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Abstract

Background

Human T-Cell Lymphotropic Viruses (HTLV) type 1 and type 2 account for an estimated 5 to
10 million infections worldwide and are transmitted through breast feeding, sexual contacts
and contaminated cellular blood components. HTLV-associated syndromes are considered
as neglected diseases for which there are no vaccines or therapies available, making it par-
ticularly important to ensure the best possible diagnosis to enable proper counselling of
infected persons and avoid secondary transmission. Although high quality antibody screen-
ing assays are available, currently available confirmatory tests are costly and have variable
performance, with high rates of indeterminate and non-typable results reported in many
regions of the world. The objective of this project was to develop and validate a new high-
performance multiplex immunoassay for confirmation and discrimination of HTLV-1 and
HTLV-2 strains.

Methodology/Principal findings

The multiplex platform was used first as a tool to identify suitable antigens and in a second
step for assay development. With data generated on over 400 HTLV-positive blood donors
sourced from USA and French blood banks, we developed and validated a high-precision
interpretation algorithm. The Multi-HTLV assay demonstrated very high performance for
confirmation and strain discrimination with 100% sensitivity, 98.1% specificity and 100% of
typing accuracy in validation samples. The assay can be interpreted either visually or auto-
matically with a colorimetric image reader and custom algorithm, providing highly reliable
results.

Conclusions/Significance

The newly developed Multi-HTLV is very competitive with currently used confirmatory
assays and reduces considerably the number of indeterminate results. The multiparametric
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nature of the assay opens new avenues to study specific serological signatures of each
patient, follow the evolution of infection, and explore utility for HTLV disease prognosis.
Improving HTLV diagnostic testing will be critical to reduce transmission and to improve
monitoring of seropositive patients.

Author summary

HTLV viruses are responsible for more than 10 million cases of infection worldwide. The
infection is considered as a neglected disease due to lack of vaccines and treatments. Accu-
rate diagnosis is crucial for counselling infected persons and prevention of secondary
transmissions. In spite of the development of excellent serological screening assays, many
cases of indeterminate and untyped results are still regularly reported and their infection
status remain uncertain. To address the need of more precise diagnosis, we have devel-
oped a new cutting-edge in-vitro diagnostic confirmation test, named Multi-HTLV,
which has been validated on a large panel of HTLV samples. The test is a multiplex immu-
noassay allowing powerful detection of antibodies against HTLV through combination of
a set of selective and validated virus-specific antigens in a blood sample. The Multi-HTLV
assay increases the reliability of HTLV diagnostics and strain typing thanks to a high pre-
cision mathematical algorithm.

Introduction

Human T-cell lymphotropic viruses (HTLV) were the first human retroviruses to be discov-
ered. They cause blood infections through three transmission routes: mother-to-child trans-
mission (mainly associated with prolonged breast-feeding), sexual transmission and
contaminated blood products (blood recipients and drug users) [1]. HTLVs are divided in two
major strains, HTLV-1 and HTLV-2, and two novel strains recently discovered in Cameroon,
HTLV-3 and HTLV-4 [2-4]. HTLV infections are mainly caused by HTLV-1 with an esti-
mated 5 to 10 million infections worldwide [1]. HTLV-2 infections are roughly 6 to 12 times
less prevalent than HTLV-1 [5]. Both strains share 60% sequence homology, and differ in their
epidemiology, pathogenicity and clinical manifestations [6].

