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Abstract: Antibodies capable of activating the complement system (CS) when bound with antigen
are referred to as “complement-fixing antibodies” and are involved in protection against Flaviviruses.
A complement-fixing antibody test has been used in the past to measure the ability of dengue
virus (DENV)-specific serum antibodies to activate the CS. As originally developed, the test is time-
consuming, cumbersome, and has limited sensitivity for DENV diagnosis. Here, we developed
and characterized a novel multiplex anti-DENV complement-fixing assay based on the Luminex
platform to quantitate serum antibodies against all four serotypes (DENV1-4) that activate the CS
based on their ability to fix the complement component 1q (Clq). The assay demonstrated good
reproducibility and showed equivalent performance to a DENV microneutralization assay that
has been used to determine DENYV serostatus. In non-human primates, antibodies produced in
response to primary DENV1-4 infection induced Clq fixation on homologous and heterologous
serotypes. Inter-serotype cross-reactivity was associated with homology of the envelope protein.
Interestingly, the antibodies produced following vaccination against Zika virus fixed C1q on DENV.
The anti-DENV complement fixing antibody assay represents an alternative approach to determine
the quality of functional antibodies produced following DENV natural infection or vaccination and
a biomarker for dengue serostatus, while providing insights about immunological cross-reactivity
among different Flaviviruses.

Keywords: Luminex; dengue virus; Clq; complement system; complement-fixing antibodies;
classical pathway

1. Introduction

Dengue virus (DENV) is a Flavivirus with four different but antigenically related
serotypes (DENV1-4) that cause a wide range of symptoms from dengue fever, a debili-
tating flu-like disease, to the more severe and sometimes lethal manifestation of dengue
hemorrhagic fever. DENV affects tropical and subtropical areas of the world where the
mosquito vector (mostly Aedes aegypti) is present. DENV exposure induces production
of IgM, IgG, and IgA immunoglobulins that target pre-membrane (prM), envelope (Env),
and other viral proteins, resulting in virus neutralization through inhibition of receptor-
mediated entry and/or host membrane fusion [1-3]. Interestingly, the potency of neutraliz-
ing antibodies against DENV and other Flaviviruses (e.g., West Nile virus) is enhanced in
the presence of proteins of the complement system (CS) [4—6], suggesting that the repertoire
of antibody functions against DENV is more complex than the antibody-viral interactions
measured in standard neutralizing antibody assays.

The CS is an arm of the innate immune system that is one of the effector mechanisms
of antibody responses [7]. Although there are three distinct pathways through which the CS
can be activated, the classical pathway (CP) is initiated by antibody-antigen complexes or
pattern recognition molecules (e.g., complement component 1q (Clq)) present in pathogen
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surfaces [8,9]. C1 complex, the first component of the CP, is composed of the subcompo-
nents Clq, Clr, and Cls, and recognizes the Fc region of the antibody—-antigen complex
via C-terminal globular head regions of Clq [8]. Fixation of C1q onto antigen—antibody
immune complexes or pathogen surfaces initiates a cascade of events including proteolytic
activation mediating downstream effects leading to deposition of various CS proteins onto
virus particles.

Antibodies capable of activating the CS when bound with antigen are referred to as
“complement-fixing antibodies”, and mainly involve the IgM class (or isotype), as well as
subclasses 1 and 3 within the IgG isotype. In the past, complement-fixing antibody assays
were used as a diagnostic tool for many Arbovirus infections, including DENV [10-13].
These assays require critical reagents that include viral antigens prepared from infected
mouse brain extracts, sheep red blood cells, and unpurified guinea pig serum which
are difficult to standardize [14]. The test is time-consuming and cumbersome requiring
long incubation times (up to 20 h) with lower performance relative to neutralization and
hemagglutination inhibition tests [13,15]. Until today, no improved method for detecting
DENV-reactive, complement-fixing antibodies has been developed.

The ability of antibodies to activate the CS has recently been associated with anti-viral
protective immunity and in the development of humoral immune response. Formation of
the membrane attack complex (C5b-9) triggered by antibody—antigen complex inactivates
enveloped viruses while deposition of C3b facilitates pathogen phagocytosis [15,16]. Addi-
tionally, C3d deposition improves antigen retention in secondary lymph organs, B-cell clone
selection, and antibody affinity maturation, while enhancing antibody production [7,17].
Thus, it is important to develop a sensitive and specific method to evaluate the ability of
antigen-specific antibodies to activate the CS.

Here we describe the characterization of a novel Luminex-based multiplex assay to
quantify serum antibodies capable of fixing C1q and activating the CS when bound to
prM/Env proteins of all DENV serotypes expressed on virus-like particles (VLPs). The
complement-fixing antibody assay demonstrated good reproducibility and linearity, as well
as high sensitivity and specificity relative to a microneutralization assay. In non-human
primates, antibodies produced in response to primary DENV1-4 infection induced CS acti-
vation against homologous and heterologous serotypes. In addition, antibodies produced
following vaccination against Zika virus (ZIKV) but not other flavivirus vaccines fixed the
CS on DENV structural proteins. The anti-DENV complement-fixing antibody assay repre-
sents an alternative approach to determine the quality of antibodies produced following
DENV natural infection or vaccination and is a possible biomarker for dengue serostatus,
while providing insights about serologic relationships among different Flaviviruses. The as-
say format also has potential application to studying complement-fixing antibodies against
other pathogens.

