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ABSTRACT Current shock-and-kill strategies for the eradication of the HIV-1 reser-
voir have resulted in blips of viremia but not in a decrease in the size of the latent
reservoir in patients on suppressive antiretroviral therapy (ART). This discrepancy
could potentially be explained by an inability of the immune system to kill HIV-1-
infected cells following the reversal of latency. Furthermore, some studies have sug-
gested that certain latency-reversing agents (LRAs) may inhibit CD8� T cell and nat-
ural killer (NK) cell responses. In this study, we tested the hypothesis that alpha
interferon (IFN-�) could improve the function of NK cells from chronic progressors
(CP) on ART. We show here that IFN-� treatment enhanced cytokine secretion, poly-
functionality, degranulation, and the cytotoxic potential of NK cells from healthy do-
nors (HD) and CP. We also show that this cytokine enhanced the viral suppressive
capacity of NK cells from HD and elite controllers or suppressors. Furthermore, IFN-�
enhanced global CP CD8� T cell cytokine responses and the suppressive capacity of
ES CD8� T cells. Our data suggest that IFN-� treatment may potentially be used as
an immunomodulatory agent in HIV-1 cure strategies.

IMPORTANCE Data suggest that HIV� individuals unable to control infection fail to
do so due to impaired cytokine production and/cytotoxic effector cell function. Con-
sequently, the success of cure agendas such as the shock-and-kill strategy will prob-
ably depend on enhancing patient effector cell function. In this regard, NK cells are
of particular interest since they complement the function of CD8� T cells. Here, we
demonstrate the ability of short-course alpha interferon (IFN-�) treatments to effec-
tively enhance such effector functions in chronic progressor NK cells without inhibit-
ing their general CD8� T cell function. These results point to the possibility of ex-
ploring such short-course IFN-� treatments for the enhancement of effector cell
function in HIV� patients in future cure strategies.
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Attempts to cure HIV-1 have been unsuccessful due to the presence of latent HIV
reservoirs (1, 2). Several approaches have thus far been proposed to meet this

challenge, including the “shock-and-kill” strategy, where latency-reversing agents
(LRAs) are used to pharmacologically reverse latency in order to render formerly
quiescent reservoirs susceptible to both antiretroviral therapy (ART) and the immune
system (3–5). However, while treatments with certain LRAs have resulted in viral blips,
no trial has demonstrated changes in the size of the latent reservoir (6–12), owing
perhaps to the dysfunctional state of potential effector cells. This awareness has drawn
attention to the need to potentiate immune responses in order to efficiently eliminate
reactivated reservoirs (13, 14).

As part of these efforts, there has been a lot of attention focused on CD8� T cells.
However, while these cells play a critical role in the control of HIV-1 replication, they
also possess limitations. They are slower to respond to viral infections due to the timing
of the adaptive immune response, they are susceptible to viral escape strategies such
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as HLA downregulation (15), and they are typically excluded from B cell follicles in
lymph nodes (16–18), which can then serve as sanctuaries for sustained productive
infection (1). For these reasons, it is important to also analyze other immune effector
cells capable of complementing CD8� T cell effector function. Natural killer (NK) cells
are ideal candidates for this role. They respond to viral infection without a need for
clonal expansion, are thought to home to and control viral replication in lymph node
sanctuaries (19), and are equipped to kill infected cells that evade CD8� T cell
elimination by HLA downregulation (20).

NK cell function can be augmented by various cytokines, including interleukin-15
(IL-15), IL-18, and IL-21, as well as type 1 interferons (IFNs) (21). IL-15 in particular has
recently been shown to enhance NK cell-mediated antiviral activity in humanized mice
(22) and in vitro following latency reversal in CD4� T cells from patients on ART (23). In
this study, we focused on alpha interferon (IFN-�) since it has been used clinically for
the treatment of hepatitis C (24). As a member of the type 1 IFN family, IFN-� helps
create antiviral immune states that in turn help control the spread of viral infections
(25). The efficiency of this IFN-mediated control, however, is principally dependent on
the timing and concentration levels of IFN-� (25, 26). Specifically, in the SIV model of
HIV-1 infection, type 1 IFNs ramp up the immune system and tip the scales in favor of
an antiviral state that helps control infection spread in primary infection (27). However,
several studies have suggested that IFN-� also plays a role in the immune dysfunction
seen in the chronic stages of HIV-1 infection (28, 29). Therefore, to maximize the
benefits of type 1 IFN (IFN-�) for NK cells, a fine line must be drawn in choosing a
concentration and regimen that facilitates an antiviral response without causing ex-
cessive immune activation that triggers a transition away from that antiviral state.

