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Abstract

Most individuals exposed to hepatitis C virus (HCV) become persistently infected while a

minority spontaneously eliminate the virus. Although early immune events influence infec-

tion outcome, the cellular composition, molecular effectors, and timeframe of the host

response active shortly after viral exposure remain incompletely understood. Employing

specimens collected from people who inject drugs (PWID) with high risk of HCV exposure,

we utilized RNA-Seq and blood transcriptome module (BTM) analysis to characterize

immune function in peripheral blood mononuclear cells (PBMC) before, during, and after

acute HCV infection resulting in spontaneous resolution. Our results provide a detailed

description of innate immune programs active in peripheral blood during acute HCV infec-

tion, which include prominent type I interferon and inflammatory signatures. Innate immune

gene expression rapidly returns to pre-infection levels upon viral clearance. Comparative

analyses using peripheral blood gene expression profiles from other viral and vaccine stud-

ies demonstrate similarities in the immune responses to acute HCV and flaviviruses. Of

note, both acute dengue virus (DENV) infection and acute HCV infection elicit similar innate

antiviral signatures. However, while transient in DENV infection, this signature was sus-

tained for many weeks in the response to HCV. These results represent the first longitudinal

transcriptomic characterization of human immune function in PBMC during acute HCV

infection and identify several dynamically regulated features of the complex response to nat-

ural HCV exposure.
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Author summary

Hepatitis C virus (HCV) is a leading cause of liver disease, with an estimated 71 million

people infected worldwide. Following exposure, a subset of individuals spontaneously

clears the virus while a majority progress to chronic infection. The immune functions

active during the initial, acute infection by HCV are not well understood, due in part to

difficulties associated with studying the early stages of this disease in humans. Most indi-

viduals acutely infected with HCV are asymptomatic and do not initially seek medical

care, which presents challenges in conducting prospective longitudinal studies. Here, by

employing specimens from a rare research cohort of individuals sampled before infection,

during infection, and after spontaneous viral clearance, we use RNA-Seq to characterize

the early immune processes active in acute HCV. Our analysis identified a robust innate

antiviral gene signature that corresponds with HCV viremia. In addition, comparisons to

other immune transcriptomics datasets demonstrated that the immune response to acute

HCV shares many features with responses to flaviviruses. These results offer a detailed

longitudinal description of immune function active during the spontaneous resolution of

acute HCV infection and provide insight into the early events that may contribute to viral

clearance.

Introduction

Despite the recent breakthrough of highly effective direct acting antiviral therapies, hepatitis C

virus (HCV) remains a significant public health threat. New infections, especially among peo-

ple who inject drugs (PWID), are likely to increase in the absence of a prophylactic vaccine [1].

Effective vaccine development is hampered by our limited understanding of how protective

immunity is established in the acute stages of natural infections. Acute HCV infection has two

dichotomous outcomes, spontaneous resolution (~25% of infections) or chronic infection

(~75% of infections) [2]. Immune functions following viral exposure remain incompletely

understood due in part to the limited availability of paired pre-infection and longitudinal

acute infection research samples from recently exposed, largely asymptomatic individuals.

Previous work has established roles for innate and adaptive immunity in the host response

to acute HCV. Genetic polymorphisms at the IFNL3/4 locus, NK cell activity, and dendritic

cell function influence infection outcomes [3, 4]. Effective adaptive immunity is also essential

for HCV clearance. HCV-specific CD4 and CD8 T cell responses are induced in most acutely

infected individuals irrespective of outcome. However, failure to sustain CD4 T cell responses

is associated with viral persistence, which in turn leads to CD8 T cell dysregulation and

exhaustion [3, 4]. The role of B cells in acute HCV is less clear. Although not consistent across

all studies, anti-HCV neutralizing antibodies have been associated with spontaneous clearance

during primary and secondary infections, suggesting that they may contribute to long-term

protective immunity [5]. Kinetics and crosstalk between these innate and adaptive responses

remain incompletely defined.

Systems-level transcriptomic methods have emerged as powerful tools for profiling human

immune responses [6]. Examining peripheral blood transcriptome data has provided inte-

grated maps of host response dynamics following vaccination or infection, and the associated

interplay of innate and adaptive immune components [7–10]. Studies of the responses to yel-

low fever and influenza vaccines have identified shared gene expression signatures associated

with strong antibody responses [7, 9–12]. Related studies of influenza [13] and hepatitis B
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virus (HBV) vaccines [14] have underscored the role of baseline inflammation and host factors

in determining the outcome of vaccination. Although challenging due to logistical demands

and interindividual variation, analogous methods have also been successful in characterizing

the human immune response to “real world” acute infections by pathogens such as dengue

virus (DENV) [15]. We reasoned that similar transcriptomic approaches, with the potential to

extract large amounts of data from relatively limited sample material would be useful in char-

acterizing the response to acute HCV.

The first microarray studies of acute HCV infection performed on serial liver biopsies from

a limited number of chimpanzees showed that innate immune responses are rapidly induced

in the liver irrespective of infection outcome [16, 17]. Spontaneous HCV clearance was associ-

ated with upregulation of genes linked to CD4 T cells and lymphocyte migration to the liver

[16, 17]. More recent transcriptomic studies of HCV-specific T cells indicate that metabolic

dysregulation during acute infection may influence the outcome of the antiviral T cell response

[18]. Transcriptome analysis in human livers demonstrated elevated IFNγ–stimulated gene

expression in acute infection, but elevated IFNα–stimulated gene expression during chronic

infection [19]. Additional microarray studies described elevated interferon stimulated gene

(ISG) expression in peripheral immune cells during chronic HCV [20].

Despite our understanding of certain aspects of the host response to HCV, the composition

and dynamics of the early antiviral response in acute infection have not been fully defined.

Here, we characterize the host response to acute HCV through transcriptional profiling of

peripheral blood mononuclear cells (PBMC). We performed RNA-Seq on longitudinal sam-

ples collected before, during and after acute HCV infections that resulted in spontaneous reso-

lution or chronic infection. Our analysis provides a detailed characterization of the

inflammatory and ISG signatures active in the spontaneous resolution of acute HCV, and

identifies similarities with responses to flavivirus vaccines and infections.

Results

RNA-Seq analysis of PBMC from individuals before, during and after acute
HCV infection

Identifying and recruiting research subjects shortly after HCV exposure is challenging due to

the typically asymptomatic nature of the infection [2]. The Montreal Hepatitis C Cohort

(HEPCO) recruits and follows PWID at high risk of HCV exposure and infection [21]. Longi-

tudinal samples from this cohort provide a rare opportunity to explore the dynamics of the

immune response to acute HCV. Here, we examined PBMC from 14 individuals (Tables 1 and

2) who became infected with HCV, of whom 6 spontaneously cleared the virus (Resolution

group) and 8 progressed to chronic infection (Chronic group). We performed RNA-Seq on

PBMC samples collected at several time points relative to HCV exposure: Pre-infection, Early

acute, Late acute, and Follow up (Fig 1A) as described in Materials and methods.

We first performed principal component analysis (PCA) to assess the degree to which gene

expression patterns corresponded with sample group assignments. Within the Resolution

group, we observed clear separation (first principal component, 32.6% explained variance,

patient-specific variation removed as detailed in Materials and Methods) of the Early acute

samples from Pre-infection and Follow up samples (Fig 1B, and S1A Fig). Some of the Late

acute samples also separated from Pre-infection and Follow-up samples but grouped with the

Early acute samples; this grouping corresponded with detectable HCV viremia. Within the

Chronic group, although some general trends were apparent, PCA did not clearly separate

samples according to experimental group (S1A and S1B Fig). The cause of this intersample

heterogeneity in the chronic group is not clear. The Resolution and Chronic groups are similar
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with regard to age and ethnicity (Tables 1 and 2), and are drawn from the same populations.

At this limited sample size, we suspect that confounding self-reported factors (e.g. other minor

Table 1. Patient demographics and clinical information for samples analyzed by RNA-Seq: Resolution group.

Patient
Code

Sex Age at
infection

Ethnicity rs12979860 IFNL4
genotype

HCV
genotype

Testing
interval (days)a

Estimated days
post-infection

ALT
(U/L)

AST
(U/L)

HCV
viremia

R1 F 23 Indigenousb CC NDc 32

Pre-
infection

-196 29 33 -

Early
acute

16 199 80 +

Late acute 105 42 61 +

Follow up 503 31 57 -

R2 M 44 Caucasian CC 1a 65

Pre-
infection

-114 23 34 -

Early
acute

33 25 36 +

Follow up 340 28 38 -

R3 M 24 Caucasian CC 3a 71

Pre-
infection

-35 29 37 -

Early
acute

48 458 334 +

Late acute 126 18 26 -

Follow up 392 21 40 -

R4 M 25 Caucasian CC 1 84

Pre-
infection

-42 24 37 -

Early
acute

42 2076 1335 +

Late acute 138 18 30 -

Follow up 409 23 37 -

R5 F 38 Eastern
European

CC 3a 84

Pre-
infection

-131 33 25 -

Early
acute

42 618 807 +

Late acute 108 25 34 +

Follow up 197 19 28 -

R6 M 47 Caucasian CT 1a 91

Pre-
infection

-45 20 31 -

Early
acute

68 449 208 +

Late acute 130 37 39 +

Follow up 179 23 36 -

a The interval (in days) between the last negative and first positive HCV qualitative RNA test available on record. Values do not necessarily coincide with the availability

of research samples or research visits
b The term Indigenous respectfully refers to the First Nations, Inuit, and Métis Peoples of Canada
c ND: Not Done

https://doi.org/10.1371/journal.ppat.1007290.t001

Transcriptomic analysis of acute resolving HCV

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007290 September 17, 2018 4 / 24

https://doi.org/10.1371/journal.ppat.1007290.t001
https://doi.org/10.1371/journal.ppat.1007290


Table 2. Patient demographics and clinical information for samples analyzed by RNA-Seq: Chronic group.

