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Human immunodeficiency virus (HIV) and hepatitis C virus (HCV) infections impair plasmacytoid dendritic
cell (PDC) and natural killer (NK) cell subset numbers and functions, though little is known about PDC-NK
cell interactions during these infections. We evaluated PDC-dependent NK cell killing and gamma interferon
(IFN-v) and granzyme B production, using peripheral blood mononuclear cell (PBMC)-based and purified cell
assays of samples from HCV- and HIV-infected subjects. CpG-enhanced PBMC killing and IFN-y and
granzyme B activity (dependent on PDC and NK cells) were impaired in viremic HIV infection. In purified
PDC-NK cell culture experiments, CpG-enhanced, PDC-dependent NK cell activity was cell contact and IFN-«
dependent, and this activity was impaired in viremic HIV infection but not in HCV infection. In heterologous
PDC-NK cell assays, impaired PDC-NK cell killing activity was largely attributable to an NK cell defect, while
impaired PDC-NK cell IFN-y-producing activity was attributable to both PDC and NK cell defects. Addition-
ally, the response of NK cells to direct IFN-a stimulation was defective in viremic HIV infection, and this defect
was not attributable to diminished IFN-« receptor expression, though IFN-a receptor and NKP30 expression
was closely associated with Kkiller activity in viremic HIV infection but not in healthy controls. These data
indicate that during uncontrolled HIV infection, PDC-dependent NK cell function is impaired, which is in large
part attributable to defective IFN-a-induced NK cell activity and not to altered IFN-a receptor, NKP30,

NKP44, NKP46, or NKG2D expression.

Immature dendritic cells (DC) are key innate mediators of
the adaptive immune response. Myeloid DC (MDC) and plas-
macytoid DC (PDC) have been identified as two main periph-
eral DC subsets (43). Numerical and functional defects in these
populations have been described for both hepatitis C virus
(HCV) and human immunodeficiency virus (HIV) infections,
with the impairments distinctly different in each infection (3,
12, 19, 26, 33, 48, 53, 56, 57). Natural killer (NK) cells are
capable of cytotoxic, cytokine-expressing, and chemokine-ex-
pressing functions (31, 38). These lymphocytes are vital during
the early stages of mouse hepatic viral infection (22, 42) and
during human herpes virus infection (5, 7, 10). NK cell cyto-
toxic function has long been known to be reduced during
chronic HIV infection and in subjects with AIDS (32, 44), and
unfractionated cell assays of NK cell function indicate an im-
paired NK cell response to alpha interferon (IFN-a) (52).
Additionally, genetic markers of NK cell phenotype are asso-
ciated with disease progression rate (36). In contrast, HIV-
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exposed but uninfected subjects appear to have enhanced NK
cell function (45), and after highly active antiretroviral therapy
(HAART), NK cell numbers and function appear to normalize
(1, 4). In the setting of HCV infection, genetic markers of NK
cell phenotype appear to predict the outcome after acute ex-
posure (28). During chronic HCV infection, some studies in-
dicate reduced NK cell cytotoxicity (14, 40, 55), while more-
recent studies indicate normal NK cell function and reduced
peripheral NK cell numbers (18, 27, 39).

DC-NK cell bidirectional cross talk has recently been shown
to play a key role in host defense (20, 30, 34, 35, 37). This cross
talk can be facilitated by Toll-like receptor (TLR) signaling
and results in NK cell activation, enhanced NK cell effector
function, and DC maturation (15, 20, 21, 30, 49). In the setting
of viremic HIV infection, recent unfractionated cell system
data indicate impairment in PDC-dependent NK cell activity
(11). These data may be explained by the previously described
numerical defects in PDC or NK cells, though whether there
are additional functional defects within these cell populations
resulting in impaired interaction is not known.

In this study, we evaluated the effect of chronic HCV infec-
tion, viremic HIV infection, and HAART-controlled HIV in-
fection on TLR ligand-activated PDC-dependent NK cell ac-
tivity in unfractionated and purified cell populations, using
direct ex vivo assays. Results indicate that in addition to nu-
merical defects in peripheral PDC and NK cell subsets, there is
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functional impairment in the PDC-NK cell interaction during
viremic HIV infection. This functional impairment is in large
part due to reduced NK cell responsiveness to IFN-a and in
part due to defective PDC function.

MATERIALS AND METHODS

Study subjects. Chronic HCV-infected subjects (n = 15 for unfractionated cell
assays, and n = 10 for purified cell assays) had detectable serum HCV antibodies
for at least 6 months, had HCV RNA detectable by PCR, and were not previ-
ously treated for HCV infection. HIV-infected subjects had HIV antibodies
detectable by both enzyme-linked immunosorbent assay (ELISA) and Western
blotting. Viremic HIV subjects were not on antiretroviral therapy and had HIV
detectable by PCR. Aviremic HIV subjects were virally suppressed (had plasma
virus undetectable by PCR) as a result of HAART. Healthy control subjects were
not infected with HCV or HIV. All study subjects provided written informed
consent for venous blood sampling under approval of the institutional review
boards for human studies at the Cleveland VA Medical Center and University
Hospitals of Cleveland.

Cell isolation. Peripheral blood mononuclear cells (PBMC) were prepared
from fresh peripheral blood specimens, using Ficoll (Fisher Scientific, Hudson,
NH). For purified cell assays, PDC were prepared from PBMC by BDCA4-
positive bead selection (Miltenyi Biotech, Auburn, CA). For IFN-y and gran-
zyme B enzyme-linked immunospot (ELISPOT) analysis, NK cells were pre-
pared by the negative selection method, in which CD19-, BDCAI1-, and BDCA2-
expressing cells (Miltenyi Biotech, Auburn, CA) were first removed, followed by
the removal of CD3-, CD4-, and CD14-expressing cells (EasySep; StemCell
Technologies, Vancouver, British Columbia, Canada). For heterologous assays,
NK cells were prepared by negative selection (depletion of T cells, B cells, stem
cells, DC, monocytes, granulocytes, and erythroid cells [Miltenyi Biotech, Au-
burn, CAJ). NK cells used in PCR assays were prepared by negative selection
(StemCell Technologies, Vancouver, British Columbia, Canada) (6).

