001

and P=0.001; IR-ART ws. HC, P < 0.0001, P < 0.0001,
and P < 0.0001, respectively; Figures 4C and 4D).

The expression of the inhibitory receptor NKG2A was lower
in HIV-infected patients than that in HCs before ART (INR
pre-ART vs. HC, P = 0.012; Figure 4C), and as the infection
was sustained, the expression of NKG2A also increased
despite after four years ART (IR-ART ws. HC, P =0.002;
Figure 4C). There was no difference between INRs and IRs.

The activating receptor NKG2C and the inhibitory
receptor NKG2A recognize the same ligand, HLA-E, a
non-classical HLA molecule characterized by limited
polymorphism.*?**! Tt has been reported that the
proportion of NKG2A'NKG2C* NK cells is a potential
biomarker for predicting HIV disease progression.*>! In
our results, NKG2A'NKG2C* expression on total NK cells
was increased in the INR-ART group compared to the HC
group (INR-ART wvs. HC, P=0.049; Figure 4E). The
frequency of NKG2A'NKG2C* CD569™CD16%4™" NK
cells was higher in IR-ART than that in INR-ART (INR-
ART vs. IR-ART, P = 0.03; Figure 4F). Compared to HCs,
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INR-ART, and IR-ART showed increased levels of

NKG2A'NKG2C* CD56%™CD169™" NK cells; however,

were also increased in INR-ART and IR-ART, although
there were no differences between HIV-infected patients
and HCs at baseline (INR-ART ws. HC, P < 0.0001; IR-
ART wvs. HC, P < 0.0001; Figure 4F).

In summary, the expression of NK activating receptors
(NKG2C, NKG2A'NKG2C*, NKG2D, and NKp46) on
the CD569™CD16%™" NK subset was higher in IRs than
that in INRs after 4 years of ART. Although we did not
perform further analysis of NK cell inhibitory receptors

due to logistical limitations, in the current study, the higher
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activating receptor expression may be reflective of the
higher cytotoxicity against HIV infection and better
immune reconstitution among IRs.

Correlations between CD69 and NKG2C, NKGZA'NKGZC* s
NKG2D, and NKp46 expression on CD56"™CD16"™~ NK cells

Next, we analyzed the correlations between activation and
functional markers on NK cells in HCs and HIV-infected
subjects. Interestingly, we found significant negative
correlations  between NKG2C, NKG2ANKG2C*,
NKG2D, and NKp46 expression and CD69 expression
on CD569mCD16%™" NK cells in the INR-ART group
(r=-0.491, P=0.004; r=-0.434, P=0.013; r=-0.405,
P=0.021;r=-0.457, P = 0.008, respectively; Figures SA—
5D). In the IR-ART group, NKG2C, NKG2A'NKG2C",
and NKG2D expression on CD569™CD164™" NK cells
but not NKp46 expression was significantly negatively
correlated with CD69-expressing CD564™CD169™ NK
cells (r=-0.416, P=0.017; r=-0.424, P=0.015; r=-
0.435, P=0.010, respectively; Figures SE-5H). This
evidence supports that increased activating receptor
(NKp46, NKp30, and NKG2D) expression on the
CD56%™CD16%™" subset is accompanied by decreased
CD69 expression. Altogether, this pattern indicates a
relatively favorable immune reconstitution environment in
IR patients. These results also suggest that NK cells may be
activated to express these activation and functional
markers by different mechanisms in HIV-infected patients.

Discussion

This study was performed to investigate the role of NK cells
in the immune reconstitution of HIV-1-infected individuals.
In INRs, the frequency of CD56%™CD16%™ NK cells was
higher than that in IRs both before ART and after four
years of ART. The increase in CD564™CD164™" NK cells
was inversely related to CD4* T-cell counts in the INR pre-
ART group. In addition, INRs displayed higher levels
of early activation than IRs after ART, and the early
activation of NK cells was negatively correlated with
CD4" T-cell counts in HIV-infected individuals. Further-
more, CD569™CD169™ NK cells were positively correlat-
ed with the early activation of NK cells. Accordingly,
CD56%™CD16%™ NK cells may be involved in the poor
immune reconstitution of INRs.