Patient
Code

Sex Age at
infection

Ethnicity rs12979860 IFNL4
genotype

HCV
genotype

Testing interval
(days)a

Estimated days
post-infection

ALT
(U/L)

AST
(U/L)

HCV
viremia

C1 M 39 Caucasian CC 1a 76

Pre-
infection

-38 38 48 -

Early
acute

52 117 96 +

Late acute 117 48 54 +

Follow up 381 257 54 +

C2 M 43 Caucasian CC 1a 164

Pre-
infection

-166 33 56 -

Late acute 111 53 98 +

Follow up 444 34 84 +

C3 M 33 Caucasian CC 1a 91

Pre-
infection

-259 18 29 -

Early
acute

46 22 44 +

Late acute 103 436 299 +

Follow up 385 37 44 +

C4 M 26 Caucasian CC 3a 19

Pre-
infection

-342 30 30 -

Early
acute

37 481 294 +

Late acute 110 92 46 +

Follow up 381 259 175 +

C5 M 31 Indigenousb CT 1a 85

Pre-
infection

-125 35 36 -

Early
acute

43 287 171 +

Late acute 109 181 129 +

Follow up 406 87 63 +

C6 M 27 Caucasian CC 3 106

Pre-
infection

-53 26 25 -

Early
acute

53 69 58 +

Late acute 114 100 96 +

Follow up 374 100 50 +

C7 M 26 Caucasian CT 1a 162

Pre-
infection

-126 26 40 -

Late acute 126 162 203 +

Follow up 420 69 98 +

C8 M 31 Caucasian CC 1a 35

Pre-
infection

-66 18 33 -

Early
acute

26 110 84 +

(Continued)
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non-HCV infections, inflammatory conditions, etc.) may contribute to variation in gene

expression patterns. We reasoned that, given the considerable interindividual variation appar-

ent in human gene expression data generally, and the additional variation potentially intro-

duced by approximate time point sampling of “real world” acute HCV infection, a statistical

analysis on appropriately grouped samples would be most likely to provide high quality,

Table 2. (Continued)

Patient
Code

Sex Age at
infection

Ethnicity rs12979860 IFNL4
genotype

HCV
genotype

Testing interval
(days)a

Estimated days
post-infection

ALT
(U/L)

AST
(U/L)

HCV
viremia

Late acute 131 54 46 +

Follow up 284 38 40 +

a The interval (in days) between the last negative and first positive HCV qualitative RNA test available on record. Values do not necessarily coincide with the availability

of research samples or research visits
b The term Indigenous respectfully refers to the First Nations, Inuit, and Métis Peoples of Canada

https://doi.org/10.1371/journal.ppat.1007290.t002

Fig 1. Study design and differential gene expression analysis in the Resolution group. (A) Overall study design. (B) Principal component analysis
(PCA) of gene expression in the Resolution group (patient-specific gene expression variation removed as detailed in Materials and Methods). Color
denotes time point, shape denotes HCV viremia status. Ellipses indicate 68% normal probability for each group (for Resolution group, Late Acute
timepoint, ellipse plotted for positive HCV viremia samples only). (C) Summary of differential gene expression analysis results in the Resolution group.
See also S1 and S2 Tables.

https://doi.org/10.1371/journal.ppat.1007290.g001
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generalizable results regarding the immune response to HCV. Therefore, we chose to focus the

remainder of our analysis on the Resolution group, which we further partitioned based on

viremia status: Early acute, Late acute (positive HCV viremia), Late acute (negative HCV vire-

mia) and Follow up.

Acute HCV infection elicits a dynamic host response in peripheral immune
cells, which rapidly normalizes after viral clearance

We began our analysis by examining changes in individual gene expression patterns. Applying

differential gene expression testing across all time point groups, we detected numerous genes

whose expression values were significantly altered during acute HCV infection and resolution

(F-test q-value< 0.1, S1 Table). As gene expression dynamics and PCA (Fig 1B) suggested that

the most pronounced changes occurred in samples with detectable viremia, we conducted

pairwise differential gene expression testing for each post-infection time point group versus

pre-infection baseline. We detected 853 individual genes differentially expressed at the Early

acute time point, with few genes meeting significance thresholds in other groups (q-

value< 0.05, Fig 1C, S2 Table). Based on PCA (and subsequent analyses described below), the

low number of significant genes detected in the Late acute, positive HCV viremia group was

likely due to the small number of samples (n = 3) available for analysis. Overall, these results

indicate that during acute infection, the immune response to HCV includes substantial

changes to peripheral blood transcriptional signatures. These differences are most pronounced

during the Early acute stage of infection, but appear to persist (at least in part) during periods

of detectable viremia.

The immune response to acute HCV infection is characterized by
transcriptional changes associated with diverse immune functions,
including innate antiviral defense, B cells, monocytes and inflammation

With a goal of translating gene expression patterns to specific immune functions modulated in

acute HCV, we next focused our analysis on the differential regulation of blood transcriptome

modules (BTMs) [11, 22] rather than individual genes. Each BTM contains a set of genes with

correlated expression patterns, annotated with associated biological functions. Using the

MROAST gene set enrichment tool [23], we found 60 BTMs to be differentially enriched (q-

value< 0.05, details in Materials and methods) during Early acute infection as compared to

Pre-infection baseline (Fig 2B, S3 Table). Of note, as in the above differential gene expression

analysis, changes in BTM activity were apparent in the Late acute, positive HCV viremia group

but did not clear significance thresholds. At the Follow up time point, BTM activity was indis-

tinguishable from Pre-infection levels. The activities of all differentially enriched BTMs in

individual patient samples are presented in Fig 2A.

BTMs differentially enriched at the Early acute time point correspond to diverse immune

functions and cell types. We further classified enriched BTMs at high level biological annota-

tions based on categories defined by Kazmin et al [24]. Gene expression dynamics and direc-

tionality were generally similar for BTMs within the same category. Categories containing

BTMs upregulated in the response to Early acute HCV include interferon/antiviral sensing,

inflammatory/TLR/chemokines, monocytes, DC activation, and antigen presentation. Of note,

upregulation of the “T cell surface, activation (M36)” BTM corresponded with an increased

frequency of HCV-specific CD8+ T cells, as measured by peptide-MHC tetramer analysis (A2/

NS3-1073) for HLA-A�0201+ patient series (n = 3, S2 Fig). Multiple downregulated BTMs

were annotated in the B cell category. Taken together, these results indicate that the response

to acute HCV infection involves a robust innate antiviral gene expression program in
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peripheral immune cells, inflammatory signals, and changes associated with innate and adap-

tive cell types.

Acute HCV infection elicits a pronounced innate immune response typified
by Type I IFN stimulated gene expression in peripheral immune cells

During acute infection, HCV triggers a potent IFN-mediated antiviral response in the liver

[16, 17, 19, 25]. In our PBMC analysis, BTMs associated with the innate antiviral response

were strongly upregulated during acute HCV (Fig 2, S3 Fig). At Early and Late acute time

points, this upregulation corresponded with detectable HCV viremia; samples from individu-

als who achieved viral clearance by the Late acute time point displayed innate antiviral BTM

activity similar to Pre-infection levels. Based on these results, we sought to further characterize

our observations from BTM analysis using complementary reference data to describe the

innate antiviral response. We tested for enrichment of a 277 gene “PBMC ISG set” empirically

derived from RNA-Seq analysis of PBMC stimulated ex vivowith Type I IFN [26]. In agree-

ment with BTM results, this ISG collection was significantly upregulated in the Early acute and

the Late acute, positive HCV viremia time point groups, but not in the Late acute, negative

HCV viremia or Follow up time point groups (Fig 3A).

We extended this analysis to define which ISGs best define the PBMC innate antiviral

response to acute HCV by intersecting the PBMC ISG set with the list of differentially expressed

genes at the Early acute time point (as compared to Pre-infection). The resulting list, comprised

of 105 PBMC ISGs, includes ISGs previously implicated in the peripheral blood response to

HCV (CXCL10) [27–29], “classical” ISGs (Mx1, OAS1, ISG15), ISG transcription factors

(STAT1, STAT2, IRF7), as well as ISGs associated with immunomodulation (IL15, CD38).

When intersecting this “acute HCV PBMC ISG signature” with ISG lists derived from IFN stim-

ulated PBMC [30] or HCV liver microarray datasets (Fig 3B), we noted overlap (44/105 acute

HCV PBMC ISGs) with ISG induction in acutely infected chimpanzee liver ([25], 5–11 weeks

post-infection), and less overlap (16/105 acute HCV PBMC ISGs) with acutely infected human

liver ([19],<6 months post-infection). This discrepancy may be due to temporal differences in

liver biopsy acquisition; the human study sampled from a broader time window and described

a predominantly Type II IFN signature (perhaps reflecting infiltrating adaptive immune cells

later in infection). Overall, these results indicate that acute HCV infection, despite its hepato-

tropism, initiates a robust type I interferon response in peripheral immune cells.

