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Elevated Natural Killer Cell Activity Despite Altered
Functional and Phenotypic Profile in Ugandans
With HIV-1 Clade A or Clade D Infection

Michael A. Eller, MSc,*1} Leigh Anne Eller, MSc, 7] Benson J. Ouma, BBLT 1 Doris Thelian, BS,f
Veronica D. Gonzalez, MSc,* David Guwatudde, PhD, 7§ Francine E. McCutchan, PhD,}
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and Johan K. Sandberg, PhD*

Background and Objective: Natural killer (NK) cells most likely
contribute toward limiting HIV-1 replication, and investigation into
their function throughout the course of infection is therefore
important. We here aimed to determine the state of the NK cell
compartment in Ugandans with untreated HIV-1 clade A or D
infection in comparison with matched uninfected controls.

Methods and Results: The function and phenotype of NK cells
were investigated using 10-color flow cytometry. Surprisingly, NK
cells displayed elevated production of interferon-y and macrophage
inflammatory protein 1B, as well as CD107a degranulation in
infected subjects. This included unexpected levels of degranulation in
the CD56bright subset of NK cells and high levels of macrophage
inflammatory protein 18 in CD56negative NK cells. HIV-1 infection
was associated with reduced expression of KIR2DL1, NKG2A,
CD161, and NKp30 in CD56dim and CDS56negative NK cells,
whereas lowered CD161 expression was the only alteration in the
CD56bright subset. Interestingly, low CD4 counts were associated
with increased levels of interferon-y and degranulation in
CD56bright NK cells, as well as increased NKp44 expression in
the CD56dim cells.
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Conclusions: NK cells in HIV-1-infected Ugandans display
elevated activity, despite an altered functional and phenotypic profile.
Furthermore, specific alterations in the CD56bright and CD56dim
subsets occur in patients with severe CD4 loss.

Key Words: CD4, HIV-1, NK cells, viral infections
(J Acquir Immune Defic Syndr 2009;51:380-389)

INTRODUCTION

Natural killer (NK) cells are innate immune effector
cells that play important roles in the control of certain types of
tumors and microbial infections through cytotoxicity without
prior sensitization, regulation of immune responses through
cytokine, and chemokine production, as well as “cross talk”
with antigen-presenting cells.'* Human NK cells are
commonly distinguished among peripheral blood lymphocytes
based on expression of CD56 (neural cell adhesion molecule)
and CD16 (FcyRII) into several functionally and phenotyp-
ically distinct subsets.'* NK cells are regulated by a vast array
of stimulatory and inhibitory receptors that are designed for
a non—antigen-specific recognition of infection and divided
into 4 classes: killer immunoglobulin—like receptors (KIRs),
C-type lectin receptors, natural cytotoxicity receptors (NCRs),
and Toll-like receptors.* Using this receptor repertoire, NK
cells are able to recognize and kill infected or malignant
cells.*® A major function of NK cells is the ability to lyse
target cells through multiple mechanisms including exocytosis
of cytotoxic granules, Fas ligand—mediated apoptosis, and
antibody-dependent cellular cytotoxicity."* NK cells do,
however, also exercise their diverse roles in immunity via
the production of cytokines and chemokines.'’

Acute HIV-1 infection has been associated with
significant changes in NK cells, with a rapid expansion of
cytolytic NK cells that is reduced after the emergence of HIV-
specific CD8 T cells.® A different picture emerges during
chronic infection where a skewing of NK subsets, with
decreased CD56dim cytolytic cells and expanded CD56neg-
ative (CD56neg) NK cells, has been reported.”'* Chronic
HIV-1 infection has been associated with a switch from
inhibitory to activating C-type lectin receptor expression'” and
downregulation of NCRs.'"' NK cells suppress HIV-1
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replication via direct cytotoxicity'®!” and through the produc-

tion of the CC-chemokines macrophage inflammatory protein
(MIP)-1a, MIP-183, and RANTES, which can block virus entry
through competitive inhibition of coreceptor binding.>'*>°
Recent focus has been on KIRs, which determine NK cell
reactivity via recognition of self-major histocompatibility
complex (MHC) molecules. The activating receptor KIR3DS1,
interacts with certain HLA-B alleles and is associated with
delayed progression to AIDS,*' decreased NK cell activation
and increased function.?? Furthermore, interactions between
KIR and HLA molecules have been shown to directly influence
the ability of NK cells to control HIV-1 replication in vitro.*?
KIR2DL3 expression is associated with NK cell activation and
loss of function and inversely correlates to CD4 percentage in
perinatally HIV-1-infected children.>* There is also evidence
that certain KIR and HLA interactions may affect the risk of
HIV-1 transmission.?® Together, these data suggest a profound
impact of NK cells on the rate of HIV-1 disease progression.

