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Abstract

Background: Hepatitis C virus (HCV) infection has a high rate of
chronicity, attributable to its capacity to alter host immunity, includ-
ing natural killer (NK) cell function. In this study, the interaction be-
tween NK cell activity and HCV viral load was investigated.

Methods: Peripheral blood NK cells were examined for cytotoxic-
ity and interferon (IFN)-y expression in HCV infected low (LVL, <
800,000 IU/mL, n = 10) and high (HVL, > 800,000 IU/mL, n = 13)
viral load patient cohorts.

Results: Spontaneous NK cell cytotoxicity was more robust in
the LVL cohort resulting in a negative correlation with viral loads
(spontaneous, r = -0.437, P = 0.037; IFN-a activated, r = -0.372, P
=0.081). Although the percent of IFN-y+ NK cells did not associate
with viral load, within the LVL cohort there was a marked increase in
IFN-y+ NK cells upon IFN-a activation relative to medium alone (P
< 0.01). To examine the inability of NK cells derived from HVL pa-
tients to be further activated, the expression of the exhaustion marker
programmed cell death protein (PD)-1 was evaluated. PD-1 expres-
sion upon NK cell activation correlated with viral load (r = 0.649,
P =0.009). In addition, HCV proteins upregulated PD-1 expression
in vitro (P < 0.05), suggesting that HCV can directly promote NK
cell exhaustion. Cells from HVL patients were also more likely to
produce IFN-y in response to HCV core protein. The finding that
NK cell PD-1 and IFN-y expression are linked (r = 0.542, P < 0.05)
suggests that increased IFN-y levels may induce PD-1 as a negative
feedback mechanism.

Conclusions: High HCV loads appear to promote NK exhaustion in
chronic HCV infection.
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Introduction

Hepatitis C virus (HCV) infection has a high rate of chronicity,
with a global prevalence of approximately 2-3% [1]. Chronic
HCYV infection is a significant risk factor for progression to
liver fibrosis and cancer [2]. Previous data indicate that, chro-
nicity is maintained through viral-induced inhibition of protec-
tive host immune responses [3-5].

Natural killer (NK) cells are considered a primary target
of HCV immune inhibition [6-8]. NK cells are innate immune
cells that are critical in controlling viral replication [9, 10].
They act through cytotoxic killing of infected cells and the
secretion of antiviral cytokines, most prominently interferon
(IFN)-y [11-13]. In vitro experiments indicate that HCV im-
pairment of NK activity can occur at various levels [14]. For
example, HCV envelope 2 protein can directly impair NK cell
cytotoxic granule release and IL-2 induced IFN-y synthesis
through binding of cognate CDS81 receptors [15, 16]. In addi-
tion, HCV virus can indirectly restrict NK cell activation by
inhibiting dendritic cell secretion of IFN-q, a strong activator
of NK cell cytotoxicity and IFN-y production [17].

These in vitro findings are supported by clinical data. Pa-
tients with chronic HCV infection have lower numbers and
percentages of NK cells in the peripheral blood compared to
healthy individuals [15, 16, 18-20]. Whether this represents
impaired NK cell proliferation or an increased NK cell migra-
tion into the liver is currently unknown [5]. Clinical studies
further indicate that chronic HCV infection can affect NK ef-
fector functions. For example, NK cells from HCV infected
patients have reduced cytotoxicity and IFN-y production com-
pared to cells from healthy controls [19, 21-23]. Moreover,
Golden-Mason et al demonstrated that NK cell expression of
programmed cell death protein (PD)-1 from HCV infected
individuals was significantly higher in comparison to healthy
control populations [24]. PD-1 expression has been linked to
NK cell quiescence [25-27], but was originally described as
an exhaustion marker on T cells upon cellular inertia in cancer
and chronic viral infections including HCV infection [28-32].
Whether these interactions between NK cells and HCV are in-
fluenced by viral load has yet to be determined.

