
Zika Virus Escapes NK Cell Detection by
Upregulating Major Histocompatibility
Complex Class I Molecules

Ariella Glasner,a Esther Oiknine-Djian,b Yiska Weisblum,b Mohammad Diab,a

Amos Panet,c Dana G. Wolf,b Ofer Mandelboima

Lautenberg Center for General and Tumor Immunology, Department of Immunology and Cancer Research,
IMRIC, Faculty of Medicine, The Hebrew University Medical School, Jerusalem, Israela; Clinical Virology Unit,
Hadassah Hebrew University Medical Center, Jerusalem, Israelb; Department of Biochemistry and Chanock
Center for Virology, IMRIC, Faculty of Medicine, The Hebrew University, Jerusalem, Israelc

ABSTRACT NK cells are innate lymphocytes that participate in many immune pro-
cesses encompassing cancer, bacterial and fungal infection, autoimmunity, and even
pregnancy and that specialize in antiviral defense. NK cells express inhibitory and ac-
tivating receptors and kill their targets when activating signals overpower inhibitory
signals. The NK cell inhibitory receptors include a uniquely diverse array of proteins
named killer cell immunoglobulin-like receptors (KIRs), the CD94 family, and the leu-
kocyte immunoglobulin-like receptor (LIR) family. The NK cell inhibitory receptors
recognize mostly major histocompatibility complex (MHC) class I (MHC-I) proteins.
Zika virus has recently emerged as a major threat due to its association with birth
defects and its pandemic potential. How Zika virus interacts with the immune sys-
tem, and especially with NK cells, is unclear. Here we show that Zika virus infection
is barely sensed by NK cells, since little or no increase in the expression of activating
NK cell ligands was observed following Zika infection. In contrast, we demonstrate
that Zika virus infection leads to the upregulation of MHC class I proteins and conse-
quently to the inhibition of NK cell killing. Mechanistically, we show that MHC class I
proteins are upregulated via the RIGI-IRF3 pathway and that this upregulation is medi-
ated via beta interferon (IFN-�). Potentially, countering MHC class I upregulation during
Zika virus infection could be used as a prophylactic treatment against Zika virus.

IMPORTANCE NK cells are innate lymphocytes that recognize and eliminate various
pathogens and are known mostly for their role in controlling viral infections. NK
cells express inhibitory and activating receptors, and they kill or spare their targets
based on the integration of inhibitory and activating signals. Zika virus has recently
emerged as a major threat to humans due to its pandemic potential and its associa-
tion with birth defects. The role of NK cells in Zika virus infection is largely un-
known. Here we demonstrate that Zika virus infection is almost undetected by NK
cells, as evidenced by the fact that the expression of activating ligands for NK cells
is not induced following Zika infection. We identified a mechanism whereby Zika vi-
rus sensing via the RIGI-IRF3 pathway resulted in IFN-�-mediated upregulation of
MHC-I molecules and inhibition of NK cell activity. Countering MHC class I upregula-
tion and boosting NK cell activity may be employed as prophylactic measures to
combat Zika virus infection.
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NK cells are lymphocytes belonging to the innate immune system. NK cells partic-
ipate in many immunological activities, from killing cancerous cells (1–7) and

fighting bacteria (8–10) and fungi (11) to playing roles in allergy (12) and graft-versus-
host disease (13). NK cells also play roles in autoimmunity (14–18) and pregnancy (19).
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NK cells are known mostly for their role in controlling viral infections (20, 21) and have
been shown to be involved in cytomegalovirus (CMV) (22–24), influenza virus (6, 25–28),
Newcastle disease virus (29), vaccinia virus (30), and human metapneumovirus (HMPV)
infections (31, 32). NK cells express a large repertoire of inhibitory receptors, which
mostly recognize major histocompatibility complex class I (MHC-I) molecules (missing
self hypothesis [33]). These include the killer cell immunoglobulin-like receptor (KIR)
family, the CD94 family, and the leukocyte immunoglobulin-like receptor (LIR) family
(34). NK cells also express inhibitory receptors that do not interact with MHC class I
molecules, such as CEACAM1, which recognizes CEACAM1 in a homophilic interaction
(35); CD300a, which recognizes phosphatidylserine and phosphatidylethanolamine (36,
37); and TIGIT, which recognizes PVR and several other nectin ligands (38–40).

