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ABSTRACT

Dengue virus (DENYV) is the cause of a potentially life-threatening disease that affects millions of people worldwide. The
lack of a small animal model that mimics the symptoms of DENV infection in humans has slowed the understanding of
viral pathogenesis and the development of therapies and vaccines. Here, we investigated the use of humanized “bone mar-
row liver thymus” (BLT) mice as a model for immunological studies and assayed their applicability for preclinical testing
of antiviral compounds. Human immune system (HIS) BLT-NOD/SCID mice were inoculated intravenously with a low-
passage, clinical isolate of DENV-2, and this resulted in sustained viremia and infection of leukocytes in lymphoid and
nonlymphoid organs. In addition, DENV infection increased serum cytokine levels and elicited DENV-2-neutralizing hu-
man IgM antibodies. Following restimulation with DENV-infected dendritic cells, in vivo-primed T cells became activated
and acquired effector function. An adenosine nucleoside inhibitor of DENV decreased the circulating viral RNA when ad-

ministered simultaneously or 2 days postinfection, simulating a potential treatment protocol for DENV infection in hu-
mans. In summary, we demonstrate that BLT mice are susceptible to infection with clinical DENV isolates, mount virus-
specific adaptive immune responses, and respond to antiviral drug treatment. Although additional refinements to the
model are required, BLT mice are a suitable platform to study aspects of DENYV infection and pathogenesis and for preclin-

ical testing of drug and vaccine candidates.

IMPORTANCE

Infection with dengue virus remains a major medical problem. Progress in our understanding of the disease and development of
therapeutics has been hampered by the scarcity of small animal models. Here, we show that humanized mice, i.e., animals en-
grafted with components of a human immune system, that were infected with a patient-derived dengue virus strain developed
clinical symptoms of the disease and mounted virus-specific immune responses. We further show that this mouse model can be

used to test preclinically the efficacy of antiviral drugs.

engue is one of the most significant arthropod-borne viral

diseases in the world with respect to morbidity, mortality,
and economic cost (1). Approximately 2.5 billion people, two-
fifths of the world’s population, are now at risk of dengue, and it
has been estimated that there may be 390 million dengue virus
(DENV) infections every year, of which 96 million manifest an
apparent level of disease severity (2). The disease dengue fever
(DF) is now endemic in more than 100 countries. The causative
agent is DENV, a positive-sense, single-stranded RNA virus be-
longing to the family Flaviviridae. Four genetically and antigeni-
cally distinct serotypes, DENV-1 to DENV-4, have been de-
scribed.

Humans are infected by the bite of the mosquitoes Aedes ae-
gypti or Aedes albopictus. Initial dengue virus infection may be
asymptomatic or may result in disease ranging from acute, self-
limiting febrile illness (DF) to life-threatening dengue hemor-
rhagic fever (DHF) or dengue shock syndrome (DSS) (3), which
are more pronounced and more frequent following secondary in-
fection with a heterologous DENV serotype. The precise mecha-
nism of how viral and host factors contribute to disease severity
remains incompletely understood (4).

The natural host tropism of DENV is limited to humans and
some nonhuman primates. Experimental inoculation of rhesus
(5) or cynomolgus macaques (6, 7) with clinical DENV isolates or
tissue culture-adapted strains results in low-level viremia and is
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largely asymptomatic except for low to moderate thrombocytope-
nia. To complement nonhuman primate models and overcome
some of their limitations (cost, availability, genetic heterogeneity),
several rodent dengue models have been explored (reviewed in
reference 8).

Humanized mice, i.e., animals engrafted with human tissue
and/or that express human genes, have emerged as versatile tools
to study human-tropic pathogens (9). They can be generated by
injecting human hematopoietic stem cells (HSC) into condi-
tioned immunodeficient recipients, which can result in consider-
able human hematopoietic chimerism (reviewed in reference 10).
To foster T cell development and to improve T cell functionality,
small pieces of autologous fetal liver and thymus are implanted
under the kidney capsule of severely immunocompromised
NOD/SCID mice. Xenorecipients are then conditioned by sub-
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lethal irradiation and injected with HSC, resulting in so-called
“bone-marrow/liver/thymus” (BLT) mice (11, 12).

Such human immune system (HIS) mice have become versa-
tile challenge models for numerous human pathogens with lim-
ited host ranges, including HIV (reviewed in reference 13), Ep-
stein Barr virus (EBV) (14, 15), Kaposi’s sarcoma-associated
herpesvirus (16), human T cell leukemia virus (17), human cyto-
megalovirus (18), and also bacterial pathogens such as Salmonella
enterica serovar Typhi (19) and Borrelia hermsii (20). HSC-trans-
planted mice were shown to be susceptible to DENV infection and
their responses mimicked many of the associated clinical features,
including fever and rash (21-25, 32, 41-44).

In this study, we aimed to assess the utility of the BLT mouse
model for DENV infection and preclinical testing of antiviral
drugs. We found that, following inoculation with a previously
uncharacterized clinical DENV-2 isolate, humanized BLT mice
became viremic and exhibited slight increases in body tempera-
ture and decreased platelet counts, symptoms reminiscent of
DENV infection in humans. NS1 is detectable in the circulation,
and DENV antigens are detectable primarily in human cells.
DENV infection elicits humoral immune responses. In vivo-
primed T cells become activated and acquire effector functions
when restimulated ex vivo with DENV-infected dendritic cells
(DCs). Antigen recognition is HLA specific, as anti-major histo-
compatibility complex (MHC) class I and II antibodies signifi-
cantly decrease the release of effector cytokines. Furthermore, ad-
ministration of a previously described inhibitor of the DENV NS5
polymerase that had only been tested in immunodeficient AG129
mice (26) significantly reduced viral load in HIS BLT mice. These
data establish proof-of-concept for the utility of HIS BLT mice for
preclinical assessment of the efficacy of directly acting antivirals
against primary DENV isolates replicating in human cells.

MATERIALS AND METHODS

Generation of BLT-NOD/SCID mice. NOD.Cg—PrkdcsCid (NOD/SCID)
mice were purchased from the Jackson Laboratory. Mice were maintained
under pathogen-free conditions, with irradiated food supplemented with
antibiotics and acidified water, at the Comparative Bioscience Center
(CBC) of the Rockefeller University according to guidelines established by
the Institutional Animal Committee.

