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ARTICLE INFO ABSTRACT

Keywords: To characterize HIV-1 gp41 as an antigen for developing HIV-1 incidence assay and to investigate the impact of

HIV-1 HIV-1 genetic diversity on the assay performance, a number of truncated peptides were synthesized to identify

Genotype the immunodominant epitopes (IDEs) of HIV-1 gp41 protein. Subsequently, the mixed peptides (MP3) or the

Recent infection recombinant protein (MP4) containing HIV-1 gp41 IDEs of the major HIV-1 genotype CRFO1_AE, CRF07_BC/

Long:term infection CRF08_BC and subtype B in China were used to verify the sensitivity and specificity of HIV-1 recency testing. We

g4l identified the QKFLG and GKIIC motifs located in the loop region of HIV-1 gp41 as the two major IDEs. The
surrounding amino acids EAQQHLLQLT and WNSSWSN could block the binding of gp41 peptide and anti-HIV
antibody with low avidity, making the gp41 peptide p57 suitable for distinguishing recent and long-term HIV-1
infections. Furthermore, MP3 or MP4-based immunoassay could significantly improve the assay sensitivity and
showed 93.33% (140/150) vs. 94.59% (35/37) and 94.08% (143/152) vs. 94.59% (35/37) concordance with
commercially available LAg-Avidity EIA test among the cross-sectional and longitudinal samples, respectively.
The estimated mean duration of recent infection (MDRI) was 130 days (95% CI: 83-167) and 166 days (95% CI:
123-202) for MP3 and MP4 assays, respectively. Our preliminary results indicate that the HIV-1 gp41 peptide-
based immunoassay specifically targeting the major HIV-1 genotype CRF01_AE, CRF07_BC/CRF08_BC and
subtype B could serve as a simple incidence assay for differentiating recent and long-term HIV-1 infections in
China.

1. Introduction

The Joint United Nations Program on HIV and AIDS (UNAIDS)
proposed the ambitious global goal of achieving the "90-90-90" target
by 2020 and ending the HIV epidemic by 2030 (Barton-Knott, 2014).
One important measure is to monitor the incidence of HIV-1 infection
by detecting recent HIV-1 infection with HIV-1 incidence assays. In
practice, the incidence assays are used to distinguish ‘recent’ from ‘long-
term’ infection in a cross-sectional study based on the evolving nature
of anti-HIV antibody with respect to their quantity (Janssen et al.,
1998), proportion (Parekh et al., 2002), avidity (Chawla et al., 2007;
Suligoi et al., 2002), or isotope (Viana et al., 2018). Since the 1990s, a
number of incidence assays have been reported, such as the BED-cap-
ture-enzyme immunoassay (BED-CEIA) to detect the proportion of the
specific anti-HIV gp41 IgG antibodies relative to the total IgG (Parekh
et al., 2002), and the limiting antigen avidity enzyme immunoassay

(LAg-Avidity EIA) to measure the avidity of antibodies against the im-
munodominant epitopes (IDEs) of HIV-1 gp41 (Duong et al., 2012).
However, the test properties of currently reported incidence assays did
not meet the criteria indicated in the ‘target product profile’ (TPP) such
as large mean duration of recent infection (MDRI) and small false-re-
cent rate (FRR) for tests of recent infection (Anon, 2019). A profound
variation has been reported among the populations tested due to the
differences in HIV-1 subtypes or genotypes, epidemic phases, levels of
total IgG, HIV-1 viral loads and CD4 + cell counts as well as the extent
of antiretroviral therapy (ART) use (Guy et al., 2009). Therefore, the
performance of HIV-1 subtype or genotype-specific incidence test
would require further investigation. The development of an incidence
assay that is cross-reactive to the dominant genotypes of HIV-1 or re-
finement of the incidence assays according to the predominant and
prevalent HIV-1 strains would be highly desirable for its application.
We have previously reported a 57-mer peptide, gp41-p57, located at
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the loop region of HIV-1 gp41 that can differentiate recent and long-
term HIV-1 infections (Li et al., 2016; Chong et al., 2015). In this study,
we further determined the major IDEs within the gp41-p57 peptide and
the role of the amino acid sequences surrounding the gp41 IDEs, as well
as the impact of HIV-1 genotype or subtype on the performance of HIV-
1 genotype specific peptide-based immunoassay in distinguishing re-
cent and long-term HIV-1 infections.

