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Abstract: Over the past decade, tremendous progress has been made in systems biology-based
approaches to studying immunity to viral infections and responses to vaccines. These approaches
that integrate multiple facets of the immune response, including transcriptomics, serology and
immune functions, are now being applied to understand correlates of protective immunity against
hepatitis C virus (HCV) infection and to inform vaccine development. This review focuses on recent
progress in understanding immunity to HCV using systems biology, specifically transcriptomic and
epigenetic studies. It also examines proposed strategies moving forward towards an integrated
systems immunology approach for predicting and evaluating the efficacy of the next generation of
HCV vaccines.
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1. Introduction

Acute hepatitis C virus (HCV) infection resolves spontaneously in approximately 30%
(15–45%) of infected individuals, whereas the remaining 70% (55–85%) of persons develop
persistent infection and progressive chronic liver disease and are at risk of developing
liver cancer [1]. In 2016, the World Health Organization proposed a strategy to eliminate
hepatitis as a public health problem by 2030 [2]. Elimination (a reduction to zero new
cases in a defined geographical area) relies on the use of highly effective direct-acting
antivirals (DAA) that can achieve complete cure in ~95% of treated subjects [3]. However
elimination of HCV and potentially its eradication (a complete and permanent worldwide
reduction to zero new cases) are unlikely to occur without vaccines that can limit new
virus transmission [4], especially in high-risk populations who have reduced access to
testing and treatment and who are at higher risk of reinfection [5]. A highly immunogenic
T-cell-based vaccine against HCV recently failed to prevent chronic infection in a phase
2 clinical trial in people who inject drugs (PWID) [6]. Therefore, there is an urgent need to
dissect the key components of protective immunity against HCV in real-life conditions and
to identify elements that were missing in the vaccine-induced immune response.

Systems immunology approaches that employ integrated interdisciplinary methods
to define the interactions between the different cellular and molecular components of
the immune system have become powerful tools for profiling immune responses to vac-
cines and viral infections [7–17]. HCV represents an interesting model to apply systems
immunology approaches to study immunity against a human viral infection with two
dichotomous outcomes, where the correlates of protective immunity in spontaneously
resolved versus chronic infection can be examined. Furthermore, chronic HCV infection
can be completely cured using DAA, thus offering a unique opportunity to assess the
reversal of immune exhaustion/dysfunction post-virus clearance. Finally, neither sponta-
neous nor DAA-mediated HCV clearance protects against reinfection. This is partly due
to the large number of viral variants [18] that are continuously produced during infec-
tion [19–21] and transmitted among high-risk populations, resulting in mixed infections or
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superinfections [22]. Indeed, high-risk individuals such as PWID continue to be exposed
and reinfected, thus presenting an opportunity to examine the correlates of protective
immunity against a highly variable virus in a natural rechallenge experiment. Recently,
several studies examined the transcriptomic and epigenetic changes in the context of HCV
infection with different outcomes and post-DAA-treatment. Here, I will summarize these
studies and propose an integrated systems immunology approach to define correlates of
protective immunity against HCV.

2. Overview and Comparison of Systems-Transcriptomic Methods

Over the past two decades, different methods have been developed and used to
measure gene expression by quantifying mRNA levels in transcriptomic analysis, as well
as gene expression modifications through epigenetic analysis. Each method has its own
advantages and limitations. The most common methods that were used or are likely to be
used in the context of HCV and their limitations are summarized in this section.

2.1. Microarrays

Microarrays are the earliest form of high-throughput technology used in transcrip-
tomic analysis. This approach is based on the use of many probes (typically thousands) of
specific single-strand DNA fragments, corresponding to genes of interest that are loaded
on a chip [23]. These probes can bind fluorescently labeled complementary DNA (cDNA)
reverse transcribed from mRNA samples of interest. The intensity of the fluorescence
corresponds to the expression level of the corresponding transcript within the mRNA [23].
However, microarrays require a relatively high mRNA input, and they can only detect
specific predefined transcripts that are included on the chip.

2.2. RNA-Sequencing (RNA-Seq)

The development of next-generation sequencing (NGS) led to its application to RNA-
sequencing (RNA-seq), in which the entire transcriptome can be examined. This method is
based on the direct sequencing of fragmented cDNA libraries reverse transcribed from the
mRNA of the sample of interest. Sequence reads are then mapped to the genome and the
data are further transformed and processed to obtain read counts that reflect expression
levels within the sample. RNA-seq has completely replaced microarrays due to several
key advantages. First, it provides a significantly superior dynamic range for measuring
expression across a wide range of transcript levels with less input RNA, making it more
suitable for rare patient samples and for the detection of transcripts of low abundance [24].
Second, because it relies on direct sequencing as compared to the use of predefined probes in
microarrays, it is suitable for the detection of novel genes or transcripts of interest that may
not be represented on the microarray chip. Third, the direct sequencing approach makes
RNA-seq highly suitable for use in surrogate animal models of different species such as the
equine hepacivirus (EqHV) model [25]. Finally, RNA-seq data provide additional analysis
opportunities for important biological information, e.g., the comparison of differential
splicing across samples [26,27], functionally relevant single nucleotide polymorphism
(SNP) analysis [28] and RNA editing events [29–31]. Both microarrays and RNA-seq can be
performed on either total mRNA extracted from tissues (e.g., liver tissue), total peripheral
blood mononuclear cells (PBMCs) or purified/sorted cells of interest (e.g., total CD8+ T cells
or tetramer+ CD8+ T cells). RNA-seq analysis, performed on whole tissue or populations
of cells, reflects the averaged gene expression across all cells and is thus termed ‘bulk
RNA-seq’. It is useful to detect differences in different experimental conditions, disease
outcomes and/or tissues. It is now also possible to infer the relative frequencies of different
cellular populations from bulk RNA-seq data in a process known as CIBERSORT [32].
However, the sensitivity of the detection of expression signals associated with a specific
cellular subset is dependent upon the frequency of that subset and the levels of expression
of the transcript of interest. Hence, signals from rare but key cellular populations may
be missed.
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2.3. Single Cell RNA-Seq (scRNA-Seq)

The advent of scRNA-seq has provided unprecedented opportunities for examining
transcripts at the single-cell level and for defining the heterogeneity of cellular populations
within a tissue or specific cellular subsets (e.g., HCV-specific CD8+ T cells). This process
is based on partitioning individual cells into plates or droplets, where they are lysed and
labeled with a unique identifier and then processed using procedures similar to those used
for bulk RNA-seq. This method can also be coupled with analysis of the T or B cell receptors,
thus providing the capacity to analyze the T or B cell repertoire and to track the expansion of
specific T or B cell clones during the course of infection or in different tissue compartments.
This technology is highly useful in understanding the interaction of individual cells with
their microenvironment and has been successfully used to characterize the heterogeneity
of macrophage populations in the liver and their evolution during different stages of
fibrosis [33–35]. However, the additional processing steps involved in scRNA-seq may
differentially affect the viability and consequently the representation of certain cellular
populations in the final dataset, leading to interpretation bias [36,37]. In addition, scRNA-
seq uses a low cellular and RNA input and this is associated with low RNA capture
efficiency and a phenomenon known as “dropout”, occurring when a gene is observed at a
moderate or even high expression level in one cell but is not detected in another cell [38].
As a result, scRNA-seq data are of lower resolution and exhibit higher technical noise than
bulk RNA-seq [38]. In addition, microarrays, bulk RNA-seq and scRNA-seq are all prone
to ‘batch effect’ related to variations induced by non-biological factors during different
experimental batches. These issues represent challenges for the computational analysis
of transcriptomic data. Several methods are currently available to correct for some of
these issues (e.g., batch effect) and new bioinformatic analysis tools are constantly being
developed to overcome these limitations, but they all need to be carefully considered and
customized in data analysis and interpretation for each experiment. In summary, both
bulk and scRNA-seq have their advantages and limitations and the choice of the method
to use should carefully consider the research question and the limitations associated with
each method.

2.4. Combined Transcriptomic and Proteomic Analysis Methods

Transcriptomic data requires validation at the protein level. Advances in high-
dimensional flow cytometry and mass cytometry (cytometry by time-of-flight mass spec-
trometry (CyToF)) and the capacity to run high-resolution panels have provided additional
dimensions for data validation but are still limited in terms of the different antibody combi-
nations that can be used (typically 40–50 markers) [39]. Recent methods, which have not yet
been applied to HCV, combine transcriptomic and proteomic analysis. These include cellu-
lar indexing of transcriptomes and epitopes by sequencing (CITE-Seq) and RNA expression
and protein sequencing (REAP-Seq) [40,41]. Both methods combine RNA sequencing with
the use of antibodies that are labeled with a specific barcode corresponding to the protein
of interest, and a stretch of adenine bases that serve as a starting point for RNA sequencing.
The two technologies differ only in the conjugation methods used to link the DNA barcode
to the antibodies. They are used to obtain quantitative and qualitative information on
surface proteins at the single-cell level, together with their transcriptome. Thus, different
cellular populations of interest (e.g., different memory T cell subsets) can be identified
and examined within the same experiment. CITE-Seq was shown to be qualitatively and
quantitatively similar to flow cytometry [40]. These two methods can allow the detection
of more markers as compared to high-resolution flow cytometry or CyToF (~100) but are
still limited to the detection of cell surface molecules and are influenced by the quality of
the antibodies used to detect the markers of interest [42].

2.5. Epigenetic Analysis Methods

Changes in gene expression may be partially due to epigenetic changes that limit
chromatin accessibility for gene transcription. One method that was used to assess genome-
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wide chromatin accessibility in HCV studies is the assay for transposase-accessible chro-
matin with high-throughput sequencing (ATAC-seq) [43]. This assay is based on the use of
hyperactive Tn5 transposase, which preferentially inserts sequencing adapters into open
chromatin regions, allowing the direct construction of a sequencing library. Sequencing
reads are used to infer regions of increased accessibility and map regions of transcription
factor binding and nucleosome position. The number of reads per region correlates with
how open the chromatin is at this region. This method uses a low cell input with no need for
extensive preparation. It can also be applied at the single-cell level as single-cell ATAC-seq
(sc-ATAC-seq). One of the limitations of ATAC-seq is that open chromatin information
alone is not sufficient to infer the binding of transcription factors that do not bind to a
specific motif or those that bind motifs that can bind multiple transcription factors. In that
case, other assays should be used, such as chromatin immunoprecipitation sequencing
(ChIP-seq), in which chromatin is crosslinked using formaldehyde, then fragmented and
the DNA-protein complexes of interest are immunoprecipitated by antibodies and then
sequenced [43].

