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Background. ‘There is an urgent need for studies of viral persistence and immunity during human Zika infections to inform
planning and conduct of vaccine clinical trials.

Methods. In 5 returned US travelers with acute symptomatic Zika infection, clinical features, viral RNA levels, and immune
responses were characterized.

Results. Two pregnant, flavivirus-experienced patients had viral RNA persist in plasma for >44 and >26 days. Three days after
symptom onset, transient increases in proinflammatory monocytes began followed at 5 days by transient decreases in myeloid dendritic
cells. Anti-Zika virus immunoglobulin M was detected at day 7 after symptom onset, persisted beyond 103 days, and remained equivo-
cal through day 172. Zika virus-specific plasmablasts and neutralizing antibodies developed quickly; dengue virus—specific plasma-
blasts and neutralizing antibodies at high titers developed only in flavivirus-experienced patients. Zika virus— and dengue virus-specific
memory B cells developed in both flavivirus-naive and -experienced patients. CD4+ T cells were moderately activated and produced
antiviral cytokines after stimulation with Zika virus C, prM, E, and NS5 peptides in 4/4 patients. In contrast, CD8+ T cells were mas-
sively activated, but virus-specific cells that produced cytokines were present in only 2/4 patients assessed.

Conclusions.
patients quickly recalled cross-reactive MBCs to secrete antibodies. Dengue virus—naive patients made little dengue-specific anti-
body but developed MBCs that cross-reacted against dengue virus. Zika virus-specific functional CD4+ T cells were readily detected,
but few CD8+ T cells specific for the tested peptides were found.

Acute infections with Zika virus modulated antigen-presenting cell populations early. Flavivirus-experienced
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Each year hundreds of thousands of US travelers return from
countries where the Zika virus (ZIKV) epidemic has occurred.
As of 19 July 2017, 5120 US travelers had been diagnosed with
Zika [1]. ZIKV infections in pregnant women may produce the
congenital Zika syndrome in fetuses [2-4]. ZIKV infections
in adults are linked to rare, serious neurologic complications
including Guillain-Barré syndrome [5-7]. Cardiac complica-
tions were recently reported [8, 9].

Studies of human ZIKV infections (including flavivi-
rus-experienced or -naive hosts and pregnant women) are
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needed to optimally inform testing of Zika vaccines [10-14].
Immune responses to ZIKV infection were evaluated in a
macaque model [15], but there are remarkably few published
human studies of fundamental parameters such as the mag-
nitude, kinetics, quality, and specificity of innate, effector,
and memory cellular responses to ZIKV [16-18]. Dengue
virus (DENV) immunity may be a useful point of refer-
ence; however, ZIKV has only a single serotype [16], which
is an advantage for ZIKV vaccine development and testing.
Human studies of DENV have identified early host responses
such as loss of myeloid dendritic cells (DC) and increases in
CD14+CD16+ monocytes, followed by robust expansions
of plasmablasts [19]. After yellow fever (YF)-17D immuni-
zation, an increase in CD38+HLA-DR+ activated CD8+ T
cells was detected in all vaccine recipients and was associated
with transient plasma viral RNA detection. The peak of the
CD8+ T-cell response was observed at day 15 after immuni-
zation, when 4%-13% of CD8+ T cells coexpressed CD38 and
HLA-DR[20].

Here, we present immune response and viral persistence
data from 5 acute ZIKV infections.
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METHODS

Patients with confirmed ZIKV infections were identified and
offered participation in an Emory University Institutional
Review Board-approved protocol to study emerging infections.
Time points in this convenience sample were designated as the
days post onset of symptoms (DPO).

Quantitative real-time polymerase chain reaction (qRT-
PCR) for Zika diagnosis or ZIKV persistence was performed
on multiple body fluids as described [21]. For patient D, sera
rather than plasma were assayed [22]; for simplicity the word
plasma is used.

