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Abstract
A deep understanding of HIV-1 transmission, evolution, and virus-host interactions during disease progression is
needed to fast-track the design of HIV-1 intervention strategies. However, HIV-1 transmission and evolutionary
dynamics in regions with the highest HIV-1 burden (such as in sub-Saharan Africa, SSA), are not well understood.
In paper I, we characterised the HIV-1 epidemic in Nigeria using HIV-1 pol sequences (n=1442). The circulating
recombinant forms CRF02_AG, CRF43_02G, and subtype G were the main circulating strains. We estimated five
major HIV-1 introduction events – associated with a previous civil war in Nigeria. Within-country epidemics first
originated and expanded within large urban centres, before migrating to smaller rural areas. A follow-up literature
review (paper II) on the nature of the epidemic in SSA revealed some localized epidemics in specific communities
(with limited HIV-1 transmission between neighboring communities) – and that human migration linked to
economic activities (including mining and fishing) may have contributed to increased HIV-1 transmission in SSA.
It is well known that most HIV-1 transmissions occur during the acute HIV-1 infection (AHI) phase – potentially
linked to a high viral load. However, inter-host associations between AHI symptoms, viral load and disease
progression are not well understood. In paper III, we explored the associations between innate immune responses
during AHI, and AHI symptoms using pre-infection and post-infection plasma samples from HIV-1 infected
individuals (n=55) from five African countries and Sweden. We demonstrated that individuals with strong innate
immune responses had increased odds of showing symptoms during AHI, regardless of HIV-1 subtype, age or risk
group. In addition, interferon gamma-induced protein 10 (IP-10) was independently associated with AHI symptoms
and could be a marker for stronger innate immunity. In paper IV, we quantified temporal (pre-infection and postinfection) changes in protein expression in plasma from matched HIV-1 infected study participants (n=54). We
found individual-specific longitudinal protein expression profiles after HIV-1 infection. We also identified some
proteins (n=20) associated with AHI symptoms, and others (n=37) associated with virus control and disease
progression. Although these findings provide further insights into the virus-host interactions associated with disease
progression, it is well-established that such interactions may differ between adults and infants due to varying immune
systems. Therefore, in paper V, we aimed to characterize within-infant HIV-1 evolution after perinatal HIV-1
transmission. Sequentially collected clonal HIV-1 sequences from 14 treatment naïve infants and their mothers were
phylogenetically analysed. Overall, 78% of the infants were infected with a single transmitted founder virus.
Immune-driven selection was apparent at three months post-infection. Majority of the observed CD8+ T-cell escape
mutations were transmitted from the mothers and did not revert during the first year. Work in this thesis deepens
current understanding of HIV-1 transmission and evolution (intra- and inter-host), shaped by the immune system
and viral-hosts mechanisms that regulate HIV-1 pathogenesis.
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Context of this thesis
This PhD research was conducted at the Systems Virology group, Department of
Translational Medicine, Faculty of Medicine, Lund University. Samples were collected
from six African countries (Kenya, Nigeria, Rwanda, South Africa, Uganda, and
Zambia) as well as from Sweden. Close contacts and collaborations have been formed
with the Systems Virology group and the researchers from these African countries.
At the outset of this project in 2017, there was a paucity of knowledge about the
molecular epidemiology of HIV-1 in Nigeria on a national scale. We researched and
published a research article on the topic with my main supervisor (Assoc Prof Joakim
Esbjörnsson) and other researchers from the Institute of Human Virology Nigeria and
Harvard University. In addition, I cooperated with a PhD student in the team who was
researching the same topic, and as co-first authors, we produced a critical review article
addressing the limitations and degree of usage of phylogenetics in HIV-1 prevention in
sub-Saharan Africa.
As a large proportion of HIV-1 transmissions occur during acute HIV-1 infection, we
delineated and published on the early innate immune responses during AHI, as well as
how these responses relate to the acute retroviral syndrome, in collaboration with Prof
Eduard Sanders, Dr Amin S Hassan and other investigators from the International
AIDS Vaccine Initiative and Sweden. As a sub-study, we collaborated with Prof
Thumbi Ndung’u from South Africa, and Prof Johan Malmström from the
Department of Clinical Sciences, Lund University, Sweden to conduct a longitudinal
matched study quantifying the plasma proteome before and throughout hyperacute
HIV-1 infection (two weeks and one-month post-infection). In this study, we
elucidated virus-host mechanisms involved in the regulation of HIV-1 disease
progression. This is a particularly unique cohort since samples collected from the study
participants before HIV-1 infection were available. To the best of my knowledge, this
is the first study that has evaluated protein expression before and after HIV-1 infection
using a longitudinal approach.
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Data on acute HIV-1 infection in infants is scarce, owing in part to a scarcity of ARTnaive samples. Furthermore, while intra-host evolution of HIV-1 in adults has been
linked to disease progression, such studies in infants are lacking. In collaboration with
Prof Sarah L Rowland-Jones from University of Oxford, we initiated a study to better
understand vertical HIV-1 transmission and how infant immune selection pressure
shapes the intra-host evolutionary dynamics of HIV-1.
With the assistance of my supervisors, I was involved in the laboratory work, data
analyses, and wrote or contributed to the drafting of papers for all the research in this
PhD – project. In light of the COVID-19 pandemic constraints, I am happy that I still
managed to attend conferences and seminars, supervise one master's student, support
my fellow PhD students, apply for external funds, and participate as a tutor in the
Biomedicine programme at the Faculty of Medicine, Lund University.
The findings of this thesis represent the first comprehensive assessment of the Nigerian
HIV-1 molecular epidemic, as well as significant contributions to our understanding
of virus-host interactions during acute HIV-1 infection in both adults and infants.
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Overview of this thesis
Paper I
Aim

To investigate the molecular epidemiology of HIV-1 in Nigeria

Study design

Cross-sectional

Samples

366 previously unpublished HIV-1 pol sequences + 1076 LANL pol sequences

Site of collection

Abuja (Nigeria) and Los Alamos database

Analysis

Phylogenetics

Paper II
Aim

To provide an overview of the contribution of phylogenetic inference in dissecting
HIV-1 mixing between geographic areas and key populations

Study design

Systematic literature review

Samples

2365 articles (64 full-text reviews)

Site of collection

PubMed

Analysis

Systematic review

Paper III
Aim

To elucidate associations between innate immune responses during hyperacute HIV-1
infection and acute retroviral syndrome.

Study design

Prospective, longitudinal, matched (two time points)

Samples

55 samples

Site of collection

Rwanda, Uganda, Zambia, Kenya and Sweden

Analysis

Acute retroviral syndrome, HIV-1 subtyping, innate immune responses and statistics

Paper IV
Aim

To characterize the blood plasma proteome before, during and after acute HIV-1
infection

Study design

Prospective, longitudinal, matched

Samples

157 (54 patients, three-time points)

Site of collection

Kenya, Rwanda, Zambia, South Africa

Analysis

DIA-SWATH mass spectrophotometry, proteomic bioinformatics and statistics

Paper V
Aim

To determine the gag and nef intra-host HIV-1 diversity and evolution within the first
15 months of life in infants with different rates of disease progression

Study design

Prospective, longitudinal, matched pairs

Samples

1210 gag, and 1264 nef clonal sequences from14 infants, and 14 mothers

Site of collection

Nairobi, Kenya

Analysis

Intra-host phylogenetics
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Popular summary
HIV-1 is one of the deadliest viruses in human history, having killed between 27 and
48 million individuals since the epidemic began in the 1980s. By the end of 2020,
around 38 million people were living with AIDS, with approximately 73% receiving
antiretroviral medication. Despite treatment expansion, 1.5 million people were newly
infected with HIV-1 and 680,000 were diagnosed with AIDS-related illnesses, with
children accounting for 15% of the total. HIV-1 transmissions are most common in
the initial few weeks following infection, when the virus load in the blood is highest
and most persons are ignorant of their serostatus. Because HIV-1 attacks and slowly
destroys immune system cells, and it constantly mutates to weaken or conceal from
these cells' action, HIV-1 can be present for three to ten years before an infected
individual develops AIDS if not treated.
We were able to investigate when the virus was introduced and how it propagated
within Nigeria by looking at how HIV-1 has evolved in Nigeria, the country with the
highest number of AIDS-related deaths in the world. We found three main forms of
HIV-1 circulating in Nigeria: CRF02_AG, CRF43_02G, and subtype D, which were
introduced as five significant sub-epidemics in the 1960s and 1970s. According to
HIV-1 migration analysis, HIV-1 first emerged and spread in urban areas such as Abuja
and Lagos before spreading to smaller communities. A systematic review of other
studies on the topic revealed similar movement patterns in other Western African
countries, with cross-border transmissions; nevertheless, certain epidemics in Eastern
and Southern Africa are localised, with little indication of mixing with surrounding
populations.
We were able to explore why some people experience symptoms during the first two
weeks after infection while others do not by looking at how individuals responded to
early innate immune responses in the first two weeks after infection. We discovered
that those who have a stronger innate immune response are more likely to experience
acute infection symptoms than those who have a lesser response. IP-10, for example, is
14 times greater and independently associated with these symptoms, and can be utilised
to identify people with stronger immune responses. We also discovered that each

17

individual has a specific protein expression profile and that 21 per cent of the plasma
proteome significantly changed before and during the first month of acute HIV-1
infection. Among the top proteins are vWF, FGN1, and GRN1, which have roles in
immune activation and disease. We also identified proteins that differed considerably
between individuals who progressed slowly and quickly, as well as those who had or did
not have acute retroviral syndrome. We attempted to discover the mechanisms by
which the virus interacts with the host during acute infection and how they interact to
control the rate of disease progression.
Finally, we investigated how the virus evolves within an infant during his or her first
year of life. Within an untreated individual, HIV-1 generates roughly a billion virus
particles every two-three days, but only one or a handful of these virus variants are
transmitted from the donor to the recipient. To understand the dynamics of these
transmitted viruses, studies of these transmitted variants have mostly been conducted
in adults. When we studied the HIV-1 transmission dynamics in infants, we discovered
that the infection was caused by a single variant in 78 per cent of the infants, infection
was caused by a single variant transmitted from the mother. The virus began to escape
from the action of immune cells at three months, and the mutations responsible for
this escape were transmitted from the mother and remained throughout the first year.
Furthermore, viruses with escape mutations evolved faster than those without. This
work sheds light on how the infant immune selection pressure influences how HIV-1
evolves within infants.
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Introduction
HIV discovery
Signs of a newly emerging infectious disease among homosexuals in the United States
were reported 41 years ago[1]. A few years later, various African and European countries
began reporting their first cases of an illness with similar symptoms (Table 1). This
resulted in an extraordinary mobilisation of clinicians and researchers to understand
the etiological agent of the disease and battle it[1]. One of the first European teams was
the Montagnier laboratory at the Pasteur Institute in France, and their goal was to
determine whether the new disease was caused by the first human retrovirus, human
T-cell leukaemia virus (HTLV), which Gallo discovered in 1981[2, 3].
Based on the clinical data, cultures were done from a lymph node biopsy of a patient
with unexplained lymphadenopathy who was original thought to be the source of new
virus, and both reverse transcriptase activity and RNA were detected in the cell culture
supernatant[4]. There were similarities in the reverse transcriptase of the newly
discovered virus with that of the HTLV virus, but no cross-reactions with the p24,
hence the new virus was dubbed “Lymphadenopathy Associated Virus (LAV)”[4]. When
the first complete genome sequence of LAV was published in 1985, it was discovered
that LAV was unique from HTLV but had a genomic organization similar to lentivirus
called Visna Maedi (an ovine lentivirus). Further studies revealed that LAV had a
selective tropism for helper T-lymphocytes expressing CD4 molecule[5, 6]. A few months
after the discovery of LAV, a new drug Antimoniotungstate (HPA 34) was developed.
Unfortunately, downstream studies showed that HPA34 was ineffective[7].
To present, the Food and drug administration (FDA) has approved 32 generic drugs
for the treatment of LAV, now known as Human immunodeficiency virus (HIV) and
75% of 37.7 million persons living with HIV are on treatment[8]. However, each year,
over one million individuals become infected and over half a million die as a result of
AIDS-related illnesses [8]. I believe that more basic science research is needed to find a
solution and eliminate the HIV-1 epidemic. For example, it has been revealed that there
are various variants of this virus, which I will explore further in the subsequent section.
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Table 1. First HIV-1 cases discovered in Africa and Sweden.
The focus is on countries where samples in this thesis were collected
County

Year

Location

Kenya[9]

1984

Nairobi

Risk group
MSM

Nigeria[10]

1985

Lagos

FSW

Rwanda[11]

1983

Kigali

HET (MP)

South Africa[12]

1982

Pretoria

MSM

Sweden

1982

Stockholm

MSM

Uganda[13]

1982

Rakai/Masaka

HET (MP)

Zambia

1984

Lusaka

na

MSM, men who have sex with men; FSW, female sex worker; HET (MP), heterosexual with multiple
partners; na, risk group not known.

HIV structure, genome, origin and types
HIV was categorised as a member of the genus Lentivirus in the family Retroviridae
based on the reverse transcriptase activity as described in the preceding section[14]. In
humans, it is the causative agent of acquired immunodeficiency syndrome (AIDS).
HIV is an enveloped virus with two homologous genomic sequences, each of which
consists of 9.7 kilobases of linear, non-segmented, single-stranded, positive-sense RNA.
As illustrated in Fig. 1, these two RNA strands are encased by a conical capsid core
surrounded by a matrix.

Figure 1. HIV structure.

The genome is made up of nine genes that code for fifteen viral proteins[15]. The key
HIV genes are gag (codes for structural proteins – Matrix, Capsid, and Nucleocapsid),
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pol (codes for enzymes – Protease, Reverse transcriptase, and Integrase), and env (codes
for envelope proteins – Gp120, Gp41) (Fig. 2). The remaining genes encode regulatory
(Tat, Rev) and accessory (Vif, Vpr, Vpu/Vpx, Nef), which each play a unique role in
HIV replication and interaction with the host proteins.

Figure 2. HIV-1 genome.
This figure depicts the HIV-1 genes in various colours. The genome has nine open reading frames
(shown by rectangles) that code for 15 proteins. The structural genes gag, env, and pol are further
subdivided. The Gag polyprotein has four domains: Matrix (MA), Capsid (CANTD) and C-terminal (CACTD),
nucleocapsid (NC), and P6, as well as two short spacer peptides SP1, SP2. The viral enzymes Protease
(PR), reverse transcriptase (RT) (consisting of DNA polymerase and RNase H enzymes), and Integrase
(IN) are all included in the Pol protein (consists of three domains i.e. N-terminal domain, NTD; catalytic
core domain, CCD and C-terminal domain, CTD). Env is produced as a Gp160 precursor glycoprotein
that cleaves into the CD4 receptor-binding subunit Gp120 and the fusion protein subunit Gp41. The
Gp120 protein is made up of five conserved sections (C1 to C5) and five variable regions (V1 to V5). The
Gp41 comprise the N-terminal fusion peptide (FP), a Fusion peptide proximal region (FPPR), the Heptad
repeat region 1 (HR1), a loop region followed by HR2, the Membrane-proximal external region (MPER),
the Transmembrane region (TMR), and a Cytoplasmic domain (Cyto). Abbreviations: ORF, open reading
frame; LTR, long terminal repeat, PR, protease; RT, reverse transcriptase; IN, integrase; vif, viral
infectivity protein; vpr, virus protein r; vpu, virus protein unique; nef, negativity regulatory factor; rev,
regulator of expression of viral protein; tat, trans-activator of transcription.

The HIV pandemic is characterised by substantial genetic diversity induced by a variety
of reasons, including repeated zoonotic transmissions into the human population, as
well as high rates of viral evolution and recombination[16]. These factors have resulted
in two recognised types of HIV, namely HIV-1 and HIV-2, which have a nucleotide
similarity of approximately 55%[17]. These two viruses are also linked to the different
zoonotic origins, with HIV-1 originating from the SIV of chimpanzees[18], and HIV-2
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originating from SIV of sooty mangabeys[19]. SIV was first discovered in Asian macaques
kept captive in the US, and this SIV was causing HIV/AIDS-like symptoms in these
macaques[20]. However, Asian macaques (SIVmac) did not carry SIV in the wild,
whereas other non-human primate species such as chimpanzees (SIVcpz), gorillas
(SIVgor), African green monkey (SIVagm), sooty mangabeys (SIVsm), and Sykes
monkey (SIVsyk) did[21, 22]. SIV in the macaques was eventually discovered to be a result
of cross-species transmissions from contaminated blood and tissue inoculations from
sooty mangabeys[23]. Further studies found that SIV was mostly non-pathogenic to
natural hosts and been present in these primates for over 30,000 years[24]. SIVsm, on
the other hand, has the vpx gene found in HIV-2 whilst SIVcpz and SIVgor carry vpu
genes found in HIV-1. These genomic relationships provided the first evidence that
HIV emerged in humans from three primate species (chimpanzees, gorillas, and sooty
mangabeys).
From phylogenetic studies, it was discovered that monkeys from central Africa have
been infected with SIV for a long time, and that these monkeys likely transmitted SIV
to chimpanzees[24]. The SIVcpz was then transmitted to gorillas and humans resulting
in the first HIV-1 group M(major) epidemic[22]. The second independent SIVcpz
transmission to humans resulted in HIV-1 group N (new) which was first identified in
1998, with only 13 documented cases[22]. The SIVcpz transmitted to gorillas was also
transmitted to humans, resulting in the discovery of HIV-1 group O (outlier) in 1990
and HIV-1 group P in 2009[22] (Fig. 3).

