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INTRODUCTION: The collection of viruses
found to infect humans can have profound
effects on human health. In addition to di-
rectly causing acute or chronic illness, viral
infection can alter host immunity in more
subtle ways, leaving an indelible footprint on
the immune system. This interplay between
virome and host immunity
has been implicated in the
pathogenesis of complex
diseases such as type 1 dia-
betes, inflammatory bowel
disease, and asthma.Despite
the growing appreciation
for the importance of inter-
actions between the virome
and host, a comprehensive
method to systematically
characterizethese interactions
has yet to be developed.

RATIONALE: Current sero-
logical methods to detect
viral infections are predomi-
nantly limited to testing
one pathogen at a time and
are therefore used primarily
to address specific clinical
hypotheses. A method that
could simultaneously detect
responses to all human vi-
ruses would allow hypothesis-
free analysis to detect as-
sociations between past viral
infections and particular diseases or pop-
ulation structures. Humoral responses to infection
typically arise within 10 to 14 days of initial
exposure and can persist over years or decades,
thus providing a rich source of the history of
pathogen encounters. In this work, we present
VirScan, a high-throughput method that allows
comprehensive analysis of antiviral antibodies
in human sera. VirScan uses DNA microarray
synthesis and bacteriophage display to create
a uniform, synthetic representation of peptide
epitopes comprising the human virome. Immu-

noprecipitation and high-throughput DNA
sequencing reveal the peptides recognized
by antibodies in the sample. The analysis re-
quires less than 1 ml of blood.

RESULTS: We screened sera from 569 human
donors across four continents, assaying a total

of over 108 antibody-peptide interactions for
reactivity to 206 human viral species and >1000
strains. We found that VirScan’s performance in
detecting known infections and distinguishing
between exposures to related viruses is com-
parable to that of classical serum antibody tests
for single viruses. We detected antibodies to an
average of 10 viral species per person and 84
species in at least two individuals. Our approach
maps antibody targets at 56–amino acid resolu-
tion, and our results nearly double the number
of previously established viral B cell epitopes.

Although rates of specific virus exposure varied
depending on age, HIV status, and geographic
location of the donor, we observed strong

similarities in antibody re-
sponses across individ-
uals. In particular, we found
multiple instances of sin-
gle peptides that were re-
currently recognized by
antibodies in the vast ma-

jority of donors. We performed tiling muta-
genesis and found that these antibody responses
targeted substantially conserved “public epi-
topes” for each virus, suggesting that antibodies
with highly similar specificities, and possibly
structures, are elicited across individuals.

CONCLUSION: VirScan is a method that ena-
bles human virome-wide exploration, at the epi-
tope level, of immune responses in largenumbers
of individuals. We have demonstrated its ef-
fectiveness for determining viral exposure and
characterizing viral B cell epitopes in high
throughput and at high resolution. Our prelim-
inary studies have revealed intriguing general

properties of the human immune system,
both at the individual and the population scale.
VirScan may prove to be an important tool for
uncovering the effect of host-virome interactions
on human health and disease and could easily
be expanded to include new viruses as they are
discovered, as well as other human pathogens,
such as bacteria, fungi, and protozoa.▪
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Systematic viral epitope scanning (VirScan).This method allows comprehensive analysis of antiviral antibodies in
human sera. VirScan combines DNA microarray synthesis and bacteriophage display to create a uniform, synthetic
representation of peptide epitopes comprising the human virome. Immunoprecipitation and high-throughput DNA
sequencing reveal the peptides recognized by antibodies in the sample. The color of each cell in the heatmap depicts
the relative number of antigenic epitopes detected for a virus (rows) in each sample (columns).
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The human virome plays important roles in health and immunity. However, current
methods for detecting viral infections and antiviral responses have limited throughput and
coverage. Here, we present VirScan, a high-throughput method to comprehensively analyze
antiviral antibodies using immunoprecipitation and massively parallel DNA sequencing of a
bacteriophage library displaying proteome-wide peptides from all human viruses. We
assayed over 108 antibody-peptide interactions in 569 humans across four continents,
nearly doubling the number of previously established viral epitopes. We detected
antibodies to an average of 10 viral species per person and 84 species in at least two
individuals. Although rates of specific virus exposure were heterogeneous across
populations, antibody responses targeted strongly conserved “public epitopes” for each
virus, suggesting that they may elicit highly similar antibodies. VirScan is a powerful
approach for studying interactions between the virome and the immune system.

T
he collection of viruses found to infect
humans (the “human virome”) can have
profound effects on human health (1). In
addition to directly causing acute or chronic
illness, viral infection can also alter host

immunity in more subtle ways, leaving an in-

delible footprint on the immune system (2). For
example, latent herpesvirus infection has been
shown to confer symbiotic protection against
bacterial infection in mice through prolonged
production of interferon-g and systemic activa-
tion of macrophages (3). This interplay between
virome and host immunity has also been impli-
cated in the pathogenesis of complex diseases
such as type 1 diabetes, inflammatory bowel dis-
ease, and asthma (4). Despite this growing ap-
preciation for the importance of interactions
between the virome and host, a comprehensive
method to systematically characterize these inter-
actions has yet to be developed (5).
Viral infections can be detected by serological

or nucleic acid–based methods (6). However, nu-
cleic acid tests fail in cases where viruses have
already been cleared after causing or initiating
tissue damage and can miss viruses of low abun-
dance or viruses not normally present in the
sampled fluid or surface. In contrast, humoral re-
sponses to infection typically arise within 2 weeks
of initial exposure and can persist over years or
decades (7). Tests detecting antiviral antibodies
in peripheral blood can therefore identify on-
going and cleared infections. However, current
serological methods are predominantly limited
to testing one virus at a time and are therefore
only used to address specific clinical hypotheses.
Scaling serological analyses to encompass the
complete human virome poses substantial tech-
nical challenges, but would be of great value
for better understanding host-virus interactions
and would overcome many of the limitations

associated with current clinical technologies.
In this work, we present VirScan, a programma-
ble, high-throughput method to comprehensively
analyze antiviral antibodies using immunopre-
cipitation andmassively parallel DNA sequencing
of a bacteriophage library displaying proteome-
wide coverage of peptides from all human viruses.