The global HIV-1 epidemic continues to be a major
medical concern in sub-Saharan Africa, where resources are
least available to alleviate the effects of the infection. In
Uganda, approximately 132,000 new HIV-1 infections occur
annually with a national prevalence of 6.4%, and there is some
evidence to suggest that this number is rising.*® Despite
improved access to antiretroviral therapy and increased focus on
prevention, current interventions remain insufficient to cover
estimated burden of HIV and AIDS in Uganda through 2010.?’
In addition, HIV-1 possesses extreme genetic diversity most
strikingly in East Africa where subtypes A, C, and D and growing
number of circulating recombinant forms are observed.”®* The
viral subtype affects the rate of disease progression, specifically
in Uganda where subtype D, recombinant infection, or multiple
subtype infection is associated with more rapid progression
to AIDS and death.*® Evidence suggests decreased functionality
in CD8 T cells and limited ability to control virus in clade D
HIV-1 infection compared with clade A.*'

To date, no studies have explored the involvement of
innate cellular immunity in chronic HIV-1 infection in Uganda
where subtypes A and D predominate. Such studies are needed
to understand how NK cells contribute to control of infection
and how the virus attempts to subvert the innate immune
response. Recent methodological advances improve our ability
to monitor the phenotype and function of NK cells.**** In this
study, we have investigated NK cells in untreated chronic HIV-
1 infection in a cohort from Kayunga, a rural district in
Uganda. We have analyzed the function and phenotype of NK
cells and their subsets and investigated possible relationships
with viral subtype, viral load, and disease progression.
Interestingly, NK cells in infected subjects displayed elevated
activity, despite an altered functional and phenotypic profile.
Furthermore, certain alterations in the CDS56bright and
CD56dim subsets were found to occur specifically in patients
with severe CD4 loss.

METHODS

Cohort

Study participants 1549 years of age were enrolled
in a prospective community-based cohort to assess the

© 2009 Lippincott Williams & Wilkins

prevalence and incidence of HIV-1 infection in the Kayunga
district, Uganda, in 2006 and 2007 (Table 1). HIV-1 testing
was conducted at baseline, and both uninfected and infected
volunteers were followed up every 6 months, with phlebotomy
at each study visit. The study was approved by institutional
review boards in both the US and Uganda.

Peripheral Blood Mononuclear Cells

Peripheral blood mononuclear cells (PBMCs) were
isolated from acid citrate dextrose-anticoagulated whole blood
within 6 hours of collection by centrifugation through Ficoll-
Hypaque (Pharmacia, Uppsala, Sweden) using Leucosep tubes
(Greiner Bio-One, Frickenhausen, Germany) at 800g for 15
minutes. The PBMC layer was harvested and washed with
phosphate-buffered saline (PBS) 3 times by centrifugation at
250g for 10 minutes. Cell counts and viability were
determined by hemacytometer using trypan blue exclusion.
After PBMC count was determined, samples were centrifuged
at 300g for 10 minutes, cryopreserved in freeze media (20%
fetal bovine serum, 10% dimethyl sulfoxide, 1% Pen/Strep,
and 69% 1640-RPMI), and stored in liquid nitrogen vapor.

TABLE 1. Study Population Descriptive Statistics
HIV-1 Negative HIV-1 Positive

Subjects, n 29 50
Sex, n (%)
Female 17 (59) 29 (58)
Male 12 (41) 21 (42)

Median age (range), yrs
Immune phenotype
CD4 absolute, median
cells/mL (range)
CD4, median
percent (range)
CD8 absolute, median
cells/mL (range)
CD8, median
percent (range)
NK cell absolute, median
cells/mL (range)
NK cell, median
percent (range)
B cell absolute, median
cells/mL (range)

33 (19-48) 31 (19-48)

973 (391-1444) 473 (12-1350)

46 (28-54) 28 (1-43)
461 (171-800) 786 (331-2726)
23 (7-34) 41 (21-71)
307 (66-1159) 219 (37-994)
13 (6-45) 11 (4-40)

312 (140-649) 223 (79-572)

B cell, median 16 (8-21) 13 (5-22)
percent (range)
Eosinophil, median 10 (1-27) 11 (1-38)

percent (range)
Viral load, median NA
copies/mL (range)
HIV-1 subtype, n (%)

47,967 (2702->750,000)

HIV clade A NA 30 (60)
HIV clade C NA 1)
HIV clade D NA 19 (38)
Hepatitis B 4 (14) 24
Hepatitis C 13 1(2)
Syphilis 1(3) 5 (10)
HSV-2 14 (48) 43 (82)

NA, not available.
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Serology

HIV-1 testing was performed on all participants as
previously described.** Briefly, initial HIV-1 enzyme-linked
immunosorbent assay (ELISA) testing was performed using
the Genetic Systems rLAV (BioRad Laboratories, Redmond,
WA) ELISA and confirmed with the Vironostika HIV-1
Microelisa Systems (Organon Teknika, Durham, NC) and the
Genetic Systems HIV-1 Western Blot (BioRad Laboratories).
HIV-1 viral load was determined for positive samples using the
standard mode Amplicor HIV-1 Monitor test, version 1.5
(Roche Diagnostics, Indianapolis, IN).

