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Abstract: The incorporation of biologically active host proteins into HIV-1 is a well-established
phenomenon, particularly due to the budding mechanism of viral egress in which viruses acquire their
external lipid membrane directly from the host cell. While this mechanism might seemingly imply
that host protein incorporation is a passive uptake of all cellular antigens associated with the plasma
membrane at the site of budding, this is not the case. Herein, we review the evidence indicating that
host protein incorporation can be a selective and conserved process. We discuss how HIV-1 virions
displaying host proteins on their surface can exhibit a myriad of altered phenotypes, with notable
impacts on infectivity, homing, neutralization, and pathogenesis. This review describes the canonical
and emerging methods to detect host protein incorporation, highlights the well-established host
proteins that have been identified on HIV-1 virions, and reflects on the role of these incorporated
proteins in viral pathogenesis and therapeutic targeting. Despite many advances in HIV treatment and
prevention, there remains a global effort to develop increasingly effective anti-HIV therapies. Given
the broad range of biologically active host proteins acquired on the surface of HIV-1, additional studies
on the mechanisms and impacts of these incorporated host proteins may inform the development of
novel treatments and vaccine designs.

Keywords: human immunodeficiency virus; host protein incorporation; integrin α4β7;
major histocompatibility complex (MHC); CD54 (ICAM-1); CD4+ T cells; monocytes/macrophages;
virion immunocapture; nanoscale flow cytometry; viral pathogenesis

1. Introduction

Enveloped viruses are a subset of virions that contain a lipid envelope derived from the cellular
membranes of their hosts and are the etiologic agents of many of the deadliest human diseases,
including Ebola, influenza, and HIV/AIDS [1–3]. The egress of enveloped virions from host cells
is distinct from non-enveloped viruses and occurs through a budding mechanism in which virions
acquire a portion of the host membrane [4,5]. During the canonical budding process, viral envelope
proteins and cellular proteins that are displayed on the surface of infected cells are incorporated by
nascent virions [6]. While countless studies have been performed on viral envelope proteins due to
their role in viral tropism and attachment, much less literature is focused on the host cell proteins that
can be hijacked by viruses and displayed on external viral membranes. Very early studies suggested
that host proteins were present in the envelopes of animal viruses such as the avian myeloblastosis
virus and in murine leukemia virus [7–9], but minimal biological significance was attributed to these
findings. However, in these early studies it was noted that the host-derived ATPase proteins in the
myeloblastosis virion envelope remained functionally active [7,9], demonstrating that host proteins
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could maintain their biological roles in viral envelopes. The incorporation of host proteins into the
envelopes of animal and human retroviruses has been well established in feline leukemia virus (FeLV),
simian immunodeficiency virus (SIV), and human immunodeficiency virus (HIV) [10–15].

The effects of incorporated host proteins on HIV-1 tropism and pathogenesis has been reviewed
previously [16,17]. Indeed, it was suggested that host proteins incorporated into the HIV-1 envelope
could alter viral pathogenesis in the early 1990s [15] and many subsequent studies have provided
evidence for this. Enriched, functionally active host-derived proteins such as integrin α4β7 and
ICAM-1 are key proteins of current study due to their selective incorporation into virions and their
influence on viral infectivity and pathogenicity [18,19]. Antibody targeting of virus-incorporated host
proteins has indicated promise in reducing or inhibiting HIV-1 and SIV infection in in vitro and in vivo
experimental models [18,20–23]. Continuing to study the mechanisms by which host proteins may be
selectively incorporated into viral envelopes may provide future targets for novel drug therapies and
vaccine designs.

With respect to methodology, immunoelectron microscopy, which was the initial mode of detection
for host proteins on the surface of virions, has now fallen out of favour as other technological advances
and methodologies have emerged. Mass spectrometry (MS) is now more commonly used to identify
the breadth of host proteins associated with virions [24–28], while immunocapture with magnetic
beads is routinely employed to identify host proteins displayed on the surface of virions [18,19,29].
This review will highlight host proteins that are well-established to be incorporated into HIV-1 virions,
tools used to identify host protein incorporation, and lastly, how these incorporated proteins can
influence viral pathogenesis and could be targeted in novel therapeutics.

2. Methods to Identify Host Protein Incorporation

Despite the ubiquity of viruses, detailed knowledge of viral structures is difficult to garner on
these nanoscale particles compared to larger pathogens, like bacteria. The small size of viruses has
hindered research for centuries and delayed the initial discovery of viruses as infectious agents until
the late 1800s [30]. Characterizing the structure of viruses is often an early objective when an emerging
virus becomes apparent. Electron microscopy (EM) has been used successfully to determine the size
and shape of many viruses [31,32], but the technique provides little information about the function of
viral proteins or the distinct differences amongst viral subsets [33]. Cryo-EM techniques have only
recently been used to visualize the HIV-1 envelope glycoprotein at high resolution (10 Å) and more
recently enabled the first visualization of the crystal structure of the HIV-1 envelope glycoprotein
gp120 [34,35].

