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Abstract

Despite a growing number of studies investigating the impact of natural killer (NK) cells on HIV-1
pathogenesis, the exact mechanism by which NK cells recognize HIV-1-infected cells and exert
immunological pressure on HIV-1 remains unknown. Previously several groups including ours
have introduced autologous HIV-1-infected CD4* T cells as suitable target cells to study NK-cell
function in response to HIV-1 infection /in vitro. Here, we re-evaluated and optimized a
standardized in vitro assay that allows assessing the antiviral capacity of NK cells. This includes
the implementation of HIVV RNA copy numbers as readout for NK-cell-mediated inhibition of
HIV-1 replication and the investigation of inter-assay variation in comparison to previous methods,
such as HIV-1 p24 Gag production and frequency of p24* CD4" T cells. Furthermore, we
investigated the possibility to hasten the duration of the assay and provide concepts for
downstream applications. Autologous CD4* T cells and NK cells were obtained from peripheral
blood of HIV-negative healthy individuals and were separately enriched through negative
selection. CD4* T cells were infected with the HIV-1 strain JR-CSF at an MOI of 0.01. Infected
CD4* T cells were then co-cultured with primary NK cells at various effector:target ratios for up
to 14 days. Supernatants obtained from media exchanged at days 4, 7, 11 and 14 were used for
quantification of HIV-1 p24 Gag and HIV-1 RNA copy numbers. In addition, frequency of infected
CD4* T cells was determined by flow cytometric detection of intracellular p24 Gag. The assay
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displayed minimal inter-assay variation when utilizing viral RNA quantification or p24 Gag
concentration for the assessment of viral replication. Viral RNA quantification was more rigorous
to display magnitude and kinetics of NK-cell-mediated inhibition of HIV-1 replication,
longitudinally and between tested individuals. The results of this study demonstrate that NK-cell-
mediated inhibition of HIV-1 replication can be reliably quantified /7 vitro, and that viral RNA
quantification is comparable to p24 Gag quantification via ELISA, providing a robust
measurement for NK-cell-mediated inhibition of viral replication. Overall, the described assay
provides an optimized tool to study the antiviral capacity of NK cells against HIV-1 and an
additional experimental tool to investigate the molecular determinants of NK-cell recognition of
virus-infected cells.
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1. Introduction

Natural Killer (NK) cells represent a subset of lymphocytes that is critically involved in the
control of viral infections (Jost and Altfeld, 2013; Orange, 2002; Vidal et al., 2011). The
function of NK cells is governed by multiple inhibitory and activating receptors balancing
self-tolerance and effective responses recognizing cells with “non-self” or “altered-self”
phenotypes. NK-cell activation is accompanied by the release of cytotoxic granules
(degranulation) to eliminate virus-infected cells and the production of various pro-
inflammatory and antiviral cytokines. Accumulating evidence strongly indicate a role of NK
cells in HIV-1 pathogenesis (Carrington and Alter, 2012; Jost and Altfeld, 2012).
Epidemiological studies have identified several members of the killer-cell immunoglobulin-
like receptor (KIR) family expressed by NK cells to be involved in the control of HIV-1
infection (Martin et al., 2007, 2002). Furthermore, it has been shown that NK cells are able
to produce cytokines upon stimulation that compete with HIV-1 co-receptor CCRS5 (Fauriat
et al., 2010; Oliva et al., 1998). However, it is still not fully understood how NK cells
recognize HIV-1 infected cells and which cellular host factors would enable efficient NK-
cell-mediated control of HIV-1 infection.