In the present study, we examined the effects of viral load
on NK cell function and PD-1 expression in chronic HCV in-
fected patients. We observed diminished NK cell activity with
increasing viral load and which appeared to be a function of
enhanced NK cell PD-1 expression.
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Patients and Methods

Patient recruitment and viral loads

This study was approved by the University of Manitoba Re-
search Ethics Board. Participants provided written informed
consent. Treatment naive chronic HCV infected patients were
recruited through the Viral Hepatitis Investigation Unit, Health
Sciences Centre, Winnipeg, MB, Canada. Participants were
HIV and hepatitis B core antibody negative. None were re-
ceiving immunosuppressive medications. Viral loads were
measured by quantitative PCR at the Cadham Provincial Lab-
oratory, MB, Canada by the COBAS® AmpliPrep/COBAS®
TagMan® HCV Quantitative Test, v2.0 assay (Roche Diag-
nostics Canada, Laval, QC).

NK cell cytotoxicity

Peripheral blood mononuclear cells (PBMCs) were isolated
from whole blood with ficoll (Histopaque®, Sigma, St. Louis,
MO) as previously described [33]. PBMC viability was deter-
mined using trypan blue exclusion. Cells consistently exhibited
> 98% viability [33]. NK cell cytotoxicity was evaluated in
standard 4 h chromium (Cr)*! release assays [34]. Fresh PBMCs
were cultured overnight with, or without, recombinant human
IFN-02b (1,000 IU/mL, PBL InterferonSource, Piscataway, NJ).
The following day, PBMCs were washed, added to a 96 well v-
bottom plate (Corning) and serially diluted to achieve effector:
target (E:T) ratios of 25:1, 12.5:1 and 6.25:1. K562 target cells,
labeled with 50 uCi Na,CrO, (PerkinElmer, Waltham, MA),
were added at 1.0 x 10* cells/well. K562 cells are prototypic
NK-specific target cells. Control wells to measure minimal,
or maximal, release were established by, respectively, adding
medium or 5% Triton X-100 (Sigma) directly to labeled target
cells. After 4 h of incubation, plates were spun and counts per
minute (cpm) were measured on a Wallac Wizard 1470 Gamma
Counter (PerkinElmer). All analyses were done in triplicate. NK
cell lysis was defined as the amount of Cr’! released into the
medium upon target cell lysis. Percent specific lysis was calcu-
lated as ((cpm test - cpm spontaneous release)/(cpm max release
- cpm spontaneous release)) x 100. NK cell lysis at the E:T ratio
of 12.5:1 was used for analysis as this value consistently repre-
sented the linear portion of the lysis curve.

Culture stimulations with K562 cells

Intracellular cytokine staining (ICCS) was performed as pre-
viously described [35]. Briefly, frozen PBMC were thawed,
washed and aliquoted (2.5 x 103 cells) into 5 mL round bottom
tubes (BD Biosciences). Cells were incubated with brefeldin
A in the absence, and presence, of K562 cells for 6 h. Fixable
Viability Dye eFluor® 506 was added for 20 min on ice. Cells
were then washed and fluorochrome-conjugated antibodies
against CD56, CD3, IFN-y and PD-1 were added for 30 min on
ice. Appropriate isotype controls were included. PBMC were
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washed and fixed with 2% paraformaldehyde (Canemco Inc.,
Lakefield, Quebec). The following day data were acquired on
a FACS Canto II (BD Biosciences, Mississauga, ON). Acqui-
sition was performed using FACSDiva software and analysis
was performed using FlowJo 7.6 (Tree Star Inc., Ashland,
OR). For gating strategy see in Supplementary Figure 1 (www.
gastrores.org).

