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Background. Micronutrients are known to modulate host immunity, and there is limited literature on this association in the
context of dengue virus infection (DENV).

Methods.
biomarkers including serum ferritin, soluble transferrin receptor, retinol-binding protein (RBP), 25-hydroxy vitamin D, folate, and

Using a nested case-control design in a surveillance program, we measured the following: anthropometry; nutritional

vitamin B ; and a panel of immune response markers. We then compared these measures across 4 illness categories: healthy control,
nonfebrile DENV, other febrile illness (OFI), and apparent DENV using multivariate polytomous logistic regression models.
Results. Among 142 participants, serum ferritin (ng/mL) was associated with apparent DENV compared to healthy controls
(odds ratio [OR], 2.66; confidence interval [CI], 1.53-4.62; P = .001), and RBP concentrations (umol/L) were associated with ap-
parent DENV (OR, 0.03; CI, 0.00-0.30; P = .003) and OFI (OR, 0.02; CL, 0.00-0.24; P = .003). In a subset of 71 participants, inter-
leukin-15 levels (median fluorescent intensity) were positively associated with apparent DENV (OR, 1.09; CI, 1.03-1.14; P = .001)

and negatively associated with nonfebrile DENV (OR, 0.89; CI, 0.80-0.99; P = .03) compared to healthy controls.

Conclusions.

After adjusting for the acute-phase response, serum ferritin and RBP concentrations were associated with ap-

parent DENV and may represent biomarkers of clinical importance in the context of dengue illness.

Keywords. dengue; micronutrients.

Dengue virus (DENV) infection affects an estimated 390
million people each year with 14% of cases occurring in the
Americas [1]. More than half of the global population lives in
tropical regions at risk for dengue transmission, and the burden
of illness is disproportionately higher for communities with
limited resources [2]. Transmission of the 4 distinct DENV
serotypes is primarily by the Aedes aegypti mosquito, and inoc-
ulation can result in a range of clinical presentations [3]. Many
DENYV infections are inapparent, either without any symptoms
(asymptomatic) or without requiring clinical care (subclinical).
The clinical hallmark of apparent or symptomatic dengue is
acute fever and is further classified by severity into categories of
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dengue without warning signs (DNWS), dengue with warning
signs (DWWS), and severe dengue (SD) [4].

Of the estimated annual cases, 96 million are clinically ap-
parent, resulting in 20 000 deaths attributable to plasma leakage,
hemorrhage, shock, and organ impairment [1]. More severe
clinical presentations and outcomes of DENV infection are in-
fluenced by prior DENV infection with a heterologous serotype
[5, 6] and by the host immune response [7]. Although a dengue
vaccine candidate Dengvaxia (CYD-TDV; Sanofi Pasteur) has
been licensed in more than 20 countries, concerns surrounding
increased risks for seronegative individuals have led to vaccine
hesitancy, defined as the delay in acceptance or refusal of vac-
cines despite availability of vaccination services [8, 9]. Given the
challenges associated with dengue vaccine administration and
no specific treatment, researchers have long sought to identify
biomarkers to predict DENV infection outcomes. The ability to
identify and modify such biomarkers may represent treatment
opportunities to prevent the progression of DENV infection
severity.

Micronutrients share an interdependent relationship with the
host immune response and infection. The acute-phase reaction
(APR) accompanying acute viral infection temporarily alters
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circulating concentrations of some nutrients, including iron
and vitamin A, which precludes accurate assessment during in-
fection [10]. These measures can be adjusted using circulating
concentrations of acute-phase proteins [11, 12]. Some micro-
nutrient deficiencies impair the host immune response and are
associated with more severe infection outcomes. Iron deficiency
impacts the function of phagocytes and the proliferation of
T-cells [13] as well the cytokine activity of all stages of path-
ogenesis [14]. In response to some viral agents, vitamin A de-
ficiency reduces phagocytic activity and impairs cell-mediated
immunity [15]. Vitamin A deficiency is also associated with in-
creased prevalence of measles, diarrheal infections, and anemia
[16, 17]. Vitamin D deficiency impairs macrophage maturation
and phagocytic response, production of proinflammatory cyto-
kines, and cell-mediated immunity [18-20]. Folate and vitamin
B,, play roles in deoxyribonucleic acid synthesis and genome
methylation, and deficiency in these nutrients affects cell-medi-
ated immunity [21, 22].

Several studies have examined the association between
malnutrition and DENV infection [23], but few have inves-
tigated micronutrients specifically [24, 25]. A systematic
review examined existing evidence for the role of micronu-
trients and summarized that limited literature, small sample
sizes, and inconsistent results constrain the ability to draw
conclusions [26]. This hypothesis-generating study seeks
to expand on available literature by examining a panel of
micronutrients in the context of DENV infection. We also
included a panel of immune response markers, because
certain soluble factors play critical roles in driving either
protective or pathologic responses [27, 28]. In a nested case-
control analysis within a surveillance program, we com-
pared nutritional and immune response markers among
individuals identified as DENV infection positive (DENV™)
cases or DENV infection negative (DENV") controls, either
presenting with or without acute fever.

