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Chronic hepatitis C virus (HCV) infection is characterized by dysregulated natural killer (NK) cell responses. NKs play a

critical role in achieving sustained responses to interferon (IFN)-a-based therapy. Rapid sustained HCV-RNA clearance is

now achieved with direct-acting antivirals (DAAs). Studies of patients receiving first-wave DAAs suggest NK functional

restoration. Here, we investigate the effect of mainstream DAA treatment on NKs. We collected a prospective cohort of

male HCV genotype 1-infected patients treated with ledipasvir/sofosbuvir (n 5 22). Peripheral blood was obtained at

treatment start, week 2 (W2), W4, W8, and W12 of treatment and 12 weeks posttreatment. Flow cytometry was used to

characterize NK responses to therapy. Mean baseline viral load was 1.75 million IU/mL. All subjects rapidly cleared virus

and remained HCV RNA-negative posttreatment. No change was seen in total NK levels; however, the frequency of

immature NKs (clusters of differentiation [CD]56bright) decreased by W2 and was maintained throughout the study.

Phenotypic changes were evident by W2/W4, coincident with rapid viral clearance. At W2, T-cell immunoglobulin and

mucin-domain containing-3 and CD161 were significantly increased, returning to pretreatment levels by W12. Some

changes were not evident until late (W12 or posttreatment). Down-regulation of several activation markers, including

NKp30 and tumor necrosis factor–related apoptosis-inducing ligand, was observed at W12 and sustained posttreatment.

No difference was observed in IFN-c production or cytokine-mediated killing of NK-sensitive cell line K562 posttreatment

compared to pretreatment. Conclusion: Our phenotype data suggest transient activation followed by dampening of NK cell

activity to pretreatment levels. The NK response to ledipasvir/sofosbuvir is not universal in a homogeneous patient cohort.

More studies are needed to elucidate the roles of NK cells in IFN-free regimens, which will have implications for protec-

tion from re-infection and fibrosis progression. (Hepatology Communications 2018;2:364-375)

Introduction

I
nnate immune natural killer (NK) cells represent a
critical component of infection control and antitu-
mor immunity through production of cytokines,

chemokines, and cytolytic activity.(1-3) They are also

intimately involved in immune regulation and surveil-
lance and play a central antifibrotic role.(4-6) Expres-
sion of neural cell adhesion molecule (clusters of
differentiation [CD]56) identifies NK cells in humans,
and relative expression of this antigen identifies func-
tionally distinct immature/regulatory (CD56bright) and
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killer; NKR, natural killer receptor; PBMC, peripheral blood mononuclear cell; Siglec-7, sialic acid-binding immunoglobulin-like lectin 7; SVR, sustained

virologic response; Tim-3, T-cell immunoglobulin and mucin-domain containing-3; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand.
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mature/effector (CD56dim) NK subsets. Effector cells
account for the majority of circulating NKs(7,8); how-
ever, in chronic hepatitis C virus (HCV), the immature
population is relatively expanded.(9,10) In addition
to these conventional NK cell subsets, a highly dys-
functional subset (CD56negative [neg]CD16positive [pos])
has been described that appears to be terminally differ-
entiated and has impaired cytokine production and
cytolytic function.(11) This dysfunctional subset is
increased in chronic HCV infection. High baseline
levels have been correlated with failure to achieve
sustained virologic response (SVR) on treatment with
interferon (IFN)-a-based therapy.(12)

Activation of NKs is controlled by a network of
activating and inhibitory NK receptors (NKRs), with
overall activation status determined by the balance of
signals transduced by these receptors. The predomi-
nant inhibitory NKRs are the killer immunoglobulin-
like receptors, which recognize human leukocyte anti-
gen class I on autologous cells. Other important NKRs
include C-type lectin-like receptors of the CD94/
NKG2 family, comprising inhibitory (NKG2A) and
activating (NKG2D) isoforms, as well as the natural
cytotoxicity receptors NKp30 and NKp46, DNAX
accessory molecule-1 (DNAM; CD226), FAS
(CD95), and tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) receptors that deliver signals
mediating activation.(13-16) Several other receptors
involved in inhibition of NK cells have been described,
including immunoglobulin (Ig)-like transcript 2
(CD85j), sialic acid-binding Ig-like lectin 7 (Siglec-7;
CD328), and T-cell Ig and mucin-domain contain-
ing-3 (Tim-3).(17-19) Dysregulation of NKR expres-
sion toward an activated phenotype is a feature of
chronic HCV infection, and different NK-cell pheno-
typic features in patients treated with IFN-a-based
therapy are observed between nonresponder patients
versus those achieving an SVR.(20,21)