Results

The VirScan platform

VirScan uses the phage immunoprecipitation
sequencing (PhIP-seq) technology previously de-
veloped in our laboratory (8). Briefly, we used a
programmable DNA microarray to synthesize
93,904 200-mer oligonucleotides, encoding 56-
residue peptide tiles, with 28-residue overlaps,
that together span the reference protein se-
quences (collapsed to 90% identity) of all vi-
ruses annotated to have human tropism in the
UniProt database (Fig. 1A, a and b) (9). This li-
brary includes peptides from 206 species of virus
and over 1000 different strains. We cloned the
library into a T7 bacteriophage display vector for
screening (Fig. 1A, c).
To perform a screen, we incubate the library

with a serum sample containing antibodies,
recover the antibodies by using a mixture of
protein A– and G–coated magnetic beads, and
remove unbound phage particles by washing
(Fig. 1A, d and e). Last, we perform polymerase
chain reaction (PCR) and massively parallel
sequencing on the phage DNA to quantify en-
richment of each library member resulting from
antibody binding (Fig. 1A, f). Each sample is
screened in duplicate to ensure reproducibility.
VirScan requires only 2 mg of immunoglobulin
(<1 ml of serum) per sample and can be auto-
mated on a 96-well liquid handling robot (10).
PCR product from 96 immunoprecipitations
can be individually barcoded and pooled for se-
quencing, reducing the cost for a comprehensive
viral antibody screen to about $25 per sample.
After sequencing, we tally the read count for

each peptide before (“input”) and after (“output”)
immunoprecipitation. We then fit a zero-inflated
generalized Poisson model to the distribution of
output read counts for each input read count and
regress the parameters as a function of input read
count (fig. S1). With use of this model, we cal-
culate a –log10(P value) for the significance of each
peptide’s enrichment. Last, we call a peptide sig-
nificantly enriched if its –log10(P value) is greater
than the reproducibility threshold of 2.3 in both
replicates (fig. S2).

Characterizing VirScan’s sensitivity
and specificity

Figure 1B shows the antibody profiles of a set of
human viruses in sera from a typical group of
individuals in a heat map format that illustrates
the number of enriched peptides from each virus.
We frequently detected antibodies to multiple
peptides from common human viruses, such as
Epstein-Barr virus (EBV), cytomegalovirus (CMV),
and rhinovirus. As expected, we observed more
peptides to be enriched from viruses with larger
proteomes, such as EBV and CMV, likely because
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there aremore epitopes available for recognition.
We noticed fewer enriched peptides in samples
from individuals less than 10 years of age com-
paredwith their geographicallymatched controls,
in line with an accumulation of viral infections
throughout adolescence and adulthood. However,
therewere occasional samples fromyoung donors
with very strong responses to viruses that cause

childhood illness, such as parvovirus B19 and
herpesvirus 6B, which cause the “fifth disease”
and “sixth disease” of the classical infectious
childhood rashes, respectively (11). These obser-
vations are examined in greater detail in Fig. 2.
Wedeveloped a computationalmethod to iden-

tify the set of viruses to which an individual has
been exposed, based on the number of enriched

peptides identifiedper virus. Briefly,we set a thresh-
oldnumberof significantnon-overlappingenriched
peptides for each virus. We empirically determined
that a threshold of three non-overlapping en-
riched peptides gave the best performance for
detecting herpes simplex virus 1 (HSV1) com-
pared with a commercial serologic test, described
below (Table 1). For other viruses, we adjusted the

aaa0698-2 5 JUNE 2015 • VOL 348 ISSUE 6239 sciencemag.org SCIENCE

Fig. 1. General VirScan analysis of the human virome. (A) Construction of
the virome peptide library and VirScan screening procedure. (a) The virome
peptide library consists of 93,904 56–amino acid peptides tiling, with 28–amino
acid overlap, across the proteomes of all known human viruses. (b) The 200-nt
DNA sequences encoding the peptides were printed on a releasable DNA
microarray. (c) The released DNA was amplified and cloned into a T7 phage
display vector and packaged into virus particles displaying the encoded peptide
on its surface. (d) The library is mixed with a sample containing antibodies that
bind to their cognatepeptide antigenon thephage surface. (e) Theantibodiesare
immobilized, and unbound phage are washed away. (f) Last, amplification of the
bound DNA and high-throughput sequencing of the insert DNA from bound
phage reveals peptides targeted by sample antibodies. Ab, antibody; IP, im-
munoprecipitation. (B) Antibody profile of randomly chosen group of donors to
show typical assay results. Each row is a virus; each column is a sample. The
label above each chart indicateswhether the donors are over 10 years of age or
atmost 10 years of age.The color intensity of each cell indicates the number of
peptides from the virus that were significantly enriched by antibodies in the
sample. (C) Scatter plot of the number of unique enriched peptides (after
applying maximum parsimony filtering) detected in each sample against the
viral load in that sample. Data are shown for the HCV-positive and HIV-positive

samples for which we were able to obtain viral load data. For the HIV-positive
samples, red dots indicate samples fromdonors currently on highly active anti-
retroviral therapy (HAART) at the time the sample was taken, whereas blue
dots indicate different donors before undergoing therapy. IU, international
units. (D) Overlap between enriched peptides detected by VirScan and human
B cell epitopes from viruses in IEDB.The entire pink circle represents the 1392
groups of nonredundant IEDB epitopes that are also present in the VirScan
library (out of 1559 clusters total).The overlap region represents the number of
groups with an epitope that is also contained in an enriched peptide detected
by VirScan. The purple-only region represents the number of nonredundant
enriched peptides detected by VirScan that do not contain an IEDB epitope.
Data are shown for peptides enriched in at least one (left) or at least two (right)
samples. (E) Overlap between enriched peptides detected by VirScan and
human B cell epitopes in IEDB from common human viruses. The regions
represent the same values as in (D) except only epitopes corresponding to the
indicated virus are considered, and only peptides from that virus that were
enriched in at least two sampleswere considered. (F) Distribution of numberof
viruses detected in each sample. The histogram depicts the frequency of
samples binned by the number of virus species detected by VirScan.Themean
and median of the distribution are both about 10 virus species.
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threshold to account for the size of the viral
proteome (fig. S3). Next, we tally the number of
enriched peptides from each virus. Antibodies
generated against a specific virus can cross-react
with similar peptides from a related virus. This
would lead to false positives, because an antibody
targeted to an epitope from one virus to which a
donor was exposed would also enrich a homolo-
gous peptide from a related virus to which the
donor may not have been exposed. In order to
address this issue, we adopted a maximum par-
simony approach to infer the fewest number of
virus exposures that could elicit the observed
spectrum of antiviral peptide antibodies. Groups
of enriched peptides that share a seven–amino
acid subsequence may be recognized by a single
specific antibody, so we only count them as one
epitope for the virus that has the greatest num-
ber of other enriched peptides. If this adjusted
peptide count is greater than the threshold for
that virus, the sample is considered positive for
the virus. For this analysis, we also filtered out
peptides that were enriched in only 1 of the 569
samples to avoid spurious hits.
With this analytical framework, we measured