Flow cytometric analysis. Flow cytometric analysis was performed on a
FACSCalibur (Becton Dickinson, San Jose, CA) flow cytometer with CellQuest
software (Becton Dickinson) for studies with unfractionated PBMC, or on an
LSR II flow cytometer (BD Biosciences, San Jose, CA) with CellQuest software
(BD Biosciences) for studies of purified PDC-NK cell activity. PBMC were
stained with isotype control, anti-CD3, anti-CD16, anti-CD56, anti-NKG2D,
anti-NKP30, anti-NKP44, anti-NKP46 (Becton Dickinson, San Jose, CA), or
anti-IFN-aR (R&D Systems, Minneapolis, MN) monoclonal antibodies for 20
min (at room temperature for stains containing NK cell subset markers, and
at 4°C for IFN-a receptor stains) and were then washed in phosphate-
buffered saline with 0.01% bovine serum albumin. Lymphocytes were iden-
tified by forward and side scatter, and NK cell subset frequencies were
measured (CD37CD56%, CD3~CD56%™, CD3~CD56"e" CD3 CD16",
CD3 CD16 CD56%, CD3 CD16"CD56~, CD3 CD16°CD56", and
CD37CD16" or CD56™). Proportions of each subset that expressed IFN-aR,
NKG2D, NKP30, NKP44, or NKP46, as well as PDC frequency (lineage
marker [CD3~, CD14~, CD16, CD19", CD20, and CD56 ] HLA-
DR*CD123") and level of expression (mean fluorescence intensity) for each
subset, were also determined.

NK cell killing activity. Unfractionated PBMC were cultured for 20 h in the
presence and absence of CpG 2216 (5uM; Integrated DNA Technologies, Inc.,
Coralville, TA) at 37°C in 24-well culture plates. K562 target cells (ATCC,
Manassas, VA) were stained with PKH26 (Sigma, St. Louis, MO) and added to
the precultured PBMC at 3:1, 10:1, 30:1, and 50:1 effector-to-target (E:T) ratios
and were cultured an additional 2 h at 37°C. Cells were then removed and stained
for 15 min at room temperature with annexin V (BD Biosciences Pharmingen,
San Diego, CA). Killing activity was measured by quantifying the proportion of
PKH26-positive target cells that were annexin V positive by flow cytometric
analysis using an LSR II flow cytometer (Becton Dickinson, San Jose, CA).

For purified cell assays, NK cell-to-K562 E:T ratios of 0:1, 3:1, 10:1, and 30:1
were performed with fixed numbers of K562 cells (10*well), and PDC, when
included, were at a 1:20 ratio with NK cells (optimized for K562-killing activity).
For heterologous assays, PDC and NK cells were obtained from different donors
(either viremic HIV or control donors), and each PDC fraction was tested
against at least one healthy control and one viremic HIV NK cell fraction, and
each NK cell fraction was tested against at least one viremic HIV and one healthy
control PDC fraction. Autologous activity assays were performed in parallel to
heterologous assays for direct comparison. Assays were performed in granzyme
B ELISPOT wells, supernatants were analyzed for IFN-y by ELISA, and cells
were analyzed for annexin V staining as described above.
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IFN-y and granzyme B ELISPOT assays. ELISPOT assays were used to
measure PBMC and NK cell (in the presence or absence of autologous PDC)
IFN-v or granzyme B production in response to stimulation with interleukin-12
((IL-12] 1 ng/ml), CpG (2216; 5 uM), IFN-« (1,000 units/ml), or IL-12, IL-15, and
IL-18 combined (1 ng/ml, 5 ng/ml, and 1.25 wg/ml, respectively). Freshly isolated
NK cells (1 X 10° cells/well unless otherwise stated) were plated in duplicate in
the presence or absence of freshly isolated autologous PDC (2 X 10* cells/well)
in the presence or absence of K562 cells (2 X 10* cells/well unless otherwise
stated) onto 96-well IFN-y or granzyme B ELISPOT plates and cultured for 20 h
at 37°C. The cultures were developed and analyzed as previously described (2)
for IFN-vy spot-forming frequency and as per the kit instructions for granzyme B
(Becton Dickinson, San Jose, CA). In pilot assays, the PDC-to-NK cell ratio was
optimized for TLR ligand-dependent, PDC-dependent NK cell IFN-y activity.
For blocking experiments, IL-12 neutralizing antibodies (10 pwg/ml; Becton Dick-
inson, San Jose, CA), IL-12 isotype control antibodies (10 pg/ml; Becton Dick-
inson, San Jose, CA), IFN-a-blocking antibody (40 wg/ml; PBL Biomedical
Laboratories, Piscataway, NJ), or IFN-«a isotype control antibody was added in
duplicate.

IL-12, IFN-vy, and IFN-a ELISA. Freshly isolated PBMC (6 X 10° cells/well),
NK cells (2 X 10° cells/well), and PDC (5 X 10* cells/well) were suspended in
RPMI medium containing 5% human serum,1% L-glutamine, and 1% penicillin-
streptomycin and plated in 96-well tissue culture plates. Cell cultures were
incubated for 20 h at 37°C, supernatants were removed, and cytokine levels were
measured by ELISA (for IL-12 production, R&D Systems, Minneapolis, MN,
and for TFN-a production, PBL Biomedical Laboratories, Piscataway, NIJ).
PDC-NK cell coculture assay supernatants were also analyzed for IFN-y pro-
duction by ELISA.