2.6. Spatial Transcriptomics

It is becoming increasingly important to examine cells in the context of their tis-
sue microenvironment to understand their spatial interactions [17,44]. Although all the
methods described above provide important information about the transcriptomic and
functional signatures of different cells, they do not examine their spatial distribution and
interactions within tissues. Recent advances in high-resolution tissue imaging and spatial
transcriptomics have made it possible to examine cellular interactions and their single-cell
transcriptomic profiles within tissues. Spatial transcriptomics localizes mRNA transcripts
to precise spatial locations (single cells or regions) in the tissue of interest [45]. This can be
combined with immunohistochemistry imaging techniques and image integration applica-
tions to visualize the interaction of the immune cells within the tissue of interest [46]. The
potential applications of these methods in studying the liver are reviewed elsewhere [35].
Although there is an increasing shift away from diagnostic liver biopsies in favor of non-
invasive testing, spatial transcriptomics can be applied to archived human and chimpanzee
liver tissue samples from prior studies and clinical trials. Furthermore, these methods can
also be used in surrogate animal models such as the rat hepacivirus model that recapitulates
the dynamics of HCV infection to a great extent and would be a valuable model to examine
immune responses and their spatial interactions within the liver microenvironment [47,48].

3. Systems Biology Studies of the Immune Response during Acute and Chronic
HCV Infection
3.1. Studies of Liver Tissue and Total PBMCs

Multiple studies in humans and chimpanzees have used systems biology approaches
to characterize the immune response during acute HCV infection progressing to either
spontaneous resolution or persistent infection. Early microarray studies in the chimpanzee
model observed the rapid induction of intrahepatic interferon signals, as demonstrated
by an increase in the expression of interferon-stimulated genes (ISGs) in the liver shortly
after experimental infection, irrespective of the outcome [49,50]. Transient and sustained
viral clearance was associated with the induction of IFN-γ-induced genes, as well as genes
involved in antigen processing and presentation and the adaptive immune response [49].
These signatures correlated with the strength of the intrahepatic immune response in these
animals [51]. Similarly, in cross-sectional human studies, IFN-γ-induced genes, ISGs, genes
for chemokines and their receptors, as well as genes associated with cellular immunity,
were upregulated in liver biopsies obtained during acute HCV infection as compared to
healthy liver tissue [52]. Longitudinal RNA-seq analysis of PBMCs from acutely infected
PWID revealed prominent type I interferon (ISG) and inflammatory signatures [53]. Innate
immune gene expression rapidly returned to pre-infection levels upon spontaneous viral
clearance but remained elevated in those who developed persistent viremia [53]. Compara-
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tive analyses demonstrated common signatures with those of flaviviruses yellow fever and
dengue [53]. Recent RNA-seq analysis of the liver and peripheral blood of horses infected
with equine hepacivirus (EqHV), which is highly related to HCV, demonstrated an ISG
signature in the liver [25]. However, only minimal perturbations in adaptive immune cell
signatures were detectable in the peripheral blood despite the fact that EqHV-specific T
cells were identified following specific peptide stimulation [25].

Studies performed on liver biopsies and/or PBMCs obtained during chronic HCV
infection demonstrated that ISGs remain upregulated but that their level was variable
among different patients [52,54–56]. Furthermore, a set of ISGs were identified that corre-
lated with the reduced response to IFN-based therapies. Specifically, USP18 (a negative
regulator of IFN-α signaling), was upregulated in liver samples of chronic HCV patients
who were unresponsive to IFN therapy [52,54]. ISG levels correlated with specific alleles of
single nucleotide polymorphism in the IL-28B/IFNλ3 locus encoding the type III interferon
IFNλ4 [57,58] (for a detailed review see [59]).

These studies performed on whole liver tissue or unfractionated PBMCs provided
snapshots of the overall immune response during acute HCV infection and demonstrated
that innate immune responses are induced early, irrespective of infection outcome, and
remain upregulated during chronic infection. However, signals associated with adaptive
immunity, although detectable in some studies, were diluted and it was not possible to
identify signatures that can predict infectious outcomes, suggesting that protective immune
functions are limited to a small cellular subset.

3.2. Studies of CD8+ T Cells during Acute HCV Infection

T cell responses during acute HCV infection have been extensively studied and are
reviewed elsewhere [60–62]. The consensus from these studies is that the T cell response
is generally delayed, appearing in the peripheral blood around 6–8 weeks post-infection
and may be detectable a week or two earlier in the liver. A broad CD4+ and CD8+ T
cell response targeting multiple epitopes and that is polyfunctional (producing multiple
cytokines and effector functions) is essential for the spontaneous clearance of acute HCV
(reviewed in [62]). HCV resolvers develop long-lived virus-specific CD8+ memory T cells
expressing the memory marker CD127 [63–66], and HCV-specific CD4+ T cells producing
IL-21 were associated with spontaneous clearance and enhanced survival of HCV-specific
CD8+ T cells [67].

The immune response during the early phase of acute infections that become chronic
is not substantially different, as relatively broad HCV-specific CD4+ and CD8+ T cell re-
sponses are generated early and may contribute to the transient control of viremia, but this
response is short-lived. Specifically, HCV persistence is associated with the sudden failure
and disappearance of HCV-specific CD4+ helper T cell responses. The lack of CD4+ T cell
help compromises CD8+ T cell function(s) and facilitates the emergence of viral escape
mutants in targeted CD8+ T cell epitopes [68–70] resulting in the establishment of persis-
tent viremia. CD8+ T cells that recognize intact epitopes that have not mutated become
exhausted and upregulate T cell activation and exhaustion markers such as programmed
death-1 (PD-1), T-cell immunoglobulin and mucin-domain containing-3 (TIM-3), cytotoxic
T-lymphocyte protein 4 (CTLA-4), 2B4, CD160, KLRG1, T-cell immunoreceptor with Ig and
ITIM domains (TIGIT) and CD39 [62,71]. They also upregulate the nuclear factors eomeso-
dermin (EOMES) and thymocyte selection-associated HMG box (TOX), downregulate T-bet,
and express variable levels of the T cell factor 1 (TCF1) that delineates different CD8+ T
cell subsets (discussed below) [72–75]. The persistent antigenic stimulation and exhaustion
lead to the gradual loss of proliferative capacity, cytokine production and cytotoxicity.
In contrast, CD8+ T cells targeting epitopes that have mutated are no longer exposed to
persistent antigenic stimulation and exhibit a CD127+ memory T cell phenotype, similar
to that of memory T cells generated following spontaneous resolution [76]. As chronic
infection is established, the frequencies of HCV-specific CD8+ and CD4+ T cells decline in
peripheral blood and are more enriched in the liver [77–80].
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To decipher the mechanisms underlying T cell failure during acute HCV infection and
to identify predictors of the infectious outcomes, Woloski et al. [81] performed a microar-
ray transcriptomic study of HCV-specific CD8+ T cells sorted from the peripheral blood
using MHC class I tetramers during early and late acute HCV infections progressing to
spontaneous resolution, chronic infection with intact epitopes, or chronic infection with
escaped/mutated epitopes. They observed dysregulation of metabolic processes early in
infections progressing to chronicity. This dysregulation was linked to changes in the expres-
sion of genes related to nucleosomal regulation of transcription, T cell differentiation and
inflammation. This signature also correlated with age, sex and the presence of HCV-specific
CD4+ T cells in the infected subjects. Importantly, samples from individuals with escaped
epitopes only partially shared this metabolic and immune dysfunction signature [81]. This
metabolic dysfunction signature was also partly shared by exhausted CD8+ T cells in the
lymphocytic choriomeningitis virus (LCMV) mouse infection model, suggesting a common
mechanism [81,82]. Another study by Barili et al. [83] using a similar strategy also demon-
strated that in early acute HCV infection, exhaustion-committed virus-specific CD8+ T cells
display the upregulation of transcription signatures associated with impaired glycolytic
and mitochondrial functions. After the establishment of chronic infection, HCV-specific
CD8+ T cells were characterized by broad downregulation of genes associated with wide
metabolic and anti-viral function impairment [83].

3.3. Studies of CD8+ T Cells during Chronic HCV Infection and DAA Therapy

CD8+ T cell exhaustion during chronic HCV is not an all-or-none phenomenon but
rather a spectrum of different degrees of impairment of antiviral functions associated
with the expression of different levels of T cell exhaustion and memory markers [67,84].
TCF1+CD127+PD1+T-betlo HCV-specific CD8+ T cells expressing both exhaustion and
memory markers were described in chronically infected subjects and termed ‘memory-like’
or ‘stem-like’ T cells because of their ability to retain proliferative capacity [85,86]. DAA-
mediated HCV clearance was associated with the preferential maintenance of memory-like
cells [85]. This is consistent with the fact that DAA treatment results in only partial reversal
of T cell exhaustion, whereby proliferative responses are restored but the capacity to
produce cytokines or cytotoxicity are not [85,87,88].

To understand the molecular mechanisms and pathways underlying CD8+ T cell
dysfunction during chronic HCV and whether these pathways are reconstituted following
DAA therapy and clearance, a series of recent elegant studies examined this question
in different cohorts using multiple systems biology approaches [89–91]. These studies
examined the transcriptomic, phenotypic and functional signatures of MHC class I tetramer-
sorted HCV-specific CD8+ T cells from subjects with chronic HCV infection pre- and post-
DAA-treatment. As a control of another acute resolving infection, some also examined
influenza-specific CD8+ T cells in the same individuals [90,91] and HCV-specific CD8+ T
cells from spontaneous resolvers [89–91]. Using bulk RNA-seq and high-resolution flow
cytometry analysis, three different HCV-specific CD8+ T cell subsets could be identified
in subjects with chronic HCV: CD127hi, CD127int and CD127lo [89]. CD127hi cells and
CD127lo cells had the molecular and phenotypic signatures of memory-like and exhausted
CD8+ T cells, respectively [89]. These memory-like and exhausted signatures were shared
with CD8+ T cells in the LCMV mouse model and cancer [89,90,92]. scRNA-seq together
with T cell receptor typing identified a progenitor–progeny relationship between CD127hi

memory-like and CD127lo exhausted CD8+ T cells via a CD127int intermediate stage [89].
HCV-specific CD8+ T cells targeting escaped epitopes were also examined. Given that

immune escape occurs early in most cases, the premise was that CD8+ T cells targeting
escaped epitopes would have been subjected to a shorter period of antigenic stimulation
and exhaustion. This approach would also allow the distinction between antigen-mediated
exhaustion versus exhaustion mediated by the inflammatory environment due to ongo-
ing HCV infection and replication. Indeed, the core exhaustion signature identified in
exhausted CD8+ T cells was less pronounced in CD8+ T cells targeting escaped epitopes,
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suggesting that this signature was antigen-dependent [89,90]. By examining samples be-
fore and after DAA-mediated HCV cure, the authors observed the downregulation of
some exhaustion markers such as PD-1 and the preferential maintenance of memory-like
virus-specific CD8+ T cells [89,90], as previously described [85]. These memory-like T
cells harbored the same transcriptomic signatures before and after cure, suggesting a per-
manent “exhaustion scar” that cannot be reversed by HCV cure [89,90]. This exhaustion
scar was maintained for up to 3 years post-DAA-mediated HCV clearance, in a subset of
patients [90].

