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A B S T R A C T

Background: In-depth analysis of the HIV pandemic at its epicenter in the Congo basin has been hampered by
40 years of political unrest and lack of functional public health infrastructure. In recent surveillance studies
(2017-18), we found that the prevalence of HIV in Kinshasa, Democratic Republic of Congo (11%) far
exceeded previous estimates.
Methods: 10,457 participants were screened in Kinshasa with rapid tests from 2017-2019. Individuals con-
firmed as reactive by the Abbott ARCHITECT HIV Ag/Ab Combo assay (n=1968) were measured by the Abbott
RealTime HIV-1 viral load assay. Follow up characterization of samples was performed with alternate manu-
facturer viral load assays, qPCR for additional blood borne viruses, unbiased next generation sequencing, and
HIVWestern blotting.
Findings: Our data suggested the existence of a significant cohort (n=429) of HIV antibody positive/viral load
negative individuals. We systematically eliminated collection site bias, sample integrity, and viral genetic
diversity as alternative explanations for undetectable viral loads. Mass spectroscopy unexpectedly detected
the presence of 3TC antiviral medication in approximately 60% of those tested (209/354), and negative West-
ern blot results indicated false positive serology in 12% (49/404). From the remaining Western blot positives
(n=53) and indeterminates (n=31) with reactive Combo and rapid test results, we estimate 2.7-4.3% of infec-
tions in DRC to be potential elite controllers. We also analyzed samples from the DRC collected in 1987 and
2001-03, when antiretroviral drugs were not available, and found similarly elevated trends.
Interpretation: Viral suppression to undetectable viral loads without therapy occurs infrequently in HIV-1
infected patients around the world. Mining of global data suggests a unique ability to control HIV infection
arose early in central Africa and occurs in <1% of founder populations. Identification of this group of elite
controllers presents a unique opportunity to study potentially novel genetic mechanisms of viral
suppression.
Funding: Abbott Laboratories funded surveillance in DRC and subsequent research efforts. Additional funding
was received from a MIZZOU Award from the University of Missouri. Research was supported in part by the
Division of Intramural Research, National Institute of Allergy and Infectious Diseases, NIH.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

The introduction of antiretroviral therapy (cART) has been a major
contributor to the decreasing incidence and prevalence of HIV-1
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Research in context

Evidence before this study

Surveillance in Kinshasa has demonstrated extensive viral
genetic diversity and indicated that HIV prevalence in Demo-
cratic Republic of Congo far exceeds most estimates. Further
characterization of this population here revealed an unusually
high number of HIV positive individuals with undetectable viral
loads. The ability to naturally suppress HIV replication generally
occurs in fewer than 1% of infections globally.

Added value of this study

Approximately 60% of these participants failed to disclose ongo-
ing anti-retroviral therapy, highlighting the perils of reliance on
self-reporting. Nevertheless, having eliminated other explana-
tions, we report that 2.7-4.3% of all HIV-infected individuals
from DRC are antibody positive/viral load negative and repre-
sent potential elite controllers.

Implications of all the available evidence

Just as the HIV epidemic is believed to have its origins in the
Congo River basin, it suggests a unique ability to control HIV
infection arose there as well. Studying this group of individuals
may provide insight into novel genetic mechanisms of viral
suppression.
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worldwide [1]. In order to reach the 90-90-90 goal outlined by the
World Health Organization (WHO), individuals who do not know
they are infected must be diagnosed and treated. Surveillance efforts
in resource-limited settings like the Democratic Republic of the
Congo (DRC) can provide this basic public health framework. Indeed,
a recent investigation in Kinshasa estimated that the HIV prevalence
in DRC (11%) far exceeds previous estimates (2.86%) and that a con-
certed response will be necessary to control the epidemic there and
in neighboring countries [2]. The origin of the HIV pandemic has
been traced to the Congo Basin and the oldest known strains, ZR59
(subtype D) and DRC60 (subtype A), were found in Kinshasa, DRC
[3�5]. Habitats of non-human primates carrying SIV strains ancestral
to HIV reside in close proximity to towns and villages, and thus coun-
tries like Cameroon and the DRC are home to every subtype and
group of HIV-1 (M, N, O, P) [6�11]. Surveillance in settings such as
the DRC with a high degree of viral genetic diversity provides the
opportunity to ensure that diagnostic tests reliably detect all infec-
tions [12].

It is well established that an exceptionally rare group of HIV-1
seropositive individuals can control their HIV viral loads to unde-
tectable levels without antiviral therapy for 10 years or more
[13]. These individuals, elite controllers (ECs), are defined by a
durable threshold viral load of <50 copies/ml. Individuals with
sustained viral loads (VL) from 50-2000 copies/ml are termed
viral controllers (VCs) [14,15]. Elite controllers comprise approxi-
mately 0.1-2.5% of all HIV infections worldwide and are less likely
to develop AIDS [16]. These patients resemble those infected with
HIV-2, where lower VLs and more robust antibody and T cell
responses delay progression to AIDS [17�20]. Elite controllers
and HIV-2 infections are ideal sources for identification of natu-
rally occurring mechanisms evolved to restrict and possibly pre-
vent HIV replication. Characterization of ECs has confirmed
infection with replication-competent strains of HIV, and multiple
host factors that contribute toward viral restriction have been
identified, including specific HLA subtypes associated with slower
disease progression, higher mRNA levels of T cell p21 expression,
and lower CCR5 levels [21�23]. These key insights into the
virology and immunology of HIV demonstrate some of the critical
elements of immunity that would be required of a protective HIV
vaccine [24,25].

Recent surveillance efforts (2017-2018) in the DRC have involved
48 sites within the greater Kinshasa city area, occupying approxi-
mately two hundred square miles, with sites located in multiple
health zones controlled by different directors, and one remote site at
the rural hospital in Vanga, 150 miles from Kinshasa [2]. We consis-
tently observed an unusually high number of antibody-reactive, viral
load-negative specimens. Follow-up experiments confirmed these
findings but revealed that many individuals (~60%) were receiving
antiretroviral therapy, unbeknownst to the surveillance team, and
others were eliminated for false positive serology. Nevertheless, the
unexplained and intriguing absence of viremia in the remaining indi-
viduals (n � 84) prompted us to revisit historic surveillance data and
analyze archival samples obtained more than thirty years ago from
former Zaire. Each of these cohorts exhibited a similar trend, indicat-
ing that a sizeable percentage of individuals in the Congo basin are
able to control HIV infection compared to what is observed globally.