Figure 3. Origin of HIV-1 in the human population.
Adopted with permission from Ref[24].
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Figure 4 depicts a phylogenetic tree demonstrating the relatedness of these taxa. SIVsm
was also directly transmitted from sooty mangabeys to humans in West Africa via nine
distinct zoonotic transmissions, resulting in the nine HIV-2 groups (A-I) primarily
restricted in West Africa (Fig. 3).

Figure 4. Phylogenetic tree for HIV-1 groups, subtypes, and sub-subtypes.
Group M is the most diverse HIV-1 group with different subtypes (A-D, F-H, J-L) and sub-subtypes for
A (A1-A6) and F (F1-F2).

HIV is a pandemic, whereof HIV-1 accounts for approximately 98% and HIV-2 for
approximately 2% of the pandemic[25]. More than 98% of the human HIV-1 is of
Group M, which has been divided into 10 subtypes (A-D, F-H, J-L) with sub-sub types
in A, F (Fig. 4), and as of May 2022, there are 118 circulating recombinant forms
(CRFs,

https://www.hiv.lanl.gov/content/sequence/HIV/CRFs/CRFs.html)[22].

Genetic variation within a subtype can range from 15 to 20% depending on the
genomic region, whereas the genetic variance between subtypes ranges from 25 to
35%[26]. Furthermore, the HIV-1 substitution rates between these subtypes and CRFs
have been observed to differ, with subtype C having the highest rate at 3.5·× 10−3
substitutions per site per year (s/s/y), and CRF02_AG having the lowest rate of 1.3·×
10−3(s/s/y)[27] (Table 2). The diversity of HIV-1 genotypes varies dramatically from one
strain to another and could be explained by an explosive within-host proliferation and
a large, and still growing, number of infected persons that lead to very large population
sizes. It has been observed that this diversity also varies by geographic location[28].

23

Groups A and B are the most common of the nine HIV-2 groups, and one HIV-2 CRF
has been described – the HIV-2 CRF01_AB [29]. To establish a new CRF categorization
for HIV, full genome sequences from at least three non-transmission related individuals
are required, according to current HIV nomenclature guidelines[30].

HIV-1 epidemiology
HIV-1 group M was introduced into the human population between 1909 and 1930,
with Kinshasa (DRC) serving as the epicentre[22, 31-35]. Since then, distinct HIV-1 group
M subtypes have propagated and been observed in different countries, resulting in a
global pandemic. In 2020, 37.7 million individuals were infected with HIV-1
(including 1.7 million children), 680,000 people died from AIDS-related illnesses, and
1.5 million people became infected[36]. Furthermore, 55% of all people with HIV-1 live
in Eastern and Southern Africa, 12% in Western and Central Africa, 15% in Asia and
the Pacific, and 5% in Western and Central Europe and North America. The remaining
12% is dispersed across areas with low HIV-1 prevalence such as the Caribbean, Eastern
Europe,

Central

Asia,

Latin

America,

Middle

East,

and

North

Africa

(https://aidsinfo.unaids.org/). In Africa, the prevalence of HIV-1 is highest in Southern
Africa, followed by Eastern Africa (Fig. 5).
HIV-1 subtype C accounts for 47% of all HIV-1 infections worldwide and is primarily
found in Southern Africa, Ethiopia and India. Subtype A, which is mainly found in
Eastern Africa but also in Eastern Europe and Central Asia, is responsible for 10% of
HIV-1 all infections. Subtype B accounts for 12% of all HIV-1 infections and is
primarily found in the Americas, Oceania, and Central and Western Europe.
Recombinants between these subtypes account for 22.8% of all global HIV-1
infections, and various studies have demonstrated that the global fractions of URFs
have steadily increased over time (Fig. 6). These global subtype differences have
consequences for vaccine development antiretroviral therapy response and laboratory
tests. The time to the most recent common ancestor (tMRCA) for the subtypes
circulating in the countries where samples were collected is shown in Table 2. [27].
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Figure 5. Adult HIV-1 prevalence and subtypes in Africa.
The focus is on countries where samples in this thesis were collected. Source: 2021 UNAIDS report
(aidsinfo.uanids.org) and Ref[37]. Map was created with Datawrapper.

Figure 6. Global CRF/subtype distribution.
Bar length corresponds to the percentage of the globally infected population that is infected by the
particular subtype. Source: 2021 UNAIDS report (aidsinfo.uanids.org) and Ref[37]. Map was created
with Datawrapper
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Table 2. Time to the Most Recent Common Ancestor(tMRCA) for HIV-1 subtypes or CRFs in the
study population analysed in each of the separate studies
Estimates (median and 95% Highest Posterior Density; lower and upper limit) for the tMRCA, and the
substitution rates (× 10−3) of each subtype/ CRF based on the full genome for A1 – 02_AG, pol for 43_02G
and env C2V3
Subtype/CRF

tMRCA
(years)

Nucleotide substitution rate
(x 10-3 s/s/y)

A1[27]

1953 (1944 – 1960)

3-0 (2.5 – 3.5)

B[27]

1957 (1952 – 1962)

2.8 (2.7 – 2.2)

C[27]

1965 (1957 – 1971)

3.5 (2.9 – 4.2)

D[27]

1956 (1927 – 1961)

1.9 (1.3 – 2.6)

G[27]

1969 (1961 – 1974)

2.4 (1.9 – 2.9)

02_AG[27]

1948 (1913 – 1969)

1.3 (0-7 – 1.8)

43_02G[38]

1971 (1953 – 1983)

2.7 (1.6 – 3.7)

Group M[31]

1920 (1909 – 1930)

3.3

HIV-1 replication and treatment
HIV-1 can spreads from person to person via contaminated breast milk, blood, semen
or vaginal secretions. When HIV-1 enters the body, it spreads as a cell-free particle or
cell-associated virus through target cells. HIV-1 replicate within an activated CD4+ Tcell in 1-2 days, followed by programmed cell death of all infected CD4+ T-cells(life
span of 2.2 days)[39]. Below is an outline summarising the current knowledge about the
HIV-1 replication cycle:
The early phase of replication
Cell binding, entry and fusion: The CD4 receptor is the major entry receptor for HIV1 and its density influences the efficiency of HIV-1 infectivity[40]. Cells with low CD4
expression require high levels of virus titers to allow entry[41]. HIV-1 attach to the host
cell through the envelope gene (reviewed in Ref [42]). Several specific (α4β7 integrin –
the gut mucosal homing receptor for peripheral T cells, DC-SIGN – a dendritic cellspecific HIV-1-binding protein) and non-specific attachment factors (heparin sulphate
proteoglycans) can augment HIV-1 infection by bringing the HIV-1 envelope protein
Gp120 close to the CD4 receptor[43-45]. The C1-C3 region (which contains the CD4
binding site) of the Env Gp120 glycoprotein binds to the D1 domain of CD4, causing
V1/V2 and then V3 rearrangements and the creation of a bridging sheet[46]. The
relocated V3 and bridging sheet are crucial in exposing the binding site for the
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chemokine co-receptor, CCR5 or CXCR4 CD4, as well as activating Env Gp41
glycoprotein. The co-receptor binds to the V3 loop, exposing and extending the Gp41
fusion peptide so that it can insert into the target cell’s plasma membrane[47, 48]. The
Gp120 subunits then dissociate, allowing the Gp41 HR1 and HR2 helices to connect
(Fig. 7A). This closes the gap between the host and viral membranes, allowing
membrane fusion and release of the mature core into the cytosol[48].
HIV-1 has been classified based on co-receptor usage/tropism, such as R5-tropic
(CCR5) non-syncytium inducing and X4-tropic (CXCR4) syncytium inducing virus,
as well as dual or mixed tropism where viruses can bind to either coreceptor[47, 49]. The
tropism of HIV-1 has been linked to transmission and pathogenicity. R5 tropic viruses
are preferentially transmitted and are the most common circulating strains in early
HIV-1 infection whereas X4-tropic viruses are the opposite[50].
Maraviroc, a CCR5 antagonist drug that inhibits viral fusion by blocking the CCR5
coreceptor, is presently used to treat HIV[51]. Enfuvirtide, a fusion inhibitor that binds
to HR1 in the Gp41 subunit, blocking the conformational changes essential for fusion,
has also been approved by FDA to treat HIV-1[52]. Other drugs approved to prevent
entry include 1) fostemsavir, an attachment inhibitor that binds to the Gp120 Env
protein, preventing the virus from attaching to the CD4 receptors[53]; and 2)
ibalizumab, a post-attachment inhibitor that binds to CD4 receptors on T-cells,
preventing the HIV-1 Gp120 protein from changing shape to engage with coreceptors[54].
Reverse transcription: Once the virus has fused with the host cell, the virus’s two singlestranded RNA genomes are transformed into linear double-stranded DNA. This action
is thought to occur within the HIV-1 virion and is catalysed by the virus- pol encoded
enzyme reverse transcriptase (RT). This enzyme is a heterodimer composed of two
enzyme domains: DNA polymerase, which can copy either DNA or RNA template and
RNaseH, which degrades RNA only after the synthesis of RNA-DNA duplex[55, 56]. RT
requires a template (plus stranded genomic RNA), a primer (Lys3 tRNA) and dNTPs
for the synthesis of the first DNA strand (minus strand)

[57]

. Because the viral capsid

stays intact during fusion, HIV imports nucleotides required for DNA synthesis
through dynamic pores on the capsid[58]. During each round of viral DNA synthesis,
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the minus strand is generated first, followed by two mechanistic replicative switches
that join and duplicate the (+) stranded genomic RNA sequences. Fig. 7B depicts a
summary of these steps. Following completion of DNA synthesis, the resulting linear
double-stranded viral DNA is translocated in the host cell nucleus, where it is integrated
into the host genome by integrase (now becomes provirus or proviral DNA).
FDA has approved two classes of antiretroviral drugs that target RT polymerase activity:
1) Nucleoside/nucleotide analogue RT inhibitors (NRTIs), which are chain
terminators (lack the 3′–OH) or structural diverse analogues of the natural substrates
of DNA synthesis (dNTPs) FDA approved NRTIs are emtricitabine (FTC),
lamivudine(3TC),
stavudine(d4T)

zidovudine
and

abacavir.

(AZT),
2)

didanosine(ddI),
Non-nucleoside

tenofovir
reverse

(TDF),

transcriptase

inhibitors(NNRTIs) which attach a hydrophobic pocket next to the active site of
polymerase rendering the RT enzyme inactive[56]. NNRTIs that have been approved by
FDA include rilpivirine (RPV), etravirine (ETR), and doravirine (DOR) (3rd
generation); efavirenz (EFV) (2nd generation); nevirapine (NVP) and delavirdine
(DLV) (1st generation).
Uncoating and nuclear entry: Because the whole HIV-1 cone-shaped mature capsid
(CA) core is too big to penetrate the nuclear pore, it must detach from the rest of the
reverse transcription complex (RTC), a process known as uncoating (reviewed in Ref
[59]

). The CA first interacts with the host factor cyclophilin A (CypA) to promote correct

uncoating kinetics while also protecting the viral DNA genome until nuclear entry[60].
The host factor cleavage and polyadenylation specificity factor 6 (CPS6) subsequently
attach to the RTC, acting as a shuttle between the cytoplasm and the nucleus[61].
Transportin 3 (TPNO3) generally transports CFSP6 to the nucleus, implying a role in
CA uncoating and allowing the CA to connect directly to the nuclear pore complex
(NUP153, NUP358)[62]. The interaction of these host proteins promotes CA uncoating
and the transport of the pre-integration complex (PIC) through nucleus pores before
viral DNA integration into host genomic DNA[63] (Fig. 7C).
Although peptide-based antivirals targeting the CA's several binding sites have been
developed, none have been authorised for human use (reviewed in Ref[64]).
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Figure 7. HIV-1 replication cycle.
A. A schematic diagram of HIV-1 entry, binding and fusion. After the interaction of the HIV-1 Envelope
with the host receptors, Gp120 and Gp41 undergo conformational changes resulting in the exposure of
HR1 and HR2 helices of Gp41 and the formation of a pre-hairpin intermediate. The HR2 helix loops back
and interacts with the groove between HR1 helices forming a hex-helical bundle (6HB), bringing the viral
and cellular membranes to close proximity for fusion. B. Process of HIV-1 reverse transcription: 1. tRNA-
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primed (-) DNA synthesis; 2. (-) Strand DNA transfer; 3. PPT-primed (+) DNA synthesis; 4. (+) stand DNA
transfer; 5. Bidirectional DNA synthesis. C. HIV-1 uncoating is linked to reverse transcription and requires
host cell factors CypA which protects the viral DNA genome until nuclear entry, which is facilitated by CA
binding of host cell proteins TNPO3, CPSF6, and components of the nuclear pore complex (NUP153
and NUP358).D. Depiction of the integration of HIV proviral DNA into the host genome.E. Late phase of
HIV-1 replication Abbreviations HR1, heptad repeat 1; HR2, heptad repeat 2; PPT, polypurine tract;
cPPT, central polypurine tract, PBS, primer binding site PIC, pre-integration complex; NPC, nuclear pore
complex; NUP153, nucleoporin 153; NUP358, nucleoporin 358; RTC, reverse transcription complex.
Figure adopted with permission from Refs.[65][66][59, 67] and E is By Thomas Splettstoesser [CC BY-SA 3.0],
via Wikimedia Commons. A, D are open acess CC 4.0.

Integration: One of the most important properties of retroviruses is the incorporation
of viral DNA into the host genome. This process is dependent on the enzymatic activity
of viral integrase (IN) and involves many host cellular factors that influence the
integration site selection (reviewed in Ref [68]). Integrase is encoded by the pol gene and
is consists of three structural domains, including CTD and NTD domains, which are
responsible for coordinating the interaction of DNA and chromatin binding, and the
CCD domain, which is required for catalysis of 3’ ends of the HIV-1 DNA (reviewed
in Ref [67], Fig. 2).
Following PIC nuclear import at the NPC, HIV-1 IN multimers are positioned at
HIV-1-LTR (the ends of the HIV-1 DNA) generating an intasome. IN then cleaves
two nucleotides (T, G) from the 3’ of each viral DNA resulting in staggered ends with
a chemically reactive hydroxyl group. CTDs bind in the expanded major groove of the
host cell/ target DNA to create a target capture complex (TCC)[69]. The TCC
subsequently cuts five nucleotides of the host DNA resulting in a strand transfer
complex (reviewed in Ref [70]). IN attaches to the target DNA using the staggering 3’OH ends. The complementary strands of viral DNA connect with the 5’phosphates of
the target DNA, allowing the HIV-1 DNA to be transferred to host cell DNA(reviewed
in Ref

[67]