To execute killing, NK cells use activating receptors, such as NKG2D and the natural
cytotoxicity receptors (NCRs) NKp30, NKp44 and NKp46. The activating receptors
recognize ligands that are induced by stress or infection, such as MICA, MICB, and
ULBP1 to -6, for NKG2D (41, 42), and the hemagglutinins of various viruses for the NCRs
(20). Viruses have evolved many immune evasion mechanisms to escape NK cell
detection (42).

Zika virus, whose name derives from the Zika forest in Uganda, belongs to the
Flaviviridae family, which also includes West Nile virus, dengue virus, yellow fever virus,
and Japanese encephalitis virus (43, 44). Zika virus is found in arthropods and is
transmitted primarily by the bite of the Aedes mosquito (44). Zika virus is a single-
stranded, positive-sense RNA virus, encoding three structural and seven nonstructural
proteins (44). Since its first discovery in the 1950s in Africa, this virus had received little
attention. Recently, however, Zika virus has emerged as a global concern due to its
pandemic potential and its impact on human health. Specifically, since its spread into
Brazil in 2015, Zika virus has spread rapidly through vast areas of the Americas (45, 46).

In healthy individuals, Zika virus infection is mostly asymptomatic or causes a
self-limited disease, rarely leading to Guillain-Barré syndrome (46). However, congenital
Zika virus infection, resulting from transplacental viral transmission, has been associ-
ated with microcephaly and an expanding range of neurological abnormalities and
birth defects (43, 47, 48).

How Zika virus is sensed by NK cells, and whether it evades NK cell detection, are
currently unanswered questions.

RESULTS
Zika virus infection upregulates MHC class I molecules through beta interferon

(IFN-�) and inhibits NK cell activity. It is practically unknown whether and how NK
cells recognize cells infected with Zika virus. To test this, we infected ARPE-19 retinal
epithelium cells (ARPE cells) with Zika virus. We verified infection by measuring viral
RNA accumulation in infected cells (Fig. 1A). Then we stained the infected and mock-
infected ARPE cells with a panel of antibodies directed against several NK cell ligands.
These include AICL, a ligand for NKp80; B7H6, a ligand for NKp30; CD48, a ligand for
2B4; CEACAM1, which interacts with itself; and MHC class I chain-related proteins A and
B (MICA and -B) and UL16 binding proteins (ULBPs), ligands for NKG2D (Fig. 1B).
Because the identities of the full spectrum of cellular ligands of the NCRs NKp44 and
NKp46 are unknown, we used fusion proteins to detect their expression. Little or no
change in the expression of the ligands tested was observed (Fig. 1B). In contrast, an
increase in MHC class I expression was observed on the mRNA level (Fig. 1C) and on the
cell surface, starting from day 4 postinfection (Fig. 1D).

To test whether the increase in MHC class I expression observed following Zika virus
infection results in increased binding of NK cell inhibitory receptors, we generated
fusion proteins composed of the extracellular parts of various class I binding inhibitory
receptors fused to human IgG1.

As can be seen in Fig. 1E, the Zika virus-induced upregulation of MHC class I
expression resulted in increased binding of KIR2DL2 Ig, which binds HLA-C proteins
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carrying asparagine at position 80 (49), and LILRB1 Ig, which interacts with HLA-A, -B,
and -C proteins (50).

To gain insight into the mechanism by which Zika virus causes the upregulation of
MHC class I proteins, we first used quantitative reverse transcription-PCR (qRT-PCR) to
assess type I interferons in infected cells. Significant induction of IFN-� expression, but
not of IFN-� expression, was observed following infection (Fig. 2A). To test whether
IFN-� is involved in the upregulation of MHC class I proteins, we used blocking
antibodies against IFN-�. Such blocking significantly reduced the Zika virus-mediated
upregulation of MHC class I proteins (detected by W6/32), KIR2DL2 Ig, and LILRB1 Ig,
almost to the same level as that in mock-infected cells (Fig. 2B).

