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SUMMARY

Dengue is a major public health threat. There are four dengue virus (DENV) serotypes; therefore, efforts are
focused on developing safe and effective tetravalent DENV vaccines.While neutralizing antibodies contribute
to protective immunity, there are still important gaps in understanding of immune responses elicited by
dengue infection and vaccination. To that end, here, we develop a computational modeling framework based
on the concept of antibody-virus neutralization ngerprints in order to characterize samples from clinical
studies of TAK-003, a tetravalent vaccine candidate currently in phase 3 trials. Our results suggest a similarity
of neutralizing antibody specicities in baseline-seronegative individuals. In contrast, amplication of pre-ex-
isting neutralizing antibody specicities is predicted for baseline-seropositive individuals, thus quantifying
the role of immunologic imprinting in driving antibody responses to DENV vaccines. The neutralization nger-
printing analysis framework presented here can contribute to understanding dengue immune correlates of
protection and help guide further vaccine development and optimization.

INTRODUCTION

Dengue viral infection is a serious global health threat, with an

estimated hundreds of millions of cases every year worldwide,

caused by four different dengue virus (DENV) serotypes.1–3

Although an initial infection with one serotype can induce protec-

tive immunity against subsequent infections of the same sero-

type, prior infection also can lead to antibody-dependent

enhancement (ADE) upon infection with a different serotype,

which can increase the likelihood of higher disease severity.4,5

Hence, tetravalent vaccine formulations that include representa-

tive strains from each serotype are a major target for pre-clinical

and clinical development.6,7 While the tetravalent Dengvaxia

vaccine6,8–10 is already approved for use in certain geographic

regions,11–14 no vaccine has been shown to offer complete pro-

tection against all four DENV serotypes.10 Another vaccine

candidate, TAK-003, which is currently being evaluated in a

phase 3 clinical trial (ClinicalTrials.gov: NCT02747927), com-

prises an attenuated DENV-2 and three recombinant viruses

containing the structural pre-membrane (prM) and the viral enve-

lope (E) proteins of DENV-1, -3, and -4 cloned into the attenuated

DENV-2 backbone.15 TAK-003 demonstrated efcacy against

symptomatic dengue in both baseline-seronegative and

-seropositive populations for 3 years post-vaccination.15,16

TAK-003 elicits type-specic and cross-reactive antibodies in

baseline-seronegative vaccine recipients.17,18 However, little is

currently understood about how immune responses to prior

infection may affect (imprint on) the prole of antibodies elicited

to subsequent vaccination. Neutralizing antibody titers are

generally higher in baseline-seropositive individuals who experi-

enced DENV infection prior to TAK-003 vaccination compared

with baseline-seronegative individuals who do not have DENV-

specic neutralizing antibodies at the time of vaccination.15

However, studying the specicity of neutralizing antibodies after

vaccination of baseline-seropositive individuals is complex.

These results highlight the ability of prior infection to serve as

an immunologically priming stimulus for DENV-specic antibody

responses to a multivalent vaccine.
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Characterizing the collective specicities that comprise poly-

clonal antibodies is a complex process due to the large diversity

of antibody epitopes and phenotypes in response to infection or

vaccination for a given pathogen. To that end, previously, we had

developed a computationally driven approach, designated

neutralization ngerprinting (NFP), for deconvoluting polyclonal

antibody specicities in the context of HIV-1 infection through

mathematical analysis of antibody-virus neutralization data.19 In

essence, theNFPalgorithm compares a polyclonal neutralization

pattern over a set of diverse HIV-1 strains with the corresponding

patterns for broadly neutralizing reference antibodies to predict

the overall prevalence of each of these reference specicities in

the given sample.19–21 Due to the similarly high antigen sequence

diversity for bothHIV-1 andDENV, we set out to develop a similar

NFP approach for DENV. Application of this approach to clinical

samples from TAK-003 suggested that immunologic imprinting

plays an important role in dening the types of antibodies elicited

to vaccination. Overall, the NFP platform developed here for

DENV can be of general utility for deconvoluting the antibody

specicities in polyclonal responses to sequential dengue infec-

tions and to multivalent vaccines, such as TAK-003.

RESULTS

Neutralizationngerprints ofDENV-specicmonoclonal
antibodies
To interrogate the patterns of virus neutralization by monoclonal

antibodies, we selected a set of 18 monoclonal antibodies with

known antigen specicities and tested their ability to neutralize

25 representative virus strains, including strains from all four

DENV serotypes (Figure 1A; Table S1). Several diverse antibody

neutralization patterns, or ngerprints, were observed, including

antibodies that recognized only one of the four DENV serotypes,

as well as cross-reactive antibodies that neutralized strains from

all four serotypes (Figure 1A). In the case of HIV-1, the neutraliza-

tion ngerprints of antibodies targeting similar epitopes on the

virus had high correlations, whereas the correlations for the

ngerprints of antibodies targeting different epitopes were

generally low.19 In the case of DENV, however, this pattern of

correlations is challenged by the existence of DENV serotypes

and serotype-specic antibodies (Figure 1B). For example,

DENV-1-specic antibodies would have the same large number

of resistant strains (other than DENV-1), resulting in a high corre-

lation of the DENV-1-specic antibody ngerprints, regardless of

any differences in epitopes. Indeed, within our neutralization

data, the ngerprints for DENV-1-specic monoclonal anti-

bodies 1F4 and 4L5 exhibited a high correlation (0.92) despite

differences in epitope (Figure 1B). To address this challenge, in

addition to considering epitopes, DENV serotype specicity

was included as a criterion for grouping antibodies by neutraliza-

tion ngerprints, resulting in 7 antibody groups, including 4 type-

specic groups (1F4/4L5-like, 2D22/3F9-like, 5J7-like, and 126/

131-like) as well as 3 cross-reactive groups (C10-like, FL-like,

and 2M2-like), which describe specic epitopes or domains (Fig-

ure 1C). Antibody 1L12 appeared to be an outlier and was

excluded from further analysis. While it is believed to be a

DENV-2-specic antibody,22 the neutralization analysis sug-

gested broad cross-reactivity, with neutralization for non-

DENV-2 dengue variants being low potency and therefore less

robust/reliable. Hence, the nal dataset contained 17 DENV

monoclonal antibodies clustered into 7 antibody groups (Fig-

ure 1C). As expected, the correlations of the neutralization n-

gerprints for antibodies within the same group were signicantly

higher (p < 0.0001, t test) than correlations between antibodies

from different groups (Figure 1D), conrming the ability to

discriminate between the 7 antibody groups based on neutrali-

zation ngerprints.

