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Summary
Background Simian immunodeficiency viruses (SIV) have been jumping between non-human primates in West/
Central Africa for thousands of years and yet, the HIV-1 epidemic only originated from a primate lentivirus over
100 years ago.

Methods This study examined the replicative fitness, transmission, restriction, and cytopathogenicity of 22 primate
lentiviruses in primary human lymphoid tissue and both primary human and chimpanzee peripheral blood
mononuclear cells.

Findings Pairwise competitions revealed that SIV from chimpanzees (cpz) had the highest replicative fitness in
human or chimpanzee peripheral blood mononuclear cells, even higher fitness than HIV-1 group M strains
responsible for worldwide epidemic. The SIV strains belonging to the “HIV-2 lineage” (including SIVsmm,
SIVmac, SIVagm) had the lowest replicative fitness. SIVcpz strains were less inhibited by human restriction
factors than the “HIV-2 lineage” strains. SIVcpz efficiently replicated in human tonsillar tissue but did not deplete
CD4+ T-cells, consistent with the slow or nonpathogenic disease observed in most chimpanzees. In contrast,
HIV-1 isolates and SIV of the HIV-2 lineage were pathogenic to the human tonsillar tissue, almost independent
of the level of virus replication.

Interpretation Of all primate lentiviruses, SIV from chimpanzees appears most capable of infecting and replicating
in humans, establishing HIV-1. SIV from other Old World monkeys, e.g. the progenitor of HIV-2, replicate slowly
in humans due in part to restriction factors. Nonetheless, many of these SIV strains were more pathogenic than
SIVcpz. Either SIVcpz evolved into a more pathogenic virus while in humans or a rare SIVcpz, possibly extinct in
chimpanzees, was pathogenic immediately following the jump into human.
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Research in context

Evidence before this study
Invasion of wild animal habitats by humans can have
devastating consequences for the human population as
evident by the HIV-1 and SARS-CoV-2 pandemics. Simian
immunodeficiency virus (SIV) jumped into humans over 100
years ago from chimpanzees. There have been numerous
studies on different evolutionary pathways of primate
lentiviruses and the potential for cross-species transmission
based primarily on viral genomic sequences and inhibition of
various restriction factors in nonhuman primates. A
comprehensive, phenotypic analyses of the replication
efficiency and pathogenicity of available primate lentiviruses
as model for human zoonoses has not been performed.

Added value of this study
We examined replicative fitness and pathogenesis of 26
different primate lentiviruses in human and chimpanzee
primary lymphoid cells from blood and within tonsils. SIV
from specific chimpanzee sub-species and lowland gorillas
were the most capable of infecting and replicating in human
and Ptv lymphoid cells, but they did not result in the
pathogenesis related to disease in humans. In contrast, SIV
from Sooty Mangabeys resulting in the HIV-2 epidemic were
pathogenic, but they replicated poorly in primary human cells
compared to the SIVcpz lineages leading to the HIV-1
pandemic. Previous studies have shown direct correlations
between rate of disease progression within infected
individuals with the relative HIV-1 replicative fitness coupled
to cytopathogenicity. Low levels of replicative fitness/
cytopathogenicity of HIV-1 is typically related to slow disease
progression and even, human who are elite suppressors of the
HIV-1.

Implications of all the available evidence
Despite robust SIVcpz replication in chimpanzees, this virus
appears less virulent in many chimpanzees. Based on the

studies herein, SIVcpz strains had similar replicative fitness in
human and chimpanzee T cells but with lower
cytopathogenicity than HIV-1 strains. There is a possibility
that an SIVcpz from chimpanzees jumped into humans circa
1920s and circulated among humans resulting slow or
minimal disease but eventually evolved into a pathogenic
virus. If true, this SIVcpz evolution leading to pathogenesis in
humans must have occurred early in the pandemic
considering HIV-1 group M rapidly diverged into distinct
lineages, all of which are pathogenic. In general, restriction
factors have evolved at fast rates in monkeys/apes likely to
adapt and prevent cross-family/species zoonoses over millions
of years primate evolution. Jumps of retroviruses between
Hominini (African apes) and with other primates, even with
low frequency, likely occurred on many occasions during the
evolution of humans, chimpanzees, and gorillas over 4 million
years but successful introduction and spread of the
lentiviruses in Africa apes only dates to hundreds of years ago.
As such, various restriction factors in African apes (e.g.
humans, gorillas, and chimpanzees) effectively inhibit
retroviruses of Old World but are poor inhibitors of SIV/HIV/
lentiviruses in African apes, which may explain for frequent
jumps and recombination of the lentiviruses between African
apes over the past few hundred years. The notion that the
HIV-1 group M epidemic in humans emerged from a jump of
a very rare SIV from chimpanzee(s) is indirectly supported by
this study but proof would require extensive surveillance of
wild chimpanzees, with the assumption that the SIV and
infected chimpanzees still remain. Greater knowledge of the
viral genotypic/phenotypic factors and events that lead to a
new zoonoses resulting in a global pandemic (e.g. HIV-1 or
SARS-CoV-2) is essential to predicting and possibly mitigating
future pandemics.
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Introduction
Simian immunodeficiency viruses (SIV) are a collection
of primate lentiviruses differing as much as 50% (in
nucleotide diversity) and infecting a genetically diverse
population of non-human primates.1,2 In contrast, the
distinction between “human” immunodeficiency virus
type 1 (HIV-1) and “simian”IV from chimpanzees (cpz)
are more so in their assigned names, considering
SIVcpz and HIV-1 share more homology than SIVs that
infected different Old World monkeys.1–4 Zoonotic
transmissions of SIV occurred through several inde-
pendent jumps from chimpanzees and gorillas to
humans, leading to the establishment of 4 groups
within HIV-1 (M, N) and (O, P) respectively, and from
sooty mangabeys to humans for the 9 groups (A-I)
within HIV-2.1–8 HIV-1 group M is the most prevalent
human lentivirus, accounting for >95% of the 36 million
infections in humans, while HIV-2 and HIV-1 group O
are responsible for 1–2 million and <30,000 infections.2,9

The rare HIV-1 groups N and P are found in less than a
hundred individuals residing in or visiting the Equato-
rial rainforest of West and Central Africa,2,10–14 which is
also the origin of the HIV-1 group M zoonotic jump.
West Central African countries, with Cameroon at its
epicenter, represent the oldest epidemic illustrated by
high HIV genetic variability in the current infected
population.2,14

There are more than 40 different SIV lineages
infecting more than 45 species of African non-human
primates, most commonly in the African apes (Homi-
nini), e.g. chimpanzees, gorillas, and humans and other
Old World monkeys.3–5,8,15,16 As an example, SIVsmm
infects sooty mangabeys (smm) (or Cercocebus atys) in
West Africa and is the likely source of HIV-2.17–19 SIVcpz
www.thelancet.com Vol 100 February, 2024
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infects the Pan troglodytes troglodytes (Ptt) and Pan trog-
lodytes schweinfurthii (Pts) sub-species of chimpanzees
common in central and west central Africa.7,20–22 While
SIVcpz from Ptt is the origin of HIV-1 groups M and N,
Pts-related SIV lineages have not been found in
humans.7,23 Likewise, SIVcpz has not jumped to other
subspecies of chimpanzees (i.e. Pt verus, Pt vellerosus)
and bonobos (Pan paniscus), which raises the possibility
cross-species transmission is not observed due to in-
compatibility, lack of opportunity, or simple lack of virus
replication in these Pan species.24–27 It is still unclear if
SIV infecting lowland gorillas (Gorilla gorilla or gor)
inhabiting the Equatorial forest of Central Africa8,16 were
the direct link for the primate lentiviral jump to humans
to establish HIV-1 groups O and P, or if this jump
involved chimpanzees as an intermediate host.

