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Abstract We evaluated NK cell subsets and functions in previously immunodeficient HIV
patients responding to ART. Cytokine receptor mRNA was quantitated in purified CD56+ cells.
Data were correlated with CD4+ T-cell counts and IFNγ responses to CMV. NK cell IFNγ responses
to K562 cells and proportions of CD56lo NK cells were correlated in patients (p b 0.001) and both
were lower than in controls (p b 0.001 and p = 0.008, respectively), so all patients had poor NK cell
function. Proportions of CD56hi NK cells correlated inversely with current CD4+ T-cell counts
(p = 0.006) and perforin expression in CD56hi NK cells was higher in patients than controls
(p b 0.05). Hence increased proportions and cytolytic function of CD56hi NK cells may partially
compensate for CD4+ T-cell deficiency. NK cell IFNγ responses correlated inversely with
expression of IL-10 and IL-12 receptor mRNA. Expression of these transcripts is reduced by
exposure to the cytokines, which may reflect immune activation in immunodeficient patients.
© 2009 Elsevier Inc. All rights reserved.

Introduction
Natural killer (NK) cells are large granular lymphocytes which
can recognize and respond to bacteria, parasites, virusinfected cells and neoplastic target cells. NK cells exhibit
cytotoxicity and secretion of cytokines without prior
sensitization. Hence they contribute to innate responses
against infection and to tumor surveillance [1,2].
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Untreated HIV infection is associated with abnormalities
of natural killer (NK) cell phenotypes and function assessed
by cytotoxicity and production of cytokines such as interferon-gamma (IFNγ) [3–7]. Antiretroviral therapy (ART)
suppresses viral replication and thus promotes recovery of
CD4+ T-cell numbers, but some patients retain poor antigenspecific CD4+ T-cell responses [8,9]. Restoration of NK cell
functions after ART varies among studies [3].
Levels of CD56 expression define functionally distinct
populations of NK cells. CD56lo NK cells represent about 90%
of the CD56+ NK population. In contrast to CD56hi NK cells,
CD56lo NK cells express high levels of FcγRIII (CD16), killer
cell Ig-like receptors (KIR) and perforin, which makes them
effective mediators of natural cytotoxicity and antibodydependent cellular cytotoxicity (ADCC) but they secrete
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Table 1

Demographics of study cohort.

n
Age (years)
Nadir CD4+ T-cell count (cells/μl)
Current CD4+ T-cell count (cells/μl)
Time on ART (months)
IFNγ response to CMV (mediated by CD4+ T-cells) a
IFNγ response to K562 cells (mediated by NK cells) a

CMV-lo

CMV-hi

Healthy controls

8
54 (42–65)
8 (0–48) b
594 (120–961)
102 (17–112)
47 (19–145) c
451 (190–655) d

10
50 (43–67)
31 (0–45)
652 (168–1152)
102 (49–105)
372 (203–850)
384 (107–861) d

9
53 (32–59)
NA
774 (525–1260)
NA
216 (37–1106)
1089 (777–2499)

Values are presented as median (range), NA= Not applicable.
a
ELISpots per 200,000 PBMC.
b
Lower than CMV-hi (p = 0.05).
c
Lower than CMV-hi and controls (p b 0.001).
d
Lower than controls (p b 0.01).

cytokines at lower levels [10]. They respond better to NKsensitive target cells than cytokines or mitogens [11–13].
NK cells can produce pro-inflammatory (GM-CSF, TNFα),
type 1 (IFNγ, TNFβ) and type 2 (IL-10, IL-13) cytokines.
CD56hi NK cells produce more of these cytokines than CD56lo
NK cells following stimulation by other cytokines (e.g. IL-12
and IL-15) or PMA plus ionomycin but express low levels of
perforin and CD16. Therefore, CD56hi NK cells have an
important immuno-regulatory role but exert weak cytotoxicity [13–15].
HIV infection causes early loss of CD56hi NK cells, followed
by the loss of CD56lo NK cells and an increase in CD56−CD16+
NK cells [16]. These changes are partially restored after

N 6 months of successful ART [3,7,17–19]. CD56−CD16+ NK
cells are relatively inert, displaying more inhibitory NK cell
receptors and less natural cytotoxicity receptors [5,16,17].
The baseline CD4+ T-cell count was not defined in these
studies and may affect recovery of NK cells on ART.
Cytotoxicity and IFNγ production by IL-2-activated NK
cells responding to a pan-NK target cell line (K562 cells) were
lower in viremic HIV patients (both treated and untreated)
than healthy controls [5,6]. However, the effects of successful ART are not clear. In one study, aviremic patients
(N 24 months on ART) showed a persistently low cytotoxicity
against K562 cells [5], whilst IFNγ production recovered. In
another study, cytotoxicity recovered and IFNγ production

