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Abstract
Background  Avidity assays often misclassify chronic HIV-1 infection as recent HIV-1 infection (false recency rate), 
especially in participants on antiretroviral therapy. The aim of this study was to use Shannon entropy to evaluate HIV-1 
group-specific antigen (Gag) sequence diversity for the prediction of recent HIV-1 infections.

Methods  This was a retrospective study that characterised the complete HIV-1 Gag using Sanger sequences 
obtained from participants with confirmed recent or chronic HIV-1 infection. Shannon entropy was calculated for 
the entire HIV-1 Gag amino acid (aa) sequence (501aa) and sliding window analysis was computed at intervals of 
100aa each. This was followed by searching for aa sites that exhibited a different distribution of mutations between 
recent and chronic HIV-1 infection stages. Reference sequences were obtained from GenBank and the Los Alamos HIV 
database to verify the findings obtained from study sequences.

Results  Forty-seven participants with a mean age of 28.7 years (18 – 44) were enrolled, and fourteen (30%) of 
them had recent HIV-1 infection. Shannon entropy analysis showed a significantly higher aa diversity in chronic 
HIV-1 infection compared to recent HIV-1 infection (p = 0.0003). Analysis of sliding windows led to identification of 
four aa positions; S54, E55, I256, and S451; with different pattern of distribution between recent and chronic HIV-1 
infection stages; however statistical significance was only observed for three of these aa, p values = 0.094, 0.027, 0.027 
and 0.045, respectively. The performance of these informative sites for detection of recent HIV-1 infection in study 
sequences ranged from 71—86%, however, they had a high false recency rate (FRR) ranging from 39%—52%. Similar 
performance was observed in reference sequences. The combination of some informative aa sites reduced FRR in 
study sequences to below 24%.

Conclusions  Our data show that a Gag-based molecular strategy can be used to detect recent HIV-1 infections 
where Gag sequences are available. However, the results would have to be interpreted with caution due to 
an association with a high FRR. Further studies are needed to develop a molecular-based strategy with better 
performance for detection of recent HIV-1 infections.
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Introduction
The scale-up of antiretroviral therapy (ART) along with 
various global efforts to eliminate HIV/AIDS have led to 
a gradual decline in the number of new HIV-1 infections. 
However, there still is a high number of new HIV-1 infec-
tions reported globally with 1.3 million new HIV-1 infec-
tions reported in 2023 [1–4].

HIV incidence refers to the rate of new HIV infec-
tions which occur in a specific population over a defined 
period. It is an important metric which is used to evalu-
ate the dynamics of the HIV-1 epidemic, as well as assess-
ing the effectiveness of HIV-1 prevention strategies [5, 
6]. HIV incidence reports aid in identifying populations 
at higher risk of new infections and thus guiding public 
health interventions [6–8].

Longitudinal cohort studies are the current gold stan-
dard for estimating HIV incidence, however these are 
costly, require extended sampling periods, and have other 
challenges such as retention of participants and sampling 
bias [9, 10]. Cross-sectional studies are an alternative to 
longitudinal cohort studies, and these studies only sample 
once-off, and use biomarkers to distinguish between par-
ticipants who are likely to have either recent or chronic 
HIV-1 infection [10, 11]. Recent HIV-1 is defined as the 
period of infection prior to the viral load (VL) set point, 
which is usually achieved at 6  months after viral acqui-
sition. In untreated individuals, chronic HIV-1 infection 
follows soon after the VL set point and ends before the 
AIDS stage [12–14].

Cross-sectional studies often use HIV-1 avidity assays 
such as limiting antigen avidity assay (LAg-Avidity assay) 
to characterise participants as having recent infection 
[15, 16]. LAg-Avidity assays measure the binding capac-
ity of immunoglobulin G (IgG) antibodies against HIV-1 
antigen, wherein a low IgG avidity would be classified as 
a recent infection and a high IgG avidity would be classi-
fied as a chronic infection [11, 17–19]. These assays can 
be used on their own or as part of multi-assay algorithms 
(MAAs) for measuring HIV incidence. MAAs may 
include HIV-1 VL and/or CD4 T-cell count in addition to 
the avidity assay [11, 20]. Avidity assays often misclassify 
chronic HIV-1 infection as recent HIV-1 infection (false 
recency rate [FRR]), especially in participants on ART, as 
these individuals would have a suppressed HIV-1 VL and 
less stimulation of antibody responses [17, 20–22].