A cross-species lentiviral inoculation establishing a
new, successful zoonosis may be governed by higher
replicative capacity2,22 and reduced sensitivity to innate
restriction factors in the new primate host.28–34 As an
example, increased sensitivity to human restriction fac-
tors or low replicative fitness of SIVcpz from Pts chim-
panzees in susceptible human CD4+ cells may have
prevented this cross-species transmission. Given the
deforestation and exploitation in sub-Saharan Africa
after the turn of the 18th century,35 a time that coincided
with the introduction and rapid expansions of the HIV-1
and -2 epidemics, it is unlikely, but not impossible, that
humans were only exposed to SIV from Ptt chimpan-
zees, and not Pts chimpanzees.25 Primate lentiviruses
have been jumping and circulating through Old World
primate populations, including humans, for hundreds
of years.36,37 Cross-species transmission and variable
host adaptions likely resulted in extinction of many
primate lentiviral lineages, attenuations, and even the
birth of novel lineages through recombination events
that occur during super-infections with SIVs from
different primates.38–40 In fact, SIVcpz are recombinants
between two lentiviruses originating from the red-
capped mangabey and greater spot-nosed monkey or a
closely related species.41

Following the zoonotic transmission to humans
around the 1920s, HIV-1 group M rapidly evolved into
10 different subtypes within the Congo Basin but with
increased human migration and trade with sub-Saharan
Africa, many HIV-1 subtypes founded new epidemics
across the globe and even recombined to generate new
circulating recombinant forms (CRFs).1,2 This collection
of group M subtypes have evolved almost equidistant
from the root of the HIV tree but despite the similar
evolutionary rates, considerable differences in virulence
and transmission efficiency may still be shaping subtype
spread.42–44 HIV-1 subtype D may be the most virulent in
humans42,45,46 but has decreased in prevalence in the past
30 years, whereas the rapid expansion and predomi-
nance of HIV-1 subtype C worldwide may be related to
its lower virulence and average transmissibility.2 Several
www.thelancet.com Vol 100 February, 2024
studies now suggest that in the absence of treatment,
people infected HIV-1 subtype C compared to those
infected with other HIV-1 subtypes, thus, increasing the
opportunity for transmission with subtype C HIV-1
which may help to explain how HIV-1 subtype C has
outpaced the spread of other subtypes around the
world.2,42,47 Although HIV-1 replicative fitness in primary
T cells and macrophages is a strong correlate of disease
progression in humans,42,48,49 this relationship is not
absolute, especially with HIV-2 in humans and some
SIV strains in African green monkeys (agm) and
chimpanzees.50–55 In some primates such as Rhesus
macaques, zenotropic infection and pathogenesis by
SIVsmm was similar to HIV-1 pathogenesis in humans,
which may be related to direct infection of the gut tis-
sues in early infection. During chronic disease, primary
lymphoid organs like tonsillar tissue, in which viral
pathogenicity, T-cell depletion, and viral propagation
rates can be measured.56–58

In the present study, we utilized various primary
human cell types to determine the ex vivo fitness and
pathogenicity of a diverse set of 21 primate lentiviral
isolates that included HIV-1 groups M, N, O, HIV-2,
and SIVs of cpz, gor, mac, smm, and agm. We have
performed over 300 pairwise dual infections using the
21 primate lentivirus isolates in peripheral blood
mononuclear cells (PBMCs) from both human (Hu) and
chimp (Pan troglodytes verus; Ptv) donors, along with
monoinfection of PMBCs and cell lines, and dendritic
cell + T cell co-cultures. We determined the relative
repression of primate lentivirus replication in human
cells by various restriction factors and correlated this to
replicative fitness. Finally, we accessed the cytopatho-
genicity on CD4+ T cells in human tonsillar explant
tissue following infection with the HIV-1, HIV-2 and
SIV isolates. The results described herein indicate that
the SIVcpz from Ptt chimpanzees have high replicative
fitness, are not significantly inhibited by a subset of
human restriction factors as previously reported,28–34 but
showed very low virulence in primary human lymphoid
tissue. In contrast, SIV from other primates were highly
susceptible to inhibition by human restriction factors,
had low replicative fitness, and yet displayed high cyto-
pathogenicity in primary human lymphoid tissue.
Methods
Ethics
Human tonsils were removed during routine tonsillec-
tomy (provided by the Human Tissue Procurement
Facility of the University Hospitals Case Medical Center
Hospital, Cleveland, Ohio). Use of anonymous surgical
waste for experimental HIV infections was approved by
the IRB under UHIRB 01-02-45. Human PBMCs were
obtained from uninfected, HIV negative donors
approved by the IRB under UHIRB 01-02-45. No other
human subjects enrolled in this study to collect samples
3
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or viruses. All investigations have been conducted ac-
cording to the principles expressed in the Declaration of
Helsinki. Sex and gender were not applicable to this
study as it was focused on in vitro primate lentivirus
infections in human and chimpanzee cells.

Cells
Primary and cell lines
HIV negative subjects provided whole blood from which
peripheral blood mononuclear cells (PBMC) were
separated using the Ficoll-Hypaque density centrifuga-
tion technique. Whole blood from an HIV negative
Chimpanzee (Pan troglodytes verus–Ptv) was made
available and purchased for this study from the SNPRC
as part of their Primate and Primate Services core
(https://snprc.org/primates/). Ptv blood was shipped
overnight to Case Western Reserve University, Cleve-
land and PBMCs were separated as described above. All
PBMCs were stimulated for 3–4 days with 2 μg/ml of
phytohemagglutinin (PHA; Gibco BRL) and 1 μg/ml of
interleukin-2 (IL-2; Gibco BRL) in complete RPMI 1640
containing 2 mM L-glutamine. U87 human glioma cells
expressing CD4 and CCR5 (U87.CD4.CCR5–RRID:
CVCL_X630 and U87.CD4.CXCR4–RRID:CVCL_X632)
were obtained through the AIDS Research and Refer-
ence Reagent Program (validated testing reports pro-
vided at https://www.hivreagentprogram.org/) and
maintained in DMEM supplemented with 10% FBS,
Fetal Bovine Serum (FBS; Mediatech, Inc.), Penicillin
(100 U/ml), Streptomycin (100 μg/ml), Puromycin (1
μg/ml) and G418 (300 μg/ml). 293 T-cells (human em-
bryonic kidney cells) (RRID:CVCL_0063) were also
grown in DMEM media.