Figure 1 Gating strategies based on expression of (A) CD56 and CD16, and (B) CD56 and Perforin. CD56lo NK cells expressed more
CD16 and perforin than CD56hi NK cells.
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Figure 2 (A) Proportions of each NK cell subset as a percentage of lymphocytes. Expression of perforin (B) and CD16 (C) as a
percentage of each NK cell subset (left panel) and MFI (right panel).

remained low [6]. IFNγ production by NK cells from
peripheral blood mononuclear cells (PBMC) activated with
IL-2/IL-12 and IL-15/IL-12 remained lower in aviremic
patients on ART for N12 months, when compared to healthy
controls [19].
In contrast, elevated NK cell cytotoxicity and IFNγ
secretion are reported in viremic HIV patients compared
with healthy controls. Cytotoxicity against K562 cells was
higher in PBMC from viremic patients and normalized when
patients became aviremic after 24 weeks of ART [20].
Expression of CD107a (a marker of lysosomal granule
exocytosis) and intracellular IFNγ in NK cells stimulated
with K562 cells were higher in treated and untreated viremic
patients, but similar in aviremic patients on ART (N 6 months)
and healthy controls [18]. The opposing results from
different studies may reflect characteristics of their

patients, such as baseline CD4+ T-cell counts and recovery
of CD4+ T-cell function. However, these parameters are not
uniformly reported.
Following ART, the recovery of NK cell IFNγ responses
might parallel the recovery of CD4+ T-cell IFNγ responses.
Alternatively NK cells may compensate for inadequate CD4+
T-cell function. To address this, we undertook a crosssectional study of NK cell numbers and function in HIV
patients with good recovery of CD4+ T-cell numbers after
long-term ART (median of 8.5 years) who were stratified by
CMV-specific IFNγ CD4+ T-cell responses. We measured the
proportions of NK subsets, FcγRIII (CD16) and perforin
expression, as well as IFNγ responses to K562 cells. To
elucidate mechanisms underlying the observed deficiencies,
we also measured mRNA for IFNγ, IL-10R1, IL-12Rβ1 and IL12Rβ2 in NK cells enriched from PBMC.
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Methods and materials
Study subjects
Eighteen male CMV-seropositive, HIV patients attending
clinics at Royal Perth Hospital (Perth, Western Australia)
and nine age-matched, male, CMV-seropositive healthy
volunteers were recruited for this study. All patients had
started ARTwith CD4+ T-cell counts of b 50/μl and maintained
undetectable plasma HIV RNA (b50 copies/ml) for more than
12 months after (median = 8.5, range = 1.4–9.4 years) on
treatment. HIV patients were divided into low (n = 8) and high
(n = 10) IFNγ responders based on CD4+ T-cell responses to
CMV assessed by ELISpot (denoted CMV-lo and CMV-hi,
respectively; See Table 1). All patients had been assayed
approximately 19 months previously. Responses were stable,
with all patients remaining in the same group. This enabled
us to use samples collected earlier or later from five patients
for mRNA studies, as the original samples were exhausted.
Institutional ethics approval was obtained for the study and
informed consent was given by all participants.

Sample collection, plasma HIV RNA level and CD4+
T-cell counts
Whole blood was collected into lithium heparin tubes. PBMC
were obtained by Ficoll gradient centrifugation and separated using magnetic bead technology or cryopreserved in
liquid nitrogen. Plasma HIV-1 RNA was measured using the
COBAS Amplicor HIV-1 Monitor Test, v1.5 (Roche Diagnostics,
Indianapolis, IN, USA). CD4+ T-cell counts were performed by
routine flow cytometric methods.

ELISpot assay
Nitrocellulose plates (Millipore, MA, USA) were coated with
90 μl anti-human IFNγ antibody (15 μg/ml; Mabtech, Stockholm, Sweden) overnight at 4 °C. PBMC were added in RPMI
1640 with 10% fetal calf serum at 1.0 × 105 to 2.0 × 105 cells
per well and stimulated for 20 h with CMV antigen [21] or
K562 cells at effector to target ratio of 10:1. Spots were
detected with biotinylated anti-human IFNγ antibody
(100 μl/well; Mabtech, Stockholm, Sweden), streptavidin
horseradish peroxidase conjugate (100 μl/well; BD Pharmin-

gen, San Jose, CA, USA) and tetramethylbenzidine (TMB)
substrate (1–2 min), and counted using AID ELISpot Reader
v2.9 software (Autoimmun Diagnostika GmbH, Strassberg,
Germany).