Screening for hepatitis B surface antigen (HBsAg) was
performed using Genetic Systems HBsAg EIA 3.0 (BioRad
Laboratories) and confirmed using the Genetic Systems
Confirmatory Assay 3.0 (BioRad Laboratories). Screening
for antihepatitis C antibody was performed using the Ortho
HCYV version 3.0 ELISA Tests System and confirmed with the
Chiron RIBA HCV 3.0 SIA (Chiron Corporation, Emeryville,
CA). Syphilis serology was conducted using the Wampole
Impact Rapid Plasma Reagin (RPR) kit (Inverness Medical
Professional Diagnostics, Princeton, NJ) and confirmed using
the Serodia Treponemapallidum particle agglutination (TP-
PA) test (Fujirebio, Tokyo, Japan). All samples were tested for
herpes simplex virus type 2 (HSV-2) antibody with an ELISA
kit from Focus Diagnostics (Focus Technologies, Cypress,
CA). A higher sample index value cutoff of 3.4 was used to
optimize performance of the assay as previously described.*

HIV-1 Subtype Determination

All identified HIV-1 seropositive participants’ plasma
samples were tested for virus subtype using the previously
described multiregion hybridization assay, version 2, for HIV-1
subtypes A, C, and D; recombinants; and dual infec-
tions.*®*%37 HIV-1 subtype A, C, or D was assigned to 5
regions (gag, pol, vpu, env, and gp41) of the HIV-1 genome
based on the reactivity of the probes, if at least 2 regions had
probe reactivity. Samples with probe reactivity of a single
subtype in different regions were labeled as pure subtypes.

Lymphocyte Immunophenotyping
and Hematology

Lymphocyte immunophenotyping was performed on
EDTA-anticoagulated whole blood using the FACS MultiSET
System. Samples were run on a dual-laser flow cytometer
using the single-platform multitest 4-color reagent in
combination with TruCount tubes and analyzed using
MultSET software (Becton Dickinson, San Jose, CA). The
samples were used to determine absolute number and
percentage of T-cell lymphocytes (CD3"), helper T cell
(CD4") and cytotoxic T cell (CD8"), B cell (CD19"), and NK
cell (CD16" or CD56"). Complete blood count with 5-part
differential was performed on EDTA-anticoagulated whole
blood using the Coulter AcT 5 diff (Beckman Coulter,
Fullerton, CA).

NK Cell Distribution, Frequency, and
Receptor Expression

Cryopreserved specimens were thawed and washed with
complete media (CM): RPMI 1640 supplemented with 10%
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fetal bovine serum, 2% N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid, 2% l-glutamine, and 1% penicillin/strep-
tomycin. Cells were distributed into 4 wells of a 96-well
U-bottom plate and washed 3 times with PBS. Cells were
stained with Aqua Live Dead Stain (Molecular Probes,
Eugene, OR), washed 3 times with PBS, and blocked using
Normal Mouse IgG (Caltag, Eugene, OR). Staining consisted
of 4 different flow panels containing core monoclonal
antibodies (mAbs) to differentiate NK cells and subsets and
additional mAbs to assess activating and inhibitory receptor
expression. The core panel distinguished NK cells based on
expression of energy-coupled dye-conjugated anti-CD3
(Beckman Coulter), Alexa Fluor 700—conjugated anti-CD4,
allophycocyanin (APC)-Cy7—conjugated anti-CD14 and anti-
CD19, Pacific Blue—conjugated anti-CD16, and phycoerythrin
(PE)-Cy7—conjugated anti-CD56 (BD Biosciences, San Jose,
CA). The following mAbs were also added: panel 1,
fluorescein isothiocyanate (FITC)-conjugated anti-KIR2DL1
(R&D Systems, Minneapolis, MN), PE-conjugated anti-
KIR2DL2/3/DS2 (clone DX27) (BD Biosciences), and
APC-conjugated anti-KIR2DL3 (R&D Systems); panel 2,
FITC-conjugated anti-CD94 (BD Biosciences), PE-conjugated
anti-NKG2C (R&D Systems), and APC-conjugated anti-
NKG2A (R&D Systems); panel 3, FITC-conjugated
anti-KIR3DL1 (clone DX9) (BD Biosciences), PE-conjugated
anti-KIR3DL1/DS1 (clone z27) (Beckman Coulter), and
APC-conjugated anti-CD161 (BD Biosciences); panel 4, PE-
conjugated anti-NKp44 (Beckman Coulter) and Alexa Fluor
647—conjugated NKp30 (BD Biosciences). Cells were stained
with the above mAbs for 30 minutes at 4°C, washed 3 times
with PBS containing 0.5% bovine serum albumin and 0.1%
sodium azide, and fixed in 2% formaldehyde (Tousimis
Research, Rockville, MD) before data acquisition.

Assessment of NK Cell Function

PBMCs were thawed, washed with CM, and incubated
for 18 hours with either the MHC™" K562 cell line (American
Type Culture Collection) at an E:T ratio of 5:1 or the CM alone
in a 96-well U-bottom plate in the presence of FITC-
conjugated anti-CD107a (BD Biosciences), Brefeldin A
(Sigma, St Louis, MO), and monensin (Becton Dickinson).
After incubation, cells were washed with PBS; stained with
Aqua Live Dead Stain; and blocked and stained for expression
of CD3, CD4, CD19, CD14, CD16, and CD56. Cells were
washed 3 times with PBS containing 0.5% bovine serum
albumin and 0.1% sodium azide and fixed in 2% formaldehyde
for 15 minutes at 4°C. Cells were permeabilized using
Perm/Wash (Becton Dickinson); stained with energy-coupled
dye-conjugated anti-CD3 (Beckman Coulter), PE-conjugated
anti-MIP-13, and FITC-conjugated anti-interferon (IFN)-y for
30 minutes at 4°C; washed; and fixed in 2% formaldehyde.

