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Polymorphisms at IFNL4 strongly influence spontaneous res-
olution and interferon therapeutic response in hepatitis C
virus (HCV) infection. In chronic HCV, unfavorable alleles
are associated with elevated interferon (IFN)-stimulated gene
(ISG) expression in the liver, but extrahepatic effects are less
well characterized. We used RNA sequencing (RNA-Seq) to
examine whether IFNL4 genetic variation (rs368234815) mod-
ulates ISG expression in peripheral blood mononuclear cells
(PBMC) during chronic HCV infection. ISG expression was
elevated in unstimulated PBMC homozygous for the unfavor-
able AG IFNL4 variant; expression following IFN-a stimulation
was comparable across genotypes. These findings suggest that
lambda interferons may have broader systemic effects during
HCYV infection.
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Type III interferons (IFN-III), which include IFNL1, IFNL2,
IFNL3, and IFNL4, are antiviral cytokines thought to act pri-
marily at epithelial surfaces. Like type I interferons (IFN-I),
IFN-III induce hundreds of interferon-stimulated genes (ISGs).
IFN-IIT play significant roles in the host response to hepatitis
C virus (HCV) infection. IFN-IIT are induced by HCV infec-
tion in liver and in primary human hepatocytes [1]. Noncoding
genetic polymorphisms proximal to (rs8099917) and intronic
within (rs12979860) the IFNL4 gene are strongly associated
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with exogenous IFN-I therapeutic response and spontaneous
clearance of HCV (reviewed in [2]). An additional variant,
rs368234815, in IFNL4 similarly influences the outcome of acute
HCYV infection and response to IFN-I therapy [3]. This site has 2
different alleles: AG (encoding an apparent IFNL4 open reading
frame [ORF]) or TT (frameshift variant that disrupts the IFNL4
ORF). Somewhat surprisingly, the AG genotype is associated
with unfavorable clinical outcomes. These polymorphic sites are
in strong linkage disequilibrium.

Most functional studies on the effects of IEN-III single
nucleotide polymorphisms (SNPs) in HCV have focused on
hepatocytes and hepatic tissue. IFNL4 SNPs (rs8099917 and
rs12979860) are associated with altered viral kinetics and fibro-
sis progression in the liver of HCV patients [4, 5]. In cultured
primary human hepatocytes, the rs12979860 SNP affects antivi-
ral responses [6]. Less is known about the role of IFN-III genetic
variation in nonhepatic tissue. We therefore sought to determine
whether IFN-III genetic variation impacts functional responses
in extrahepatic cells from chronic HCV patients. We treated
patient peripheral blood mononuclear cells (PBMCs) ex vivo
with IFN-I and assessed the impact of IFNL4 genotype on global
transcriptome responses by RNA sequencing (RNA-Seq). Our
data indicate that, in chronic HCV, IFNL4 genotype influences
baseline ISG expression levels in PBMC, and thereby affects
the ISG response to additional IFN-I stimulation. These studies
demonstrate a functional link between IFNL4 genetic variation
and the immune response in cells of extrahepatic origin.

METHODS

Patients and Cells

Blood samples were collected from consenting patients receiv-
ing care for chronic HCV at New York Presbyterian Hospital/
Weill Cornell Medicine. PBMCs were isolated by Ficoll gradient
centrifugation and cryopreserved in liquid nitrogen. Protocols
were carried out under approval from institutional review
boards of Weill Cornell Medicine and Rockefeller University.

Cell Treatment and Nucleic Acid Extraction

Cryopreserved PBMCs were thawed in RPMI supplemented
with 10% fetal bovine serum (FBS) and incubated at 37°C
overnight. The next day, cells were either mock treated or
treated with 10 U/mL Intron A (recombinant IFN-a2b, Merck)
for 4 hours. PBMC DNA and RNA were extracted with the
DNeasy Blood and Tissue Kit (Qiagen) and the RNeasy Mini
Kit (Qiagen), respectively. PBMC samples for targeted RNA
expression (TREx) and quantitative reverse transcription
polymerase chain reaction (qQRT-PCR) analyses were thawed
and treated independently from samples used in RNA-Seq
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experiments (same patient collection and RNA extraction pro-
cedure, different cryovial aliquots; specific samples are detailed
in Supplementary Table 1).

