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Retroviral pseudotype-based virus neutralisation assays are widely used to estimate functional 
immunity, but may be unsuitable for testing human immunodeficiency virus (HIV)-infected individuals 
receiving integrase inhibitor treatment. We evaluated these assays for measuring severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) and hepatitis C virus (HCV) neutralisation in people 
living with HIV. SARS-CoV-2 neutralisation was assessed using HIV-based SARS-CoV-2 pseudoviruses 
in sera from a longitudinal Malawian cohort (n = 1,876), detecting neutralisation across timepoints in 
10.5–54.5% of HIV-uninfected vs. 85.5–93.9% of HIV-infected participants (n = 96). HIV-infected sera 
were re-tested using vesicular stomatitis virus (VSV)-based SARS-CoV-2 pseudoviruses, estimating 
seroprevalence at 5.6–65.2%, suggesting HIV-based assays overestimate neutralisation. HIV-based 
VSV-glycoprotein(G) pseudoviruses confirmed non-specific inhibition in 75.0-87.9% of HIV-infected 
participants. HCV neutralisation was assessed in UK-based HCV patients (n = 100, n = 90 HIV-infected) 
using murine leukaemia virus (MLV)-based HCV pseudoviruses. Non-HCV-specific inhibition was 
detected in integrase inhibitor recipients. Median neutralisation of MLV(HCV) pseudoviruses was 
higher in integrase inhibitor recipients (71.8% vs. 21.3%). Testing HIV(SARS-CoV-2) and MLV(HCV) 
pseudoviruses against antiretroviral drugs showed interference by integrase inhibitors (specifically, 
dolutegravir). Isolating IgG from serum removed the interference by residual drugs. Retrovirus-based 
assays are therefore unsuitable for testing individuals receiving integrase inhibitors. Protective 
immunity to viruses has likely been over-reported in HIV prevalent populations.
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Virus neutralisation assays measure antibodies that inhibit infection. The presence of these neutralising 
antibodies is a strong indicator of protection against future symptomatic infections1–3. Neutralisation assays are 
instrumental in measuring population level protective immunity; understanding cross neutralisation; evaluating 
vaccine efficacy; and identifying groups with weak neutralising antibody responses at risk of severe disease4–12. 
Pseudotyped virus neutralisation assays (PVNAs) offer a practical alternative to live virus neutralisation assays 
as they are replication-defective and can, therefore, be performed in biosafety level (BSL)-2 laboratories, while 
live virus work requires BSL-3 laboratories13,14. Further, live virus neutralisation assays are more labour-intensive 
than PVNAs, making them impractical for high-throughput screening15.

Retrovirus-based assays in which viral glycoproteins are expressed on either human immunodeficiency virus 
(HIV) or murine leukaemia virus (MLV) particles have been widely used, notably in severe acute respiratory 
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syndrome coronavirus 2 (SARS-CoV-2) and hepatitis C virus (HCV) research16. A number of South African 
studies that used retrovirus-based assays excluded participants living with HIV17–19, as a previous study indicated 
that certain antiretroviral therapy (ART) drugs (integrase or reverse transcriptase inhibitors) might interfere with 
HIV(SARS-CoV-2) PVNAs, possibly by preventing reporter gene expression from the HIV vector20. Another 
study reported that integrase inhibitors specifically interfere with HIV(SARS-CoV-2) systems21. These studies 
did not examine interference in other retrovirus-based PVNA systems, as they focused only on HIV(SARS-
CoV-2) assays. Additionally, they lacked comprehensive mechanistic analysis. One study documented that 
antibodies against HIV might cross-neutralise SARS-CoV-2, without addressing potential interference with 
their HIV-based assay22.

To clarify the issues underlying the use of retrovirus-based neutralisation assays with samples from people 
living with HIV, we examined two HIV-prevalent cohorts. Firstly, a longitudinal Malawi-based cohort, where 
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SARS-CoV-2 neutralisation was assessed using HIV(SARS-CoV-2) pseudotypes23. Secondly, a UK-based cohort 
of HCV-infected patients, where HCV neutralisation was assessed using MLV(HCV) pseudotypes. We compared 
findings from the retrovirus-based PVNAs with results from vesicular stomatitis virus (VSV)-based PVNAs 
and investigated whether interference was dependent on the SARS-CoV-2 and HCV surface glycoproteins by 
comparing with pseudotypes bearing the VSV-glycoprotein(G). We hypothesised that antiretrovirals might 
cause non-specific interference in retrovirus-based neutralisation assays, and investigated if ART use (and for 
the UK cohort, integrase inhibitor use) affected assay results.