2. Materials and methods
2.1. Peptides, recombinant protein and antibody

The original 57-mer HIV-1 peptide gp41-p57 has been reported
(Fig. 1A) (Li et al., 2016). Truncated peptides, p1-p10, with 5 amino
acids removed from the N- or C-terminal of gp41-p57 (Fig. 1B) and 57-
mer gp41 peptides specific for HIV-1 CRFO1_AE (pAE), CRF07_BC/
CRF08_BC (pBC), subtype B (pB) or subtype D (pD) (Fig. 1C) were
synthesized and purified by high performance liquid chromatography
(HPLC) at Sangon Biotech Co., Ltd (Shanghai, China). The recombinant
protein MP4 was designed to include the gp41 immunodominant re-
gions of 4 HIV-1 genotypes (CRFO1_AE, CRF07_BC/CRF08_BC, subtype
B and D) with three intervening hydrophilic linkers (Fig. 1D). MP4 was
engineered in the expression vector pET28a, expressed in E. coli BL21
(DE3) (Tiangen Biotech Co., Ltd, Beijing, China) and purified by the Ni-
NTA superflow column (QIAGEN, Valencia, CA). Horseradish perox-
idase-conjugated goat anti-human IgG (IgG-HRP) was purchased from
Abcam (Cambridge, UK).

2.2. Specimens

The archived de-linked serum samples from 10 patients undergoing
acute HIV-1 seroconversion were prospectively collected to establish
anti-HIV antibody maturation kinetics. Four prospective samples were
available from each seroconverter from a period spanning up to 602
days from the date of the last negative anti-HIV antibody-result (day 0)
(Table S1). The status of recent or long-term HIV-1 infections of both
the longitudinal samples and cross-sectional samples analyzed in this
study has previously been determined by the commercially available
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Fig. 1. Schematic illustration of HIV-1 gp41 protein and the peptides for HIV-1
recency testing. (A) Location of the key immunodominant epitope sequences. The
sequence of the gp41-p57 peptide is marked in blue. (B) The functional domains
of HIV-1 gp41 and the sequences of the truncated peptides used in our study. The
gp41 numbering of HIV-1 HXB2 is used. The starting and ending number of the
peptide p57 is marked in blue. The two major immunodominant epitopes are
marked in red and green, respectively. (C) HIV-1 genotype-specific peptides of
gp4l. pAE, pBC, pB and pD are the peptides specific for HIV-1 CRFO1_AE,
CRF07_BC, and CRF08_BC, subtype B and D, respectively. The difference of amino
acid residues among the four peptides is marked in brown. (D) Amino acid se-
quences of the recombinant protein MP4 spanning the immunodominant epitopes
of gp41 for HIV-1 CRFO1_AE, CRF07_BC/CRF08_BC, subtype B and D. The linkers
between the 4 HIV-1 genotype specific peptides are marked in red. FP, fusion
peptide; NHR, N-terminal heptad repeat; CHR, C-terminal heptad repeat; TR,
tryptophan-rich region; TM, transmembrane domain; CP, cytoplasmic.

Maxim HIV-1 LAg-Avidity EIA Kit (Maxim Biomedical, Inc., USA) (Li
et al., 2016). Panel A containing 53 anti-HIV positive plasma specimens
from 16 outpatients and 10 follow-up patients were used to analyze the
IDEs of HIV-1 gp41 protein. Panel B was composed of 161 HIV-1-po-
sitive serum or plasma specimens collected from 110 HIV-1-infected
men who have sex with men (MSMs) and 51 HIV-1-infected people who
inject drugs (PWIDs) in Guangzhou, China (Table S1). The HIV-1 gen-
otypes of the 161 samples in Panel B have been determined previously
(Wu et al., 2017) and were distributed equally in the subjects with
recent or long-term HIV-1 infection (p > 0.05, Table S1). Panel B
samples were also used to evaluate the HIV-1 genotype specific im-
munologic reactivity and the performance of the peptide or re-
combinant protein-based immunoassays to distinguish between recent
and long-term HIV-1 infection. Ethical approval was obtained from the
Ethics Committee of Dermatology Hospital of Southern Medical Uni-
versity (ref # 2013-H-01).

