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SUMMARY
Natural resistance to infection is an overlooked outcome after hepatitis C virus (HCV) exposure. Between
1977 and 1979, 1,200 Rhesus D-negative Irish women were exposed to HCV-contaminated anti-D immuno-
globulin. Here, we investigate why some individuals appear to resist infection despite exposure (exposed
seronegative [ESN]). We screen HCV-resistant and -susceptible donors for anti-HCV adaptive immune re-
sponses using ELISpots and VirScan to profile antibodies against all know human viruses. We perform stan-
dardized ex vivo whole blood stimulation (TruCulture) assays with antiviral ligands and assess antiviral re-
sponses using NanoString transcriptomics and Luminex proteomics. We describe an enhanced TLR3-type
I interferon response in ESNs compared with seropositive women. We also identify increased inflammatory
cytokine production in response to polyIC in ESNs compared with seropositive women. These enhanced re-
sponses may have contributed to innate immune protection against HCV infection in our cohort.
INTRODUCTION

Susceptibility to viral infection in the human population is highly

variable, yet the reasons for this discordance are unknown.1 For

example, after exposure tohepatitisCvirus (HCV), reports suggest

that between 50% and 80% of infected individuals progress to

chronic infection, and test both polymerase chain reaction (PCR)

positive for HCV RNA and anti-HCV antibodies.2 Additionally, a

significantpercentageof individuals areable toclearHCV infection

through the engagement of their adaptive immune system, and

test PCRnegative for HCVRNA,but remainHCVantibodypositive

(spontaneous resolvers [SR]).2 As both of these groups have evi-

dence of seroconversion, they are known collectively as seropos-

itive (SP), and, as they are readily identifiable using routine clinical

assays, they have been well studied over the past 25 years.3–5

There also exists a third group, those who appear to naturally

resist infection, known as ‘‘exposed seronegative’’ (ESN)

individuals, who lack detectable evidence of past infection as

measured by conventional HCV detection assays, testing both

HCV PCR negative and anti-HCV antibody negative, despite

known exposure to the virus.6,7 Currently, ESNs are only identifi-

able through analysis of risk, or documented outbreaks of infec-

tion, and are consequently less well studied than SP individuals.

While iatrogenic outbreak events are rare in the modern era,

since the introduction of effective viral screening technologies
Cell Repor
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for blood products and donor organs, several historical out-

breaks of HCV have occurred because of failures in decontami-

nation procedures or before the discovery of certain viruses,

including HCV and HIV8–10 These natural experiments present

unique opportunities to identify ESN individuals and to study

the host factors that contribute to differential susceptibility and

potential resistance to viral diseases in a relatively controlled

manner.6 Understanding the mechanisms of resistance to viral

infection could have major implications for public health strate-

gies as well as design of vaccines and antiviral therapeutics.

An enhanced innate immune response is thought to be suffi-

cient to clear infection without engagement of the adaptive im-

mune system in ESNs.6 The innate immune response to HCV is

multifaceted and complex, any part of which could contribute

to HCV resistance. HCV viral RNA is detected by several pattern

recognition receptors, including Toll-like receptor 3 (TLR3),

RIG-I, MDA5, and TLR7.11 Ligation of these receptors induces

synthesis and secretion of type I (interferon I [IFN-I]) and type

III (IFNL) IFNs, which act early following viral exposure to inhibit

HCV replication through induction of IFN-stimulated genes and

activation of immune cells.11

Previous studies of HCV-resistant individuals have identified

factors related to innate immunity that may have contributed to

protection against infection. HCV ESN individuals, identified in a

risk-based cohort of people who inject drugs (PWIDs), have
ts Medicine 3, 100804, November 15, 2022 ª 2022 The Authors. 1
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elevated serum levels of the proinflammatory cytokines interleukin

6 (IL-6) and IL-8 compared with SP individuals.12 Also described

among PWIDs, are HCV ESN individuals with increased natural

killer (NK) cell activation markers, and increased IFN-g produc-

tion.13 This enhanced NK cell phenotype has also been described

in HIV ESN women who remained HIV negative status despite

repeated exposure to HIV through sex work in Benin.14

A limitation of ESN studies to date has been the reliance on pe-

ripheral bloodmononuclear cells (PBMCs).While this has enabled

the discovery of the phenotypes outlined above, PBMC prepara-

tions are poorly reproducible and often induce technical noise

from handling steps, which may preclude or mask subtleties in

the immune response.15 Standardized whole blood stimulation

technologies have been developed to overcome these limitations

andhaveenabled the identificationofstimulus induceddifferences

in other cohorts and disease states that would otherwise have

been undetectable.16,17 We proposed that these cutting edge

whole blood stimulation technologies would uncover additional

mechanisms of innate resistance against HCV.

Amajor outbreak of HCV occurred in Ireland between 1977 and

1979 in Ireland,whenmore than 1,200 RhD-negativewomenwere

exposed to highly infectious batches of HCV-contaminated anti-D

immunoglobulin.4 The anti-D was retrospectively discovered to

have been contaminated by blood donations froma single individ-

ual infected with genotype 1b HCV.4 SP individuals from this

outbreak were readily identifiable and have been studied exten-

sively over the last three decades.3 The cohort has proven to be

a rich source of HCV-related data, helping to identify several fac-

tors associated with progression to chronic disease or sponta-

neous resolution of infection.18,19 In this transmission episode,

the recipients were all healthy, non-immunocompromised fe-

males, of a similar age and ethnic origin and the amount of immu-

noglobulin administered was consistent in all recipients.4 All indi-

viduals were infected from a single variant of HCV present in a

single plasma donor. The only variables in this transmission

episode was the amount of virus associated with each batch

and host genetic factors. To date, no study has investigated resis-

tance to HCV during this outbreak.20

In this study, we have identified ESN women from the Irish

ant-D cohort and recruited them to our project. We used

ELISpots to profile IFN-g T cell responses to HCV peptides

and used VirScan to assess the history of viral exposure in our

cohort. We stimulated whole blood from 18 ESN and 36 SP

women ex vivo with a panel of antiviral ligands and quantified

gene expression changes and cytokine responses. A greater un-

derstanding of the factors that protected these women from

infection by HCV could provide greater insight into mechanisms

of innate resistance to viral infection.