In a companion study, Yates et al. used ATAC-seq to examine the epigenetic state and
chromatin-accessible regions (ChARs) in the same type of samples [91]. They identified a
core regulatory program in exhausted HCV-specific CD8+ T cells. This epigenetic program
was conserved across other chronic viral infections such as human immunodeficiency virus
(HIV) and LCMV [91,92]. Furthermore, this program was largely irreversible for up to
80 weeks following DAA-mediated clearance, suggesting that exhausted HCV-specific T
cells were locked into a permanent dysfunctional state [91]. By further examining ChARs
pre- and post-DAA-treatment, they were stratified into three patterns, scarred, reversed or
gained, that regulate functionally distinct class of genes. Scarred regions were enriched for
genes associated with T cell exhaustion such as HIF1α and NFAT, reversed regions were
enriched for genes and pathways as associated with T cell receptor and PD-1 signaling,
and gained regions were enriched for genes associated with memory T cell development
such as IL-7 and IL-2 signaling [91]. To further understand this process, they developed
an algorithm to infer super-enhancer activity directly from chromatin accessibility and
showed that epigenetic scars include super-enhancer elements near exhaustion-associated
transcription factors such as TOX and HIF-1α, which are known to be critical to maintaining
the state of exhaustion [91]. Finally, they observed partial epigenetic remodeling within
HCV-specific CD8+ T cells targeting escaped epitopes [91], again confirming the antigen-
dependent nature of T cell exhaustion.

These results suggest that CD8+ T cells that are maintained post-DAA-mediated
HCV clearance will not be protective upon reinfection and may not respond to vaccina-
tion. Interestingly, one study in a chimpanzee treated with DAA then experimentally
rechallenged demonstrated that pre-existing intrahepatic HCV-specific CD8+ T cells were
narrowly focused and failed to prevent viral persistence [93]. Both the transcriptomic and
epigenetic profiles observed in HCV-infected subjects were recapitulated in another study
in the LCMV model, thus underscoring common exhaustion molecular mechanisms in
different infection models [92]. Experiments in the LCMV mouse model demonstrated that
recovered exhausted CD8+ T cells adoptively transferred into naïve mice and rechallenged
with the virus possessed inferior recall capacity as compared to conventional memory T
cells, which is only partially improved with PD-L1 blockade [92]. New studies examining
the immune response and reversal of exhaustion following reinfection in DAA-treated
subjects will be essential to validate these findings in human HCV infections.

Altogether, these studies clearly demonstrate the development of a permanent/locked
antigen-dependent exhaustion scar in HCV-specific CD8+ T cells with the establishment
of chronic infection. This scar impairs the antiviral capacity of virus-specific CD8+ T cells
long after virus clearance. The reversibility of this scar is likely dependant upon the period
of antigen exposure, and early antigen removal (as in the case of escaped epitopes) may
facilitate the unlocking and reversal of this exhaustion scar and functional restoration
(Figure 1). Further studies evaluating the protective capacity of natural versus treatment-
induced memory T cells during real life exposure and reinfection post-DAA treatment
are warranted.
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who develop chronic infection, with CD8+ T cells targeting escaped epitopes and exposed to a short period of antigenic
stimulation recover an intermediate phenotype, transcription and an epigenetic profile that resembles to a great extent
functional memory T cells. CD8+ T cells targeting intact epitopes remain persistently stimulated by antigens and develop
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3.4. Studies of CD4+ T Cells during HCV Infection and DAA Therapy

Mechanisms underlying the dysfunction of HCV-specific CD4+ T cells and their
failure to help CD8+ T cells are understudied, mainly due to the difficulty in detecting
antigen-specific CD4+ T cells. Studies using a limited number of MHC class II tetramers
demonstrated that HCV-specific CD4+ T cells express a narrower range of T cell inhibitory
receptors compared with CD8+ T cells, with high expression levels of PD-1 and CTLA-
4 [94]. HCV-specific CD4+ T cells were also phenotypically and functionally similar during
early resolving and persistent infection in individuals with different outcomes, suggesting
that these two receptors may be markers of activation rather than exhaustion at this early
stage [94,95]. Following spontaneous clearance, virus-specific CD4+ T cells downregulated
PD-1 and CTLA-4 and developed into memory T cells. In contrast, HCV persistence led
to the sustained upregulation of PD-1 and CTLA-4 and the eventual disappearance of
HCV-specific CD4+ T cells from the peripheral blood [94,95]. A subset of HCV-specific
CD4+ T cells in the peripheral blood also express markers of follicular helper T cells (Tfh),
a population with an important role in helping B cells and in antibody production [96,97].
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These circulating Tfh (cTfh) cells produce IL-21 during acute infection and, although they
disappear from the circulation with HCV persistence, they remain detectable in the liver
and maintain the Tfh phenotype [98]. RNA-seq analysis on three subjects before, during
and after DAA therapy observed the convergence of the transcriptional profile of HCV-
specific CD4+ T cells towards that of cTfh, which is consistent with phenotypic analysis
demonstrating that HCV-specific CD4+ T cells with a Tfh phenotype are preferentially
maintained following DAA-mediated HCV clearance [99]. Additional studies examining
the HCV-specific CD4+ T cells and novel methods to identify and characterize in detail this
important cell subset relative to the kinetics of CD8+ T cell exhaustion and dysfunction are
needed to understand the role of CD4+ T cell help in mounting and sustaining an efficient
immune response against HCV.

3.5. Studies of B Cells

Early studies of the antibody response against HCV suggested that anti-HCV anti-
bodies are delayed, short-lived in resolvers and do not always correlate with spontaneous
resolution [100,101]. Advances in the development of HCV pseudoparticles (HCVpp),
HCV entry factor transgenic mice, the isolation of broadly neutralizing antibodies (nAbs)
and the elucidation of the HCV E2 crystal structure have allowed better appreciation and
understanding of the important role of nAbs during acute and chronic HCV infection, as
well as reinfection, and are reviewed elsewhere [102–104]. However, little is known about
HCV-specific B cells and their evolution during HCV infections with different outcomes.
The recent development of E2-tetramers has allowed the visualization and analysis of this
important cellular population during acute infection [105,106]. E2-specific memory B cells
(MBCs) from spontaneous resolvers peaked early after infection (4–6 months), following
the expansion of activated cTfh expressing interleukin 21. This was associated with the
transient development of nAbs against HCV [106]. In contrast, E2-specific MBCs from
chronically infected subjects expanded later, following the establishment of persistent in-
fection (>1 year), in the absence of significantly activated cTfh expansion [106]. scRNA-seq
performed on E2-specific MBCs from resolvers and chronically infected subjects sorted at
their respective peaks of expansion demonstrated similar patterns of gene expression [106].
These data suggested that CD4+ T cell help plays an important role in the early expansion
of HCV-specific MBCs and the production of nAbs that may contribute to spontaneous
resolution. Additional studies examining in detail the transcriptional and functional pro-
files of HCV-specific MBCs and cTfh are required. Furthermore, the ability to biopsy and
examine lymph nodes using fine-needle aspirates would provide key insights on the Tfh–B
cell interaction in the germinal centers.

4. Proposed Integrated Systems Immunology Approach to Define Correlates of
Protective Immunity against HCV and Response to Vaccination

As reviewed in the previous sections, there has been tremendous progress in the use of
systems transcriptomic approaches to understand protective immunity against HCV. The
data collected so far have revealed mechanisms of CD8+ T cell functionality and exhaustion
that are shared with other viral infections and cancer. Such studies can inform and be
informed by studies in other models. They are also crucial to establishing benchmark
signatures and parameters that should be achieved by the next generation of vaccines.
However, most studies are still performed independently, and an integrative approach
should be applied to future cohort studies and vaccine clinical trials through a systematic
and standardized process in order to enhance the data that can be extracted and their
comparisons among different studies. This can be guided by recent collaborative studies
and approaches applied to understanding immunity against SARS-CoV2, the development
of predictors of disease outcomes and the evaluation of the efficacy and durability of
vaccine-induced responses [17,107,108]. The existence of multiple cohorts and sample
repositories offers a unique opportunity for large collaborative studies in which results
can be validated across different cohorts. In this section, I outline a proposed approach
to guide future cohort studies and vaccine clinical trials (Figure 2). The different types of
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key biological samples/models that can be used and analyses that can be performed are
discussed below.
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4.1. Peripheral Blood

Blood samples are the easiest to collect and can be used directly to obtain clinical
data and to examine the metabolome. However, the amount of blood that can be drawn
at a regular visit is limited and the ability to perform leukapheresis at key timepoints
during infection and vaccine clinical trials should be considered. Peripheral blood can be
processed to separate plasma and PBMCs. Plasma can be used for multianalyte testing of
inflammatory mediators and serum markers, antibody profiling via both ELISA and neu-
tralization assays using standardized protocols, reagents and HCVpp panels. Plasma can
also be used to perform virus sequencing using full-length NGS approaches to understand
the interaction between different viral variants and the adaptive immune response [109].
Indeed, the high variability of HCV remains a major hurdle for vaccine development. As
demonstrated by transcriptomic studies, escape mutations in targeted epitopes lead to an
intermediate transcriptomic signature, bearing features of both spontaneous resolution
and exhaustion. Furthermore, full-length sequencing can be used to track transmission
clusters in high-risk groups before and after vaccination.

