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Abstract

Background: Characterization of the dynamics of Zika virus (ZIKV) persistence following acute
infection is needed to inform blood donor and diagnostic testing policies and understand the
natural history of ZIKV infection. We characterized the natural history, persistence, and clinical
outcomes of ZIKV infection through prospective study of initially asymptomatic ZIKV RNA+
blood donors.
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Methods: Fifty-three ZIKV-infected blood donors identified through ZIKV nucleic acid
amplification technology (NAT) screening were enrolled into a one year follow-up study, with
blood and body fluid samples and detailed symptom data collected at up to seven visits. All
sample types were tested for ZIKV RNA by quantitative RT-PCR (qRT-PCR); follow-up plasma,
whole blood (WB) and urine were also tested by replicate NAT testing. Plasma was tested for
flavivirus-specific IgM and 1gG by ELISA. ZIKV RNA persistence for each assay/sample type
and serum antibody persistence from estimated date of plasma NAT-detectable infection were
calculated from follow-up data using survival statistical methods.

Findings: By gRT-PCR, plasma viremia was detectable for 9.9 days (95%ClI: 8.1-12.0) whereas
RBC- and WB-associated viral RNA persisted for 95.4 days (95%CI: 62.8129.1) and 73.5 days
(95%Cl: 39.8-107.5), respectively. Replicate NAT testing (=10f 8 replicates positive) extended
plasma detection to 34.8 days (95%Cl: 19.9-56.2) and WB detection (=1/2 positive results) to
104.8 days (95%Cl: 76.7-129.9). Urine and saliva were qRT-PCR reactive up to 14.5 (95%Cl:
10.5-20.3) and 26.4 days (95%Cl: 19.7-38.7), respectively. ZIKV IgM persisted for 237.7 days
(95%Cl: 128.7-459.5) from estimated time since plasma NAT-detectable infection. ZIKV RNA
tended to fall below detectable limits more rapidly in participants with preexisting DENV IgG.
Of donors identified pre-seroconversion with symptom data at the first or second study visit,
64% (16/25) developed multiple ZIKV-related symptoms after asymptomatic index donations,
compared to 36% (9/25) of donors detected post-seroconversion.

Interpretation: Determinations of viral marker persistence is enhanced by follow-up of pre-
and asymptomatic RNA+/Ab- blood donors. We found higher rates of post-donation symptomatic
infection than in most previous reports. RBC-associated ZIKV RNA persists for several months
following clearance from plasma and body fluids, and replicate highly sensitive NAT testing
extends RNA detection in all compartments. WB testing can extend detection of acute infection
for diagnostics and monitoring of pregnant women, sexual partners and travellers.

Introduction:

Zika virus (ZIKV), a mosquito-borne arbovirus also transmitted congenitally and through
transfusion and sexual contact, spread rapidly throughout the Americas after its recognition
in Brazil in 2014.1-5 Although asymptomatic or mildly symptomatic in most cases, ZIKV
can cause Guillain-Barré syndrome and infection during pregnancy has been associated with
intrauterine fetal death and congenital Zika syndrome.®

ZIKV diagnosis depends on detection of ZIKV RNA or ZIKV-specific antibody responses
in blood or other body fluids.37:8 RNA assay sensitivities differ, impacting duration of
RNA positivity in clinical samples.3 Further, clinical sensitivity is maximized by testing

a compartment in which ZIKV RNA persists for the longest duration.”-10-13.14 Serologic
assays for ZIKV antibodies are widely employed diagnostically but are problematic in that
cross reactivity with antigenically similar flaviviruses (e.g. the four dengue viruses [DENV])
may confound interpretation.1>18 This is of particular concern in locations where these
viruses co-circulate, and acute ZIKV or secondary DENV may anamnestically boost pre-
existing cross-reactive antibody responses.1” Moreover, expanding DENV vaccination and
potential introduction of ZIKV vaccines are likely to further complicate serologic diagnosis
of these infections.16:18