Human tonsils
Human tonsils removed during routine tonsillectomy
on healthy young adults in the absence of infection but
with history frequent, reoccurring strep infections (see
above) was received within 5 h of excision. Use of
anonymous surgical waste for experimental HIV in-
fections was approved by the IRB under UHIRB 01-02-
45. To prepare human lymphocyte aggregate cultures
(HLACs), we removed the cauterized tissue from the
tonsil as well as the capsule and the fatty parts sur-
rounding the tonsil. Bloody or inflamed parts were also
discarded from the tissue. The tonsil tissue was
dissected into small pieces by hand with a surgical
scissors and the pieces were squeezed using a flat sur-
face. Cells were dispersed and washed in Phosphate-
Buffered Saline (PBS) and passed through a 70 μm
cell strainer (BD Falcon). Finally, isolated HLACs were
plated in 96-well U-bottomed plates (Corning, Inc.) at a
concentration of 2 × 106 cells per well in 200 μl RPMI
1640 media containing 10% FCS, 100 U/mL penicillin,
100 μg/ml streptomycin sulfate, 2.5 μg/ml fungizone,
2 mM L-glutamine, 10 mM HEPES, 1 mM sodium py-
ruvate and 1% non-essential amino acids mixture. One
day after HLACs preparation, cells were inoculated with
virus in triplicate (0.002 multiplicity of infection; (MOI)
per 2 × 106 cells per well in 200 μl). After overnight
infection, cells were washed, and supernatants har-
vested at days 4, 7, and 10 post infection without
dispersing the pellet. Lentiviral replication was assessed
using an RT assay as described previously.59

Monocyte-derived dendritic cells (MDDCs)
MDDCs were isolated as described previously.60 Briefly,
CD14+ beads (Miltenyi Biotech) were used to isolate
CD14+ monocytes from healthy donor human PBMCs.
These were then cultured in the typical 10% FBS/RPMI
media and supplemented with 10 ng/ml IL-4 and 50 ng/
ml GM-CSF (Miltenyi Biotech). MDDCs were matured
by overnight stimulation with 100 ng/ml LPS (Sigma)
5–6 days after initiation of the cultures. Mature MDDCs
were pelleted, washed and resuspended in fresh me-
dium ready for co-culture with PBMCs and infection
with viruses.

Viruses
Twenty six primate lentiviruses, primary isolates or
molecular clones were used for this study and included
HIV-1 group M (n = 10), N (n = 1) and O (n = 3), and
HIV-2 (n = 2) and from non-human primates; SIVcpz
(n = 6), SIVgor (n = 1), SIVagm (n = 1), smm (n = 1), and
mac (n = 1). A full list of the viruses, their origins,
phylogenetic relations in env and gag, and titers are
outlined in Fig. 1A and B. The HIV-1 group M and
group O isolates have been used previously47 and along
withSIVcpz, SIVagm, SIVsmm, and SIVmac isolates
were obtained from the AIDS Research and Reference
Reagent Program of the National Institute of Health.
The well characterized group molecular O clone
CMO2.41 was also used as one of the representatives of
HIV-1 group O.61 SIVgor (CP684) and three of the
SIVcpz strains (EK505, Gab1-1, MB897-1) were gifts
from Beatrice Hahn. The remaining SIVcpz strains
Nico and Noah, were analysed in collaboration with the
Institute of Tropical Medicine in Antwerp, Belgium
(Drs. Jonathan Heeney and Pascale Ondoa, authors).
The SIVcpz strains Nico and Noah were obtained from a
chimpanzee infected in the wild, maintained in
captivity, and whose virus was then used to infect
another chimpanzee.52

As compared to the primary SIV and HIV isolates
described above, we also employed proviral clones,
plasmids of the proviral clones (CMO2.4, CP684,
EK505, Gab1-1, MB897-1) were used to generate infec-
tious virus by transfecting 293T cells using the Effectene
transfection reagent (QIAGEN, Valencia, CA). Super-
natant containing virus was collected 2 days post
transfection, clarified by centrifugation at 2500 rpm for
10 min and purified through a 0.45 μm pore-size filter
(Millipore, Billerica, MA). Transfection derived super-
natants were subsequently briefly passaged in human
www.thelancet.com Vol 100 February, 2024
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Lab
Reference Virus name Country/Region

of Origin  Type/group  subtype
(gag/env)

TCID50
(IU/ml)

A1 92RW009 Rwanda  HIV-1/M C/A 4.75

A78 UG primary Uganda  HIV-1/M A/A 3.75

A74 UG primary Uganda  HIV-1/M A/A 5.75

B5 91US056 USA HIV-1/M B/B 5.25

B6 91US714 USA HIV-1/M B/B 4.75

C3 97ZA012 S. Africa HIV-1/M C/C 5.25

C5 97ZA003 S. Africa HIV-1/M C/C 5.5

C9 93MW959 Malawi  HIV-1/M C/C 4.75

D107 UG primary Uganda  HIV-1/M D/D 5

D76 UG primary Uganda  HIV-1/M D/D 5.5

CMO2-41 MVP8913 Cameroon HIV-1/O O/O 4.75

O2 BCF02 Cameroon HIV-1/O O/O 4.75

O13 BCF07 Cameroon HIV-1/O O/O 4.75

EK505 EK505 Cameroon SIVcpz-P� NA 2.5

MB897-1 MB897-1 Cameroon SIVcpz-P� NA 2.5

Gab1 Gab1.1 Gabon SIVcpz-P� NA 2.5

Nico balnIociN SIVcpz-Pts NA 2.5

Noah Noah East/central
Africa  SIVcpz-Pts NA 2.75

Tan3.1 Tan3.1   SIVcpz-Pts NA 1.5

SIVgor CP684 Cameroon SIVgor NA 4

SIVagm  ANmgaVISacirfAtseWmgaVIS 2.75

SIVmac balnIcamVIS SIVagm  NA 3.5

SIVsmm ANmmsVISacirfAtseWmmsVIS 2.75

VI1835 2-VIHtsaoCyrovI5381IV A/A 5.5

VI905 VI905 Senegal  HIV-2 A/A 2.5

YBF30 YBF30 Cameroon HIV-1/N N/N 5

0.1 sub/nt

HIV2 A DE BEN
HIV2 B CI 88 UC1

MAC US 239
SMM CI 79 SIVsmCI2

GOR CM 04 SIVgorCP684con
P FR 09 RBF168

O FR 01 BCF03
O CM BCF02

O CM CMO2 3
O BE 87 ANT70
CPZ US 85 US Marilyn

SIVcpzEK505
N_YBF30

CPZ TZ 06SIVcpzTAN13
SIVcpzTAN1
CPZ TZ 06 TAN5

CPZ TZ 01 TAN2
SIVcpzMB897

SIVcpzGAB1
C3

C5
C9

B FR HXB2
B5

B6
A76
A1

A74
D86

D107
D CD 83 ELI

***

***

***
***

***

***

*** ***

**

*

*

A B

East/central
Africa

Fig. 1: Characteristics of lentiviruses used in this study. (A) Neighbor-joining phylogenetic tree of the env sequence of primate lentiviruses with
reference strains. (B) List of study viruses showing country/region of origin, genotype, and virus titres (tissue culture infectious dose for 50%
infectivity; TCID50). Accession numbers are as follows: A1–AY669700; A74–FJ541298; A78–FJ541299; B5–AY669719; B6–AY669719; C3–
AY669741; C5 -AY118165; C9–AY669739; D107–FJ541288; D76–FJ541297; CMO2-41–AY618998; YBF30–AJ006022; EK505–DQ373065;
MB897-1–EF535994; Gab1–AF382829; Tan3.1–DQ374658; SIVgor–FJ424871; SIVagm–M58410; SIVmac–EF070330; SIVsmm–AF077017.
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PBMC while all other primary isolates were briefly
passaged in PBMCs to generate virus stocks. The tissue
culture infectious dose for 50% infectivity (TCID50

expressed as IU/ml) of propagated viruses (Fig. 1B) was
calculated by the Reed and Muench method as
described previously.47 Virus productions in supernatant
was determined by a positive RT activity (two standard
deviations above the negative control). RT activity is the
preferred assay considering the enzyme is present in all
HIV or SIV strains.