The function of NK cells in response to cellular targets has been studied extensively mostly
using MHC class I devoid cell lines such as 721.221 (Burlingham et al., 1989) and K-562
(Lisovsky et al., 2015a). However, given the divergent origin of these cells, they display
certain limitations with respect to HIV-1 research. This includes the lack of MHC class |
molecules that serve as important ligands for activating and inhibitory NK-cell receptors and
therefore are potent regulators of NK-cell activation (Nash et al., 2014). Thus, results and
conclusions on NK-cell function drawn from experiments with these models should be used
with caution in the setting of HIV-1 infection. In contrast, autologous CD4* T cells are the
natural target for HIV-1. The abundant expression of ligands for inhibitory NK-cell
receptors, including MHC class | molecules, and low expression of ligands for activating
receptors render autologous CD4* T cells initially not susceptible to NK-cell-mediated
killing. However, /n vitro HIV-1 infection and subsequent HIV-1-mediated alterations of the
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cellular phenotype make HIV-1-infected autologous CD4* T cells a suitable model for
HIV-1-specific target-cell recognition by NK cells. Several groups as well as ours have
developed assays for the assessment of direct and indirect antiviral functions of NK cells
(Bonaparte and Barker, 2003; Ward et al., 2007; Fogli et al., 2008; Davis et al., 2011;
Lisovsky et al., 2015b; Norman et al., 2011; Alter et al., 2007; Oliva et al., 1998; Bernstein
et al., 2004). This includes the assessment of the ability of NK cells to produce antiviral
cyto- and chemokines, to lyse infected target cells or to inhibit HIV-1 replication.

Based on a previous approach of Alter et al. (Alter et al., 2007), we re-evaluated and
optimized a standardized /n vitro assay that allows the assessment of the antiviral capacity of
primary NK cells. The presented approach uses HIV-1-infected autologous CD4* T cells as
target cells and quantification of NK-cell-mediated inhibition of HIV-1 replication as a
measure for the ability of NK cells to control HIV-1 infection in vitro.

2. Materials and methods

2.1 Study subjects

A total of 22 HIV-1-negative healthy subjects were recruited for this study. Subjects were
enrolled at the Massachusetts General Hospital in Boston, USA and at the Heinrich Pette
Institute, Leibniz Institute for Experimental Virology, Hamburg, Germany. The study was
approved by the respective local Institutional Review Boards. All individuals gave written
informed consent for participation in this study. Study participants have been randomly
selected for each individual experiment.

2.2 Sample processing and isolation of peripheral blood mononuclear cells (PBMC)

50 ml ACD-treated venous peripheral blood was obtained through phlebotomy from all
participants. PBMC were isolated by density-gradient centrifugation within 2 hours of
sample collection and subsequently resuspended in complete medium (RPMI-1640 medium
(Sigma) supplemented with 10% (v/v) fetal bovine serum (Sigma), 2 mM I-glutamine, 100
U/ml penicillin, 100 pg/ml streptomycin (All from Corning Cellgro). PBMC yield and
viability was assessed using a NucleoCounter (NC-200, ChemoMetec). Recovery of PBMC
ranged between 50-100 million cells with an average viability >99%.

2.3 Enrichment of autologous CD4* T cells and primary NK cells

PBMC were divided at a 1:10 ratio for enrichment of CD4* T cells and primary NK cells
respectively. Negative-selection strategy was applied using CD4" T cell or NK-cell
enrichment kits (Stemcell Technologies) accoring to the manufacturer’s protocol. Purity of
the enriched cell populations was verified by multi-parameter flow cytometry using the
following antibodies: CD4-APC (clone RPA-T4), CD3-PacificBlue (clone UCHT1), CD56-
APC-Cy7 (clone HCD56), CD8-FITC (clone HIT8a, all BD) and CD16 BV510 (clone EGS8,
Biolegend). Average cell purity for CD4" T cells was 97.2% and 94.5% for NK cells
respectively with less than 0.3% contamination of CD8* T cells. CD4* T cells were
resuspended in complete media at 5*106 cells/ml and stimulated with 100 1U/ml human
recombinant IL-2 (hrlL-2; NIH) and 1 pg/ml phytohaemagglutinin (PHA, Fisher) overnight.
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NK cells were resuspended in complete media supplemented with 1 ng/ml human
recombinant IL-15 (hrIL-15; R&D systems) overnight.

2.4 In vitro infection and long-term NK/CD4* T cell co-culture

Overnight cultured CD4* T cells were infected with the laboratory HIV-1 strain JR-CSF at a
multiplicity of infection (MOI) of 0.01 in 100 ul of complete media supplemented with 100
IU/ml hrIL-2 for 4 hours at 37°C. Following infection CD4* T cells were washed twice with
14 ml of complete media to remove free viral particles. CD4* T cells were then plated in a
96 round-bottom well plate (5*10* cells/well) in the absence or presence of NK cells. NK
cells were added at effector:target ratios of 0.1:1, 1:1 and 10:1 in a total volume of 300 ul of
complete media supplemented with 50 1U/ml hrIL-2 and 1 ng/ml hrlL-15 for 14 days. Each
condition was plated at least in duplicate.