Lancet Infect Dis. Author manuscript; available in PMC 2023 March 21.
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These diagnostic challenges are of particular importance in monitoring pregnant women
with fetuses at-risk for congenital Zika syndrome, detection of potential reinfections in
DENV and ZIKV endemic areas, and assuring the removal of blood units containing ZIKV
RNA from the blood supply. The peak rates of ZIKV RNA+ prevalence in blood donors
reached 2.8% during the 2014 French Polynesia outbreak 19,and 1.8% in Puerto Rico in
2016. 220 These high rates of donor infections along with reported cases of transfusion-
transmission! prompted the US Food and Drug Administration (FDA) to issue guidance

in 2016 requiring implementation of nucleic acid amplification technology (NAT) testing
to screen blood donors.2! High throughput and highly sensitive ZIKV-specific NAT assays
were developed by Roche Molecular Systems, Inc. (RMS) (the cobas® Zika test for use on
the cobas® 6800/8800 Systems) and Grifols Diagnostic Solutions (Grifols) (the Procleix®
Zika Virus Assay on the Panther® system). 222 Under US FDA Investigational New
Drug (IND) applications, all blood donations in Puerto Rico were screened for ZIKV RNA
beginning April 3, 2016. In the remainder of the US these assays were phased into use from
May through December 2016.

This study (REDS-111 US Zika Natural History Study) used donor NAT screening to identify
and enroll asymptomatic ZIKV infected blood donors into a one-year follow-up study. The
study design enabled identification of donors early in acute infection (i.e., before or shortly
after development of ZIKV-specific immune responses), representing a highly informative
population for characterization of laboratory parameters and incidence of clinical findings.
We report the dynamics of viral and serological markers and clinical symptomatology
following acute ZIKV infection in NAT-positive blood donors, with comprehensive data

on viral persistence in blood compartments and body fluids in DENV-exposed and -naive
donors.

Study design and participants

Donors were eligible for enrollment if confirmed ZIKV infected while donating at blood
centers participating in our follow-up study (Banco de Sangre de Servicios Mutuos,
OneBlood, Vitalant, New York Blood Center or American Red Cross) from April

through December 2016, coinciding with a large ZIKV virus epidemic in PR and small
autochthonous outbreak in South Florida.23:24 Of the five participating blood centers,
BSSM, OneBlood and Vitalant had eligible ZIKV NAT-positive blood donors. Blood

donor plasma samples were screened using either the RMS cobas® Zika or Grifols

Procleix Zika Virus NAT assays. ZIKV infection in NAT-reactive donors was confirmed

by repeat-reactivity on the screening NAT assay, reactivity on a confirmatory RT-PCR
assay on index plasma, or ZIKV IgM seroconversion in index or follow-up serum samples;
this supplemental testing was conducted as part of the manufacturers’ INDs.25 ZIKV
quantitative viral load testing (QRT-PCR) was performed on plasma and residual RBC when
available, and serological testing for ZIKV (IgM and 1gG) and DENV (IgG) were performed
on index and follow-up serum at Vitalant Research Institute

Eligible participants provided consent for follow-up study through a protocol approved by
the UCSF Committee for Human Research. Follow-up visits were requested at weeks 1,

Lancet Infect Dis. Author manuscript; available in PMC 2023 March 21.
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3, 6 and months 3, 6, 9, 12 following index NAT-reactive donations. Sample collection
included 75ml of EDTA anticoagulated whole blood, 7ml whole blood in Tempus (Applied
Biosystems) tubes (for RNA expression), 15ml urine, 3ml saliva, 1-5ml semen, and buccal
and nasal swabs (Appendix pl). Samples were shipped overnight from the collecting

blood center to the central testing laboratory in San Francisco using a dual-temperature
compartment shipper with blood samples shipped at ambient temperature and body fluid
samples on cold packs. Blood was processed into aliquots of whole blood, plasma, packed
RBC (pRBC) and ficoll separated peripheral blood mononuclear cells (PBMC). All samples
were cryopreserved immediately after processing and stored at either —80°C or in liquid
nitrogen (PBMC). Cryopreservation is not expected to have a significant impact on detection
of ZIKV RNA or serological markers and enabled batch testing of samples and development
of sharable biorepository of these samples..