Assessment of CD4+ T-cell depletion and RT activity
in human tonsil histocultures
Twelve days post infection, HLACs were analysed by
fluorescence-activated cell sorting (FACS). Uninfected
and infected HLACs were stained with Live/dead® vio-
let (Invitrogen, Grand Island, NY), Annexin V-APC (no
RRID/not an antibody; e-biosciences, San Diego, CA)
and with cell surface markers α- human CD4 PE (RRID:
AB_571954; Biolegend, San Diego, CA), α-human CD3
PerCP (RRID: AB_2033956; BD Biosciences) and α-
humanCD8 FITC (RRID: AB_11154582; BD Pharmi-
gen). Cells were acquired in a LSRII flow cytometer (BD
Biosciences, San Jose, CA) and data analysed with FloJo
www.thelancet.com Vol 100 February, 2024
software (Tree Star, Inc. Ashland, OR). Supernatants
from each tonsil infection was also assayed for RT
activity.59

Ex-vivo growth competition assay
Ex vivo pathogenic fitness for the isolates was deter-
mined by infecting human and chimpanzee PBMCs
using methods described previously.44,47,48,62,63 In human
PBMC, pathogenic fitness of HIV/SIV isolates was
performed by full pair wise competition in triplicate
using 9 group M (2 each of subtypes A, B, D; and 3 C), 3
group O, 1 group N, 5 SIVcpz (3 from Ptt and 2 from
Pts), 2 HIV-2 and 1 each of SIVsmm, agm and mac. For
chimpanzee PBMC the competition was restricted to a
selected number of isolates due to the limitation of cell
number. All competitions were performed in 48 well
plate containing 2 × 105 PBMCs and equal multiplicity
of infection (0.005) for both viruses, i.e. 1000 IUs. Virus
production was monitored by measuring the RT activity
until peak production at day 12 when cells were har-
vested and stored at −80 ◦C. Duplicate competitions
were analysed resulting in less than 10% variation. The
triplicate was analysed with any failure in extraction or
PCR in the duplicate. No single, dual virus competition
5
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was compared to another. Instead, these analyses
involved a comparison of replicative fitness of any one
primate lentivirus against all others in direct competition.
All statistical analyses reflect this pairwise competition.

PCR and sequence analyses
Due to the closer genetic relationship between HIV-1
group M, DNA extracted from intra-HIV-1 group M
competitions were PCR amplified using envelope
primers described previously.44,47,48,62,63 Briefly, C2–C3
region of envelope was amplified by PCR using the
primers E80 and E125 primers.48 The env primers
employed for intra HIV-1 group M competitions were
100% conserved to the target sequences of all HIV-1
group M strains employed. For the DNA extracts of
the competitions using the more divergent HIV-1/HIV-
2/SIV viruses, conserved primers that spanned the
primer binding site pbsdt-F AAAATCTCTAG-
CAGTGGCGCCCGAACAG (position 622–649 in HxB2;
806–835 in SMM239) and the 5′ end of gag (MAp17)
GAGdt-R TTTCCAGCTCCCTGCTTGCCCATACTA
(position 890–916 in HxB2 and 1153–1179 in SMM239)
was employed for PCR. The 5′UTR/gag primers used
for the intergroup/type competitions were 100%
conserved to the viruses used herein. However, there
are HIV-2 and SIV strains (not employed in this study)
that do not possess an exact matched sequence to these
primers. The efficiency of PCR amplification of these
env and 5′UTR/gag primers have been tested with
cloned HIV-1 group M, O, and HIV-2 sequences in the
past.44 The NGS protocol to amplify and sequence the
300 competitions using 454 and MiSeq has been
recently described. It is important to stress that the same
results ( ± 2% variance) was observed with both NGS
platforms despite the increased error rates with 454. The
alignments and analysis pipeline described below
“count” the number of reads that cluster with one versus
the other lentiviruses in the competition. All quasispe-
cies of lentiviruses are genetically distinct using this
amplified and sequenced gag or env region.

Competition sequence data extraction and analyses
Sequence data was extracted and analysed using
SeekDeep, a software suit that enables de novo clustering
thereby avoiding potential artifacts that may occur due
to alignment directly to reference sequences in situa-
tions of divergent sequence populations. It provides
start-to-finish workflow from raw sequences files to
population-level clustering, tabular and graphical sum-
maries.64 The program has three components namely:
extractor, qluster and process Clusters. SeekDeep ana-
lyses counts phylogenetically-related clones within
10 nts of the of the most abundant viral clones in the
quasispecies/swarm of each lentiviral isolate in the
competition and thereby avoid biases that may be
engendered by direct mapping to a singular reference/
strain sequence.
Sequence reads were first separated at the sample
level based on their MIDs/bar codes followed by the
detection and removal of forward and reverse PCR
primers to leave the targeted region. Additional filtering
was performed to ensure expected target length and to
remove low quality reads as indicated by low quality or
ambiguous (N) bases in the sequences. Next, was the
clustering phase which involved the collapsing of
unique reads except for high quality differences. Clus-
ters that were up to 2 bases different from a more
abundant haplotype were collapsed. Clusters composed
of a single read were removed. During the SeekDeep
process clustering phase, a final filtering was performed
to remove low abundance artifacts and chimeric haplo-
types, determined as a haplotype that was a combination
of two other more abundant haplotype clusters (>2-fold
relative to potential chimera), low frequency chimeric
haplotypes that represented combinations of and low
abundance artifacts. These final haplotype clusters were
than mapped to known input strain sequences allowing
up to 5 mismatches and renamed appropriately. The
relative abundance of the strains in each competition
was then calculated and interactive graphs of the results
were created to assess quality and view the data.64

Phylogenetic and evolutionary analysis by
Maximum Likelihood method
All group M and O strains used in the study had been
partially sequenced in the env gene (C2–V3; 480 nu-
cleotides) and gag (MA p17; 350 nucleotides) as
described previously.47 The group N and some of the
SIV strains are available as full or partial genome se-
quences in the HIV Los Alamos database. Sequences
were aligned using Clustal X incorporated in the MEGA
software. Reference sequences of various HIV types and
groups were also included. The evolutionary history was
inferred by using the Maximum Likelihood method and
Kimura 2-parameter model.65 Initial tree(s) for the
heuristic search were obtained automatically by applying
Neighbor-Joining and BioNJ algorithms to a matrix of
pairwise distances estimated using the Maximum
Composite Likelihood (MCL) approach, and then
selecting the topology with superior log likelihood value.
The tree was drawn to scale, with branch lengths
measured in the number of substitutions per site.
Evolutionary analyses were conducted in MEGA X.66

SiRNA inhibition of restriction factors
U87.CD4.CCR5 cells were seeded with 5 × 104 per well
in DMEM and incubated in 48 well plates overnight at
37 ◦C. On the next day, cells were washed with PBS and
DMEM media replaced with 210ul of Opti-MEM
(Thermofisher). siRNA against Trim 5α, APOBEG 3F
and G, and Tetherin obtained from Santa Cruz
Biotechnology Inc. was dissolved respectively and
resuspended in an accompanying diluent. Cells were
then transfected with siRNA (10 nM final concentration)
www.thelancet.com Vol 100 February, 2024
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using Lipofectamin RNAi Max reagent (Invitrogen) as
follows: 0.6 μl Lipofectamin in 20 μl Opti-MEM and 0.25
μl of the respective siRNA in 20 μl Opti-MEM.67 These
were then mixed and added dropwise in each well and
incubated for 36 h. Cells were then washed with PBS,
diluted virus added at a MOI of 0.001 and incubated at
37 ◦C for 5 h in DMEM. Cells were washed and
resuspended in 400 μl DMEM and supernatants were
harvested on days 3, 5, 7 and 9 post infection and tested
for RT activity. All experiments were done in triplicates;
and included virus + scrambled siRNA, virus + siRNA,
as well as negative controls (siRNA alone and cells
alone). Endogenous expression of these restriction fac-
tors is rarely detected by Western blots using antibodies.
The reduction of the restriction factor mRNA levels with
these optimized siRNA was between 65 and 95%. Please
note the same U87 cell culture treated with one specific
siRNA was split and utilized for infections with all
lentiviruses.