It has been demonstrated that in the acute phase of HIV-1
infection, NK cells expand in the peripheral blood to
inhibit HIV replication and can mediate iz vivo immune
pressure in infected individuals, resulting in the viral
escape.l®®! NK cell features are affected by high and
chronic viremia, including the frequencies, phenotypes,
and functions.””) The number of circulating NK cells
appears to be restored as soon as HIV-1 infection enters its
chronic stage, but the distribution of the different subsets
undergoes pathological redistribution.”*®! Several studies
have shown that HIV-1 pathologically changes NK cell
homeostasis and hampers NK cell antiviral effector
functions. These pathogenic events are associated with a
pathological redistribution of NK cell subsets that includes
the expansion of anergic CD56 CD16"" NK cells with
an aberrant repertoire of activating and inhibitory
receptors.*?! Recently, the existence of a population of

WWW.Cmj.org

CD569mCD169™ NK cells was detected but found to be
globally reduced in a longitudinal cohort of HIV-1-
infected individuals. On CD16 versus CDS56 flow
cytometry dot plots of fresh human PBMCs, the five
usual NK cell subpopulations appeared: CD56” 8" CD16",
CD56™8"CD169™ CD564™CD167, CD564™CD16"8ht)
and CD56 CD16" ", From a functional point of view, in
HCs and HIV-1-infected patients, the most proficient
degranulating subset was CD569™CD16" cells and sorted
CD569mCD169™  cells  degranulated more than
CD56%™CD16 8" cells but less than CD564™CD16"
NK cells. The CD564™CD16" population was similarly
the subset that most effectively produced IFN-v, followed
by the CD569™CD164™ subset.[*”! Therefore, it can be
speculated that the CD569™CD16%™ subset has strong
cytotoxicity and the ability to produce IFN-y. Due to the
clinical interest in NK cells, it is therefore highly relevant to
precisely identify NK cell populations with specific or
pronounced functions. In particular, multiparametric
cytometry allows in-depth investigation of human immune
cells, and clear, univocal identification on the basis of
phenotypic traits determined using flow cytometry can
help us understand the role of NK cells in disease.*!

Our data are consistent with previous reports indicating
that CD569™CD16"8" NK cells are the largest popula-
tion of NK cells in PBLs and that there is a decrease in the
cytotoxic CD569™MCD16"8" NK cell level despite four
years of ART.334241 CD5ePrish'CD 169 NK cells are
described as the progenitors of CD564™CD16"7 8 cells. In
an African adult HIV treatment cohort, researchers found
high proinflammatory CD56"8"*CD16%™" NK cell levels
among sub-optimal IRs despite four years of suppressive
ART.™ However, we did not find a difference in the
CDS56"8"CD16%™" subset between INRs and IRs.

CD56%™CD16#M cells sequentially progress from an
immature population via characteristic loss of inhibitory
receptors, such as NKG2A, and gain of CD16, KIR, and
CDS57 receptors.*! CD569™CD 16" NK cells also lose
expression of CD16 through metalloprotease-mediated
shedding and become CD356%™CD167, and the latter
population demonstrates a higher degranulation abili-
ty.[*®! Under these conditions, CD564™CD169™ NK cells
are likely a mixture of relatively immature cells and
previously CD569™CD 1678 cells that are on their way
to losing CD16 expression due to activation-induced
shedding. Recently, a study from France confirmed that the
NK cell maturation status of primary infected patients
should be considered a relevant marker of an immune
process contributing to the early outcome of ART that
could help in the management of HIV-infected patients. In
that study, HIV-infected individuals were grouped into
those with predominantly immature/early differentiated
NK cells and those with predominantly mature NK cells. In
conclusion, a better early response to ART is observed in
patients whose NK cell profile is skewed to maturation at
inclusion.*”!  According to Mathieu’s investigation,
CD56%™CD16%™ NK cells may be an intermediate stage
between CD564™CD16"" and CDS6"E"CD16%™ NK
cells.* In this study, the higher proportion of immature/
early differentiated CD569™CD164™" NK cells in INRs
might contribute to a poor response to ART and be
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disadvantageous for CD4" T-cell recovery. Phenotypic
immaturity does not necessarily correlate with the absence
of functionality, and it has been demonstrated that sorted
CD56%4™CD16%™" cells more effectively degranulate and
produce IFN-y than CD564™CD16""" cells.**! Previous
studies have confirmed that CD56""#"*CD164™ NK cells