Results
High SARS-CoV-2 neutralisation using the HIV(SARS-CoV-2) pseudovirus system in HIV-
infected participants
The Malawi cohort comprised of n = 1,876 participants, sera for which were collected longitudinally and tested 
for neutralising antibodies against SARS-CoV-2 variants. The variants tested against were dependent on those 
that had circulated in Malawi prior to sample collection (Supplementary Fig. 1). The prevalence of SARS-CoV-2 
neutralising antibodies in this cohort, measured using the HIV(SARS-CoV-2) PVNA, increased from 14.6% (CI 
12.8–16.4%) at Survey 1 to 56.8% (CI 54.0-59.7%) by Survey 4 (Fig. 1a), due to increasing SARS-CoV-2 infections 
in the population (Supplementary Fig. 1). Median percent neutralisation (neutralising activity estimate) was 
consistently highest against the Ancestral B.1 virus (35.2%, IQR 10.4–90.2%) and lowest against Omicron BA.1 
(23.5%, IQR 1.0-56.6%), with significant differences between all variants (Ancestral B.1 vs. Beta, p = 4.6 × 10− 6; 
Ancestral B.1 vs. Delta, p = 1.5 × 10− 13; Ancestral B.1 vs. Omicron BA.1, p = 3.8 × 10− 55; Beta vs. Delta, p = 0.034; 
Beta vs. Omicron BA.1, p = 2.4 × 10− 26; Delta vs. Omicron BA.1, p = 1.4 × 10− 15, Wilcoxon test) (Fig. 1b).

In HIV-uninfected participants (94.9% of the total cohort), estimated seroprevalence ranged from 10.5% (CI 
8.9–12.1%) to 54.5% (CI 51.5–57.5%) (Fig. 1c), comparable to the trend with all participants (Fig. 1a), though 
for Survey 1 estimated seroprevalence was significantly lower in HIV-uninfected participants (p = 0.0038, Chi-
sq. test). Median percent neutralisation for all variants was significantly lower in HIV-uninfected participants 
(Ancestral B.1, p = 0.0019; Beta, p = 0.0012; Delta, p = 0.0012; Omicron BA.1, p = 3.7 × 10− 4, Wilcoxon) (Fig. 1d) 
compared with all participants (Fig. 1b) (Supplementary Table 1). The subgroup of HIV-infected participants 
had consistently higher estimated seroprevalence (85.5% (CI 78.0-93.1%) to 93.9% (CI 88.2–99.7%)) (Fig. 1e) 
than HIV-uninfected participants (Survey 1, p = 3.0 × 10− 77; Survey 2, p = 1.1 × 10− 42; Survey 3, p = 9.6 × 10− 34; 
Survey 4, p = 3.1 × 10− 9, Chi-sq.) (Fig. 1c). Percent neutralisation in HIV-infected participants exceeded 90% 
for all variants, significantly higher than in HIV-uninfected participants  (Ancestral B.1, p = 9.2 × 10− 93; Beta, 
p = 5.6 × 10− 97; Delta, p = 3.9 × 10− 99; Omicron BA.1, p = 6.8 × 10− 116, Wilcoxon) (Fig. 1d and f).

Interference with the HIV-based pseudovirus system was detected
Given the unexpectedly high neutralising activity in the HIV-infected participants of the Malawi cohort 
(measured using the HIV(SARS-CoV-2) PVNA), sera from these individuals were re-tested using a VSV(SARS-
CoV-2) PVNA to identify if SARS-CoV-2 neutralising antibody seroprevalence was overestimated. Estimated 
seroprevalence in HIV-infected participants was significantly lower with the VSV(SARS-CoV-2) PVNA 
compared with the HIV(SARS-CoV-2) PVNA at all surveys, ranging from 5.6% (CI 0.3–10.8%) at Survey 1 to 
65.2% (CI 53.7–76.6%) at Survey 4 (Survey 1, p = 5.6 × 10− 22; Survey 2, p = 7.6 × 10− 16; Survey 3, p = 6.0 × 10− 14; 
Survey 4, p = 0.00040, Chi-sq.) (Fig.  2a). These VSV(SARS-CoV-2) assay based seroprevalence estimates are 
more consistent with the seroprevalence estimates in HIV-uninfected individuals using the HIV(SARS-CoV-2) 
assay (Fig. 1c). Therefore, the HIV(SARS-CoV-2) PVNA system likely overestimated seroprevalence in HIV-
infected participants. Additionally, within the HIV-infected participants, percent neutralisation was significantly 
lower using the VSV(SARS-CoV-2) PVNA (Fig.  2b) compared with the HIV(SARS-CoV-2) PVNA for all 
variants (Ancestral B.1, p = 1.0 × 10− 47; Beta, p = 3.3 × 10− 48; Delta, p = 4.4 × 10− 47; Omicron BA.1, p = 2.1 × 10− 46, 
Wilcoxon) (Fig. 1f).

We investigated whether this overestimation was SARS-CoV-2 spike-dependent. HIV-infected participant 
sera were re-screened with HIV(VSV-G) pseudotypes, replacing the SARS-CoV-2 spike with the VSV-G 