Measurement of HIV-1 DNA by real-time PCR. NK cells were analyzed for
HIV-1 minus-strand strong stop (SS) DNA as previously described (51).

Statistical analysis. We analyzed the data with SPSS for Windows, version
15.0 (SPSS Inc., Chicago, IL), and Stata/SE, version 9.2 (StataCorp, College
Station, TX). We used conventional measures of central tendency and variability
to describe the data. To compare continuous and categorical variables across
groups, we used the Mann-Whitney U test or Kruskal-Wallis H test and Pear-
son’s chi-square test, respectively. We compared responses before and after
stimulation and those with and without target cells with Wilcoxon signed-rank
test and assessed the associations between continuous variables by Spearman’s
rank correlation coefficient. All tests were two-sided, and a P value of = 0.05 was
considered significant.

RESULTS

Frequencies of PDC and NK cell subsets in peripheral blood
of control, HCV-infected, viremic HIV-infected, and aviremic
HIV-infected subjects. Since NK cell and PDC numerical de-
fects have been previously described for both HCV and HIV
infections, to understand the contribution of numerical defects
to unfractionated cell activity defects we first looked at the
peripheral frequencies of these cells. We evaluated subjects
with chronic HCV infection, viremic HIV infection (subjects
not on HAART), and aviremic HIV infection (successful viral
control with HAART). CD4 counts ranged from 364 to 603
and 236 to 923 cells/pl in viremic HIV-infected and aviremic
HIV-infected subjects, respectively (Table 1). All HCV-in-
fected subjects had HCV genotype 1 infections. Consistent
with previous literature (3, 11, 48, 53, 56), PDC frequencies
were decreased in HCV and viremic HIV subjects compared to
those of the controls (0.13% versus 0.25%, P = 0.02, and
0.05% versus 0.25%, P = 0.001, respectively). In viremic HIV-
infected subjects, CD3~CD16"CD56" NK cell subset fre-
quencies were decreased (2.67% versus 3.59%, P = 0.03),
while CD37CD16 CD56% NK cell subset frequencies were
increased compared to those of the controls (2.91% versus
1.15%, P = 0.04). In aviremic HIV-infected subjects, CD3~
(CD16" or CD56") frequencies were increased compared
with those of the controls (11.66% versus 7.52%, P = 0.02).
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TABLE 1. NK and PDC subset frequencies for control, HCV-infected, viremic HIV-infected, and aviremic HIV-infected subjects”

Lymphocyte

Median % frequency of lymphocyte gate (interquartile range) for indicated subjects:

Controls

HCV-infected”

Viremic HIV-
infected*?

Aviremic HIV-
infected™?

CD3756™"

CD3 56%™
CD3756hright

CD3716"
CD371656"
CD3716"56
CD3716756™"

CD3 16" or CD37 56"
PDC (Lin" DR*123%)

5.98 (4.19-8.34)
477 (3.55-752)
1.02 (0.62-1.29)
5.53 (4.26-7.10)
1.15 (0.90-2.93)
1.18 (0.93-5.02)
3.59 (3.11-6.03)
7.52 (5.02-9.26)
0.25 (0.13-0.35)

6.34 (6.07-7.80)
530 (4.37-7.02)
1.06 (0.72-1.33)
6.94 (5.57-7.74)
1.60 (0.88-2.17)
2.08 (0.91-3.13)
474 (3.80-5.28)
8.64 (7.35-10.06
0.13 (0.10-0.19)

5.98 (3.97-7.69)
5.62 (3.62-7.52)
0.54 (0.41-1.34)
4.50 (2.65-8.71)
2.91 (2.00-5.46)°
1.38 (0.57-3.56)
2.67 (1.41-4.21)

8.67 (5.87-11.34)

0.05 (0.02-0.10)’

8.64 (6.24-13.81)
7.39 (6.02-11.54)
1.16 (0.59-2.92)
9.12 (3.42-12.53)
2.41 (1.47-7.66)
1.47 (0.51-5.39)
6.00 (2.91-9.06)

11.66 (10.60-23.23)¢

0.14 (0.05-0.22)
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“There were 15 subjects per group. Lin, lineage marker; DR, HLA DR.

® The median HCV level was 496,252 IU/ml, and the range was 19,882 to 2,622,260 IU/ml. The control, viremic HIV-infected, and aviremic HIV-infected subjects

were not tested by quantitative PCR.

¢ The median HIV level for viremic HIV-infected subjects (lower sensitivity level, 50 copies/ml) was 17,600 copies/ml, and the range was 60 to 510,000 copies/ml. For
aviremic HIV-infected subjects, the median level was 50 copies/ml, and the range was 50 to 50 copies/ml. The control and HCV-infected subjects were not tested by

PCR.

4 The median number of CD4 cells for viremic HIV-infected subjects was 493 cells/ul, and the range was 364 to 603 cells/pl. For aviremic HIV-infected subjects, the
median number was 508 cells/pl, and the range was 236 to 923 cells/ul. The control and HCV-infected subjects were not tested.

¢ P = 0.04 for viremic HIV-infected versus control subjects.
/P = 0.03 for viremic HIV-infected versus control subjects.
&P = 0.02 for aviremic HIV-infected versus control subjects.
" p = 0.02 for HCV-infected versus control subjects.

P = 0.001 for viremic HIV-infected versus control subjects.

CpG-enhanced NK cell-associated PBMC killing activity is
impaired in viremic HIV infection. To measure PDC-NK cell
interactions in the most direct ex vivo setting, we first evaluated
freshly prepared PBMC for NK cell killing activity of K562
target cells in the presence and absence of the PDC-activating
TLRO ligand class A CpG 2216. We performed assays with
increasing numbers of PBMC to achieve different E:T cell
ratios. As shown in Fig. 1A, K562 target cell death was sub-
stantially enhanced by preculturing healthy control PBMC ef-
fectors for 20 h with CpG 2216. This CpG-enhanced activity
was dependent on the presence of NK cells and PDC (Fig. 1B),
which established this assay as one measuring PDC-dependent,
NK cell-dependent, CpG-enhanced killing activity. In parallel,
we also measured IFN-y- and granzyme B-producing PBMC
frequencies. These latter functional readouts of NK cell activ-
ity were also shown to be CpG enhanced and dependent on
CD56-bearing NK cells and PDC (data not shown).