2.5 Sample collection and assessment of HIV-1 replication

Culture supernatants were collected every 3 or 4 days for subsequent batch analysis of
HIV-1 p24 Gag concentration and copy numbers of HIV-1 RNA. A total of 150 ul of
supernatant was collected from each well, briefly centrifuged (5 min, 350 RCF) to remove
residual cells and then stored at —20°C. Replicates for each condition were pooled prior to
freezing. In addition, residual cells were used to assess the frequency of HIV-infected CD4*
T cells after 14 days of co-culture.

2.6 Quantification of HIV-1-infected CD4* T cells by flow cytometry (p24 ICS)

The frequency of HIV-1-infected CD4* T cells was measured by intracellular detection
(Intracellular staining, ICS) of the HIV-1 p24 capsid protein using multi-parameter flow
cytometry. After removal of culture supernatants, cells of identical replicates were pooled
and washed once with PBS. Surface staining for viability and lineage markers was
performed by resuspension of cells in 100 ul PBS supplemented with 2% (v/v) FBS
followed by 30 min incubation at room temperature with the respective antibodies and
reagents: CD3-Pacific Blue (BD), CD4-APC (BD), LIVE/DEAD Fixable blue dye
(Invitrogen). Subsequent intracellular staining was conducted using anti-p24-FITC (clone
KC57, Beckman Coulter) and a commercially available cell permeabilization and fixation
kit (Invitrogen) according to the manufacturer’s protocol. Labelled cells were washed with
PBS and fixed in 1% (w/v) paraformaldehyde (PFA) solution (Affymetrix) until flow
cytometric acquisition.

2.7 Quantification of p24 Gag protein in viral supernatants by ELISA (p24 ELISA)

For the assessment of HIV-1 p24 Gag concentration in culture supernatants a commercially
available HIV-1 p24 ELISA kit (Perkin Elmer) was used in accordance with the
manufacturer’s instructions. Samples were read in duplicate on a TECAN Sunrise ELISA
Plate Reader and analysed by Magellan Software Version 6.5. Analytical sensitivity of the
ELISA was 4.3 pg/ml; reproducibility within the assay was C.V.: 5.5%.

J Immunol Methods. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

He et al. Page 5

2.8 Quantification of viral RNA by RT-gPCR (HIV RNA)

Isolation of viral RNA from culture supernatants was performed using QlAamp Viral RNA
Kits (Qiagen). Purified viral RNA was quantified through amplification of HIV-1 gag by
real-time reverse transcriptase polymerase chain reaction (RT-qPCR) with a detection limit
of 10 viral RNA copies per microliter of supernatant. RT-qPCR was performed with the
QuantiFast SYBR Green RT-PCR Kit (Qiagen) according to manufacturer's instructions in a
384 well plate on a Roche Lightcycler 480. The protocol utilizes a combination of gag “SK”
primers that components of the Amplicor HIV-1 Monitor viral load test: SK145 primer
(forward): AGTGGGGGGACATCAAGCAGCCATGCAAAT (30 bp; 72.5 Ty); SK431
primer (reverse): TGCTATGTCACTTCCCCTTGGTTCTCT (27 bp; 61.3 Tr,). 2 ul of
sample was used and sampling was performed in duplicate with a standard deviation of 0.5
between crossing threshold (C;) numbers as quality control cut-off. Concentrations were
calculated from a 10,000 copy number standard of HIV-1 HxB2.

2.9 Quantification of CD4* T cell and NK cell numbers

Assessment of absolute cell numbers in the NK/CD4" T cell co-culture was conducted using
fluorescent CountBright absolute counting beads (Invitrogen) and subsequent direct
acquisition of cells and beads by flow cytometry. CD4* T cells and NK cells were stained
with fluorescent dyes (cell tracker, Life technologies) prior to the co-culture to allow
identification of the respective cell type.