the performance of VirScan by using serum sam-
ples from individuals known to be infected or

not infected with human immunodeficiency vi-
rus (HIV) and hepatitis C virus (HCV), based on
commercial enzyme-linked immunosorbent assay
(ELISA) and Western blot assays. For both vi-
ruses, VirScan achieves very high sensitivities
and specificities of ~95% or higher (Table 1) over
a wide range of viral loads (Fig. 1C). The viral
genotype was also known for the HCV-positive
samples. Despite the over 70% amino acid se-
quence conservation amongHCV genotypes (12),
which poses a problem for all antibody-based
detection methods, VirScan correctly reported
theHCV genotype in 69% of the samples.We also
compared VirScan to a commercially available
serology test that is type-specific for the highly
related HSV1 and HSV2 (Table 1). These results
demonstrate that VirScan performs well in dis-
tinguishing between closely related viruses and
viruses that range in size from small (HIV and
HCV) to very large (HSV1 and HSV2) with high
sensitivity and specificity.

Population-level analysis of
viral exposures

After ascertaining the performance of VirScan
for a panel of viruses, we undertook a large-scale
screening of samples with unknown exposure

history. By using our multiplex approach, we as-
sayed over 106 million antibody-peptide inter-
actions with samples from 569 human donors in
duplicate. We detected antibody responses to an
average of 10 species of virus per sample (Fig. 1F).
Each person is likely exposed tomultiple distinct
strains of some viral species. We detected anti-
body responses to 62 of the 206 species of virus
in our library in at least five individuals and 84
species in at least two individuals. The most
frequently detected viruses are generally those
known to commonly infect humans (Table 2 and
table S1). We occasionally detected what appear
to be false positives thatmay be due to antibodies
that cross-react with nonviral peptides. For exam-
ple, 29% of the samples positive for cowpox vi-
rus were right at the threshold of detection and
had antibodies against a peptide from the C4L
gene that shares an eight–amino acid sequence
(SESDSDSD; D, Asp; E, Glu; S, Ser) with the
clumping factor B protein from Staphylococcus
aureus, against which humans are known to gen-
erate antibodies (13). This will become less of an
issue when we test more examples of sera from
individuals with known infections to determine
the set of likely antigenic peptides for a given
virus. However, the fact that we do not detect
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Fig. 2. Population stratification of the human virome immune response.The bar graphs depict the differences in exposure to viruses between donors who are
(A) less than 10 years of age versus over 10 years of age, (B) HIV-positive versus HIV-negative, residing in the United States (C) residing in Peru versus residing in
the United States, (D) residing in South Africa versus residing in the United States, and (E) residing in Thailand versus residing in the United States. Asterisks
indicate false discovery rate < 0.05.
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high rates of very rare viruses strengthens our
confidence in VirScan’s specificity (see supple-
mentary discussion).
We frequently detected antibodies to rhino-

virus and respiratory syncytial virus, which are
normally found only in the respiratory tract, in-
dicating that VirScan using blood samples is still
able to detect viruses that do not cause viremia.
We also detected antibodies to influenza, which
is normally cleared, andpoliovirus, towhichmost
people in modern times generate antibodies

through vaccination. Because the original antigen
is no longer present, we are likely detecting an-
tibodies secreted by long-livedmemoryB cells (14).
We detected antibodies to certain viruses

less frequently than expected based on previous
seroprevalence studies that used optimized serum
ELISAs. For example, the frequency at which we
detect influenza (53.4%) and poliovirus (33.7%) is
lower than expected given that the majority of
the population has been exposed to or vaccinated
against these viruses. Thismay be due to reduced
sensitivity because of a gradual narrowing and
decrease of the long-lived B cell response in the
absence of persistent antigen. We also rarely de-
tected antibody responses to small viruses, such
as JC virus (JCV) and torque teno virus, which are
frequently detected by using specific tests. We
believe that the disparity is due to low titers of
antibodies to unmodified, linear epitopes from
these viruses. For example, serum antibodies
against the major capsid protein of JCV are re-
ported to only recognize conformational epitopes
(15). Last, the frequency of detecting varicella
zoster virus (chicken pox) antibodies is also lower
than expected (24.3%), even though the frequen-
cy of detecting other latent herpesviruses, such as
EBV (87.1%) and CMV (48.5%), is similar to the
prevalence reported in epidemiological studies
(16–18). This may reflect differences in how fre-
quently these viruses shed antigens that stimu-
late B cell responses or a more limited humoral
response that relies on epitopes that cannot be
detected in a 56-residue peptide. It might also be
possible to increase the sensitivity of detection of
these viral antibodies by stimulating memory B
cells in vitro to probe the history of infection
more deeply.
To assess differences in viral exposure between

populations, we split the samples into different
groups based on age, HIV status, and geography.
We first compared results from children under
the age of 10 to adults within the United States
(HIV-positive individuals were excluded from this
analysis) (Fig. 2A). Fewer children were positive
for most viruses, including EBV, HSV1, HSV2,
and influenza virus, which is consistent with our
preliminary observations comparing the number
of enriched peptides (Fig. 1B). In addition to the
fact that children may generate lower antibody
titers in general, these younger donors probably
have not yet been exposed to certain viruses, for
example, HSV2, which is sexually transmitted (19).
When comparing results from HIV-positive to