The contemporary ZIKV strain used for focus reduction
neutralization test (FRNT) and Zika IgM antibody capture
enzyme-linked immunosorbent assay (Zika MAC-ELISA)
(PRVABC59 [KU501215.1]) was provided by the US Centers
for Disease Control and Prevention. DENV-1 (Hawaii),
DENV-2 (New Guinea C), and DENV-4 (H241) viruses
were provided by BEI Resources (https://www.beiresources.
org). DENV-3 (Sleman/78) was provided by Jens Wrammert
(Emory University). ZIKV was passaged by infecting Vero cells
(American Type Culture Collection; CRL-1586) at a multi-
plicity of infection of 0.05 in serum-free minimum essential
medium (MEM; Life Technologies Gibco). After a 1-hour
infection at 37°C, MEM supplemented with 10% (vol/vol) fetal
bovine serum (FBS) and 1% antibiotic/antimycotic (Corning
MT30004CI) were added. Upon observation of severe cyto-
pathic effect at day 3, supernatants were collected and spun
down at 930xg for 10 minutes at 4°C. Virus-containing super-
natant was supplemented with an additional 10% (vol/vol)
FBS before freezing at -80°C. DENV-1-4 viruses were also
passaged as described above, and virus-containing superna-
tants were collected at 8-11 days post-infection. Titers of the
passaged viruses were determined by focus forming assay [23].
For the IgM antibody-capture enzyme-linked immunosorbent
assay (MAC-ELISA) immunoglobulin (Ig) M assay [24], viral
stocks were inactivated with 0.1% beta-propiolactone over-
night. Antigen was produced by spinning inactivated superna-
tants in Amicon Ultra-15 centrifugal filters at 3500xg for 25
minutes at 4°C.

ZIKV lysate for B cell enzyme-linked immunospot (ELISpot)
assays was prepared from Vero cells infected as above. After
cell-free virus was harvested, the remaining adherent cells and
cell pellet from the supernatant were washed twice with phos-
phate-buffered solution and resuspended in radioimmunopre-
cipitation assay (RIPA) buffer (Abcam; Ab156034) supplemented
with protease inhibitor (Thermo Fisher Scientific; 87785) and
phosphatase inhibitor (Biovision; K275-1). Mock lysate was pre-
pared similarly from uninfected cells. Protein concentrations were
quantified using NanoDrop 8000 (ThermoFisher). DENV-1-4
recombinant E proteins were purchased from CTK Diagnostics
(A2301, DENV-1 VN/BID-V949/2007; A2302, DENV-2 GWL39

IND-01; A2303, DENV-3 US/BID-V1090/1998; and A2304,
DENV-4 341750).

Peptide pools for intracellular cytokine staining (ICS) assays
consisted of 15-mers with 11 amino acid overlaps spanning
ZIKV proteins C (28 peptides), prM (40 peptides), and E (pool
1, 62 peptides; pool 2, 62 peptides) (JPT Peptide Technologies,
Berlin, Germany; GenBank: KU527068). Pools of 10 over-
lapping 15-mer peptides derived from ZIKV NS5 (GenBank:
KU321639.1) were provided by D. H. O’Connor (University
of Wisconsin-Madison) and synthesized using GenScript
(Piscataway, New Jersey) [15].

Further experimental methods for immune phenotyping of
innate cells by flow cytometry, focus reduction neutralization
test (FRNT), MAC-ELISA, West Nile virus (WNV) ELISA,
B-cell ELISpot, and intracellular cytokine staining (ICS) are
provided in the Supplementary Materials.

RESULTS

Five returned travelers with acute Zika confirmed by qRT-PCR
were enrolled between DPOs 3 and 11 and followed for up to
11 months (Table 1). Clinical signs and symptoms included rash
(5/5), myalgia (4/5), fever (4/5), prolonged fatigue (4/5), joint
pain (2/5), and conjunctivitis (1/5); most resolved in 1-3 weeks
(Table 2).

Patient A-23. A 27-year-old healthy male who was flavivirus
naive and had vacationed in Belize (Table 1). Upon return to the
United States, his acute illness began (Table 2). He was leuko-
penic on DPO 3 with gradual resolution. ZIKV RNA was pres-
ent in plasma on DPOs 3 and 5 (with the detected peak on DPO
3); in semen on DPO 9 (the only day assessed); in urine through
DPO 18; and in whole blood through DPO 30 (Figure 1A and B).
Fatigue persisted for 1 month.