HTLV-1 is divided into four subtypes and circulates mainly in Japan, the Caribbean, West
and Central Africa, South America and Australo-Melanesia [1,7]. HTLV-1-infected individu-
als have a 3-7% risk of developing two severe diseases, namely adult T-cell Leukemia/Lym-
phoma (ATLL) and HTLV-1 associated myelopathy/Tropical Spastic Paraparesis (HAM/TSP)
[8]. HTLV-1 infection is also associated with increased overall morbidity and with the develop-
ment of other pathologies such as uveitis, dermatitis, respiratory disorders, infectious diseases
and cancer [9,10]. HTLV-2 is endemic among indigenous American people, pygmies in Africa
and intravenous drug users in urban areas of the US, Europe and Latin America [11,12].
HTLV-2 is not associated with well-defined clinical manifestations, but some studies have
shown that it can occasionally be associated with cutaneous lymphoma, chronic myelopathy,
neurological syndromes such as HAM/TSP and may increase overall cancer morbidity [13-
15]. Al HTLV-associated syndromes are currently considered as neglected diseases, because
neither a vaccine nor curative treatment is available [16]. Prevention of HTLV infection is cur-
rently based only on the restriction of transmission and can be achieved by assessing the infec-
tion status of persons in endemic regions, tracking all HTLV-infected individuals, and
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through clinical management of HTLV-associated syndromes [17]. Worldwide, many people
are underdiagnosed, mainly due to asymptomatic form of infection, long latency of clinical
manifestations after infection, and the lack of knowledge of many healthcare workers and sys-
tematic screening [18]. For the diagnosis of HTLV infection, each region of the world applies
its own screening algorithm. Typically, a serological screening assay is first used to detect anti-
bodies which reflect chronic infection, using an Enzyme-Linked Immuno-Sorbent (ELISA),
Chemiluminescent or Particle agglutination assays [19]. If the result is reactive, confirmation
is performed using an immunoblot assay, predominantly Western Blot (WB) or line immuno-
assay (INNO-LIA), according to currently used algorithms of each country; Polymerase Chain
Reaction tests (PCR) can also be used to detect and genotype viral DNA in lymphocytes,
although no PCR tests are commercially available. The WB and INNO-LIA are the most com-
monly used tests for confirmation. The assays are based on antibodies binding to HTLV-I and
HTLV-II Gag and Env proteins derived from viral lysates or recombinant proteins. Many stud-
ies have revealed shortcomings of the WB technique. Indeed, in all regions of the world and
specially in high risk populations, a high number of indeterminate and non-typable results
have been found [20,21]. The large number of unclear results hinders correct diagnosis and
can cause problems for counselling by public health, blood bank and organ transplantation
organizations that conduct screening [22]. Some countries such as Brazil intend to replace WB
with PCR tests for confirmation, which offers higher sensitivity and more accurate strain dis-
crimination [20,23]. However, the PCR methods can lack sensitivity due to the low proviral
load in lymphocytes circulating in the blood of HTLV-infected individuals and in some cases
of co-infection (e.g. HTLV-2/HIV co-infection) due to proviral load reduction [24]. Therefore
PCR should not be used alone for confirmation but rather in combination with WB or for
investigation of inconclusive results [25,26]. The INNO-LIA immunoassay, widely used in
Europe, is currently considered to be excellent for serological confirmation [20,27,28]. The test
is superior to WB, due to clearer interpretation criteria directly linked to a decreased number
of antigens, readability, and improved performance by eliminating uncertain and false positive
results [20,26,29]. However, the test is costly, making it difficult to use in routine diagnostics,
especially in resource limited areas such as South America [20]. Furthermore, the INNO-LIA
assay has not upgraded its antigen composition to take into consideration different genotypes
of HTLV-1 or newly discovered HTLV types within the last two decades [4,30]. Access to a
new assay that improves confirmation and strain typing in high-risk populations is considered
as key strategy to improve counselling and infected patient management and reduce secondary
disease transmission [16].

The aim of this study was to develop a new high performing and cost-effective multiplex
test to confirm HTLV infection and discriminate the two strains, HTLV-1 and HTLV-2. We
used a microplate-based multiplex platform to identify the most relevant antigens (recombi-
nant proteins and synthetic peptides) and developed a readable and easy-to-use assay. The
developed assay with updated high-performance antigens offers improved confirmation of
HTLYV infection and can be performed in routine laboratories with standard lab equipment.

Methods

The methods section was described in accordance with the Standards for Reporting of Diag-
nostic Accuracy Studies (STARD) protocol (S1 Appendix).

Ethics statement

Written informed consent was obtained from all participants in the United States-based cohort
HTLV Outcomes Study (HOST), including use of frozen biospecimens for future research.
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The study was approved by the University of California San Francisco Committee on Human
Research (IRB#s H5901-14117-13D & 11-05747) and other institutional review boards. Writ-
ten informed consent was obtained by EFS from blood donors after a detailed explanation of

how their donation would be used for research purposes.

Study populations and sample origins

For this study, different sample collections were used (Table 1).

HOST cohort (USA)

This prospective study was conducted with samples from the United States-based cohort
HTLV Outcomes Study (HOST) which includes samples from subjects recruited from five
major US blood donation centers [31,32]. Based on eligibility criteria, the cohort originally
included a total of 1340 participants, of whom 154 were HTLV-I-infected, 387 HTLV-II-
infected, and 799 were uninfected blood donors. All subjects first made one blood donation
(between 1990 and 1992) and some of them were followed-up for almost 20 years. Enrollment
into the cohort was based upon screening by a licensed HTLV-I viral lysate ELISA assay
(Abbott, USA), followed by WB confirmation (Abbott, USA). Then, each participant was
recalled for the study evaluation and an in-house PCR for HTLV-1 versus HTLV-2 typing was
performed, followed by recombinant p21e EIA (Cambridge Biotech, USA) and recombinant
p21le WB (Cambridge Biotech, USA) if PCR was negative [31]. If PCR and other supplemental
serological results were discordant, donors were recalled and retested using fresh blood sam-
ples. At every visit, cohort participants were interviewed in detail for symptoms, followed by a
physical and neurological examination [33]. In the frame of another clinical trial at CTS Labo-
ratories an additional confirmatory antibody test was performed with the INNO-LIA HTLV-1/
II (Fujirebio, Japan). Proviral load was monitored by quantitative PCR using type-specific
primers [34]. For some patient’s, symptoms, risk behaviors, physical examinations results and
co-infections were available [33].

Table 1. Summary of sample collections characteristics.

