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ABSTRACT Antibody Fc-dependent functions are linked to prevention and control
of HIV-1 infection. Basic NK cell biology is likely key to understanding the contribu-
tions that anti-HIV-1 antibody-dependent NK cell activation and cytolysis make to
HIV-1 susceptibility and disease progression. The importance of NK cell education
through inhibitory receptors specific for self-HLA-I in determining the potency of
anti-HIV-1 antibody-mediated NK cell activation and cytolysis is controversial. To ad-
dress this issue more definitively, we utilized HLA-I genotyping, flow cytometry stain-
ing panels, and cytolysis assays to assess the functionality of educated and nonedu-
cated peripheral blood NK cells. We now demonstrate that educated NK cells are
superior in terms of their capacity to become activated and/or mediate cytolysis
following anti-HIV-1 antibody-dependent stimulation. The profiles of activation ob-
served were similar to those observed upon direct stimulation of NK cells with target
cells devoid of HLA-I. Noneducated NK cells make significantly lower contributions to to-
tal NK cell activation than would be expected from their frequency within the total NK
cell population (i.e., they are hypofunctional), and educated NK cells make contribu-
tions similar to or higher than their frequency in the total NK cell population. Finally,
NK cells educated through at least one killer immunoglobulin-like receptor and
NKG2A exhibited the most significant difference between actual and expected con-
tributions to the total NK cell response, based on their frequency within the total NK
cell population, suggesting that summation of NK cell education through inhibitory
receptors determines overall NK cell functionality. These observations have potential
implications for understanding HIV-1 vaccine efficacy and disease progression.
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(NK) cells, monocytes, and neutrophils, upon recognition of antigen-bound IgG on
infected target cells via Fc receptors (1). The potential importance of ADCC in the
context of HIV-1 exposure and infection is highlighted through a series of studies
linking the response to protective outcomes against HIV-1 and surrogate viruses in
animal models. Indeed, antibodies capable of triggering ADCC were associated with the
partial protection conferred by the RV144 vaccine trial in Thailand (2-4). Similarly, ADCC
responses have been linked to slower HIV-1 disease progression in elite controllers,
protection of infants from exposure to HIV-1 within breast milk, and live-attenuated
vaccine-conferred protection of nonhuman primates from challenge with pathogenic
virus (5-7). Given the putative importance of ADCC in preventing and controlling HIV-1
infection, much effort has been directed toward characterizing the specificities and
constant-region (Fc) features of antibodies capable of triggering ADCC (8-10).

In addition to efforts to understand the nature of the antibody responses involved
in anti-HIV-1 ADCC, the characteristics of the effector cells involved in such responses
are a topic of much interest (1, 11-18). Among peripheral blood effector cells capable
of mediating ADCC, NK cells appear to be responsible for much of the cytolytic activity
(1). In addition to cytolysis, NK cells activated by antibody-coated target cells produce
cytokines, such as gamma interferon (IFN-v), and beta chemokines, such as CCL4 (14,
19). The capacity of NK cells to mediate functions following stimulation is regulated by
the process of NK cell education (11, 12, 16, 17, 20-24).

During NK cell education, cells expressing inhibitory receptors capable of binding to
self major histocompatibility complex class | (MHC-I or HLA-I) ligands are “educated” to
give them the capacity to mediate functions upon later stimulation. Cells not carrying
inhibitory receptors for self-HLA-I remain “noneducated” and are hypofunctional upon
later stimulation. The education of human NK cells has been shown to occur through
several inhibitory receptor/ligand combinations, including KIR3DL1/HLA-Bw4, KIR2DL1/
HLA-C2, KIR2DL2/3/HLA-C1, and NKG2A/HLA-E (Fig. 1) (11, 20-24). With regard to
anti-HIV-1 antibody-dependent activation of NK cells, evidence has been demonstrated
that educated NK cells are more likely to exhibit activation (i.e., cytokine and degran-
ulation marker expression) than noneducated NK cells upon stimulation with HIV-1
envelope-coated target cells (11, 12, 16, 17). The role of educated and noneducated NK
cells in anti-HIV-1 antibody-dependent killing (i.e, ADCC) of envelope-coated target
cells, however, remains controversial. In an assessment of anti-HIV-1 ADCC using
granzyme B delivery as a marker, Isitman et al. observed no differences between ADCC
responses by NK cells from donors carrying education-competent KIR3DL1/HLA-Bw4
receptor/ligand combinations and those from donors lacking KIR3DL1/HLA-Bw4 com-
binations (14). This observation raises the prospect that NK cell education is not
important in determining the capacity of NK cells to mediate anti-HIV-1 ADCC. Alter-
natively, it is possible that education-competent receptor/ligand combinations other
than KIR3DL1/HLA-Bw4 either are more important in determining ADCC potential or
can compensate for missing KIR3DL1/HLA-Bw4 combinations.

Given the outstanding questions regarding the contribution of the process of NK cell
education to the potential of NK cells to mediate ADCC, we initiated a rigorous
investigation to determine the role of this process in regulating the functional potential
of NK cells for anti-HIV-1 antibody-dependent functions. As a comparison, we simulta-
neously evaluated the role of NK cell education in direct NK cell activation against
target cells devoid of HLA-l. We now present novel data showing that education has a
marked influence on the capacity of NK cells to exhibit both anti-HIV-1 antibody-
dependent activation and ADCC. Our data demonstrate a larger contribution for
educated than noneducated NK cells in anti-HIV-1 antibody-dependent NK cell func-
tions. Furthermore, NK cells expressing NKG2A in combination with at least one KIR that
recognizes self-HLA-l appear to exceed expectations, based on the frequency with
which they occur in the total NK cell population, in their ability to mediate direct and
anti-HIV-1 antibody-dependent functions. These data are discussed in the context of
their implications for the prevention and pathogenesis of HIV-1 infection.
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FIG 1 NK cell education. The education of NK cells occurs via the interaction of inhibitory NK cell receptors with self-HLA-I molecules expressed on autologous
cells. This process involves ligation of inhibitory NK cell receptors by self-HLA-I ligands (1) and signaling through the inhibitory NK cell receptors (2).