IFNL4 SNP Genotyping

DNA samples were genotyped for the 1512979860 SNP using
primers F: GGGACCGCTACGTAAGTCAC and R: CGCT
TATCGCATACGGCTA and for the rs368234815 and rs1176
48444 variants using primers F: ACTGTGTGTGCTGTGCCTT
C and R: GGACGAGAGGGCGTTAGAG. PCR amplicons were
directly sequenced by Sanger method to determine genotype.

RNA-Seq Library Preparation

RNA-Seq libraries were prepared from PBMC total RNA sam-
ples with the Illumina TruSeq RNA Sample Preparation v2
kit. Libraries were pooled and sequenced in multiplex on the
Mumina HiSeq 2500 platform, generating 13-15 million 100 nt
single-end reads per library.

RNA-Seq Data Processing and Analysis

RNA-Seq reads were mapped to the human genome (hg19, sup-
plemented with Ensembl v66 transcript annotations) using the
Tophat (v2.0.3) software package [7]. Per gene read counts were
quantified on Ensembl v66 annotations appended with IFNL4
transcript information.

Differential gene expression analysis was performed using
the voom/limma (v3.22.4) tools [8], with linear models
including factors for IFNL4 rs368234815 genotype, sex, and
IFN-a stimulation. For defining the set of genes induced by
IFN-a (PBMC ISG set), samples were grouped into 2 condi-
tions (unstimulated and IFN-a-stimulated) and contrasted
directly. For all other differential expression analyses, samples
were grouped by IFNL4 rs368234815 SNP genotype and con-
trasted as indicated.

ISG set enrichment testing was performed with CAMERA
[9], using linear model factors detailed above. Gene ontol-
ogy (GO) term enrichment analyses were conducted with
the GOrilla
P value ranked gene lists (differential expression for each IFNL4

webtool  (http://cbl-gorilla.cs.technion.ac.il/);
rs368234815 genotype pairwise comparison, all expressed pro-
tein-coding genes) were used as input.

Targeted RNA Expression Assay

Targeted RNA expression (TREx) probes for 150 PBMC ISGs
and 10 “housekeeping” normalization genes (Supplementary
File 6) were designed with the Illumina DesignStudio webtool.
TREx libraries were prepared with the Illumina TruSeq
Targeted RNA Expression Kit and sequenced on the MiSeq
platform, generating an average of 3.75 x 10° reads per sample
(range 2.9 x 10* to 8.0 x 10°). One patient sample set (p9) was
removed from analysis due to insufficient read depth. Illumina
MiSeq Reporter software (v2.5.1) was used to conduct pairwise
differential expression analyses.

RESULTS

We obtained PBMCs from 23 treatment-naive patients chron-
ically infected with HCV prior to their treatment with IFN-a
(Supplementary Table 1). We genotyped PBMCs at IFNL4 SNPs
rs12979860, rs368234815, and rs117648444 (Supplementary
Table 1). Because rs368234815 has been shown to be most
predictive of spontaneous clearance and treatment outcomes
(reviewed in [10]) we focused our analyses on samples grouped
by this variant. Of note, one patient was discordant for the
rs12979860/1s368234815 haplotype (pl8, rs12979860 CT,
15368234815 AG/AG). Of the 23 patients, 7 were assigned to the
TT/TT group (homozygous for the clinically favorable allele),
9 to the TT/AG group, and 7 to the AG/AG group (homozy-
gous for the unfavorable allele). Although most patients were
infected with HCV genotype 1, this cohort also included sev-
eral patients infected with other HCV genotypes (detailed in
Supplementary Table 1).