Total PBMCs can be used to monitor the overall immune response using standardized
assays and peptide sets, as well as MHC class I and II tetramers. HCV-specific T cells can
be identified and sorted using MHC class I and II tetramers or activation surface markers.
Similarly, HCV-specific B cells can be identified and sorted using E2 tetramers. These
sorted cells can be used to perform bulk RNA-seq to understand the overall transcriptomic
signature in these different populations and scRNA-seq combined with B cell or T cell
repertoire analysis to monitor the evolution of different T or B cell clones during various
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stages of infection. Sorted B cells can also be used to clone and express HCV-specific
antibodies and assess their neutralization profile using standardized HCVpp panels. Sys-
tems serology approaches and algorithms can be applied using various assays (ELISA,
HCVpp neutralization, etc.) to assess the B cell response and to evaluate the efficacy of
next-generation vaccines, as has been proposed for HIV [110].

4.2. Liver and Lymph Nodes

The peripheral blood only reflects part of the immune response. As discussed above,
it has become increasingly important to study the immune cell interactions in tissues of
interest, whether it is the liver as the site of infection or the lymph nodes, where key
interactions in the germinal centers drive the antibody response. To examine the immune
response in the liver, it is still possible to obtain fine-needle aspirates during clinical trials
and compare the HCV-specific T and B cells in the blood and liver compartments at the
single-cell level. Fine-needle aspirates of draining lymph nodes are also well integrated in
clinical trials for various vaccines and would provide key information about the interaction
between CD4 helper T cells and B cells. Archived liver biopsy samples can be used
for spatial transcriptomics and tissue imaging in order to understand the interactions of
HCV-specific T cells within the liver microenvironment.

4.3. Animal Models

Animal models represent a valuable model for the preclinical testing of new vaccines.
They also represent a unique complementary tool, in which both systems and classical
immunological approaches can be employed to understand the intrahepatic immune
response and changes in the liver microenvironment during and post-infection and to
assess factors associated with the continued risk of developing liver fibrosis and cancer.

4.4. Key Steps and Challenges Moving Forward

Moving forward towards an integrated systems immunology approach for future
HCV immunological studies and vaccine clinical trials, there are several key steps to
consider, each with its own challenges. First, a team-based approach is essential for the
standardization of protocols for sample collection and processing to reduce batch effects
and to ensure the reproducibility of results generated in different cohorts. Second, ac-
cess to sufficient samples for analysis by systematically integrating leukapheresis at key
immunological time points is needed. Third, there is a need to build the bioinformatic
capacity to filter the huge amount of data that will be generated with the understanding
of both the biological processes and the bioinformatic algorithms and to develop novel
analysis algorithms that integrate the different types of data into predictive models. Fur-
thermore, as described above, many limitations exist for high-throughput analysis and
customized bioinformatics analysis approaches are often needed. Fourth, the validation
of the biological mechanisms inferred from the bioinformatics data is critical, using the
proper analysis tools and using novel cutting-edge technologies such as high-resolution
flow cytometry and tissue imaging with validated sets of antibodies and bioinformatic
support for analysis. Finally, the biggest challenge is securing continued funding for the
ongoing and new cohorts, as well as vaccine clinical trials and support for the bioinformatic
and immunological infrastructures required.

5. Concluding Remarks and Future Directions

Systems transcriptomic studies have unravelled important facets of the immune re-
sponse against HCV. Specifically, innate immune responses are induced early and are
maintained during chronic infection. Recent analysis of HCV-specific CD8+ T cells demon-
strated the existence of a relatively permanent exhaustion scar in HCV-specific CD8+ cells
that is antigen-dependent and that may not be easy to reverse following DAA treatment
and thus represents an obstacle to the generation of long-term protective immunity. The
role of CD4+ helper T cells and B cells in immunity against HCV and the underlying
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molecular mechanisms remain virtually unknown. New studies will need to focus on
understanding these two subsets, their interaction with CD8+ T cells and their exact contri-
bution to HCV clearance during primary infection and reinfection. A collaborative and
integrated systems immunology approach to new cohort studies and vaccine clinical trials
is urgently needed. The knowledge gained and infrastructures established to examine
immunity against SARS-CoV2 [17,107,108,111] and the responses to vaccination can, with
the proper funding and political will, be applied to other viral infections, including HCV.

Funding: Research from my laboratory is funded by the Canadian Institutes of Health Research
(CIHR) (PJT-173467), the National Institutes of Health (U01AI131313, R01AI136533 and U19AI159819),
Fonds de Recherche du Québec–Santé (FRQS) AIDS and Infectious Disease Network (Réseau SIDA-
MI) and the Canadian Network on Hepatitis C (CanHepC). CanHepC is funded by a joint initiative
of CIHR (NHC142832) and the Public Health Agency of Canada. The funders had no role in the
study design or the decision to prepare or publish the manuscript.

Conflicts of Interest: The author declares no conflict of interest.

References
1. World Health Organization (WHO). Hepatitis C Fact Sheet. 27 July 2021. Available online: https://www.who.int/news-room/

fact-sheets/detail/hepatitis-c (accessed on 12 September 2021).
2. World Health Organization (WHO). Global Health Sector Strategy on Viral Hepatitis. 2016–2021; World Health Organization (WHO):

Geneva, Switzerland, 2016.
3. Pawlotsky, J.M.; Feld, J.J.; Zeuzem, S.; Hoofnagle, J.H. From non-A, non-B hepatitis to hepatitis C virus cure. J. Hepatol. 2015, 62

(Suppl. 1), S87–S99. [CrossRef]
4. Scott, N.; Wilson, D.P.; Thompson, A.J.; Barnes, E.; El-Sayed, M.; Benzaken, A.S.; Drummer, H.E.; Hellard, M.E. The case for a

universal hepatitis C vaccine to achieve hepatitis C elimination. BMC Med. 2019, 17, 175. [CrossRef]
5. Cunningham, E.B.; Hajarizadeh, B.; Amin, J.; Hellard, M.; Bruneau, J.; Feld, J.J.; Cooper, C.; Powis, J.; Litwin, A.H.; Marks, P.; et al.

Reinfection following successful direct-acting antiviral therapy for hepatitis C infection among people who inject drugs. Clin.
Infect. Dis. 2021, 72, 1392–1400. [CrossRef] [PubMed]

6. Page, K.; Melia, M.T.; Veenhuis, R.T.; Winter, M.; Rousseau, K.E.; Massaccesi, G.; Osburn, W.O.; Forman, M.; Thomas, E.; Thornton,
K.; et al. Randomized Trial of a Vaccine Regimen to Prevent Chronic HCV Infection. N. Engl. J. Med. 2021, 384, 541–549. [CrossRef]

7. Nakaya, H.I.; Pulendran, B. Vaccinology in the era of high-throughput biology. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2015, 370,
20140146. [CrossRef]

8. Obermoser, G.; Presnell, S.; Domico, K.; Xu, H.; Wang, Y.; Anguiano, E.; Thompson-Snipes, L.; Ranganathan, R.; Zeitner, B.;
Bjork, A.; et al. Systems scale interactive exploration reveals quantitative and qualitative differences in response to influenza and
pneumococcal vaccines. Immunity 2013, 38, 831–844. [CrossRef]

9. Chaussabel, D.; Pascual, V.; Banchereau, J. Assessing the human immune system through blood transcriptomics. BMC Biol. 2010,
8, 84. [CrossRef] [PubMed]

10. Querec, T.D.; Akondy, R.S.; Lee, E.K.; Cao, W.; Nakaya, H.I.; Teuwen, D.; Pirani, A.; Gernert, K.; Deng, J.; Marzolf, B.; et al.
Systems biology approach predicts immunogenicity of the yellow fever vaccine in humans. Nat. Immunol. 2009, 10, 116–125.
[CrossRef] [PubMed]

11. Gaucher, D.; Therrien, R.; Kettaf, N.; Angermann, B.R.; Boucher, G.; Filali-Mouhim, A.; Moser, J.M.; Mehta, R.S.; Drake, D.R., III;
Castro, E.; et al. Yellow fever vaccine induces integrated multilineage and polyfunctional immune responses. J. Exp. Med. 2008,
205, 3119–3131. [CrossRef]

12. Li, S.; Rouphael, N.; Duraisingham, S.; Romero-Steiner, S.; Presnell, S.; Davis, C.; Schmidt, D.S.; Johnson, S.E.; Milton, A.; Rajam,
G.; et al. Molecular signatures of antibody responses derived from a systems biology study of five human vaccines. Nat. Immunol.
2014, 15, 195–204. [CrossRef] [PubMed]

13. Nakaya, H.I.; Hagan, T.; Duraisingham, S.S.; Lee, E.K.; Kwissa, M.; Rouphael, N.; Frasca, D.; Gersten, M.; Mehta, A.K.; Gaujoux,
R.; et al. Systems Analysis of Immunity to Influenza Vaccination across Multiple Years and in Diverse Populations Reveals Shared
Molecular Signatures. Immunity 2015, 43, 1186–1198. [CrossRef] [PubMed]

14. Tsang, J.S.; Schwartzberg, P.L.; Kotliarov, Y.; Biancotto, A.; Xie, Z.; Germain, R.N.; Wang, E.; Olnes, M.J.; Narayanan, M.; Golding,
H.; et al. Global analyses of human immune variation reveal baseline predictors of postvaccination responses. Cell 2014, 157,
499–513. [CrossRef] [PubMed]

15. Fourati, S.; Cristescu, R.; Loboda, A.; Talla, A.; Filali, A.; Railkar, R.; Schaeffer, A.K.; Favre, D.; Gagnon, D.; Peretz, Y.; et al.
Pre-vaccination inflammation and B-cell signalling predict age-related hyporesponse to hepatitis B vaccination. Nat. Commun.
2016, 7, 10369. [CrossRef] [PubMed]

