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Zika but not Dengue virus infection limits
NF-κB activity in human monocyte-derived
dendritic cells and suppresses their ability
to activate T cells

Ying-Ting Wang1, Emilie Branche1, Jialei Xie2, Rachel E. McMillan2,3,
Fernanda Ana-Sosa-Batiz1, Hsueh-Han Lu 1,3, Qin Hui Li 1,3, Alex E. Clark 2,
Joan M. Valls Cuevas1, Karla M. Viramontes1, Aaron F. Garretson 2,
Rúbens Prince dos Santos Alves 1, Sven Heinz 2, Christopher Benner2,
Aaron F. Carlin 2,4 & Sujan Shresta 1,5

Understanding flavivirus immunity is critical for the development of pan-
flavivirus vaccines. Dendritic cells (DC) coordinate antiviral innate and adap-
tive immune responses, and they can be targeted by flaviviruses as a
mechanism of immune evasion. Using an unbiased genome-wide approach
designed to specifically identify flavivirus-modulated pathways, we found that,
while dengue virus (DENV) robustly activates DCs, Zika virus (ZIKV) causes
minimal activation of genes involved inDC activation,maturation, and antigen
presentation, reducing cytokine secretion and the stimulation of allogeneic
and peptide-specific T cell responses. Mechanistically, ZIKV inhibits DC
maturation by suppressing NF-κB p65 recruitment and the subsequent tran-
scription of proinflammatory and DC maturation-related genes. Thus, we
identify a divergence in the effects of ZIKV and DENV on the host T cell
response, highlighting the need to factor such differences into the design of
anti-flavivirus vaccines.

Zika virus (ZIKV) and dengue virus (DENV) are positive-sense single-
stranded RNA viruses of the genus Flavivirus, which includes other
clinically important pathogens such as yellow fever virus, West Nile
virus, and Japanese encephalitis virus. ZIKV and DENV share con-
siderableantigenic homology, have similarmodesof transmission, and
co-circulate in many regions of the world1. Most infections with either
ZIKV or DENV lead to mild, self-limiting illnesses consisting mainly of
fever, rash, andheadache2. However, both viruses cancause severe and
sometimes life-threatening diseases, albeit with markedly different
clinical manifestations. For example, ZIKV infection in pregnant

womenmay affect fetal brain development and lead to congenital Zika
syndrome, and infection in children and adults has been linked to
neurological symptoms andGuillain–Barré syndrome, respectively2. In
contrast, severeDENV infection is characterized by fever, hemorrhage,
shock, and even death2.

Dendritic cells (DC) function in both the innate and adaptive
immune responses through their ability to recognize invading patho-
gens and present antigens to T cells3. Upon recognition of microbial
molecules through intracellular and cell surface pathogen recognition
receptors, DCs undergo a maturation program accompanied by
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upregulation of major histocompatibility complex (MHC) and costi-
mulatory molecules, secretion of cytokines, and migration to local
secondary lymphoid organs, where they present antigen to activate
naïve T cells4. Thus, DCs shape the antigen-specific adaptive immune
response by supplying the three key signals, namely antigen/MHC,
costimulatory molecules, and cytokines, all of which are necessary for
the activation and/or differentiation of naïve and primed T cells.

DCs also initiate antiviral responses and are major cellular hosts
for flaviviruses. Both ZIKV and DENV replicate extensively in DCs;
however, the effects of ZIKV and DENV infection on the activation,
maturation, and function of human DCs remain poorly understood,
and several studies have yielded conflicting reports5–11. Previous find-
ings have demonstrated that ZIKV-infected individuals elicit modest
immune response12 and short-lived anti-ZIKV neutralizing antibody
levels13. Moreover, suppressed antigen-presenting capacity of DCs
resulting in delayed ZIKV clearance was also reported in ex vivo7 and
in vivo models14.

In the current study, we employ a method to discretely analyze
virus-infected and uninfected bystander cells to identify how ZIKV and
DENV alter human DC function at the genomic, molecular, and cellular
levels. Despite their genetic similarities, we find that ZIKV and DENV
elicit distinct transcriptional responses in infected human monocyte-
derived DCs (moDCs). Whereas DENV stimulates NF-κB p65 recruit-
ment to and transcription of inflammatory genes, leading to proin-
flammatory cytokine production and T cell activation, ZIKV infection
suppresses NF-κB p65-associated gene transcription and consequently
impairs DC activation, maturation, and the ability to stimulate allo-
geneic and peptide-specific T cell responses. These findings identify a
key mechanism of immune evasion by ZIKV and highlight the distinct
effects of closely related flaviviruses on the host immune system.

Results
ZIKV and DENV Stimulate distinct transcriptional programs in
infected human monocyte-derived DCs
Genome-wide transcriptional analysis can identify mechanisms by
which viruses alter host responses in an unbiased and comprehensive
manner. However, bulk analysis of mixed infected and uninfected cell
populations can obscure virus-specific effects15–17. Therefore, to iden-
tify transcriptional changes specifically in ZIKV- or DENV-infected DCs,
we utilized our previously described virus-specific genomics approach
to separate virus-infected human blood monocyte-derived DCs
(moDC) (referred to as virus +, ZIKV +, or DENV +) from uninfected
bystander moDCs (virus −, ZIKV −, or DENV −) from the same cultures
and then performed RNA-seq on the separated cell populations15.
Immature moDCs were infected with ZIKV SD001, an Asian lineage
strain isolated in 2016, or DENV2 UIS353 (serotype 2), which was iso-
lated from a Colombian patient in 2016, at multiplicities of infection
(MOI) of 0.5 and 1, respectively, for 24 h. We showed previously that
the two viruses infect moDCs with similar kinetics, peaking at 24 h
post-infection (hpi)17. Virus+ and virus− moDCs were purified by
staining for ZIKV or DENV envelope (E) protein using the pan-flaviviral
E protein antibody 4G2 followed by fluorescence-activated cell sorting
(Fig. 1a). This method effectively separated virus+ and virus− cells, as
determined by analysis of RNA-seq reads aligning to the viral genome
(Supplementary Fig. 1a). Principal component analysis (PCA) of gene
expression profiles in moDCs derived from three healthy donors
demonstrated that both the infection status and virus species sig-
nificantly affected the cellular transcriptional response, whereas inter-
donor differences were less influential (Fig. 1b). Consistent with the
PCA results, many genes were regulated based on infection status,
(e.g., tumor necrosis factor [TNF] receptor superfamily member 10b
[TNFRSF10B]) and/or in a virus-specific manner (e.g., stearoyl-CoA
desaturase [SCD] and tribbles homolog 3 [TRIB3]) (Fig. 1c). Virus-
specific transcriptional effects would be expected to occur selectively
in virus+ cells, whereas environmental signals would be expected to

elicit a response in both virus + and bystander cells (Supplementary
Fig. 1b). Thus, by comparing the transcriptional responses of virus + or
virus − cellswith that ofmock-infected (mock)moDCs, wewere able to
identify subsets of genes thatwere either induced by or suppressed by
virus infection (Supplementary Fig. 1c). For example, interferon (IFN)-
beta (IFNB) was selectively upregulated in virus + moDCs compared
with the corresponding bystander cells, likely due to intracellular
pattern receptor recognition of virus products found only in infected
cells (Supplementary Fig. 1b). In contrast, virus+ moDCs exhibited
reduced expression of IFN-stimulated genes (ISGs), includingMX1 and
MX2, comparedwith bystandermoDCs (Supplementary Fig. 1d), which
is consistent with the known ability of these viruses to inhibit the ISG
factor 3 (ISGF3) signaling complex (Supplementary Fig 1b and d)18.

Virus-regulated genes were identified as those significantly upre-
gulated or downregulated in virus + cells compared with both virus −
bystander and mock moDCs derived from three matched donors
(Supplementary Fig. 1e and f). Surprisingly, the virus-regulated gene
sets in ZIKV + andDENV+moDCswere largely nonoverlapping; that is,
of the 131 and 478 genes specifically upregulated in ZIKV+ and DENV+
cells, respectively, only 33 were shared (Fig. 1d). Similarly, only 16
genes were commonly downregulated in ZIKV + and DENV+moDCs
(Fig. 1e). Functional enrichment analysis demonstrated that genes
exclusively upregulated by DENV were associated with cytokine and
inflammatory signaling and migration (Fig. 1f, yellow box), whereas
genes exclusively upregulated by ZIKV were involved in lipid meta-
bolism pathways (Fig. 1f, red box)17. The functions of virus-
downregulated genes also differed between ZIKV + and DENV +
moDCs. Specifically, infection with ZIKV, but not DENV, resulted in the
downregulation of genes involved in multiple essential DC functions,
such as antigen processing and presentation, differentiation, and
migration (Fig. 1g, blue box).