To characterize the integrative effects of IFN-III polymor-
phisms and IFN-I stimulation on PBMC gene expression
patterns, we performed RNA-Seq on unstimulated and IFN-a-
stimulated cells and conducted several complementary gene
expression analyses. We first defined the specific ISGs induced
by PBMC in response to IFN-a. We identified 272 genes as
significantly upregulated (g value < 0.05, log, fold-change >1)
when comparing IFN-a stimulation to unstimulated cells, irre-
spective of IFNL4 genotype (Figure 1A; Supplementary File 1).
This “PBMC ISG set” includes “classical” ISGs (eg, MX1, OAS],
STAT1, ISG15), as well as ISGs typically associated with leuko-
cyte functions (eg, CD38, TNFSF13B, IL15, ILI5RA).

We next examined whether IFNL4 rs368234815 genotypes
affected the magnitude of ISG induction in IFN-a-stimulated
PBMC. We observed pronounced increases in ISG expression
for all stimulated samples. However, in pairwise comparisons of
IFNL4 rs368234815 genotypes (IFN-a-stimulated vs unstimu-
lated), we found significant (g value < 0.05) differential induction
of numerous ISGs across the genotype groups (Supplementary
File 2). In general, we observed higher fold-change values for
many ISGs in the TT/TT and TT/AG groups as compared to
the AG/AG group (Figures 1B, 1C). No ISGs cleared signif-
icance thresholds in the TT/AG versus TT/TT comparison.
To determine if differences in single gene fold-change values
reflect a broader differential induction of the IFN-I response,
we performed gene set enrichment testing for the PBMC ISG
set across 15368234815 genotypes. As a set, ISGs were induced
with lower fold-change values in AG/AG PBMC than other
genotypes (Figure 1D); these differences were highly significant
(P=1.5x10"TT/TTvs AG/AG; P=2.7 x 107, TT/AG vs AG/
AG). These results indicate that in chronic HCV infection, the
fold-change induction of an ex vivo IFN-I response is reduced
in PBMC homozygous for IFNL4 rs368234815 AG/AG relative
to other genotypes.
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Figure 1. Interferon-stimulated gene (ISG) fold-change induction is attenuated in chronic hepatitis C virus (HCV) peripheral blood mononuclear cells (PBMCs) homozygous

for AG/AG genotype at IFNL4 rs368234815 single nucleotide polymarphism (SNP). PBMC from individuals with chronic HCV were mock treated or stimulated with interfer-
on-alpha (IFN-a) ex vivo and examined by RNA-Seq for gene expression fold-change analysis. A, Volcano plot depicting average fold-change in gene expression for PBMC
samples (chronic HCV patients, n = 23) in response to IFN-a stimulation. PBMC IFN-stimulated gene (ISG) set (highlighted in green) was defined as g value < 0.05, log, fold-
change > 1, IFN-o. stimulated versus unstimulated. B, PBMC ISG average fold-change expression (IFN-a. simulated vs unstimulated) by /FNL4 rs368234815 SNP genotype (TT/
TT,n=7; TT/AG, n = 9; AG/AG, n = 7). Points are colored by —log,, Pvalue for indicated pairwise contrast. C, Individual sample fold-change expression (IFN-o. simulated vs
unstimulated) for the top 5 differentially induced ISGs in any pairwise contrasts (ranked by Ftest Pvalue). D, Barcode plots representing PBMC ISG set enrichment in fold-
change expression (IFN-a simulated vs unstimulated) by /FNL4 rs368234815 SNP genotype. PBMC ISGs (black bars) are ranked among all expressed genes by moderated ¢
statistic for IFNL4 rs368234815 SNP genotype pairwise contrasts specified. Pvalues for CAMERA gene set tests are indicated.

Because the above analysis was based on fold-change val-
ues (IFN-a-stimulated relative to unstimulated) across IFNL4
genotypes, we sought to determine whether our results could
be explained by differences in underlying gene expression pat-
terns for unstimulated cells, IFN-a-stimulated cells, or both.
We conducted independent data analyses in which IFNL4
genotype groups were contrasted solely in unstimulated or in
IFN-a-stimulated conditions. In the unstimulated condition,
we first used GO term enrichment analysis to annotate dif-
ferential gene expression across IFNL4 genotypes. We found
numerous GO terms significantly enriched (g value < 0.01,
Supplementary File 3) in TT/TT versus AG/AG (61 GO terms)
and TT/AG versus AG/AG (73 GO terms) comparisons, but
none in the TT/TT versus TT/AG contrast. The majority of
significant GO terms were limited to innate antiviral immu-
nity and IFN-I signaling (Supplementary File 3; Figure 2A),

suggesting that genotype-associated differences in IFN sig-
naling are evident in PBMC despite the absence of exogenous
IFN-a stimulation.