Previous studies have developed molecular-based strat-
egies which use Sanger and next generation sequencing 
(NGS) methods to assess viral sequence diversity at the 
nucleotide and amino acid (aa) level as an alternative 
to predict recency. These strategies have shown good 
performances; however, they often have a high FRR 
[7, 23, 24]. Our group previously designed a pol-based 
molecular strategy which showed good performance for 

prediction of recent HIV-1 infection, however, this also 
had a high FRR [14].

The Gag protein encodes immunodominant CTL epi-
topes which are targeted by CTL responses in recent 
HIV-1 infection to reduce viraemia to a low set-point. 
Gag CTL responses also play an important role in the 
control of viraemia during chronic HIV-1 infection stage. 
Thus, diversity within Gag is mainly driven by immune 
selection pressure from CTL responses, and this could 
lead to mutations which could be used to discriminate 
between recent and chronic HIV-1 infection stages [25–
27]. The aim of this study was to use Shannon entropy to 
evaluate HIV-1 group-specific antigen (Gag) sequence 
diversity for the prediction of recent HIV-1 infections.

Materials and methods
Study population
This was a retrospective study that characterised com-
plete HIV-1 Gag protein sequences from stored plasma 
sample pairs obtained at two different time points from 
a previous study, with a median sampling interval of 
8  weeks (interquartile range: 2–8  weeks) between base-
line and follow-up samples. HIV-1 nucleic acid amplifi-
cation test (NAAT) was used to screen for recent HIV-1 
infections in participants who had negative rapid tests 
at five HIV testing and counselling clinics between 2012 
– 2016, in the Tshwane district of South Africa. HIV-1 
infections identified through NAAT were further char-
acterised and confirmed as recent or chronic using the 
following tests: p24 antigen, Western blot, third genera-
tion enzyme-linked immunoassay, and LAg avidity assay. 
CD4 count data was also available for most participants 
[13]. Thus, in this study, we amplified and sequenced the 
HIV-1 gag gene from samples known to have recent or 
chronic HIV-1 infection and looked for amino acid muta-
tions that can potentially be used to differentiate chronic 
from recent HIV-1 infection.

Total nucleic acid extraction and amplification of HIV-1 gag
The QIAamp UltraSens Virus Kit (Qiagen, Hilden, 
Germany) was used to extract total nucleic acids from 
plasma samples. A published nested PCR was used to 
amplify the complete HIV-1 gag gene in all samples using 
the SuperScript™ III One-Step RT-PCR System in the first 
round and the Platinum™ Taq High Fidelity DNA Poly-
merase (Invitrogen, Carlsbad, CA, USA) in the second 
round [28]. Agarose gel electrophoresis was used to con-
firm successful amplification of a 1.6 kb target fragment.

HIV-1 gag Sanger sequencing and sequence data analysis
Sanger sequencing was performed in five overlapping 
regions which cover the entire HIV-1 gag open reading 
frame (ORF) (Inqaba Biotechnical Industries, Tshwane, 
South Africa). CLC Main Workbench software was used 
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to generate consensus sequences which were analysed 
on BioEdit 7.7.1 and MEGA 11 software. Consensus 
sequences were aligned on MAFFT, and MEGA 11 soft-
ware was used to compute phylogenetic trees. The HXB2 
(K03455.1) HIV-1 reference strain was used for number-
ing. HIV-1 subtype C study sequences were included in 
the final analysis and, non-subtype C sequences were 
excluded.

Phylogenetic analysis showed that the majority of study 
sequences (47/50, 94%) clustered with subtype C refer-
ences, and a minority (3/50, 6%) clustered with non-sub-
type C (Supplementary Fig.  1). Final analysis excluded 
non-subtype C sequences.

Evaluation of sequence diversity with Shannon entropy 
analysis
Shannon entropy measures the variability within nucleo-
tide or aa sequences and assigns a low score to sites with 
low variability and a high score to sites with high variabil-
ity, thus assessing the conservation or variability across 
different positions of the sequence. Consensus sequences 
of the complete HIV-1 gag gene were grouped into recent 
and chronic HIV-1 and aligned to an HIV-1 subtype B 
reference sequence (HXB2, K03455.1), and were then 
translated to aa sequences which were submitted to the 
Los Alamos HIV database (​h​t​t​p​​s​:​/​​/​w​w​w​​.​h​​i​v​.​​l​a​n​​l​.​g​o​​v​/​​c​o​n​​
t​e​n​​t​/​s​e​​q​u​​e​n​c​​e​/​E​​N​T​R​O​​P​Y​​/​e​n​t​r​o​p​y​_​o​n​e​.​h​t​m​l) to ​c​a​l​c​u​l​a​
t​e Shannon entropy using the entropy one feature. Data 
containing the entropy values for the different aa posi-
tions was then exported to an excel spreadsheet, which 
was later used as an input file for further analysis on 
GraphPad Prism (see statistical analysis section below).

