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ABSTRACT Recent studies on the role of T cells in Zika virus (ZIKV) infection have
shown that T cell responses to Asian ZIKV infection are important for protection, and
that previous dengue virus (DENV) exposure amplifies the protective T cell response
to Asian ZIKV. Human T cell responses to African ZIKV infection, however, remain
unexplored. Here, we utilized the modified anthrax toxin delivery system to develop
a flavivirus enzyme-linked immunosorbent spot (ELISPOT) assay. Using human ZIKV
and DENV samples from Senegal, West Africa, our results demonstrate specific and
cross-reactive T cell responses to nonstructural protein 3 (NS3). Specifically, we found
that T cell responses to NS3 protease are ZIKV and DENV specific, but responses to
NS3 helicase are cross-reactive. Sequential sample analyses revealed immune re-
sponses sustained many years after infection. These results have important implica-
tions for African ZIKV/DENV vaccine development, as well as for potential flavivirus
diagnostics based on T cell responses.

IMPORTANCE The recent Zika virus (ZIKV) epidemic in Latin America and the associ-
ated congenital microcephaly and Guillain-Barré syndrome have raised questions as
to why we have not recognized these distinct clinical diseases in Africa. The human
immunologic response to ZIKV and related flaviviruses in Africa represents a research
gap that may shed light on the mechanisms contributing to protection. The goal of
our study was to develop an inexpensive assay to detect and characterize the T cell
response to African ZIKV and DENV. Our data show long-term specific and cross-
reactive human immune responses against African ZIKV and DENV, suggesting the
usefulness of a diagnostic based on the T cell response. Additionally, we show that
prior flavivirus exposure influences the magnitude of the T cell response. The identi-
fication of immune responses to African ZIKV and DENV is of relevance to vaccine
development.
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engue virus (DENV), serotypes 1 to 4, and Zika virus (ZIKV) belong to the family
Flaviviridae (1). These viruses contain a single-stranded, positive-sense RNA ge-
nome encoding a polyprotein that is cleaved into 10 polypeptides: three structural
proteins, capsid (C), premembrane (prM), and envelope (E), and seven nonstructural
proteins (NS) proteins, NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5 (2, 3).
More recently, regions where DENV is endemic have been experiencing ZIKV
outbreaks. Discovered in Uganda in 1947, ZIKV had caused sporadic disease throughout
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Africa and Asia with limited clinical consequences (4-6). ZIKV remained obscure until
the 2007 Micronesia outbreak, with subsequent larger epidemics in 2013 to 2014 and
2015 to 2016 in French Polynesia and Latin America, respectively (7-9). In April 2015,
ZIKV was detected for the first time in the Western Hemisphere in Brazil, and by January
2016 reports of the virus had spread throughout the Americas and the Caribbean
(10-12).

Phylogenetic analyses have distinguished African and Asian ZIKV lineages, with
Asian ZIKV being responsible for the recent outbreaks (5, 13, 14). As with DENV, both
Asian and African ZIKV are transmitted to humans by Aedes mosquitoes (15). Additional
modes of transmission for Asian ZIKV, including sexual and maternal-fetal routes, have
been shown (16, 17). Recent evidence also points to the capacity of Asian ZIKV to cause
severe neuropathology, including disorders of fetal brain development and Guillain-
Barré syndrome (11, 18, 19). Given the recent epidemic in Latin America with the
previously unrecognized neuropathology in Africa, the distinctions between the patho-
genesis of African and Asian ZIKV have taken on new significance.

The role of the immune system in DENV infection has been extensively investigated
(20, 21). A number of recent studies have sought to understand the consequences of
DENV and ZIKV interactions, with conflicting results. Some studies have suggested that
previous DENV infection protects against ZIKV through DENV-induced cross-reactive
neutralizing antibodies (22-25); in contrast, other studies have shown that cross-
reactive antibodies enhance infection of ZIKV, supporting the antibody-dependent
enhancement phenomenon (23, 26-28). There is a need to better understand the
evolution and maintenance of immune responses to these related viruses in people.

While the role of T cells continues to be debated in DENV infection, recent work has
found evidence of a protective role in ZIKV infection. In silico analysis has identified T
cell reactivity conserved across all flaviviruses, including the ZIKV nonstructural pro-
teins, namely, NS3 and NS5 (29). Studies in mice have identified immunodominant and
protective roles for T cells that were either ZIKV specific or cross-reactive for DENV and
ZIKV (30). One study involving ZIKV-infected humans found poorly cross-reactive
memory T cells, even in individuals that were previously exposed to DENV (24). Another
study demonstrated more rapid and stronger T cell responses to the structural proteins
of Asian ZIKV in ZIKV-positive, DENV-negative individuals (31). To date, no study has
examined the role human T cells play in African ZIKV and DENV infections.

The aforementioned T cell studies examined the role of T cells in ZIKV infection by
peptide stimulation or a T cell library method. Bacterial toxins represent an alternative
strategy for the delivery of antigen into the cytosol of host cells for major histocom-
patibility complex (MHC) processing, an essential step in T cell activation (32). A
modified, nontoxic form of the Bacillus anthracis (anthrax) toxin has been shown to
translocate protein antigens to both the MHC class | and class Il pathways (33). This
antigen delivery system exploits the exotoxin properties of anthrax. The toxin produced
by anthrax is tripartite, composed of protective antigen (PA), edema factor (EF), and
lethal factor (LF). Terminally truncated LF (LFn; lacking 255 amino acids) has been
shown to be nontoxic and contain the information necessary to translocate into the
cytosol any heterologous protein that can be stably fused to it (34). Proteins delivered
by this system will be processed by either the MHC class | or class Il pathway for T cell
presentation.

Various studies have successfully employed the modified anthrax toxin delivery
system to stimulate specific T cell responses. One study demonstrated in vitro gener-
ation of T cell epitopes against HIV-1 V3 by fusion of LFn to the Gp-120 portion of the
HIV-1 envelope (35). The utility of LFn and its large coding capacity was demonstrated
with its fusion to HIV-1 p24 and nef and their use in the induction of strong T cell
responses in mice and humans (36). LFn-HIV-1-p24C and -gag vaccine candidates
demonstrated the capacity to elicit cell-mediated immune responses in Chinese rhesus
macaques (37). We previously developed an LFn enzyme-linked immunosorbent spot
(ELISPOT) assay to assess HIV-2-specific T cell responses using peripheral blood mono-
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FIG 1 (A) Schematic representation of the LFn control and LFn-ZIKV and -DENV fusion proteins. aa, amino
acid. (B) Western blot analysis of the purified proteins LFn-ZIKV-NS3-protease (ZIKV P), LFn-ZIKV-NS3-
helicase (ZIKV H), LFn-DENV-NS3-protease (DENV P), and LFn-DENV-NS3-helicase (DENV H) C, LFn control.
Arrowheads indicate the size of the proteins. Molecular size marker units are kilodaltons.

nuclear cells (PBMCs) from HIV-2-infected subjects to demonstrate increased anti-HIV-2
gag cellular responses compared to those of other T cell assay methodologies (38).