Methods

Patient recruitment and specimen acquisition Patients seeking
healthcare at any of 48 clinical sites in Kinshasa, Democratic Republic
of Congo (DRC) from 2017-2018 (Fig. 1a) were recruited for this study
[2]. One rural hospital at Vanga also participated and is included.
Exclusions were children under 18 and HIV positive patients receiv-
ing cART; specimens were de-identified. Patients provided a plasma
sample and received an HIV rapid test (RDT) free of charge and the
health centers received a stipend. Seropositivity was confirmed fol-
lowing the national algorithm. Subsequent testing and sequencing
occurred at Abbott Laboratories. De-identified specimens from the
Democratic Republic of Congo were obtained in 1987 as part of Proj-
ect SIDA by the US National Institute of Allergy and Infectious Dis-
eases. DRC plasma specimens from 2001-2003 were collected at the
Vanga Hospital, Bandundu Province and the Good Shepherd Hospital,
located 12 km from Kananga, Kasai-Occidental Province. These were
from participants seeking voluntary testing and pregnant women
attending an HIV clinic [26]. Cameroon study participants (2004-
2017) were recruited from blood bank donors, hospitals, and chest
clinics in the urban centers of Douala and Yaound�e [6].

Serology testing Abbott on-market ARCHITECT assays were used
for testing according to manufacturer instructions: HIV Ag/Ab Combo
(2P36), HBV surface antigen (HBsAg) Qualitative (4P53), and HCV Ag
(6L47).

HIV Viral load testing HIV viral loads were first determined on Ab
+ samples using the Abbottm2000 HIV-1 RealTime assay (Abbott Lab-
oratories, Des Plaines IL) using the 0.2 ml input volume (200 ml
extraction and 300 ml dead-volume). 115 ‘TND’ samples (+ 3 VL posi-
tives as controls) were sent to Quest Diagnostics for independent
evaluation (test code 40085). To conserve volume, patient plasma
was diluted 1:1 in normal human plasma (e.g. 500 ml + 500 ml). The
Roche Cobas 8800 HIV-1 RNA Viral Load quantitative RT-PCR was
performed with a 0.7 ml input volume. Twenty-two samples with
remaining volume and detectable VLs by Cobas were re-tested with
the RealTime HIV-1 assay using the 0.6 ml sample input volume.

Western Blotting Specimens with discordant Architect HIV
Combo 2P36 Reactive and HIV-1 RealTime viral load results (Target
Not Detected; TND) were evaluated by Western Blot using the FUJIR-
EBIO INNO-LIA HIV I/II Score line immunoassay. Test strips were sub-
merged in individual troughs containing 20ml of specimen or control
diluted in 1 ml of sample diluent (e.g. 1:50) and incubated with rock-
ing for 3 hr at room temperature. Primary antibodies were removed
by aspiration and test strips were washed with 3 £ 6 min incubations
in 1 ml of wash solution. A 1 ml anti-human conjugate solution added
to each trough was incubated for 30 min, aspirated, then followed by
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another 3 £ 3 min series of washes. Finally, a 1 ml substrate solution
was incubated for 30 minutes, aspirated, and then quenched with a 1
ml Stop Solution for 10 minutes. Strip were removed with tweezers,
dried on absorbent paper, and photographed.

Multiplex qPCR Viral loads were approximated with a quantita-
tive Multiplex PCR. This is a research-use only assay developed on
the m2000sp (Abbott Molecular Diagnostics, Des Plaines, IL) and
CFX96 Real Time (Bio-Rad, Hercules, CA) instruments that simulta-
neously quantifies HBV DNA, HCV RNA, HIV-1 RNA, and HIV-2 RNA
with respective limits of detection of 10 IU/ml, 100 IU/ml, 500 cp/ml,
and 100 IU/ml. Quantitation was extrapolated from relative Ct values
of diluted standards. The assay includes probes for two distinct
regions of the HIV-1 genome.

cDNA synthesis, Nextera XT, and HIV-xGen library production
Viral RNA extracted from plasma on the m2000sp was concentrated
to 10 ml with RNA Clean and Concentrator-5 spin columns (Zymo
Research, CA). Metagenomic libraries were prepared with random
primers using Superscript III (SSRTIII) 1st Strand reagents (Life Tech-
nologies) followed by 2nd strand synthesis with Sequenase V2.0 T7
DNA pol (Affymetrix). Double stranded cDNA was recovered with
DNA Clean and Concentrator-5 spin columns (Zymo Research) and
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Fig. 1. High percentage of viral load ‘TND’ in DRC. a) Map of collection sites in Kinshasa, D
region, outside test = alternate VL manufacturer. c) Plot of HIV Combo S/CO vs HIV-1 viral loa
load results of ‘target not detected’ (TND) are circled. d) Histogram relating the number of ten
eluted in 7 ml. SSRTIII libraries were tagmented by Nextera XT
and amplified for 24 cycles (Illumina, Carlsbad CA). Nextera
libraries were purified with Agencourt AMPure XP beads (Beck-
man Coulter), visualized on a BioAnalyzer 2200TapeStation (Agi-
lent), quantified on a Qubit instrument (Life Technologies) with
dsDNA high sensitivity reagents (Molecular Diagnostics), and
sequenced on a MiSeq instrument with V2 chemistry (2 £ 150
bp). Where indicated, plasma samples were heated for 12 hrs at
50°C. HIV-xGen libraries were enriched from mNGS libraries
essentially as described [27].

NGS analysis HIV mapping and consensus sequence generation
was performed as previously described with CLC Genomics Work-
bench 9.0 software (CLC bio/Qiagen, Aarhus Denmark). Additionally,
fastq data was processed through an automated, custom HIV pipe-
line. Metagenomic analysis was performed with SURPI [28,29]. To
detect possible contaminating reads from barcode hopping, raw data
from each sample was individually mapped to the consensus sequen-
ces of other samples sequenced on the same run, removing any with
�99% identity. Unmapped reads (e.g. unique to the sample of inter-
est) were collected and realigned to generate the final consensus and
mapping metrics.
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Mass Spectroscopy Analysis TND plasma samples were sent to
PPD Laboratories (Madison, WI) for validated detection of Lamivu-
dine (3TC) and Abacavir (ABC) (test #P1165) by LC/MS/MS. Values
are reported between 2.50-2500 ng/ml.

Ethics The investigation protocol for DRC samples acquired in
2017-2019 conformed to local regulations and was approved by the
Universit�e Protestante au Congo ethics committee in Kinshasa; ethics
approval was received by memorandum dated May 2017 via #
CEUPC-0027. Informed verbal consent in the DRC was obtained from
all participants in either French or Lingala and plasma samples were
deidentified for analysis. IRB approval from the University of Mis-
souri-Kansas City Research Board for protocol 16-411 was approved
on 10/18/2016. Samples from Vanga 2001-2003 were acquired
according to protocol 98-041e, approved by the University of Mis-
souri-Kansas City Research Board IRB in 1998. Informed verbal con-
sent was obtained from participants at Vanga after a full explanation
of the goals of the study. The Cameroonian sample collection from
2004-2017 was approved by the Cameroon National Ethical Review
Board, the Faculty of Medicine and Biomedical Science IRB at the Uni-
versity of Yaounde, and the Ministry of Health of Cameroon. In accor-
dance with study protocols, written informed consent was acquired
and plasma was collected and deidentified.