HIV-negative samples, we foundmore of theHIV-
positive samples to also be seropositive for addi-
tional viruses, includingHSV2, CMV, andKaposi’s
sarcoma–associated herpesvirus (KSHV) (false
discovery rate q < 0.05, Fig. 2B). These results are
consistent with prior studies indicating higher
risk of these co-infections in HIV positive patients
(20–22). Patients with HIV may engage in activ-
ities that put them at higher risk for exposure to
these viruses. Alternatively, these viruses may in-
crease the risk of HIV infection. HIV infection
may reduce the immune system’s ability to con-
trol reactivation of normally dormant resident
viruses or to prevent opportunistic infections

from taking hold and triggering a strong adaptive
immune response.
Last, we compared evidence of viral exposure

among samples taken from adult HIV-negative
donors residing in countries (United States, Peru,
Thailand, and South Africa) from four different
continents. In general, donors outside the United
States had higher frequencies of seropositivity
(Fig. 2, C to E). For example, CMV antibodies
were found in significantly higher frequencies in
samples from Peru, Thailand, and South Africa.
Other viruses, such as KSHV and HSV1, were de-
tected more frequently in donors from Peru and
South Africa but not Thailand. The observed de-
tection frequency of different adenovirus species
varies across populations. Adenovirus C seropos-
itivity was found at similar frequencies in all
regions, but adenovirus D seropositivity was gen-
erally higher outside the United States, whereas
adenovirus B seropositivity was higher in Peru
and South Africa but not in Thailand. The higher
rates of virus exposure outside the United States
could be due to differences in population density,
cultural practices, sanitation, or genetic suscep-
tibility. Additionally, influenza B seropositivity
was more common in the United States com-
pared with other countries, especially Peru and
Thailand. The global incidence of influenza B is
much lower than influenza A, but the standard
influenza vaccination contains both influenza A
and B strains, so the elevated frequency of indi-
viduals with seroreactivity may be due to higher
rates of influenza vaccination in theUnited States.
Other viruses, such as rhinovirus and EBV, were
detected at very similar frequencies in all the
geographic regions.

Analysis of viral epitope determinants

After analyzing responses on the whole-virus lev-
el, we focused our attention on the specific pep-
tides targeted by these antibodies. We detected
antibodies to a total of 8425 peptides in at least
two samples, and 15,052 in at least one sample.
Because of the presence ofmany related peptides
in our library and the Immune Epitope Database
(IEDB), for the following analysis we consider a
peptide unique only if it does not contain a con-
tinuous seven-residue subsequence, the estimated
size of a linear epitope, in common with another
peptide. Analyzed as such, our VirScan database
nearly doubles the 1559 unique human B cell ep-
itopes from human viruses in the IEDB (23). The
epitopes identified in our unbiased analysis dem-
onstrate a significant overlap with those con-
tained in the IEDB (P < 10−30, Fisher’s exact text,
Fig. 1D). The amount of overlap is even greater
for epitopes from viruses that commonly cause
infection (Fig. 1E).Wewould likely have detected
even more antigenic peptides in common with
the IEDB if we had tested more samples from
individuals infected with rare viruses. We next
analyzed the amino acid composition of recur-
rently enriched peptides. Enriched peptides tend
to have more proline and charged amino acids
and fewer hydrophobic amino acids, which is
consistent with a previous analysis of B cell ep-
itopes in the IEDB (fig. S4) (24). This trend
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Table 2. Frequently detected viruses. The %
column indicates the percentage of samples that
were positive for the virus by VirScan. Known HIV-
and HCV-positive samples were excluded when
performing this analysis.

Virus species %

Human herpesvirus 4 87.1%
Rhinovirus B 71.8%
Human adenovirus C 71.8%
Rhinovirus A 67.3%
Human respiratory syncytial virus 65.7%
Human herpesvirus 1 54.4%
Influenza A virus 53.4%
Human herpesvirus 6B 52.8%
Human herpesvirus 5 48.5%
Influenza B virus 40.5%
Poliovirus 33.7%
Human herpesvirus 3 24.3%
Human adenovirus F 20.4%
Human adenovirus B 16.8%
Human herpesvirus 2 15.5%
Enterovirus A 15.2%
Enterovirus B 13.3%

Table 1. VirScan’s sensitivity and specificity
on samples with known viral infections. Sen-
sitivity is the percentage of samples positive for
the virus as determined by VirScan out of all n
known positives. Specificity is the percentage of
samples negative for the virus by VirScan out of
all n known negatives.

Virus Sensitivity (n) Specificity (n)

HCV 92% (26)* 97%** (34)
HIV1 95% (61)* 100% (33)
HSV1 97% (38) 100% (6)
HSV2 90% (20) 100% (24)
*We found that, although the false negative samples
did not meet our stringent cutoff for enriching multiple
unique peptides, they had detectable antibodies to a
recurrent epitope. By modifying the criterion to allow
for samples that enrich multiple homologous peptides
that share a recurrent epitope as described in the text,
the sensitivity of detecting HCV increases to 100%,
and the sensitivity for detecting HIV increases to 97%.
This modified criterion does not significantly affect
specificity (fig. S13). **The one false positive was from
an individual whose HCV-negative status was self-
reported, but who had antibodies to as many HCV
peptides as 23% of the true HCV-positive individuals
and is likely to be HCV-positive now or in the past. It is
possible that this individual was exposed to HCV but
cleared the infection. If true, the observed specificity
for HCV is 100%.
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likely reflects enrichment for amino acids that
are surface-exposed or can form stronger inter-
actions with antibodies.

B cell responses target highly similar viral
epitopes across individuals

We compared the profile of peptides recognized
by the antibody response in different individuals.
We found that, for a given protein, each sample
generally only had strong responses against one
to three immunodominant peptides (Fig. 3). Un-
expectedly, we found that the vast majority of
seropositive samples for a given virus recognized
the same immunodominant peptides, suggesting
that the antiviral B cell response is highly stereo-
typed across individuals. For example, in glyco-
protein G from respiratory syncytial virus, there
is only a single immunodominant peptide com-
prising positions 141 to 196 that is targeted by all
samples with detectable antibodies to the pro-
tein, regardless of the country of origin (Fig. 3A).