Initially, Shannon entropy was calculated for the entire 
HIV-1 Gag aa sequence (501aa) for both recent HIV-1 
and chronic HIV-1, this was followed by a comparison of 
median entropy scores of these two HIV-1 stages. There-
after, sliding window analysis was computed for HIV-1 
Gag at intervals of 100aa each as this interval allowed 
for coverage of the entire protein except the last aa, then 
the median entropy scores for the different sliding win-
dows were compared between the two HIV-1 infection 
stages. Following sliding window analysis, we screened 
for specific aa sites or informative sites that could be used 
to discriminate between recent and chronic HIV-1 dis-
ease stages, starting with the sliding window(s) that had 
a statistically significant median entropy score, and then 
expanding screening to other windows. These informa-
tive sites are aa that showed a different pattern of distri-
bution between recent and chronic HIV-1 disease stages 
such as being more conserved in one stage. They were 
evaluated individually for differentiating between recent 
and chronic HIV-1 disease stages and were also evaluated 
in aa groups of two. The FRR of these sites or groups was 
assessed in chronic sequences, and this was expressed as 

proportion of these sequences that resembled the pattern 
of the informative sites seen in recent sequences. Analy-
sis was performed at the aa level as this allowed for opti-
mal coverage of the Gag polyprotein while working with 
shorter sequence length (501 aa vs 1503 nucleotides). As 
such, data was easily visualised and interpreted. The aa 
level also allowed for an easier selection of variable infor-
mative sites which could be used to discriminate between 
the two HIV-1 infection stages.

Comparison of study findings with reference sequence 
data
Reference sequences were obtained from GenBank 
and the LANL (Los Alamos National Laboratory) HIV 
sequence database (​h​t​t​p​​s​:​/​​/​w​w​w​​.​h​​i​v​.​​l​a​n​​l​.​g​o​​v​/​​c​o​m​​p​o​n​​e​n​
t​s​​/​s​​e​q​u​​e​n​c​​e​/​H​I​​V​/​​s​e​a​r​c​h​/​s​e​a​r​c​h​.​h​t​m​l). HIV-1 subtype C 
reference sequences were obtained from previous stud-
ies in which the participants were well characterised 
to have either recent (HIV-1 infection < 6  months or 
Fiebig stage ≤ 6, [29]) or chronic infection (HIV-1 infec-
tion > 6 months). Following screening of articles to gather 
reference sequence data, a total of eight studies were 
assessed for recent infection [26, 30–36], and four studies 
were assessed for chronic infection [37–39]. From these 
studies, five were excluded for recent infection, and all 
four were excluded for chronic infection as these did not 
meet the criteria for inclusion into final analysis. Three 
studies with a total of 176 reference sequences were 
included for recent infection [31, 34, 35] (Supplementary 
Fig.  2). A separate analysis was done for assessing the 
performance of identified informative sites for prediction 
of recent infection in non-subtype C reference sequences.

Statistical analysis
Descriptive statistics was used to present mean and range 
values for age, HIV-1 VL, CD4 T-cell count; and for pro-
portion of participants with recent or chronic HIV-1 
infection. Normal distribution of variables was evaluated 
before deciding on reporting mean values. Prior to analy-
sis, absolute HIV-1 VL values were log-transformed and 
comparison of mean log-transformed values between 
recent and chronic HIV-1 stages was done. Recent and 
chronic HIV-1 VL log10 and absolute CD4 T-cell count 
values were compared using a two-sample t-test. CD4 
T-cell count values were unavailable for four participants 
with recent HIV-1 infection and for eleven participants 
with chronic HIV infection. The distribution of infor-
mative aa sites between recent and chronic HIV-1 was 
assessed and one-sided Fischer’s exact test was used to 
determine if there was an association between this distri-
bution and HIV-1 infection stages. The above-mentioned 
statistical tests were performed on STATA 16.0 soft-
ware package (StataCorp LP, College Station, TX, USA). 
GraphPad Prism 10.3.0 was used to compute graphical 

https://www.hiv.lanl.gov/content/sequence/ENTROPY/entropy_one.html
https://www.hiv.lanl.gov/content/sequence/ENTROPY/entropy_one.html
https://www.hiv.lanl.gov/components/sequence/HIV/search/search.html
https://www.hiv.lanl.gov/components/sequence/HIV/search/search.html
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comparisons of the median Shannon entropy scores 
between recent and chronic HIV-1 infection using the 
unpaired t-test. Statistical significance was considered 
when the p-value was ≤ 0.05.