We next analyzed bystander virus − cells to determine how
infected cells might communicate through secretion of signaling
molecules (Supplementary Fig. 1b). Comparing differential gene
expression between ZIKV − and DENV −moDCs, we found that 559
genes functionally involved in cellular activation and TNF signaling
(e.g., TNF, LTA, and TNFAIP3) were upregulated to a significantly
greater extent in DENV − moDCs than in ZIKV − moDCs; and con-
versely, 146 viral response and ISGs (e.g., interferon-induced trans-
membrane [IFITM] proteins 1–3 and cholesterol 25-hydroxylase
[CH25H]) were upregulated to a significantly greater extent in ZIKV −
moDCs than in DENV− moDCs (Supplementary Fig. 1g and h).

Collectively, these results demonstrate that DENV and ZIKV
infection of moDCs induce markedly different transcriptional pro-
grams that also influence uninfected bystander cells, most likely via
secretion of IFNs and other cytokines. In addition, ZIKV + moDCs
express lower levels of many inflammatory genes than do
DENV+moDCs.

ZIKV Infection Limits the Ability of Human Monocyte-Derived
DCs to Mature and Produce Cytokines
Infection of or antigen uptake by immature DCs activates a transcrip-
tional maturation program that modifies cell surface and secretory
phenotypes to allow DCmigration and to attract and activate antigen-
specific T cells. Our RNA-seq pathway analysis suggested that ZIKV +
moDCs have reduced transcriptional responses that may limit key DC
functions. To examine the effect of ZIKV vs DENV infection on the DC
maturation-associated phenotype and function in more detail, we first
compared the expression of 19 costimulatory molecules and 16 cyto-
kines involved in DC migration and T cell activation. We found that
DENV+moDCs expressed 14 costimulatory molecules and 12 cyto-
kines at significantly higher levels than did ZIKV +moDCs (Fig. 2a). We
also evaluated cell surface expression of costimulatory molecules and
secretion of proinflammatory cytokines in virus+ vsmockmoDCs. As a
positive control, moDCs were treated with lipopolysaccharide (LPS),

Article https://doi.org/10.1038/s41467-025-57977-2

Nature Communications |         (2025) 16:2695 2

www.nature.com/naturecommunications


PC1 (43% variation)

PC
2 

(3
6%

 v
ar

ia
tio

n)

2

1 3

1
3

2DENV-

DENV+

21
ZIKV-

3
2
13

ZIKV+

c

d
ZIKV+

Virus upregulated genes
DENV+

445 33 98

Virus downregulated genes
ZIKV+DENV+

1121696

a b
ZIKV or DENV

Virus+Virus- Viral Ag

moDCs

Total RNA-sequencing

e

f g

Cholesterol metabolism
Fatty acid metabolism

Steroid biosynthesis

Cytokine−CytR interaction

reg of cell adhesion
cellular response to lipid

reg of MAPK cascade

chemotaxis

+reg of cell death

reg of cytokine production

response to growth factor

+reg of cell migration
reg of leukocyte migration

MAPK signaling pathway

ossification

JAK−STAT cascade

response to wounding

Cytosolic DNAsensing pthwy

Photodynamic rx UPR
cellular response to IL-1

DENV+ Both ZIKV+

−20

−10

Log10q-value

% in category
10%

20%

30%

Meiosis

leukocyte migration

cell division
response to virus

reg of myeloid cell differentiation

cell−substrate adhesion

Transcriptional misregulation in cancer

Hematopoietic cell lineage
regulated exocytosis

-reg of cellular component organization

Hematopoietic Stem Cell Differentiation
leukocyte proliferation

Pathways in cancer
reg of cell shape

epithelial cell proliferation

reg of Ag process/present MHC class II

+reg of apoptotic process
+reg of smooth muscle cell proliferation

+reg of MAPK cascade

+reg of cellular component movement

−2

−6

−4

10

20

30

40

50

Log10q-value

% in category

DENV+ Both ZIKV+

DENV-
DENV+

ZIKV-
ZIKV+

TNFRSF10B

-2

SCD

0

2

4

Lo
g2

FC
 v

s.
 M

oc
k ***

-2

TRIB3

0

2

Lo
g2

FC
 v

s.
 M

oc
k ***

0

1

2

3

Lo
g2

FC
 v

s.
 M

oc
k

***
***

Fig. 1 | ZIKV and DENV Infection Induce Distinct Transcriptional Programs in
Human moDCs. a Experimental strategy. Freshly isolated monocytes from three
healthy donorsweredifferentiated intomoDCsby incubationwithGM-CSF and IL-4
for 7 days and then infected with ZIKV SD001 or DENV2 UIS353 (MOI 0.5 and 1,
respectively) for 24h, sorted into virus-infected (ZIKV+/DENV+) and bystander
uninfected (ZIKV − /DENV− ) populations using the pan-flaviviral E antibody 4G2,
and subjected to RNA-seq. Mock-infected cells were processed in an identical
manner. b Principal component analysis biplot of gene expression patterns in
ZIKV +, ZIKV −, DENV +, and DENV− moDCs compared with mock-infected cells.
Circles labeled 1–3 represent individual donors. c mRNA expression (RNA-seq) of
TNFRSF10B, SCD, and TRIB3 in purified virus + and virus − moDCs at 24h post-

infection (hpi). Data are expressed as the log2 fold change (FC) relative to mock-
infected cells with a two-sided false discovery rate calculated by DESeq2 corrected
for multiple hypothesis testing using the Benjamin-Hochberg correction.
***P <0.001. d, e Venn diagrams showing the number of unique and shared genes
(d) upregulated or (e) downregulated in virus + moDCs at 24 hpi. f, g Metascape
analysis of unique and shared genes (f) upregulated or (g) downregulated in virus +
moDCs at 24 hpi. Red and blue intensity represents the magnitude of differential
expression, circle size represents the percentage of genes within each category.
Yellow, red, and blue boxes contain genes associated with cytokine and inflam-
matory signaling, lipid metabolism, and essential DC functions, respectively.
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which induces DCmaturation by binding to Toll-like receptor 4 (TLR4)
and activating the transcription factor (TF) nuclear factor-κB (NF-κB)19.
Mock moDCs showed the typical rounded morphology (Fig. 2b) and
low cell surface expression of CD40, CD80, CD83, and CD86 expres-
sion that are characteristic of immature DCs (Supplementary
Fig. 2a and 2b). In contrast, stimulation of moDCs with LPS (24h)
induced an adherent spindle-shaped morphology (Fig. 2b) and upre-
gulated CD40, CD80, CD83, and CD86 expression (Supplementary
Fig. 2b), both of which are typical of mature DCs. Notably, ZIKV +
moDCs exhibited severely limited maturation compared with DENV +
moDCs in terms of both morphology (Fig. 2b) and surface phenotype
(Supplementary Fig. 2b). Moreover, secretion of the proinflammatory
cytokines IL-6 and TNF was virtually abolished in ZIKV +moDCs com-
pared with DENV + cells at both 24 and 48 hpi (Fig. 2c and d), which is
consistent with the RNA-seq results showing that ZIKV +moDCs
expressed markedly lower levels of IL6 and TNF, DC migration-

associated genes (CCR7, CCL17, CCL22), and costimulatory receptors
(CD40, CD80, CD83, CD86) compared with both DENV + and bystander
moDCs (Fig. 2e, f and Supplementary Fig. 2c, d). These results
demonstrate that the transcriptional maturation program of moDCs is
strikingly impaired following ZIKV infection compared with DENV
infection, which suggests that ZIKV infection may actively suppress
this program.

We next asked whether the observed impairment of cytokine
production andmaturation in ZIKV +moDCswas restricted to themid-
epidemic Asian lineage ZIKV SD001 or was also observed with other
ZIKV strains. moDCs were treated with LPS (control) or infected with
ZIKV SD001, ZIKV African strain Dakar-1984, ZIKV Asian pre-epidemic
strain FSS13025 (all at MOI of 0.5), or DENV strain UIS353 (as used
above; MOI of 1). At 48 hpi, moDCs infected with these diverse ZIKV
strains secreted significantly lower levels of IL-6 andTNF (Fig. 2g andh)
and expressed significantly lower cell surface levels of CD40, CD80,
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and CD83 (Fig. 2i and j and Supplementary Fig. 2e) compared with
DENV2 +moDCs. Of note, neither the proportion of infected moDCs
nor the intracellular viral antigen levels differed between ZIKV + and
DENV+ cells (Supplementary Fig. 2f and g), indicating that the reduced
ability of ZIKV +moDCs to undergomaturation is cell-intrinsic and not
due to differences in infection rates or viral antigen loads at the dif-
ferent MOIs. Taken together, these results demonstrate that suppres-
sion of moDCmaturation is a common attribute of ZIKV strains and is
driven, at least in part, by impaired induction of the DC maturation
gene expression program.