Next, we wanted to test whether the IFN-�-mediated increase in MHC class I
expression leads to inhibition of NK cell activity. To this end, we used primary inter-
leukin 2 (IL-2)-activated NK cells, propagated from several independent donors, and
observed significantly lower levels of CD107a degranulation following incubation with
Zika virus-infected ARPE cells (Fig. 2C). This effect was abolished when blocking
antibodies against IFN-� were used during Zika virus infection (Fig. 2D).

Zika virus-mediated upregulation of MHC class I molecules is not restricted to
a particular cell line. To test whether similar findings are observed in additional cells,
we infected A549 lung carcinoma cells with Zika virus and verified the infection by
determining viral RNA accumulation in infected cells (Fig. 3A). As with ARPE cells, Zika
virus infection of A549 cells had little or no effect on the expression of any of the NK
ligands tested (Fig. 3B), except for MHC class I molecules and the inhibitory protein
CEACAM1 (Fig. 3B); the latter was not expressed on ARPE cells (Fig. 1). Accordingly, the
activation of NK cells, as measured by CD107a degranulation, was significantly inhibited
by incubation with Zika virus-infected A549 cells (Fig. 3C).

To test whether similar findings are observed in primary cells, we infected primary
human foreskin fibroblasts (HFF) with Zika virus. We verified the infection (Fig. 3D) and

FIG 1 Characterization of NK ligand expression in ARPE cells following Zika virus infection. (A) Levels of Zika
virus mRNA, determined by quantitative RT-PCR and normalized to �-actin levels, in mock-infected and
virus-infected ARPE cells. The experiment was repeated three times. A one-tailed, heteroscedastic Student
t test was used to assess significance. Values are shown as means � standard errors of the means; *, P �
0.05. (B) FACS staining of mock-infected and Zika virus-infected ARPE cells with antibodies and fusion
proteins against various NK cell ligands, as indicated. Shaded histograms represent the background control;
black histograms, specific staining of mock-infected ARPE cells; red histograms, specific staining of Zika
virus-infected ARPE cells. Median fluorescence intensities are given at the top right of each panel and are
color-coded. The histograms combine data from three independent experiments. (C) mRNA levels of MHC
class I transcripts in mock-infected and Zika virus-infected ARPE cells, quantified by qRT-PCR. The experi-
ment was repeated three times. A one-tailed, heteroscedastic Student t test was used to assess significance.
(D and E) FACS staining of mock-infected and Zika virus-infected ARPE cells with MHC class I MAb W6/32
(D) or with fusion proteins (E). Histograms and median fluorescence intensities are color-coded as explained
for panel B. The histograms combine data from three independent experiments. DPI, days postinfection.

Zika Virus Escapes NK Cell Detection Journal of Virology

November 2017 Volume 91 Issue 22 e00785-17 jvi.asm.org 3

http://jvi.asm.org


observed upregulation of MHC-I molecules (Fig. 3E) and IFN-� levels (Fig. 3F) in the
infected cells.

Characterization of interactions between Zika virus-infected cells and NK cells.
Next, we wanted to study the kinetics of clearance of Zika virus-infected targets by NK
cells and the NK cell response in terms of cytokine secretion. To this end, we infected
ARPE and A549 cells with Zika virus and incubated NK cells with the mock-infected and
Zika virus-infected cells at a ratio of 1:1. Figure 4A shows the ratios of NK cells to ARPE
cells at different time points. While mock-infected ARPE cells, which express several NK
cell activating ligands (Fig. 1 and 3), were killed efficiently by NK cells (the ratio of
NK cells to target cells was significantly increased [Fig. 4A, black lines]), Zika virus-
infected cells were unaffected over time, indicating that they were protected from NK
cell killing (Fig. 4A, red lines). In parallel, cytokine secretion by the NK cells was assessed
at each time point. We focused on IFN-� and tumor necrosis factor alpha (TNF-�), since
these are the main NK cell cytokines. TNF-� secretion did not exceed baseline levels,
irrespective of Zika virus infection (data not shown). Surprisingly we observed a strong,
time-dependent secretion of IFN-� from NK cells incubated with Zika virus-infected
cells, as early as 5 h following coincubation (Fig. 4B). Very low levels of IFN-� were
secreted by NK cells that were incubated with mock-infected cells, probably because
the mock-infected cells had already been eliminated by the NK cells after 5 h of
incubation (Fig. 4A). Therefore, the NK cells cannot continuously secrete cytokines.
Similar results, both in direct killing (Fig. 4C) and in cytokine secretion (Fig. 4D), were
observed when mock-infected and Zika virus-infected A549 cells were used.