2.10 Assessment of NK cell activation

Levels of NK cell activation have been determined through expression of CD107a on the
surface of NK cells (Alter et al., 2004). Enriched primary NK cells were cultured for 3 days
in complete media supplemented with 50 1U/ml hrlL-2 and 1 ng/ml hrlL-15 and
subsequently co-cultured with differentially stimulated autologous CD4* T cells.
Autologous CD4* T cells were either cultured with CD3/28 beads (Gibco) or PHA with or
without subsequent HIV-1 infection for a total of 3 days. Monensin was added one hour after
setup of the co-culture followed by additional 3 hours of incubation. Cells were stained for
viability (Live/Dead Blue), expression of CD3, CD4, CD16, CD56 and then fixed with
paraformaldehyde (Cell fix, BD).

2.11 Data acquisition and statistical analyses

Acquisition of flow cytometric data was performed on a BD LSR Fortessa (BD Biosciences)
and further analysed using FlowJo software v7.6.5 (Tree Star, Inc.). GraphPad Prism 6.0
(GraphPad Software, Inc.) was used for statistical analyses. Comparison between two groups
was performed using non-parametric Wilcoxon matched-pairs signed rank test for paired
values. Spearman rank was used to test for correlation between parameters.

3. Results

The goal of this study was to optimize and evaluate a standardized /n vitro assay which
allows the quantitative assessment of the antiviral capacity of primary NK cells against
HIV-1. Therefore, we co-incubated purified primary NK cells with autologous HIV-1-
infected CD4* T cells as target cells and monitored levels of HIV-1 replication for up to 14
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days using the following three methods: i) frequency of HIV-1-infected CD4* T cells by
detection of intracellular HIV-1 p24 Gag (p24 ICS), ii) concentration of HIV-1 p24 Gag in
culture supernatants by ELISA (p24 ELISA) and iii) quantification of copy numbers of
HIV-1 RNA in culture supernatants by RT-gPCR (HIV RNA).

3.1 HIV-1 RNA copy numbers are a suitable marker for quantification of HIV-1 replication in

vitro

First, we sought to compare the reproducibility of the three methods of HIV-1 quantification
by monitoring HIV-1 replication in CD4* T cells from 3 different healthy donors. CD4* T
cells were plated in at seven replicates and cultured for 14 days. Assessment of HIV-1
replication revealed that the reproducibility as determined by the coefficient of variation
(C.V.) varied between each method. In comparison to the intracellular detection of p24 Gag
in CD4™ T cells, RT-gPCR and p24 ELISA displayed consistently lower dispersion (Table
1). These results indicate that the frequency of p24* CD4* T cells as a measurement of
HIV-1 replication is less consistent in the setting of this /n vitro assay than HIV-1 RNA copy
numbers or p24 Gag concentrations. In contrast, the results showed that HIV-1 RNA copy
numbers determined by RT-qPCR are a suitable marker to quantify HIV-1 replication in
vitro.

3.2 Primary NK cells are able to inhibit HIV-1 replication in vitro in a dose-dependent

manner

Next, we investigated the ability of the /n vitro assay to detect NK-cell-mediated inhibition
of HIV-1 replication. Autologous CD4* T cells from 13 healthy volunteers were infected
with HIV-1 at an MOI of 0.01 and co-incubated with primary NK cells at effector:target cell
ratios ranging from 0.1:1 to 10:1 for 14 days. Generally, increasing numbers of NK cells in
the co-culture were associated with reduced frequencies of p24* CD4* T cells as well as
decreased p24 Gag concentration and HIV-1 RNA copy numbers in culture supernatants
(Figure 1A—-C). However, while p24 ELISA and RT-gPCR were able to detect the inhibitory
effect of low NK cell numbers on HIV-1 replication, no significant changes in the
percentages of p24* CD4* T cells were observed at low or equal numbers of NK cells.
Similar results were obtained when NK-cell-mediated inhibition of HIV-1 replication was
calculated based on the ratio between levels of HIV-1 replication in NK:CD4* T cell co-
cultures and CD4* T cells alone (Figure 1D-F). Again, p24 ELISA and to a slightly lesser
extent RT-gPCR were able to display the effects of increasing E:T ratios on HIV-1
replication. However, differences in NK-cell-mediated inhibition were detected between E: T
ratios of 1:1 and 10:1 by all methods, indicating that a minimal number of NK cells is
required to exert a measurable antiviral effect. Taken together, the assay was able to
efficiently detect quantitative effects of different NK-cell effector:CD4* T cell target ratios
and the differential antiviral capacities of NK cells of donors, in particular when p24 ELISA
and RT-qPCR were used as readouts of HIV-1 replication.