Fig. 1.  SARS-CoV-2 neutralising activity in all study participants from the Malawi cohort. Activity was 
assessed using the HIV(SARS-CoV-2) PVNA, and stratified by HIV status. (a) Estimated seroprevalence of 
neutralising antibodies (nAb) across four surveys for all participants (n = 1,876). Error bars represent 95% 
confidence intervals, with percentage values shown. (b) Percent neutralisation against Ancestral B.1, and the 
Beta, Delta, and Omicron (BA.1) variants across the entire study period, for all participants (n = 1,876). Box 
plots display the median and interquartile range (IQR). Red dashed line shows the 90% cut-off. Statistical 
significance was determined using the Wilcoxon rank-sum test. (c) Seroprevalence of neutralising antibodies 
(nAb) across four surveys for HIV-uninfected participants (n = 1,780). Error bars represent 95% confidence 
intervals, with percentage values shown. (d) Percent neutralisation against Ancestral B.1, and the Beta, Delta, 
and Omicron BA.1 variants across the entire study period in HIV-uninfected participants (n = 1,780). Box 
plots display the median and interquartile range (IQR). Red dashed line shows the 90% cut-off. Statistical 
significance was determined using the Wilcoxon rank-sum test. (e) Seroprevalence of neutralising antibodies 
(nAb) across four surveys for HIV-infected participants (n = 96). Error bars represent 95% confidence intervals, 
with percentage values shown. (f) Percent neutralisation against Ancestral B.1, Beta, Delta, and Omicron 
(BA.1) variants across the entire study period in HIV-infected participants (n = 96). Box plots display the 
median and interquartile range (IQR). Red dashed line shows the 90% cut-off. Statistical significance was 
determined using the Wilcoxon rank-sum test: ns - not significant, *p < 0.05, **p < 0.01, *** p < 0.001.
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glycoprotein. Activity against HIV(VSV-G) pseudoviruses was prevalent in HIV-infected participants (75.0% (CI 
64.7–85.3%) to 87.9% (CI 80.0-95.8%), per survey) (Fig. 2c), with high median percent neutralisation readings 
(99.1% (IQR 96.7–99.6%)) (Fig. 2d). Since VSV-G should not be recognised by human sera from Malawi, we 
hypothesised that the inhibitory activity likely targeted the HIV particles, due to ART drugs affecting luciferase 
expression from the transfer vector.

To determine whether the HIV(SARS-CoV-2) or VSV(SARS-CoV-2) assay estimated SARS-CoV-2 
neutralisation more accurately in HIV-infected participants, both assays were compared with a SARS-CoV-2 
live virus neutralisation assay. For samples from HIV-infected participants, linear regression analysis showed 
that the HIV(SARS-CoV-2) assay showed no consistency with the live virus assay for all variants, as indicated 
by the low gradients (in comparison to perfect consistency at y = x, gradient of 1) (Fig. 3). The gradients were: 
Ancestral B.1–0.01; Beta – 0.01; Delta – 0.01; Omicron BA.1–0.0. Agreement was also poor, with the live 
virus assay measuring lower values than that for the HIV-based assay (Fig.  3). In contrast, the VSV(SARS-
CoV-2) assay demonstrated better consistency with the live virus assay in HIV-infected participants (Ancestral 
B.1, gradient = 0.62; Beta, 0.88; Delta, 0.81; Omicron BA.1, 0.76) and improved agreement at low and high 
neutralisation levels (though this was poorer at mid-range values) (Fig.  3). In HIV-uninfected participants, 
both the HIV and VSV-based assays showed reasonable consistency with the live virus assay (HIV-based and 
live virus assay: Ancestral B.1, gradient = 0.59; Beta, 0.67; Delta, 0.8; Omicron BA.1, 0.43) (VSV-based and live 
virus assay: Ancestral B.1, gradient = 0.51; Beta, 0.81; Delta, 0.67; Omicron BA.1, 0.52) (Supplementary Fig. 2). 
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Fig. 2.  Neutralising activity in sera from HIV-infected participants (n = 96). Activity was assessed using the 
VSV(SARS-CoV-2) and HIV(VSV-G)-based assays. (a) Neutralising antibody (nAb) seroprevalence across 
the four surveys was measured using the VSV(SARS-CoV-2) PVNA. Error bars represent 95% confidence 
intervals, with percentage values shown. (b) Percent neutralisation against Ancestral B.1, and the Beta, Delta 
and Omicron (BA.1) variants across the entire study period, using VSV-based pseudotypes. Box plots display 
the median and interquartile range (IQR). Red dashed line shows the 90% cut-off. Statistical significance 
was determined using the Wilcoxon rank-sum test: ns - not significant, *p < 0.05, **p < 0.01, *** p < 0.001. 
(c) Neutralising antibody (nAb) seroprevalence across the four surveys was assessed using HIV(VSV-G) 
pseudoviruses to determine if non-SARS-CoV-2 S-related inhibitory activity was occurring. Error bars 
represent 95% confidence intervals, with percentage values shown. (d) Percent neutralisation against 
HIV(VSV-G) across the entire study period. Box plot displays the median and interquartile range (IQR). Red 
dashed line shows the 90% cut-off.
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The HIV(SARS-CoV-2) assay showed good agreement with the live virus assay at low and high neutralisation 
values, but less so at mid-range measurements (Supplementary Fig. 2). The VSV(SARS-CoV-2) assay had poor 
agreement across the range of measurements (Supplementary Fig. 2).