Flow cytometry
Thawed PBMC were washed in flow buffer (1% BSA/PBS) and
5 × 105 cells were surface stained with the following monoclonal antibodies: CD3-APC, CD16-PECy5 and CD56-PE (Coulter Immunotech, Marseille, France). For the staining of
intracellular perforin, cells were permeabilized using FACSlyse and incubated with Perforin-FITC (BD Pharmingen, San
Jose, CA, USA). Data were acquired on the same day using a
BD FACSCanto cytometer for 4-colour protocols. 50,000100,000 events were recorded per tube and analyzed using
the FlowJo program v5.7.2 (Tree Star, Ashland, OR, USA).

IFNγ, IL-10R and IL-12R mRNA expression from
purified CD56+ NK cells
CD56+ cells were purified from fresh PBMC using conjugated
magnetic bead kits (Miltenyi Biotec, Bergisch Gladbach,
Germany). Two samples from each group were excluded
because the purity was b 70%. For the remainder, the median
purity was 80% (range 70–93) based on the phenotype
CD3−CD56+. Most contaminants were CD56+CD8+ T-cells (data
not shown). Real-time PCR were used to quantify mRNA for
β-actin, IFNγ, IL-10R1, IL-12Rβ1 and IL-12Rβ2. The PCR
protocol comprised 95 °C for 300 s, followed by 40 cycles of
denaturation (95 °C for 10 s), annealing (62 °C for β-actin
and IL-12Rβ2, 68 °C for IL-12Rβ1 for 15 s) and extension
(72 °C for 25 s). Primer sequences for β-actin were 5′GATGACCCAGATCATGTTTGA-3′ and 5′-GACTCCATGCCCAGGAAGGAA-3′, for IL-12Rβ1 were 5′-CTTCCAGAAGGCTGTCAAG-3′ and 5′-GTATGGTGGCAGATGCCTG-3′ and for IL12Rβ2 were 5′-GGATGCTCATTGGCATTTAT-3′ and 5′-CAGGCCAGTTTGCAGACAA-3′ [22]. IFNγ and IL-10R1 mRNA levels
were determined using Quantitect® sequence specific
probes and Hs_IL10RA_SG_1 Quantitect® Primer Assay
(Qiagen, CA, USA). Real-time PCR was performed on a
Rotorgene™ (Corbett, Sydney, Australia). Quantitation utilized standard curves generated from amplification of serial
10-fold dilution of pooled PCR products and results were

Figure 3 (A) Numbers of NK cells producing IFNγ after stimulation with K562 cells was low in CMV-lo and CMV-hi patients. (B) IFNγ
production by NK cells was directly related to the proportion of CD56lo NK cells in HIV patients.
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Figure 4 (A) Expression of IFNγ, IL-10 and IL-12 receptors was similar in all groups. (B) Expression of receptors was inversely related
to co-expression of perforin and CD16 (except IL-12Rβ2) as well as NK cell IFNγ ELISpot responses to K562 cells in HIV patients.

expressed relative to β-actin mRNA. The lower limit of
detection was a ratio of 0.00001.

Statistical analyses
Mann–Whitney tests were used to compare groups of
individuals. Spearman's test was used to calculate the
significance of non-parametric correlation coefficients. For
all comparisons, p-values below 0.05 were considered to be
statistically significant.

Results
Proportions of CD56lo NK cells were lower in HIV
patients than controls
Patients with a long-term virological response to ART were
divided into CMV-lo and CMV-hi groups based on CD4+ T-cell