RESULTS

Identifying ESN women in the Irish anti-D cohort
Six of the 12 contaminated batches contained significant viral

loads (batch numbers 246, 238, 245, 237, 252, and 250; Figure 1).

Between 31% and 71% of the recipients of vials from these

batches were antibody positive. As indicated in Figure 1, 682

women (52%) tested positive for HCV antibodies, indicating

that they had been infected. However, women 611 (48%) who
2 Cell Reports Medicine 3, 100804, November 15, 2022
received a vial of anti-D from a high-risk, highly infectious batch

tested negative for both HCVRNA and anti-HCV antibodies, sug-

gesting that they had resisted infection. These women had all

been told at the time in 1993 that they had not been infected

and would not be contacted again by the Irish Blood Transfusion

Service (IBTS).

Recruitment of women who were exposed to
contaminated HCV between 1977 and 1979 the
campaign and matching recruits to IBTS records
Ethics consultants advised that it would be unethical to

approach any of the women who had been informed that they

would not be contacted again by the IBTS. It was decided, there-

fore, to use a national communications campaign to invite these

women to take part in our study. After the national media recruit-

ment campaign, approximately 700 women volunteered to

participate (Figure 2). On screening these 700 volunteers by

phone, 450 were deemed eligible to participate and were sent

a study pack containing further information about the study, a

saliva collection kit for later DNA extraction, a consent form,

and a pre-addressed and stamped envelope to return the

completed pack. Of the 450 packs sent out, 395 (88%) were re-

turned. Once participants had returned their completed consent

form, matched batch records were obtained from the IBTS. Of

the 395 study packs returned, batch records were available for

234 members of the cohort. These included 34 ESN donors

who received anti-D from one of the highly infectious batches,

48 donors who spontaneously resolved infection, and 50 recipi-

ents who had a previous chronic infection (now sustained viro-

logical responders [SVRs] having cleared HCV with therapy).21

We also recruited 102 women who received an uncontaminated

batch of anti-D in the same period (unexposed controls [UC]).

Cohort characteristics
Basic demographic and clinical data were collected on the full

cohort at the time of consent (Table 1). All three infection

outcome groups—ESNs, SRs, and SVRS—were all female, all

RhD negative, similarly aged, and had all been pregnant. SVR

donors reported an increased incidence of liver disease

compared with ESNs and SRs, despite lack of active HCV infec-

tion. SR and SVR donors also reported a higher incidence of

chronic fatigue and fibromyalgia (Table 1). Clinically, the three

groups were otherwise similar.

Assessment of adaptive immunity in our recruited
cohort
We invited a subgroup of our larger cohort to donate a blood

sample for additional analyses. Participants were selected for

additional sampling on the basis of their ability to travel and prox-

imity to the sampling center. To assess the cohort for anti-HCV

antibodies, we used a virome-wide antibody scan with the ability

to detect IgG antibodies directed against 206 human pathogens

and 115,753 epitopes (VirScan;22). Serum from 18 ESNs, 19 SRs,

17 SVRs, and 29 UCs containing antibodies was incubated with

a bacteriophage library expressing peptides from all known hu-

man viruses and some bacterial species, including Strepto-

coccus pneumoniae and Staphylococcus aureus. After incuba-

tion, antibodies complexed to bacteriophages were isolated
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Figure 1. Infectivity rates of HCV contaminated anti-D from the IBTS

(A) Table obtained from the IBTS showing the six high risk batches of contaminated anti-D. Figures in brackets are percentages.

(B) Pie chart showing total numbers and percentages of ESNs, SRs, and SVRs who received a vial of HCV anti-D from a highly infectious batch.
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using magnetic beads, lysed and sequenced to identify the IgG

target epitope (Figure 3A). Sequence data were aligned and pro-

cessed to generate a ‘‘virusHit’’ for each viral species. A virusHit

is the number of significant epitopes of a virus species compared

with an experimental negative control. To test for differences in

antibodies against all pathogens in the VirScan library between

ESN, SR, SVRs, and UCs, we performed a one-way non-para-

metric ANOVA adjusting for multiple testing using a false discov-

ery rate (FDR) correction (q < 0.01). Based on this analysis, all an-

tibodies with the exception of HCVwere similar between groups.

SVR donors had the highest level of HCV antibody positivity

(Figure 3B).

VirScan facilitates a more nuanced analysis of which epitopes

are targeted by antibodies. In total, there are 3,382 HCV epitopes

in the VirScan library. As some epitopes targeted are shared

across several HCV genotypes, we merged those with the

same start and end sites by adding the Z score for each geno-

type together. Individual HCV epitopes are shown as a heatmap

(Figure S1). Epitopes, including 2325–2380 and 2745–2800,

found in the age matched RhD-negative UCs were thought to

be spurious hits due to cross reactivity. Based on the heatmap,

3 of 19 SRs (16%) seemed to have anti-HCV antibodies, while 16

of 17 SVRs (94%) seemed appeared to be anti-HCV antibody

positive. Interestingly, there are some epitopes, including 29–

84 that persist in both SVRs and SRs, while antibodies against

other epitopes including 57–112, 309–364, and 2157–2212 are

only detected in the SVRs (Figure S1). In line with published

data from conventional serological assays, the most frequently

targeted viruses in our cohort included Epstein-Barr virus
(EBV; herpesvirus 4), cytomegalovirus (CMV; human herpesvirus

5), herpesvirus 1, and rhinovirus A (Figure S2). Of the donors,

48.81% were anti-CMV antibody positive (Figure S2), 86.9% of

the donors were SP for antibodies against HSV-1 (Figure S2),

and 96.43% of the donors were SP for antibodies against EBV

(Figure S2).