To evaluate a component of this signature at the protein level, we measured levels of

CXCL10 (IP-10), an important factor in the innate response to HCV [27, 31, 32], in corre-

sponding plasma samples (available from most of the same patient-timepoint conditions

examined by RNA-Seq). Similar to the patterns observed in RNA-Seq data, plasma CXCL10

levels were elevated in all samples measured at the Early acute timepoint, and later returned to

baseline levels with viral clearance (Fig 3C). Furthermore, plasma CXCL10 values correlated

with PBMC CXCL10 expression levels measured by RNA-Seq (Pearson’s r = 0.69, p = 0.00071)

(Fig 3D). These data indicate that RNA-Seq gene expression measures in PBMC reflect the sys-

temic protein levels of an interferon-induced chemokine during acute HCV infection.

Fig 2. Acute HCV infection elicits a dynamic host response in peripheral immune cells. (A) Heatmap of median log2 fold-change sample level activity scores for the
60 BTMs differentially enriched (MROAST q-value< 0.05) at any time point (relative to Pre-Infection). Rows represent individual BTMs (category indicated on color
sidebar, right), columns represent individual patient samples at indicated time points. HCV viremia (presence/absence of viral RNA by RT-PCR) and transaminase
(AST, ALT) data are presented below corresponding samples. (B) “BTM dot plot” of differentially enriched BTMs by analysis group (relative to Pre-infection, any time
point, MROAST q-value< 0.05). Dot color and intensity indicate direction and magnitude (group-level BTM activity score), respectively, of differential BTM
enrichment. Dot size is proportional to significance (-log10 p-value, MROAST). BTM category indicated on color sidebar. HCV viremia status (presence/absence of viral
RNA by RT-PCR) is denoted by filled/unfilled boxes at bottom of plot. See also S3 Table. BTM list order is preserved between (A) and (B).

https://doi.org/10.1371/journal.ppat.1007290.g002
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B cell transcriptional signatures decrease in acute HCV infection

Several BTMs related to B cells (M47.0, M47.1, M69, S9) were found to be downregulated dur-

ing Early acute HCV infection (Fig 2B). The M54 (“BCR signaling”) BTM was a notable excep-

tion and was significantly upregulated in the Early acute time point group. Most individual

genes within downregulated B cell-associated BTMs demonstrated reduced expression values

(Fig 4A). Rather than a decrease in gene expression output by B cells, we suspected that such a

general reduction in B cell transcriptional signatures might correspond to a decrease in B cell

frequency within PBMC. Therefore, we used flow cytometry to quantify the relative frequency

(Fig 4B) and fold-change (Fig 4C) of CD19+ B cells in samples for which sufficient experimen-

tal material remained available. Although the limited sample numbers were insufficient to

achieve statistical significance in an analysis incorporating both time point and HCV viremia

status, we observed an intriguing trend of diminished B cell frequency as a fraction of total

PBMC (relative to Pre-infection values, per patient) that appeared to correspond to detectable

viremia at Early acute and Late acute time points (Fig 4B and 4C).

The immune response to acute HCV shares features with the response to
yellow fever vaccination

Peripheral blood transcriptome studies have been effective in providing useful “reference” pro-

files of protective immune responses to different vaccines [7, 9–11, 13]. In an effort to contex-

tualize the Acute HCV response with additional well-characterized responses to different

immune challenges, we compared acute HCV PBMC transcriptional profiles to analogous,

microarray studies of the PBMC response to live attenuated vaccines (yellow fever 17D, YFV;

influenza, LAIV), an inactivated viral vaccine (trivalent influenza vaccine, TIV), a polysaccha-

ride vaccine (meningococcal polysaccharide vaccine, MPSV4), and a conjugated polysaccha-

ride vaccine (meningococcal conjugate vaccine, MCV4). After measuring BTM enrichment

with GSEA (pre-ranked) [33] for each dataset (peak response vs. pre-vaccination, acute HCV

infection vs. Pre-Infection), we compared responses by overlap of differentially regulated

BTMs (GSEA FDR 0.01, workflow in S4 Fig). Similar to the analysis strategy described by Li

et al. [11], this approach enables qualitative comparisons across methods (RNA-Seq, different

microarray platforms), and modulates somewhat the statistical effects of varied sample sizes.

The acute HCV response shared more significant BTMs with YFV than with any other vaccine

(Fig 5). Both the acute HCV and YFV responses included interferon/antiviral sensing BTMs,

inflammation-associated BTMs, and modules related to T cell proliferation.

The immune response to acute HCV infection resembles the brief, early
response to acute DENV infection, but is sustained over many weeks

Although the above vaccine comparisons provide informative functional context regarding the

nature of the acute HCV response as compared to defined immune challenges, vaccines, by

Fig 3. The peripheral immune response to acute HCV infection is characterized by upregulated innate antiviral/interferon signatures. (A) Barcode plots depicting
differential enrichment of a PBMC ISG set for the indicated acute HCV time points relative to Pre-Infection. Red-blue color bar represents all genes ordered by
differential expression statistics (moderated t statistic) for the designated contrast. PBMC ISG set member genes are highlighted by vertical black lines. Corresponding
line plot displays sliding average of set enrichment. MROAST and CAMERA test p-values for PBMC ISG set enrichment are presented with each plot. (B) Heatmap
displaying scaled expression values (normalized log2 read counts per million, scaled to z-scores by gene) for acute HCV PBMC ISG signature genes (as described in text)
at Pre-Infection and Early acute time points. Select ISGs are annotated. Sidebars designate differential ISG expression in the indicated transcriptomics study (red
indicates concordant upregulation): Type I IFN–PBMC and Type II IFN–PBMC [30], Acute HCV–Liver (Human) [19], Acute HCV–Liver (Chimpanzee) [25]. See also
S4 Table. (C) Plasma CXCL10 concentration (pg/mL) for the indicated acute HCV time points. Each color (points/lines) denotes data from a single patient. (D) Plasma
CXCL10 concentration (pg/mL) and CXCL10 RNA-Seq gene expression measures (regularized log transformed counts) from corresponding PBMC samples. Point
color denotes time point analysis group, point shape denotes HCV viremia status (presence/absence of viral RNA by RT-PCR).

https://doi.org/10.1371/journal.ppat.1007290.g003
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Fig 4. Decreased B cell transcriptional signatures in acute HCV infection. (A) Heatmap displays individual patient sample scaled expression values
(normalized log2 read counts per million, scaled to z-scores by gene) for expressed genes composing select B cell-associated BTMs. BTM gene membership
is denoted in accompanying grid annotation. Dark grey boxes along bottom of heatmap indicate detectable HCV viremia. (B) CD19+ B cell frequency
(percentage of live PBMC as measured by flow cytometry) at indicated time points during acute HCV infection and resolution. Each color (points/lines)
denotes data from a single patient. Y-axis on log10 scale to facilitate visualization across different patients. (C) Log2 fold-change (relative to corresponding
patient pre-infection baseline) of CD19+ B cell frequency (percentage of live PBMC as measured by flow cytometry) at indicated time points during acute
HCV infection and resolution. Each color (points/lines) denotes data from a single patient.

https://doi.org/10.1371/journal.ppat.1007290.g004
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Fig 5. Comparison of immune responses to acute HCV and different vaccines. CIRCOS plot indicating BTM enrichment patterns shared between the Early acute
HCV and indicated vaccine responses (day 7 post-vaccination versus pre-vaccination baseline). BTMs are ordered along each vaccine (or HCV) segment by GSEA
Normalized enrichment score (NES) values in the corresponding dataset. Outer track color indicates HCV/vaccine dataset. Middle track heatmap plots NES values for
each BTM. Inner track histogram plots -log10 p-values (GSEA pre-ranked) for BTM enrichment (relative to baseline); red positive bars indicate upregulation, blue
negative bars indicate downregulation. For each vaccine group, each BTM demonstrating concordant activity (i.e. enriched, same directionality) with the response to
Early acute HCV (Resolution group) is linked by an arc (colored by vaccine) to the HCV segment. BTMs concordant between Early acute HCV and any vaccine dataset
are listed at right. Filled cells denote concordant enrichment relative to baseline (GSEA pre-ranked q-value< 0.01); red indicates upregulation, blue indicates
downregulation. BTM category indicated on color sidebar.

https://doi.org/10.1371/journal.ppat.1007290.g005
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definition, are not full potency infections. Therefore, in order to evaluate our HCV results in

relation to a bona fide viral infection, we compared the acute HCV response (RNA-Seq data

described here) to the response mounted against acute DENV infection (publicly available

whole blood microarray data) [15]. First, we partitioned the DENV dataset into three groups

based on distinct gene expression profiles (PCA analysis, S5 Fig); similar groupings were

observed by Kwissa et al in their original analysis. These groups correspond to viral load and

time post-symptom onset: High viral load (2–3 days), Moderate viral load (4–6 days), and Low

viral load (5–9 days). Next, we measured BTM enrichment (acute infection groups versus

matched convalescence “baselines”) and assessed which BTMs were similarly regulated in

acute resolving HCV and acute resolving DENV infection. We observed considerable overlap

in the BTM response to acute HCV and acute DENV, which included many of the modules

also identified in the YFV comparison (Fig 6). Concordant enrichment of BTMs was most

apparent in the DENV High viral load (2–3 days) condition, with increased activity of innate

antiviral BTMs, inflammation BTMs and T cell proliferation BTMs, and decreased activity of

B cell BTMs. Although upregulation of BTMs related to T cell proliferation seems to persist

through lower viral load/later DENV time points, many BTMs associated with the innate

response (inflammatory/TLR/chemokines, monocytes, a subset of interferon/antiviral sensing

BTMs) do not appear to be differentially enriched beyond the High viral load (2–3 days)

group. This analysis suggests that during acute DENV infection, the early host response is

characterized by inflammatory signals, B cell changes, and an innate antiviral signature, which

is diminished as the response incorporates adaptive immune functions (i.e. T cell prolifera-

tion). Although many of the same BTMs are involved, this temporal pattern is in sharp con-

trast to the timeline of the acute HCV response. At the Early acute stage (approximately 6

weeks post-infection), the HCV response appears similar to the apparently short-lived (days)

initial response to acute DENV infection.