IFNγ responses to CMV. The groups had similar durations of
treatment and current CD4+ T-cell counts, but the CMV-lo
group had a lower median nadir CD4+ T-cell count (see
Table 1). Proportions of NK cell subsets were calculated as a
percentage of lymphocytes and correlated with the parameters indicated. NK cells were defined as CD3− lymphocytes
which were CD56−CD16+, CD56lo or CD56hi.
Patients from CMV-lo and CMV-hi groups had a lower
proportion of CD56lo NK cells than controls (p b 0.03; Fig. 2A),
so the major NK cell population was deficient in all HIV
patients after long-term ART (1.4–9.2 years) with prolonged
viral suppression. The proportions of CD56hi and CD56−CD16+
NK cells were similar in all groups.
Patient cohorts were then combined and proportions of
each subset of NK cells were correlated with CD4+ T-cell IFNγ
responses to CMV and current or nadir CD4+ T-cell counts.
Proportions of CD56hi NK cells correlated inversely with
current CD4+ T-cell counts (r = − 0.62, p = 0.006). Hence
CD56hi cells may compensate for CD4+ T-cell deficiency.
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Expression of perforin by CD56hi NK cells was
elevated in HIV patients compared to healthy
controls
Perforin and CD16 were analyzed in CD56lo and CD56hi NK
cells expressed as a percentage of each NK subset and as
mean fluorescence intensity (MFI). CD56lo NK cells have a
high expression of perforin and CD16 while CD56hi NK cells
have a low or no expression of perforin and CD16 (Figs. 1A
and B). Hence, perforin and CD16 expression was higher in
CD56lo NK cells than CD56hi NK cells in all subjects (Figs. 2B
and C).
CD16 expression by CD56lo and CD56hi NK cells was similar
in all groups (Fig. 2C). When the patient groups were
combined, expression of CD16 by CD56lo NK cells correlated
with NK IFNγ responses (r = 0.55, p = 0.028) and CMV-specific
IFNγ CD4+ T-cell responses (r = 0.48, p = 0.043).
Perforin expression by CD56lo NK cells was similar across
all groups (Figs. 2B and C). Perforin expression by CD56hi NK
cells analyzed by MFI was higher in CMV-lo and CMV-hi
patients than healthy controls (p = 0.015 and p = 0.006
respectively). When the CMV-lo and CMV-hi groups were
combined, expression of perforin by CD56hi NK cells was
higher in patients than controls (p = 0.048 by percentages,
p = 0.003 by MFI).

NK cell IFNγ responses were lower than healthy
controls in all HIV patients
NK cell IFNγ responses were lower in the CMV-lo (p = 0.003)
and CMV-hi (p = 0.002) groups than healthy controls (Fig.
3A). Amongst patients, NK cell IFNγ responses did not
correlate with CD4+ T-cell IFNγ responses to CMV (r = 0.21,
p = 0.44), nadir CD4+ T-cell counts (r = −0.34, p = 0.20) or
current CD4+ T-cell count (r = 0.41, p = 0.11). However, they
correlated directly with the proportion of CD56lo NK cells
(r = 0.92, p b 0.001; Fig. 3B) and with expression of CD16 in
this NK subset (r = 0.55, p = 0.028; data not shown). Therefore, NK cell IFNγ responses to K562 cells are attributed to
CD56lo NK cells. This was confirmed using 4 non-HIV and 2
HIV samples assessed by flow cytometry. CD56lo NK cells are
the major producers of IFNγ after stimulation with K562
cells (Fig. 1C).

Levels of mRNA for IL-10 and IL-12 receptors in
CD56+ cells do not explain poor NK cell IFNγ
responses in HIV patients
We hypothesized that impaired NK cell IFNγ responses in HIV
patients may reflect a low expression of receptors for IL-10
or IL-12 since these cytokines are important in NK cell
activation. This was assessed in cells purified using CD56coated magnetic beads. IFNγ mRNA was assessed in parallel.
This and expression of perforin and CD16 reflect NK cell
activity without in vitro stimulation.
Expression of mRNA for IFNγ. IL-10R1, IL-12Rβ1 and IL12Rβ2 was similar in CMV-lo, CMV-hi and healthy control
groups (Fig. 4A). Hence, a low constitutive expression of
these transcripts does not explain the poor NK cell IFNγ
responses of patients. Expression of the receptors did not
correlate with expression of IFNγ mRNA by unstimulated

CD56+ NK cells in patients (Fig. 4B), so their baseline
expression does not limit NK responses.
Rather, we observed several inverse correlations. Coexpression of perforin and CD16 correlated inversely with the
expression of mRNA for IL-10R1 (r = − 0.56, p = 0.016) and IL12Rβ1 (r = −0.63, p = 0.005) but not IL-12Rβ2 (r = − 0.22,
p = 0.46). NK cell IFNγ responses correlated inversely with
the expression of mRNA for IL-10R1 (r = − 0.76, p = 0.002), IL12Rβ1 (r = − 0.74, p = 0.004) and IL-12Rβ2 (r = − 0.64,
p = 0.024) in the combined patient group (Fig. 4B).