from INRs show relatively high cgrtotoxicity against
autologous activated CD4* T cells.”*! A limitation of
the study is the lack of NK cell functional assays. We could
not determine whether the CD569™CD16%™" NK cells
have the same cytotoxicity against autologous activated
CD4* T cells, but based on the above evidence, we

2937


http://www.cmj.org

Chinese Medical Journal 2020;133(24)

speculate that the CD564™CD169™ NK sub-group plays
a detrimental role in the recovery of CD4* T cells.

The pathogenic and clinical relevance of this persistent NK
cell activation during the course of immune recovery is still
unclear. NK cell activation has been correlated with microbial
translocation, a factor associated with poor CD4* T-cell
restoration after long-term virus-suppressive ART.[*¥! In-
creased NK cell activation in INRs is inversely correlated with
CD4* T-cell recovery after ART.**!In this study, we analyzed
early NK cell activation by monitoring the expression of
CD69. Increased NK cell activation was found in HIV-
infected individuals. The percentage of CD69-expressing NK
cellsamong INR-ART was inversely correlated with CD4* T-
cell counts. In the CD564™CD16™ subset, CD69 expres-
sion in the INR-ART group was also higher than that in the
IR-ART and HC groups, and CD56%™CD16%™" NK cells
exhibited elevated early activation, which was inversely
correlated with CD4" T-cell counts. In addition, in INRs,
CD56%™CD16%™ NK cells were positively correlated with
the early activation of NK cells. Overall, the increase in
CD56%MCD16%™" NK cells may be a driver of NK cell
activation in INRs with virus-suppressed HIV.

Due to different functional and migratory behaviors, the
phenotypes of the various NK cell sub-populations in terms of
repertoires of activating and inhibitory receptors are not the
same.*”! In a study on poor CD4* T-cell reconstitution
evaluating the cell-surface expression of CDS6"8"*CD16%™"
NK cell-activating receptors (NKp30, NKp44, NKp46, and
NKG2D), only slightly higher NKp46 expression was
observed in INRs than IRs.’”! However, we did not find a
difference in the expression of NKp46 or NKG2A, NKG2C,
NKG2D, NKp30, and NKp44 on total NK cells
between INRs and IRs after ART. With regard to the
CDS569MCD16%™" subset, we were surprised to find that NK
cell functional marker (NKG2C, NKG2A'NKG2A®*,
NKG2D, and NKp46) expression in the IR-ART group
was higher than that in the INR-ART group. The increased
expression of activating receptors may be reflective of the
comprehensive functions against HIV infection and better
immune reconstitution in IRs. In addition, we found a
negative correlation between NKG2C, NKG2A'NKG2C",
NKG2D, and NHKL})46 expression and CD69 expression on
CDS6“™CD16%™ NK cells in the INR-ART and IR-ART
groups. Consistently, the sustained activation of the
CDS56%MCD16%™ subset in INRs might play an inhibitory
role in immune reconstitution in this patient population.

Our results imply that after four years of suppressive ART,
HIV-associated NK cell dysfunction is only partially
rescued, with a high CD569™CD169™" subset character-
ized by relatively high activation in INRs both before and
after ART. The increase in the CD564™CD169™" NK cell
level was inversely related to CD4* T-cell counts in the INR
pre-ART group. Increased CD564™CD16%™"NK cell
activation in INRs was also inversely correlated with
CD4"* T cells. These findings reveal a novel mechanism by
which the alterations in NK cell populations may play an
adverse role in CD4" T-cell recovery in INRs. Further
analysis of the function of the CD564™CD16%™ subset in
INRs is urgently needed to inform targeted interventions to
optimize immune recovery.
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