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What Is It about?

Although adult dengue has escalated in recent years globally, hematological parameters have seldomly
been systematically investigated and characterized. Retrospective laboratory data of confirmed adult
dengue patients as well as specimens of a recent dengue outbreak were examined. Sudden downward
platelet counts corresponding to a transient surge of monocytes on day 4 onward were seen. In addition,
an inverse correlation between absolute monocyte and platelet counts was observed on day 5 in severe
patients. Fluorescence-activated cell sorting (FACS) analysis of peripheral blood mononuclear cells
obtained from recent acute dengue patients and experimental investigations revealed that phagocytic
effects of innate immune cells contribute to thrombocytopenia in dengue patients.
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Abstract

Background: Dengue is one of the most important vector-borne human viral diseases glob-
ally. The kinetic changes of hematological parameters of dengue in adult Taiwanese patients
have seldomly been systematically investigated and characterized. Methodology/Principal
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Findings: Serial laboratory data of 1,015 adult patients who were diagnosed with dengue vi-
rus serotype 2 (DENV2) and 3 (DENV3) infections in southern Taiwan were retrospectively ex-
amined. Prominent parameters were verified with specimens from a 2015 dengue outbreak.
Higher absolute monocyte counts on day 5 in severe patients than mild fever subjects after
the onset of fever was seen. The absolute number of monocytes was significantly greater in
those with DENV2 than DENV3 infections in spite of subtle differences in laboratory tests.
Platelet counts were lowest and activated partial thromboplastin time was highest on day 5
in patients with severe conditions. In addition, sudden downward platelet counts correspond-
ing to a transient surge of monocytes on day 4 onward was observed. Fluorescence-activated
cell sorting analysis of peripheral blood mononuclear cells obtained from acute dengue pa-
tients and experimental investigations revealed that phagocytic effects of innate immune cells
contribute to thrombocytopenia in dengue patients. Conclusion: Innate phagocytic cells play
an essential role in low platelet counts in adult patients with dengue virus infections.

© 2017 The Author(s)
Published by S. Karger AG, Basel

Introduction

Dengue fever (DF) is one of the most common mosquito-borne human viral diseases in
the world. The disease has reemerged as a major public health problem in more than 100
countries in tropical and subtropical climate zones [1]. DF is a febrile illness caused by dengue
virus (DENV) infection, which is estimated at approximately 390 million infections annually,
resulting in 96 million symptomatic dengue cases and putting more than 500,000 at risk of
dengue hemorrhagic fever (DHF) or dengue shock syndrome (DSS) [2]. Most patients with
DENV infection manifest with a subclinical infection; however, symptomatic DENV infections
can range from a febrile DF to severe and life-threatening DHF/DSS [3].

The pathogenesis of DHF /DSS remains to be further delineated in spite of several decades
of intensive investigations. Many hypotheses have been implicated, including antibody-
mediated enhancement on viral entry and replication in Fc-bearing phagocytic cells [3], in-
dividual genetic background [4], viral strain differences [5], a cascade of cytokine storm re-
sulting from viral infection in immune cells [6], and hematological disorders [7, 8].

Despite the fact that the target cells of DENV remain in debate, reports indicate that
phagocytic cells and progenitor cells for platelets are likely candidates [9-11], and the latter
may play a role in dissemination of the virus [12]. Interestingly, preexisting antibodies acting
on bone marrow progenitor cells could facilitate entry, replication, and spread of DENV by a
process known as antibody-dependent enhancement have been reported [13]. Infected
phagocytic cells may activate other effector mechanisms to produce vasoactive cytokines that
cause endothelial cell damage resulting in transient plasma leakage in DHF [6]. Alternatively,
activated phagocytic cells can produce proinflammatory cytokines by the CLEC5A-mediated
signaling to induce DHF [14]. However, the abnormal hematological events, such as low
platelet counts and dysfunctional platelets, which reduce the adhering and healing capacity
in the blood vessel bed in infected patients, should not be ruled out for DHF development.