MHC class I upregulation in Zika virus-infected cells is mediated via the RIGI-IRF3
pathway. We have established previously that the IFI16 sensor, which senses DNA, and
the RIGI sensor, which senses RNA, are involved in CEACAM1 upregulation following
HCMV, HMPV, and influenza virus infection (32, 51). Because we observed CEACAM1

FIG 2 MHC class I upregulation upon Zika virus infection is mediated by IFN-�. (A) mRNA levels of different
interferons in mock-infected and Zika virus-infected ARPE cells, quantified by qRT-PCR and normalized to
�-actin mRNA levels. The experiment was repeated three times. Analysis of variance was used to identify
significant group differences, followed by Fisher protected least-significant-difference comparisons. Values
are shown as means � standard errors of the means. NS, not significant; *, P � 0.05. (B) FACS staining of
Zika virus-infected ARPE cells with an MHC class I MAb (W6/32) and fusion proteins, with or without
blocking antibodies. Median fluorescence intensities are given at the top right of each panel and are
color-coded. The histograms represent two independent experiments. (C) Primary IL-2-activated NK cells
were incubated with the indicated targets at a 1:1 ratio. CD107a degranulation (as a percentage of the value
for the no-target baseline) was assessed. The experiment was conducted three independent times and
included NK cells obtained from five independent donors. (D) Primary IL-2-activated NK cells were
incubated with the indicated targets at a 1:1 ratio, with or without blocking antibodies against IFN-��
receptors that were included during the infection period. CD107a degranulation (as a percentage of the
value for the no-target baseline) was assessed. The experiment was conducted twice and included five
independent NK cell donors. For panels C and D, significant differences were determined as described for
panel A.
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upregulation in A549 cells, and because Zika virus is a single-stranded, positive-
sense RNA virus, we suspected that Zika virus is sensed by the RIGI-IRF3 pathway and
that this leads to IFN-� induction and MHC class I upregulation. To test this, we used
short hairpin RNA (shRNA) to knock down (KD) RIGI and IRF3. Scrambled shRNA
(Scramble) was used as a control. KD evaluation using qRT-PCR was performed before
(data not shown) and after infection and was found comparable for infected and
uninfected cells (Fig. 5A and B show IRF3 and RIGI expression levels in IRF3 KD and RIGI
KD infected cells, respectively, compared to those in infected cells with scrambled
shRNA). We next infected the Scramble, RIGI KD, and IRF3 KD A549 cells with Zika virus
and verified the infection in all cells, using qRT-PCR (Fig. 5C [please note that the values
for uninfected cells are zero]). We observed that the infection levels of all cells were
similar. As described above, little or no change in NK cell ligand expression was
observed in the various A549 lines upon infection with Zika virus (Fig. 5D). In contrast,
the induction of CEACAM1 and the upregulation of MHC class I molecules that are
observed following Zika virus infection were abrogated following RIGI KD and IRF3 KD
(Fig. 6A and B).