We next evaluated PBMC from each group of subjects for
NK-associated PBMC killing activity dependent on CpG-acti-
vated PDC. As shown in Fig. 1C through F, CpG enhanced the
PBMC killing activity in all subject groups, though the degree
of enhancement was diminished in viremic HIV infections.
Specifically, in the presence of CpG the PBMC Kkilling activity
was decreased in viremic HIV-infected subjects compared to
that in the controls (P = 0.0007 at an E:T of 50:1) (Fig. 1G),
while it was maintained in aviremic HIV and HCV infections
(the latter indicates that viremia is likely a strong determinant
of the observed defect). This difference between viremic HIV-
infected and control subjects was also significant at E:T ratios
of 10:1 and 30:1 (P = 0.04 and 0.0006, respectively). The
degree of CpG enhancement was also impaired in viremic
HIV-infected subjects (P = 0.04, 0.0004, and 0.0008 at E:T
ratios of 10:1, 30:1, and 50:1) (Fig. 1H). PBMC killing activity
in samples from HCV-infected subjects compared to that of
the controls tended to be increased in the absence of CpG (P =

0.05) (Fig. 1F) but not to be as remarkably enhanced by the
presence of CpG (P = 0.1) (Fig. 1H).

CpG-enhanced granzyme B and IFN-vy are impaired in vire-
mic HIV infection. In parallel to assays of killing activity, gran-
zyme B and IFN-y ELISPOT assays were also performed.
Similar to findings for the killing activity defect, fewer CpG-
stimulated PBMC from viremic HIV-infected subjects pro-
duced granzyme B compared to that from healthy controls
(P =0.02, P =0.019, and P = 0.004 at E:T ratios of 10:1, 30:1,
and 50:1) (Fig. 2A). Activity was also reduced in aviremic
HIV-infected subject samples (50:1 E:T ratio, P = 0.02). When
IFN-y-secreting activity was measured, fewer frequencies of
CpG-stimulated PBMC from viremic HIV-infected subjects
produced IFN-y compared to those from the controls (P =
0.02, P = 0.01, and P = 0.01 at E:T ratios of 3:1, 10:1, and 30:1)
(Fig. 2B).

In viremic HIV-infected subjects, higher HIV plasma levels
were associated with lower PBMC granzyme B production in
the absence of CpG only at the highest E:T ratio (»r = —0.60,
P = 0.04). No other associations between IFN-y production,
granzyme B-secreting activity, or Kkilling activity and HCV
level, HIV level, or CD4 cell count in the HCV- or HIV-
infected subject groups were observed.

NK cell IFN-y production dependent on CpG-activated
PDC is impaired in viremic HIV infection. Because defects
identified in the unfractionated system may be due to either
numerical or functional defects in PDC or NK cells, we next
focused on whether there are per cell functional defects of
PDC or NK cells in the setting of viremic HIV infection. To
characterize purified NK cell and PDC activities, we analyzed
NK cell IFN-y and granzyme B production in the presence and
absence of PDC that were, or were not, activated with TLR
ligand. Because the presence of K562 target cells facilitates NK
cell activation and IFN-y production (25), we first measured
NK cell IFN-y production in response to target cells in the
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FIG. 1. CpG-enhanced NK cell-associated PBMC killing is impaired in viremic HIV infection. (A) PBMC from five healthy control subjects
were cultured in the absence or presence of CpG 2216 (22 h at 37°C). PKH26-labeled K562 target cells were added during the final 2 h of culture,
and PKH26-gated annexin V-stained cells were quantified by flow cytometric analysis. Data are shown as means and standard deviations.
(B) PBMC, PBMC depleted of PDC (BDCA4 depletion), and PBMC depleted of NK cells (CD56 depletion) were cultured in the presence or
absence of CpG, and annexin V was measured. The proportion (fraction) of maximum CpG-enhanced killing is shown on the y axis for data
representing six healthy control subjects. PBMC from healthy control (C), viremic HIV-infected (D), aviremic HIV-infected (E), and HCV-
infected (F) subjects (n = 15 for each group) were assayed for CpG 2216-dependent killing activity. (G) Comparison of killing activity in the
presence of CpG among groups at an E:T ratio of 50:1. vir, viremic; avir, aviremic. Boxes represent median values. (H) CpG-enhanced activity
(activity in the presence of CpG minus that in the absence of CpG) is represented for each group. *, P < 0.05 for comparison of results for viremic

HIV-infected subjects to those for healthy control subjects.

absence of PDC. Overlapping groups of subjects were studied
for this experiment. Levels of HCV in HCV-infected subjects
ranged from 119,000 to 4,960,000 ITU/ml. For viremic HIV-
infected subjects, CD4 cell counts ranged from 196 to 855
cells/ul (median, 381), and HIV levels ranged from 252 to
591,000 copies/ml (median, 39,000). Consistent with previous
findings by others (17, 32, 44), fewer NK cells from viremic
HIV-infected subjects than from control subjects produced

IFN-vy in response to K562 target cells (P = 0.002) (data not
shown). This also tended to be the case for granzyme B (P =
0.08) (data not shown). These functions were not significantly
different in HCV-infected subjects (P = 0.1 and 0.7 for IFN-y
and granzyme B, respectively) (data not shown).