For other antigens, we observed interpopu-
lation serological differences. For example, two
overlapping peptides from positions 309 to 364
and 337 to 392 of the penton base protein from
adenovirus C frequently elicited antibody re-
sponses (Fig. 3B). However, donors from the
United States andSouthAfrica hadmuch stronger
responses to peptide 309-364 (P < 10−6, t test)
relative to donors from Thailand and Peru. We
observed that, for the EBNA1 protein from EBV,
donors from all four countries frequently had
strong responses to peptide 393-448 and occa-
sionally to peptide 589-644. However, donors
from Thailand and Peru had much stronger re-
sponses to peptide 57-112 (P< 10−6, t test) (Fig. 3C).
These differences may reflect variation in the
strains endemic in each region. In addition, poly-
morphism of major histocompatibility complex
(MHC) class II alleles, immunoglobulin genes,
and other modifiers that shape immune re-
sponses in each population likely play a role in

defining the relative immunodominance of anti-
genic peptides.
To determine whether the humoral responses

that target an immunodominant peptide are ac-
tually targeting precisely the same epitope, we
constructed single-, double-, and triple-alanine
scanningmutagenesis libraries for eight common-
ly recognized peptides. These were introduced
into the same T7 bacteriophage display vector
and subjected to the same immunoprecipitation
and sequencing protocol using samples from the
United States. Mutants that disrupt the epitope
diminish antibody binding affinity and peptide
enrichment. We found that, for all eight peptides
tested, there was a single, largely contiguous sub-
sequence in which mutations disrupted binding
for the majority of samples. As expected, the tri-
ple mutants abolished antibody binding to a
greater extent, and the enrichment patternswere
similar among single, double, and triple mutants
of the same peptide (Fig. 4 and figs. S5 to S11).
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Fig. 3.The human antivirome
response recognizes a similar
spectrum of peptides among
infected individuals. In the
heat-map charts, each row is a
peptide tiling across the indi-
cated protein, and each column
is a sample. The colored bar
above each column, labeled at
the top of the panels, indicates
the country of origin for that
sample. The samples shown are
a subset of individuals with
antibodies to at least one pep-
tide from the protein. The color
intensity of each cell
corresponds to the –log10(P
value) measure of significance
of enrichment for a peptide in a
sample (greater values indi-
cates stronger antibody
response). Data are shown for
(A) human RSV attachment
glycoprotein G (G), (B) human
adenovirus C penton protein
(L2), and (C) EBV nuclear anti-
gen 1 (EBNA1). Data shown are
the mean of two replicates.
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For four of the eight peptides, a 9– to 15–amino
acid region was critical for antibody recognition
in >90% of samples (Fig. 4 and figs. S5 to S7).
One other peptide had a region of similar size
that was critical in about half of the samples (fig.
S8). In another peptide, a single region was im-
portant for antibody recognition in the majority
of the samples, but the extents of the critical re-
gion varied slightly for different samples, and
occasionally there were donors that recognized a
completely separate epitope (fig. S9). The remain-
ing two peptides contained a single triple mutant
that abolished binding in themajority of samples,
but the critical region also extended further to
different extents depending on the sample (figs.
S10 and S11). Unexpectedly, in one of these pep-
tides, in addition to themain region surrounding
positions 13 and 14 that is critical for binding, a
single Gly36→Ala36 (G36A) mutation disrupted
binding in almost half of the samples, whereas
none of the double- or triple-alaninemutants that

also included the adjacent positions [Lys35 (L35)
and G37] affected binding (fig. S11). It is possible
that G36 plays a role in helping the peptide adopt
an antigenic conformation and multiple mutants
containing the adjacent Leu or Gly residues res-
cue this ability. We occasionally saw other exam-
ples of mutations that resulted in patterns of
disrupted binding with no simple explanation,
illustrating the complexity of antibody-antigen
interaction.
The discovery of recurring targeted epitopes

led us to ask whether we could apply this knowl-
edge to improve the sensitivity of viral detection
with VirScan. We hypothesized that samples
showing a strong response to a recurrently tar-
geted “diagnostic” peptide, which we defined as
a peptide enriched in at least 30% of known pos-
itive samples, are likely to be seropositive even if
they do not meet our stringent cutoff requiring
at least two non-overlapping enriched peptides.
We tested how this modified criterion affected

our sensitivity and specificity in detecting HIV
and HCV and found that it reduced the number
of false negatives without affecting the specificity
of the assay (fig. S13). We next turned our atten-
tion to respiratory syncytial virus (RSV), a virus
for which our detected seroprevalence was lower
than reported epidemiological rates, suggesting
imperfect sensitivity of our assay. We tested sera
from 60 individuals for antibodies to RSV by
ELISA and found that 95% were positive, above
the reported sensitivity of the assay and consist-
ent with near-universal exposure to this patho-
gen. Applying the modified criterion to these
samples increased our rate of detectionbyVirScan
from 63% to 97% (table S2). These data suggest
that assigning more weight to recurrently tar-
geted epitopes can enhance the sensitivity of
VirScan and that the performance of the assay
can be improved by screening known positives
for a particular virus.

Discussion

We have developed VirScan, a technology for
identifying viral exposure and B cell epitopes
across the entire known human virome in a sin-
gle, multiplex reaction using less than a drop of
blood. VirScan uses DNA microarray synthesis
and bacteriophage display to create a uniform,
synthetic representation of peptide epitopes com-
prising the human virome. Immunoprecipitation
and high-throughput DNA sequencing reveals
the peptides recognized by antibodies in the sam-
ple. VirScan is easily automated in 96-well format
to enable high-throughput sample processing.
Barcoding of samples during PCR enables pooled
analysis that can dramatically reduce the per-
sample cost. The VirScan approach has several
advantages for studying the effect of viruses on
the host immune system. By detecting antibody
responses, it can identify infectious agents that
have been cleared after an effective host response.
Current serological methods of antiviral anti-
body detection typically use the selection of a
single optimized antigen in order to achieve high
accuracy. In contrast, VirScan’s unique approach
does not require such optimization in order to
obtain similar performance. VirScan achieves
sensitive detection by assaying each virus’s com-
plete proteome to detect any antibodies directed
to epitopes that can be captured in a 56-residue
fragment and specificity by computationally
eliminating cross-reactive antibodies. This un-
biased approach identifies exposure to less well-
studied viruses for which optimal serological
antigens are not known and can be rapidly ex-
tended to include new viruses as they are dis-
covered (25).
Although sensitive and selective, VirScan has a