Estimation of date of infection in preseroconversion donations

We used parametric survival methods?C to estimate mean time to clearance of ZIKV RNA
from plasma and other compartments, as well as time to appearance and clearance of IgM.
Persistence is defined as the interval for which a marker of infection is detectable relative

to initial NAT detectable infection in donors identified pre-seroconversion, or from index
donations for all donors We estimated persistence of viral parameters relative to index
donations and performed additional modeling for subjects who were ZIKV seronegative at
the index visit. In these cases, we used index plasma VL and an estimate of ZIKV plasma
RNA doubling time during ramp-up viremia in macaques to establish an estimated date of
NAT-detectable infection. We then calculated time to appearance and loss of detectable RNA
and antibodies relative to estimated date of plasma NAT-detectable infection.20

After evaluating several probability distributions for time to clearance of plasma RNA (data
not shown) we determined that lognormal distribution fit the data better than alternatives.
For each analysis, a subject was considered interval censored when the endpoint was
reached between two visits, or right censored if the endpoint was not reached by the

last contact. Confidence limits for mean times to RNA or IgM clearance and mean time

to appearance of IgM were obtained by generating 10,000 bootstraps estimated from the
parameters of the lognormal distribution. We calculated mean times to clearance from each
pair of parameter estimates and obtained the overall means and 95% confidence limits from
distribution of the 10,000 estimates. Data analysis took place using SAS software. Copyright
© 2005-2017 SAS Institute Inc. (SAS and all other SAS Institute Inc. product or service
names are registered trademarks or trademarks of SAS Institute Inc., Cary, NC, USA).
Comparisons of mean times between subgroups were accomplished by adding indicator
variables for subgroup to the survival model. Missing data, such as no results if a study visit
was missed, were treated as missing at random. We did not make use of imputation or other
means to adjust for the missing values.

Symptom data collection

Blood donors at the time of index donation are asymptomatic and afebrile as required
by AABB and FDA policies and donor center screening procedures. The ZIKV Symptom
Questionnaire (appendix A), developed in collaboration with the US Centers for Disease

Lancet Infect Dis. Author manuscript; available in PMC 2023 March 21.
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Control and Prevention (CDC) (Atlanta, GA), was administered at each visit to record
symptoms in the two weeks prior to the study visit and designed to capture symptoms
ranging from mild ZIKV-compatible but nonspecific symptoms (e.g., fever, conjunctivitis,
headache, and myalgia) to more severe neurologic disorders. Similar to previous studies of
WNV-related symptoms in WNV+ blood donors, a cutoff of 3 or more symptoms was used
to define incidence of symptomatic infection.2%:26

ZIKV RNA testing on follow-up samples

ZIKV RNA VLs were measured in plasma, WB, pRBC, urine, saliva, and semen by gRT-
PCR as previously described.3-22 To more sensitively determine the duration of ZIKV RNA
persistence in plasma, whole blood and urine, multiple replicate NAT tests (8 for plasma and
2 for WB and urine) were performed on follow-up samples with the Grifols ZIKV assay.>

ZIKV and DENV serology

Anti-ZIKV IgM and IgG testing was performed using a modified ZIKV-capture ELISA
developed by the CDC as previously described.2® ZIKV RNA+ index donation serum
was also tested for pre-existing DENV 1gG by the InBios Detect IgG ELISA; the DENV
exposure status prior to ZIKV acquisition was corroborated by analysis of longitudinal
DENV and ZIKV specific neutralization titers (data not shown). Cut-offs were set using
50 normal blood donor specimens and calculating the mean immune status ratio (ISR) and
standard deviation (SD).

Role of the funding source

The sponsors of the study had no role in study design, data collection, data analysis, data
interpretation, or writing of the report. The corresponding author had full access to all the
data in the study and had final responsibility for the decision to submit for publication.

