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Summary

Immune dysfunction is a hallmark of chronic HCV infection and viral clearance with direct 

antivirals recover some of these immune defects. TCRVγ9Vδ2 T cell dysfunction in treated HCV 

patients however is not well studied and was the subject of this investigation. Peripheral blood 

cells from patients who had achieved sustained virologic response (SVR) or those who had 

relapsed after interferon-free therapy were phenotyped using flow cytometry. Functional potential 

of Vγ9Vδ2-T cells was tested by measuring proliferation in response to aminobisphosphonate 

Zoledronic acid, and cytotoxicity against HepG2 hepatoma cell line. TCR sequencing was 

performed to analyze impact of HCV infection on Vδ2-T cell repertoire. Vγ9Vδ2 cells from 

patients were activated and therapy resulted in reduction of CD38 expression on these cells in 

SVR group. Relapsed patients had Vδ2 cells with persistently activated and terminally 

differentiated cytotoxic phenotype (CD38+CD45RA+CD27−CD107a+). Irrespective of outcome 

with therapy, majority of patients had persistently poor Vδ2-T cell proliferative response to 

Zoledronate along with lower expression of CD56, which identifies anti-tumor cytotoxic subset, 

relative to healthy controls. There was no association between the number of antigen reactive 

Vγ2-Jγ1.2 TCR rearrangements at baseline and levels of proliferation indicating non-response to 

Zoledronate is not due to depletion of phosphoantigen responding chains. Thus, HCV infection 

results in circulating Vγ9Vδ2-T cells with a phenotype equipped for immediate effector function 

but poor cytokine response and expansion in response to antigen, a functional defect that may have 

implications for susceptibility for carcinogenesis despite HCV cure.
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1. Introduction

Hepatitis C virus (HCV) infection develops chronicity in 50-90% of adults [1] where it 

eventually manifests as chronic liver disease including cirrhosis, liver failure and 

hepatocellular carcinoma. HCV is non-cytopathic virus and the pathogenesis is presumed to 

be mostly driven by activated intrahepatic host immunity that includes cellular as well as 

soluble effectors of immune response [2–4]. At the same time, persistence of chronic 

hepatitis C (CHC) infection is associated with exhaustion of virus specific CTL and CD4+ T 

cells [5]. While the dysfunction in αβ T cells and their role in HCV immunity is well 

defined, the impact of chronicity on another T cell population, one with γ- and δ-chain TCR 

containing T cells (γδ-T cell) less studied.

γδ-T cells are part of innate immune system and are classified into two major subsets based 

on their TCR expression: Vδ1 and Vδ2 γδ-T cells [6]. The Vδ2 subset expressing Vγ2-

Jγ1.2Vδ2 (Vγ9Vδ2, alternate nomenclature) T cell receptor is the most abundant γδ-T cell 

population in peripheral blood, comprising up to 5% of T lymphocytes [7]. They are innate 

immune cells with potent effector function against diverse infectious agents (including 

bacteria, protozoan and viruses) [8] and cancers including hepatocellular carcinoma [9]. 

Human γδ-T cells activated by phosphoantigens or aminobisphosphonate drugs including 

zoledronic acid (zoledronate) provide a Th1-oriented immune response [10]. A potential 

antiviral role for Vδ2-T cells is inferred from studies showing inhibition of HCV replication 

mediated by zoledronate induced IFN-γ production [11, 12]. Use of zoledronate for large-

scale expansion of functional Vδ2 T cells in cancer patients is being explored for its 

potential in adoptive immunotherapy [10, 13, 14]. Thus, a persistent adverse effect of HCV 

infection on this immune cell can compromise it’s antiviral and anticancer function and 

hinder it’s use in autologous immunotherapy. Conflicting reports in recent years have shown 

various outcomes for CHC patients treated with direct acting antivirals (DAA). While 

consensus is that SVR after DAA therapy reduces the incidence of HCC [15] or has no 

impact on HCC [16], some patients were reported to develop HCC significantly earlier than 

those treated with PEG-IFNg/RBV or to have earlier HCC recurrence [17, 18]. Whether the 

onset of HCC is related to suboptimal immune effector cells despite effective anti-viral 

treatment in patients has not been studied. The impact of HCV infection and therapy induced 

viral clearance on γδ-T cell is of importance in this context, because the γδ-T cells are 

important for natural tumor surveillance.

Phenotyping studies in untreated HCV patients showed that Vδ2-T cells have an activated 

and cytotoxic profile, although they produce less IFNγ. This functional profile is consistent 

with reduced antiviral activity and potentially contributing more to liver inflammation [19]. 

The impact of HIV, another chronic viral disease, on frequency and function of γδ-T cells is 

well characterized [20] and even long term effective viral suppression with antiretroviral 

therapy does not recover the frequency and function of Vδ2 T cells to normal levels [20, 21]. 