In this study, we applied the LFn ELISPOT assay to analyze T cell responses in African
ZIKV and DENV infections. To assess the modified anthrax toxin antigen delivery system,
we fused the subdomains, protease and helicase, of African ZIKV and DENV NS3 to LFn.
The LFn-ZIKV and -DENV protease and helicase recombinant proteins were expressed
and used as antigens to PBMCs isolated from human West African ZIKV and DENV
infections in an ELISPOT assay. We report, for the first time, both specific and cross-
reactive, long-term responses to African ZIKV and DENV.

RESULTS

Generation of LFn-ZIKV-protease and -helicase and LFn-DENV-protease and
-helicase. We aimed to define the T cell response to African ZIKV and DENV in samples
previously collected from female sex workers (FSW) reporting to a local clinic in Dakar,
Senegal, West Africa. We focused the design of the LFn fusion antigens on NS3, the
conserved and preferential T cell target demonstrated in multiple flavivirus studies
(39-41). Prior to the 2007 and 2009 DENV3 outbreaks, human infections in Senegal
were primarily caused by DENV2 (42, 43). The PBMC samples used in this study were
collected between 1992 and 2004; therefore, we fused the coding sequences corre-
sponding to the NS3 subdomains, protease and helicase, of African ZIKV and DENV2 to
LFn (Fig. 1A).

One-step purification by affinity chromatography of LFn-ZIKV- and -DENV-NS3-
protease (LFn-ZIKV- and -DENV-NS3-P; 56-kDa), LFn-ZIKV- and -DENV-NS3-helicase
(LFn-ZIKV- and -DENV-NS3-H; 77-kDa), and the LFn control (37-kDa) produced soluble
and stable proteins. The purified LFn fusion proteins were recognized by rabbit
polyclonal antibodies to LFn (Fig. 1B).

Cohort characteristics. We recently reported on the continued human transmission
of African ZIKV in Senegal and Nigeria using samples collected from three different
cohorts over a 25-year period; the presence of ZIKV in these locales had previously not
been appreciated (44). Two hundred twenty-four plasma samples from the Senegalese
HIV-1/2 female sex worker cohort were available for ZIKV serology, and of them, 118
samples were also available for DENV serology.

Characteristics associated with the samples included year of sample collection and
patient age, temperature, and HIV serology (Table 1). Of 224 total plasma samples
tested for ZIKV IgM antibodies, 14 tested positive (6.3%); all 14 ZIKV IgM-positive
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TABLE 1 Cohort characteristics, ZIKV and DENV serology, and RT-PCR results
Value(s) for Senegal FSW

Characteristic(s) and serology cohort (n = 224)
Sample date range 1992-2004
Age, yr, median (range) 38 (21-66)
Avg temp, °C 378
HIV status [no. (%)]
HIV negative 148 (66.1)
HIV-1 positive 40 (17.9)
HIV-2 positive 25(11.2)
HIV dual positive 11(4.8)
Serology and RT-PCR, no. positive/total no. tested (%)
ZIKV
ZIKV IgM 14/224 (6.3)
ZIKV RT-PCR 2/14 (14.3)
Prior flavivirus exposure 6/14 (42.8)
DENV
DENV IgM 11/118 (9.3)
DENV RT-PCR 0/11 (0)
Prior flavivirus exposure 5/11 (45.5)

samples tested negative for DENV IgM. A total of 118 out of the 224 plasma samples
were available for DENV serology. Of the plasma samples tested for DENV IgM anti-
bodies, 11 tested positive (9.3); all 11 DENV IgM-positive samples tested negative for
ZIKV IgM. In order to determine previous flavivirus exposure in the IgM-positive
subjects, we assessed IgG antibody responses to prM, E, and/or NST by Western
blotting in the most recent available plasma sample that preceded the ZIKV or DENV
IgM-positive sample. Six out of 14 (42.8%) subjects who tested positive for ZIKV IgM and
5 out of 11 (45.5%) subjects who tested positive for DENV IgM demonstrated previous
flavivirus exposure (Fig. 2A and B). Control Western blotting with a monoclonal
antibody (MADb) or with confirmed ZIKV and DENV immune sera were performed on the
ZIKV and DENV1-4 Vero cell lysates (Fig. 2C to E).

Logistic regression using sample year (1988 to 1999 and 2000 to 2004), rainy season
(June to October), age, HIV serology, and body temperature as potential predictors
found no association with ZIKV IgM positivity and increased odds of DENV IgM
positivity with temperatures of =38°C only (odds ratio, 11.45 [95% confidence interval
[Cl], 2.98 to 44.10]; P < 0.001) (Table 2). ZIKV or DENV nucleic acid could not be
successfully amplified by reverse transcription-PCR (RT-PCR) for any of the new samples
that tested positive for ZIKV or DENV IgM.

LFn-ZIKV-protease and -helicase and LFn-DENV-protease and -helicase elicit
virus-specific T cells responses. To assess the magnitude of T cell responses during
ZIKV and DENYV infection, we first measured the response by homologous LFn fusion
antigen stimulation of PBMCs in a gamma interferon (IFN-y) and tumor necrosis factor
alpha (TNF-) ELISPOT assay from IgM-positive subjects (presumed acute or recent
phase of infection). PBMC samples collected during the recent phase of infection were
available for analysis from 11 out of 14 ZIKV and 8 out of 11 DENV IgM-positive subjects.
Responses to LFn-ZIKV-NS3-P and LFn-ZIKV-NS3-H compared to those of the LFn
control were demonstrated in 11 out of 11 ZIKV IgM-positive samples (100%) (Table 3
and Fig. 3A and B); the frequency of IFN-y* and TNF-a™ T cells responsive to
LFn-ZIKV-NS3-P ranged from 57 to 218 spot-forming cells (SFC)/10° PBMCs and 55 to
152 SFC/10° PBMCs, respectively, while the frequency responsive to LFn-ZIKV-NS3-H
ranged from 182 to 466 SFC/10° PBMCs and 92 to 298 SFC/10° PBMCs, respectively. T
cell responses to LFn-DENV-NS3-P and LFn-DENV-NS3-H compared to the LFn control
were demonstrated in 7 out 8 DENV IgM-positive samples (87.5%) (Table 3 and Fig. 3C
and D); the frequency of IFN-y* and TNF-a™* T cells responsive to LFn-DENV-NS3-P
ranged from 32 to 312 SFC/10® PBMCs and 38 to 235 SFC/10° PBMCs, respectively,
while the frequency responsive to LFn-DENV-NS3-H ranged from 20 to 508 SFC/10°
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FIG 2 Antibody responses to different ZIKV or DENV proteins. Preinfection sera from ZIKV (A) or DENV
(B) IgM-positive subjects were subjected to Western blot analysis using lysates derived from African ZIKV
(unpublished strain)- or DENV2 (NGC strain)-infected Vero cells. (C) FL0232, a mouse anti-E monoclonal
antibody recognizing similar flaviviral E protein levels, was used to standardize comparable amounts of
E proteins from different virus-infected Vero cell lysates. (D) sD-ID27 is a confirmed case of secondary
DENV1 infection at 3 months postinfection run on DENV1-4 Vero cell lysates. (E) Dak010 is a confirmed
case of African ZIKV infection run on an African ZIKV Vero cell lysate. Arrowheads indicate PrM, E, and NS1
proteins recognized. Molecular size marker units are kilodaltons. Mo, mock-infected; m, molecular mass
marker; D1, DENV1; D2, DENV2; D3, DENV3; D4, DENV4; ZV, ZIKV.