Results:

Characteristics of study population

Between July 2016 and September 2017, of 4,522,115 donations screened, 453 donations
were detected as initially reactive for ZIKV RNA by either the RMS or Grifols NAT

assays and 405 were confirmed as ZIKV RNA positive. Of these, a subset of 217 were
collected at REDS-I11 study participating blood centers and eligible with 53 enrolled into
the follow-up study contributing a total of 267 follow-up study visits (Appendix p3). The
mean duration of follow-up was 118 days (Standard Deviation 47.7 days) with a maximum
of 399 days. Although some participants were lost to follow-up at various points after
enrollment, the majority of study participants (40) completed at least 6 study visits The
majority of participants were male (38/53, 72%) and 38 (72%) were DENV IgG positive
(Appendix p2). The majority (42/53, 80%) were enrolled in PR and presumed to be
autochthonous infections. The remaining study participants were from the continental US
with 17% (9/53) of the overall cohort from Florida and 1 donor each from Texas and
Nevada. All enrolled cases identified in the continental US had a history of travel to an area
of active transmission; none were determined to be locally acquired infections. The numbers

Lancet Infect Dis. Author manuscript; available in PMC 2023 March 21.
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of outcome events for each parameter by study visit and the number of participants with
missing data for each parameter by study visit is indicated in the Appendix pp2-3.

ZIKV RNA in plasma

As part of the enrollment criteria, all 53 participants had detectable plasma RNA by sensitive
qualitative NAT assays at index donation. Of these, 30 (57%) had quantifiable viral loads

at index by qRT-PCR assay (figure 1) which is ~20-fold less sensitive than the qualitative
donor screening NAT assays. 22Replicate testing of follow-up donor plasma by the Grifols
NAT assay yielded 35/53 (66%) participants with >1/8 replicates positive, and 18 of these
had =4/8 replicates positive in =1 follow-up visit. Restricting the analysis to the 25/53 (47%)
donors identified pre-IgM seroconversion for whom we were able to estimate time from
NAT-detectable infection (see methods), times from plasma NAT-detectable infection to loss
of ZIKV RNA detectable in plasma by gRT-PCR was 9.9 days (95% CI 8.1-12.0), similar

to the 11.1 days (95% CI 9.2-14.4) for RNA persistence defined as >4/8 positive replicates
on the Grifols NAT assay. The interval to loss of RNA in plasma in =1/8 positive replicates
was extended to 34.8 days (95% CI 19.9-56.2) (Figure 1 and Table 1). In participants with
preexisting DENV IgG, the mean duration of plasma ZIKV RNA persistence was less than
those who were DENV naive (6.8 days (95%Cl 3.9, 10.3) and 13.7 days (95%CI 5.5, 26.2)
respectively) although the difference did not reach the level of statistical significance (Figure
2 and Table 2).

ZIKV RNA in Whole Blood and RBC compartment

ZIKV RNA was detected in WB in 40/53 (75%) participants in at least one follow-up visit
by gRT-PCR and in 46/53 participants (87%) with =1/2 Grifols NAT+ replicates (Table 1).
For the 25 donors identified pre-seroconversion with detectable ZIKV RNA in WB, the
duration of detectable ZIKV RNA in WB from dates of estimated plasma NAT-detectable
infection were 73.5 days (95% CI 39.8-107.5) by gRT-PCR and 74.2 days (95% CI 43.8—
104.9) when 2/2 replicates tested positive by the Grifols NAT assay; with a criteria that >1/2
RNA+ replicate test positive, persistence was extended to 104.8 days (95% CI 76.7-129.9)
(Figure 2). In 45/53 (85%) donors, ZIKV RNA was detected in pRBC by gRT-PCR at one
or more study visits. In the subset of 25 donors identified pre-seroconversion, ZIKV RNA
became detectable in pRBC a mean of 2 (95% CI 0.8-3.3) days after plasma NAT-detectable
infection and remained detectable for a mean of 95.4 days (95% ClI 62.8-129). Of note, 7

of these 25 participants (28%) never developed pRBC associated RNA (Figure 1). RNA+
WB samples were not included in this determination of time to RBC detection or persistence
as RNA+ plasma contributes to RNA positivity in WB. Participants with preexisting DENV
IgG cleared pRBC ZIKV RNA faster than DENV naive participants (84.6 days (95% CI
63.2, 107.3) vs 90.3 days (95%CI 67.6, 111.4), although this difference was not statistically
significant.