METHODS

Study Population

Details from the parent study [29, 30], including partici-
pant recruitment, DENV diagnostic tests, and Institutional
Review Board approvals, are described in the Supplementary
Information. In brief, participants recruited from clinics were
defined as index cases. Additional participants, defined as
associates, were recruited by visiting the households and 4
neighboring households of randomly selected index cases. At
enrollment, trained staff collected demographic data, anthropo-
logical measurements, and venous blood samples. Stored serum
was used for biochemical analyses. In addition to approvals
from other institutions, the analyses described here were ap-
proved by the Cornell University Institutional Review Board
(protocol no. 1411005125A001).

For the nested case-control analysis, DENV" cases were
matched on age and sex with DENV™ controls. The DENV"
cases were defined by a positive quantitative polymerase chain
reaction (PCR) result. The DENV™ controls were defined as
negative based on PCR and DENV nonstructural protein 1
(NS1) antigen, immunoglobulin (Ig)M, and IgG enzyme-linked
immunosorbent assay (ELISA) results. No case was matched to
a control from the same household.

Nutritional Status

Anthropometric Measures

Anthropometric measurements, including height (m), weight
(kg), mid-upper arm circumference (MUAC, cm), and waist
circumference (cm) were collected using standardized pro-
cedures. Conventional cutoffs, according to the World Health
Organization, were used to categorize variables of stature, body
mass index (BMI), and waist circumference [31].

Micronutrient Biomarkers

Assessment of serum samples at the Human Nutritional
Chemistry Service Laboratory at Cornell University in Ithaca,
New York included iron status measuring ferritin and soluble
transferrin receptor (sTfR), vitamin A retinol-binding protein
(RBP), 25-hydroxy vitamin D (25(OH)D), folate, and vitamin
B,,. Ferritin, folate, and vitamin B, concentrations were evalu-
ated by chemiluminescence using the Immulite 2000 immuno-
assay system (Siemens Medical Solutions Diagnostics, Deerfield,
IL). The sTfR (TFC-94; Ramco Laboratories Inc., Stafford,
TX), RBP (DRB400; R&D Systems Inc., Minneapolis, MN),
and 25(OH)D concentrations (AC-57SF1; Immunodiagnostic
Systems, Boldon, UK) were measured by ELISA. Total body
iron (TBI) was calculated using the approach developed by
Cook et al [32] with concentrations of sTfR and APR-adjusted
serum ferritin:

sTfR (mg/L) x 1,000

SF (ug/L) ) - 2-3229} /0.1207

(1)

TBI (mg/kg) = — {10810 (

Immune Response Markers

Acute Phase Proteins

C-reactive protein (CRP) and alpha-1 acid glycoprotein (AGP)
were measured for ferritin and vitamin A APR-adjustment.
The CRP concentrations were evaluated by chemilumines-
cence using the Immulite 2000 immunoassay system. The AGP
concentrations were measured by colorimetric assay using the
Dimension Xpand Plus chemistry analyzer (Siemens Medical
Solutions Diagnostics).

Immune Response Biomarkers
A premixed panel of 29-target cytokines and chemokines
were measured by magnetic bead multiplex
(HCYTMAG60PMX29BK; EMD  Millipore

assay,
Corporation,
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Billerica, MA) and reported in median fluorescent inten-
sity (MFI) [33]. Measured markers are described in the
Supplementary Information.

Statistical Analyses

The study outcome was grouped into 4 illness categories based
on acute DENV infection and fever reported within the past
7 days: healthy control (DENV™ without fever); nonfebrile
dengue (DENV™ without fever); other febrile illness ([OFI]
DENV" with fever); and apparent dengue (DENV" with fever).
Primary exposures included anthropometry measurements,
micronutrient assessment, and immune response markers.

Normality was assessed for the distribution of all continuous
variables of interest. For descriptive analysis, data were pre-
sented as median and interquartile range (IQR) for continuous
variables and as percentages for categorical variables.

The non-parametric Kruskal-Wallis test was used to test for
differences in continuous exposure variables across outcome
illness categories. Multivariate analysis was performed using
polytomous logistic regression to model the outcome illness
categories with either micronutrient biomarkers (n = 142) or
immune response markers (n = 71), and odds ratios (ORs)
and confidence intervals (Cls) are reported. We used an ap-
proach based on Rothman and Greenland’s recommendations
to evaluate potential confounders [34]. In brief, variables with
a univariate P < .20 association with the outcome along with
any known or potential risk factors for the outcome were con-
sidered as potential confounders. Variables with a P < .05 were
retained in the final multivariate model. P <.05 were considered

significant. Statistical analyses were conducted using SAS 9.4
(SAS Institute, Cary, NC). The Cornell Institute for Social and
Economic Research reproduced this analysis.