RESULTS

Identifying educated and noneducated NK cells. Educated NK cells are broadly
defined through their expression of inhibitory receptors capable of binding self-HLA-I.
This includes cells expressing NKG2A, KIR3DL1, KIR2DL1, and/or KIR2DL2-3 in individ-
uals carrying the HLA-E, HLA-Bw4, HLA-C2, and/or HLA-C1 ligands, respectively (Fig. 1).
Indeed, all of these receptor/ligand combinations have been demonstrated to educate
NK cells in previous studies (11, 12, 16, 17, 20-24). Noneducated NK cells are charac-
terized by a lack of expression of inhibitory NK cell receptors or by the expression of
inhibitory receptors that are incapable of interacting with self-HLA-I. To define edu-
cated and noneducated NK cells within our cohort, we typed each donor for HLA-A, B
and C (Table 1). These HLA-I types were used to characterize each donor as carrying
HLA-Bw4, HLA-C1, and/or HLA-C2 ligands. All donors were considered to carry HLA-E.
Next, peripheral blood mononuclear cells (PBMC) from donors were stained with
fluorescence-conjugated antibodies to detect expression of NKG2A, KIR3DL1, KIR2DL1,
and KIR2DL2-3 within the NK cell population (Fig. 2A). Table 1 lists the inhibitory NK cell
receptors through which each donor’s NK cells should be educated, as well as deno-
tation of any educating receptors that were poorly detected by flow cytometry. These
staining patterns were used to identify noneducated NK cells as those lacking expres-
sion of any of the receptors studied that could educate NK cells given the donor’s HLA-I
type. This gating is highlighted for two representative donors in Fig. 2B. Boolean gating
was used to identify educated NK cells as the product of subtracting the noneducated
NK cells from the total NK cell gate (Fig. 2C). This rigorous characterization of educated
and noneducated NK cells within the total NK cell population allowed for experiments
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TABLE 1 Donor characteristics

Donor ID | HLA-A | HLA-B | HLA-C | Educated NK cell receptors
01 29:01 | 18:01 | 05:01 | NKG2A?
30:02 | 38:01 | 12:03 | KIR2DL1?
KIR2DL2/32
KIR3DL13
02 02:01 | 35:03 | 04:01 | NKG2A
03:01 | 51:01 | 16:02 | KIR2DL1*
KIR3DL1
03 02:01 | 15:01 | 02:02 | NKG2A
40:02 | 03:04 | KIR2DL1
KIR2DL2/3
04 11:01 | 15:18 | 07:04 [ NKG2A
24:02 | 40:01 | 12:03 | KIR2DL2/3
KIR3DL1*
05 11:01 | 40:01 | 07:02 | NKG2A
KIR2DL2/3
06 26:01 | 40:02 | 03:04 [ NKG2A
33:03 | 52:01 | 07:01 | KIR2DL2/3
KIR3DL1
07 02:01 | 37:01 | 04:01 | NKG2A
03:01 | 51:01 | 14:02 | KIR2DL1
KIR2DL2/3
KIR3DL1
08 02:07 | 46:01 | 01:02 | NKG2A
11:01 | 55:02 KIR2DL2/3
09 02 44 05:01 | NKG2A
51 15:02 | KIR2DL1
KIR3DL1
10 01:01 | 35:01 | 04:01 | NKG2A
11:01 | 52:01 | 12:02 | KIR2DL1
KIR2DL2/3
KIR3DL1
11 03:01 | 07:02 | 07:02 | NKG2A
29:02 | 44:03 | 16:01 | KIR2DL2/3
KIR3DL1
12 11:01 | 38:02 | 04:03 | NKG2A
24:07 | 15:21 | 07:02 | KIR2DL1
KIR2DL2/3
KIR3DL1*

Ligands: *HLA-E, 2HLA-C2 and HLA-C1, 3HLA-Bw4
*<1% of NK cells by flow cytometry
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to (i) compare functionalities of bulk NK cell populations simultaneously after antibody-
mediated and direct activation and (ii) sort by fluorescence-activated cell sorting (FACS)
populations enriched for educated and noneducated NK cells to assess their role in
antibody-mediated killing.

Frequency of activated educated and noneducated NK cells following direct
and antibody-dependent activation. Having demonstrated a method to identify
educated and noneducated NK cells, we proceeded to assess the relative activation of
educated and noneducated NK cells upon direct or antibody-dependent stimulation.
While the anti-HIV-1 antibody-dependent functions of NK cells educated through
individual inhibitory receptors have been previously assessed (11, 12, 14, 16, 17), to our
knowledge this is the first attempt to evaluate the activation of the whole educated NK
cell population relative to that of the noneducated NK cell population. Incubating bulk
NK cells within PBMC with the HLA-I-devoid 721.221 cell line assessed direct NK cell
activation, which was measured as NK cell CD107a expression and/or IFN-y production
via flow cytometry. We assessed antibody-dependent activation by incubating PBMC
with HIV-Tg,, gp120-coated CEM.NKr-CCR5 cells in the presence of anti-HIV-T immu-
noglobulin (HIVIG) and measuring NK cell CD107a expression and/or IFN-y production
via flow cytometry (12, 25). Gating used to assess NK cell activation is shown in Fig. 3A.
Both direct and antibody-dependent stimulation of NK cells triggered robust activation
within total NK cells (Fig. 3B). Assessment of the frequency of activated NK cells within
the educated and noneducated populations revealed higher percentages of activated
cells in the educated population after both direct (21.3% [8.5% to 38.3%] [median and
range] versus 7.6% [3.5% to 27.1%)], P = 0.0005) and antibody-dependent (7.2% [2.1%
to 18.0%] versus 3.1% [1.1% to 10.1%], P = 0.002) stimulations (Fig. 3C), consistent with
previous work evaluating the capacity of individual inhibitory NK cell receptors to
educate anti-HIV-1 antibody-dependent NK cell activation (11, 12, 16, 17).