Unlike HIV, for CHC there is effective DAA therapy that results in cure rates over 90% 

particularly in genotype 1 infections [22], providing an opportunity to study immune 

reconstitution after a chronic viral pathogen has been eliminated. Effects of HCV clearance 

on HCV-specific T cells, NK cells, and MAIT cells indicate there is selective recovery 
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within some of the immune cell subsets [23–25]. However, data on the composition, 

dysfunction and recovery status of Vδ2-T cells after DAA for HCV infection is scant.

The purpose of this study was to investigate the impact of DAA therapy on phenotypes and 

function of Vδ2-T cells in patients with chronic HCV infection and to evaluate the 

relationship to SVR. To delineate differences between SVR and relapsed groups we have 

used a cohort of HCV patients that was treated with multiple/selective DAAs for 4 weeks 

only, which effectively cleared virus at the end of therapy (EOT) in all treated patients but 

achieved SVR in only 30% of them by 12-week post therapy [26]. We then confirmed the 

most important findings in a cohort of patients treated with standard 12-week duration 

therapy. Our results show selective improvement in Vδ2-T cell phenotypes in those who 

cleared infection upon treatment. We discovered important defect in the Vδ2-T cell 

phenotype and proliferative response to zoledronate stimulation in CHC patients which 

persists despite viral cure with DAA therapy. The implications of this persisting defect long 

after viral clearance are discussed.

2. Methods

2.1 Patients, treatments and samples

We used peripheral blood mononuclear cells (PBMC) samples from three cohorts. For 

cohort 1, samples from a previous clinical trial conducted at the National Institute of Allergy 

and infectious Diseases (NIAID), National Institutes of Health (NIH) Clinical Center in 

Bethesda, Maryland were available (NCT01805882). Patient characteristics and clinical 

results of the trial have been published elsewhere [26]. In brief, CHC patients, 

predominantly African American, aged 18 years or older, having chronic HCV genotype 1 

infection (serum HCV RNA level ≥2000 IU/mL) and stage F0 to F2 liver fibrosis with no 

prior treatment history were included in the study. Patients were treated with short duration 

DAA therapy (ledipasvir, sofosbuvir, and GS-9451/GS-9699) for 4 weeks. 96% patients had 

unquantifiable levels of HCV RNA at the end of treatment (week 4). Before therapy 

(Baseline) and end of treatment (EOT) samples from patients who achieved SVR (N=14) 

and those who relapsed (N=14) were available to us for this study. For cohort 2, PBMC 

samples at baseline and 12 weeks from end of treatment (SVR12) (N=5 pairs) from race, 

gender and age matched CHC patients treated with a standard 12-week DAA regimen 

(sofosbuvir, velpatasvir and voxilaprevir) were available. A third cohort comprised of race 

and age matched healthy blood donors (N= 15) and served as HCV negative controls. 

Supplementary table shows demographic profile of patients and controls. All patient samples 

used are from already existing collections. All participants signed informed consent 

approved by the National Institute of Allergy and Infectious Disease Institutional Review 

Board at the time of screening and enrollment and all samples were anonymized. All 

methods utilized for this study were performed in accordance with the relevant guidelines 

and regulations.

2.2 Antibody staining and Flow cytometry

Phenotypes of Vδ2 cells were analyzed using antibody staining for 30 min in 4°C and flow 

cytometry with following combinations of anti-human monoclonal antibodies for cell 
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surface markers: anti-CD3-FITC/PE (UCHT-1), anti-Vδ2-FITC/PE (B6), anti-CD45RA-PE-

Cy7 (HI100), anti-CD27-PE (M-T217), anti-CD38-PE-Cy7 (H-B7) purchased from 

Biolegend and anti-CD56-PE from Beckman Coulter. Cytokine production from Vγ9Vδ2-T-

cells upon stimulation was used to assess their functional capacity. 2×105 cells were 

stimulated with 1 uM Zoledronate (zoledronate/Zol/Zometa; Novartis, Basel, Switzerland), 

15 μM IPP (Sigma Chemical Co., St Louis, MO, USA) or 1 μg/ml anti-CD3 for 18 hours in 

presence of anti-CD107a antibody and Brefeldin and Monensin. Production of IFNγ, TNFα 
and CD107a was measured by intracellular antibody staining with anti-IFNγ-BV421 

(4S.B3), anti-TNFα-PE (MAb11) from Biolegend and anti-CD107a-PE from BD bioscience 

followed by flow cytometry. Data were acquired on FACS Aria II and analyzed with FlowJo 

(TreeStar Incorporation).