ZIKV Infection limits maturation and cytokine production by
human monocyte-derived macrophages
Because flaviviruses can also infect non-DC antigen-presenting cells,
such as macrophages, we performed a similar investigation to deter-
mine whether macrophage activation is also limited by infection with
ZIKV compared with DENV. Primary macrophages are relatively resis-
tant to flavivirus infection in the absence of antibody-dependent
enhancement (ADE) of infection15; therefore, we infected primary
human bloodmonocyte-derivedmacrophages (HMDM) by incubation
with either ZIKV or DENV (both at MOI of 1) in the presence of the pan-
flavivirus E antibody 4G2. At 24 hpi, similar proportions of HMDMs
were infectedwith ZIKV comparedwithDENV (Supplementary Fig. 3a).
Despite this, the relative expression of CD80, TNF, IL1B, and IL6 was
significantly lower in ZIKV + compared with DENV+HMDMs at both
the mRNA and protein levels (P <0.01; Figs 2k–n and Supplementary
Fig. 3b–d). These findings, therefore, demonstrate that ZIKV infection
profoundly limits the maturation and inflammatory gene expression
programs of both moDCs and HMDMs.

ZIKV InhibitsmoDCmaturationand functionby suppressingNF-
κB p65 activation
To investigate the transcriptional mechanism by which selective
infection with ZIKV impairs DC maturation, we compared the func-
tions of genes differentially expressed in ZIKV + and DENV+moDCs.
We identified 1031 genes that were upregulated to a greater degree in
DENV+ cells compared with ZIKV +moDCs (Fig. 3a). These genes were
associated with cytokine and inflammatory signaling, and their pro-
moters were most strongly enriched for motifs recognized by NF-κB
and, to a lesser extent, IFN-stimulated regulatory element/IFN-induced
regulatory factor (ISRE/IRF) TFs (Fig. 3b and c). Consistent with our
previous analysis17, ZIKV +moDCs exhibited upregulation of only 56
genes compared with DENV + cells, and these genes were functionally
associated with lipid metabolism and regulation (Figs. 1f, 3a, and b).
Given the pivotal role of NF-κB in the induction of DC maturation,

these data suggest that ZIKV may impair moDC maturation and func-
tion by failing to optimally activate NF-κB.

To test this possibility, we compared the relative activation and
recruitment of NF-κB p65 (p65) to target genes by performing chro-
matin immunoprecipitation-sequencing (ChIP-seq) in ZIKV + and
DENV+moDCs derived from two healthy donors. We detected sig-
nificantly higher enrichment of p65 at 26,063 locations in DENV +
moDCs compared with ZIKV +moDCs (4-fold enrichment and Poisson
P-value < 0.0001), whereas only 399 sites in ZIKV +moDCs showed
significantly greater p65 enrichment compared with DENV+moDCs
(Fig. 3d). De novo motif analysis of the 26,063 sites demonstrated
enrichment for motifs bound by NF-κB p65 and AP-1 TFs (Supple-
mentary Fig. 4a). To assess whether differences in p65 binding corre-
lated with gene transcription, we compared p65 binding at genes that
were expressed at higher levels in DENV + compared with ZIKV +
moDCs (n = 1031), as well as genes expressed at similar levels in both
virus+ moDCs (n = 11,279) (Fig. 3a). Indeed, higher levels of p65 were
bound near the transcription start sites of ~ 70% of the 1031 DENV-
upregulated genes (Fig. 3e and f), whereas no differences in p65
binding were observed at the 11,279 genes similarly expressed in
DENV+ and ZIKV +moDCs (Supplementary Fig. 4b). The DENV-
upregulated genes with increased p65 binding included cytokines
such as IL1B, IL12A, and IL6; a chemokine receptor involved in DC
migration, CCR7; and costimulatory receptors such as CD40, CD80,
and CD83 (Fig. 3g and Supplementary Fig 4c).

We next determined whether ZIKV infection limited NF-κB p65
activation and nuclear translocation. moDcs were infected with ZIKV
orDENV for 24 h and analyzedbyflowcytometry to confirmequivalent
infection rates (4G2 + cells, Supplementary Fig. 4d). Live cells were
sorted then fractionated into nuclear and cytoplasmic compartments
and subjected towestern blot analysis. AlthoughNF-κBp65 levelswere
similar in the cytoplasmic fractions of DENV- or ZIKV-infected cells
(n = 4), p65 levels were significantly lower in the nuclear fraction of
ZIKV-infected compared with DENV-infected moDCs (Fig. 3h–j). Thus,
compared with DENV, ZIKV infection significantly impairs p65 nuclear
localization as well as recruitment to and transcription of genes
involved in DC activation and maturation.

We next investigated the ability of ZIKV to suppress NF-κB p65
activation induced by the exogenous activators LPS and Kdo2-Lipid A
(KLA), selective TLR4 agonizts that activate NF-κB signaling and induce
DC maturation. First, expression of NF-κB target genes in uninfected
moDCs (n = 4 donors) incubated for 1 h with KLA was evaluated by
RNA-seq, and this analysis identified 720 KLA-induced genes (2-fold
upregulation and false discovery rate < 0.01). Comparison of these 720
genes with genes previously determined to be selectively upregulated

Fig. 2 | ZIKV Infection Limits the Activation and Maturation of Human
Monocyte-Derived DCs and Macrophages. a Volcano plot showing the relative
expression of genes encoding cytokines and costimulatory molecules involved in
DC migration and activation of T cells in ZIKV + and DENV+moDCs. Data are
expressed as the log10 fold change (FC) relative to the two-sided FDR calculated by
DESeq2 corrected for multiple hypothesis testing using the Benjamin-Hochberg
correction. b Morphology of day 7 moDCs at 24h after mock, ZIKV SD001, or
DENV2 infectionor treatmentwith 1μg/ml LPS (cells derived from the samedonor).
Black arrows indicate spindle-shaped maturemoDCs. Scale bar, 100μm. c, d ELISA
quantification of (c) TNF (n = 7 donors) and (d) IL-6 (n = 7 donors) in supernatants
from virus +moDCs at 24 and 48 h post-infection (hpi) and from 1μg/ml LPS-
stimulated moDCs after 24 h incubation. e, f Relative mRNA expression (RNA-seq)
of TNF and IL6 in virus + and virus − moDCs at 24 hpi. Data are expressed as the
log2FC relative to mock-infected cells with two-sided FDR calculated by DESeq2
corrected formultiple hypothesis testing using the Benjamin-Hochberg correction.
***P <0.001 (n = 3 donors). g, h ELISA quantification of (g) TNF (n = 7 donors) and
(h) IL-6 (n = 7 donors) in 24 h supernatants frommoDCs infected with ZIKV SD001,
ZIKV FSS13025 (FSS), ZIKV Dakar-1984 (Dakar) (all at an MOI of 0.5), or DENV2
UIS353 at an MOI of 1. i, j Relative fold change (FC) in mean fluorescence intensity
(MFI) of CD40 (n = 7 donors) andCD80 (n = 7 donors) surface expression inmoDCs