PBMCs and 22 to 373 SFC/10° PBMCs, respectively. DENV subject 3 demonstrated
IFN-y* and TNF-a™ T cell responses that were well below the positive threshold.
Overall, IFN-y* and TNF-a™ responses to LFn-ZIKV/DENV-NS3-H were significantly
stronger than responses to LFn-ZIKV/DENV-NS3-P. Both IFN-y* and TNF-a* T cell
responses were greater in subjects who tested positive for DENV IgM compared to
those who tested positive for ZIKV IgM; this difference was statistically significant for
TNF-a* responses to LFn-DENV-NS3-P (Fig. 3E).

IgG antibody responses are sustained after ZIKV or DENV infection. We then
assessed sequential antibody responses in available plasma samples by IgG Western
blotting. Sequential date-matched plasma and PBMC samples were available for anal-
ysis in 6 ZIKV and 4 DENV IgM-positive subjects.

Western blot analysis using ZIKV- or DENV-infected Vero cell lysates was carried out
to test for IgG antibody responses to several ZIKV or DENV proteins, including prM, E,
and NS1. Two out of 6 ZIKV subjects demonstrated previous flavivirus exposure prior to
testing positive for ZIKV IgM (ZIKV patients 2 and 6; 33.3%) (Fig. 4A). During the recent
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TABLE 2 Association between ZIKV or DENV IgM-positive results and patient
characteristics

Parameter Frequency? Odds ratio (95% Cl) P value
ZIKV IgM
Sample year
1988-1999 4/51 (7.8) Reference
2000-2004 10/173 (5.8) 0.72 (0.22-2.40) 0.594
Season
Dry (Nov-May) 8/137 (5.8) Reference
Rainy (Jun-Oct) 6/87 (6.9) 1.19 (0.40-3.57) 0.750
Temp, °C
37.5-37.9 10/171 (5.9) Reference
38.0-39.4 4/53 (7.6) 1.31 (0.39-4.38) 0.656
Age, yr (range, 21-66) 0.95 (0.88-1.02) 0.143
HIV serology
Negative 12/148 (8.1) Reference
Positive 2/76 (2.6) 0.31 (0.07-1.47) 0.128
DENV IgM
Sample yr
1988-1999 5/51 (9.8) Reference
2000-2004 7/173 (4.1) 0.39 (0.12-1.28) 0.120
Season
Dry (Nov-May) 9/137 (6.6) Reference
Rainy (Jun-Oct) 3/87 (3.5) 0.51 (0.13-1.93) 0.320
Temp, °C
37.5-37.9 3/171 (1.8) Reference
38.0-394 9/53 (17.0) 11.45 (2.98-44.10) <.001
Age, yr (range, 21-66) 0.99 (0.92-1.07) 0.845
HIV serology
Negative 6/148 (4.1) Reference
Positive 69/76 (7.9) 2.03 (0.63-6.52) 0.235

aFrequency data are number of cases positive for Zika virus by Zika virus-specific IgM or for dengue virus by
dengue virus-specific IgM divided by total number of patients. Values in parentheses are percentages.

phase of infection, ZIKV patients 2, 4, 6, and 12 had detectable IgG antibodies to ZIKV
prM, E, and/or NS1, but ZIKV patients 1 and 5 did not. Probing plasma collected months
up to almost 5 years after infection (convalescent phase to later time points postin-
fection), antibody responses to prM, E, and/or NS1 were detectable in all cases, with
some responses waning over time (ZIKV subject 1, prM and NS1; ZIKV subject 4, NS1;
ZIKV subject 12, prM and E). With the exception of ZIKV subject 6, who tested ZIKV IgM
positive at the first convalescent time point (5 months after infection), all convalescent-
phase sera tested negative for ZIKV and DENV IgM.

Among the DENV cases, 1 out of 4 subjects demonstrated previous flavivirus
exposure prior to testing positive for DENV IgM (DENV subject 7; 25%); this subject was
also the only one to demonstrate detectable IgG in the recent phase of infection (Fig.
4B). In all cases, IgG antibody responses to DENV prM, E, and/or NS1 were sustained
months up to over 4.5 years after infection. As described above, all convalescent-phase
sera from the DENV subjects tested negative for DENV and ZIKV IgM.

T cell responses are sustained after ZIKV or DENV infection. We further exam-
ined the T cell responses by IFN-y ELISPOT assay in sequential date-matched PBMC
samples. In all ZIKV cases, robust T cell responses to LFn-ZIKV-NS3-P or LFn-ZIKV-NS3-H
were detected at dynamic levels throughout the time points tested (Fig. 5A). Peak
responses were observed in the recent phase of infection for ZIKV subjects 1 (NS3-P and
-H), 2 (NS3-P), 4 (NS3-P and -H), 5 (NS3-P and -H), and 6 (NS3-H). T cell responses waned
over time but were sustained well above the negative cutoff for subjects 2 (NS3-P and
-H), 4 (NS3-P and -H), 5 (NS3-H), and 6 (NS3-P). For subject 6, a peak response was
observed 13 months postinfection. PBMCs were not available at the time of IgM
positivity for ZIKV subject 12; however, this subject demonstrated trends of responses
during the recent phase of infection that were sustained throughout the convalescent
time points tested. Only the two subjects with antibody responses demonstrating
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TABLE 3 Characteristics of ZIKV and DENV LFn fusion proteins during recent phase of infection

Journal of Virology

No. of SFC/10° PBMC

IFN-y+ TNF-a+
Flavivirus Infection PBMC LFn ZIKV or LFn ZIKV or LFn ZIKV or LFn ZIKV or
Subject HIV status immune status collection yr@ DENV NS3-P DENV NS3-H DENV NS3-P DENV NS3-H
ZIKV
1 Negative No 1998 57 188 55 92
2 Negative Yes 1999 182 466 63 205
3 HIV dual No 2000 105 220 78 182
4 Negative No 2000 122 213 99 123
5 HIV-1 No 2000 141 182 132 110
6 Negative Yes 2001 112 345 102 298
7 Negative No 2001 134 287 152 133
8 Negative Yes 2002 175 324 110 270
9 Negative No 2003 113 198 72 98
10 Negative Yes 2003 218 348 76 215
1 Negative Yes 2003 110 388 88 232
12 Negative No NA
13 HIV dual Yes NA
14 Negative No NA
DENV
1 Negative No 1999 172 335 186 205
2 HIV-2 No 1999 165 290 87 153
3 Negative No 2000 32 20 38 22
4 Negative No 2000 186 312 235 228
5 Negative Yes 2000 183 374 125 266
6 Negative Yes 2001 188 490 190 288
7 Negative Yes 2002 312 508 220 373
8 HIV-1 No 2002 160 200 108 290
9 HIV-1 Yes NA
10 Negative No NA
11 Negative Yes NA

aNA, not applicable.

previous flavivirus exposure (ZIKV subjects 2 and 6) demonstrated preinfection T cell
responses, and their T cell responses were generally stronger than responses in the
other subjects.