Interference with the MLV-based pseudovirus system detected
The UK cohort comprised of patients with acute HCV infections (n = 100) who were tested for neutralising 
antibodies against HCV. Within this cohort, estimated HCV neutralising antibody prevalence measured by 
MLV(HCV) PVNA was 26.0% (CI 17.4–34.6%), with a median percent neutralisation of 30.0% (IQR 0.0-50.1%) 
for all participants (Fig. 4). When stratifying by HIV status, we found that among HIV-infected participants, 
estimated HCV neutralising antibody seroprevalence was similar to that observed in all participants at 27.8% 
(CI 18.5–37.0%) (p = 0.91, Chi-sq.), with median percent neutralisation also being similar (33.6% (IQR 6.0-
52.6%)) (p = 1.0, Wilcoxon) (Fig. 4). HIV-uninfected participants had an estimated HCV neutralising antibody 
seroprevalence of 10.0% (CI − 8.6–28.6%) (not significantly different from HIV-infected, p = 1.0, Chi-sq.) 
(Fig. 4a). There was also no significant difference in median percent neutralisation when comparing those HIV-
uninfected participants (0.0% (IQR 0.0–13.0%)) with those HIV-infected (33.6% (IQR 6.0-52.6%)) (p = 0.060, 
Wilcoxon) (Fig. 4b).

To determine whether the MLV-based system was overestimating HCV neutralisation in the UK cohort, 
the samples were re-tested using VSV(HCV) pseudotypes. When comparing the results from the VSV(HCV) 
assay and the MLV(HCV) assay in HIV-infected participants, estimated seroprevalence was 27.8% (CI 18.5–
37.0%) with the MLV(HCV) assay, decreasing to 15.6% (CI 8.1–23.0%) when measured with the VSV(HCV) 
assay (Fig. 4a). This matched the trend in all participants (Fig. 4a). However, in the HIV-uninfected subgroup, 
seroprevalence was consistent when using both the MLV(HCV) and VSV(HCV) assays at 10% (CI − 8.6–28.6%) 
(Fig. 4a). Median percent neutralisation measures were also lower using the VSV(HCV) assay compared with 
the MLV(HCV) assay in all participants (11.6% IQR 0.0–36.0 vs. 30.0% IQR 0.0–50.0, respectively (p = 0.014) 
and those HIV-infected (14.1% IQR 0.0-36.2 vs. 33.5% IQR 6.0-52.6, respectively (p = 0.0054) (Fig. 4b). When 
testing the UK cohort samples using MLV(VSV-G) pseudotypes, activity against the MLV system (independent 
of surface protein) was detected in 12.2% (CI 5.5–19.0%) of people living with HIV (Fig. 4a). No inhibitory 
activity was observed in HIV-uninfected participants (prevalence 0.0%), confirming likely interference with the 
MLV-based pseudotypes when testing HIV-infected participant sera (Fig. 4a).

Integrase inhibitors interfere with retroviral-based pseudotype systems
We next investigated whether differences in neutralising activity was due to HIV-infected participant sera 
interfering with HIV particle gene expression post-infection, possibly from residual ART drugs20,21. In the Malawi 
cohort, 79 of the 96 HIV-infected participants (82.3%) reported ART use. Percent neutralisation measured 
by HIV(SARS-CoV-2) PVNA was similar in those on ART compared with those not on ART, with the only 
significant difference being observed for the Delta variant - those on ART had higher percent neutralisation than 
those not on ART (p = 0.018, Wilcoxon) (Supplementary Fig. 3). No differences were observed for VSV(SARS-
CoV-2) and HIV(VSV-G) pseudotypes stratified by ART use (Supplementary Fig. 3). We restricted analysis to 
Survey 1 only as self-reported ART receipt was only documented at this survey, however, no differences between 
those on ART and not on ART were observed for any of the assays (Supplementary Fig. 4).

Results from the UK cohort (59 of the HIV-infected individuals on ART, 25 not on ART, 6 unknown) 
showed that those on ART had significantly higher median percent neutralisation compared with those not on 
ART using the MLV(VSV-G) assay only (0.7% IQR 0.0-31.3% vs. 0.0% IQR 0.0–0.0% respectively) (p = 0.033, 
Wilcoxon) (Supplementary Fig. 5). No significant difference was observed for the MLV(HCV) and VSV(HCV) 
assays (p = 1.0, Wilcoxon). The ART regimen was known for 57 of 59 HIV-infected individuals on ART, of whom 
20 (35.1%) were receiving integrase inhibitors. We observed that median percent neutralisation measured using 
MLV(HCV) pseudotypes was substantially higher in those on integrase inhibitors (71.8%, IQR 37.3–82.4%) 
compared with those not (21.3%, IQR 0.0–45.0%) (p = 5.7 × 10− 5, Wilcoxon) (Fig.  5). Moreover, those on 
integrase inhibitors had significantly lower median percent neutralisation measured using the VSV(HCV) assay 
(0.0%, IQR 0.0-18.6%) compared with the MLV(HCV) assay (71.8%, IQR 37.3–82.4%) (p = 1.9 × 10− 6, Wilcoxon), 
while there was no significant difference for individuals not on integrase inhibitors (p = 1.0, Wilcoxon) (Fig. 5). 
Median percentage neutralisation using the MLV(VSV-G) assay was also higher in those on integrase inhibitors 
(13.9%, IQR 0.0-66.9%) compared with those not (0.0%, IQR 0.0-11.5%) (p = 0.024, Wilcoxon) (Fig. 5). Notably, 
all of those positive using the MLV(VSV-G) assay (n = 11) were receiving integrase inhibitors (all dolutegravir) 
(Supplementary Table 2). Nine additional participants who were receiving integrase inhibitors did not test 
positive with the MLV(VSV-G) assay (raltegravir, n = 3; dolutegravir, n = 6).