16. Kwissa, M.; Nakaya, H.I.; Onlamoon, N.; Wrammert, J.; Villinger, F.; Perng, G.C.; Yoksan, S.; Pattanapanyasat, K.; Chokephaibulkit,
K.; Ahmed, R.; et al. Dengue virus infection induces expansion of a CD14(+)CD16(+) monocyte population that stimulates
plasmablast differentiation. Cell Host Microbe 2014, 16, 115–127. [CrossRef]

https://www.who.int/news-room/fact-sheets/detail/hepatitis-c
https://www.who.int/news-room/fact-sheets/detail/hepatitis-c
http://doi.org/10.1016/j.jhep.2015.02.006
http://doi.org/10.1186/s12916-019-1411-9
http://doi.org/10.1093/cid/ciaa253
http://www.ncbi.nlm.nih.gov/pubmed/32166305
http://doi.org/10.1056/NEJMoa2023345
http://doi.org/10.1098/rstb.2014.0146
http://doi.org/10.1016/j.immuni.2012.12.008
http://doi.org/10.1186/1741-7007-8-84
http://www.ncbi.nlm.nih.gov/pubmed/20619006
http://doi.org/10.1038/ni.1688
http://www.ncbi.nlm.nih.gov/pubmed/19029902
http://doi.org/10.1084/jem.20082292
http://doi.org/10.1038/ni.2789
http://www.ncbi.nlm.nih.gov/pubmed/24336226
http://doi.org/10.1016/j.immuni.2015.11.012
http://www.ncbi.nlm.nih.gov/pubmed/26682988
http://doi.org/10.1016/j.cell.2014.03.031
http://www.ncbi.nlm.nih.gov/pubmed/24725414
http://doi.org/10.1038/ncomms10369
http://www.ncbi.nlm.nih.gov/pubmed/26742691
http://doi.org/10.1016/j.chom.2014.06.001


Viruses 2021, 13, 1871 13 of 16

17. Pulendran, B.; Davis, M.M. The science and medicine of human immunology. Science 2020, 369, eaay4014. [CrossRef] [PubMed]
18. Martell, M.; Esteban, J.I.; Quer, J.; Genescà, J.; Weiner, A.; Esteban, R.; Guardia, J.; Gómez, J. Hepatitis C virus (HCV) circulates

as a population of different but closely related genomes: Quasispecies nature of HCV genome distribution. J. Virol. 1992, 66,
3225–3229. [CrossRef]

19. Bartenschlager, R.; Lohmann, V. Replication of hepatitis C virus. J. Gen. Virol. 2000, 81, 1631–1648. [PubMed]
20. Quer, J.; Esteban, J.I.; Cos, J.; Sauleda, S.; Ocaña, L.; Martell, M.; Otero, T.; Cubero, M.; Palou, E.; Murillo, P.; et al. Effect of

bottlenecking on evolution of the nonstructural protein 3 gene of hepatitis C virus during sexually transmitted acute resolving
infection. J. Virol. 2005, 79, 15131–15141. [CrossRef] [PubMed]

21. Fishman, S.L.; Branch, A.D. The quasispecies nature and biological implications of the hepatitis C virus. Infect. Genet. Evol. 2009,
9, 1158–1167. [CrossRef] [PubMed]

22. Cunningham, E.B.; Applegate, T.L.; Lloyd, A.R.; Dore, G.J.; Grebely, J. Mixed HCV infection and reinfection in people who inject
drugs—Impact on therapy. Nat. Rev. Gastroenterol. Hepatol. 2015, 12, 218–230. [CrossRef]

23. Bilitewski, U. DNA microarrays: An introduction to the technology. Methods Mol. Biol. 2009, 509, 1–14. [PubMed]
24. Wang, Z.; Gerstein, M.; Snyder, M. RNA-Seq: A revolutionary tool for transcriptomics. Nat. Rev. Genet. 2009, 10, 57–63. [CrossRef]

[PubMed]
25. Tomlinson, J.E.; Wolfisberg, R.; Fahnøe, U.; Patel, R.S.; Trivedi, S.; Kumar, A.; Sharma, H.; Nielsen, L.; McDonough, S.P.; Bukh,

J.; et al. Pathogenesis, MicroRNA-122 Gene-Regulation, and Protective Immune Responses After Acute Equine Hepacivirus
Infection. Hepatology 2021. [CrossRef] [PubMed]

26. Trapnell, C.; Williams, B.A.; Pertea, G.; Mortazavi, A.; Kwan, G.; van Baren, M.J.; Salzberg, S.L.; Wold, B.J.; Pachter, L. Transcript
assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation. Nat.
Biotechnol. 2010, 28, 511–515. [CrossRef]

27. Richard, H.; Schulz, M.H.; Sultan, M.; Nurnberger, A.; Schrinner, S.; Balzereit, D.; Dagand, E.; Rasche, A.; Lehrach, H.; Vingron,
M.; et al. Prediction of alternative isoforms from exon expression levels in RNA-Seq experiments. Nucleic Acids Res. 2010, 38, e112.
[CrossRef]

28. Chepelev, I.; Wei, G.; Tang, Q.; Zhao, K. Detection of single nucleotide variations in expressed exons of the human genome using
RNA-Seq. Nucleic Acids Res. 2009, 37, e106. [CrossRef]

29. Rosenberg, B.R.; Dewell, S.; Papavasiliou, F.N. Identifying mRNA editing deaminase targets by RNA-Seq. Methods Mol. Biol 2011,
718, 103–119.

30. Rosenberg, B.R.; Hamilton, C.E.; Mwangi, M.M.; Dewell, S.; Papavasiliou, F.N. Transcriptome-wide sequencing reveals numerous
APOBEC1 mRNA-editing targets in transcript 3’ UTRs. Nat. Struct. Mol. Biol. 2011, 18, 230–236. [CrossRef]

31. Peng, Z.; Cheng, Y.; Tan, B.C.; Kang, L.; Tian, Z.; Zhu, Y.; Zhang, W.; Liang, Y.; Hu, X.; Tan, X.; et al. Comprehensive analysis of
RNA-Seq data reveals extensive RNA editing in a human transcriptome. Nat. Biotechnol. 2012, 30, 253–260. [CrossRef]

32. Newman, A.M.; Liu, C.L.; Green, M.R.; Gentles, A.J.; Feng, W.; Xu, Y.; Hoang, C.D.; Diehn, M.; Alizadeh, A.A. Robust enumeration
of cell subsets from tissue expression profiles. Nat. Methods 2015, 12, 453–457. [CrossRef]

33. MacParland, S.A.; Liu, J.C.; Ma, X.Z.; Innes, B.T.; Bartczak, A.M.; Gage, B.K.; Manuel, J.; Khuu, N.; Echeverri, J.; Linares, I.; et al.
Single cell RNA sequencing of human liver reveals distinct intrahepatic macrophage populations. Nat. Commun. 2018, 9, 4383.
[CrossRef] [PubMed]

34. Ramachandran, P.; Dobie, R.; Wilson-Kanamori, J.R.; Dora, E.F.; Henderson, B.E.P.; Luu, N.T.; Portman, J.R.; Matchett, K.P.;
Brice, M.; Marwick, J.A.; et al. Resolving the fibrotic niche of human liver cirrhosis at single-cell level. Nature 2019, 575, 512–518.
[CrossRef]

35. Saviano, A.; Henderson, N.C.; Baumert, T.F. Single-cell genomics and spatial transcriptomics: Discovery of novel cell states and
cellular interactions in liver physiology and disease biology. J. Hepatol. 2020, 73, 1219–1230. [CrossRef]

36. Chen, G.; Ning, B.; Shi, T. Single-Cell RNA-Seq Technologies and Related Computational Data Analysis. Front. Genet. 2019, 10,
317. [CrossRef] [PubMed]

37. Kuksin, M.; Morel, D.; Aglave, M.; Danlos, F.X.; Marabelle, A.; Zinovyev, A.; Gautheret, D.; Verlingue, L. Applications of
single-cell and bulk RNA sequencing in onco-immunology. Eur. J. Cancer 2021, 149, 193–210. [CrossRef] [PubMed]

38. Haque, A.; Engel, J.; Teichmann, S.A.; Lönnberg, T. A practical guide to single-cell RNA-sequencing for biomedical research and
clinical applications. Genome Med. 2017, 9, 75. [CrossRef] [PubMed]

39. Spitzer, M.H.; Nolan, G.P. Mass Cytometry: Single Cells, Many Features. Cell 2016, 165, 780–791. [CrossRef]
40. Stoeckius, M.; Hafemeister, C.; Stephenson, W.; Houck-Loomis, B.; Chattopadhyay, P.K.; Swerdlow, H.; Satija, R.; Smibert, P.

Simultaneous epitope and transcriptome measurement in single cells. Nat. Methods 2017, 14, 865–868. [CrossRef]
41. Peterson, V.M.; Zhang, K.X.; Kumar, N.; Wong, J.; Li, L.; Wilson, D.C.; Moore, R.; McClanahan, T.K.; Sadekova, S.; Klappenbach,

J.A. Multiplexed quantification of proteins and transcripts in single cells. Nat. Biotechnol. 2017, 35, 936–939. [CrossRef]
42. Todorovic, V. Single-cell RNA-seq—now with protein. Nat. Methods 2017, 14, 1028–1029. [CrossRef]
43. Ma, S.; Zhang, Y. Profiling chromatin regulatory landscape: Insights into the development of ChIP-seq and ATAC-seq. Mol.