Similarly, in all DENV cases, robust and dynamic T cell responses to LFn-DENV-NS3-P
or LFn-DENV-NS3-H were detected (Fig. 5B). For DENV subjects 1, 2, and 8, peak
responses to LFn-DENV-NS3-P and -H were observed during the recent phase of
infection. T cell responses significantly waned over time for subjects 2 (NS3-H) and 7
(NS3-P and -H), while T cell responses in subjects 1 and 8 were sustained throughout
the time points tested. DENV subject 7, the only one of the 4 tested who demonstrated
previous flavivirus exposure, generally had the strongest T cell responses.

While sequential analysis was not possible for a majority of the subjects, we
examined the IFN-y and TNF-a T cell responses using available PBMC samples collected
during the convalescent phase of infection for 13 ZIKV and 11 DENV subjects. T cell
responses to LFn-ZIKV-NS3-P and LFn-ZIKV-NS3-H compared to those of the LFn control
were demonstrated in 12 out of 13 samples (92.3%) (Table 4 and Fig. 6A and B). ZIKV
subject 14 demonstrated IFN-y* and TNF-a* T cell responses that were well below the
positive threshold. T cell responses to LFn-DENV-NS3-P and LFn-DENV-NS3-H compared
to the LFn control were demonstrated in 9 out of 11 samples from the DENV subjects
(81.8%) (Fig. 6C and D). DENV subjects 3 and 10 demonstrated IFN-y* and TNF-a™ T cell
responses that were well below the positive threshold. Overall, IFN-y and TNF-«
convalescent-phase T cell responses to LFn-ZIKV/DENV-NS3-H were significantly stron-
ger than responses to LFn-ZIKV/DENV-NS3-P. Both IFN-y and TNF-a T cell responses
were greater in subjects who tested positive for DENV IgM than in those who tested
positive for ZIKV IgM; this difference was statistically significant for IFN-y responses to
LFn-DENV-NS3-P (Fig. 6E). Additionally, in both the ZIKV and DENV cases, IFN-y and
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FIG 3 Ex vivo T cell reactivity to ZIKV or DENV LFn fusion proteins in the recent phase of ZIKV or DENV infection.
PBMC samples from ZIKV IgM-positive subjects collected during the recent phase of infection were subjected to
homologous LFn NS3 protease and helicase protein stimulation in IFN-y (A) and TNF-« (B) LFn ELISPOT ex vivo
experiments. LFn-ZIKV-NS3-P IFN-v, red-shaded circle; LFn-ZIKV-NS3-H IFN-vy, red-outlined circle; LFn-ZIKV-NS3-P
TNF-, red-shaded diamond; LFn-ZIKV-NS3-H TNF-q, red-outlined diamond. PBMC samples from DENV IgM-positive
subjects collected during the recent phase of infection were subjected to homologous LFn NS3 protease and
helicase protein stimulation in IFN-y (C) and TNF-« (D) LFn ELISPOT ex vivo experiments. LFn-DENV-NS3-P IFN-y,
blue-shaded circle; LFn-DENV-NS3-H IFN-v, blue-outlined circle; LFn-DENV-NS3-P TNF-«, blue-shaded diamond;
LFn-DENV-NS3-H TNF-, blue-outlined diamond. Responses are expressed as the number of secreting cells per 10¢
PBMCs and are considered positive if the net numbers of spot-forming cells (SFC) per 106 are =55, are greater than
four times the mean background, and are three standard deviations above the background. (E) Comparison of
IFN-vy ZIKV versus DENV NS3 protease (black-shaded bars) and helicase (black-outlined bars) and TNF-« ZIKV versus
DENV NS3 protease (gray-shaded bars) and helicase (gray-outlined bars) T cell responses in ZIKV and DENV
subjects. Magnitude of responses is expressed as geometric positive mean, and statistical analysis was performed
with Mann-Whitney U test. *, P < 0.05.

TNF-a T cell responses to LFn-ZIKV/DENV-NS3-P and LFn-ZIKV/DENV-NS3-H showed a
trend toward stronger responses in the recent phase of infection compared to those
during convalescence, although this was not statistically significant (Fig. 6F and G).
Importantly, all ZIKV and DENV date-matched convalescent-phase serum samples
tested negative for ZIKV and DENV IgM (Table 4).

ZIKV- or DENV-specific and cross-reactive T cell responses. To assess specific
and/or cross-reactive T cell responses between ZIKV and DENV among the subjects,
PBMCs collected during the recent and convalescent phases of infection were stimu-
lated with homologous and heterologous LFn fusion antigens in an IFN-y ELISPOT
assay.
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FIG 4 Sequential antibody responses to different ZIKV or DENV proteins in ZIKV or DENV subjects. Preinfection, recent-, and convalescent-phase sera from ZIKV
(A) or DENV (B) IgM-positive subjects were subjected to Western blot analysis using lysates derived from ZIKV- or DENV-infected Vero cells. Arrowheads indicate
PrM, E, and NS1 proteins recognized. Molecular size marker units are kilodaltons. Dates are given in month/year format. Lysates include ZIKV African strain
(unpublished), DENV1 Hawaii strain (D1), DENV2 NGC strain (D2), DENV3 H87 strain (D3), and DENV4 H241 strain (D4). Months PI, months postinfection. ZV/DV
IgM, results for ZIKV (ZV) or DENV (DV) IgM serology expressed as positive (+) or negative (—).