Sample collection Sample type N
HOST, USA HTLV-1 97
HTLV-1/HCV 3
HTLV-2 87
HTLV-2/HCV 12
Negative Blood Donor 198
EFS, France HTLV-1 111
HTLV-1/HBV 14
HTLV-1/HBV/Plasmodium 5
HTLV-1/HBV/HCV 1
HTLV-1/Plasmodium 1
HTLV-1/HBV/T. Pallidum 1
HTLV-2 6
HTLV-2/HBV/HCV/ Plasmodium 1
Negative Blood Donor 28
Trans-Hit Bio, Canada HTLV-2 65

HOST, United States-based cohort HTLV Outcomes Study; EFS, Etablissement Frangais du Sang; N, Number; HBV,
Hepatitis B virus; HCV, Hepatitis C virus.

https://doi.org/10.1371/journal.pntd.0009925.t001
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For the current study, 694 frozen serum specimens were obtained from the cohort reposi-
tory. We excluded from the study three samples because of labeling errors and two samples
because of mismatches, which could lead to misinterpretation. A total of 689 samples from 397
participants were therefore eligible for the analysis. Among them, 60 HTLV-positive patients
were followed over time in a longitudinal study and tested to analyze the evolution of their
serological profile. However, in order to have independent data for each HOST participant, we
included in the study only the first sample tested of each participant, more specifically, 199
HTLV-positive samples from 199 participants (100 HTLV-1 from 100 patients and 99 HTLV-
2 from 99 patients) and 198 negative samples from 198 participants (Fig 1; S2 Appendix).

Etablissement Francais du sang EFS (France, Tours)

We obtained 140 positive samples (133 HTLV-1 and 7 HTLV-2) and 28 seronegative samples
from different French blood donations (transfer agreement 20120224). Samples were collected
between 2008 and 2013, and screening was performed by ELISA, using either Prism HTLV-I/
HTLV-II or Architect rtHTLV-I/II assay (Abbott, USA), and then HTLV positive samples were
confirmed and typed by INNO-LIA HTLV-I/IL

Trans-Hit Bio (Canada)

We obtained 65 HTLV-2 samples from a commercial source. All patients came from USA and
had available data on ethnicity and ages. Samples were collected between 2013 and 2016,
screened with an HTLV-1/2 ELISA (brand not specified by Trans-Hit Bio) and subsequently
confirmed as HTLV-2 positive by WB (brand not specified by Trans-Hit Bio).

Multi-HTLV assay

The multiplex technology allows multiple parameters to be combined in a single well of a
96-well microplate. The printing process is based on non-contact piezo electric impulsion of a
defined volume of an antigenic solution. We used the SciFLEXARRAYER printing system
(SCIENION, Germany) to print HTLV antigens, at the bottom of each well at precise X-Y
coordinates, under controlled humidity and temperature parameters. This technology was
used first to make a selection of the most relevant antigens and second for the design and pro-
duction of the assay, which has already been used in this manner for the development of other
confirmatory test for Chagas disease [35]. Each antigen spot is printed in duplicate and corre-
sponds to a specific antigen composition.

The Multi-HTLV assay is composed of (i) three confirmatory antigen spots for binding spe-
cific HTLV-1 and HTLV-2 antibodies and derived from common-type and type-specific
immunodominant epitopes of env GP21, env GP46 and gag P19; and (ii) three discriminatory
antigen spots derived from type-specific immunodominant epitopes of HTLV-1 env GP46,
HTLV-1 gag P19 and HTLV-2 env GP46. In contrast to other confirmatory immunoassays, we
excluded the detection of anti-P24 antibodies in the Multi-HTLV test because it has been
shown in WB assays that indeterminate samples frequently show an isolated P24 band attribut-
able to false reactivity [36]. Relevant antigens were designed and obtained synthetically accord-
ing to the reviewed and published non-redundant sequences available at the repository www.
uniprot.org (Table 2).

Each antigen composition was individually optimized to obtain the best performance in
terms of sensitivity and specificity, and by calculating the areas under the Receiver Operating
Characteristic curve (AUC), using SPSS Statistics software (IBM, USA, version 19.0). This
optimization step was performed by using a panel of HTLV-infected and seronegative samples
from EFS. Further, three positive control (PC) spots were printed in each well to define a
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694 Samples
from 400 Donors

Two samples excluded
(from a single tested
patient and from

One sample excluded

% ple excludec Two samples excluded
rom a longitudina

(from single tested

patient) longitudinal patient) patieits}
Selection of one sample per patient
100 HTLV-1 samples 99 HTLV-2 samples 198 Negative samples
from 100 patients from 99 patients from 198 Donors

Fig 1. HOST Cohort description. The tree represents the distribution of the number of samples within the HOST cohort within the three categories of negative,
HTLV-1, and HTLV-2 patients.

https://doi.org/10.1371/journal.pntd.0009925.9001

precise spatial orientation pattern and to validate the correct sequential addition of all reagents
(human serum samples, enzyme conjugate and substrate). To facilitate the visual interpreta-
tion at the end of the test, two additional control “low”- and “medium”-spots—composed of
anti-human-IgG antibodies-were printed and indicate the "minimal" or "intermediate" reac-
tivity for each patient (Fig 2).
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Table 2. Antigen’s description.

Antigen / Type specificity Accession Number
env GP21 /HTLV-1 & HTLV-2 P03383
gag P19/ HTLV-1 & HTLV-2 QIWI14
gag P19/ HTLV-1 P14077
env GP46 / HTLV-1 & HTLV-2 P23064
env GP46 / HTLV-1 P23064
env GP46 / HTLV-2 P03383

Accession number of antigens included in the Multi-HTLV assay.

https://doi.org/10.1371/journal.pntd.0009925.1002

Following the spotting process, the plates were incubated overnight to allow coating of the
antigens at optimal conditions of humidity and temperature. Then, they were dried at 37°C
for 2 hrs and washed with PBS-T (phosphate-buffered saline with 0.05%-Tween 20). A block-
ing solution containing Bovine Serum Albumin (BSA) was added into the microplate for 2 hrs
at room temperature (RT) to avoid nonspecific binding during the testing process. After the
saturation step, the microplates were then washed with PBS-T. For long term storage, the
blocked microplates were dried at 37°C during 2 hrs, then stored at 4°C in sealed plastic bags
with desiccants.