ZIKV RNA in body fluids

ZIKV RNA was detected in urine by gRT-PCR and >1 replicate Grifols NAT assays

in 23/53 (43%) and 34/53 (64%) participants, respectively. In the 25 pre-seroconversion
donors with positive urine results, the mean duration of persistence from estimated plasma
NAT-detectable infection was 14.5 days (95% CI 10.5-20.3) by gRT-PCR and 23.0 days

Lancet Infect Dis. Author manuscript; available in PMC 2023 March 21.
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(14.4-36.2) by replicate NAT testing (Table 1). ZIKV RNA was detected in saliva in 20/53
(38%) participants. For the 25 participants identified pre-seroconversion, RNA was detected
for a mean of 26.4 days (95% CI 19.7, 38.7) from estimated dates of plasma NAT-detectable
infection. Participants with preexisting DENV IgG tended to clear ZIKV RNA from saliva
sooner than those lacking DENV 1gG: 18.2 days (95% CI 16.0, 23.3) vs 32.5 days (95%

Cl 23.0, 47.5), respectively (Table 2). In 12 male participants who provided semen samples,
3 had detectable RNA in semen at one or more visits; all collection time points that tested
positive for ZIKV RNA in semen also had detectable RNA in whole blood.3

Serological Parameters

All donors seroconverted to ZIKV IgM with the exception of one participant enrolled in
very early infection with only one early study visit that occurred before the window of
seroconversion. In donors who were seronegative at index, the IgM response was brisk

with the majority of donors seroconverting by the first follow-up visit (Figure 3). The

mean time from plasma NAT-detectable infection to IgM seroconversion was 7.7 days (95%
Cl 6.1, 9.2) (Table 1). IgG responses also evolved rapidly (Figure 3); however, detection

of ZIKV-specific 1gG in DENV-experienced individuals was hampered by the use of an
assay that lacked ZIKV specificity. In the absence of pre-existing DENV 1gG, DENV naive
participants generally had weaker ZIKV IgG responses presumably due to a lack of DENV
memory and lack of anamnestic boosting of cross-reactive antibodies (Figure 3). During
study follow-up IgM and IgG reactivity levels declined over time (Figure 3). Of the 43
participants with at least a 6-month follow-up visit, 34 seroreverted on IgM testing. Of these,
the mean time to IgM seroreversion was 237.0 days (95%CI 128.7-459.5) for donors who
were ZIKV IgM seronegative at time of donation (Table 1). Seven donors seroreverted on
1gG testing; 2 of these were DENV-naive.

Clinical Outcomes

Most (16/25; 64%) enrolled ZIKV+ donors with pre-IgM phase index donations developed
multiple (=50%) of the 6 ZIKV-associated symptoms (fever, rash, joint or bone pain, body or
muscle pain, painful or red eyes, headache) by the second follow-up visit; only 5/25 (20%)
had no symptoms (Figure 4). These symptoms resolved on subsequent follow-up visits
(generally by the next visit) indicating they were both incident and transient, and hence
consistent with ZIKV infection. In contrast, only 9/25 (36%) of post-lgM seroconversion
donors with first or second follow up visits reported multiple symptoms by the second visit.

Discussion:

Our findings from a one-year longitudinal follow-up study of 53 initially asymptomatic
ZIKV-infected donors identified through blood NAT screening provide significant insights
into the natural history of ZIKV infection, including persistence of ZIKV RNA in different
blood compartments and body fluids, serological persistence and clinical outcomes.

Our cohort, which includes persons identified and enrolled in different stages of infection,
with and without pre-existing DENV immunity, differs from most previous reports of
ZIKV persistence which were restricted to infected individuals presenting with clinical

Lancet Infect Dis. Author manuscript; available in PMC 2023 March 21.
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disease.19-27 Previous studies have reported RNA persistence and rates of symptomatic
infection in ZIKV NAT+ blood donors, but estimates were based on time from donation
without normalization to estimated time since infection.2’

Although assumptions are made regarding the application of data from macaques, time from
infection to detectable viremia, as estimated from the macaque data and viral loads at index
donation for donors detected in the seronegative ramp-up stage of infection, is generally

a very small fraction of time from infection to clearance of RNA or IgM. As such, any
differences between humans and Macaques would minimally impact estimates of persistence
unless the difference ramp-up viral load dynamics (doubling time) between the two species
was very large.