While these data provide evidence that educated NK cells exhibit more activation
following both direct and antibody-dependent stimulation, they do not address
whether the enhanced activation of educated NK cells reflects an increased capacity to
degranulate (as measured by CD107a expression), produce cytokine, or both. Indeed,
the measure of total NK cell activation introduced the possibility that enhanced
activation in educated NK cells could be driven by an increased capacity to mediate
only one of these functions. Therefore, we compared educated and noneducated NK
cells for their total degranulation and total IFN-y production following direct and
antibody-dependent stimulation. As shown in Fig. 4, educated NK cells exhibited higher
levels of total CD107a expression and total IFN-y production following both direct
(16.9% [3.1% to 33.5%] versus 6.4% [2.1% to 25.3%] [P = 0.001] and 10.6% [5.7% to
22.9%)] versus 1.6% [0.5% to 4.8%] [P = 0.0005], respectively) and antibody-dependent
(5.1% [1.7% to 12.3%] versus 2.8% [1.1% to 9.0%] [P = 0.04] and 2.2% [0.5% to 13.1%]
versus 0.4% [0.0% to 4.5%] [P = 0.0005], respectively) stimulations. Collectively, these
data provide evidence supportive of the notion that educated NK cells have a higher
potential to exhibit both direct and antibody-dependent activation-induced profiles.

Percent contributions of educated and noneducated NK cells to total NK cell
activation. Although educated NK cells represented a more functional population of
NK cells than noneducated NK cells, these data do not portray the contribution that
educated NK cells make to the total NK cell response. Therefore, we calculated the
percent contributions that educated and noneducated NK cells made to the total NK
cell response by dividing the number of activated NK cells within the educated or
noneducated population by the number of total activated NK cells. We found educated
NK cells to account for a majority of responding cells after both direct (90.5% [83.6% to

FIG 2 Legend (Continued)

population. (B) Gating on noneducated NK cells for two representative donors (donor 01, NKG2A~ KIR2DL1~ KIR2DL2-3~ KIR3DL1~
NK cells; donor 03, NKG2A~ KIR2DL1~ KIR2DL2-3~ NK cells). (C) Boolean gating was used to identify educated NK cells by subtracting
noneducated NK cells from total NK cells. The FACS plots depict NKG2A, KIR2DL1, KIR2DL2-3, and KIR3DL1 expression in noneducated
(pink) and educated (black) NK cells for a donor carrying the HLA-E, HLA-Bw4, HLA-C2, and HLA-C1 ligands.

June 2018 Volume 92 Issue 11 e02146-17

Journal of Virology

jviasm.org 6


http://jvi.asm.org

Regulation of Anti-HIV-1 ADCC Journal of Virology

Ab-Dependent Activation Direct Activation
PBMC only PBMC+CEM (PBMC+CEM+HIVIG) (PBMC+721.221)

‘ 5 5 G
1079 NK Cells 1077 0.119 0.0108 |13 0.21 0 [0
15.7

0.84 1 6.39

9 0.325

- - - T
10° 0 102 10

- T T
0102 10° 10

CD3

T T T T T T T
3 4 5 2 3 4 5
10 10 0 10° 10 10 10 ~

L . T T T T T -
o 102 10®°  10* 10° o 102 10°  10*

CD107a

T
4 105

N

H
o
[]

w
o
L

g
..
([ ]

-
o
[

(=}
L

L] L]
PBMC PBMC Ab- Direct
only +CEM Dependent Activation
Activation

%IFNy* and/or CD107a* NK Cells (JJ

(@

Direct Activation Ab-Dependent Activation
p = 0.0005 p =0.002

H
o
]

%IFNy* and/or CD107a* NK Cells
$
%IFNy* and/or CD107a* NK Cells

30~

w
o
L

20~

10+

-
o
[

o

| | | |
Educated Non-Educated Ed ucl:ated Non-Educated

FIG 3 Assessment of direct and antibody-dependent NK cell activation using flow cytometry. NK cell activation is measured as the percentage of CD3~ CD564™
NK cells that express the degranulation marker CD107a and/or IFN-v. (A) Gating on IFN-y* and/or CD107a* NK cells in a representative donor. (B) The graph
depicts NK cell activation in unstimulated NK cells (“PBMC only” and “PBMC+CEM") and stimulated NK cells (“Ab-Dependent Activation” [PBMC + CEM + HIVIG]
and “Direct Activation” [PBMC + 721.221]). Lines indicate medians. (C) The graphs show the percentages of activated NK cells within the educated and
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matched-pairs test. A P value of <0.05 was considered significant.

95.8%]) and antibody-dependent (89.9% [80.8% to 97.5%]) stimulation (Fig. 5A). The
observation that educated NK cells exhibit higher levels of activation after direct and
antibody-dependent stimulation supports the hypothesis that NK cell education con-
fers functional potential (26). Further corroborating these data, we determined that the

June 2018 Volume 92 Issue 11 e02146-17 jviasm.org 7


http://jvi.asm.org

Kristensen et al.

Direct Activation
p = 0.0005 p = 0.001
25 —_ 351 —
» 304
n 20+ ©
3 O 25+
o X
v 15+ Z 20+
= s
> 10- 5 157
i a 10-
X 54 g 5
0 T 0 T T
Educated  Non-Educated Educated  Non-Educated
Ab-Dependent Activation
p =0.0005 p=0.04
25~ t 1 35~ l !
e 2 30+
= & e
8 15 <
§ +‘Zv 204
= 107 5 197
— () -
S 5 3 10
X 54
0- C T T
Educated Non-Educated Educated Non-Educated

FIG 4 Total degranulation (right) and total IFN-y production (left) in educated and noneducated NK cells after
direct (top) and antibody-dependent (bottom) stimulation. Educated and noneducated data were compared using

the Wilcoxon matched-pairs test. A P value of <0.05 was considered significant.