). IN duplicates the five base pairs of the host sequences directly flanking

provirus’s 5’ and 3’ ends (viral DNA integrated into host DNA, Fig. 7D). The proviral
genome can be transcribed, translated and assembled into new virions (Late phase of
viral replication). However, the integrated genome can also undergo transcriptional
silencing resulting in the formation of a latent viral reservoir, a key impediment to HIV
eradication[71]. Integration does not happen at random in the host genome (reviewed in
Ref [67]). However, it has been demonstrated that effective integration must take place
at certain sites, i.e. 1) target regions that have a high gene density, are transcriptionally
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active, and highly spliced e.g. BACH2, STATSB, MKL2 genes of T-cells; 2) near the
NPC (nuclear membrane)[72].
Several drugs targeting integration have been developed (reviewed in Ref [68]), however,
the FDA has approved Raltegravir (RAL) and Dolutegavir (DTG) as integrase strand
transfer inhibitors (INSTIs) for use in humans. In most African countries, one INSTI
in combination with two NRTIs is currently used to treat HIV-1.
The late phase of replication (from gene expression to maturation) (Fig. 7E)
Transcription: The viral promoter located in the U3 region of the 5’ LTR, initiates
proviral transcription, with the integrated virus as a template. The viral transactivator
protein (Tat) attaches to the trans-acting response (TAR) element, which is a specific
sequence in the R region of the 5' LTR that promotes transcriptional processivity and
RNA elongation. The cellular factor pTEFb is required for this effect. Tat enables the
efficient synthesis of full-length HIV transcripts, and alternative splicing generates over
25 distinct mRNAs in three size classes. Unspliced RNA (9 kb) functioning as genomic
RNA or Gag and Gag-Pol precursors, single spliced (4 kb) RNA encoding Vif, Vpr,
Vpu, and Env, and fully spliced (2 kb) RNA expressing Tat, Rev, and Nef are examples.
The viral Rev protein, which interacts with the Rev responsive element (RRE) in the
viral RNA and the cellular export factor Crm1 to connect these viral RNAs to the
export machinery, transports unspliced and partially spliced mRNAs from the nucleus
to the cytoplasm.
Translation and assembly: Tat, Rev, and Nef proteins are produced fully spliced viral
RNAs. The Nef protein inhibits CD4 and MHC class I surface receptor molecules,
making infected cells less detectable to immune systems. Slowly, Nef manipulates cells
to make them more efficient producers of fully infectious viral particles. The synthesis
of Tat and Rev results in the production of full-length unspliced mRNA expressing the
Gag and Gag-Pol precursors, which are then processed to important structural and
enzymatic proteins. Simultaneously, the Vif, Vpr, Vpu, and Env proteins are produced
from single-spliced viral RNAs. Assembly is a sequential process that begins with GagPol precursors, then moves on to the Env glycoproteins, and last, the two copies of viral
RNA are recruited. The accumulation of viral proteins and RNA at the plasma
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membrane causes the development of a membrane-coated spherical particle (reviewed
in Ref [73]).
Budding. The late domain of Gag's P6 part, and the cellular Tsg101 protein both play
roles in the discharge of offspring virions from infected cells into the circulation.
Notably, this late stage of the viral replication cycle is also targeted by a restriction
factor: tetherin (BST-2) tethers mature and infectious viruses to the cell surface and is
inhibited by the HIV-1 Vpu and other primate lentiviruses Nef or Env proteins
(reviewed in Ref [74]).
Maturation: The HIV-1 particles are released in an immature and non-infectious form
as Gag and Gag-Pol precursors. During or shortly after budding, the viral protease
becomes activated and cleaves the Gag and Gag-Pol precursors into their mature final
components. As a consequence, the configuration of the proteins is reorganized to
generate the conical inner core and to render the virus infectious (reviewed in Ref. [73]).
Drugs that block this last step of the viral life cycle by inhibiting the viral protease are
a component of effective ART. While HIV can still replicate in the presence of protease
inhibitors, the resulting virions are immature and unable to infect new cells. These
drugs include: Atazanavir (ATV), Darunavir (DRV), lopinavir (LPV)/ritonavir (RTV).

HIV-1 recombination
Studies suggest that HIV-1 genetic recombination results from the alternate use of two
RNA templates during reverse transcription i.e. during the minus or plus-strand DNA
synthesis (reviewed in Ref

[75]

). When a CD4+ T-cell is infected with two strains of

HIV-1 at the same time, the RNA transcript from each of these strains can be
incorporated into a single heterozygous virion. When this virion subsequently infects a
new cell and template switching happens during reverse transcription, a recombinant
retroviral DNA sequence is produced, and all subsequent progeny virions have this
recombinant genotype[76]. Fig. 8A depicts HIV-1 recombination between subtype G
and CRF 02AG, which results in CRF43 02AG, as shown in Fig. 8B.
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Figure 8. HIV-1 recombination.
A. Mechanism of HIV-1 recombination. B is a schematic representation of the HIV-1 circulating
recombinant form CRF43_02G contains genetic segments from HIV subtypes G (the darker, green
segments) and CRF02_AG (the lighter, army-green segments). These recombination breakpoints can
be detected using phylogenetic software when sufficient sequence data is available, as indicated in the
Los Alamos CRF Database (http://www.hiv.lanl.gov/).

HIV-1 immune responses
The human immune system is divided into two parts: the innate and adaptive immune
systems [77]. When a foreign pathogen enters the body, immune cells detect the infection
and initiate responses that kill as well as develop immunologic memory of the infection.
The first line of defence, the innate immune cells, will initiate, amplify and direct
subsequent long-lasting adaptive responses (provided by T lymphocytes) via a variety
of contact-dependent signals with the infected cells as well as cytokine-mediated signals
(Figs. 9, 10).

Cellular components of innate immune responses to HIV-1
Because innate reactions lack immunologic memory, they typically remain constant no
matter how frequently the antigen is presented[78]. Innate immune cells detect
pathogen-associated molecular patterns (PAMPs) through pathogen recognition
receptors (PRR). Specifically, HIV-1 nucleic acids found in the cytosol of infected
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CD4+ T-cell (cell-associated virus) and the endosomes of phagocytosing cells
(monocytes (Mo), macrophages (MØ), and dendritic cells (DC))[79]. Following this
contact, these immune cells release cytokine and interferons which createS an antiviral
state that suppresses infection but also induces adaptive immune responses.
Dendritic cells
Dendritic cells (DCs) are haematopoietic cells that are found in all tissues, including
blood and lymphoid organs[80]. In peripheral tissues, DCs are found in an immature
stage specialized in the capture of antigens. DCs undergo a complex maturation process
into antigen-presenting cells in response to microbes before migrating to the local
draining lymph node [78, 81]. DCs can develop into either plasmacytoid DCs (pDCs), or
conventional DCs(cDCs).
In pDCs, the cell-free virus is phagocytosed and then recognised by pattern recognition
receptors Toll-like receptors, TL7 and TL9 (Fig. 9), which bind single-stranded RNA
and DNA, respectively, resulting in massive production of Type I (α, β) and III (λ)
interferons and proinflammatory cytokines[82, 83]. These interferons exert their antiviral
effect by stimulating the expression of interferon-stimulated genes (ISGs), e.g.
APOBEC3, TRIM5, tetherin that synergistically interferes with replication and
inhibits different stages of the viral replication cycle[84, 85] It is important to note that
because they express CD4/CCR5/CXCR4, pDCs can be targets of HIV-1 infection.
In addition to generating cytokines, cDCs present antigens on MHC-II class molecules
on their surfaces that bind to the T-cell receptor in naïve T-cells triggering T-cells to
respond to infection (Fig. 9). Furthermore, HIV-1 does not replicate in cDCs type 2
due to the highly active SAMHDI restriction factor (degrades dNTPs in cells). HIV-2
encodes the Vpx protein, which degrades SAMHDI, resulting in effective reverse
transcription of HIV-2 in cDC2, which likely explains why HIV-2 is more effectively
controlled than HIV-1. Activated cDCs release pro-inflammatory cytokines such as IL1, IL-6, IL-12, IL-23 and TNF (functions are summarised in table 3)[81].
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Figure 9. Dendritic cells
The resulting IFN response from pDCs induces the expression of ISGs like MX2 that prevents viral DNA
nuclear entry. rhTRIM5α and TRIMCyp accelerate uncoating, where premature uncoating leads to
reduced reverse transcription and little nuclear import of viral DNA. Abbreviations: ISG, interferonstimulated genes; pDCs, plasmacytoid dendritic cells; cDCs, conventional dendritic cells; TCR, T-Cell
receptor, MHC, major histocompatibility complex; PAMP; pathogen-associated molecular patterns; PRR,
pathogen recognition receptor; TLR-7, Toll-like receptor 7; APOBEC3G, apolipoprotein B mRNA editing
enzyme, catalytic subunit 3G; BST; Tetherin or bone marrow stromal antigen 2; IFITM1/2/3; Interferon
Induced Transmembrane Protein 1/2/3; MX1, murine myxovirus resistance 1; TRIM, tripartite motif.

Natural killer cells
Natural killer cells are innate lymphocytes that kill infected cells and mediate immune
regulatory function through cytokine production[86]. NK cells recognise infected cells
either through interactions with an intricate network of inhibitory and activating
receptors for MHC class I molecules, classical co-stimulatory ligands, and cytokines or
via interaction with antibodies bound to the target cell surface (also known as antibodydependent cellular cytotoxicity (ADCC))[87]. Healthy NK cells express specific MHC
class 1 molecules that bind to the inhibitory receptor of NK cells, preventing them from
being destroyed. MHC-1 is downregulated in infected cells, resulting in the activation
of NK cells (Fig. 10).
NK cells produce cytotoxic granules, which destroy the infected cell[88]. NK cells can
also identify infected cells that express antigens on their surface that antibodies can
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attach to. The FC part of the antibody will then attach to the CD16 receptor on NK
cells, causing ADCC and cell death.
There are 14 different polymorphic killer cell immunoglobulin-like receptors (KIRs)
receptors on the surface of NK cells that bind to the HLA class I molecules of the target
cells (CD8+ T-cells), determining the threshold of NK activation and thus, potential
viral clearance. This is an important complementary mechanism to CD8+ T-cell
responses that depend on MHC-class-I-recognition[86, 89-91]. After activation, NK cells
release various cytokines including interferon-γ (IFN-γ), tumour necrosis factor-α
(TNF-α), granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-1, IL-12,
1L21, 1L-15, IL-18, IL-1 and chemokines (CCL1, CCL2, macrophage inflammatory
protein (MIP)-1α (CCL3), MIP-1β (CCL4), CCL5, and CXCL8) that can modulate
the function of other innate and adaptive immune cells[91, 92].

Figure 10. NK cell interactions with some of the inhibitory and activating receptors.
Abbreviations: HLA, human leukocyte antigen; IL, interleukin; TNF, tumour necrosis factor; IFN,
interferon; TGF, transforming growth factor; KIR3DLs, Killer Cell Immunoglobulin Like Receptor, Three
Ig Domains and Long Cytoplasmic Tail; KIR3DS, Killer Cell Immunoglobulin Like Receptor, Three Ig
Domains and Short Cytoplasmic Tail; FcγIIIA, Fragment crystallisable gamma receptor III A.

Macrophages
Macrophages (MØs) are terminally differentiated, non-dividing cells that are generated
from circulating or blood-borne monocytes[78]. They are a unique population of
phagocytes found in lungs (alveolar MØ), brain (microglia), liver (Kupffer cells) that
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phagocytose pathogens and act as APCs[93]. HIV-1 uninfected MØs trigger antibody
specific responses from B cells by MHC-II antigen presentation to CD4+ T-cells, and
they also aid to optimize the anti-HIV CD8+ cytotoxic T-cells (CTL) responses by
cross-presentation of HIV antigens via MHC-I thereby contributing to HIV-1 control
in vivo[94, 95]. IFN-γ secreted by helper T-cells can boost MØ activity and they are also
capable of chemotaxis (a process of being attracted and displaced to a particular location
by specific molecules – chemokines)[96].
When exposed to inflammatory stimuli, MØs release cytokines such as tumour necrosis
factor (TNF), IL-1, IL-6, IL-8, and IL-12; which can induce vascular permeability,
recruitment of inflammatory cells, and production of acute inflammatory response
proteins[96]. Because of their ability to infiltrate various organs including the brain, MØs
have been identified as key cells responsible for mother-to-child-transmission of HIV1 via breast milk, as well as contributing to the spread of HIV-1 within patients[97].

Soluble factors in innate immune responses to HIV-1
Cytokines
This is a large set of proteins or cell signalling messengers that aid the initiation of an
immune response to an infection. Cytokines are 1) primarily produced by macrophages
and lymphocytes; 2) functionally redundant (share similar functions); 3) pleiotropic
(act on many different cell types- IFN); 4) paracrine (if the action is directed to a
neighbouring cell but is in the place of release – IL-6); 5) autocrine (if the action is on
the cell that secretes it, e.g. TNF from macrophages is an autocrine regulator of TLRinduced inflammatory signalling[98]); and 6) endocrine (if it reaches remote regions of
the body-transforming growth factor-beta (TGF-β), and monocyte colony-stimulating
factor (M-CSF))[96]. Each cytokine binds to a specific cell surface receptor, triggering
the production of other cytokines or initiating a cell signalling cascade that can either
negatively or positively regulate many genes and their transcription factors, affecting
cell function (Table 3).
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Table 3. Cytokines produced by innate immune cells.
Cytokines produced by macrophages[96]
Name

Type

T-cell
stimulated

Function

TNF

Proinflammatory

Elevates the synthesis of C-reactive protein and other mediators

IL-1β

Proinflammatory

Stimulates the production of acute-phase proteins from the liver

IL-6

Proinflammatory/
anti-inflammatory

CTL

Promotes differentiation of B cells into plasma cells, activates
CTL

Il-12

Proinflammatory

Th-1

Synergises with TNF in stimulating IFN-γ production

Il-18

Proinflammatory

Inducer of IFN-γ production
Synergises with IL-12 to activate T-cells, NK cells

IL-23

Proinflammatory

IFN-γ inducer and T-cell activator, IL-23 augments IL-10
release and induces IL-17 synthesis by activated naïve T-cells

IL-27

Proinflammatory/
anti-inflammatory

IL-10

Anti-inflammatory

Suppression of macrophage activation and production of TNF,
IL-1β, IL-6, IL-8, IL-12, and GM-CSF

TGF-β

Anti-inflammatory

Potent suppressor of both Th-1 and Th-2 cells
Tones down inflammatory effects of TNF, IL-1β, IL-2, IL-12

Th-1

Inhibits the differentiation of Th-17 cells

Cytokines produced by dendritic cells[81]
TNF-α

Proinflammatory

elevating the synthesis of C-reactive protein and other mediators

IL-1

Proinflammatory

stimulates the production of acute-phase proteins from the liver

IL-6

Proinflammatory/
anti-inflammatory

CTL
Th-1

Il-12

Proinflammatory

IFN-α

Proinflammatory

IFN-β

Proinflammatory

promotes differentiation of B cells into plasma cells, activates
CTL
It synergizes with TNF in stimulating IFN-γ production
T and B cell differentiation

Abbreviations: IL, interleukin; TNF, tumour necrosis factor; IFN, interferon; GM-CSF, granulocytemacrophage colony-stimulating factor; Th-2 , helper T-lymhocytes; CTL, cytotoxic CD8+ T-cells.

Chemokines
Chemokines are small chemotactic cytokines with molecular weights around 8–10 kDa
that regulate immune cell migration[99]. Chemokines direct immune cells to sites of
need, offer signals for cell differentiation and stimulate angiogenesis, cell growth and
death

[100]

. Proinflammatory cytokines such as TNF, IL-6, and IL-1β frequently

stimulate chemokine release[96]. Chemokines are currently classified into four families
based on the arrangement of cysteine residues, i.e. 1) CC ( first two cysteine residues
are adjacent to each other); 2) CXC (first two cysteine residues have an amino acid
between them), XC (lacks cysteine one), and CX3C (exhibits three amino acids between
the first two cysteines), which is followed by L (for ligand) and then a number[100].
Chemokines work by activating specific G protein-coupled receptors causing
inflammatory and non-inflammatory cells to migrate[101]. About 40 chemokines and 20
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chemokine receptors have now been identified in humans[99]. Along with immune
activation after HIV infection, a wide spectrum of chemokines and other cytokines are
elevated, resulting in the so-called “cytokine storm,” which begins within 1-3 days of
hyperacute HIV-1 infection[102, 103]. Table 4 is a list of chemokines and chemokine
receptors that have been linked to HIV-1 replication and disease progression.
Table 4. Chemokines, their receptors and roles.
Chemokines released by macrophages[96, 104]
Chemokine

Other
names

Receptor[99]

HIV-1 role

CXCL1

MIP-2α

CXCR2

Recruit neutrophils and hematopoietic stem cells

CXCL2

MIP-2α

CXCR2

CXCL8

IL8

CXCR1,
CXCR2

CXCL9

MIG

CXCR3

Strong T-cell chemoattractant to the site of inflammation, mediates
cell recruitment necessary for inflammation and repair of tissue
damage.