While several studies have shown that IFN-� enhances NK cell cytokine secretion
and cytotoxic responses in healthy donors (30–33) and, in a subset of HIV controllers
(34), similar studies have not been performed with chronic progressor (CP) NK cells. We
therefore sought to determine via in vitro assays, whether treatment of CP NK cells over
short periods of time (termed a “pulse”) with IFN-� would enhance their cytokine-
producing capacities, as well as their cytotoxic responses, without inhibiting general
CD8� T cell function. We also sought to determine whether similar treatments would
enhance NK cell-mediated HIV-1 replication suppression in elite suppressor (ES) NK
cells, again without inhibiting the HIV-specific suppressive capacities of CD8� T cells.
Our results suggest that IFN-� pulse therapy could be employed for enhancing NK cell
effector function in HIV-1 cure strategies.

RESULTS
IFN-� enhances degranulation and cytokine production in CP NK cells. The goal

of this study was to determine whether short treatments of IFN-� could be used to
enhance CP NK cell effector function without incapacitating the effector functions of
CD8� T cells. To answer this question, assays measuring NK cell degranulation and
cytokine production were used. The presence of residual intracellular drugs prevents
effective superinfection of CP CD4� T cells. We therefore assessed the effects of IFN-�
on CP NK cell function by measuring the response of these cells to K562 cells. Briefly,
isolated CP NK cells were pulsed with media alone (baseline control) or various
concentrations of IFN-� and subsequently cocultured with K562 targets at a 1:1
effector/target ratio in the presence of a CD107a antibody and protein transport
inhibitors. NK cells from healthy donors (HD) were treated in a similar fashion as a
means of comparison to results from CP-treated NK cells. The percent expression of
various cytokines was then assessed via flow cytometry. Relative to untreated NK cells,
there was little to no nonspecific production of cytokines from NK cells treated with
IFN-� and cultured in the absence of target cells (data not shown). However, in the
presence of targets, IFN-� treatment significantly increased the cytokine-producing
capacity of HD NK cells. As shown in Fig. 1A, IFN-�-treated HD NK cells, relative to
baseline, showed a marked increase in CD107a degranulation (P � 0.0008). IFN-�
treatment also significantly increased the production of MIP-1� (Fig. 1B, P � 0.0006)

Kwaa et al. Journal of Virology

February 2019 Volume 93 Issue 3 e01541-18 jvi.asm.org 2

https://jvi.asm.org


FIG 1 IFN-� enhances degranulation and cytokine production in HD and CP NK cells. NK cells from 8 HD and 8 CP
were treated with either medium alone (NT baseline) or various concentrations of IFN-� for 6 h, washed, and then
cocultured for 4 h with target K562 cells or medium alone (NK only) in the presence of a CD107a antibody and
protein transport inhibitors. Enhancement of degranulation and cytokine production was subsequently studied by
flow cytometry following surface and intracellular staining. (A) CD107a degranulation in HD; (B) MIP-1� in HD; (C)
IFN-� in HD; (D) CD107a degranulation in CP; (E) MIP-1� in CP; (F) IFN-� in CP. Triplicates were performed for each

(Continued on next page)
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and IFN-� (Fig. 1C, P � 0.004). CP NK cells also yielded significant amounts of CD107a
(Fig. 1D, P � 0.001), MIP-1� (Fig. 1E, P � 0.0001), and IFN-� (Fig. 1F, P � 0.002), with
stimulation of K562 cells following IFN-� pulses.

More importantly, not only were individual cytokine secretion and degranulation
profiles of IFN-�-treated NK cells enhanced, but their polyfunctional profiles were
enhanced as well. As shown in Fig. 2, pretreatment of CP NK cells with IFN-� signifi-
cantly increased the coexpression of CD107a and MIP-1� (Fig. 2A, P � 0.002), CD107a
and IFN-� (Fig. 2B, P � 0.005), and MIP-1� and IFN-� (Fig. 2C, P � 0.004). In addition,
there was also enhanced coexpression of all three proteins in CP (Fig. 2D, P � 0.0007)
and HD (Fig. 2E, P � 0.0008). There was no significant difference in the percentage of
polyfunctional NK cell responses between HD and CP. We also assessed whether longer
treatments with IFN-� would further increase CP NK cell polyfunctionality and found
that while 6 h of treatment resulted in a more potent response than one hour, no
added benefit was seen with 18 or 24 h of preincubation with the cytokine (see Fig. S1
in the supplemental material).