2. Results
2.1. Characteristics of the Anti-DENV Complement Fixing Antibody Assay

The characterization of the anti-DENV complement-fixing antibody assay, based on
Clq fixation by DENV-specific antibodies, was performed as described in Section 4. The as-
say’s limit of detection (LOD) and limit of quantitation (LLOQ) were estimated and shown
in Supplemental Tables S1-56. The assay LLOQ for all DENV serotypes was 3 EU/mL on
average (ranging from 2 (DENV4) to 4 (DENV1) EU/mL; Supplemental Figures S1 and S2
and Supplemental Tables 52-56). The assay had low background signal (as determined
using a titration curve of the negative control serum; Supplemental Figure S1) and had
good linearity, where the observed and expected complement-fixing antibody concen-
trations of the assay reference at various dilutions linearly correlated, with slopes and
95% confidence intervals close to 1 (Supplemental Figure S3). Overall, complement-fixing
antibody concentrations were comparable, independent of the run, the control sample used,
the DENV VLP, or the operator (Supplemental Figures 54-56). Coefficient of variance for
intra (same operator) and inter-experiment precision (multiple operators and days) were
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consistently below 20% and 21%, respectively, for all assay control samples and DENV
VLPs evaluated (Supplemental Figures S5 and S6).

Initially, we determined if the anti-DENV complement-fixing antibody assay based on
fixation of C1q translates to complement C3d deposition, an early marker of complement
system activation known to be involved in increased B cell responses [17,18]. A panel of
12 samples from healthy subjects who were seropositive for DENV, with a wide range
of complement-fixing antibody levels (Supplemental Figure S7A), was used to measure
C3d deposition by DENV-specific antibodies on three independent occasions using a C3d
deposition Luminex assay (see Section 4). The pattern of C3d deposition levels was similar
to complement-fixing antibody measured (Supplemental Figure S7B). Both biomarkers
were highly correlated, with a correlation coefficient (R?) and slope close to 1 irrespective
of the DENV serotype (Figure 1), suggesting that Clq fixation measured by the assay could
be used as a surrogate marker for CS activation by antigen-specific antibodies.

DENV1 DENV?2
3 R2 = 0.9936 R? = 0.9876
= Slope (95%Cl) = 0.94
Slope (95%Cl) = 0.96
(o.gps, 8.993 : (0.89, 0.98)
2-

Log C3d Deposition (EU/mL)

Log C3d Deposition (EU/mL)

0 T T 0 T T
0 1 2 3 0 1 2 3
Log C1g-Fixing Antibody (EU/mL) Log C1g-Fixing Antibody (EU/mL)
DENV3 DENV4
3
< | R?=0.9962 ~ | R*=0.98%
E Slope (95%ClI) = 0.98 £ Slope (95%Cl) = 0.97
@ (0.94, 1.00) a (0.92,1.01)
£ §7
2 2
<] (3]
a o
B 11 - 14
[l (]
(&) o
)] o
<] 5]
- |
0 T T 0 T r
0 1 2 3 0 1 2 3
Log C1qg-Fixing Antibody (EU/mL) Log C1q-Fixing Antibody (EU/mL)

Figure 1. Correlation analysis between complement-fixing antibodies based on Clq fixation and C3d
deposition mediated by dengue virus-specific antibodies. Correlation analysis was performed using
Log10-transformed Clq-fixation and C3d-deposition antibody concentrations. Correlation coefficient
(R?) and slopes with a 95% confidence interval were calculated for each DENV serotype.

2.2. Anti-DENV Complement-Fixing Antibody Luminex Assay Comparisons to a Dengue
Microneutralization and Dengue Total IgG Binding Assay

A panel of 53 samples collected from children and adults who participated in clinical
trials (Table 1), either seronegative (n = 35 or 66%) or seropositive (1 = 18 or 34%) to DENV
at baseline as determined by a validated dengue microneutralization assay (MNT5) [19,20],
was used to assess the performance of the anti-DENV complement-fixing antibody assay
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to determine dengue serostatus following natural virus exposure. Figure 2 and Table 2
depict the overall distribution and geometric mean antibody titers, respectively, of each
sample against all DENV serotypes by both assays. Geometric mean MNTs3 titers ranged
from 12 (DENV4) to 20 (DENV2; Table 2) and the complement-fixing antibody geometric
mean concentrations ranged from 4 (DENV4) to 5 EU/mL (DENV1; Table 2). When
the relationship between MNT5p and complement-fixing antibodies was investigated,
moderate (R? = 0.675 for DENV1) to high (R? = 0.902 for DENV3) correlations were observed
(Figure 3). Moreover, virus-specific total binding IgG concentration was determined in
the same sample panel (Supplemental Figure S8) and was also found to correlate with
complement-fixing antibody levels (Supplemental Figure S9).

Table 1. Demographics of participants enrolled in DEN-203 and DEN-204 clinical trials analyzed for
presence of neutralizing and complement-fixing antibodies at day 1 only (pre-vaccination).

Number of Samples per Age Groups (Years)

Study n
1-5 6-11 12-20 >20
DEN-203 37 8 12 10 7
DEN-204 16 6 8 2 0
Total 53 14 20 12 7
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Figure 2. Neutralizing and complement-fixing antibody levels against all four dengue virus serotypes in subjects living

in dengue endemic areas. Microneutralization (MNTS50) (A) [17,18] and complement-fixing (B) antibody levels were
determined from subjects participating in phase II clinical trials DEN-203 and DEN-204 before vaccination with tetravalent
live-attenuated dengue vaccine TAK-003. Horizontal lines represent the threshold (>10 for MNT50 and >3 EU/mL for
complement-fixing antibodies) from which dengue serostatus was determined. Each study participant is represented by a
unique symbol/color combination.

2.3. Sensitivity and Specificity of the Complement-Fixing Antibody Assay Compared with the
Microneutralization Assay for Each Dengue Virus (DENV) Serotype

Using MNT5 as the gold standard and the threshold complement-fixing antibody
concentration of 3 EU/mL, sensitivity of the assay ranged from 82 to 100% depending on
the serotype analyzed (Table 3). Assay specificity, on the other hand, ranged from 95%
(DENV4) to 100% (DENV2 and DENV3; Table 3). Receiver operating characteristic (ROC)
curve analysis [21] indicated that the complement-fixing antibody assay was accurate in
determining dengue serostatus relative to MNT5g with the area under the curve (AUC)
ranging from 0.917 (DENV4) to 1.000 (DENV2; Figure 4).
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Table 2. Neutralizing (MNT5q) and complement-fixing antibody levels against all four dengue virus serotypes from subjects

living in endemic areas. Minimum, maximum, geometric mean (GeoMean), and 95% confidence interval (CI) titers were

determined for both MNT53 and complement-fixing antibodies. For samples with undetectable complement-fixing antibody

levels, minimum concentrations were arbitrarily set to 2 EU/mL for all DENV serotypes. For samples with undetectable

MNT5 levels, minimum titers were arbitrarily set to 5 for all DENV serotypes.