Some studies have shown that the clearance of HCV in the

absence of antibodies is achieved by a potent T cell resposne.23

HCV-specific Tmemory cell responses can persist for years after

viral exposure, while antibody levels wane after approximately

20 years.24 Here we sought to assess HCV-specific T memory

cells in our cohort using ELISpot IFN-g assays. We used an

HCV peptide mix and a peptide pool of CMV, EBV, and flu

(CEF) virus peptides as a positive control. Using a standardized

cut-off derived from the age- and gender-matched UCgroup (n =

10) of the mean +33 the SD we found detectable T cell re-

sponses in both the SR and SVR groups. We did not see any

HCV-specific IFN-g Tcell response in the ESNcohort (Figure 3C).

All four infection groups responded similarly to the CEF peptide

pool (Figure 3D).

Innate immune stimulation of whole blood induces
changes in gene expression
Having confirmed the absence of a detectable adaptive response

in the ESNs, we sought to assess the innate antiviral response of

ESNs and virus susceptible women (SRs and SVRs) in our cohort.

Freshwhole blood fromESNs (n = 18), SRs (n = 19), and SVRs (n =

17) was stimulated using the TruCulture system to assess poten-

tial differences in the induced immune responses between ESN
Cell Reports Medicine 3, 100804, November 15, 2022 3



Figure 2. Summary of recruitment process

and overview of final cohort

A national campaign was run to recruit women who

received anti-D between 1977 and 1979 to our

study. Seven hundred individuals contacted the

group about the study. Four hundred fifty study

packs were sent to eligible participants. Three hun-

dred ninety-five study packs were returned and

batch details were retrieved and matched for 234

women. One hundred two women who received an

uncontaminated batch—34 ESN and 98 SP (48 SR

and 50 SVR) with details of batch records were re-

cruited.
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and HCV-susceptible volunteers (Figure 4A). A panel of antiviral

agonists with a focus on the induction and regulation of IFN-I-

related antiviral immunity was chosen: IFNa2, which acts via the

IFNAR1/2 complex to induce a direct IFN-I response and R848

via TLR7/8, as well as polyIC, which acts via TLR3 and RIG-I to

induce an indirect IFN-I response. Cell pellets and supernatants

were collected from stimulatedwhole blood for later gene expres-

sion and cytokine analysis. As expected, the selected stimuli

induced changes in immune gene expression. The unstimulated

control separated from the stimulated conditions along PC1,

which accounted for 33% of the variance in the data (Figure 4B).

Induced gene expression changes showed stimulus-specific pat-

terns (Figure 4C). R848 was the most potent stimulus and clus-

tered separately from the other two stimuli along PC2, accounting

for 10% of the variance (principal component analysis; Figures 4B

and 4C). IFNa2 and polyIC clustered separately along PC4, ac-

counting for 5% of the variance.

Gene expression in unstimulated whole blood from ESN
and SP women
Both SRs and SVRs responded similarly to stimulation with our

panel of viral agonists (Figure S3A). We grouped SRs and

SVRs together as SP for subsequent analysis, as we were inter-

ested in investigating differences in those who resisted infection

and those who were susceptible. A key question in this study

was whether there were any differences in immune gene expres-

sion at baseline between ESN and SP participants that might

have contributed to differential susceptibility to HCV infection.

We found that, in the absence of stimulation, gene expression
4 Cell Reports Medicine 3, 100804, November 15, 2022
in the ESN and SP groups was similar,

with no significant differences observed

between groups, after FDR correction

(q > 0.1; Figure 5A). To further analyze

more specific components of the innate

immune response, and given the relatively

small size of our cohort, we used previously

defined gene signatures. These gene sig-

natures have proven to be useful in defining

stimulus specific differences in small co-

horts. Gene signatures associated with

specific responseswere previously defined

in a separate healthy control cohort by the

Milieu Interieur Cohort (MIC) using the

same TruCulture and NanoString work-
flow.25 By applying these gene signatures to our unstimulated

samples, we saw similar baseline IL1b, IFN-I, IFN-g, and tumor

necrosis factor a (TNFa)-specific gene signatures in our ESN

and SP groups, suggesting that baseline differences in the pa-

rameters examined are not responsible for the differences

observed in infection outcome (Figures 5B–5E). To probe the

basal immune response further we also assessed plasma cyto-

kine levels from ESN and SP donors. After FDR correction, we

saw no significant differences between ESN and SP donors

(Figure S3B).

HCV-resistant women have an increased IFN-I gene
signature in response to polyIC stimulation but not to
R848 or IFNa2
TLR3-, TLR7-, and IFNAR1/2-induced responses, particularly

those of IFN-I-associated antiviral immunity have been shown to

be important in the control of HCV infection.26,27 We, therefore,

focused on the activation of these key antiviral pathways in our

cohort. We compared induced gene expression after stimulation

with either polyIC, R848, and IFNa2 between ESN and SP donors.