Chronic HCV infection is characterized by dysregu-
lated or exhausted NK cell responses, which are critical
effectors to achieving SVR to IFN-a-based thera-
pies.(20,22) Data with respect to the functionality of NK
cells in the setting of chronic HCV infection favor a
polarization model with overactive cytotoxic and inad-
equate IFN-c responses. Several groups have provided
convincing evidence that activation of NK cells by
IFN-a is important to achieve treatment-induced viral
clearance.(20,23) IFN-a is a potent activator of NK cells;
therefore, it is not surprising that NK cell activation
has been identified as a key factor associated with SVR
responses to IFN-a-based therapies.(24) However,
treatment of chronic HCV has been revolutionized by
the development of direct-acting antivirals (DAAs)
and no longer includes IFN-a. Rapid and sustained
HCV-RNA clearance can now be achieved with
DAAs in the vast majority of treated patients.(25)

Rapid control of virus and decreased endogenous
IFN-a induced by DAA therapy may impact NK cell
activation. Indeed, pilot studies using first-line DAA
therapy (daclatasvir/asunaprevir) suggest that NK cells
contribute to clearance of HCV during DAA ther-
apy.(26-28) The aim of this study was to investigate
the effect of current mainstream DAA (ledipasvir/
sofosbuvir) treatment on NK cells.

Patients and Methods

SAMPLE COLLECTION AND
STORAGE

We collected a prospective cohort of male patients
with HCV genotype 1 and treated with ledipasvir/
sofosbuvir per American Association for the Study of
Liver Diseases–Infectious Diseases Society of America
guidelines for 8/12 weeks (n 5 22). The vast majority,
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all except 2, of subjects recruited for the study were
male patients. We therefore decided to perform the
assays using only male individuals to remove possible
sex bias. The study protocol was approved by the Insti-
tutional Review Board at the University of Colorado
Denver and the Denver Veteran’s Affairs medical cen-
ter. Both written and oral consent was obtained before
samples were acquired. Peripheral blood was obtained
at treatment start (pretreatment), week 2 (W2), W4,
W8, and W12 of treatment and 12 weeks after treat-
ment end (posttreatment). Peripheral blood mononu-
clear cells (PBMCs) were isolated from whole blood by
cellular preparation tubes (anticoagulant sodium cit-
rate; Becton-Dickinson, Franklin Lakes, NJ). PBMCs
were viably frozen in 80% fetal bovine serum (Bio-
Whittaker, Walkersville, MD), 10% dimethyl sulfox-
ide, and 10% Roswell Park Memorial Institute 1640
Media (Life Technologies, Grand Island, NY) and
stored in liquid nitrogen for subsequent analyses.

ANTIBODIES FOR DETECTION
AND FLUORESCENCE-
ACTIVATED CELL SORTING
ANALYSIS OF ANTIGEN
EXPRESSION

Fluorochrome-labeled monoclonal antibodies
specific for CD3 (V500) and CD56 (V450) (BD Bio-
sciences, San Jose, CA) were used to identify NK
(CD3negCD56pos) cells within the overall lymphocyte
population. Anti-NKR antibodies CD16, CD161,
CD122, CD158a, CD158e, CD94, CD69, CD95
(FAS), CD226 (DNAM), CD253 (TRAIL), and
CD314 (NKG2D) were purchased from BD Biosci-
ences. Anti-CD335 (NKp46), CD337 (NKp30), and
CD159a (NKG2A) were purchased from Beckman
Coulter (Indianapolis, IN). Anti-CD158b and CD328
(Siglec-7) were purchased from eBioscience (San
Diego, CA). Anti-Tim-3 was purchased from R&D
Systems (Minneapolis, MN).
Thawed PBMCs (1-2 3 106) were stained for cell-