infected as in (g and h) but for 48h. Cells were surface stained with antibodies
against CD40 and CD80, and intracellularly stained with 4G2 anti-flaviviral E anti-
body. FC in MFI is relative to mock-infected moDCs derived from the same donor.
k, l Relative expression of (k) CD80 (n = 4 donors) and (l) TNFmRNA (n = 4 donors)
(qRT-PCR) in human monocyte-derived macrophages (HMDMs) infected via
antibody-dependent enhancement with 4G2 antibody plus ZIKV SD001 or DENV2
UIS353 at a MOI of 1 for 24h.m, n Percentage of mock- and virus-infected HMDMs
expressing surface CD80 (n = 4 donors) or intracellular TNF (n = 4 donors) after
incubation for 24h asdescribed for (k and l). Data are presented as themean± SEM
(c, d,m, n, and g–j) or geometric mean± geometric SD (k and l). Circles represent
the average of at least duplicates from each donor. In (c and d), ZIKV and DENV
were compared at each timepoint using two-sidedMann–WhitneyU tests; in (g and
h), DENV was compared to each ZIKV strain using the Kruskal–Wallis test with
Dunn’s correction for multiple comparisons; in (i and j), DENV was compared to
each ZIKV strain using repeated measures one-way ANOVA with Dunnett’s cor-
rection for multiple comparisons; in (k and l), log-transformed DENV and ZIKV
relative gene expressionwas comparedusing a two-tailedpaired t test. In (m andn),
all groups were compared using repeated measures of one-way ANOVA with
Tukey’s correction for multiple comparisons. *P <0.05, **P <0.01, ***P <0.001.
Source data and exact P-values are provided as a Source Data file.
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in virus +moDCs showed that 9 (1.25%) of the KLA-induced genes were
upregulated to a greater extent byZIKV comparedwithDENV infection
and 373 (51.8%) of the KLA-induced genes were upregulated to a
greater extent byDENV comparedwith ZIKV infection (Supplementary
Fig. 4e), which is consistent with our hypothesis that ZIKV infection
results in suboptimal activation of NF-κB in moDCs. To determine if
ZIKV actively suppresses NF-κB activation in infected cells, we stimu-
lated uninfected or ZIKV-infected DCs with NF-κB agonizts and mea-
sured the upregulation of NF-κB target genes. Comparison of gene
expression in KLA-treated mock or ZIKV +moDCs (infection for 23 h
and KLA treatment for 1 h) showed a striking suppression of KLA-
induced genes, including the direct NF-κB targets IL6, IL1B, CXCL8,
PTGS2, CD40, CD80, and CD83, in ZIKV +moDCs compared with mock
cells (Figs. 3k and l). Similarly, evaluation of LPS-stimulated mock or
ZIKV +moDCs (infection for 24h and LPS treatment for 24 h) showed
that LPS-induced upregulation of CD80 and CD83 proteins was sig-
nificantly lower in ZIKV +moDCs compared with mock cells (Fig. 3m).
Taken together, these data indicate that, while NF-κB p65 recruitment
to and transcription of genes involved in inflammatory signaling and T
cell antigen presentation is strongly induced by DENV infection, ZIKV
infection suppresses p65 translocation to the nucleus and induction of
p65-associated genes in moDCs (Fig. 3n).

ZIKV Infection of human moDCs limits their ability to stimulate
allogeneic and antigen-specific T cell responses
The finding that ZIKV infection limits NF-κB activation and expression
of DC maturation- and function-associated genes suggested that the
ability of moDCs to stimulate T cell responses might also be com-
promised by ZIKV infection. To test this hypothesis, we performed
mixed leukocyte reactions (MLR) by co-culturing allogeneic human
peripheral blood mononuclear cells (PBMC) with ZIKV + or DENV +
moDCs (1:10 cell ratio) for either 1 or 3 days, and then examining the
expression of T cell activation markers and secretion of cytokines by
CD4+ and CD8+ T cells. PBMCs were stimulated with a combination of
anti-CD3 and anti-CD28 antibodies as a positive control (Supplemen-
tary Fig. 5a). PBMCs incubated with ZIKV +moDCs for 1 or 3 days
contained a significantly lower percentage of activated (CD69 +) CD4+

and CD8+ T cells compared with MLRs containing DENV+moDCs
(Figs. 4a and b and Supplementary Fig. 5a–c). Moreover, secretion of
IFNγ on days 1 and 3 and of IL-2 on day 1 was significantly higher in
MLRs containing DENV+ compared with mock-infected moDCs,
whereas no differences were observed in cytokine secretion by ZIKV +
compared with mock moDCs (Fig. 4c and Supplementary
Fig. 5d and 5e), indicating that ZIKV +moDCs had a reduced ability
compared with DENV +moDCs to activate allogeneic T cells. To con-
firm these results, we co-stained for intracellular IFNγ or the cytolytic
effector molecule granzyme B in activated (CD69+) CD4+ and CD8+

T cells. Indeed, the frequency of CD4+ IFNγ+ (Fig. 4d and Supplemen-
tary Fig. 5f), CD8+ IFNγ+ (Fig. 4e and Supplementary Fig. 5g), and CD8+

granzyme B+ (Fig. 4f and Supplementary Fig. 5h) T cells was markedly
lower in MLRs containing ZIKV +moDCs compared with DENV +
moDCs on days 1 and 3, although the differences in CD69+ CD8+ IFNγ+

T cells on day 3 did not reach the level of statistical significance
(Supplementary Fig. 5g).

To verify that the results obtained with allogenic MLRs also
extended to peptide-specific T cell responses, we examined the ability
of virus +moDCs to stimulate antigen-specific responses by auto-
logous T cells. To this end, ZIKV + or DENV +moDCs were cultured
with megapools of diverse immunodominant class I and class II-
restricted peptides, from organisms such as Clostridium tetani,
Epstein-Barr virus, human cytomegalovirus, Influenza A, Coxsack-
ievirus B4, Haemophilus influenza, Helicobacter pylori, Human adeno-
virus 5, Human herpesviruses, Human papillomavirus, JC
polyomavirus, Measles virus, Rubella virus, Toxoplasma gondii and
Vaccinia virus (CEFTMHC II, CEFMHC I, EFXUltraSuper Stim, or SARS-

CoV-2 peptide pools; see “Methods”), then incubated with autologous
T cells for 1 day, and then examined for T cell activation markers.
Consistent with the MLR results, the percentage of activated (CD69+)

CD4+ T cells (Fig. 5a–c) and CD8+ T cells (Fig. 5d–f) was higher after
culture with DENV +moDCs compared with ZIKV +moDCs. Similarly,
stimulation of IFNγ secretion was greater in the presence of peptide-
cultured DENV +moDCs compared with ZIKV +moDCs (Fig. 5g and h).
Taken together, these data demonstrate that ZIKV infection impairs
the maturation and functional activation of moDCs and limits their
ability to activate allogeneic and peptide-specific autologous T cells.

Discussion
In the present study, we compared the effects of ZIKV and DENV
infection on the maturation and function of human DCs and macro-
phages, which are major host cells for flaviviruses and are crucial
mediators of the host antiviral innate and adaptive immune responses.
Recognition of microbial pathogens through intracellular and cell
surface receptors triggers immature DCs to undergo a maturation
programcharacterized by secretion of proinflammatory cytokines and
upregulation of an array of cell surface molecules necessary for DC
migration to the draining lymph nodes and subsequent activation of T
cells4. We observed that ZIKV infection evoked much weaker tran-
scriptional and functional responses in moDCs compared with those
induced by DENV infection, and did so by suppressing NF-κB nuclear
translocation as well as recruitment to and transcription of a panel of
crucial proinflammatory genes. Previous studies have evaluated the
response of human DCs to infection with either DENV or ZIKV, but not
both, and the results have been somewhat controversial. Specifically,
some studies suggested that DENV blocked the activation of infected
DCs and induced maturation only of uninfected bystander DCs5,11,
whereas other studies showed that DENV infection increased expres-
sion of HLA-DR and costimulatory factors by both infected and unin-
fected bystander DCs9,10,20. Our results are consistent with two studies
showing that ZIKV infection of human moDCs induced limited upre-
gulation of cell surfaceMHC and costimulatory molecules7,8; however,
these studies did not address the mechanistic underpinnings or the
impact on T cell activation. To address both the existing controversies
and critical knowledge gaps, we undertook an unbiased genome-wide
approach to identify changes in ZIKV + and DENV+moDCs compared
with the corresponding uninfected bystander moDCs, and to evaluate
both DENV and ZIKV infection of cells frommultiple donors in parallel.

Our finding that ZIKV infection of moDCs induced a severely
muted maturation program and functional DC response compared
with DENV infection is consistent with our current understanding of
ZIKV pathogenesis and, further, supports a key role for suppression of
T cell responses in ZIKV pathogenesis. ZIKV-infected individuals
exhibit onlymodest elevations of plasma IFNγ and various chemokines
and no changes in TNF or IL-6 levels12. A mouse study also demon-
strated that a clinical ZIKV isolate (obtained from a Brazilian subject
during the 2015 epidemic) actively suppresses CD8+ T cell responses
by interfering with the maturation and antigen-presenting capacity of
DCs, leading to delayed viral clearance14. This delaymayenable ZIKV to
establish sustained infection in its key target organs, namely, the
maternal-fetal interface, brain, testis, and eye. The clinical relevance of
our observations on ZIKV-mediated impairment of the human DC
response is supported by studies of infected individuals in French
Polynesia and Fiji, which revealed a significant decline in anti-ZIKV
neutralizing antibody levels and herd immunity to ZIKV between 2015
and 201713, whereas the same cohort maintained stable anti-DENV
neutralizing antibody levels21. Because CD4+ T cells are necessary to
promote a durable neutralizing antibody response as well as cytotoxic
and memory CD8+ T cell responses against viruses22, our data provide
evidence that the observeddecline in anti-ZIKVneutralizing antibodies
may result fromsuppressionofDC-mediated activationofCD4+ T cells.
In another smaller study, ZIKV-infected individuals (n = 7) had fewer
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IFNγ-producing CD4+ T cells comparedwith DENV-infected individuals
(n = 5)23. Additional studies performed inmice support important roles
for CD4+ and CD8+ T cell responses in protecting against ZIKV
infection2, including a requirement for both CD4+ T cells and IFNγ in
the generation of anti-ZIKV neutralizing antibodies24,25, and also sup-
port a role for a dampened CD4+ T cell response in the rapid waning of
the anti-ZIKV neutralizing antibody response in humans. Thus, our
data provide one possible explanation for the relative decline in anti-
ZIKV compared with anti-DENV T cell and antibody responses docu-
mented in field studies13,23.