Statistical Analysis Values are primarily reported as percentages
of total samples screened or total HIV Combo positives and did not
require statistical analysis. Given our initial aim was to characterize
viral genetic diversity, sample size was determined by the number of
participants seeking healthcare in the given year and not computed
by statistical power analysis. In Fig. 2b, the total N for each cohort
and the mean values § SD for HIV Combo results are reported. In
a
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Fig. 2. TND are confirmed sero-positives collected from numerous sites and observed ov
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SD for age are reported.

Role of funding source Abbott Laboratories did not have any role
in study design, data collection, data analyses, interpretation, writing
of report, or decision to publish the study.

Results

An unusually high number of individuals in DRC without
detectable viral loads. To inform individuals of their HIV status and
in turn assess overall prevalence and viral genetic diversity among
people in the region seeking healthcare, screening campaigns
restricted to ART naïve subjects were conducted at 48 sites across
Kinshasa and one rural hospital (Vanga) in Democratic Republic of
Congo (Fig. 1a) [2]. Samples were collected in 2017-2018 but shipped
and tested as three cohorts from 2017-2019. HIV rapid diagnostic
tests (RDT) were administered to 10,457 participants and all samples
were rescreened in the US for HIV on the Abbott ARCHITECT HIV Ag/
Ab Combo assay (2P36), as well as for HBV surface antigen (HBsAg
Qualitative, 4P53; Fig. 1b). In 2017, 2018, and 2019 cohorts, 300/
2041, 934/3245, and 734/5171 respectively, were confirmed HIV
antibody positives, with 3.45% (N=66/1911) meeting the criteria for a
recent infection (<200 S/CO, >100 copies/ml RNA). Overall agree-
ment between the RDT and HIV Combo was 94.5%, with 2.1% RDT
false positives (n=169), and 3.0% RDT false negatives (n=239). All HIV
Combo positives were then tested on the Abbott m2000 RealTime
HIV-1 viral load assay. Values for each assay by individual and year
spanned the entire measurable range, with most having serology S/
CO values between 400-1000 and viral loads of 3 log10-6 log10 copies
b
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per ml, as would be expected for a population not receiving treat-
ment (Fig. 1c) [30]. However, we observed a significant number of
individuals with no detectable viral load (e.g. ‘target not detected’,
TND; circled in red on y-axis in Fig. 1c). In specimens collected in
2017, there were 65/298 (22%), in 2018 there were 148/920 (16%),
and in 2019 there were 216/693 (31%) TNDs (Fig. 1d).

We recently analyzed archival plasma samples from two collabo-
rative studies exploring viral genetic diversity in the DRC, each dating
back>15 and 30 years, respectively [26,27]. We applied a similar sur-
veillance algorithm to that described in Fig. 1b. In the first study con-
ducted at two rural hospitals (Vanga and Kananga) from 2001-2003,
262 individuals were screened for HIV by serology, and seropositive
specimens (n=211) were later tested for viral RNA [26]. Samples from
the second study (n=93) were collected in 1987 as part of Project
SIDA in Kinshasa (in former Zaire), which was established by the
United States Centers for Disease Control (US CDC), the US National
Institutes of Health (US NIH), Belgium’s Institute of Tropical Medicine
(ITM), and the Mama Yemo Hospital in Kinshasa during the initial
HIV/AIDS outbreak in the 1980s [31]. The effort was disbanded in
1991 due to civil unrest, and samples were air lifted out of the coun-
try for long-term storage at the US National Institutes of Health
(NIH). A subset of these specimens were previously characterized at
the molecular level to classify strains present, and in this study both
HIV antibodies and viral load were assessed [27]. A comparison of
ARCHITECT HIV Ag/Ab Combo (2P36) and the Abbott RealTime HIV-1
(6L18) results yielded similar profiles when compared to the 2017-
2019 data (Fig. 1c). In the 2001-2003 cohort, there were 31/194 anti-
body positive specimens with undetectable viral loads, and in 1987
before anti-retrovirals (cART) were available, there were 17/59
(Fig. 1d). Given the abundance of samples (476/2164; ~22% of
HIV-1+), the wide range and typically high Combo S/CO values, and
the consistent historic trend observed in this region, we initially con-
cluded these results were not sampling artifacts. Thus, we conducted
further studies to eliminate possible technical reasons for the finding
of so many samples with low viral loads.

Neither collection site bias nor antibody false positives explain
TNDs. We reviewed 2017-2019 patient demographic data to deter-
mine whether TND samples were concentrated in one or a few collec-
tion sites. This was not the case: TND individuals were found at most
of the 48 locations and were not overrepresented at any particular
testing site (Fig. 2a, Table S1, Table S2). Therefore, a bias due to loca-
tion, patient recruitment, sample procurement and/or storage, was
absent.

Next, we excluded the possibility of false seropositivity. To con-
firm the reactive results in both the rapid test and ARCHITECT HIV
Ag/Ab Combo, we performed Western blots (WB; Fujirebio Innolia
HIV1/2) with patient plasma to determine if prior results were false
positives or due to HAMA (human anti-mouse antibody) interference
(Fig. 2b). Images of all WB strips sorted by year can be found in Sup-
plemental Figure S1. A minority of samples from each year were WB
negative (upper panel; blue), however, all of these had Combo S/CO
values near the assay cut-off of 1.0 (lower panel, blue). A slightly
larger percentage were ruled ‘indeterminate’, with reactivity to only
the gp41 band, and once again, these also had low S/CO values (red).
We ascertained that 55% of these ‘indeterminate’ blots had originally
been rapid test-negative and that the remaining 45% rapid test-posi-
tives had comparatively greater HIV Combo S/CO values (median
6.74 vs 25.4). The majority of TND samples were therefore confirmed
by Western blot (upper panel, green). Median S/CO ranges of 300-
700 (lower panel, green) were consistent with the population at large
(see Fig. 1c). Therefore, three separate antibody tests determined that
these individuals were infected with HIV-1.

Sample integrity and genetic diversity do not explain TND
results. While no individual site(s) was implicated as the source of
most TND samples, the possibility remained that individual, unre-
lated samples from multiple sites could independently be degraded.
We addressed specimen integrity by generating metagenomic next-
generation sequencing (mNGS) libraries from plasma using randomly
primed cDNA synthesis and Nextera tagmentation. Bioanalyzer pro-
files illustrate that not only was sufficient nucleic acid present to gen-
erate libraries for every sample, but also that TND samples (WB
indeterminate and positive) were visually identical to those with
detectable HIV viral loads (Fig. 3a). When VL+ control samples (red;
lanes 2 & 15) were deliberately heat-treated (12hrs at 50°C), they still
yielded comparable libraries. The breakdown of NGS read percen-
tages reflects that most libraries consist of host background and once
again that TND are indistinguishable from HIV RNA positives (Supple-
mental Figure S2) [29]. Viral load positive samples (e.g. PBS5635; 5.31
log10 cp/ml) yielded >300 HIV reads/million (green histograms) and
>89% genome coverage (brown histograms). Even after prolonged
heating, >50% of the PBS5635 genome was obtained (lane 2) from
only 400,000 reads, demonstrating that ‘degraded’ samples still con-
tain viral RNA templates. Likewise, despite the large drop in total
reads, the abundance of GBV-C virus reads in PBS829 (lanes 14 &15)
remained at 12% after heating (Supplemental Figure S2).