IFN-� significantly enhances CP NK cytotoxicity. In assessing whether IFN-�
treatment actually enhanced CP NK cell cytotoxic responses against target cells, we
labeled K562 cells with CFSE and used that as a means of detecting cell death in the
target cell population within an effector-target coculture. As described in Materials and
Methods, death was assessed via flow cytometry as CFSE� cells that were double
positive for 7-aminoactinomycin D (7AAD) and annexin V (Fig. S2). Of the six CP studied
at the 5:1 effector/target ratio, brief IFN-� treatments significantly enhanced CP NK cell
cytotoxicity with an approximate net difference in death of 20% in IFN-�-treated NK
cells relative to untreated baseline NK cells (Fig. 3, P � 0.0004 for 100 U and 0.0001 for
200 U). To ensure that cytotoxic responses in these experiments were NK cell specific,
coculture of K562 cells with CD4� T cells (as effectors) was performed simultaneously
with cocultures of K562 cells with NK cells. Death observed in these wells was
subtracted from that observed in the NK/K562 cocultures.

IFN-� enhances the suppressive capacity of HD and ES NK cells. To determine
whether IFN-� treatment of NK cells could impact their control of HIV-1 replication in
vitro, we assessed the suppressive capacities of HD and ES NK cells with or without
IFN-� treatment. CP were not used for these experiments, since the presence of residual
antiretroviral drugs in CD4� T cells from these patients prevents efficient superinfection
of their cells in vitro. NK cells from 8 HD and 10 ES were treated for 6 h with either
medium alone (baseline control) or various concentrations of IFN-�. The cytokine was
then washed off, and the NK cells were cocultured with autologous CD4� T cells
infected with a lab strain of HIV-1 as described in Materials and Methods. Suppression,
defined as a reduction in the percentage of target cells expressing GFP, was calculated
following flow cytometry, with infected targets cultured without effectors being used
to normalize the percent infection. As expected, not all HD NK cells were able to
suppress viremia at baseline. However, some concentrations of IFN-�, particularly 50 U
and higher, significantly improved NK cell suppression capacity in these subjects (Fig.
4A, P � 0.04). A higher baseline level of suppression was seen with ES NK cells, and this
was further enhanced after treatment with 10 U or higher of IFN-� (Fig. 4B, P � 0.04).

IFN-� treatment enhances degranulation and the cytokine-producing capacity
of CP CD8� T cells. Having shown that IFN-� significantly enhanced NK cell polyfunc-
tionality and HIV-1 suppressive capacity, we next sought to determine whether this
cytokine had inhibitory effects on CD8� T cell responses, as has been previously shown
in untreated HIV-1 infection. To answer this question, assays measuring CD8� T cell
cytokine production and degranulation after treatment with anti-CD3 monoclonal
antibody (MAb) were employed. Figure 5 summarizes results for CD8� T cells. Specif-

FIG 1 Legend (Continued)
patient with error bars representing standard deviation from mean within treatment groups. One-way repeated-
measures ANOVA was used to determine difference between baseline and specific treatments. Asterisks indicate
differences from a no-treatment baseline control (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001).
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ically, IFN-� treatment increased degranulation in CD8� T cells following stimulation, as
measured by CD107a (Fig. 5A, P � 0.0008). MIP-1� production was also similarly
increased after IFN-� treatment relative to untreated, stimulated, CD8� T cells (Fig. 5B,
P � 0.04). In addition, CD8� T cells from CP treated with IFN-� also showed significant
increases in IFN-� production (Fig. 5C, P � 0.02). Stimulation of CD8� T cells with IFN-�
alone resulted in minimal MIP-1� and IFN-� production (data not shown).