FIG 3 Zika virus-mediated upregulation of MHC class I molecules is recapitulated in the A549 cell model and in
primary human foreskin fibroblasts (HFF). (A) Zika virus mRNA levels in mock-infected and Zika virus-infected A549
cells, quantified by qRT-PCR and normalized to �-actin mRNA levels. The experiment was repeated three times. A
one-tailed, heteroscedastic Student t test was used to assess significance. Values are shown as means � standard
errors of the means; *, P � 0.05. (B) FACS staining of mock-infected and Zika virus-infected A549 cells for various
NK cell ligands, as indicated. Gray histograms represent the background control; black and red histograms, specific
staining of mock-infected and Zika virus-infected A549 cells, respectively. For ligands for which significant changes
were observed following infection, median fluorescence intensities are indicated at the top (color-coded). The
histograms combine data from three independent experiments. (C) Primary IL-2-activated NK cells were incubated
with the indicated targets at a 1:1 ratio. CD107a degranulation (as a percentage of the value for the no-target
baseline) was assessed. The experiment was conducted twice and included four independent NK cell donors.
Analysis of variance was used to identify significant group differences, followed by Fisher protected least-
significant-difference comparisons. (D) Levels of Zika virus mRNA, determined by quantitative RT-PCR and
normalized to �-actin levels, in mock-infected and Zika virus-infected HFF. A one-tailed, heteroscedastic Student
t test was used to assess significance. (E) FACS staining of mock-infected and Zika virus-infected HFF. Black and red
histograms represent specific staining of mock-infected and Zika virus-infected HFF, respectively. Median fluores-
cence intensities are indicated at the upper right and are color-coded. (F) IFN-� mRNA levels, quantified by qRT-PCR
and normalized to �-actin mRNA levels, in mock-infected and Zika virus-infected HFF.
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In agreement with these results, the mRNA level of CEACAM1 (which was increased
following Zika virus infection), remained unchanged in the RIGI KD and IRF3 KD A549
cells (Fig. 6C). The increase in MHC class I expression that was observed following Zika
virus infection was smaller when RIGI and IRF3 were knocked down (Fig. 6D). Further-

FIG 4 Characterization of interactions of Zika virus-infected cells with NK cells. (A and C) NK cells were
incubated with target cells at a ratio of 1:1. Target cell and NK cell numbers were assessed by FACS at
different time points (as indicated), and the NK/target ratio is presented. (B and D) IFN-� secretion was
assessed under the same conditions as those described for panels A and C using standard ELISA. A
repeated-measures Student t test was used to assess significance. Results for one NK line representative
of the three used are shown. Values are means � standard errors of the means; *, P � 0.05.

FIG 5 Expression of NK cell activating ligands following KD of IRF3 and RIGI. (A and B) mRNA levels, quantified by qRT-PCR, of IRF3
(A) and RIGI (B) in A549 cells transduced with the indicated shRNA or a scrambled sequence. A one-tailed, heteroscedastic Student
t test was used to assess significance. (C) mRNA levels of Zika virus transcripts, quantified by qRT-PCR and normalized to �-actin
mRNA levels, in mock-infected or Zika virus-infected IRF3 KD and RIGI KD A549 cells. Analysis of variance was used to identify
significant group differences, followed by Fisher protected least-significant-difference comparisons. For panels A to C, the experi-
ment was repeated three times. Values are shown as means � standard errors of the means; *, P � 0.05. (D) FACS staining of
mock-infected and Zika virus-infected Scramble, IFR3 KD, and RIGI KD A549 cells with various NK cell ligands, as indicated. Gray
histograms represent background control staining; black and red histograms, specific staining of mock-infected and Zika virus-
infected A549 cells, respectively. The histograms combine data from three independent experiments.
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more, the level of IFN-� mRNA induction upon infection was decreased following RIGI
and IRF3 KD (Fig. 6E). Finally, the inhibition of CD107a degranulation that was observed
when primary IL-2-activated NK cells were incubated with Zika virus-infected Scramble
A549 cells was not observed when NK cells were incubated with Zika virus-infected IRF3
KD or RIGI KD A549 cells (Fig. 6F).

DISCUSSION

Flaviviruses were long ago shown to upregulate MHC class I molecules during
infection, in part by inducing IFN-� expression in mice (52) and humans (53), and it was
further demonstrated that this process is driven by NF-�B (54). Elevation of MHC class
I expression resulted in enhanced T cell lysis (55) and inhibition of NK cell killing (56).
Here we show that similar mechanisms are utilized by Zika virus.