Thrombopathy includes platelet dysfunction and low platelet counts, which are the
salient clinical findings in dengue patients. Experimentally, there are many cells capable of
supporting DENV infections, and yet its counterparts in vivo remain to be resolved. In general,
immune cells with phagocytic capacity have been suggested to be infectable by DENV, espe-
cially cells with mannose-related receptors [15], DC-specific ICAM3-grabbing nonintegrin
molecules [16], and CLEC5A [14] on the surface. However, recent evidence suggests that
other immune cells, such as platelets and its precursor cells, megakaryocytes, are a favored
target of DENV as well [17-22]. The latter may partially explain the dysfunction of platelets
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resulting in prolonged activated partial thromboplastin time (aPTT) during the early phase
of dengue disease, and subsequent low platelet counts when the disease progresses to a
critical stage [1].

Leukopenia is common in patients with DENV infection [23] and thrombocytopenia is
one of the most salient hallmarks in dengue patients. However, the reports on laboratory data
of DF/DHF patients are predominantly from children younger than 14 years of age in dengue-
endemic regions [23, 24]. In contrast, only few studies have discussed the kinetic changes in
whole blood cells, platelets, lymphocytes, monocytes, and aPTT status in DENV-infected adult
patients.

To better understand the complicated relationship between hematological parameters
and the pathogenesis of adult dengue, we retrospectively examined the sequential laboratory
measurements of defined parameters in adult dengue patients in Taiwan. Prominent param-
eters in the retrospective findings were further verified with specimens collected from a 2015
dengue outbreak. We report here that low platelet counts, prolonged aPTT, and transient
monocytosis were observed on day 5, that NS1+ cells were most likely in CD61+CD14+ popu-
lations on day 4 onward, and that platelets upon exposure to DENV enhanced the capacity of
engulfment by monocytes, which altered the phenotypes toward macrophages or dendritic-
like cells after the phagocytosis of the DENV-activated platelets. These results suggested that
phagocytic immune cells play a critical role in restriction of viral dissemination and in throm-
bocytopenia as well as influence the development of DHF in adult Taiwanese patients with
DENV infections.

Methods

Patient Recruitment

The dengue clinical samples and human peripheral blood from healthy volunteer donors
addressed in this article were approved by the institutional review boards of Kaohsiung
Medical University Hospital (KMUH) and National Cheng Kung University with approval
protocol No. 960195 and protocol No. B-ER-104-178, respectively.

We conducted a retrospective analysis of laboratory data from adult patients diagnosed
with DENV infection between January 1998 and December 2007 at KMUH and Hsiao Kang
Municipal Hospital, both located in Kaohsiung City in southern Taiwan. DENV infection was
confirmed by the Taiwan Center for Disease Control (CDC). One or more of the following
criteria were used for diagnosis: a positive reverse transcriptase-polymerase chain reaction
for DENV RNA; positive DENV isolation; titer of dengue-specific IgM antibody greater than or
equal to 1:40 in acute phase serum as suggested by the guidelines of Taiwan CDC, which is
based upon the WHO statement; and a 4-fold increase in IgG antibody titer in convalescent-
phase serum by enzyme-linked immunosorbent assay (ELISA) [25]. DENV serotypes were
detected by real-time reverse transcriptase-polymerase chain reaction using primers
targeting the region of the capsid (C) gene after screening for all flaviviruses using a primer
set targeted to the nonstructural protein 5 coding region. Then, 4 sets of serotype-specific
primers targeting the C gene were used to differentiate the DENV serotypes of the positive
samples [26]. Primary and secondary DENV infections in acute-phase and convalescent-
phase serum samples were detected and differentiated using envelope/membrane-specific
capture IgM and IgG ELISA [26, 27]. Primary DENV infection was defined if the ratio of IgM to
IgG was greater than or equal to 1.2, and secondary DENV infection was defined if it was less
than 1.2 [27]. Patients who were younger than 16 years or who were diagnosed with DSS
were excluded owing to incomplete data and inadequate patient number. Demographic,
clinical, and laboratory data of the included patients were obtained from medical records
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beginning on the day of fever onset (defined as day 0 of the illness). Some adult patients
(14.8%) had one or more comorbid diseases that could have complicated the febrile course
during the leukopenic period; therefore, we did not define defervescence as day 0 [23]. Fever
was considered to have subsided if body temperature was less than 37.5°C. Enrolled patients
were divided into 3 groups according to disease severity, DF, DF with hemorrhage, and DHF,
for observation of trends of laboratory parameters. DHF was diagnosed using the following
WHO criteria: (1) plasma leakage syndrome with hemoconcentration (hematocrit 20% or
more above baseline), pleural effusion, or ascites; (2) fever lasting 2-7 days; (3) thrombocy-
topenia (platelet count less than 100,000 cells/mm3); and (4) hemorrhagic tendency, as
demonstrated by a positive tourniquet test or spontaneous bleeding [1]. DF with hemorrhage
was defined as DF with hemorrhagic presentation but no evidence of plasma leakage.
Secondary DENV infection was associated with a more severe disease presentation [28].
Therefore, we also analyzed the relationship betweenlaboratory dataand primary/secondary
infection status.