RESULTS

Population Characteristics

A total of 71 confirmed cases of acute DENV infection and 71
matched controls (n = 142 individuals) were included in this
study and grouped into 4 illness categories: healthy control
(n = 57); nonfebrile dengue (n = 18); OFI (n = 14); and ap-
parent dengue (n = 53). A detailed breakdown of participants
is provided in Figure 1. Descriptive data on participant charac-
teristics for the total sample and for illness categories are pro-
vided in Table 1. There were no differences in composition by
sex in the overall sample (n = 142; males 53.5%; females 46.5%;
P = .40). Among cases of DENV infection (n = 71), there were
no differences in composition by sex (males 53.5%; females
46.5%; P = .55); however, more males presented with apparent
dengue (62.3%) and more females presented with nonfebrile
dengue (72.2%; P = .015). More of the included participants
were classified as adults >19 years (65.5%) than as children and
adolescents <19 years (34.5%; P = .0002), and the distribution
of these age groups across illness groups differed significantly
(P =.002). Larger proportions of participants with OFI (78.6%)
or apparent DENV infection (86.8%) were index cases recruited
in clinical settings, and, similarly, larger proportions of partici-
pants categorized as healthy controls (100%) or with nonfebrile
DENV infection (88.9%) were associates of index cases recruited
in households (P < .0001). Across illness categories, there were

512 individuals enrolled

300 participants lacking

v

212 participants eligible
for inclusion
72 DENV+
140 DENV—

> dengue diagnosis and available serum
volume

70 participants lacking

v

142 participants included in
nutritional analysis
71 DENV+
71 DENV-

> dengue illness categorization or not
included in case-control matching

71 participants lacking

v

71 participants included in
immune response analysis
23 DENV+
48 DENV-—

Figure 1. Selection criteria for included participants. DENV, dengue virus.

available serum volume
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Table 1. Baseline Characteristics of Study Participants Across lliness Categories

Overall

Healthy Control

Nonfebrile DENV OFI Apparent DENV

Characteristic, n (%)

n =142 Fever/DENV™ n =57 Fever/DENV*n =18 Fever’/ DENV™ n = 14 Fever’/ DENV* n =53 PValue*

Age (years)

<19 49 (34.5) 12 (21.1)
>19 93 (65.5) 45 (78.9)
Sex

Male 76 (53.5) 30 (52.6)
Female 66 (46.5) 27 (474)
Recruitment

Index Case 59 (41.5) 0(0.0)
Associate 83 (58.5) 57 (100.0)
History of DENV infection

Participant (ever) 24 (17.3) 9 (16.4)
Participant household member (within 4 weeks) 33 (23.7) 16 (28.6)
Medical History

Allergies 37 (26.2) 13 (22.8)
Hypertension 8 (5.6) 3(5.3)
Asthma 6(4.2) 2 (3.5)
Cancer 3(2.1) 2 (3.5)
Diabetes 4(2.8) 1(1.8)

3(16.7) 8 (57.1) 26 (49.1) .002
15 (83.3) 6(42.9) 27 (50.9)

5(278) 8 (57.1) 33 (62.3) .09
13(72.2) 6 (42.9) 20 (37.7)

2(1.1) 11 (78.6) 46 (86.8) <.0001
16 (88.9) 3(21.4) 7 (13.2)

3(16.7) 3(23.1) 9 (17.0) .93
6 (33.3) 2 (15.4) 9 (173) .36
4(22.2) 6(42.9) 14 (26.9) 48
3(16.7) 0(0.0) 2 (3.8) 19
1(5.6) 0(0.0) 3(.7) .86
0(0.0) 0(0.0) 1(1.9) 1.00
2 (1.1) 0(0.0) 1(1.9) .29

Abbreviations: DENV, dengue virus; OFI, other febrile illness.

?Pvalues are from Fisher's exact test for categorical data comparisons.

no significant differences in previous participant or household
member DENV infection or participant comorbidities.

Symptoms

A comparison of clinical symptoms across illness categories is pre-
sented in Table 2. More than half of participants in the OFI and
apparent DENV illness categories reported fever within the pre-
vious 7 days, headache, drowsiness, myalgia, retro-orbital pain, and
nausea; each differed significantly across illness groups (P <.0001).
Abdominal pain as well as episodes of vomiting and diarrhea were

Table 2. Reported Symptoms Across lliness Categories

also reported by more participants in the OFI and apparent DENV
categories compared to nonfebrile categories (P < .0001). Among
participants with apparent dengue, 30.2% reported rash, which
accounted for almost all instances of reported rash (P < .0001).
Symptoms of cough, rhinitis, and any instances of bleeding were
not significantly different across illness categories.