In view of the recent emergence and rapid spread of the Zika virus epidemic and the
severe consequences of congenital Zika virus infection, it is crucial to learn how Zika
virus interacts with the innate and adaptive arms of the immune system. Indeed, several
works have already investigated the recognition of Zika virus by T cells (57, 58), and
others have shown that Zika virus infection can induce type I IFNs and downstream
interferon-stimulated genes (ISGs). Zika virus infection of human skin fibroblasts in-
duced the transcription of Toll-like receptor 3 (TLR3), RIGI, and MDA5, as well as other
ISGs, such as OAS2, ISG15, and MX1 (59). Zika virus infection was also shown to induce
a type I interferon response in human placental macrophages and placental tissues (48,

FIG 6 Zika virus sensing is mediated by IRF3 and RIGI. (A and B) FACS staining of mock-infected and Zika
virus-infected Scramble, IFR3 KD, and RIGI KD A549 cells with CEACAM1 (A) or MHC class I molecules (B).
The black Scramble histograms in the IRF3 KD and RIGI KD panels are identical and are shown twice for
the sake of clarity. Median fluorescence intensities are given at the top right and are color-coded. The
histograms combine data from three independent experiments. (C to E) mRNA levels, quantified by
qRT-PCR, of CEACAM1 (C), MHC class I (D), and IFN-� (E) in IFR3 KD and RIGI KD A549 cells, compared to
levels in A549 cells transduced with a scrambled sequence (C and D) or normalized to �-actin mRNA
levels (E). Each experiment was repeated three times. (F) Primary IL-2-activated NK cells were incubated
with the indicated targets at a 1:1 ratio. CD107a degranulation (as a percentage of the baseline value)
was assessed. The experiment was conducted twice and included four independent NK donors. For
panels C to F, analysis of variance was used to identify significant group differences, followed by Fisher
protected least-significant-difference comparisons. Values are shown as means � standard errors of the
means; *, P � 0.05.
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60). Moreover, recent studies have demonstrated the importance of the interferon
response in modulating Zika virus infection and disease outcome (61–64).

In response to these mechanisms, Zika virus inhibits RIGI and type I IFN signaling in
dendritic cells (DCs) by antagonizing type I IFN-mediated phosphorylation of STAT1 and
STAT2 (65). Another study showed that Zika virus infection impairs the induction of
type I IFNs and that the viral NS5 protein mediates the degradation of STATs in the
proteasome (66). Zika virus nonstructural proteins NS1, NS4B, and NS2B3 have been
found to inhibit the induction of IFN downstream ISGs through several pathways,
including inhibition of IFN-� and JAK STAT signaling (67).

In this study, we observed that Zika virus infection is sensed by RIGI and IRF3, which
lead to type I IFN secretion, and that this results in MHC class I and CEACAM1
upregulation. Blocking IFN-� significantly reduced MHC-I upregulation. Thus, despite
the mechanisms developed by the virus to avoid sensing, it is still sensed by the host
to a certain extent. We propose that Zika virus does not completely shut down sensing
but rather exploits the interferon response, because it is beneficial for the virus to
upregulate MHC class I proteins and to inhibit NK cell activity (it is still possible that
other pathways of upregulation may exist, as has been shown previously for West Nile
virus [68]). This idea is further supported by the observation of increased IFN-�
secretion by NK cells following their interaction with Zika virus-infected cells. IFN-�
secretion by NK cells in the presence of Zika virus-infected cells probably contributes to
the ability of target cells to upregulate MHC class I molecules and escape direct killing
by NK cells.

The fact that MHC class I molecules were significantly upregulated indicates that the
virus escape mechanisms are directed mainly against NK cells, with little regard for
avoiding T cell detection. We think that the virus did not evolve mechanisms to inhibit
T cell activity because of its rapid replication kinetics. T cells are simply not fast enough
to react. NK cells, on the other hand, respond within hours, and therefore, the virus
evolved mechanisms to inhibit their activity.

Thus, developing a vaccine against the virus that can activate T cells is desirable,
since MHC class I molecules are upregulated. Indeed, breakthroughs have been
achieved in the pursuit of a vaccine against Zika virus (69, 70). However, we propose
that for Zika virus treatment, once patients are infected, a therapeutic approach
directed to boosting NK cell activity should be employed.