Statistical analyses
We employed the Pearson Product Moment Correlation
(and where indicated with fewer data points, Spearman
Rank Correlation) to determine if there was any rela-
tionship between the genetic distance and the fitness in
human PBMC, as well as fitness and CD4+ T-cell
depletion in the tonsil by the isolates. One way ANOVA
analyses were performed to compare all differences in
replicative fitness. All statistical analyses were per-
formed using the GraphPad Prism program.

Role of funders
The funders of this research had no input in the con-
cepts, implementation, data analyses or interpretation of
results.
Results
HIV-1, HIV-2 and SIV replication in human PBMCs
and U87 cell line
Twenty-six HIV and SIV strains representing 10 HIV-1
group M, 3 group O, 1 group N, 6 SIVcpz, 1 SIVgor, 2
HIV-2, and one each of SIVsmm, SIVmac and SIVagm
(Fig. 1A and B) were propagated and tittered on human
PBMCs. Each SIV/HIV strain was classified and/or
confirmed as R5 based on their replication on
U87.CD4.CCR5 but not U87.CD4.CXCR4 cell lines.
Unfortunately, all SIV strains had been previously
propagated and expanded in human PBMCs, regardless
of primate species of origin. The SIV isolation process,
preceding this study, was the first evidence of human
cell tropism, at least at the level of replication in human
PBMCs. Previous phylogenetic analyses of these SIV
and HIV isolates identified clusters and provided the
nomenclature based on their closest sequence relations
and also consistent with their primate hosts in the wild
(except SIVmac). In this study, we provide simple,
www.thelancet.com Vol 100 February, 2024
trimmed phylogenetic trees with specific SIV and HIV
reference sequences only to highlight their closest re-
lations within the gag and env sequences (Fig. 1A and
Supplementary Figure S1). Specifically, the group M
strains clustered more closely with SIVcpz MB897
(Fig. 1A), while SIVgor_CP684 grouped with the group
O strains, as previously described (Fig. 1A and B).
SIVcpz EK505 is more closely related to the HIV-1
group N strain, YBF30. The HIV-2 strains VI1835 and
VI1905 (both subtype A) clustered with SIVsmm, the
source of HIV-2 (Fig. 1A; Supplementary Figure S1).
Strains were continually sequenced in the gag and env
genes using Ilumina MiSeq during this study, i.e. prior
and post propagation and for strain quantitation/iden-
tification in the pairwise competitions (see below).
Mutations related to in vitro sequence drift in this SIV
and HIV-1 strains was very rare and within the MiSeq
error rate of ∼0.1%.

Simple replication kinetics of all the primate lenti-
viruses were determined on human PBMCs and the
brain glioma cell line U87 expressing huCD4 along with
either human (Hu) CCR5 or rhesus macaque (Rh)
CCR5. All cell types were infected with the same mul-
tiplicity of infection (MOI) and monitored for virus
production (and cell viability, see below). Virus replica-
tion kinetics over a course of a 12-day infection in PHA/
IL2-treated human PBMCs as measured by the reverse
transcriptase activity were not significantly different
between the HIV-1 group M, O and SIVcpz strains (area
under curve; Fig. 2). In the human brain glioma cell line
expressing HuCD4 with HuCCR5 or MmCCR5, the
HIV-1 group M strains had 10-fold and nearly 100-fold
greater replication kinetics than HIV-1 group O and
SIVcpz strains (one way ANOVA), respectively (Fig. 2)
consistent with previous reports.2,44 Many studies have
repeated shown that monoinfections in cell lines (e.g.
U87) are very poor surrogate of virus replicative fitness
when compared to monoinfections and even more so to
pairwise competitions in primary cells (e.g. PBMCs,
DC-T cell co-cultures, CD4+ T cells, and various tissue
explants).44,49,68 In cell lines like U87, monoinfections are
less reliable due to inherent variations between separate
infections, logarithmic growth of viruses, and variability
in viral monitoring assays, i.e. HIV-1 have been shown
to have more efficient RT activity than HIV-1 group O,
HIV-2, and other lentiviruses.69,70 Finally, many cell lines
including U87s have lower, non-physiological levels of
various restriction factors as compared to primary cells
(e.g. ABOBEC 3G).71

Competitions of HIV and SIV isolates in human and
chimpanzee PBMCs
Direct dual virus competitions at low multiplicity of
infection in the same contained culture provides a
relative, reproducible measure of replicative fitness with
minimal variance.44,47–49,62 Thus, we performed pairwise
competitions with 21 lentiviruses in both human and
7
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chimpanzee PBMCs in triplicate (schematically illus-
trated in Fig. 3A). A total of 253 separate pairwise
competitions (in triplicate) in HuPBMC at an MOI of
0.005 were harvested after 12 days post-infection, i.e.
peak virus production. Dual infections at this MOI and
in this timeframe limits recombination to <0.1% of the
observed dual virus replication.72,73 We obtained a
limited supply of blood/PBMCs from P.t. verus (Ptv) to
perform 82 pairwise competitions involving inter-
lentiviral pairs (e.g. HIV-1 M strain versus SIVcpz
rather than HIV-1 M subtype A versus HIV-1 M subtype
B). Ptv was available for PBMCs. Testing the competitive
replicative fitness of the SIVcpz originating from Pts
against Ptt in PtsPBMCs might give SIVcpz-Pts a
competitive advantage and visa versa. As such, use of
PBMCs from Ptv might reduce some host adaptation
advantage. Also, this Ptz chimpanzee subspecies lacked
infection by SIVcpz (as tested to date).24–27 PCR products
of env and gag regions for the group/type
competitions44,47,48,62,63 were barcoded and sequenced by
next generation deep sequencing, and analyses were
obtained through the SeekDeep pipeline, which performs
de novo clustering at a single base resolution (Fig. 3B).64

Fig. 3C provides an example of HIV-1 group M A1 virus
competed against each of 20 primate lentiviruses in
human PBMCs and plotted as relative production of the
HIV-1 A1 and the competing virus. Detailed results
from 335 competitions involving each pair of primate
lentiviruses in human and PtvPBMCs (over 1000 com-
petitions in triplicate) is summarized in Fig. 4 with the
statistical one way ANOVA analyses in Supplementary
Tables S1–S5.
Fig. 4 shows the competition results of each lenti-
virus within primate lentivirus groups/types against
each HIV-1 group M isolate (4A and C) and SIVcpz
isolate (4B and D) in human (Hu)HuPBMCs (4A and B)
or in chimpanzee (Ptv) PtvPBMCs (4C and D). In direct
competitions, the human lentiviruses HIV-1 group O
and HIV-2 were significantly less fit than SIVcpz and
HIV-1 group M isolates in eitherHuPBMCs (Fig. 4A) or
PtvPBMCs (Fig. 4C) (ANOVA; Supplementary Tables).
SIVgor CP684 and SIVcpz strainscould outcompete
most HIV-1 group M isolates in HuPBMCs, suggesting
an SIVcpz/gor ancestor may have been capable of
establishing an infection in humans (Fig. 4A). Inter-
estingly, HIV-2 and SIVsmm, had the lowest replicative
fitness despite ancestor of SIVsmm being responsible
for the HIV-2 outbreak. We were unable to propagate
sufficient HIV-1 P RBF168 for this study but the SIVgor
CP684 was over 90% identical in Gag, Pol and Env
sequence to HIV-1 group P.8