We then measured PDC-dependent NK cell IFN-y and
granzyme B production in the presence and absence of K562
target cells. Assays were performed in the presence and ab-
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FIG. 2. CpG-enhanced, NK cell-associated PBMC granzyme B and IFN-y production are reduced in viremic HIV infection. PBMC from
healthy control, HCV-infected, viremic HIV-infected, and aviremic HIV-infected subjects (the same PBMC samples analyzed for killing activity
for Fig. 1) were assayed for CpG 2216-dependent granzyme B (A)- and IFN-y (B)-producing cell activity at different PBMC effector-to-K562 target

ratios (shown on the x axis) by ELISPOT assay. sfu, spot-forming units.

sence of PDC-activating CpG 2216. In the absence of CpG, no
PDC-mediated enhancement of NK cell IFN-y-secreting activ-
ity was observed in the presence or absence of K562 target cells
(data not shown). In contrast, in the presence of CpG-activated
PDC, enhancement of NK cell IFN-y-secreting activity was
observed in the presence and absence of K562 target cells (Fig.
3A). In the absence of K562 target cells, NK cell IFN-y-secret-
ing activity dependent on CpG-activated PDC tended to be
reduced in viremic HIV-infected subjects compared to that in
control subjects (P = 0.1) (Fig. 3B), whereas in the presence of
K562 target cells, PDC-dependent NK cell IFN-y activity was
significantly reduced in viremic HIV-infected subjects com-
pared to that in the controls (Fig. 3C, P = 0.03). This activity
appeared intact in HCV-infected subjects. Little PDC-depen-
dent activity was observed for granzyme B-producing NK cell
function (Fig. 3D and E). Granzyme B-producing activity was
enhanced by PDC to a greater degree in HCV-infected sub-
jects (P = 0.07) (Fig. 3D). No correlation between HCV level,
HIV level, or CD4 cell count and functional activity was ob-
served in these assays.

CpG-dependent, PDC-NK cell killing activity defect is
largely attributable to defective NK cell function, while IFN-
v-producing activity defect is attributable to both PDC and
NK cell defects. Since impaired PDC-NK cell activity may be
due to defects in PDC or NK cells or a combination of the two,
we next evaluated the contribution of PDC versus that of
NK cells to this defect in a heterologous assay system. We
compared autologous healthy control PDC-NK, autologous
viremic HIV PDC-NK, PDCeonol.NKentro! heterologous,
PDCcontrol_NKviremic HIV heterologous, and PDCviremic HIV_
NKeo! coculture activities in assays of K562 killing activ-
ity (superscript descriptors indicate sources of cells). Over-
lapping groups of subjects were studied for this experiment.
For viremic HIV-infected subjects, CD4 counts ranged from
401 to 745 cells/pl (median, 516) and HIV levels ranged from
3,880 to 142,000 copies/ml (median, 26,900). As shown in Fig.
4, similar to data shown in Fig. 3 for IFN-y-producing activity,
in the autologous PDC-NK cell culture system there was de-
creased PDC-NK cell killing (P = 0.007) and IFN-y (P <
0.001) activity in the presence of CpG for viremic HIV samples
(Fig. 4A) compared to those for control subject samples (Fig.
4B). In the heterologous system, there was substantially de-

creased PDC-NK cell killing activity for NK cells derived from
viremic HIV-infected individuals (P = 0.01). For PDC derived
from viremic HIV-infected individuals, killing activity was non-
significantly and less dramatically reduced (P = 0.6) (Fig. 4A).
The latter activity significantly differed from that for NK cells
derived from viremic HIV-infected individuals (P = 0.01),
again indicating that for NK cells derived from viremic HIV-
infected individuals there is a defect in activity. Therefore,
while there may be a minor contribution of impaired PDC
function to the impaired PDC-NK cell killing activity, we con-
clude that a main portion of the defect is attributable to im-
paired NK cell function. In contrast, for IFN-y-producing ac-
tivity, both PDC and NK cells appear to contribute equally to
the defect (P = 0.009 and P = 0.001, respectively) (Fig. 4B).
Granzyme B activity was also measured (data not shown), and
the variability within each PDC-NK cell coculture was greater.
The difference in PDC or NK cell activity between samples
from HIV-infected subjects and those from healthy controls
(P = 02 and P = 0.4, respectively) is not significant. No
correlation between PDC-NK cell functional activity and HIV
level or CD4 cell count was identified in these assays.
PDC-NK cell interaction is cell contact and cytokine depen-
dent. To explore the mechanism of impaired PDC-NK cell
interaction in viremic HIV infection, we characterized the cell
contact and soluble factor requirements for this system. PDC-
mediated NK cell activation and NK cell killer activity have
been shown to be IFN-a dependent (21, 50). Since our system
is slightly different, we evaluated both cell contact and soluble
factor (IFN-a and IL-12) dependence. An example of a trans-
well experiment is shown in Fig. SA. The transwell insert sep-
arated PDC and NK cells. When K562 target cells were
present, they were in the same compartment as the NK cells.
For this example of healthy control subject NK cells, the pres-
ence of the transwell insert substantially reduced PDC-depen-
dent NK cell IFN-vy activity in both the absence and the pres-
ence of K562 target cells. This experiment was repeated in the
presence of K562 target cells another 5 times with samples
from different healthy control subjects. At most, 20% of the
activity present in the nontranswell experiment was observed
when the transwell insert was present, indicating a strong cell
contact requirement for this activity (Fig. 5B). Similar trans-
well assays were performed to evaluate killing readout, and
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CpG-enhanced PDC-dependent killing activity was also cell
contact dependent (data not shown). Blocking-study assays
indicated that NK cell IFN-y activity dependent on CpG-acti-
vated PDC was partially dependent on IFN-a and not on IL-12
(Fig. 5C). In contrast, NK granzyme B production dependent
on CpG-activated PDC appears to be partially dependent on
both IL-12 and IFN-a (Fig. 5D). NK cell killing activity was
IFN-a, but not IL-12, dependent (data not shown). Taken
together, these data suggest that the activated PDC-enhanced
NK cell IFN-y and killing activity is both cell contact and

IFN-a dependent, while requirements for the granzyme B-
producing function appear slightly different.