Anthropometry
Data on anthropometry for adults >19 years and children
and adolescents <19 years are presented in Tables 3 and 4,

Healthy Control Nonfebrile DENV OFlI Apparent DENV

Characteristic, n (%) Overalln = 142 Fever/DENV n =57 Fever/DENV'n =18 Fever'/ DENV n=14 Fever’/ DENV'n=53 PValue®
Fever reported within last 7 days 67 (48.9) 0(0.0) 0(0.0) 14 (100.0) 53 (100.0) <.0001
Headache 80 (56.3) 15 (26.3) 4(22.2) 13 (92.9) 48 (90.6) <.0001
Drowsiness 76 (563.5) 15 (26.3) 3(16.7) 11 (78.6) 47 (88.7) <.0001
Myalgia 68 (47.9) 8 (14.0) 4(22.2) 1 (78.6) 45 (84.9) <.0001
Retro-orbital pain 60 (42.6) 8(14.3) 2 (11.1) 8(571) 42 (79.3) <.0001
Nausea 50 (35.2) 4(70) 1(5.6) 10 (71.4) 35 (66.0) <.0001
Abdominal pain 50 (35.2) 13 (22.8) 1 (5.6) 6 (42.9) 30 (56.6) <.0001
Vomiting 25 (17.6) 1(1.8) 0(0.0) 4 (28.6) 20 (377) <.0001
Rash 17 (12.1) 1(1.8) 0(0.0) 0(0.0) 16 (30.2) <.0001
Cough 29 (20.4) 8 (14.0) 2 (11.1) 4 (28.6) 15 (28.3) .18
Diarrhea 21 (14.8) 4 (7.0) 0(0.0) 2 (14.3) 15 (28.3) .003
Rhinitis 16 (11.3) 5(8.8) 0(0.0) 4 (28.6) 7 (13.2) .07
Bleeding® 5 (3.5) 0 (0.0) 0 (0.0) 1(7.1) 4 (76) .08

Abbreviations: DENV, dengue virus; OFI, other febrile iliness.
?Pvalues are from Fisher's exact test for categorical data comparisons.
®Bleeding refers to any reported bleeding.
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Table 3. Anthropometry Across lliness Categories: Adults (>19 Years)

Overall Healthy Control Nonfebrile DENV OFI Apparent DENV

Characteristic, Median + IQR or n (%) n=093 Fever /DENV™ n =45 Fever /DENV* n =15 Fever/DENV n =6 Fever’/DENV' n =27 PValue®
Weight, kg 68.0 (59.8-78.3) 66.0 (55.9-77.2) 71.6 (64.0-85.6) 65.4 (59.8-68.0) 676 (63.4-79.3) .32
Height, cm 160.0 (155.0-166.0) 160.0 (156.0-163.5)  158.0 (156.0-161.0)  159.0 (153.0-160.0) 160.0 (154.0-169.0) .80
<150 cm 9(9.7) 5(11.1) 1(6.7) 1(16.7) 2 (74) 72
BMI, kg/m? 26.4 (23.4-29.8) 26.2 (23.6-29.8) 29.8 (24.9-33.4) 25.2 (23.2-27.2) 270 (23.1-29.7) .35
Underweight <18.5 4 (4.3) 2 (4.4) 0(0.0) 1(16.7) 1(3.7) .67
Normal 18.5 < 25 34 (36.6) 18 (40.0) 4(26.7) 2 (33.3) 10 (37.0)

Overweight 25 < 30 32 (34.4) 16 (35.6) 4(26.7) 2(33.3) 10 (37.0)

Obese >30 23 (24.7) 9(20.0) 7 (46.7) 1(16.7) 6 (22.2)

Waist circumference, cm 90.0 (82.0-98.0) 88.0 (79.5-99.0) 91.4 (81.6-101.0) 88.7 (88.0-93.0) 90.0 (83.0-98.0) .83
Increased” 54 (58.1) 26 (57.8) 12 (80.0) 3(50.0) 13 (48.1) .24
Substantially increased® 33 (35.5) 12 (26.7) 9 (60.0) 3 (50.0) 9 (33.3) .10
MUAC, cm 30.0 (27.0-32.3) 30.0 (26.6-32.5) 31.5 (275-36.0) 29.2 (26.8-31.0) 30.0 (28.0-32.0) 43

Abbreviations: BMI, body mass index; DENV, dengue virus; IQR, interquartile range; MUAC, mid-upper arm circumference; OFI, other febrile illness.

#P values from Kruskal-Wallis test for continuous comparisons; Fisher's exact test for categorical comparisons.

®Increased waist circumference was defined as >94 cm for men and >80 cm for women.