SIVcpz strains trended to slightly higher replicative
fitness than HIV-1 group M isolates in PtvPBMCs
(Fig. 4B and D). Again, the SIV strains infecting other
Old orld monkeys (not chimpanzees) or the HIV-2
strains (originating from SIVsmm from sooty manga-
beys) were less fit than SIVcpz or group M HIV-1 in
both Hu and PtvPBMCs. HIV-2 or SIVsmm have not
been identified in chimpanzees. SIVcpz was more fit
than HIV-1 group O in PtvPBMCs (Fig. 4B) but not in
HuPBMCs (Fig. 4D). The path of zoonotic jumps
responsible for the origin of HIV-1 group O may involve
a jump from chimpanzees but with an SIV that origi-
nated in gorillas.8,74
www.thelancet.com Vol 100 February, 2024
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A

B

C

Fig. 3: (A) Schematic illustration of the pairwise dual virus competitions in human and chimpanzee PBMC involving 21 primate lentvirus. (D)
Processing and bioinformatic analyses following the completion of the competition/infections. (C) Results of the pairwise infections involving
competitions of the HIV-1 group M A1 strain against all other primate lentiviruses. Relative production of both viruses as measured by NGS and
SeekDeep is shown.
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Fig. 4: Replicative fitness of HIV-1, -2, and SIV isolates in human and chimpanzee PBMCs. As described in Fig. 3, pairwise competitions were
performed in human PBMCs and a subset in chimpanzee PBMCs. The production from these dual virus competitions were PCR-amplified,
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The competition results are also presented as the
replicative fitness values of each primate lentivirus
within a group/type competed against the primate len-
tiviruses outside of this group/type in HuPBMCs (e.g.
HIV-1 group M isolates competed against HIV-1 O,
N, HIV-2, SIVcpz, gor, agm, and mac; first bar in
Fig. 4E). HIV-1 groups M, N, SIVcpz and gor are
significantly more fit than HIV-1 group O, HIV-2,
SIVagm and mac/smm (Fig. 4E; ANOVA analyses in
Supplementary Tables).

Possible replicative fitness differences among
SIVcpz strains derived from different chimpanzee
subspecies
When comparing the replicative fitness of SIVcpz
versus HIV-1 group M in HuPBMCs and PtvPBMCs,
there were SIVcpz strains/viruses with high and low
fitness. The competitions included SIVcpz_ptt isolated
from the Pan troglodytes troglodytes subspecies and
SIVcpz_pts found in the P. troglodytes schweinfurthii.
SIVcpz_ptt strains were significantly more fit than
SIVcpz_pts compared to HIV-1 group M in both Hu
(Fig. 5A) and PtvPBMCs (Fig. 5B) (ANOVA;
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Supplementary Tables). The SIVcpz_ptt strains, EK505
and MB897 could compete equally with the more fit
group M isolates, such as A1, A74, B5, and B6, high
replicative fitness also previously described.44,47 The
SIVcpz_pts strains, Nico-0 and Noah-20, were out-
competed in HuPBMCs (Fig. 5C) by these group M
HIV-1 of higher replicative fitness. Gab1, the least fit
SIVcpz_ptt strain, could only compete with the HIV-1
group M isolates of the lowest replicative fitness44,47

(Fig. 5D).

Dendritic cells enhance HIV and SIV infection in
PBMCs
Within a human host, the delivery of HIV-1 by dendritic
cells to activated CD4+ T-cells in the gut, lymph nodes,
and other tissues may be responsible for seeding the
majority of HIV-1 replication during systemic infection.
The replication of primate lentiviruses in PBMCs
mediated by human MDDC trans-infection was signif-
icantly greater (by 2- to 3-fold) than that observed in
direct lentivirus exposure of PHA/IL-2 treated PBMCs
of the same donor (Supplementary Figure S2). The
highest fold change (ca. 3-fold) in replication mediated
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by DCs was observed with the HIV-1 group M A74 virus
(Supplementary Figure S2B). In using the MDDC and
PBMCs of a different donor, we observed a similar level
of enhancement of lentiviral replication with MDDC-
mediated trans infection.

Cytopathic phenotype of HIV-1, HIV-2 and SIV in
ex-vivo lymphoid tissues
Unlike PBMCs, human tonsils are permissive cells that
do not require stimulation with mitogens or IL-2 for
HIV propagation.75 To determine the cytopathic effect
and CD4+ T-cell depletion rate by these primate lenti-
viruses, human tonsils were infected with the same
infectious titers and monitored for virus production and
CD4+ T-cell depletion due to virus exposure. All data
presented were relative to uninfected controls, which
showed less than <5–8% CD4 T cell depletion after 12
days in culture.56,57 It is important to note that depletion
of CD4+ T cells in human tonsils by R5-using HIV-1
subtype B strains (∼10% CD4 T cell depletion) is
lower than reported with X4-using HIV-1 strains, typi-
cally reaching a 65% loss in tonsillar CD4+ T cells.57

Again, all the primate lentiviruses used in this study
were CCR5-using for host cell entry. The highest CD4+

T cell depletion was observed with SIVmac (average
27%), followed by A74 (18%), VI1835 (16%) and D107
(12%) (Fig. 6A). Despite the relatively low replication in
CD4+ T cells, HIV-2 and SIVmac/agm still depleted
significant levels of CD4+ T cells in human tonsils (Fig.
6B). Exposure to the human tonsillar tissue to SIVcpz
strains (Ptt and Pts) resulted in nominal CD4+ T cell
depletion (1–3.5%; Fig. 6A) despite high levels of
replication in these tissues (Fig. 6B). SIVcpz_Pts Nico
had the highest ratio of virus production to CD4+ T-cell
depletion in the tonsillar tissues. All the primate lenti-
viruses within HIV-1 groups (M, N, O), HIV-2, SIVgor
and SIVagm/mac were better at depleting CD4+ T-cells
than SIVcpz, significantly so when compared to all but
HIV-1 group N and SIVgor (limited data points). In
contrast, there was no difference in the levels of CD4+ T-
cell depletion in the tonsillar tissues between any of the
types/groups when SIVcpz was not included in the
ANOVA analyses.

No correlation was observed between the relative
replication in the tonsillar tissue and the level of CD4+ T
cell depletion by these viruses. SIVcpz had the highest
replicative fitness in human PBMCs and in the tonsillar
tissues. In contrast, SIVcpz infection was associated
with minimal cytopathogenicity in human tonsillar tis-
sue resulting in the greatest ratio of virus production to
CD4+ T cell death of any primate lentivirus (Fig. 7C). In
contrast, the HIV-2 isolates, SIVagm and SIVmac,
showed an average depletion of CD4+ T cells, i.e. com-
parable to that observed with HIV-1 group M, O, and all
other primate lentiviruses (except SIVcpz) (Fig. 7A and
B). Based on the poor virus production in human
tonsillar tissue (as well as average fitness in human
PBMCs), the ratio of replication to CD4+ T cell depletion
of HIV-2 and SIVagm/mac was the lowest for all pri-
mate lentiviruses (Fig. 7C). As described below, these
www.thelancet.com Vol 100 February, 2024
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findings might suggest that pathogenicity/virulence
could have evolved as a trait in humans following a
zoonotic jump.