Six- to 8-week-old NOD/SCID mice were anesthetized and surgically
implanted with human fetal thymus and liver under the kidney capsule.
Fetal organs, 16 to 22 weeks of gestation, were obtained from Advanced
Bioscience Resources, Inc. (Alameda, CA) and the Human Fetal Tissue
Depository at Albert Einstein College of Medicine (Bronx, NY). Three
days after implantation, the mice were sublethally irradiated with 325 cGy
and transplanted intravenously with 0.2 X 10°to 1 X 10° human CD34*
HSC. Human CD34 ™" cells from autologous fetal liver tissue were isolated
witha CD34 " HSC isolation kit (StemCell Technologies) according to the
manufacturer’s protocol and cryopreserved until transplantation in mice.
Twelve to 16 weeks after HSC transplantation, mice were bled through the
retro-orbital route and analyzed for human immune system reconstitu-
tion. Approximately 120 male and female mice transplanted with CD34*
cells derived from various human donors were used in this study. All
experiments in mice were performed at the CBC under protocols ap-
proved by the Institutional Review Board and the Institutional Animal
Care and Use Committee at Rockefeller University.

Dengue virus. The low-passage dengue virus serotype 2 Colombia
362981 TVP-3521 (DENV-2 Col) used in this study was generously pro-
vided by Robert Tesh at the World Reference Center for Emerging Viruses
and Arboviruses (WRCEVA). The virus was originally isolated in 1993
from serum of an infected patient from Colombia and has been passaged
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three times in C6/36 (Aedes Albopictus) mosquito cells. Viral stocks were
prepared as follows: tissue culture flasks (175 cm?) were seeded with 1.5 X
10° C6/36 cells (grown in alpha minimal essential medium [MEM;
Gibco], 10% fetal bovine serum, 0.1 mM nonessential amino acids) and
24 h later were infected with dengue virus at a multiplicity of infection
(MOI) 0of 0.01. After 1 h of incubation, virus was removed and fresh C6/36
medium was added to reach 15 ml. Cell supernatants were harvested 7
days postinfection, centrifuged at 600 X g for 10 min to remove cells, and
concentrated 10-fold using a stirred ultrafiltration cell unit (Millipore)
with a 100-kDa-cutoff cellulose membrane (Millipore), aliquoted, frozen
in liquid nitrogen, and stored at —80°C. The virus stock titer was deter-
mined by means of an endpoint dilution (50% tissue culture infective
dose [TCIDs,]) assay in C6/36 cells. For some experiments, virus was
inactivated by exposure to short-wave UV (200 m] for 10 min) in a UV
light chamber (GS Gene Linker; Bio-Rad). Inactivation of virus infectivity
was verified by endpoint dilution assay in C6/36 cells and in infection
experiments in HIS BLT mice.

In vitro dengue virus infections. RAJI and RAJI-DC cells (kindly
provided by Ana Fernandez-Sesma, Mt. Sinai School of Medicine) and
THP-1 cells (ATCC) were cultured in RPM1 1640 medium supplemented
with 10% fetal bovine serum (Gibco). K562 cells (ATCC) were cultured in
Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 10%
fetal bovine serum (Gibco). Virus infections were performed at an MOI of
0.5, for 1 hat 37°C, washed three times with 1 X phosphate-buffered saline
(PBS), and incubated at 37°C in appropriate cell culture medium.

Dengue virus infections of humanized mice and clinical scoring.
Mice with engraftment levels of 50 to 90% in peripheral blood were
infected intravenously with 1 X 10° TCID,, of DENV-2 Col. Control
groups were infected with same volume of UV-inactivated DENV-2 or
C6/36 cell culture medium, prepared and concentrated in the same
way as the virus stock. Mouse temperatures and body weights were
monitored daily. Temperature was measured using a RET-3 rectal
probe coupled to a Microtherma 2 type T thermometer (Braintree
Scientific). Mice were anesthetized with isoflurane and bled prior to
DENV-2 Col infection, at day 1 postinfection and every 2 days there-
after, by the retro-orbital route using plain calibrated capillary tubes
(Chase; Scientific Glass). Blood was transferred to EDTA-K-covered
microvette tubes (Sarstedt) for further processing. Plasma was sepa-
rated by centrifugation at 1,000 X g for 5 min and used for RNA
extraction, enzyme-linked immunosorbent assays (ELISAs), and cyto-
kine analyses. For thrombocytopenia determination, 20 wl of blood
was collected as described above, diluted 10-fold in PBS (GIBCO/
Invitrogen) containing 5% bovine serum albumin, and human plate-
lets were measured within 1 h after blood collection using an auto-
mated dual-angle light-scattering instrument (ADVIA120; Bayer
Diagnostics). Mouse infections were performed in a biosafety level 2
(BSL-2) containment facility at the CBC of the Rockefeller University.

Leukocyte isolation. EDTA was used as the anticoagulant in blood
collection. Peripheral blood mononuclear cells were isolated by lym-
phocyte separation medium (Cellgro) gradient centrifugation at
930 X g for 20 min. Leukocytes were collected from the interphase and
washed twice with cold PBS. For isolation of splenocytes, spleens were
homogenized through a cell strainer (100 wm; BD Biosciences) and
digested for 20 min at 37°C in collagenase-containing digestion me-
dium (Hanks balanced salt solution with 0.1% collagenase IV [Sigma-
Aldrich], 40 mM HEPES, 2 M CacCl,, and 2 U/ml DNase I [Roche]).
After digestion, leukocytes were isolated using lymphocyte separation
medium gradient centrifugation, as described for peripheral blood
mononuclear cell isolation. To isolate bone marrow cells, tibias and
femurs were flushed with PBS. The bone marrow was pressed through
a cell strainer to obtain a single-cell suspension, and leukocytes were
isolated by gradient centrifugation as described above. For isolation of
intrahepatic leukocytes, the liver was perfused with 20 ml of cold PBS,
minced, and pressed through a cell strainer (100 wm; BD Biosciences).
The homogenized liver was resuspended in cold RPMI 1640 (Gibco)
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and centrifuged for 10 min at 330 X g. The pellet was resuspended in
collagenase-containing digestion medium and incubated at 37°C for
30 min. After digestion, the liver suspension was centrifuged at 330 X
g for 10 min. The pellet was resuspended in RPMI 1640 and gently
overlaid onto a lymphocyte separation medium gradient as described
above.

Flow cytometry and antibodies. The protocol for surface marker
staining consisted of blocking the cells for 10 min at room temperature
with anti-mouse CD16/CD32 Fc block (BD Biosciences), washing with
staining buffer (PBS containing 1% fetal bovine serum), staining with the
appropriate antibodies for 15 min at room temperature, washing again
twice with staining buffer, fixation with 4% paraformaldehyde for 15 min
at 4°C, and resuspension of the cells in staining buffer. For intracellular
staining cells, were fixed and permeabilized (Cytofix/Cytoperm; BD Bio-
sciences) prior to staining with the appropriate antibody.