Results
Demographics
A total of forty-seven participants, with a mean age of 
28.7  years (range: 18 – 44  years) were enrolled in this 
study. The majority (94%) of participants were female. 
Fourteen (30%) participants had recent HIV-1 infection 
while thirty-three (70%) participants had chronic HIV-1 
infection. The mean HIV-1 VL log10 was significantly 
higher in participants with recent infection (5.2 log10 
[range: 3.2 – 8.5 log10] compared to those with chronic 
infection (4.2 log10 [range: 2.6 – 5.3 log10], p = 0.005. Simi-
larly, the mean CD4+ T-cell count was significantly higher 
in participants with recent infection (555 cells/µl [range: 
215 – 964 cells/µl] compared to those with chronic infec-
tion (343 cells/µl [range: 72 – 675 cells/µl], p = 0.006 
(Table 1).

Shannon entropy for the entire HIV-1 gag aa sequence
All the enrolled participants had HIV-1 subtype C 
strains (Supplementary Fig. 1). Shannon entropy analysis 
revealed that the aa diversity observed in chronic HIV-1 
infection was significantly higher than in recent HIV-1 
infection (p = 0.0003) (Fig. 1).

HIV-1 gag sliding window analysis and amino acid diversity
Sliding window analysis showed that one window (201—
300) had a significantly higher median entropy score in 
chronic HIV-1 infection stage compared to recent HIV-1 
infection stage, (p = 0.017) and another window (401 
– 500) showed a similar trend but had marginal signifi-
cance, p = 0.059 (Fig. 2).

An analysis was performed in all sliding windows to 
assess individual aa sites that can discriminate between 
recent and chronic HIV-1 infection stages. Four aa posi-
tions; S54, E55, I256, and S451, were identified to have 
a different pattern of distribution between recent and 
chronic HIV-1 infection stages, however statistical sig-
nificance was only observed for three of these aa; p values 
of 0.094, 0.027, 0.027 and 0.045, respectively. Diversity 
of some of these aa is summarised on a WebLogo file on 
Supplementary Fig. 3.

Performance of an HIV-1 gag-based molecular technique 
for prediction of recent infection
The performance to predict recent infection varied 
across the individual informative aa sites. S54 aa had 
a performance of 71% in study sequences for predic-
tion of recent HIV infection, and this ranged from 74 
to 90% in reference sequences; while E55 and I256 each 

had a performance of 86% in study sequences, and this 
ranged from 76 to 85%, and 60% to 100% in reference 
sequences, respectively. S451 had a performance of 71% 
in study sequences and its performance ranged from 30 
to 79% in reference sequences. Combinations of the indi-
vidual informative aa sites were assessed for the ability 
to predict recent infection, and the performance for S54 
and E55 was 71% in study sequences and ranged from 
60 to 80% in reference sequences. Combinations such as 
S54 and S451, E55 and S451, along with I256 and S451 
were also evaluated, however gave a lower performance 
which ranged from 50 to 57% in study sequences and 
ranged from 20 to 79% in reference sequences (Table 2). 
Performance of the identified informative sites was also 
assessed in non-subtype C reference sequences, mainly 
subtypes A and B. However, this yielded different results 
compared to what was observed in subtype C sequences. 
For instance, S54 aa position in subtype A recent 
sequences had a lot of mutations (Supplementary Fig. 4).

The individual aa sites showed a high FRR in study 
sequences. S54, E55, I256 and S451 showed FRRs of 45%, 
52%, 52%, and 39%, in study sequences, respectively. The 
combination of some informative aa sites reduced FRR in 
study sequences to below 24% (Table  2). Further analy-
sis showed that the identified informative aa positions of 
interest were located in recognised cytotoxic T lympho-
cyte (CTL) epitopes within the matrix (p17), the capsid 
(p24), and Gag polyprotein (p2p7p1p6) (Table 3).