The Multi-HTLYV test is performed very similarly to a standard ELISA assay enabling simul-
taneous detection of circulating antibodies to a set of selective and validated antigens.

Confirmation
SR

00

HTLV-1

| @ @

s @ @

\ y, J

N

(e &8

J

Typing
HTLV-2

Fig 2. Matrix design of Multi-HTLV assay. This matrix is printed in each well of the 96-well microplate and contains three
confirmatory antigen spots, as well as two HTLV-1 strain typing spots and one HTLV-2 strain spot. Each probe was printed in

duplicate. The “low”, “medium” and positive controls spots are added for visual interpretation, orientation and as a control of the
test steps.

https://doi.org/10.1371/journal.pntd.0009925.9002
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Hundred pL of diluted patient samples in PBS-T (0.05%, pH 7.5) and BSA (1%) (1:50) was
added to each well, then microplate was incubated for 1 hr at RT. After three washing steps
with PSB-T, 100 pL of anti-human-IgG secondary antibody conjugated to Horseradish Peroxi-
dase, diluted in a defined volume of PBS-T (0.05%, pH 7.5) and BSA (1%) buffer (1:2000), was
added and the microplate incubated for 1 hr at RT. To remove unbound secondary antibodies
the microplate was washed three times with PSB-T. For the detection of conjugated enzyme
activity, a precipitating substrate solution (3,3',5,5 - Tetramethylbenzidine) was added and the
microplate incubated in the dark for 20 min at RT. Upon contact of the substrate with the
enzyme, it is converted to an insoluble permanent dark-blue precipitate. The reaction was
stopped by removing the substrate solution, and drying the microplates at 37°C for 10 min.
Each plate was read and analyzed both visually and using a specific microarray reader sciREA-
DER CL2 (SCIENION, Germany) which acquires high-resolution digital images and an inte-
grated software calculates the pixel intensity for each spot. We calculated the mean value of the
duplicated spots to get the net intensity of each antigen. The data were incorporated into a
Microsoft Excel 2019 database and analyzed using a specific Multi-HTLV interpretation algo-
rithm to determine the final result (see section "Interpretation algorithm").

Statistical analysis

Dataset. Data from three cohorts (HOST, EFS, Trans-Hit Bio) were pooled. Gold stan-
dard HTLV type assignments were available for the HOST cohort samples by either PCR or
type specific ELISA and INNO-LIA results. For the two other studies, sample type assignment
was only available based on INNO-LIA test results. The pooled dataset was split into a develop-
ment and validation set. All data from EFS and Trans-Hit Bio were allocated to the develop-
ment set and the HOST samples were allocated randomly (p = 0.5) to either the development
or the validation dataset. Only HOST samples were included in the validation set because of
PCR-based HTLV classifications. PCR has high confirmation power and strain discrimination,
which in turn leads to more accurate validation analysis. The validation set consisted of 96 pos-
itive samples (53 HTLV-1 and 43 HTLV-2) and 103 negative samples.

The addition of EFS and Trans-Hit Bio data to HOST data for the development set allowed
a larger sample size, which is beneficial for statistical methods and machine learning algo-
rithms. It comprised 308 positive samples (180 HTLV-1 and 128 HTLV-2 samples) and 123
negative samples. For both HTLV detection and typing, a logistic regression (LR) model was
trained. Outliers were expected in the development set due to possible imperfect INNO-LIA
labeling of EFS and Trans-Hit Bio samples. Sample deviances were used to detect outliers,
which were omitted if the human interpretation of the Multi-HTLV assay did not match the
INNO-LIA label. Due to the gold standard labeling of HOST samples, only samples with devi-
ances higher than the maximum deviance of HOST samples were checked. Deviances below
this threshold were expected to arise from regular variability but not necessarily from
mislabeling.

Interpretation algorithm. Logistic regression was used as a baseline positive/negative
classification method using GP21-I/II (Confirmation), P19-I/II (Confirmation), GP46-I/II
(Confirmation), P19-1, GP46-1 and GP46-11I as independent variables (features). To prevent
(quasi-) complete separation problems, Bayesian analysis with non-informative prior assump-
tions was applied, by use of the R arm package (version 1.11-2) [37]. A backward selection
procedure was used to remove non-significant features, based on Akaike’s information crite-
rion, to achieve the final minimal adequate model [38]. A Random forest model was also
examined but no performance improvements were found. This analysis is therefore not
included in this article. We have combined an additional algorithm to logistic regression
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N of confirmatory

antigens with intensity
>=10

=0 =1 N>1

LR for LR for

confirmation confirmation

p<0.5 p>=0,5 p<0.5 p>=0,5

Negative Negative Indeterminate Indeterminate Positive

LR for typing

HTLV-1 HTLV-2

Fig 3. Simplified algorithm model for Multi-HTLV confirmation result. The decision tree representing the interpretation algorithm of the Multi-HTLV
test, is divided into three steps. The first step is to classify the sample into three categories according to the number of confirmatory antigens with an
intensity greater than or equal to 10. The second step is to apply the first logistic regression formula for confirmation to categorize samples with a number of
reactive antigens greater than or equal to 1. Finally, the third step is to apply a logistic regression formula for typing, only on positive samples.

https://doi.org/10.1371/journal.pntd.0009925.9003

formulas, to categorize questionable samples into an indeterminate category. First, a minimal
intensity value of 10 was determined for labeling confirmation antigens as positive. A 2-cluster
Gaussian mixture model was fitted using the R mclust package (version 5.4.7), and the clusters’
intersection point was used as threshold.