Flow Cytometry

Cells were analyzed by flow cytometry using an LSRII
instrument with 3 lasers (blue 488 nm, red 633 nm, and violet
405 nm) and 17 detectors (Becton Dickinson). Quality control
SPHERO UltraRainbow Fluorescent Particles were run daily
to maintain the instrument (Spherotech, Lake Forest, IL), and
Simply Cellular antimouse compensation microspheres
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(Bangs Laboratories, Fisher, IN) were used to complete the
offline compensation matrix. In setting up the panels, matched
isotype controls and “fluorescence minus one” samples were
used to optimize the panels and set gates for analysis. Analysis
was done using FlowJo Software version 8.5 (Tree Star,
Ashland, OR).

Statistical Analysis

All statistical analyses were performed using GraphPad
Prism Software version 5.0a for Mac OSX (GraphPad
Software, La Jolla, CA). Comparisons between groups were
performed using Fisher exact test for categorical data. Direct
comparisons between 2 groups were performed using the
nonparametric Mann—Whitney U test for continuous data.
Associations between NK cell function and phenotype against
individuals’ virological and immunological parameters were
determined by Spearman rank test.

RESULTS

Impact of Untreated HIV-1 Infection on NK
Cells and CD4 T Cells in a Rural East
African Cohort

Groups of HIV-1-negative (n = 29) and HIV-1—positive
(n 50) individuals from a community-based cohort in
Kayunga district, Uganda, were selected to assess the
frequency, phenotype, and function of NK cells in chronic
untreated HIV-1 clade A or D infection in comparison with
uninfected matched controls (Table 1). Similar age and sex
distribution was obtained in the 2 groups (P = 1.000, Fisher
exact test). The occurrence of coinfections was similar in HI'V-
l—-infected and HIV-l1—uninfected subjects with regard to
hepatitis B virus (P = 0.185), hepatitis C virus (P = 1.000), and

syphilis (P = 0.406). However, HSV-2 infection was more
common in the HIV-l-infected group, with 82% of HIV-
infected subjects coinfected with HSV-2 and only 48% of HIV-
uninfected subjects infected with this virus (P = 0.001).
Lymphocyte immunophenotyping was performed on whole
blood to determine the absolute number and percentage of
lymphocyte subsets. As expected, HIV-1-infected individuals
had lower CD4 counts compared with uninfected controls
(P < 0.001), whereas no difference was observed in the overall
NK cells, although there was a trend toward reduced NK cell
numbers (P = 0.105; Fig. 1A). Infected subjects had lower B-
cell absolute counts (P = 0.011) and increased CD8 T-cell
absolute counts (P < 0.001), whereas there was no difference in
the overall CD3 cell counts (data not shown). As expected, CD4
T-cell counts correlated inversely with plasma viral load (P =
0.007, r = —0.379; Fig. 1B). Interestingly, although NK cell
counts showed no correlation with viral load, they did correlate
directly with CD4 T=cell counts (P = 0.035, » = 0.291; Figs. 1C,
D). There was no difference in the overall immune phenotype
between HIV-1 clade A and clade D infection (data not shown).
The correlation between NK cell counts and CD4 counts suggests
a coordinated insult to these 2 lymphocyte compartments.

Altered NK Cell Subset Distribution in
HIV-Infected Ugandans

NK cells are divided into subsets depending on their
CD56 expression level, and these subsets are phenotypically
and functionally distinct.'” We therefore investigated in detail
the CD56bright, CD56dim, and CD56neg subsets of NK cells
in HIV-1-infected and HIV-l1-uninfected Ugandans. Multi-
color flow cytometry was used to distinguish NK cells based
on lack of CD3, CD4, CD14, and CD19 expression to exclude
T cells, monocytes, and B cells. NK cell subsets were
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identified in this population based on expression of CD16
and/or CD56 (Fig. 2B). Examination of the 3 subsets revealed
comparable levels of CD56bright cells in HIV-1—infected and
HIV-1—uninfected subjects: 3.9% and 2.7%, respectively.
However, CD56dim NK cells were reduced from 88.5% to
65.8% in HIV-1 infection (P < 0.001), and CD56neg cells
were increased from 5.1% to 25.8% (P < 0.001; Fig. 2B).
Subset distribution was similar in HIV-1 clade A—infected
subjects and HIV-1 clade D—infected subjects (data not shown).
Taken together, these data indicate that chronic untreated HIV-1
infection in rural Uganda leads to a skewing among the
functionally distinct CD56dim and CD56neg subsets.