Biomed. 2020, 1, 9. [CrossRef]
44. Farber, D.L. Tissues, not blood, are where immune cells function. Nature 2021, 593, 506–509. [CrossRef] [PubMed]
45. Longo, S.K.; Guo, M.G.; Ji, A.L.; Khavari, P.A. Integrating single-cell and spatial transcriptomics to elucidate intercellular tissue

dynamics. Nat. Rev. Genet. 2021, 22, 627–644. [CrossRef] [PubMed]

http://doi.org/10.1126/science.aay4014
http://www.ncbi.nlm.nih.gov/pubmed/32973003
http://doi.org/10.1128/jvi.66.5.3225-3229.1992
http://www.ncbi.nlm.nih.gov/pubmed/10859368
http://doi.org/10.1128/JVI.79.24.15131-15141.2005
http://www.ncbi.nlm.nih.gov/pubmed/16306585
http://doi.org/10.1016/j.meegid.2009.07.011
http://www.ncbi.nlm.nih.gov/pubmed/19666142
http://doi.org/10.1038/nrgastro.2015.36
http://www.ncbi.nlm.nih.gov/pubmed/19212711
http://doi.org/10.1038/nrg2484
http://www.ncbi.nlm.nih.gov/pubmed/19015660
http://doi.org/10.1002/hep.31802
http://www.ncbi.nlm.nih.gov/pubmed/33713356
http://doi.org/10.1038/nbt.1621
http://doi.org/10.1093/nar/gkq041
http://doi.org/10.1093/nar/gkp507
http://doi.org/10.1038/nsmb.1975
http://doi.org/10.1038/nbt.2122
http://doi.org/10.1038/nmeth.3337
http://doi.org/10.1038/s41467-018-06318-7
http://www.ncbi.nlm.nih.gov/pubmed/30348985
http://doi.org/10.1038/s41586-019-1631-3
http://doi.org/10.1016/j.jhep.2020.06.004
http://doi.org/10.3389/fgene.2019.00317
http://www.ncbi.nlm.nih.gov/pubmed/31024627
http://doi.org/10.1016/j.ejca.2021.03.005
http://www.ncbi.nlm.nih.gov/pubmed/33866228
http://doi.org/10.1186/s13073-017-0467-4
http://www.ncbi.nlm.nih.gov/pubmed/28821273
http://doi.org/10.1016/j.cell.2016.04.019
http://doi.org/10.1038/nmeth.4380
http://doi.org/10.1038/nbt.3973
http://doi.org/10.1038/nmeth.4488
http://doi.org/10.1186/s43556-020-00009-w
http://doi.org/10.1038/d41586-021-01396-y
http://www.ncbi.nlm.nih.gov/pubmed/34035530
http://doi.org/10.1038/s41576-021-00370-8
http://www.ncbi.nlm.nih.gov/pubmed/34145435


Viruses 2021, 13, 1871 14 of 16

46. Flores Molina, M.; Fabre, T.; Cleret-Buhot, A.; Soucy, G.; Meunier, L.; Abdelnabi, M.N.; Belforte, N.; Turcotte, S.; Shoukry, N.H.
Visualization, Quantification, and Mapping of Immune Cell Populations in the Tumor Microenvironment. J. Vis. Exp. 2020, 157,
e60740. [CrossRef]

47. Ploss, A.; Kapoor, A. Animal Models of Hepatitis C Virus Infection. Cold Spring Harb. Perspect. Med. 2020, 10, a036970. [CrossRef]
[PubMed]

48. Trivedi, S.; Murthy, S.; Sharma, H.; Hartlage, A.S.; Kumar, A.; Gadi, S.V.; Simmonds, P.; Chauhan, L.V.; Scheel, T.K.H.; Billerbeck,
E.; et al. Viral persistence, liver disease, and host response in a hepatitis C-like virus rat model. Hepatology 2018, 68, 435–448.
[CrossRef] [PubMed]

49. Su, A.I.; Pezacki, J.P.; Wodicka, L.; Brideau, A.D.; Supekova, L.; Thimme, R.; Wieland, S.; Bukh, J.; Purcell, R.H.; Schultz, P.G.; et al.
Genomic analysis of the host response to hepatitis C virus infection. Proc. Natl. Acad. Sci. USA 2002, 99, 15669–15674. [CrossRef]
[PubMed]

50. Bigger, C.B.; Brasky, K.M.; Lanford, R.E. DNA microarray analysis of chimpanzee liver during acute resolving hepatitis C virus
infection. J. Virol. 2001, 75, 7059–7066. [CrossRef] [PubMed]

51. Thimme, R.; Bukh, J.; Spangenberg, H.C.; Wieland, S.; Pemberton, J.; Steiger, C.; Govindarajan, S.; Purcell, R.H.; Chisari, F.V. Viral
and immunological determinants of hepatitis C virus clearance, persistence, and disease. Proc. Natl. Acad. Sci. USA 2002, 99,
15661–15668. [CrossRef]

52. Dill, M.T.; Makowska, Z.; Duong, F.H.T.; Merkofer, F.; Filipowicz, M.; Baumert, T.F.; Tornillo, L.; Terracciano, L.; Heim, M.H.
Interferon-γ-stimulated genes, but not USP18, are expressed in livers of patients with acute hepatitis C. Gastroenterology 2012, 143,
777–786.e6. [CrossRef]

53. Rosenberg, B.R.; Depla, M.; Freije, C.A.; Gaucher, D.; Mazouz, S.; Boisvert, M.; Bedard, N.; Bruneau, J.; Rice, C.M.; Shoukry,
N.H. Longitudinal transcriptomic characterization of the immune response to acute hepatitis C virus infection in patients with
spontaneous viral clearance. PLoS Pathog. 2018, 14, e1007290. [CrossRef]

54. Chen, L.; Borozan, I.; Feld, J.; Sun, J.; Tannis, L.L.; Coltescu, C.; Heathcote, J.; Edwards, A.M.; McGilvray, I.D. Hepatic Gene
Expression Discriminates Responders and Nonresponders in Treatment of Chronic Hepatitis C Viral Infection. Gastroenterology
2005, 128, 1437. [CrossRef]

55. Bolen, C.R.; Robek, M.D.; Brodsky, L.; Schulz, V.; Lim, J.K.; Taylor, M.W.; Kleinstein, S.H. The blood transcriptional signature of
chronic hepatitis C virus is consistent with an ongoing interferon-mediated antiviral response. J. Interferon. Cytokine Res. 2013, 33,
15–23. [CrossRef] [PubMed]

56. Heim, M.H.; Thimme, R. Innate and adaptive immune responses in HCV infections. J. Hepatol. 2014, 61 (Suppl. 1), S14–S25.
[CrossRef]

57. Terczynska-Dyla, E.; Bibert, S.; Duong, F.H.; Krol, I.; Jorgensen, S.; Collinet, E.; Kutalik, Z.; Aubert, V.; Cerny, A.; Kaiser, L.; et al.
Reduced IFNlambda4 activity is associated with improved HCV clearance and reduced expression of interferon-stimulated genes.
Nat. Commun. 2014, 5, 5699. [CrossRef]

58. Naggie, S.; Osinusi, A.; Katsounas, A.; Lempicki, R.; Herrmann, E.; Thompson, A.J.; Clark, P.J.; Patel, K.; Muir, A.J.; McHutchison,
J.G.; et al. Dysregulation of innate immunity in HCV genotype 1 IL28B unfavorable genotype patients: Impaired viral kinetics
and therapeutic response. Hepatology 2012, 56, 444–454. [CrossRef]

59. Boisvert, M.; Shoukry, N.H. Type III Interferons in Hepatitis C Virus Infection. Front. Immunol. 2016, 7, 628. [CrossRef]
60. Kemming, J.; Thimme, R.; Neumann-Haefelin, C. Adaptive Immune Response against Hepatitis C Virus. Int. J. Mol. Sci. 2020, 21,

5644. [CrossRef] [PubMed]
61. Shin, E.C.; Sung, P.S.; Park, S.H. Immune responses and immunopathology in acute and chronic viral hepatitis. Nat. Rev. Immunol.

2016, 16, 509–523. [CrossRef] [PubMed]
62. Abdel-Hakeem, M.S.; Shoukry, N.H. Protective immunity against hepatitis C: Many shades of gray. Front. Immunol. 2014, 5, 274.

[CrossRef] [PubMed]
63. Golden-Mason, L.; Burton, J.R., Jr.; Castelblanco, N.; Klarquist, J.; Benlloch, S.; Wang, C.; Rosen, H.R. Loss of IL-7 receptor

alpha-chain (CD127) expression in acute HCV infection associated with viral persistence. Hepatology 2006, 44, 1098–1109.
[CrossRef]

64. Bengsch, B.; Spangenberg, H.C.; Kersting, N.; Neumann-Haefelin, C.; Panther, E.; von Weizsacker, F.; Blum, H.E.; Pircher, H.;
Thimme, R. Analysis of CD127 and KLRG1 expression on hepatitis C virus-specific CD8+ T cells reveals the existence of different
memory T-cell subsets in the peripheral blood and liver. J. Virol. 2007, 81, 945–953. [CrossRef] [PubMed]

65. Badr, G.; Bedard, N.; Abdel-Hakeem, M.S.; Trautmann, L.; Willems, B.; Villeneuve, J.P.; Haddad, E.K.; Sekaly, R.P.; Bruneau, J.;
Shoukry, N.H. Early interferon therapy for hepatitis C virus infection rescues polyfunctional, long-lived CD8+ memory T cells. J.
Virol. 2008, 82, 10017–10031. [CrossRef] [PubMed]

66. Shin, E.C.; Park, S.H.; Nascimbeni, M.; Major, M.; Caggiari, L.; de Re, V.; Feinstone, S.M.; Rice, C.M.; Rehermann, B. The Frequency
of CD127+ HCV-specific T cells but not the Expression of Exhaustion Markers Predict the Outcome of Acute Hepatitis C Virus
Infection. J. Virol. 2013, 87, 4772–4777. [CrossRef] [PubMed]

67. Kared, H.; Fabre, T.; Bedard, N.; Bruneau, J.; Shoukry, N.H. Galectin-9 and IL-21 mediate cross-regulation between Th17 and Treg
cells during acute hepatitis C. PLoS Pathog. 2013, 9, e1003422. [CrossRef] [PubMed]

68. Bowen, D.G.; Walker, C.M. Mutational escape from CD8+ T cell immunity: HCV evolution, from chimpanzees to man. J. Exp.
Med. 2005, 201, 1709–1714. [CrossRef]

http://doi.org/10.3791/60740
http://doi.org/10.1101/cshperspect.a036970
http://www.ncbi.nlm.nih.gov/pubmed/31843875
http://doi.org/10.1002/hep.29494
http://www.ncbi.nlm.nih.gov/pubmed/28859226
http://doi.org/10.1073/pnas.202608199
http://www.ncbi.nlm.nih.gov/pubmed/12441396
http://doi.org/10.1128/JVI.75.15.7059-7066.2001
http://www.ncbi.nlm.nih.gov/pubmed/11435586
http://doi.org/10.1073/pnas.202608299
http://doi.org/10.1053/j.gastro.2012.05.044
http://doi.org/10.1371/journal.ppat.1007290
http://doi.org/10.1053/j.gastro.2005.01.059
http://doi.org/10.1089/jir.2012.0037
http://www.ncbi.nlm.nih.gov/pubmed/23067362
http://doi.org/10.1016/j.jhep.2014.06.035
http://doi.org/10.1038/ncomms6699
http://doi.org/10.1002/hep.25647
http://doi.org/10.3389/fimmu.2016.00628
http://doi.org/10.3390/ijms21165644
http://www.ncbi.nlm.nih.gov/pubmed/32781731
http://doi.org/10.1038/nri.2016.69
http://www.ncbi.nlm.nih.gov/pubmed/27374637
http://doi.org/10.3389/fimmu.2014.00274
http://www.ncbi.nlm.nih.gov/pubmed/24982656
http://doi.org/10.1002/hep.21365
http://doi.org/10.1128/JVI.01354-06
http://www.ncbi.nlm.nih.gov/pubmed/17079288
http://doi.org/10.1128/JVI.01083-08
http://www.ncbi.nlm.nih.gov/pubmed/18667516
http://doi.org/10.1128/JVI.03122-12
http://www.ncbi.nlm.nih.gov/pubmed/23388706
http://doi.org/10.1371/journal.ppat.1003422
http://www.ncbi.nlm.nih.gov/pubmed/23818845
http://doi.org/10.1084/jem.20050808