CD14+CD16+ proinflammatory monocytes were increased
and at their detected peak on DPO 5 (when first assessed) and
decreased to a presumed baseline by DPO 18 (Figure 1C).
Myeloid dendritic cells (mDCs) decreased to a nadir on DPO 9
and increased to a presumed baseline by DPO 30 (Figure 1D).
Anti-ZIKV IgM was not detected on DPO 5, was positive on
DPOs 9 through 30, decreased to equivocal on DPO 60, and
was absent on DPO 235 (Figure 2A, Table 1). Neutralizing
antibodies (NAb) against ZIKV was first detected on DPO 9,
peaked on DPO 18 (at a titer of 3278) when viral RNA in urine
and whole blood were present but decreasing, and by DPO 235
had decreased only 3.3-fold (to 985; Figure 2A, Table 1). NAb
against DENV-1-4 and ELISA Ab against WNV were nega-
tive in this naive patient (Figure 2B, Table 1). On DPOs 5-18
a striking rise and fall of phenotypic antibody-secreting cells
(ASCs) occurred, peaking at 31% of all blood B lymphocytes
(Figure 1E). The ASCs’ specificity for ZIKV was demonstrated
by ELISpot assay, and there were no anti-DENV-1-4-, WNV-,
or yellow fever virus (YFV)-specific ASCs (flavivirus-naive
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Table 1. Demographics, Characteristics, and Antibody Responses for 5 Acute Zika Patients: Categorization as Flavivirus Experienced or Flavivirus Naive
Reported Previous Flavivirus IgM (MAC- 1gG (ELISA
Flavivirus Exposure; Exposure ELISA)? Neutralizing Ab to ZIKV and DENVs (FRNT,, titer) titer)°

Patient (age, DPO when ZIKV Category

gender, country PCR Diagnosis (Pregnancy

visited, reason) Made Status) DPO ZIKV ZIKV DENV-1 DENV-2 DENV-3 DENV-4 WNV

A-23 (27 male, None; 3 Naive (NA) B 0.7 <30 <30 <30 <30 <30 <10
Belize, 9 4.3 415 <30 <30 <30 <30 <10
vacation) 18 8.1 3278 <30 <30 <30 <30 <10

30 5.4 2654 <30 <30 <30 <30 <10
60 2.9 1287 <30 <30 <30 <30 <10
235 1.0 985 <30 <30 <30 <30 ND

B-17 (26, F, None; 1 Naive (not 7 4.8 1438 <30 <30 <30 <30 <10
Honduras, pregnant)
mission
work)

C-16 (32, F Missionary in Experienced 3 0.6 <30 354 561 455 104 30
Honduras, Honduras since (pregnant) 7 3.7 1428 1567 6102 12448 4590 15
e 32;3:2%@3:5 . 14 96 8844 8787 7553 12372 5780 30

28 9.1 6570 4157 3807 6050 3240 30
44 73 3200 3688 2057 4419 2345 30
75 4.8 3106 2765 1876 2438 1230 30
103 3.7 2789 2485 1654 1653 765 30
218° 1.9 2086 354 289 368 326 ND
332 1.1 1863 318 213 322 286 ND

D-19 (27 F Originally from Experienced il 75 9876 6860 5272 8115 8170 60
Jamaica, Jamaica; 2 (pregnant) 26 6.5 8428 5438 4568 6985 6534 30
family visit) 33 5.1 7069 4378 3482 5342 5428 30

52 3.4 3546 3685 2896 3564 4512 20
80 2.4 1864 3262 2786 2860 2874 <10
172° 2.1 962 658 754 1086 869 ND
301 0.9 847 527 436 964 548 ND

E-18 (26, F YF-17D vaccine in YF-17D experi- 8 4.2 778 <30 <30 77 88 <10
multiple 2007; past his- enced (not 18 78 4146 55 38 176 156 <10
i(;f;'nzbsa” E?;\\jeTfne:::r;Z::jS pregnant) 35 5.8 e 50 <30 101 129 <10
vacation) 347 12 743 <30 <30 <30 <30 ND

Abbreviations: Ab, antibody; DENV, dengue virus; DPO, days post onset of symptoms; FRNTSU titer, 50% focus reduction neutralization test titer; Ig, immunoglobulin; MAC-ELISA, IgM
antibody-capture enzyme-linked immunosorbent assay; NA, not applicable; ND, not done; PCR, polymerase chain reaction; WNV, west nile virus; ZIKV, Zika virus.

#IgM testing was conducted using MAC-ELISA. ELISA values were patient serum optical densities divided by healthy control serum optical densities; <2, negative; 2-3 equivocal; >3 positive

®lgG titers were determined as endpoint titers using indirect ELISA
°For pregnant patients C-16 and D-19, the DPOs corresponding to delivery are bolded.

patient; Figure 3A). Interestingly, memory B cells (MBCs) with
cross-reactivity against DENV-1-4 developed (Figure 3B).