few limitations. First, it cannot detect epitopes
that require post-translationalmodifications. Sec-
ondly, it cannot detect epitopes that involve
discontinuous sequences on protein fragments
greater than 56 residues. In principle, the latter
can be overcome byusing alternative technologies
that allow for the display of full-length proteins,
such as parallel analysis of translated open read-
ing frames (PLATO) (26). Third, VirScan is likely
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Fig. 4. Recognition of common epitopes within an antigenic peptide from human adenovirus C
penton protein (L2) across individuals. Each row is a sample. Each column denotes the first mutated
position for the (A) single-, (B) double-, and (C) triple-alaninemutant peptide starting with the N terminus
on the left. Each double- and triple-alaninemutant contains two or three adjacent mutations, respectively,
extending toward the C terminus from the colored cell. The color intensity of each cell indicates the
enrichment of the mutant peptide relative to the wild-type. For double-mutants, the last position is blank.
The same is true for the last two positions for triple mutants. Data shown are the mean of two replicates.
Single-letter amino acid abbreviations are as follows: F, Phe; H, His; I, Ile; K, Lys; N, Asn; P, Pro; Q, Gln; R,
Arg; T,Thr; V, Val; and Y,Tyr.
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to be less specific compared with certain nucleic
acid tests that discern highly related virus strains.
However, VirScan demonstrates excellent sero-
logical discrimination among similar virus species,
such as HSV1 andHSV2, and can even distinguish
the genotype ofHCV69%of the time.We envision
that VirScan will become an important tool for
first-pass unbiased serologic screening appli-
cations. Individual viruses or viral proteins un-
covered in this way can subsequently be analyzed
in further detail by using more focused assays, as
we have demonstrated for a panel of immunodo-
minant epitopes.
We have demonstrated that VirScan is a sen-

sitive and specific assay for detecting exposure to
viruses across the human virome. Because it can
be performed in high-throughput and requires
minimal sample and cost, VirScan enables rapid
and cost-effective screening of large numbers of
samples to identify population-level differences
in virus exposure across the human virome. In
this work, we analyzed over 106 million anti-
body-viral peptide interactions in a comprehen-
sive study of pan-virus serology in a large, diverse
population. In doing so we detected 84 different
viral species in two or more individuals. This is
likely to be an underestimate of the history of
viral infection, because only low levels of circu-
lating antibodies may remain from infections
that were cleared in the distant past. In addition,
an individual could be infected by multiple dis-
tinct strains of each viral species. We identified
known and novel differences in virus exposure
between groups differing in age, HIV status, and
geographic location across four different con-
tinents. Our results are largely consistent with
previous studies, validating the effectiveness of
VirScan. For example, CMVantibodieswere found
in significantly higher frequencies in Peru, Thai-
land, and South Africa, whereas KSHV andHSV1
antibodies were detectedmore frequently in Peru
and South Africa but not in Thailand (16, 27–31).
We also uncovered previously undocumented
serological differences, such as an increased rate
of antibodies against adenovirus B and RSV in
HIV-positive individuals compared with HIV-
negative individuals. These differences may pro-
vide insight into howHIV co-infection alters the
balance between host immunity and resident
viruses, as well as help to identify pathogens that
may increase susceptibility to HIV and other
heterologous infections. HIV infection may re-
duce the immune system’s ability to control re-
activation of normally dormant resident viruses
or to prevent opportunistic infections from taking
hold and triggering a strong adaptive immune
response. Beyond the epidemiological applica-
tions demonstrated here, VirScan could also be
applied to identify viral exposures that correlate
with disease or other phenotypes in virome-wide
association studies.
Our results identified a large number of novel

B cell epitopes, cumulatively nearly doubling the
number of all previously identified viral epitopes.
We have used our data to identify globally im-
munodominant and commonly recognized “pub-
lic” epitopes. For most species of viruses, one or

more peptides are individually recognized in
over 70% to 95% of samples positive for that
species (table S3). We identified a set of two pep-
tides that together are recognized by >95% of
all screened samples and a set of five peptides
that together are recognized in >99% of screened
samples. These public epitopes could be used
to improve vaccine design by piggybacking on
the existing antibody response against them.
Fusing a public B cell epitope to a protein in a
vaccine to which we hope to induce an immune
responsemay increase a vaccine’s efficacy among
a broad population by improving presentation
of that protein and aiding affinity maturation.
Preexisting B cells recognizing the public epi-
tope can act as antigen presenting cells to pro-
cess and present T cell epitopes of the fused
vaccine target on MHC class I and II (32). An-
tibodies secreted by these B cells can also par-
ticipate in immune complexes with the fused
vaccine target, which are critical for follicular
dendritic cells to prime class switching and af-
finity maturation of B cells recognizing other
epitopes on the fused antigen (33). Last, we
demonstrated that applying more weight to
these public epitopes increases the sensitivity
of VirScan without significantly affecting spec-
ificity, suggesting that this limited subset of pep-
tides can serve as the basis for the next generation
of our assay or for other novel diagnostics.
We also found that the precise epitopes re-

cognized by the B cell response are highly similar
among individuals across many viral proteins.
One possible model for this notable similarity is
that these regions possess properties favorable
for antigenicity, such as accessibility. Another
model is that the same or highly similar B cell
receptor sequences that recognize these epitopes
are commonly generated. Identical T cell receptor
sequences (“public” clonotypes) have been found
inmultiple individuals and are thought to be the
result of biases during the recombination proc-
ess that favor certain amino acid sequences
(34). V(D)J recombination of the immunoglobulin
heavy- and light-chain loci is also heavily biased
(35). Highly similar or even identical complemen-
tarity determining region 3 (CDR3) sequences
have been observed in dengue virus–specific an-
tibodies from different individuals (36). It is pos-
sible that, rather than being an exception for
dengue-specific antibodies, this represents a
general phenomenon: Inherent biases in V(D)J
recombination generate the same or similar an-
tibodies in multiple individuals that recognize
highly similar epitopes. Slight differences in the
antibodyCDR3sequencemay subtly alter antibody-
antigen interaction, leading to the slight var-
iations observed in the extent of critical epitope
regions. Sequencing of antigen-specific antibody
genes will be required to investigate these pos-
sibilities. The same principle may also apply to T
cell epitopes and their cognate T cell receptors.
VirScan is a method that enables human

virome-wide exploration—at the epitope level—
of immune responses in large numbers of indi-
viduals. We have demonstrated its effectiveness
for determining viral exposure and characteriz-

ing viral B cell epitopes in high throughput and
at high resolution. Our preliminary studies have
revealed intriguing general properties of the hu-
man immune system, both at the individual and
population scale. VirScan will be an important
tool in uncovering the effect of host-virome in-
teractions on human health and disease and
could easily be expanded to include other human
pathogens such as bacteria, fungi, and protozoa.