Then, we developed an algorithm based first on counting the number of positive antigens
per sample and then applying logistic regression formulas. The algorithm is as follows: if the
number of confirmatory antigens is zero, then the sample is directly considered to be negative;
if the number of antigens is equal or higher than one, then a first logistic regression formula
for confirmation is applied. It permits classification of samples with one reactive antigen
among negative (LR probability (p)<0,5) or indeterminate categories (p> = 0,5), and samples
with number of antigens higher than one in indeterminate (p<0,5) or positive (p> = 0,5) cate-
gories. Thereafter, only positive samples are typed as HTLV-1 and/or HTLV-2 by applying a
second logistic regression formula (Fig 3). The Interpretation Algorithm was implemented in
Microsoft Excel 2019 for further data processing.

Performance analysis. After application of the interpretation algorithm, sensitivity (num-
ber of Multi-HTLV-positive values divided by number of PCR-positive samples) and specific-
ity (number of Multi-HTLV-negative values divided by number of PCR-negative samples)
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with corresponding confidential interval (CI) of 95%, were used for diagnostic accuracy and
performance evaluations of the Multi-HTLV assay. Indeterminate results obtained were
included for the calculation of sensitivity and specificity. In this case, a PCR-negative sample
that was indeterminate with Multi-HTLV, was treated as a false positive. Conversely, a PCR-
positive sample that was indeterminate, it was counted as a false negative.

Results

First, we evaluated the Multi-HTLV confirmatory assay by analyzing the immunoreactivity of
each antigenic marker for all tested patients. By visual analysis of images recorded with a spe-
cific image reader, we could clearly separate the majority of HTLV negative and positive
results. Next, a mathematical algorithm was developed to facilitate a faster and accurate analy-
sis of the confirmation and typing results. In addition, the algorithm enables precise determi-
nation of atypical profiles, for which visual interpretation is more complicated (S3 Appendix).
The training of the algorithm was performed with the development set and then applied to the
validation set. Each sample was confirmed by classification using the net intensities of the
three confirmatory antigens and then by applying the two logistic regression formulas for con-
firmation and typing. Because HOST samples were tested and typed by both PCR and INNO-
LIA HTLV, for sake of clarity, we describe here the results of this fully documented cohort.
The performance of the algorithm is presented for both the development and validation data-
sets to evaluate the reactivity of all samples of the HOST cohort. However, the strength of the
algorithm can only be evaluated on the validation dataset, since it was not used to develop the
algorithm. Sensitivity and specificity were calculated based on perfect matching of the results
as compared to PCR gold standard. We obtained a sensitivity of 100% (96,4-100 development
set; 96,15-100 validation set) in both sets and a specificity of 97,90% (92,65-99,42) and 98,06%
(93,19-99,47) for the development and validation sets, respectively. The proposed new method
achieves slightly improved performances compared to INNO-LIA in terms of reduced indeter-
minates (4 vs. 5). Noteworthy, all the patients displayed different serological patterns depend-
ing on the HTLV-type and individual immune reactivities (Fig 4).

By analyzing the classification of the samples compared to the PCR gold standard, the speci-
ficity did not attain optimal performance as two negative samples in each set were classified in
the indeterminate category (Table 3).

To further investigate the 4 indeterminate samples obtained, we looked at their serological
profiles (Table 4). In both sets, we found negative samples with high reactivity only on the
GP21-I/1I confirmation antigen. Since this antigen has a very high sensitivity, it was more pru-
dent to consider these samples as indeterminate when only this antigen reacted. The other two
indeterminate samples displayed two or three confirmatory antigens with reactivities slightly
above the threshold of 10. For this reason, at the first confirmation step, we counted more than
one reactive confirmatory antigen, but the logistic regression corrects for this and places them
in the indeterminate category (see Fig 3). Despite these four atypical samples, the Multi-HTLV
assay provides strong confirmatory performance compared to the currently used WB assays.

Typing performance showed a strain specificity of 99,03% (94,70-99,83; n = 102/103 cor-
rectly typed) for the development set and 100% (96,15-100; n = 96/96) for the validation set.
In comparison, the INNO-LIA assay has a strain specificity of 94.17% (87,87-97,30) for the
samples in the development set and 95.83% (98,77-98,37) for the samples in the validation set.
Among these untyped or falsely typed samples with INNO-LIA, there was a higher proportion
of HTLV-2 PCR samples (n = 7/10) (Table 5).