Discussion
Our study establishes that there are persistent defects in
NK cell IFNγ responses to a pan-NK target (K562 cells)
in HIV patients who had undergone long-term ART
(median = 8.5 years) compared to healthy controls. NK cell
IFNγ responses in patients were attributed to lower proportions of the major CD56lo NK cell subset but not correlated
with the CD4+ T-cell IFNγ responses. As reviewed in [1], NK
cell production of IFNγ is important in controlling various
viral, parasitic and bacterial infections. For example, the
inhibition of human CMV viral replication is dependent on
IFN-β production by infected cells induced by NK cell IFNγ
[23]. Therefore, HIV patients with stable virological
responses to ART and recovery of CD4+ T-cell numbers
might have an increased risk of infection because of impaired
NK cell function. Furthermore, although the incidence of
AIDS-related malignancies has declined in HIV patients
receiving ART, there has been an increase in non-AIDSrelated malignancies compared with the general population
[24]. Immune surveillance may be limited by impaired NK
cell IFNγ production.
Here, the proportion of CD56hi NK cells showed a
significant inverse correlation with current CD4+ T-cell
counts and elevated expression of perforin by CD56hi NK
cells compared to healthy controls. CD56hi NK cells can
acquire the phenotype of CD56lo NK cells and increased
perforin and CD16 expression upon stimulation with IL-2 [12]
and peripheral fibroblasts [25], so persistent immune
activation may explain the observed elevation. The cytotoxic
capability of NK cells highly depends on the levels of perforin
content in their granules [11]. CD16 is an activatory receptor
on NK cells and its ligation stimulates NK cell proliferation,
cytotoxicity and cytokine secretion [26]. Hence, increased
proportion and cytotoxic capacity of CD56hi NK cells may
reflect the activation of this NK subset to compensate for
poor CD4+ T-cell recovery in HIV patients on ART.
Proportions of CD56lo NK cells and IFNγ responses to a
pan-NK target (K562 cells) were significantly lower in HIV
patients than controls and were not correlated with the CD4+
T-cell IFNγ responses. NK cell IFNγ responses in patients
were attributed to CD56lo NK cells. Expression of CD16
directly correlates with NK cell IFNγ responses in patients
and CMV-specific CD4+ T-cell IFNγ responses. This probably
reflects the activated or functional level of CD56lo NK cells
rather than the direct role of CD16 in IFNγ production by NK
cells or CD4+ T-cells as CD16 is not important in the
interaction of NK cells and K562 cells [27–29].
Our data establishes that there is a persistent defect in
IFNγ responses of CD56lo NK cells, irrespective of the
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makes it unlikely that CD4+ T-cell IFNγ responses are limited
by NK cell IFNγ responses or vice versa. IL-10 production by
NK cells can suppress antigen-specific CD4+ T-cell proliferation and IFNγ production [30], so higher IL-10 secretion by NK
cells could affect CD4+ T-cell responses. Here IL-10 mRNA was
not detectable in unstimulated CD56+ cells from the HIV
patients (data not shown), but IL-10 production by stimulated NK cells was not assessed.
Deficient NK cell IFNγ responses in HIV patients responding to ART may be caused by low levels of cytokines
important in the activation of NK cells. IL-10 and IL-12 can
stimulate the proliferation, cytotoxicity and IFNγ production
of human CD56+ NK cells in the presence of IL-2 [14,15].
Expression of IL-10 mRNA by unstimulated PBMC declines
following a virological response to ART [19]. IL-10 production
was also lower in PHA-stimulated PBMC from aviremic
patients than healthy controls [31]. However the source of
IL-10 affecting NK cells and the effects of prolonged ART on
its release are unclear.
IL-10 and IL-12 derived from dendritic cells (DC) or
monocytes warrant consideration as factors limiting IFNγ
production by the patients' NK cells. Production of IL-10 and
IL-12 by myeloid DC was impaired in viremic, but not
aviremic HIV patients. This correlated with impaired activation and production of IFNγ by NK cells [32]. Moreover IL-12
mRNA levels were not lower in patients than controls here
[33], or in our earlier study which included cells stimulated
with PMA [34], so there is no evidence that IL-12 is limiting in
patients responding to ART.
NK cell activation and IFNγ production may also be
affected by IFNα secreted by plasmacytoid DC [35]. Aviremic
patients in the present study were assessed for proportions of
accessory cells and levels of cytokine mRNA in each purified
fraction [33]. Proportions of plasmacytoid DC (and not other
populations) were directly correlated with CD4+ T-cell IFNγ
responses to CMV. However, proportions of DC and levels of
IL-10, IL-12 and IFNα mRNA in DC and monocytes did not
correlate with NK cell IFNγ responses here (data not shown).
Here expression of IL-10R1, IL-12Rβ1 and IL-12Rβ2 mRNA
was similar in both patient groups and controls, so a low
constitutive expression of these receptors does not explain
the low NK cell IFNγ responses in patients. However, a
significant inverse correlation was observed between levels
of all three transcripts with induced NK IFNγ responses and
the co-expression of perforin and CD16 in the combined
patient group (Fig. 4B). We suggest that low IL-10R1,
IL-12Rβ1 and IL-12Rβ2 mRNA may reflect chronic activation
of NK cells. This level of activation may increase NK cell IFNγ
responses but not to levels of healthy controls.
Chronic activation can differentially affect the levels of
cytokine receptor mRNA and protein. For example; IL-2
reduces levels of IL-10R mRNA but not the binding of labeled
IL-10 to NK cells. The authors concluded that expression of
just 90 IL-10 receptors per cell yields optimal stimulation, so
high levels of IL-10R1 mRNA are redundant [14]. Chronic
activation of NK cells by IL-2 is unlikely in HIV patients.
Indeed levels of IL-2 mRNA in T-cell fractions from our
patients did not correlate with NK IFNγ responses or cytokine
mRNA levels in NK cells (data not shown).
Rather chronic immune activation in HIV patients may
reflect bacterial products leaking from a gut damaged during
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periods of extreme immunodeficiency [36]. NK cells express
Toll-like receptors (TLR) and can be directly activated by
bacterial products [37]. Alternatively, plasmacytoid DC
activated via TLR may activate NK cells via IFNα [35]. In
our cohort, nadir CD4+ T-cell count inversely correlated with
NK cell IFNγ responses [38] and levels of immune activation
of CD4+ T-cells were significantly higher than controls
(p = 0.01, data not shown), so the degree of previous
immunodeficiency and residual immune activation affect
NK cell function on ART. We suggest that low cytokine
receptor expression (Fig. 4) and small increases in IFNγ
production by NK cells are consequences of immune
activation in patients with a history of extreme immunodeficiency, however these effects do not compensate for the
low proportions of the predominant IFNγ-producing subset
(CD56lo NK cells) seen in all patients.
In conclusion; we have identified three mechanisms that
may affect NK cell function in HIV patients with a long-term
virological response to ART. Firstly, there is increased
perforin expression by CD56hi NK cells from HIV patients
compared to healthy controls. The second mechanism
depresses IFNγ responses in direct proportion to loss of
CD56lo NK cells. Finally, we provide indirect evidence that
immune activation depresses levels of mRNA for IL-10 and IL12 receptors. Future studies to dissect mechanisms of
persistent defects in NK cell must include TLR and NK
receptor signaling and measurement of critical cytokines.