PBMC samples were individually stimulated with LFn-ZIKV-NS3-P, LFn-DENV-NS3-P,
LFn-ZIKV-NS3-H, and LFn-DENV-NS3-H. At the time of ZIKV IgM positivity, T cell re-
sponses to NS3 protease were largely ZIKV specific, even in cases where individuals had
previous flavivirus exposure (Fig. 7A and B), while responses to NS3 helicase were
largely cross-reactive between ZIKV and DENV (91% specific for protease versus 0%
specific for helicase; P < 0.001); both LFn-ZIKV-NS3-H and LFn-DENV-NS3-H elicited
significant responses. Similarly, ZIKV convalescent T cell responses to NS3 protease
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FIG 5 Sequential IFN-y T cell reactivity to ZIKV or DENV LFn fusion proteins in ZIKV or DENV subjects. Preinfection, recent-, and
convalescent-phase PBMC samples from ZIKV (A) or DENV (B) IgM-positive subjects were subjected to homologous LFn NS3 protease (ZIKV,
red-shaded circle; DENV, blue-shaded circle) and helicase (ZIKV, red-outlined circle; DENV, blue-outlined circle) protein stimulation in IFN-vy
LFn ELISPOT ex vivo experiments. Responses for each time point are expressed as the number of secreting cells per 10° PBMCs. Months PI,
months postinfection. *, preinfection versus recent, P < 0.05; **, recent versus convalescent time point 1, P < 0.05; ***, convalescent time
point 2 versus time point 3, P < 0.05.
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TABLE 4 Characteristics of ZIKV and DENV LFn fusion proteins during convalescence

Journal of Virology

No. of SFC/10° PBMC

IFN-y+ TNF-a+
Flavivirus immune Infection PBMC LFn ZIKV or LFn ZIKV or LFn ZIKV or LFn ZIKV or
Subject HIV status status collection yr DENV NS3-P DENV NS3-H DENV NS3-P DENV NS3-H
ZIKV
1 Negative No 1998 57 188 55 92
2 Negative Yes 1999 182 466 63 205
3 HIV dual No 2000 105 220 78 182
4 Negative No 2000 122 213 99 123
5 HIV-1 No 2000 141 182 132 110
6 Negative Yes 2001 112 345 102 298
7 Negative No 2001 134 287 152 133
8 Negative Yes 2002 175 324 110 270
9 Negative No 2003 113 198 72 98
10 Negative Yes 2003 218 348 76 215
1 Negative Yes 2003 110 388 88 232
12 Negative No NA
13 HIV dual Yes NA
14 Negative No NA
DENV
1 Negative No 1999 172 335 186 205
2 HIV-2 No 1999 165 290 87 153
3 Negative No 2000 32 20 38 22
4 Negative No 2000 186 312 235 228
5 Negative Yes 2000 183 374 125 266
6 Negative Yes 2001 188 490 190 288
7 Negative Yes 2002 312 508 220 373
8 HIV-1 No 2002 160 200 108 290
9 HIV-1 Yes NA
10 Negative No NA
1 Negative Yes NA

were specific for ZIKV but cross-reactive to NS3 helicase (92% specific for protease
versus 0% specific for helicase; P < 0.001) (Fig. 7C). Although PBMCs were not available
for ZIKV subject 14 and could not be evaluated, convalescent responses for this subject
were not observed by ELISPOT assay; this same subject also demonstrated no TNF-«
response to LFn-ZIKV-NS3-P or LFn-DENV-NS3-H (Table 3), suggesting false ZIKV IgM
positivity.

Consistent with these results, at the time of DENV IgM positivity and at the
convalescent time point, T cell responses to NS3 protease were DENV specific but were
largely cross-reactive between DENV and ZIKV to NS3 helicase (recent, 88% specific for
protease versus 0% specific for helicase, P value of <0.001; convalescent, 63% specific
for protease versus 0% specific for helicase, P value of <0.03) (Fig. 7D to F). There were
a few exceptions in which NS3 protease responses were cross-reactive between DENV
and ZIKV, particularly during the convalescent phase. Responses for DENV subjects 3
and 10 were not observed by ELISPOT assay at the recent and convalescent phases of
infection (PBMCs were not available for DENV subject 10 at the acute recent phase of
infection and could not be evaluated); these results corroborate the unobserved TNF-«
response to LFn-ZIKV/DENV-NS3P or LFn-ZIKV/DENV-NS3-H for these subjects (Tables 3
and 4), suggesting false DENV IgM positivity.

Previous flavivirus exposure is associated with enhanced ZIKV or DENV T cell
responses. We further evaluated the impact of previous flavivirus exposure on the
frequency and magnitude of the T cell response in PBMC samples that were collected
during both the recent and convalescent phases of infection. At the time the subjects
tested positive for ZIKV IgM, responses for 6 subjects who demonstrated flavivirus
preimmunity (flavivirus preimmune) and 5 who did not (primary ZIKV infected) were
included in the analysis. Additionally, responses corresponding to the convalescent
phase of infection were available for analysis for 5 subjects with flavivirus preimmunity
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FIG 6 Ex vivo T cell reactivity to ZIKV or DENV LFn fusion proteins in ZIKV or DENV convalescence. PBMC samples from ZIKV
IgM-positive subjects collected during the convalescent phase of infection were subjected to homologous LFn NS3 protease and
helicase protein stimulation in IFN-y (A) and TNF-« (B) LFn ELISPOT ex vivo experiments. LFn-ZIKV-NS3-P IFN-vy, red-shaded circle;
LFn-ZIKV-NS3-H IFN-v, red-outlined circle; LFn-ZIKV-NS3-P TNF-q, red-shaded diamond; LFn-ZIKV-NS3-H TNF-«, red-outlined dia-
mond. PBMC samples from DENV IgM-positive subjects collected during the convalescent phase of infection were subjected to
homologous LFn NS3 protease and helicase protein stimulation in IFN-y (C) and TNF-a (D) LFn ELISPOT ex vivo experiments.
LFn-DENV-NS3-P IFN-vy, blue-shaded circle; LFn-DENV-NS3-H IFN-vy, blue-outlined circle; LFn-DENV-NS3-P TNF-«, blue-shaded
diamond; LFn-DENV-NS3-H TNF-q, blue-outlined diamond. Responses are expressed as the number of secreting cells per 106 PBMCs
and are considered positive if the net numbers of spot-forming cells (SFC) per 106 are =55, are greater than four times the mean
background, and are three standard deviations above the background. Comparison of IFN-y* ZIKV/DENV NS3 protease (black-
shaded bars) and helicase (black-outlined bars) and TNF-a* ZIKV/DENV NS3 protease (gray-shaded bars) and helicase (gray-outlined
bars) T cell responses in ZIKV and DENV subjects (E) and between recent and convalescent (Conv) phases of ZIKV (F) or DENV (G)
infection. The magnitudes of responses are expressed as geometric positive means *+ standard deviations, and statistical analyses
were performed with Mann-Whitney U test. *, P < 0.05.
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FIG 7 T cell-specific and cross-reactive NS3 responses in the recent and convalescent phases of ZIKV or DENV
infections. Recent- and convalescent-phase PBMC samples from ZIKV or DENV subjects were treated with
homologous and heterologous LFn-ZIKV and -DENV NS3 protease and helicase proteins, and the specific IFN-y*+
and TNF-a* T cells were detected by LFn ELISPOT ex vivo experiments. (A to C) Representative image and
magnitude of recent ZIKV/DENV infection-phase responses (A and B) and magnitude of convalescent-phase
responses (C) from ZIKV subjects. (D to F) Representative image and magnitude of recent DENV/ZIKV infection-
phase responses (D and E) and magnitude of convalescent responses from DENV subjects (F). Shown is the average
magnitude of response of individual subjects to either LFn-ZIKV or -DENV NS3 protease (purple-shaded circle) and
helicase (purple-outlined circle) proteins. Dotted lines represent the cutoff value. *, P < 0.05.
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FIG 8 Impact of prior flavivirus infection on the ZIKV or DENV T cell response. Comparison of recent
(A)- and convalescent (B)-phase IFN-y* ZIKV NS3 protease (black shaded bars) and helicase (black
unshaded bars) and TNF-a* ZIKV NS3 protease (gray shaded bars) and helicase (gray unshaded bars)
T cell responses from presumed primary ZIKV-infected and flavivirus preimmune groups of the ZIKV
subjects. Comparison of recent (C)- and convalescent (D)-phase IFN-y* DENV NS3 protease (black
shaded bars) and helicase (black unshaded bars) and TNF-a™ DENV NS3 protease (gray shaded bars)
and helicase (gray unshaded bars) T cell responses from presumed primary DENV-infected and
flavivirus preimmune groups of the DENV subjects. Magnitude of response for each group is
expressed as geometric positive means * standard deviations, and statistical analyses were per-
formed with Mann-Whitney U test. *, P < 0.05.