Discussion

Here we present a detailed transcriptomic characterization of early events in the human

immune response to acute HCV infection in individuals that progress to spontaneous resolu-

tion. We detected wide-ranging changes in PBMC gene expression patterns, including those

consistent with pronounced innate antiviral programs and inflammatory mediators. The pat-

terns observed in the PBMC response to acute HCV shared many features with effective

immune responses to YFV and acute DENV infection. To our knowledge, this study repre-

sents the first longitudinal transcriptomic investigation of the PBMC response to acute HCV

in humans.

Studying the early immune response to HCV in humans is challenging, as infected individ-

uals are not usually recognized until they progress to chronic infection. Even if research sub-

jects are identified during acute stages, obtaining pre-infection samples for comparison is

often impossible. We addressed these difficulties in a rare longitudinal study of HCV-naïve

PWID [21, 34], through which we obtained acute infection and corresponding pre-infection

baseline samples. Given this “real world” setting, we observed considerable variability in data-

sets from different patients. Differences in gene expression patterns could be due to complex

factors associated with the PWID population enrolled in this study, including drug use, unsta-

ble socioeconomic conditions and exposures to additional (non-HCV) infections. Further-

more, the time of HCV infection is necessarily estimated and the samples grouped for each

time point are not perfectly synchronized. Problems in assigning datasets to distinct analysis

groups were particularly pronounced in samples from individuals who eventually progressed

to chronic infection. Although reasons for greater consistency of expression patterns in the
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Resolution group remain unclear, much of the variation in the Chronic group samples appears

unrelated to HCV infection timepoint (S1 Fig). We do not believe this heterogeneity is related

to infection outcome. These issues might be overcome with a larger sample size, which was

unfortunately not possible in the present study.

This study’s original goal was to identify disparities in the initial response to infection that

contribute to the differential outcomes of spontaneous infection versus chronicity. Indeed,

recently reported analyses of HCV-specific T cells suggest that differences in metabolic net-

works engaged early in infection contribute to viral clearance [18]. In our datasets, the hetero-

geneous gene expression patterns measured in the Chronic group precluded a direct

comparison to spontaneous resolution at this sample size. However, this longitudinal study

did enable a detailed characterization of the peripheral immune response to acute HCV infec-

tion that results in spontaneous resolution. Within the Resolution group, we structured our

analysis to evaluate changes relative to patient-specific Pre-infection samples and we observed

several consistent and concordant transcriptomic patterns across most subjects analyzed. With

the range of estimated infection dates, these results suggest that certain immune functions are

active to some extent for at least several weeks during acute HCV.

Our results define a pronounced innate antiviral gene expression program active in PBMC

during the Early acute stage of HCV infection. This response persisted through the Late acute

time point in individuals with detectable HCV viremia. These observations are consistent with

transcriptomic data from the chimpanzee model demonstrating rapid induction of ISGs in the

liver during early acute HCV [16, 17]. Furthermore, we observed overlap in the PBMC ISG sig-

nature identified here and ISG expression patterns in acute HCV liver biopsy samples from

infected patients and chimpanzees [19, 25]. This suggests that the innate antiviral response

against acute HCV is not restricted to the liver and that the peripheral blood response corre-

sponds to some extent with that at the site of infection. This response returned to baseline lev-

els following viral clearance, suggesting a dependence on viral RNA.

We also observed a decrease in gene signatures associated with B cells. Such changes could

reflect a decrease in B cell transcriptional activity, a decrease in the relative frequency of B

cells, or both. Based in part on trends observed in flow cytometry analysis of a limited number

of samples, we speculate that these patterns result from a diminished fraction of B cells within

PBMC during acute HCV viremia. Although it is possible that this pattern could simply be a

consequence of a corresponding relative increase in another cell type (e.g. monocytes, as sug-

gested by BTM enrichment), we did not detect significant decreases in BTMs associated with

other cell types (e.g. T cells, NK cells). As both RNA-Seq (as applied here to bulk PBMC sam-

ples) and flow cytometry are relative quantification methods, we cannot ascertain if these

changes correspond to a decrease in the absolute frequency of B cells in peripheral blood.

However, several recent studies have described mechanisms of virus- and IFN- mediated B

cell dysregulation [35–37]. Future studies including sample collection focused on absolute

immune cell quantification will be required to further explore this observation in the context

of acute HCV infection.

Fig 6. Comparison analysis of immune response to acute HCV and acute DENV infection. CIRCOS plot indicating BTM enrichment patterns shared between the
Early acute HCV and acute DENV responses (DENV subgroups as defined in the main text). BTMs are ordered along each DENV subgroup (or HCV) segment by
GSEA NES values in the corresponding dataset. Outer track color indicates HCV/DENV dataset. Middle track heatmap plots NES values for each BTM. Inner track
histogram plots -log10 p-values (GSEA pre-ranked) for BTM enrichment (relative to baseline); red positive bars indicate upregulation, blue negative bars indicate
downregulation. For each DENV subgroup, each BTM demonstrating concordant activity (i.e. enriched, same directionality) with the response to acute HCV is linked
by an arc to the HCV segment. Each arc is colored by directionality of concordant enrichment (red indicates upregulation, blue indicates downregulation). BTMs
concordant between acute HCV and any DENV subgroup dataset are listed at right. Filled cells denote concordant enrichment relative to baseline (Both acute HCV and
indicated DENV subgroup datasets GSEA pre-ranked q-value< 0.01); red indicates upregulation, blue indicates downregulation. BTM category indicated on color
sidebar.

https://doi.org/10.1371/journal.ppat.1007290.g006
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Our comparative analyses revealed notable similarities between host responses to acute

HCV and to effective vaccines. More specifically, we observed many shared features with the

response to YFV, a live attenuated flavivirus that may be thought of as approximating an acute

viral infection. As yellow fever virus is a related hepatotropic flavivirus, these similarities are

not entirely surprising. In addition, the immune response during Early acute HCV infection

shared many features with the immune response to acute DENV infection. Although challeng-

ing to make a formal comparison due to discrepancies in study design and timing, these quali-

tative results suggest that at least at some point during acute HCV, a response similar to that

elicited by DENV is induced, likely reflecting the core innate antiviral programs activated in

response to RNA virus infection. However, in acute HCV, ISG expression remains elevated

long after initial infection and is maintained for many weeks of detectable viremia. This pat-

tern is consistent with models in which adaptive immunity to HCV is delayed as compared to

flavivirus infections, despite apparently similar robust IFN responses [16, 38, 39]. Even in the

case of eventual spontaneous resolution, HCV outpaces these innate antiviral effectors, result-

ing in prolonged high-level viremia [38, 39]. Eventually, HCV-specific CD4 and CD8 T cells

arise to eliminate the virus, after which innate antiviral signatures rapidly normalize. Failure to

prime effective adaptive immunity results in chronic infection that is associated with persistent

ISG expression (reviewed in [3, 4]).

This longitudinal study provides an initial assessment of the peripheral immune response

to acute HCV at a systems level. Follow-up studies with a larger cohort and sufficient sample

availability for complementary experimental methods (e.g. comprehensive flow cytometry

analysis) will be required to validate these findings beyond the patients described here and

determine the impact of these dynamically regulated immune processes on the differential out-

come of acute HCV infection.

Materials andmethods

Ethics statement

This study was approved by the ethics committee of the Centre Hospitalier de l’Univer-

sité de Montréal (CHUM) (Protocol SL05.014). All research was conducted according to

the principles expressed in the Declaration of Helsinki. All subjects provided written

informed consent.

Patients and samples

Subjects with acute HCV were recruited among high-risk PWID participating in the HEPCO

cohort as previously described [21, 34]. Estimated date of infection (EDI) was calculated as the

median date between the last HCV negative and the first HCV positive test. Spontaneous viral

resolution (n = 6) or chronic infection (n = 8) was defined as the absence or presence of

HCV RNA, respectively, at 6 months post EDI (Cobas Ampliprep/Cobas TaqMan HCV Quali-

tative Test, version 2.0; Limit of detection: 15 IU/ml)). PBMC samples from four time points

were examined: i) Pre-infection baseline (Variable); ii) Early acute (2–9 weeks, mean 6 weeks);

iii) Late acute (15–20 weeks, mean 17 weeks); and iv) Follow up (25–71 weeks, mean 52

weeks). Subjects’ clinical characteristics, demographics, testing intervals and actual times post

EDI for each sample are presented in Tables 1 and 2.