The above mNGS data also addresses an altogether separate issue:
sequence diversity. The DRC is home to a myriad of subtypes, CRFs,
and URFs, all of which could avoid conventional molecular detection
[11,26]. Viral loads could be under-quantified or infections go unde-
tected if hybridization is impaired due to mismatches. Random prim-
ing followed by alignment of every read to the entire NT database
eliminates the possibility that amplification and detection of HIV was
unsuccessful due to lack of primer and probe specificity. Despite this
unbiased approach, few if any HIV reads were detected in the TND
samples, providing further evidence that titers were correctly
determined as either non-existent or very low. Similarly, no
divergent retroviral reads were detected by RAPsearch, eliminat-
ing the possibility that a novel virus with antibody cross-reactiv-
ity was present [32]. To be certain that mNGS sensitivity was not
limiting, 32 libraries constructed from the 2017 panel were
enriched by the HIV-xGen target capture approach [27]. The
median genome coverage obtained was 10.6% (range: 1.3- 37%)
with a depth � 5 reads and included sequences expected from
DRC such as subtype A, CRF02, CRF45, CRF63, etc. (Table S3).
Thus, for randomly selected specimens, the ultra-sensitive NGS
method was able to detect some HIV reads, but the low coverage
was another indication that viral loads were extremely low.

Continuing with the premise that mismatches in target sequences
relative to primers or probes may be the root cause, 115 TND samples
from the 2017 and 2018 panels were sent to a contract laboratory for
independent viral load measurements by an alternate method, the
Roche Cobas 8800 HIV-1 assay [11,26]. This test targets a different
region of the HIV genome compared to Abbott’s m2000 HIV-1 Real-
Time. Three samples with detectable viral loads (2.31, 4.95, and 6.79
log10 cp/ml) by the Abbott assay were included as positive controls
and resulted in nearly identical levels by the Roche Cobas 8800 HIV-1
assay (Table 1). We note that in order to preserve sample for follow
up studies, all viral loads were initially determined on the Abbott
Abbott RealTime HIV-1 assay using the 0.2 ml sample input volume,
with an LOD of 150 cp/ml. With the Roche Cobas 8800 HIV-1 assay
using a 0.7 ml sample input volume with an LOD of 20 cps/ml, 62
samples (54%) were also reported as ‘target not detected’, 19 (17%)
were <1.3 log10 cp/ml (<20 copies/ml), 28 (24%) were between 1.3-
2.3 log10 cp/ml (20-200 copies/ml), and 7 (6%) were between 2.3-2.8
log10 cp/ml (200-630 copies/ml). Samples with VL >20 copies/ml by
Roche Cobas 8800 HIV-1 assay having sufficient volume (22/35) were
retested with the Abbott RealTime HIV-1 assay using the 0.6 ml sam-
ple input volume (LOD of 40 copies/ml): 13/22 confirmed a low viral
load was present. Therefore, using an alternate manufacturer’s viral
load assay, we substantiated that viral RNA was indeed either
completely absent or present at extremely low levels, confirming
that this observation was not due to under-quantitation.
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Fig. 3. Sample integrity and sequence diversity do not explain absence of HIV RNA detection. a) Bioanalyzer profiles of mNGS libraries. PBS5635 (lane 2) and PBS829 (lane 15)
samples (red) were heat-treated. The table beneath lists each sample’s viral load (log copies/ml), Multiplex qPCR Ct, HIV Combo S/CO, Western blot, and total number of NGS reads
(in millions). The histogram plots the # HIV reads/million (green) and the % HIV genome coverage (brown) on both linear and log scales (PC = positive control, an HIV+ sample of 4.0
log10 cp/ml; (-) = negative PCR; IND = indeterminate Western Blot; (+) = positive Western Blot; n.d.= not done). b) TNDs were reassessed by a multiplex qPCR that detects HIV-1/-2,
HBV, and HCV. Ct values for each positive sample are plotted by virus. c) S/CO values of antigen assays for HBV and HCV qPCR positives shown in 3b.
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To further address genetic diversity and sample integrity in one
assay, a multiplex PCR was deployed that detects HIV-1 at two
genome targets, while simultaneously detecting HIV-2, HCV, and
HBV (Figs. 1b, 3b). From 175 TND in the 2018 panel, no samples with
high HIV viral loads were present, however, HIV was detected in 21
instances, the majority with Cts >35 (< 100 cp/ml) (Fig. 3b, Table 1).
Once again, potential mutations were not causing samples to be
missed outright, but differential assay sensitivity confirmed that
some of these have very low levels of RNA. Importantly, coinfections
of HBV (n=14; 8.0%) and HCV (n=8; 4.6%) were observed in samples,
once more indicating that (viral) nucleic acid was indeed intact. These
results were bolstered by positive serology data for HBsAg Qualitative
(4P53; 8/15) and HCV Ag (6L47; 10/10) assays (Fig. 3c), which again
confirmed sample quality was maintained. Thus, we still believed
that numerous individuals from the DRC were able to control HIV VL
to (nearly) undetectable levels.

Increased percentages of elite controllers reside in the Congo
Basin. Finally, given the “test and treat” policy, we considered that
patients may not have acknowledged ongoing cART upon enrollment.
With respect to older samples collected in 1987 and 2001-2003, this
was impossible or highly unlikely, since anti-retroviral drugs either
did not exist or were unavailable in the DRC. Nevertheless, 421 TND
samples including individuals from the above early cohorts and later
cohorts (2017-2019), as well as TND samples from Cameroonian
blood donors collected between 2004-2017, were analyzed by mass
spectroscopy for detection of lamivudine (3TC) and abacavir (ABC),
the frontline antivirals prevalent in DRC. As expected, both drugs
were absent in all 1987 and 2001-2003 samples tested (Table 1,
Fig. 4, Table S1, Table S2, Figure S1). Similarly, cART positives were
largely absent from Cameroonian samples (Table S4). However,
approximately 60% of DRC plasma samples obtained during 2017-
2019 were 3TC positive; only one DRC sample was dually reactive for
abacavir (Table 1, Fig. 4a). cART+ individuals were found at nearly
every location, once again indicating that no particular testing site
was responsible for this trend (Fig. 4b). We were surprised to learn
that so many patients in these recent cohorts had enrolled in our
study that specifically required cART-naive patients: our approved
protocol excluded HIV patients who had received drugs. However,
there remained nearly 40% (144/353) of the 2017-2019 DRC cohort
tested by mass spectroscopy that did not receive therapy and still
had undetectable viral loads. With respect to the 32 samples in the
2017 panel sequenced by HIV-xGen, 31/32 samples tested positive
for 3TC, indicating that cART had suppressed replication, but as
would be expected, there was still detectable virus present (Table S3)
[33]. By contrast, only one yielded sequence from among the true
“TNDs”with <2.5 ng/ml of 3TC.