MNT50 Titers Complement-Fixing Antibody Titers (EU/mL)
Vi
s Minimum Maximum GeoMean (95% CI) Minimum Maximum GeoMean (95% CI)
DENV1 5 20480 19 (10, 35) 2 1915 5(3,7)
DENV2 5 10919 20 (10, 40) 2 1565 43,7)
DENV3 5 5120 15 (9, 26) 2 1564 4(3,7)
DENV4 5 1442 12 (7, 20) 2 730 4(3,6)
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Figure 3. Correlation analysis between neutralizing (MNT50) and complement-fixing antibodies
against dengue virus (DENV) serotypes 1 (A), 2 (B), 3 (C) and 4 (D) in subjects living in dengue en-
demic areas. Correlation analysis was performed using Log10-transformed MNT50 and complement-
fixing antibody levels and the correlation coefficient (R?) was calculated for each DENV serotype.
Samples are color coded by DENV serostatus determined by MNT50. Blue symbols represent seroneg-
ative study participants, and red represents seropositive ones. Vertical and horizontal lines represent
MNT50 titer of 10 and complement-fixing antibody concentration of 3 EU/mL. The shaded gray
represents the confidence region for the fitted line.
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Table 3. Sensitivity and specificity of the complement-fixing antibody assay compared with the microneutralization assay
for each dengue virus (DENV) serotype.

Number of Samples

i
rses MNTs; > 10 C;;‘%ﬁ‘;f{“ Sensitivity (%)  MNTsg < 10 C:‘;‘EE/‘;‘:"L“‘ Specificity (%)
DENV1 17 14 82% 36 35 97%
DENV2 14 14 100% 39 39 100%
DENV3 16 13 81% 37 37 100%
DENV4 12 11 92% 41 39 95%
DENV1 DENV2 AUC (95%CI
100, J 1004 DENV1: 0.935 (0.844 to 1.000 )
L 80 g 80 DENV2: 1.000 (1.000 to 1.000)
£ 6ol £ 60 DENV3: 0.969 (0.899 to 1.000 )
g - % i DENV4: 0.917 (0.760 to 1.000 )
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Figure 4. Receiver operating characteristic (ROC) curve analysis to evaluate performance of the complement-fixing antibody
assay to determine dengue virus (DENV) serostatus relative to a microneutralization assay (MNT50). Samples from
baseline seropositive and seronegative subjects based on MNT50 titers >10 and <10, respectively, were used to evaluate the

performance of the complement-fixing antibody assay to evaluate DENV serostatus. Area under the curve (AUC) and a
95% confidence interval (CI) were determined for all four DENV serotypes.

2.4. Antibodies Produced after Monospecific DENV Infection Fix Complement against
Homologous and Heterologous DENV Serotype Antigens

Since the purified human C1q cross-reacts with immune-complexes containing non-
human primate antibodies, samples from non-human primates infected with each DENV
serotype were used to determine dynamics of complement-fixing antibody production
following primary infection. The results indicated that the antibody levels trended higher
against the infecting serotype, especially at day 341 (Figure 5). Antibodies produced fol-
lowing primary infection also induced complement fixation against heterologous serotypes
(Figure 5), and the levels of inter-serotype cross-reactivity could be explained by amino
acid homology of the envelope protein among all DENV serotypes (Table 4 and Figure 6).
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Figure 5. Complement-fixing antibody responses in non-human primates infected with each dengue virus (DENV) serotype.

Infecting virus serotype is shown on top of each kinetic curve. Complement-fixing antibody kinetic curves (at days 0,
69, and 341) against DENV1, DENV2, DENV3, and DENV4 are shown in blue, red, green, and purple, respectively. Each
point represents the mean and standard deviation of 4 (days 0 and 69) or 3 (day 341) animals. Concentration of 3 EU/mL is
shown as dotted line in the y-axis for reference.

Table 4. Homology of the envelope amino acid sequence of different Flaviviruses used in non-

human primate studies. Multiple envelope amino acid sequences were aligned using protein blast

(https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi; accessed on 19 May 2021) that was used to determine

pairwise protein percent identity. Protein percent identity was color coded where red and green

represent high and low similarity between proteins, respectively.

DENV1 DENV2 DENV3 DENV4 ZIKV JEV WNV YFV  TBEV

69 78 64 59 51 51 43
65 55 48 48 44
63 59 49 48 @ 42
DENV4 - 48 50 | 40 40
ZIKV - - 54 | 42 40
JEV - - - 45
WNV - - - - -
YFV - - - - -

TBEV - - - - -
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Figure 6. Sequence alignment of the envelope amino acid sequence of different Flaviviruses used
in non-human primate studies. Multiple sequence alignment using Clustal Omega program (https:
//www.ebi.ac.uk/Tools/msa/clustalo/; accessed on 19 May 2021) was used build a phylogenetic
tree representing relative homology between different flavivirus envelope proteins.