Acknowledgments
The authors thank the patients and staff of Royal Perth
Hospital who donated blood for this study. The project was
supported by NHMRC (Australia) Grant 404028.

References
[1] M.B. Lodoen, L.L. Lanier, Natural killer cells as an initial
defense against pathogens, Curr. Opin. Immunol. 18 (2006)
391–398.
[2] T.L. Whiteside, R.B. Herberman, Role of human natural killer
cells in health and disease, Clin. Diagn. Lab. Immunol. 1 (1994)
125–133.
[3] A.S. Fauci, D. Mavilio, S. Kottilil, NK cells in HIV infection:
paradigm for protection or targets for ambush, Nat. Rev.
Immunol. 5 (2005) 835–843.
[4] G.M. O'Connor, A. Holmes, F. Mulcahy, C.M. Gardiner, Natural
killer cells from long-term non-progressor HIV patients are
characterized by altered phenotype and function, Clin.
Immunol. 124 (2007) 277–283.
[5] D. Mavilio, J. Benjamin, M. Daucher, et al., Natural killer cells
in HIV-1 infection: dichotomous effects of viremia on inhibitory
and activating receptors and their functional correlates, Proc.
Natl. Acad. Sci. U. S. A. 100 (2003) 15011–15016.
[6] L. Azzoni, E. Papasavvas, J. Chehimi, J.R. Kostman, K. Mounzer,
J. Ondercin, B. Perussia, L.J. Montaner, Sustained impairment
of IFN-gamma secretion in suppressed HIV-infected patients
despite mature NK cell recovery: evidence for a defective
reconstitution of innate immunity, J. Immunol. 168 (2002)
5764–5770.
[7] J. Chehimi, L. Azzoni, M. Farabaugh, et al., Baseline viral load
and immune activation determine the extent of reconstitution
of innate immune effectors in HIV-1-infected subjects

Please cite this article as: D.B.A. Tan, et al., Could natural killer cells compensate for impaired CD4+ T-cell responses to CMV in HIV
patients responding to antiretroviral therapy?..., Clin. Immunol. (2009), doi:10.1016/j.clim.2009.03.518

ARTICLE IN PRESS
8

D.B.A. Tan et al.