The overall gene expression of ESN and SP donors was similar,

after FDR correction (Figures 6A–6C). We then focused our anal-

ysis on the IFN-I gene signature for all stimuli. ESN donors and SP

donors were similar after R848 and IFNa2 stimulation (Figures 6D

and 6E). Interestingly, however, we saw a significantly increased

IFN-I signature score after polyIC stimulation in the ESN group

when compared with the SP donors (p < 0.05; Figure 6F). A heat-

map showing the genes included in the IFN-I signature score for

the polyIC condition is shown in Figure S4A. To further examine



Table 1. Clinical characteristics of the full cohort

Characteristic ESN SRs SVRs Statistic

Total Recruited 34 48 50

Age (years; mean ± SD) 71.6 ± 5.1 71.8 ± 4.5 71.4 ± 5.4 ns

Clinical questionnaire

Acute symptoms after anti-D receipt 4 (12%) 7 (15%) 2 (4%) –

Liver disease 1 (3%) 3 (6%) 33 (66%) ****

Diabetes 3 (9%) 5 (10%) 6 (12%) ns

Osteoarthritis 11 (32%) 24 (50%) 23 (46%) ns

Rheumatoid arthritis 2 (6%) 1 (2%) 10 (20%) **

Chronic fatigue 1 (3%) 24 (50%) 31 (62%) ****

Fibromyalgia 2 (6%) 13 (27%) 17 (34%) *

Lichen planus 1 (3%) 1 (2%) 8 (16%) *

Inflammatory bowel disease 3 (9%) 9 (19%) 11 (22%) ns

Lupus 0 (0%) 3 (6%) 5 (10%) –

Sjogren’s syndrome 2 (6%) 4 (8%) 10 (20%) ns

Self-reported clinical data from ESN, SR, and SVR donors in our recruited cohort. Differences were assessed using c2 tests.
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the polyIC response, we compared gene signature scores for

IL1b, TNFa, and IFN-g; however, we saw no significant differ-

ences between ESNs and SPs (Figures S4B–S4D). This suggests

that the differences between ESN and SP donors in TLR3

responsiveness are specific to IFN-I. This increased polyIC

IFN-I signature in ESNs was confirmed using a secondary gene

signature from the MolSigDB Hallmark Gene Set (Figures S4E

and S4F).

ESN women have increased cytokine production after
polyIC stimulation
We also measured polyIC-induced cytokines that are known to

be important in the control of viral infection using a Luminex

multiplex assay.28–30 Consistent with the increased IFN-I score,

several key cytokines including CCL8, CXCL11, CCL2, and IL-6

were found to be significantly increased in whole blood stimu-

lated with polyIC from ESNs compared with stimulated blood

from SP women (Figure 7A). To assess whether the altered

IFN-I score was due to changes in IFN-I protein levels, we quan-

tified IFNa2 and IFNb using Simoa digital ELISA. No significant

differences in IFNa or IFNb protein were observed between the

infection groups (Figures 7B and 7C). IFNa and IFNb positively

and significantly correlated with the MIC polyIC induced IFN-I

score (Figures 7D and 7E).

Differences in immune cell numbers in whole blood might ac-

count for the increased IFN-I signature observed. Using flow cy-

tometry, we quantified the major circulating immune cell popula-

tions in whole blood. However, we saw no significant differences

in the numbers of immune cells measured between ESN and SP

donors, including in key immune cells involved in the antiviral

innate immune response such as NK cells and monocytes (Fig-

ure S5). We also hypothesized that the increased polyIC IFN-I

signature in the ESNwomenmay have been due to altered base-

line components of the polyIC signaling pathway or negative

regulator expression in the null condition. We saw no significant

differences in the expression of any of these components

(Figure S6).
Previous work has shown that the IFNL3 genotype is strongly

associated with HCV clearance and the response to polyIC in he-

patocytes.31,32 To determine whether the IFNL3 genotype is also

associated with resistance to HCV, we genotyped our full cohort

for rs12979860. The T allele of rs12979860 is in strong linkage

disequilibrium with the DG allele of the dinucleotide variant,

rs368234815 (r2 = 0.92 in the European population), a frameshift

mutation that forms an open reading frame and leads to the crea-

tion of a novel type III IFN known as IFNL4. Rs12979860_CC and

rs368234815_TT donors do not express a functional IFNL4 pro-

tein and are associated with HCV clearance.32 We compared

the allele frequencies of rs12979860 between the infection groups

in our cohort. Compared with SVRs and UCs, we found that SRs

had a reduced frequency of the CT and TT genotype (p < 0.0001,

odds ratio [OR] = 0.14 [95% confidence interval (CI), 0.05–0.36];

p = 0.0014, OR = 0.29 [95% CI, 0.13–0.63]). After an adjustment

for multiple testing, we did not see a significant association be-

tween HCV viral resistance and IFNL3 genotype (Table S1).

Taken together, these data reveal an increased polyIC induced

IFN-I gene signature, with increased polyIC-induced IFN-related

protein cytokines independent of IFN-I protein secretion, IFNL3

genotype, or differences in cell numbers.

DISCUSSION

In the present study, we identify ESN women in the Irish anti-D

cohort. We reveal an enhanced polyIC-induced IFN-I gene

signature in these women compared with SP donors. We also

uncover increased polyIC-induced cytokine production in ESN

women compared with SP women. This enhanced polyIC

responsiveness may have been protective against HCV

infection.

Using VirScan, we found that SVR women had the highest

level of anti-HCV Ab positivity. This is to be expected; SVRs

cleared infection more recently than SRs. While there seemed

to be differences in the epitopes targeted by antibodies between

SRs and SVRs, this is likely due to attrition of antibodies in the
Cell Reports Medicine 3, 100804, November 15, 2022 5
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Figure 3. Adaptive immunity in the recruited cohort

(A) Overview of the workflow for VirScan.