The following antihuman antibodies were used: CD45-Pacific Orange,
CD14-AlexaFluor 700, CD16-Pacific Blue, CD3-phycoerythrin (PE)-
Texas Red (Invitrogen Corp.); CD8-fluorescein isothiocyanate (FITC),
CD19-allophycocyanin (APC), CD4-PE, CD33-peridinin chlorophyll
protein (PerCP)-Cy5.5, HLA-DR-APC, HLA-A2-FITC (BD Biosci-
ences); CD3-APC-eFluor780, CD8-APC-eFluor780, CD45RO-PerCP-
eFluor710, CD27-PeCy7 (eBioscience); CD4-Pacific Blue, CD56-FITC
(Biolegend). The following anti-mouse secondary antibodies were used:
CD45-PeCy7 (eBioscience) and CD45-PerCP (Biolegend). For intracel-
lular staining of infected cells, we utilized a mouse anti-DENV envelope
monoclonal antibody (MAb; 4G2; ATCC) coupled to Alexa 647. Appro-
priate isotype controls were also purchased from each company.

Fluorescence-activated cell sorter (FACS) analysis was performed with
aBD LSRII flow cytometer (BD Biosciences), and data were analyzed with
FlowJo software 9.3.1 (Tree Star).

Human cytokine analysis. Human cytokines and chemokines were
measured in the plasma of infected and control BLT-NOD/SCID mice by
Milliplex MAP human cytokine/chemokine technology (MPXHCYTO-
60K-17; Millipore). Plasma samples were obtained at days 1, 3, and 10
postinfection, as described above, and 30- .l aliquots of the samples were
used for testing expression of 17 human cytokines (granulocyte colony-
stimulating factor [G-CSF], granulocyte-macrophage CSF [GM-CSF], al-
pha interferon 2 [IFN-a2], IFN-y-induced protein 10 [IP-10], tumor
necrosis factor beta [TNF-B], interleukin-1ae [IL-1at], TNF-ct, IFN-y,
IL-2, soluble IL-2 receptor [sIL-2R], IL-6, IL-8, IL-10, monocyte che-
moattractant protein 1 [MCP-1], IL-2RA, IL-1RA, and vascular endothe-
lial growth factor [VEGEF]), according to the manufacturer’s instructions.
Quantification was performed using the Luminex xMAP platform and
Xponent 3.1 software (Luminex). Results are expressed in picograms per
milliliter.

Viral RNA extraction and real-time quantitative RT-PCR. To deter-
mine viremia, viral RNA was extracted from 30 pl of mouse plasma by
using TRIzol LS reagent (Invitrogen) following the manufacturer’s in-
structions. Eluted RNA was finally resuspended in 30 pl of DEPC water,
and 5 pl of RNA was used for quantification by the real-time quantitative
reverse transcription-PCR (qRT-PCR) TagMan system. PCR primers
specific for DENV-2 strain 16681 along with the corresponding TagMan
probe were designed using the Biosearch Real-Time design software (Bio-
search Technologies). PCR primers and TagMan probes were obtained
from Biosearch Technologies. The following forward and reverse primers
were used: S07100620_FP (5'-CCGTCACACTGGGTTCCAA-3'),
§07100620_RT (5'-CCGTCGTCATCCATTCATGCT-3"), and the 9920
probe (5'—6-carboxyfluorescein—-CGAACAACCTGGTCCATACACGC
T-black hole quencher 1-3"). The primers amplified a region of the NS5
gene of DENV-2. For the qRT-PCR assay, the LightCycler 480 master mix
(Roche Diagnostics) was used. The final concentration of each PCR
primer was 0.5 M, and the concentration of the probe was 0.25 pM in a
20-l total reaction mixture volume. For reverse transcription and am-
plification on the LightCycler 480, the cycling conditions were 63°C for 3
min, followed by 40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 1 s.
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Cooling was done at 40°C for 10 s. The results were quantified by inter-
polation via a standard curve consisting of 10-fold serial dilutions of in
vitro-transcribed DENV-2 RNA (by use of the Mega script kit [Ambion]).
Data were analyzed with the LightCycler 480 software (Roche).

ELISAs. Total human IgG and IgM antibodies were detected and
quantified by using a human IgG or IgM ELISA quantitation set (Bethyl
Laboratories), according to the manufacturer’s protocol. For qualitative
detection of DENV-specific IgG and IgM antibodies in plasma, we utilized
a dengue virus IgG indirect ELISA kit (Panbio) or a dengue IgM capture
ELISA kit (Panbio), which detected circulating DENV IgG and IgM anti-
bodies to the four serotypes. Mouse plasma samples were diluted 1:10 and
1:100 fold in the kit’s sample diluent and analyzed according to the man-
ufacturer’s instructions. Dengue virus NSI antigen circulating in plasma
of humanized mice was detected qualitatively from 30 pl of plasma by
using a dengue virus early ELISA kit (Panbio), according to the company’s
protocol.

FACS-based neutralization assay. Mouse serum samples collected at
days 9, 12, and 25 were tested for neutralization activity in a fluorescence-
activated cell sorting (FACS) neutralization test (FNT) in C6/36 cells (27).
Briefly, 96-well plates were seeded at a density of 1.3 X 10° cell/well and
incubated overnight at 28°C. Mouse sera were serially diluted and incu-
bated with DENV-2 Col in a total volume of 100 pl for 1 h at 37°C. The
virus-serum mixture was then used to inoculate C6/36 cells at a multiplic-
ity of infection of 0.2 (determined relative to the number of seeded cells)
for 1 h at room temperature. Wells were then washed with 1X PBS and
incubated in culture medium for 24 h. Virus infectivity was determined by
FACS analysis after staining with 4G2 antibody conjugated to Alexa 647,
as previously described. Sera from mock-infected humanized mice were
used as negative controls for neutralization. The FNT, was defined as the
highest 2-fold dilution of serum that produced a >80% reduction in
DENYV infection in C6/36 cells.

Analysis of ex vivo DENV-specific T cell responses. Human mono-
cytes were isolated from bufty coats of healthy donors (New York Blood
Center) by using a magnetically activated cell sorting CD14 isolation kit
(Milteny Biotec), according to the manufacturer’s protocol. CD14™ cells
were then differentiated from naive monocyte-derived dendritic cells
(mDCs) via a 5-day incubation in DC medium (RPMI 1640 supple-
mented with 10% fetal bovine serum, 1.5% HEPES, and 1% penicillin-
streptomycin) and 500 U/ml human GM-CSF (PeproTech) and 1,000
U/ml human IL-4 (PeproTech).