2.3 Vδ2-T cell proliferation

To determine the proliferative capacity of Vδ2-T cells from HCV-infected patients, PBMCs 

were stimulated with Zoledronate plus IL-2 as described previously [27]. Briefly, stored 

cells were thawed and resuspended in RPMI-1640 medium supplemented with 10% FBS, 

2mM L-glutamine, 1 U/ml penicillin streptomycin (Invitrogen) and 100 IU/ml recombinant 

human IL-2 (Tecin, Biological Resources Branch, NIH, Bethesda, MD, USA). Zoledronic 

acid or IPP was added at concentrations of 1 μg/mL and 15 μmol, respectively, to trigger 

Vγ2Vδ2 proliferation and cells were incubated at 37°C with 5% CO2. Fresh medium was 

added on days 3, 7 and 10 along with 100 IU/ml IL-2 supplementation. Cells were stained 

with antibodies against CD3, Vδ2, CD56, and proliferation of Vγ9Vδ2 T-cells was 

determined by the change in frequency of Vδ2 T cells among total CD3+ lymphocytes at 

day 14. Cultures stimulated with IL-2 alone were tested to measure non-specific 

proliferation.

2.4 Cytotoxicity of Vδ2-T cell

Cytotoxic potential of Vδ2-T cells was measured against hepatoma cell line HepG2 using 

PKH-26 and CFSE staining as described previously [28]. Briefly, HepG2 target cells were 

stained with cytoplasmic dye CFSE and membrane dye PHK-26 followed by incubation 

with zoledronate expanded PBMCs at different Effector:Target (starting from 50:1, 25:1 up 

to 0.4:1) ratios for 5 hours. At the end of these incubations, cells were analyzed by 

flowcytometry. HepG2 cells were identified by gating on PHK-26Hi, and CFSE loss on 

PHK26 positive cells was used to measure lysed targets. Three samples from HCV-infected 

patients that had Vδ2-T cells (frequency of lymphocytes) >85% at day 14 were compared 

with similarly expanded cultures from healthy individuals.

2.5 Vδ2 TCR sequencing

Baseline PBMCs of 5 individuals each with zoledronate response resulting in 75-85% Vδ2 

expansion (“high-expanded”) or <25% Vδ2 expansion (“low-expanded”) were obtained. 

Sample preparation and DNA sequencing was performed as described previously [29] 

(details of the procedure are provided in supplementary methods). Sequences were loaded 

on an automated sequencer ABI3700 and analyzed using Sequencher and MacClade 

software.
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2.6 Vδ2 TCR Repertoire analysis

In response to phosphoantigen stimulation, Vδ2 subset in most individuals have strong bias 

toward Vγ2-Jγ1.2 TCR rearrangement and have a high frequency of public Vγ2 chains 

[30]. DNA sequences surrounding and including the TCR Vγ2 chain CDR3 regions were 

aligned. We determined how many nucleotide sequences (nucleotypes) were repeated in the 

library from each donor and generated the corresponding amino acid sequences 

(clonotypes). Data were expressed as the proportion of Vγ2-Jγ1.2 rearranged nucleotypes 

and unique Vγ2-Jγ1.2 clonotypes among all Vγ2 clonotypes. Identical clonotypes of the 

CDR3 region of TCR of Vγ9Vδ2 cells found in more than one unrelated individual were 

defined as public clonotypes [30]. Since we had a small sample size, public clonotypes 

within the groups were identified and matched with a previously reported list of public 

clonotypes for the African-American control group [29]. Proportions of Vγ2-Jγ1.2 public 

clonotypes in each sample were assessed by the formula (total Vγ2-Jγ1.2 public clonotype 

rearrangements/ total Vγ2-Jγ1.2 clonotype rearrangements) × 100. We also verified the 

diversity of Vγ2-Jγ1.2 public clonotypes by measuring the proportion of unique Vγ2-Jγ1.2 

public clonotypes among all unique Vγ2 clonotypes for each sample by the formula 

(number of unique Vγ2-Jγ1.2 public clonotypes / number of all unique Vγ2-Jγ1.2 

clonotypes) × 100.

2.7 Statistical Analysis

Comparison of Vγ9Vδ2-T cells were made between chronic HCV-infected patients versus 

healthy donors, different time points (baseline vs EOT/SVR12) for DAA treated CHC 

patients and between patient groups (SVR vs relapsed) at baseline and EOT. Statistical 

analysis was performed using GraphPad prism software. Normal distribution for each 

parameter was tested with D’Agostino & Pearson omnibus test and Student’s t test or Mann-

Whitney U test were employed for parametric and non-parametric data, respectively. For 

comparison between baseline and EOT for each sample Paired t test or Wilcoxon matched-

pairs signed rank test were used for parametric and non-parametric data, respectively.