IFN-� treatment does not inhibit CP HIV-specific CD8� T cell IFN-� responses.
Having demonstrated that IFN-� treatment enhanced global CP CD8� T cell responses,
we next analyzed its effect on CP HIV-specific CD8� T cells responses. To do this, we

FIG 2 IFN-� enhances HD and CP NK cell polyfunctionality. NK cells from 8 HD and 5 to 8 CP were pulsed with
either medium (NT baseline) or various concentrations of IFN-� for 6 h, washed, and then cultured alone (NK only)
or for 4 h with target K562 cells in the presence of antibodies to CD107a and protein transport inhibitors. The
assessment of enhancement of degranulation, bi- and trifunctional protein production was subsequently studied
via flow cytometry following surface and intracellular staining. In our analysis, bulk CP NK cells were probed for the
simultaneous production of either CD107a and MIP-1� (A), CD107a and IFN-� (B), and MIP-1� and IFN-� (C). Bulk
CP (D) and HD (E) NK cells were then also probed for the simultaneous production of CD107a, MIP-1�, and IFN-�.
In all experiments, triplicates were performed for each subject, with error bars representing standard deviations
from mean within treatment groups. One-way repeated-measures ANOVA was used to determine the differences
between baseline and specific treatments. Asterisks indicate differences from a no-treatment baseline control (*,
P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001).
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performed enzyme-linked immunospot (ELISpot) studies using peripheral blood mono-
nuclear cells (PBMCs) from CP pulsed with a 100-U dose of IFN-� for 6 h prior to
stimulation with overlapping Gag and Nef peptides. As shown in Fig. 6A, there was
minimal nonspecific production of IFN-� with IFN-� treatment. Furthermore, pretreat-
ment of PBMCs with IFN-� had no effect on the number of IFN-�-producing cells
following stimulation with Gag and Nef peptides.

IFN-� enhances the suppressive capacity of ES CD8� T cells. We next analyzed
the effect of IFN-� on the suppressive capacity of ES CD8� T cells. Similar to the
suppression experiments performed with ES NK cells, ES CD8� T cells were isolated
from eight ES and pulsed with either medium alone (baseline control) or various
concentrations of IFN-� for 6 h. The cells were then washed and cocultured at a 1:1
effector/target ratio with autologous CD4� T cells infected with a green fluorescent
protein (GFP)-tagged pseudotyped lab strain of HIV-1. The culture was maintained over
3 days, and suppression, defined as a reduction in the percentage of target cells
expressing GFP, was measured by flow cytometry. Similar to the suppression observed
with NK cells, each IFN-� treatment significantly improved the suppressive capacities of
CD8� T cells (Fig. 6B, P � 0.03). In ES22 we demonstrated that suppression was contact
dependent since separating the CD8� T cells from the target cells with a transwell
abrogated the inhibitory response (Fig. S3). In summary, IFN-� did not inhibit, but
rather enhanced suppressive capacities of ES CD8� T cells.

IFN-� enhances the suppressive capacity of VP CD8� T cells. Because we were
unable to determine the effect of IFN-� on the suppressive capacity of CP CD8� T cells
due to the presence of residual ART, we looked at the effect on two viremic subjects.
In both cases, we saw enhanced suppressive capacity when CD8� T cells were prein-
cubated for 6 h with IFN-� (Fig. 6C).

DISCUSSION

Several clinical trials with LRAs have not resulted in reductions in the size of the
latent reservoir (6–12). One possible explanation for this might be that effector immune
cells critical to the “killing” aspect of the strategy are inefficient. Several studies have
also shown that some LRAs inhibit NK cell (35, 36) and CD8� T cell (37–39) function. To

FIG 3 IFN-� enhances CP NK cell cytotoxicity. NK cells and CD4� T cells were isolated from 6 CPs and
treated with either medium alone (NT baseline) or various concentrations of IFN-� for 6 h, washed, and
then cocultured for 4 h with CFSE-labeled target K562 cells. Cell death was assessed based on the
coexpression of 7AAD and annexin V on K562 cells. Experiments were conducted at a 5:1 effector/target
ratio. In each experiment, CD4� T cell effectors (CD4-E) were used at the same effector/target ratio as a
control to affirm NK-specific cytotoxicity. Asterisks indicate differences from a no-treatment baseline
control (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001). Duplicates were performed for each
patient with error bars representing standard deviations from the mean within treatment groups.
One-way repeated-measures ANOVA was used to determine the difference between baseline and
specific treatments.
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address these concerns, efforts are now being directed at enhancing immune effector
function for the control of HIV (13, 14). While many of these are directed toward CD8�

T cells, NK cells would be important effector cells to consider for the purpose of
complementing CD8� T cell function in HIV control (40, 41). In the present study, we
confirm prior studies that showed that pretreatment of NK cells with IFN-� enhances
cytokine secretion, viral suppression, and the cytotoxic potential of HD (30–33) and ES
NK (34) cells against target K562 cells. While Portales et al. showed an enhancement in
NK cell perforin and granzyme A expression in patients who were treated with
pegylated IFN-�2b (42), this is to our knowledge the first demonstration of IFN-�
directly enhancing cytokine secretion and the killing capacity of CP NK cells. IFN-�
pulses also enhanced the ability of HD and ES NK cells to suppress HIV-1 replication in
autologous CD4� T cells. While we were not able to study this particular function in CP
NK cells, the fact that CP and HD NK cells had similar levels of degranulation and
cytokine production in response to IFN-� following stimulation with K562 cells strongly
suggests that CP NK cells would also have enhanced antiviral activity. Furthermore, in
addition to studies showing improvement in direct NK cell cytotoxic activity, Tomescu
et al. showed that IFN-� enhances NK cell-mediated antibody-dependent cell-mediated
cytotoxicity (43). Thus, it appears that this cytokine enhances multiple facets of NK cell
function.

FIG 4 IFN-� enhances the suppressive capacity of HD and ES NK cells. NK cells from 8 HD (A) and 10 ES
(B) were treated with either medium alone (NT) or various concentrations of IFN-� for 6 h, washed, and
then cocultured over 3 days at a 1:1 ratio with autologous CD4� T cells infected with a GFP-tagged
pseudotyped lab strain of HIV-1. Viral replication suppression was measured as a percentage of GFP
expression via flow cytometry. Triplicates were performed for each patient, with error bars representing
the standard deviation, from means within treatment groups. One-way repeated-measures ANOVA was
used to determine the difference between baseline and specific treatment groups. Asterisks indicate the
differences from a no-treatment baseline control (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001).
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Betts et al. demonstrated that the polyfunctionality of CD8� T cells was a major
correlate of HIV-specific immunity (44). These results have since been corroborated not
only in CD8� T cell studies (45) but also in NK cell studies. Specifically, in two separate
reports, Boulet et al. (46) and Kamya et al. (47) demonstrate that HIV� patients with the
HLA-Bw4 ligand and its cognate NK receptor, KIR3DL1, had more polyfunctional NK

FIG 5 IFN-� treatment enhances CP CD8� T cell degranulation and cytokine production. CD8� T cells
from 6 to 8 CP were pulsed with either medium alone (baseline) or various concentrations of IFN-� for
6 h, washed, and then cultured for 4 h in the presence of a CD107a antibody and protein transport
inhibitors. Enhancement of degranulation and cytokine production was subsequently studied via flow
cytometry following surface and intracellular staining. Specifically, the cells were either not treated but
stimulated (NT) or treated with various units of IFN-� and stimulated with anti-CD3 MAb. (A) CD107a
degranulation; (B) MIP-1�; (C) IFN-�. Triplicates were performed for each patient, with error bars
representing the standard deviations from the mean within treatment groups. One-way repeated-
measures ANOVA was used to determine the differences between baseline and specific treatments.
Asterisks indicate the differences from a no-treatment baseline control (*, P � 0.05; **, P � 0.01; ***,
P � 0.001; ****, P � 0.0001).
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FIG 6 IFN-� enhances the suppressive capacity of VP and ES CD8� T cells without inhibiting HIV-specific
IFN-� responses of CP CD8� T cells. (A) PBMCs from 8 CP were pulsed with either medium alone
(baseline) or 100 U/ml of IFN-� for 6 h, washed, and then cultured for 18 h with or without CMV, Gag,
or Nef peptides. An IFN-� ELISpot assay was then used to assess the effect of IFN-� treatment on the
production of IFN-� by CP CD8� T cells. Duplicates were performed for each patient, with error bars
representing the standard deviations from the mean within treatment groups; saturated responses (CMV)
were not included in data. One-way repeated-measures ANOVA was used to determine the difference
between baseline and 100-U treatments. (B) CD8� T cells from 8 ES were pulsed with either medium
alone (NT) or various concentrations of IFN-� for 6 h, washed, and then cocultured over 3 days at a 1:1
ratio with autologous CD4� T cells infected with a GFP-tagged pseudotyped lab strain of HIV-1. Viral
replication suppression was measured as a percentage of GFP expression via flow cytometry. Triplicates
were performed for each patient, with error bars representing the standard deviations from the mean
within treatment groups. One-way repeated-measures ANOVA was used to determine the difference
between baseline and specific treatments. Asterisks indicate the differences from a no-treatment
baseline control *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001. (C) CD8� T cells from 2 VP were
pulsed with either medium alone (NT) or 100 U/ml of IFN-� for 6 h, washed, and then cocultured over