Altered Expression of Activating and Inhibitory
NK Cell Receptors in HIV-1 Clade A and
D Infection

NK cell activity is regulated by a vast array of activating
and inhibitory receptors, and we next assessed expression of
a panel of such receptors in HIV-l-infected and HIV-1-
uninfected subjects. Reduced expression of KIR2DL1 (P =
0.005), NKG2A (P =0.027), CD161 (P =0.003), and NKp30
(P =10.002) was observed in the overall NK cell compartment
in HIV-l-infected individuals compared with HIV-1—
uninfected subjects (Fig. 2C). Within the CD56bright NK
subset, a significant reduction was observed in CDI161
expression (P =0.003), whereas a small increase was observed
in KIR3DL1/DS1 (z27) in infected subjects (P = 0.028; Fig.
2D). In the CD56dim cells, a significant reduction was
observed in the expression of KIR2DL1 (P = 0.005), CD161
(P=0.013), and NKp30 (P =0.017). In addition, a significant
increase was seen in NKp44, although expression levels
remained very low (P = 0.044; Fig. 2E). Finally, the CD56neg
subset had reduced expression of KIR2DL1 (P = 0.004),
NKG2A (P =0.040), and NKp30 (P = 0.039), and an increase
in NKp44 expression (P = 0.022), in infected subjects
compared with uninfected controls (Fig. 2F). In a comparison
of the 3 subsets, the CD56bright subset stood out with little
KIR expression and high NKp30 and CD94/NKG2A
expression that were not reduced by HIV-1 infection. The
CD56dim and CD56neg subsets were relatively similar,
although levels of activating receptors were generally lower
in the CD56neg cells. No significant differences in NK
receptor expression were noted when clade A-—infected
subjects and clade D—infected subjects were compared (data
not shown). Together, these data indicate that HIV-1 infection
in this cohort results in reduced expression of certain
activating and inhibitory receptors in NK cells, but the extent
of these changes varies among the 3 NK cell subsets.

Enhanced NK Cell Activity and Skewed
Functional Profile in HIV-1-Infected Subjects
We compared the functional activity of NK cells in the
healthy and HIV-1-infected groups. Thawed PBMC samples
were either washed and stimulated overnight with the MHC™"
K562 cell line at an effector to target ratio of 5:1 or cultured
in the absence of exogenous stimulation. The activity
was measured by the ability to degranulate using the
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CD107a assay,’” and by the production of IFN-y and MIP-
1B, to ascertain the functional profile of NK cells (Fig. 3A).
The 3 subsets displayed different functional profiles in
uninfected subjects (Fig. 3B). The CD56bright NK cells were
the least responsive with little IFN-y and MIP-1{ production,
although degranulation was comparable to the CD56dim
subset. CD56dim cells had significantly higher IFN-y
expression compared with the other 2 subsets and also
produced high levels of MIP-1B. Finally, the CD56neg cells
had only low levels of degranulation and IFN-y expression,
whereas they expressed high levels of MIP-1(3.

In HIV-1—infected subjects, the total NK cell population
showed increased spontaneous activity with regard to CD107a
(P < 0.001), IFN-y (P = 0.034), and MIP-1 (P < 0.001),
whereas only CD107a expression was increased in the K562-
stimulated samples compared with uninfected controls (P =
0.014; Fig. 3C). In the NK cell subset analysis, HIV-1—-infected
subjects” CD56bright NK cells showed increased spontaneous
expression of CD107a (P = 0.011), whereas both CD107a
(P < 0.001) and IFN-y (P = 0.003) were increased in this
subset in the K562-stimulated samples (Fig. 3D). The
CD56dim population of NK cells showed increased sponta-
neous production of CD107a (P < 0.001), IFN-y (P = 0.005),
and MIP-1B (P < 0.001) in HIV-1-infected subjects, whereas
both CD107a (P = 0.001) and MIP-1B (P = 0.019) were
increased in this subset after K562 stimulation (Fig. 3E).
Finally, CD56neg NK cells showed increased expression of
CD107a (P < 0.001), IFN-y (P = 0.004), and MIP-1B (P <
0.001) in the unstimulated samples, whereas CD107a (P <
0.001) and MIP-1B (P = 0.002) were increased in the K562-
stimulated samples from HIV-1-infected subjects (Fig. 3F). In
addition, looking exclusively at the K562-stimulated response
in HIV-infected subjects, there was a marked decrease in
CD107a (P = 0.005) and IFN-y (P < 0.001) and a trend
toward increased MIP-13 production in the CD56neg subset
compared with the CD56dim NK subset (data not shown). A
similar pattern was observed in the HIV-l1-uninfected
individuals (Fig. 3B). Taken together, these data imply that
there is no broad dysfunction in the NK cell compartment with
regard to the functional aspects we have investigated. In fact,
the spontaneous activity measured without additional in vitro
stimulation suggests that the activity of NK cells may be
elevated in subjects with chronic untreated HIV-1 clade A and
D infection.