3. Results

3.1 Altered Vδ2-T cell memory phenotypes in CHC patients

The median frequencies for Vδ2-T cells among circulating lymphocytes were similar in 

healthy donors (HDs) and HCV-infected patients at pre-treatment (baseline) and at end of 

treatment (EOT) with DAA (Figure 1A, B). Based on the expression of the surface markers 

CD45RA and CD27, Vδ2-T cells can be classified into four functional subsets: naïve 

(Tnaïve; CD45RA+ CD27+), central memory (TCM; CD45RA- CD27+), effector memory 

(TEM; CD45RA- CD27-) and terminally differentiated effector memory (TEMRA; CD45RA+ 

CD27-) (Figure 1C) . Frequency of TEM cells in PBMCs is a vital measure of Vδ2-T cell 

immediate effector function. This subset is highly responsive to stimulation and comprises 

the subset of potent effector cells that includes cytotoxic effectors and cells that release 

proinflammatory cytokines. Reduced frequencies of Vδ2-T cell TEM subsets in peripheral 

blood was observed in CHC patients, while the Tnaïve subset was proportionally increased 

(Figure 1D). At the end of DAA treatment, no changes were detected in the TEM/naïve 

frequencies from baseline. The frequency of TCM cells was significantly lower in the 
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relapsed group compared to SVR group (P=0.002), whereas TEMRA frequencies were 

significantly higher in this group (P=0.017) (Figure 1E). Thus, patients that relapsed with 

short duration DAA therapy had lower levels of CM and higher levels of terminally 

differentiated Vδ2-T cells relative to those that achieved SVR. This possibly reflects 

continuous antigenic stimulation leading to terminal differentiation of this cell in those who 

fail these therapies.

3.2 HCV-associated activation of Vδ2-T cells reduces with DAA mediated viral clearance

Next, we investigated the effect of DAA mediated virus clearance on activation status of the 

Vδ2-T cells among CHC patients. CD38 expression identifies activated immune cells 

including CD8+, CD4+ and V-δ2 T cells in chronic viral infections like HIV and HCV [31, 

32]. Frequency of CD38+ Vδ2-T cells was higher in all CHC patients relative to healthy 

controls (P=0.006). Also, patients in relapsed group had relatively higher frequency of 

CD38+ Vδ2-T cells at baseline compared to the SVR group (median 19.09% vs 26%). 

Interestingly, while CD38 expression on V δ2-T cells after 4 weeks therapy in SVR group 

was not different from healthy controls, relapsers had significantly higher CD38+ Vδ2-T 

cell frequencies at end of therapy relative to healthy controls (P=0.001) (Figure 2B).

We verified the frequencies of CD38+ Vδ2-T cells in a second cohort of CHC patients (who 

completed the standard 12-week therapy of DAA and achieved SVR; N=5). Here too CD38+ 

Vδ2-T cell frequencies were higher at baseline (SVR12-Pre) compared with HDs (P=0.018) 

and declined to levels comparable with HDs at 12 weeks (SVR12) after completion of 

therapy (Figure 2C).

Hyperactivation of Vδ2-T cells with increased differentiation towards effector phenotype in 

CHC patients led us to evaluate their functional abilities by measuring cytotoxic potential 

and cytokine production. Ex vivo expression of CD56 on Vδ2-T cells identifies the anti-

tumor cytotoxic subset of these cells [33]. The proportion of CD56+ Vδ2-T cells was similar 

in CHC patients and HDs (Figure 2D). Also, we found no difference in frequency of this 

cytotoxic subset between SVR and relapse groups (Figure 2D). Next, we assessed the 

cytotoxic potential of Vδ2-T cells by measuring expression of degranulation marker 

CD107a in response to zoledronate stimulation. In over-night Zolderonate stimulated 

cultures, CD107a+ Vδ2-T cell frequencies were marginally higher at baseline in relapsed 

group compared to SVR group (P=0.051) (Figure 2E). Additional analysis of cytokine 

production upon Zolderonate stimulation revealed reduced IFNγ and TNFα production in 

HCV-infected patients (Figures 2F–I), which persisted with virus clearance. A similar 

functional dichotomy in Vδ2-T cells from HCV-infected patients characterized by reduced 

IFNγ and increased degranulation was reported recently, suggesting a phenotype that is less 

antiviral and more pathogenic [19].

Thus, activated Vδ2-T cells persist in the subset of patients that failed to respond to short-

term DAA therapy. Responders to both short-term and standard duration therapy achieved a 

reduction of activated state of these cells showing this is a reversible defect, much like 

activation of CD4+ and CD8+ T cells which is normalized with DAA therapy [34].
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3.3 Vδ2 proliferative response to Zoledronic acid is compromised in CHC and does not 
recover with DAA mediated viral clearance

One important measure of functional response of Vδ2-T cells is their proliferation in 

response to phosphoantigens. Vδ2-T cells from healthy individuals expanded to 

approximately 85% (median) of total PBMCs in 14-days culture with zoledronate and IL-2 

(Figure 3A). CHC patients displayed an overall reduced Vδ2-T cell proliferation (Figure 3A, 

3B, supplementary data). More than 50% (13 out of 24) of CHC patients had Vδ2-T 

expansion levels below any of the HDs. However, there were no significant differences in the 

proliferation of these cells between SVR and relapsed groups (Figure 3B) at either baseline 

or at EOT. Since this cohort of patients was treated for only 4 weeks, we validated this 

finding in a second cohort of five patients who had achieved SVR using standard therapy; 

proliferative response was tested at baseline and at 12 weeks after end of therapy (i.e. 