2.5. Antibodies Produced in Response to Zika Virus Exposure Fix Complement on DENV
Structural Proteins

Finally, we investigated whether antibodies produced in response to exposure to other
Flaviviruses can fix complement on DENV structural proteins. Samples collected from
Rhesus macaques pre (day 1) and post (days 57 and 169) vaccination with either yellow
fever virus (YFV), Zika virus (ZIKV), West Nile virus (WNV), Japanese encephalitis virus
(JEV), or tick-borne encephalitis virus (TBEV) vaccines or candidate vaccines were used
to determine cross-reactive anti-DENV complement-fixing antibody levels. All animals
developed an IgG response upon vaccination (Young et al., manuscript in preparation).
Most of the flavivirus vaccines either did not fix (YFV) or inconsistently fixed (WNYV,
JEV, and TBEV) complement on DENV proteins (Figure 7). Only antibodies produced in
response to ZIKV vaccination induced cross-reactive antibodies that fixed complement on
all four DENV serotypes in all time points analyzed (Figure 7), which is consistent with
envelope protein homology between ZIKV and DENV (Table 4 and Figure 6).
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Figure 7. Complement-fixing antibody responses cross-reactive to dengue virus (DENV) in non-human
primates immunized with yellow fever (YFV), Zika virus (PIZV), West Nile virus (WNV), tick-borne
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encephalitis virus (TBEV), and Japanese encephalitis virus (JEV) vaccines. Vaccine used is shown
on the right side of the kinetic curves. Complement-fixing antibody kinetic curves (at days 1, 57,
and 169) against DENV1, DENV2, DENV3, and DENV4 are shown in blue, red, green, and purple,
respectively. Each graphic represents the kinetics of complement-fixing antibody responses against
all four DENV serotypes in each animal analyzed in the study. Concentration of 3 EU/mL is shown
as dotted line for reference.

3. Discussion

We developed and characterized a novel, reliable, and easy to execute multiplex
anti-DENV complement-fixing antibody assay based on the Luminex platform. Using
functional purified human Clq and polyclonal antibodies, the assay simultaneously and
reproducibly quantifies serum antibodies against structural proteins of all four DENV
serotypes that are able to fix complement via the classical pathway. The assay format
and optimized parameters were designed to minimize direct interaction between Clq
and DENV antigens, which has been observed in other assays and can compromise the
complement-fixing antibody assay specificity [9].

Antibody-driven CS activation leads to deposition (fixation) of complement proteins,
including C3d [18], on the surface of pathogens that facilitates antigen uptake by B cells
and follicular dendritic cells (FDC) in germinal centers, mediated by complement receptor
CR2 (CD21; [22]). This interaction regulates B cell differentiation by lowering the threshold
of activation, promoting proliferation, somatic hypermutation, and class switching as
well as helping to maintain effector and memory phenotypes [7]. Thus, C3d deposition
can influence antibody production associated with B cell immunity [23]. Complement-
fixing antibodies, detected by the interaction between Clq and DENV VLP-antibody
immunocomplexes, showed high correlation with C3d deposition, indicating that the assay
readout may not only measure the ability of antibodies to fix complement, but also the
associated downstream deposition of C3d that can mediate B cell activation.

Antibodies that can activate CS have been used as a diagnostic biomarker, and more
recently implicated in protection against DENV and other Flaviviruses by facilitating neu-
tralization, inactivation, and clearance [5,24-26]. Previous complement fixation assays
have been used to characterize humoral immune responses following vaccination or
natural exposure by several Arbovirus, including chikungunya virus [27], Japanese en-
cephalitis virus (JEV; [28,29]), Zika virus (ZIKV; [12]), yellow fever virus (YFV; [11,12]),
and DENV [14,30,31]. These assays are cumbersome and require highly trained and
experienced personnel [15]. Compared with neutralizing antibody assays, traditional
complement-fixation assays have low sensitivity and therefore limited value for sero-
epidemiological studies [13,15]. Since complement activation contributes to the mechanism
of virus neutralization by antibodies [16], low assay sensitivity relative to a neutralization
assessment was somewhat unexpected. The anti-DENV complement-fixing antibody assay
characterized here demonstrated high sensitivity and specificity (high concordance) in
determining DENV serostatus relative to a microneutralization assay (MNT5p), using a
simpler and faster assay format as compared to historical complement fixation assays.
The samples used to characterize the anti-dengue virus complement-fixing antibody assay
were collected in dengue endemic areas and characterized using a validated MNT5( assay
that has been used to determine DENV serostatus in the phases II and III clinical trials
of Takeda’s attenuated tetravalent dengue vaccine candidate TAK-003 [19,20,32,33]. In
a large phase III clinical trial, TAK-003 elicited neutralizing antibody response, as deter-
mined by MNTj5, in 99.5% of seronegative individuals, indicating the assay is suitable
for evaluating vaccine-driven seroconversion [34]. The geometric mean and confidence
intervals were similar between DENV2 and DENV3 indicating an overall consistent pat-
tern between MNT5y and anti-dengue virus complement-fixing assay. However, in few
instances we observed that MNT5y maximum titers differed across different serotypes (e.g.,
DENV2 vs. DENV3; Table 2) while complement-fixing antibody levels were relatively
constant, which may reflect differences between the populations of antibodies that have
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complement-fixing and neutralizing antibody functions, as well as the intrinsic variability
of the MNT5 assay. We also observed DENV serostatus assignment discrepancies be-
tween MNT5p and complement-fixing antibody assays in a minority of samples. Lack of
complement-fixing function in samples MNT5( positive (titer >10) could be explained by
lower total binding IgG levels (<800 RU/mL). Further studies are needed to determine
qualitatively and quantitatively the antibody profile associated with complement fixation
observed in the assay.

The DENV strains used in MNT5p and complement-fixing antibody assays have
similar envelope amino acid sequences (percent identity of 97% for DENV1 and DENV3,
100% DENV2 and 99% for DENV4), making antigenic mismatch an improbable explanation
for the moderate correlation observed between the assays for DENV1, DENV2, and DENV4.
Alternatively, differences in antibody profile could potentially impact both assay outcomes.
Neutralizing antibodies detected in the MNT5( can be of any subclass/isotype with function
associated with specificity of their Fab region to neutralizing epitopes in the envelope
protein [35,36]. On the other hand, complement-fixing antibodies are mostly IgG1, IgG3,
and IgM with function associated with their Fc region that binds avidly to Clq [16]. Future
studies will dissect the antibody responses to understand the role of antibody profiling
for the detection of complement-fixing function in the assay. Altogether, as different
immunoglobulin isotypes and IgG subclasses may function differently in neutralization
and complement fixation, employing both assays may provide a more comprehensive
evaluation of the range of functional antibody responses.