CD56bright and CD56dim NK Cell Function
and Phenotype Relate to Disease Progression
The present datasets were next analyzed for possible
correlations between the NK cell phenotype and function and
markers of HIV-1 disease progression. Evaluation of pheno-
typic alterations observed in HIV-1 infection showed an
inverse correlation between NKp44 expression in CD56dim
NK cells and the CD4 T-cell absolute count (P = 0.002,
r = —0.425; Fig. 4A). Furthermore, there was an inverse
correlation between CDS56bright NK cell expression of
KIR3DL1/DS1 (clone z27) and CD4 absolute count (P =
0.050, » = —0.279; Fig. 4B). When the differences in NK cell
function were analyzed in relation to viral load and CD4 T-cell
decline, there was no correlation with overall NK cell activity,
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FIGURE 2. NK cell subset distribution and phenotype. Cryopreserved PBMCs were thawed and stained with mAbs against CD3,
CD4, CD14, CD16, CD19, and CD56 to determine the NK cell percentage and distribution of subsets. A, Zebra plotsillustrating the
gating strategy for identification of NK cells. B, Zebra plot illustrating identification for NK cells subsets and box and whisker plots
showing the median and 10th-90th percentiles of NK cell subsets in HIV-1-infected and HIV-1-uninfected subjects. CD56dim NK
cells are significantly reduced in chronic HIV-1 infection and CD56neg cells are increased as determined using the Mann-Whitney U
test, both 2-tailed P < 0.001. C, Activating and inhibitory receptor expression on NK cell subsets changes in chronic HIV-1
infection. Expression of the following receptors was assessed by flow cytometry: KIR2DL1, KIR2DL2/3/DS2 (clone DX27), KIR2DL3,
CD94, NKG2A, NKG2C, KIR3DL1 (DX9), KIR3DL1/DS1 (z27), CD161, NKp30, and NKp44. Box and whisker plots showing the
median and 10th-90th percentiles of receptor expression in the total NK cell population in HIV-1-infected and HIV-1-uninfected
study participants. Statistically significant difference between the groups was observed for KIR2DL1 (P = 0.005), NKG2A (P =
0.027), CD161 (P = 0.003), and NKp30 (P = 0.002) expression using the Mann-Whitney U test. D, Box and whisker plots of
CD56bright NK cell receptor expression. Statistically significant difference between the study groups was observed for CD161 (P =
0.003) and KIR3DL1/DS1 (z27) (P = 0.028) expression using the Mann-Whitney U test. E, Box and whisker plots showing receptor
expression in CD56dim NK cells. Statistically significant difference between the groups was observed for KIR2DL1 (P = 0.005),
CD161 (P =0.013), NKp30 (P =0.017), and NKp44 (P = 0.044) expression using the Mann-Whitney U test. F, Box and whisker
plots showing receptor expression in CD56neg NK cells. Significant differences between the groups were observed for KIR2DL1
(P =0.004), NKG2A (P = 0.034), NKp30 (P = 0.039), and NKp44 (P = 0.022) expression using the Mann-Whitney U test. *P is
significant 0.01 to 0.05; **P is very significant <0.01.

CD56dim NK cell activity, or CD56neg NK cell activity (data ~ induced degranulation in CDS56bright NK cells and CD4
not shown). Interestingly, however, an inverse correlation was absolute counts (P = 0.003, » = —0.423; Fig. 4D). These data
observed between IFN-y expression in CD56bright NK cells  suggest a relationship between the functional and phenotypical
and CD4 absolute counts (P =0.019, = —0.335; Fig. 4C). An  status of CDS56bright and CD56dim NK cells and HIV-1
inverse correlation was also observed between the K562- disease progression.

© 2009 Lippincott Williams & Wilkins www.jaids.com | 385

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Eller et al J Acquir Immune Defic Syndr ¢ Volume 51, Number 4, August 1, 2009
A D
;:3 CD56bright NK Cells
o . ! £ 60 No Stimulation S 60 K562 Stimulation O HIV-
Stimulation 8 .S e = HIV+
0 | % é *%
2 40 2 40
® =< *%
m m
- 220 220
g 3 3 ; &
— —
K562 < 2 o S =
Stimulation CD107a IFN-y  MIP-1B CD107a  IFN-y MIP-1B
A |
CD107a MIP1-B IFN-y
B " E
5 80 1 NI CDS()bright oy
10”3 . = CD56dim — CD56dim NK Cells
) O CD56neg . . . )
10% 1 ‘2 60 g 80 No Stimulation £ 80 K562 Stimulation,, & HIV-
2 2] ‘@ B = HIV+
a 10 S i é g 60
®) m 40 —_ g = -
= s %40
0 3 =1 k% kk [54) m
(53 - —
2 20 ; —i— n;) q.:) 50 i
5]
2 NEY 8. & 2 =L
CD107a IFN-y MIP1-B CDI107a IFN-y MIP-1B CDI07a IFN-y MIP-1B
CDl16
C F
Total NK Cells CD56neg NK Cells
g 80 No Stimulation g 80 K562 Stimulation 3 HIV- g 80 No Stimulation g 80 K562 Stimulation s% _ 7 HIV-
‘% e = HIV: 2 Z = HIV+
$ 60 8 60 3 3 60
— S - -
o (=¥ [=9 Q.
& 40 &5 o409 ¥ é is 5409 s @
= = = =
o 20 o 20 i 15} o 20
o Q Q o
5, 5, = LB S, 8 éi =
CD107a IFN-y  MIP-1B CDI107a IFN-y  MIP-1B CD107a  IFN-y  MIP-1B CD107a IFN-y  MIP-1§