(B) Heatmap showing the top 30 virus hits in samples from our cohort. Red indicates high expression, while blue represents low expression. Comparisons

between ESNs, SRs, SVRs, and UCs were made using Kruskal-Wallis tests followed by FDR correction (q > 0.01; n = 18 ESN, n = 19 SR, n = 17 SVR, and n =

29 UC).

(C and D) IFN-g-producing T cell counts per 106 PBMCs in ESNs, SRs, SVRs, and UCs after stimulation with ProMix (C) HCV and (D) CEF peptide pools shown on

a linear axis. For ELISpots, comparisons between ESNs, SRs, SVRs, and UCsweremade using the Kruskal-Wallis tests (p > 0.05). The dashed line represents the

mean + 3 3 SD of the UC group. The median per group is shown.
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Figure 4. Innate immune stimuli induce changes in gene expression in whole blood from all donors

Whole blood from ESN (n = 18), SR (n = 19) and SVR (n = 17) women was stimulated with a panel of antiviral agonists (R848, polyIC, IFNa2).

(A) Overview of experimental workflow.

(B) Principal component analysis plot of log2 normalized NanoString transcriptomic data. The percentage variance captured in PC1 and PC2 are indicated in

brackets. Each point on the plot represents a single donor for the color denoted stimulation.

(C) Heatmap of NanoString transcriptomic data (n = 50 genes) showing negative control (NC) and stimuli induced genes for IFNa2, polyIC, and R848.
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SRs overtime.33 Indeed, those epitopes that are targeted by an-

tibodies in the SRs are among those most strongly targeted in

the SVRs.We saw no differences in Ab positivity for other viruses

between our groups. Anti-HCV T cell responses were detectable

in both SRs and SVRs. SRs had a higher level of HCV-specific
T cell positivity than Ab positivity. This is in line with previous re-

ports showing that detectable HCV-specific T cell responses

persist longer than Abs.24

Individuals who have been exposed to a virus but remain un-

infected are critical to understanding the mechanism of
Cell Reports Medicine 3, 100804, November 15, 2022 7
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Figure 5. Gene expression was similar in unstimulated whole blood from ESN and SP women

Unstimulated whole blood was incubated at 37�C for 22 h.

(A) Heatmap showing the top 50 genes with the lowest q values when comparing the ESN (n = 18) and SP (n = 36) donors in the null condition (q < 0.99).

(B–D) Gene signature scores for (B) IFN-I, (C) IFN-g, (D) IL1b, and (E) TNFa in the unstimulated null condition for the two infection groups. Data are presented with

median shown as a solid line. Comparisons between ESNs and SPs were made using Mann-Whitney U tests.
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protection against viral infection. However, systematic identifi-

cation and recruitment of ESN individuals are major obstacles

to studies of viral resistance. Indeed dogma in the HCV field

holds that up to 80% of people who are infected with HCV

become chronically infected.1 In this study, analysis of records

from the women who received vials of highly infectious batches

of HCV-contaminated anti-D, but remained PCR negative and

antibody negative, suggest that up to 50% of women in the Irish

cohort might be resistant to HCV infection. This has major public

health considerations; it is likely that HCV infectivity, as well as

infectivity of other viral infections, is overestimated if individuals

without a detectable antibody response are overlooked.

Other studies of viral resistance to HCV have focused primarily

on individuals who engage in high-risk behaviors, rather than

exploring potential viral resistance in healthy populations. These

studies estimate exposed seronegativity to bemore in the region

of 10%.6 However, these cohorts are typically more heteroge-

neous than ours, often including mixed sexes, age groups and

ethnicities, and viral origin. A key point to emphasize is that our

cohort is entirely female, and it is well documented that females

have greater resistance to infection by several viruses, including

HCV.34 Indeed, previous work by our group and several others

has shown gender-specific differences in spontaneous resolu-

tion of HCV.18,35,36 Furthermore, follow-up work involving our

group on the Irish anti-D cohort showed decreased HCV-related

disease in women who were still chronically infected, suggesting

that females also experience milder HCV-related illness than

males.3

While relative homogeneity among our donors is a strength of

our cohort, it also limits the direct extrapolation of findings to the

general population. It is also important to note that our donors

were in the peripartum period after HCV exposure, and it is
8 Cell Reports Medicine 3, 100804, November 15, 2022
well known that pregnancy results in significant changes to the

immune system.37 Postpartum, women can experience flares

in autoimmune disease.38,39 Reports indicate that the restoration

of immune homeostasis after pregnancy is associated with a

decrease in viral load in the context of HCV infection.40 It is,

therefore, possible that alterations in the immune response in

the peripartum period contributed to the high level of resistance

we have described in the anti-D cohort. This further limits direct

translation of our findings of high resistance to the wider

population.

Here, we found an increased polyIC IFN-I signature in whole

blood from our viral-resistant ESN women compared to SP indi-

viduals. As SP women have been stratified as virus susceptible,

they are a natural comparison group for our virus-resistant ESN

women. All SP donors in our cohort successfully cleared HCV

infection. It seems as though viral clearance following acute

infection or therapy restores normal innate immune homeosta-

sis.41 Some reports suggest that an adaptive immunity disequi-

librium, particularly affecting T cells, persists after SVR.42–45

While the SP cohort are a natural comparison group, it is possible

that past HCV infection in these donors contributes to the

reduced IFN-I signature we see in these individuals compared

with our ESNs. Indeed, the increased reports of liver disease in

the SVRs may also contribute to the difference in polyIC respon-

siveness that we have observed. However, given the response to

stimulation for all ligands was similar between SRs and SVRs, it

seems unlikely that persistent liver disease reported by SVRs

(66% liver disease), but not by the SRs (6% liver disease), is

responsible for the reduced IFN-I response in the SPs compared

with the ESNs. A potential solution to this caveat is the inclusion

of a healthy UC group; however, given the heterogeneity in the

wider population, the inclusion of an additional UC group in
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Figure 6. PolyIC-induced higher IFN-I responses in ESN women

Fresh whole blood was stimulated with IFNa2, R848, or polyIC for 22 h at 37�C and changes in gene expression assayed using NanoString transcriptomics.