percent contribution of educated NK cells to total NK cell activation was higher than
their frequency within the total NK cell population. The NK cell education hypothesis
predicts that noneducated NK cells will exhibit hypofunctional responses following
stimulation, which might be represented by percent contributions to the total NK cell
response that are lower than the frequency with which these cells occur in the total NK
cell population. Alternatively, as educated NK cells have acquired functional potential
through the education process, the NK cell education hypothesis would predict these
cells to make percent contributions to the total NK cell response that are equal to or
greater than the frequency with which these cells occur in the total NK cell population.
Indeed, we observed the actual percent contribution of educated NK cells to activation
following direct (P = 0.0005) and antibody-dependent (P = 0.002) stimulation to be
significantly higher than the expected percent contribution (Fig. 5B). Also consistent
with the NK cell education hypothesis, we noted that the actual percent contribution
of noneducated NK cells to the total NK cell response was significantly lower than their
expected percent contribution following direct and antibody-dependent stimulation
(P = 0.0005 and P = 0.002, respectively). Again, these data support the notion that the
process of NK cell education confers on NK cells functional potential that determines
responses to both direct and antibody-dependent stimulation, as well as supporting
the concept that noneducated NK cells are hypofunctional following stimulation.
Contribution of educated NK cells to the ADCC mediated by NK cells within
PBMC. Given that educated NK cells exhibited higher percentages of activated cells and
accounted for the majority of the total number of NK cells activated, we next assessed
if this functional advantage extended to antibody-dependent killing (i.e,, ADCC). As
educated cells from the utilized donors exhibited a clear functional advantage in terms
of degranulation following stimulation with antibody-coated CEM.NKr-CCR5 target
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significant.

cells, we hypothesized that educated cells would be major contributors to anti-HIV-1
ADCC. Previous research, however, has called the role of educated NK cells in antibody-
dependent cytolysis into question, as the amount of granzyme B delivered by NK cells
to anti-HIV-1 antibody-coated target cells was not predicted by the presence or
absence of the KIR3DL1/HLA-Bw4 education-competent receptor/ligand combination
(14). To more formally address whether this previous observation reflects a lack of a role
for educated NK cells in driving the anti-HIV-1 ADCC response or simply a compensa-
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NK cells (Educated—) using FACS. (A) Gating strategy used to define and collect whole PBMC (unstained PBMC), Educated* PBMC (PE-positive gated
lymphocytes), and Educated~ PBMC (PE-negative gated lymphocytes). (B) The levels of anti-HIV-1 ADCC mediated by whole, Educated*, and Educated~ PBMC
against gp120-coated CEM.NKr-CCR5 target cells were assessed using the LDH cytotoxicity assay. Data were compared using the Friedman test followed by

Dunn'’s post hoc test. A P value of <0.05 was considered significant.

tion for a missing receptor/ligand combination by other education-competent recep-
tor/ligand combinations, we used phycoerythrin (PE)-conjugated antibodies to individ-
ually relevant combinations of NKG2A, KIR3DL1, KIR2DL1, and KIR2DL2/3 to identify
educated NK cells within PBMC. Using the resultant staining, we sorted lymphocytes
into a population containing educated NK cells (i.e., Educated™) and a population
lacking educated NK cells (i.e., Educated™) (Fig. 6A). The PE-conjugated antibodies
employed were individually based on the educating inhibitory receptors expressed on
each utilized donor’s NK cells, as listed in Table 1. Next, the whole lymphoid PBMC (i.e.,
PBMC), Educated™, and Educated~ populations were assessed for their capacity to kill
gp120-coated CEM.NKr-CCR5 target cells in the presence of anti-HIV-1 antibody in a
lactate dehydrogenase (LDH) release assay. This was accomplished by implementing a
20:1 effector-to-target cell ratio of PBMC to gp120-coated CEM.NKr-CCR5 target cells, or
an amount of Educated™ and Educated— effector cells that would be present in the
4 X 105 total PBMC used to achieve a 20:1 effector-to-target cell ratio. As shown in Fig.
6B, elimination of the educated NK cells in the Educated— population almost com-
pletely abrogated the capacity of cells to mediate antibody-dependent cytolysis (3.2%
[0.9% to 6.6%)]). Alternatively, the whole PBMC and Educated™ populations mediated
similar robust levels of anti-HIV-1 antibody-dependent cytolysis (23.6% [17.7% to
38.6%] and 25.2% [17.1% to 43.1%)], respectively), which were both significantly higher
than that mediated by the Educated— population (P = 0.02 and P = 0.01, respectively).
It should be noted that this assay measures total cytolysis (i.e., antibody dependent and
direct) of gp120-coated CEM.NKr-CCR5 target cells. To exclude the possibility that the
observed differences between cytotoxicity mediated by different effector cell popula-
tions were due to differences in direct cytolysis, we subtracted background direct
cytolysis and compared the remaining antibody-dependent cytolysis. Background di-
rect cytolysis of gp120-coated CEM.NKr-CCR5 target cells was negligible, and cytotox-
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icity attributable to anti-HIV-1 antibody was significantly lower in Educated— PBMC
(2.6% [0.9% to 6.5%]) than in whole PBMC (21.7% [17.1% to 35.4%], P = 0.02) or in
Educated™ PBMC (23.6% [16.6% to 38.5%], P = 0.01).