Activated CD4+ T cells peaked moderately on DPO 9, but
CD8+ T cells had a robust and prolonged plateau of activa-
tion (up to 26% of total blood CD8+ T cells) before decreas-
ing toward a baseline on DPO 60 (Figure 1F-1G), the first time
point when whole blood ZIKV RNA was negative (Figure 1B).
Cytokine-producing antiviral CD4+ and CD8+ T cells against
ZIKV C, prM, E, and NS5 peptides were demonstrated in ICS
assays; first detected on DPO 9 and persisting through DPO
60 (Figure 4, Supplementary Table S1). Also, 41% of the anti-
viral CD4+ T cells were polyfunctional, that is, expressed >2
cytokines (Figure 4E).

Patient B-17. Five days after returning from Honduras, a
26-year-old nonpregnant flavivirus-naive woman developed

typical Zika symptoms (Tables 1 and 2). ZIKV RNA was pres-
ent in multiple body fluids (including whole blood through
DPO 81, saliva, urine, and vaginal fluid; not shown, previ-
ously reported [22]). DENV and chikungunya RNA were not
detected in plasma. On DPO 7, proinflammatory monocytes,
mDCs, ASCs, and activated T cells were similar to those in
patient A-23 (Figure 1C-1G; reported here for the first time).
Anti-ZIKV IgM was positive and FRNT, titer against ZIKV
was 1438 on DPO 7; there were no NAbs against DENV nor
binding Ab against WNV (Table 1, Figure 2A-2B; partially
reported previously [22]). ZIKV-specific ASCs were identified
using ELISpot, but no DENV-specific ASCs were present in
this naive patient (Figure 3A). Cytokine-secreting E-specific
CD4+ effector T cells, but not CD8+ T cells, were present
(Supplementary Table S1).
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Table 2. Clinical Signs and Symptoms of 5 Patients with Acute Zika Infection

Days Post Joint Pain
Month and Onset of and/or Headache Fatigue or Nausea or Cognitive
Year of Zika Symptoms at Rash Conjunctivitis  Swelling or Eye Pain  Myalgia Weakness Diarrhea  Difficulty

Patient Infection Enrollment  (days) Fever (days) (days) (days) (days) (days) (days) (days) (days) Notes

A-23 August 2016 5 5 9 0 g 8 9 30 1 0

B-17°  May 2016 7 7 6 15 0 18 17 18 17 nausea 0

C-16 May 2016 8] 4 4 0 28 103 2 103 0 0 Patient
attributed
fatigue to
pregnancy

D-19 June 2016 il 4 0 0 0 52 0 0 0 0 Headache
began
prior
to Zika
illness

E-18 May 2016 8 8 8 0 6 9 6 94 0 2 Crohn’s dis-
ease on
intermit-
tent pred-
nisone

°On days post onset of symptoms 3 (in hospital emergency room preenroliment) patient A-23 had a low white blood cell count of 1900 cells/uL (normal, 4200-9100 cells/uL ) with reduced
absolute lymphocytes (500 cells/uL; normal, 720-3290 cells/uL), elevated reactive lymphocytes (20 cells/uL; normal, 0, an indication of viral infection), and low eosinophils (20 cells/uL;
normal, 50-290 cells/uL). He also had elevated creatinine (1.21 mg/dL; normal, 0.7-1.2 mg/dL). These laboratory abnormalities resolved gradually over several days.

°As we reported previously [22].

Patient C-16. A 36-year-old flavivirus-experienced mission-
ary in Honduras was 9 weeks pregnant when she developed
Zika (Table 1). Arthralgia persisted for 1 month; headache
and fatigue were present through DPO 103, but she attributed
fatigue to the pregnancy (Table 2). Plasma ZIKV RNA was pos-
itive from DPO 3 through 44 and became negative on DPO 75
(Figure 1A); plasma was negative for DENV and chikungunya
RNA. Urine PCRs were positive for ZIKV RNA on DPOs 3 and
7 but not after that (Figure 1B). At delivery (DPO 218) ZIKV
PCR of amniotic fluid and cord blood were negative, as was
viral culture of the placenta. The newborn appeared healthy and
remained so through age 4 months.