After 5 days in culture, mDCs were infected for 1 h at an MOI of 1
of DENV-2 Col or conditioned C6/36 cell culture medium (mock
control), prepared and concentrated in the same way as the virus stock.
Infected cells were then incubated for 48 h before coculture with T
cells. The frequency of mDC infection was monitored at 24 and 48 h by
flow cytometry using an antibody against the DENV E protein, as
described above.

Human T cells were isolated from BLT-NOD/SCID mouse peripheral
blood and spleen leukocytes by using a human CD3 cell isolation kit
(Miltenyi Biotec). Purified CD3™ T cells were cocultured with mDCs in a
48-well plate at a mDC/T cell ratio of 1:3. In HLA-blocking experiments,
target cells were incubated with 10 pg/ml anti-HLA-A/B/C (clone W6/32;
eBioscience) and 10 pg/ml anti-HLA-DR/DP/DQ (clone Tii39; BD Phar-
mingen). After 4 days of coculture, the levels of secreted human IFN-vy
and TNF-a in the supernatants were determined by cytometric bead array
(CBA; BD Biosciences) on an LSR II flow cytometer (BD Biosciences).

Antiviral efficacy in DENV-infected BLT mice. Antiviral NITD008
(kindly provided by Pei Yong Shi) was administered following two differ-
ent experimental regimens. The first regimen consisted of intraperitoneal
(i.p.) administration of the NITD008 compound to 10 mice ata dose of 15
mg/kg followed by intravenous (i.v.) injection of 1 X 10°® TCIDy, of
DENV-2 Col. Antiviral dosing was continued twice a day for 7 days. The
control group (6 mice) received an equal volume of dimethyl sulfoxide
(DMSO) instead of NITD008 and followed identical infection and treat-
ment protocols as the experimental group. The second antiviral protocol
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FIG 1 Reconstitution of humanized BLT-NOD/SCID mice with human hematopoietic stem cells. (A and B) Frequencies (percentages) (A) and representative
flow cytometry plots (B) of human CD45" lymphocytes (huCD45™") in peripheral blood, bone marrow, liver, spleen, human thymic implant (huThymus), and
mouse thymus (mThymus) at 16 weeks posttransplantation (# = 6 to 20 mice per group). Numbers in bold in the bottom right quadrants represent the
percentage of mCD45~ huCD45 " cells. (C to G) Human lymphocyte reconstitution in peripheral blood (C), bone marrow (D), spleen (E), and liver (F) with
CD3" Tcells, CD19" B cells, CD14" monocytes, and CD33" myeloid progenitor cells. The pie chart insets represent percentages of CD3" CD4™" T helper cells

(white) and CD3" CD8™ cytotoxic T cells (black).

consisted of first infecting mice i.v. with 1 X 10° TCID5, of DENV-2 Col.
Two days after virus inoculation, the infected mice were divided into 3
groups of 5 animals each and subjected to different treatment doses (ad-
ministered in equal volumes). One group received 2.5 mg/kg of NITD008
(26), a second group received 15 mg/kg of NITDO008, and a third group
(control) received an equal volume of DMSO. For both protocols, the
drug was dissolved in DMSO and diluted in PBS to achieve a final volume
0f 200 .1, which was administered i.p. twice a day, with an interval of 12 h
between injections. Mice were bled through the retro-orbital route and
monitored daily. Viral RNA was isolated from plasma and quantified by
qRT-PCR.

Statistical analyses. Statistical analyses were performed using un-
paired Student’s f test within GraphPad Prism version 5.0c. Plotted data
represented means * standard deviations. P values below 0.05 were con-
sidered statistically significant. The correlation between DENV titer and
each cytokine was determined using nonparametric Spearman rank cor-
relations (GraphPad Prism version 5.0c).

Ethics statement. Use of all human tissue was reviewed and approved
by the Rockefeller University’s Institutional Review Board and ethics
committee. All human tissues (fetal thymi and livers and bufty coats of
healthy donors) were anonymized. This study was carried out in strict
accordance with the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Research Council (62). All animal
experiments were executed in adherence with RU CBC protocol number
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12536, which was reviewed and approved by the Rockefeller University’s
Animal Care and Use Committee.

RESULTS

Human immune cell reconstitution in BLT-NOD/SCID mice.
We generated humanized mice by transplanting nonobese NOD/
SCID xenorecipients with an organoid consisting of small pieces
of human fetal liver and thymus under the kidney capsule and
subsequent intravenous injection of autologous HSC. BLT-NOD/
SCID mice were analyzed for human immune cell reconstitution
16 weeks posttransplantation by flow cytometry of peripheral
blood, spleen, bone marrow, liver, thymus, and human thymus
organoid cells (Fig. 1A and B). In accordance with previous re-
ports, we routinely achieved high levels of human hematopoietic
stem cell reconstitution in lymphoid and nonlymphoid compart-
ments (11, 28). Overall repopulation of lymphoid as well as non-
lymphoid organs with human leukocytes exceeded 50% in most
mice, even though the frequency of human cells in circulation was
highly variable. As expected, almost all human thymocytes were
found in the human thymic implant and not the murine thymus.
Lineage analysis of CD45"-expressing human leukocytes in
blood, bone marrow, spleen, and liver revealed levels of human T
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FIG 2 DENV infection and disease in BLT-NOD/SCID mice. (A) Indicated numbers of mice were inoculated i.v. with 1 X 10° TCID4, of DENV-2 Col, the same
volume of UV-inactivated DENV-2 Col, or C6/36 cell culture medium. Mice were bled at the indicated times postinfection, and viral RNA was extracted from
plasma and quantified by QRT-PCR. Results are presented as copies of viral RNA per ml of plasma. (B) DENV-2 NS1 antigen was detected by ELISA in plasma
of infected animals at the indicated time points. Numbers in the nominators indicate positive signals for NS1 antigen, and denominators correspond to numbers
of mice tested. NS1 antigen was not detected in mock-infected animals. ND, not detected. (C) Clinical scores measured and recorded daily for mock-infected
(filled circles) and DENV-infected (open circles) mice. A clinical score was assigned as follows: 0, posture normal, appearance with smooth, shiny fur; 1, posture
hunched, appearance with ruffled fur, loss of tone, loss of weight; 2, posture hunched, trembling, shaky, appearance with ruffled fur, loss of weight, rash; 3,
posture severely hunched, appearance disheveled, significant (30%) body weight loss; 4, death. (D) Slight increase in body temperature in DENV-2 Col-infected
mice measured at the indicated time points postinfection. (E) Thrombocytopenia in DENV-2-infected mice was observed at 14 days postinfection. Four mice
were used in each experimental group. Error bars indicate standard errors of the means, and the asterisk indicates a statistically significant difference (P < 0.05)
between the indicated columns. For panels A to E, data were pooled from 3 independent experiments involving mice reconstituted with cells or tissues from at

least 6 different human donors.

cells and B cells as well as myeloid cells comparable to levels de-
scribed for humanized mice in general (Fig. 1C to F) (12, 15,
28, 29).