Education through NKG2A and/or KIR and the activation potential of NK cells.
It is now clear that NK cells can become educated through either interactions between
NKG2A and HLA-E or interactions between inhibitory KIR and HLA-I ligands (11, 12, 16,
17, 20-24). Our HLA-I-typed donor cells stained for NKG2A, KIR3DL1, KIR2DL1, and
KIR2DL2/3 allowed us to address the relative contributions of NK cells educated
through these two pathways to anti-HIV-1 antibody-dependent and direct activation.
Initially we compared the frequency of bulk NK cells within PBMC activated following
anti-HIV-1 antibody-dependent or direct stimulation in NK cell populations containg
cells educated through NKG2A only (i.e, NKG2A* educating KIR™), educated through
KIR only (i.e., NKG2A~ educating KIR™), or educated through both NKG2A and KIR (i.e.,
NKG2A™* educating KIR*) to noneducated NK cells. For these analyses we focused on
total activated NK cells (i.e., CD107a* and/or IFN-y*), as the analyses in Fig. 4 demon-
strated that both CD107a expression and IFN-vy production contribute to the functional
advantages of educated NK cells. As depicted in Fig. 7A, NK cells educated through NKG2A
only (19.3% [9.2% to 38.1%]), KIR only (18.1% [6.0% to 39.7%]), or both NKG2A and KIR
(31.8% [14.4% to 49.3%]) were significantly more activated than noneducated NK cells
(7.6% [3.5% to 27.1%]) (P = 0.0005 for all three comparisons) upon direct stimulation with
721.221 target cells. Similarly, following anti-HIV-1 antibody-dependent stimulation, a
significantly higher level of activation than in noneducated NK cells (3.1% [1.1% to 10.1%])
was observed in NK cells educated through NKG2A (7.1% [1.1% to 14.9%], P = 0.03), KIR
(4.6% [2.4% to 22.4%], P = 0.003), and both NKG2A and KIR (7.8% [3.0% to 19.6%], P =
0.0005). Following either direct stimulation with 721.221 or anti-HIV-1 antibody-dependent
activation, we noted that NK cells educated through all three permutations of KIR and
NKG2A were significantly more functional than noneducated NK cells. That the KIR™
NKG2A~ subset was significantly more functional than noneducated NK cells for antibody-
dependent functions might be surprising in that this subset could contain NK cells
expressing a single KIR, which have previously been suggested to express low levels of
CD16 (15). Therefore, we next assessed the CD16 expression levels on NK cells expressing
different permutations of KIR and NKG2A in a subset of our donors to see if we could
recapture these previously reported differences in CD16 expression. We did not, however,
observe low levels of CD16 expression on NK cells expressing any of the assessed KIRs or
on NK cells expressing single KIR (Fig. 8).

While data regarding the frequency of activated NK cells within each subset provide
information about the feasibility of activating NK cells of different phenotypes, these
data do not provide insight into the contribution that each of these subsets makes to
the total level of NK cell activation or into whether these NK cell subsets are hyper- or
hypofunctional in their actual, compared to expected, contributions to NK cell function.
Therefore, we next calculated the percent contribution of each of these three NK cell
populations to the total NK cell response. We noted that while noneducated NK cells
made significantly lower (i.e., hypofunctional) actual responses, compared to expected
responses (Fig. 5B), following both direct and anti-HIV-1 antibody-dependent stimula-
tion (9.6% [4.2% to 16.4%] versus 22.2% [9.9% to 37.5%] [P = 0.0005] and 10.1% [2.5%
to 19.2%] versus 16.9% [8.7% to 33.2%] [P = 0.002], respectively), all three subsets of
educated NK cells either did not significantly differ in their actual and expected
contributions or exhibited actual contributions that were significantly higher than their
expected contributions following direct (NKG2A™ KIR—, P = 0.02; NKG2A* KIR™, P =
0.0005) and antibody-dependent (NKG2A*+ KIR™, P = 0.0005) stimulation (Fig. 7B). The
educated NK cell subset with the most significant difference between expected and
actual percent contributions for both direct and antibody-dependent activation was
the subset containing cells educated through both KIR and NKG2A. These observations
suggest that NK cell education through two or more inhibitory NK cell receptors (i.e.,
NKG2A™* KIR™) can increase the chances of an NK cell contributing to the total NK cell
response.
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FIG 7 Activation potential of NK cells educated through NKG2A and/or KIR. (A) The graphs depict the percent-
ages of activated NK cells within the noneducated population and populations containing cells educated
through NKG2A only (i.e., NKG2A* educating KIR~ [NKG2A+ eKIR~]) (left), KIR only (NKG2A~ eKIR*) (center), and
both NKG2A and KIR (NKG2A* eKIR*) (right) following direct (top) and antibody-dependent (bottom) stimula-
tion. (B) The expected contribution of NKG2A+/~ eKIR*/~ NK cells to total NK cell activation was calculated as
the frequency of these subpopulations within the total NK cell population. The graphs show expected and actual
percent contributions of NKG2A+ eKIR~ (left), NKG2A~ eKIR* (center), and NKG2A+ eKIR" (right) educated NK
cells to total NK cell activation after direct (top) and antibody-dependent (bottom) stimulation. Data were
compared using the Wilcoxon matched-pairs test. A P value of <0.05 was considered significant.

DISCUSSION

Highly functional NK cells will be critical in maximizing the effect of Fc-functional
antibodies against HIV-1. However, recent research has raised questions about the role
of NK cell education in anti-HIV-1 antibody-dependent functions against HIV-1 gp120-
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FIG 8 CD16 expression in different NK cell populations. (A) Gating on CD16* NK cells (CD3~ CD569™ lymphocytes) in samples with
and without anti-CD16 stain. (B) The graph depicts the frequencies of CD16* cells within the noneducated NK cell population, the
educated NK cell population, and NK cell populations expressing different permutations of KIR and NKG2A. A superscript plus
represents NK cells that are positive for a specific receptor regardless of the expression of other receptors (e.g., KIR2DL1). SP
represents NK cells that are single positive for a specific receptor and are negative for the three other receptors regardless of whether
they are educated through the receptor or not (e.g., KIR2DL1 SP). Lines indicate medians.

coated target cells (14, 15). We now present a more definitive data set demonstrating
that educated NK cells exhibit higher levels of antibody-dependent activation than
noneducated cells upon stimulation with gp120-coated target cells in the presence of
anti-HIV-1 immunoglobulin. We also demonstrate that educated NK cells make a higher
contribution to the total NK activation following anti-HIV-1 antibody-dependent stim-
ulation, and this percent contribution is higher than would be expected based on the
frequency with which educated NK cells occur in the total NK cell population. Further-
more, using FACS to obtain populations of PBMC enriched or depleted for educated NK
cells, we present evidence that educated NK cells mediate most of the anti-HIV-1 ADCC
observed against gp120-coated target cells. Collectively, these data demonstrate an
important role for educated NK cells in anti-HIV-1 antibody-dependent responses to
gp120-coated targets.