Culture stimulations with HCV proteins

PBMC were cultured in 10% (v/v) heat-inactivated fetal calf se-
rum (Invitrogen Life Technologies, Grand Island, NY), RPMI
1640 (Hyclone, Logan, UT) medium. Cells were incubated with
[B-galactosidase (B-gal), B-gal linked HCV core (1 pg/mL), or 1
pg/mL HCV protein cocktail containing equivalent concentra-
tions of core, nonstructural protein 3 (NS3), and NS4 or recom-
binant IL-2. Recombinant HCV core, NS3 and NS4 proteins
corresponding to amino acids 2-192, 1450-1643, 1658-1863 re-
spectively of the HCV polyprotein were received from Virogen
(Watertown, MA). Cells were stained by for CD56, CD3, IFN-y
or PD-1 expression following 6 h culture (for gating strategy
see supplementary Figures 2, 3 (www.gastrores.org)). Parallel
cultures were incubated for 72 h, at which time supernatants
were harvested and analyzed for IFN-y levels by enzyme linked
immunosorbent assay (ELISA) (BD Biosciences).

Data analyses

Differences in categorical data were determined by Fisher’s
exact test. Correlations were determined with the non-para-
metric Spearman’s rank test. Differences between low viral
loads (LVL) and high viral loads (HVL) were evaluated using
the non-parametric Mann-Whitney U test. For all tests, P <
0.05 (two-tailed) was considered significant.

Results

Subject demographics and infection characteristics

Twenty-three individuals consented to provide blood for this
analysis. The majority were Caucasian (66.6 %) and female
(56.6%). The median age was 50.5 (range 23 - 65) years.
Eighty percent were infected with HCV genotype 1. The
median baseline viral load was 1.3 x 10° IU/mL. LVL and
HVL were defined a priori as < 800,000 IU/mL (n = 10) and
> 800,000 IU/mL (n = 13) respectively, based on previously
described associations with therapeutic outcomes for geno-
type 1 infections [36-38]. Subject demographics and infection
characteristics did not differ between the LVL and HVL cohort
(Supplementary Table 1, www.gastrores.org).

NK cell cytotoxicity inversely correlates with viral load

Initially, we examined the ability of NK cells derived from
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Figure 1. NK cell cytotoxicity decreases with viral load. PBMC were incubated overnight in culture medium (CM) and IFN-a. NK
cell cytotoxicity was measured by Cr-51 release assay. (a) Baseline viral loads were plotted against NK cell cytotoxicity at an E:T
ratio of 12.5:1 ratio following CM or IFN-a incubation. Spearman rank correlation, r, is shown. (b) Baseline NK cell cytotoxicity was
evaluated between low viral load (LVL) and high viral load (HVL) patients. Lines indicate one patient’s values for each condition.
Within cohort significant differences between CM and IFN-a were determined by paired t-test. Between cohorts significant differ-
ences were determined by Mann-Whitney U test. Significant differences are indicated as *P < 0.05, **P < 0.01.

HCV infected individuals to lyse K562 target cells with re-
spect to their corresponding viral load. This analysis demon-
strated that NK cell cytotoxicity against K562 cells negatively
correlated with viral loads (r = -0.437, P = 0.037, Fig. 1a). A
similar finding that did not reach statistical significance was
observed when NK cells were stimulated with IFN-a prior to
K562 exposure (r = -0.372, P = 0.081). When analyzed for
dynamics within each viral load cohort, NK cells of the LVL
cohort had a greater intrinsic killing capacity, as observed in
the presence of medium alone (P < 0.05) or IFN-a (P < 0.05),
than that of the HVL cohort (Fig. 1b). Notably, the percentage
of NK cells did not differ between patient cohorts (Supplemen-
tary Fig. 4, www.gastrores.org).

NK cell IFN-y expression and viral loads

In addition to cytotoxic killing, NK cell IFN-y expression was
evaluated. The percentage of NK cells involved in expressing
IFN-y did not correlate with viral loads (CM, r = 0.334, P =
0.240; K562, r = 0.293, P = 0.290, Fig. 2a) or NK cell cy-
totoxicity (Supplementary Table 2, www.gastrores.org). The
analysis of NK cell IFN-y expression within the LVL and HVL
cohorts, revealed that for the LVL cohort there was a 2.5-fold
increase in the percentage of NK cells expressing IFN-y upon
exposure to K562 target cells relative to culture in medium
alone (P =0.0082, Fig. 2b). In contrast, within the HVL cohort,
IFN-y expression was not enhanced by target cells activation.

