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Evidence of Ebola Virus Replication
and High Concentration in Semen of a
Patient During Recovery
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In one patient over time, we found that concentration of Ebola
virus RNA in semen during recovery is remarkably higher than
blood at peak illness. Virus in semen is replication-competent
with no change in viral genome over time. Presence of sense
RNA suggests replication in cells present in semen.
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During the 2014-2016 West Africa Ebola virus disease (EVD)
outbreak, late cases occurred due to sexual transmission from
male EVD survivors [1]. While Ebola virus (EBOV) is known to
persist in immune-privileged sites [1-4], replication kinetics and
evolutionary dynamics in these sites are not well characterized. We
utilized reverse-transcription quantitative polymerase chain reac-
tion (RT-qPCR) and deep sequencing to determine concentration
of viral RNA, replicative capacity, and viral evolution in blood
and semen of a single EVD patient over 110 days of illness. We
show that concentration of viral RNA in semen during recovery
is 4 logs higher than in blood during acute illness. Virus in semen
is replication-competent yet maintains a lower than expected
substitution rate. Detection of sense viral RNA by strand-specific
RT-qPCR suggests replication in cells present in semen.

CASE REPORT

In March 2015, a 34-year-old male healthcare worker was evac-
uated from Sierra Leone on day (D) 7 of documented EVD
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symptoms to the US National Institutes of Health Clinical
Research Center. We have previously described the clinical
course of severe EVD and immunological responses for this
patient [5-7]. We collected serum and peripheral blood leuko-
cyte (PBL) samples daily from D7 to D30 (all days are post-
symptom onset). Semen collections followed clinical recovery
from EVD beginning on D32 and continued through D244.
Viral RNA in blood peaked at D8 (cycle threshold [Ct] = 23.21)
and became undetectable at D24 using the EZ1 RT-qPCR assay
[8]. Viral RNA in semen was detected by EZ1 RT-qPCR assay
on D32 (Ct = 18.47), D66 (Ct = 29.71), and D110 (Ct = 30.07)
and was at or below the limit of detection on D180 and D244.
Serum samples from these days tested negative.

HIGH CONCENTRATION OF REPLICATION-
COMPETENT VIRUS IN SEMEN

To precisely compare EBOV load, we extracted total RNA from
stored serum, PBL, and semen using a modified version of the
QIAgen viral RNA mini kit (see Supplementary Methods).
We quantified viral copy number for each sample using the
Kulesh-NP RT-qPCR assay with a standard curve, and adjusted
for differences in extraction and dilution protocols between
sample types (see Supplementary Methods). Notably, viral copy
number in semen at D32 is 4.5 x 10" copies/mL, while concen-
tration in serum on D8 is 5.8 x 10° copies/mL (Figure 1A). High
viral load in semen until 110 days is in line with new estimates
of time to viral clearance for survivors experiencing persistence
in semen (median, 158 days) [9].

To determine whether infectious EBOV was present in these
samples, we attempted viral isolation by tissue culture. Because
some EBOV isolates do not cause discernable plaques in tissue
culture [9], we verified viral amplification by RT-qPCR. We inoc-
ulated Vero E6 cells with the D8 PBL or D32 semen samples, and
saved an aliquot of each inoculum as baseline. Cytopathic effects
(CPEs) were observed in semen-inoculated cells 6 days postinfec-
tion (dpi), and culture supernatant was harvested 13 dpi. CPEs in
blood-inoculated cells were not observed until 14 dpi, and culture
supernatant was harvested 17 dpi. We quantified viral RNA in the
inoculum (baseline) and harvested supernatants. Decreased Ct
values in semen harvest (Ct = 17.38) vs inoculum (Ct = 25.28),
and blood harvest (Ct = 25.44) vs inoculum (Ct = 29.32), are con-
sistent with viral growth in both samples and suggest higher con-
centration of infectious EBOV in semen D32 than blood D8.