CXCL10

IP-10

CXCR3

Inflammatory, attracts T-cells, NK cells, dendritic cells
(DCs)significantly elevated during the early stages of AHI, and
associated with disease progression[105, 106]

CXCL11

IP-9,
I-TAC

CXCR3

Mediates T-cell recruitment, more potently than CXCL9 and
CXCL10

CCL5

RANTES

CCR1,
CCR3,
CCR5

Inflammatory chemoattractant for T-cells, basophils, eosinophils,
and dendritic cells to the site of inflammation

Chemokines released by secondary lymphoid tissue[99, 104]
CCL19

ELC, MIP3β

CCR7

T-cell and DC homing to LN, Elevated during AHI, chronic
infection even on treatment

CCL21

SLC

CCR7

Regulate the homing of naïve and central memory T-cells

CCL20

MIP-3α

CCR6

Has a strong chemotactic effect on immature dendritic cells (DCs)
and lymphocytes, CCL20 was upregulated during inflammation;
Th-17 responses; B cell and DC homing to gut-associated
lymphoid tissue

CCL2

MCP-1

CCR2

Inflammatory monocyte trafficking

CCL4

MIP-1β

CCR5

T-Cell – DC interactions

CCL11

Eotaxin-1

CCR3

Eosinophil and basophil migration

CCL26

Eotaxin-3

CCR3,
CX3CR1

Eosinophil and basophil migration

CCL17

TARC

CCR4

Th-2 responses, Th-2 cell migration, Treg, lung and skin-homing

CCL3

MIP-1α

CCR1,
CCR5

Macrophage and NK cell migration

CCL22

MDC

CCR4

Th-2 response, Th-2 cell migration, Treg migration

CCL13

MCP-4

CCR2,
CCR3,
CCR5

Th-2 response
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Other soluble factors involved in the innate responses include 1) complement – which
generates immunologically active substances such as C3b, which enhances phagocytosis
and then C3a, C4a, C5a, which cause release inflammatory mediators, and then
membrane attack complex (C5b, C6, C8, C9), which leads to target cell death via cell
membrane perforation[77]. 2) Acute-phase proteins (C-reactive protein, serum amyloid
A protein, proteinase inhibitors, and coagulation proteins), whose plasma levels rapidly
increase in response to infection and inflammation, and whose role is to enhance
resistance to infection and promote repair of damaged tissues[77].

Adaptive immune responses
T lymphocytes, which mediate cellular immunity, and B lymphocytes, which mediate
humoral immunity, provide adaptive immunity, which works in tandem with the
innate immune system. Through the T-cell receptor (TCR), T-cells recognise HIV-1
short peptides presented by the MHC molecule on the antigen-presenting cells (APCs)
(DCs, activated macrophages, B cells). MHC molecules are classified into two types:
class I and class II. HLA-A, B, and C are the three main types of class I molecules,
whereas HLA-DP, DQ, and DR are the three main types of class II molecules[77]. Tcells that express “cluster of differentiation” CD4 and CD8 molecules on the surface
have been discovered as being critical in immune responses and T-cell development.
CD4 binds to MHC class II molecule, whereas CD8+ binds to MHC class I molecule.
CD4+ T-cells typically function as helper T-cells, recognising antigens presented by
MHC class II molecules, whereas CD8+ T-cells are usually cytotoxic, recognising
antigens presented by MHC class I molecules.
CD4+ T-cell responses to HIV-1
When the HIV-1 peptides are recognised, the naïve CD4+ T-cells are activated,
resulting in proliferation and differentiation into specialised effector cells. This lineagespecific differentiation is influenced by the cytokine levels in the priming environment.
The effector CD4+ helper T-cells migrate to infected tissue characterised by their
cytokine-producing potential. Furthermore, they are separated into different cell
subsets based on the type of assistance they provide (summarised in Fig. 11). These
CD4+ T-cells appear to be especially critical in HIV-1 infection for maintaining and
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encouraging the formation of effector and memory CD8+ T-cell populations by
augmenting APC-mediated production of cytokines (IL-1, IL-6, TNF, IL-15) [107, 108].

Figure 11. Antiviral effector CD4+ T-cells and functions of cytokines produced.
The steps in generating primary antiviral T cell responses include 1) uptake of viral antigens by antigenpresenting cells (APCs) in infected tissue; 2) recognition of antigens on activated APCs by naïve T-cells
during viral infection predominately results in the generation of Th-1 cells owing to the presence of type
I interferons (IFNs) and interleukin-12 (IL-12). However, Th-17, Th-2 and regulatory T (TReg), follicular
T (Tfh) cell populations are also generated to some degree. Abbreviations: TCR, T cell receptor; TGFβ,
transforming growth factor-β; TNF, tumour necrosis factor; IL, Interleukin.

CD8+ T-cells
During HIV-1 infection, CD8+ T-cells recognise infected cells (are activated) via three
signals provided by the APCs: 1) TCR recognition of the HIV- antigen peptide (8-10
amino acids) presented by the MHC class I molecules; 2) binding of a co-stimulatory
molecule (CD80 or CD86) from APCs to CD28 molecule on T-cell; and 3) cytokine
cell signalling in response to HIV-1 such as IL-12 and IFN[109]. CD8+ T-cells undergo
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clonal expansion, differentiation, generation of numerous effector cells, and migration
to the peripheral tissues in response to recognition/activation[110].
The effector mechanisms of CD8 T-cells can be classified as: 1) lytic (cytolytic) – this
depends on perforin and granzymes from lytic granules and the degranulation capacity
of the CD8+ T-cells that collaborate to induce the death of target cells[111]; and 2) nonlytic (cytokine and chemokine production) – cytokines secreted by CD8+ T-cells
include IFN-γ (antiviral), TNF-α (pro-inflammatory), IL-2 T-cell survival.
Chemokines include macrophage inflammatory protein (MIP)-1α (CCL3), MIP-1β
(CCL4), and regulated upon activation, normal T-cell expressed and secreted
(RANTES; CCL5), which bind to chemokine receptors and prevent HIV-1 binding
and entry[112]. When CD8+ T-cells are activated, they differentiate into several
phenotypes: Effector, effector memory, central memory and naïve. And several
subpopulations have been described based on the cytokine they produce, namely: (i)
Th1-like cytokine pattern (Tc1) cells have a strong cytotoxic function and produce
high levels of IFN-g and TNF-α; (ii) Th2-like cytokine pattern (Tc2) cells produce IL4, IL-5, IL-6, and IL-10 and have the lower cytotoxic ability; and (iii) Tc17 cells
produce high levels of IL-17 but no granzyme (reviewed in Ref [113]).
Several studies have shown that CD8+ T-cells play an important role in the control of
the virus as evidenced by (i) a decline of viremia only after the emergence of HIVspecific CD8+ T-cells and an increase in viral load after CD8+ T-cell depletion[114-116];
(ii) associations between the frequency and/or functional capacity of HIV-specific
CD8+ T-cells and limited viral replication and/or disease non-progression in HIVinfected patients[117,

118]

; (iii) emergence of viral escape mutations to evade the

immunological pressure exerted by HIV-specific CD8+ T-cells

[119]

; iv) certain MHC

or HLA class I molecules presenting peptides, recognized by CD8+ T-cells, such as
HLA-B57 and HLA-B27 are associated with viral control, whereas HLA-B35 is
associated with rapid progression to AIDS[120].

HIV-1 has devised several mechanisms to evade or escape the CD8+ T-cell response,
including 1) at the mucosal portal of entry, where early HIV-1-specific CD8+ T-cell
responses have been shown to appear too late and insufficient to control viral
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replication[114]; 2) Because of HIV's high mutation rate, the virus has been able to
develop escape mutations in CTL epitopes early in infection, which prevent CD8+ Tcell recognition[121]; 3) The ability to downregulate MHC-I (HLA class I A and B
alleles) expression from infected cells, hence reducing recognition of infected cells by
CD8+ T-cells; 4) HIV-1 also impairs normal CD8+ T-cell signalling by changing the
pattern of cytokine production and cellular receptor engagement. As a result of the
incorrect T-cell receptor (TcR) stimulation, these cells become anergic; 5) HIV can
reduce the circulating pool of effector and memory CD8+ T-cells that are capable of
combating viral infection by altering the activity of CD4+ T-cells and APCs that are
essential for appropriate CD8+ T-cell maturation. As a result, CD8+ T-cell function is
disrupted; 6) CD8+ T-cells become exhausted after being exposed to a large number of
HIV antigens during chronic HIV infection. They produce immunological checkpoint
proteins, which degrade function and diminish survival capacity[122]; and finally, 7)
CD4+ T-cells harbouring a defective provirus, can still express some viral proteins
diverting CD8+ T-cells and contributing to their exhaustion.

Humoral responses
This includes immunological responses including B-cells, antibodies, and especially
broadly neutralising antibodies (bNAbs). To prevent infection of target cells, antibodies
can neutralise the virus by blocking CD4+ molecule binding to the virus's Gp160 spike
or preventing viral-plasma cell membrane fusion (reviewed in Ref [123]). However, once
a cell is infected, antibodies can bind to its surface and recruit NK cells via its Fc
component, resulting in cell death. Around 2-3 years after HIV-1 infection,
approximately 20% of infected individuals develop cross-reactive neutralising
antibodies (capable of recognising thousands of different viruses) and approximately
1% develop broadly neutralising antibodies, which have been shown to protect
macaques from SIV infection (reviewed in Ref[124]). Several viro-epidemiological
covariates, including viral diversity, period of infection, viral load, and ethnicity, have
been linked to the development of bNAbs (reviewed in Ref [125]).
Several variables have contributed to the difficulties in producing bNAbs, but the
primary reason is the direct and indirect effect of HIV on B-cell responsiveness.
Specifically, HIV targets follicular helper T-cells, which play critical roles in the
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formation of B cells. Furthermore, the virus can avoid antibody detection by using a
glycan shield on gp160, producing non-functional spikes, and expressing Gp160 at a
low density (reviewed in Ref[126]).

Immune responses in infants
Neonatal dendritic cells and monocytes are less polyfunctional and produce fewer type1 IFNs than adult cells[127]. In infant innate immune cells, IL-12 and IFN-γ (Th1polarizing cytokines) are produced at a lower rate than IL-10, IL-6, and IL-23 (Th2and Th17-inducing cytokines)[127] (reviewed in Ref[128]). This immune response
protects against extracellular bacterial and fungal pathogens while avoiding potentially
harmful pro-inflammatory Th-1 cell responses, albeit at the expense of efficient
antiviral immune responses[128][129].
Infant NK cells have similar numbers to adults, but differ in the expression patterns of
inhibitory and activating cell surface receptors; have lower cytotoxic activity against
HIV-1 infected cells as reported in cord blood; and have lower ADCC when compared
to adult NK cells

[130-133]

. Neonatal NK cells, on the other hand, appear to be more

successful than adult NK cells at suppressing the replication of CCR5-tropic HIV-1
strains[134].
HIV-specific CD8+ T-cell responses can be detected from birth, although they are
initially insufficient to control viremia, in contrast to the decline in viral load after acute
infection observed in adults[135-137]. Furthermore, because an infant inherits 50% of the
HLA alleles from the mother, the transmitted virus can be partially pre-adapted to the
shared HLA alleles, preventing the recipient child from mounting an effective immune
response against the escaped epitopes and failing to contain viral replication[138]. Nef
and Env epitopes of HIV-1 are the primary targets of CD8+ T-cells in infants with a
rising proportion of Gag-specific responses only later in life [139, 140]. Furthermore, the
specificity, magnitude and effectiveness of a CD8+ T-cell response to control viral
replication are determined by its quality, as measured by the ability to degranulate and
produce different effector cytokines at the same time, but this effect is reduced in
infants younger than two years [117, 140, 141].
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The relatively low levels of CD4+ T-cell responses detected in most infants under one
year is the most noticeable difference between HIV infection in infants and adults [136,
140]

. However, CD4+ T-cell responses detected at 3–6 months of age appear to be

essential in the T-cell-mediated control of HIV[140]. There is a selective impairment of
CD4+ T-cell responses in early childhood with a shift from Th-1 toward Th-2 type
responses [142].

HIV-1 Pathogenesis: Natural history of infection in adults
Early events in HIV-1 infection influence disease progression in such a way that a more
robust viral control during AHI resulting in a lower viral set-point level, is associated
with a slower disease progression[143]. In this section, I will discuss the early events in
sexual transmission of HIV-1 from a host and viral standpoint (summarised in Fig. 12).

Mucosal barrier
An individual can become infected with HIV-1 mostly via mucosal surfaces during
sexual intercourse (anal-penile or penile-vaginal) and from the mother (during
gestation, labour or breastfeeding). Infection can also occur through injection using a
tainted needle. Most global HIV-1 infections are transmitted through sexual contact,
and the rate of transmission varies depending on the structural conformation of the
genital mucosa (epithelium)[144,

145]

. The anal-rectal monolayer epithelium has the

highest probability of transmission (0.3-5 %) followed by a non-keratinised female
(0.05-0.5%) and male (<0.1%) epithelium with oral mucosa (0.01%) being the
least[146].
If micro-lacerations occur during sexual intercourse, HIV-1 (as a free virus or cellassociated virus) will come in contact with mono or pluristratified epithelium (of the
vagina, endocervix, ectocervix, inner foreskin and urethra on the penis, rectal mucosa)
that is in contact with the mucus[147]. It will cross the epithelium within 24 hours,
reaching the lamina propria where it contacts target cells (cells expressing CD4 receptor
and co-receptor CCR5, CXCR4 – pDCs, cDCs, monocyte-derived macrophages,
Langerhans cells and CD4+T-cells)[147, 148]. In the lamina propria, the R5 viruses (which
use CC-chemokine receptor 5 – CCR5 coreceptors) form the infected founder

45

population, most likely because genital CD4+ T-cells exhibit high levels of CCchemokine receptor 5 (CCR5) are rapidly infected by HIV-1[149].

Transmitted/founder virus
Following sexual intercourse, the donor who possesses a diverse viral population in the
transmission fluid transmits only one or a few viruses to the recipient – referred to as
the transmitted/founder virus, which creates the infected founder population[150].
Several viral characteristics describing the T/F have been established, including: i) fewer
N-linked glycosylation sites in env of subtype A, C, D T/F viruses[151, 152]; ii) T/F viruses
are more resistant to inhibition by interferon-α (IFN-α)[153, 154]; iii) T/F viruses have a
higher env protein concentration, which increases the probability of viral
attachment[153]; iv) enhanced binding of T/F viruses to dendritic cells, allowing for
efficient transport from the epithelial surface to lymphoid tissues; and v) preference for
CCR5 and CD4+ tropism. All these factors may have contributed to the transmission
bottleneck found during AHI. In heterosexual transmission (penile-vaginal),
approximately 80% of infections are established by a single T/F meaning that 20% of
transmissions can be from more than one variant[155]. The same frequency has been
observed in vertical or mother to child transmission[156]. However, in anal-penile
transmission (MSM), the incidence of multiple transmitted founder viruses might
reach 40%[157].

Eclipse phase of acute HIV-1 infection
Following the establishment of the T/F virus population, these viruses typically
propagate locally but at un-detectable levels (50–100 copies of viral RNA per millilitre
of plasma) for about 10 days (Fig. 12B). As a result of the innate immune response,
acute-phase proteins, pro-inflammatory cytokines and chemokines are elevated in
plasma during this viral expansion and before the onset of plasma viremia[106, 158]. IFNα, IFN-γ, IL-1RA, IL-2, IL-6, IL-8, IL-12, IL-15, IL-18, IL-22, IP-10, TNF-α, and
soluble CD14 are elevated beyond pre- infection levels during the eclipse phase in AHI
leading to a term called cytokine storm and the level or speed of elevation of these
cytokines vary[102, 159].
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Systemic phase/peak viremia
At the end of the eclipse phase, the virus continues to disseminate the infection from
the site of infection (lamina propria) to lymphatic drainage, establishing a selfpropagating infection in the genital draining lymph nodes. The infection then spreads
hematogenously to establish systemic infection through the secondary lymphatic tissues
particularly the gut-associated lymphatic tissue-GALT, which contains a high number
of activated CD4+CCR5+ memory T-cells; as well as in the spleen and peripheral lymph
nodes[160]. The HIV-1 RNA become detectable in blood with PCR from 10-15 days
following infection, also known as Fiebig stage I[161]. Fiebig stages are a classification
system used to diagnose early HIV-1 infection based on test results for markers of virus
and the immune response[161](Fig. 12B). Virus p24 antigens can be detected in plasma
using ELISA as early as 15 days post-infection – Fiebig staging II.
While HIV-1 is replicating in the GALT and other secondary lymphoid tissues, plasma
viremia will increase exponentially to peak, reaching viral loads of >1 × 108 viral
copies/ml of blood (6.7 log10 copies/ml) at around 21-28 days

[162, 163]

. During this

time, 40–90% of the patients may present with symptoms of acute infection – acute
retroviral syndrome (fever, headache, myalgia, fatigue, anorexia, pharyngitis, diarrhoea,
night sweats, skin rash, lymphadenopathy and oral ulcers)[163-165]. In addition,
approximately 80% of the CD4+ T-cells in the GALT are depleted, resulting in low
CD4+ T-cell counts during peak viremia[160]. This reduction mostly affects activated
CD4+ effector memory T-cells that co-express CCR5[166]. ELISA or sensitive anti-HIV
test kits can detect HIV-1 specific antibodies as early as 20 days after infection – Fiebig
staging III. Some of the cytokines and chemokines (IL-6, IL-22, IP10) that were
elevated at the eclipse phase begin to decrease back to pre-infection levels at peak
viremia while others remain elevated (CXCL13)[102, 158].