RNA-Seq library preparation and data processing

Cryopreserved PBMC samples were thawed, viability was assessed using trypan blue (>90%

for all samples) and immediately processed for RNA extraction (approximately 7x106 PBMC
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per sample, range: 4 x 106–11 x 106) with the Qiagen RNEasy Mini kit. RNA quality was

assessed by Agilent Bioanalyzer 2100; all samples exhibited RNA integrity numbers (RIN)

greater than 8. RNA-Seq libraries were prepared with the Illumina TruSeq RNA Library Prepa-

ration Kit v2. Libraries were sequenced in multiplex on the Illumina HiSeq 2500 platform in

100 nucleotide, single-end read configuration (range 3 x 107–7 x 107 total reads per library).

Samples from the same patient series were always sequenced in the same multiplex pool to

minimize batch effects.

Reads were mapped to the human genome reference (hg19) using the Tophat (v2.0.8b)

alignment tool [40]. Read counts per gene were quantified against Ensembl (v66) transcript

reference annotations (appended with gene annotation for IFNL4) using HTSeq-count

(v0.5.4p3) [41].

Acute HCV gene expression and BTM analysis

Analysis was conducted within the R statistical framework. For principal component analysis,

read counts were normalized and variance stabilized by regularized log transformation (rlog()

function, DESeq2 package v1.18.1). Patient-specific gene expression variation was corrected

using the removeBatchEffect() function in the limma package (v3.26.9), specifying time point

and viremia status for preservation. For independent Spontaneous Resolution (Fig 1B) and

Chronic infection (S1B Fig) PCAs, analysis included the top 500 most variable genes across

samples from the indicated infection group. For joint Chronic Infection and Spontaneous Res-

olution PCA (S1A Fig), PCA was performed on a single gene list (top 1000 most variable genes

across all samples), and Chronic and Resolution groups were plotted separately to facilitate

visualization.

In order to incorporate the multiple covariates apparent in the experimental design, differ-

ential expression and BTM enrichment analyses were conducted with the voom-limma analy-

sis workflow (v3.26.9) [42]. Prior to differential expression analysis, a filter was applied to

remove genes with low expression values (genes with greater than one read count per million

(cpm) in at least four samples were designated as “expressed”); 14,138 genes passed filter and

were included in subsequent analyses. RNA-Seq read counts were scaled and normalized by

the trimmed mean of M values (TMM) method (implemented in the edgeR package [43, 44])

and log2 transformed using voom [45]. All differential gene and gene set analyses were based

on a linear model specifying covariates for patient, and a categorical joint factor incorporating

time point and viremia status (Pre-infection, Early acute [positive viremia], Late acute [positive

viremia], Late acute [negative viremia], Follow up). Differential gene and gene set analyses

were adjusted for multiple testing by the method of Benjamini and Hochberg [46].

BTM gene memberships and annotations were obtained from Li et al [11], and enrichment

tests were performed with MROAST [23] and the above described linear model. The

MROAST tool was selected due to its capacity for complex experimental designs and voom-

generated gene weights. Group level BTM activity scores were derived from the proportion of

genes in a given BTM contributing to significance (i.e. genes in BTM with |z|>
p
2) as

reported by MROAST, with sign indicating direction of enrichment relative to Pre-infection

baseline. For visualizing BTM changes per individual patients (Fig 2A), sample level fold-

change activity scores were calculated as the median log2 fold-changes (sample time point vs.

Pre-infection, per patient) of BTMmember genes for each module.

Acute HCV PBMC ISG signature

PBMC ISG set [26] enrichment testing was performed with ROAST [23] and CAMERA [47],

using the above described linear model. Genes within the PBMC ISG set found to be differentially
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expressed (q value< 0.05, S4 Table) at the Early acute time point relative to Pre-infection baseline

were selected as an “Acute HCV PBMC ISG signature.” The Acute HCV PBMC ISG signature

gene list was intersected with lists of differentially expressed genes in different biological contexts

as reported by corresponding publications: Acute HCV, Human Liver [19]; Acute HCV, Chim-

panzee liver [25]; Type I IFN and Type II IFN, Human PBMC ex vivo [30].

BTM enrichment comparison: Acute HCV infection and vaccine signatures

Microarray data for PBMC responses to the following vaccines were obtained from the GEO

database: YFV (GSE13485) [9], LAIV (GSE29615) and TIV (GSE29617) [48], MPSV4

(GSE52245) and MCV4 (GSE52245) [11]. In an effort to minimize the impact of different

study designs, transcriptome platforms (RNA-Seq, different microarrays) and sample sizes,

the GSEA (pre-ranked) approach was used to evaluate BTM activity in each individual dataset

as follows (S4 Fig). For each vaccine dataset, differential gene expression analysis for peak

response (day 7) versus pre-vaccination baseline (day 0) was performed with limma in parallel

analysis workflows. Only those genes represented in all datasets were maintained for subse-

quent analysis. For each dataset, genes were ranked by moderated t-statistics, and input to the

GSEA (pre-ranked) module on GenePattern (http://genepattern.broadinstitute.org). Compar-

ative profiles of BTMs enriched in both Acute HCV and vaccine datasets (CIRCOS plots) were

defined as the intersect of modules enriched at GSEA q value< 0.01 (concordant direction of

up/down regulation) for each dataset (for Acute HCV, time point vs. Pre-Infection; for vac-

cines, peak response versus baseline).

BTM enrichment comparison: Acute HCV infection and acute DENV
infection

Microarray data on the peripheral whole blood response to acute DENV infection [15] were

obtained from GEO (GSE51808). Samples without paired convalescent controls were not

included in analysis. Principal component analysis was used to identify distinct infection

groups based on gene expression patterns: High viral load (2–3 days), Moderate viral load (4–6

days), and Low viral load (5–9 days). Differential gene expression analysis (acute DENV infec-

tion versus paired convalescent “baseline” controls) for each infection group was performed

with limma. BTM profiles for each Acute HCV and DENV group were generated using the

GSEA (pre-ranked) approach as described for vaccine comparisons.

Flow cytometry

Cryopreserved PBMCs were thawed and analyzed using different panels for T cells and B cells

phenotyping against the following markers: CD3 (clone UCHT1), CD4 (clone RPA-T4), CD8

(clone SK1), CD10 (clone HI10a), CD19 (clone AJ25C1), CD20 (clone 2H7), CD21 (clone B-

ly4), CD38 (clone HB7), CD56 (clone NCAM 16.2), IgM (clone G20-127), HLA-DR (G46-6),

all from BD Bioscience (San Diego, CA); CD1 (clone L161), CD27 (Clone O323) both from

Thermo-Fisher (Waltham, MA); CD22 (Clone HIB22), IgG (clone M1310G05) both from Bio-

Legend (San Diego, CA). HLA-A2/NS3-1073 tetramers (HLA-A2 restricted HCV-NS3 peptide

aa 1073–1081 (CINGVCWTV)) were obtained from the NIH Tetramer Core facility (Emory

University, Atlanta, GA. Multiparameter flow cytometry was performed at the flow cytometry

core of the CRCHUM using a BD LSRII instrument equipped with violet (405 nm), blue (488

nm), yellow-green (561 nm) and red (633 nm) lasers and FACSDiva version 8.0.1 (BD Biosci-

ences). FCS data files were analyzed using FlowJo version 10.0.8 for Mac (Tree Star, Ashland,

OR). Fluorescence minus one controls were used to set the analysis gates.
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CXCL10 ELISA

CXCL10 levels in plasma were quantified using the human CXCL10/IP-10 Quantikine ELISA

Kit (R&D Systems Inc, Minneapolis, MN) according to the manufacturer’s protocol.

Supporting information

S1 Fig. Principal component analysis (PCA) of Resolution and Chronic group samples. (A)

Joint PCA for Resolution and Chronic group samples. PCA was conducted on variance stabi-

lized gene-level read counts, with correction for patient-specific gene expression variation as

detailed inMaterials and Methods. PCA included a single gene list (top 1000 most variable

genes across all samples), and Chronic and Resolution groups were plotted separately to facili-

tate visualization. Ellipses indicate 68% normal probability for each group (for Resolution

group, Late Acute timepoint, ellipse plotted for positive HCV viremia samples only).

(B) PCA for Chronic group samples. PCA was conducted on variance stabilized gene-level

read counts, with correction for patient-specific gene expression variation as detailed inMate-

rials and Methods. PCA was performed on the top 500 most variable genes across all Chronic

group samples. Ellipses indicate 68% normal probability for each group.

(PDF)

S2 Fig. Frequency of HCV-specific CD8+ T cells during Acute HCV infection. (A) Example

of HCV-tetramer (HLA-A2/NS3-1073) labeling as measured by flow cytometry (Patient R1).

Values indicate percentage of tetramer+ events in Live, CD3+CD8+ gate.

(B) Line plot displaying HCV-specific T cell frequencies as measured by flow cytometry for

n = 3 patients. Values indicate percentage of tetramer+ (HLA-A2/NS3-1073) events in Live,

CD3+CD8+ gate.