[8]

[9]

[10]
[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

undergoing antiretroviral treatment, J. Immunol. 179 (2007)
2642–2650.
K. Burgess, P. Price, I.R. James, S.F. Stone, N.M. Keane, A.Y.
Lim, J.R. Warmington, M.A. French, Interferon-gamma responses to Candida recover slowly or remain low in immunodeficient HIV patients responding to ART, J. Clin. Immunol. 26
(2006) 160–167.
M. Alfonzo, D. Blanc, C. Troadec, M. Eliaszewicz, G. Gonzalez,
D. Scott-Algara, Partial restoration of cytokine profile despite
reconstitution of cytomegalovirus-specific cell-mediated
immunity in human immunodeficiency virus-infected patients during highly active antiretroviral treatment, Scand. J.
Immunol. 57 (2003) 375–383.
A.A. Maghazachi, Compartmentalization of human natural
killer cells, Mol. Immunol. 42 (2005) 523–529.
R. Jacobs, G. Hintzen, A. Kemper, K. Beul, S. Kempf, G.
Behrens, K.W. Sykora, R.E. Schmidt, CD56bright cells differ in
their KIR repertoire and cytotoxic features from CD56dim NK
cells, Eur. J. Immunol. 31 (2001) 3121–3127.
G. Ferlazzo, D. Thomas, S.L. Lin, K. Goodman, B. Morandi, W.A.
Muller, A. Moretta, C. Munz, The abundant NK cells in human
secondary lymphoid tissues require activation to express killer
cell Ig-like receptors and become cytolytic, J. Immunol. 172
(2004) 1455–1462.
S.S. Farag, M.A. Caligiuri, Human natural killer cell development and biology, Blood Rev. 20 (2006) 123–137.
M.A. Cooper, T.A. Fehniger, S.C. Turner, K.S. Chen, B.A.
Ghaheri, T. Ghayur, W.E. Carson, M.A. Caligiuri, Human natural
killer cells: a unique innate immunoregulatory role for the CD56
(bright) subset, Blood 97 (2001) 3146–3151.
M.A. Cooper, T.A. Fehniger, M.A. Caligiuri, The biology of
human natural killer-cell subsets, Trends Immunol. 22 (2001)
633–640.
D. Mavilio, G. Lombardo, J. Benjamin, et al., Characterization
of CD56−/CD16+ natural killer (NK) cells: a highly dysfunctional
NK subset expanded in HIV-infected viremic individuals, Proc.
Natl. Acad. Sci. U. S. A. 102 (2005) 2886–2891.
S.R. Sondergaard, H. Aladdin, H. Ullum, J. Gerstoft, P. Skinhoj,
B.K. Pedersen, Immune function and phenotype before and
after highly active antiretroviral therapy, J. Acquir. Immune
Defic. Syndr. 21 (1999) 376–383.
G. Alter, J.M. Malenfant, R.M. Delabre, N.C. Burgett, X.G. Yu,
M. Lichterfeld, J. Zaunders, M. Altfeld, Increased natural killer
cell activity in viremic HIV-1 infection, J. Immunol. 173 (2004)
5305–5311.
M.R. Goodier, N. Imami, G. Moyle, B. Gazzard, F. Gotch, Loss of
the CD56hiCD16− NK cell subset and NK cell interferon-gamma
production during antiretroviral therapy for HIV-1: partial
recovery by human growth hormone, Clin. Exp. Immunol. 134
(2003) 470–476.
K.G. Parato, A. Kumar, A.D. Badley, et al., Normalization of
natural killer cell function and phenotype with effective antiHIV therapy and the role of IL-10, Aids 16 (2002) 1251–1256.
N.M. Keane, P. Price, S. Lee, C.A. Almeida, S.F. Stone, I. James,
M.A. French, Restoration of CD4 T-cell responses to cytomegalovirus is short-lived in severely immunodeficient HIV-infected
patients responding to highly active antiretroviral therapy, HIV
Med. 5 (2004) 407–414.
T. Parrello, G. Monteleone, S. Cucchiara, I. Monteleone, L.
Sebkova, P. Doldo, F. Luzza, F. Pallone, Up-regulation of the
IL-12 receptor beta 2 chain in Crohn's disease, J. Immunol. 165
(2000) 7234–7239.
A.C. Iversen, P.S. Norris, C.F. Ware, C.A. Benedict, Human NK
cells inhibit cytomegalovirus replication through a noncytolytic