(A–C) Heatmaps showing the top 50 genes with the lowest q values when comparing the response with stimulation between ESN and SP donors. (A) IFNa2,

p < 0.16, q value (FDR-adjusted p value) < 0.99 (B) R848, p < 0.15, q < 0.99, and (C) polyIC, p < 0.06, q < 0.65.

(D–F) MIC-derived IFN-I score in ESN and SP donors after stimulation with (D) IFNa2 (E) R848, and (F) polyIC (*p < 0.05). Data are presented with median line

reported as a solid line. Comparisons between ESNs and SPs were made using Mann-Whitney U tests (*p < 0.05).
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this study would detract from the power of our cohort, as it would

not be possible to determine how control women would be strat-

ified as a result of response to HCV infection.

The enhanced polyIC responsiveness was also seen in a sec-

ond IFN-I gene signature fromMolSigDB and at the protein level,

with increased upregulation in the ESNs of several key cytokines

known to be important in the control of viral infection observed,

including IL6, CCL8, CXCL11, and CCL2.29,30 We saw no differ-

ence in the plasma concentrations of inflammatory cytokines.

This is in contrast to previous ESN studies; however, given the

unique homogeneity of our cohort and the confounding factors

typically associated with other ESN studies, it is not surprising

that our results differ.

The increased polyIC-induced IFN-I score could not be ex-

plained by differences in circulating immune cell populations or
by differences in IFNL3 genotype, the gene expression of base-

line components of the TLR3-RIG-I pathways, or negative regu-

lators. Nor could they be explained by differences in induction of

IFN-I proteins. It is possible that the increased IFN-I signature in

the ESN group could be attributed to differences in the methyl-

ation status or phosphorylation of key downstream signaling

proteins.46 More than 40 years have elapsed since the women

in our cohort were originally exposed to HCV. Whether this

increased IFN-I response was present at the time of infection

is not known, and research into the stability of immunotypes

for more than 5 years is lacking.47

In line with previous work, we did not find an association

between IFNL3 genotype and resistance to HCV.48 We recapit-

ulated the findings from several other groups that SRs had the

lowest frequency of the CT and TT genotypes, which reinforces
Cell Reports Medicine 3, 100804, November 15, 2022 9
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Figure 7. Inflammatory cytokine production is increased in polyIC stimulated blood from ESN women

Secreted cytokines from polyIC stimulated whole blood were quantified using Luminex and Simoa.

(A) Spider plot of polyIC-induced cytokines differentially expressed between ESN and SP donors (*p < 0.05, **p < 0.01).

(B and C) IFNb (B) and IFNa (C) protein levels measured using Simoa digital ELISA in supernatants from ESN and SP women after polyIC stimulation. Data are

presented on a log10 scale with median line reported as a solid line.

(D and E) Correlation between IFNb (D) and IFNa (E) protein levels and the polyIC-induced IFN-I score. For Luminex and IFNa Simoa, n = 10 ESN, 20 SP; for

everything else, n = 18 ESN, 36 SP. Comparisons between ESNs and SPs were made using Mann-Whitney U tests (*p < 0.05, **p < 0.01).
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our belief that despite the relatively small size, our cohort is a

good model of HCV infection.32,49,50 How the absence of

IFNL4 contributes to the spontaneous resolution of HCV is not

yet fully understood. However, recent work suggests that

IFNL4, when present, is not well secreted, and induces ER

stress, which impairs antigen presentation.51 Given this link

with adaptive immunity it is not surprising that we did not find

an association between IFNL4 and innate resistance.

The TLR3 pathway has been shown to be key in controlling

HCV infection, and single nucleotide polymorphisms in proteins

associated with this pathway have previously been associated

with increased susceptibility to HCV infection.52,53 In particular,

the induction of IFN-I by TLR3 is key to rapid clearance of viral

infection.54–56 Impaired TLR3-mediated induction of IFN-I

through loss-of-function mutations has rendered individuals

susceptible to otherwise innocuous infections.57 It is, therefore,

plausible that host genetic factors associated with variability in

the TLR3-mediated response could explain the ESN phenotype

observed in our study. Indeed, a polymorphism in TLR3,

rs3775291, has previously been associated with resistance to

HIV infection in a Spanish cohort.58,59 Investigations into the ge-

netic factors associated with the TLR3 response will be the sub-

ject of further studies.

Ongoing latent and previous viral infections can impact on the

immune response and susceptibility to other viral infections.60,61

Individuals who are CMV SP exhibit substantial alterations in im-

mune cell populations, exemplified by a dramatic increase in the

number of CD4+ and CD8+ effector memory T cells, and are re-

ported to have an increased risk of developing severe viral dis-

ease, including coronavirus disease 2019.62,63 Using VirScan,

we saw no differences in seropositivity for any virus except

HCV, however it is possible that the women from our infection

groups had different viral exposures at the time of infection
10 Cell Reports Medicine 3, 100804, November 15, 2022
that contributed to altered susceptibility to infection during the

1977–1979 period.

Here, we identified ESN individuals in the Irish anti-D cohort.

We suggest that resistance to HCV infection in females may be

up to five times greater than previous studies indicate. We un-

cover enhanced polyIC responsiveness at the protein and

gene levels in stimulated whole blood from women enrolled in

our study. Our findings of increased resistance among females

have major public health implications. Our biological findings re-

affirm the importance of IFN-I in the control of viral infection and

begin to provide evidence that heterogeneity in the human im-

mune response has real world effects thatmay translate to differ-

ential susceptibility to infection.