Cell phenotyping again revealed a transient increase in proin-
flammatory monocytes (Figure 1C) and a decrease in mDCs
(Figure 1D). Anti-ZIKV IgM was initially negative (DPO 3), high
equivocal on DPO 7, then positive through DPO 103, and neg-
ative at DPO 218 (delivery; Table 1). On DPO 3, DENV-specific
NAb was detected in serum (Figure 2A and 2B, Table 1), but anti-
ZIKV NADb was not detected until DPO 7 and then peaked on
DPO 14 as plasma ZIKV RNA levels began to decrease. ZIKV-
and DENV-specific NAbs were long-lived; for example, on DPO
332 FRNT, titers were 1863 and 322 [DENV-3], respectively.
Phenotypic ASCs had a robust DPO 7 peak (22% of all blood B
cells; Figure 1E). Like NAb, DENV-specific IgG-producing ASCs
were first detected on DPO 3 using ELISpot and later (DPO
7) ZIKV-specific ASCs were detected (Figure 3A). As expected,
MBCs against both ZIKV and all DENV serotypes were detected;
anti-ZIKV MBCs underwent less decay (Figure 3B).

Moderate CD4+ T-cell activation (Figure 1F) and functional
antigen-specific CD4+ T cells against C, prM, E, and NS5 peptides

were present (Figure 4A and 4D). Strong CD8+ T-cell activation
(27% of total blood CD8+ T cells) was detected early (DPO 3;
Figure 1G) and persisted in association with prolonged plasma
viral RNA (Figure 1A). However, functional (cytokine-produc-
ing) CD8+ T cells were either not detected (against C, prM,
and E peptides) or present at only very low levels (NS5) in ICS
assays performed repeatedly through DPO 75 (Figure 4B and
4D; Supplementary Table S1). Further phenotyping of the acti-
vated but apparently hypofunctional CD8+ T-cell subset identi-
fied markers of antigen-driven proliferation, tissue homing, and
cytotoxic effector functions, indicating activation via the T-cell
receptor (TCR) and not bystander activation (Supplementary
Figure S3).

Patient D-19. A 27-year-old flavivirus-experienced, healthy,
and pregnant US resident traveled to Jamaica to visit a rela-
tive. Soon after returning to the United States she developed
acute Zika during the sixteenth week of gestation (Tables 1
and 2). Headache persisted for 52 days but had begun prior
to her Zika illness. ZIKV RNA was present in plasma on
DPOs 11 and 26 and not detected on DPO 33 (Figure 1A).
qRT-PCR was negative for DENV and chikungunya RNA in
plasma, ZIKV RNA in urine, and ZIKV RNA in amniotic fluid
(DPO 33). The newborn appeared healthy and had remained
so through 6 months.

Because her first study visit occurred later (DPO 11), monocyte,
mDC, and ASC phenotyping did not identify the acute changes
observed in other patients (Figure 1C-1E). Her anti-ZIKV IgM
was positive through DPO 33; equivocal on DPOs 52, 80, and 172
through delivery; and negative on DPO 301 (Figure 2A, Table 1).
High FRNT,  titers against both ZIKV and DENV were present
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Figure 1. Viral loads and phenotypic assays for innate cells, antibody-secreting cells (ASC), and activated T cells. Colored solid symbols and lines identify the 5 acute Zika

patients. Open black circles are control data from 5 healthy adults. x-axes for all plots, days post onset of symptoms; y-axes, response magnitudes. Monocytes and dendritic
cells (DCs) were gated as in Supplementary Figure S1, and their frequencies are expressed as percentages of total mononuclear cells in blood. ASCs and activated T cells
were gated as in Supplementary Figure S2. A, Zika virus (ZIKV) RNA in plasma. B, ZIKV RNA in urine (solid symbols for 4 patients) or whole blood (open diamond; only patient
A-23 assessed in this study). C, CD14+CD16+ intermediate monocytes. 0, myeloid DC (mDC). Other monocyte subsets, plasmacytoid DC (pDCs), and natural killer (NK) cells
showed no clear dynamic trends (not shown). £, ASCs (or plasmablasts). £, Activated CD4+ T cells. G, Activated CD8+ T cells. Abbreviations: ASC, antibody-secreting cells;
Ct, cycle threshold for gRT-PCR reactions; DPO, days post onset of symptoms; HLA-DR, human leukocyte antigen-D related; mDC, myeloid dendritic cells; ZIKV, Zika virus.

on DPO 11 (eg, 9876 against ZIKV) and persisted (Figure 2A-2B,
Table 1). Antigen-specific ASC ELISpot on DPO 11 was negative
(missed peak; Figure 3A). MBCs against both ZIKV and DENV
were present on DPOs 33, 80, and 301 (Figure 3B).