Latent infection
HIV-1 must integrate into the genome of the cells it infects. The activity, longevity and
fate of the integrated virus, are greatly influenced by the metabolic activation state and
life-span of the infected host cell. In other words, CD4+ T-cells can serve as both an
active or latent viral reservoir. If integration occurs in an activated CD4+ T-cells (which
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have been in contact with APCs), viral replication is rapid, very effective and cytopathic
with a half-life of 24 hours[167]. However, if integration occurs in a quiescent/resting
CD4+ T-cells (characterised by low metabolic, transcriptional and, translational
activities, as well as a lack of spontaneous proliferation), the cells will contain the viral
DNA but the viral expression is disrupted at the transcription level, resulting in the
formation of a reservoir of latent HIV-1 infection, a significant barrier to HIV-1 cure
or effective treatment[168]. This is because if ART is halted, infection from these latent
viruses can return. A quiescent T-cell can have a half-life of 44 months[167]. By 21-28
days; the lymphatic tissue reservoir, where HIV is produced and persists in latently
infected cells, has already been established[166, 169, 170].

Viral set point
After reaching peak viremia at 21-28 days, virus replication declines to a viral set point
of about 30,000 copies per millilitre[163, 171]. Set point viral load (spVL) refers to the
steady-state viremia that continues after the resolution of acute viremia is established at
a median of 31 days (range 18-42 days) after the onset of viremia and is correlated to
the peak viremia and downslope (Fig. 12A) [163]. The spVL is maintained by a balance
between virus turnover and the immune responses, in the absence of antiretroviral drug
therapy (ART). Virus-specific CD8+ cytotoxic T-lymphocyte (CTL) activity and NK
cells have been linked to the control of viremia in primary HIV-1 infection; and these
CTL responses are preceded by increased innate NK cells before seroconversion (Fiebig
stage III) or as viremia approaches its peak [171, 172]. However, under the pressure of CTL
responses, numerous escape mutants are selected to evade CD8+ T-cell recognition, and
these are temporally associated with loss of immune control of infection.
Virus diversification occurs during this decrease in viral load (following a peak in CTL
response). Indeed, at peak viremia (21-28 days), the founder virus population is
homogenous (diversity is below 0.5%) demonstrating that there is no immune–driven
escape mutations at peak viremia[155, 173]. However, under the strain of CTL responses,
numerous escape mutants are selected to evade CD8+ T-cell recognition, and these are
temporally associated with loss of immune control of infection.
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CD4+T-cell dynamics
During the natural history of HIV-1, the dynamics of CD4+T-cells go through three
stages. The first stage, which occurs at peak viremia, is characterised by a largely
reversible drop in CD4+ T-cells, which is coupled with GALT depletion of these cells.
Following this, effector CD4+ T-cells are redistributed to the periphery. The second
stage, an asymptomatic phase with no indications or symptoms of infection for several
years to a decade or more, results in a modest but progressive drop in the CD4+ T-cell
population, as well as continuous weak viral replication (Fig. 12B).
Finally, in the third stage, CD4+ T-cells rapidly decline, resulting in severe immune
deficiency (acquired immune deficiency syndrome - AIDS) based on CD4+ T-cell levels
below 200 copies/ml[174]. This is critical because the total number of CD4+ T-cells in a
normal young adult is estimated to be 22×1011 cells[166]. This stage is characterized by
the reactivation of several pathogens (fungi, parasites, CMV, EBV) as well as the
appearance of tumour-associated oncogenic viruses. The typical survival time of an
ART-naive HIV-1 positive adult is 7-12 years, and it usually takes six years or more to
acquire AIDS, depending on age and host characteristics mentioned in the next chapter
on disease progression[175, 176].

Figure 12. Adult HIV-1 pathogenesis, and acute HIV-1 viral load dynamics.
A. Relative levels of HIV RNA or viral load (blue), CD4+ T-cells (red), CD8+ T-cells (green), immune
activation (dotted lines) and children (solid lines) in the years following the acquisition of HIV-1 B. In
approximately 100 days following infection, the plasma viral load begins to plateau. These first 100 days
after infection can be split into clinical stages based on a stepwise increase in positivity for the detection
of HIV-1 antigens and HIV-1-specific antibodies in diagnostic assays ( Fiebig stages I–VI are assigned
to patients based on a sequential gain in positive HIV-1 clinical diagnostic assays (viral RNA measured
by PCR, p24 and p31 viral antigens measured by enzyme-linked immunosorbent assay (ELISA), HIV-1-
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specific antibody detected by ELISA and HIV-1-specific antibodies detected by western blot))[161]. The
eclipse phase occurs between the moment of infection and the first detection of viral RNA in the plasma.
Plasma virus levels then increase exponentially, peaking at 21–28 days after infection, followed by a
slower decrease in plasma viral RNA levels. The figure was adopted with permission from Joakim
Esbjörnsson and Ref. [159].T

HIV-1 Pathogenesis: Natural history of infection in infants
High maternal viral loads and placental inflammation are the main risk factors for HIV1 transmission to her baby throughout pregnancy (in utero), labour (intrapartum),
breast feeding (postpartum)[177-179]. As with sexual HIV-1 transmission, the rate of
vertical transmission in an ART-naïve mother varies depending on how the infant got
infected, with intrapartum (10–20%) being the most prevalent route, followed by
postpartum (5–15%), and in utero the least efficient route (5–10%). When exposed to
maternal secretions (breast milk) and blood during labour, birth and breastfeeding;
HIV-1 will infiltrate the infant’s upper gastrointestinal tract (GIT) and other mucosal
surfaces. The upper GIT is lined by mono or pluristratified non-keratinized epithelium,
a site of HIV-1 invasion and fetal intestines have the higher levels of CD4+CCR5+ Tcells than in cord (virtually absent) or neonatal blood[180, 181]. In utero transmission of
HIV-1 typically occurs by infection of trophoblasts and transcytosis in the placenta,
which generally occurs in the third trimester[182, 183]. However, this transmission is
predominately cell-associated where maternal lymphocytes enter the trophoblasts,
which are naturally non-permissive to cell-free HIV-1[184, 185].
As with adult sexual transmission, the virus population in an infected infant is typically
more homogeneous than that of the transmitting mother, implying a transmission
bottleneck. Approximately 75% of vertical transmissions are initiated by single T/F in
[156, 186, 187]

. Notably, infant T/F viruses uniformly represent a minor variant of the

maternal viral population Env variants, indicating that maternal antibodies capable of
preventing infant virus transmission also need to target minor circulating variants[156].
During the first month following HIV-1 acquisition, the plasma VL in an infected
infant is below detection levels just like in adult HIV-1 infection. Plasma viremia in
infants is about 5.5-6.5 log10 copies/ml depending on the time of HIV-1 acquisition,
which is the same range as in adults[163, 188, 189]. At two months following infection, the
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viremia was observed to be persistently high up to five years old when the set point of
about 10,000 copies was achieved (Fig. 13)[190]. As previously stated, set point viral load
in adults is normally achieved within two months following HIV-1 transmission. This
difference in levels and timing of spVL in infants is because the early neonatal immune
response establishes an immunological tolerogenic environment – that is antiinflammatory (elevated IL-10, IL6, IL23) and thus avoiding proinflammatory
responses (a feature of antiviral cell-mediated immunity in adults). In adults, the rapid
decline in viral load during acute infection from several million copies/ml to a spVL 3
logs lower is temporally associated with the appearance of HIV-specific CD8+ T-cells
(reviewed in Ref

[191]

). The CD8+ T-cell responses seem to be insufficient to control

viremia, as there is typically no rapid decline in viral load in paediatric HIV infection
as opposed to the decline in viral load after acute infection in adults[191]
In the absence of ART, >50% of HIV-1 infected children die by two years of age[192],
whereas the median survival time is 11 years for ART-naive HIV-positive adults[193]. In
conclusion, differences between infant and adult immune responses are not due to an
infant's inability to respond (‘a baby immune system’) but rather reflect age-specific
patterns of response. In other words, infants are not incapable of responding to stimuli.
Instead, their responses are qualitatively and quantitatively different.

Figure 13. Infant HIV-1 viral load dynamics in comparison to adults.
A schematic representation of the relative plasma levels of HIV following adult infection (blue line) and
paediatric infection (orange dotted line) in those children who progress slowly and maintain high CD4+
T-cell counts despite initial high viraemia. Figure was adopted with permission from Ref.[129].
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HIV disease progression
Why some people develop AIDS quickly while others remain healthy for years without
therapy is a fundamental subject in HIV research. From an evolutionary perspective,
there are viral factors that affect the virulence of infection and have an impact that lasts
for years in infected individuals and across transmission events.
Classification of HIV-1 disease progression
Several terms have been coined to describe how a person responds to HIV-1 infection
based on how the virus is controlled (measured by viral load) and the number or rate
of CD4+ T-cell depletion (measured by counting these cells). Based on viral control,
patients are grouped into four categories, namely: 1) elite controllers (EC); 2) HIV
controllers (HIC); 3) viremic controllers (VC); and 4) non-controllers (NC) (Fig. 14.).
Based on CD4+ T-cell counts or clinical-immunological classification, individuals are
classified as: 1) long-term non-progressors (LNTP); 2) slow progressors (SP); and 3)
rapid progressors (RP) (as specified in Fig. 14, and reviewed in Ref. [194])

Figure 14. Classification of disease progression.
Terms used to classify ART naïve HIV-1 patients based on levels of CD4+ counts (upper part) and viral
load (lower part) over a specified period of time. Abbreviations: LNTP, long-term nonprogressors; SP,
slow progressors; RP, rapid progressors, EC, Elite controller; HC, HIV controllers; VC, viremic
controllers; NC, non-controller. Figure was adopted with permission from Ref[194].
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Viral factors associated with HIV-1 disease progression
The density of HIV-1 in someone’s blood is known as viral load, and it stabilises
approximately 31 days after peak viremia to a spVL, which ranges from <20 to 106
virions/ml of blood plasma and is associated with virulence and infectiousness
196]

[163, 195,

. Several viral factors have been linked to differences in spVL amongst patients

(affecting the rate of disease progression) including: 1) Infecting subtype, where higher
SPLV and faster progression to death were reported in patients with subtype D
compared to those with non-subtype D infection[197]; 2) Mutations in vpu and vif have
also been related with slow disease progression (reviewed in Ref [198]). Infection by HIV1 with truncated Nef has been demonstrated to contribute to low-level viral replication
and non-pathogenicity[199]; 3) Viruses with V2 loop extension have been associated with
slow or no disease progression[200]; 4) People infected with HIV that had a high
replicative capacity were more likely to have rapid rates of CD4+ T-cell decline,
independent of plasma viral load[201]; 5) Escape mutations in HIV-1 Gag, a relatively
conserved protein with structurally critical domains, correlate with improved clinical
markers of disease progression[202].

Host factors associated with HIV-1 disease progression
Host genetic factors are substantial contributors to the inter-individual variation
observed in response to HIV-1 infection and have been associated with resistance to
HIV infection, as well as the rate of disease progression and the likelihood of viral
transmission in exposed individuals. These are some examples: 1) Individuals who are
positive for certain HLA class I molecules and/or have specific killer immunoglobulinlike receptors (KIR) genotypes have strong virus control, implying that cells that express
KIR are important in the control of HIV-1 disease[120, 203, 204]. HLA-B*5701 and HLAB*2705 alleles are associated with decreased rates of disease progression in
Caucasians[205]. Individuals with the HLA-B*57 alelle are less likely to present with
symptomatic acute HIV infection and are more likely to have broader and stronger Tcell responses against HIV-1 peptides[206]; 2) Individuals with NK cell receptor genes
KIR3DS1/KIR3DL1 and HLA-Bw4-801 have a slower progression to AIDS, a lower
viral load and a slower decline of CD4+ T-cells[207]; 3) The ﬁrst reported variant of the
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CCR5 gene was a 32-base-pair deletion (CCR5Δ32), encoding a CCR5 molecule that
is not expressed on the cell surface and is a basis for some people’s resistance to HIV-1
infection requires CCR5 alone as a coreceptor. However, homozygotes for CCR5Δ32
can occasionally be infected with HIV isolates that employ different coreceptors. Cellsurface expression of CCR5 is reduced in heterozygotes (CCR5Δ32/WT), which is
assumed to be the reason for delayed progression to AIDS in these subjects[208].

Use of phylogenetics in HIV-1 research
The HIV-1 population in the recipient is similar to that in the donor, however, because
HIV mutates quickly, each infected person’s virus evolves differently over time,
accumulating mutations as it spreads (leaving genetic footprints). As a result, the degree
of similarity between viruses from different people is related to the likelihood of
infection from a common source. This can be visualised in a phylogenetic tree by
sequencing and analysing the HIV genomes of infected people. The study of the
evolutionary history and genetic relationships among transmitted HIV strains is known
as HIV phylogenetics, and a phylogenetic tree is an illustration of those relationships
and transmission dynamics between the analysed sequences. The reliability of the
conclusion is determined by both the assumptions used in the statistical analysis
(parametric, non-parametric, or Bayesian) and the data or sequences available for
analysis. Fig. 15 summarises the phylogenetic inference process.

Figure 15. The general phylogenetic inference process.
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The most fundamental assumption used in generating phylogenetic trees is that similar viral gene
sequences share a common ancestor. 1). HIV-1 sequences must be properly aligned so that similar
regions can be compared in the same alignment column. Alignments are typically determined using
specific scoring algorithms, e.g Clustal. 2). The substitution model makes fundamental assumptions
concerning base composition, rate, and frequency of base substitutions between sites, as well as the
form of base substitutions, i.e. transitions vs transversions. The general time-reversible (GTR) model, for
example, provides for distinct probability for each conceivable substitution. All substitutions are
reversible, which means that substitution from x to y has the same probability as substitution from y to x.
3) There are two main approaches to determining the evolutionary relationship between the various
sequences that would eventually comprise the final tree: distance and discrete (or character-based)
methods. 4) Statistical approaches such as non-parametric bootstrapping are used to determine whether
the reconstructed phylogeny is a reliable hypothesis for the given sequence data.

By coupling sequence data with geographic location and date of collection, a map that
shows all sampled HIV-1 infections in a location can be created, as well as a
phylogenetic tree that indicates pattern clustering. By examining whether clusters exist
and where the bulk of infections occur, HIV transmission chains or distinct subepidemics can be identified. If this research is implemented in real-time, healthcare
personnel may be able to rapidly target HIV prevention efforts to high-risk individuals
and geographic areas. Phylogenetic transmission dynamics can be used to determine
whether interventions are effective, whether a specific risk activity is driving the spread
or growth of an epidemic in a particular location, and why various lineages behave
differently. Using phylogenetics, researchers are gaining a better understanding of how
and where HIV spreads, allowing public health officials to rapidly target their treatment
and preventions efforts to curb the epidemic. HIV phylogenetics can be classified into
three broad terms: Molecular epidemiology, phylodynamics, and phylogeography.
Table 5 summarises HIV-1 research in these three categories and outlines tools used to
measure several parameters.
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HIV-1 phylogenetics between hosts
Table 5. Use of phylogenetics in HIV-1 research
Molecular epidemiology
What?

Examples in HIV-1 research

How are these parameters
measured?