Limitations of the study
This study has a number of limitations. Our overall sample size

for women exposed to HCV was limited (n = 18 ESN, n = 19

SR, and n = SVR). We were, therefore, not sufficiently powered

to compare ESNs, SRs, and SVRs separately in our analysis of

the whole blood immune response. As the cohort consists of

older females we were also limited by the blood volume that

we were approved to draw. This limited the number of analyses

that could be performed in the present study.
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Software and algorithms
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Data and code availability
d Data availability

Cytokine data presented in this manuscript is available at https://dx.doi.org/10.17632/m65wh4vc9z.1. NanoString data is available

at https://data.mendeley.com/datasets/z4nr7p7ry7. Additional data reported in this paper will be shared by the lead contact upon

request.

d Code availability
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
Donors in this study were recruited through a national media campaign. Ethical approval for this study was given by the Faculty of

Health Sciences Research Ethics Committee (Reference number 171111). Demographic information relevant to this study is detailed

in Table 1.

Recruitment of resistant volunteers
Ethics did not permit direct contact with donors via the IBTS, therefore a national recruitment campaign for this study was launched in

2017, followed by an additional social media campaign in 2018. Researchers appeared on national and local television and radio as

well as in print newspapers, asking for womenwho received contaminated anti-D between 1977–79, regardless of their infection sta-

tus, to contact our research group. Together with themore traditional media campaign, an online campaignwas also launched, which

included a website (viralresistanceproject.com) as well as Twitter and Facebook pages.

Informed consent and ethical approval
Individuals enrolled in this study provided written informed consent in line with the Declaration of Helsinki. Ethical approval for the

study was granted by the Trinity College Dublin Faculty of Health Sciences Ethics Committee.

Classifying HCV contaminated anti-D batches as high and low risk
Twelve batches of anti-D were made in 1977–1979 containing serum from a single HCV infected donor. Between 251 and 464 vials

were made for each batch. The batches had varying viral loads.4 Six of the batches: 246, 238, 245, 237, 252 and 250 had significant

levels of virus, ranging from 12,400 genome equivalents per vial to 200,000. Vials from these batches accounted for 98% of the

chronic infections, and so were deemed high risk.

Matching donors to IBTS records
Once individuals had contacted us about participation in the study, they were screened by phone. Those who met the study criteria

by being RhD negative, having received anti-D immunoglobulin between 1977–79, and agreeing to participate, were sent a study

pack via the postal service. The pack contained a consent form, patient information leaflet and saliva collection kit (Isohelix, Cell Pro-

jects Ltd., United Kingdom). When the pack was returned with a completed consent form, the Irish Blood Transfusion Service (IBTS)

was contacted on behalf of the recruited study member to access their anti-D records and batch information. Exposure data and

batch information for each volunteer were sought. Where available, details of each volunteer’s anti-D batch were identified and

each individual was stratified as either ‘‘high risk’’ if they received a vial from one of the highly infectious batches: 246, 238, 245,

237,252 and 250, or as ‘unexposed’ if they received a vial of anti-D from an uncontaminated batch of anti-D. Those who received

a low risk batch were not included in the study. Volunteers for whom no data were available were excluded from the study.

Questionnaire
Included in the study pack posted to each potential participant was a questionnaire. This was used to gather basic clinical and de-

mographic information on donors before being enrolled in the cohort.

METHOD DETAILS

Antibody profiling using VirScan
Serum normalised for total IgG content was incubated in duplicate alongside bead controls with bacteriophages presenting 56-mer

amino acid linear peptides that overlap by 28 amino acids to encompass the whole genomes of 206 viral species and 1,276 viral

strains and 115,753 epitopes. Following incubation, the IgG-phage immunocomplexes were pulled down using magnetic beads.
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The collected bacteriophages were subsequently lysed, PCR amplified, barcoded and pooled for sequencing using the Illumina

NextSeq Kit v2. Reads were matched to the original library sequences using Bowtie and reads counted using SAMtools. Next, a

binning strategy as described by Mina et al. was applied to determine the positivity of each epitope in serum samples compared

to control beads.64 Briefly, epitopes were grouped into hundreds of bins so that the reads from bead samples formed a uniform dis-

tribution. These bins were then used for epitopes from serum samples. A Z score was calculated for each epitope from each serum

sample with the mean and standard deviation from beads samples within each bin. An epitope was considered a positive hit only

when the Z scores from both replicates were larger than 3.5. Z scores were used at an epitope level to provide a relative quantifica-

tion. A higher Z score is related to a higher antibody titre. The number of significant epitopes of a viral species compared to an exper-

imental negative control were summed to calculate a virus score for the specific virus (virusHit). The epitopes are a combination of the

UniProt entry and the position (start and end). To determine sample level positivity for viruses of interest epitopes for each virus were

plotted as heatmaps. Positive samples were identified based on the breadth of positivity or based on positive epitope signals that

were absent in samples known to be negative (spurious hits). Heatmaps of ‘‘virusHits’’ and epitopes were generated in R using

the package pheatmap. Comparisons between infection groups for antibodies against all pathogens in the VirScan library using

one-way non-parametric ANOVAs (Kruskal-Wallis tests) followed by Dunn’s post hoc test with an FDR correction.

PBMC extraction and IFNg ELISpot
Peripheral blood mononuclear cells (PBMCs) were isolated from venous blood collected in 9mL sodium heparin tubes. For detection

of Tmemory cell responses, IFNg ELISpots were performed on isolated PBMCs stimulatedwith the ProMix HCV peptide pool and the

ProMix CEF peptide pool (CMV, EBV and influenza virus; ProImmune Limited, Oxford, UK). All peptides were dissolved in DMSO and

used at a final concentration of 3 mg/mL. DMSO and concanavalin A (5 mg/mL) were used a negative and positive controls respec-

tively. Plates were read and analysed using an AID ELISpot reader (AID GmbH, Germany). The cut off for positivity was determined

based off the mean + 3xSD of the UC group.