While the presented data are in agreement with much of what has been published
by others and us regarding antibody-dependent NK cell activation to HIV-1 envelope or
other antigens (11, 12, 16, 17, 20, 23), the cytolysis data (Fig. 6) are in apparent
disagreement with the observation by Isitman et al. (14) that KIR3DL1/HLA-Bw4 com-
binations did not determine NK cell ADCC potential. Indeed, on the basis of their
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observation that donors carrying or lacking the KIR3DL1/HLA-Bw4 receptor/ligand
combination exhibited similar levels of granzyme B delivery to gp120-coated target
cells in the presence of HIVIG, Isitman et al. claimed that the potency of ADCC was not
determined by NK education. We now demonstrate that a series of inhibitory NK cell
receptor/ligand combinations can educate NK cells to become activated upon anti-
HIV-1 antibody-dependent stimulation. From this observation, we proceeded to use
PE-conjugated antibodies to sort PBMC enriched or depleted for educated NK cells.
These sorted populations were implemented in LDH release cytolysis assays to dem-
onstrate that educated NK cells trigger the majority of ADCC mediated by effector cells
within PBMC. The experiments reported by Isitman et al. were analyzed with compar-
isons of the total NK cell population within PBMC between donors. As such, there was
no way of determining the relative responsiveness of the uneducated NK cells or those
educated through other inhibitory NK cell receptor/ligand combinations. As our exper-
imental system directly compares cell fractions containing or lacking educated NK cells,
we feel that our results might offer an alternative explanation for the observations of
Isitman et al. We hypothesize that instead of NK cell education playing no role in the
ADCC reported by Isitman et al., alternative education-competent receptor/ligand
combinations could compensate for the lack of education through KIR3DL1 in donors
lacking HLA-Bw4. Future experiments implementing the experimental conditions from
the current study in the granzyme B release assay utilized by Isitman et al. would further
test this hypothesis.

Several limitations of the current study should be noted. First, the current study
solely utilized PBMC samples from HIV-1-uninfected donors. These samples provide an
idea of how NK cells from HIV-1-uninfected individuals might utilize vaccine-induced
antibodies or antibodies available within HIV-1-infected bodily fluids on exposure (7,
25) to respond to infected cells established early after HIV-1 exposure. Samples from
HIV-1-uninfected donors, however, cannot replace samples from HIV-1-infected indi-
viduals. Indeed, numerous alterations in NK cell differentiation, function, and pheno-
type accompany HIV-1 infection (27, 28). Therefore, future studies are required to
understand the relative contributions of educated and noneducated NK cells from
HIV-1-infected donors to the antibody-dependent responses of their total NK cell
population. Second, the current study classified educated KIR2DL2/3 NK cells as being
derived solely from HLA-C1-carrying donors. While KIR2DL2/3-expressing NK cells are
educated within HLA-C1-carrying donors (20, 24), these receptors have been shown to
interact with two HLA-B molecules exhibiting HLA-C1 characteristics and HLA-C2
molecules (29). Additional research is required to address whether KIR2DL2/3 interac-
tions with HLA-B and HLA-C2 contribute to NK cell education. This information will be
valuable for further refining the definition of educated and noneducated NK cells.
Lastly, it should be noted that the utilized DX27 (i.e., anti-KIR2DL2/3) and 143211 (i.e.,
anti-KIR2DL1) antibody clones cross-react with the activating KIR2DS2 and KIR2DS5
receptors, respectively (30). As such, the educated NK cell population identified in some
donors might include cells expressing these activating receptors, which would be
noneducated in the absence of additional inhibitory receptor expression. Given the low
functionality of gated noneducated NK cells, the potential inclusion of noneducated NK
cells within the educated NK cell population might have diluted the functional advan-
tages observed for educated NK cells.

In addition to addressing questions regarding the role of NK cell education in
determining anti-HIV-1 antibody-dependent functions, the presented data are relevant
to discussions of the role of anti-HIV-1 antibody-dependent NK cell functions in the
prevention and pathogenesis of HIV-1 infection. Although our utilized experimental
system evaluated anti-HIV-1 antibody responses directed to CD4-induced epitopes on
HIV-1 envelope that are not normally exposed on cells infected with most wild-type
HIV-1 strains, recent evidence suggests that HIV-1 CRF A/E naturally samples confor-
mations that expose these epitopes (31). Given that the RV144 trial targeted CRF A/E,
antibodies that target CD4-induced envelope epitopes might have played a role in the
modest protection observed (2-4). As such, the characteristics of NK cells that respond
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to CD4-induced epitopes on HIV-1 envelope could be significant for understanding
RV144-conferred protection. RV144 trial participants have been screened for diversity at
the HLA-I and KIR loci (32). We hypothesize that contributions of specific HLA-I/KIR
combinations to RV144-conferred protection would be difficult to reveal, because in the
absence of any given education-competent receptor/ligand combinations, alternative
combinations likely compensate and improve the functional potential of the total NK
cell population. Data supporting this hypothesis would suggest that HIV-1 vaccines
inducing nonneutralizing antibodies could be successful in the general population and
not restricted to individuals carrying certain education-competent receptor/ligand
combinations.