2.3. ELISA for detection of anti-HIV antibodies

The synthetic peptide or recombinant protein was added to the well
of microtiter plate at the concentration of 2 pg/ml (or 8 ug/ml when the
3 peptides pAE, pBC and pB were mixed as 2:1:1, named as MP3) in
phosphate-buffered saline (PBS, Beijing Dingguo Changsheng
Biotechnology Co., Ltd, Beijing, China) and incubated overnight at 4°C.
The plates were washed five times with PBS containing 0.05% Tween-
20 (PBS-T, Beijing Dingguo Changsheng Biotechnology Co., Ltd,
Beijing, China) and blocked with 5% non-fat dry milk (NFDM) (Beijing
Dingguo Changsheng Biotechnology Co., Ltd, Beijing, China) in PBS-T
at 37°C for 1h. Plates were then incubated with 1:100 diluted human
serum or plasma specimens at 37°C for 1 h followed by incubation with
50ul of 8 M urea (GEN-VIEW Scientific Inc., Florida, USA) for 30 min at
37 °C. After washing, 50pl of 1:5000 diluted IgG-HRP was added and
incubated at 37°C for 30 min. After washing, each well was incubated
with 50 pl of 3, 3, 5, 5’-tetramethylbenzidine (TMB, Beyotime
Biotechnology, Shanghai, China) solution at room temperature for
15 min followed by the addition of 50 pl of 2 M H,SO,4 (Xilong Chemical
Co., Ltd., Shantou, China) to stop the reaction. The optical density (OD)
was read at an absorbance of 450 nm, and is indicative of the level of
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the anti-HIV-1 present in the clinical samples. The cut-off (CO) value
was determined according to the receiver operating characteristic curve
(ROC curve). Each sample was tested in triplicates.

2.4. Anti-HIV antibody avidity assay

Avidity index (AI) determination was performed by using MP3-
based immunoassay. Each serum sample was added to 6 wells and in-
cubated at 37°C for 1 h. After washing, three wells were treated with 50
pl of 8 M urea while the other 3 wells were incubated with PBS as a
control. The other steps were consistent with the above ELISA. The Al
was the ratio of the mean OD of the treated wells to that of the control
wells.

2.5. Statistical analysis

The data were analyzed with SPSS 20.0 (SPSS Inc., Chicago, IL,
USA) and graphed with GraphPad Prism 5.0 (GraphPad Software,
California, USA). Qualitative variables were analyzed with McNemar
Test or Chi-square Test. Quantitative variables were analyzed with the
independent-sample t-test Linear regression was used to assess the re-
lationship between the time of HIV-1 infection and anti-HIV antibody
titers.

3. Results
3.1. Determination of immunodominant epitopes

Based on the analysis of a series of truncated peptides, we found that
two 5-mer sequences, GKIIC and QKFLG, were crucial for the strength
of antibody binding as indicated by the significant difference between
the peptide p7 and p8 as well as p9 and p10-based detections. No sig-
nificant difference was observed between the p8 and p9-based
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detections (Fig. 2A). When 30 anti-HIV positive specimens were tested,
we found that 90.0% and 73.3% of the samples reacted with QKFLG
and GKIIC motif, respectively, whereas 26.7% and 16.7% of the sam-
ples reacted with VLAVE and TTAVP motif, respectively (Fig. 2B).
Taken together, our results clearly indicated that the QKFLGLWGCSG-
KIIC sequence within the loop region of HIV-1 gp41 contains the major
IDEs and are critical for the specific immune response to HIV-1
(Fig. 1A).