“Substantially increased waist circumference was defined as >102 cm for men and >88 cm in women.

respectively; anthropometry data were available for all 142
included study participants. The median BMI in adults was
26.4 kg/m” with an IQR between 23.4 and 29.8. More than 50%
of included adults were categorized as overweight or obese
(=25 kg/m®). Among adults and also children and adoles-
cents, there were no significant differences in weight, height,
BMI, waist circumference, or MUAC between across illness
categories (P > .05).

Micronutrient Status

Micronutrient and acute-phase protein biomarkers are de-
scribed in Tables 5 and 6; micronutrient data were available for
almost all of the 142 included participants. Serum ferritin, TBI,
and RBP concentrations were adjusted for inflammation using
the Thurnham correction factor approach described in the
Supplementary Information section [11, 12]. Table 5 summar-
izes nutrient distributions for included participants and com-
pares median nutrient concentrations across illness categories.
Iron status was assessed by serum ferritin, sTfR, and TBI. Median
serum ferritin for included participants was 96.2 pg/L (IQR,
45.5-211.0) and differed significantly across illness categories

with the highest concentrations observed among those with ap-
parent DENV infection (median 209.4 ug/L; IQR, 82.0-571.3;
P =.0002). Likewise, TBI differed across illness groups with the
highest concentration represented in the apparent DENV in-
fection category (median 12.5 mg/kg; IQR, 8.9-15.4; P = .001).
Serum RBP concentrations were lower in participants with ap-
parent DENV (median 1.0 umol/L; IQR, 0.9-1.3) compared to
healthy control (median 1.2 pumol/L; IQR, 1.1-1.8) or nonfebrile
DENV (median 1.5 pmol/L; IQR, 1.2-1.8) categories, and con-
centrations differed across illness categories (P = .0003). Serum
vitamin D (25(OH)D) differed across illness groups (P = .02)
with the lowest concentrations in the nonfebrile illness cat-
egory (median 72.8 nmol/L; IQR, 63.3-86.3) and the highest
concentrations in the apparent DENV infection category (me-
dian 87.1 nmol/L; IQR, 74.9-99.3). Acute-phase proteins CRP
(P < .0001) and AGP (P < .0001) were significantly higher in
febrile illness categories. The sTfR (P = .37), folate (P =.79), and
vitamin B12 (P = .69) concentrations were not significantly dif-
ferent across illness categories.

Polytomous logistic regression was then used to
model the outcome illness categories with nutrient and

Table 4. Anthropometry Across lliness Categories: Children And Adolescents (<19 Years)

Overall Healthy Control Nonfebrile DENV OFlI Apparent DENV
Characteristic, Median + IQR or n (%) n=49 Fever /DENV™ n =12 Fever /DENV* n =3 Fever/DENV n =8 Fever'/DENV* n =26 PValue®
Weight, kg 49.8 (41.0-59.8) 43.4 (375-52.5) 51.3 (46.0-86.0) 48.1 (40.1-60.5) 49.9 (41.0-59.8) .66
Height, cm 158.0 (150.5-164.0) 152.5(139.3-158.0) 164.0 (154.0-168.0) 158.5 (147.0-172.5)  159.5 (1562.0-164.0) .29
BMI, kg/m2 19.5 (17.4-21.3) 19.6 (16.9-21.0) 19.4 (18.2-32.0) 18.8 (17.4-20.4) 19.9 (17.4-21.7) .80
Waist circumference, cm 68.0 (64.0-75.2) 68.3 (63.5-75.7) 72.2 (64.0-100.0) 69.5 (65.0-74.1) 68.0 (62.0-75.2) 77
MUAC, cm 23.5 (22.0-26.0) 23.0 (21.0-24.8) 25.0 (23.5-30.0) 22.5 (21.5-25.5) 24.0 (22.0-27.0) 57

Abbreviations: BMI, body mass index; DENV, dengue virus; IQR, interquartile range; MUAC, mid-upper arm circumference; OFI, other febrile illness.

2P values from Kruskal-Wallis test for continuous comparisons.
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Table 5. Micronutrient Biomarkers Across lliness Categories

Healthy Control

Nonfebrile DENV OFI Apparent DENV

Characteristic, Median (IQR) n Overall

Fever/ DENV™ n =57 Fever /DENV* n =18 Fever'/DENV™ n =14 Fever'/DENV*n =53 PValue®

Ferritin (ug/L)° 141 96.2 (45.6-211.0) 72.5 (35.5-126.0)
STR (mg/L) 141 4.1(3.5-4.8) 4.0 (3.4-4.7)