Replication and clinical signs of disease of a DENV clinical
isolate in BLT-NOD/SCID mice. For infection and pathogenesis
studies in BLT-NOD/SCID mice, we utilized a serotype 2 DENV
that was isolated from a human patient from Colombia in 1993
(Colombia 362981 TVP-3521, here referred to as DENV-2 Col).
This virus was passaged 3 times in C6/36 mosquito cells, yielding a
titer of 5 X 10° TCIDs,/ml. Supernatants were further concen-
trated 10-fold to increase virus titers for subsequent mouse inoc-
ulations. We assume that this DENV isolate did not adapt (or only
minimally adapted) to growth in cultured human cells, given that
virus was passaged only in mosquito cells. Nevertheless, DENV-2
Col was able to infect in vitro primary and immortalized human
cells (data not shown), suggesting a natural tropism for human
cells.

In order to minimize interexperimental variability, we used
animals with hematopoietic human chimerism in blood greater
than 50% at 16 weeks after tissue transplantation. BLT-NOD/
SCID mice were infected i.v. with 1 X 10° TCIDs, DENV-2 Col, or
an equal volume of mock-infected C6/36 cell culture supernatants
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that was processed in the same manner as virus stock. In one
experiment, we included three animals that were infected with
UV-inactivated DENV-2 Col. UV treatment, as was shown previ-
ously for other viruses (30), rendered the DENV-2 Col noninfec-
tious in vitro and also abrogated viremia in vivo (Fig. 2A). Animals
were monitored for signs of morbidity, mortality, and viremia.
Body weight, body temperature, posture, and motility, all of
which have been observed to fluctuate in humans infected with
DENV, were monitored daily. To determine the DENV-2 Col
load, mice were bled every other day; viral RNA was extracted
from the plasma, and the copy number was assessed by real-time
qRT-PCR. Viral RNA was detected as early as 24 h postinfection
and peaked between days 4 and 6 (Fig. 2A). We detected low levels
of circulating infectious DENV in a fraction (20 to 40%) of in-
fected animals until day 10 postinfection, but not thereafter (data
not shown). Secreted DENV nonstructural protein 1 (NS1), an-
other marker of productive virus replication, was also monitored.
NS1 antigen dropped below the limit of detection by day 7 postin-
fection, confirming the kinetics of virus replication observed with
qRT-PCR (Fig. 2B). RNA from UV-inactivated DENV-2 Col-in-
fected mice was not detected in plasma after day 3 postinfection,
again providing evidence for productive DENV-2 replication in
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the BLT-NOD/SCID mice (Fig. 2A). A total of four control non-
humanized NOD/SCID mice were infected in parallel. Of these,
three animals had detectable levels of circulating viral RNA but
showed consistently lower viremia levels than the humanized
mice, with a maximum peak of 1 X 10* RNA copies/ml. By day 6
postinfection, RNA levels in control animals were undetectable
(data not shown). When we compared reconstituted mice with a
human chimerism exceeding 50%, no correlation was observed
between the level of human engraftment and virus replication; the
mice reconstituted to the highest level in this group did not show
increased viremia compared to mice with a lower level of human
chimerism.

Body weight and body temperature were measured, and a clin-
ical scoring system that provided a quantification of the degree of
illness observed in the infected mice was applied daily. Overall,
neither mortality nor changes in body weight were consistently
observed; however, several DENV-2 Col-infected mice exhibited
significant weight loss and showed signs of illness, including ruf-
fled fur and hunching (Fig. 2C). Fever is a hallmark of DENV
infection in humans, and DENV-infected mice showed only a
marginal increase in body temperature of no statistical signifi-
cance compared to the control group (Fig. 2D). Higher viremia
did not correlate with increased body temperature in infected
mice. An additional characteristic of severe dengue disease in hu-
mans is decreased levels of circulating platelets. Platelet counts
were determined longitudinally throughout the infection period.
Up to day 4 postinfection, no significant changes in platelet num-
bers were detected in infected animals. At day 7 postinfection, we
started to detect a drop in the total platelet count that only became
significant (P < 0.05) at day 14 postinfection (Fig. 2E), which is
consistent with previous published work. In summary, these data
confirm that BLT-NOD/SCID mice can be infected with a low-
passage, clinical isolate serotype 2 dengue virus, and productive
infection is supported by the presence of human cells. This virus
can replicate in vitro and in vivo and is capable of causing measur-
able signs of disease in these mice, such as thrombocytopenia and
a trend toward elevated body temperature that did not reach sta-
tistical significance.

Cell tropism of DENV-2 Col infection in different organs of
BLT-NOD/SCID mice. To identify the human lymphoid cells
from peripheral blood and other immune-relevant organs that
become infected upon DENV-2 Col inoculation, infected and
control BLT-NOD/SCID mice were bled and sacrificed at day 4
(n=3)and 9 (n = 16) postinfection. Human CD45™" leukocytes,
B cells (CD197), T cells (CD3™), and monocytes (CD14™) iso-
lated from spleen, bone marrow, liver, and human thymus were
analyzed for the presence of DENV E protein by flow cytometry.
Human CD45" leukocytes from the peripheral blood infected
with DENV but not with the UV-inactivated DENV control (data
not shown) were detected as early as 1 day postinfection in the
peripheral blood. At day 4 postinfection, CD45" cells derived
from blood, bone marrow, and spleen also showed infection with
DENV (Fig. 3A). The percentage of infected human CD45™" cells
from blood and spleen remained constant until day 9; however,
CD457 cells from bone marrow only showed marginal signs of
infection at this time point. In contrast, at day 9 an increased level
of DENV E antigen was detected in CD45 " cells derived from the
human thymus implant, compared to day 4 postinfection (Fig.
3B). Overall, we observed a very low frequency of infection in
human leukocytes isolated from the liver. No more than 2% of

2210 jviasm.org

total CD45" cells isolated from the liver stained positive for
DENV E antigen, and only a modest increase in the percentage of
infected CD45 ™ cells (up to 5%) was observed at 9 days postinfec-
tion.