(Continued on next page)
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cells, which accordingly contributed to slower disease progression. We show here for
the first time that IFN-� enhances polyfunctionality in CP NK cells to a level that is
similar to that seen in HD NK cells. This enhanced NK cell polyfunctionality may lead to
better control of HIV-1 replication in shock-and-kill strategies.

We minimized our IFN-� preincubation exposure for two reasons. The first was to
determine the feasibility of efficiently enhancing NK cell effector function within the
narrow time frame that effector cells have for the elimination of infected CD4� T cells
prior to the release of virions after latency reversal (48). We show here that 6 h of
preincubation with IFN-� was as effective as 24 h. Our finding that this short window
of exposure was sufficient to efficiently and significantly enhance the suppressive,
cytotoxic, and polyfunctional responses of NK cells in CP is exciting and suggests that
it may be possible to optimize NK cell activity while avoiding IFN-�-mediated immune
exhaustion in both NK cells and CD8� T cells (25, 26).

Several studies have suggested that type I IFNs can lead to apoptosis of memory T
cells in mice, thereby compromising the adaptive immune response (49–51). Other
studies have shown that IFN-� induces immune activation of CD8� T cells from
HIV-positive subjects in vitro (52, 53) and in vivo (54). Furthermore, studies in humanized
mice have shown that blocking the IFN-�/� receptor enhances HIV-specific immune
responses (55, 56). In contrast to these studies, we show here for the first time that
pretreatment with IFN-� for a limited period of time did not inhibit HIV-specific CD8�

T cell IFN-� responses and resulted in a moderate enhancement of global CD8� T cell
responses in CP. Furthermore, there was also a modest enhancement in HIV-
suppressive CD8� T cell responses in ES and in two VP. These responses are not due to
nonspecific activation of CD8� T cells by IFN-�; instead, we show here that the
suppression was contact dependent, which is consistent with our prior studies (57–59).
However, further studies will be needed to definitively determine whether this is due
to direct cytotoxic activity, as has been previously demonstrated for IFN-�-treated NK
cells (33). If this enhanced HIV-specific CD8� T cell response is confirmed with in vivo
studies, it would suggest that pulse therapy with IFN-� could enhance both innate and
adaptive antiviral immune responses in CP. A clinical trial has already shown that
treatment with IFN-� prolongs the time to viral rebound following the cessation of ART
(60). In another study, NK cell activation was associated with a decline in cell-associated
HIV-1 DNA in HIV-1/HCV-coinfected subjects treated with pegylated IFN-� and ribavirin
(61). While a recent study in SIV-infected monkeys on ART suggested that pegylated
IFN-�2a treatment did not significantly affect the size of the viral reservoir (62), this
could potentially be because there was no LRA given in conjunction with this immu-
nomodulatory agent. An exciting new direction, given these data, would be the
coupling of short course IFN-� therapy with LRAs in shock-and-kill trials with the goal
of eliminating reactivated reservoirs without exacerbating preexisting immune exhaus-
tion profiles of CP effector cells.

MATERIALS AND METHODS
Subjects. Blood samples from HIV-negative and HIV-positive donors were obtained with written

informed consent and subsequently handled in accordance with protocols approved by the Johns
Hopkins University IRB. An elite suppressor (ES) refers to a patient who has maintained undetectable viral
loads in the absence of ART (63), while a chronic progressor (CP) refers to a patient who has maintained
undetectable viral loads for more than a year on ART. Viremic progressors (VP) were patients who were
not on ART and were viremic. VP1 had a CD4 count of 192 cells/�l and a viral load of 7,250 copies/ml
and VP2 had a CD4 count of 296 cells/�l and a viral load of 17,100 copies/ml. Healthy donors (HD) refer
to HIV-negative subjects.