Impact of human restriction factors on primate
lentivirus replication
Host factors such as Trim5a, APOBEC 3F/G/H, teth-
erin/BST2, SERINC5, and SamHD1 have all been
shown to restrict xenotropic retrovirus replication, and
most have been associated with preventing cross species
transmission of primate lentiviruses.28–34,76,77 We
explored the ability of these restriction factors in human
cells to reduce replication kinetics of NHP lentiviruses
as one mechanism to prevent a jump into humans.
For these studies, we utilized the cell line
U87.CD4.HuCCR5—the cell line most supportive of
HIV-1 group M replication and most restrictive to NHP
lentiviral replication (Fig. 2). In cells treated with siR-
NAs to reduce endogenous mRNA of Trim5α, tetherin/
BST2, APOBEC 3F and 3G (by 80–90% for 5 days), we
observed release of restriction and increase in lenti-
virus replication (Fig. 6 and Supplementary Figure S3).
Reduction of human APOBEC3F and 3G levels resul-
ted in only minimal increases in lentiviral replication
over 7 days (Supplementary Figure S3C and D), which
is expected considering restriction/inhibition requires
an accumulation of deleterious mutations through
multiple rounds of replication. siRNA treatment to
reduce human Trim5α resulted in only low level
“rescue” of the replication of all primate lentiviruses
(Supplementary Figure S3A). The strongest restriction
of these NHP lentiviruses in these human cell lines
was mediated by tetherin/BST2 (Fig. 6 and
Supplementary Figure S3B). SIVmac and SIVsmm
replication was increased (or “rescued”) by 5–6 fold
with a >80% knockdown of tetherin mRNA over a 9-day
infection. Tetherin inhibits even HIV-1 group M and O
isolates at a low level. In contrast, there was no
apparent inhibition of SIVcpz strains by human
tetherin.

Next, the average replicative fitness of the 21 primate
lentiviruses in human PBMCs was compared to the in-
dividual restriction by human Trim 5α (i), Tetherin (ii),
APOBEC 3G (iii), 3F (iv), and cumulative restriction by all
four. There was no significant correlation between inhi-
bition by human restriction factors and the average
replicative fitness of these primate lentiviruses, which
included the human immunodeficiency viruses (Fig. 6A).
However, the successful jump of primate lentiviruses
from chimpanzee to humans was likely mediated in part
by the ability of this now “human” lentivirus to resist
inhibition by these restriction factors in human cells and
survive in the human population. Thus, we removed the
human lentivirus viruses from the analyses in Fig. 6B. A
significant inverse correlation was now observed between
the average replicative fitness of these “non-human”
primate lentiviruses (in human PBMCs) and level of
www.thelancet.com Vol 100 February, 2024
restriction by Trim 5α (Fig. 6B i) and Tetherin/BST2 (7B
ii). The cumulative restriction by all Trim 5α, Tetherin,
and APOBEC3G/3F showed the strongest correlation
with average replicative fitness. The SIVcpz strains
(especially cpz_Ptt) appeared to be the least inhibited by
these restriction factors in human cells which related to
the highest replicative fitness in human PBMCs.
13
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Discussion
Lentiviruses have a complex history of interspecies
jumps in primates Based on the most recent coloniza-
tion of Madagascar by mammals from Africa, the dis-
covery of an endogenous primate lentivirus in the gray
mouse lemurs of Madagascar but absent in all African
primates places the introduction of lentivirus into pri-
mates at a minimum of 14 million years ago, which
would extend to over 80 million years78 when consid-
ering introduction of lentiviruses at the point of diver-
gence of Strepsirrhini (lemurs) and Haplorhini
(monkeys and apes)79 or reduced less than 4 million
years if an aerial lentivirus introduction by bats
occurred.37,80 Despite evidence that lentiviruses many
have been introduced into primates in the millions of
years ago,81 the existing, unstable lentiviral lineages in
various African apes may have appeared much more
recently, estimated at hundreds of years.37 HIV-1 group
M emerged in humans with a jump from chimpanzees
(Ptt) in the Congo basin in the early 20th century, an
event that has now resulted in over 40 million deaths
with another 37 million infected humans.37,82,83 The
jump of SIV from sooty mangabeys into humans in the
1930s37 resulted in HIV-2 with a peak epidemic of 1–2
million and even before the introduction of antiretrovi-
ral treatment, there was progressive loss in HIV-2
prevalence in the same regions where HIV-1 group M
was expanding rapidly.84,85 HIV-1 group O, N, and P had
even less success surviving in humans following in-
troductions from the gorilla and/or chimpanzees; jumps
dated to sometime in the 1920s for group O and 1960s
for N.21,37,82 As such, convention for SIV/HIV classifica-
tion has been unstable due to continuous transitions
between related apes, changing phylogenetic classifica-
tions, and mounting evidence of recombination among
primate lentiviruses.37,43,82

This study was designed to compare the competitive
replicative fitness and virulence of different lentiviral
strains isolated from various primate species using all
available replicating primate lentivirus available at the
time of study. Exposure of a primate to a xenotropic
lentivirus is unlikely to result in a cross-species trans-
mission event due in part to protective barriers, e.g.
innate defenses and various restrictions factors. None-
theless, these restriction factor/innate defenses appear to
show variable protection against different, foreign lenti-
viruses. To understand the overall restriction of primate
lentiviruses in primary human cells susceptible to HIV,
we compared the replicative fitness of primate lentivi-
ruses in both human and chimpanzee PBMCs by per-
forming over 250 competitions with 21 lentiviral isolates
of HIV-1 groups M, N, O, HIV-2, SIVcpz, gor, smm, and
agm. To determine relative virulence upon a possible
jump to humans, we compared the relative replicative
fitness of these primate lentiviruses to the inhibition by
various human restriction factors and the relative deple-
tion of CD4+ T cells in human tonsillar tissue.
To summarize, SIV strains from Ptt and Gor and
HIV-1 group N appeared slightly more fit than even
HIV-1 group M replicating in both human and Ptv
PBMCs. However, as previously published, there was a
wide range in replicative fitness among HIV-1 group M
subtypes with subtype A and C strains, again, being
consistently less fit.42,44,47,62 With HIV-1, the replicative
fitness of HIV-1 subtypes in human PBMCs directly and
significantly correlated with the rate of disease pro-
gression in people infected by the same subtypes.
However, unlike SIVcpz strains, these HIV-1 isolates
also proved to be pathogenic in vitro and within infected
individuals.42,43,46,86 When these HIV-1 group M strains
of lower fitness were removed from the analyses, there
was no significant difference in the replicative fitness of
SIV from chimpanzees and gorillas and the HIV-1
group M and group N isolates found in humans.
SIVcpz or SIVgor (lineage related to past zoonosis of
HIV-1 group P) are significantly more fit than HIV-1
group O in human PBMCs. Finally, SIV from African
green monkeys and Sooty mangabey had the lowest
replicative fitness in both human and Ptv PBMCs,
similar to the low replicative fitness observed with HIV-
2. We determined that the relative level of replication of
these non-human primate lentiviruses in human and
Ptv PBMCs reflects the cumulative inhibition by the
various human restriction factors, with tetherin/BST2
being the most restrictive. Based on the cumulative data
presented herein, it is clear that SIVcpz and SIVgor have
the greatest ability to replicate in human PBMCs.