Our finding of an approximately 12 day mean time of detectable RNA in plasma to
clearance by the Grifols ZIKV NAT assay is almost identical to the 11.7 days (95% ClI
10.0,14.5) calculated using similar methodology for the RMS NAT assay based on a larger
cohort of 140 PR blood donors who enrolled into the RMS-sponsored short-term ZIKV IND
study (of which most of this cohort is a subset ). 20

Donors with preexisting DENV immunity cleared RNA faster from plasma, RBC and

saliva than DENV naive donors and reached statistical significance in saliva, although

no difference was observed for time to Zika IgM seroreversion for DENV-experienced
participants (Table 2). This observation of faster clearance of ZIKV in the context of
pre-existing DENV immunity is similar to that seen in some DENV patients after secondary
infection and in a DENV-exposed non-human primate cohort of ZIKV infection.28
Additionally, DENV pre-exposure has been shown to be associated with reduced ZIKV
transmission efficiency and reduced risk of ZIKV infection and symptoms. 2° The protective
role of DENV 1gG may thus facilitate ZIKV clearance. Most of the 15 DENV-naive

donors were identified after seroconversion (12/15), which could have been up to ~30

days after infection based on our estimates of highly sensitive plasma NAT detectability as
the period where donors would have screened plasma NAT+; in contrast most of the 38
DENV-experienced donors were identified pre-seroconversion (21/38), or within ~5 days
from estimated time since NAT-detectable infection. Thus our estimates are enriched for
DENV-exposed donors compared to the DENV-naive donors, providing additional support
for these differences in RNA persistence. Although not significant in our cohort, differences
in persistence of ZIKV RNA may have important implications for the diagnostic detection
periods in flavivirus endemic and non-endemic areas.

Early analysis of confirmatory testing results from PR IND testing showed higher ZIKV
RNA levels in pRBC compared to plasma post-IgM seroconversion (Appendix p5), leading
us to focus on relative persistence in these compartments in our longitudinal follow up study.
We found that a high proportion of participants had RBC-associated ZIKV RNA in early
infection, following IgM seroconversion, and after approximately three months of follow-up,
similar to that reported in WNV infection.30 Persistence in pRBC was longer than in WB;

as plasma viremia wanes during the course of infection the aviremic plasma dilutes RBC-
associated RNA signal in WB but not in pRBC. Three month duration of RBC-associated
persistence suggests it may be the result of infection of erythroid progenitors during acute

Lancet Infect Dis. Author manuscript; available in PMC 2023 March 21.
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infection, with RNA persisting on progeny RBC consistent with the life span of mature
RBCs. Alternatively, passive binding of ZIKV or immune complexed virus to RBC cannot
be ruled out. The several-day delay in detection of RBC-associated ZIKV RNA after highly
sensitive detection in plasma supports this hypothesis in that plasma viremia must reach
sufficient levels early in infection to infect progenitor cells in the bone marrow. Of interest,
~25% of participants did not develop RBC-associated ZIKV RNA through mechanisms that
are under investigation.

These findings of RNA persistence associated with RBC, similar to previous observations

in symptomatic travelers’ and in follow-up studies of WNV infected donors,31-33 have
important implications for ZIKV diagnostic testing in that WB testing extends the diagnostic
window for clinical cases, travelers and for monitoring pregnant women up to three months.
However, a proportion of the population does not develop RBC-associated RNA, and hence
testing RNA negative on whole blood should not be considered definitive evidence of
absence of recent ZIKV infection and should be confirmed with serologic testing.