To provide a more detailed picture of the cellular tropism of
DENV, we quantified the number of DENV antigen-positive cells
in different immune cell subsets in the blood, spleen, and bone
marrow (Fig. 3C and D). Given the small numbers of human
leukocytes recovered from the liver, we were not able to discern
reliably the different lineages of the infected cells in this organ. In
the peripheral blood at 4 days postinfection, CD19" B cells con-
stituted the major immune cell population carrying DENV-E an-
tigen, followed by CD14™ monocytes and CD3™ T cells. Con-
versely, of all the leukocytes infected with DENV in the bone
marrow, more CD3™ cells harbored DENV E. Only a small frac-
tion of infected leukocytes in the bone marrow corresponded to B
cells. In the spleen, most of the infected CD45 ™" cells corresponded
to myeloid and other cell lineages, followed by CD19* B cells.
Only a few infected T cells were detected in the spleen at this time
point (Fig. 3C).

An alternative presentation of these data highlights the fre-
quency of DENV E-positive cells within the indicated cell lineages
in the corresponding immune compartments (Fig. 3D). In the
peripheral blood at day 4 postinfection, approximately 30% of
circulating CD14" monocytes and 20% of CD19" B cells ex-
pressed DENV-E antigen. The frequency of infected CD3™ T cells
circulating in the blood was less than 5%. In the bone marrow,
more than 30% of resident CD45%, CD3 ™", and CD14™ cells were
infected with DENV. On the other hand, in the spleen, none of the
cell lineages exceeded a 20% infection frequency. DENV-infected
CD3™ T cells were almost absent in the spleen at this time point
(Fig. 3D).

Overall, these results confirmed that human leukocytes are
early targets for DENV infection (31, 32). In the peripheral blood
of BLT-NOD/SCID mice, monocytes, myeloid cells, and B cells
are the primary early targets of DENV infection. Infected CD3™ T
cells may be recruited to the bone marrow, possibly in response to
the infection of local cells, such as CD19" B cells and CD14*
monocytes.

Induction of human cytokines and chemokines in DENV-
infected BLT-NOD/SCID mice. We then characterized the pro-
files of human cytokines and chemokines produced by human
cells in the BLT-NOD/SCID mice at early time points (days 1 and
3) after DENV infection. We chose a panel of human cytokines
that have been reported to be elevated in patients with severe
dengue disease (reviewed in reference 33). Out of 17 cytokines
assayed, 11 were detected in mouse plasma, but only 3 were sig-
nificantly induced compared to the control group. Results are
presented as the mean values from 3 to 8 mice (Fig. 4A). Of two
soluble human receptor antagonists that have been associated
with severe dengue disease, sIL-2Ra and IL-1 receptor 1 antagonist
(IL-R1A), only IL-R1A was significantly elevated at day 3 postin-
fection (34, 35). The mast cell-derived mediator VEGF, first iden-
tified and characterized as a potent stimulator of endothelial per-
meability (36) and shown to be elevated in dengue patients with
hemorrhagic syndrome (37, 38), was also significantly elevated in
infected versus control mice at day 3 postinfection. Likewise, IP-
10, which was previously shown to be a strong proinflammatory
marker in dengue virus-infected patients at the febrile phase (39,
40), was present at elevated levels at 3 days postinfection. In-
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creased circulating IL-1Ra may exert antipyretic actions in an
effort to counteract the already-increased concentrations of pro-
inflammtory cytokines, such as IL-18, which was shown to be
elevated in dengue virus-infected patients (40) but was not part of
our cytokine panel. Although differences in the remaining cyto-
kines/chemokines did not reach statistical significance, trends
were observed. IFN-a2, IL-10, IL-6, and IL-8 showed slight in-
creases at day 1 postinfection; levels of IFN-y and GM-CSF were
elevated in infected mice at day 3. For most of the cytokines/
chemokines, increased levels correlated with circulating virus lev-
els. IFN-a2, IL-10, and IP-10 are the three cytokines that showed
statistically significant correlations between viral titer and cyto-
kine secretion (Fig. 4B). The exception was monocyte chemoat-
tractant protein 1 (MCP-1), for which we did not observed such a
correlation. Furthermore, the levels of secreted cytokines in mice
inoculated with UV-inactivated DENV-2 (data not shown) at day
3 postinfection corresponded to the levels observed in mock-in-
fected animals. At an earlier time point, five cytokines (IL-1Ra,
IL-10, MCP-1, sIL-2Ra, and IP-10) were slightly elevated in one of
the UV-DENV-2 infected mice but not in the other, suggesting
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that these specific cytokines are mostly but not exclusively secreted
in response to virus replication.

DENYV infection in BLT-NOD/SCID mice elicits an increase
in human IgM but not IgG. To evaluate humoral responses in
infected humanized mice, we measured the concentrations of cir-
culating human IgG and IgM. Significant levels of human IgM
antibodies were detected starting at day 13 postinfection. At this
time, the majority of infected animals (71.4%) had an IgM titer at
least 3-fold higher than the control group titer, with considerable
variation between individual mice. At day 25 postinfection, high
IgM levels persisted in 50% of the animals, but by day 32, human
IgM titers returned to background levels (Fig. 5A). IgM titers
peaked at 25 days after infection in all mice tested. We assayed for
the presence of DENV-specific IgM antibodies in infected and
control mice serum by utilizing a qualitative dengue IgM capture
ELISA. We detected DENV-specific IgM antibodies in 30% of
infected animals as early as 13 days postinfection. We then tested
the neutralizing activity of these DENV-specific antibodies by per-
forming a FACS-based neutralization test (27) in C6/36 cells (Fig.
5B). Four of the analyzed sera (mice 1122, 1123, 1125, and 9720)
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showed neutralizing activity, whereas the serum from a mock-
infected mouse (mouse 9716) was unable to reduce DENV infec-
tion in this assay. We did not detect human IgG antibodies in
plasma of humanized mice even at later time points (25 to 32 days
postinfection). These results confirmed that antibody responses
toward DENV are predominantly of the IgM isotype in this hu-
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manized mouse model. This is a reflection of the general inability
of B cells in humanized mice to produce IgG due to lack of class
switching.

DENV-specific cellular immune responses in BLT-NOD/
SCID mice. To investigate whether humanized BLT mice can
mount a functional T cell response to virus infection, we moni-
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tored phenotypic changes of circulating T cell populations in
DENV-2 Col-infected humanized mice by using surface stains for
markers of maturation. We did not observe an increase in the
frequency of all CD3™ T cells in the blood of infected animals, and

DENV Infection and Treatment in Humanized Mice

cell population from peripheral blood was analyzed, we found that
the infected animals had a more mature/late-differentiated
CD27~ CD28" phenotype (data not shown) with relatively higher
expression of the memory/effector surface marker CD45RO™
(Fig. 6B and D). These phenotypic changes in memory/effector
markers were not observed in the circulating CD8™ T cell popu-
lation (Fig. 6C) or in CD4™ T cells from mice inoculated with
UV-inactivated DENV-2 (data not shown). Overall, these results
suggest that DENV infection induces T cell-mediated immune
responses in these mice and elicits phenotypic changes in CD4™"
helper cells from the peripheral blood toward an activated and
functional state.