Viruses 2021, 13, 1871 15 of 16

69. Semmo, N.; Klenerman, P. CD4+ T cell responses in hepatitis C virus infection. World J. Gastroenterol. 2007, 13, 4831–4838.
[CrossRef] [PubMed]

70. Schulze Zur Wiesch, J.; Ciuffreda, D.; Lewis-Ximenez, L.; Kasprowicz, V.; Nolan, B.E.; Streeck, H.; Aneja, J.; Reyor, L.L.; Allen,
T.M.; Lohse, A.W.; et al. Broadly directed virus-specific CD4+ T cell responses are primed during acute hepatitis C infection, but
rapidly disappear from human blood with viral persistence. J. Exp. Med. 2012, 209, 61–75. [CrossRef]

71. Gupta, P.K.; Godec, J.; Wolski, D.; Adland, E.; Yates, K.; Pauken, K.E.; Cosgrove, C.; Ledderose, C.; Junger, W.G.; Robson, S.C.;
et al. CD39 Expression Identifies Terminally Exhausted CD8+ T Cells. PLoS Pathog. 2015, 11, e1005177. [CrossRef]

72. Alfei, F.; Kanev, K.; Hofmann, M.; Wu, M.; Ghoneim, H.E.; Roelli, P.; Utzschneider, D.T.; von Hoesslin, M.; Cullen, J.G.; Fan,
Y.; et al. TOX reinforces the phenotype and longevity of exhausted T cells in chronic viral infection. Nature 2019, 571, 265–269.
[CrossRef]

73. Paley, M.A.; Kroy, D.C.; Odorizzi, P.M.; Johnnidis, J.B.; Dolfi, D.V.; Barnett, B.E.; Bikoff, E.K.; Robertson, E.J.; Lauer, G.M.;
Reiner, S.L.; et al. Progenitor and terminal subsets of CD8+ T cells cooperate to contain chronic viral infection. Science 2012, 338,
1220–1225. [CrossRef] [PubMed]

74. Utzschneider, D.T.; Charmoy, M.; Chennupati, V.; Pousse, L.; Ferreira, D.P.; Calderon-Copete, S.; Danilo, M.; Alfei, F.; Hofmann,
M.; Wieland, D.; et al. T Cell Factor 1-Expressing Memory-like CD8(+) T Cells Sustain the Immune Response to Chronic Viral
Infections. Immunity 2016, 45, 415–427. [CrossRef] [PubMed]

75. Abdel-Hakeem, M.S.; Bedard, N.; Murphy, D.; Bruneau, J.; Shoukry, N.H. Signatures of protective memory immune responses
during hepatitis C virus reinfection. Gastroenterology 2014, 147, 870–881.e8. [CrossRef] [PubMed]

76. Kasprowicz, V.; Kang, Y.H.; Lucas, M.; Schulze zur Wiesch, J.; Kuntzen, T.; Fleming, V.; Nolan, B.E.; Longworth, S.; Berical,
A.; Bengsch, B.; et al. Hepatitis C virus (HCV) sequence variation induces an HCV-specific T-cell phenotype analogous to
spontaneous resolution. J. Virol. 2010, 84, 1656–1663. [CrossRef] [PubMed]

77. Lechner, F.; Wong, D.K.; Dunbar, P.R.; Chapman, R.; Chung, R.T.; Dohrenwend, P.; Robbins, G.; Phillips, R.; Klenerman, P.; Walker,
B.D. Analysis of successful immune responses in persons infected with hepatitis C virus. J. Exp. Med. 2000, 191, 1499–1512.
[CrossRef]

78. Thimme, R.; Oldach, D.; Chang, K.M.; Steiger, C.; Ray, S.C.; Chisari, F.V. Determinants of viral clearance and persistence during
acute hepatitis C virus infection. J. Exp. Med. 2001, 194, 1395–1406. [CrossRef]

79. He, X.S.; Rehermann, B.; Lopez-Labrador, F.X.; Boisvert, J.; Cheung, R.; Mumm, J.; Wedemeyer, H.; Berenguer, M.; Wright,
T.L.; Davis, M.M.; et al. Quantitative analysis of hepatitis C virus-specific CD8(+) T cells in peripheral blood and liver using
peptide-MHC tetramers. Proc. Natl. Acad. Sci. USA 1999, 96, 5692–5697. [CrossRef] [PubMed]

80. Radziewicz, H.; Ibegbu, C.C.; Fernandez, M.L.; Workowski, K.A.; Obideen, K.; Wehbi, M.; Hanson, H.L.; Steinberg, J.P.; Masopust,
D.; Wherry, E.J.; et al. Liver-Infiltrating Lymphocytes in Chronic Human Hepatitis C Virus Infection Display an Exhausted
Phenotype with High Levels of PD-1 and Low Levels of CD127 Expression. J. Virol. 2007, 81, 2545–2553. [CrossRef]

81. Wolski, D.; Foote, P.K.; Chen, D.Y.; Lewis-Ximenez, L.L.; Fauvelle, C.; Aneja, J.; Walker, A.; Tonnerre, P.; Torres-Cornejo, A.;
Kvistad, D.; et al. Early Transcriptional Divergence Marks Virus-Specific Primary Human CD8(+) T Cells in Chronic versus Acute
Infection. Immunity 2017, 47, 648–663.e8. [CrossRef]

82. Bengsch, B.; Ohtani, T.; Khan, O.; Setty, M.; Manne, S.; O’Brien, S.; Gherardini, P.F.; Herati, R.S.; Huang, A.C.; Chang, K.M.; et al.
Epigenomic-Guided Mass Cytometry Profiling Reveals Disease-Specific Features of Exhausted CD8 T Cells. Immunity 2018, 48,
1029–1045.e5. [CrossRef]

83. Barili, V.; Fisicaro, P.; Montanini, B.; Acerbi, G.; Filippi, A.; Forleo, G.; Romualdi, C.; Ferracin, M.; Guerrieri, F.; Pedrazzi, G.; et al.
Targeting p53 and histone methyltransferases restores exhausted CD8+ T cells in HCV infection. Nat. Commun. 2020, 11, 604.
[CrossRef] [PubMed]

84. Bengsch, B.; Seigel, B.; Ruhl, M.; Timm, J.; Kuntz, M.; Blum, H.E.; Pircher, H.; Thimme, R. Coexpression of PD-1, 2B4, CD160 and
KLRG1 on exhausted HCV-specific CD8+ T cells is linked to antigen recognition and T cell differentiation. PLoS Pathog. 2010, 6,
e1000947. [CrossRef] [PubMed]

85. Wieland, D.; Kemming, J.; Schuch, A.; Emmerich, F.; Knolle, P.; Neumann-Haefelin, C.; Held, W.; Zehn, D.; Hofmann, M.; Thimme,
R. TCF1(+) hepatitis C virus-specific CD8(+) T cells are maintained after cessation of chronic antigen stimulation. Nat. Commun.
2017, 8, 15050. [CrossRef]

86. Lugli, E.; Galletti, G.; Boi, S.K.; Youngblood, B.A. Stem, Effector, and Hybrid States of Memory CD8(+) T Cells. Trends Immunol.
2020, 41, 17–28. [CrossRef] [PubMed]

87. Martin, B.; Hennecke, N.; Lohmann, V.; Kayser, A.; Neumann-Haefelin, C.; Kukolj, G.; Bocher, W.O.; Thimme, R. Restoration of
HCV-specific CD8+ T cell function by interferon-free therapy. J. Hepatol. 2014, 61, 538–543. [CrossRef]

88. Llorens-Revull, M.; Costafreda, M.I.; Rico, A.; Guerrero-Murillo, M.; Soria, M.E.; Píriz-Ruzo, S.; Vargas-Accarino, E.; Gabriel-
Medina, P.; Rodríguez-Frías, F.; Riveiro-Barciela, M.; et al. Partial restoration of immune response in Hepatitis C patients after
viral clearance by direct-acting antiviral therapy. PLoS ONE 2021, 16, e0254243. [CrossRef]

89. Hensel, N.; Gu, Z.; Wieland, D.; Jechow, K.; Kemming, J.; Llewellyn-Lacey, S.; Gostick, E.; Sogukpinar, O.; Emmerich, F.; Price,
D.A.; et al. Memory-like HCV-specific CD8(+) T cells retain a molecular scar after cure of chronic HCV infection. Nat. Immunol.
2021, 22, 229–239. [CrossRef] [PubMed]

http://doi.org/10.3748/wjg.v13.i36.4831
http://www.ncbi.nlm.nih.gov/pubmed/17828814
http://doi.org/10.1084/jem.20100388
http://doi.org/10.1371/journal.ppat.1005177
http://doi.org/10.1038/s41586-019-1326-9
http://doi.org/10.1126/science.1229620
http://www.ncbi.nlm.nih.gov/pubmed/23197535
http://doi.org/10.1016/j.immuni.2016.07.021
http://www.ncbi.nlm.nih.gov/pubmed/27533016
http://doi.org/10.1053/j.gastro.2014.07.005
http://www.ncbi.nlm.nih.gov/pubmed/25038432
http://doi.org/10.1128/JVI.01499-09
http://www.ncbi.nlm.nih.gov/pubmed/19906915
http://doi.org/10.1084/jem.191.9.1499
http://doi.org/10.1084/jem.194.10.1395
http://doi.org/10.1073/pnas.96.10.5692
http://www.ncbi.nlm.nih.gov/pubmed/10318946
http://doi.org/10.1128/JVI.02021-06
http://doi.org/10.1016/j.immuni.2017.09.006
http://doi.org/10.1016/j.immuni.2018.04.026
http://doi.org/10.1038/s41467-019-14137-7
http://www.ncbi.nlm.nih.gov/pubmed/32001678
http://doi.org/10.1371/journal.ppat.1000947
http://www.ncbi.nlm.nih.gov/pubmed/20548953
http://doi.org/10.1038/ncomms15050
http://doi.org/10.1016/j.it.2019.11.004
http://www.ncbi.nlm.nih.gov/pubmed/31810790
http://doi.org/10.1016/j.jhep.2014.05.043
http://doi.org/10.1371/journal.pone.0254243
http://doi.org/10.1038/s41590-020-00817-w
http://www.ncbi.nlm.nih.gov/pubmed/33398179