In our study, 3 HTLV-1/HCV and 12 HTLV-2/HCV co-infected samples from the HOST
cohort were also included. Importantly, all these samples were correctly confirmed and typed
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A) Negative Blood Donors

B) HTLV type 1 samples

C) HTLV type 2 samples

Fig 4. Examples of serological patterns obtained with Multi-HTLV. (A) Examples for three negative blood donors.
These are either non-reactive samples or samples that show cross-reactivity with isolated GP46 confirmatory and/or
GP46-11 typing antigens. (B) Examples for three HTLV-1 patients. Different profiles were observed depending on the
individual immune response of each patient. (C) Examples for three HTLV-2 patients. Different profiles were observed
depending on the individual immune response of each patient.

https://doi.org/10.1371/journal.pntd.0009925.g004

with Multi-HTLV (Table 6). We noted that 4 of the samples had a slightly less reactive serolog-
ical profile. However, the combination of the high sensitivity of the Multi-HTLV and the
strength of the algorithm permitted correct confirmation. Thus, co-infection with HTLV/
HCYV does not seem to have an impact on the test performance.

Then, we studied the creation of a predictive model for proviral load depending on the sero-
logical profile of HTLV positive patients. In 246 HTLV-1 and 245 HTLV-2 samples from the
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Table 3. Analysis of the Multi-HTLYV results on the HOST cohort.

Gold Standard Results Multi-HTLV Results Total
Negative HTLV-1 HTLV-2 IND
DEV VAL DEV VAL DEV VAL DEV VAL
Negative 93 101 2 2 198
HTLV-1 46 53 1 100
HTLV-2 56 43 99
Total 93 101 46 53 57 43 2 2 397

Results are expressed by the number of samples, and calculated after applying the algorithm. All samples tested with Multi-HTLV were compared with gold standard
results.
DEV, development set; VAL, validation set; IND, Indeterminate.

https://doi.org/10.1371/journal.pntd.0009925.t003

entire HOST cohort, linear and rank correlations between intensities of each antigen of the
Multi-HTLV and proviral load were highly significant. Based on these observations, two multi-
variable models (one for HTLV-1 and one for HTLV-2) were created using the logarithm of
the proviral load (log (PVL)) as dependent variable and the antigen intensities as independent
variables. Models showed linear Pearson’s correlation coefficients of 0.56 and 0.54 respectively,
between observed and predicted proviral load (Fig 5). Although the correlations are strongly
significant, the model performance is not sufficient to accurately predict of the proviral load
based on antigen reactivities.

Finally, we examined longitudinal patient samples from the HOST cohort using the Multi-
HTLYV assay. We observed in 35 of 60 patients a certain dynamic in antibody levels between
the initial donation and 10-11 years of follow-up. These changes were sometimes visible on
the INNO-LIA assay, but measuring the intensities of individual spots with the Multiplex
reader provides more accurate values and facilitates visualization of the variations in serologi-
cal signatures (S4 Appendix; A). However, the variations in antibody levels don’t seem to be
associated with variations in proviral load (S4 Appendix; B).

Discussion

Here we have developed an innovative and high-performance Multi-HTLV assay solving the
major limitations associated with the currently used WB confirmatory test. The multiplex

Table 4. Multi-HTLV intensities for indeterminate samples.

Gold Standard Multi-HTLV Intensity Nb antigen with intensity > = | LR for confirmation Final
Results GP21-I/II P19-I/II GP46-1/1I 10 () Result
CONF CONF CONF
A) Negative 6,01 18,77 15,49 2 0,06 IND
Development Negative 36,48 1,23 1,14 1 0,84 IND
B) Validation Negative 42,14 3,24 1,41 1 0,95 IND
Negative 18,92 11,81 25,84 2 0,18 IND

(A) Results correspond to indeterminate samples with Multi-HTLV from the development set. The first sample in this group has two positive confirmatory antigens and
LR probability (p) less than 0.5, while the second has only one positive GP21-I/II confirmatory antigen but LR probability higher than 0.5 (B) Results correspond to
indeterminate samples with Multi-HTLV from the validation set. The first sample in this group has only a positive GP21-I/II confirmatory antigen and LR probability
higher than 0.5, while the second has three positive confirmatory antigens but LR probability less than 0.5. CONF, confirmation; Nb, number; LR, Logistic Regression;
IND, indeterminate result.

https://doi.org/10.1371/journal.pntd.0009925.t004
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Table 5. INNO-LIA scoring results for untyped and falsely typed samples.

PCR INNO-LIA Scoring results INNO-LIA Multi-HTLV

T | Result GP21-1/11 P19-1/11 P24-1/11 GP46-/I1 P19-1 GP46-1 GP46-11 Result Result
CONF CONF CONF CONF TYPE TYPE TYPE

A) | HILV-2 2+ - 2+ - +/- . - HTLV-1 HTLV-2
DEV | grLv2 3+ - - 2+ - - - HTLV HTLV-2
HTLV-2 2+ 2+ 2+ 2+ 1+ +/- +/- HTLV-1 HTLV-2
HTLV-2 2+ 1+ 2+ +- ; . - HTLV HTLV-2
HTLV-1 3+ 2+ 2+ 2+ ; . - HTLV HTLV-2
HTLV-1 3+ 2+ . 1+ ; . - HTLV HTLV-1
B) | HTLV-2 2+ 2+ 1+ ; ; . ; HTLV HTLV-2
VAL | grLva 2+ 2+ 2+ - - - - HTLV HTLV-2
HTLV-2 2+ - 1+ 2+ - 2+ - HTLV-1 HTLV-2
HTLV-1 2+ 2+ +/- 2+ - - - HTLV HTLV-1