Data Analysis

Laboratory data are expressed as means * standard deviation (SD). Categorical data were
compared using the x? test with or without the Fisher exact test. Continuous data were
analyzed with analysis of variance (ANOVA) by SPSS 13.0 software (SPSS, Inc., Chicago, IL,
USA). The Scheffe test was used to compare groups when ANOVA revealed significant differ-
ences. A 2-tailed test with p < 0.05 was considered statistically significant.

Co-Culture of DENV-Exposed Platelets with Monocytes

Peripheral blood mononuclear cells (PBMCs) and platelets were obtained from healthy
volunteers after they gave their written informed consent. Platelets were isolated from PBMC
buffy coat by centrifugation in OptiPrep gradient as described previously [17]. CD14+ cells
(2 x 10°) were freshly isolated from the same PBMC buffy coat with magnetic beads (Miltenyi
Biotech Inc., Auburn, CA, USA) Approximately 1 x 108 platelets were infected with DENV2 at
MOI 0.3 or left uninfected, and then incubated with 2 x 10° isolated CD4+ cells. Mock and
DENV-infected cells were collected and applied to slides at different time points after
co-culture for immunofluorescent staining.

Immunohistochemistry, Inmunofluorescent Staining, and FACS Analysis

Freshly prepared blood smears from acute dengue patients were used for the study. The
antibodies used in this study were anti-CD61 antibody-conjugated with HRP (Miltenyi
Biotech), mouse anti-E monoclonal antibody (clone 4G2), anti-histone 2A antibody conju-
gated with FITC (Santa Cruz Biothechnology Inc., Santa Cruz, CA, USA), and DyLight 594-conju-
gated horse anti-mouse IgG antibody (Vector Laboratories Inc., Burlingame, CA, USA). Immu-
nohistochemical staining for the detection of platelets on the blood smear was performed by
employing the Vectastain ABC immunohistochemistry kits (Vector Laboratories) according
to the manufacturer’s instructions. Following the primary antibody staining, the stained
samples were incubated with diaminobenzidine as an enzyme substrate for peroxidase
followed by counterstaining with hematoxylin. For the dengue viral antigen and histone 2A
staining of blood smears, slides were subjected to the immunofluorescent staining approach
as previously described [10]. Images of the stained cells were captured with a Zeiss micro-
scope equipped with an Axis 5 digital camera.

FACS Flow Cytometry Assay

FACS analysis and intracellular staining was performed as previously described [29].
Briefly, after harvesting of cells, which was followed by centrifugation at 300 g for 8 min and
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Table 1. Patient demographics and other characteristics

Total DF DF with DHF p
(n=1,015) (n=579) hemorrhage (n=204) value?
(n=232)
Mean age, years 48.8+15.8 48.02+15.4 48.8+16.2 51.15%16.3 0.05°
Gender
Male 482 (47.5) 277 (47.8) 104 (44.8) 101 (49.5) 0.6
Female 533 (52.5) 302 (52.2) 128 (55.2) 103 (50.5)
GOT >200 (IU/L) 106 (10.4) 43 (7.4) 30 (12.9) 33 (16.2) 0.001
GPT >200 (IU/L) 68 (6.7) 28 (4.8) 17 (7.3) 23 (11.3) 0.006
Chronic hepatitis C 24 (2.4) 10 (1.7) 9(3.9) 5(2.5) 0.189
Chronic hepatitis B 46 (4.5) 23 (4.0) 10 (4.3) 13 (6.4) 0.36
Serotype
DENV1 14/400 (3.5) 10/239 (4.2) 4/86 (4.7) 0/75 (0) 0.141¢
DENV?2 294/400 (73.5) 178/239 (74.5) 58/86 (67.4) 58/75 (77.3)
DENV3 91/400 (22.8) 51/239 (21.3) 24/86 (27.9) 16/75 (21.3)
DENV4 1/400 (0.3) 0/239 (0) 0/86 (0) 1/75(1.3)