(PDF)

S3 Fig. PBMC interferon/innate antiviral response to acute HCV infection.Heatmap dis-

plays individual sample scaled expression values (normalized log2 read counts per million, cor-

rected for patient-specific variation, scaled to z-scores by gene) for expressed genes composing

enriched BTMs in the INTERFERON/ANTIVIRAL SENSING category. BTM gene member-

ship is denoted in accompanying grid annotation. Dark grey boxes along bottom of heatmap

indicate detectable HCV viremia.

(PDF)

S4 Fig. Schematic workflow for Comparative BTM enrichment analysis (Acute HCV infec-

tion and vaccine signatures). Full details in Materials and methods section.

(PDF)

S5 Fig. Principal component analysis (PCA) to determine sample groupings for acute

DENV infection microarray datasets. PCA was conducted on all samples with infection and

paired convalescence controls from GSE51808 [15]. After correction for sex-specific gene

expression variation by the RemoveBatchEffect() function in limma, PCA was performed on

the top 1000 most variable genes across all included samples. After assigning sample groupings

based on initial PCA, plot colors and ellipses were included to facilitate visualization of group

assignments. Ellipses indicate 68% normal probability for each group.

(PDF)

S1 Table. Differentially expressed genes across all Resolution timepoint group conditions

(F test, FDR 0.1). Columns labeled with timepoint group denote log2 fold-change in gene

expression for the indicated condition relative to Pre-Infection baseline.

(TXT)
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S2 Table. Differentially expressed genes, Resolution group, Early acute versus Pre-Infec-

tion baseline (FDR 0.05).

(TXT)

S3 Table. Differentially enriched BTMs, Resolution group, Early acute versus Pre-infection

baseline (MROAST FDR 0.05).

(TXT)

S4 Table. Acute HCV PBMC ISG signature. Genes within the PBMC ISG set found to be dif-

ferentially expressed (Resolution group, Early acute versus Pre-infection baseline, q

value< 0.05) with associated statistics.

(TXT)

Acknowledgments

We thank the Rockefeller University Genomics Resource Center and the CRCHUM flow

cytometry core for technical assistance. We also thank Mayte Suarez-Farinas and Joel Correa

da Rosa for helpful discussion and advice on statistical analyses.

Author Contributions

Conceptualization: Brad R. Rosenberg, Marion Depla, Charles M. Rice, Naglaa H. Shoukry.

Formal analysis: Brad R. Rosenberg, Marion Depla, Catherine A. Freije, Denis Gaucher.

Funding acquisition: Brad R. Rosenberg, Charles M. Rice, Naglaa H. Shoukry.

Investigation:Marion Depla, Denis Gaucher, Sabrina Mazouz, Maude Boisvert, Nathalie

Bédard.

Project administration: Naglaa H. Shoukry.

Resources: Julie Bruneau.

Supervision: Brad R. Rosenberg, Naglaa H. Shoukry.

Writing – original draft: Brad R. Rosenberg, Naglaa H. Shoukry.

Writing – review & editing: Brad R. Rosenberg, Marion Depla, Catherine A. Freije, Denis

Gaucher, Sabrina Mazouz, Maude Boisvert, Nathalie Bédard, Julie Bruneau, Charles M.

Rice, Naglaa H. Shoukry.

References
1. Martin NK, Vickerman P, Dore GJ, HickmanM. The hepatitis C virus epidemics in key populations

(including people who inject drugs, prisoners and MSM): the use of direct-acting antivirals as treatment
for prevention. Curr Opin HIV AIDS. 2015; 10(5):374–80. Epub 2015/08/08. https://doi.org/10.1097/
COH.0000000000000179 PMID: 26248124; PubMed Central PMCID: PMCPMC4659815.

2. Hajarizadeh B, Grebely J, Dore GJ. Epidemiology and natural history of HCV infection. Nat Rev Gastro-
enterol Hepatol. 2013; 10(9):553–62. Epub 2013/07/03. https://doi.org/10.1038/nrgastro.2013.107
PMID: 23817321.

3. Abdel-HakeemMS, Shoukry NH. Protective immunity against hepatitis C: many shades of gray. Front
Immunol. 2014; 5:274. Epub 2014/07/02. https://doi.org/10.3389/fimmu.2014.00274 PMID: 24982656;
PubMed Central PMCID: PMCPmc4058636.

4. Park SH, Rehermann B. Immune responses to HCV and other hepatitis viruses. Immunity. 2014; 40
(1):13–24. Epub 2014/01/21. https://doi.org/10.1016/j.immuni.2013.12.010 PMID: 24439265.

Transcriptomic analysis of acute resolving HCV

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007290 September 17, 2018 21 / 24

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007290.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007290.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007290.s009
https://doi.org/10.1097/COH.0000000000000179
https://doi.org/10.1097/COH.0000000000000179
http://www.ncbi.nlm.nih.gov/pubmed/26248124
https://doi.org/10.1038/nrgastro.2013.107
http://www.ncbi.nlm.nih.gov/pubmed/23817321
https://doi.org/10.3389/fimmu.2014.00274
http://www.ncbi.nlm.nih.gov/pubmed/24982656
https://doi.org/10.1016/j.immuni.2013.12.010
http://www.ncbi.nlm.nih.gov/pubmed/24439265
https://doi.org/10.1371/journal.ppat.1007290


5. Ball JK, Tarr AW, McKeating JA. The past, present and future of neutralizing antibodies for hepatitis C
virus. Antiviral Res. 2014; 105:100–11. Epub 2014/03/04. https://doi.org/10.1016/j.antiviral.2014.02.
013 PMID: 24583033; PubMed Central PMCID: PMCPMC4034163.

6. Nakaya HI, Pulendran B. Vaccinology in the era of high-throughput biology. Philos Trans R Soc Lond B
Biol Sci. 2015; 370(1671). Epub 2015/05/13. https://doi.org/10.1098/rstb.2014.0146 PMID: 25964458;
PubMed Central PMCID: PMCPMC4527391.

7. Obermoser G, Presnell S, Domico K, Xu H, Wang Y, Anguiano E, et al. Systems scale interactive explo-
ration reveals quantitative and qualitative differences in response to influenza and pneumococcal vac-
cines. Immunity. 2013; 38(4):831–44. Epub 2013/04/23. https://doi.org/10.1016/j.immuni.2012.12.008
PMID: 23601689; PubMed Central PMCID: PMCPmc3681204.

8. Chaussabel D, Pascual V, Banchereau J. Assessing the human immune system through blood tran-
scriptomics. BMC biology. 2010; 8:84. Epub 2010/07/14. https://doi.org/10.1186/1741-7007-8-84
PMID: 20619006; PubMed Central PMCID: PMCPmc2895587.

9. Querec TD, Akondy RS, Lee EK, CaoW, Nakaya HI, Teuwen D, et al. Systems biology approach pre-
dicts immunogenicity of the yellow fever vaccine in humans. Nat Immunol. 2009; 10(1):116–25. Epub
2008/11/26. doi: ni.1688 [pii] https://doi.org/10.1038/ni.1688 PMID: 19029902.

10. Gaucher D, Therrien R, Kettaf N, Angermann BR, Boucher G, Filali-Mouhim A, et al. Yellow fever vac-
cine induces integrated multilineage and polyfunctional immune responses. J Exp Med. 2008; 205
(13):3119–31. Epub 2008/12/03. doi: jem.20082292 [pii] https://doi.org/10.1084/jem.20082292 PMID:
19047440.

11. Li S, Rouphael N, Duraisingham S, Romero-Steiner S, Presnell S, Davis C, et al. Molecular signatures
of antibody responses derived from a systems biology study of five human vaccines. Nat Immunol.
2014; 15(2):195–204. Epub 2013/12/18. https://doi.org/10.1038/ni.2789 PMID: 24336226; PubMed
Central PMCID: PMCPMC3946932.

12. Nakaya HI, Hagan T, Duraisingham SS, Lee EK, Kwissa M, Rouphael N, et al. Systems Analysis of
Immunity to Influenza Vaccination across Multiple Years and in Diverse Populations Reveals Shared
Molecular Signatures. Immunity. 2015; 43(6):1186–98. Epub 2015/12/20. https://doi.org/10.1016/j.
immuni.2015.11.012 PMID: 26682988; PubMed Central PMCID: PMCPMC4859820.

13. Tsang JS, Schwartzberg PL, Kotliarov Y, Biancotto A, Xie Z, Germain RN, et al. Global analyses of
human immune variation reveal baseline predictors of postvaccination responses. Cell. 2014; 157
(2):499–513. Epub 2014/04/15. https://doi.org/10.1016/j.cell.2014.03.031 PMID: 24725414; PubMed
Central PMCID: PMCPMC4139290.

14. Fourati S, Cristescu R, Loboda A, Talla A, Filali A, Railkar R, et al. Pre-vaccination inflammation and B-
cell signalling predict age-related hyporesponse to hepatitis B vaccination. Nature communications.
2016; 7:10369. Epub 2016/01/09. https://doi.org/10.1038/ncomms10369 PMID: 26742691; PubMed
Central PMCID: PMCPMC4729923.