and 8 primary ZIKV-infected subjects. ZIKV subject 14 was excluded from the analysis
due to the suspected ZIKV IgM false positivity. During both recent and convalescent
phases of infection, LFn-ZIKV-NS3-P and LFn-ZIKV-NS3-H elicited significantly stronger
IFN-y T cell responses in subjects with flavivirus preimmunity (Fig. 8A). LFn-ZIKV-NS3-P
elicited slightly increased TNF-a T cell responses in subjects who experienced a primary
ZIKV infection at the IgM-positive date, although the difference was not statistically
significant. LFn-ZIKV-NS3-H also elicited significantly stronger TNF-a T cell responses in
subjects with flavivirus preimmunity during both the recent and convalescent phases
of infection (Fig. 8B).

At the time the subjects tested positive for DENV IgM, responses for 3 flavivirus
preimmune subjects and 4 primary DENV-infected subjects were included in the
analysis; DENV subject 3 was excluded due to the suspected DENV IgM false positivity.
Additionally, responses corresponding to the convalescent phase of infection were
available for analysis for 4 subjects with flavivirus preimmunity and 5 primary DENV-
infected subjects; DENV subjects 3 and 10 were excluded from the analysis due to
suspected DENV IgM false positivity. During both the recent and convalescent phases
of infection, LFn-ZIKV-NS3-P and LFn-ZIKV-NS3-H elicited stronger IFN-y and TNF-a T
cell responses in subjects with flavivirus preimmunity; the difference was statistically
significant for the responses to LFn-DENV-NS3-H at the time the DENV-infected subjects
tested DENV IgM positive (Fig. 8C and D).

DISCUSSION
For decades, human ZIKV infection has remained geographically limited to Africa
and Asia and has gone largely unnoticed due to its mild clinical outcomes with
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symptoms similar to those of other acute febrile diseases endemic to the same regions
(5). However, the recent rapid emergence of ZIKV in the Pacific and the Americas and
Caribbean have greatly heightened awareness of the virus. A retrospective analysis of
the 2014 French Polynesian ZIKV outbreak identified associations between infection
and adult Guillain-Barré syndrome, an autoimmune disease causing acute or subacute
flaccid paralysis (18, 45). The 2015 ZIKV outbreak, which started in Brazil, highlighted
the association of infection with other severe neurologic manifestations, including
microcephaly and congenital malformations in infants born to infected mothers that
had previously not been recognized (19).

The mechanisms that cause these severe ZIKV disease outcomes remain unknown;
however, associations between infection and neurologic symptoms are being eluci-
dated. Asian ZIKV strains demonstrated neurotropism, causing cellular death in human
neural progenitor cells (NPC) and immature cortical neurons, thereby affecting neuro-
genesis (16, 46). Despite the absence of reported associations between ZIKV infection
and neuropathology in Africa, several African strains were also shown to infect and
impair growth of human NPC (47). Efforts are needed to examine similarities and
differences in infection and outcomes between the African and Asian ZIKV lineages.

The human immunologic response to ZIKV and DENV infections represents a critical
research gap that may shed light on the observance of severe ZIKV-associated disease
outcomes in some individuals but not in others. Identifying immune responses with a
protective profile is also useful for vaccine development. Therefore, the goal of the
present study was to develop a novel modified anthrax-based ELISPOT assay utilizing
the LFn-ZIKV-NS3-P/H and LFn-DENV-NS3-P/H priming systems to measure the T cell
response to African ZIKV and DENV infections. There are 4 important findings from our
study: (i) robust IFN-y and TNF-a T cell responses against African ZIKV and DENV NS3,
(ii) ZIKV- or DENV-specific T cell responses to NS3 protease but cross-reactive responses
to NS3 helicase, (iii) long-term dynamic antibody and T cell responses, and (iv) stronger
T cell responses in patients with flavivirus preimmunity.

We initially screened plasma collected from febrile patients between 1992 and 2004
from a natural-history HIV Senegalese FSW cohort for the presence of ZIKV and DENV
IgM antibodies. Consistent with our previous findings, the overall seroprevalence of
ZIKV IgM in this study remained approximately 6.3% (44). Our serology testing also
revealed a DENV IgM seroprevalence of 9.3%. These results provide evidence that both
African ZIKV and DENV are endemic to Senegal and cause infection in humans.

Activation of CD4" and CD8" T cells has been extensively examined in several
flavivirus infections, with responses preferentially targeting epitopes within the non-
structural proteins, namely, NS3, NS4b, and NS5 (39-41). These studies have also shown
that CD8* and CD4™ T cell reactivity in Sri Lankan and Nicaraguan populations were
HLA linked and associated with increased or decreased disease susceptibility and were
also associated with responses of lower quality, breadth, and magnitude (40, 48, 49). A
recent study, however, demonstrated that a significant number of CD4* and CD8+ T
cell responses in ZIKV-positive individuals were directed against the structural proteins,
and that previous DENV exposure amplifies these responses (31). A study using HLA
transgenic mice infected with ZIKV revealed immunodominant and protective roles for
DENV cross-reactive CD8™" T cells (30). Whether adaptive HLA-linked T cell responses are
clinically beneficial or detrimental during human ZIKV infections is currently not known.

We report, for the first time, significant IFN-y and TNF-a T cell responses against
African ZIKV and DENV NS3 during both the recent and convalescent phases of
infection. We found that for both ZIKV and DENV, responses against NS3 helicase were
significantly stronger than those against NS3 protease during both the recent and
convalescent phases. In general, T cell responses against DENV NS3 were stronger than
responses against ZIKV NS3. Both for subjects with ZIKV and those with DENV infection,
T cell responses generally were stronger during the recent phase of infection than
responses measured during convalescence (Fig. 6F and G).