IFN-a-induced NK cell IFN-y production is impaired in
viremic HIV infection. To further explore the mechanism of
impaired PDC-mediated NK cell activity, we focused on IFN-a
and IL-12 production in PDC-NK cell cocultures and on the
ability of these cytokines to directly activate NK cells. Very
little IL-12 was detectable in the supernatants of PDC-NK
cocultures performed in the presence and absence of CpG or
K562 target cells (data not shown). IFN-a production in the
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for cultures were analyzed for IFN-y by ELISA.

supernatants of these cocultures was nonsignificantly reduced
for samples from viremic HIV-infected subjects when the cul-
tures were performed in the absence and presence of K562
target cells (P = 0.2 and P = 0.7, respectively) (Fig. 6A and B).
However, upon direct stimulation of NK cells, IFN-a-induced
NK cell IFN-y production was strikingly impaired in samples
from viremic HIV-infected subjects (P = 0.02) (Fig. 6C), while
IL-12-induced NK cell IFN-y production appeared intact (Fig.
6E). A similar pattern of impaired IFN-a-induced NK cell
granzyme B production was observed (Fig. 6D and F). When
NK cell stimulus of combined IL-12, IL-15, and IL-18 was
used, greater frequencies of NK cells produced IFN-y than
when stimulated with IL-12 alone (data not shown). This ac-
tivity was above the IFN-v detection limit for the assay system
for nearly all data points (data not shown). IL-12/IL-15/IL-18-
induced NK cell granzyme B production was impaired in vire-
mic HIV infection (P = 0.009) (Fig. 6G). Taken together,
these data suggest that in the setting of viremic HIV infec-
tion, there is a nonsignificant and modest impairment of
IFN-a production in the PDC-NK cell coculture system,
while at the same time, there is substantially impaired NK
cell responsiveness to IFN-a and IL-12/IL-15/IL-18 but not
to IL-12 alone.

Impaired NK cell response to IFN-« is not the result of dimin-
ished IFN-a receptor expression, altered NKG2D, NKP30,
NKP44, or NKP46 expression, or likely the result of direct infec-
tion, but killing activity is closely associated with IFN-« receptor
expression and NKP30 expression in viremic HIV infection.
Since impaired NK cell response to IFN-a may be due directly
to altered IFN-a expression, we measured IFN-a receptor

levels on NK cell subsets. Since activation of NK cell receptors
has been directly related to killing activity (16, 41, 47), and
since NK cell-activating receptors have been described as re-
duced in expression during HIV infection (17), we also mea-
sured expression levels of NKG2D, NKP30, NKP44, and
NKP46 in CD16'CD56", CD16"CD56 ", and CD16 D56
NK cell subsets (an example of analysis on the CD16*CD56™"
subset is shown in Fig. 7A). IFN-a receptor expression
was similar on the CD16"CD56", CD16"CD56~ and
CD16 CD56™ NK cell subsets (Fig. 7B), comparing samples
from control and viremic HIV-infected subjects. Similarly,
NKG2D, NKP30, NKP44, and NKP46 expression did not differ
between HIV-infected and healthy control subjects on each of
the NK cell subsets (Fig. 7C through F). However, in viremic
HIV-infected, but not control, subjects, NK cell NKP30 and
IFN-a receptor expression was associated with killing activity
(the CD16"CD56" NK cell subset is shown in Fig. 7G; data
are similar for the CD16"CD56~ and CD16~ CD56" subsets
[data not shown]). This finding suggests a stronger dependence
of killing activity on expression of these receptors in viremic
HIV infection. Additionally, NKP30 expression was found to
inversely correlate with HIV level, but with statistical signifi-
cance only on the CD16"CD56 subset (r = —0.68 and —0.63
and P = 0.04 and 0.07 for NKP30 expression on the
CD167CD56~ and CD16"CD56" NK cell subsets, respec-
tively [data not shown]). Together these data indicate that
while altered IFN-a receptor, NKP30, NKP44, NKP46, or
NKG2D expression does not account for overall-reduced NK
cell-killer activity in HIV infection, the expression of NKP30
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FIG. 5. PDC-NK cell interaction is cell contact and cytokine dependent. (A) Representative transwell experiment with healthy control cells. NK
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cells from three control subjects.

and IFN-a receptors is fundamentally related to killing activity
in viremic HIV infection.

The presence of HIV DNA within NK cells has been previ-
ously described (54), suggesting that these cells may be directly
infected by HIV. To address whether the presence of HIV
within NK cells may directly contribute to the functional defect
observed here, we evaluated for the presence of HIV-1 minus-
strand SS DNA by real-time PCR. HIV SS DNA was identified
in three (73, 157, and 858 copies/million NK cells) of four
separate viremic HIV-infected subject NK cell fractions
(>99% purity). We have previously described an in vitro sys-
tem of NK cell HIV infection (6). In the latter system, HIV p24
expression was found in 10 to 20% of NK cells. In such a
system, a level of 15% of NK cells expressing p24 was found to
be equivalent to one copy of HIV SS DNA/10 NK cells (on the
same order of magnitude). When taking into consideration the
sensitivity of the HIV SS DNA assay, this finding indicates that
0 to 858 copies of HIV SS DNA/million NK cells is consistent
with <0.1% of the NK cells containing HIV DNA. Direct HIV
infection is therefore unlikely to be responsible for the ob-
served 3- to 10-fold activity defect.