Computational selection of an optimized virus panel for
polyclonal neutralization analysis
Since the initial 25-virus panel was not selected based on

specic metrics other than ensuring the presence of diverse

strains from the four DENV serotypes, we next sought to opti-

mize the composition of the virus panel, similar to our prior

work with HIV-1.21 These efforts aimed to identify subsets of

the original 25-virus panel associated with improved prediction

accuracy for delineating the antibody specicities in polyclonal

samples from DENV vaccine studies. To evaluate the prediction

accuracy of candidate virus panels, we simulated the polyclonal

‘‘serum’’ neutralization by combinations of pairs of antibodies,

each from a different antibody group. To that end, we generated

a set of 2,100 simulated polyclonal sera (Figure S1A) to assess

how well the NFP algorithm can predict the known antibody

composition in the set of simulated sera for each candidate virus

panel. The prediction accuracy of a given virus panel was

measured as the average serum delineation error among all

simulated sera, with lower values corresponding to greater accu-

racy. All possible panel sizes of 18–22 viruses were evaluated,

with several panels of different sizes showing improved predic-

tion accuracy compared with the full 25-virus panel (Figures 2A

and 2B). These virus panels were evaluated further on an inde-

pendent set of simulated sera that included 4-antibody combina-

tions from the 4 DENV-type-specic antibody groups (Fig-

ure S1B). These 4-antibody simulated sera aimed at

addressing the question of whether the NFP algorithm can

successfully identify polyclonal neutralization breadth as a

Figure 1. mAb neutralization data and specicity groups

(A) Antibody-virus neutralization matrix. Shown are the neutralization IC50 values for 18 antibodies against 25 DENV strains. The color scale is green (low)-yellow-

red (high) neutralization; IC50 values greater than 100 mg/mL are shown in white. Boxes delineate antibody specicity groups, as outlined in (C). The last two

columns show the neutralization breadth (number and percentage of viruses, respectively) for each antibody.

(B) Antibody-antibody neutralization correlation matrix. Spearman correlations were computed for the neutralization ngerprints for each pair of antibodies

(range: blue (1)-white (0)-red (+1)).

(C) Grouping of DENV antibodies based on two criteria: serotype specicities (1F4/4L5-, 2D22/3F9-, 5J7- or 126/131-like) and cross-reactive specicities (C10-,

FL-, or 2M2-like).

(D) Antibody-antibody correlation values within antibody specicity groups (left) and between groups (right). Bars represent mean ± SEM.
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Figure 2. Establishment of neutralization ngerprinting framework: Virus panel optimization

(A) Scatterplot (left panel) and distribution (right panel) of average serum delineation errors for the simulated sera with 2-antibody combinations for virus panels of

different sizes; highlighted are the full 25-strain panel and the selected 20-strain virus panel P33700. Bars represent mean ± SEM.

(B) Bar graphs of true positives (red) and false positives (blue) for the 25-strain (left) and selected 20-strain (right) panel against simulated sera with 4-antibody

combinations.

(C) Bar graphs for the antibody group-wise true positives (red) and false positives (blue) for the 25-strain (left) and selected 20-strain (right) panel against simulated

sera with 4-antibody combinations.

(D) (Left) Strain names in the selected panel from each DENV serotype are shown. (Right) The selected strains are highlighted with DENV serotype-specic colors

in the phylogenetic tree of the full 25-strains.
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combination of multiple type-specic, but not broadly neutral-

izing, monoclonal antibodies, as opposed to a single broadly

neutralizing cross-reactive monoclonal antibody. Based on this

analysis, the 20-strain virus panel P33700 was selected for NFP.

Comparison of NFP prediction accuracy between virus
panel P33700 and the full 25-virus panel
Severalmetricswerevisualized tocompare theNFPpredictionac-

curacy between the selected 20-virus panel P33700 and the full

25-virus panel (Figures 2 and S1). For the 2-antibody simulated

sera, the average serum delineation error was 0.1143 for the

25-strain panel and 0.1180 for the P33700 panel (Figure 2A). The

two panels had similar true-positive rates, with both panels being

able to identify at least one of the two specicities for virtually all

simulated sera (Figure S1C). P33700 identied both component

antibody specicities in a marginally larger fraction of simulated

sera, although both panels could identify two specicities in

�60% of sera (Figure S1C). A more substantial improvement

was observed with the false-positive rates, with P33700 resulting

in �50% fewer false-positive results than the full 25-virus panel

(Figure S1C). Together, these data suggest that the improved

accuracy of P33700 compared with the 25-virus panel on the

2-antibodysimulated sera resultedprimarily froman improvement

in false-positive rates, leading to better serum delineation errors.

Notable differences in the accuracy of the two virus panelswere

observed for the 4-antibody simulated sera (Figure 2B). While in

bothcases,at leastonespecicitywas identiedcorrectly for virtu-

ally all simulated sera, the P33700 20-virus panel correctly identi-

ed twoormorespecicities in48%ofsimulatedsera, an improve-

ment of �12% compared with the 25-strain panel. Of note, there

was a more than 10-fold improvement in the false-positive rates

for panel P33700, resulting in a false-positive rate of �4%,

comparedwith�45%for the full 25-viruspanel (Figure2B). Tobet-

ter understand the improvements in prediction accuracy for panel

P33700,wecompared the true- and false-positive rates for eachof

the different antibody groups for the 4-antibody simulated sera

(Figure 2C).While the true-positive rate for 1F4/4L5-like antibodies

was lower for P33700, the overall true-positive rate improvement

was driven by large improvements for 2D22/3F9- and 5J7-like

true-positive rates. The substantially decreased false-positive

results could explain the difference in false-positive rates between

the two panels for C10-like and FL-like antibodies (Figure 2C).