Our finding that DENV infection of moDCs induced robust
maturation and function is also consistent with our current under-
standing of DENV pathogenesis. The major pathophysiologic feature

of severe dengue is plasma leakage, although the precise mechanisms
underlying endothelial cell dysfunction during theDENV inflammatory
response are poorly understood. In DENV-infected individuals, ele-
vated serum levels of TNF, IL-6, nitric oxide, and C-reactive protein
have been reported to correlate positively with the severity of
disease26,27. Notably, increased levels of TNF, whichmediates its effects
via NF-κB28, were more frequent, and soluble TNF receptor levels were
higher in plasma samples frompatients with severe dengue than those
with mild dengue or non-dengue febrile illnesses29. In addition, neu-
tralization of TNF was shown to prevent severe dengue-like lethal
disease in mouse models of DENV infection30–33. In the present study,
weobserved thatDENV infectionofhumanmoDCs resulted in elevated
production of proinflammatory mediators, including TNF.
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Fig. 4 | ZIKV Infection Severely Impairs the Ability of Human moDCs to
Stimulate Proliferation, and Mediator Production by Allogeneic Peripheral
T Cells. Mixed lymphocyte reactions were performed using immature moDCs
mock-infected or infected with ZIKV SD001 or DENV2 UIS353 for 48h plus freshly
isolated allogeneic PBMCs at a ratio of 1 to 10 for 1 days. Unstimulated (NC) and anti
(α)CD3/CD28-stimulated (αCD3/CD28) PBMCs served as negative and positive
controls, respectively. Cells and culture supernatants were analyzed on days 1 and
3. a, b Frequency of activated (CD69 + ) (a) CD4 +T cells (n = 8 donors) or (b)
CD8+ T cells (n = 8 donors) on day 1 of incubation determined by flow cytometry.
c ELISAanalysis of IFNγ concentrations in culture supernatants collected onday 1 of
culture (n = 8 donors). d–f Flow cytometric analysis and quantification of (d)

activated CD69+ CD4+ T cells producing IFNγ (n = 7 donors) or (e) CD69+CD8+

T cells producing IFNγ (n = 7 donors) or (f) granzyme B (n = 7 donors) on day 1 of
culture. Data are presented as themean ± SEM, and circles represent the average of
duplicates from each donor (n = 6–8 donors). Data from mock-, ZIKV-, and DENV-
infected samples were compared using repeated measures one-way ANOVA with
Tukey’s correction for multiple comparisons (a, b, and e) or a Friedman test with
Dunn’s correction for multiple comparisons (c and d). Log-transformed mock-,
ZIKV-, and DENV-infected samples were compared using repeated measures one-
way ANOVA with Tukey’s correction for multiple comparisons (f). *P <0.05,
**P <0.01, ***P <0.001. Source data and exact P-values are provided as a Source
Data file.
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Autologous TCell Responses.moDCswere infectedwith ZIKVSD001 (MOI of 0.5)
or DENV2 UIS353 (MOI of 1) for 48 h and co-cultured with 106 autologous T cells
and105 moDCs in the presence of 1μg/ml of the indicated immunodominant pep-
tide megapools. Unstimulated (peptide vehicle, DMSO) and anti (α)CD3/CD28-
stimulated PBMCs served as negative and positive controls, respectively. After 24h
incubation, the frequency of activated (CD69 + ) CD4 +T cells (a–c) and
CD8+ T cells (d–f) was determined by flow cytometry, and IFNγ concentrations in
culture supernatantsweredeterminedby ELISA (g andh). Data are presented as the

mean ± SEM, and circles represent the average of duplicates from each donor
(n = 5). Data from mock-, ZIKV-, and DENV-infected samples were compared using
repeated measures one-way ANOVA with Tukey’s correction for multiple compar-
isons (a–c, e, f, and h) or a Friedman test with Dunn’s correction for multiple
comparisons (g). Log-transformed mock-, ZIKV-, and DENV-infected samples were
compared using repeated measures one-way ANOVA with Tukey’s correction for
multiple comparisons (d). *P <0.05, **P <0.01, ***P <0.001. Source data and exact
P-values are provided as a Source Data file.
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Furthermore, by separating DENV + and DENV- cells, our results show
thatDENV infection activatesNF-κBbinding and transcription of target
genes, such as TNF and IL6, primarily in DENV +moDCs and macro-
phages. Consequently, higher levels of DENV infection in innate
immune cells may be an important driver of systemic inflammation
during severe DENV disease. Collectively, our data are consistent with
clinical findings onDC-related functions in DENV-infected patients and
suggest a link between innate immune cell dysfunction and severe
dengue disease manifestations.

NF-κB signaling regulates numerous critical cellular responses,
including differentiation and death, and it is the key TF related to
innate and adaptive immune responses to microbial pathogens34,35.
Accordingly, many viruses have evolved immune evasion strategies
that modulate NF-κB signaling36. For example, infection with human
immunodeficiency virus, hepatitis B and C viruses, influenza viruses,
and respiratory syncytial viruses inhibits the NF-κB pathway, pre-
venting virus-induced host cell apoptosis and promoting virus
replication36. Conversely, DENV-induced activation of NF-κB appears
to be associated with the pathogenesis of severe dengue; specifically,
DENV protease NS3 activates NF-κB by inducing IκBα and IκBβ clea-
vage and contributes to endothelial cell death37. In the present study,
we also observed strong p65 recruitment and NF-κB activation in
human moDCs following DENV infection, whereas ZIKV infection
actively suppressed NF-κB nuclear translocation and activation. ZIKV
nonstructural proteins NS2A and NS4A (expressed via transient
transfection) have been shown to downregulate NF-κB promoter
activation in HEK293T cells38, suggesting that these two ZIKV pro-
teins are the likely candidates responsible for inhibiting NF-κB acti-
vation in the context of ZIKV infection of its natural host cells. Our
results thus provide a foundation for identifying the precise ZIKV
proteins and upstream components of the NF-κB signaling pathway
involved in suppressing the human DC response (e.g., recruitment of
the adapters TRADD, RIP, and TRAF2, TRAF2-mediated recruitment
of the IKK complex, and/or phosphorylation and degradation of
IκBα). Future studies should also determine whether ZIKV infection
activates or suppresses the NF-κB pathway in a host cell-dependent
manner. In this regard, ZIKV infection of Drosophila results in an NF-
κB-dependent inflammatory response in the brain that restricts ZIKV
replication by inducing STING expression39, suggesting the possibi-
lity that NF-κB signaling in ZIKV-infected human neuronal cells may
also be induced rather than inhibited. Thus, NF-κB activation or
suppression may differ depending on the cell type (e.g., neuron vs
DC) and species (e.g., fruit fly vs human; invertebrate vs vertebrate).
Future studies using Aedes mosquitos and a variety of relevant
human cellular hosts should determine the precise role of NF-κB in
DENV and ZIKV pathogenesis.

In conclusion, our study provides insights into the strikingly dif-
ferent effects of two related and co-circulating flaviviruses on human
DCs. Studies examining divergent effects of flaviviruses on NF-κB-
mediated pathways in distinct host cells will be of vital importance for
deciphering the pathogenicmechanismsunderlyingflavivirus-induced
diseases manifestations and for developing therapies and infection
prevention strategies, particularly pan-flavivirus vaccines.

Methods
Isolation of primary human monocytes and differentiation of
moDCs and macrophages
Human blood was collected from healthy donors (negative for human
immunodeficiency virus, hepatitis B, and hepatitis C) under Protocol
VD-057-0217 from the La Jolla Institute for Immunology and Protocol
181624 from UC San Diego. All recruited volunteers provided written
informed consent. PBMCs were isolated by density gradient cen-
trifugation on Histopaque 1077, and monocytes were purified by
negative selection using a Human Pan Monocyte Isolation kit [Miltenyi
Biotec, cat. #130-096-537] according to themanufacturer’s instructions.