3.3 HIV-1 RNA copy numbers strongly correlate with production of p24 Gag

Overall detection of NK-cell-mediated inhibition of HIV-1 replication was achieved with all
three virological readouts. However, all three methods displayed differential inter-assay
variability and varying sensitivity. Therefore, it was further investigated whether the
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frequency of p24* CD4* T cells, p24 Gag concentrations and HIV-1 RNA copy numbers,
generally correlated with each other. For this, the values of the three virological parameters
were plotted against each other (Figure 2).

Statistical analysis showed that HIV-1 RNA copy numbers strongly correlated with p24 Gag
concentrations (Rs=0.85, p<0.0001) and to a lesser extent with the percentage of p24* CD4*
T cells (Rg=0.41, p=0.003) (Figure 2A). However, transformation of the values to NK-cell-
mediated inhibition using CD4* T cells alone as a reference revealed significant correlations
between all three readouts (Figure 2B). Again, HIV-1 RNA copy numbers and p24 Gag
production showed the strongest co-dependence (Rs=0.896, p<0.0001), followed by HIV-1
RNA copy numbers and frequency of HIV-1-infected CD4" T cells (R¢=0.71, p<0.0001).
These results indicate that HIV-1 viral load as determined by HIV-1 RNA copy humbers and
p24 Gag concentrations are interchangeable measures for quantification of NK-cell-
mediated inhibition of HIV-1 replication with high co-dependence.

3.4 Levels of NK-cell-mediated inhibition can be detected by day 7 of NK/CD4* T cell co-

culture

Finally, the kinetics of NK-cell-mediated inhibition of HIV-1 replication were determined
over time. Therefore, p24 Gag production (Figure 3A) and HIV-1 viral load (Figure 3B) was
monitored for 14 days and stratified in 3 groups depending on the antiviral capacity of the
donor NK cells (poor, moderate or good).

For both virological readouts, NK cells with poor antiviral capacity (Figure 3, left panel)
displayed low levels of inhibition at all times with one exception. Initial higher levels of
inhibition were only observed at high NK-cell numbers at day 4 but were lost over time. In
contrast, for donors with moderate and good antiviral capacity (Figure 3, middle and right
panel) high E:T ratios were associated with increasing levels of inhibition over time
indicating sustained NK-cell-mediated inhibition. For culture conditions with low and
medium effector:target ratios (0.1:1, 1:1) inhibition was less consistent, however the
association between effector:target ratios and increasing antiviral capacity was observed as
early as by day 7 of the co-culture. Correlation analysis (not displayed) between levels of
inhibition at day 14 of the co-culture and earlier time points revealed significant correlation
for all days using HIV RNA copy numbers with increasing R values for later time points day
7 (n=39; day 4: R¢=0.44, p=0.005; day 7: R¢=0.57, p=0.0001; day 11: R¢=0.62, p<0.0001).
For p24 Gag production significant associations between culture days were observed for day
7 and 11; however no association was observed between day 4 and day 14 (n=39; day 4:
Rs=0.13, p=0.42; day 7: Rs=0.62 p<0.0001; day 11: R¢=0.55, £=0.0003). Overall, these
results show that shorter periods of the co-culture (day 7) are sufficient to detect and
discriminate NK-cell-mediated inhibition of HIV-1 replication and confirmed that co-
cultures with higher NK-cell numbers show the most consistent results.