Primary infection ~ 177/552 (32.1)  106/314 (33.8)  42/122 (34.4) 29/116 (25.0) 0.184
Secondary infection ~ 375/552 (67.9)  208/314 (66.2)  80/122 (65.6) 87/116 (75.0)

Values are presented as n (%) unless otherwise indicated. DF, dengue fever; DHF, dengue hemorrhagic
fever; DENV, dengue virus. ? x? test. ? One-way ANOVA. ¢ Fisher exact test.

resuspension in 100 pL flow staining buffer (1% FBS and 0.1% NaN3 in PBS), desired anti-
bodies were added to each tube according to the manufacturer’s specifications and stained
on ice for 1 h with no exposure to light. Staining buffer was then added to each tube, and the
tubes were centrifuged at 300 g for 8 min to wash the excess antibodies, with this process
being repeated 3 times. Cells were then resuspended in 300 pL to 1 mL of flow staining buffer,
depending on the number of cells. Data was collected and analyzed using 2 x 2 quadrant
methods to obtain each individual subpopulation.

Generation of Heat Maps

PBMCs were stained and processed using a BD LSRFortessa™ flow cytometer (Bectin,
Dickinson and Company, Franklin Lakes, NJ, USA). FACS data were analyzed using Kaluza
software version 1.3 (Beckman Coulter, Brea, CA, USA). Microsoft Excel version 10 (Microsoft
Corporation, Redmond, WA, USA) was used to create templates compatible with the heat map
illustrator. All templates included within the expression of collected cell subsets found in each
donor were imported to Heml Heatmap Illustrator version 1.0.3.3 for generation of heat maps
(http://hemi.biocuckoo.org/). All heat map images were enhanced with additional related
information and descriptions to create a complete figure using Windows Accessories Tool -
Paint (Microsoft).

Results
Demographic of Patient Characteristics
A total of 1,015 patients who survived with acute DENV infections (male-to-female ratio,

1:1.11; mean age, 48.8 + 15.8 years) were enrolled for analysis (Table 1). We did not find any
gender differences in disease severity (p = 0.584) in DENV infections as previously reported
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Fig. 1. Kinetic changes in leukocyte (white blood cell [WBC]) count. a Dengue virus (DENV) infection caused
leukopenia with the lowest WBC count found in dengue fever (DF) patients, higher in DF patients with hem-
orrhage, and highest in dengue hemorrhagic fever (DHF) patients. b WBC counts were higher in patients with
secondary infection than primary infection on days 5-7. Two-way ANOVA with the Scheffe test was used for
statistical analysis. Asterisks designate statistical significance levels: * p < 0.05, ** p < 0.01, and *** p < 0.001.

[24]. Patients with DHF were older and more frequently had high GOT and/or GPT levels
(>200 IU/L) than DF subjects (Table 1). Most of the patients were infected with DENV2
(73.5%) followed by DENV3 (22.8%), and thus only DENV2- and DENV3-infected patients
were subjected to further analysis. The distribution of serotypes was not different among the
3 groups (i.e., patients with DF, DF with hemorrhage, and DHF), and secondary DENV infection
was not associated with the occurrence of DHF (Table 1). However, an association with the
occurrence of DHF by comparing DF with/without hemorrhage and DHF (p = 0.022) was
noticed.

Kinetics of Leukocyte Counts after Fever Onset

Detailed measurements of the daily parameters after fever onset are shown in online
supplementary Table 1 (see www.karger.com/doi/10.1159/000457785 for all online suppl.
material). The earliest day on which we could have dengue patients enrolled for the current
study was day 2 after fever onset. The kinetics for the key parameters during the febrile
period are presented as figures.