3months after achieving cure). None of these patients recovered the proliferative response of 

Vδ2-T cells to Zoledronate stimulation at SVR12, reflecting persistence of this defect 

(Figure 3C).

We further tested frequencies of CD56+Vδ2-T subset in zolderonate expanded cells in a 

subset of patients. Similar to Vδ2-T cell proliferation defect, patients had lower frequencies 

of CD56+ Vδ2-T cells compared to HDs at baseline (P=0.021) and EOT (P=0.008) (Figure 

3D, 3E). In healthy individuals, CD56+ fraction of Vδ2-T cells is the cytotoxic subset. To 

confirm if this is the case in HCV infected patients, expression of cytotoxic molecules in 

Vδ2-T cell subsets was analyzed. Similar to healthy individuals, in ex vivo Vδ2-T cells, 

CD56+ subset expressed significantly higher levels of perforin and Granzyme B than CD56- 

subset (supplementary Fig S2). Further, in HCV patients, CD56+ Vδ2-T cells had lower 

degranulation upon phosphoantigen stimulation (Figure 3E). These data indicate that HCV 

infection adversely affects the expansion capacity and associated cytotoxic potential of 

peripheral Vδ2-T cells. These defects could potentially lower the effector response of these 

cells against HCV-infected hepatocytes or more importantly against tumor cells.

To determine cytotoxic potential of Vδ2-T cells from CHC patients against HepG2 

hepatoma (HCC) cells, 14 days expanded cells (with >80% Vδ2+ lymphocyte frequency, 

N=5 HD and N=3 CHC) were used directly in the killing assays. Our goal here was to test 

whether a functional impairment at per cell basis exists in otherwise phosphoantigen 

responsive cells (those proliferating normally) in CHC patients. No significant difference in 

cytotoxicity mediated by Vδ2-T cell cultures were observed in CHC patients and HDs (data 

not shown). Here we only tested samples where normal proliferation was present. It will be 

important to test patients with poor proliferative response to test anti-CHC cytotoxic 

function, which could not be performed here due to technical difficulties in purifying Vδ2 

subset from expanded cultures . HCC cell lines are not refractory to NK cell cytotoxicity, 

thus to test anti-HCC function of Vδ2 cells in patients with poor expansion of Vδ2 T cell, 

purification Vδ2+T cells is imperative. Commercially available negative selection kits do not 

allow purification of CD56+ fraction (which are the cytotoxic subset [35]), and use of 

antibody mediated sorting or positive selection kit leads to activation of TCR and confounds 

the readout. Nevertheless, majority of our CHC patients had a numerical defect in 

proliferative response to zoledronate (13/24 (54%) had day 14 Vδ2+ frequency <65% of 
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lymphocytes while 6/24 (25%) had <20% expansion), and these patients are likely to have 

an impaired response to hepatocarcinogenesis even when HCV is cured.

3.4 Impaired proliferative response to Zoledronate stimulation in CHC is not associated 
with Vδ2-TCR repertoire

The finding of poor Vδ2-T cell proliferation in response to zoledronate for a large subset of 

CHC patients raised the question whether this dysfunction is related to altered TCR 

repertoire. Phosphoantigen responsive Vδ2 T cells are biased toward Vγ2-Jγ1.2 TCR 

rearrangement and a poor proliferative Vδ2-T response to phosphoantigens is related to 

profound depletion of these phosphoantigen reactive Vγ2-Jγ1.2 chains during chronic HIV 

infection [29]. We tested PBMC samples (ex vivo) from high-expanded and low-expanded 

CHC groups to determine the abundance of Vγ2-Jγ1.2 TCR chain rearrangement in the 

Vγ2-TCR repertoire. Similar proportions of Vγ2-Jγ1.2 TCR chains among all rearranged 

nucleotypes were present in the two groups (median High-expanded 49.4% vs low-expanded 

47.2%) (Figure 4A). The diversity of Vγ2-Jγ1.2 clonotypes, measured by the proportion of 

unique Vγ2-Jγ1.2 clonotypes among all the clonotypes in the repertoire was also similar in 

both groups (Figure 4B).

Normal Vγ2 repertoire is dominated by public clonotypes, which are TCR chains 

dominating response to same antigenic epitope in multiple individuals. During chronic HIV 

infection significant decrease in frequency of Vγ2-Jγ1.2 chains expressing public Jγ1.2 

clonotypes is present [29]. A similar reduction in proportion of public clonotypes in “low-

expanded” samples can explain reduced proliferative response of Vδ2 T cells to zoledronate 

in this group. Majority (62%) of public Vγ2-Jγ1.2 clonotypes observed in our patients were 

same as previously published public clonotypes from African America donors [30]. In 

addition, we identified 7 more public Jγ1.2 clonotypes in our samples (Figure 4E). The 

fraction of Vγ2-Jγ1.2 chains expressing public Jγ1.2 clonotypes was similar in both groups 

(high-expanded 44.4% vs low-expanded 47.6%) (Figure 4C). A relatively higher diversity in 

public clonotypes (measured by number of unique clonotypes) was noted in low-expanded 

samples with proportion of unique public clonotypes at 40.9% compared to high-expanded 

samples with 30.0% (Figure 4D) however this difference did not reach statistical 

significance. These data indicate that proportions or composition of phosphoantigen reactive 

Vγ2-Jγ1.2 chains do not influence poor zoledronate response in CHC and factors other than 

shifts in the Vδ2-TCR repertoire are responsible for failure of Vδ2-T-cells proliferative 

response.