Viruses 2021, 13, 1871 16 of 16

90. Tonnerre, P.; Wolski, D.; Subudhi, S.; Aljabban, J.; Hoogeveen, R.C.; Damasio, M.; Drescher, H.K.; Bartsch, L.M.; Tully, D.C.; Sen,
D.R.; et al. Differentiation of exhausted CD8(+) T cells after termination of chronic antigen stimulation stops short of achieving
functional T cell memory. Nat. Immunol. 2021, 22, 1030–1041. [CrossRef]

91. Yates, K.B.; Tonnerre, P.; Martin, G.E.; Gerdemann, U.; Al Abosy, R.; Comstock, D.E.; Weiss, S.A.; Wolski, D.; Tully, D.C.; Chung,
R.T.; et al. Epigenetic scars of CD8(+) T cell exhaustion persist after cure of chronic infection in humans. Nat. Immunol. 2021, 22,
1020–1029. [CrossRef]

92. Abdel-Hakeem, M.S.; Manne, S.; Beltra, J.C.; Stelekati, E.; Chen, Z.; Nzingha, K.; Ali, M.A.; Johnson, J.L.; Giles, J.R.; Mathew, D.;
et al. Epigenetic scarring of exhausted T cells hinders memory differentiation upon eliminating chronic antigenic stimulation.
Nat. Immunol. 2021, 22, 1008–1019. [CrossRef] [PubMed]

93. Callendret, B.; Eccleston, H.B.; Hall, S.; Satterfield, W.; Capone, S.; Folgori, A.; Cortese, R.; Nicosia, A.; Walker, C.M. T-cell
immunity and hepatitis C virus reinfection after cure of chronic hepatitis C with an interferon-free antiviral regimen in a
chimpanzee. Hepatology 2014, 60, 1531–1540. [CrossRef]

94. Chen, D.Y.; Wolski, D.; Aneja, J.; Matsubara, L.; Robilotti, B.; Hauck, G.; de Sousa, P.S.F.; Subudhi, S.; Fernandes, C.A.; Hoogeveen,
R.C.; et al. Hepatitis C virus-specific CD4+ T cell phenotype and function in different infection outcomes. J. Clin. Investig. 2020,
130, 768–773. [CrossRef]

95. Binder, B.; Thimme, R. CD4+ T cell responses in human viral infection: Lessons from hepatitis C. J. Clin. Investig. 2020, 130,
595–597. [CrossRef] [PubMed]

96. Crotty, S. Follicular helper CD4 T cells (TFH). Annu. Rev. Immunol. 2011, 29, 621–663. [CrossRef] [PubMed]
97. Crotty, S. T Follicular Helper Cell Biology: A Decade of Discovery and Diseases. Immunity 2019, 50, 1132–1148. [CrossRef]
98. Raziorrouh, B.; Sacher, K.; Tawar, R.G.; Emmerich, F.; Neumann-Haefelin, C.; Baumert, T.F.; Thimme, R.; Boettler, T. Virus-Specific

CD4+ T Cells Have Functional and Phenotypic Characteristics of Follicular T-Helper Cells in Patients With Acute and Chronic
HCV Infections. Gastroenterology 2016, 150, 696–706.e3. [CrossRef] [PubMed]

99. Smits, M.; Zoldan, K.; Ishaque, N.; Gu, Z.; Jechow, K.; Wieland, D.; Conrad, C.; Eils, R.; Fauvelle, C.; Baumert, T.F.; et al. Follicular
T helper cells shape the HCV-specific CD4+ T cell repertoire after virus elimination. J. Clin. Investig. 2020, 130, 998–1009.
[CrossRef]

100. Logvinoff, C.; Major, M.E.; Oldach, D.; Heyward, S.; Talal, A.; Balfe, P.; Feinstone, S.M.; Alter, H.; Rice, C.M.; McKeating, J.A.
Neutralizing antibody response during acute and chronic hepatitis C virus infection. Proc. Natl. Acad. Sci. USA 2004, 101,
10149–10154. [CrossRef]

101. Takaki, A.; Wiese, M.; Maertens, G.; Depla, E.; Seifert, U.; Liebetrau, A.; Miller, J.L.; Manns, M.P.; Rehermann, B. Cellular immune
responses persist and humoral responses decrease two decades after recovery from a single-source outbreak of hepatitis C. Nat.
Med. 2000, 6, 578–582. [CrossRef]

102. Kinchen, V.J.; Cox, A.L.; Bailey, J.R. Can Broadly Neutralizing Monoclonal Antibodies Lead to a Hepatitis C Virus Vaccine? Trends
Microbiol. 2018, 26, 854–864. [CrossRef]

103. Sevvana, M.; Keck, Z.; Foung, S.K.; Kuhn, R.J. Structural perspectives on HCV humoral immune evasion mechanisms. Curr. Opin.
Virol. 2021, 49, 92–101. [CrossRef]

104. Shoukry, N.H. Hepatitis C Vaccines, Antibodies, and T Cells. Front. Immunol. 2018, 9, 1480. [CrossRef]
105. Boisvert, M.; Zhang, W.; Elrod, E.J.; Bernard, N.F.; Villeneuve, J.P.; Bruneau, J.; Marcotrigiano, J.; Shoukry, N.H.; Grakoui, A.

Novel E2 Glycoprotein Tetramer Detects Hepatitis C Virus-Specific Memory B Cells. J. Immunol. 2016, 197, 4848–4858. [CrossRef]
106. Salinas, E.; Boisvert, M.; Upadhyay, A.A.; Bédard, N.; Nelson, S.A.; Bruneau, J.; Derdeyn, C.A.; Marcotrigiano, J.; Evans, M.J.;

Bosinger, S.E.; et al. Early T follicular helper cell activity accelerates hepatitis C virus-specific B cell expansion. J. Clin. Investig.
2021, 131, e140590. [CrossRef]

107. Liu, C.; Martins, A.J.; Lau, W.W.; Rachmaninoff, N.; Chen, J.; Imberti, L.; Mostaghimi, D.; Fink, D.L.; Burbelo, P.D.; Dobbs, K.; et al.
Time-resolved systems immunology reveals a late juncture linked to fatal COVID-19. Cell 2021, 184, 1836–1857.e22. [CrossRef]
[PubMed]

108. Wang, X.; Xu, G.; Liu, X.; Liu, Y.; Zhang, S.; Zhang, Z. Multiomics: Unraveling the panoramic landscapes of SARS-CoV-2 infection.
Cell Mol. Immunol. 2021, 1–12. [CrossRef]

109. Leung, P.; Eltahla, A.A.; Lloyd, A.R.; Bull, R.A.; Luciani, F. Understanding the complex evolution of rapidly mutating viruses
with deep sequencing: Beyond the analysis of viral diversity. Virus Res. 2017, 239, 43–54. [CrossRef] [PubMed]

110. Ackerman, M.E.; Barouch, D.H.; Alter, G. Systems serology for evaluation of HIV vaccine trials. Immunol. Rev. 2017, 275, 262–270.
[CrossRef]

111. Carvalho, T.; Krammer, F.; Iwasaki, A. The first 12 months of COVID-19: A timeline of immunological insights. Nat. Rev. Immunol.
2021, 21, 245–256. [CrossRef]

http://doi.org/10.1038/s41590-021-00982-6
http://doi.org/10.1038/s41590-021-00979-1
http://doi.org/10.1038/s41590-021-00975-5
http://www.ncbi.nlm.nih.gov/pubmed/34312545
http://doi.org/10.1002/hep.27278
http://doi.org/10.1172/JCI126277
http://doi.org/10.1172/JCI133222
http://www.ncbi.nlm.nih.gov/pubmed/31904589
http://doi.org/10.1146/annurev-immunol-031210-101400
http://www.ncbi.nlm.nih.gov/pubmed/21314428
http://doi.org/10.1016/j.immuni.2019.04.011
http://doi.org/10.1053/j.gastro.2015.11.005
http://www.ncbi.nlm.nih.gov/pubmed/26584604
http://doi.org/10.1172/JCI129642
http://doi.org/10.1073/pnas.0403519101
http://doi.org/10.1038/75063
http://doi.org/10.1016/j.tim.2018.04.002
http://doi.org/10.1016/j.coviro.2021.05.002
http://doi.org/10.3389/fimmu.2018.01480
http://doi.org/10.4049/jimmunol.1600763
http://doi.org/10.1172/JCI140590
http://doi.org/10.1016/j.cell.2021.02.018
http://www.ncbi.nlm.nih.gov/pubmed/33713619
http://doi.org/10.1038/s41423-021-00754-0
http://doi.org/10.1016/j.virusres.2016.10.014
http://www.ncbi.nlm.nih.gov/pubmed/27888126
http://doi.org/10.1111/imr.12503
http://doi.org/10.1038/s41577-021-00522-1

	Introduction 
	Overview and Comparison of Systems-Transcriptomic Methods 
	Microarrays 
	RNA-Sequencing (RNA-Seq) 
	Single Cell RNA-Seq (scRNA-Seq) 
	Combined Transcriptomic and Proteomic Analysis Methods 
	Epigenetic Analysis Methods 
	Spatial Transcriptomics 

	Systems Biology Studies of the Immune Response during Acute and Chronic HCV Infection 
	Studies of Liver Tissue and Total PBMCs 
	Studies of CD8+ T Cells during Acute HCV Infection 
	Studies of CD8+ T Cells during Chronic HCV Infection and DAA Therapy 
	Studies of CD4+ T Cells during HCV Infection and DAA Therapy 
	Studies of B Cells 

	Proposed Integrated Systems Immunology Approach to Define Correlates of Protective Immunity against HCV and Response to Vaccination 
	Peripheral Blood 
	Liver and Lymph Nodes 
	Animal Models 
	Key Steps and Challenges Moving Forward 

	Concluding Remarks and Future Directions 
	References