We performed an accounting of ‘TND’ (Combo+/VL-) individuals,
excluding those on therapy, WB negatives, and WB indeterminates
with negative rapid results (Table 2, Fig. 4c). Remaining cART- WB
positives and indeterminates with positive rapid results were
included to provide an estimate of the percentage of potential elite
controllers in Kinshasa. Percentages in 1987 ranged from 5.1-15.2%



Table 1
Outside testing confirms viral loads and reveals many are on ART therapy. Results for TND samples with outside or additional viral load testing (n=115) are listed. HIV viral
loads (log copies/ml) were determined by Abbott HIV-1 RealTime (0.2 ml, neat), Roche Cobas (0.7 ml, 1:1 dilution), and Abbott HIV-1 RealTime (0.6 ml, neat) assays. Concentra-
tions (ng/ml) of 3TC (lamivudine) were determined by mass spectroscopy andWB determined by INNO-LIA.

Year Sample ID Rapid test Combo S/CO HIV Real Time
0.2 ml log10 cp/ml

Roche Cobas 0.7 ml
log10 cp/ml

HIV Real Time 0.6ml
log10 cp/ml

Multiplex qPCR Western Blot Mass Spec 3TC
(ng/mL)

CTRL1 25 1.96 2.31
CTRL2 15 4.88 4.95
CTRL3 51 6.65 6.79
Potential Elite/Viral Controllers
2017 14 NEG 150.04 Not Detected Not detected HIV NEG IND <2.50
2017 31 POS 154.61 Not Detected Not detected HIV NEG IND <2.50
2017 36 POS 16.46 Not Detected Not detected HIV NEG IND <2.50
2017 69 POS 14.67 Not Detected Not detected HIV NEG IND <2.50
2017 135 811.78 Not Detected Not detected HIV NEG HIV-1 <2.50
2017 207 POS 35.31 Not Detected Not detected HIV GREY IND <2.50
2017 240 POS 41.89 Not Detected Not detected IND <2.50
2017 243 POS 91.03 Not Detected Not detected HIV NEG IND <2.50
2017 254 POS 117.12 Not Detected Not detected HIV NEG IND <2.50
2017 712 NEG 191.66 Not Detected Not detected HIV NEG IND <2.50
2017 2009 NEG 51.64 Not Detected Not detected HIV NEG IND <2.50
2018 18CD-0096 POS 40.41 Not Detected Not detected HIV NEG IND <2.50
2018 18CD-0111 POS 316.13 Not Detected Not detected HIV NEG IND <2.50
2018 18CD-0125 POS 295.1 Not Detected Not detected HIV NEG HIV-1 <2.50
2018 18CD-0146 POS 566.67 Not Detected Not detected HIV NEG HIV-1 <2.50
2018 18CD-0185 POS 38.84 Not Detected Not detected HIV NEG IND <2.50
2018 18CD-0205 POS 145.9 Not Detected 1.76 HIV NEG HIV-1 <2.50
2018 18CD-0220 POS 12.25 Not Detected Not detected IND <2.50
2018 18CD-0222 POS 12.59 Not Detected Not detected HIV NEG IND <2.50
2018 18CD-0235 POS 730.74 Not Detected Not detected HIV-1 <2.50
2018 18CD-0314 POS 437.61 Not Detected 1.73 <1.60 HIV NEG HIV-1 <2.50
2018 18CD-0381 POS 158.46 Not Detected 1.62 1.96 HIV NEG HIV-1 <2.50
2018 18CD-0423 POS 760.43 Not Detected 2.71 Not detected HIV NEG HIV-1 <2.50
2018 18CD-0428 POS 382.51 Not Detected 1.72 HIV-1 <2.50
2018 18CD-0500 POS 807.14 Not Detected 1.34 1.67 HIV NEG HIV-1 <2.50
2018 18CD-0513 POS 570.81 Not Detected Not detected HIV NEG HIV-1 <2.50
2018 18CD-0544 POS 55.4 Not Detected Not detected HIV NEG IND <2.50
2018 18CD-0558 POS 64.92 Not Detected <1.30 Not detected HIV NEG HIV-1 <2.50
2018 18CD-0572 POS 574.8 Not Detected Not detected HIV NEG HIV-1 <2.50
2018 18CD-0739 POS 473.89 Not Detected 2.82 3.14 HIV NEG HIV-1 <2.50
2018 18CD-0750 POS 3.54 Not Detected Not detected HIV NEG IND <2.50
2018 18CD-0754 POS 143.32 Not Detected Not detected HIV NEG IND <2.50
2018 18CD-0763 POS 23.27 Not Detected Not detected HIV NEG IND <2.50
2018 18CD-0776 POS 599.96 Not Detected 2.25 2.16 HIV NEG HIV-1 <2.50
2018 18CD-0893 407.3 Not Detected Not detected HIV GREY HIV-1 <2.50
2018 18CD-0902 POS 27.6 Not Detected Not detected HIV NEG IND <2.50
2018 18CD-0911 POS 607.59 Not Detected <1.30 HIV NEG HIV-1 <2.50
2018 18CD-1321 NEG 126.69 Not Detected Not detected HIV NEG IND <2.50
2018 18CD-2545 NEG 28.7 Not Detected Not detected HIV NEG IND <2.50
3TC Positives
2017 60 POS 710.38 Not Detected Not detected HIV NEG HIV-1 168
2017 73 POS 829.98 Not Detected Not detected HIV NEG HIV-1 7.79
2017 76 POS 723.37 Not Detected Not detected HIV NEG HIV-1 627
2017 77 508.57 Not Detected Not detected HIV NEG HIV-1 329
2017 105 POS 845.04 Not Detected 1.4 HIV POS HIV-1 194
2017 111 POS 367.65 Not Detected 1.3 HIV POS 115
2017 118 POS 660.07 Not Detected Not detected HIV NEG HIV-1 22.5
2017 120 POS 687.67 Not Detected 1.91 2.4 HIV POS HIV-1 2460
2017 123 POS 776.07 Not Detected <1.30 HIV NEG HIV-1 649
2017 124 POS 529.25 Not Detected Not detected HIV NEG HIV-1 1040
2017 127 927.25 Not Detected Not detected HIV NEG HIV-1 2190
2017 137 279.01 Not Detected Not detected HIV NEG HIV-1 455
2017 141 POS 561.03 Not Detected Not detected HIV NEG HIV-1 889
2017 148 POS 251.17 Not Detected Not detected HIV NEG HIV-1 28.7
2017 195 POS 480.12 Not Detected <1.30 HIV NEG HIV-1 520
2017 198 NEG 21.3 Not Detected Not detected HIV NEG IND 86.9
3TC Positives
2017 202 POS 873.79 Not Detected <1.30 HIV GREY HIV-1 58.5
2017 217 691.57 Not Detected Not detected HIV NEG HIV-1 18.6
2017 219 POS 928.95 Not Detected <1.30 HIV NEG HIV-1 662
2017 225 765.54 Not Detected Not detected HIV NEG HIV-1 905
2017 245 POS 674.91 Not Detected Not detected HIV NEG HIV-1 368
2017 250 POS 385.13 Not Detected Not detected HIV NEG HIV-1 41.3
2018 18CD-0045 POS 950.46 Not Detected 2.06 HIV-1 1940
2018 18CD-0084 POS 953.23 Not Detected 2.55 HIV NEG HIV-1 2160
2018 18CD-0137 POS 583.79 Not Detected <1.30 Not detected HIV NEG HIV-1 386
2018 18CD-0138 POS 581.8 Not Detected Not detected HIV NEG HIV-1 442