TBI (mg/kg)® 140 10.0 (71-13.1) 8.7 (6.7-11.2)
Folate (ng/mL) 140 19.5 (15.4-29.5) 19.7 (16.3-28.1)
RBP (umol/L)® 141 12 (1.0-15) 1.2 (1.1-1.8)
Vitamin B, (pg/mL) 138 343.5(249.0-538.0) 3170 (248.0-486.0)
25(0H)D (nmol/L) 141 80.8 (68.0-93.0) 75.5 (63.5-86.0)
CRP (mg/L) 142 43(1.0-12.3) 2.1(0.7-4.5)
AGP (g/L) 141 0.8(0.6-1.0) 0.7 (0.6-0.8)

72.6 (40.9-144.8) 66.8 (49.4-144.7) 209.4 (82.0-571.3) .0002
4.2 (3.4-4.5) 4.1 (3.2-4.5) 4.3 (3.7-5.3) .37
9.0 (6.7-10.8) 9.2 (7.2-10.8) 12.5 (8.9-15.4) .001

19.0 (14.5-30.4) 18.5 (15.4-29.9) 20.6 (15.2-31.3) 79
1.5 (1.2-1.8) 1.1 (0.8-1.3) 1.0 (0.9-1.3) .0003

3775 (262.0-506.0)  356.0 (258.0-716.0)  343.5 (251.5-591.5) .69

72.8 (63.3-86.3) 83.1 (66.8-100.3) 87.1 (74.9-99.3) .02
2.4 (0.7-6.5) 10.0 (5.1-34.3) 10.9 (4.2-26.5) <.0001
0.7 (0.6-0.8) 1.0 (0.8-1.2) 1.0 (0.9-1.1) <.0001

Abbreviations: AGR, alpha-1 acid glycoprotein; CRF, C-reactive protein; DENV, dengue virus; IQR, interquartile range; OFI, other febrile illness; RBP retinol-binding protein; sTfR, soluble trans-

ferrin receptor; TBI, total body iron; 25(OH)D, 25-hydroxy vitamin D.
P values from Kruskal-Wallis test for continuous comparisons.

PAdjusted for acute-phase response using the Thurnham correction factor.

acute-phase protein biomarkers (n = 141) for multivariate
analysis using log-transformed variables of serum ferritin,
TBI, RBP, 25(0OH)D, CRP, and AGP. After adjusting the
model for covariates of age, sex, and BMI, ORs for serum
ferritin, RBP, and AGP with the illness category outcome
remained significant (P < .05). The results of this model
are shown in Table 6. Every unit increase of ferritin (ng/
mL) resulted in a 2.66 odds increase in apparent DENV
infection (CI, 1.53-4.62) compared to the reference illness
category: healthy control (P =.001). In contrast, lower RBP
concentrations (umol/L) were associated with febrile ill-
ness categories OFI (OR, 0.02; CI, 0.00-0.24; P = .003) and
apparent DENV (OR, 0.03; CI, 0.00-0.30; P = .003) com-
pared to the healthy control reference group. Increased
concentrations of AGP (g/L) were associated with in-
creased odds for febrile illness categories OFI (OR, 1.95;
CI, 1.44-2.65; P < .0001) and apparent DENV (OR, 1.81;
CI, 1.42-2.30; P < .0001) compared to the healthy control
reference group.

Immune Response Markers

Cytokine and chemokine biomarkers are described in Figure
2 and Table 7; data were available for 71 of the 142 included
participants. The 71 participants with available data were sim-
ilarly grouped by illness category: healthy control (n = 44);
nonfebrile dengue (n = 12); OFI (n = 4); and apparent dengue
(n = 11). Among the 29-panel biomarker assay, levels of 17
markers differed significantly across illness categories (P < .05)
(Supplementary Table 1). In pairwise comparisons, levels of 15
markers differed significantly between apparent DENV and
nonfebrile DENV infection categories (P < .05) (Figure 2).

In a multivariate analysis using polytomous logistic regres-
sion to model the outcome illness categories with immune re-
sponse biomarkers (n = 71), only interleukin (IL)-15 remained
in the model. The model was adjusted for covariates of age, sex,
and BMI (Table 7). Compared to the reference group of healthy
controls, every unit increase of IL-15 resulted in a 9% increase
in odds of apparent DENV (CI, 3%-14%; P = .001) and an 11%
decrease in odds of nonfebrile DENV (CI, 1%-20%; P = .03).

Table 6. Multivariate Estimates of Micronutrients With lliness Category

Overall Healthy Control Nonfebrile DENV OFI Apparent DENV
Fever /DENV~™ Fever /DENV* Fever/DENV~ Fever/DENV*
n=141 n=57 n=18 n=14 n =53
Exposure Variables ~ Wald x> PValue® OR (95% Cl) PValue® OR (95% Cl) PValue® OR (95% Cl) PValue®
Ferritin (ng/mL)° 12.51 .006 Reference 1.40 (.75-2.62) <3 1.72 (0.83-3.57) 14 2.66 (1.53-4.62) .0006
RBP (umol/L)® 13.04 .005 Reference 2.74 (.49-15.40) .25 0.02 (0.00-0.24) .003 0.03 (.00-.30) .003
AGP (g/L)d 26.00 <.0001 Reference 0.99 (.79-1.24) .92 1.95 (1.44-2.65) <.0001 1.81 (1.42-2.30) <.0001

Abbreviations: AGP, alpha-1 acid glycoprotein; Cl, confidence interval; DENV, dengue virus; OFI, other febrile illness; OR, odds ratio; RBF, retinol-binding protein.