TruCulture whole blood stimulation
TruCulture tubes (Myriad RBM, Austin, TX, USA) were thawed and brought to room temperature. Peripheral blood was drawn into

9mL lithium heparin collection tubes and transferred to a biological safety cabinet. 1mL of blood was aliquoted into each tube within

15 minutes of blood draw as previously described.65 The tubes were preloaded with our chosen stimuli: IFNa2 (1,000IU/mL), polyIC

(20 mg/mL), R848 (20mM) and a null unstimulated tube. Following incubation for 22 hrs at 37�C, supernatants were collected as per

manufacturers protocol and stored at�80�C for later cytokine analysis. The cell pellet was stored in 2mL of Trizol LS (Qiagen) for later

RNA extraction and transcriptomic analysis.

Cytokine analysis
Secreted cytokines were measured in the supernatants of TruCulture tubes using a custom Luminex panel (R&D Systems). Induced

cytokines with a q value (FDR corrected p value) of <0.01 relative to the null condition were included in downstream analysis for the

relevant stimulus. Variables were rescaled to range between 0 and 1 and spider plots were generated in R using the package fmsb.

IFNa2 and IFNbwere quantified using the highly sensitive Simoa digital ELISA (Quanterix) with HomeBrew assays developed as pre-

viously described.66 The limit of detection for IFNa2 was 0.246 fg/mL and 0.011 pg/mL for IFNb. Plasma cytokines were assessed

using the Quanterix Corplex SP-X panel according to manufacturer’s instructions.

Gene expression analysis
Total RNA was extracted as previously described.25 The RNA integrity number (RIN) for each sample was determined using the Agi-

lent RNA 6000Nano kit (Agilent) and Bioanalyser. Gene expression was quantified using the NanoString human immunology panel v2

(NanoString). Samples were processed 12 at a time. RNAwas diluted to 100ng and a thermocycler pre-heated to 65�C. Reporter and
capture probeswere thawed to room temperature. Amaster mix containing 5mL of hybridisation buffer and 3mL of the reporter probes

was added to each well of a 12 well stip. 5mL of sample was added to the each well, followed by 2mL of the capture probes. The strips

were capped and mixed by inverting and placed in a thermocycler at 65�C overnight for 16 hours. Following hybridisation, samples

were transferred in the 12 well strips to the nCounter automatic prep station, where excess probes were removed through a two-step

magnetic bead based purification. The purified complexes were eluted and immobilised on a cartridge for counting using the

nCounter Digital Analyser (NanoString). Count data was exported as reporter code count (RCC) files. RCC files were imported

into the NanoString nSolver software for normalisation using positive and negative probes. Differences in RNA input were corrected

using housekeeping genes selected using the geNormmethod (ALAS1, EEF1G, G6PD, HPRT1, POL2RA, PPIA, RPL19, SDHA, TBP).

Lowly expressed geneswith counts <4 in 75%of sampleswere filtered out. Principal component analysis of the positive and negative

probes indicated batch effects between sample runs. Prior to downstream analysis, these batch effects were corrected using the

removeBatchEffect function in the Limma package in R.

Differential gene expression analysis
Differential gene expression between ESN and SP groups was determined using Mann-Whitney U tests in R, followed by an FDR

correction using the Benjamini-Hochberg method. Heatmaps were generated in R using the package pheatmap.
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Gene signature scores
Gene signature scores, previously described using the same workflow in an independent cohort from the Milieu Interieur Cohort

(MIC), were used to assess differences in specific cytokine induced gene modules (IFNg, IFN-I, TNFa, IL1b).25 Gene scores for

each stimulus are calculated as the average gene level Z scores per sample using log2 fold change (polyIC, R848, IFNa2) or expres-

sion data (null condition). A secondary IFN-I gene score from the Molecular Signature Database (MolSigDB) was used to validate

findings with the MIC derived score.67

Flow cytometry
Immune cell populations were quantified using flow cytometry. Briefly, 200mL of freshwhole bloodwaswashed in PBS and incubated

with the relevant antibodies for 20 minutes at room temperature. Cell suspensions were washed with PBS and the cell pellet resus-

pended in red blood cell lysis buffer at 37�C for 15 minutes. Lysis buffer was removed by centrifugation and the cells washed again in

FACS buffer (PBS + 0.5% FBS). Cells were resuspended in a final volume of 200mL of FACS buffer and 25mL count beads

(CountBrighttTM, ThermoFisher) were added. Stained cells were acquired on the LSR Fortessa (BDBiosciences). Plots were analysed

using FlowJoTM (version 10.7.1).

DNA isolation and rs12979860 genotyping
DNA was isolated from saliva returned by study participants via the postal service in Ireland. DNA isolation was carried out using the

protocol and materials from Isohelix GeneFixTM Saliva DNA Mini Kit: GSS-50 (Cell Projects, United Kingdom). Donors were geno-

typed by quantitative polymerase chain reaction (qPCR) using the Applied Biosystems StepOnePlus RT-PCR machine for the

rs12979860 SNP upstream of IFNL3 (TaqMan, Applied Biosystems, USA, C__7820464_10) in a total volume of 5mL. 20 additional

unexposed control donors and 9 additional SVR donors for whom we had DNA were included in the genotype analysis. The total

number of donors included for the genetic analysis is indicated in Table S1. Genotype frequencies between groups were assessed

using Chi-square tests. The significance level was adjusted with a Bonferroni correction (a/n, where a is the original significance level

and n is the number of tests performed; 0.05/12 = 0.004). A p < 0.004 was considered significant.

QUANTIFICATION AND STATISTICAL DATA ANALYSIS

Data analysis
Data analysis was carried out using Prism (version 8.2.1) and RStudio (R4.0.4 version). F tests and Shapiro-Wilk tests were used to

determine variance and normality respectively. Chi-square tests were used to compare differences in demographic data. Unpaired t

tests were used to compare gene signature scores between groups. Mann-Whitney U tests were used to compare differences be-

tween individual genes and proteins between infection groups. Except where otherwise specified, a p value < 0.05 was considered

significant.
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