CD4+ T-cell activation was not observed (later initial time-
point [DPO 11]; Figure 1F), but CD8+ T cells were activated
and remained so through DPO 33 when plasma viral RNA
became negative (Figure 1G). Antiviral cytokine-producing
CD4+ T cells were detected by ICS; however, in this pregnant
patient with prolonged viral RNA in plasma, functional CD8+
T cells against C, prM, E, and NS5 peptides were not detected
(Figure 4, Supplementary Table S1).

Patient E-18. A 28-year-old nonpregnant woman developed
acute Zika upon return to the United States from the Caribbean;

she previously received YFV-17D vaccine and she also had a
past history of extended travel in the tropics (Tables 1 and 2).
On DPO 8 ZIKV RNA was detected in urine but not plasma;
then negative in both from DPO 18 onward (Figure 1A-B).
Phenotyping of monocyte, mDC, ASC, and activated T-cell
populations demonstrated increases and decreases as for the
other patients (Figure 1C-1G). IgM was positive on DPOs
8 through 35 and negative on DPO 347 (Figure 2A, Table 1).
NAD titers against ZIKV were high and against DENV were low
(Figure 2A-B, Table 1). ELISpot assays for ASC and MBC iden-
tified ZIKV- and DENV-specific cells (Figure 3). She produced
functional effector T cells against ZIKV C, prM, E, and/or NS5
peptides at moderate (CD4+ subset) or low (CD8+ subset) lev-
els (Figure 4, Supplementary Table S1).

Acute Zika—Human Immune Responses « CID 2018:66 (1 January) « 5



Serum NADb vs ZIKV

D 101 i-
A S Anti-ZIKV IgM 1000
Z P
- A23 Q7 2
m B17 o 6 g 100
N 5_
_ |
-®- C-16 o 4 =
-¥- D19 T 3 v o 10
E-18 X X L
x o 1 S
O Cl L LJ U L L] L) L) 1 1C| L) L) L) L) 1 7 1} 1] 1
0 20 40 60 80 100 200 300 400 0 20 40 60 80 100 200 300 400
DPO DPO
T 10000 A-23, naive 510000 B-17, naive
vs ZIKV or DENV B °
& ZIKV 1000
—B- DENV1 =
—A— DENV2 5 100
—W¥— DENV3 L
—— DENV4
T 1 T T 1 10 { ¢
0 20 40 60 80 100 200 300 400 0 20 40 60 80 100 200 300 400
DPO DPO
1000 C16, experienced 1o000] @ D-19: experienced 10000] E-18, YF-17D vaccinated
— —
2 8 g
8 100 'HO 1000 %100
= = =
Z Z e
o 1o e 100 o \
T8 L L /ﬁ?"\
N =
1 U LJ L U L L) L) 1 1C 1) U L U U 1 v T 1 C L) J T -| T L) 1 1} L} 1
0 20 40 60 80 100 200 300 400 0 20 40 60 80 100 200 300 400 0 20 40 60 80 100 200 300 400

DPO

DPO DPO

Figure 2. Antibody responses. A, Serum anti—Zika virus (ZIKV) immunoglobulin (Ig) M was determined by Zika IgM antibody-capture-enzyme-linked immunosorbent assay
(MAC-ELISA) and serum neutralizing antibody (NAb) against ZIKV by focus reduction neutralization test (FRNT). The IgM ELISA values were the ratios of the patients’ serum
optical densities to healthy control serum optical densities; <2, negative (lower dashed horizontal line in IgM panel); 2-3, equivocal; >3, positive (upper dashed line). The
dashed horizontal line in the NAb panel is the negative cutoff: a titer of <30. The FRNT, titer is the reciprocal of the serum dilution at which a 50% reduction in viral foci
was observed. B, Serum NAb against ZIKV (green symbol and line) or dengue virus-1-4 (black symbols and lines) in the FRNT. Note: subject E-18 also had a past history of
extended travel in the tropics. Abbreviations: DENV, dengue virus; DPO, days post onset of symptoms; FRNT, focus reduction neutralization test; Ig, immunoglobulin; NAb,

neutralizing antibody; OD, optical density; ZIKV, Zika virus.

DISCUSSION

Observations that characterize human immune responses to
natural Zika infection are of importance for multiple groups
that develop and test ZIKV vaccines in clinical trials. With a
sample size of 5 it would be foolish to draw definitive or broad
conclusions. However, in summarizing the data, a few interest-
ing points for consideration emerge.