Materials and methods

Human donor samples

Specimens originating from human donors were
collected after informed written consent was ob-
tained and under a protocol approved by the local
governing human research protection committee.
Secondary use of all samples for the purposes
of this work was exempted by the Brigham and
Women’s Hospital Institutional Review Board
(protocol number 2013P001337). Samples included
donors residing in Thailand (n = 48), Peru (n =
48), South Africa (n = 48), and the Unites States,
includingHIV+ donors (n=61) andHCV+ donors
(n = 26). All serum and plasma samples were
stored in aliquots at –80°C until use.

Design and cloning of viral peptide
and scanning mutagenesis
library sequences

For the virome peptide library, we first down-
loaded all protein sequences in the UniProt data-
base from viruses with human host and collapsed
on 90% sequence identity [www.uniprot.org/
uniref/?query=uniprot:(host: “Human+[9606]”)+
identity:0.9]. The clustering algorithm UniProt
represents each group of protein sequences
sharing at least 90% sequence similarity with a
single representative sequence. Then, we created
56–amino acid (aa) peptide sequences tiling
through all the proteins with 28-aa overlap. We
reverse-translated these peptide sequences into
DNA codons optimized for expression in Esche-
richia coli, making synonymousmutations when
necessary to avoid restriction sites used in sub-
sequent cloning steps (EcoRI and XhoI). Last,
we added the adapter sequence AGGAATTC-
CGCTGCGT to the 5′ end and CAGGGAAGA-
GCTCGAA to the 3′ end to form the 200-nucleotide
(nt) oligonucleotide sequences.
For the scanning mutagenesis library, we first

took the sequences of the peptides to be muta-
genized. For each peptide, we made all single-
mutant, and consecutivedouble- and triple-mutant,
sequences scanning through the whole peptide.
Non-alanine amino acids were mutated to ala-
nine, and alanines were mutated to glycine. We
reverse-translated these peptide sequences into
DNA codons, making synonymous mutations
when necessary to avoid restriction sites used in
subsequent cloning steps (EcoRI and XhoI). We
also made synonymous mutations to ensure that
the 50 nt at the 5′ end of peptide sequence is
unique to allow unambiguous mapping of the
sequencing results. Last, we added the adapter
sequence AGGAATTCCGCTGCGT to the 5′ end
and CAGGGAAGAGCTCGAA to the 3′ end to form
the 200-nt oligonucleotide sequences.
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The 200-nt oligonucleotide sequences were
synthesized on a releasable DNAmicroarray. We
PCR-amplified the DNAwith the primers T7-PFA
AATGATACGGCGGGAATTCCGCTGCGT) and T7-
PRA (CAAGCAGAAGACTCGAGCTCTTCCCTG), di-
gested the product with EcoRI and XhoI, and
cloned the fragment into the EcoRI/SalI site of
the T7FNS2 vector (8). The resulting library was
packaged into T7 bacteriophage by using the T7
Select Packaging Kit (EMD Millipore) and ampli-
fied by using themanufacturer suggested protocol.

Phage immunoprecipitation
and sequencing

We performed phage immunoprecipitation and
sequencing by using a slightlymodified version of
previously published PhIP-Seq protocols (8, 10).
First, we blocked eachwell of a 96-deep-well plate
with 1 ml of 3% bovine serum albumin in TBST
overnight on a rotator at 4°C. To each preblocked
well, we added sera or plasma containing about
2 mg of immunoglobulinG (IgG) [quantified using
a Human IgG ELISA Quantitation Set (Bethyl
Laboratories)] and 1 ml of the bacteriophage
library diluted to ~2 × 105 fold representation
(2 × 1010 plaque-forming units for a library of
105 clones) in phage extraction buffer (20 mM
Tris-HCl, pH 8.0, 100 mMNaCl, 6 mMMgSO4).
We performed two technical replicates for each
sample. We allowed the antibodies to bind the
phage overnight on a rotator at 4°C. The next
day, we added 20 ml each of magnetic protein A
and protein G Dynabeads (Invitrogen) to each
well and allowed immunoprecipitation to occur
for 4 hours on a rotator at 4°C. With a 96-well
magnetic stand, we then washed the beads three
timeswith 400 ml of PhIP-Seqwash buffer (50mM
Tris-HCl, pH 7.5, 150mMNaCl, 0.1% NP-40). After
the final wash, we resuspended the beads in
40 ml of water and lysed the phage at 95°C for
10m.We also lysed phage from the library before
immunoprecipitation (“input”) and after immu-
noprecipitation with beads alone.
We prepared the DNA for multiplexed Il-

lumina sequencing by using a slightly modified
version of a previously published protocol (36).We
performed two rounds of PCR amplification on the
lysedphagematerial usinghot startQ5polymerase
according to the manufacturer-suggested protocol
(NEB). The first round of PCR used the primers
IS7_HsORF5_2 (ACACTCTTTCCCTACACGACTC-
CAGTCAGGTGTGATGCTC) and IS8_HsORF3_2
(GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCC-
GAGCTTATCGTCGTCATCC). The second round
of PCR used 1 ml of the first-round product and
the primers IS4_HsORF5_2 (AATGATACGGCGA-
CCACCGAGATCTACACTCTTTCCCTACACGACTC-
CAGT) and a different unique indexing primer
for each sample to bemultiplexed for sequencing
(CAAGCAGAAGACGGCATACGAGATxxxxxxx-
GTGACTGGAGTTCAGACGTGT, where “xxxxxxx”
denotes a unique 7-nt indexing sequence). After
the second round of PCR, we determined the
DNA concentration of each sample by quan-
titative PCR and pooled equimolar amounts of
all samples for gel extraction. After gel extraction,
the pooled DNA was sequenced by the Harvard

Medical School Biopolymers Facility using a 50–
base pair read cycle on an IlluminaHiSeq 2000 or
2500.We pooled up to 192 samples for sequencing
on each lane and generally obtained ~100 mil-
lion to 200 million reads per lane (500,000 to
1,000,000 reads per sample).