Relatively high homology (66-78%) of the envelope protein leads to cross-reactivity
among the four DENV serotypes [37]. Upon primary infection, dominant neutralizing
antibody titers are produced in response to the homologous DENV serotype [38] indicating
the production of serotype-specific (TS) antibodies. Cross-reactive (CR) antibodies are also
produced following first DENV exposure which also contribute to virus neutralization,
especially following a second and subsequent infections [39-43]. We identified a positive
relationship between neutralizing and complement-fixing antibody levels in seropositive
subjects, although it was not clear whether TS and/or CR antibodies were responsible
for fixing CS on DENV proteins. Overall, we found higher complement-fixing antibody
levels against the infecting serotype consistent with the presence of TS antibodies in non-
human primates infected with each virus serotype, which are known to exhibit similar
antibody response patterns to humans [44]. However, monotypic infection also generated
antibodies that fixed CS on heterologous serotype, which indicates that CR antibodies are
also functional in activating CS. Both TS and CR antibodies fixed complement even at
341 days post infection irrespective of virus serotype, which is consistent with preliminary
analysis of persistence of this antibody effector function 1 year after TAK-003 vaccination
(Nascimento et al., manuscript in preparation). Notably, the complement-fixing response
was lower after natural infection with wild type DENV4 than other virus serotypes, possibly
due to shorter viremia duration observed in the first 2 weeks post infection (data not
shown). The complement-fixing antibody hierarchy was consistent with envelope protein
homology, suggesting that, as expected, the major surface protein is the primary target of
complement-fixing antibodies. Due to lack of prior DENV infection history from baseline
seropositive DEN-203 and DEN-204 study participants as well as the small number of
animals studied with known infection history, it was not possible to determine whether the
multiplex anti-DENV complement-fixing antibody assay could differentiate the antibody
responses to each DENV serotype. Nevertheless, the variability of the envelope protein
among DENV serotypes, as well as variability in epitope specificity of immune responses
after primary and secondary DENV infections [45] supports use of the multiplex assay
format employing antigens from all four DENV serotypes.

The emergence of ZIKV in the Americas in 2015 was followed by a transient period
of low DENV incidence from 2017 to 2018 [46,47], supporting the hypothesis that im-
munity to ZIKV is cross-protective against DENV infection [48-50]. This scenario is not
unprecedented since ZIKV and DENV prevalence has been suggested to modify clinical



Int. . Mol. Sci. 2021, 22, 12004

11 of 19

YFV infection and the natural cycle between humans and non-human primates with im-
munologic cross-protection as a possible explanation for the absence of YFV in Asia, coastal
Kenya, and the Zika forest [12]. However, the immune interaction among Flaviviruses
may be more complex than expected. A DENV2 outbreak of unprecedented magnitude
was reported in Nicaragua in 2019 and its severity was linked to previous ZIKV expo-
sure [51], yet a similar pattern was not observed in other countries heavily affected by
the outbreak [52]. The circumstances by which ZIKV immunity might confer protection
against DENV or mediate pathogenesis are not entirely clear, although rapid waning of
antibody responses may contribute to these different outcomes [53,54]. In non-human
primates immunized with different flavivirus vaccines, only the inactivated ZIKV vaccine
candidate (PIZV) elicited a consistent complement-fixing antibody response against DENV,
confirming the existence of immunological cross-reactivity between DENV and ZIKV. The
clinical impact of this cross-reactivity was not part of the study goals and, therefore, will
need further investigation. From a diagnostic perspective, immunological cross-reactivity
limits the use of the anti-dengue virus complement-fixing antibody assay to differentiate
DENYV from ZIKV immunity in areas where both viruses co-circulate. Other than transient
cross-reactivity early post-vaccination, antibodies against other flavivirus vaccines did
not induce complement-fixation onto DENV structural proteins. This suggests lack of
cross-reactivity between DENV and YFV, West Nile virus, tick-borne encephalitis virus,
or JEV complement-fixing antibodies. Additional studies are necessary to understand
kinetics of potential cross-reactivity of complement-fixing antibodies produced against
other Flaviviruses following natural infection.

In conclusion, the complement-fixing antibody assay characterized here measures
serum antibodies that fix complement on DENV structural proteins, the first step towards
CS activation via the classical pathway. The high concordance between neutralizing
antibody and complement-fixing antibody assay results indicates either assay can be used
to define baseline serostatus after natural DENV exposure. Compared with cell-based
neutralization assays, the Luminex based complement-fixing antibody assay has lower
variability, is easier and faster to perform, providing results against all DENV serotypes
in a single assay within hours instead of days. However, neither the neutralizing [55] nor
complement-fixing antibody assays targeting DENV structural protein can differentiate
DENV vs. ZIKV infection.

Complement-fixation has been shown to increase the potency of neutralizing anti-
bodies and to inhibit antibody-dependent enhancement of flavivirus infection [5,24-26].
Complement-fixing antibodies have been associated with protective immunity against
other pathogens, including Plasmodium falciparum, human immunodeficiency virus (HIV),
and influenza [56-59]. Development of a robust complement-fixing antibody assay format
will facilitate evaluation of the specificity, magnitude, and function of complement-fixing
antibodies in protective immunity against Flaviviruses and other pathogens.

4. Materials and Methods
4.1. Ethical Statement

Informed assent or consent forms, and the study protocol and its amendments were
reviewed and approved by applicable institutional review boards, independent ethics
committees, and health authorities. The clinical trials were conducted in accordance with
the Declaration of Helsinki [60], and the ICH harmonized tripartite guidelines for Good
Clinical Practice [61].