surface antigen expression at 48C in the dark for 30
minutes. Samples were then washed twice in 2 mL
phosphate-buffered saline containing 1% bovine serum
albumin and 0.01% sodium azide (Facs Wash;
MilliporeSigma, St. Louis, MO) and subsequently
fixed in 200 lL 1X BD stabilization fixative. Isotype-
matched control antibodies were used to determine
background levels of staining. Multicolor flow cytome-
try was performed using a BD FACSCanto II

instrument (BD Biosciences), compensated with single
fluorochromes and analyzed using Diva software
(BD Biosciences). Lymphocyte populations were iden-
tified by their characteristic forward scatter/side scatter
properties.

CYTOKINE AND CHEMOKINE
ASSAYS

PBMCs were cultured for 24 hours at a concentra-
tion of 1 million/mL in the presence or absence of
interleukin (IL)-12 (25 ng/mL; R&D Systems) and
IL-18 (10 ng/mL, R&D Systems). Intracellular flow
cytometric staining was used to measure NK IFN-c
responses. Four hours before the end of the culture,
brefeldin A (10 lg/mL; MilliporeSigma) was added to
the wells. Cells were harvested, washed, surface stained
for CD3/CD56, then fixed and incubated with anti-
IFN-c (BD Biosciences) monoclonal antibody for
1 hour at room temperature using the Invitrogen eBio-
science Intracellular Fixation and Permeabilization
Buffer Set (Thermo Fisher). For the detection of che-
mokine production, duplicate cultures were performed
without the addition of brefeldin A. Supernatants were
collected and chemokine levels were measured using
the LEGENDplex Human Proinflammatory Chemo-
kine Panel (Biolegend, San Diego, CA) according to
the manufacturer’s instructions.

CYTOTOXICITY ASSAYS

Thawed mononuclear cell suspensions were
enriched for NK cells using the NK Isolation Kit II
from Miltenyi Biotec (Gladbach, Germany) following
the manufacturer’s instructions. The purity of isolated
NKs was >90% in all cases as assessed by flow cytome-
try. Following isolation, the NKs were cultured in
the presence or absence of IL-2 (25 ng/mL; R&D
Systems) or IL-15 (100 ng/mL; R&D Systems) for
48 hours at 378C and 5% CO2. Following culture,
carboxy fluorescein succinimidyl ester-labeled NK-
sensitive target cells (K562s; MilliporeSigma) were
added to the NKs at effector:target concentrations of
0:1 (negative control) and 10:1 (test) and incubated
at 378C for 4 hours. After incubation, cytotoxicity
was measured using the flow-cytometry based Total
Cytotoxicity & Apoptosis Detection Kit from
Immunochemistry (Bloomington, MN). Immediately
before acquisition, 7-aminoactinomycin D was added
to effector:target populations and incubated for 15
minutes on ice.
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STATISTICS

Results are expressed as mean (range or SEM).
Paired and unpaired t tests were used as appropriate to
compare differences in levels, activity, and marker
expression. Correlations were assessed using Spear-
man’s rank correlation coefficient. Significance was
defined as P < 0.05. Adjustment for multiple compari-
sons was not performed, and we report all uncorrected
P values <0.05 and include all nonsignificant compari-
sons in Supporting Table S1. GraphPad Prism 7 (La
Jolla, CA) statistical software package was used for
analysis and graphing.