For moDC differentiation, monocytes were resuspended in com-
plete RPMI medium [RPMI 1640 with GlutaMAX [Thermo Fisher Sci-
entific, cat. #61870036], 10% (v/v) fetal bovine serum [FBS; Gemini
Bioproducts, cat. #A82G00K], 2.5% (v/v) HEPES buffer [Gibco, cat.
#15630-080], and 1% (v/v) penicillin/streptomycin [Gibco, cat. #15140-
122) supplemented with recombinant human granulocyte-
macrophage colony-stimulating factor (rhGM-CSF) 100ng/ml [Pepro
Tech, cat. #300-03] and recombinant human IL-4 (rhIL-4) 100 ng/ml
[Pepro Tech, cat. #200-04], plated at 1.5 × 106 cells/ml in 6-well plates
and incubated at 37 °C in a 5%CO2 atmosphere for 7 days. Themedium
was changed after 3–4 days. Differentiation of CD14− CD1ahigh imma-
ture moDCs was confirmed on day 7 of culture by flow cytometry, as
described below.

For macrophage differentiation, monocytes were resuspended
in a complete macrophage medium (RPMI 1640 with L-glutamine
[Corning, cat. #10-040-CV], 1% (v/v) penicillin/streptomycin [Gibco,
cat. #15140-122], non-essential amino acids [Gibco, cat. #11140-050],
and 10% (v/v) FBS [Biowest, cat. #S1620] supplemented with 100 ng/
ml freshly-added recombinant human macrophage colony-
stimulating factor (rhM-CSF) [PeproTech, cat. #300-25). Cells were
plated at 8 × 104 cells/well, 4 × 105 cells/well, or 8 × 105 cells/well in 96-
, 24-, or 12-well plates, respectively, and allowed to differentiate for
7 days at 37 °C in a 5% CO2 atmosphere. Medium was replaced every
3–4 days.

Virus propagation and focus-forming assay
ZIKV SD001 is an Asian lineage strain isolated in 2016 from a visitor to
Venezuela returning to California, USA40; ZIKV FSS13025 is an Asian
lineage strain isolated from a patient in Cambodia in 2010 and was
obtained from the World Reference Center for Emerging Viruses and
Arboviruses; ZIKV PRVABC59 is an Asian lineage strain isolated from a
patient in Puerto Rico in December 2015 and was obtained from BEI
Resources. The African lineage ZIKV Dakar-1984 (Senegal, 1984) and
DENV2UIS353 (Colombia, 2004) strainswere obtained from theWorld
Reference Center for Emerging Viruses and Arboviruses. All viruses
were propagated in C6/36 Aedes albopictus mosquito cells using
standard conditions41.

Viral titers were measured using a baby hamster kidney (BHK)-21
cell-based focus-forming assay as previously described41. Briefly, BHK-
21 cells were resuspended in complete MEMα [Thermo Fisher Scien-
tific, cat. #12-561-072) containing 10% (v/v) FBS, 1% (v/v) HEPES buffer,
and 1% (v/v) penicillin/streptomycin, plated at 2 × 105 cells/400μl/well
in 24-well plates, and incubated overnight at 37 °C. Ten-fold serially
diluted culture supernatants or viral samples were added to the cells
and the plates were incubated with shaking every 15min for 1 h at
37 °C. The supernatants were removed, and the cells were overlaid
with 1ml/well of 1% (w/v) carboxymethyl cellulose (Sigma, cat. #C5678)
in amediumand incubatedat 37 °C for 3 days. The cellswere thenfixed
with 4% formalin, permeabilized with 1% Triton X-100, blocked with
PBS/10% FBS, and incubated with clone 4G2 anti-pan-flaviviral envel-
ope (E) protein [Absolute Antibody, cat. #Ab00230] at 1 μg/ml for 1 h
at room temperature. The cells were washed and incubated with
horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG sec-
ondary antibody [Jackson ImmunoResearch, cat. #115-035-072] at
room temperature for 2 h. The cells were then stained with KPL True
Blueperoxidase substrate [SeraCareLife Science, cat. #5510-0050] and
foci were counted manually. Viral titers were expressed as focus-
forming units per ml of sample.

Cell infection and flow cytometry of moDCs and macrophages
On day 7 of culture, moDCs were infected with ZIKV SD001, ZIKV
FSS13025, ZIKV Dakar-1984, or ZIKV PRVABC59 (all at MOI of 0.5), or
with DENV2 UIS353 (MOI of 1) for 2 h at 37 °C, washed once, and
resuspended in complete RPMImedium. The cells were then placed in
24-well plates at a density of 5 × 105 cells/0.5ml/well and incubated at

Article https://doi.org/10.1038/s41467-025-57977-2

Nature Communications |         (2025) 16:2695 10

www.nature.com/naturecommunications


37 °C for the indicated times. Uninfected moDCs treated with vehicle
(medium) or LPS [InvivoGen, cat. #tlrl-eblps] at 1μg/ml served as
controls. At 24 or 48 hpi, culture supernatants were collected and
stored at− 80 °C for analysis.MoDCswere collected,washedoncewith
PBS, and stained with eFluor 455UV viability dye [Invitrogen, cat. #65-
0868-14]. The cells were surface-stained with combinations of anti-
CD80-PE [clone 2D10, BioLegend), anti-CD86-PerCP-Cy5.5 [clone IT2.2,
BioLegend], anti-CD40-APC-Cy7 [clone 5C3, BioLegend], anti-CD83-
BV421 [clone HB15e, BioLegend], and anti-HLA-DR-PE/Cy7 [clone G46-
6, BD Bioscience]. The cells were then fixed and permeabilized using
Cytofix/Cytoperm [BD Bioscience, cat. #554714] and intracellularly
stained with AF647-conjugated 4G2 at 5μg/ml for 20min at 4 °C. All
antibodies were prepared in 200-fold dilution. Data were acquired on
an LSRFortessa and analyzed using FlowJo software v10.3. Where
indicated, IL-6 [BD Bioscience, cat. #555220] and TNF [BD Bioscience,
cat. #555212] in the culture, supernatants were quantified using
cytokine-specific ELISAs according to the manufacturer’s instructions.

On day 7 of culture, differentiated macrophages were infected
with ZIKV SD001 or DENV2 UIS353 at a MOI of 1(both viruses) via
ADE. Viruses weremixedwith predetermined optimal concentrations
of anti-flavivirus E protein antibody, 5μg/ml for ZIKV or 0.156μg/ml
for DENV [human IgG1-4G2, Absolute Antibody, cat. # Ab00230-
10.0], in complete macrophage medium (as above except 1% FBS)
and incubated at 37 °C, 5% CO2 for 1 h. The medium was then
removed from macrophages in 96-, 24, or 12-well plates, and the
virus/antibody mixture was added at 40, 250, or 500 µl/well,
respectively. Control macrophages received mock infection, con-
sisting of Conditioned medium (“mock” viral preparation; medium
incubated 7 days on uninfected C6/36 cells and concentrated by the
identical PEG purification procedure used for preparation of con-
centrated DENV and ZIKV stocks) incubated without antibodies in
macrophage medium in place of virus/antibody mixture. The plates
were incubated with rocking at 37 °C for 1 h, the virus/antibody
supernatant was removed, and the macrophages were washed once
in PBS before the addition of fresh complete macrophage medium.
For intracellular cytokine staining, the cells were incubated for 18 h in
medium alone and then for an additional 6 h in the presence of
3.0 μg/ml brefeldin A [ThermoFisher, cat. #00-4506-51]. At 24 hpi,
macrophages were collected by scraping, stained with Zombie Violet
Fixable Viability dye [BioLegend, cat. #423113], incubated with
Human TruStain FcX Fc Receptor Blocking Solution [BioLegend, cat.
#422302], and surface-stained with anti-CD80-PE [ThermoFisher
Scientific, cat. #12-0809-42)]. The cells were then fixed with CytoFix
[BD, cat. #554655], permeabilized with BD PermWash [cat. #554723,
and stained intracellularly with 1 μg/ml 4G2-AF647 (as above) plus
either 1.25 μg/ml anti-IL-6-FITC [BioLegend, cat. #501103] or 2.5μg/
ml anti-TNF-AF488 [BioLegend, cat. #502917]. Data were acquired on
a Sony MA900 flow cytometer and analyzed using FlowJo software
v10 (TreeStar).

qRT-PCR
At 24hpi, total RNA was isolated from macrophages using a Direct-Zol
RNA micro-prep kit [Zymo, cat. #R2062] and RNA was reverse tran-
scribed using an iScript kit [Bio-Rad, cat. #1708891]. qPCR was per-
formed on an Applied Biosystems QuantStudio 5 Real-time PCR system
[ThermoFisher Scientific] using iTaq Universal SYBR Green Supermix
[Bio-Rad cat. #1725121] with the following primers: ribosomal protein
lateral stalk subunit P0 (RPLP0) forward 5′-GTGTTCGACAATGGCAG
CAT-3′; RPLP0 reverse 5′-GACACCCTCCAGGGAGCGA-3′; CD80 forward
5’-ATCCTGGGCCATTACCTTAATC-3’; CD80 reverse 5’-CTCTCATTCCTC
CTTCTCTCTCT-3’; IL-6 forward 5’-AGACAGCCACTCACCTCTTCAG-3’;
IL-6 reverse 5’-TTCTGCCAGTGCCTCTTTGCTG-3’; TNF forward 5’-CTCT
TCTGCCTGCTGCACTTTG-3’; TNF reverse 5’-ATGGGCTACAGGCTTGTC
ACTC-3’; and IL-1-beta forward 5’-CCACAGACCTTCCAGGAGAATG-3’;
IL-1-beta reverse 5’-GTGCAGTTCAGTGATCGTACAGG-3’.