NK cell cytokine secretion and degranulation assay. PBMCs were collected from donor whole
blood after Ficoll-Paque Plus gradient centrifugation (GE Healthcare Life Sciences, Baltimore, MD). Next,
NK cells were isolated from HD and CP PBMCs with NK cell-specific Miltenyi beads (Miltenyi Biotec,

FIG 6 Legend (Continued)
3 days at a 1:1 ratio with autologous CD4� T cells infected with a GFP-tagged pseudotyped lab strain of
HIV-1. Viral replication suppression was measured as a percentage of GFP expression via flow cytometry.
Triplicates were performed for each patient.
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Gaithersburg, MD). The NK cell purity was generally in the range of 90%. Sample purity levels can be
found in Fig. S4. Purified NK cells were treated for 6 h (termed a pulse) with either medium (RPMI
supplemented with 10% fetal bovine serum [FBS], 1% Pen-Strep, and 10 U/ml IL-2) or various concen-
trations of IFN-� (2a) diluted in medium (1 U/ml to 200 U/ml; PBL Assay Science, Piscataway, NJ). At the
end of IFN-� pulses, cells were washed three times and cocultured for 4 h at a 1:1 effector/target ratio
with K562 cells to assess the relative effect of IFN-� on NK degranulation and cytokine production. NK
cells treated with IFN-� were also washed and cultured alone to determine any nonspecific effects of
IFN-� on NK cell function in the absence of target cell stimulation. Untreated NK cells were also cultured
alone as a negative control. All cultures were performed in medium supplemented with protein transport
inhibitors (Golgi Plug, 1 �g/ml; Golgi Stop, 0.7 �g/ml; CD49d, 1 �g/ml [BD Bioscience, San Diego, CA]), as
well as an antibody to CD107a (FITC; BD Bioscience, clone H4A3). K562 cells were used because their lack
of MHC-I surface expression makes them targets for NK cells. At the end of the 4 h, the cells were washed
three times and stained for surface markers: CD3 (PB; BD Bioscience, clone UCHT1), CD16 (PerCPcy5.5; BD
Bioscience, clone 3G8), and CD56 (APCH7 [BioLegend, San Diego, CA], clone HCD56). Cells were also
probed for the production of cytokines via intracellular staining with a focus on IFN-� (PECy7; BioLegend,
clone B27) and MIP-1� (PE; BD Bioscience, clone D21-1351).

NK cell cytotoxicity assay. The robust production of cytokines by an effector cell may not always
correlate with cytotoxicity. Therefore, to assess NK cytotoxicity, we used the following assay adapted
from Derby et al. (65). Briefly, effector NK cells from CP PBMCs were isolated as previously described.
CD4� T cells were also isolated from a portion of patients PBMCs. Next, NK cells were pulsed as described
above with media for a baseline control or media with 100 or 200 U of IFN-�. CD4� T cells, however, were
pulsed with medium only. To distinguish between effector and target cells, K562 cells were labeled with
2.5 �M of CFSE (carboxyfluorescein succinimidyl ester) at 106 cells/ml of CFSE with gentle vortexing. CFSE
was then quenched with lukewarm FBS. The K562 cells were then washed three times and cocultured for
4 h with pretreated, washed, NK cells at a 5:1 effector/target ratio (targets at 100,000 cells per well in
96-well flat bottom plates). Killing was determined by flow cytometry as CFSE-positive cells that
coexpressed 7AAD and annexin V. To affirm that any cytotoxicity observed was NK cell specific,
CFSE-labeled K562s were also cultured with CD4� T cells at the same effector/target ratios. Any
background death observed in CD4/K562 wells was subtracted from NK:K562 cultures at each effector/
target ratio.