3.5 NK cell co-culture results in minimal unspecific NK cell activation and does not affect
CD4* T cell numbers

The observed results strongly indicate a donor and dose-dependent inhibition of HIV-1
replication in NK/CD4* T cell co-cultures. However, factors other than the antiviral function
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of NK cells may potentially skew the observed results. In that regard, unspecific activation
of NK cells und subsequent killing of uninfected bystander cells as well as limited survival
of target and effector cell populations in the long-term culture need to be considered.
Therefore, levels of NK cell activation as well as absolute cell numbers of CD4" T cells and
NK cells in the co-culture were determined. Our results showed no increase in NK cell
degranulation when cultured with HIV-1-infected and uninfected PHA-stimulated CD4* T
cells (Figure 4A). Finally, assessment of absolute cell numbers of both CD4 T cells and NK
cells showed an expansion of both effector and target cell populations (Figure 4B).
Altogether, our results demonstrate that the inhibition of HIV-1 replication in the co-culture
is not significantly impacted by the investigated factors and therefore, most likely attributed
to the direct and indirect antiviral functions of NK cells.

4. Discussion

Increasing evidence indicated that NK cells have an important role in the control of HIV-1
infection (Jost and Altfeld, 2013). However, no precise receptor profile associated with
efficient elimination of infected cells or control of HIV-1 has been identified so far. Given
recent advances in the adoptive transfer of NK cells in tumor therapy (Davies et al., 2014),
NK cells may serve as a potential target for immunotherapeutic interventions in HIV-1
infection. Thus, identification and characterization of those NK cells with potent anti-HIV-1
activity would be a promising approach for development of NK-cell-based vaccines or
strategies to achieve a functional cure. In this study we describe a protocol to determine the
antiviral capacity of primary NK cells. In the described /n vitro assay, HIV-1 replication was
monitored for up to 14 days in the presence or absence of primary NK cells using HIV-1-
infected autologous CD4" T cells. Furthermore, evaluation of various methods to measure
HIV-1 replication showed that quantification of p24 Gag by ELISA and HIV-1 RNA copy
numbers by RT-gPCR in culture supernatants gave the most robust and consistent results
when compared to the percentage of CD4* T cells expressing p24 Gag. Overall, using this
assay we demonstrate that NK cells are able to inhibit HIV-1 replication /7 vitroin a dose
and donor-dependent manner; thus providing an optimized tool to identify NK cells with
high antiviral potential.

Several studies have used autologous HIV-1-infected CD4* T cells to investigate NK-cell
responses upon exposure to HIV-1-infected target cells (Bonaparte and Barker, 2003; Ward
et al., 2007; Fogli et al., 2008; Davis et al., 2011; Lisovsky et al., 2015b; Norman et al.,
2011). While Lisovsky and co-workers assessed the levels of cytokine production and
degranulation in NK-cell subpopulations, the majority of the studies determined the direct
cytotoxic potential of NK cells by assessing lysis of HIV-1-infected cells using various
killing assays (Bonaparte and Barker, 2003; Fogli et al., 2008; Norman et al., 2011; Ward et
al., 2007). Both approaches provided valuable information on the molecular mechanisms of
target cell recognition by NK cells and the quality and quantity of NK-cell-mediated effector
functions in responses to HIV-1-infected cells. However, cytokine production as well as
CD107a expression, which is a well-established marker for NK-cell activation (Alter et al.,
2004), cannot be used as suitable surrogate markers for elimination of infected cells or
inhibition of HIV-1 replication. In contrast, killing assays such as the >Xchromium release
cytotoxicity assay (Kiessling et al., 1975) or the Calcein acetoxymethyl ester (CAM)
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cytotoxicity assay (Neri et al., 2001) are suitable assays to directly measure NK-cell
cytotoxicity. However, NK cells are also able to indirectly affect HIV-1 replication by the
production and release of CCR5 ligand chemokines that compete with HIV-1 for the co-
receptor CCR5 (Fauriat et al., 2010; Oliva et al., 1998; Song et al., 2014). Therefore,
longitudinal assessment of HIV-1 replication in the presence of NK cells integratea the direct
and indirect antiviral functions of NK cells and would provide additional information.
However, factors independent of the direct and indirect antiviral functions of NK cells may
potentially skew the results of our and other /n vitro inhibition models and therefore require
thorough evaluation. Such factors include the survival of effector and target cell populations
as well as their modulation by the type and amount of cytokines added in long-term cultures.
In the present study, our results show that both cell types undergo early expansion and
remain above the initially deployed cell numbers. In that regard the overall numbers of
CD4* T cells were not affected by the presence of NK cells indicating a negligible effect of
NK cells on the overall survival of CD4* T cells. This observation was further confirmed by
demonstrating that neither the presence of IL-2 and IL-15 nor the stimulation of autologous
CD4* T cells with PHA significantly induced unspecific activation of NK cells. Lastly, it is
possible that the composition of the donor T cell pool may affect infection of the T cell
population and subsequently seeding of the infection. In fact, virus production varied by the
factor >10 across the study population indicating a differential susceptibility for HIV-1
infection for each donor CD4* T cell pool. However, correlation analysis (not shown)
revealed that levels of NK-cell-mediated inhibition were not associated with the overall virus
production (in the absence of NK cells) indicating that the antiviral capacity of NK cell of
each donor represents an independent factor and may be only partially affected by the
susceptibility of the autologous CD4* T cells to infection. Altogether, our results show that
the viral inhibition assay is able to comprehensively detect NK-cell-mediated inhibition of
HIV-1 replication and thus can serve as an additional tool that takes direct and indirect NK-
cell-mediated effects on HIV-1 replication into account.