Together, these results suggested that the P33700 panel more

accurately deconvoluted polyclonal from monoclonal neutraliza-

tionbreadth and that it isbetter suited for application toDENVanti-

body response characterization that aims to discriminate between

type-specic and cross-reactive antibodies. Based on these data,

the 20-virus panel P33700, comprised of 6 strains from dengue

serotype 1, 5 from dengue serotype 2, 5 from dengue serotype

3, and4 fromdengue serotype4 (Figure2D),was selected for eval-

uating polyclonal antibody responses to the TAK-003 vaccine.

Neutralizing antibodies elicited to TAK-003 vaccination
in baseline-negative versus baseline-positive
individuals
To evaluate the applicability of the NFP algorithm to human poly-

clonal sera, we assessed serum neutralization on the P33700

panel for a set of 20 donors vaccinated with TAK-003 (Figure 3A).

Cohort 1 included samples of 10 baseline-seronegative donors

at 30 days post-vaccination with TAK-003; we will refer to this

group of samples as N30. In contrast, cohort 2 included 10 base-

line-seropositive donors with prior DENV infection, sampled pre-

vaccination (P0) and 30 days post-vaccination (P30). To evaluate

the differences between the three groups of samples, the geo-

metric mean of the neutralization ID50 for all viruses from a given

DENV serotype was computed for each serum sample (Fig-

ure 3B). In the N30 group, neutralization against DENV-2- strains

was the strongest, although neutralization against all dengue

types was generally observed. This nding is consistent with

phase 3 trial results demonstrating that TAK-003 elicits a high

rate of tetravalent neutralizing antibodies in donors without prior

infection.15 In the P0 group, neutralization titers were observed

for all DENV types (Figure 3B). The P0 neutralization titers estab-

lish baseline (pre-vaccination) neutralization potencies that can

be compared with the neutralization titers post-vaccination in

the P30 group. In P30, increased overall neutralization was

observed for all DENV types compared with P0, suggesting

that TAK-003 boosted neutralizing antibody responses elicited

by prior infection with all DENV serotypes (Figure 3B). To quantify

the neutralization differences between the three sets of samples,

statistical signicance was evaluated using the geometric mean

of ID50 values (Figure 3C). As P0 and P30 are donor matched,

non-parametric, paired correlation analysis was performed,

whereas non-parametric, non-paired analysis was performed

for the comparisons involving N30. When comparing N30 versus

P0, signicant differences were not observed for DENV type 1, 3,

or 4. However, a signicant difference was observed for DENV

type 2, indicating a stronger DENV type 2 response to vaccina-

tion compared with prior infection, although these results may

be, at least in part, impacted by differences in the interval

between infection and blood sampling versus vaccination and

sampling. When comparing N30 with P30, signicance was

observed for neutralization of both DENV-1 and -3, indicating

that prior infection serves as a strong prime for these DENV

serotypes compared with vaccination of DENV-naive individ-

uals. Conversely, the differences for DENV-2 and -4 (with

DENV-2 titers signicantly higher in both N30 and P30) were

not signicant, indicating that prior infection was not benecial

for developing greater neutralizing antibody titers to vaccination

against these DENV serotypes. When comparing the within-

donor changes in neutralization potency (P0 versus P30), signif-

icance or trends toward signicance were observed for all the

DENV serotypes, highlighting the improvement of neutralization

in response to vaccination for all DENV serotypes (Figure 3C).

Effects of TAK-003 vaccination on dengue
neutralization by individual donors
To understand the changes in antibody responses between pre-

and post-vaccination, the neutralization data for the donor-

matched samples from groups P0 and P30 was compared using

a variety of strategies. First, for each of the 10 donors, the

neutralization potency pre- and post-vaccination was compared

for each of the 20 DENVs in the P33700 panel (Figure 4A). This

analysis revealed that for around half of the donors, increased

neutralization potency was observed post-vaccination for most

or all viruses. For the remaining donors, increased neutralization
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Low

Neutralization
potency (ID50)

High

<=0.05
0.05-0.1
>=0.1

p-value

Viruses from
each serotype

N30 vs P0 N30 vs P30 P0 vs P30

DENV-1 0.1051 0.0052 0.0524

DENV-2 0.0021 0.9118 0.0011

DENV-3 0.9118 0.0185 0.0039

DENV-4 0.6842 0.1431 0.0645

White background indicates lack of neutralization (ID50<40)
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DENV-1 16007 1777 690.7 176 236 103 1653 831.4 286.2 120.3 546.6 653.2 673 3398 174 721.1 144 1963 631.7 132 995 726.7 767.9 28809 1984 44397 257.8 1573 26384 244.3 35584
Nauru/West pac/1974 86.27 38.68 41 44.2 36.5 1934 544.5 46.28 22.56 328.1 405.8 430 910 44.2 224.6 44.8 1289 464.9 113 457 404.8 411 12271 1616 39599 141.2 1811 24483 210 28206

BID V1937 1347 398.1 197 878 2804 17543 3098 493.6 1877 2787 859 1044 7707 1335 1504 785 8110 17450 3465 7715 19449 4571 17405 811.8 129933 5953 8366 47478 684 16067
BID-V1995 537.2 120.2 95.1 401 52.2 3903 2168 111.6 37.64 1164 879.8 632 2606 174 829 192 1292 2045 331 1924 995.9 1594 53544 2873 37994 211.6 2841 25721 296.6 49196
BID V1991 472.8 196.8 112 183 48.5 2345 776.6 75.1 52.23 188.4 458.2 338 3508 173 446 167 777 762.1 170 1406 972.6 741.5 35259 2716 31697 179.9 1119 23768 292.1 34745

61117 333 150.6 91.7 388 54 3720 2020 98.72 42.99 1035 754 747 2647 196 551.9 177 1045 1058 197 1687 675.8 832.9 27243 2086 22763 254.1 1328 13204 201.2 18400

DENV-2 S16803 1380 1264 1785 2704 5331 4960 10119 2659 18361 1371 452.6 688 318 826 97.72 401 1062 202.1 1053 144 433.2 638.9 6466 4838 13996 284.9 918 7060 960.2 2676
BID V533 521.4 649.7 603 881 1793 10419 6827 1421 4324 2716 1311 1374 444 1925 227.5 435 830 183.4 797 208 609.6 1109 4898 8302 26420 1279 3155 13674 1994 9006