To investigate whether HCV proteins could directly con-
tribute to cellular IFN-y synthesis, PBMC were exposed to
HCV core protein for 72 h. Unexpectantly, PBMC derived
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from the LVL cohort were less supportive of HCV core in-
duced IFN-y synthesis than the HVL cohort (LVL, 1.2 fold
HCV core/p-gal; HVL 21.1 fold HCV core/B-gal, P < 0.05,
Fig. 2¢). Conversely, IL-2 induced IFN-y synthesis was sig-
nificantly increased by cells from the LVL cohort (P < 0.05),
but not the HVL cohort. A further examination indicated that
NK cell IFN-y expression was directly inducible by the HCV
protein cocktail (Supplementary Fig. 2B, www.gastrores.org).

Exhaustion marker PD-1 expression correlates with viral
load

The differences in NK responses observed in the LVL and HVL
cohorts led us to examine whether NK cells exposed to higher
HCV loads were more susceptible to exhaustion, as defined
by the appearance of the exhaustion marker PD-1. Flow cy-
tometric assessments of PD-1 expression on NK cells showed
that upon K562 stimulation, the percentage of PD-1 NK cells
increased proportionally with viral loads (r = 0.649, P < 0.01,
Fig. 3a), although NK cell PD-1 expression did not correlate
with cytotoxicity (Supplementary Table 2, www.gastrores.
org). We also examined whether HCV proteins enhanced NK
cell PD-1 expression. Cells from healthy controls and HCV
infected individuals were cultured with culture medium, HCV
core and a HCV protein cocktail consisting of core, NS3 and
NS4. In cells derived from HCV infected individuals, but not
healthy individuals, NK cell PD-1 expression was significantly
elevated upon overnight exposure to the HCV protein cock-
tail (P < 0.5, Fig. 3b). The ability of HCV proteins to enhance
PD-1 expression and IFN-y production was supported by the
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Figure 2. NK cells at low viral loads can be further stimulated towards IFN-y expression by target cells. PBMC were incubated
with CM or K562 target cells for 6 h in the presence of brefeldin A, and then stained for IFN-y expression. (a) IFN-y expression
was assessed against viral load. Spearman rank correlation, r, is shown. P < 0.05 is considered significant. (b) The percent of
NK cells producing IFN-y was evaluated for LVL and HVL cohorts. Lines indicate an individuals values for each condition. Within
cohort significant differences between CM and K562 were determined by paired t-test. Between cohorts significant differences
were determined by Mann-Whitney U-test. (c) PBMCs were cultured with B-gal, core or IL-2 as indicated. Supernatants were
collected at 72 h and analyzed for IFN-y levels in LVL (n = 6) and HVL (n = 11). Statistical evaluation for changes in IFN-y levels
within a cohort was determined by ANOVA, repeated measures. Significant differences are indicated as *P < 0.05.

association of PD-1 and IFN-y expression on NK cells from
HCYV infected individuals (Fig. 3c).

Discussion

HCV infection can alter NK cell function. In this study, we
directly investigated the impact of viral load on NK cell func-
tion in the clinical setting. It was observed that at LVLs, NK
cells had a greater capacity for cytotoxicity than NK cells from
a HVL cohort. Moreover, at LVLs, targeted activation of NK
cells stimulated increased IFN-y expression relative to medi-
um alone; whereas, at HVLs IFN-y expression could not be
enhanced beyond baseline levels. In keeping with the lack of
responsiveness to stimulation at HVLs, increased viral loads
corresponded to greater PD-1 expression. The potential for in-
creased viral loads to affect these events was further supported
by the ability of HCV proteins to enhance IFN-y and PD-1 ex-
pression. The potential for IFN-y and PD-1 to be co-regulated
was reinforced by the association between NK cell IFN-y and
PD-1 expression. Taken together these data suggest that under
conditions of HVL, HCV protein induced IFN-y may support
PD-1 expression resulting in NK cell exhaustion in chronic
HCYV infection.