An additional goal of this study was to evaluate various methods that have been applied to
quantify HIV-1 replication in vitro. A few studies assessed the antiviral potential of NK cells
by assessing NK-cell-mediated inhibition of HIV-1 replication /n vitro (Alter et al., 2011,
2007; Oliva et al., 1998; Song et al., 2014). Alter et al. and more recently Song et al.
determined the frequency of infected cells by intracellular detection of p24 Gag as well as
quantified p24 Gag in culture supernatants. While some of these studies observed a
significant correlation between p24 Gag and the frequency of infected cells, systematic
correlation analysis of our larger dataset failed to reach statistical significance. However, we
observed a significant correlation between levels of NK-cell-mediated inhibition using these
two readouts, indicating that the antiviral effects of NK cells are associated with a lower
frequency of infected cells. Nevertheless, given the high coefficient of variance for
intracellular p24 Gag detection this method should be used in combination with other
measures of HIV-1 replication. Apart from the intracellular detection or quantification of
p24 Gag other methods have been used to measure viral replication. Activity of the HIV-1
reverse transcriptase was used as a readout by Bernstein et al. investigating the antiviral
activity of neonatal NK cells against HIV-1-infected CD4* T cells (Bernstein et al., 2004)
and Oliva et al. exploring the effect of CC chemokine production by NK cells (Oliva et al.,
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1998). Initially the assay required a facility to handle radioactive isotopes as the assay was
originally based on the radiometric quantification of incorporated [32P] nucleotides (Willey
et al., 1988). However, modified versions of this method do not require radioactive
nucleotides anymore and seem to at least outperform p24 ELISA (Igbal et al., 2007;
Vermeire et al., 2012). As HIV-1 RNA copy numbers are widely established in HIV-1
diagnostics as a surrogate marker for HIV-1 replication and clinical progression of HIV-1
infection (Murray et al., 1999; HIV Surrogate Marker Collaborative Group, 2000), we
included this virological parameter in our assay. Our results show that dose and donor-
dependent inhibition of HIV-1 replication by NK cells can be detected by HIV-1 RNA copy
numbers. In addition, HIV-1 viral load significantly correlated with both frequency of
infected cells and levels of p24 Gag in culture supernatant thus representing a suitable
method to measure NK-cell-mediated inhibition of HIV-1 replication /n vitro. Of note,
HIV-1 RNA can be used for downstream applications such as RNA-sequencing to detect /n
vitroviral escape by NK-cell-mediated immune pressure (Yang et al., 2003; Alter et al.,
2011). Furthermore, the assay can be useful to investigate the molecular determinants of
NK-cell recognition of HIV-1-infected cells. That would include blocking experiments with
NK-cell receptor-specific antibodies, sorting of NK cell sub-populations with distinct
receptor profiles (Alter et al., 2007) or generation of NK-cell clones with defined
phenotypes. In particular, the contribution of inhibitory NK cell receptors such as NKG2A
(Davis et al., 2016), KIR2DL1/L3 (Kdérner et al., 2014) and KIR3DL1 (Boudreau et al.,
2016) to the antiviral capacity of NK cells could be further elucidated. Finally, given the
increasing relevance of broadly neutralizing antibodies and their potential to induce
subsequent immune functions such as antibody-dependent (NK) cell-mediated cytotoxicity
(ADCC) in HIV-1 cure approaches (Caskey et al., 2015; Kim et al., 2015; Stephenson and
Barouch, 2016), the assay can be modified through addition of autologous serum or purified
antibodies to study ADCC as previously described (Dugast et al., 2014).