We then tested three antiretroviral drugs—tenofovir and lamivudine (NRTIs) and dolutegravir (integrase 
inhibitor)—for interference with the retrovirus-based PVNAs. For the HIV(SARS-CoV-2) pseudotypes, 
dolutegravir interfered, reducing counts by over 90% for all variants (Fig. 6a to d). The maximum dilution at 
which counts were reduced by 90% (90% titre) was: Ancestral B.1–1,386, Beta–1,078, Delta–956, and Omicron 
BA.1–2,316. Note that the SARS-CoV-2 positive control sera did not neutralise Omicron BA.1 virus. This is 
due to the pooled control samples being from Ancestral B.1 infected individuals (collected March-May 2020) 
– antibodies generated against Ancestral B.1 very poorly cross neutralise Omicron as it evades immunity10. For 
the MLV(HCV) pseudotypes, dolutegravir interfered, reducing the counts by at least 50% – 50% titre of 52 for 
the original dilution range (Fig. 6e); 50% titre of 71 when introducing lower dilution points (Fig. 6f). Tenofovir 
and Lamivudine did not inhibit either pseudotype assays (Fig. 6).

To confirm that the presence of residual drugs in the sera were interfering with the assays, we isolated IgG 
from Malawi and UK cohort serum samples that were thought to be interfering (discrepancy in retrovirus-based 
vs. VSV-based pseudovirus assay results). Note that for the Malawi cohort this included individuals that reported 
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being “not on ART”. This IgG isolation removed the drugs from the samples, allowing us to test for neutralising 
IgG responses to the viruses, without potential drug interference. For the Malawi cohort, in both participants 
receiving ART and not receiving ART, isolated IgG had lower percent neutralisation of HIV(SARS-CoV-2) than 
the serum samples against all variant (for those on ART: p = 2.48 × 10− 27 – all variants; for those not on ART: 
p = 1.30 × 10− 4 for Ancestral B.1, Beta, and Delta; p = 5.48 × 10− 4 for Omicron BA.1). No IgG samples (including 
those from individuals who reported not receiving ART) were considered positive using the HIV(SARS-CoV-2) 
assay (i.e. >90% neutralisation) (Supplementary Fig. 6). Notably, there were also differences between the results 
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of VSV(SARS-CoV-2) with serum samples and HIV(SARS-CoV-2) with IgG samples for all variants, likely due 
to the differing sensitivities of these assays (Supplementary Fig. 6).

For the UK cohort, we observed that isolated IgG samples had far lower percent neutralisation of MLV(HCV) 
(0.0%, IQR 0.0-9.9%) in comparison with the serum samples (84.3%, IQR 77.1–86.2%) (p = 0.0014), showing that 
isolating IgG removes the interference effect (Supplementary Fig. 7). Furthermore, no significant differences in 
percent neutralisation were observed between the IgG samples tested with MLV(HCV) and the serum samples 
tested with VSV(HCV) (p = 1.0) (Supplementary Fig. 7).

Based on these analyses, the mechanism of interference is likely integrase inhibitors blocking integration of 
the luciferase gene and therefore preventing expression of luciferase from the retroviral-based vector when the 
pseudovirus infects the cell (Supplementary Fig. 8).

Discussion
To monitor protective immunity to viruses in participant samples, the rapid, sensitive and specific measurement 
of neutralising antibody activity is required. Retrovirus-based assays are routinely used for SARS-CoV-224,25 and 
HCV research26. In this study, the use of VSV-based control assays demonstrated that the “neutralising activity” 
using retrovirus-based assays in sera from people living with HIV was not entirely SARS-CoV-2 spike or HCV 
E1E2 protein specific, but rather also reflected inhibition of luciferase expression from the HIV- or MLV-based 
vector. The interfering activity was due to residual integrase inhibitors (specifically, dolutegravir) in samples 
from participants receiving ART.

For SARS-CoV-2, live virus neutralisation assays offered a “gold standard” comparison to the pseudotype 
assays25. In HIV-infected participants (Malawi cohort), the live virus assay showed poor consistency with the 
HIV(SARS-CoV-2) PVNA, but a strong consistency with the VSV(SARS-CoV-2) PVNA, making VSV-based 
PVNAs a preferable approach in HIV-prevalent populations. Agreement was weaker at mid-range, where 
immunoassays typically show greater variation27,28, as pipetting/dilution errors disproportionally affected results 
in this range.

We assessed whether ART components caused the assay interference, as reported previously with HIV(SARS-
CoV-2) PVNAs20,21. With the Malawi cohort, we observed no significant differences based on ART status (except 
for Delta variant). ART status was only reported at Survey 1 and therefore may be inaccurate at subsequent 
study surveys. However, when analysing Survey 1 data separately, we again noted no significant differences 
based on ART status. For the UK cohort, we observed a significance difference by ART status when using the 
MLV(VSV-G) assay, but not for the MLV(HCV) or the VSV(HCV) system. This lack of significance with the 
Malawi cohort could be the result of limited participants who were not receiving antiretrovirals, reducing the 
power in statistical analysis. However, it should also be noted that ART receipt was self-reported by individuals 
and may therefore be inaccurate.