DISCUSSION

The data shown here provide evidence for substantial im-
pairment in the PDC-mediated NK effector function in the
setting of viremic HIV infection but only modest impairment
in the setting of HAART-suppressed, aviremic HIV infection.
The latter indicates that viremia is likely the cause, not the
consequence, of impaired PDC-NK cell function. However,
this does not exclude the possibility that impaired PDC-NK
cell function may contribute to suboptimal control of HIV in
the infected host. No remarkable defects were observed in the
setting of chronic HCV infection other than a numerical PDC
defect that has been described previously (3, 26, 53, 56). In
viremic HIV infection, killer, IFN-y-producing, and granzyme
B-producing activities were impaired in the unfractionated cell
system, with the impairment likely due to a combination of
numerical and functional defects in PDC and NK cells. Results
from the purified cell system reveal a per cell functional defect
in the PDC-NK cell interaction resulting in reduced NK cell
killing activity and IFN-y-producing activity. Heterologous sys-
tem assays localized the majority of the defect to the NK cell
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FIG. 6. IFN-a induced NK cell IFN-y-secreting activity is impaired in viremic HIV infection. PDC and NK cells from 17 healthy controls, 24
viremic HIV-infected subjects, and 10 chronically HCV-infected subjects were prepared and assayed for IFN-«, IL-12, and IL-12/IL-15/IL-18-
dependent NK cell IFN-y- and granzyme B-secreting activity and PDC-NK cell coculture IFN-a-secreting activity. (A) CpG-treated PDC (2 X 10*
cells) and NK cell (1 X 10°cells) culture (20 h at 37°C) supernatant IFN-«a as measured by ELISA. (B) Supernatant IFN-« from a culture (20 h
at 37°C) of CpG-treated PDC and NK cells in the presence of K562 cells (2 X 10 cells) as measured by ELISA. (C) IFN-a-induced NK cell IFN-y,
as measured by ELISPOT assay, was calculated by subtracting the number of spot-forming units (SFU) produced in the absence of IFN-a from
that produced in the presence of IFN-a. (D) IFN-a-induced NK cell granzyme B, as measured by ELISPOT assay, was calculated by subtracting
the number of SFU produced in the absence of IFN-a from that produced in the presence of IFN-a. (E) IL-12-dependent NK cell IFN-y was
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NK cell granzyme B was calculated by subtracting the number of SFU in the absence of IFN-a from that in the presence of IFN-a. vir, viremic;
Gran B, granzyme B.

for killing activity, while for IFN-y-producing activity, defects
in both PDC and NK cells appear equally responsible. Because
we observed a defect in NK cell responsiveness to IFN-a,
shown here to be necessary for full PDC-mediated NK cell
activity, the overall PDC-NK cell defect is at least in part due
to impairment in NK cell response to IFN-a. Though IFN-a
receptor expression and NKP30 expression were found to be
closely associated with killing activity in viremic HIV infection
(but not in healthy controls), alterations in cell surface expres-
sion of the IFN-a receptor or NKP30 do not account for the
observed overall functional defects. The latter selective asso-
ciation of NKP30 and IFN-a expression with killing activity in

viremic HIV-infected but not control subject samples may in-
dicate reduced NKP30 or IFN-a signaling activity in viremic
HIV infection that can be partially overcome by higher levels
of receptor expression or, alternatively, that receptors other
than the IFN-a receptor or NKP30 also facilitated NK cell
killing activity in the healthy controls but are defective in vire-
mic HIV infection (indicated by increasing dependence on
IFN-a and NKP30 expression in the case of viremic HIV in-
fection).

Impaired PDC-NK cell interactions may be due to impaired
cell contact between PDC and NK cells or impaired NK cell
responsiveness to soluble factors involved in the PDC-NK cell
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FIG. 7. IFN-a receptor, NKG2D, NKP30, NKP44, and NKP46 expression are intact during viremic HIV infection, and both NKP30 and IFN-«
receptor expression are associated with killer function in viremic HIV infection. PBMC from healthy control ([C] n = 10) and viremic HIV-infected
([HIV] n = 10) subjects were stained with CD3, CD16, CD56, IFN-a receptor, NKG2D, NKP30, NKP44, and NKP46 monoclonal antibodies versus
an isotype control. CD3~CD16"CD56 -, CD3~CD16 *CD56"-, and CD3~CD16 CD56 *-gated cells were analyzed for IFN-a receptor, NKG2D,
NKP30, NKP44, and NKP46 expression by six-color flow cytometry (performed in two separate stainings). (A) Histograms indicating expression
of each receptor (solid line) versus that of an isotype control (dashed line) for representative healthy control (Ctrl) and viremic HIV (HIV)-
infected subjects. Summative data for mean fluoresence intensity of receptor expression above isotype control is shown for each NK cell subset
for the IFN-a receptor (B), NKP44 (C), NKP30 (D), NKP46 (E), and NKG2D (F). (G) Correlation between IFN-a receptor expression on the
CD16"CD56" NK cell subset and killing activity, as well as between NKP30 expression and killing activity, is shown for HIV-infected and healthy

control samples.
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interaction. With regard to the latter, as stated above, we
determined that PDC-mediated NK cell activity is partially
dependent on IFN-a (a finding consistent with previous liter-
ature [21, 50]) and that in viremic HIV infection, there is an
impairment in responsiveness when NK cells are directly stim-
ulated with IFN-q, a finding that extends upon those of previ-
ous studies that evaluated unfractionated cell assays of NK cell
activity (52). This indicates that at least a portion of the
PDC-NK cell defect is due to impaired NK cell responsiveness
to IFN-a. However, as shown in Fig. 5, the PDC-mediated NK
cell activity is cell contact dependent. Therefore, impairments
in physical interactions or synapse formation may account for
a portion of the defect. In fact, for the IFN-y-producing func-
tion, a portion of the defect is attributable to PDC function.
Whether the latter is due to cell contact factors or defective
PDC IFN-a-producing activity is unclear, as in coculture assays
there was a trend toward a significant reduction in IFN-a-
producing activity. While cell contact factors for PDC-NK cell
interactions have not been well described, MDC-NK or mono-
cyte-derived MDC-NK cell interactions in both mouse and
human systems are facilitated by synapse-localized IL-12, IL-
15, and IL-18 (8, 9, 29, 34, 46). Additional factors that can
modulate cell contact-dependent activity include interactions
between inhibitory or activating NK cell receptors and their
ligands (13, 15). With regard to the latter, DNAM-1 and
NKP30 can facilitate PDC-NK cell interactions (15) and could
potentially play a role in the defective PDC-NK cell interaction
in HIV infection described here. However, while NKP30 ex-
pression was closely associated with killing activity, direct anal-
ysis of NKG2D, NKP30, NKP44, and NKP46 expression levels
did not reveal diminished expression levels on viremic HIV-
infected-subject NK cells.