Taken together, the /n vitro viral replication assay described here provides a versatile tool to
study the antiviral capacity of NK cells against HIV-1, thus complementing existing methods
to identify NK cells with potent anti-HIV-1 activity for immunotherapeutic interventions in
HIV-1 infection.
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Highlights
We developed a standardized assay to assess the antiviral capacity of NK cells.
NK cells from different donors differentially inhibit HIV-1 replication /n vitro.

HIV-1 RNA is a sensitive marker for HIV-1 replication in this /in vitro assay.
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Figure 1. NK-cell-mediated inhibition of HIV-1 replication is dependent on the effector:target
cell ratio between NK cells and CD4* T cells

The figure display levels of HIV-1 replication (A-C) and NK-cell-mediated inhibition (D—F)
measured as frequency of p24* CD4* T cells (p24 ICS), concentration of p24 Gag (p24
ELISA) and copy numbers of viral RNA (HIV RNA) in the culture supernatant. HIV-1-
infected autologous CD4" T cells from 13 healthy donors were either cultured alone or in
the presence of increasing numbers of primary NK cells. Panels A—C show levels of HIV-1
replication after 14 days of co-culture. Panels D-F display NK-cell-mediated inhibition of
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HIV-1 replication as compared to CD4* T cells alone. Wilcoxon matched-pairs signed rank
test was used to identify differences between two groups.
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Figure 2. Correlations between different methods for quantification of HIV-1 replication
Frequency of HIV-1 p24* CD4* T cells, p24 Gag concentration and HIV-1 RNA copy

numbers in the supernatant of all individuals (n=13) and conditions were plotted against
each other. Percentage of p24* CD4* T cells was assessed by flow cytometry, p24 Gag

production was determined by ELISA and viral RNA was quantified by RT-gPCR

respectively. Panel A displays absolute values of HIV-1 replication (52 data points); panel B
shows log inhibition of HIV-1 replication as compared to CD4" T cells alone (39 data
points). Non-parametric spearman’s rank correlation was used to determine association

between two methods.
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Figure 3. Kinetics of NK-cell-mediated inhibition of HIV-1 replication
The figure displays the kinetics of NK cell-mediated viral inhibition stratified into three

donor groups with different antiviral capacities (poor: bottom third (n=4), moderate: middle
third (n=5), good: top third (n=4) at day 14 with NK:CD4* T cell ratio 10:1). p24 Gag
production (upper panel, A) and HIV-1 RNA copy numbers (lower panel, B) at different
NK:CD4" T cell ratios (0.1:1, 1:1 and 10:1) were measured longitudinally over the course of
14 days.
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Figure 4. NK cell activation and effector/target cells numbers during NK/CD4* T cell co-culture
Figure 4A displays the levels of NK cell degranulation (CD107a expression) following co-

incubation with differentially stimulated CD4* T cells at two effector:target cell ratios.
CD4* T cells were either stimulated with CD3/28 beads (squares) or PHA with (circles) or
without (triangles) subsequent in vitro HIV-1 infection for 3 days and then co-incubated with
enriched NK cells for 4 hours. Figure 4B shows the kinetics of NK cells and CD4* T cells
numbers during the co-culture. CD4* T cell numbers following infection with HIV-1 (MOI:
0.01) in the presence (grey circles) or absence of NK cells (clear circles) are shown in the
left panel of 4B, NK cell numbers on the right panel. The initial effector:target cell ratio was
10:1. Cell numbers were normalized to 5*10% and 5*10° per well respectively for better
comparison. Median and IQR of 3 independent experiments (subjects) are displayed for both
experiments. Statistical analysis was conducted using Friedman test and Dunn’s multiple
comparison test.
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