ZIKV RNA was detected in plasma from 4/5 patients and in
urine from 3/4 patients tested. In 2 patients for whom whole
blood was tested, viral RNA persisted longer in blood than in
plasma or urine. Prolonged ZIKV RNA detection in patient
A-23’s whole blood is consistent with previous reports of flavi-
virus persistence in whole blood (and viral association with red

blood cells) for ZIKV [22, 25] and WNV [26, 27]. Whole blood
may therefore provide a wider window for molecular diagnosis
of Zika in upcoming vaccine efficacy studies.

DENV and chikungunya RNA were not detected in 3/3
patients tested, excluding coinfections. Despite persistent viral
RNA in plasma, 2/2 pregnant women mounted robust pheno-
typic innate, T-, and B-cell responses; antigen-specific CD4+
T-cell responses; and NAD titers that were similar to those in
nonpregnant patients. Both newborns were healthy. Neither
pregnant woman had detectable functional CD8+ T-cell
responses against ZIKV structural protein peptides (1 had a
weak NS5 response). Their prolonged plasma ZIKV RNA was
presumably due to shedding from infected placenta [28].
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Figure 3.  Enzyme-Linked ImmunoSpot (ELISpot) assays for Zika virus (ZIKV)-and dengue virus (DENV)-specific antibody-secreting cells (ASCs) and memory B cells (MBCs).

A, Antigen-specific ASCs were quantitated using fresh peripheral blood mononuclear cells (PBMCs). For patient A-23, 3 isotypes of ZIKV-specific immunoglobulin (Ig; M,
A, and G) were detected in this flavivirus-naive patient (and for patient B-17, also flavivirus-naive). In contrast, for patient C-16 (flavivirus-experienced), only IgG-secreting
ASCs were detected; also true of patient E-18 (also flavivirus-experienced). B, MBCs against ZIKV or DENV were detected in thawed PBMCs. In these assays absolute levels
of ZIKV-specific vs DENV-specific ASCs or MBCs cannot be directly compared since the ZIKV antigen was viral lysate and the DENV antigens were recombinant E proteins.
Abbreviations: ASC, antibody-secreting cells; DENV, dengue virus; DPO, days post onset of symptoms; Ig, immunoglobulin; LOD, limit of detection; MBC, memory B cell;

PBMC, peripheral blood mononuclear cell; ZIKV, Zika virus.

Early (DPO 3-9) transient increases in proinflammatory
monocytes and slightly later (DPO 5-18) transient decreases
in mDCs occurred. No clear patterns were observed for other
monocyte subsets, plasmacytoid DC (pDC) or natural killer
cells (NK). Knowledge of these cellular shifts during acute
Zika infection may lead to pathways to exploit for vaccine or
therapeutic development. Increases in blood CD14+CD16+
intermediate monocytes were also seen in acute dengue
patients with high viral loads, and this population of cells
was shown in vitro to mediate plasmablast differentiation and
antibody production via B-cell activating factor (BAFF)/a
proliferation-inducing ligand (APRIL) and interleukin (IL)-
10", A decrease in blood mDCs was described for DENV
infections where DCs are a major site for viral replication
with resulting apoptosis [19, 29]. ZIKV, like many flaviviruses,

infects human DCs [30, 31]. ZIKV antagonizes DC interferon
responses in vitro [31].

Strong activation of CD8+ T cells (15% to >25% of blood
CD8+ T cells) developed early and persisted in parallel with
viral RNA. Moderate activation of CD4+ T cells (2%-5%)
occurred. Lower, similar, and higher levels of T-cell activation
were reported for YEV-17D, DENV, and Ebola acute infections,
respectively [20, 32, 33].