Discussion
This study evaluated the performance of an HIV-1 Gag-
based molecular technique to predict recent HIV-1 infec-
tion in ART-naïve participants confirmed to have either 
recent or chronic HIV-1 infection [13]. The significance 
of ART-naïve participants is that performance can be 
assessed in a population wherein the genetic diversity 
is not driven by drug pressure [40–43]. It is not surpris-
ing that the mean VL and CD4+ T-cell count were sig-
nificantly higher in recent HIV-1 infection as this stage is 
known to be associated with higher VL and CD4+ T cell 
count compared to chronic infection [44, 45].

The median Shannon entropy scores were significantly 
higher in chronic infection compared to recent infec-
tion, which highlight that there was more genetic diver-
sity associated with the chronic infection stage. Varying 
factors such as virus-host interactions, viral replication 
kinetics and viral adaptions would have influenced viral 
evolution dynamics allowing for more genetic varia-
tion to occur hence over time, the chronic HIV-1 infec-
tion stage exhibited increased diversity [46, 47]. All the 
informative sites identified in this study were found to 
be located within known CTL epitopes (Table 3). This is 
not surprising as Gag is known to harbour immunodomi-
nant epitopes which induce virus-specific CTL responses 
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Table 1  Summary of the participants demographics and distribution of amino acid mutations between recent and chronic HIV-1 
infection for the study sequences
Pt ID HIV stage Sex Age (years) HIV VL (copies/ml) CD4 count S54 E55 S54 + E55 I256 S451 S54 + S451 E55 + S451 I256 + S451
9498 R F 34 500,000 964 - - - - X X X X

8575 R F 27 93,000 668 X X X - - X X -

5041 R M 23 22,000,000 n/a - - - - X X X X

8047 R M 31 1,200,000 n/a X - X - - X - -

9049 R F 20 16,000 n/a - - - X - - - X

6638 R F 28 190,000 457 - - - - - - - -

261 R M 33 84,000,000 386 X X X - - X X -

6512 R F 23 1700 215 X - X - X X X X

6743 R F 26 27,000 638 - - - - - - - -

6582 R F 24 6200 818 - - - - - - - -

6727 R F 28 4800 706 - - - X - - - X

6737 R F 24 2200 n/a - - - - X X X X

7084 R F 28 330,000,000 411 - - - - - - - -

2504 R F 24 37,000 287 - - - - - - - -

5054 C F 26 27,000 72 X X X X X X X X

9915 C F 30 14,000 382 - - - - X X X X

4351 C F 35 2600 n/a - X X X X X X X

7959 C F 40 140,000 343 X X X X X X X X

9895 C F 31 4800 607 - X X - X X X X

9986 C F 28 97,000 160 - - - - - - - -

843 C F 21 29,000 348 - - - X X X X X

6990 C F 26 17,000 269 X - X - - X - -

2340 C F 22 14,000 n/a X - X X X X X X

6671 C F 35 14,000 n/a - X X - X X X X

6380 C F 25 11,000 385 - X X X - - X X

6565 C F 28 5600 371 - X X X - - X X

6640 C F 37 3000 407 X - X X X X X X

6649 C F 32 21,000 164 - - - - X X X X

3869 C F 32 210,000 n/a - - - - X X X X

3912 C F 27 32,000 287 X X X X X X X X

3920 C F 20 66,000 306 - - - - - - - -

3880 C F 30 7500 575 X X X - X X X X

1121 C F 27 80,000 127 X X X - - X X -

3474 C F 21 16,000 675 - - - - X X X X

1475 C F 32 44,000 255 X - X - X X X X

3387 C F 37 79,000 n/a - X X - - - X -

3253 C F 28 89,000 n/a X X X X X X X X

3606 C F 24 15,000 529 X X X X - X X X

1213 C F 36 32,000 n/a - - - - X X X X

3910 C F 33 28,000 n/a X X X - X X X X

8828 C F 27 41,500 230 X X X X X X X X

641 C F 30 70,569 228 X - X - - X - -

6748 C F 29 932 n/a X - X X - X - X

921 C F 44 9781 469 X - X - - X - -

1692 C F 18 396 n/a X - X X - X - X

2866 C F 35 3352 n/a X - X X - X - X

6557 C F 32 614 353 - X X X X X X X
HIV-1 – Human Immunodeficiency virus type 1; Pt ID – participant identification; VL – Viral load; R – recent; C – chronic; ml – millilitre; M – Male; F – Female; n/a – not 
available; X – presence of a mutation; dash (-) – absence of a mutation
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effective in the control of HIV-1 infection, attenuation of 
disease progression, and/or lower VL set point [41, 43, 
48]. This emphasizes that the host CTL responses are the 
main driving force for HIV-1 evolution during the course 
of an HIV-1 infection that leads to higher genetic diver-
sity between early and chronic infection stages [49, 50].