Among the UK cohort, we had details on the ART regimen of participants, allowing us to determine that 
samples from participants receiving integrase inhibitors were those associated with assay interference. However, 
assay interference was not detected in all participants receiving integrase inhibitors, likely because the drug 
concentrations in their serum were too low to affect the pseudovirus system. When testing the antiretroviral 
drugs directly against the pseudotypes, dolutegravir interfered with both retrovirus-based PVNAs, making the 
presence of integrase inhibitors in sera the likely source of interference. This has not been previously described for 
MLV-based PVNAs, though it has been documented that anti-HIV integrase inhibitors (specifically, raltegravir) 
are effective against MLV29.

When testing isolated IgG from samples with suspected interference in both cohorts (including Malawian 
participants who report not receiving ART), percent neutralisation was significantly lower using the IgG 
compared with the serum samples, with all IgG samples testing negative. This confirms that it is the presence 
of residual drugs in sera that interferes with the testing. It also provides an additional strategy for testing 
samples with suspected interference; however, it should be considered than other types of antibodies may have 
neutralising effects and restricting to only observing the influence of IgG limits the analysis of neutralising 
immunity. Notably, when testing isolated IgG from participants who were “not on ART” but had discrepancies in 

Fig. 3.  Regression analysis and agreement of the HIV(SARS–CoV–2) PVNA and VSV(SARS–CoV–2) PVNA 
with a live virus SARS–CoV–2 neutralisation assay in HIV-infected participants. Sera from HIV–infected 
participants were assessed for neutralising activity against the Ancestral B.1, or variants Beta, Delta, and 
Omicron BA.1. (A) Linear regression analysis between percent neutralisation generated by the HIV(SARS–
CoV–2)–based assay and the live virus SARS–CoV–2 assay for each SARS–CoV–2 lineage. Red dotted lines 
show the 90% cut–off for both assays. Blue line displays the best fit linear regression line with the grey shaded 
area showing the 95% confidence interval. Text shows the equation of the regression line in the form y = c + mx 
where m is the gradient. (B) Bland–Altman plot showing the agreement between the HIV(SARS–CoV–2)–
based assay and the live virus SARS–CoV–2 assay. The black line is the mean difference between the tests for 
paired samples. The red dotted lines are the 95% limit of agreement. (C) Linear regression analysis between 
percent neutralisation derived using the VSV(SARS–CoV–2)–based assay and the live virus SARS–CoV–2 
assays. Red dotted lines show the 90% cut–off for both assays. Blue line displays the best fit correlation with 
the grey shaded area showing the 95% confidence interval. Blue line displays the best fit linear regression line 
with the grey shaded area showing the 95% confidence interval. Text shows the equation of the regression line 
in the form y = c + mx where m is the gradient. (D) Bland–Altman plot showing the agreement between the 
VSV(SARS–CoV–2)–based assay and the live virus SARS–CoV–2 assay. The black line is the mean difference 
between the tests for paired samples. The red dotted lines are the 95% limit of agreement.
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their retrovirus-based and VSV-based testing (Malawi cohort), all of these IgG samples were negative (including 
Survey 1 samples), suggesting that the reporting of ART receipt is inaccurate throughout the study.

The overestimation of neutralising antibodies due to interference was initially observed to be less pronounced 
in the UK cohort. This was explained by a smaller proportion of the UK cohort being on ART, of whom only 
35.1% were receiving integrase inhibitors. Integrase inhibitors are commonly used in HIV and HCV co-infected 
patients because they do not interact with new directing acting antiviral (DAA) HCV therapies30. However, 
cohort recruitment began in 2005, before the first integrase inhibitors were approved (October 2007)31.

Numerous studies have likely inadvertently overestimated neutralising activity in HIV-infected populations. 
Studies that use retrovirus-based PVNA to characterise neutralising antibody responses in either epidemiological 
studies or vaccine trials for viruses such as Lassa32 and Ebola33 (which transmit in HIV prevalent regions) should 
be cautious in their analyses. Studies that excluded HIV-infected participants because of this interference will 
not be accurately representing the broader demographic. The exclusion prevents comparison of neutralisation 
between HIV-infected and HIV-uninfected individuals.

This study was limited in that HIV status and ART use were self-reported and ART regimen data were 
unavailable for the Malawi cohort. Additionally, we did not test whether protease inhibitors or nucleoside/non-
nucleoside reverse transcriptase inhibitors interfere with the retroviral-based assays. Protease inhibitors are less 
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Fig. 4.  Neutralising activity in sera from the UK cohort, assessed using MLV(HCV), VSV(HCV) and 
MLV(VSV-G) PVNAs. Samples were grouped into “all participants” (n = 100), “HIV uninfected” (n = 10), 
and “HIV infected” (n = 90). (a) Neutralising antibody (nAb) seroprevalence estimates in all participants, 
HIV uninfected and HIV infected, measured using MLV(HCV), VSV(HCV) and MLV(VSV-G). Error 
bars represent 95% confidence intervals, with percentage values shown. (b) Percent neutralisation in all 
participants, HIV uninfected and HIV infected, measured using MLV(HCV), VSV(HCV) and MLV(VSV-G) 
PVNAs. Box plots display the median and interquartile range (IQR). Red dashed line shows the 50% cut-
off. Statistical significance was determined using the Wilcoxon rank-sum test: ns - not significant, *p < 0.05, 
**p < 0.01, *** p < 0.001.
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likely to have an effect on retroviral pseudovirus assays as protease is not involved in the gene transfer process in 
target cells. As described21, both nucleoside and non-nucleoside reverse transcriptase inhibitors are unlikely to 
interfere as they are administered as prodrugs which require phosphorylation to their active state.