FIGURE 3. Changes in NK cell function in HIV-1 infection. Cryopreserved PBMCs were thawed and cultured overnight in the
presence of mAb against CD107a and presence or absence of MHC™" K562 cells. After overnight incubation, cells were stained
extracellularly for expression of CD4, CD19, CD14, CD16, and CD56 and intracellularly for CD3, IFN-y, and MIP-18 to determine
function. A, Representative zebra plots showing unstimulated and K562-stimulated CD107a, IFN-y, and MIP-13 expression. B,
Zebra plot illustrating identification of NK cell subsets and box and whisker plot showing the median and 10th-90th percentiles of
the NK cell subsets’ functional ability in healthy subjects. CD107a is reduced in CD56neg NK cells compared with CD56dim (P =
0.014). IFN-vy is increased in CD56dim NK cells compared with CD56bright and CD56neg NK subsets (both P < 0.001). MIP-1B
production is increased in both CD56dim and CD56neg subsets compared with CD56bright (both P < 0.001). C, Box and whisker
plots showing the median and 10th—-90th percentile frequency of the total NK cell population expressing CD107a, IFN-y, and MIP-
1B in unstimulated (left panel) and K562-stimulated (right panel) cultures. HIV-1 infection was associated with higher expression of
CD107a (P < 0.001), IFN-y (P =0.034), and MIP-1B8 (P < 0.001) in the unstimulated cultures, whereas CD107a (P = 0.014) was
increased in the K562-stimulated samples. D, Box and whisker plots showing responses in CD56bright NK cells. HIV-1 infection was
associated with higher expression of CD107a (P=0.011) in the unstimulated cultures, whereas CD107a (P < 0.001) and IFN-y (P=
0.003) were increased in the K562-stimulated samples. E, Box and whisker plots showing responses in CD56dim NK cells. HIV-1
infection was associated with higher expression of CD107a (P < 0.001), IFN-y (P = 0.005), and MIP-18 (P < 0.001) in the
unstimulated cultures, whereas CD107a (P=0.001) and MIP-1B3 (P=0.019) were increased in the K562-stimulated cells. F, Box and
whisker plots showing CD56neg NK cells. HIV-1 infection was associated with increased expression of CD107a (P < 0.001), IFN-y
(P=0.004), and MIP-18 (P < 0.001) in the unstimulated cells, and CD107a (P < 0.001) and MIP-18 (P =0.002) were increased in
the K562-stimulated cells. *P is significant 0.01 to 0.05; **P is very significant <0.01.

DISCUSSION
NK cells most likely contribute to control of HIV-1
viremia throughout the course of infection via their cytotoxic
function'®'” and production of cytokines and CC-chemo-
kines.>'#2° Still, however, much remains to be learned about
how NK cells work to help control HIV-1 infection, the means
of viral evasion from these cells, and how chronic infection
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affects NK cell function. The need for more studies is
particularly pressing in locations where great viral diversity is
encountered, such as rural Africa. We have characterized the
frequency, phenotype, and function of NK cells and their
subsets in patients with chronic untreated HIV-1 clade A and
clade D infection in the rural district of Kayunga, Uganda. We
have found that NK cells maintain a high or even elevated
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activity in this setting, despite altered NK cell receptor
expression and a skewed subset distribution and function.
Furthermore, we have identified correlates between the
functional and phenotypical status of CDS56bright and
CD56dim NK cells and CD4 counts.

The effect of persistent HIV-1 replication during chronic
infection has been associated with immune dysregulation that
is not clearly understood in NK cells. We found that despite the
CD4 T-cell loss associated with HIV-1 disease, the median NK
cell absolute counts remained essentially normal. In contrast,
the NK cell subset distribution was altered with a skewing
toward increased CD56neg NK cells and decreased CD56dim
NK cells. Altered NK cell subset distribution is consistent with
previously published studies of cohorts in Europe and America
showing a general increase in the CD56neg NK cell subset
proposed to represent dysfunctional NK cells,>'*'* with
relatively little change to the overall absolute NK cells
numbers. Furthermore, we observed that the NK cell absolute
numbers were directly associated with CD4 absolute counts
but not viral load, suggesting that NK cell decline with
progressive disease may be secondary to virus-driven CD4 T-
cell loss. It is important to note that no difference was observed
between HIV-1 clade A—infected subjects and HIV-1 clade D—
infected subjects with regard to the NK cell numbers, subset
distribution, or function during chronic HIV-1 infection. There
is some evidence that NK cells may exert the most influence on
immune regulation and disease progression during the acute
stage of infection.*'> Examining acute infection time points
could potentially unveil aspects of NK cells in HIV-1 clade D
infection, which contribute to the more rapid progression to
AIDS associated with this viral subtype.

The function of NK cells has been well characterized with
regard to the ability of these cells to lyse infected or malignant
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cells and produce cytokine and chemokines. The distribution of
these activities in the NK cell subsets is less clear. In this study,
we found that uninfected Ugandans have a similar distribution
of NK cell subsets as previously reported in studies from
industrialized countries.'*!* The CD56bright cells, generally
known to be less mature and with immunoregulatory functions,
in fact had the ability to degranulate at levels comparable to
CD56dim cells. CD56bright and CD56neg cells produced less
IFN-y than CD56dim cells. Finally, CD56dim and CD56neg
cells produced substantially more MIP-13 than their
CD56bright counterpart. These trends were also present in
HIV-1-infected individuals with some significant differences.
First, we found that NK cells from HIV-1-infected individuals
exhibited higher spontaneous functional activity compared with
cells from HIV-1-uninfected individuals, suggesting a height-
ened activation state in response to infection. Furthermore, we
found that the CD56neg subset of NK cells was functional, in
HIV-infected as well as uninfected subjects, with an increased
ability to degranulate and produce the CC-chemokine MIP-1(3
in infected subjects. Previous studies have suggested impaired
function of NK cells with focus on the expanded CD56neg
subset.*>1%14293% OQur data agree with the modest amounts of
IFN-y reported in CD56neg NK cells but would suggest that
these cells are not generally dysfunctional. Rather, they are
skewed to a different functional profile with the capability to
produce large amounts of MIP-1f3, although retaining the ability
to degranulate. Significant immune pressure on HIV-1 viremia
could come from chemokine production and inhibition of
viral entry through blocking of CCRS5, and eventual mutation
and coreceptor switch could be what evades this arm of the
immune system.