Four patients studied before DPO 10 had robust phenotypic
ASC responses (up to 31% of blood B cells). In flavivirus-ex-
perienced patients, ASCs against both ZIKV and DENV were
present; in flavivirus-naive patients, only ZIKV-specific ASCs
developed. This same pattern was seen for NAb. In experienced
patients, ASC and NAb to DENV appeared earlier than those
to ZIKV, emphasizing that NAb assays alone cannot be used
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Figure 4. T-cell intracellular cytokine staining (ICS) assays. CD4+ or CD8+ T cells were stimulated for 6 hours with peptide pools spanning Zika virus (ZIKV) C, prM, E, or
NS5 proteins. Thawed peripheral blood mononuclear cells from various days post symptom onset were used in these assays. Antiviral cells expressing intracellular cytokines
(interferon [IFN]-g, interleukin [IL]-2, and/or tumor necrosis factor-a) were then detected by ICS and flow cytometry. Aand B, ZIKV C-, prM-, and/or E-specific cytokine-produc-
ing CD4+ or CD8+ T cells. Summary results are presented here as pooled total cytokine-producing cells analyzed in a Boolean analysis. C, FACS plots demonstrating C-specific
CD4+ and CD8+ T cells for patient A-23. CD8+ cells produced primarily IFN-g, whereas CD4+ cells produced both IFN-g and IL-2. D. NS5-specific T cells were assessed with
available cells for 3 patients. Closed symbols, CD4+ T cells; open symbols, CD8+ T cells. Patent D-19's result was negative (as defined in Supplementary Table S1 footnote).
E, Polyfunctionality of the CD4+ T cells. The pie charts display the relative proportions of CD4+ T cells producing 1, 2, and 3 cytokines (CTK) (Boolean analysis); 3 CTK (blue),
percentage of cells producing all 3 cytokines; 2 CTK (red), cells producing 2 cytokines; and 1 CTK (green), cells producing a single cytokine. Abbreviations: CTK, cytokine; DPO,
days post onset of symptoms; FACS, fluorescence activated cell sorter; ICS, intracellular cytokine staining; IFN, interferon; IL, interleukin; ZIKV, Zika virus.

for ZIKV diagnosis in flavivirus-experienced patients. Titers
of ZIKV- and/or DENV-specific neutralizing Ab had impres-
sive longevity (eg, DPO 332, patient C-16, titer 1863), as has
been reported for other flaviviruses [34, 35]. ZIKV-specific
MBCs were higher in flavivirus-naive patients—perhaps due
to freedom from original antigenic sin. The development of

MBC cross-reactive to DENV following Zika in a DENV-
naive patient (eg, patient A-23) raises a theoretical possi-
bility of antibody-dependent enhancement in a subsequent
(first) DENV infection for such patients or for ZIKV vaccine
recipients. Larger studies are needed to further address these
observations.
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In addition to 2 case reports we published recently [9, 36], we
were unable to identify publications on ICS assays during human
Zika infections. C-, prM-, E-, and NS5-specific cytokine-ex-
pressing CD4+ T cells developed in all patients tested, and 22%-
46% of the responding cells were polyfunctional (Figure 4E). The
generally absent or low detection of functional CD8+ effector T
cells against peptides spanning ZIKV C, prM, E, and NS5 in this
study is of interest. Further studies in larger samples and with
peptides that span all 10 ZIKV proteins are needed. The high
frequencies of activated CD8+ T cells compared to the absent
or low magnitude of functional ZIKV-specific CD8+ effector T
cells (eg, activated-to-functional ratio of 41:1 in patient A-23)
was striking. In persistent viral infections (eg, human immuno-
deficiency virus, hepatitis C virus, lymphocytic choriomenin-
gitis virus) and cancer, chronic antigen exposure causes CD8+
T-cell exhaustion (dysfunction) [37, 38]. In our study, the highly
activated CD8+ T cells carried markers of exposure to antigen
via TCR, which argued against bystander activation, yet few
CD8+ T cells specific for the tested peptides were found.

In one study of dengue patients, the vast majority of pro-
liferating, highly differentiated effector CD8+ T cells had
acquired TCR refractoriness with deficient cytokine produc-
tion. Transcriptomics revealed downregulation of TCR sign-
aling molecules [32], leading the authors to infer that acute
dengue’s massive CD8+ T-cell activation leads to downregu-
lation of TCR signaling, producing a stunned phenotype pre-
viously described for other viruses [37, 38]. Also, with other
flaviviruses, the structural proteins are predominantly targeted
by CD4+ more than CD8+ T cells [39, 40]. The limited ZIKV-
specific CD8+ T-cell response in pregnancy observed here
deserves further study.

Finally, the public health significance of ZIKV RNA per-
sistence in body fluids needs to be confirmed with culture or
molecular assays that quantify replication-competent virus
(a gap in the ZIKV clinical literature). Such efforts are underway
in our laboratory. The clinical, viral, and immunologic findings
in this small series of Zika patients may be of particular interest
to clinicians and scientists planning vaccine studies.

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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