15. Kwissa M, Nakaya HI, Onlamoon N,Wrammert J, Villinger F, Perng GC, et al. Dengue virus infection
induces expansion of a CD14(+)CD16(+) monocyte population that stimulates plasmablast differentia-
tion. Cell Host Microbe. 2014; 16(1):115–27. Epub 2014/07/02. https://doi.org/10.1016/j.chom.2014.06.
001 PMID: 24981333; PubMed Central PMCID: PMCPMC4116428.

16. Su AI, Pezacki JP, Wodicka L, Brideau AD, Supekova L, Thimme R, et al. Genomic analysis of the host
response to hepatitis C virus infection. Proc Natl Acad Sci U S A. 2002; 99(24):15669–74. https://doi.
org/10.1073/pnas.202608199 PMID: 12441396.

17. Bigger CB, Brasky KM, Lanford RE. DNAmicroarray analysis of chimpanzee liver during acute resolv-
ing hepatitis C virus infection. J Virol. 2001; 75(15):7059–66. https://doi.org/10.1128/JVI.75.15.7059-
7066.2001 PMID: 11435586

18. Wolski D, Foote PK, Chen DY, Lewis-Ximenez LL, Fauvelle C, Aneja J, et al. Early Transcriptional
DivergenceMarks Virus-Specific Primary Human CD8(+) T Cells in Chronic versus Acute Infection.
Immunity. 2017; 47(4):648–63.e8. Epub 2017/10/19. https://doi.org/10.1016/j.immuni.2017.09.006
PMID: 29045899; PubMed Central PMCID: PMCPMC5708133.

19. Dill MT, Makowska Z, Duong FHT, Merkofer F, Filipowicz M, Baumert TF, et al. Interferon-γ-stimulated
genes, but not USP18, are expressed in livers of patients with acute hepatitis C. Gastroenterology.
2012; 143(3):777–86.e1-6. https://doi.org/10.1053/j.gastro.2012.05.044 PMID: 22677194

20. Asselah T, Estrabaud E, Bieche I, Lapalus M, DeMuynck S, Vidaud M, et al. Hepatitis C: viral and host
factors associated with non-response to pegylated interferon plus ribavirin. Liver Int. 2010; 30(9):1259–
69. Epub 2010/07/17. https://doi.org/10.1111/j.1478-3231.2010.02283.x PMID: 20633102; PubMed
Central PMCID: PMCPMC3071938.

21. Grebely J, Morris MD, Rice TM, Bruneau J, Cox AL, Kim AY, et al. Cohort profile: the International Col-
laboration of Incident HIV and Hepatitis C in Injecting Cohorts (InC3) Study. Int J Epidemiol. 2013; 42

Transcriptomic analysis of acute resolving HCV

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007290 September 17, 2018 22 / 24

https://doi.org/10.1016/j.antiviral.2014.02.013
https://doi.org/10.1016/j.antiviral.2014.02.013
http://www.ncbi.nlm.nih.gov/pubmed/24583033
https://doi.org/10.1098/rstb.2014.0146
http://www.ncbi.nlm.nih.gov/pubmed/25964458
https://doi.org/10.1016/j.immuni.2012.12.008
http://www.ncbi.nlm.nih.gov/pubmed/23601689
https://doi.org/10.1186/1741-7007-8-84
http://www.ncbi.nlm.nih.gov/pubmed/20619006
https://doi.org/10.1038/ni.1688
http://www.ncbi.nlm.nih.gov/pubmed/19029902
https://doi.org/10.1084/jem.20082292
http://www.ncbi.nlm.nih.gov/pubmed/19047440
https://doi.org/10.1038/ni.2789
http://www.ncbi.nlm.nih.gov/pubmed/24336226
https://doi.org/10.1016/j.immuni.2015.11.012
https://doi.org/10.1016/j.immuni.2015.11.012
http://www.ncbi.nlm.nih.gov/pubmed/26682988
https://doi.org/10.1016/j.cell.2014.03.031
http://www.ncbi.nlm.nih.gov/pubmed/24725414
https://doi.org/10.1038/ncomms10369
http://www.ncbi.nlm.nih.gov/pubmed/26742691
https://doi.org/10.1016/j.chom.2014.06.001
https://doi.org/10.1016/j.chom.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/24981333
https://doi.org/10.1073/pnas.202608199
https://doi.org/10.1073/pnas.202608199
http://www.ncbi.nlm.nih.gov/pubmed/12441396
https://doi.org/10.1128/JVI.75.15.7059-7066.2001
https://doi.org/10.1128/JVI.75.15.7059-7066.2001
http://www.ncbi.nlm.nih.gov/pubmed/11435586
https://doi.org/10.1016/j.immuni.2017.09.006
http://www.ncbi.nlm.nih.gov/pubmed/29045899
https://doi.org/10.1053/j.gastro.2012.05.044
http://www.ncbi.nlm.nih.gov/pubmed/22677194
https://doi.org/10.1111/j.1478-3231.2010.02283.x
http://www.ncbi.nlm.nih.gov/pubmed/20633102
https://doi.org/10.1371/journal.ppat.1007290


(6):1649–59. Epub 2012/12/04. https://doi.org/10.1093/ije/dys167 PMID: 23203695; PubMed Central
PMCID: PMCPmc3887561.

22. Chaussabel D, Baldwin N. Democratizing systems immunology with modular transcriptional repertoire
analyses. Nat Rev Immunol. 2014; 14(4):271–80. Epub 2014/03/26. https://doi.org/10.1038/nri3642
PMID: 24662387; PubMed Central PMCID: PMCPMC4118927.

23. WuD, Lim E, Vaillant F, Asselin-Labat ML, Visvader JE, Smyth GK. ROAST: rotation gene set tests for
complex microarray experiments. Bioinformatics. 2010; 26(17):2176–82. Epub 2010/07/09. https://doi.
org/10.1093/bioinformatics/btq401 PMID: 20610611; PubMed Central PMCID: PMCPMC2922896.

24. Kazmin D, Nakaya HI, Lee EK, JohnsonMJ, van der Most R, van den Berg RA, et al. Systems analysis
of protective immune responses to RTS,Smalaria vaccination in humans. Proc Natl Acad Sci U S A.
2017; 114(9):2425–30. Epub 2017/02/15. https://doi.org/10.1073/pnas.1621489114 PMID: 28193898;
PubMed Central PMCID: PMCPMC5338562.

25. Yu C, Boon D, McDonald SL, Myers TG, Tomioka K, Nguyen H, et al. Pathogenesis of hepatitis E virus
and hepatitis C virus in chimpanzees: similarities and differences. J Virol. 2010; 84(21):11264–78. Epub
2010/08/27. https://doi.org/10.1128/JVI.01205-10 PMID: 20739520; PubMed Central PMCID:
PMCPMC2953165.

26. Rosenberg BR, Freije CA, Imanaka N, Chen ST, Eitson JL, Caron R, et al. Genetic Variation at IFNL4
Influences Extrahepatic Interferon-Stimulated Gene Expression in Chronic HCV Patients. J Infect Dis.
2018; 217(4):650–5. Epub 2017/11/23. https://doi.org/10.1093/infdis/jix593 PMID: 29165633; PubMed
Central PMCID: PMCPMC5853921.

27. Grebely J, Feld JJ, Applegate T, Matthews GV, Hellard M, Sherker A, et al. Plasma interferon-gamma-
inducible protein-10 (IP-10) levels during acute hepatitis C virus infection. Hepatology. 2013; 57
(6):2124–34. Epub 2013/01/18. https://doi.org/10.1002/hep.26263 PMID: 23325615; PubMed Central
PMCID: PMCPMC3663887.

28. Shin EC, Park SH, Demino M, Nascimbeni M, Mihalik K, Major M, et al. Delayed induction, not impaired
recruitment, of specific CD8(+) T cells causes the late onset of acute hepatitis C. Gastroenterology.
2011; 141(2):686–95, 95.e1. Epub 2011/06/28. https://doi.org/10.1053/j.gastro.2011.05.006 PMID:
21699897; PubMed Central PMCID: PMCPMC3359650.

29. Zeremski M, Hooker G, Shu MA, Winkelstein E, BrownQ, Des Jarlais DC, et al. Induction of CXCR3-
and CCR5-associated chemokines during acute hepatitis C virus infection. J Hepatol. 2011; 55(3):545–
53. Epub 2011/01/25. https://doi.org/10.1016/j.jhep.2010.12.033 PMID: 21256906; PubMed Central
PMCID: PMCPMC3094733.

30. Waddell SJ, Popper SJ, Rubins KH, Griffiths MJ, Brown PO, Levin M, et al. Dissecting interferon-
induced transcriptional programs in human peripheral blood cells. PLoS One. 2010; 5(3):e9753. Epub
2010/03/27. https://doi.org/10.1371/journal.pone.0009753 PMID: 20339534; PubMed Central PMCID:
PMCPMC2842296.

31. Beinhardt S, Aberle JH, Strasser M, Dulic-Lakovic E, Maieron A, Kreil A, et al. Serum level of IP-10
increases predictive value of IL28B polymorphisms for spontaneous clearance of acute HCV infection.
Gastroenterology. 2012; 142(1):78–85 e2. Epub 2011/12/24. https://doi.org/10.1053/j.gastro.2011.09.
039 PMID: 22192885.