Quantifying the risk
of spread and
transmission: Time,
source and place

1. Origin and evolutionary rate of HIV[27]

1. Multiple sequence alignment
2. Phylogeny reconstruction
-Models of nucleotide substitution
-Model testing
3. Method of inferring phylogeny
-Distance or parametric or Bayesian
4. Tree confidence
5. Recombination analysis
6. Cluster analysis
7. Selection analysis

2. Classification, subtyping of HIV[22]
3. Direction of transmission
4. Identify characteristics of those at risk of
infection
5. Transmission clusters[209]
6. Detection of recombination[210]
7. Sites under positive and negative selection[211]

Phylodynamics
Use of phylogenetic,
coalescent and
statistic models to
make inference
about the spatiotemporal dynamics

1. Time to most recent comon ancenstor of
HIV[31]
2. Impact of prevention intervention
strategies[212]
3.Effective population size[213]
4. Spatio-temporal dynamics of the epidemic[38]
5. Impact of external factors in HIV-1 spread[214]

1. Time stamped data
2. Sampling strategy
3. Molecular clock
4. Bayesian method of infering
phylogeny
5. Population genetics/coalescent
theory
- Skygrid models

Phylogeography
Impact of HIV-1
migration on spread
and identification of
geographic hubs of
transmission

1. Infer ancestral state locations for sequences
sampled under the discrete or continuous
context
2. Source – sink dynamics[215]

1. Bayesian framework
2. Phylogeographic diffusion models
BSSVS
3.Markov jumps

3. Virus movement[216]
4- Links between site or geographic location

HIV-1 phylogenetics within hosts
HIV-1 is a fast-evolving virus due to the low fidelity of reverse transcriptase (an error
rate of 3-4x10-5 mutations per nucleotide per cycle), rapid generation time (1.5-2.6
days with ~1010-1012 new virion per day) and rapid recombination rate (3-9 RNA
template crossovers per genome per round of replication)[39, 217-219]. As a result, the virus
population within an HIV-1 seropositive individual is measurably evolving, which
means that DNA sequences taken at different points in time will display a statistically
significant number of genetic differences[220]. In other words, intra-host or within-host
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evolution is an observable microevolutionary process that can be studied by analysing
viral sequences sampled longitudinally from an infected host[221].
The genetic variability within an infected individual, which can reach up to 5% at the
nucleotide level, can be summarised by a single statistic – the pairwise diversity, which
is the average pairwise genetic (nucleotide or amino acid) distance within sequences
sampled at a given time point[222]. Divergence estimate, which is the movement of the
genetic variants away from the infecting variant(s) or the average genetic distance from
the most recent common ancestor, is sometimes paired with genetic diversity estimates.
Genetic variability can also be described in detail by within-host phylogeny or
dendrogram to indicate how the sampled HIV-1 sequences are related to each other or
how transmissions occurred from the donor to the recipient (monophyletic or
polyphyletic), or how sampled variants from more than one patient are
epidemiologically linked. However, phylogenetic transmission reconstruction can be
misleading sometimes due to incomplete lineage sorting, which results in disordered
transmission events, such as it may seem like the infant infected the mother. This is
determined by the level of diversity and the amount of time that has passed between
two transmission events (reviewed in Ref. [222]).
Examples of intra-host HIV-1 evolutionary studies
Within-host relationships are robust when at least 20 HIV variants are sequenced from
each patient per timepoint (reviewed in Ref.

[222]

). With this sample size, one can be

95% confident that a missed variant comprised <15 % of the virus population[155].
Patterns of intra-host virus diversity and divergence over time
1. HIV-1 is associated with a significant population bottleneck, where a new
infection is established by a single virion[50, 173, 223].
2. The number of transmitted viruses appears to be dependent on the
transmission route[224]. In MSM, multiple transmission variants are more
frequent than in vertical transmission[157]. This could be due to anatomic
barriers and immune selection mediated by early CTL responses[173].
3. The asymptomatic stage of natural HIV-1 infection is characterised by a steady
increase in diversity and divergence, whereas in the symptomatic phase, a
decrease in diversity and stabilisation of divergence has been observed[225, 226].
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This is attributable to a decrease in target cells sustaining viral replication and
less effective selection of the virus[225, 226].
Relationship between intra-host virus evolutionary rate, immune response and disease
progression
1. Patients with higher polyfunctional CD8+ T-cells and thus low classified
as low risk of progression, had a lower evolutionary rate than in patients
with a higher risk of progression[227].
2. Synonymous substitution rates predicted HIV-1 disease progression
because they were expected to be neutral and proportional to the
underlying viral replication rate[228].
3. There was an inverse relationship between the rate of viral evolution and
disease progression. However, there were discrepancies based on the
number of patients studied, and gene region analysed (reviewed in Ref.
[221]

).

4. A high intra host evolutionary rate has been associated with co-receptor
use[229].
Reconstruction of the virus transmission history
1. Within-host evolution resolves epidemiological linkage recovered known
epidemiological linkages, predicted direction of transmission and revealed
common transmission of multiple variants[230, 231].
Identify how HIV-1 spreads within a host
1. By dissecting the evolutionary patterns that may arise from different
transmission network types, one can accurately estimate the infected hosts
in a growing epidemic[232,

233]

. Considering within-host diversity, can

accurately estimate the number of infected hosts in growing HIV
epidemics and improve proper inference about the underlying epidemic
interaction network.
2. Intra-patient recombination between R5 and X4 viruses occurs frequently
which may in part be responsible for the coreceptor switch (X4 viruses)
later stages of infection[234].
Hierarchical Phylogenetic models (HPM)
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Given that the phylogenetic signal observed within individuals may be low at certain
time points, hierarchical phylogenetic models can be used. These models allow the
borrowing of information from one individual to another, thus providing more precise
within-individual level estimates[235, 236]. To identify the differences in evolutionary
processes between patient groups e.g. slow vs. fast progressors, fixed effects are
incorporated with the HPM. This model still allows the expected evolutionary
parameter within individuals to vary, and thus providing a well-designed hypothesis
testing framework (Fig. 16).

Figure 16. The hierarchical phylogenetic model.
In fixed-effects models, each individual is grouped into two categories for example slow progressors
(blue) and fast progressors (red). The individual intra-host evolutionary rate is estimated for all available
sequences from different timepoints. An assumption is that the evolutionary rate for each patient is drawn
from an underlying normal distribution, where the mean and variance of the underlying prior distribution
are unknown and estimated simultaneously along with all sequence data. When the sequence data for
a patient is sparse, pooling information allows for more precise individual-patient parameter estimates.
In addition, this methodology can be used to estimate the overall rate of nucleotide substitution, the
nonsynonymous/synonymous substitution rate ratio (dN/dS), and codon substitution rates within patients
or groups.
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HIV-1 plasma proteomics
Characteristics of the plasma proteome
In humans, the blood circulatory system is the primary link connecting body organs.
As a result, it can be used to provide information about the health status of key organs.
The blood also transports metabolic products from organs and cells, while at the same
time delivering oxygen and nutrients. Hence, blood can be viewed as a circulating
representation of both physiological and pathological processes. One of the key
functions of blood is to transport components of the immune system that are part of
host defence mechanisms. Its cellular components (erythrocytes, thrombocytes and
lymphocytes) are suspended in a liquid called plasma[237]. This comprehensiveness,
combined with the ease of access, repeatability, and availability of large biobanks for
retrospective analyses of human blood/plasma, as well the vast medical laboratory
infrastructure already in place for its analysis, ensures that plasma will remain the
preferred diagnostic material for the foreseeable future. Proteins in plasma have been
studied since before we even knew what genes were[238].
Up to 5,800 proteins of the total 20,090 human protein-coding genes have been
detected in plasma, and there are some compelling arguments that all these human
proteins might be present in plasma to some extent given that blood flows through
practically all organs of our body[238, 239]. The plasma proteome, or protein index, is
distinct from the plasma protein (proteins that carry out their functions in circulation).
The proteins constituting the blood plasma proteome are classified into three different
classes: 1)The classical or functional plasma proteins (proteins secreted by solid tissues
and act in plasma)(dynamic range = 5 x 104-5 x1010 pg/ml)[240]. This category covers
the most abundant proteins with a physiological functional role in blood, which are
mostly secreted by the liver and intestines, have a molecular mass greater than the
kidney filtration cut-off (about 45 kDa) and have extended residence time in plasma.
The classical proteins include human serum albumin (HSA) with a normal
concentration range of 35-50 x 109 pg/ml constituting the 55% of the protein mass
because its daily synthesis of ∼12g in the liver with a lifetime of about 21 days[241] The
other classical proteins include apolipoproteins,(lipid transport and homeostasis
proteins); acute phase proteins (innate immune proteins); coagulation cascade proteins;
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and immunoglobulins (about 10 million different sequences of antibodies are thought
to circulate in a normal adult). 2) the tissue leakage proteins (dynamic range =102-106
pg/ml) do not have a functional role in plasma but a leak from damaged cells and
tissues, particularly in disease conditions, or are released from infectious organisms[238,
240]

. This comprises proteins such enzymes aminotransferases which are used for the

diagnosis of liver diseases, as well as low-level, tissue-specific isoforms of proteins such
as cardiac troponins. Most of the important diagnostic markers are found in this group.
3) Signal proteins (dynamic range =5-1000 pg/ml) and these include; “long-distance”
receptor ligands – hormones; “local” receptor ligands – cytokines and other short
distance mediators of cellular responses that are upregulated when needed. These
proteins have a relatively short residence time in plasma due to having molecular weight
under the kidney filtration cutoff [238].
Given that the second-largest component in plasma is due to tissue leakage[242], it is
possible that all 20,090 human protein-coding genes and their splice variants, posttranslational modification and cleavage products are present in plasma, making it the
most comprehensive and largest version of the human proteome. Most measurement
methods will collapse all the protein form into a simple form thus simplifying this
complexity. Despite its extensive research and therapeutic value, human plasma
remains mostly uncharacterized, or is a challenging protein-containing sample to
define. This is due to the large proportion of albumin (55%), the wide dynamic range
(variation in concentration of different components of about 12 orders of magnitude)
in the abundance of other proteins, and the tremendous heterogeneity of its
predominant glycoproteins (most plasma proteins are heavily glycosylated)[243].

Detection of proteins in plasma
Many different technologies are currently deployed to generate protein measurements
in serum or plasma, ranging from highly optimized single-protein assays (enzymatic
assay or immunoassay, electrophoresis) commonly used in clinical laboratories to
exploratory and more flexible mass-spectrometry-(MS)-based workflows, multiplex
immune assays and affinity-based assays used as part of research workflows. However,
the very wide range of analyte concentrations that must be detected and measured
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simultaneously in the absence of means to amplify them, as there is no PCR equivalent
for proteins. MS is currently the only technology that can identify these proteins in a
versatile and unbiased manner, as opposed to the predefined content offered by affinitybased approaches or immunoaffinity capture.
Mass spectrometry (MS)-based proteomics
MS is a technique for determining the mass-to-charge ratio (m/z) of one or more
molecules in a sample. For example, it is feasible to detect up to 500 proteins in undepleted or neat plasma in a single liquid chromatography-tandem mass spectrometry
(LC-MS/MS) run and proteins can increase up to 4,000 depending on how plasma is
pre-processed before an LC-MS/MS run[244-246]. Proteomic approaches have been
divided into top-down (proteins are analysed as a whole) and bottom-up (proteins are
digested into peptides) LC-MS/MS[243]. The top-down approach has a significant
disadvantage in that MS analysis of whole proteins does not directly provide a sequencebased identification (there are many proteins with close to a given mass), and thus the
protein peaks discovered as markers are not strictly speaking identified without
significant additional effort.
Bottom-up proteomics employs two approaches: data-dependent acquisition (DDA)
and data-independent acquisition (DIA). DDA selects only certain peptides within a
narrow range on m/z signal intensity whereas DIA does not target specific peptides but
rather fragments ad analyses all peptides (unbiased)[247, 248]. The Sequential Windowed
Acquisition of All Theoretical Fragment Ion Mass Spectra (SWATH‐MS) is a specific
variant of DIA[249]. Every peptide in the protein digest is comprehensively and
repeatedly sampled side-by-side with a wide isolation window in this method, and each
peptide can be extracted over time (retention time). Peptide query parameters can be
used to retrieve information about specific peptides that are detectable in the data based
on ion intensity, elution time, and charge. These query parameters are acquired from a
spectral library that is generated from fractionation of the samples of interest and a
DDA analysis[249].
In the majority of proteomics experiments regardless of the labelling approach, the
extracted proteins are first digested into peptides, usually by trypsin, to create molecular
species that are more manageable in both sample handling and MS analysis. Enzymatic
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digestion of a whole proteome yields thousands of peptides; this sample complexity is
not incompatible with the MS analysis. As a result, the first step in the MS proteomics
workflow is frequently aimed at reducing the sample complexity through sample
prefractionation. The peptide population is fractionated based on its physicochemical
properties, such as charge, isoelectric point, hydrophobicity or combinations of these.
These pre-fractionated peptides are then introduced to the ultra-high-performance
liquid chromatography (uHPLC) system for an additional separation step to reduce
complexity even further. Ideally, all peptides eluted from the LC are queried by the
mass spectrometer, but in everyday practice, many peptides elute simultaneously and
compete for efficient ionisation: highly abundant species might suppress the ionization
of co-eluting less abundant species, inhibiting their MS detection. Following ionisation,
peptide precursor ions are introduced into the mass spectrometer, which accurately
records their mass-to-charge (m/z) ratio. Single precursors are selected (based on
observed intensity) and subjected to MS to generate distinctive fragment ions for the
selected precursor in DDA, whereas in DIA, the selection is based on an isolation
window (Fig. 17). In SWATH-MS mode, typically a single precursor ion (MS1)
spectrum is recorded, followed by a series of fragment ion (MS2) spectra with wide
precursor isolation windows (for example 25 m/z). Through repeated cycling of
consecutive precursor isolation windows over a defined mass range, a comprehensive
data set is recorded, which includes continuous information on all detectable fragments
and precursor ions. Hence, extracted ion chromatograms can be generated on MS2 as
well as MS1 levels[250] (Fig. 17). Using search algorithms implemented in software like
Spectronaut,[251] the combination of precursor m/z and its fragment ions is then
matched to known peptide sequences from large protein databases like UniProt[252].
Finally, data is quantified (either relatively or absolutely). These protein abundances
are then evaluated and visualized in the context of the biological question under study.
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Figure 17. Label-free proteomics: discovery strategies.
In DDA, the MS2 spectra are acquired for specific precursor ions, where all fragments detected come
from one single peptide precursor ion resulting in a semi-stochastic sampling of the peptide population
of a sample. In DIA, MS-2 scans with a wide isolation window are acquired for example in this figure the
isolation window of 400-425 is used. All ions in this window are fragmented together, allowing MS2
fragmentation for all precursors in a sample across the entire retention time range. However, the MS2
data is complex necessitating the use of specialised software like Spectronaut to deconvolute these MS2
spectra and, quantify the peptides. Part of this figure is adopted with permission from Ref.[250]

Plasma proteins detected by mass spectrometry
About 4,000 plasma proteins and their concentrations have been quantified by mass
spectrometry[239, 242]. Only 730 of these are actively secreted to blood or locally released
in the blood, with the majority being intracellular proteins that leak into the
bloodstream that occurs naturally due to cell apoptosis or renewal, or may appear
during sample preparation[253].
Only eight publications have investigated and quantitated the plasma proteins during
HIV-1 infection, according to a comprehensive search of indexed journals in PubMed.
These are primarily from chronically infected individuals in cross-sectional studies
comparing HIV-1 disease progression groups. Table 6 summarises the findings of this
review.
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Table 6. Previous HIV-1 plasma proteomics research
First
HIV
Year
N
Group
Method
Author
stage

P

Country

Main message

TarancónDiez [254]

2021

20

Early vs.
late ART

acute

MS

188

Spain

Protein signature shows a
different
proinflammatory state
associated with a late
cART introduction

AlMozaini

2021

8

HIV-1 vs.
HIV-2

chronic

MS

314

Saudi
Arabia

HIV-specific/related
protein expression
changes identified that
could be used in early
diagnosis and prognosis
of HIV

Zhang[256]

2018

74

EC vs. RP

chronic

Affinity
immuno
assay

92

Sweden

CCL4 and CCL7 have
significantly higher levels
in EC compared to VP.
CXCL9, CXCL10, and
CXCL11 significantly
decreased levels in EC
compared to VP

Sperk[257]

2021

42

EC vs.
healthy

chronic

MS

81

Sweden

Increased in CCL4,
CCL7, CCL20, and
NOS3 in EC compared
with HIV control

Leema[258]

2020

83

HIV-1 vs.
healthy

chronic

Affinity
immuno
assay

92

Ethiopia

CCL4 chemokine was
the most critical protein
for successful
classification between
children who initiated
ART at different time
points.

Babu[259]

2019

44

HIV-1 vs.
healthy

chronic

Affinity
immuno
assay

184

India

TRANCE, NT-3,CD8A
siginificantly different

Kramer[260

2010

19

Plasma
donors

acute

MS

34

USA

Acute phase proteins
were induced systemically
prior to the first
detection of viremia and
before detectable increase
in plasma cytokine levels.