Results
The average age of the all-male HCV genotype 1-

infected cohort (n 5 22) was 58 years (range 30-67
years). Eleven of the subjects were treated for 8 weeks,
and the remaining 50% were treated for 12 weeks. The
mean baseline viral load for the 8-week group was 1.29
million IU/mL and 2.20 million IU/mL for the
12-week group. The viral load was not statistically

TABLE 1. SUBJECT BASELINE CHARACTERISTICS

Pre-Tx HCV RNA
IU/mL 3 106

Weeks
TX ALT AST

Calc
Fib-4

2.56 8 91 111 3.24
0.35 8 200 87 1.71
0.25 8 70 36 0.59
3.84 8 39 19 1.12
1.72 8 69 43 1.24
1.12 8 89 38 0.61
1.00 8 37 39 2.38
0.58 8 50 26 0.77
0.22 8 62 42 1.28
2.28 8 41 27 1.04
0.24 8 183 109 2.47
1.09 12 59 33 1.53
0.44 12 67 33 1.38
5.72 12 26 23 1.04
0.73 12 40 27 1.27
0.59 12 214 189 6.34
4.65 12 34 37 1.80
1.20 12 63 28 0.79
1.02 12 32 21 1.06
5.88 12 133 48 1.19
1.52 12 35 34 1.6
1.41 12 47 28 1.91

Abbreviations: ALT, alanine aminotransferase; AST, aspartate
aminotransferase; Calc Fib-4, calculated fibrosis 4.
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FIG. 1. Immature (CD56bright) NK cell levels are decreased by week 2 of treatment. NK cells are defined as CD3-negative CD56-
positive cells with low forward scatter and side scatter properties. (A) Mature and immature subsets of NK cells are identified by the
expression level of CD56. (B) Total NK cell levels remained unchanged; however, immature NK cell levels were decreased by 2 weeks
on DAA therapy and were at this lower level throughout the study period. **P < 0.01, ***P < 0.005, compared to pretreatment levels.
Abbreviations: FSC, forward scatter; SSC, side scatter.
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different between the two treatment groups. Patient
characteristics are shown in Table 1. All subjects rap-
idly cleared virus and remained HCV RNA-negative
12 weeks posttreatment (Supporting Fig. S1). There
were no statistical differences between the two treat-
ment groups. To establish actual changes in NK cell-
level phenotype and function in response to DAA
therapy, all data collected during the course of treat-
ment and posttreatment were compared to the pre-
treatment time point.
Flow cytometry was used to investigate the

levels and phenotype of total (CD3negCD56pos),

immature (CD3negCD56bright), and mature effector
(CD3negCD56dim) NK cell populations before, during,
and after treatment with ledipasvir/sofosbuvir per
American Association for the Study of Liver Diseases–
Infectious Diseases Society of America guidelines. No
change was seen in total NK levels; however, immature
NK cell (CD56bright) levels decreased by W2 and con-
tinued at this lower level throughout the study (Fig. 1).
There was a concomitant increase in mature NK cell
levels (data not shown). In addition, there was no
change in the levels of the highly dysfunctional
CD56negCD16pos NK cell subset (data not shown).
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FIG. 2. Changes in NK cell phenotype early during the course of treatment. Flow cytometric analysis of the expression levels of NK
receptors on total NKs and immature (CD56bright) and mature (CD56dim) subsets demonstrated up-regulation of activation markers
Tim-3 and CD161 at W2 and W4 of treatment; markers returned to pretreatment levels by W8. Conversely, CD69, another activa-
tion marker expressed at low levels on peripheral NKs, was down-regulated by W2. *P < 0.05, **P < 0.01, ***P < 0.005, compared
to pretreatment levels. Abbreviations: MFI, mean fluorescence intensity; Post, posttreatment.
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Phenotypic changes were evident as early as W2/
W4, which coincided with a rapid decrease of virus
from serum. At W2 and W4, there was a significant
increase in the expression of NK activation markers
Tim-3 and CD161, predominantly on the mature NK
cell population, which returned to pretreatment levels
by W8. Conversely, CD69, expressed by activated
NKs, was decreased on total and effector NKs at W2
through W12 and on immature NKs posttreatment
(Fig. 2). Other changes in NK cell phenotype were not
evident until several weeks after clearance of virus
(W12 or posttreatment). Down-regulation of NK