Given the strikingly high viral load in semen at D32
(Figure 1A), we sought to determine if replication actively
occurred within cells present in semen, or whether EBOV per-
sisted only as extracellular virions. We utilized strand-specific
RNA methods to compare levels of genomic viral RNA (vRNA),
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Figure 1. High viral load and identical genomes within a single patient with Ebola virus disease. A, Viral load in semen and serum. We measured viral load from extracted
RNA using primers in Supplementary Table 2 (Trombley et al, 2010). Samples were quantified against a standard curve (assay limit of detection [LOD]: 1 copy/uL) to determine
copies per microliter of extracted RNA. Based on the different extraction methods, we converted these values into copies per milliliter of indicated fluid (blue: serum, n =6
replicates per sample; orange: semen, n = 3). Asterisk indicates below-assay LOD. B, Quantification of Ebola virus (EBOV) antisense (vRNA) and sense (c/mRNA) RNA in semen
samples using strand-specific quantitative reverse-transcription polymerase chain reaction (RT-gPCR). We designed RT primers for a 2-step RT-qPCR to detect antisense or
sense viral RNA separately. Day 180 semen sample was not tested. C, Quantification of EBOV vVRNA and c/mRNA in semen samples using single-molecule tagged amplicon
sequencing. We uniquely tagged and amplified RNA molecules with random barcodes in a strand-specific manner. We deduplicated reads and counted unique numbers
of barcodes. Molecules at day 180 likely represent background amplification. See Supplementary Figure 1C for quantification in peripheral blood leukocyte (PBL) samples.
D, Deep sequencing metrics. We performed RNA-seq either without (unbiased) or with hybrid selection using EBOV-specific baits to reduce host RNA background. Lower
viral genome coverage is observed in PBL and semen samples due to abundant cellular RNA. £, Phylogeny of the SL4 clade. We combined 1489 publicly available genomes
(Diehl et al 2016) with this patient’s viral genome and generated a phylogenetic tree with 1000 bootstrap replicates. The patient sample falls within a SL4 subclade (maroon;
100% bootstrap support) of samples collected near Freetown, Sierra Leone, from late January 2015 through March 2015, representing a likely transmission network. See
Supplementary Figure 2 for full tree.

vs viral antigenomes (cRNA) and messenger RNA (mRNA) To quantify the relative abundance of vVRNA vs c/mRNA, we
that exist in the sense coding orientation and are therefore hall- developed a strand-specific 2-step RT-qPCR assay targeting the
marks of active replication inside cells. NP gene, adapted from previous methods [10]. Similar levels of
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VRNA and ¢/mRNA were detected in the D32, D66, and D110
semen samples, indicative of active viral replication (Figure 1B),
consistent with acute blood vVRNA:c/mRNA [7]. Single mol-
ecule tagged amplicon sequencing analyses supported these
results. We tagged each cDNA amplicon with a unique random
dodecamer barcode, allowing us to remove PCR duplicates and
quantify unique amplicon copy number for each strand sep-
arately. We observed high levels of both VRNA and ¢/mRNA
in semen (Figure 1C), at a similar ratio to that in acute phase
serum or PBLs (Supplementary Figure 14).

LACK OF VIRAL DIVERSIFICATION DURING
INFECTION AND PERSISTENCE

We assessed the genetic diversity of EBOV over the course of
illness to investigate if variants change over time. We performed
unbiased deep sequencing on serum, PBLs, and semen, and
subsequently performed hybrid selection on PBLs and semen
to enrich for EBOV content in these cell-rich samples [11].
We assembled near-complete EBOV genome sequences (99%
unambiguous bases; range, 30-274 times median coverage)
from serum and PBLs collected during D7-D10 of acute illness,
as well as a partial genome (51% unambiguous bases, 4 times
coverage) from a D11 PBL sample (Figure 1D). High levels of
host RNA decreased the fraction of EBOV sequencing reads
in semen compared to serum (Supplementary Figure 1B). We
assembled near-complete EBOV genomes for samples collected
on D32 (123 times coverage) and D66 (14 times coverage), but
were unable to assemble a genome for D110.