The best known change in dengue patients is the white blood cell (WBC) count; hence,
this was the first thing we looked at. The kinetics of WBC during the febrile period was lowest
on day 3 in patients with DF and on day 4 in patients with DF and hemorrhage (Fig. 1a).
However, the nadir WBC count came earlier (on day 2), and the WBC count was higher in
patients with DHF than in those with DF. Patients with DHF and those with DF and hemor-
rhage had an unusual increase in WBC count on days 5 and 6 (Fig. 1a). Leukocyte counts were
also higher on days 5-7 in patients with secondary infection than those with primary infection
(Fig. 1b). Interestingly, transient monocytosis (monocyte surge) was not found in DF patients
or those with DF with hemorrhage, even though the absolute monocyte count of DHF patients

KARGER



http://dx.doi.org/10.1159%2F000457785

“Hub

Biomed Hub 2017;2:457785 (DOL: 10.1159/000457785)

© 2017 The Author(s). Published by S. Karger AG, Basel
www.karger.com/bmh

Tsai et al.: Transient Monocytosis Subjugates Low Platelet Count in Adult Dengue

Patients

1,200 1 r
1,600 ¢
=t —e—DF = —e—Primary infection
S 1,400 -0 DF with hemorrhage g 1,000 r -5 g infecti [
S _o-DHF =] econdary infection
+ 1,200 - =
5 S 800
S 1000t 8
g g
g 800r > 600
o |— o
S 600} 5
€ € 400
1 ]
5 400} 5
o o
@ a 200
g 200 2
0 0
2 3 4 5 6 7 Day
DF, n 193 185 204 220 198 193 Primary, n 31 32 28 41 21 916
DF with Secondary,n 77 70 73 46 30 17
hemorrhage, n 102 78 110 103 105 102
DHF, n 90 83 104 97 89 90
a b
- 60
2
3 1,000 * § i —e—DF _
S -8—DENV2 = 50 -0 DF with hemorrhage
- -0-DENV3 s —O-DHF
c 3 40
2 o
S e L. ___l____ _
1 > |-
g g 30
3 <
e =Y
o g 20
€ >
) ¢ Lo ____
5 5 10f
2 2
3 8
< 0 . . . ) < 9 |
2 3 4 5 6 7 Day 2 3 4 5 6 7 Day
DENV2,n 165 128 132 76 59 40 DF, n 112 110 85 74 53 38
DENV3,n 29 32 38 38 16 18 DF with
hemorrhage, n 52 34 51 30 18 15
DHF, n 34 36 41 24 14 11
c d
60 r
—
z T T e L L L L LR T
S 50 | —e— Primary infection 30 -
— ; ; . * %
= —0— Secondary infection ,g ’s _e-DENV2 %
§ 40 b S —-O0-DENV3
R R SR S _ £ 20t
3 30f 3=
o 2=
< oo 15
Q. €0
E 20t I e e e il
[ g
5 e =)
S 10t 2 5l
2 2
<
0 . . . , 0 . . . . . )
2 3 4 5 6 7 Day 2 3 4 5 6 7  Day
Primary, n 31 32 28 41 21 16 DENV2,n 165 128 132 76 59 40
Secondary,n 77 70 73 46 30 17 DENV3,n 29 32 38 38 16 18

e

f

Fig. 2. Kinetic changes in absolute monocyte count and lymphocyte count. a The monocyte count in patients
with dengue hemorrhagic fever (DHF) surged on day 5. b In comparison to patients with primary dengue, ab-
solute monocyte count in patients with secondary infection increased on day 5, and became statistically sig-
nificant on days 6-7. Absolute monocyte count was increased to a greater extent by dengue virus type-2
(DENV2) infection than by DENV3 infection (c), while lymphocyte count was increased to a greater extent by
DENV3 than DENV?2 infection after day 6 (f). Absolute lymphocyte count increased progressively in all patient
groups (d) and showed no difference between primary and secondary dengue infections (e). Two-way ANOVA
with the Scheffe test was used for statistical analysis. The normal range of the cell counts is outlined between
the dashed lines. Asterisks designate statistical significance levels: * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Fig. 3. Kinetic changes in platelet count. Recovery from thrombocytopenia was incomplete during the first
week after onset of fever. a Dengue virus (DENV) infection caused more severe thrombocytopenia in dengue
hemorrhagic fever (DHF) patients or dengue fever (DF) patients with hemorrhage than those with DF only.
b Platelet counts were not different between primary and secondary infections. In order to avoid an interfer-
ence of the visual effect on the graph, the DF line was presented as an average instead. Two-way ANOVA with
the Scheffe test was used for statistical analysis. Asterisks designate statistical significance levels: * p < 0.05,
**p<0.01,and *** p < 0.001.

had a surge on day 5 (Fig. 2a). Moreover, the absolute monocyte count seemed to increase on
days 6 and 7 in patients with secondary infection, but not in patients with primary infection
(Fig. 2b). We also observed higher monocyte counts in DENV2 infection than in DENV3
infection, especially after day 5 (Fig. 2c). Although absolute lymphocyte count increased after
day 5 (Fig. 2d-f), there was no difference observed among the clinical groups (Fig. 2d) or
between primary and secondary infection (Fig. 2e). Nevertheless, DENV3 infection might
have induced higher lymphocyte count on days 6 and 7 (Fig. 2f).