Interestingly, the peptides p1-p7 and p57 that contain the above two
IDEs reacted profoundly different (Fig. 2A) and showed 93.3%-100%
sensitivity or > 88% of the Youden index compared with the LAg-
Avidity EIA (Table S2) when testing the sera of HIV-1 recent or
chronical infections. However, the original p57 peptide-based assay
showed almost no reactivity with the samples from recent HIV-1-in-
fected individuals but relatively high optical density (OD) values for the
long-term HIV-1 infected sera (P < 0.05, Fig. 2A). These results sug-
gested that the sequences on both ends of p57, EAQQHLLQLT and
WNSSWSN, may affect the binding capacity of anti-HIV antibodies with
low avidity in particular for those from recently infected subjects by the
two linear epitopes alone or through the conformational structure
formed between the two epitopes. Furthermore, compared with the
LAg-Avidity EIA, the p57-based detection showed the highest coeffi-
cient value (k=0.923) and the area under the receiver operator char-
acteristic curve (AUC = 0.987) in (Table S2). Our results indicated that
among the peptides analyzed, p57 was more suitable for distinguishing
recent and long-term HIV-1 infections. Therefore, we determine to
focus on the peptide p57 for further evaluation.

3.2. Evaluation of HIV-1 genotype specific peptides and recombinant gp41
protein

Parekh et al. have reported the HIV-1 subtype difference for dis-
tinguishing recent and long-term HIV-1 infections (Parekh et al., 2002).
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Table 1
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Analysis of HIV-1 genotype specific immunologic reactivity to distinguish HIV-1 recent and long-term infection.

Genotypes of samples Detection methods LAg-Avidity EIA Total P value® K’ Sensitivity (%) Specificity (%)
Antigens Result Recent Long-term

CRF01_AE PAE Recent 12 1 13 1.000 0.854 97.62 85.71
Long-term 2 41 43
Total 14 42 56

Non- CRFO1_AE Recent 18 12 30 0.003 0.659 86.05 94.74
Long-term 1 74 75
Total 19 86 105

CRF07_BC/ CRF08_BC pBC Recent 12 5 17 0.063 0.790 92.42 100.00
Long-term 0 61 61
Total 12 66 78

Non-CRF07_BC/ Non-CRF08_BC Recent 21 37 58 0.000 0.255 40.32 100.00
Long-term 0 25 25
Total 21 62 83

Subtype B pB Recent 2 1 3 1.000 0.750 90.00 100.00
Long-term 0 9 9
Total 2 10 12

Non-B Recent 24 29 53 0.000 0.419 75.42 77.42
Long-term 7 89 96
Total 31 118 149

All samples MP3 Recent 24 6 30 0.607 0.704 95.31 72.73
Long-term 9 122 131
Total 33 128 161

All samples MP4 Recent 23 4 27 0.180 0.714 96.88 69.70
Long-term 10 124 134
Total 33 128 161

@ P value was calculated by using the McNemar Test to analyze whether the positive rates of the two immunoassays were consistent.

b , the coefficient of measure of agreement.

In China, the dominant HIV-1 genotypes are CRFO1_AE, CRF07_BC, and
CRF08_BC while the prevalence of HIV-1 subtype B has been decreasing
(Jin et al., 2011). The amino acid sequence alignment also showed 8
amino acid differences within the p57 peptide or 4 amino acid differ-
ences within the QKFLGLWGCSGKIIC motif among HIV-1 genotype
CRF01_AE, CRF07_BC/ CRF08 BC, B and D (Fig. 1C). As shown in
Table 1, the use of pAE peptide to detect the samples infected with
CRFO01_AE or non-CRFO1_AE resulted in 97.62% and 86.05% sensitiv-
ities, respectively. The corresponding values for the peptide pBC and pB
were 92.42% vs. 40.32%, and 90.00% vs. 75.42%, respectively. How-
ever, MP3 detected majority of the HIV-1 positive samples regardless of
HIV-1 genotypes and reached the testing sensitivity of 95.31%
(Table 1), which was higher than the sensitivity of 67.19%-89.84%
obtained by any single peptide (Table S3). Similar results were obtained
for MP4 (Table 1). These data strongly suggested that the antigens
derived from multiple HIV-1 genotypes were required for sensitive
detection of anti-HIV antibodies and should be included for accurate
discrimination of recent vs. long-term HIV-1 infections across HIV-1
subtypes or recombinant viruses.