Consensus viral genomes were identical for all 10 of the sam-
ples sequenced using unbiased and hybrid selection approaches,
and these genomes belong to the EBOV Makona Sierra Leone
clade 4 (SL4) [12] (Figure 1E). This consensus genome contains
6 single-nucleotide polymorphisms (SNPs) that separate it from
the ancestral clade 4: 3 synonymous SNPs in the GP, VP24, and
L genes (A250A, V169V, E1837E) and 3 SNPs in the 3" untrans-
lated region of VP40 and VP24 (A5619C, T5849C, C11407T)
(Supplementary Figure 1C). Four of these SNPs co-occur
in only 16 patient samples collected in Sierra Leone from 18
January to 19 March 2015, which form a distinct phylogenetic
cluster within the SL4 lineage, suggesting a transmission chain
between these patients (Figure 1E; Supplementary Figure 1D).

Because of our unbiased and hybrid select sequencing
approaches, changes in viral quasispecies were accurately
quantified over time. In all samples with sufficient coverage
(>30 times), we detected an intrahost single-nucleotide var-
iant (iSNV) in NP (F90F; C739T). In the serum, PBL, and
semen samples, this iSNV maintained a frequency of 2%-10%
throughout infection (Supplementary Table 1). We observed 1
transient iSNV in the D32 semen sample (T1186T, T15138C) at
26% frequency in L, not detected in acute samples or the D66
semen sample.

We used our single-molecule tagged amplicon sequencing
to confirm the frequency of the C739T iSNV in our unbiased
sequencing. We removed amplicon duplicates with the same
dodecamer barcode (PCR duplicates) before counting the
C739T frequency. This approach yielded similar frequencies
of 3%-8% (Supplementary Table 1) in support of our unbiased
sequencing, suggesting that viral quasispecies did not change
drastically over 110 days, consistent with a reduced substitution
rate seen in other EVD survivors [1].

DISCUSSION

Here, we present the first case study evaluating EBOV copy
number and genetic diversity in blood vs semen during acute
and persistent infection of a single patient. We observed that
concentration of viral RNA in the early recovery semen sample
is 4 logs higher than in blood during peak infection. In cells
inoculated with semen vs blood, we observed faster CPE and
detected a larger increase in viral RNA after culture, indicative
of higher concentration of infectious virus. We found evidence
of actively replicating EBOV consistent with high levels of sense
¢/mRNA. Viral genome and quasispecies were largely main-
tained during the course of infection or persistence.

Together, our data suggest that high concentration of virus in
semen is likely attributable to active EBOV replication within cells
present in semen and not solely due to accumulating extracellu-
lar virions. Originally, the finding of a reduced viral substitution
rate during persistence here and by others [1] raised the possi-
bility of high EBOV load due to minimal viral replication and
reduced immune clearance. However, our detection of significant
amounts of ¢/mRNA strongly points to replicating virus [13] in
cells present in semen. Because substitution rate is a function of
replication/mutation rate and selective pressures, our data sug-
gest that the lower EBOV substitution rate is related to reduced
selection (eg, immunoprivilege) rather than reduced replication.

Cell type(s) that support productive EBOV infection in the
male reproductive system have not been definitively deter-
mined. While inflammatory or sloughed epithelial cells might
be present in semen, orchitis was not observed clinically in our
patient, and delayed viral clearance from semen suggests lack
of significant immune cell infiltration. Immunohistochemical
analyses of human autopsy specimens suggest that seminiferous
tubule cells could be infected [14]. Our detection of EBOV ¢/
mRNA in semen samples also suggests possible EBOV replica-
tion within sperm cells.

While limited to a single case, our investigation provides evi-
dence for high concentration of EBOV and active viral replica-
tion in cells present in semen during recovery, given detection
of sense RNA. Improved understanding of the natural course
and pathogenesis of EBOV in the male reproductive system, as
well as immune responses to infection in this site, will further
inform recommendations for control of sexual transmission
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and clarify the impact of EVD on reproductive health in male
survivors.

Supplementary Data

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