Macaques were screened for antibodies against Flaviviruses, and were negative for Her-
pes B Virus, Simian Retrovirus, Simian Immunodeficiency Virus, Simian T Lymphotropic
Virus, Mycobacterium tuberculosis, Simian Varicella Virus, Malaria, Salmonella, Shigella,
Yersinia, and internal parasites. Macaques were housed at either Wisconsin National
Primate Research Center or Inotiv. All in-life practices, including husbandry and envi-
ronmental enrichment, were approved and conducted per the Institutional Animal Care
and Use Committee protocols (protocol number G005401 approved on 27 July 2016 or
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2384-14376 approved on 8 June 2018, respectively). Animals were evaluated at least twice
daily for clinical signs following vaccinations and challenge. Cage side observations
included observation for mortality, moribundity, general health, and signs of toxicity.
Treatment with the vaccines had no effect on mortality, physical examinations, cage side
observations, body weights, or body weight changes.

4.2. Pre-Vaccination Samples from Human Clinical Trials in Dengue Endemic Areas

Pre-vaccination samples collected from participants in two phase 2 double-blind,
randomized, placebo controlled clinical trials, DEN-203 (Clinicaltrials.gov: NCT01511250)
and DEN-204 (Clinicaltrials.gov: NCT02302066), conducted in dengue endemic areas, were
used to investigate the sensitivity and specificity of the anti-dengue virus complement-
fixing antibody assay. Trial DEN-203 was conducted in Puerto Rico, Colombia, Singapore,
and Thailand to investigate safety and immunogenicity of Takeda’s live-attenuated tetrava-
lent dengue vaccine TAK-003 in pediatric and adult volunteers (aged 1.5-45 years) [19].
Trial DEN-204 was conducted in the Dominican Republic, Panama, and the Philippines, to
investigate safety and immunogenicity of TAK-003 in pediatric and adolescent participants
(2 to <18 years of age) [20]. Baseline DENV serostatus of individuals was determined
using a dengue microneutralization assay. Baseline seronegative was defined as a baseline
reciprocal neutralizing titer of <10 for all four dengue serotypes, and baseline seropositive
defined as a baseline reciprocal neutralizing titer of >10 for at least one dengue serotype.

4.3. Commercial Samples from Dengue Immune Subjects

De-identified DENV immune serum samples collected from healthy adults from
dengue-endemic areas in Colombia from 2015 to 2016 were purchased from ABO Pharma-
ceuticals. These samples were used to determine the relationship between complement-
fixing antibody response based on C1q fixation and C3d deposition.

4.4. Non-Human Primate Studies

To evaluate anti-DENV complement-fixing antibody production following primary
DENV infection with each serotype, adult male Cynomolgus macaques 5-7 years, weighing
6-9 kg of Mauritius origin, and naive to DENV (Bioculture Ltd., Senneville, Maurtitus),
were infected subcutaneously with 1 x 10° pfu/0.5 mL of either wild type DENV1 (strain
Western Pacific, NIH), DENV2 (strain New Guinea C; NIH), DENV3 (strain Sleman/78;
NIH), or DENV4 (strain 1228; CDC) on day 0. Blood samples were collected before and
after infection (days 69 and 341) and used for testing of the generation of complement-
fixing antibody. All in-life practices followed Institutional Animal Care and Use Committee
(IACUC) protocol G005269.

Anti-DENV complement fixing antibodies were also measured in blood samples col-
lected at days 1, 57, and 169 from 2-3 year-old (weighing 3-6 kg) male flavivirus naive
Indian Rhesus macaques (n = 4 per group) immunized subcutaneously with one dose (at
day 1) of 1000 international units of live-attenuated yellow fever vaccine (Stamaril®; Sanofi
Pasteur, Lyon, France; batches P3B142V and P3D781V) or two doses (at days 1 and 29) of
either 10 pg of purified inactivated Zika vaccine candidate (PIZV; batch Z46-006; Takeda),
6 AU (<460 ng) of inactivated Japanese Encephalitis virus vaccine (Ixiaro®, Valneva Scot-
land Ltd., Livingston, United Kingdom; batches JEV16G32B, JEV17A43B and JEV16H37B),
0.5 mL of inactivated West Nile virus vaccine (Innovator® ; Fort Dodge, Zoetis, Kalamazoo,
M1, USA; batch 194459A), or 1.5 ug of inactivated tick-borne encephalitis virus vaccine
(Encepur® ; GlaxoSmithKline, Bavarian Nordic, Copenhagen, Denmark; batch 190021A).
All in-life practices followed IACUC protocol 2384-14376 [62].

4.5. Coupling of VLPs Expressing Dengue Virus Structural Proteins onto Luminex
Magnetic Microspheres

All virus-like particles (VLPs) expressing DENV structural proteins were produced in
HEK293 cells and purchased from Native Antigen Company. DENV1 VLP was derived
from DENV1 strain Puerto Rico/US/BID-V853/1998 (GenBank accession No. EU482592.1).
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DENV2 VLP was derived from DENV2 strain Thailand /16681 /84 (EMBL-EBI accession
No: U87411.1). DENV3 VLP was derived from DENV3 strain Sri Lanka D3/H/IMTSSA-
SRI/2000/1266 (GenBank accession No. AY099336.1). DENV4 VLP was derived from
DENV4 strain Dominica/814669/1981 (EMBL-EBI accession No: AF326825.1).

VLPs were coupled to MagPlex® microspheres (Luminex Corporation, Austin, TX,
USA) according to the manufacturer recommendations. Briefly, microspheres were washed
with distilled water and activated in the presence of 0.1 M sodium phosphate (monoba-
sic) pH 6.2 buffer, 5 mg/mL of N-hydroxysulfosuccinimide (Sulfo-NHS; Thermo Fisher
Scientific, Rockford, IL, USA), and 5 mg/mL of 1-Ethyl-3-(3-dimethylaminopropyl) carbodi-
imide (EDC; Thermo Fisher Scientific, Rockford, IL, USA) for 20 min at room temperature
(RT; 18-24 °C). The microspheres were then washed twice with 50 mM 2-(N-(morpholino
ethanesulfonic acid (MES) buffer (Boston Bioproducts, Ashland, MA, USA) and incubated
for 2 h at RT with each VLP at 5ug per million microspheres ratio. VLP-coupled mi-
crospheres were washed and resuspended with 1% (v/v) bovine serum albumin (BSA)
solution prepared in 1X PBS from blocker bovine serum albumin (BSA) 10% (Fisher Sci-
entific, Rockford, IL, USA). VLP-coupled microspheres were counted using a cell counter,
Countess II (Invitrogen, Waltham, MA, USA), and stored at 2-8 °C in the dark until use.