The conformation of the HIV-1 envelope and the abundance of ADCC-competent
antibodies directed to epitopes revealed upon envelope binding to CD4 might also be
of significance for understanding HIV-1 disease progression (9, 33). It has been dem-
onstrated that the envelope on cells infected with many HIV-1 strains does not assume
the CD4-bound conformation naturally and is prevented from binding cell surface CD4
due to the downregulation of CD4 by HIV-1 accessory proteins, Nef and Vpu. Thus,
ADCC antibodies to CD4-induced epitopes, which are commonly observed in HIV-1-
infected donors, will not be able to bind to their cognate epitopes on HIV-1-infected
cells. Recently, however, Richard et al. (33) demonstrated that gp120 shed from in
vitro-infected cells binds to uninfected cells within the same culture. Furthermore,
addition of plasma from HIV-1-infected donors or monoclonal antibodies recognizing
CD4-induced epitopes resulted in preferential antibody binding and killing of HIV-1-
uninfected cells. These results were supportive of a previously published hypothesis by
Lyerly et al. (34). Although much evidence supports a role for anti-HIV-1 antibody-
dependent NK cell responses in slowing disease progression (6, 35), it is possible that
ADCC of uninfected bystander cells could contribute to CD4* T-cell depletion in vivo in
areas of high viral replication. Indeed, the majority of cell death in HIV-1-infected lymph
nodes occurs in noninfected bystander cells (36). Further, the components required for
anti-HIV-1 ADCC of bystander cells are likely present within lymph nodes during HIV-1
infection. While lymph nodes in a nondisease state generally contain fewer mature CD16*
NK cells, a study in simian immunodeficiency virus (SIV)-infected macaques demonstrated
in situ differentiation of mature and cytolytic CD16* NK cells (37, 38). Additionally, gp120
is detectable within lymph nodes of simian/human immunodeficiency virus (SHIV)-infected
macaques and HIV-1-infected individuals (39, 40). If the phenomenon of bystander cell
death through ADCC contributes to HIV-1 disease progression, our data suggest that
educated NK cells could make a large contribution to the process.

The potential for educated NK cells to contribute to killing of uninfected bystander
cells via ADCC raises questions regarding the ability of educated NK cell-mediated
ADCC to be inhibited by interactions between inhibitory NK cell receptors and their
HLA-I ligands. The literature contains conflicting information with regard to this matter.
Others and we have demonstrated that antibody-dependent activation allows NK cells
to at least partially overcome inhibition through inhibitory KIR to mediate antibody-
dependent responses to HIV-1 and other antigens (12, 17, 41, 42). Additional research,
however, has demonstrated that inhibitory KIR/HLA-I interactions can decrease
antibody-dependent responses to HIV-1 and antigens detected by monoclonal anti-
bodies targeting malignancy targets (42, 43). One study demonstrated that the ability
of inhibitory KIR/HLA-I interactions to influence anti-CD20 antibody-dependent re-
sponses was largely dependent on which monoclonal antibody was used during the
stimulation (42). This suggests that the degree to which NK cells can overcome
inhibitory signals depends on achieving an optimal level of stimulation. Along similar
lines of reasoning, it could be proposed that the degree to which inhibitory NK cell
receptor/HLA-I interactions can inhibit antibody-dependent responses is linked to the
strength of the interaction between the particular allelic variants of the receptor/ligand
combination involved. Indeed, this might be interesting in terms of understanding how
allelic combinations of KIR3DL1 and HLA-Bw4 contribute to slowing HIV-1 disease
progression (44). Assessment of the relative abilities of protective and nonprotective

June 2018 Volume 92 Issue 11 e02146-17

Journal of Virology

jviasm.org 15


http://jvi.asm.org

Kristensen et al.

allelic combinations of receptors and ligands to inhibit killing of bystander cells via
anti-HIV-1 ADCC could provide clues to how KIR3DL1/HLA-Bw4 allelic combinations
influence HIV-1 disease progression. It is plausible that potent KIR3DL1/HLA-Bw4
combinations would inhibit antibody-dependent NK cell-mediated killing of uninfected
bystander cells expressing constitutively expressed levels of HLA-B. HIV-1-infected cells,
however, express reduced levels of HLA-B, due to Nef-mediated downregulation (45).
As such, HIV-1-infected cells might be more susceptible to ADCC mediated by NK cells
from donors with potent allelic combinations of KIR3DL1 and HLA-Bw4 if antibodies
recognizing appropriate epitopes are present. These experiments would best be done
using autologous CD4™ T cells expressing the full complement of autologous self-HLA-|
molecules and/or cell lines designed to express single HLA-I molecules.

There is currently much interest in anti-HIV-1 antibody-dependent responses and
their ability to contribute to protection from HIV-1 infection and/or slow disease
progression. In the presented data we demonstrate that NK cells educated through
inhibitory NK cell receptor interactions with self-HLA-I ligands account for most of the
anti-HIV-1 antibody-dependent activation and cytolysis observed in the utilized exper-
imental system. Future research is needed to determine the ability of inhibitory NK cell
receptor/ligand combinations to act as regulators of antibody-dependent NK cell
responses to uninfected bystander target cells and HIV-1-infected target cells express-
ing envelopes in different conformations.

MATERIALS AND METHODS

Subjects. Whole blood from 12 HIV-1-uninfected donors was collected by venipuncture into Vacu-
tainers containing sodium heparin. The Victorian Transplantation and Immunogenetics Services
(Parkville, Victoria, Australia) typed donors to four-digit resolution for HLA-A, -B, and -C (Table 1). Donor
09 was typed for HLA-A and -B as previously described (23). PBMC were isolated from whole blood by
Ficoll density gradient and utilized for functional assays. Informed consent was obtained from all donors
prior to sample collection. The ethics committees of all participating institutions approved the conducted
studies.

Cell lines and anti-HIV-1 antibodies. The CEM.NKr-CCR5 CD4* human T-cell line was obtained from
the NIH AIDS Reagent Program. The HLA-I-devoid 721.221 human B-cell line was a kind gift from Andrew
Brooks (University of Melbourne). HIVIG (NIH AIDS Reagent Program) was used to assess anti-HIV-1
antibody-dependent NK cell activation and ADCC. For anti-HIV-1 antibody-dependent NK cell activation
and ADCC assays, a 1:1,000 dilution of HIVIG was used to obtain robust readouts, as this dilution of HIVIG
avoids the prozone effect of higher concentrations and suboptimal responses of lower concentrations
(46).