Based on the similar overlap of humans into the Pts
and Ptt habitats in the Rift Valley of East Africa, Congo
Basin of Central Africa, and the tropical south of West
Africa, it is unlikely that humans would experience less
exposure to Pts than to Ptt chimpanzees. Findings pre-
sented herein on just six SIVcpz isolates suggest that the
SIVcpz of Ptt compared to SIVcpz of Pts was more
compatible for cross-species transmission to humans
and gained the foothold necessary for transmission and
human adaptation. Approximately 45% amino acid
sequence diversity were found in the Gag, Pol, and Env
alignments of SIVcpz from Ptt and Pts (Supplementary
Figure S4), more than diversity than between an HIV-1
group M and O strain. Thus, key substitutions leading to
zoonotic transmission and increased pathogenesis of Ptt
over Pts in humans will be difficult to define. Nearly
20,000 full HIV-1 genome sequences with 1000s of
primary HIV-1 isolates are publicly available as
compared to only 30 SIVcpz genome sequences and six
primary SIVcpz isolates (at the time of this study). For
this study, we utilized replication competent SIVcpz
strains available. In past studies involving over 100
primary HIV-1 group M, N, and O isolates,42,44,47,62 the
replicative fitness results between human lentivirus
types and groups have been highly consistent in human
PBMCs and other susceptible cell types. With only five
SIVcpz isolates, we cannot assume that all SIVcpz
www.thelancet.com Vol 100 February, 2024
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isolates will reflect the results presented herein, but the
findings from all five SIVcpz isolates were quite
consistent. We have attempted to generate SIVcpz
strains based on de novo genome constructions from 25
published sequences (www.hiv.lanl.gov/content/
sequence/HIV/mainpage.html). Unfortunately, none
of these constructions resulted in replication-competent
virus that could be rescued. For now, this study remains
the most comprehensive in determining replicative
fitness of primate lentiviruses in primary human T cells,
chimpanzee T cells, and primary human lymphoid tis-
sue in comparison to relative inhibition by human re-
striction factors.

The ability of a lentivirus to replicate in the primary
susceptible cells of a host does not always correlate with
pathogenesis. A strong example is the lack of disease in
African Green Monkeys despite the high viral loads of
SIVagm produced by an abundance of infected T-cells in
these animals50,51 Only one study has characterized dis-
ease progression of a chimpanzee infected by SIVcpz (a
Pts strain) raised in captivity after being infected in the
wild. With this animal, there was little evidence of dis-
ease despite an increasing viral load during the length of
infection.52 In captured chimpanzees infected with the
same “wild” SIVcpz52 via an intra-rectal, -vaginal or
-venous routes, lentiviral pathogenesis and disease pro-
gression was somewhat similar to HIV infections in
humans including some evidence of initial hyperim-
mune activation.87 In observational studies of wild
chimpanzees from western Tanzania, SIVcpz patho-
genesis was evident88 with clear T cell depletion in
lymph nodes53 along with increased mortality rates in
infected infant and adult chimpanzees.87 Consistent
with end-stage disease during AIDS, post-mortem his-
topathology of lymphoid tissue provided evidence of
pathogenesis in SIVcpz-infected chimpanzees.89 Thus, it
is quite possible that other mortality risk factors in wild
chimpanzees leading to reduced human-age corrected
life expectancies90 may mask a slow SIVcpz pathogen-
esis, quite similar to that observed in HIV-infected
humans.

In humans, several studies have described a direct
correlation between the rate of disease progression and
the replicative fitness of the infecting HIV-1 isolates in
primary T-cells.42,48,49 This is best illustrated by the low
replicative fitness of HIV-1 isolates derived from pa-
tients with slow or non-progressing disease versus the
high replicative HIV fitness among rapid pro-
gressors.48,91 In this study, we compared the cytopath-
ogenicity of human and non-human primate
lentiviruses in primary human lymphoid tissue, i.e.
resected tonsillar tissue. There was a clear disconnect
between the ability of non-human primate lentiviruses
to propagate in human tonsillar tissue and the pyrop-
tosis/cell death of the CD4+ T cells within the same
tissue. HIV-2, SIVagm, and SIVsmm, with low repli-
cative fitness, mediated similar levels of T cell death as
www.thelancet.com Vol 100 February, 2024
HIV-1 group M/N and SIVgor with high replicative
fitness. In contrast, SIVcpz, having the highest repli-
cative fitness in tonsillar tissue (as well as in human
and ptv PBMCs), was associated with minimal pyrop-
tosis and all manner of T-cell death in this tonsillar
tissue. The inability of SIVcpz to mediate cytopatho-
genicity in human T-cells may correspond to the
minimal pathogenesis or lack of disease described in
most SIV-infected chimpanzees.52 Again, in contrast to
the most fit SIVcpz’s, SIVsmm (the progenitor of HIV-
2) and HIV-2 were highly cytopathogenic in these
tonsillar tissues despite having the lowest replicative
capacity. Although cytopathology of primate lentivi-
ruses is clearly not the only factor associated with
pathogenesis, these findings are consistent with slow
disease progression associated with HIV-2 infected
humans.54,55 HIV-1 group O and SIVgor (the progenitor
of HIV-1 group O) had high cytopathogenicity and
moderate replicative fitness in these tonsillar tissues
but not as low as HIV-2/SIVsmm. People infected with
HIV-1 group O progress faster to disease than those
infected with HIV-2, but slower than those infected
with HIV-1 group M.74

The relative virulence of a virus in their host species
is impacted by a multitude of host factors (e.g. innate
and acquired immune responses, restriction factors).
SIVcpz strains from Ptt and Pts had similar replicative
fitness in human cells than HIV-1 group M strains but
the SIVcpz strains did not result in cytopathogenicity.
This inconsistency between SIVcpz_Ptt and HIV-1
could relate to an adaptation/evolution of SIVcpz in
humans to escape restriction factors/barriers following
a jump. However, there is little evidence that SIVcpz is
restricted from replication in human PBMCs as
compared to other SIVs from non-human primates. It is
feasible that an increased cytopathogenicity evolved
early in the human epidemic during a period of high
viral burden and efficient transmission. As HIV-1 group
M diversified during the past 100 years, HIV-1 subtypes
may have evolved with differences in virulence and
transmission efficiency. Increased virulence of HIV-1
subtype D over subtypes A and C has been well docu-
mented within infected cohorts and using similar ex vivo
studies described herein.42,44,45,47,62

As a closing hypothesis, we can speculate, based on
these in vitro findings, that the HIV-1 epidemic was
caused by a cross-species transmission of a very rare
SIVcpz strain resulting in exceptionally high virulence
(replicative fitness + cytopathogenicity) in humans. The
rarity of the SIVcpz strain with human tropism and
pathogenesis could also explain why a lentiviral
epidemic did not appear earlier in human history
considering the clear interaction of chimpanzees and
humans in central Africa. Clearly, neither of these hy-
potheses can be proven without the availability of hu-
man lentiviral samples closer to the cross-specific
transmission event responsible for the HIV-1 epidemic.
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