cytotoxicity receptors, NKp30 on all NK cell subsets,
and TRAIL on the immature NK cell population
was observed at W12 and sustained posttreatment.
Another cytotoxicity receptor, NKp46, was down-
regulated posttreatment on all NK cell subsets (Fig. 3).
Phenotypic changes were also detected at an interme-
diate time point. FAS (CD95), which plays a central
role in the physiologic regulation of programmed cell
death and is up-regulated on NK cells in response to
cytokines,(29) was down-regulated at W8 on total and
effector NKs. Siglec-7, an NK cell inhibitory recep-
tor,(30) was up-regulated on these populations at the
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FIG. 3. Changes in NK cell phenotype late during the course of treatment. Flow cytometric analysis demonstrated decreased expres-
sion of NK receptors involved in cytotoxicity late in the course of treatment (W12) and 12 weeks posttreatment. These changes
occurred several weeks after clearance of virus. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.0001, compared to pretreatment levels.
Abbreviations: MFI, mean fluorescence intensity; Post, posttreatment.

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

HEPATOLOGY COMMUNICATIONS, Vol. 2, No. 4, 2018 GOLDEN-MASON ET AL.

369



same time (Fig. 4). Several other receptors that have
been implicated in the NK cell response to HCV and
IFN-based therapy, including killer immunoglobulin-
like receptors (CD158a/b/e), NKG2A/D, and DNAM,
were unaffected by treatment with ledipasvir/sofosbuvir
(Supporting Table S1).
We also performed an analysis of the two treatment

groups to determine if there was a difference in NK
response to DAA therapy between patients with
8-week or 12-week therapy. We analyzed total NK
cells and CD56bright and CD56dim subsets between the
two treatment groups. We found no difference in
the levels or in the phenotype of the NK cells/subsets
for the markers tested and for all time points except
for the expression of NKG2A (% positive) on total
and CD56dim NK cells. NKG2A was lower for the
12-week treatment group but was not changed during
the course of treatment. In addition, NKG2A expres-
sion on total NK cells does not correlate with baseline
viral load (Supporting Fig. S3).
To assess the possible functional implications of the

above observed phenotypic changes in NK cells,

intranuclear staining was used to look at the expression
of transcription factors important for NK cell cytokine
production.(31) Decreased expression of T-cell-specific
T-box transcription factor (T-bet), which is involved
in control of IFN-c expression and serves as an NK
cell maturation marker, was only identified posttreat-
ment. No change was detected in the expression of
eomesodermin (Eomes) (Fig. 5).
Overall, our phenotypic data suggested early (W2)

transient activation of NK cells after treatment start
with ledipasvir/sofosbuvir, followed by dampening of
NK cell activity to below pretreatment levels by 12
weeks after cessation of treatment. Therefore, we
assessed the functionality of NK cells at an early time
point (W2) that coincided with rapid viral decline and
at 12 weeks after the end of treatment when virus had
not been circulating for a considerable amount of time.
No difference was seen in IFN-c production in
response to stimulation with IL-12 and IL-18 at the
early time point. Even at 12 weeks after treatment end,
there was no evidence of restoration of IFN-c
responses (data not shown). NK cells are also
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FIG. 4. Changes in NK cell phenotype at an intermediate time point during the course of treatment. At around 8 weeks of treat-
ment, we observed down-regulation of the activation receptor FAS and up-regulation of the inhibitory receptor Siglec-7 on total and
effector (CD56dim) NK cells. **P < 0.01, ***P < 0.005, compared to pretreatment levels. Abbreviations: MFI, mean fluorescence
intensity; Post, posttreatment.
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important producers of chemokines,(32) and several
serum cytokines, including IFN-inducible protein 10
(chemokine [C-X-C motif] ligand 10) and macro-
phage inflammatory protein-1b (MIP-1b; chemokine
[C-C motif] ligand 4 [CCL4]), are dysregulated after
successful DAA treatment for HCV.(28,33,34) We
therefore asked if chemokine production by NK cells
was altered by ledipasvir/sofosbuvir therapy. The
majority of chemokines tested did not change signifi-
cantly during the course of treatment (Supporting Fig.
S2). There was a trend toward decreased MIP-3a
(CCL20) production at W2 of treatment and 12 weeks
posttreatment. Production of MIP-1a (CCL3),
involved in recruitment and activation of polymorpho-
nuclear leukocytes,(35) increased slightly at W2 of
treatment and reached significance posttreatment.
We also assessed the cytotoxic function of NK cells

at the same time points we examined IFN-c and che-
mokine production. Natural cytotoxicity against the
NK-sensitive cell line K562 was unchanged during
treatment. Fifty percent of subjects showed improved
and the other 50% demonstrated unchanged or
reduced IL-2- and IL-15-mediated killing of K562

posttreatment compared to pretreatment (Fig. 6B,C).
There was no positive or negative correlation between
IFN-c production and cytotoxic activity.