Antibody-dependent NK cell activation assay. An NK cell activation intracellular cytokine staining
assay was performed to assess the functional importance of NK cell education in direct and antibody-
dependent NK cell activation, as previously described (11, 12, 25). Briefly, CEM.NKr-CCR5 target cells were
prepared by coating with HIV-15, gp120 (3 wg/ml/10¢ cells; NIH AIDS Reagent Program) for 90 min at
4°C. To assess antibody-dependent NK cell activation, freshly isolated PBMC (1 X 10°) were combined
with CEM.NKr-CCR5 cells (1 X 10°) at a 10:1 ratio in the absence or presence of a 1:1,000 dilution of
pooled HIV immunoglobulin. Control experiments were conducted only in the absence of anti-HIV-1
antibody, as we have previously reported that NK cell responsiveness to gp120-coated CD4* target cells
is not detected in the presence of HIV-1-uninfected antibody sources (12). To assess direct NK cell
activation, PBMC (1 X 10¢) were combined with 721.221 cells (1 X 108) at a 1:1 ratio. As a control, PBMC
(1 X 10°) were incubated alone. All incubations included allophycocyanin (APC) H7-conjugated anti-
CD107a antibody (clone H4A3; BD Biosciences), brefeldin A (Sigma) (5 wg/ml), and monensin (BD
Biosciences) (6 wg/ml) and were conducted for 5 h at 37°C. After incubation, cells were surface stained
with peridinin chlorophyll protein (PerCP)-conjugated anti-CD3 (clone SK7; BD Biosciences), PE-Cy7-
conjugated anti-CD56 (clone NCAM16.2; BD Biosciences), APC-conjugated anti-NKG2A (clone Z199;
Beckman Coulter), fluorescein isothiocyanate (FITC)-conjugated anti-KIR2DL1 (clone 143211; R&D Sys-
tems), BV711-conjugated anti-KIR3DL1 (clone DX9; BD Biosciences), and PE-conjugated anti-KIR2DL2/3
(clone DX27; BD Biosciences) antibodies for 30 min at room temperature in the dark. Next, cells were
fixed in 1% formaldehyde (Polysciences Inc.), permeabilized with permeabilization buffer (BD Biosci-
ences), and stained with Alexa Fluor 700-conjugated anti-IFN-y antibody (clone B27; BD Biosciences) for
1 h at room temperature. Lastly, cells were acquired on an LSR Fortessa flow cytometer (BD Biosciences).
Flow cytometry data were analyzed using FlowJo software.

LDH release cytotoxicity assay. The CytoTox 96 nonradioactive cytotoxicity assay kit (Promega) was
used to measure antibody-dependent cytotoxicity via LDH release, as previously described (12). Briefly,
CEM.NKr-CCR5 target cells were prepared by coating with HIV-15,, gp120 (3 ng/ml/10¢ cells) for 90 min
at 4°C. All assay conditions were conducted in triplicate in 96-well round-bottom tissue culture plates
(Greiner Bio-One) with freshly isolated PBMC as effector cells. The spontaneous LDH release from target
and effector cells was assessed by incubation of each cell population alone. Maximum LDH release from
target cells was assessed by the addition of lysis solution (Promega) to wells containing only target cells.
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Additional wells containing culture medium alone were also included. Effector and target cells were
combined at a 20:1 ratio for whole PBMC, with each well containing 2 X 10* targets combined with 4 X
105 effectors. In experiments assessing the antibody-dependent cytotoxicity potential of PBMC enriched
for educated NK cells or depleted of educated NK cells by FACS, the number of Educated* PBMC or
Educated~ PBMC that would be present in whole PBMC at a 20:1 effector-to-target cell ratio was
combined with 2 X 10% targets. To measure anti-HIV-1 ADCC, experimental conditions included assess-
ment of LDH release upon the addition of a 1:1,000 dilution of HIVIG to wells containing effectors and
CEM.NKr-CCR5 targets. After the addition of all reagents to wells, plates were spun at 250 X g for 4 min
and incubated for 4 h at 37°C. Following incubation, plates were spun at 250 X g for 4 min, and 50
wul/well of supernatant was transferred to an enzyme-linked immunosorbent assay (ELISA) plate (Thermo
Fisher Scientific). Next, 50 ul of substrate (Promega) was added to each well containing supernatant and
incubated for 30 min at room temperature in the dark. Finally, the reaction was stopped by the
addition of 50 ul/well of stop solution (Promega), and absorbance was recorded at 492 nm. The
optical density values for wells containing medium only were subtracted from all other optical
density values. The remaining values were used to calculate the percentage of cytotoxicity with the
following formula: percent cytotoxicity = [(experimental — effector spontaneous — target sponta-
neous)/(target maximum — target spontaneous)] X 100.

FACS of Educated* PBMC and Educated— PBMC. Cell separation of PBMC into Educated* PBMC
and Educated— PBMC was performed with FACS. First, 20 X 106 to 30 X 10 PBMC were stained with
PE-conjugated anti-NKG2A antibody (clone Z199; Beckman Coulter) and a donor-dependent combina-
tion of PE-conjugated anti-KIR2DL1 (clone 143211; R&D Systems), anti-KIR3DL1 (clone DX9; BD Biosci-
ences), and anti-KIR2DL2/3 (clone DX27; BD Biosciences) antibodies for 30 min at room temperature in
the dark (donor relevant combinations of educating receptors are listed in Table 1). As a control,
unstained PBMC were concurrently incubated. Following incubation, stained and unstained PBMC were
washed and resuspended in phosphate-buffered saline (PBS) plus 1% fetal calf serum (FCS) and acquired
on the BD FACSAria lll cell sorter (BD Biosciences) located within the flow cytometry platform at the Peter
Doherty Institute for Infection and Immunity. Educated* PBMC and Educated~ PBMC (stained PBMC)
were defined as PE-positive and PE-negative gated lymphocytes, respectively. As a control, whole PBMC
(unstained PBMC) were sorted as PE-negative gated lymphocytes. All three PBMC populations were
collected and washed in RF10 medium prior to use in functional assays.

Data analyses. Data collation and statistical analyses were completed with GraphPad PRISM version
7.0a. Paired comparisons of educated and noneducated NK cell subsets within donors were completed
using Wilcoxon matched-pairs tests. Comparisons between multiple matched groups were performed
using the Friedman test followed by Dunn’s post hoc test. Differences were considered statistically
significant at a P value of <0.05. Data throughout are reported in the following format: (median [range]).
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