New Guinea C (NGC) 928.9 1647 1410 1200 4697 5876 8836 1639 10033 4881 2476 1267 1240 2087 440.2 2295 1895 949.4 2437 1181 849.7 2493 6734 8120 8489 3357 6314 10236 2337 322
32-135 13611 1963 1527 7738 7480 124886 34029 12041 2874 12166 12171 2880 2048 2105 1221 1568 8156 1477 2188 2440 16212 14376 12869 33757 30976 3316 6723 8351 9584 7546

DF670, AC20 1312 435.9 529 731 2010 11311 15679 1100 5759 663.7 417.6 483 257 772 127.6 220 941 188.5 439 189 508.4 714.9 3724 4019 3175 261.5 700 3030 823.1 9223

DENV-3 CH 53489 1390 199.7 80 259 393 1424 773.2 143.7 118.3 362.3 255.6 549 564 169 142 129 1233 223.5 127 176 218.5 529.8 6051 2126 10490 125.8 1672 7737 264.1 5819
16562 1196 394.8 254 487 438 1890 1125 261.6 299 741 566.5 680 678 299 273.9 192 2233 474.8 280 275 551.6 1819 11800 2173 13725 577.4 2546 5970 551.6 9938

VN/BID-V1009/2006 578 166.3 77.3 346 138 3798 949.3 260.8 44.63 763.3 504.3 492 382 226 169.6 186 843 359.2 135 294 338 498.6 4291 1921 25446 378.8 1720 4342 2433 14582
V0907330, AC 23 328.2 167.2 83.6 504 116 2083 695.1 420.6 451.3 1308 889.4 597 439 136 155.8 148 2342 293.5 184 423 310.4 400.1 13944 2320 7358 109.3 1563 5091 252.2 5480

NR-43283 US/BID-V1619/2005 608.1 42.38 20.4 664 10.1 7283 4090 13.49 2.122 2103 485.8 774 163 74.2 53.7 180 762 138.3 36.2 55.9 670.2 3122 4240 2012 16270 617.8 2032 5442 107.6 4407

DENV-4 S1228 44.29 170.7 102 274 124 1603 2086 265.8 113.4 244.3 147.9 133 110 64.3 57.68 181 276 91.2 221 194 177.4 73.23 530 919.8 1128 218.8 287 698.1 424.8 411.4
1036 155.2 190.7 222 1422 153 13173 3928 766.3 238.5 2694 824.2 526 381 336 166.7 556 1259 350.2 1210 507 561.4 617.2 2457 3710 12344 561.6 1429 4169 1457 1651

BR 12 (982551) 108.7 83.8 137 321 1080 5805 890.8 820 184.5 545.6 273.4 464 171 147 122.3 819 550 156.6 652 294 170.1 156.5 1361 2558 2602 219.2 577 3096 242.8 558.8
BID V2446 (363374) 76.95 118.1 181 481 144 2933 722.7 294.5 76.76 1245 622.3 316 181 86.7 60.76 180 713 132.9 385 109 381.3 175 900.9 1326 5363 309.7 1331 1491 511.4 755.9

03P0P03NA

B

C

Figure 3. Serum neutralization data

(A) Serum-virus neutralization matrix. Shown are the neutralization ID50 values for 30 serum samples against 20 DENV strains. Color scale (in log scale) is green

(low)-yellow-red (high) neutralization; ID50 values less than 40 are shown in white. N30, baseline-negative, post-vaccination; P0, baseline-positive, pre-vacci-

nation; P30, P0-matched baseline-positive, post-vaccination.

(B) Geometric mean titer of serum neutralization ID50. Shown are the log of geometric mean of serum neutralization values of the three sample groups against the

four DENV serotypes. Each dot represents the log geometric mean value of a serum/sample against all strains from the respective DENV serotype. Bars represent

mean ± SEM.

(C) Shown are the p values of geometric means ID50 computed between each group for each DENV serotype. p values%0.05 are indicated in red. and p values

R0.05 and <0.10 are indicated in gold.
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potency was observed only for a subset of the viruses, with

comparable potency observed for most viruses (Figure 4A). To

further quantify the improvements in neutralization potency in

post-vaccination samples, the ID50 ratios between post- and

pre-vaccination were computed for all strains (Figure 4B). A

higher ratio would indicate an increase in neutralization potency

post-vaccination compared with pre-vaccination for a given

virus. Overall, half of the donors (donors 3, 4, 5, 8, and 10)

showed at least a 10-fold improvement in overall neutralization

potency post-vaccination. Four additional donors (donors 2, 6,

A

CB
Ratio of ID50 values

(pre- vs post vaccination)

0.65 124.84

ID50 ratio

ID50 (log10)

Donor (timepoints) DENV-1 DENV-2 DENV-3 DENV-4

1 (P0.S1, P30.S1) 4.82 0.86 0.85 0.78

2 (P0.S2, P30.S2) 2.05 2.04 1.87 0.65

3 (P0.S3, P30.S3) 10.85 11.51 19.44 6.05

4 (P0.S4, P30.S4) 15.26 7.06 14.51 14.52

5 (P0.S5, P30.S5) 80.40 65.78 124.84 50.79

6 (P0.S6, P30.S6) 2.69 1.68 2.04 1.05

7 (P0.S7, P30.S7) 1.36 1.91 1.57 1.27

8 (P0.S8, P30.S8) 25.57 28.40 23.19 12.64

9 (P0.S9, P30.S9) 1.26 2.12 5.28 1.21

10 (P0.S10, P30.S10) 26.79 22.82 42.14 3.55

Dengue virus serotypes used in panel

ID
50
(l
o
g
10
)

Dengue virus serotypes used in panel

Figure 4. Within-donor changes in neutralizing activity

(A) Plot of log ID50 values from pre- (x axis) versus post- (y axis) vaccination. Each plot corresponds to a single donor. Each dot represents the respective log ID50

values for a single strain, and the color represents the respective DENV serotype.

(B) Ratios of ID50 values between pre- and post-vaccination. For each donor, each dot represents the ID50 ratio value for a single strain, and the color represents

the DENV serotype for the respective strain. Bars represent mean ± SEM.

(C) Heatmap of donor neutralization improvement factors by DENV serotype. For each donor and each DENV serotype, the average among the pre/post ID50

ratios for all strains from that DENV serotype is shown. Color scale (log10) is purple (lower ratio)-white-red (higher ratio).
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7, and 9) showed an overall increase in neutralization potency,

albeit to a lesser extent and less consistently between strains.