2019

18

VC vs.
NC

chronic

MS

Spain

Eighteen proteins were
found to exhibit
statistically significant
differences in plasma
levels between TCs
before the loss of HIV-1
control and PCs

[255]

]

Rodríguez
-Gallego
[261]

Abbreviations: N, the number of samples used; P, the number of proteins; EC, elite controller; RP, rapid
progressor; VC, viral controller; NC, non-controller; MS, mass spectrometry; TC, transient controllers;
PCs, persistent controllers; ART, antiretroviral therapy; Cart, combination ART; NOS3, Nitric Oxide
Synthase 3; TRANCE, Tumor necrosis factor (TNF)-related activation-induced cytokine.
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Comparison of depleted and neat plasma
This extraordinarily wide dynamic range poses a considerable difficulty to profile the
entire plasma/serum proteome by a proteomics technology (often based on LCMS/MS). To address this issue, highly abundant plasma proteins (serum albumin
(HSA), albumin, IgG, IgA, IgM, IgD, IgE, kappa and lambda light chains, alpha-1acidglycoprotein, alpha-1-antitrypsin, alpha-2-macroglobulin, apolipoprotein A1,
fibrinogen, haptoglobin, and transferrin) are frequently depleted, typically through
columns with immobilized antibodies directed against the top 1 – 20 abundant
proteins. This typically extends the coverage to 500–800 proteins[262].
Unfortunately, there are disadvantages to employing depletion systems, including 1)
the possibility of removing some low-abundance proteins along with the abundant
proteins. Albumin, the most abundant protein present in plasma, is a transport protein
that binds a variety of molecules including hormones, lipids and amino acids. As a
result, removing albumin from plasma may result in the specific loss of some lowabundance peptides or small proteins of interest, such as cytokines[263]; 2) Because
antibodies are never totally specific, some untargeted proteins may be removed
concurrently[264]. 3) The depletion step is carried out under non-denaturing conditions,
resulting in co-immunoprecipitation and removal of antigen-bound proteins; and 4)
the depletion step results in significant experimental variations[262]. In conclusion,
immune-depletion columns can broadly improve the detection of nontargeted plasma
proteins by a factor of four.
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Aims of this doctoral dissertation
The overall aim of the studies presented in this thesis was to assess how HIV-1 evolves
within and between adults and infants and to understand how hosts with different
progression rates respond to HIV-1 infection during acute HIV-1 infection.

Specific Aims
Paper I: To investigate the molecular epidemiology of HIV-1 in Nigeria by analysis of
pol sequences from four geo-political zones.
Paper II: To provide an overview of the contribution of phylogenetic inference in
dissecting HIV-1 mixing between geographic areas and key populations in sub-Saharan
Africa.
Paper III: To describe the relationship between innate immune responses and acute
retroviral syndrome during acute HIV-1 infection.
Paper IV: To characterize the blood plasma proteome of study participants enrolled in
cohorts from four African countries before, during and after acute HIV-1 infection,
with an overall aim of elucidating virus-host mechanisms involved in the regulation of
HIV-1 disease progression.
Paper V: To determine the gag and nef intra-host HIV-1 diversity and evolution within
the first 15 months of life in infants with different rates of disease progression.
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Materials and methods
Cohorts
Paper I
The Institute for Human Virology-Nigeria (IHVN), a PEPFAR implementing partner
that offers ART to over 60,000 public sector patients through the AIDS Care and
Treatment in Nigeria (ACTION) programme, initiated the two cohorts as well as
collected the data and samples used in this study. The first cohort was a retrospective
cross-sectional examination of archival samples from 175 HIV-infected individuals
who experienced virologic failure and were recruited into an HIV treatment and care
programme between November 2006 and December 2007. Participants in the study
went to IHVN-supported facilities, including the University of Abuja Teaching
Hospital (UATH) and the National Hospital Abuja (NHA). They qualified to be
included in the cohort if they had HIV-1 RNA testing between November 2006 and
December 2007, were above the age of 18, were on NNRTI-based first-line regimens,
and had not received any protease inhibitor (PI)-based medication before viral load
testing. Six first-line therapy regimens were frequently provided during the study
period: stavudine, lamivudine, nevirapine, or efavirenz (D4T/3TC/NVP or EFV);
zidovudine, lamivudine, nevirapine, or efavirenz (AZT/3TC/NVP or EFV); and
tenofovir, emtricitabine, nevirapine or efavirenz (TDF/FTC/NVP or EFV). Patients
were monitored for CD4+ counts and toxicity in the laboratory on a six-monthly
basis[265]. The average age was 38.1 years old (standard deviation (SD), 8.5), with 49%
of the participants being female. The median log viral load was 4.7 and the median
CD4+ T-cell count was 128 cells/L[266]. The second cohort was a cross-sectional study
as part of the ACTION programme, in which participants had viral load testing to
confirm HIV treatment failure. It included 191 samples from patients who lived in
Abuja between 2011 and 2014 and were subjected to genotypic drug resistance testing.
The median age was 36, and 58% of the patients were female. The median number of
CD4+ T-cells was 154[266].
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Paper II
This was systematic literature review based on an exhaustive search of the PubMed
database for peer-reviewed research articles on HIV-1 phylodynamics in sub-Saharan
Africa published in English in 1995-2021. The MeSH terms (HIV-1) AND (Africa)
were used to select HIV-1 articles from African countries. The keywords “phylogenetic
analysis” OR “phylodynamics” OR “evolution” OR “phylogeny” OR “molecular
epidemiology” OR “transmission” were used to widen the scope and to ensure that all
relevant research articles were included. Articles were independently reviewed and
selected by two independent investigators.
Paper III
The data and samples used in this study came from four cohorts established by the
International AIDS Vaccine Initiative (IAVI) in Kenya, Rwanda, Uganda, and Zambia.
IAVI has funded and built research capacity at nine clinical research centres (CRC) in
Kenya, Uganda, Rwanda, Zambia, and South Africa since 1999[267]. These cohorts were
established to better assess HIV-1 risk populations, their suitability for HIV vaccine
clinical trial participation, and their unmet requirements for preventive services and
products[268]. Participants (over the age of 18) were included in this prospective,
longitudinal, multi-centre study between 2006 and 2011 to examine laboratory,
clinical, immunologic, and viral predictors of disease progression in recently HIVinfected volunteers (IAVI Protocol C). These cohorts mostly comprised participants
who were at high risk of HIV-1 infection, such as ART-naive HIV-1 negative partners
in serodiscordant partnerships, female sex workers, fisherfolk, and men who had sex
with males. Volunteers with a diagnosis of hyper acute HIV-1 infection (hAHI) were
eligible (defined as HIV-1 antibody negative and RNA (Fiebig stage I) or p24 antigenpositive (Fiebig stage II)). The analysis also included available matched pre-infection
(HIV-1 negative) samples from study participants.
This study also included data and samples from Swedish study participants who were
diagnosed with AHI before 2011. They were de-identified from Skåne University
Hospital's electronic patient register (InfCareHIV).
Paper IV
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The same study participants as analysed in paper III, were analysed also in this paper,
except those from Sweden. This was due to a shortage of matching pre-infection plasma
samples among the Swedish individuals. Instead, another prospective cohort of 15
HIV-uninfected women between the ages of 18 and 23 years old that were at risk of
infection was included. These women were enrolled in the Females Rising through
Education, Support, and Health (FRESH) research in KwaZulu-Natal, South Africa,
between 2011 and 2016, to diagnose acute HIV infection during the Fiebig stage I[269].
This was made possible by testing for HIV RNA twice a week in this high-risk cohort,
as well as collecting biological specimens (blood and mucosal sample) before and
immediately after infection in local venues frequented by young people, such as cafes,
nightclubs, and shopping malls. Women who were HIV-uninfected, sexually active,
not pregnant, non-anaemic (haemoglobin 10 g/L), and free of major chronic
conditions were eligible. The period of the surveillance ranged from 48 to 96 weeks.
Three-time points were employed in this study: pre-infection, two weeks, and one
month after infection.
Paper V
Between 1999 and 2002, data and samples were collected as part of the Prevention of
HIV-1 Transmission Study in Nairobi, Kenya. The parent cohort included 465 HIVinfected women recruited during pregnancy and followed for up to two years
postpartum with their infants[270]. Seventy-two infants acquired HIV-1 infection by the
age of one month. To lower the risk of HIV-1 transmission, mothers were given a brief
course of zidovudine (ZDV) during the third trimester. There was no national ART
programme for children during the study period, thus all infants were treatment-naive.
Infant plasma samples were collected at birth, as well as at months 1, 3, 6, 12, 15, 18,
21, and 24, whereas mother plasma samples were collected at week 32 of their
pregnancies, during delivery, and one month later. HIV-1 infection was determined by
a positive HIV-1-gag DNA PCR from dried blood spots or by detection of HIV-1
RNA from plasma in an infant was characterised as HIV-1 infection[271]. Infection was
divided into three categories: in utero, peripartum/early breast milk, and late breast milk
transmission. Infants that were infected by one month of age, and had three or more
longitudinal plasma specimens available for examination were included in this study.
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Study design
Table 7. Summary of study design and study participants included in the PhD projects.
Paper
Study
ART Site,
Study
Sample
Year of
Variables
Design
Country
Participants Size
sampling
I

Retrospective
Cross-sectional

Abuja,
Nigeria

Adults

336

2006-2011

pol sequences,
location

Cross-sectional

Abuja,
Nigeria

Adults

1076

1999-2013

pol sequences,
location

II

Systematic

Sub-Sahara
Africa

64

2021

Published
articles

III

Prospective
(Longitudinal)
Matched

No*

Kilifi,
Kenya

29

2005-2011

No*

Kigali,
Rwanda

4

2005-2011

No*

Masaka,
Uganda

5

2005-2011

No*

Lusaka,
Zambia

4

2005-2011

AHI
symptoms,
Innate
immune
responses,
HIV-1
subtypes,
VL,
CD4,
Age, sex

Skåne, SE

Adults

13

Before 2011

IV

Prospective

No*

Durban,
SA

Females

15

2012-2016

Protein
expression

V

Prospective –
paired
(Longitudinal)

Yes

Nairobi,
KE

Mothers

14

1999-2013

gag, nef
sequences,
CD4 count,

Infants

14

1999-2013

CTL
responses

No

Definitions
Paper III & IV
Estimated date of infection (EDI): The date between the last negative and first positive
test in the case of HIV-1 antibody detection, 14 days before the test date in the case of
p24 antigen detection only, or 10 days before the test date for volunteers who had a
PCR-positive result prior to antibody or p24 antigen detection. If a volunteer can
identify a clear exposure event, the date of that event may be used as the EDI at the
discretion of the research team.
Paper V
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Infant HIV-1 infection was classified as in utero if a positive gag PCR was detected
within the first 48 hours of life, or peripartum (intrapartum, or through early nursing)
if the gag PCR HIV-1 was negative or undetectable >48 hours after birth and one
month of life.

Laboratory procedures (methods)
Paper I
On-site IHVN personnel performed wet laboratory procedures. Figure 18 is a
schematic presentation summarising the processes performed in Lund.

Figure 18. Paper I – Summary of analytical procedures.
Abbreviations: LANL, Los Alamos National Lab; GTR, general time-reversible model; aLRT-SH,
approximate likelihood ratio test and Shimodaira–Hasegawa like branch support; CRFs, circulating
recombinant forms, UCLD; uncorrelated relaxed clock with a lognormal distribution; BEAST, Bayesian
Evolutionary Analysis by Sampling Trees; SPREAD; Spatial Phylogenetic Reconstruction of Evolutionary
Dynamics; URF, unique recombinant forms
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Paper II.
Approximately 2700 phylogenetics research articles published and indexed in the
PubMed database were used to conduct this systematic review. About 360, 280, and
64 articles were identified based on the title, abstract, and full text respectively.
Paper III
HIV-1 RNA extraction, PCR, and DNA sequencing were performed on plasma from
study participants to generate sequences needed for HIV-1 subtype characterization.
Using a 96-well format working electrode covered with 40 capture antibodies on
discrete and well-defined spots, 40 cytokines or chemokines were quantified using the
Meso Scale discovery (MSD) immunoassay method. When a voltage is applied to
antibodies bearing electrochemiluminescent labels, light is produced, and this is how
the MSD device identifies them. The analyte concentration in the sample is
proportional to the amount of light emitted, providing a quantitative measure of each
analyte (pg/ml) in the sample. A standardised questionnaire administered during clinic
visits was used to obtain the eleven symptoms of acute HIV-1 infection.
Paper IV
In collaboration with the Swedish National Infrastructure for Biological Mass
Spectrometry (BioMS), all wet laboratory procedures were performed in Lund. Figure
19 is a schematic presentation summarising the processes.
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Figure 19. Paper IV – Summary of plasma proteomics laboratory procedures
Abbreviations: SWATH, Sequential Window Acquisition of all Theoretical Mass Spectra; DIA, dataindependent acquisition

Paper V
Following RNA extraction, PCR, and clonal sequencing, approximately 15 – 25 clonal
sequences for both the gag and nef regions of HIV-1 were obtained from each available
mother and infant sample per time point. Figure 20 summarizes the various dry
laboratory methods used in this study.
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Figure 20. Paper V – Summary of analytical procedures.
Abbreviations: LANL, Los Alamos National Laboratory; GTR, general time-reversible model; aLRT-SH,
approximate likelihood ratio test and Shimodaira-Hasegawa-like branch support; CRFs, circulating
recombinant forms, UCLD; uncorrelated relaxed clock with a lognormal distribution; BEAST, Bayesian
Evolutionary Analysis by Sampling Trees; SPREAD; Spatial Phylogenetic Reconstruction of Evolutionary
Dynamics; CTL, cytotoxic CD8+ T-cells. ELISPOT; Enzyme-linked immunosorbent spot, IFN, interferon
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Statistical analyses
Table 8: Summary of the statistical methods used in this thesis
Dependent Independent
Description
Parametric test
(outcome)
(explanatory)
variable
variable

Nonparametric
alternative test

Comparing means
Average of two independent groups

Continous

Nominal
/Binary

Independent t-test

MannWhitney

Average of >two independent groups

Continous

Nominal
/Binary

One-way ANOVA

Kruskal Wallis

Average of two paired (matched)
samples

Continous

Nominal
/Time
/condition

Paired t-test

Wilcoxon
signed rank

> two measurements on the same
subject

Continous

Nominal
/Binary

Repeated measures
ANOVA

Friedman

Relationship between two
continuous variables

Continous

Continous

Pearson’s correlation
coefficient

Spearman’s
correlation

Relationship between two nominal
variables

Nominal

Nominal

Predicting a quantitative dependent
variable by an independent variable

Continous

Any

Simple linear
regression

Predict a nominal variable based on
a single predictor variable

Nominal

Any

Logistic regression

Predicting the dependent variable by
the independent variable (interdependent data)

Continous

Any

Linear mixed model

Transform the
data

A non–linear relationship between
two continuous variables

Continous

Any

Spline regression

Transform the
data

A non–linear relationship between
two continuous variables

Continous

Any

Generalised additive
model

Transform the
data

Predict a nominal variable base
ds on multiple predictor variables

Nominal

Any

Multiple Logistic
regression

Assessing the relation between two
nominal variables large sample

Nominal

Nominal

Chi-square test

Examine the significance of
association (contingency) between
two kinds of classification)

nominal

nominal

Fisher’s exact
test

Estimate probability from observed
survival time (Time it takes for an
event to occur) – univariate

Continous
– Time

Nominal

Kaplan-Meier

Comparing survival of one factor
among two or more groups –
univariate

Continous
– Time

Nominal

Log-rank test

Investigating relationships

Chi-squared
test
Transform the
data

Survival /time to event analysis
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Assess the effect of several risk
factors (one or more predictor
variables) on survival time –
multivariate

Continous
– Time

Any

Cox proportional
hazards regression
model

Unsupervised machine learning – Exploring and discovery
Identify groups of similar objects in
a multivariate data sets without sub
diving the data

Hierarchical
clustering

Identify groups of similar objects in
a multivariate data sets by
subdividing the data

K – means
clustering

Summarise and visualise the most
important information in a
multivariate data set by reducing the
dimensionality of the data without
losing important information.

continuous

Principal
component
analysis

Supervised machine learning or classification techniques
Predict the probability of belonging
to a given class (or category) based
on one or multiple predictor
variables.

Nominal

Any

Discriminant
analysis

Regression method based on
dimension reduction technique that
is supervised by the outcome

Partial least
squares - PLS

Model validation and evaluation techniques
Measure the performance of a predictive model by diving data into the
training and testing set

Cross-validation set
approach

Graphical measure for assessing the performance or the accuracy of a
classifier, which corresponds to the total proportion of correctly
classified observations - plot the true positive rate (or sensitivity on the
y-axis) against the false positive rate (or "1-specificity" on the x-axis) at
all possible probability cutoffs.