NK cells receive many activating and inhibitory signals
from their environment, and integrated signaling through these
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receptors influence what the NK cell will do.** One way that
HIV-1 may deregulate the immune response is to alter the
expression levels of these receptors on the surface of NK cells.
Expression of several NCRs, including NKp30, NKp44, and
NKp46, has been reported to be significantly decreased in HIV-
1 infection.'' It has also been reported that HIV-1 provokes
a switch from the inhibitory C-type lectin NKG2A to the
activating form of the receptor, NKG2C, independently of the
viral load.”” Our data concur with these observations of
decreased receptor expression. One potential explanation for
these changes in the overall NK cell compartment could be loss
of CD56bright NK cells, but this possibility is not supported by
our data. We observed reductions in NKG2A and NKp30, but
these reductions were seen in CD56dim and CD56neg NK cell
subsets and not within the CD56bright compartment. Another
potential mechanism of NK cell dysregulation might be chronic
NK cell activation where increased HLA-DR and CD69
coexpression without the interleukin-2 receptor coincides with
NCR depression and decreased cytolytic activity.*” This might
parallel the immune activation seen within the T-cell
compartment and lead to eventual immune exhaustion. Further
exploration of the role of NK cell activation and exhaustion
could prove useful in determining the mechanism of NK cell
dysregulation in HIV-1 infection.

Data from simian/HIV (SHN)-infected macaques have
suggested that viral coreceptor usage could influence the rate
of CD4 decline and expression of the NKp44 ligand on CD4
cells.*' Upregulation of the NKp44 ligand on CD4 cells as
a function of gp41l was also reported to increase CD4
susceptibility to NK lysis.** Furthermore, antibodies to
a certain sequence of gp4l may abrogate the increased
expression of NKp44 ligand on CD4 T cells and decrease their
susceptibility to NK cell lysis.** In the present study, NKp44
was detected at only very low levels. However, CD56bright
NK cells had the highest expression of NKp44 regardless of
HIV-1 infection status, and both CD56neg and CD56dim NK
cells increased their expression of NKp44 in HIV-1 infection.
Interestingly, expression of this receptor in CD56dim NK cells
correlated inversely with the CD4 absolute counts in our
cohort, indirectly supporting a role for this receptor in disease
progression. It is important to note that the role of NKp44
remains unclear in HIV-1 disease as some reports indicate
increased, sustained, or decreased expansion of this activating
NCR in chronic disease.'"**** More studies are needed to fully
understand the potential role of this receptor in HIV-1 disease.

Our observation of elevated IFN-y production, de-
granulation, and expression of KIR3 in CD56bright NK cells
in patients with low CD4 counts is striking. This subset of NK
cells is enriched in the secondary lymphoid organs** and may
play a role in directing adaptive immune responses.” It is
therefore interesting that changes in expression of these 3 NK
receptors occur when CD4 counts diminish, and one might
speculate that alterations in this NK cell subset could be
involved in the overall dysregulation of the immune system in
progressive disease. The phenotypic and functional changes
we have observed in the CD56bright and CD56dim NK cell
subsets might be a consequence of the systemic immune
activation and loss of T-cell homeostasis associated with HIV-1
progression.*®”  Alternatively, NK cells might respond

388 | www.jaids.com

directly to high levels of microbial products in plasma.
However, it is also possible that these changes are part of the
pathogenic process. More studies are needed to fully
understand the role of changes in the NK cell compartment
in HIV-1 pathogenesis.

A potential bias between the HIV-1—infected and HIV-1—
uninfected groups in this study is the HSV-2 infection status.
Eighty-two percent of HIV-1-infected subjects were coinfected
with HSV-2, whereas only 48% of HIV-1—-uninfected subjects
carried this virus. However, we observed no statistically
significant differences with regard to lymphocyte distribution,
NK cell subset distribution, NK cell phenotype, or HIV-1 viral
burden in HIV-1-infected subjects with or with out HSV-2
coinfection (data not shown). The same was true for HIV-1—
uninfected subjects, although there seemed to be a trend toward
increased CD56dim NK cells and decreased CD56neg NK
cells in HSV-2—positive subjects (data not shown). In addition,
there was no significant difference in surface receptor
expression, except for NKp44, which was higher in the
HSV-2—infected and HIV-1—uninfected controls (P = 0.026).

Together, our data on NK cells in the context of the
Ugandan HIV-1 epidemic, which is predominantly composed
of clade A and D infections, indicate that infected subjects
have an elevated NK cell activity and altered functional and
phenotypic NK cell profile. The data furthermore identify NK
cell correlates with CD4 cell loss, which suggests that HIV-1
disease progression may be linked with changes in the NK cell
compartment. A deeper understanding of how these innate
cells work in concert with adaptive immunity could uncover
future strategies of HIV-1 therapy and prevention.
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