Only one donor (donor 1) did not show a substantial change in

neutralization potency post-vaccination, although substantial

per-strain differences in changes in neutralization potency

were observed for this donor (Figure 4B). For each donor, these

results were further categorized by DENV serotype by

computing the average of all the post-/pre-vaccination neutrali-

zation potency ratios for all strains from the given DENV serotype

(Figure 4C). Overall, the highest median increase in neutralization

C
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Figure 5. Impact of baseline seropositivity on the specicities of vaccine-induced antibody responses

(A) Heatmap of serum-serum neutralization correlation matrix. Shown are correlation coefcients for the neutralization data for each pair of serum samples.

Heatmap color scale is blue (1)-white (0)-red (+1).

(B) Serum-serum correlation within groups (left) and between groups (right). Bars represent mean ± SEM.

(C) Heatmap of differences in the pairwise donor correlations between pre- (P0) and post-vaccination (P30). Color scale is blue (lower correlation post-vacci-

nation)-white-red (higher correlation post-vaccination) for each pair of donors.
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Retention of pre-vaccine dominant antibody
specificities post-vaccination

Group 1F4/4L5-like 2D22/3F9-like 5J7-like 126/131-like C10-like FL-like 2M2-like

N30 0 100 10 0 0 40 0

P0 60 40 10 0 0 40 0

P30 70 30 10 0 0 40 10

Group Serum 1
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Median signal
Residual
score

Frequency of
random signal

Neutralization
breadth (%)

N30.S1 00160.070.000.082.015.012.0

N30.S2 0.83 0.10 0.07 0.00 -0.28 0.02 95

N30.S3 0.75 0.07 0.12 0.06 0.06 -0.45 0.01 95

N30.S4 0.52 0.03 0.39 0.06 0.03 -0.43 0.01 100
N30.S5 0.73 0.03 0.24 0.00 -0.39 0.01 90

N30.S6 00120.025.0-20.051.035.092.020.0

N30.S7 00100.056.0-00.001.033.075.0

N30.S8 0.69 0.13 0.18 0.00 -0.52 0.00 95

N30.S9 0.79 0.04 0.17 0.00 -0.53 0.00 85

N30.S10 0.42 0.13 0.35 0.11 0.11 -0.07 0.10 100

P0.S1 0.30 0.24 0.08 0.38 0.08 0.08 0.13 100

P0.S2 0.16 0.35 0.16 0.34 0.16 -0.13 0.05 100
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P30.S4 00100.095.0-00.063.046.0

P30.S5 0.90 00110.085.0-00.010.090.0

P30.S6 0.46 0.02 0.07 0.23 0.21 0.07 -0.05 0.07 100

P30.S7 0.33 0.12 0.29 0.26 0.12 0.09 0.07 100

P30.S8 0.85 00100.096.0-00.051.0
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(legend on next page)

Cell Reports 41, 111807, December 13, 2022 9

Article
ll

OPEN ACCESS



potency was observed for DENV serotypes 1 and 3, whereas

DENV serotype 4 was associated with the lowest overall

increase. Among the 10 donors, the highest increase was

observed for donor 5 across all DENV serotypes, whereas the

lowest increase was observed for donor 1, with 3 of the 4

DENV serotypes showing an average ratio of less than 1.

Together, these results reveal that vaccination increased

neutralization titer in most donors. However, for many DENV

strains, substantial variability was observed among donors and

among viruses for a given donor.

Impact of baseline seropositivity on vaccine-induced
antibody responses
We next sought to understand whether baseline seropositivity

resulting from prior DENV virus infection could substantially

affect the antibody specicities elicited to subsequent vaccina-

tion with TAK-003. To that end, the correlations between the

neutralization ngerprints for each pair of serum samples were

computed (Figure 5A). While high correlations were observed

between individual pairs within each of the three sample groups,

the correlations within the N30 group appeared to be highest

overall, suggesting a convergence of neutralizing antibody spec-

icities in the vaccinated baseline-negative donors (Figure 5B). In

contrast, the correlations within the P30 group were the lowest,

and the correlations between samples from N30 and P0 were

overall higher than the correlations between samples from N30

and P30, together suggesting that starting with relatively diverse

responses to prior infection in baseline-positive individuals can

amplify that diversity post-vaccination (Figure 5B). To further

interrogate this divergence of antibody responses post-vaccina-

tion for the baseline-positive cohort, for each pair of samples, the

differences between the correlations from pre- and post-vacci-

nation were computed (Figure 5C). Overall, a trend toward lower

correlations was observed between donors post-vaccination

compared with pre-vaccination, again pointing to an increased

divergence of antibody responses post-vaccination when start-

ing with relatively diverse responses to prior infection.

NFP deconvolution of polyclonal neutralizing antibody
responses to TAK-003 vaccination
To gain insights into the types of antibodies elicited to TAK-003

vaccination, we applied the NFP algorithm to deconvolute the

polyclonal neutralization signals (Figure 3A) for the three sets of

samples (Figure 6). NFP was applied to each sample to predict

the overall contribution to polyclonal neutralization by each of

the 7 reference antibody groups (Figure 6A). Different types of

antibody specicities were observed for different donors,

although samples within each of the three groups (N30, P0,

and P30) were generally consistent (Figure 6A). Overall, in the

N30 group, primarily 2D22/3F9-like specicities were predicted

to dominate the serum neutralization signals. These results sug-

gest that vaccination in baseline-seronegative individuals

resulted in a dominant neutralization signal by these DENV-2-

specic antibodies, although several subjects also had an NFP

signal for cross-reactive (FL-like) antibodies. The dominant

NFP signals for samples in the baseline-positive donors (P0

and P30) were predicted to be associated with a diversity of

specicities (primarily 1F4/4L5-like DENV-1- and 2D22/3F9-like

DENV-2-type specic and some FL-like cross-reactive) pre-

vaccination, and these signals were generally retained post-

vaccination (Figure 6B). Overall, NFP signals for 5J7-like, 126/

131-like, C10-like, and, to some extent, 2M2-like specicities

were either not observed or were infrequently found in any of

the groups, suggesting that the epitopes recognized by these

types of antibodies may be subdominant compared with other,

more potently neutralizing, antibody specicities (Figures 6A

and 6B).