Kinetics of Platelet Count and aPTT after Fever Onset

Platelet dysfunctions and thrombocytopenia are common in DENV-infected patients. The
platelet counts were lower in those with more severe disease (Fig. 3a). We observed the
amounts of platelets at its nadir on day 5, which appeared to be gradually recovered on day
7 after fever onset. In addition, the platelet counts were similar between primary and
secondary DENV infection in patients (Fig. 3b). Interestingly, in general, patients usually had
prolonged plasma aPTT, but aPTT was significantly longer in patients with DHF than those
with DF (Fig. 4a). Secondary DENV infection was also associated with prolonged aPTT
(Fig. 4b).

Laboratory Measurements in Dengue Patients

The levels of hemoglobin (Hb) in patients with DHF were slightly higher on day 4, but
dropped lower on day 7, compared to patients with DF and DF with hemorrhage patients,
who seemed to have little change during the febrile stage (Fig. 5a). Interestingly, we observed
that secondary DENV infection was associated with a lower Hb level after day 6 compared to
primary DENV infection (Fig. 5b). In addition, we found that Hb level was similar in DENV2-
and DENV3-infected patients during the febrile period (Fig. 5c).
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Fig. 4. Kinetic changes in activated partial thromboplastin time (aPTT) after infection. a aPTT was signifi-
cantly prolonged in patients with dengue hemorrhagic fever (DHF) after day 2 of febrile episode and peaked
on day 5. b The aPTT level in patients with secondary infection was more prolonged than that with primary
infection. Two-way-ANOVA with the Scheffe test was used for statistical analysis. Asterisks designate statis-
tical significance levels: * p < 0.05, ** p < 0.01, and *** p < 0.001.

As a whole, an intimate relationship between platelet counts and absolute monocyte
counts was observed during the period of febrile stage. The lowest level of platelets corre-
sponded to the sudden surge of monocytes on day 5 after fever onset (Fig. 6a). Coincidentally,
IL-10, an anti-inflammatory cytokine, was found to be highest on day 5 (Fig. 6b). Further
analysis of a new set of confirmed dengue specimens (see online suppl. Table 1) during a
recent dengue epidemicin Taiwan revealed thatinflammatory monocytes were seen at higher
levels during the early phase of fever and declined over time, and that the majority of acti-
vated platelets were aggregated with CD14+ monocytes (Fig. 6¢c-¢€). In contrast, fluctuating
levels of myeloid dendritic cells and plasmacytoid dendritic cells were observed (Fig. 6¢, d,
and online suppl. Fig. 1 and 2) and that these cells were less likely to be associated with acti-
vated platelets (Fig. 6e). This is in line with previous reports that activated platelets domi-
nantly aggregated with monocytes during the late febrile period [29], and DENV infections
induced the phenotype of inflammatory monocytes in PBMCs of dengue patients [30]. To
further address the observed phenomenon, an ex vivo experiment was performed.

DENV-Infected Platelets and Co-Cultured with PBMC Monocytes

It has been previously demonstrated that the platelet-monocyte aggregates (PMA) were the
most frequent event in acute dengue samples [29]. With evidence suggesting platelets can be
infected by DENV and become activated [17, 18, 31], an ex vivo study was carried out to verify
the DENV-infected platelets, which could be aggregated with monocytes directly. Platelets were
purified and infected with DENV as previously described [8]. After washing out unbound virus,
the DENV platelets were mixed with allogeneic PBMCs for the indicated times specified in the
online supplementary figure legends. DENV-PMA were observed for 10 min after being co-
cultured (Fig. 6f), while very scarce PMA were observed when uninfected platelets were
co-cultured with allomonocytes (Fig. 6g). Interestingly, the DENV-PMA were gradually inter-
nalized at 24 h (online suppl. Fig. 3a, 24 h), and the DENV-PMA were completely inside the cyto-
plasm of monocytes at 48 h after being co-cultured (online suppl. Fig. 3b, 48 h). The identification
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Fig. 5. Kinetic changes in hemoglobin (Hb). a, c Hb level did not depend on disease severity or serotype of
dengue virus (DENV) infection. b Patients with secondary infection had lower Hb levels on days 6 and 7 than
those with primary infection. Two-way ANOVA with the Scheffe test was used for statistical analysis. Aster-
isks designate statistical significance levels: * p < 0.05, ** p < 0.01, and *** p < 0.001.