In addition, the strength and avidity of anti-gp41 antibody were
analyzed in 40 longitudinal samples from 10 HIV-1-infected individuals
and increased over time post-infection except for the patient ID5 by
both MP3 (Fig. 3A) and MP4-based immunoassay (Fig. 3B). A good
correlation between the time of post-infection and anti-gp41 titers was
obtained by linear regression analysis with a relatively high R? value of
0.7354 for MP3 assay (Fig. 3C) and 0.7232 for MP4-based im-
munoassay (Fig. 3D). When the OD cutoff value was set at 0.2, the
estimated MDRI was 130 days (95% CI: 83-167) for MP3 assay and 166
days (95% CI: 123-202) for MP4 assay, respectively (Fig. 3C and D).
Notably, among the 37 seroconversion samples determined to be recent
or long-term HIV-1 infection by both Maxim and KingHawk LAg-
Avidity EIA, 35 (94.59%) were correctly recognized by the MP3 and
MP4 assays with a k value of 0.888 and 0.890, respectively (Table 2).

19

3.3. Performance of the mixed peptides MP3 or recombinant protein MP4-
based immunoassay for distinguishing HIV-1 recent and long-term infection

A total of 157 and 159 samples were tested three times by MP3 or
MP4-based immunoassay, respectively, and the results were compared
with those obtained by the LAg-Avidity EIA. The concordant rate be-
tween the LAg-Avidity EIA and MP3 or MP4 assay was 93.33% (140/
150) or 94.08% (143/152), respectively. The coefficient of correlation
was 0.746 and 0.776, respectively (Table 2).

The discordant samples were further tested by the avidity assay.
Based on the results of 37 well-characterized samples of HIV-1 recent or
long-term infection, we found that all the recent HIV-1 infection sam-
ples had an Al value of < 40% whereas 85.7% (18/21) of the samples
from HIV-1 long-term infection had an AI value of > 40% (Figure S1).
Therefore, we selected the Al of 40% as the cut-off value to distinguish
HIV-1 recent or long-term infection. Among the 10 discrepant samples
between the MP3-based assay and the LAg-Avidity EIA kit, 6 samples
showed the same results between the Al tests and the MP3 assay.
Among the 9 discrepant samples between the MP4-based assay and the
LAg-Avidity EIA kit, 5 samples showed the same results between the Al
tests and the MP4 assay (Table S4). These results indicate the higher
sensitivity and specificity of the MP3/MP4-based assay as compared to
the LAg-Avidity EIA. Our preliminary results showed that both MP3 and
MP4-based assay could discriminate recent and long-term HIV-1 in-
fections with high reproducibility and sensitivity.

4. Discussion

In this study, we confirmed the important role of the 57-mer HIV-1
gp41 peptide with two major IDEs of GKIIC and QKFLG motifs located
in the loop region of HIV-1 gp41 in distinguishing recent and long-term
HIV-1 infection. We also found that both the upstream and downstream
amino acid residues of the major HIV-1 gp41 IDEs could block the
binding of anti-gp41 antibody with the 57-mer gp41 peptide in parti-
cular for the immature and low avidity anti-HIV antibody from HIV-1
recently infected subjects. These results could explain why the relative
high concentration (2-8 pg/ml) of the 57-mer gp41 peptide was used in
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Fig. 3. Detection of anti-HIV antibodies in the longitudinal samples. The 40 longitudinal seroconversion samples collected from 10 HIV-1-infected individuals are
detected against the mixed HIV-1 genotype specific gp41 peptides MP3 (A) or the recombinant protein MP4 (B) at different time points post-infection, respectively.
The linear relationship between the time post-infection and anti-HIV titers is established when tested by MP3 (C) and MP4-based immunoassay (D), respectively. The
dashed line shows the cut off value of HIV-1 recent vs. long-term infection. The regression line and 95% confidence intervals are shown by solid line and dash curves,

respectively.

our assays. In contrast, the current HIV-1 incidence assays, such as LAg-
Avidity EIA, mainly depends on limiting the concentration of the coated
antigen to restrict the binding with low avidity anti-HIV antibody

(Duong et al., 2012; Wei et al., 2

010).