#P values obtained using a Wald XZ tests for independence.

°P values obtained from polytomous logistic regression, Type 3 analysis of effects. Each illness category compared to”healthy control” as the reference group. Model is adjusted for age,

sex, and body mass index.
°Adjusted for acute-phase response using the Thurnham correction factor.
YAGP modeled as value per 0.1 g/L.
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Figure 2. Immune response marker levels across illness categories. AD, Apparent DENV; DENV, Dengue virus; EGFR, epidermal growth factor receptor; G-CSF, granulocyte
colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; HC, Healthy control; IFN, interferon; IL, interleukin; IP, interferon-inducible protein;
MCP, monocyte chemoattractant protein; MIP, macrophage-inflammatory protein; NFD, Nonfebrile DENV; OFI, Other febrile illness; TNF, tumor necrosis factor; VEGF, vascular
endothelial growth factor.

Table 7. Multivariate Estimates of Inmune Response Markers With lliness Category

Overall Healthy Control Nonfebrile DENV OFlI Apparent DENV
Fever /DENV~ Fever /DENV* Fevert/DENV~ Fever*/DENV*
n=71 n=44 n=12 n=4 n="11
Exposure Variables ~ Wald x> PValue® OR (95% Cl) PValue® OR (95% ClI) PValue® OR (95% Cl) PValue®
115 (MFI) 15.66 .001 Reference 0.89 (.80-.99) .03 1.01 (.95-1.08) 69 1.09 (1.03-1.14) .001

Abbreviations: Cl, confidence interval; DENV, dengue virus; IL, interleukin; MFI, median fluorescence intensity; OFI, other febrile illness; OR, odds ratio.
?Pvalues obtained using a Wald xz tests for independence.

°P values obtained from polytomous logistic regression, Type 3 analysis of effects. Each illness category compared to “healthy control” as the reference group. Model is adjusted for age,
sex, and body mass index.
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DISCUSSION

In a nested case-control analysis, we assessed nutritional status
and immune response markers among participants grouped in
categories of healthy control, nonfebrile DENV infection, OFI,
and apparent DENV infection. Concentrations of serum ferritin
and TBI differed across categories and were highest in the ap-
parent DENV group. Vitamin A (RBP) and vitamin D (25(OH)
D) concentrations also differed significantly across illness
groups. As expected, many of the immune response markers,
measured in 71 of the 142 participants, were elevated in the ap-
parent DENV group. In multivariate models adjusting for age,
sex, and BMI, micronutrient concentrations for ferritin and
RBP were significantly associated with increased odds for ap-
parent DENV infection, when compared to the healthy control
group. Elevated levels of IL-15 were associated with apparent
DENV and appeared to preclude nonfebrile DENV when com-
pared to the healthy control group.

A recent systematic review summarizing research on relation-
ships between micronutrient biomarkers and DENV infection mo-
tivated the present study. We applied APR adjustments to offer a
more accurate interpretation of the associations between nutrient
biomarkers and DENV regardless of infection stage. Another
strength of the present study includes access to participants with
nonclinical DENV infection, recruited as associates from sur-
rounding households of clinical index cases. Cases of nonfebrile vi-
remic DENV infection are challenging to capture, and this unique
recruitment strategy allowed for biomarker comparisons between
both DENV infection and febrile illness categories.

Elevated serum ferritin or hyperferritinemia has been de-
scribed with regard to several Flaviviridae family viral infec-
tions including hepatitis C [35], West Nile encephalitis [36],
and DENV. Studies have demonstrated that elevated serum
ferritin is associated with dengue infection, either relating to
increased severity [25] or in comparison to OFI or healthy con-
trols [37-39]. One possible explanation points to macrophage
cells. Monocytes and macrophages are among the target cells
for DENV infection in vivo, and macrophages play a key role
in regulating ferritin storage and secretion [40]. Dengue virus
infection and activation of macrophages may increase ferritin
production, resulting in hyperferritinemia [38, 39]. Given
these associations, researchers have proposed using serum fer-
ritin cutoffs as a clinical diagnostic tool for dengue infection
or severity, but none has applied APR adjustments for ferritin
concentrations. After APR adjustment, our results demon-
strate that serum ferritin concentrations were highest in the ap-
parent DENV group. Therefore, serum ferritin may represent
an important clinical marker for dengue severity; however, APR
adjustment should be taken into account when determining de-
cisive serum ferritin cutofs.