Informatics and statistical analysis

We performed the initial informatics and statis-
tical analysis by using a slightly modified version
of the previously published technique (8, 10). We
firstmapped the sequencing reads to the original
library sequences by using Bowtie and counted
the frequency of each clone in the “input” and
each sample “output” (37). Because the majority
of clones are not enriched, we used the observed
distribution of output counts as a null distribu-
tion. We found that a zero-inflated generalized
poisson distribution fits our output counts well.
We used this null distribution to calculate a P
value for the likelihood of enrichment for each
clone. The probabilitymass function for the zero-
inflated generalized poisson distribution is

PðY ¼ yÞ
¼ pþ ð1 − pÞ½qðqþ lÞx−1e−q−xl�; y ¼ 0

ð1 − pÞ½qðqþ lÞx−1e−q−xl�; y > 0

�

We used maximum likelihood estimation to
regress the parameters p, q, and l to fit the dis-
tribution of counts after immunoprecipitation
for all clones present at a particular frequency
count in the input. We repeated this procedure
for all of the observed input counts and found
that q and l are well fit by linear regression and p
by an exponential regression as a function of in-
put count (fig. S1). Last, for each clonewe used its
input count and the regression results to deter-
mine the null distribution based on the zero-
inflated generalized poisson model, which we
used to calculate the –log10(P value) of obtain-
ing the observed count.
To call hits, we determined the threshold for

reproducibility between technical replicates based
on a previously published method (10). Briefly,
we made scatter plots of the log10 of the –log10 (P
values) and used a slidingwindowofwidth 0.005
from0 to 2 across the axis of one replicate. For all
the clones that fell within each window, we cal-
culated the median and median absolute devia-
tion of the log10 of the –log10 (P values) in the
other replicate and plotted it against the window
location (fig. S2). We called the threshold for re-
producibility the first window in which the me-
dian was greater than the median absolute
deviation. We found that the distribution of the
threshold –log10 (P value) was centered around a
mean of ~2.3 (fig. S12). So we called a peptide a
hit if the –log10 (P value) was at least 2.3 in both
replicates. We eliminated the 593 hits that came
up in at least 3 of the 22 immunoprecipitations
with beads alone (negative control for nonspecific
binding). We also filtered out any peptides that
were not enriched in at least two of the samples.
To call virus exposures, we grouped peptides

according to the virus the peptide is derived

from. We grouped all peptides from individual vi-
ral strains for which we had complete proteomes.
The samplewas counted as positive for a species if
it was positive for any strain from that species. For
viral strains thathadpartial proteomes,wegrouped
themwith other strains from the same species to
form a complete set and bioinformatically elim-
inated homologous peptides (see next para-
graph). We set a threshold number of hits per
virus based on the size of the virus. We found
that there is approximately a power-law relation-
ship between size of the virus and the average
number of hits per sample (fig. S3). In comparing
results from VirScan to samples with known in-
fection, we empirically determined that a thresh-
old of three hits for HSV1 worked the best. We
used this value and the slope of the best fit line
to scale the threshold for other viruses. We also
set a minimum threshold of at least two hits in
order to avoid false positives from single spuri-
ous hits.
To bioinformatically remove cross-reactive an-

tibodies, we first sorted the viruses by total num-
ber of hits in descending order. We then iterated
through each virus in this order. For each virus,
we iterated through each peptide hit. If the hit
shared a subsequence of at least 7 aa with any hit
previously observed in any of the viruses from
that sample, that hit was considered to be from a
cross-reactive antibody and would be ignored for
that virus. Otherwise, the hit is considered to be
specific, and the score for that virus is incre-
mented by one. In this way, we summed only the
peptide hits that do not share any linear epi-
topes. We compared the final score for each virus
to the threshold for that virus to determinewheth-
er the sample is positive for exposure to that virus.
To identify differences between populations,

we first used Fisher’s exact test to calculate a P
value for the significance of association of virus
exposure with one population versus another.
Then,we constructed anull distribution of Fisher’s
exact P values by randomly permuting the sam-
ple labels 1000 times and recalculating the Fisher’s
exact P value for each virus. With use of this null
distribution, we calculated the false discovery rate
by dividing the number of permutation P values
more extreme than the one observed by the total
number of permutations.

IEDB epitope overlap analysis

Wedownloaded data for all continuous humanB
cell epitopes from IEDB and filtered out all non-
viral epitopes (22). To avoid redundancy in these
4549 viral epitopes, we grouped together epi-
topes that are 100% identical or share a 7-aa sub-
sequence, giving us 1559 nonredundant epitope
groups. Of these groups, 1392 contain a member
epitope that is also a subsequence of a peptide in
the VirScan library. This represents the total
number of epitopes we could detect by VirScan.
To determine the number of epitopes we de-
tected, we tallied the number of epitope groups
with at least one member that is contained in a
peptide that was enriched in one or two samples.
Last, to determine the number of nonredundant
new epitopeswe detected, we grouped non-IEDB
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epitopes containing peptides that share a seven-
residue subsequence and counted the number of
these nonredundant peptide groups.

Scanning mutagenesis data analysis

First, we estimated the fractional abundance of
each peptide by dividing the number of reads
for that peptide by the total number of reads for
the sample. Then, we divided the fractional abun-
dance of each peptide after immunoprecipitation
by the fractional abundance before immunopre-
cipitation to get the enrichment. To calculate
relative enrichment, we divided enrichment of
the mutated peptide by enrichment of the wild-
type peptide. Because most of the single-mutant
peptides had wild-type levels of enrichment, we
averaged enrichment of the wild-type peptide
enrichment with the middle two quartiles of en-
richment of single-mutant peptides to get a bet-
ter estimate of the wild-type peptide enrichment.

RSV and HSV1 and 2 serology

Serum from 44 donors was tested for HSV1 and
HSV2 antibodies by using the HerpeSelect 1 and 2
Immunoblot IgG kit (Focus Diagnostics) accord-
ing to manufacturer’s protocol. Serum from 60 do-
nors was tested for RSV antibodies by using
anti-RSV IgG Human ELISA Kit (ab108765) ac-
cording to manufacturer’s protocol.
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