NK cell and CD8� T cell suppression assay. PBMCs were isolated from HD and ES blood as
described above. In ES these PBMCs were divided into two sets: from one set CD8� T cells were isolated
(by positive selection) and from the other NK cells were isolated by negative selection. CD4� T cells were
then isolated, by negative selection, from the flowthrough of the CD8� T cell isolation. In HD, PBMCs
were split into two sets with one set used for NK cell isolation and the other for CD4� T cell isolation.
All cells were isolated with cell type-specific Miltenyi beads. As with NK cells, CD8� T cell purity levels
were generally in the 90% range (Fig. S4). Effector cells (CD8� T cells or NK cells) were then pulsed with
either medium or various concentrations of IFN-� as described above. Next, target cells (bulk CD4� T
cells) were infected by spinoculation at 30 ng of HIV-1 p24/100,000 cells with a pseudotyped virus
(HIV-1-NL4-3ΔEnv–GFP) for 2 h at 1,200 � g and 37°C. HIV-1-NL4-3ΔEnv–GFP is a lab strain of HIV-1 that
has env replaced with gfp. At the end of the cytokine pulse, effector cells were washed three times and
cocultured over 72 h with infected CD4� T cells at an effector/target ratio of 1:1. The percent GFP
expression, as measured by flow cytometry, was subsequently used to assess the percent viral suppres-
sion according to the following formula: [1 – (%GFP � CD4� T cells cultured with effectors)/(%GFP �
CD4� T cells without effectors)] � 100.

The median percentage of GFP infection in CD4� T cells that were cultured in medium alone was 6%
for HD and 13% for ES. In VP, an average of 6% GFP in infected CD4� T cells was seen in the two subjects
studied. For transwell experiments, 1 million infected CD4� T cells were cultured at the bottom of 12-well
transwell plates, while 1 million CD8� T cell effectors were cultured in the transwell inserts. Infected
CD4� T cells were cultured alone to determine the maximum percent infection, and infected cells were
cocultured in the same well with CD8� T cells to determine the effect of direct contact of the effector
and target cells. Cultures were maintained for 3 days, and viral replication suppression was measured as
a percentage of GFP expression via flow cytometry.

CD8� T cell cytokine secretion and degranulation assay. To ensure that the concentrations of
IFN-� used in this assay to enhance NK cell function did not impair the cytokine-producing abilities of
patient CD8� T cells, general CD8� T cell cytokine production was also assessed in CP. Specifically, CD8�

T cells were isolated from CP PBMCs (Miltenyi Biotec) and pulsed with either medium or various
concentrations of IFN-� diluted in medium as before. At the end of this pulse, cells were washed three
times and stimulated for 4 h with either medium alone (baseline control) or anti-CD3 MAb at 1 �g/ml (BD
Bioscience), all in the presence of protein transport inhibitors, as well as an antibody to CD107a. The cells
were then washed and stained for surface markers CD3 (PB; BD Bioscience, clone UCHT1) and CD8
(APCH7; BD Biosciences, clone SK1), as well as cytokine production via intracellular staining for IFN-�
(PECy7; BioLegend, clone B27) and MIP-1� (PE; BD Bioscience, clone D21-1351).

CD8� T cells IFN-� ELISpot assays. Beyond general CD8� T cell function, we also sought to
determine whether IFN-� treatment of CP CD8� T cells inhibited their ability to release the type II
interferon (IFN-�) in an HIV-specific manner. We performed IFN-�-specific ELISpot assays as previously
described (64), following pretreatment of patient cells with the candidate type I IFN (IFN-�2a). Specifi-
cally, PBMCs were isolated from CP whole blood, seeded at 250,000 cells per well, and treated for 6 h with
either medium as a baseline control or 100 U of IFN-�. Cells were then washed three times, transferred
into 96-well ELISpot plates precoated with IFN-�-specific antibodies (Mabtech, Human IFN-� ELISpot
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Plus), and stimulated for 18 h with either medium alone or 10 �g/ml of overlapping consensus B Gag and
Nef peptides (NIH AIDS Reagent Program). The plate was then processed according to the manufacturer’s
protocol and read, blinded, by an independent investigator using an automated reading system.

Statistics. Statistics were generated by GraphPad Prism 7. For each set of experiments, the one-way
repeated-measures analysis of variance (ANOVA) was used to assess statistical significance, and levels of
significance were parsed out with the ensuing P value demarcations as follows: ns, P � 0.05; *, P � 0.05;
**, P � 0.01; ***, P � 0.001; and ****, P � 0.0001. To account for any violations in sphericity, the
Geisser-Greenhouse correction was used during data analysis. Finally, in all cases, a Dunnett’s multiple-
comparison test was used to assess variations of treatment groups from no-treatment baseline controls.
Standard deviations were used to determine the variations from the mean within treatment groups.
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