In summary, integrase inhibitor presence in sera from people living with HIV interferes with retrovirus-
based PVNAs, resulting in inaccurate results in population surveys where the use of integrase inhibitors is 
prevalent, and HIV-status and ART usage may be unknown. Researchers should instead use alternative systems 
such as VSV-based PVNA. Caution is advised when interpreting neutralisation data from participants who may 
be in receipt of integrase inhibitors.

Methods
Ethics statement
The Malawi cohort ethical approval was provided by the Malawi College of Medicine Research Ethics Committee 
(P11/20/3177) and the University of Glasgow College of Medicine, Veterinary and Life Sciences Research 
and Ethics Committee (200200056). The UK cohort ethical approval was provided by the Riverside Research 
Ethics Committee, London (5/Q0401/17) and the West of Scotland Research Ethics Committee, Glasgow (12/
WS/0002). The study was conducted in accordance with the relevant guidelines and regulations, and adhered to 
the principles of the Declaration of Helsinki.

Serum samples and participant metadata
The Malawi cohort included individuals aged ≥ one year from randomly selected households in the Karonga 
Health and Demographic Surveillance Site and Area 25, Lilongwe (n = 2,005)23. Written consent was obtained 
from all participants or their guardians (if < 15 years old or a vulnerable adult). Venous blood was obtained at 
four three-monthly timepoints (Surveys 1–4), February 2021-April 2022 (Supplementary Fig. 5). This analysis 
included all adults plus 50% of children (from whom only a small blood volume was collected), provided we 
received at least one sample, n = 1,876 (Survey 1, n = 1,515; Survey 2, n = 1,322; Survey 3, n = 1,215; Survey 4, 
n = 1,123) (Supplementary Table 3). Among these, 5.1% (n = 96) were people living with HIV (Survey 1, n = 83; 
Survey 2, n = 77; Survey n = 3, 68; Survey 4, n = 66). Participant characteristics data were collected, including self-
reported HIV status and self-reported ART use, at Survey 1 only (Supplementary Table 3).

The UK cohort consisted of 100 individuals with acute HCV infection, of whom 90 were people living with 
HIV, recruited prospectively from London (St Mary’s Acute HCV cohort)34 and Glasgow (Acute HCV UK 
study), 2005–2019. Informed consent was obtained from all participants. Blood plasma samples and metadata 
were collected, including HIV status and ART use, as well as ART regimen details (Supplementary Table 3). All 
serum samples for both the Malawi and UK cohort were heat treated at 56oC before being tested.

Neutralisation assays
Malawi cohort
The Malawi cohort samples were tested with four assays, as in the Supplementary Methods. Briefly, SARS-CoV-2 
neutralisation was measured using HIV(SARS-CoV-2) pseudoviruses bearing different spike proteins on HIV 
particles (Supplementary Table 4). For (self-reported) HIV-infected participant samples and a representative, 
randomly selected (self-reported) HIV-uninfected subset (n = 180), VSV(SARS-CoV-2) pseudotypes bearing 
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Fig. 5.  Neutralising activity in sera from the HIV-infected participants of the UK cohort stratified by whether 
they are receiving integrase inhibitors (n = 20) or not (n = 62). 8 HIV-infected participants excluded as their 
ART status/integrase inhibitor use was unknown. Percent neutralisation using the different assay systems - 
MLV(HCV), MLV(VSV-G) and VSV(HCV), stratified by integrase inhibitor use. Box plots display the median 
and interquartile range (IQR). Red dashed line shows the 50% cut-off. Statistical test used was Wilcoxon rank 
sum test: ns - not significant, *p < 0.05, **p < 0.01, *** p < 0.001.
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Fig. 6.  Effect of three antiretroviral drugs (tenofovir, lamivudine and dolutegravir) on the HIV(SARS-CoV-2) 
and MLV(HCV) PVNAs. (a-d) Luciferase activity (counts per second (CPS)) for HIV(SARS-CoV-2) PVNA 
at increasing dilution (1 in 50 to 1 in 36,450) of the no serum control (NSC), positive control serum, negative 
control serum, tenofovir (326 ng/ml), lamivudine (2,000 ng/ml) and dolutegravir (4,150 ng/ml). HIV(SARS-
CoV-2) pseudotypes bearing the (a) Ancestral B.1 virus, (b) Beta, (c) Delta, or (d) Omicron BA.1 spike 
proteins. (e) Luciferase activity (CPS) for MLV(HCV) PVNA at increasing dilution (1 in 50 to 1 in 36,450) of 
the no serum control (NSC), positive control, negative control, tenofovir (326 ng/ml), lamivudine (2,000 ng/
ml) and dolutegravir (4,150 ng/ml). (f) Luciferase activity (CPS) for MLV(HCV) PVNA at increasing dilution 
(1 in 10 to 1 in 640) of the no serum control (NSC), positive control, negative control, tenofovir (326 ng/
ml), lamivudine (2,000 ng/ml) and dolutegravir (4,150 ng/ml). We plot the mean measure with error bars 
displaying the standard deviation of the triplicates.
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the SARS-CoV-2 spike proteins on VSV particles determined the neutralisation specificity35. HIV(VSV-G) 
pseudoviruses bearing the VSV-G protein on HIV particles determined if neutralising activity in HIV-infected 
participants was outer protein (SARS-CoV-2 spike)-dependent. VSV is largely absent in Africa and Europe, 
making VSV-G a useful serological control36. Live virus neutralisation assays were used as a “gold standard” 
comparison. For the Malawi cohort testing, samples with percent neutralisation > 90% were classed as positive.