To determine whether there is a general trend related to pre-

versus post-vaccine antibody specicities, the frequency with

which donors retained the dominant pre-vaccine specicities

after vaccination was analyzed (Figure 6C). For 7 of the 10

donors, the same dominant specicity was identied both pre-

and post-vaccination, and for 3 of the 10 donors, both top two

specicities (albeit not necessarily in the same order) were

identied both pre- and post-vaccination. Together, these re-

sults suggest that dominant pre-existing (pre-vaccine) antibody

specicities generally were retained post-vaccination. However,

this observation may reect differential immunogenicity of the

components of TAK003.

To further quantify and visualize these ndings, the changes in

neutralizing antibody specicities pre- versus post-vaccination

within individual donors were analyzed (Figure 7A). Overall,

although the types of dominant antibody specicities in each

donor remained generally unchanged post-vaccination,

changes in dominant specicities were observed for certain

donors. Further, the differences between the predicted NFP sig-

nals pre- and post-vaccination were computed for each donor

for each of the reference antibody specicities (Figure 7B). Over-

all, no clear patterns were observed across all donors, with some

donors exhibiting an increase in 1F4/4L5-like and/or 2D22/3F9-

like specicities, while other donors showed a decrease in 2D22/

3F9-like, FL-like, and 2M2-like specicities.

DISCUSSION

Dengue is one of the major viral diseases lacking an effective

vaccine for all populations at risk of disease. A major goal in

the DENV vaccine eld is to develop a vaccine that confers

Figure 6. Antibody specicities elicited in response to tetravalent vaccine immunization

(A) NFP results for serum samples from all three groups. Column 1 denotes the serum name; columns 2 to 8 are the predicted signals for each of the 7 reference

antibody specicities; columns 9 to 11 are related to measures of the reliability of the computational predictions; and column 12 shows the neutralization breadth

of the given serum sample against the set of 20 strains.

(B) Sample group-wise antibody specicity frequency. Shown are the frequencies of antibody specicities in each group.

(C) Retention of pre-vaccine dominant antibody specicities post-vaccination. NFP-predicted specicities were compared between pre- and post-vaccination

for each of the 10 donors, and the percentage of donors (y axis) that retained their top specicity (left) and the percentage of donors that retained both of their top

two specicities in the same order (middle) or irrespective of order (right) were computed.
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protection against all four DENV serotypes by incorporating

representative strains from each serotype. A detailed under-

standing of antibody responses to these vaccines can help

inform further vaccine optimization. Here, we presented the

development of a computationally driven approach for deconvo-

luting polyclonal antibody neutralization into component
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Figure 7. Donor-wise effect of vaccination on antibody specicities

(A) Donor-wise comparison of antibody specicities pre- (x axis) and post-vaccination (y axis). Each dot represents the predicted specicity values for each of the

reference antibody specicities (colors).

(B) Donor-wise difference in predicted prevalence of antibody specicities. For each donor (row), a heatmap of the differences for the NFP values for each of the

reference antibody specicities (columns) is shown. Color scale is blue (1)-white (0)-red (+1). Red color denotes an increase in the NFP signal for the given

antibody specicity post-vaccination, while blue denotes a decrease in signal post-vaccination.
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neutralizing specicities. We applied this approach, called NFP,

to characterize samples from both baseline-seropositive and

baseline-seronegative individuals who had received the tetrava-

lent TAK-003 vaccine, which is currently being evaluated in

phase 3 clinical trials.

The results from this analysis provide an approach to dis-

secting immunodominant epitopes of DENV, as well as a

potential method to predict prior infecting serotype in poly-

clonal serum samples from individuals who have experienced

DENV infection. Characterizing the specicity of neutralizing

antibodies following secondary infection or vaccination of sero-

positive individuals has been particularly challenging. This anal-

ysis provides insights into how pre-existing antibodies may

shape the evolution of DENV-specic responses to subsequent

vaccination or infection (also referred to as immunologic

imprinting). A similarity of neutralizing antibody specicities

was observed in baseline-negative individuals, suggesting

that TAK-003 may elicit generally similar antibody responses

in DENV-seronegative individuals. In contrast, baseline-sero-

positive individuals appeared to be less similar in their DENV-

specic antibody repertoires pre-vaccination and diverge

even more post-vaccination. Although prior infecting sero-

type(s) are not known, the diversity of prior DENV infections

may account for variability in responses.23 As no immune corre-

late of protection against DENV infection has been identied to

date, the specicity of neutralizing antibodies capable of pro-

tecting against diverse DENVs is not known. DENV-specic

antibody repertoires appear to diverge after vaccination of

pre-immune individuals, and phase 3 studies demonstrated

protective efcacy in this population.15,24 In addition, symptom-

atic disease following 3 or more DENV infections is rare.25,26

Thus, there is likely more than one immunological solution to

protecting against divergent immune responses.

Limitations of the study
NFP is a high-throughput method for antibody specicity predic-

tion in samples of interest that had been originally developed in

the context of HIV-1 andwas adapted here to address the unique

characteristics of DENV-specic antibodies, such as serotype

specicity. We note that there are certain limitations to this

approach. The results and observations from this investigation

are based on a limited number of viruses, reference antibodies,

and cohort samples. Increasing the number and genotype diver-

sity of viruses in the NFP panel could, in principle, result in

improved prediction accuracy and generalizability of the anti-

body specicity delineation approach. There are multiple sero-

type-specic epitopes for each DENV serotype, so a more

extensive set of reference antibodies would be required to deter-

mine the presence or absence of serotype-specic antibodies in

a sample. As well, a larger set of reference-type-specic anti-

bodiesmight facilitate use of theNFPmethod for serological pre-

diction of a prior infecting serotype. Further, it is not expected (or

even practically possible) to detect more than two epitope spec-

icities in the simulated sera due to the nature of the algorithm:

the sum of all antibody signals for a given serum is 1, and a pos-

itive signal is considered >0.25. For the 2-antibody combina-

tions, we could detect both specicities in�60% of sera, mean-

ing that for a non-negligible proportion of the sera, only the most

immunodominant specicity was detected. Observing at least

two true-positive signals for �50% of the simulated sera with

4-antibody combinations was lower than, but generally in line

with, what we observed for the 2-antibody combinations, sug-

gesting that in the extreme case of adding four dominant anti-

body specicities, the NFP algorithm could still successfully de-

convolute up to two specicities for many of the sera. Related to

this, we also point out that while neutralization breadth spanning

all four DENV serotypes was observed for virtually all samples

(Figure 3A), NFP could generally account for the relative contri-

bution to neutralization by the most immunodominant one or

two antibody specicities within each individual donor. It is,

therefore, possible that type-specic neutralizing antibodies

against, e.g., DENV type 4 exist in a sample, but their signal

may be dominated by other more potent specicities, preventing

NFP from detecting this signal. In essence, NFP provides an op-

portunity to understand the most dominant neutralizing antibody

specicities in response to infection or multivalent vaccines,

such as TAK-003.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

1F4 Fibriansah et al.27 N/A

4L5 Smith et al.28 N/A

2D22 de Alwis et al.29 N/A

3F9 Smith et al.28 N/A

5J7 Fibriansah et al.27 N/A

126 Fibriansah et al.27 N/A

131 Fibriansah et al.27 N/A

C10 Barba-Spaeth et al.30 N/A

1C19 Smith et al.31 N/A

1M7 Smith et al.28 N/A

1N5 Smith et al.31 N/A

1C18 Smith et al.31 N/A

1L6 Smith et al.31 N/A

1N8 Smith et al.28 N/A

3B4 Smith et al.31 N/A

4E8 Smith et al.31 N/A

2M2 Smith et al.31 N/A

1L12 Smith et al.28 N/A

5C8 Smith et al.31 N/A

Bacterial and virus strains

16007 UTMB Arbovirus Reference Collection GenBank: AF180817

Nauru/West pac/1974 UTMB Arbovirus Reference Collection GenBank: AY145121

BID V1937 UTMB Arbovirus Reference Collection GenBank: FJ461335

BID-V1995 UTMB Arbovirus Reference Collection GenBank: FJ639680

BID V1991 UTMB Arbovirus Reference Collection GenBank: GQ868619

61,117 UTMB Arbovirus Reference Collection GenBank: KT452791

IQT 6152 UTMB Arbovirus Reference Collection GenBank: AY780643

S16803 Kelly et al., 201132 GenBank: GU289914

BID V533 UTMB Arbovirus Reference Collection GenBank: EU482756

New Guinea C (NGC) UTMB Arbovirus Reference Collection GenBank: AF038403, M29095

32-135 UTMB Arbovirus Reference Collection GenBank: EU482672

DF670, AC20 UTMB Arbovirus Reference Collection GenBank: KT452797

VN 178 (AC 21) UTMB Arbovirus Reference Collection GenBank: KT452796

CH 53489 Wahala et al., 201033 GenBank: DQ863638

16,562 Buddhari et al., 201434 Genban: KM519588

VN/BID-V1009/2006 BEI GenBank: EU482453

V0907330, AC 23 UTMB Arbovirus Reference Collection GenBank: KT452799

NR-43283 US/BID-V1619/2005 BEI GenBank: FJ182009

US/BID V1043/2006 BEI GenBank: EU482555

BID v4753608 UTMB Arbovirus Reference Collection GenBank: HQ541806

S1228 UTMB Arbovirus Reference Collection GenBank: JN022608

1036 Sukupolvi-Petty et al., 201335 GenBank: AY253850

BR 12 (982,551) UTMB Arbovirus Reference Collection GenBank: KT452794
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Ivelin Georgiev (Ivelin.Georgiev@

Vanderbilt.edu).

Materials availability
This study did not generate new unique reagents.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BID V2446 (363,374) UTMB Arbovirus Reference Collection GenBank: FJ882599

TVP 360/WHO Sukupolvi-Petty et al., 201335 GenBank: KU513442

Biological samples

N30.S1 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

N30.S2 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

N30.S3 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

N30.S4 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

N30.S5 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

N30.S6 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

N30.S7 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

N30.S8 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

N30.S9 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

N30.S10 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P0.S1 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P0.S2 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P0.S3 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P0.S4 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P0.S5 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P0.S6 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P0.S7 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P0.S8 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P0.S9 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P0.S10 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P30.S1 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P30.S2 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P30.S3 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P30.S4 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P30.S5 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P30.S6 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P30.S7 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P30.S8 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P30.S9 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

P30.S10 DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

DEN-205 trial Tricou et al., 202036; NCT: NCT02425098

Software and algorithms

GraphPad Prism v8.3.1 GraphPad Software Inc https://www.graphpad.com/scientic-software/prism/

Custom scripts https://github.com/Iglab-repo/NFP_Dengue
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Data and code availability
All data reported in this paper will be shared by the lead contact upon request. All original code has been deposited at GitHub [https://

github.com/Iglab-repo/NFP_Dengue] and is publicly available. DOIs are listed in the key resources table. Any additional information

required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human specimens
Cohort 1: 10 baseline-seronegative donors at 30 days post-vaccination with TAK-003 included specimens from 4 female and 6 male

donors, ages 23-43. Cohort 2: 10 baseline-seropositive donors with prior DENV infection included specimens from 4 female and 6

male donors, ages 26-44.

METHOD DETAILS

Monoclonal antibody neutralization data
Neutralization assays were performed for a set of 19 known DENV-neutralizing antibodies, which included 1F4, 4L5, 2D22, 3F9, 5J7,

5C8, 126, 131, C10, 1C19, 1M7, 1N5, 1C18, 1L6, 1N8, 3B4, 4E8, 2M2 and 1L12, against a panel of 25 DENV strains, including 7 DENV

serotype 1 (DENV-1), 6 DENV-2, 7 DENV-3 and 5 DENV-4 viruses. Neutralization assays for each antibody against a virus strain was

repeated 3 times with 8 different concentrations (mg/mL) starting from 100 to 0.00064. Half maximal inhibitory concentration (IC50)

values for neutralization of virus in the presence of a given monoclonal antibody were determined by generating neutralization curves

using GraphPad software, using virus-only controls to establish maximal virus counts. For the NFP analysis, IC50 values were stan-

dardized in the followingway. IC50 values of >100 mg/mLwere set to 100 as a cutoff for lack of neutralization; selected additional IC50

values that were computed by GraphPad but that corresponded to clear lack of neutralization when the neutralization curves for the

respective antibody-virus pair were visualized, were also set to 100. The cutoff of 100 was selected since that was the highest anti-

body concentration used in the neutralization assays.