32. Hajarizadeh B, Lamoury FM, Feld JJ, Amin J, Keoshkerian E, Matthews GV, et al. Alanine aminotrans-
ferase, HCV RNA levels and pro-inflammatory and pro-fibrogenic cytokines/chemokines during acute
hepatitis C virus infection. Virology journal. 2016; 13:32. Epub 2016/02/26. https://doi.org/10.1186/
s12985-016-0482-x PMID: 26911712; PubMed Central PMCID: PMCPMC4765111.

33. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set enrichment
analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl
Acad Sci U S A. 2005; 102(43):15545–50. Epub 2005/10/04. doi: 0506580102 [pii] https://doi.org/10.
1073/pnas.0506580102 PMID: 16199517.

34. Cox AL, Page K, Bruneau J, Shoukry NH, Lauer GM, Kim AY, et al. Rare birds in North America: acute
hepatitis C cohorts. Gastroenterology. 2009; 136(1):26–31. Epub 2008/12/09. doi: S0016-5085(08)
02080-5 [pii] https://doi.org/10.1053/j.gastro.2008.11.049 PMID: 19059257.

35. Fallet B, Narr K, Ertuna YI, RemyM, Sommerstein R, Cornille K, et al. Interferon-driven deletion of anti-
viral B cells at the onset of chronic infection. Science Immunology. 2016; 1(4). https://doi.org/10.1126/
sciimmunol.aah6817 PMID: 27872905

36. Moseman EA,Wu T, de la Torre JC, Schwartzberg PL, McGavern DB. Type I interferon suppresses
virus-specific B cell responses by modulating CD8+ T cell differentiation. Science Immunology. 2016; 1
(4). https://doi.org/10.1126/sciimmunol.aah3565

37. Sammicheli S, KukaM, Di Lucia P, de Oya NJ, De Giovanni M, Fioravanti J, et al. Inflammatory mono-
cytes hinder antiviral B cell responses. Science Immunology. 2016; 1(4). https://doi.org/10.1126/
sciimmunol.aah6789 PMID: 27868108

Transcriptomic analysis of acute resolving HCV

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007290 September 17, 2018 23 / 24

https://doi.org/10.1093/ije/dys167
http://www.ncbi.nlm.nih.gov/pubmed/23203695
https://doi.org/10.1038/nri3642
http://www.ncbi.nlm.nih.gov/pubmed/24662387
https://doi.org/10.1093/bioinformatics/btq401
https://doi.org/10.1093/bioinformatics/btq401
http://www.ncbi.nlm.nih.gov/pubmed/20610611
https://doi.org/10.1073/pnas.1621489114
http://www.ncbi.nlm.nih.gov/pubmed/28193898
https://doi.org/10.1128/JVI.01205-10
http://www.ncbi.nlm.nih.gov/pubmed/20739520
https://doi.org/10.1093/infdis/jix593
http://www.ncbi.nlm.nih.gov/pubmed/29165633
https://doi.org/10.1002/hep.26263
http://www.ncbi.nlm.nih.gov/pubmed/23325615
https://doi.org/10.1053/j.gastro.2011.05.006
http://www.ncbi.nlm.nih.gov/pubmed/21699897
https://doi.org/10.1016/j.jhep.2010.12.033
http://www.ncbi.nlm.nih.gov/pubmed/21256906
https://doi.org/10.1371/journal.pone.0009753
http://www.ncbi.nlm.nih.gov/pubmed/20339534
https://doi.org/10.1053/j.gastro.2011.09.039
https://doi.org/10.1053/j.gastro.2011.09.039
http://www.ncbi.nlm.nih.gov/pubmed/22192885
https://doi.org/10.1186/s12985-016-0482-x
https://doi.org/10.1186/s12985-016-0482-x
http://www.ncbi.nlm.nih.gov/pubmed/26911712
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1073/pnas.0506580102
http://www.ncbi.nlm.nih.gov/pubmed/16199517
https://doi.org/10.1053/j.gastro.2008.11.049
http://www.ncbi.nlm.nih.gov/pubmed/19059257
https://doi.org/10.1126/sciimmunol.aah6817
https://doi.org/10.1126/sciimmunol.aah6817
http://www.ncbi.nlm.nih.gov/pubmed/27872905
https://doi.org/10.1126/sciimmunol.aah3565
https://doi.org/10.1126/sciimmunol.aah6789
https://doi.org/10.1126/sciimmunol.aah6789
http://www.ncbi.nlm.nih.gov/pubmed/27868108
https://doi.org/10.1371/journal.ppat.1007290


38. Thimme R, Oldach D, Chang KM, Steiger C, Ray SC, Chisari FV. Determinants of viral clearance and
persistence during acute hepatitis C virus infection. J Exp Med. 2001; 194(10):1395–406. PMID:
11714747

39. Thimme R, Bukh J, Spangenberg HC, Wieland S, Pemberton J, Steiger C, et al. Viral and immunologi-
cal determinants of hepatitis C virus clearance, persistence, and disease. Proc Natl Acad Sci U S A.
2002; 99(24):15661–8. https://doi.org/10.1073/pnas.202608299 PMID: 12441397.

40. Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. TopHat2: accurate alignment of tran-
scriptomes in the presence of insertions, deletions and gene fusions. Genome biology. 2013; 14(4):
R36. Epub 2013/04/27. https://doi.org/10.1186/gb-2013-14-4-r36 PMID: 23618408; PubMed Central
PMCID: PMCPMC4053844.

41. Anders S, Pyl PT, Huber W. HTSeq—a Python framework to work with high-throughput sequencing
data. Bioinformatics. 2015; 31(2):166–9. Epub 2014/09/28. https://doi.org/10.1093/bioinformatics/
btu638 PMID: 25260700; PubMed Central PMCID: PMCPMC4287950.

42. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers differential expression analy-
ses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015; 43(7):e47. Epub 2015/01/
22. https://doi.org/10.1093/nar/gkv007 PMID: 25605792; PubMed Central PMCID: PMCPMC4402510.

43. RobinsonMD, Oshlack A. A scaling normalization method for differential expression analysis of RNA-
seq data. Genome biology. 2010; 11(3):R25. Epub 2010/03/04. https://doi.org/10.1186/gb-2010-11-3-
r25 PMID: 20196867; PubMed Central PMCID: PMC2864565.

44. RobinsonMD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential expression
analysis of digital gene expression data. Bioinformatics. 2010; 26(1):139–40. Epub 2009/11/17. https://
doi.org/10.1093/bioinformatics/btp616 PMID: 19910308; PubMed Central PMCID: PMC2796818.

45. Law CW, Chen Y, Shi W, Smyth GK. voom: Precision weights unlock linear model analysis tools for
RNA-seq read counts. Genome biology. 2014; 15(2):R29. Epub 2014/02/04. https://doi.org/10.1186/
gb-2014-15-2-r29 PMID: 24485249; PubMed Central PMCID: PMCPMC4053721.

46. Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to
Multiple Testing. Journal of the Royal Statistical Society Series B (Methodological). 1995; 57(1):289–
300.

47. WuD, Smyth GK. Camera: a competitive gene set test accounting for inter-gene correlation. Nucleic
Acids Res. 2012; 40(17):e133. Epub 2012/05/29. https://doi.org/10.1093/nar/gks461 PMID: 22638577;
PubMed Central PMCID: PMCPMC3458527.

48. Nakaya HI, Wrammert J, Lee EK, Racioppi L, Marie-Kunze S, HainingWN, et al. Systems biology of
vaccination for seasonal influenza in humans. Nat Immunol. 2011; 12(8):786–95. Epub 2011/07/12.
https://doi.org/10.1038/ni.2067 PMID: 21743478; PubMed Central PMCID: PMCPMC3140559.

49. Edgar R, Domrachev M, Lash AE. Gene Expression Omnibus: NCBI gene expression and hybridization
array data repository. Nucleic Acids Res. 2002; 30(1):207–10. Epub 2001/12/26. PMID: 11752295;
PubMed Central PMCID: PMCPMC99122.

Transcriptomic analysis of acute resolving HCV

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007290 September 17, 2018 24 / 24

http://www.ncbi.nlm.nih.gov/pubmed/11714747
https://doi.org/10.1073/pnas.202608299
http://www.ncbi.nlm.nih.gov/pubmed/12441397
https://doi.org/10.1186/gb-2013-14-4-r36
http://www.ncbi.nlm.nih.gov/pubmed/23618408
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1093/bioinformatics/btu638
http://www.ncbi.nlm.nih.gov/pubmed/25260700
https://doi.org/10.1093/nar/gkv007
http://www.ncbi.nlm.nih.gov/pubmed/25605792
https://doi.org/10.1186/gb-2010-11-3-r25
https://doi.org/10.1186/gb-2010-11-3-r25
http://www.ncbi.nlm.nih.gov/pubmed/20196867
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
https://doi.org/10.1186/gb-2014-15-2-r29
https://doi.org/10.1186/gb-2014-15-2-r29
http://www.ncbi.nlm.nih.gov/pubmed/24485249
https://doi.org/10.1093/nar/gks461
http://www.ncbi.nlm.nih.gov/pubmed/22638577
https://doi.org/10.1038/ni.2067
http://www.ncbi.nlm.nih.gov/pubmed/21743478
http://www.ncbi.nlm.nih.gov/pubmed/11752295
https://doi.org/10.1371/journal.ppat.1007290