Western blot analysis
moDCwere infectedwith ZIKV PRVABC59or DENV-PL046 for 24 h and
stained with Zombie Violet™ Fixable Viability stain [BioLegend, cat.
#423113] or 7-AAD Viability Staining Solution [BioLegend, cat.
#420403] for 20min at 4 °C. Live cells were then sorted using a SONY
SH800S Cell Sorter (≥ 106 cells per condition) and subjected to sub-
cellular fractionation using NE-PER Nuclear and Cytoplasmic Extrac-
tion Reagents [Thermo Scientific, cat. #78833] per the manufacturer’s
instructions. A sample of the moDCs was fixed, permeabilized, and
stained with 4G2-AF647 antibody as described above to determine the
infection rate. Nuclear and cytoplasmic cell fractions containing
Complete protease inhibitor [Sigma, cat. # 04693116001] were heated
for 10min at 70 °C in LDS sample buffer [Invitrogen, cat. #0007] and
proteins were then separated on Bolt 4–12% Bis-Tris Plus gels and
transferred to PVDF membranes. The membranes were blocked in a
blocking buffer composed of 1x Tris-buffered saline [Fisher cat.
#BP2471-1] plus 0.1% Tween 20 plus 5% non-fat milk [Research Pro-
ducts International, cat. #M17200-500.0], for 1 h at room temperature
and then incubated at 4 °C overnight with primary antibodies: histone
deacetylase (HDAC1) control nuclear protein [Cell signaling Technol-
ogy, cat. #5356], glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) control cytoplasmic protein [Cell Signaling Technology, cat.
#5174], or NF-κB p65 [Cell Signaling Technology, cat. #8242] all at
1:1000 dilution in blocking buffer. Themembranes were washed again
and incubatedwithHRP- orfluorophore-conjugated anti-rabbit or anti-
mouse secondary antibodies [IRDye 800CW Goat anti-Mouse IgG
Secondary Antibody, LI-COR, cat. # NC0824545; IRDye 680RD Goat
anti-Rabbit IgG Secondary Antibody LI-COR, cat. # NC0885458; Goat
anti-Rabbit IgG (H+ L) Secondary Antibody, DyLight 800, Thermo-
fisher, cat. # SA535571; Peroxidase AffiniPure goat anti-mouse IgG, F(ab
′)2fragment-specific, Jackson ImmunoResearch, cat. #115-035-072;
Goat Ant-Rabbit, Polyclonal Immunoglobulins, HRP, Agilent, cat.
#044801-2] at 1:10,000 for 1 h at room temperature. Protein detection
was performed using a ChemiDoc MP Imaging System, and the data
were analyzed with Image Lab 6.0.1 [both Bio-Rad].

Mixed leukocyte reaction
moDCs were infected with ZIKV SD001 (MOI of 0.5) or DENV2 UIS353
(MOI of 1) for 48 h and mixed with freshly prepared allogeneic
PBMCs at a ratio of 1:10 (5 × 104 moDCs, 5 × 105 PBMCs) in 200μl
complete RPMI medium containing 10% human serum (Innovative
Research) in 96-well round-bottom plates. PBMCs mixed with unin-
fected moDCs and anti-CD3/CD28 (1μg/ml each)-stimulated PBMCs
served as controls. After 1 or 3 days, MLR cultures were spun down,
and culture supernatants were collected. IL-2 and IFNγ levels in the
culture supernatants were quantified by ELISA (BD Bioscience). The
cells were resuspended with fresh medium containing 5 μg/ml bre-
feldin A [BioLegend] for an additional 6 h at 37 °C and then stained
with efluor 455UV viability dye [Invitrogen, cat.#65-0868-18)], anti-
CD3 PerCP-Cy5.5 [clone HIT3a, BioLegend], anti-CD4 eF450 [clone
OKT4, Thermo Fisher Scientific], anti-CD8 APC-Cy7 [clone HIT8a,
BioLegend], anti-CD69 BV785 [clone FN50, BioLegend], followed by
fixation and permeabilization with the Cytofix/Cytoperm kit [BD].
The cells were then stained intracellularly with a combination of anti-
IFNγ PE or FITC [clone 4S.B3, BioLegend], anti-IL-2 BV711 [cloneMQ1-
17H12, BioLegend], and anti-granzyme B AF647 [clone QA16A02,
BioLegend]. All antibodies were diluted 200-fold for staining. Data
were acquired on an LSRFortessa and analyzed using FlowJo
software.

Antigen-specific T cell stimulation
moDCs infected with ZIKV SD001 (MOI of 0.5) or DENV2 UIS353 (MOI
of 1) for 48 h were prepared as described above. Autologous T cells
were negatively selected [STEMCELL, cat. #19051] from fresh PBMCs
(same individual as for moDC preparation) and co-cultured with the
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infected moDCs with 1 µg/mL of defined immunodominant peptide
megapools [CD4 peptide pool: JPT, cat. #PM-CEFT-MHCII-3, including
14 peptide sequences derived from Clostridium tetani, Epstein-Barr
virus, human cytomegalovirus, and Influenza A; CD8 peptide pool:
Miltenyi Biotec, cat. #130-098-426, including 32 peptide sequences
derived from Epstein-Barr virus, human cytomegalovirus, and Influ-
enza A; EFX Ultra SuperStim Pool: JPT, cat. #PM-EFX-2, including 146
peptides from Clostridium tetani, Coxsackievirus B4, Haemophilus
influenza, Helicobacter pylori, Human adenovirus 5, Human herpes-
virus 1, Human herpesvirus 2, Human herpesvirus 3, Human herpes-
virus 4, Human herpesvirus 6, Human papillomavirus, JC
polyomavirus, Measles virus, Rubella virus, Toxoplasma gondii, and
Vaccinia virus; or SARS-CoV-2 peptide pool: Miltenyi Biotec, cat. #130-
129-712] at a ratio of 106 autologous T cells to 105 moDCs in 96-well
round-bottomed plates. Unstimulated controls consisted of T cells
cultured with an equal concentration of peptide vehicle (DMSO). After
24 h, cell culture supernatants were collected for IFNγ quantification
by ELISA, and the cells were stained with efluor 455UV viability dye
[Invitrogen, cat. #65-0868-18], anti-CD3 AF700 [clone OKT3, BioLe-
gend, cat #317340], anti-CD4 BV605 [clone RPA-T4, BD Biosciences,
cat. #562658], anti-CD8 BV650 [clone RPA-T8, BioLegend, cat.
#301042], and anti-CD69 PE [clone FN50, BD Biosciences, cat.
#555531]. Antibodies were stained at 200-fold dilution. Data were
acquired on an LSRFortessa and analyzed with FlowJo software.