We next tested for differential gene expression in the unstim-
ulated condition. We detected 37 individual genes, many of
which were ISGs, differentially expressed across genotypes
(Ftestgvalue < 0.05, Supplementary File 4; Figure 2B). Although
many individual ISGs failed to clear significance thresholds, as a
set, ISGs were expressed at significantly higher levels in unstim-
ulated PBMC homozygous for IFNL4 5368234815 AG/AG poly-
morphism than in other genotypes (Figure 2E) (P = 6.4 x 107,
TT/TT vs AG/AG; P = 3.2 x 107°, TT/AG vs AG/AG). These
expression patterns indicate that in chronic HCV infection,
unstimulated PBMC homozygous for IFNL4 rs368234815 AG/
AG express many ISGs at elevated levels compared to other gen-
otypes (further detailed in Supplementary Figure 1).
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Figure 2. Interferon-stimulated gene (ISG) expression is elevated in unstimulated chronic hepatitis C virus (HCV) peripheral blood mononuclear cells (PBMCs) homozygous
for AG/AG genotype at IFNL4 rs368234815 single nucleotide polymorphism (SNP), but reaches similar expression levels across all genotypes upon interferon-alpha (IFN-a)
stimulation. PBMC from individuals with chronic HCV were mock treated or stimulated with IFN-a and subjected to RNA-Seq. Differential gene expression was analyzed for
IFNL4 rs368234815 SNP genotype groups (TT/TT, n = 7; TT/AG, n = 9; AG/AG, n = 7) within the unstimulated condition, and within the IFN-a—stimulated condition. A, Top
ranked (g value, TT/TT vs AG/AG) gene ontology (GO) terms enriched in unstimulated chronic HCV PBMC for indicated /FNL4 rs368234815 SNP pairwise contrasts. NS, not
significant (g value > 0.01). B, Heatmap displaying unstimulated PBMC RNA-Seq expression values for ISGs differentially expressed in any /FNL4 genotype pairwise contrast
(Ftest, g value < 0.05). Expression values scaled as per gene z score of log, normalized RNA-Seq read counts per million reads (cpm). ¢ marks patient sample p18, discor-
dant for rs12979860/rs368234815 haplotype (rs12979860 CT, rs368234815 AG/AG). C, Barcode plots representing PBMC ISG set expression enrichment in PBMC by /FNL4
368234815 SNP genotype. PBMC ISGs (black bars) are ranked among all expressed genes by moderated ¢ statistic for IFNL4 rs368234815 SNP genotype pairwise contrasts
specified. Pvalues for CAMERA gene set tests are indicated. D, Heatmap displaying unstimulated PBMC ISG normalized expression values as measured by targeted RNA
expression (TREx) assay in independent replicate samples (TT/TT, n = 5; TT/AG, n = 6; AG/AG, n = 5). ISGs were selected for heatmap display if differential expression was
measured statistically significant in RNA-Seq samples (g value < 0.05) and/or TREx samples (g value < 0.1).