This study identified informative aa sites that could 
be used to discriminate between the two HIV-1 infec-
tion stages. The identified individual informative sites 
showed good performance (71—86%) for prediction of 
recent HIV-1 infection in study sequences, and this was 

similar to the reference sequences. These findings are 
comparable or better than what was observed during the 
early development stages of the BioRad Avidity assay, 
LAg Avidity assay, and BED-capture enzyme immuno-
assay (BED-CEIA) which had performance of 88%, 60%, 
and 48% for the detection of recent HIV-1 infection, 
respectively [51]. Notably, the performance of these avid-
ity assays has improved over time with studies reporting 
performances ranging from 92 to 96% [19, 52, 53]. Addi-
tionally, the current study findings are also comparable to 
data previously published by our group that showed good 

Fig. 1  Shannon entropy scores for the entire HIV-1 gag aa gene sequence. A. Median Shannon entropy scores were higher for chronic HIV-1 infection 
when compared to recent HIV-1 infection, with the highest variability observed between aa 170 and aa 300. B. Scatterplot indicating that the variability 
observed between chronic and recent HIV-1 was statistically significant with p = 0.0003. HIV-1—Human Immunodeficiency Virus type 1; gag – group-
specific antigen; aa – amino acid
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performance (64.3 – 100%) for prediction of recent infec-
tion using a pol-based molecular strategy [14]. The vary-
ing distribution patterns observed with the informative 
aa sites on the non-subtype C reference sequences can be 

attributed to differences in consensus sequences between 
the HIV-1 subtypes [54, 55].

A high FRR (39%—52%) was observed with the indi-
vidual informative sites in the study sequences, however, 
this was reduced to 24% with the combination of S54 and 

Table 2  Performance of study and HIV-1 subtype C reference sequences in the prediction of recent infection
Study sequences n S54 E55 S54 + E55 I256 S451 S54 + S451 E55 + S451 I256 + S451
Recent HIV-1 infection 14 10 (71%) 12 (86%) 10 (71%) 12 (86%) 10 (71%) 7 (50%) 8 (57%) 8 (57%)

Chronic HIV-1 infection (false recency rate) 33 15 (45%) 17 (52%) 8 (24%) 17 (52%) 13 (39%) 5 (15%) 8 (24%) 7 (21%)

Recent HIV-1 infection reference sequences

Claiborne et al. (ZM, 2014) 127 94 (74%) 97 (76%) 76 (60%) 81 (64%) 76 (60%) 59 (46%) 60 (47%) 49 (39%)

Salazar-Gonzalez et al. (ZM, 2009) 29 23 (79%) 23 (79%) 23 (79%) 29 (100%) 23 (79%) 23 (79%) 23 (79%) 23 (79%)

Treurnicht et al. (ZA, 2010) 20 18 (90%) 17 (85%) 16 (80%) 12 (60%) 6 (30%) 5 (25%) 5 (25%) 4 (20%)
HIV-1 – Human Immunodeficiency virus type 1; n – number; ZM – Zambia; ZA – South Africa

Fig. 2  Shannon entropy scores for recent compared to chronic HIV-1 infection for the entire HIV-1 gag aa sequence following sliding window analysis. 
One out five of the windows showed statistical significance (window 201 – 300, with p = 0.0169), while window 401 – 500 showed marginal significance. 
HIV-1 – Human Immunodeficiency virus type 1; gag – group-specific antigen; aa – amino acid
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E55. Interestingly, these study findings are also compara-
ble with early avidity assays where FRRs ranged from 12 
to 46% for the BED-CEIA, and 43% for the LAg-Avidity 
assay, while the BioRad Avidity assay had a FRR as high 
as 20% [20, 51, 56]. Although the performance and FRRs 
of these avidity assays have improved over time, partici-
pants that are on ART are still misclassified as recent, 
as they would have a lower or undetectable viremia and 
lower HIV-specific antibody stimulation [52, 57–59]. 
The FRRs observed with the Gag-based molecular strat-
egy are comparable to the pol-based molecular strategy 
which also showed a high FRR (35.5—48.4%) [14].