(A) Results correspond to INNO-LIA untyped and falsely typed samples from the development set. Among the six samples in this group, four have HTLV-2 PCR result
and two of them were falsely typed HTLV-1 with INNO-LIA. One sample was non-correctly typed with Multi-HTLV. (B) Results correspond to INNO-LIA untyped
and falsely typed samples from the validation set. Among the four samples in this group, three have HTLV-2 PCR result and one of them was falsely typed HTLV-1 with
INNO-LIA. All samples were correctly typed with Multi-HTLV. DEV, development set; VAL, validation set; PCR, Polymerase Chain Reaction; CONF, confirmation

https://doi.org/10.1371/journal.pntd.0009925.t005

assay allows monitoring of different serological profiles for each patient first by visual analysis,
and second through a combination of highly specific synthetic antigens as well as a custom-
designed high-precision algorithm that ensures the most reliable confirmatory and typing
results. The multiplex technology can be performed in any routine laboratory with simple
equipment and a small sample volume.

Table 6. Multi-HTLV results for HTLV/HCYV co-infected samples.

PCR Result Multi-HTLV Intensity Multi-HTLV Result
GP21-I/II CONF | P19-I/I CONF | GP46-1/I1 CONF | P19-ITYPE | GP46-ITYPE | GP46-11 TYPE
A) DEV HTLV-1 55,3 5,7 HTLV-1
HTLV-1 40,6 1,8 HTLV-1
HTLV-2 76,0 51,4 8,2 4,3 HTLV-2
HTLV-2 40,9 3,7 1,2 HTLV-2
HTLV-2 48,3 52,2 4,2 4,1 HTLV-2
HTLV-2 51,2 39,3 5,4 HTLV-2
HTLV-2 75,6 56,6 42,9 1,6 1,6 40,4 HTLV-2
HTLV-2 32,4 14,0 3,1 1,9 20,9 HTLV-2
HTLV-2 53,3 16,5 5,7 2,5 11,8 HTLV-2
HTLV-2 24,6 9,6 9,2 6,2 9,1 HTLV-2
B)VAL | HTLV-1 60,2 2,6 HTLV-1
HTLV-2 58 41 732 HTLV-2
HTLV-2 64,9 69,8 6,5 1,9 65,6 HTLV-2
HTLV-2 32 15,6 2,8 28,7 HTLV-2
HTLV-2 28,6 32 3,1 1,9 2,0 HTLV-2

(A) Results correspond to HTLV/HCV co-infected samples from the development set. (B) Results correspond to HTLV/HCV co-infected samples from the validation

set.

DEV, development set; VAL, validation set; PCR, Polymerase Chain Reaction; CONF, confirmation

https://doi.org/10.1371/journal.pntd.0009925.t006
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Fig 5. Relationship between observed and predicted logarithm of the proviral load. (A) HTLV-1 samples (N = 246)
were plotted by their observed log (PVL) and predicted log (PVL). The linear curve x = y represents the estimated
perfect correlation. (B) HTLV-2 samples (N = 245) were plotted by their observed log (PVL) and predicted log (PVL).
The linear curve x = y represents the estimated perfect correlation.

https://doi.org/10.1371/journal.pntd.0009925.g005

This study targets an important medical need which is to develop a cutting-edge diagnostic
tool to improve counselling and reduce viral transmission of HTLV. Over the past 30 years
and since the development of the INNO-LIA assay, no significant progress has been made to
further improve HTLV diagnostics, thus the current strategy is to simply select the best
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screening method [29,39]. Our findings on a large number of HTLV samples show that sensi-
tivity correlated 100% with PCR results in the validation sample set, even taking into account
HTLV/HCV co-infected samples. Specificity did not reach 100% due to indeterminate results
from a low number of PCR-negative samples, but it significantly exceeded the specificity of
currently marketed WB assays. [20,40]. The appearance of discordant samples in the develop-
ment set is related to the training of the logistic regression model. From the antigens reactivi-
ties obtained on the samples included in the development set, we have defined logistic
regression coefficients in order to obtain the best prediction of PCR gold standard results.
However, if several samples display the same antigenic reactivity profile but not the same PCR
result, the algorithm will not perfectly match gold standard. Nevertheless, when applied to the
validation dataset the developed algorithm, shows high accuracy with no false-positive or
false-negative samples.

Despite the imperfect classification of PCR-negative samples with Multi-HTLV, it is prefer-
able to categorize them as indeterminate rather than giving an incorrect result, as they may be
subject to further investigation to better understand their status. Furthermore, it would be
important to test more co-infected samples and in particular HIV/HTLV samples, which cur-
rently cause many difficulties [24].

The Multi-HTLV assay is thus not only a useful tool to accurately diagnose HTLV infection
but also a good tool to understand indeterminate samples, which represent a major challenge
in HTLV diagnostics, particularly in endemic areas [39]. Indeed, WB indeterminate samples
are difficult to resolve in blood bank settings. Several attempts have been made to explain this
phenomenon, including samples collected during the seroconversion period, low HTLV-1
proviral load associated with strain gene mutations, other HTLV types (2 to 4), defective
HTLV-1 strains, or co-infection with other pathogens [21,24,41]. For instance during serocon-
version, antibodies to GP21 appear earlier than those to P24 and P19 [42]. One follow-up
study examined indeterminate patient profiles with an isolated GP21-I/II band and found that
some patients became HTLV-positive over time suggesting that some patients were in the
seroconversion phase at the time of testing [26].