There is limited evidence investigating relationships between
vitamin A and DENV infection [26]. One study concluded that
unadjusted vitamin A retinol and PB-carotene concentrations

were lower in individuals with acute DENV infection com-
pared to the same individuals 7 days after hospital discharge
or healthy controls [41], which is likely explained by the APR.
After APR adjustment, RBP concentrations in the present
study differed significantly across illness categories and were
lower in apparent DENV compared to nonfebrile DENV (pair-
wise data not shown). With demonstrated roles in innate and
adaptive immune function, vitamin A may also provide spe-
cific antiviral support at the transcriptional level via regulation
of genes expressing viral sensing receptors, type I interferons,
and proinflammatory cytokines [42, 43]. Low vitamin A con-
centration or deficient status may impair the immune response
to DENV infection and contribute to more severe illness out-
comes. Specifically, reduced vitamin A can interfere with den-
dritic cell differentiation, T-cell function, and secretion of key
cytokines involved in DENV immunity [42, 44, 45]. However,
further investigation with estimated vitamin A status before
infection would appropriately demonstrate any influence of vi-
tamin A status on DENV infection outcomes. In addition, it is
worth noting that the results of vitamin A supplementation in
the context of infection have often been mixed [46].

In a subset of 71 included participants, several of the 29
measured cytokine and chemokine marker levels (MFI) dif-
fered significantly across illness groups with the highest levels
observed in cases of apparent DENV. Although many immune
response markers have been described in an effort to distin-
guish SD and DWWS from DNWS, few studies have focused
on markers that distinguish apparent DENV infection from
inapparent or subclinical DENV infection. In a study of 85
DENV-infected Cambodian children, markers of IL-6, IL-8,
IL-15, macrophage-inflammatory protein (MIP)-1a, MIP-1p,
and tumor necrosis factor-a were not significantly different
in those with clinical dengue compared with asymptomatic
dengue [47]. In a separate study that collected blood samples
from Thai children before and during natural DENV infection,
baseline peripheral blood mononuclear cells (PBMCs) were
stimulated with DENV, and resulting cytokine production was
compared with corresponding clinical illness. Interleukin-6,
IL-15, and monocyte chemoattractant protein-1 were signif-
icantly higher from PBMCs of those who developed sympto-
matic DENV infection compared with asymptomatic DENV
infection [48]. The present study showed that compared to the
healthy control category, higher levels of IL-15 were associated
with apparent DENV, and lower levels were associated with
nonfebrile DENYV, contributing to existing evidence that IL-15
may be part of a “pathologic” immune profile. Interleukin-15
has been associated with natural killer cell expansion in DENV
infection, which is linked to both cytolytic activity and tissue
damage [49, 50].

This study has several limitations. The assessment of DENV
infection and micronutrient concentrations at a single time
point precludes interpretations of temporal associations and
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causation. We cannot infer to what degree DENV affects circu-
lating nutrients or nutrient deficiencies impact DENV immu-
nity. The burden of apparent dengue illness is typically borne
by children younger than 15 years experiencing primary or
secondary heterotypic infection; however, given the recruit-
ment study design, the sample may not be representative of the
general population. Clinical assessment of dengue severity be-
tween DNWS, DWWS, and SD is determined using a combi-
nation of clinical signs and biomarkers. With many associate
participants recruited from communities, clinical laboratory
biomarkers were unavailable for all participants, which pre-
vented further dengue illness classification beyond apparent
and nonfebrile. The nutritional analysis also would have been
more comprehensive if measures for hemoglobin were avail-
able. Without hemoglobin, we were unable to fully examine the
burden and etiology of anemia in this population. Furthermore,
immune response marker measurements for all included par-
ticipants (n = 142), constrained by available sample volume,
would have allowed for analysis of associations between nu-
trient biomarkers and the immune response with respect to ill-
ness categories.

CONCLUSIONS

This analysis from a cohort in coastal Ecuador provides a com-
prehensive investigation of the role of nutrition in the context
of DENV infection. Our results suggest that the biomarkers
serum ferritin, vitamin A (RBP), and IL-15 are associated with
apparent DENYV, yet not with nonfebrile DENV, and may play
a role in the immunopathology of dengue illness. Identifying
biomarkers that can help diagnose and/or predict dengue ill-
ness severity offers the potential for prevention and treatment
options. Future prospective studies ought to measure concen-
tration kinetics of these biomarkers over the course of DENV
infection, or at least during acute and convalescent time points,
to fully evaluate directional relationships between micronu-
trients and DENV.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.

Supplementary Table 1. Immune response marker levels
across illness categories.

Supplementary Table 2. Thurnham correction factors.
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