4. Discussion

In this study we demonstrated peripheral Vγ9Vδ2 gamma delta T cells in CHC patients 

have phenotypic and functional alterations despite cure with DAA therapy. Major defect in 

the circulating Vδ2-T cells associated with chronic HCV infection was the inability to 

proliferate and specifically to expand the CD56+ cytotoxic subset in response to 

aminobisphosphonate stimulation. Importantly, DAA mediated viral clearance failed to 

rescue this response even with standard 12-week duration therapy. We speculate that long 
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term persistence of these functional defects could compromise immune surveillance against 

hepatocarcinogenesis after viral clearance in CHC patients.

Our results add to the list of immune cell dysfunctions that persist despite successful DAA 

therapy in CHC. Among the successes is NK cell functional recovery and partial rescue of 

exhausted HCV-specific CD8 T cells that is achieved with DAA mediated cure [23, 24]. On 

the other hand, virus clearance with these therapies failed to recover peripheral MAIT cell 

and Treg cell defects including reduced frequencies and function [25, 36]. Recently, Yin et 
al. showed Vδ2-T cells from untreated HCV-infected patients contained more effector 

subtypes (CD45RA+CD27-) compared to healthy individuals [19]. Using samples from a 

cohort treated for 4 weeks with DAA, here we had the opportunity to compare Vδ2-T cells 

between SVR and relapsed groups. SVR group had a similar phenotypic distribution to 

healthy donors based on the memory differentiation status, whereas, patients that relapsed 

had a shift from central memory phenotypes to terminally differentiated Vδ2 effector cells. 

Activation of Vδ2-T cells was present in all CHC patients and while CD38 expression 

reduced at end of treatment in patients who achieved SVR persistently activated Vδ2-T were 

present in those who relapsed. A similar reduction in CD38+ CD8+ or CD4+ T cells occurs 

with control of virus replication among patients that achieve SVR but not in relapsers [34] 

despite similar suppression in viral load at the end of treatment in patients of both groups. 

This could indicate a persistent immune activation among relapsed patients in response to 

antigen present below detection levels, as has been well described in chronic HIV-infected 

patients who are virologically suppressed on ART [37]. The increase in proportion of 

activated TEMRA Vδ2-T cells with high cytotoxic potential in peripheral blood of the 

relapsed CHC patients can be due to a lack of cell retention at the site of infection or 

excessive differentiation into TEMRA phenotype. Thus our observation of decreased levels of 

blood effector memory Vδ2-T cells in patients that cleared HCV with therapy may reflect 

better recruitment of effector cells to sites of infection where they can exert antiviral effect 

[12]. In our previous study [26], we characterized the outcomes of four-week DAA 

treatment on CHC patients where SVR was associated with baseline HCV viral load, 

younger age, and HCV genotype 1b. In the present study, we observed a strong association 

between dysfunctional Vδ2-T cells at baseline and viral relapse after short term DAA 

treatment. This study indicates that the subset of CHC patients marked by higher activation 

and terminally differentiated effector phenotype among circulating Vδ2-T cells are unlikely 

to control HCV virus with short term DAA therapy.

Circulating Vδ2 T cells exhibit robust expansion in response to aminobisphosphonates that 

reflects their normal response to infected or transformed cells. Our data demonstrate 

significantly reduced in vitro expansion of the Vδ2-T cells upon zoledronate stimulation in a 

substantial proportion of chronic HCV-infected patients. The TCR independent cytokine 

stimulation of Vδ2 T cells is not impacted during CHC [38]. Thus, unresponsiveness to 

zoledronate/IPP would suggest a selective TCR specific defect, similar to irreversible defect 

reported for MAIT cells during CHC [38]. In parallel with impaired proliferative potential, 

the proportion of CD56 expressing cytotoxic subset in expanded Vδ2-T cells was also 

reduced in CHC patients and therapy failed to rescue this subset. Chronic HIV is the most 

well studied viral infection regarding impact on Vδ2-T cells, and shows incomplete or no 

recovery upon viral suppression with effective ART [39]. Here, an incapability for in vitro 
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expansion of Vδ2 T cells in response to zoledronate and IL2 [27], is due in part to depletion 

of phosphoantigen-responsive pool of Vδ2-T cells [20] during progressing disease [29]. HIV 

infection is known to significantly impact Vδ2-TCR repertoire in blood [21]. Vγ2-Jγ1.2 

rearrangements in Vδ2 TCRs are the most abundant receptors that recognize stimulatory 

tumor cells [40], comprising up to 70% of all Vγ2 chains in peripheral blood of adults [41]. 