We next examined whether T cells from infected BLT-NOD/
SCID mice also acquired effector functions. Previous studies (21,
32, 41-44) using humanized mice as a model for dengue disease
utilized CD34" HSC-transplanted BALB/c Rag2 ™'~ IL2Ry null,
NOD/SCID, or NOD/SCID IL2Ry null (NSG) mice, which are by
and large less suitable for monitoring virus-specific T cell immu-
nity compared to BLT HIS mice. Currently, there is only one study
that has characterized dengue virus infection in humanized BLT
mice (24), and it showed some evidence of T cell activation in
response to peptide pools and HLA-A2-restricted peptides. How-

the ratio of CD4™* and CD8™ cells were equivalent to the control
mice at 10 days postinfection (Fig. 6A). When the CD4* T helper

ever, few DENV T cell epitopes identified in humans have been
confirmed in humanized mice, and the hierarchy of T cell epitopes
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can actually differ drastically between humans and humanized
mice (15). Therefore, we decided to investigate the ability of the
infected BLT mice to generate the DENV-specific effector T cells
by priming with DENV-infected dendritic cells. For this, we re-
stimulated T cells isolated from mock- or DENV-infected mice
with DENV-infected DCs, which are capable of presenting
DENV-2 Col epitopes in the context of HLA (Fig. 6F). While it
would have been desirable to use autologous DC for these re-
stimulation assays, the number of animals required to produce
enough stimulator cells exceeded the maximum cohort sizes that
we were able to generate from a given fetal tissue donor. As an
alternative, we generated monocyte-derived DC from HLA-A2-
matched human donors and infected them with DENV-2 Col for
2 days. Virus- and mock-infected mDC were then coincubated for
4 days with CD3™ T cells derived from infected and control BLT-
NOD/SCID mice that had been reconstituted with CD34" HSC
from an HLA-A2 donor. IFN-vy release was monitored as the sig-
nature for specific T cell activation and acquisition of effector
functions. T cells from infected animals developed a vigorous spe-
cific response by secreting significantly higher cytokine levels than
controls upon incubation with infected mDC (Fig. 6G). Addition
of blocking antibodies against HLA-A/B/C and HLA-DR/DP/DQ
significantly reduced cytokine production, providing evidence
that DENV antigens were being recognized in the context of hu-
man MHC antigens. Coculture of human T cells with uninfected
mDC resulted in very low IFN-vy production, confirming that the
cytokine release was not due to recognition of allogeneic antigens
as a consequence of mismatches in minor alleles between stimu-
lator and effector cells. In summary, our data demonstrate that
HLA-restricted, DENV-specific human CD3™ T cells were primed
in BLT-NOD/SCID mice upon infection with DENV-2 Col.
Antiviral efficacy in DENV-infected BLT-NOD/SCID mice.
In order to validate the use of humanized BLT mice as a platform
for preclinical antiviral testing, we tested the efficacy of the aden-
osine nucleoside inhibitor NITD008 (26) by following two differ-
ent drug administration regimens. In the first protocol, we in-
jected NITDOOS intraperitoneally at 15 mg/kg of body weight and
intravenously infected mice with DENV-2 immediately thereaf-
ter. This drug dosage was continued for 7 days, and mice were bled
through the retro-orbital route and monitored daily. We observed
a significant decrease in circulating virus RNA as measured by
qRT-PCR, and virus RNA remained lower than the vehicle control
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mice for the duration of the treatment (Fig. 7A). For the second
protocol, we aimed to recreate a scenario of DENV infection that
would be more relevant for postexposure treatment in humans.
Therefore, we first infected mice i.v. with 1 X 10° TCID,, of
DENV-2 Col, and 2 days later we treated them with three different
regimens. The first group of mice received 2.5 mg/kg of NITD008,
the second group received 15 mg/kg of NITD008, and the third
group (control) received DMSO in the same volume as the exper-
imental groups. In all cases, the drug was administered i.p. twice a
day, with an interval of 12 h between injections. Efficacy of treat-
ment was determined by the decrease in viremia in treated ani-
mals. Animals treated with the maximum dose of 15 mg/kg twice
a day showed a significant reduction of 15- fold in viremia after 3
days of treatment (Fig. 7B) compared to the control-treated ani-
mals.

DISCUSSION

Previous studies of humanized mice infected with dengue virus
reported that the clinical outcome for infected mice depended
greatly on the virus strain used as the inoculum (32, 43, 44). In this
study, we sought to establish an experimental system that re-
created human infections with DENV, and therefore we used a
DENV isolate from a human patient; the virus had only been
grown in mosquito cells and had been passaged no more than
three times in these cells. We demonstrated that humanized BLT
mice were susceptible to DENV infection and developed modest
signs of dengue disease. Infected animals showed slightly elevated
body temperature, which correlated with the peak of viremia (day
4 to 5 postinfection), similar to what has been described in hu-
mans. Worth mentioning is that the duration of the peak of
viremia observed in our model was shorter than that of other
studies in humanized mice. This could be attributed to the route
of infection chosen by our group (i.v.), which differed from the
subcutaneous, intradermal, or mosquito bite route used in studies
that have shown prolonged high viral loads (32, 42). An alterna-
tive but not mutually exclusive explanation for the difference in
the kinetics of viremia could be the nature of the viral strain used
by our group, an uncharacterized isolate of DENV-2 that has not
been previously adapted to human or mouse cells. Consistent with
previous studies (21, 32), we also observed a significant decrease in
circulating total platelets, i.e., thrombocytopenia, another hall-
mark of DENV infection in humans. Thrombocytopenia is fre-
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quently observed among dengue fever patients, and two mecha-
nisms have been proposed to explain it: antibody-mediated
depletion of platelets from peripheral blood (45-49) and deficient
platelet production by megakaryocytes in the bone marrow (25,
50). The latter hypothesis is supported by a study that demon-
strated that human megakaryocytes from the bone marrow were
highly permissive for DENV infection in vitro, suggesting that
megakaryocytes may also be targeted in vivo, thus providing a
plausible mechanism for thrombocytopenia during acute infec-
tion in humans (50). Furthermore, a recent study on DENV in
humanized mice showed that DENV infection inhibited the pro-
duction of human megakaryocytes and their progenitor cells in
the bone marrow of NSG mice, resulting in depletion of circulat-
ing human platelets (25). Intriguingly though, in our infection
model we did not observe a correlation between peak viremia and
decreased platelet levels. Instead, we found a delay in the loss of
platelets compared to the levels of circulating viral RNA, which
peaked between days 5 and 7 postinfection. Although the modest
antibody response in humanized mice does not support the anti-
body-mediated mechanism as an explanation for the loss of cir-
culating platelets, the kinetics of thrombocytopenia in our mouse
model does not discard this hypothesis. More work still has to be
done to develop a general model for platelet loss during DENV
infection in the BLT-NOD/SCID mouse model.