In addition, for the neutralization breadth of each antibody, the number of IC50 values less than 100, also was computed.

Antibodies neutralizing at least 5 strains were considered for further analysis. A cutoff of 5 strains was used to improve the chances

of observing a ngerprinting signal. Specically, the algorithm relies on analysis of patterns of neutralization; for that to happen, at

least a few virusesmust be neutralized by each antibody (otherwise, no pattern will exist – all viruseswill be resistant). A general cutoff

does not exist, but for a virus panel of this small size, we elected to keep antibodies neutralizing at least 5 viruses. With larger virus

panel sizes, we will increase that cutoff, since having too few neutralized viruses per antibody can lead to insufcient data for the

algorithm to analyze, and to less reliable predictions. Among the 19 antibodies, antibody 5C8, which did not neutralize any strain

among the 25, was excluded from the dataset and further analysis. The other 18 antibodies, with neutralization breadth of 20–

100%, were selected for further analysis and the resulting antibody-virus neutralization matrix is shown in Figure 1A.

Generation of different size of viral panel candidates
In our previous studies on HIV-1, we showed the selection of an optimized panel can lead to signicantly improved prediction accu-

racy.21 Since the selection of strains and panel size are important for NFP prediction accuracy, we searched for candidate virus

panels of size 18 to 22. All possible combinations of virus strains for each panel size were generated and the panels with less

than 4 strains from any of the DENV types were excluded from further consideration. In other words, only panels including at least

4 strains from each dengue type were included in the subsequent analysis. The nal number of panels included 149,450 18-strain

panels, 86,590 19-strain panels, 34,916 20-strain panels, 10,080 21-strain panels and 2,070 22-strain panels. In addition, we also

evaluated the prediction accuracy of the full 25-strain panel, as a comparison and benchmark for improvement.

Computational simulation of polyclonal serum neutralization with two-antibody combinations
To select an optimized panel from the list of generated viral panels, we need to be able to compare the prediction accuracy of different

size of virus panel candidates on serum samples. As the real human samples are not suitable for use as a benchmark because of the

unknown composition and prevalence of antibody specicities, we developed a framework for generating simulated polyclonal

serum neutralization data, with pre-dened composition and prevalence of antibody specicities. To identify optimized virus panels,

a set of simulated sera were generated with the combinations of two antibody specicities. Sera data were simulated using two-anti-

body combinations of neutralization data that mixed an equal amount of an antibody representative from any two of the 7 antibody

groups, for all 25 strains, and allowing for an antibody potency scaling factor and experimental noise, for the nal serum neutralization

computation (e.g., Figure S2). For two-antibody combinations using 7 different groups with 21 pairwise combinations, 2,100 simu-

lated sera (100 sera/combination) were generated. The simulated serum neutralization data is used as a quantitative benchmark for

the comparison and evaluation of the prediction ability of the NFP algorithm for different candidate virus panels.
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Computational simulation of polyclonal serum neutralization with four dengue type-specic antibody combinations
One of the challenges for DENV analysis, compared to HIV-1, is the existence of antibody type-specicity. Therefore, an additional

important question is whether the selected panel with the ngerprinting algorithm will be able to distinguish neutralization breadth

that is due to polyclonal breadth resulting from a combination of type-specicmonoclonal antibodies frommonoclonal neutralization

breadth. To address this question, we generated simulated sera by combining one antibody from each of the four type-specic anti-

body groups. The goal of these experiments is to determine whether the algorithm can successfully predict that there are mixtures of

type-specic antibodies, rather than erroneously indicate the presence of broad monoclonal antibodies. This is an extreme case

scenario (with mixtures of four different specicities), and it is not expected (or even possible) to be able to correctly identify the pres-

ences of all four DENV serotype-specic signals at a time. Rather, we aim to determine the levels of false positives for the different

cross-neutralizing antibody groups. To that end, simulated serum data were generated using combinations of four type-specic an-

tibodies that mixed equal amount of an antibody representative for 4 DENV-specic groups. During the simulation, if one or more

antibodies do not neutralize a strain (IC50 value R100), then the neutralization values of the other antibodies are considered for

the simulation. A total of 1,000 simulated serum data was generated and used as a benchmark dataset to select an optimized virus

panel.

Serum neutralization data
Neutralization experiments were performed for 30 serum samples from 20 donors from trial DEN-205.36 In trial DEN-205, adults living

in Singapore were stratied by baseline DENV serostatus and randomized for vaccination with a single dose of one of two different

formulations of TAK-003: TDV andHD-TDV. Samples for this study were selected fromboth TDV andHD-TDV groups based on avail-

ability of serum for exploratory analyses. For baseline seropositive individuals, prior DENV infection history was not known. Samples

N30.S1 to N30.S10 were collected 30 days after vaccination from 10 subjects with no history of previous DENV infection (baseline

negative; N). A second set of 10 subjects with prior DENV infection (baseline positive; P) was included, and the samples were

collected at 2 time points. Samples P0.S1 to P0.S10 were collected at day 0 before vaccination (pre-vaccination; P0) and samples

P30.S1 to P30.S10 were collected at 30 days after vaccination (post-vaccination, P30). We measured titers of anti-dengue-virus

antibody in sera with a 96-well plaque-reduction neutralization test (PRNT) as previously described.37 The immuno stained viral

foci were quantied with a CTL Immunospot Analyzer (Cellular Technology Limited LLC, Cleveland, USA) and the lowest serum

dilution that resulted in a reduction of greater than 50% of the input plaque count was identied (PRNT50). ID50 values for neutral-

ization of a given virus strain in the presence of serum sample were determined by generating neutralization curves using GraphPad

software, using virus-only controls to establish maximal virus counts. As assays across all virus serotypes also included serotype-

specic antibodies, these also served as negative controls to qualitatively validate the specicity of the obtained results. Serum

neutralization experiments were conducted against the selected viral panel and the assay for each serum against a virus strain

was repeated 3 times with 8 different dilutions starting from 1/10 to 1/163,840. The resulting serum-virus neutralization matrix is

shown in Figure 3A.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism.
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