Normal Vγ2 repertoire is dominated by public clonotypes [42] due to the role for 

monomorphic butyrophilin molecules in mediating phosphoantigen responses. During 

chronic HIV infection effectively treated with ART, while there is a slow recovery of cells 

expressing the phosphoantigen-responsive Vγ2-Jγ1.2 chains, neither the frequencies nor in 

vitro proliferative responses of these cells return to the normal levels [27, 29]. Different from 

HIV disease, chronic HCV infection does not result in alteration of overall clonality and 

complexity of γδ-TCR repertoire [43]. We tested if depletion of Vγ2-Jγ1.2 chains in the 

Vγ2 TCR repertoire would explain the non-responsiveness of these cells to zoledronate. No 

difference in the abundance or diversity of Vγ2-Jγ1.2 chains between high-expanded and 

low-expanded samples was detected. Our results suggest impaired expansion of Vδ2-T cells 

with aminobisphosphonates is independent of the Vγ2 repertoire in CHC and emphasize 

need for further mechanistic investigation. Altered Vγ2 phenotypes observed in CHC 

patients could influence response to stimulation as was shown for certain cancers. Impaired 

response to zoledronate associated with an accumulation of TEM and TEMRA Vγ2 

phenotypes in CLL patients [44], whereas in multiple myeloma low responders had 

decreased naïve and TCM Vδ2 subsets [45]. Other factors implicated in low response include 

adhesion molecules CD166 and ICAM-1[46, 47] or factors such as altered antigen 

presenting cells.

It is evident from many studies that γδ-T cells play a role in host defense against tumors and 

use of autologous bisphosphonate expanded Vδ2 T cells has promising immunotherapeutic 

potential against various cancers including HCC [48–50]. Our observation of functionally 

defective circulating Vδ2 T cells in a large proportion of CHC patients despite cure is 

important in this context. While several risk factors are associated with developing 

hepatocellular carcinoma both during chronic HCV infection and post-SVR [51], the impact 

of HCV infection on Vδ2 or other HCC immune effector cells is less studied in this context. 

Several relevant questions arise from this investigation including status of these cells during 

long term follow-up after successful clearance of virus and investigating Vδ2 defects in 

certain patient groups such as those with cirrhosis or with HIV co-infection. Importantly, 

liver Vδ2 during HCV infection were reported to be functionally impaired in cytokine 

production [12]. Whether Vδ2 dysfunction persists after successful treatment of CHC in the 

local liver environment, where these cells are critical for antiviral and anti-tumoral function 

remains to be seen.
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Figure 1: CHC patients who relapsed after short term DAA therapy show terminally 
differentiated effector Vδ2-T cell phenotype compared to those who achieved SVR.
(A) Gating strategy for Vδ2-T cells. (B) Comparison of the proportions of circulating Vδ2-T 

cells among healthy donors (HD, N=14), HCV patients at baseline (HCV-Pre, N=29) and 

HCV patients at end of therapy (HCV-EOT, N=29). (C) Representative dot plots depicting 

memory differentiation status of the Vδ2-T cells based on the expression of CD27 and 

CD45RA. (D) Comparison of the proportions of naïve, CM, EM and EMRA Vδ2-T cells 

among HDs (N=10), HCV-Pre (N=24) and HCV-EOT (N=24). (E) Comparison of the 

Ghosh et al. Page 14

J Viral Hepat. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



proportions of naïve, CM, EM and EMRA Vδ2-T cells at baseline (Pre) and EOT between 

patients who achieved SVR (N=12) and who relapsed (N=12) after short term DAA therapy. 

Horizontal bar indicates median value. Paired t test or Wilcoxon matched-pairs signed rank 

test were used for comparisons between the groups HCV-Pre and HCV-EOT, SVR-Pre and 

SVR-EOT, Relapse-Pre and Relapsed-EOT and SVR12-Pre and SVR12 in (B), (D) and (E). 
Unpaired t test or Mann Whitney test was used for rest of the comparisons. ns= not 

significant.
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Figure 2: Reduced activation of Vδ2-T cells with DAA mediated viral clearance in CHC patients 
who achieved SVR.
(A) Representative dot plots depicting Vδ2-T cells expressing CD38 activation marker and 

comparison of the proportion of CD38 expressing Vδ2-T cells among HDs (N=14), HCV-

Pre (N=22) and HCV-EOT (N=22). (B) Frequency of CD38 expressing Vδ2-T cells in HDs 