Our RBC findings indicate that many “tail-end” ZIKV RNA-positive donations are likely
missed by donor NAT screening which is currently limited to testing plasma. This raises

the question of whether RBC-associated ZIKV RNA is infectious particularly if RBC
components are transfused into immune-suppressed patients. However it may not be
infectious, given both the relatively low levels of virus associated with RBC (~1 ZIKV RNA
molecule per 104~5 RBCs) and the presence of high levels of ZIKV-specific neutralizing
Abs that develop concurrent with clearance of plasma viremia.3# Moreover, no cases have
been reported of infectious RBC transfusions after routine plasma screening, despite very
large epidemics in Puerto Rico and French Caribbean Islands where NAT screening of blood
donor plasma was performed. As no transfusion-transmitted cases attributable to plasma
RNA-negative components have been reported, RBC-associated ZIKV RNA in the absence
of ZIKV RNA in plasma is likely not infectious, and hence NAT screening of plasma is
likely sufficient to protect the blood supply.

Participants were followed for one year to allow characterization of developing humoral and
cellular immunity. Understanding the antibody profile a year after initial exposure enables
discrimination of new infection from recurring re-infections, may facilitate development

of ZIKV incidence assays to discriminate recent vs remote infections, and may allow
comparison and discrimination of natural infection vs vaccine immune responses.

Of donors enrolled into the REDS-111 study who were detected in the pre-ZIKV-IgM/IgG
stages of infection, 64% reported symptoms meeting the case definition for clinical Zika by
the second follow-up visit. Donors in later infection would have likely developed symptoms
prior to index donation resulting in either not presenting to donation or deferral at the

time of donation, and hence were excluded from consideration of incidence of symptomatic
infection and analyses of pre-symptomatic viral, immune and other biomarkers that may
correlate with disease manifestations. These longitudinal symptom data from initially
asymptomatic ZIKV RNA+ blood donors demonstrate a higher rate of symptomatic ZIKV
infections than reported from the 2007 Yap Island ZIKV outbreak that correlated incidence
of ZIKV from a serosurvey with rates of reported disease.3®> However, given that symptoms

Lancet Infect Dis. Author manuscript; available in PMC 2023 March 21.
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are not always present and may be mild, ZIKV infection should not be ruled out in the
absence of reported symptoms.

The findings from our study are relevant to the application of ZIKV molecular and
serological assays for monitoring pregnant women for acquisition of ZIKV infection and
consequent potential risk of congenital infection and disease. Based on our results and others
documenting enhanced and prolonged detection of ZIKV RNA by testing whole blood rather
than plasma /-8, a number of large cohort studies of infection of pregnant women, including
the large NIH funded ZIP Study and the European ZikaAlliance Study, have included

whole blood in their testing algorithms. On the other hand, our data demonstrating extended
detection of ZIKV IgM beyond 6 months and in some cases over a year after acquisition

has led to the decision not to rely on IgM or other serological testing in these pregnant
women cohort studies, and a recommendation by CDC to not rely on ZIKV IgM testing

to indicate recent acquisition of infection in pregnant women in routine clinical practice
including testing of pregnant women. 36-38 Results from these larger studies should provide
the basis for updated recommendation for diagnosis of ZIKV infections in clinical cases and
for monitoring pregnant women and traveler for recent acquisition of infection.

In conclusion, we capitalized on the unique capacity to identify and enroll asymptomatic
blood donors to provide insight into the natural history of ZIKV infection, relative
persistence of ZIKV in blood compartments and body fluids and the characterization

of immune markers for up to one year following infection. Better understanding of
persistence relative to the sensitivity of detection assays and the finding of longer duration
of ZIKV RNA in RBC-containing blood fractions have important implications for blood
screening and diagnostic testing. The current study enabled development of a comprehensive
repository of well-characterized samples to support 1) validation of screening and diagnostic
ZIKV assays, 2) studies of host immune responses to ZIKV to inform vaccine development
and novel therapeutic approaches, 3) analyses of mechanisms of clearance or persistence and
4) analyses of predictive markers of symptom development. Studies made possible by access
to these samples and data are in progress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context
Evidence before this study

Since the emergence and rapid spread of Zika throughout the Americas after it’s
recognition in Brazil in 2014, assessment of the natural history of ZIKV infection

has been undertaken but studies have been largely limited to clinical cases with
short-term follow-up. While there have been previous reports of ZIKV viral and
serological persistence in patients presenting with clinical disease, there have been
limited longitudinal studies of initially asymptomatic infected blood donors to determine
the relative persistence of ZIKV in different blood and body fluid compartments and
their impact on diagnostic detection periods. A literature review was performed in
PubMed prior to study initiation with search terms: "ZIKV infection, persistence”,
“ZIKV transfusion transmission”, “virus persistence”, “asymptomatic infection”, "ZIKV
natural history”. Based on this review, cases of transfusion transmission of ZIKV have
been described, as well as studies documenting extended ZIKV RNA persistence in
whole blood relative to serum, with most studies report persistence relative to symptom
onset.