of DENV-PMA was further confirmed with immunofluorescence staining with DENV-specific
3H5 monoclonal antibody (online suppl. Fig. 3¢). The fate of the monocytes was evaluated by
FACS after 48 h of co-cultivation. Two major populations of monocytes were observed, desig-
nated as G1 and G2 (online suppl. Fig. 4a). An increase of monocyte granularity was observed, as
was a shift to the size of the monocytes after the co-cultivation of DENV-platelets with monocytes
(online suppl. Fig. 4a). Surface markers, such as DC-SIGN and HLA-DR, were found to be increased
in the DENV-PMA group in both G1 and G2 populations (online suppl. Fig. 4b, c). In contrast,
downregulation of CD14 marker was noticed in the PMA group (online suppl. Fig. 5).

Discussion
Our data demonstrated that adult patients with DF had lower platelet counts, prolonged

aPTT, and transient monocytosis on day 5, the time period with the greatest risk for devel-
oping DHF [32]. One of the salient clinical features in dengue patients is abnormal hemostasis,
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for instance increased vascular permeability, thrombocytopenia, impaired platelet function,
and in some of severe conditions, disseminated intravascular coagulation, contributing to
dynamic of bleeding tendency [33]. Interestingly, although patients with DHF have plasma
leakage and bleeding tendency, subjects with thrombocytopenia and prolonged aPTT did not
inevitably have bleeding. Moreover, an acquired platelet dysfunction early in DHF patients
prior to thrombocytopenia was demonstrated by Mitrakul et al. [34] in 1977 and by Srichai-
kul et al. [35] in 1989. As such, if patients could be protected from bleeding around day 5, the
risk of developing DHF might be decreased. Plasma leakage caused hemoconcentration with
elevated Hb, but bleeding induced anemia. Not surprisingly, we found an initial modest
increase of Hb in patients with DHF. However, these effects could counteract each other and
obscure the differences in Hb change between the DHF and DF groups.

Activated platelets harboring DENV have been demonstrated to form an aggregation
with monocytes during the critical stage of illness [29], suggesting a likely role of viral
clearance and a cause of thrombocytopenia implemented by phagocytic innate immune cells
[36, 37]. Although DENV infection of monocytes/macrophages is very inefficient [10, 16, 38],
the severity of DENV infection has been linked to the number of DENV antigen-positive mono-
cytes and their increased activation [39]. A sequential cascade of events including low platelet
counts and prolonged aPTT coupled with transient monocytosis, enhancing phagocytic
activity during the course of DENV infection, may result in releasing a large amount of soluble
factors to induce DHF [3]. Therefore, the dysfunctional platelets in conjunction with tran-
siently activated monocytosis could be a key event in the pathogenesis of developing DHF
after DENV infection.