To evaluate changes in NK cell killing with respect to vi-
ral load, NK-mediated cytotoxicity was assessed against the
prototypic NK cell target K562. A significant negative correla-
tion with viral load was observed (P = 0.037, Fig. 1a). A trend
toward similar findings was detected when NK cells were first
activated with IFN-a (P = 0.081). The explanation for these
findings remains unclear. One possibility is that HCV inter-
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fered with NK cell responsiveness to activators such as I[FN-a
or IL-2 (Fig. 3c) [39, 40]. Thus, at LVLs the ability of NK
cells to be stimulated was maintained and as result, cytotoxic-
ity was intact; whereas, at HVLs, HCV interference with NK
cell responsiveness reduced the cytotoxic response. Another
explanation could be that the extent of stimulation drives NK
cell maturation such that less mature NK cells would mani-
fest greater cytotoxic responses than more mature cells [41,
42]. In contrast, NK cell differentiation is associated with an
enhanced ability to produce IFN-y [40]. This is supported by
our observation that at LVL NK cells could be stimulated to
increase I[FN-y expression, but at HVL, NK cells were already
maximally engaged in IFN-y synthesis (Fig. 2b). The ability
of HCV protein to induce IFN-y could drive this expression
with increasing viral loads (Supplementary Fig. 2B, www.
gastrores.org). The shift from cytotoxicity to IFN-y synthesis
with increasing viral loads would not only result in ineffective
viral control but would also contribute to HCV associated co-
morbidities [5, 43]. Although further studies would be required
to determine whether in the clinical setting HVLs alter NK
cell function or altered NK cell function contributes to HVLs,
these processes are likely interdependent. Moreover, even
though clear patterns in IFN-y expression emerged for the LVL
and HVL cohorts, the absence of a strict correlation between
IFN-vy expression and viral load may reflect physiological nu-
ances due to duration of the infection.

Further supporting reports that HCV inhibits NK cell cy-
totoxicity [15, 16, 19, 21, 23, 44] were our findings that HVLs
were associated with NK cell expression of the exhaustion
marker PD-1. CD8 T cell exhaustion is considered key in the
progression from acute to chronic HCV infection [32, 45]. In-
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Figure 3. PD-1 expression correlates with viral load. (a) PBMCs were incubated with CM or K562 target cells as per Figure 2.
Cells were stained for CD56 and PD-1 expression. NK cell PD-1 expression was assessed against viral load. (b) PBMCs were
cultured with 1 pg/mL of B-gal, core, or a HCV protein cocktail of core, NS3 and NS4 or IL-2 (1,000 IU) as indicated. Cells were
harvested at 24 h and stained for PD-1 expression. Four replicates from one experiment shown. (c) As per panel a, cells were
also stained for CD56, PD-1 and IFN-y expression. Significant differences are indicated as *P < 0.05.

dependent studies have observed that CD8 T cell quiescence
in HCV infection was linked to the presence of the exhaustion
marker PD-1. The effect of PD-1 on T cell cytotoxicity and
IFN-y production has also been elucidated in other viral infec-
tion and tumor models [26, 42, 46-48]. However, there is lim-
ited information on PD-1 expression and NK cell activity [24,
25, 27, 49]. Our examination of the relationship between NK
cell PD-1 expression and viral titer, found that the percentage
of NK cells expressing PD-1 increased with viral load (Fig.
3b), suggesting that HCV may upregulate PD-1 expression
and thereby suppress NK function. This extends the finding of
Golden-Mason et al, that NK cell PD-1 expression from HCV
infected individuals was significantly higher in comparison to
healthy control populations [24]. This dichotomy in NK PD-1
expression between chronically ill and healthy individuals has
also been observed for Epstein-Barr virus (EBV) infections
with active lymphomas, tuberculosis and multiple myeloma
[25, 27, 49]. To evaluate whether HCV proteins might directly
activate PD-1 expression, PBMCs were cultured with HCV
proteins core, NS3 and NS4. Relative to healthy cells, the pres-
ence of chronic HCV infection was associated with a greater
susceptibility to HCV protein induced PD-1 expression (Fig.
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3b). The ability of HCV proteins to upregulate PD-1 expression
was also observed in the corresponding NKT cell population
(Supplementary Fig. 5, www.gastrores.org). In vitro activation
of NK cells with Mycobacterium tuberculosis was also shown
to initiate PD-1 expression [49]. In keeping with our observa-
tions, in HCV infection high viral loads may also upregulate
NK cell PD-1 expression on interaction with HCV proteins.