(continued)
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Table 1 (Continued)

Year Sample ID Rapid test Combo S/CO HIV Real Time
0.2 ml log10 cp/ml

Roche Cobas 0.7 ml
log10 cp/ml

HIV Real Time 0.6ml
log10 cp/ml

Multiplex qPCR Western Blot Mass Spec 3TC
(ng/mL)

2018 18CD-0158 POS 632.85 Not Detected Not detected HIV NEG HIV-1 887
2018 18CD-0164 POS 760.58 Not Detected 1.95 HIV NEG HIV-1 152
2018 18CD-0182 POS 730.51 Not Detected Not detected HIV NEG HIV-1 495
2018 18CD-0210 POS 451.86 Not Detected <1.30 <1.60 HIV NEG HIV-1 297
2018 18CD-0263 POS 705.77 Not Detected 1.49 HIV NEG HIV-1 238
2018 18CD-0275 POS 569.37 Not Detected 1.48 <1.60 HIV-1 99.5
2018 18CD-0306 POS 693.24 Not Detected 1.99 HIV NEG HIV-1 10.5
2018 18CD-0356 POS 620.59 Not Detected Not detected HIV-1 585
2018 18CD-0379 POS 526.13 Not Detected 1.45 2.02 HIV NEG HIV-1 658
2018 18CD-0384 POS 427.02 Not Detected Not detected HIV NEG HIV-1 288
2018 18CD-0391 POS 484.68 Not Detected Not detected HIV NEG HIV-1 95.7
2018 18CD-0437 POS 557.83 Not Detected Not detected HIV NEG HIV-1 53.3
2018 18CD-0443 POS 590.61 Not Detected Not detected HIV NEG HIV-1 889
2018 18CD-0451 POS 795.28 Not Detected 1.68 HIV NEG HIV-1 209
2018 18CD-0452 POS 907.85 Not Detected 1.3 HIV NEG HIV-1 335
2018 18CD-0453 POS 378.33 Not Detected 1.83 HIV NEG HIV-1 1250
2018 18CD-0471 POS 756.43 Not Detected <1.30 HIV GREY HIV-1 430
2018 18CD-0484 POS 563.69 Not Detected 1.6 HIV-1 6.26
2018 18CD-0492 POS 804 Not Detected 2.77 HIV-1 159
2018 18CD-0503 POS 970.37 Not Detected Not detected HIV NEG HIV-1 1320
2018 18CD-0509 POS 529.2 Not Detected 1.79 HIV NEG HIV-1 146
2018 18CD-0510 POS 284.69 Not Detected <1.30 Not detected HIV-1 393
2018 18CD-0521 POS 773.66 Not Detected 1.96 HIV NEG HIV-1 233
2018 18CD-0535 1014.7 Not Detected 2.83 HIV NEG HIV-1 704
2018 18CD-0537 858.46 Not Detected <1.30 1.91 HIV NEG HIV-1 3070
2018 18CD-0592 POS 571.44 Not Detected Not detected HIV NEG HIV-1 491
2018 18CD-0602 POS 594.73 Not Detected <1.30 <1.60 HIV NEG HIV-1 1570
2018 18CD-0603 POS 407.11 Not Detected Not detected HIV NEG HIV-1 261
2018 18CD-0621 POS 676.08 Not Detected Not detected HIV NEG HIV-1 1270
2018 18CD-0649 POS 282.38 Not Detected <1.30 Not detected HIV NEG HIV-1 578
2018 18CD-0654 POS 210.47 Not Detected 1.58 HIV NEG HIV-1 210
2018 18CD-0665 POS 976.37 Not Detected 1.85 Not detected HIV NEG HIV-1 2980
2018 18CD-0669 POS 767.02 Not Detected 1.86 2.25 HIV NEG HIV-1 806
2018 18CD-0671 573.49 Not Detected <1.30 HIV NEG HIV-1 225
2018 18CD-0723 POS 736.27 Not Detected Not detected HIV NEG HIV-1 519
2018 18CD-0728 POS 298.37 Not Detected <1.30 HIV NEG HIV-1 870
2018 18CD-0738 POS 18.09 Not Detected Not detected HIV NEG IND 4.76
2018 18CD-0789 POS 56.05 Not Detected 1.51 <1.60 HIV NEG HIV-1 3060
2018 18CD-0851 POS 942.66 Not Detected <1.30 Not detected HIV NEG HIV-1 195
2018 18CD-0855 POS 776.73 Not Detected <1.30 HIV NEG HIV-1 1140
2018 18CD-0861 POS 712.31 Not Detected Not detected HIV NEG HIV-1 567
2018 18CD-0868 POS 220.64 Not Detected 1.36 Not detected HIV NEG HIV-1 546
2018 18CD-0869 POS 225.09 Not Detected Not detected HIV NEG HIV-1 198
2018 18CD-0901 POS 733.52 Not Detected 2.34 HIV NEG HIV-1 257
2018 18CD-0912 POS 664.4 Not Detected 2.06 HIV NEG HIV-1 121
2018 18CD-0913 POS 343.31 Not Detected <1.30 HIV NEG HIV-1 4.67
2018 18CD-2316 NEG 445.84 Not Detected Not detected HIV NEG HIV-1 13.1
2018 18CD-2414 NEG 483.74 Not Detected Not detected HIV NEG HIV-1 215
2018 18CD-2721 NEG 1069.3 Not Detected <1.30 HIV NEG HIV-1 358
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(n=3-9/60) and in 2003 from as low as 2.3-3.3% to as high as 9.2-
12.9%, since for many, volume was depleted and we were unable to
test (n=31/194). Bear in mind there are comparatively fewer individ-
uals in these cohorts and that long-term storage could have adversely
affected these specimens. For the 2017 cohort, elite controllers are
now projected at 0.7-4.0% (n=2-12/298), reduced from 22% before
mass spectrometry testing. Roughly half of the remaining 3TC- indi-
viduals with an indeterminate WB and negative rapid test were
excluded (Table 2). In 2018, we identified 24 WB positives and 15
WB IND/Rapid+ from 920 Combo reactives for a range of 2.5-4.2%,
reduced from 17%. Similarly, in 2019 specimens we identified 27 WB
positives and 6 WB IND/Rapid+ from 639 Combo reactives for a range
of 3.7-4.5%, down from 28%. Combining all TND’s identified over
2017-2019 and dividing by all HIV Combo Ab+ screened, we estimate
that potential EC comprise 2.7-4.3% of the HIV+ Kinshasa, DRC popu-
lation. Neither the age nor gender appear to be factors. The median
age of men (TND/3TC-) was 38 years compared to 43 overall (VL+),
while for women it was 36 years compared to 34 overall (Supple-
mental Figure S3).
In neighboring Cameroon, Ngo-Malabo et al. found 2.95% of par-
ticipants were elite controllers, suggesting this phenomenon may not
be unique to the DRC [34]. We mined our own historic surveillance
data collected from 2004-2017 in Cameroon and found 1533 speci-
mens with paired viral load and HIV serology (ARCHITECT HIV Combo
2P36 or HIV-1/2 3A77) data to compare. Of these with a Combo S/CO
>1.0, 177 had an undetectable viral load. Extrapolating from our
mass spectroscopy and WB results, wherein 94% (48/51) of Cameroo-
nian blood donors were not on cART and only 28/51 of these were
WB indeterminate or positive, we estimate potential elite controllers
could represent 2.5-5.8% of individuals in Cameroon (Table S4, Sup-
plemental Figures S4, S5). Collectively, the data suggests that a
greater proportion of individuals from West Central Africa possess a
natural ability to control HIV-1 infection.