Added value of this study

Our cohort, which includes persons identified and enrolled in all stages of infection, with
and without pre-existing DENV immunity, differs from most previous reports of ZIKV
persistence which were restricted to infected individuals presenting with clinical disease.
Previous studies have reported RNA persistence and rates of symptomatic infection in
ZIKV NAT+ blood donors, but estimates were based on time from donation without
normalization to estimated time since infection. We capitalized on the unique capacity to
identify and enroll asymptomatic blood donors to provide insight into the natural history
of ZIKV infection, the relative persistence of ZIKV in blood compartments and body
fluids and the characterization of immune markers for up to one year following infection.
The unique capacity to identify and enroll ZIKV NAT+ blood donors in early acute
infection pre-seroconversion enables more accurate estimations of persistence normalized
to time of NAT detectable infection in DENV exposed and naive participants.

Implications of all the available evidence

A better understanding of persistence of ZIKV in blood compartments and body fluids
relative to the sensitivity of detection assays has important implications for blood
screening and diagnostic testing. The finding of longer duration of ZIKV RNA in RBC-
containing blood fractions extends the period of diagnosis for clinical cases, travelers
and for monitoring pregnant women. Longitudinal follow-up of infected persons enables
characterization of developing humoral and cellular immunity, which is of particular
importance in areas where antigenically similar Flaviviruses co-circulate.
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Figure 1.

Duration of ZIKV RNA persistence in blood compartments and body fluids detected
by gRT-PCR by days post index donation. Black lines represent donors identified
preseroconversion, grey lines post seroconversion, and red lines donors who never developed

RBC associated RNA.
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Figure 2:

Probability of ZIKV IgM and RNA detection in blood compartments in the 25 donors
identified pre-seroconversion by method of detection. A. IgM persistence and RNA
persistence by gqRT-PCR in plasma, whole blood, and pRBC. B. RNA persistence by Grifols
replicate testing in =4 and =1 of 8 replicates tested in plasma and =1 and 2 of 2 replicates
tested in whole blood. 18 of 25 (72%) pre-1gM participants had RNA+ RBC in =1 time
point and were thus included in modeling of time to loss of ZIKV RNA from RBCs. The
fitted model indicates that the probability of detecting ZIKV RNA in RBCs is close to 100%
near time zero for the 18/25 participants with RBC associated ZIKV RNA, however 7/25
participants never RNA+ in RBCs, thus maximum probability of the observed proportion
detection in RBC is 72%. The upper and lower edges of the confidence bands in the survival
curves represent the 2.5 and 97.5t percentiles of the predicted probabilities from fitting the
survival model of time to loss of signal to 10,000 bootstrap datasets. Light shading indicates
95% CI. All 10,000 bootstrap probability estimates are close to 1.0 for times close to time
zero.
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Figure 3:
ZIKV IgM and IgG responses over time. The ratio of positive signal to negative background

(P/N) of ZIKV-specific IgM for each donor by time after NAT+ index donation for 25
donors identified pre-IgM seroconversion (A) and 28 donors post-IgM seroconversion at
index (B). Donors with pre-existing DENV 1gG are indicated in black, and DENV 1gG- in
red. Negative values are <2, Positive values are >3.0.
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Figure 4.

Heat map indicating the number of symptoms reported at each study visit. Each row
represents a study participant, grouped by ZIKV IgM status at index donation; IgM- on
top, IgM+ on bottom. Columns represent study visits with the color intensity reflecting the
frequency of symptoms reported. Symptom categories: fever; rash; joint or bone pain; body
or muscle pain; painful or red eyes; headache.
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