The impaired NK cell response to IFN-a may be due to
reduced IFN-a receptor expression, impaired IFN-« signaling,
or reduced frequencies of a particular NK cell subset respon-
sive to IFN-a. These possibilities may be the results of direct
HIV infection of NK cells or indirect effects of HIV infection.
Our data do not support an alteration in IFN-a receptor ex-
pression as an explanation. In regard to IFN-a signaling, down-
regulation of IFN-« signaling has been described in the setting
of HCV infection, with HCV protein expression inhibiting
Jak-Stat signaling (24). The status of Jak-Stat signaling in the
setting of viremic HIV infection appears impaired in the
monocyte compartment (23), though whether this extends to
the NK cell compartment is not known. In regard to NK cell
subset distribution skewing as an explanation for reduced
IFN-a responsiveness, little is known about specific NK cell
subsets responsive to IFN-a, so this remains a possibility.
Certainly, as shown in Table 1, the frequencies of
CD3 CD16"CD56™" cells were reduced 25% in the setting of
viremic HIV infection. However, the activity defect observed in
Fig. 6 suggests a defect on the order of sixfold, arguing for
something beyond a NK cell subset numerical defect as an
explanation. Additionally, when the killing activity was mea-
sured using purified NK cells, the frequencies of NK cells that
were either CD37167567, CD3716756™, or CD3—16—56"
were simultaneously measured, and none of these subset fre-
quencies correlated with the killing activity observed in either
the control or HIV viremic groups (data not shown). This
finding highlights the fact that the activity observed should not
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be attributed to one subset using these definitions alone. Re-
garding direct HIV infection versus the indirect effect of HIV
infection, the low frequencies of NK cells found to contain
HIV SS DNA indicate that direct infection of NK cells is an
unlikely explanation for the functional defect observed.

Numerous immune defects exist in the setting of viremic
HIV infection. Recently, Chehimi et al. described reduced NK
cell activity in viremic HIV infection in an unfractionated assay
(11). This activity was found to be dependent upon PDC.
Furthermore, this activity rapidly normalized with treatment-
induced virologic suppression, suggesting a reversal of a func-
tional, and not a numerical, defect. Our data are consistent
with these previous findings, extending an understanding of
this defect to include killer activity, IFN-y secretion, and gran-
zyme B secretion. We further extended a mechanistic under-
standing of this defect, attributing a large portion of the defect
to impaired NK cell response to IFN-a and a portion of the
defect to PDC dysfunction. We further established a likely role
for NKP30 in mediating this PDC-NK cell-killing activity in
viremic HIV infection.

Notably, expression of NKP30, NKP44, and NKP46 was not
found to be reduced on NK cells analyzed in this study (shown
as the mean fluorescence expression above the isotype control,
though results are similar when analyzing proportions of cells
expressing each receptor [data not shown]), which appears to
contrast with the findings of De Maria et al. for NKP30 and
NKP46 expression (17). One difference between these two
studies is the use of unfractionated cells for flow cytometric
analysis (gating on CD16- or CD56-expressing NK cell subsets
in this study), compared to analyzing NKP expression on neg-
atively selected bulk NK cells in the study by De Maria et al.
However, there seem to be few other differences in study
subject population inclusion criteria or in sample size. Notably,
there appears to be increased NKP30 expression in the
CD16"CD56" compartment of a subset of viremic HIV-in-
fected subject samples analyzed in this study (Fig. 7), making
for substantial heterogeneity in expression of this receptor
within this group. Factors that contribute to this heterogeneity
are currently unclear, but for the experiment shown in Fig. 7,
there is an inverse association between HIV level and NKP30
expression within the CD16"CD56~ NK cell subset, indicating
that HIV level may be one factor that contributes to NKP30
expression heterogeneity in HIV infection (the latter is consis-
tent with the overall findings of De Maria et al.[17]).

While CpG-enhanced PBMC-killer activity tended to be de-
creased in HCV-infected subject samples (Fig. 1H), no specific
significant per cell defect in NK cell or PDC-mediated NK cell
function was observed in the setting of chronic HCV infection.
In fact, PDC-mediated NK granzyme B secretion was en-
hanced (Fig. 3D). These data are consistent with more-recent
literature describing intact NK cell function in the setting of
HCV infection (18, 27, 39), extending here to PDC-mediated
NK cell function.

Overall, the data presented here indicate impaired PDC-
mediated NK cell function in the setting of viremic HIV infec-
tion. This impairment is likely due in large part to impaired NK
cell responsiveness to IFN-a, a cytokine required for efficient
PDC-NK cell interaction. For IFN-y-producing activity and
potentially for killing activity as well, the impairment is also
due in part to defective PDC function. In the unfractionated
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system, this defect may also be due in part to reduced PDC and
NK cell subset frequencies. Given that genetic markers of NK
cell phenotype are associated with disease progression rate, the
impairment described here may have significant implications
for the HIV-infected host’s ability to respond to both HIV and
opportunistic pathogens.
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