Discussion

The majority of individuals infected with HIV-1 require antiretro-
viral therapy to block viral replication and prevent the development
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of HIV/AIDS. Opportunistic infections accompanying AIDS lead to
eventual patient death. Elite controllers, on the other hand, are a
unique sub-group of patients who are able to control HIV-1 replica-
tion to undetectable levels for many years. In this study, using plasma
collected over a span of 30 years, we have identified numerous HIV+
patients with undetectable viral loads in DRC. We suggest they are
potential elite controllers and excluded other explanations such as
serological false positives, specimen degradation, genetic diversity,
and cART. In most instances, we applied antibody tests produced by
three different manufacturers to confirm infection and conducted
viral load assays produced by two different manufacturers. In
addition, a 3rd RUO qPCR was employed, once again confirming
that extremely low or undetectable VLs were present in a sub-
group of our cohort. Potential ECs were represented at most
collection sites and had the same demographic make-up as other
study participants.

Surprisingly, nearly half of the TND individuals in the recent
patient pool from 2017-2019 failed to disclose they were receiving
cART. As cART has become widely available in Africa with ‘test and
treat’ policies, a troubling uptick in ‘false elite controllers’ has also
been observed [35]. The unreliability of self-reported cART usage
ranges from 11% (Uganda) to upwards of 42-46% in the KAIS (Kenya)
and HPTN 052 (Malawi and Zimbabwe) trials, respectively [36-38].
However, an important distinction applies to our study and the other
reports. For example, in Sykes, et al, out of 12,705 HIV+ blood dona-
tions from South Africa, 270 (2.12%) were Ab+/RNA-, which was
reduced by 66% to only 0.7% of EC after retrospective cART detection
[35]. In the DRC, we determined 2.7-4.3% of HIV patients have
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undetectable VL in the absence of cART, an approximately 5-fold
increase in frequency. Importantly, we show these findings were
present decades before anti-retroviral drugs became available. We
also found a sizeable number of our potential ECs had indeterminate
Western blots (Figure S1, Table 2, Fig. 4c). Anti-gp41 cross-reactivity
may result from other infections, immunizations, pregnancy, or auto-
immunity, and a study of 1020 known sero-positives from Nigeria
found 20.1% to beWestern blot indeterminate, demonstrating its lim-
itation for confirmatory diagnosis [39]. Nevertheless, there are exam-
ples in the literature of LTNPs/ECs with indeterminate or weakly
reactive Westerns [40-42]. By the same token, a recent survey of 85
HIV virus-controllers showed that 6% were negative by rapid test and
7% indeterminate by Western blot, with enzyme immunoassay ratios
declining over time [43]. To be conservative, we only included those
indeterminates who were positive for both HIV Combo and the rapid
test.

Elite/viral controllers are indeed rare and most eventually lose
immunological and clinical control of HIV infection to succumb to
AIDS [44]. Worldwide, the percentage of EC (VL < 50 cp/ml)/VC (50-
2000 cp/ml) reported in studies range from 0.1-2% and are frequently
never detected (0%). For example, European cohorts examined in
Sweden, Italy, and France all report fewer than 1%. Multinational
cohorts like CASCADE (Europe, Australia, Canada) had 1.4%, while
MERIT (S Africa, US, Belgium, Canada, Italy, UK, Australia) and studies
in India, reported zero [45-47]. A survey conducted by the US Depart-
ment of Defense found that among HIV+ military personnel, only 25/
4586 (0.55%) were EC and 153/4586 (3.34%) were VC [15]. The land-
scape is similar in most of Africa, with cohorts in Uganda (0.26%), Bot-
swana (0.3%), South Africa (1.25%), and Ethiopia (1.17%, 0.6%) all
reporting very few controllers of either type [48-52]. Our own data
(not shown) from the Abbott Global Surveillance program, character-
izing specimens from over 60 countries for nearly 30 years, mirrors
these trends. Interestingly, our numbers in Cameroon are elevated, in
support of Ngo-Malabo et al., whose comparative study found 188/
6355 (2.95%) patients with undetectable VLs. Of note, however, they
did not actively exclude cART+ participants [34]. This is the first
report estimating the prevalence of elite controllers from the DRC.
The political situation in DRC has hampered public health research
there for many decades. Accurate estimates of HIV prevalence have
also been limited for a decade or more, and incidence data is esti-
mated using computer modeling of small studies [2].