A study on secondary DENV infection in Thai children demonstrated NS3-specific T
cell responses that peaked during early convalescence (50). In another study on
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Vietnamese children, NS3-specific T cell responses were undetectable until after the
development of plasma leakage that occurs in dengue hemorrhagic fever in the first
few days of illness (51). In most cases, our sequential T cell analysis of ZIKV and DENV
infections demonstrated peak frequencies of NS3-specific T cells during the recent
phase and several responses to either NS3 protease or helicase that were sustained
throughout the time points tested. A possible explanation for these differences is that
NS3-specific T cell responses differ between African and Thai or Vietnamese patients.
Interestingly, in 2 ZIKV (subjects 1 and 5) and 3 DENV (subjects 1, 2, and 8) cases, 1gG
was not detectable during the recent phase of infection; however, strong T cell
responses were mounted.

In regions of West Africa where flaviviruses are endemic and different viruses,
including ZIKV, DENV, West Nile virus, and Yellow Fever virus, cocirculate, multiple
sequential infections are common. Therefore, it is possible that low levels of infection
by these viruses lead to preexisting flavivirus immunity that impacts the subsequent
immune response. Our IgG serology demonstrates significant flavivirus exposure.
Among the subjects who tested ZIKV IgM positive, 42.8% (6/14) had experienced a
previous flavivirus infection. Similarly, among the subjects who tested DENV IgM
positive, 41.6% (5/12) experienced a previous flavivirus infection. Due to the high
number of cross-reactive flaviviruses circulating in Senegal, determining the previous
flavivirus infections in these subjects is outside the scope of the present study.
However, these results suggest that humans residing in Senegal experience multiple
infections by flaviviruses throughout their lives.

Studies examining the impact of T cell responses to prior DENV infections on the
outcome of the current infection have been inconclusive with respect to the patho-
genic or protective consequences (39, 40). Our results demonstrate that preexisting
flavivirus immunity is associated with enhanced T cell responses. For both ZIKV and
DENV infections, subjects with flavivirus preimmunity demonstrated stronger responses
than those experiencing a primary infection. Whether the enhanced responses result in
protection or more severe disease remains to be determined.

Our analysis of T cell cross-reactivity between ZIKV and DENV demonstrates ZIKV- or
DENV-specific responses to NS3 protease in particular during the recent stage but
cross-reactive responses to NS3 helicase during both the recent and convalescent
phases of infection. While we did not define the epitopes targeted by T cells during
ZIKV or DENV infections, the higher percent amino acid identity between the ZIKV and
DENV helicases (71%) versus the ZIKV and DENV proteases (53%) might help explain the
ZIKV/DENV cross-reactive T cell responses to the helicase. These results have several
important implications. NS3 helicase cross-reactivity between ZIKV and DENV suggests
that the T cell response is protective in individuals experiencing a secondary ZIKV
infection with preexisting DENV immunity or vice versa. Because cross-reactive re-
sponses were observed during the convalescent phase of infection, the T cell response
may be protective even if the secondary infection occurs months to years after the
primary infection. Finally, the combination of specific and cross-reactive responses to
NS3 elicited by the LFn priming system has diagnostic potential. Diagnosis of flavivi-
ruses is complicated by two major factors: (i) the endemicity of related flaviviruses
which cross-react in typical serologic tests, and (ii) the fact that the diagnostic useful-
ness of nucleic acid tests is limited to the recent phase of infection. Our novel modified
anthrax-based flavivirus ELISPOT assay has the potential to be developed into a specific
T cell-based diagnostic with detection capabilities well beyond the recent phase of
infection.

This study has a number of limitations. First, our study population is comprised
entirely of women and is not necessarily generalizable to men, and the ZIKV and DENV
sample sizes are small. Second, it was not within the scope of our study to identify the
virus that caused the primary infection or if there were multiple prior infections. Given
the low level of endemic infection by ZIKV and DENV in West Africa, prospective studies
using specific diagnostic tools to actively screen for these infections are needed. Third,
the plasma and PBMC samples used in this study were cryopreserved for an extended
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period of time, from 12 to almost 20 years. Future studies are needed to validate these
observations using fresh samples. Fourth, the focus of the T cell response was on ZIKV
and DENV NS3. While we observed strong responses to NS3, there are likely other
proteins that are being targeted by T cells, which may correlate with disease severity.
Finally, due to the limited amount of PBMC available for each patient, we were unable
to define the CD8"- and CD4"-specific T cell responses.

In summary, while this is the first characterization of human T cell responses to
African ZIKV and DENV, it raises new questions and highlights the need for further
investigation to better understand the immune mechanisms and consequences related
to the high cross-reactivity among these related viruses and strains. This study has
identified responses to NS3 with specific and cross-reactive phenotypes that could be
detected during both the recent and convalescent phases of infection. These results
suggest the potential for development of a simple and low-cost African ZIKV and DENV
diagnostic assay based on T cell responses. Our analysis of prior flavivirus exposure on
the T cell response to ZIKV and DENV demonstrates enhanced responses in those with
flavivirus preimmunity. This finding has critical implications for development of vac-
cines against ZIKV and DENV, which should include the induction of ZIKV- and DENV-
specific and ZIKV/DENV cross-reactive T cell responses and should also consider specific
responses between the African and Asian viral lineages.

MATERIALS AND METHODS

Clinical samples and ethics statement. Plasma and peripheral blood mononuclear cell (PBMC)
samples were obtained from a female sex worker (FSW) cohort in Dakar, Senegal. Self-identified FSW
visiting a health care clinic in Dakar underwent annual blood tests for multiple sexually transmitted
infections, including HIV-1/2. This natural-history HIV-1/2 cohort helped define some of the first in vivo
characteristics of HIV-2 infection in West Africa; epidemiological and clinical details of this cohort have
been reported elsewhere (52).

Clinical visit records from the cohort were queried for recorded fever of =37.5°C. Of these, excess
stored plasma samples that were collected within 7 days of the fever visit were used in serological
testing. PBMCs were separated from whole blood collected in EDTA tubes by Ficoll-Hypaque gradient
density (Organon Technika, Durham, NC) and cryopreserved in freezing medium (10% dimethyl sulfoxide
[DMSO; Sigma-Aldrich, St. Louis, MO], 90% fetal bovine serum [FBS; Medicorp, Montreal, Quebec,
Canada]) at —80°C overnight prior to transfer to liquid nitrogen. The plasma and PBMC samples included
in the study were prospectively collected between 1992 and 2004.

The Harvard T. H. Chan School of Public Health Institutional Review Board (IRB) and the local research
ethics committees at Cheikh Anta Diop University, Dakar, Senegal, approved the primary studies under
which the samples and data were collected. All patients provided informed consent for the original
collection of samples. Excess samples and corresponding data were banked and anonymized. This study
received an exemption determination from the Harvard Longwood Medical Area IRB.