(N=14) and at baseline and EOT in SVR (N=12) and Relapsed (N=12) groups. (C) 
Frequency of CD38 expressing Vδ2-T cells at baseline (SVR12-Pre, N=5) and 12-week 

follow up (SVR12, N=5) in HCV patients treated for 12 weeks with DAA. Proportion of 
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CD56 (D) and CD107a (E) expressing Vδ2-T cells in HDs (N= 10 and N=6 for CD56 and 

CD107a, respectively) and at baseline and EOT in SVR (N=12 and N=6 for CD56 and 

CD107a, respectively) and relapsed (N=12 and N=7 for CD56 and CD107a, respectively) 

groups. (F) Expression of CD107a on Vδ2 T cell surface in response to Zol, IPP and anti-

CD3/CD28 antibody stimulation in HCV patients and HD. (G) Comparison of the 

proportion of TNFα and IFNγ expressing Vδ2-T cells among HDs (N=7), HCV-Pre (N=10) 

and HCV-EOT (N=10) upon Zol stimulation. Horizontal bar indicates median value. ns= not 

significant. Expression of (H) IFNγ+TNFα+, (I) IFNγ+ and (J) TNFα+ on Vδ2 T cells in 

response to Zol, IPP and anti-CD3/CD28 antibody stimulation in HCV patients and HD. 

Paired t test or Wilcoxon matched-pairs signed rank test were used for comparisons between 

the groups HCV-Pre and HCV-EOT, SVR-Pre and SVR-EOT, Relapse-Pre and Relapsed-

EOT and SVR12-Pre and SVR12 in (A), (B), (C), (D), (E) and (F). In (B), (D) and (E) 
Kruskal-Wallis non-parametric test and Dunn’s post-hoc test to control for multiple 

comparisons was performed for the comparison among the groups (SVR-Pre, Relapse-Pre 

and HD) and (SVR-EOT, Relapse-EOT and HD). Unpaired t test or Mann Whitney test was 

used for rest of the comparisons. ns= not significant.
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Figure 3: Vδ2-T cell proliferative response to Zoledronate is impaired in CHC and persists after 
virus clearance.
(A) Representative dot plots depicting CD56 expressing cytotoxic Vδ2-T cells after 

expansion in response to Zoledronic acid and IL2. (B) Box plot representing frequency of 

expanded Vδ2-T cells in HDs (N=15) and HCV-Pre (N=24) and HCV-EOT (N=22). Box 

encompasses interquartile range (IQR) and horizontal line dividing the box indicates median 

value. (C) Frequency of expanded Vδ2-T cells in HDs (N=15) and in SVR (N=12 and N=11 

at baseline and EOT respectively) and Relapsed (N=12 and N=11 at baseline and EOT 
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respectively) groups. (D) Frequency of expanded Vδ2-T cells in HDs (N=15) and at baseline 

(SVR12-Pre, N=5) and 12 weeks follow up (SVR12, N=5) in HCV patients treated for 

12week with DAA. (E) Frequency of CD56 expressing expanded Vδ2-T cells in HDs (N= 

12), HCV-Pre (N=13) and HCV-EOT (N=13). Horizontal bar indicates median value. Paired 

t test or Wilcoxon matched-pairs signed rank test were used for comparisons between the 

groups Baseline and EOT, SVR-Pre and SVR-EOT, Relapse-Pre and Relapsed-EOT and 

SVR12-Pre and SVR12 in (A), (B), (C) and (E). In (B), Kruskal-Wallis non-parametric test 

and Dunn’s post-hoc test to control for multiple comparisons was performed for the 

comparison among the groups (SVR-Pre, Relapse-Pre and HD) and (SVR-EOT, Relapse-

EOT and HD). Wilcoxon matched-pairs signed rank test were used in (F) for comparisons 

among groups with different stimulant in HD and HCV groups. Mann Whitney test was used 

for rest of the comparisons. ns= not significant.
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Figure 4: Vδ2-TCR repertoire in CHC patients is not associated with proliferative response to 
Zoledronate stimulation.
(A) Comparison of the fraction of Vγ2-J1.2 nucleotype rearrangements among all cloned 

and sequenced rearrangements representing the Vγ2 TCR repertoire in high-expanded 

(N=5) and low-expanded (N=5) groups. (B) Proportion of the unique Vγ2-Jγ1.2 clonotypes 

in the representative Vγ2 TCR repertoire. (C) Fraction of Vγ2-Jγ1.2 chains expressing 

public Jγ1.2 clonotypes in the representative Vγ2 TCR repertoire. (D) Proportion of unique 

public Jγ1.2 clonotypes among all unique Vγ2-Jγ1.2 clonotypes representing the diversity 
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of public Jγ1.2 clonotypes. (E) Clonotype abundance for the most common public Jγ1.2 

chains in healthy African-American donors. Clonotypes marked by shaded color in bottom 

panel were public clonotypes identified in the CHC patients included for this study. Each 

column represents one patient. Dark box and white box indicate a public clonotype is 

present or absent, respectively, in the sample. Horizontal bar indicates median value. Mann 

Whitney test was used for the comparisons. ns= not significant.
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