Mechanistically, it is widely accepted that the host immune
response determines whether a patient becomes an elite controller or
non-progressor [53]. Shortly after resolution of the acute phase and
seroconversion, individuals reach an equilibrium, or viral set point,
which for EC falls below the limit of detection in plasma. A multifunc-
tional, HIV-specific CD8 T cell response is central to mediating virologi-
cal control in these individuals [54]. Due to the rarity of this
phenomenon and that heterogenous, unrelated ECs can be found glob-
ally, cellular restriction factors were originally not thought to play a
major role [55]. More recently, higher levels of T cell p21, which blocks
cyclin-dependent kinases supporting several HIV replication steps,
have been found in EC/NPs compared to uninfected patients [21,22]. In
addition, lower levels of CCR5 in EC/NPs compared to HIV progressors
have been reported for HIV subtype C infections [23]. There are
numerous other cellular factors such as RICH2 and CXCR6 that play a
role in controlling HIV-1 replication and that distinguish ECs from VCs
[56,57]. The notion of an attenuated or defective viral strain(s) whose
replication is more easily suppressed has largely been dismissed, as
has the inability of activated CD4(+) T cells to support HIV infection in
ECs [58,59]. Virus recovered from 4/10 elite controllers was found to
be replication competent and devoid of large deletions, yet the
remaining 6 failed to culture, so arguably this is still an open question
[60]. Given the numbers of potential EC we find in DRC and consider-
ing the origins of the HIV epidemic, the role of EC/NPs in sustaining
the epidemic is a vital unanswered question.
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With the early emergence of HIV in this region many decades ago,
it is perhaps no accident that potential ECs could be found in larger
numbers in the Congo Basin rather than any other part of the world.
Another possibility for the higher percentages is the survival advan-
tage of ECs in areas with no or less treatment, wherein susceptible
individuals die and thereby proportionally increase the EC preva-
lence. CCR5D32 deletions can preclude transitions in viral tropism,
and HLA restricted epitopes (HLA-B*57) can mediate a robust cellular
response [61,62]. While this allele is not prevalent in African popula-
tions, there are several other genotypes of CCR5 involved in HIV-1
control, just as there are other protective HLA-B alleles with greater
representation in Africa [63,64]. Is there another yet to be discovered
genetic basis shared among this population that permits develop-
ment of HIV control? Would fixation of these resistance alleles in the
population be expected to develop in the span of an only 4 decades-
long pandemic? In terms of the virus, the wide range of viral
sequence diversity present in DRC and the Congo Basin recasts the
intriguing possibility of an attenuated strain, perhaps like HIV-2 with
a less severe phenotype, for which certain aspects intrinsic to the
virus and independent of the host response contribute to its lesser
phenotype [65]. The converse has been reported in CRF19 and sub-
type D, where these more fit viruses achieve higher viral loads and
lead to a more rapid progression to AIDS [66-68]. A recent incidence
study in Africa showed that infection with subtype A is associated
with viral control (compared to subtype C), and subtype A along with
recombinants thereof, are the predominant strains in DRC [69]. Per-
haps this phenomenon was a factor in sustaining the epidemic, par-
ticularly in remote areas of DRC, otherwise all may have died.
Determining the subtype of HIV cleared by ’TND’ patients in our study
was not possible since the RNA was by definition absent in plasma:
the only virus we recovered was from individuals subsequently found
to be on therapy. Going back to lymphocytes of potential ECs to
sequence integrated virus could prove useful if these were available.
Continued exploration of sequence diversity in this region may begin
to address some fundamental questions as well as the ‘age’ of strains.
Basal branching patterns without evidence of recombination, the pre-
sumed most recent common ancestors, cover the spectrum in the
DRC and include subtypes A, C, D [26]. Molecular clock dating of these
and other diverse strains from the Congo Basin could reset the evolu-
tionary timeline of HIV-1 [4,70-72].

The paucity of elite/viral controllers and the identification of a
homogenous population achieving durable suppression in the
absence of drugs has limited our understanding of immune mecha-
nisms critical to develop a vaccine or functional cure. A primary limi-
tation of our ‘observational’, cross-sectional study was that with only
one timepoint it was not designed to monitor individuals or establish
how many of these retained long-term HIV control (e.g. at timepoints
>6 months apart) to meet the classical definition of ECs or VCs.
Another consideration is the short half-life of 3TC or the possibility
that other non-frontline drugs were used, in which case additional
patients might have been excluded [73]. Countering this decrease is
the possibility there are individuals who received cART that did not
need it based on viral load. Nevertheless, with the cost of viral loads
out of reach for most DRC citizens and ‘test and treat’ policies in place,
indiscriminate use of cART+ is unavoidable. A controlled, prospective
longitudinal study to follow a cohort of potential controllers in DRC
and Cameroon could determine the true proportion of ECs and allow
a comprehensive characterization of recoverable virus sequence and
the immune responses in these patients. For example, genome wide
association studies identifying genetic predisposition(s) for viral con-
trol (e.g. HLA alleles, cytokines, polymorphisms, restriction factors
like APOBEC, Trim 5alpha, RICH2, etc.) as well as the targets/epitopes
of humoral and cellular responses would now have the statistical
power required as the number of affected subjects increases. These
studies might inform vaccine design and suggest potential new tar-
gets of antivirals. They might also indicate whether viral control or
pre-existing specific anti-HIV responses prevent reinfection with
HIV. While antivirals have removed the death sentence that HIV once
was, there are still 37 million individuals infected globally and inci-
dence remains stubbornly stable (even in the US, and is rising in cer-
tain geographies). Harnessing what we learn from studying this
unique population can hopefully stem this tide and get us closer to
the 90-90-90 goals and “ending HIV in the US in 10 years”.
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Figure S1. Western blot images for all TNDs in DRC. Western
blot strips are shown for each DRC cohort with keys on sides indicat-
ing the identity of each HIV band.

Figure S2. Breakdown of metagenomic NGS reads. Stacked his-
togram representing the taxonomic classification of mNGS library
reads in Figure 3a as determined by SURPI.

Figure S3. Potential EC breakdown by age and sex. Individuals
with complete age and sex demographic data were plotted to com-
pare VL-/3TC- (true TND) versus VL positives.

Figure S4. Western blot images for TNDs from Cameroon.West-
ern blot strips are shown for Cameroonian samples with figure keys
on sides indicating the identity of each HIV band.

Figure S5. Summary of Cameroon TND results. a) Number of
Combo+/VL- (TND) individuals on 3TC (grey) or not on therapy (ART-,
orange). b) Western blot results for TNDs in Cameroon. c) Pie chart
showing distribution of TNDs and the percentage of potential elite
controllers in Cameroon.

Table S1. Results and demographic data for ART- TND individu-
als.

Table S2. Results and demographic data for ART+ TND individu-
als.

Table S3. HIV-xGen enrichment indicates sequence is only pres-
ent in ART+ TND individuals. NGS results for 32 ‘TND’ samples from
the 2017 panel enriched by the HIV-xGen method. The final column
indicates the concentration of 3TC determined by mass spectrome-
try.

Table S4. Results for Cameroon TNDs. Cohort years are listed for
samples collected between 2004-2017. In some cases, multiple
results were obtained for HIV Combo. Western blot, RealTime VLs,
and 3TC levels determined by LC/MS are listed.
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