Discussion
Altered NK cell subset distribution and activation

marker expression and function are hallmarks of
chronic HCV infection.(20) IFN-a is a potent activator
of NK cells; therefore, it is not surprising that NK cell
activation has been identified as a key factor associated
with SVR responses to IFN-a-based therapies.(24) In
contrast, DAAs would not be expected to have a direct
effect on NK cell phenotype and function; however,
rapid control of virus could result in decreased endoge-
nous IFN-a, which may result in decreased activation.
Indeed, pilot studies on first-line DAA therapy (dacla-
tasvir/asunaprevir) suggest that NK cells may contrib-
ute to clearance of HCV during DAA therapy.(26-28,36)

These early studies focused mainly on differences
between responders and nonresponders or comparisons
with external healthy control groups without liver
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FIG. 5. NK cell transcription factor expression. Intranuclear staining was used to examine the expression of transcription factors
important for the function of NK cells. Down-regulation of T-bet was highly significant at 12 weeks posttreatment. No changes were
observed for EOMES expression levels. *P < 0.05, ****P < 0.0001, compared to pretreatment levels. Abbreviations: MFI, mean fluo-
rescence intensity; Post, posttreatment.
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disease. In the present study, we evaluated the levels,
phenotype, and function of peripheral NK cells in a
fairly homogeneous cohort of all-male HCV genotype
1-infected subjects treated with ledipasvir/sofosbuvir, a
current mainstream treatment for HCV. Our study
was designed to assess the effects of highly successful
DAA therapy on NK cells. To achieve this, we used
the baseline pretreatment NK cell profile of each sub-
ject as our reference control.
In the present study, all subjects had a rapid

response to DAA therapy, becoming nonviremic by 2
or 4 weeks on treatment and remaining HCV RNA-
negative 12 weeks posttreatment. Several changes were
evident in the NK cell population coinciding with the
rapid disappearance of virus from the serum. The pro-
portion of CD56bright immature NKs, reported by sev-
eral groups to be increased in chronic HCV, decreased
at W2 and was maintained at a lower level throughout
the study time frame. Concomitantly, CD56dim effec-
tor NK cells increased and demonstrated higher
expression of activation markers Tim-3 and CD161 at
2 and 4 weeks on therapy compared to pretreatment
levels. Conversely, at this early time point, CD69, an

activation marker, was decreased. Several other NK cell
receptors, both inhibitory and activating, were
unchanged. Taken together, these data suggest early
activation of effector NK cells and support a potential
role for NK cells in the clearance of HCV during
DAA therapy, as suggested by first-line DAA treat-
ment regimens.(26-28,36) After viral clearance, it is likely
that abatement of chronic inflammatory signals and
their effect on immune cells lag behind and may not
return to normal healthy levels due to the presence of
underlying liver disease. The changes in NK phenotype
that we observed late (predominantly 12 weeks after
the end of treatment), comprising decreased expression
of activation (CD69, CD161) and cytotoxicity
(NKp30, NKp46, and TRAIL) receptors, suggest that
the chronically activated NK phenotype characteristic
of chronic HCV is reversed by ledipasvir/sofosbuvir
therapy but that normalization of the activation status
takes several weeks after the disappearance of virus.
The expression patterns of FAS (CD95) and Siglec-7
(CD328), which are altered at intermediate time points
(W4-W12), suggest that down-regulation of the acti-
vation status of NK cells is a gradual process.(29,30)
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FIG. 6. Cytotoxicity and interferon-c production. The cytolytic activity of isolated NK cells at the same time points we examined.
IFN-c and chemokine production was measured using a flow cytometry assay. (A) Natural cytotoxicity against the NK-sensitive cell
line K562 was unchanged during treatment and posttreatment. (B,C) Improved LAK (IL-2 or IL-15) of K562 was evident for 50%
of subjects posttreatment compared to pretreatment. (D,E) There was no positive or negative correlation between IFN-c production
and cytotoxic activity.
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Data on NK cell dysfunction in the setting of
chronic HCV favor a polarization model with overac-
tive cytotoxic and inadequate IFN-c responses.(23,37-39)