The performance of a Gag-based molecular strat-
egy observed in our study is similar to what has been 
reported by previous studies that have evaluated Sanger-
based methods for prediction of recent HIV-1 infec-
tions [60–63]. Ragonnet-Cronin et al. and Andersson et 
al., previously described the use of ambiguous bases in 
HIV-1 pol gene for the prediction of recent HIV-1 infec-
tion, and reported sensitivities of 82.7% and 88.8%, and 
specificities of 78.8% and 74.6%, respectively [60, 61]. 
Other studies have also described molecular-based meth-
ods which showed good performances for the prediction 
of recent HIV-1 infections [62, 63]. Wu et al. was able 
to demonstrate use of Gag sequence diversity measured 
by Shannon entropy in an HIV-1 subtype C cohort as a 
method to improve the prediction of recent HIV-1 infec-
tion. They observed that Shannon entropy data from 
highly informative sites within Gag showed better perfor-
mance (75 – 86%) for the prediction of recency [64].

Other previous studies have described the use of viral 
diversity obtained through NGS technologies as an 
alternative method to discriminate recent from chronic 
HIV-1 infection [24, 65–69]. Faraci et al. recently showed 
the use of micro drop sequencing and genome similar-
ity index (GSI) for the prediction of HIV-1 incidence and 
observed a sensitivity of 81% for participants recently 
infected within 8 months and sensitivity of 92% for par-
ticipants recently infected within 6 months [68]. Carlisle 
et al. showed the use of average pairwise diversity derived 
from NGS data had a sensitivity of 88% and a specificity 
of 85% for the prediction of recent HIV-1 infection [69]. 
Other NGS-based techniques have also been described 
and have shown better performance in estimating recent 
infections compared to the use Sanger-based methods 
[24, 65–67].

The main challenge with developing a Gag-based 
molecular strategy to detect recent infection is the high 
FRR. The possible reasons for this are that gag is more 
conserved, and that different participants express differ-
ent human leukocyte antigen (HLA) profiles which affect 
the extent of immune selection pressure and evolution 
of the virus over time [70–72]. Additionally, Gag epit-
opes containing the informative as sites identified in this 
study are less likely to contribute to the control of viremia 
during early HIV-1 infection as they seem to be targeted 
later during the course of infection, which may explain 
why more mutations were observed during the chronic 
HIV-1 infection stage [26, 73, 74].

The limitations of this study include small sample 
size, and that its findings are specific to HIV-1 subtype 
C. However, to address the small sample size issue, per-
formance was also evaluated in 176 reference sequences 
classified as recent HIV-1 infection [31, 34, 35], and 
similar performances were observed between study and 
reference sequences. Unfortunately, analysis was not per-
formed in chronic reference sequences as we could not 
find studies that had well characterised chronic HIV-1 
infection stage, as an infection carried for longer than 
6 months. One of the limitations is that this study did not 
include participants on ART with lower HIV-1 viral load. 
Thus, we do not know how the Gag-based molecular 
strategy would perform in this group of people.

Conclusion
This study has developed a Gag-based molecular strategy 
that could be used to predict recent HIV-1 infection. This 
strategy showed good performance in study sequences 
and in subtype C reference sequences, however, it is asso-
ciated with a high FRR. Our data show that a Gag-based 
molecular strategy can be used to detect recent HIV-1 
infections where gag sequences are available. However, 
the results would have to be interpreted with caution due 
to a high FRR. Further studies are needed to develop a 
molecular-based strategy with better performance for 
detection of recent HIV-1 infections. These future studies 
should also evaluate the performance of the molecular-
based strategy in participants on ART with lower virae-
mia, as these are likely to be misclassified as recent by 
avidity assays.

Table 3  Location of informative amino acid mutation sites within HIV-1 Gag CTL epitopes
Amino acid site CTL epitope mapped to HIV-1 gag position Subtype identified for
S54 GLLETSEGCKQIMKQL p17(49–64) C

E55 GLLETSEGCKQIMKQL p17(49–64) C

I256 WMTNNPPIPV p24(117–126) B, C

S451 GKIWPSHKGRPGNFLQSR p2p7p1p6(72–89) C
HIV-1 – Human Immunodeficiency Virus type 1; Gag – group-specific antigen gene; CTL – cytotoxic T lymphocytes
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