UK cohort
The UK cohort samples were tested with three assays, as described in the Supplementary Methods. Briefly, HCV 
neutralisation was measured using MLV(HCV) pseudotypes bearing the E1E2 protein of HCV genotype 1a on 
MLV particles. VSV(HCV) pseudotypes bearing the E1E2 protein on VSV particles determined the neutralising 
activity specificity. MLV(VSV-G) pseudotypes bearing the VSV-G protein on MLV particles determined if 
the neutralisation was outer protein (E1E2)-dependent. For the UK cohort testing, samples with percent 
neutralisation > 50% were classed as positive.

ART testing
To determine if non-specific inhibitory activity in the sera was due to the presence of residual antiretroviral 
drugs, we tested antiretroviral drugs for interference with the HIV(SARS-CoV-2) and MLV(HCV)-based 
assays. The drugs tested were those commonly used as first-line ART regimen in Malawi and the UK during the 
study period: tenofovir and lamivudine (nucleoside reverse transcriptase inhibitors, NRTIs), and dolutegravir 
(integrase inhibitor)37. The drugs were diluted to their Cmax (maximum blood serum concentration) in distilled 
water: tenofovir-326 ng/ml (physiological range: 64–326 ng/ml)38; lamivudine-2,000 ng/ml (range: 40 − 2,000 
ng/ml)39; and dolutegravir-4,150 ng/ml (range: 2,120-4,150 ng/ml)40. The drugs and controls (Supplementary 
Methods) were serially diluted in complete DMEM from 1 in 50 to 1 in 36,450 (3-fold steps) before incubation 
with the virus and cells (as per assay requirements, Supplementary Methods). For MLV(HCV) interference 
testing, we performed an additional assay where we reduced the drug and control dilutions, using a dilution 
range of 1 in 10 to 1 in 640 (2-fold steps).

IgG purification
IgG was purified from serum samples with suspected assay interference, i.e. those with a discrepancy in 
retrovirus-based vs. VSV-based assay results. For the UK cohort, this included samples from participants 
who tested neutralisation positive with the MLV(HCV) assay, but negative with the VSV(HCV) assay. For the 
Malawi cohort, this included samples from participants who tested neutralisation positive with the HIV(SARS-
CoV-2) assay, but negative with the VSV(SARS-CoV-2) assay. IgG was isolated using the Cytiva protein G high 
performance SpinTrap™ columns, as per manufacturer guidelines.

Data analyses
Microsoft Excel and R version 4.0.541 (ggplot2, ggsignif and ggpubr,  packages) were used for data analyses 
and visualisations. For seroprevalence percentages, 95% binomial confidence intervals (CI) were reported to 
estimate the uncertainty around the proportion of seropositive individuals. A two-proportion chi-squared 
test (two-tailed) was used to compare the proportion of seropositive individuals between groups, as this test 
is appropriate for categorical data and evaluates whether observed differences in proportions are statistically 
significant. For percent neutralisation measures, the median and interquartile range (IQR) were used as the data 
were not normally distributed. A two-tailed Wilcoxon rank-sum test was chosen because it is a non-parametric 
test that compares distributions without assuming normality, making it more appropriate for skewed data. When 
making multiple individual statistical comparisons, a Bonferroni correction was applied to control for type 1 
errors and reduce the likelihood of false positives.

For comparisons to the live virus assay (SARS-CoV-2 analysis), robust linear regression analysis (robustbase 
package) was performed. Traditional correlation analysis was inappropriate as the data were not normally 
distributed and contained outliers that could skew results when using the non-parametric correlation methods. 
Robust linear regression, a method that reduces the influence of outliers and does not assume normality, was 
selected to provide a more reliable analysis. The equation of the regression line was presented, and the gradient 
was compared to that of the line y = x (which represents perfect agreement, where the gradient equals 1). 
Extensive deviations from a gradient of 1 indicate systematic differences between the two assays. Additionally, 
Bland-Altman plots were used to evaluate the agreement between assays by analysing the differences between 
paired measurements across the range of values. An alpha level of 0.05 was used for statistical comparisons, 
meaning that p-values < 0.05 were considered statistically significant.

Data availability
The data that support the findings of this study are available from the Malawi Epidemiology and Intervention 
Research Unit (MEIRU) but restrictions apply to the availability of these data, which were used under license for 
the current study, and so are not publicly available. Data are however available from the authors upon reasonable 
request and with permission of MEIRU. Data requests should be sent to Mhairi J. McCormack – m.mccor-
mack.1@research.gla.ac.uk.
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