MATERIALS AND METHODS
Cells and Zika virus infection. Vero cells, ARPE-19 retinal epithelium cells, and A549 lung carcinoma

cells were obtained from the American Type Culture Collection. Primary human foreskin fibroblasts (HFF)
were provided by A. Lifshitz, Hadassah Medical Center Clinical Virology Laboratory. Vero cells were used
for Zika virus propagation. Cells were infected with Zika virus strain PRVABC59, a low-passage-number,
sequence-verified strain isolated from an infected patient in Puerto Rico in December 2015 (generously
provided by S. Lanciotti, U.S. Centers for Disease Control and Prevention), at a multiplicity of infection
(MOI) of 0.01. At 2 days postinfection (dpi), supernatants were collected, centrifuged to remove cellular
debris, and frozen at 80°C. Virus titers were determined by a standard plaque assay.

ARPE-19 and A549 cells and HFF were infected at an MOI of 1 and were harvested upon the
appearance of a viral cytopathic effect, at 4, 3, and 6 dpi, respectively.

Antibodies and fusion proteins. Fusion proteins were generated in HEK 293T cells, as described
previously (4). The staining by all fusion proteins was visualized using a secondary allophycocyanin
(APC)-conjugated goat anti-human antibody (Jackson ImmunoResearch Laboratories, West Grove, PA).
Secondary anti rabbit or anti-mouse antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA)
were used to visualize staining with the antibodies used in this study.

CD107a degranulation, killing, and cytokine secretion assays. Primary IL-2-activated NK cells
were coincubated with the target cells at a ratio of 1:1 at 37°C. For CD107a degranulation, the assay was
conducted in the presence of an APC-conjugated CD107a antibody and a CD56 antibody (both from
Biotest, Israel) for 2 h. CD107a levels in NK cells were determined by flow cytometry. To determine killing
and proliferation over time, targets were irradiated (6,000 rads) prior to coincubation with the NK cells.
To determine NK cell and target cell numbers, fluorescence-activated cell sorter (FACS) staining was used.
Cells (NK and target) were distinguished based on forward- and side-scatter profiles over the time points
indicated in the figures, and cell numbers were assessed in a 30-s reading time frame. Cytokines were
measured using a standard enzyme-linked immunosorbent assay (ELISA) (Biolegend, Petach Tikvah,
Israel).
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RNA purification and quantification. Infected and mock-infected cells were washed, harvested in lysis
buffer, and stored at �80°C until assayed. DNA-free RNA was extracted (NucleoSpin RNA isolation kit;
Macherey-Nagel) and subjected to reverse transcription (GoScript; ABI), followed by qRT-PCR (on a 7900HT
system; Applied Biosystems). Zika virus oligonucleotide sequences were as follows: forward, 5=-CCACTAACG
TTCTTTTGCAGACAT-3=; reverse, 5=-CCGCTGCCCAACACAAG-3=; probe, 5=-6-carboxyfluorescein (6-FAM)/AG
CCT ACC T/ZEN/T GAC AAG CAG TCA GAC ACT CA (48)A/3=-Iowa Black fluorescence quencher (IABkFQ).
�-Actin oligonucleotide sequences were as follows: forward, 5=-CCTGGCACCCAGCACAAT-3=; reverse,
5=-GCCGATCCACACGGAGTACT-3=; probe, 5=-6-FAM/AT CAA GAT C/ZEN/A TTG CTC CTC CTG AGC GC/3=-
IABkFQ. Interferon (IFN) oligonucleotide sequences were as follows: for IFN-�, 5=-GGCTGTGAGGAAATA
CTTCCAAAGAA-3= (forward) and 5=-GATCTCATGATTTCTGCTCTGACAAC-3= (reverse); for IFN-�, 5=-TGGGA
GGCTTGAATACTGCCTCAA-3= (forward) and 5=-TGCGGCGTCCTCCTTCTGGA-3= (reverse).

For CEACAM1 and MHC-I qRT PCR, mRNA was isolated using an R1055 Quick-RNA MiniPrep kit
(Eisenberg Bros., Israel) and was reverse transcribed to cDNA using Moloney murine leukemia virus
(M-MLV) reverse transcriptase (catalog no. 28025-013; Invitrogen, Thermo Fisher Scientific, MA). qRT-PCR
was performed with Platinum SYBR green qPCR SuperMix-UDG w/ROX (Thermo Fisher Scientific) in
triplicate, normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and ACTB. Primer se-
quences may be found in reference 51.
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