It has been largely established that mononuclear phagocytes,
such as dendritic cells, monocytes, and macrophages, are the pri-
mary cellular targets of DENV infection in humans. More recent
human studies have shown that B cells can also be infected and
may play an important role in dengue virus pathogenesis. In our
mouse model, we found that, as expected, monocytes were in-
fected. Unfortunately, however, due to the low frequency of hu-
man dendritic cells in this mouse model, we could not make a
reliable analysis of infection in this lineage. Interestingly, most of
the DENV-infected cells in the peripheral blood of the BLT mice
corresponded to CD19™" B cells, and these infected cells were de-
tected as early as 3 days postinfection. This observation was in
agreement with reports suggesting that B cells are important sites
for infection and dissemination of DENV in humans (51-53).
Infected B cells were also detected in the spleen and, to a lesser
extent, in the bone marrow at this time point.

Whether T lymphocytes become infected with DENV in the
course of human infection is still contradictory (54, 55). We de-
tected infected CD3™ T cells in blood, spleen, and bone marrow,
the latter organ being the one with a higher frequency of infected
T cells (20% of all DENV-positive leukocytes). This result is in
agreement with another published study on DENV in humanized
mice, which demonstrated that approximately half of the T cells
from the bone marrow carried DENV antigen (32).

T lymphocytes from infected BLT-NOD/SCID mice also ac-
quired effector functions. In contrast to other study groups, who
primarily relied on detection of antigen-specific T cell responses,
which they measured by using recombinant peptides (24, 41), we
demonstrated that in vivo-primed T cells become activated and
acquire effector functions when restimulated ex vivo with DENV-
infected DC. Antigen recognition is HLA specific, as anti-MHC
class I and II antibodies significantly decreased the release of ef-
fector cytokines.

DENV infection induced a broad spectrum of proinflamma-
tory cytokines and chemokines, some of which were previously
shown to be increased in patients with dengue (56, 57). In accor-

February 2014 Volume 88 Number 4

DENV Infection and Treatment in Humanized Mice

dance with previous reports, BLT humanized mice also mounted
specific and neutralizing IgM but not IgG responses to DENV
infection (21, 24, 32, 41, 44). This was likely a reflection of the
general inability of current versions of humanized mice to switch
classes efficiently, possibly due to the aberrant architecture of sec-
ondary lymphoid organs.

While these data and data from other groups who have studied
DENV infection in humanized mice (21, 24, 41, 44) are encour-
aging, it is clear that the humanized mouse model will require
additional refinements to recapitulate faithfully human immune
responses to DENV infection and immune-enhanced pathogene-
sis (reviewed in reference 58). Arguably, more-adequate human T
cell selection can be achieved in BLT mice by transplantation of
small pieces of human thymus under the kidney capsule prior to
injection of autologous HSC (11). While we provided evidence for
DENV-specific T cell activation, overall T cell immunity did not
seem to be dramatically improved, which is in accordance with
previous reports characterizing EBV (11) or HIV infection in hu-
manized BLT mice (28). This may be explained in part by the lack
expression of HLA in nonhematopoietic tissues in the periphery,
where a continued interaction of naive T cells with self peptide has
been shown to be important for maintenance of the immune re-
sponse (59, 60) and viral epitopes are presented by mouse MHC
molecules and are consequently less efficiently recognized. Re-
cently, it was reported that infection of BLT-NSG mice expressing
HLA-A2 with tissue culture-derived DENV resulted in enhanced
humoral and cellular immune responses (24). While these data are
intriguing, additional refinements of the immune responses are
undoubtedly needed.

In future studies, a major focus should be on detailed charac-
terization of secondary immune responses to DENV. Currently,
there is little evidence for the induction of memory B and T cells in
humanized mice with any pathogen tested thus far. Both Band T
cells become activated, which is reflected in phenotypic changes
and the acquisition of effector functions. However, inadequately
organized lymphoid organs may result in aberrant priming of
memory T cells, and lack of cross-reactivity between human and
mouse cytokines, such as interleukins 7 and 15, may efficiently
maintain memory pools. Consequently, current versions of
humanized mice may not (yet) be suitable to recapitulate the im-
mune enhancement of dengue virus pathogenesis, which is fre-
quently observed in preimmune individuals who become exposed
to heterologous DENV serotypes.

Despite these shortcomings, mice harboring components of a
human hemato-lymphoid system can be of use for testing preclin-
ical efficacies of antiviral agents. Currently, no specific directly
acting antiviral drug (DAA) regimens have been approved for
DENV treatment. A broad range of DENV proteins and host fac-
tors are being considered as antiviral targets (reviewed in reference
61). Several compounds that exhibited anti-DENV activity in pre-
clinical assays have been identified, but few have advanced into
clinical trials. In order to prioritize more effectively lead com-
pounds and to accelerate their development toward human trials,
predictive preclinical models are desired. An adenosine nucleo-
side inhibitor, NITD008, was previously shown to inhibit the
RNA-dependent RNA polymerase of DENV, presumably through
its action as a chain terminator during viral RNA replication.
NITD was shown to reduce viremia in AG129 mice (lacking
IFN-af and IFN-vy receptors) infected with DENV-2 strain
TSVO01 (26). Here, we chose NITD008 as a prototype DAA to
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establish proof of concept for the utility of humanized mice to
evaluate the efficacy of pharmacological inhibitors of DENV. Our
data show that NITD008 significantly reduces viremia in xenore-
cipients harboring components of a human immune system in-
fected with a DENV-2 patient isolate and are thus consistent with
previous observations in inbred mouse models of DENV disease.
Thus, we have provided, for the first time, proof of concept for use
of humanized mice for preclinical testing of antivirals. Human-
ized mice allow the monitoring of drug efficacy against clinical
DENV isolates in the context of human cells. This may also open
up opportunities to simultaneously assess human-specific idio-
syncratic drug toxicities, which are frequently immune mediated.
These are important differences from the AG129 model, which
relies on a highly adapted, murine-tropic DENV strain that only
replicates in severely immunocompromised mice.

In conclusion, humanized BLT mice may serve as a useful
model to study DENV infection, but additional improvements of
the xenorecipients and humanization protocols are needed to re-
capitulate faithfully DENV infection. However, humanized mice
can already be deployed for preclinical evaluation of antiviral
treatment regimens.
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