Construction and expression of LFn fusion antigens. Commercially synthesized amino acid
fragments encoding the NS3 protease and helicase of African ZIKV(consensus sequence based on
the GenBank accession numbers KU955594.1, KF268948.1, KF268949.1, KF268950.1, KU955591.1,
KU955592.1, and KU955595.1) and DENV2 (consensus based on the GenBank accession numbers
EF105384.1, EF105383.1, EF105389.1, EF105390.1, and EF457904.1) were cloned into the LFn expression
plasmid (pET15bLFn). The pET15bLFn plasmid contains a T7 promoter, histidine tag (His,), and the
terminal domain of the LF (LFn; 255 amino acids). pET15bLFn containing the coding sequence of African
ZIKV and DENV2 was transformed into E. coli BLR (DE3) (Millipore, Medford, MA) for expression. Selected
clones were sequenced to verify the reading frame, and clones containing the correct sequence were
used for protein expression.

The LFn-DENV and -ZIKV fusion antigens were expressed upon isopropyl-B-d-thiogalactopyranoside
(IPTG; Thermo Fisher Scientific, Rockford, IL) induction in Luria broth containing carbenicillin and
chloramphenicol. Cells were pelleted by centrifugation and resuspended in imidazole (1 mM) binding
buffer (Novagen, Madison, WI) in the presence of protease inhibitor cocktail (Boehringer Mannheim,
Framingham, MA). Cell pellets were sonicated and centrifuged at 4°C, and the supernatants were loaded
in an equilibrated nickel-charged column for affinity purification based on the His, tag present in the
amino terminus of the fusion protein. The bound proteins were eluted in 125 to 200 mM imidazole,
desalted with a Sephadex G-25 M column (Sigma-Aldrich, St. Louis, MO), and eluted in phosphate-
buffered saline (PBS). The PBS-eluted proteins were passed through an endotoxin-removing gel, Detoxi-
Gel (Thermo Fisher Scientific, Rockford, IL). Protein concentrations were determined and samples were
stored at —80°C. pET15bLFn was expressed and purified as described above for use as a control.

Serology and RT-PCR. Plasma samples were screened for the presence of IgM antibodies by ZV-IgM
enzyme-linked immunosorbent assay (ELISA) (MyBioSource, San Diego, CA) or DENV detect IgM capture
ELISA (InBios, Seattle, WA) according to the manufacturer’s instructions. Using internal controls, assay
performances were monitored, and cutoffs were determined as specified by the manufacturer for
individual kits.
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RNA was extracted from serum using the QlAamp viral RNA kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. Samples were tested by RT-PCR for ZIKV as previously described (5).
Samples were tested by RT-PCR for DENV as previously described (53).

Western blotting. Briefly, for Western blotting C6/36 or Vero cells infected with DENV1 (Hawaii
strain), DENV2 (NGC strain), DENV3 (H87 strain), DENV4 (H241 strain), or African ZIKV (strain unpublished)
were lysed when cytopathic effects were observed in 20% of cells with 1% NP-40 lysis buffer (100 mM
Tris [pH 7.5], 150 mM NaCl, 20 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate) containing protease
inhibitors (Roche Diagnostics), followed by centrifugation at 20,000 X g at 4°C for 30 min to obtain cell
lysates, as previously described (54). Aliquots of cell lysates were added to nonreducing buffer (final
concentrations of 2% SDS, 0.5 M Tris [pH 6.8], 20% glycerol, 0.001% bromophenol blue) and subjected
to 12% PAGE and Western blot analysis using patient serum (1:100) as primary antibody and anti-human
1gG horseradish peroxidase (HRP) (1:2,500; Thermo Fisher Scientific, Rockford, IL) as secondary antibody.
Visualization was performed using SuperSignal Femto chemiluminescent substrate (Thermo Fisher
Scientific, Rockford, IL) per the manufacturer’s instructions and with a molecular imager (Chemi Doc
XRS+ imaging system; Bio-Rad Technologies, Hercules, CA).

Ex vivo ELISPOT assay. Ninety-six-well polyvinylidene difluoride (PVDF)-backed MultiScreen, ;¢
(MSIP) microtiter plates (Millipore, Medford, MA) were treated with 100 ul of 90% methanol for 30 s and
washed 5 times with sterile PBS (Sigma-Aldrich, St. Louis, MO). Plates were coated with 100 ul of capture
antibodies in PBS at the following concentrations: 15 ug/ml anti-human IFN-y MAb 1-D1K and 3 ug/ml
anti-human TNF-a MAb TNF3/4 (Mabtech, Cincinnati, OH). Plates containing capture antibodies were
incubated overnight at 4°C. Plates were blocked with 100 ul/well of 1% bovine serum albumin (BSA;
Sigma-Aldrich, St. Louis, MO) in PBS for 1 h and then washed 6 times with PBS. Cryopreserved PBMCs
were thawed in R10 medium (RPMI, 20% FBS) and incubated overnight at 37°C. PBMCs were washed two
times with PBS and seeded in triplicate at 2 X 10° cells/well in a final volume of 100 ul/well. Fusion
LFn-ZIKV and -DENV proteins were added to each well at a 2.5-pg/ml final concentration. As a positive
control, PBMCs were stimulated with 5 ug/ml of phytohemagglutinin (PHA; Sigma-Aldrich, St. Louis, MO).
As a negative control, wells received LFn with no fused protein at a 2.5-ug/ml final concentration.

After incubation for 28 to 32 h at 37°C in 5% CO,, the cells were discarded and plates were washed
three times with PBS and again three times with PBS with 0.05% Tween 20 (PBST; Bio-Rad Technologies,
Hercules, CA) to remove cells. The detection Ab were added at 100 wl/well in PBST, 1% BSA at the
following concentrations: 1 ug/ml anti-human IFN-y MAb 7-B6-1 and 0.5 ug/ml anti-human TNF-a MAb
TNF5 (Mabtech, Cincinnati, OH). Plates were incubated overnight at 4°C. Plates were washed six times
with PBST and then incubated for 2 h at room temperature with 100 ul/well of a mixture with the
following enzymatic conjugate: 0.5 ug/ml streptavidin alkaline phosphatase (Jackson ImmunoResearch
Laboratories, West Grove, PA).

To develop the spots, plates were washed four times with PBST, three times with PBS, and one time
with water. Vector Blue substrate solution (Vector Laboratories, Burlingame, CA) was added at 100 wl/well
for 5 to 15 min before rinsing with water and air drying. Digitized images were analyzed for spots using
a CTL ImmunoSpot reader (Cellular Technology Limited, Cleveland, OH) or by counting spots using a
stereozoom microscope (X20 magnification). ZIKV- or DENV-specific spots were calculated by subtract-
ing the mean of the negative-control values of the replicates from the mean values of the specific
stimulation. Positive responses had to be greater than four times the mean background, three standard
deviations above the background, and =55 SFC/10¢ PBMCs.

Statistical analysis. Statistical analyses were performed using the programs Prism 7 (GraphPad Soft-
ware, San Diego, CA) and Stata v. 13.1 (College Station, TX). Data were expressed as geometric positive
means * standard deviations. Data comparisons were conducted using the Wilcoxon rank-sum and Fisher’s
exact tests, as relevant. A threshold of a P value of =0.05 was considered statistically significant.
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