In contrast to cytotoxic responses (Supplementary Table 2,
www.gastrores.org), NK cell PD-1 levels were directly propor-
tional to IFN-y expression (Fig. 3b). The literature suggests a
complicated interaction between PD-1 and IFN-y expression.
Reports evaluating the effect of neutralizing the cognate inter-
action between PD-1 and PD-ligand1 demonstrated enhanced
NK cytotoxicity and IFN-y production in tumor and infection
models [25, 26]. Anti-PD-1 antibody, for example, enhanced
IFN-y production against EBV target cells in controlled and
active EBV infection (n = 4) [27]. These studies indicate that
PD-1 expression results in an impairment of IFN-y synthesis.
However, Alvarez et al observed that in cells isolated from pa-
tients with tuberculosis, NK cell PD-1 expression correlated
with IFN-y expression upon activation with M. tuberculosis
[49]. Moreover, in the presence of M. tuberculosis the ad-
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At HVLs, the constant activation drives the cells towards exhaustion,
impairing their ability to function.

dition of IFN-y enhanced NK cell PD-1 expression. This is
despite their observation that PD-1 blockade with anti-PD-1
or anti-PD-L1 antibody further enhanced IFN-y synthesis by
isolated NK cells [49], as otherwise reported [25-27]. Taken
together it appears that with increasing pathogen load IFN-y
synthesis acts as an initiator of PD-1 expression which subse-
quently serves as negative feedback to keep IFN-y synthesis in
check. The IFN-y induced upregulation of PD-1 may explain
our observed correlation between the percentage of NK cells
expressing PD-1 and IFN-y.

Overall, we propose that NK cell activation in a LVL en-
vironment moves from resting toward fully activated cells and
in a HVL environment from fully activated towards exhaus-
tion (Fig. 4). Thus, NK cell cytotoxicity is the strongest under
LVL conditions and diminishes in HVL conditions as cells be-
come exhausted. This cellular progression from fully active to
exhaustion appears to be supported by HCV protein, but not
IL-2, induced NK cell IFN-y expression in the HVL cohort
(Fig. 3c). As result, in the setting of HVLs, NK cells may be
terminally differentiated for IFN-y synthesis, preventing re-
sponsiveness to further stimulation (Fig. 2b). It may be this
condition, which allows for IFN-y upregulation of exhaustion
marker PD-1 expression at HVLs.

This study has a number of caveats. First, the sample size
was small which could contribute to type I or type II statistical
errors [27]. Second, peripheral NK cell function was not ex-
amined during treatment or at the end of treatment to evaluate
how NK cell activity changed due to the effect of treatment
on viral load. Finally, the duration of infection was unknown.
Therefore, it could not be determined whether NK cell exhaus-
tion reflects the viral load or the duration of infection. Thus,
in addition to temporal changes in the number and function of
NK cells over the course of HCV infection, further studies are
also needed to determine whether NK cell exhaustion is related
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to viral load or the duration of infection.

In conclusion, our study suggests that with increasing viral
loads, NK cells become further differentiated resulting in re-
duced cytotoxicity and enhanced IFN-y production. This state
is associated with enhanced NK cell PD-1 expression at HVLs.
Thus, these data indicate that under conditions of HVL, inef-
fective NK cell viral control is linked to exhaustion in chronic
HCV infection.
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