Cell sorting for RNA-seq and ChIP-seq
moDCs were collected from control or virus-containing cultures at the
indicated times, stained with Zombie Violet™ Fixable Viability stain
[BioLegend, cat. #423113] for 20min at 4 °C, andwashed. For RNA-seq,
the cells were fixed and permeabilized with 4% paraformaldehyde and
0.1% saponin in the presence of RNasin Plus ribonuclease inhibitor
(400 µ/ml; Promega, cat. #N2615), centrifuged, resuspended in wash
buffer (0.2% BSA, 0.1% saponin, 400 µ/ml of RNasin Plus in PBS), and
centrifuged. The supernatant was discarded, and the cells were
resuspended in human Fc blocker buffer (1% BSA, 0.1% saponin,
1600 µ/mlRNasin Plus in PBS) for 5min at4 °Cand incubatedwith 4G2-
AF647 antibody for 30min at 4 °C. The cells were centrifuged at
1000 × g for 3min at 4 °C, resuspended in wash buffer, and re-
centrifuged. Finally, the cells were resuspended in a sorting buffer
(0.5% BSA and 1600 µ/ml RNasin Plus in PBS) and sorted into ZIKV +,
DENV+, ZIKV, or DENV − populations using a FACSAria [BD Bios-
ciences]. For ChIP-seq experiments, washed moDCs were cross-linked
with 4mM disuccinimidyl glutarate in PBS for 30min at room tem-
perature, followedby 1% formaldehyde for 15min at room temperature
and quenched with 0.125M glycine. The moDCs were then prepared
and sorted into virus + and virus − populations as described above for
RNA-seq experiments, except the RNasin Plus inhibitor was replaced
by 1x cOmplete protease inhibitors [Roche, cat. #4693132001]. After
sorting, the cells were washed in a sorting buffer, aliquoted into tubes
at 5 × 105 cells/sample, pelleted, snap-frozen, and stored at − 80 °C.

NF-κB p65 ChIP-seq
Samples of 5 × 105 cells were resuspended on ice in 500 µl RIPA buffer
(50mM Tris-HCl, pH 7.4, 1% IGEPAL CA-630, 0.25% sodium deox-
ycholate, 150mM NaCl, 1mM EDTA, 0.1% SDS, 0.5mM DTT, 1x pro-
tease inhibitor cocktail). All subsequent steps were performed at 4 °C.
Chromatinwas shearedby sonication in epitubes using 14 cycles of 10 s
at ~ 13W output and 30 s pause with a Sonic Dismembrator 60 [Fisher
Scientific]. Samples were recovered and spun at 21,000 × g for 5min,
and the pellet was discarded. An aliquot of 2% of the sample volume
was reserved as DNA input control and stored at − 20 °C. To prepare
antibody-coupledbeads for ChIP, protein ADynabeads [Invitrogen cat.
#10002D], 20μl per sample, were washed twice with 1ml 0.5% BSA in
TET (10mM Tris-HCl, pH 8, 1mM EDTA, 0.1% Tween 20), and resus-
pended in the same buffer. Anti-NFκB p65 antibody [C-20, Santa Cruz

Biotechnology cat. #sc-372] was added to the beads, and the sample
was rotated for 1 h at room temperature. The supernatant was then
removed, and the Dynabeads were collected using a magnet, washed
once with 0.1% BSA/TET, and resuspended in 10 µl RIPA buffer. For
ChIP, 10μl of prepared antibody-conjugated Dynabeads was added to
each sample and rotated overnight at 4 °C. The beads were then
washed three times with 20mM Tris-HCl, pH 7.4, 150mM NaCl, 2mM
EDTA, 0.1% SDS, 1% Triton X-100), three times with 10mMTris-HCl, pH
7.4, 250mM LiCl, 1mM EDTA, 1% Triton X-100, 0.7% sodium deox-
ycholate, and twice with TET/0.2% (as above except 0.2% Tween 20).
Dynabeadswere resuspended in 25μl TT (10mMTris-HCl, pH 8, 0.05%
Tween 20). Input samples were resuspended in 25μl TT, and libraries
were generated in parallel with ChIP samples. Library NEBNext End
Prep andAdapter Ligationwere performedusingNEBNext Ultra II DNA
Library Prep kit [New England BioLabs, cat. #E7645L] according to the
manufacturer’s instructions with barcoded adapters [NextFlex, Bio
Scientific. Cat #514123]. Libraries were incubated with proteinase K at
55 °C for 1 h and then at 65 °C overnight to reverse formaldehyde
crosslinks. Libraries were PCR amplified for 14 cycles with NEBNext
High Fidelity 2X PCR MasterMix [New England BioLabs, cat.
#NEBM0541]. Libraries were size selected for 200–400bp fragments
by gel extraction from 10% TBE gels [Life Technologies] and were
single-end sequenced on an Illumina NextSeq 500 (San Diego).

RNA Isolation and library preparation for RNA-seq
Total RNA was isolated from cell pellets using a RecoverAll Total
Nucleic Acid Isolation Kit [Invitrogen, cat. #AM1975] starting at the
protease digestion step. All steps were performed according to the
manufacturer’s recommendations, except that cells were incubated
for 3 h at 50 °C in digestion buffer supplemented with RNasin Plus
(100-fold dilution). Thereafter, the RNA was treated with in-column
DNase and eluted per the kit manufacturer’s instructions. RNA quality
was determined using a BioAnalyzer system [Agilent] with the Eukar-
yote Total RNA Pico Chip. Samples with RNA integrity values > 8.0
were used for library preparation. RNA libraries were generated using
the TruSeq Stranded Total RNA Library Prep Kit (Illumina) kit, and
single-end sequenced on an Illumina Hi-Seq 4000, NextSeq 500, or
NovaSeq 6000, all according to the manufacturer’s instructions.

NGS Data preprocessing
FASTQ files were mapped to the following reference genomes: UCSC
build hg38 (human), GenBank KU955593.1 (ZIKV), or NC_001474.2
(DENV2). STARwith default parameterswas used tomapRNA-seq, and
Bowtie2 with default parameters was used to map ChIP-seq data.
HOMER was used to convert uniquely aligned reads into “tag direc-
tories” for further analysis.

Integrated NGS data analysis
RNA-seq reads aligned to a combined GRCh38/hg38 and either the
ZIKV genome (KU955593.1) or DENV2 genome (NC_001474.2) were
used to calculate the percentage of reads aligned to the ZIKV or DENV
genome as follows: ([number of reads aligned to ZIKV or DENV gen-
ome / number of reads aligned to hg38 + ZIKV or hg38 +DENV gen-
omes] × 100). RNA-seq reads aligned to the GRCh38/hg38 assembly
were used to generate gene expression FPKM values using HOMER42.
To measure gene expression, HOMER’s analyzeRepeats.pl utility was
used to quantify reads in transcript exons defined by GENCODE. Dif-
ferentially expressed genes and regularized logarithm (rlog) normal-
ization values for each gene were calculated using DESeq2 while
accounting for individual donors in the designmatrix. NF-κB p65 ChIP-
seq peaks were called from two biologic replicates of DENV- or ZIKV-
infected samples with mock-infected conditions as the background
(-b) and input DNA as input (-i) using HOMER’s getDiffer-
entialPeaksReplicates.plwith the “-style factor” anddefault parameters.
Differentially regulated peaks between conditions were calculated by
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first merging features from each condition (or assay) into the union of
nonredundant features using mergePeaks. Then, differentially enri-
ched peaks were compared between conditions using HOMER’s
getDifferentialPeaks43. Known motif enrichment and de novo motif
discovery were performed using HOMER’s findMotifsGenome.pl utility
with default parameters. NF-κB p65 peaks were analyzed from − 100 to
+ 100 base pairs relative to the center of the peaks, reflecting the
locations where TFs and collaborating TF motifs are located. Normal-
ized histograms of ChIP-seq peaks were generated using HOMER’s
annotatePeaks.pl and reported relative to a total of 107 uniquely
aligned reads per experiment. Functional enrichment calculations
were performed on differentially expressed genes (RNA-seq) and NF-
κB p65 ChIP-seq peaks using Metascape44. Fold change values were
clustered using Cluster 3.045 and visualized using Java TreeView46.

Statistical analysis
Data were analyzed for distribution using normality and lognormality
tests (D’Agostino–Pearson or Shapiro–Wilk) and compared using
either a pairedparametric t test or repeatedmeasures one-way analysis
of variance (ANOVA) withmultiple comparisons test (indicated in each
figure legend) or a paired non-parametric, Mann–Whitney or Fried-
man’s test with Dunn’s multiple comparisons test. Geometric mean
and geometric standarddeviation (SD) are shown for data plotted on a
log10 scale, and mean and standard error of the mean (SEM) or SD are
shown for data plotted on a linear scale. Exact P-values are indicated or
are categorically defined as: throughout as follows: not significant
(P > 0.05), *P < 0.05, **P < 0.01, and ***P < 0.001. All data were ana-
lyzed, and graphs were generated using Prism software v10
(GraphPad).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The human RNA-seq and ChIP-seq datasets described in this manu-
script are available as GSE161783 and GSE220842 in the National
Center for Biotechnology Information Gene Expression Omnibus. All
data are included in the Supplementary Information or available from
the authors, as are unique reagents used in this Article. The raw
numbers for charts and graphs are available in the Source Data file
whenever possible. Source data are provided in this paper.
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