Successful antiviral therapy, including DAAs, may
result in normalization of NK cell function.(27,28,36,38)

The study by Spaan and colleagues(28) did not include
function analysis of NK cells; however, down-
regulation of NKp46, NKp30, and TRAIL, observed
after daclatasvir/asunaprevir treatment, suggests that
cytotoxic activity is reduced. Our study showed similar
results for these cytotoxicity receptors with ledipasvir/
sofosbuvir treatment. The study by Serti and
colleagues(27) also demonstrated down-regulation of
NKp46 and TRAIL and in addition providing con-
vincing functional data that suggest NK cell IFN-c
production is enhanced and cytotoxicity as assessed by
CD107a degranulation is decreased by successful ther-
apy with daclatasvir/asunaprevir. After SVR, one
might expect reconstitution of immune cell function,
and these studies suggest that rapid and sustained viral
load decline induced by successful DAA therapy nor-
malizes NK cell function.(24) Our phenotype data sug-
gested early transient activation of NK cells and a
reduction in cytotoxic activity 12 weeks after the end
of treatment. We found no evidence to support
improvement in IFN-c production by NK cells or a
reduction in cytotoxicity in our cohort at an early time
point (W2) or 12 weeks after the end of treatment.
There was no correlation between IFN-c production
and natural cytotoxicity or lymphokine-activated kill-
ing (LAK) activity. Of interest, 50% of subjects
showed improved and the other half demonstrated
unchanged or reduced IL-2- and IL-15-mediated kill-
ing of NK-sensitive cell line K562 posttreatment com-
pared to pretreatment. Despite the fairly homogeneous
nature of our cohort, this demonstrates differential
responses to successful DAA therapy. Although it is
difficult to extrapolate the findings from previous stud-
ies to ours because of differences in the cohorts, assays
performed, and treatment, our phenotype data are in
agreement, suggesting dampened NK cell activation
after successful DAA treatment.(27,28,36) While the
phenotype data suggest normalization of NK cell func-
tion, in the present study we did not find functional
evidence to support this. Mucosa-associated invariant
T cells, another innate immune cell population, were
not functionally restored after DAA therapy, sugges-
ting that reconstitution of immune cell function may
not always be the case.(40) Another important factor
likely to influence the extent of immune reconstitution
after successful DAA therapy is the severity of

cirrhosis.(33) Only 1 of our subjects had a relatively
high fibrosis-4, indicating the presence of cirrhosis,
which precluded analysis of the relationship between
NK cell phenotype and function with cirrhosis.
It remains unclear if NK restoration is needed for

cure, and reported changes in this population may sim-
ply result from the disappearance of virus. Overall, our
study suggests that disappearance of the virus correlates
with phenotypic changes in the NK cell population.
However, several changes are not evident until several
weeks after clearance. In addition, our functional data
suggest that NK cell restoration (at least for the param-
eters tested) is not essential for DAA-mediated cure. It
should also be noted that we do not have data on
hepatic NK cells for this cohort. Changes seen in the
peripheral NK cell populations may not mirror hepatic
NK cell populations, and we cannot preclude an essen-
tial role for NKs at the site of viral replication.
Future studies using well-defined larger cohorts of

subjects treated with standard DAA regimens are
needed to fully elucidate the extent, mechanisms, and
kinetics of recovery of dysfunctional NK cell responses.
Restoration of NK cell function has several potential
clinical implications, such as protection from reinfec-
tion, reactivation of other viruses,(41,42) hepatocellular
carcinoma development,(33) and possibly reversal of
fibrosis.(43,44)
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