Receiver operating
characteristics (ROC
curve)

Summarises the overall performance of the classifier, and overall
possible probability cutoffs. It represents the ability of a classification
algorithm to distinguish 1s from 0s (i.e, events from non-events or
positives from negatives)

The area under the
curve (AUC)

The proportion of true positives among all the individuals that have
been predicted to be disease-positive by the model. This represents the
accuracy of a predicted positive outcome.
Precision = TruePositives/(true positives + false positives)

Precision

True Positive Rate (TPR) or the proportion of identified positives
among the disease-positive population (class = 1).
Sensitivity = TruePositives/(TruePositives + FalseNegatives)

Sensitivity

Measures the True Negative Rate (TNR), that is the proportion of
identified negatives among the disease-negative population (class = 0).
Specificity = TrueNegatives/(TrueNegatives + FalseNegatives)

Specificity
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Ethical considerations
Paper I
The National Hospital Abuja, the University of Abuja Teaching Hospital, the Nigerian
National Health Research Ethics Committee, and the University of Maryland
Baltimore Institutional Review Board all gave their approval to this study.
Paper II
No ethical aspects since it was a systematic review.
Paper III
All participants underwent an informed consent procedure before enrolment, and their
signed informed consent was documented. The Kenya Medical Research Institute
Ethical Review Committee, the University of Nairobi's Kenyatta National Hospital
Ethical Review Committee, the Rwanda National Ethics Committee, the Uganda Virus
Research Institute Science and Ethics Committee, the Uganda National Council of
Science and Technology, the University of Cape Town Health Science Research and
Ethics Committee, and the University of Zambia Research Ethics Committee all
provided ethical approvals. The Swedish cohort received ethical approval from the
Lund University Ethical Review Board (Diarienummer (Dnr) 2013/772).
Paper IV
The study was approved by the biomedical research ethics committee of the University
of KwaZulu-Natal and the institutional review board of Massachusetts General
Hospital.
Paper V
This study was conducted according to the principles expressed in the Declaration of
Helsinki and the study protocol was reviewed and approved by the Kenyatta National
Hospital Ethics Review Committee and the Institutional Review Board of the
University of Washington. HIV-1 seropositive pregnant women were enrolled after the
provision of written informed consent.
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Results and discussion
This doctoral thesis consists of five papers focusing on different dynamics in HIV-1
disease and evolution, and can be divided into three categories: 1) Molecular
phylogenetic description of the HIV-1 epidemic in Nigeria and Sub-Saharan Africa
(with a focus on between-host HIV-1 evolution, Papers I and II); 2) Infant intra-host
HIV-1 evolution and CTL responses during acute HIV-1 infection (Paper V); 3)
Dynamics of early innate immune responses and plasma proteome before and during
hyper-acute HIV-1 infection (Papers III and IV).

Molecular phylogenetic description of the HIV-1 epidemic
in Nigeria and sub-Saharan Africa
Main findings


In Nigeria, the most common circulating HIV-1 strains are CRF02_AG,
CRF43_02G, and subtype G (Paper I).



CRF43_02G primarily circulates in Nigeria compared to the rest of the world
(Paper I).



At least five large HIV-1 sub-epidemics were introduced in Nigeria in the
1960s and 1970s, close to the Nigerian Civil War (Paper I).



In Nigeria, the HIV-1 epidemic began in large urban areas such as Abuja and
Lagos and expanded to smaller rural communities (Paper I).



The HIV-1 epidemic in sub-Saharan Africa is driven by various HIV-1
subtypes, which are typically geographically confined. The Southern African
countries and Ethiopia is mainly driven by subtype C; in East Africa is mainly
driven by sub-subtype A1 and subtype D; West Africa is mainly driven by
CRF02_AG, sub-subtype A3, and subtype G; and Central Africa has a more
complex and diversified pandemic (Paper II).



HIV-1 infections in West and Central Africa appear to have started in cities
and then expanded to rural areas, most likely due to human mobility (Paper
81

II). HIV-1 mixing has also been documented in rural and urban areas, as well
as across national borders (Paper II).


Some HIV-1 sub-epidemics appear to be localised, with no evidence of HIV1 mixing with nearby groups. In addition, localized HIV-1 sub-epidemics, on
the other hand, are important sources of HIV-1 transmission in nearby
populations in different situations (Paper II).



Human migration connected with economic activities such as mining and
fishing may be associated with increased HIV-1 transmission (Paper II).



We observed differences in the Subtype G nomenclature that has been
previously used in Nigeria, which was probably caused by the misclassification
of CRF43_02G. One of these categories includes subtype G’. Further
dissection of this subtype G’ cluster previously reported, showed that
approximately half of the sequences belonged to subtype G, whereas the other
half clustered with the CRF43_02G sequences in our analysis[272].

Dynamics of early innate immune responses and plasma
proteome before and during hyper-acute HIV-1 infection
Main findings


Symptoms of acute retroviral syndrome (ARS) are linked to a high innate
immune response (cytokine storm) (Paper III).



During AHI, plasma IP-10 was highly activated, and it was linked to ARS
(Paper III).



Plasma IP-10 was identified as a potential biomarker for detecting a greater
innate immune response (Paper III).



During AHI, the plasma proteome trajectories grouped into six distinct
expression profiles (Paper IV).



During AHI, 241 proteins were found to be significantly changed. These
proteins have been shown to mediate pathological pathways including immune
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system functions such as complement and coagulation, cell motility and
adhesion involving actin polymerization, and platelet degranulation and
metabolism (Paper IV).


Twenty proteins were associated with ARS (Paper IV).



Thirty-seven proteins that had prognostic value were associated with faster
disease progression (Paper IV).

In paper III, we observed that 16 analytes were significantly elevated at Fiebig stage II
(p24 antigen-positive, 15-20 days post-EDI) as compared to pre-infection levels. IP10, IL-1α, IFN-γ, and IL-10 were more than 5-fold higher during hyperacute HIV-1
infection. This increase in plasma levels of multiple cytokines and chemokines (also
known as cytokine storm) has previously been observed among 35 plasma donors with
acute HIV-1 infection and 21 young females in South Africa[102, 158]. Large increases in
IP-10 were observed in both these studies, with a peak in the hyperacute phase (4–
11 days after the detection of viremia) but only partially resolved after peak viremia
(24-32 days after the detection of viremia) and later time points. The intense early
cytokine storm in acute HIV-1 infection, particularly IP-10, was found to be positively
correlated with Gag-Protease replication capacity (higher IP-10, faster-replicating
viruses), implying a role for viral virulence in driving the inflammatory response[158].
Furthermore, while this cytokine storm may contribute to viral replication control, it
may also contribute to the early immunopathology of the infection and associated longterm consequences from prolonged immune activation.
Moreover, we observed that 18 innate immune analytes were higher in study
participants who had AHI symptoms than in those who did not. And after controlling
for age, the HIV-1 subtype, risk group, IP10 was associated with acute retroviral
syndrome (ARS). Only one previous study in Thailand by Crowell et al. has reported
on associations between innate immune responses during AHI and ARS (in 430
volunteers enrolled at Fiebig stage III or later), with TNF-α, IL-6, IL-7, IP-10, and
MCP-1 being the only cross-cutting analytes[273]. In contrast, there was no association
of IP-10 with ARS as observed in our study. This could be related to discrepancies in
the sample collection time. Crowell and colleagues further demonstrated that ARS was
associated with high viral burden, CD4+ T-cell depletion, and immune activation.

83

While many of these disparities between participants with and without ARS were
addressed following sustained ART, there was some evidence of increased chronic
inflammation among participants who experienced ARS despite suppressive ART
initiated during AHI. We also demonstrated that participants with stronger innate
immune responses had increased odds of ARS and that IP10 can be used to distinguish
individuals with stronger innate immune responses from those with weaker responses.
Paper IV is the first comprehensive and largest longitudinal MS-based plasma research
of acute HIV-1 infection (AHI) that has been presented to date. We show that the
plasma protein proteome profile is highly individual-specific, therefore using matched
pre-infection sample as a reference to analyse changes in protein expression during AHI
constitutes a major strength of this study, and allows interpretation of virus-induced
alterations on the individual level. The longitudinal protein expression patterns were
classified into six groups depending on how protein expressions changed from preinfection levels: i.e. 1) decrease in protein expression following HIV-1 acquisition was
either rapid and transient, more slowly initiated, or rapid and then resolved; 2) whereas
the increase was either slowly initiated, persistent and large or, rapid and resolved; and
the different proteins have been grouped in these categories including their respective
functions. As part of the longitudinal trajectories, 241 of 1106 (21%) quantified plasma
proteins changed significantly over the acute HIV-1 infection phase, revealing an
extensive remodelling of the plasma proteome during early HIV-1 infection. It is
crucial to establish the nature and timing of protein interactions during acute HIV-1
infection to inform prevention strategies, design prognostic markers for disease
progression and severity, and further understand how the HIV-1 affects the host.
We also confirm that differences in host responses are associated with ARS. When we
compared all proteins simultaneously, we identified a list of 20 proteins that were
strongly associated with ARS. These findings point to a complex rearrangement of
multiple factors involved in cell adhesion, binding and actin cytoskeleton, with many
of these proteins decreasing beyond pre-infection levels after one month of infection.
The top proteins associated with ARS were: zyxin (ZYX), secretoglobin family 1A
member 1 (SCGB1A1). Moreover, Sushi, von Willebrand factor type A, EGF and
pentraxin domain-containing protein 1 (SVEP1) and Serum amyloid A-4 were among
the top proteins associated with viral control, where lower mean abundance levels of
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these proteins were correlated with sustained viral control or lower viral load. SVEP1
protein structure suggested that SVEP1 potentially played a role in cellular adhesion
and that the downregulation of its expression in vascular endothelial cells in patients
with septic shock induces the release of chemokines such as IL-8, monocyte
chemoattractant protein (MCP)-1, and MCP-3, which mediate the enhancement of
cell chemotaxis[274, 275]. Therefore, having low levels of SVEP-1 could be correlated to
lower or sustained VL. Finally, protein Kinase C beta type (PKCB) was among the top
significant protein associated with the increased risk of clinical disease progression.
PKCB stimulates Nuclear Factor-kappa-B (NF-κB) that regulates BCR-induced NFκB B-cell activation, and also binds to the HIV-1 promoter to increase its
transcription[276,

277]

. In addition, PKCB plays a role in the rearrangement of the

cytoskeleton that is required for viral entry[278]. The results point towards the
importance of PKCB in HIV-1 replication, and it is possible that increased expression
of PKCB might increase the risk of clinical progression.

Infant intra-host HIV-1 evolution and CTL responses
during acute HIV-1
Main findings


A single transmitted founder virus infected 78% of the infants (Paper V).



Three months following infection, the immune-driven selection was observed
in infants (Paper V).



The majority of the identified CTL escape mutations were passed down from
mothers, and did not reverse during the first year of life (Paper V).



In infants, a higher HIV-1 evolutionary rate is linked to cytotoxic T
lymphocyte escape mutations (Paper V).

It has previously been demonstrated that 67% of infants from the USA, and 54% of
infants from Zambia were infected with a single transmitted founder virus[156, 279].
Furthermore, single transmitted founder viruses have been estimated to be 76-80% in
heterosexual transmissions, as low as 62% in men who have sex with men, and 40% in
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intravenous drug users[155, 157, 280, 281]. The percentage observed in our study is slightly
higher than previously observed in other infant cohorts, but within the range of
heterosexual transmission. There are two possible explanations for the observed
discrepancies among the infants. The first is that we used a rigorous inclusion criterion,
including only children with samples taken within one month of infection. The other
studies used samples obtained more than three months after infection, implying that
viruses that already had been under selection from infants' immunological pressure
were included. The second is that the mothers in our study were given single-dose
Nevirapine during pregnancy but not in the Women Infant Transmission Study
(WITS) cohort in the USA.
HIV-1 specific CD8+ T-cell responses are induced as early as the first week of life in
65% of in utero infected infants, with a median time of sample collection of nine
days[136]. In the same cohort, these responses were detected in 52% of intrapartum
infants with a median time of sample collection of 52 days (31-105 days) postinfection. Another South African cohort found CD8+ T-cell responses as early as six
weeks of age in infants[139]. In a previous sub-study of our cohort, CD8+ T-cell responses
were observed at 1 month in 58% of in-utero and 29% in peripartum infected Kenyan
infants, and in approximately 50% of infants thereafter[282]. Over the first year of life,
infants with IFN-γ release from CD8+ T-cells at one month of age had peak plasma
viral loads, rates of decline of viral load, and mortality risk similar to infants who lacked
responses at one month of age. Therefore, the strength and breadth of IFN-γ responses
at one month of age were not significantly associated with viral containment or
mortality. However, the early presence of quantitatively higher Gag-specific CD8+ Tcell responses has been associated with lower viral load and decreased mortality in the
first year of life[140, 283]. Functional assessment of HIV-specific T-cells by multiparameter
flow cytometry revealed that polyfunctional CD8+ T-cells were less prevalent in
children before 24 months of age, and that HIV-specific CD4+ T-cell responses were
of universally lower frequency among antiretroviral-naive children, and absent in young
infants.
In addition, we found that viruses with CTL escape mutations evolved faster than those
without, indicating that neonate CD8+ T-cells exert selective pressure on the virus.
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However, the magnitude of the cytotoxic specificity in killing HIV-1 remains to be
quantified. No association was found between CTL escape mutations (observed from
three months) and disease progression. The cross-sectional and longitudinal data
suggested that, unlike HIV-1-infected adults who have strong cytotoxic T lymphocyte
responses in the early stages of infection which are associated with reductions in
viremia, HIV-1-infected infants generate HIV-1-specific CD8+T-cell responses early in
life that are not clearly associated with better clinical outcomes and that qualitative
differences in the CD8 response, combined with a deficiency of HIV-specific CD4
cells, may contribute to the inability of young infants to limit replication of HIV[140,
282]

.
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Conclusions, limitations and future
perspectives
Our findings in papers I and II contribute to the growing body of evidence that HIV1 transmission patterns vary by geographic location. This is primarily influenced by
behavioural features, distinct migratory patterns, and the HIV-1 preventive measures
available in each location. Particularly, in paper I, which was the first comprehensive
HIV-1 phylodynamic research based on a countrywide set of HIV-1 sequences from
Nigeria, we discovered a vast number of URFs and possibly novel CRFs. Further
analysis indicated that HIV-1 first emerged and spread in major urban regions before
relocating to smaller rural areas. In the early 2000s, the number of effective infections
declined, corresponding with the introduction of free ART in Nigeria. However, the
overall reliability of phylogenetic inference is restricted by sample size, patient
demographics, and period of data collection, which results in missing links and smaller
transmission clusters. Furthermore, despite the growing number of sequence data in
public databases (e.g. the LANL HIV sequence database), these sequences still lack this
information and are sometimes wrongly subtyped, therefore some caution should be
used when employing sequences from these resources.
As a result, future HIV-1 phylogenetic research targeted at dissecting transmission
dynamics must gather a bigger and proportional sample across all geographical areas,
with an emphasis on time of collection and demographic information. Larger cohorts,
such as the PANGEA-HIV consortium, established in five high HIV-1 prevalence
countries, with dense homogeneous sampling, will improve and strengthen limitations
from previous phylogenetic studies. In addition, they will provide a better picture or
highlight where prevention efforts should be focused to most effectively reduce the HIV
epidemic.[284].
In papers III and IV, we add to the existing data that i) early innate immune responses
are elevated during acute HIV-1 infection (AHI) compared to pre-infection levels; ii) a
second study that associates stronger early innate immune response, specifically IP-10
with the acute retroviral syndrome (ARS); iii) IP-10 is highly involved in AHI and
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could be used to differentiate between stronger innate immune responses; iv) protein
expression profiles and innate immune responses are highly individual specific
highlighting the importance of longitudinal study designs that account for these
individual differences; v) describe several proteins associated with HIV-1 disease
progression, indicating that disease outcome could be driven by distinct virus- host
interactions. However, there are a number of challenges associated with this type of
research; for example, in plasma proteomics investigations, contamination of plasma by
blood cellular components may induce systemic bias when quantifying the plasma
proteome; ii) we used strict Fiebig I and II inclusion criteria to elucidate very early
immune responses, but peak activation of analytes with delayed response may have been
missed; iv) volunteers seeking hospital care are more likely to present with ARS than
those from a routine longitudinal study; v) in paper III, the sample size was limited,
and there was a e bias toward male volunteers (93%).
Taken together, it is clear that more research on the link between HIV-1 RNA levels,
innate immune disturbances, and ARS is needed. Furthermore, bigger cohort
validations of our findings in papers III and IV, as well as more sex balanced AHI
investigations are required. On the other hand, our findings add to our understanding
of how virus-host interactions during AHI interact with protein expression in the
blood.
Paper V adds to the limited evidence on CTL-driven immune selection in HIV-1
vertically infected ART-naïve infants throughout the first 15 months of life. The
immune-driven selection was found three months after infection, and the majority of
reported CTL escape mutations were passed down from mothers, and did not reverse
within the first year. Our work, like most intra-host HIV-1 evolution investigations,
was limited by sample size, which could have contributed to the disparities in
evolutionary rates when the samples were separated into groups. Nonetheless, this work
contributed to our understanding of vertical HIV-1 transmission and how infant
immune selection pressure shapes HIV-1 intra-host evolutionary dynamics. Our results
support the notion that early immune-directed therapies may boost the efficacy of CTL
responses in managing HIV-1 infections in infants.
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