4.6. Anti-DENV Complement-Fixing Antibody Luminex Assay

The anti-DENV complement-fixing antibody Luminex assay uses the Luminex mul-
tiplex platform to concomitantly quantitate antigen-specific serum antibodies against
structural proteins of all four DENV serotypes expressed on VLPs. All incubations were
carried out at room temperature (RT; 18-24 °C) on a plate shaker (Heidolph) at 600 rotations
per minute (rpm). All reagents and samples were prepared in assay buffer (1% BSA (v/v) in
1x PBS by diluting the blocker bovine serum albumin (BSA) 10% (Fisher Scientific) 10-fold
in 1x PBS solution). The assay was conducted in a 96-well black flat-bottom non-protein
binding plate (Corning, Tewksbury, MA, USA). Each plate included a serially diluted refer-
ence standard prepared in-house, a negative control serum (Bioreclamation, Westbury, NY,
USA ), and three positive (high, mid or low) control samples (ABO Pharmaceuticals, San
Diego, CA, USA), in addition to three test samples. Reference, controls, and test samples
were heat-inactivated at 56 °C for 30 min prior to serial dilution to inactivate endogenous
Clq and other serum factors that might vary in concentration among different sera and
thus introduce assay variability. As summarized in Supplemental Figure S10A, 50 uL of
each VLP-coupled microspheres at 25 microspheres/uL were combined with 50 uL of
2-fold serially diluted (from 1:2.5 through 1:320) serum samples, incubated for 1 h and
washed twice with PBS supplemented with 0.05% (v/v) tween 20 (PBS-T) using a plate
washer (BioTek, model ELx405, Winooski, VT, USA). VLP-coupled microspheres were
settled with the aid of a magnetic plate following all washing steps. The antigen-antibody
immunocomplexes were detected by adding 50 uL/well of plasma-derived purified human
C1q (Quidel, Athens, OH, USA) at 4 pg/mL and incubated for 30 min. Following two
washes with PBS-T, the microspheres fixed C1q was detected by adding 50 uL/well of a
polyclonal sheep IgG anti-human C1q (Biorad, Kidlington, United Kingdom) at 6.4 ng/mL
and incubated for 30 min. After two additional washes with PBS-T, the microspheres were
incubated with 50 uL/well of a reporter antibody anti-sheep IgG conjugated to phyco-
erythrin (Jackson Immunoresearch West Grove, PA, USA) at 10 ug/mL for 30 min. For
the final step, the microspheres were then washed twice with PBS-T, reconstituted with
100 puL/well of assay buffer, and read on a Magpix plate reader (Luminex Corporation,
Austin, TX, USA). Representative titration curves of the reference and assay controls are
shown in Supplemental Figure S10B.

Anti-dengue virus complement-fixing antibody concentrations were calculated rela-
tive to a reference standard with an assigned concentration (determined as 50% effective
concentration (EC50) against each DENV serotype) for each of the four serotypes in ef-
fective units (EU)/mL; 468 (DENV1 VLP), 345 (DENV2 VLP), 369 (DENV3 VLP), and
257 (DENV4 VLP). A 4PL non-linear regression curve of the Luminex fluorescence signal
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against a logyo-transformed serum dilution was generated from the reference standard.
The fluorescence signal of reference giving 25% of top signal was calculated and used to
interpolate the serum dilution from the reference, control, and sample curves. The ratios of
these serum dilutions of the samples and controls against the reference were then used to
calculate complement-fixing antibody concentration. Final concentrations were generated
by multiplying by any serum pre-dilution factor.

4.7. Complement C3d Deposition Luminex Assay

This assay was developed to confirm the results of the anti-DENV complement-fixing
antibody assay. Assay incubation conditions (temperature and shaking), buffer, heat
inactivation, and microsphere counting were similar to the anti-DENV complement-fixing
antibody Luminex assay, unless otherwise noted below. In total, 50 puL of VLP-coupled
microspheres were combined with 50 pL of 2-fold serially diluted (from 1:2.5 through
1:320) serum samples, incubated for 1 h and washed twice with PBS supplemented with
0.05% (v/v) tween 20 (PBS-T) using a plate washer (BioTek, model ELx405, Winooski,
VT, USA). The antigen—antibody immunocomplex was detected by adding 50 puL/well of
complement-competent human serum (Complement Technology, Tyler, TX, USA) diluted
160-fold in 1x PBS and incubating for 15 min at 37 °C. Following two washes with PBS-T,
C3d deposition on VLP-coupled microspheres by antigen-specific serum antibodies was
detected by adding 50 puL/well of mouse IgG1l monoclonal antibody anti-human C3d
(Quidel, Athens, OH, USA) at 1.25 pg/mL and incubating for 30 min. After two additional
washes with PBS-T, microspheres were incubated with 50 uL/well of a reporter antibody
anti-mouse IgG conjugated to phycoerythrin (Jackson Immunoresearch, West Grove, PA,
USA) at 10 pug/mL for 30 min. At the end, the microspheres were washed twice with PBS-T,
reconstituted with 100 uL/well of assay buffer, and read on a Magpix plate reader (Luminex
Corporation, Austin, TX, USA). Assay format and titer calculations were also similar to
those described for the anti-dengue virus complement-fixing antibody Luminex assay.