In our study, we also obtained indeterminate results for PCR-negative blood donors, due to
an isolated GP21-I/II. Unfortunately, these individuals were not tested for proviral load and
follow-up sampling was not performed, making it difficult to understand whether they repre-
sent seroconverting cases. For the other indeterminate results, we obtained intensities on anti-
gens other than GP21-1/1I that are very close to the minimal intensity value. It is possible that
these intensities would vary when the test is repeated and that the final result may change. In a
future study, it would be important to track individuals with similar profiles to better under-
stand the role of seroconversion or cross-reactivity. It is also interesting to note, that several
studies have identified two serological profiles of WB indeterminate subjects from African and
Caribbean populations, called "N" and "HGIP". However, INNO-LIA and PCR tests revealed
that these reactivities were probably not caused by HTLV-1 infection but were likely due to
cross-reactivity with antigens of other microbial agents, in particular the parasite Plasmodium
falciparum [22,43]. These studies suggested that a sample is HTLV-positive only if it has reac-
tivity to at least one native P19 and P24 gag as well as an Env antigen. The multiparametric
aspect of the Multi-HTLV assay and its associated confirmation algorithm takes into account
the acquisition of at least two reactivities to highly sensitive and specific Env and Gag antigens
and therefore enhances the analysis and provides a more reliable diagnostic of HTLV
infection.

Our study also shows that typing of HTLV strains using the Multi-HTLV assay shows
promise. Only one sample in the development set was not correctly classified. The proposed
method shows higher performance with regard to HTLV type assignment as compared to the
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INNO-LIA. This would be necessary due to the appearance of new strains in certain endemic
areas and in high-risk populations. It is also interesting to note that in our study, INNO-LIA
non- or falsely-typed results were related to the HTLV-2 strain. These observations are remi-
niscent of reported problems with WB, which lacks typing sensitivity particularly for HTLV-2
strains [40]. For INNO-LIA non-typed profiles, PCR is reccommended given its higher typing
sensitivity [23]. However, it is difficult to completely replace the current confirmatory tests
with PCR for the initial testing because HTLV-infected individuals would have to be recalled
to obtain fresh sample for additional DNA extraction from peripheral blood cells, and sensitiv-
ity to detect low proviral load samples is not sufficient (co-infection or strain-depend) [24,25].
The use of a confirmatory test with high typing sensitivity such as Multi-HTLV would avoid
the need for additional confirmatory tests.

Accuracy in distinguishing HTLV strains remains important for prognosis of associated
diseases and in cases of some co-infections [44]. For example, HTLV-1 is clearly linked with
ATLL but HTLV-2 has not been proven to cause hematologic malignancy. In addition, some
studies have shown varying effects on other infectious diseases in the case of co-infection with
one of the two HTLV strains. In co-infected individuals, HTLV-1 infection appears to reduce
HCYV viremia, whereas HTLV-2 increases HCV viral load [44]. In addition, other studies have
shown that HIV/HTLV-1 co-infection is associated with rapid progression to the AIDS stage
while HTLV-2 plays a protective role [45].

Another medical need related to HTLV infection concerns the understanding of associated
diseases because currently no vaccine is available and treatment options for HAM/TSP and
ATLL are inadequate [16,46]. The pathogenesis of ATLL is not fully understood and unclear
[6]. Interestingly, a correlation between high anti-env and proviral DNA levels in HTLV-1 has
been observed in patients who develop HAM/TSP compared to asymptomatic patients
[46,47]. However, currently there is no serological diagnostic test that differentiates between
asymptomatic and symptomatic patients or provides prognostic utility [48]. With the aim of
better understanding the type of different serological profiles and the evolution of the infec-
tion, we created a model to predict proviral load based on antigens reactivities. The correlation
between the observed and predicted proviral load was robust but the performance is not suffi-
cient. More studies are required to investigate whether these models can be used to monitor
the proviral load during HTLV infection. However, we observed an interesting dynamic of
antibody levels in the majority of the followed-up HTLV individuals. Access to more enriched
clinical data from these patients would be very helpful to examine a potential correlation
between the evolution of serological signatures the progression to the symptomatic stage.

In summary, our data demonstrate that the Multi-HTLV assay is a novel and reliable assay
to detect and type HTLV-infected patients, as well as a research and discovery tool to perform
serological profile studies, as recently performed for Chagas disease [49,50]. Since our study
includes HTLV-infected individuals, mainly from USA, it is now essential to use larger sample
collections that include patients from different regions of the world. It would be of particular
interest to test samples from various endemic areas, such as Africa, South America and Aus-
tralo-Melanesia, that frequently show indeterminate results, and different HTLV-1 genotypes
to better assess Multi-HTLV performances. In addition, a comparative analysis of Multi-
HTLV and WB’s data would be also important. Finally, it would be useful to extend our study
with longitudinal samples over a longer period of time and obtain associated clinical and pro-
viral load data to evaluate prognostic utility. Detailed validation of the Multi-HTLV assay
could pave the way to use the test as a monitoring or prediction tool and allow a better coun-
selling and clinical management of the patients.
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