HIV incidence assays have been proved to be HIV-1 genotype

Table 2

specific (Young et al., 2003; Parekh et al., 2001). Their sensitivity and
FRR vary across HIV-1 strains and geographical regions (Hallett et al.,
2009; Karita et al., 2007). For example, HIV-1 subtype D has been re-
peatedly reported to be associated with misclassification of HIV-1 re-
cent infections (Longosz et al., 2014). To overcome the problems

Comparison of MP3 or MP4-based immunoassay and LAg-Avidity EIA to distinguish HIV-1 recent and long-term infection.

Groups Detection methods LAg-Avidity EIA Total P value® coefficient of the correlation Concordance (%)
Antigens Result Recent Long-term
Longitudinal samples MP3 Recent 14 1 15 1.000 0.888 94.59
Long-term 1 21 22
Total 15 22 37
MP4 Recent 15 2 17 0.500 0.890 94.59
Long-term 0 20 20
Total 15 22 37
Cross-sectional samples MP3 Recent 18 1 19 < 0.001 0.746 93.33
Long-term 9 122 131
Uncertain” 4 3 7
Total 31 126 157
MP4 Recent 21 2 23 < 0.001 0.776 94.08
Long-term 7 122 129
Uncertain 4 3 7
Total 32 127 159

& P value of longitudinal samples was calculated by using the McNemar Test to analyze whether the positive rates of the two immunoassays were consistent, while
P value of cross-sectional samples was calculated by using Chi-square Test to analyze whether there was a correlation between the results of the two immunoassays.
> Uncertain referred to the inconsistent results among the three repeated tests of the sample.
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associated with testing different HIV-1 subtypes, Parekh et al. devel-
oped a BED-CEIA assay by using branched synthetic peptide that in-
corporates immunodominant gp41 sequences from multiple subtypes
including HIV-1 subtype B, E, and D (Parekh et al., 2002). Un-
fortunately, BED-CEIA was not available due to the lack of the specific
branched peptides. Subsequently, Parekh et al. developed the LAg-
Avidity EIA by using the recombinant fusion protein including the IDEs
of HIV-1 gp41 from three major HIV-1 variants (Wei et al., 2010). In our
study, we further addressed the effect of HIV-1 genotypes on the per-
formance of HIV-1 incidence testing. We found that misclassification
could occur if a single peptide was used for distinguishing recent HIV-1
infection (Table 1). Therefore, we adapted the gp41l peptides from
multiple dominant HIV-1 genotypes CRFO1_AE, CRF07_BC/CRF08_BC
and subtype B in China. As expected, both the MP3 and MP4-based
immunoassays using antigens from multiple HIV-1 genotypes increased
the testing sensitivity by 5-30% (Table 1). These results suggest that the
development of HIV-1 incidence assay must include antigens covering
the local predominant HIV-1 strains in order to improve the testing
sensitivity.

Furthermore, the immunoassays described in our study showed
excellent concordance of more than 93.33% with the LAg-Avidity EIA
(Table 2). Using a panel of samples obtained from HIV-1 seroconverters
over the course of up to 602 days post-infection, the gp41 peptide-based
MP3 or MP4 assay identified seroconversion within the previous 130
and 166 days, respectively. The MDRI of our study were comparable to
that of the LAg-Avidity EIA (Duong et al., 2012). These results indicated
that our assays are similar to the single-well LAg-Avidity EIA, which
relies on the avidity of HIV-1-specific IgG to discriminate recent and
long-term HIV-1 infections (Duong et al., 2012). However, our assays
use the 57-mer gp41 peptides derived from the predominant HIV-1
genotypes in China without the need to limit the concentration of
coating antigens.

The major challenge in our study is the limited number of well-
characterized specimens like those in the CEPHIA repository to de-
termine the MDRI and FRR. In our future investigations, we will further
refine the assays and assess their performance by using the cohort
samples collected in China and the specimens in the CEPHIA repository.

In summary, the immunoassay based on the HIV-1 gp41-p57 pep-
tide derived from multiple HIV-1 subtypes or genotypes provides a
reliable method for identifying recently acquired HIV-1 infection,
which is important for monitoring the HIV-1 epidemic, reducing HIV-1
transmission and initiating early ART.
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