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

mechanism involving lymphotoxin-dependent induction of
IFN-beta, J. Immunol. 175 (2005) 7568–7574.
N. Crum-Cianflone, K.H. Hullsiek, V. Marconi, et al., Trends in
the incidence of cancers among HIV-infected persons and the
impact of antiretroviral therapy: a 20-year cohort study, Aids 23
(2009) 41–50.
A. Chan, D.L. Hong, A. Atzberger, et al., CD56bright human NK
cells differentiate into CD56dim cells: role of contact with
peripheral fibroblasts, J. Immunol. 179 (2007) 89–94.
H.S. Warren, B.F. Kinnear, Quantitative analysis of the effect of
CD16 ligation on human NK cell proliferation, J. Immunol. 162
(1999) 735–742.
E. Vivier, P. Morin, C. O'Brien, B. Druker, S.F. Schlossman, P.
Anderson, Tyrosine phosphorylation of the Fc gamma RIII
(CD16): zeta complex in human natural killer cells. Induction
by antibody-dependent cytotoxicity but not by natural killing,
J. Immunol. 146 (1991) 206–210.
M.J. Robertson, M.A. Caligiuri, T.J. Manley, H. Levine, J. Ritz,
Human natural killer cell adhesion molecules. Differential
expression after activation and participation in cytolysis,
J. Immunol. 145 (1990) 3194–3201.
P. Garcia-Penarrubia, N. Lorenzo, J. Galvez, A. Campos, X.
Ferez, G. Rubio, Study of the physical meaning of the binding
parameters involved in effector–target conjugation using
monoclonal antibodies against adhesion molecules and cholera
toxin, Cell Immunol. 215 (2002) 141–150.
G. Deniz, G. Erten, U.C. Kucuksezer, D. Kocacik, C. Karagiannidis,
E. Aktas, C.A. Akdis, M. Akdis, Regulatory NK cells suppress
antigen-specific T cell responses, J. Immunol. 180 (2008)
850–857.
E. Stylianou, P. Aukrust, I. Nordoy, F. Muller, S.S. Froland,
Enhancement of lymphocyte proliferation induced by interleukin-12 and anti-interleukin-10 in HIV-infected patients
during highly active antiretroviral therapy, Apmis 108 (2000)
601–607.
D. Mavilio, G. Lombardo, A. Kinter, et al., Characterization of
the defective interaction between a subset of natural killer
cells and dendritic cells in HIV-1 infection, J. Exp. Med. 203
(2006) 2339–2350.
S. Fernandez, S.F. Stone, P. Price, M.A. French, The number and
function of circulating dendritic cells may limit effector
memory CD4+ T-cell responses in HIV patients responding to
antiretroviral therapy, Clin. Immunol. 120 (2009) 228–237.
S. Lee, M.A. French, P. Price, IL-23 and IFN-gamma deficiency in
immunodeficient HIV patients who achieved a long-term
increase in CD4 T-cell counts on highly active antiretroviral
therapy, AIDS 18 (2004) 1337–1340.
C. Tomescu, J. Chehimi, V.C. Maino, L.J. Montaner, NK cell lysis
of HIV-1-infected autologous CD4 primary T cells: requirement
for IFN-mediated NK activation by plasmacytoid dendritic cells,
J. Immunol. 179 (2007) 2097–2104.
J.M. Brenchley, D.A. Price, T.W. Schacker, et al., Microbial
translocation is a cause of systemic immune activation in
chronic HIV infection, Nat. Med. 12 (2006) 1365–1371.
A. Chalifour, P. Jeannin, J.F. Gauchat, A. Blaecke, M. Malissard,
T. N'Guyen, N. Thieblemont, Y. Delneste, Direct bacterial
protein PAMP recognition by human NK cells involves TLRs
and triggers alpha-defensin production, Blood 104 (2004)
1778–1783.
P. Price, S. Fernandez, D.B. Tan, I.R. James, N.M. Keane, M.A.
French, Nadir CD4 T-cell counts continue to influence interferon-gamma responses in HIV patients who began antiretroviral treatment with advanced immunodeficiency, J. Acquir.
Immune Defic. Syndr. 49 (2008) 462–464.

Please cite this article as: D.B.A. Tan, et al., Could natural killer cells compensate for impaired CD4+ T-cell responses to CMV in HIV
patients responding to antiretroviral therapy?..., Clin. Immunol. (2009), doi:10.1016/j.clim.2009.03.518