4.8. Total Binding IgG ELISA

To quantitate total binding IgG specific to DENV-1, DENV-2, DENV-3, and DENV-4,
an antigen capture ELISA was used as described elsewhere [63]. Briefly, 96-well MaxiSorp
microplates (Nunc, Roskilde, Denmark) were coated with monoclonal antibody clone 4G2
(Absolute Antibody, Boston, MA, USA) during overnight at 4 °C. Microplates were blocked
with SuperBlock T20 (Thermo Scientific, Waltham, MA, USA) for 1 h at 37 °C, washed with
1x PBS 0.1% (v/v) Tween 20 (PBS-T) and incubated with concentrated monovalent tetrava-
lent dengue vaccine (TDV)-1 (strain 16007; GenBank accession No. AAF59976.1), TDV-2
(strain 16681; Uniprot accession No. P29990.1), TDV-3 (strain 16562; Uniprot accession
No. A0OA173DS74), or TDV-4 (strain 1036; Uniprot accession No. AOA1Z1XCD1) viruses
for 1.5 h at 37 °C. The concentration of TDV antigens used in the assay was measured
indirectly by serially diluting each TDV virus against a standard concentration of anti-
DENYV serum in a modified version of the Total Binding IgG Assay. Based on the generated
sigmoidal dose-response curve, the dilution point that corresponded to an optical density
(OD) 450 value of 2.0 was established as the optimal saturating antigen concentration for
coating. Following washes with PBS-T, serially diluted serum samples were then added
to the microplate and incubated for 1 h at 37 °C. Following another washing cycle, HRP
conjugated anti-IgG secondary antibody (Abcam, Waltham, MA, USA; goat anti-human
IgG Fc preadsorbed) was added to the microplate, incubated for 1 h at 37 °C. Microplates
were washed and developed with ABTS peroxidase substrate (Seracare, Milford, MA, USA)
for 15 min at room temperature. The reaction was stopped with 1x ABTS stop solution
(Seracare Milford, MA, USA) and microplates were read at 405 nm using SpectraMax
Plus 384 microplate reader (Molecular Devices, San Jose, CA, USA). DENV-specific anti-
body level was calculated relative to a reference standard using GraphPad Prism version
7 (Graph Pad Software, Inc., San Diego, CA, USA).
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4.9. Dengue Microneutralization Assay

A dengue microneutralization assay was used to measure neutralizing antibodies
against all DENV serotypes (Powel et al., manuscript in preparation, [32]). Heat inactivated
serum and virus (the same strains used in the total binding IgG assay) were combined
and neutralization occurred overnight at 2-8 °C. Serum/virus mixture was inoculated
in triplicates on Vero cells plated on 96-well clear flat bottom tissue-culture-treated mi-
croplates (Falcon, Corning, NY, USA), incubated for 90 min at 37 °C, and overlayed with
1% (w/v) methyl cellulose in DMEM. The virus-exposed cells were then incubated at
34 °C +£2°C,5 £ 3% CO,, and fixed. Immunofoci were developed using anti-dengue anti-
body peroxidase-conjugated secondary antibody (incubated at 37 °C = 2 °C for 90-120 min)
and 2-amino-9-ethyl carbazole (Sigma, St. Louis, MO, USA). The antibody titer of each
sample was determined by counting the immunofoci in individual wells.

4.10. Anti-DENV Complement-Fixing Antibody Assay Characteristics

The limit of detection (LOD), limit of quantitation (LLOQ), linearity, and preci-
sion are described in the supplemental material. LOD and LLOQ were determined per
Quinn et al. [64].

4.11. Homology of Flavivirus Envelope Protein

Multiple sequence alignment and phylogenetic tree analysis of the envelope amino
acid sequence of DENV1 (strain Western Pacific; GenBank accession No. AAN06981.1),
DENV2 (strain New Guinea C; GenBank accession No. AAP73862.1), DENV3 (strain Sle-
man/78; GenBank accession No. AAT69740.1), or DENV4 (strain 1228; GenBank accession
No. AER00190.1), Zika virus (strain PRVABC59; GenBank accession No. AMZ03556.1),
yellow fever virus (strain Stamaril®, Sanofi Pasteur, Lyon, France; GenBank accession
No. QGN18661.1), West Nile virus (strain NY99; GenBank accession No. AAG02038.1),
Japanese encephalitis virus (strain SA 14-14-2; GenBank accession No. ARE67893.1), and
tick-borne encephalitis virus (strain K23; GenBank accession No. AAC62093.1) were
carried out using web interface for Clustal Omega and protein blast available at https:
/ /www.ebi.ac.uk/Tools/msa/clustalo/ (accessed on 19 May 2021) and https:/ /blast.ncbi.
nlm.nih.gov /Blast.cgi# (accessed on 19 May 2021), respectively. The former was used to
construct a phylogenetic tree, while the latter, to calculate protein percent identity.

4.12. Statistical Analysis

Specificity of anti-DENV complement-fixing antibodies were calculated based on the
percentage of samples with MNT5( < 10 (seronegative) that were below the threshold titer
of 3 EU/mL. On the other hand, sensitivity was calculated as the percentage of samples
with MNT5g >10 (seropositive) that were equal to or above the threshold titer of 3 EU/mL.

The receiver operating characteristic (ROC) curves were created by plotting the
true seropositive rate (defined as the rate of complement-fixing antibodies with titers
equal to or above the threshold titer of 3 EU/mL in seropositive samples (MNTsy > 10))
against the false seropositive rate (defined as complement-fixing antibody titers equal or
above the threshold titer of 3 EU/mL in samples considered seronegative (MNT5g < 10))
at various complement-fixing antibody thresholds from <3 EU/mL to approximately
1000 EU/mL. The area under the ROC was calculated as a single numerical measurement
to describe the performance of the complement-fixing antibody titers as a biomarker to
classify dengue serostatus.

Correlation analysis between complement-fixing antibody titers and microneutral-
ization titers or total binding IgG concentrations was carried out using logjo-transformed
values using JMP version 13.1.0 software (SAS Institute Inc., San Diego, CA, USA). Sam-
ples were color-coded based on DENV serostatus (blue—seronegative; red—seropositive).
Correlation analysis between complement-fixing and C3d deposition antibody concentra-
tions was carried out using logo-transformed values using GraphPad Prism version 8.1.0
(GraphPad Software, Inc., San Diego, CA, USA).
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