We also found that WBC kinetics is different between DHF adults and DHF children
reported previously. Nimmannitya et al. [24] showed the lowest mean WBC counts (7,000/
uL) on day 3 in 35 DHF children, while we found the nadir of the WBC count (mean 3,500/uL)
on day 2, one day earlier than in children. Additionally, the total lymphocyte count of these
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children reached its nadir on day 4 with a mean value of 4,000/pL [24], whereas our adult
patients reached the nadir on day 2, with the mean value of 2,200/uL. Hence, adult dengue
patients had more serious leukopenia than children. Furthermore, Nimmannitya et al. [24]
did not report transient monocytosis in dengue-infected children, suggesting the changes of
lymphocyte and monocyte counts might be regulated by different mechanisms during dengue
viral infections in adults and in children. These salient features could hint at an important
difference in clinical manifestations between children and adult patients.
Thrombocytopenia is a universal clinical finding in patients infected with DENV [1].
Immune-mediated destruction of platelets [40, 41], platelet consumption caused by high
levels of platelet-activating factor released from monocytes [42], direct infection by DENV
[17, 18, 31], and activated platelets phagocytosis by monocytes [29, 43, 44] have been impli-
cated. Current results have shown a decrease in platelet count on day 2 after fever onset in
all of our patients, even though the lowest count was seen on day 5 in patients with DHF. As
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Fig. 6. Platelet downward counts corresponded to a sudden upward surge of monocytes in peripheral blood
of dengue patients. Platelet and monocytes counts were performed with a standard cell counter and tabu-
lated as days after onset of fever. a The platelet count was higher at an early febrile stage and gradually de-
creased to the nadir on the 5th day of fever, and rebounded in an upward scenario, while the absolute count
of monocytes dramatically increased on day 4 and onward within the observed period. b Anti-inflammatory
cytokine IL-10. The levels of IL-10 was gradually increased and peaked on day 5, and decreased afterward.
c Profiling status of phagocytic cells in peripheral blood mononuclear cells. The antibodies utilized for the
FACS analysis and the gated strategies to differentiate the target populations were previously described [24].
Kinetically, the majority of platelet-monocyte aggregates were in the category of activated platelet-mono-
cytes. In contrast, the levels of inflammatory monocytes were higher during early fever days, and gradually
subsidized at a late period of fever. Both the levels of myeloid dendritic cells (mDC) and plasmacytoid den-
dritic cells (pDC) were very similar to that of control subjects. d Average profile of phagocytic cells in periph-
eral blood mononuclear cells. e Platelet-monocyte aggregates were significantly increased in dengue pa-
tients. Activated platelets were significantly aggregated with monocytes compared to that of myeloid den-
dritic cells and plasmacytoid dendritic cells. f, g DENV-activated platelets engulfed by monocytes.
DENV-activated platelets were co-cultured with monocytes as described in the Methods. f DENV-activated
platelets were engulfed by monocytes after 10 min of co-cultured. g Uninfected platelets were hardly seen
to be engulfed by monocytes. Red: DENV-infected platelets; green: CD14 marker; blue: DAPI nucleus staining.
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such, a hypothetical scenario can be drawn: activated platelets may be engulfed by a transient
surge of monocytes on day 5 in patients with DF, contributing to thrombocytopenia as
reported previously [42]. The prolonged aPTT is a sign of dysfunctional platelets, likely a
result of DENV infection [17, 18, 22, 31]. Hence, lack of difference in thrombocytopenia
between patients with primary and secondary infections might suggest that it is mediated by
anonadaptive immune mechanism, for example a consequence of DENV infection. In addition,
sample size difference may contribute to the observed timing for the lowest thrombocyte
count in current study being different from that of previous reports. Nimmannitya et al. [24]
showed the lowest platelet count during day 6 and day 8, with mean values over 120,000/uL
in 35 DHF children. Huang et al. [45] found that the platelet count nadir occurred on day 8,
not day 6, in 8 adults and children with DHF/DSS. Our larger adult patients had thrombocy-
topeniaatthe nadirlevels on day 5 with ameanvalue of32,000/uL. In addition, by comparison,
adult DHF patients had more serious thrombocytopenia than dengue-infected children.
Patients with DHF had both the lowest platelet count and highest aPTT on day 5, which might
render them the most likely to have bleeding episodes after day 5 [1]. However, bleeding
episodes depend on several factors, including vasculopathy, thrombocytopenia, platelet
capacity, prothrombin-complex deficiency, and dengue viral NS1 protein [46]. Experimental
ex vivo investigations revealed that platelets upon exposure to DENV enhanced the capacity
of engulfment by monocytes, which altered the phenotypes toward macrophages or dendritic-
like cells after the phagocytosis of the DENV-activated platelets. These results suggest that
phagocytic immune cells play a critical role in restriction of viral dissemination and in throm-
bocytopenia in affected dengue patients.

In summary, adult DHF patients had low platelet counts, prolonged aPTT, and a transient
monocytosis on day 5. Our results were different from reports tabulated from children with
DHF. Uniquely, our data suggest that transient monocytosis coupled with low and dysfunc-
tional platelets might enhance the cytokine storm-induced endothelial cell damage and
potentiate the plasma leakage, and thus could be a key factor in the development of DHF.
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