We conducted similar analyses in the IFN-oa-stimulated con- Indeed, in PBMC ISG set enrichment testing, no significant
dition. No significant GO terms were enriched in any pairwise enrichment by genotype group was detected in analysis of
contrast of rs368234815 genotypes. Furthermore, although we IEN-a-stimulated samples (Figure 2C).
identified a small number of differentially expressed genes (q To validate our findings with an orthogonal assay, we used the

value < 0.05, Supplementary File 5), none of them are ISGs. [lumina Targeted RNA Expression (TREx) platform to quantify
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mRNA levels for 150 ISGs and 10 “housekeeping” control genes
in multiplex. Using independently prepared (same patients,
different PBMC aliquots, independent IFN-a stimulations)
PBMC RNA samples, we found that, consistent with our RNA-
Seq results, unstimulated PBMC from the rs368234815 AG/AG
group generally expressed ISGs at elevated levels compared to
other genotypes; again, differences were not observed when
comparing genotypes in the IFN-a-stimulated condition. Using
the TREx statistical framework, we found that 21 ISGs were
expressed at significantly higher levels in unstimulated PBMC
from the AG/AG group as compared to the TT/TT or TT/AG
groups (Figure 2D; Supplementary File 6). Additional validation
experiments by quantitative reverse transcript polymerase chain
reaction (QRT-PCR) for 3 selected ISGs (RSAD2, EIF2AK2, and
OAS3) generated similar results (Supplementary Figure 1C).

DISCUSSION

Our results indicate that in chronic HCV infection, peripheral
immune cells homozygous for IFNL4 rs368234815 AG/AG
polymorphism express ISGs at elevated levels as compared to
other genotypes. However, AG/AG cells maintain the potential
to induce ISGs to levels comparable with other IFNL4 geno-
types upon further IFN-a stimulation.

These data are largely consistent with studies on liver gene
expression patterns, which associate elevated ISG expression
with heterozygosity or homozygosity for unfavorable IFNL4
region alleles [11, 12]. Relatedly, a single unfavorable IFNL4
allele is sufficient to confer poor response to IFN therapy [3].
However, in PBMC, we only observed elevated ISG expression
in the homozygous AG/AG group, but not the heterozygous
TT/AG group. The basis for this discrepancy remains unclear,
but could suggest a gene dosing effect in the context of PBMC
stimulation. Such an effect would be consistent with a reported
supra-additive model for CC homozygosity at rs12979860 in the
spontaneous clearance of HCV [13].

Attenuated PBMC ISG induction in chronic HCV is asso-
ciated with failure of IFN-based therapy [14]. Here, we link
IFNL4 rs368234815 AG/AG genotype to ISG expression levels
in PBMC, but the mechanisms contributing to this signature
remain unclear. Because 15368234815 is in strong linkage dis-
equilibrium with noncoding rs8099917 and rs12979860 SNPs,
assigning a phenotype to a single site is challenging. We did
not detect IFNL4 mRNA expression in any PBMC samples.
Although the AG allele creates an OREF, a direct role for hepatic
IFNL4 protein in HCV pathogenesis has not been established.
If IFNL4 protein is produced by infected hepatocytes, then
PBMCs may directly respond with increased ISG expression.
While hematopoietic cells are not considered primary targets
of IFNL action due to poor receptor expression [2], we did
detect RNA expression of IFNLRI and IL10R2 (Supplementary
Figure 2). However, we cannot determine which PBMC subsets
express the IFNL receptor, or if the observed mRNA correlates

with receptor protein levels. Furthermore, we did not detect
apparent differences in ISG expression levels from those AG/
AG PBMC carrying a functionally impaired IFN-A4-S70 variant
(rs117648444) [15], although our sample size was insufficient to
conduct a proper statistical comparison. Interestingly, intronic
IFNL4 genetic variation (rs12979860) has been associated with
postpartum PBMC ISG expression levels in healthy mothers
after childbirth [16].

Alternatively, elevated ISG expression in unstimulated
PBMC could be an indirect consequence of interferon activ-
ity in the infected liver. In this model, IFNL4 variation affects
the production of paracrine factors (for example, IFN-I or per-
haps signals from damaged cells) that act on PBMC systemi-
cally or locally in the liver. Direct and indirect mechanisms are
not mutually exclusive, and evaluating their respective impact
on PBMC gene expression will be experimentally challenging.
Nonetheless, our results suggest that chronic HCV infection in
patients with unfavorable IFNL4 SNPs may ultimately modulate
IFN-I signaling not only in liver, but also PBMC and perhaps
other tissue types.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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