In enveloped viruses, characterizing the proteins within the envelope is of paramount importance
since these proteins often direct infection and tissue tropism and are the primary targets for vaccine
design as they are the only antigenic determinants on intact virions that are visible to the immune
system [36–39]. Several techniques have been used to successfully identify and characterize the array
of host proteins displayed in viral envelopes. Summaries of some of the more common methods are
reviewed below and visually depicted in Figure 1.
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Figure 1. Methods to detect host protein incorporation on the surface of an HIV-1 virion. An HIV-1 
particle is depicted with surface antigens displayed, including the viral envelope glycoprotein (Env, 
grey) and host cell proteins MHC II (orange), CD54/ICAM-1 (purple), and integrin α4β7 (blue). 
Immunomagnetic bead capture (left) is one common and crude method to determine surface antigen 
expression on virion surfaces, quantified by p24 antigen ELISA readout. Mass spectrometry (centre) 
is another common and crude method to detect host protein incorporation that might offer enhanced 
sensitivity over immunocapture, but cannot distinguish the location of incorporated proteins from 
virion surface versus virion interior. Flow virometry (right) is an emerging technology for the flow 
cytometry-based detection of nanoparticles, permitting highly sensitive detection of unique virion 
populations that can be distinguished based on scattering properties (x-axis) and fluorescence 
expression (y-axis) within virions or via staining with fluorochrome-conjugated antibodies (maroon). 
This figure was created with BioRender. 

2.1. Mass Spectrometry 

Mass spectrometry (MS) has been a central tool in identifying proteins since the initial 
development of electrospray ionization (ESI) and matrix-assisted laser desorption/ionization 
(MALDI) for the probing of intact biomolecules [40]. The ability to determine amino acid 
composition, molecular mass and post-translational modifications with high sensitivity has greatly 
expanded the field of proteomics and enhanced our ability to analyze individual proteins and protein 
complexes [40–42]. MS is a common method for determining the total number of proteins associated 
with a population of viruses [43]. The coupling of MS with other analyses, such as chromatography, 
has provided many advancements in the field of virology. Liquid chromatography-linked tandem 
MS (LC-MS) was successfully used to identify the presence of 253 host proteins in HIV-1 virions [28]. 
Of these proteins, 33 host proteins identified were previously shown to be present in HIV-1 virions 
using immunocapture techniques (outlined in section 2.2 below), demonstrating the reliability of MS 
as a method for detecting host-derived proteins associated with virions [17,44]. 

Figure 1. Methods to detect host protein incorporation on the surface of an HIV-1 virion. An HIV-1
particle is depicted with surface antigens displayed, including the viral envelope glycoprotein (Env,
grey) and host cell proteins MHC II (orange), CD54/ICAM-1 (purple), and integrin α4β7 (blue).
Immunomagnetic bead capture (left) is one common and crude method to determine surface antigen
expression on virion surfaces, quantified by p24 antigen ELISA readout. Mass spectrometry (centre) is
another common and crude method to detect host protein incorporation that might offer enhanced
sensitivity over immunocapture, but cannot distinguish the location of incorporated proteins from
virion surface versus virion interior. Flow virometry (right) is an emerging technology for the
flow cytometry-based detection of nanoparticles, permitting highly sensitive detection of unique
virion populations that can be distinguished based on scattering properties (x-axis) and fluorescence
expression (y-axis) within virions or via staining with fluorochrome-conjugated antibodies (maroon).
This figure was created with BioRender.

2.1. Mass Spectrometry

Mass spectrometry (MS) has been a central tool in identifying proteins since the initial
development of electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI)
for the probing of intact biomolecules [40]. The ability to determine amino acid composition, molecular
mass and post-translational modifications with high sensitivity has greatly expanded the field of
proteomics and enhanced our ability to analyze individual proteins and protein complexes [40–42].
MS is a common method for determining the total number of proteins associated with a population
of viruses [43]. The coupling of MS with other analyses, such as chromatography, has provided
many advancements in the field of virology. Liquid chromatography-linked tandem MS (LC-MS)
was successfully used to identify the presence of 253 host proteins in HIV-1 virions [28]. Of these
proteins, 33 host proteins identified were previously shown to be present in HIV-1 virions using
immunocapture techniques (outlined in Section 2.2 below), demonstrating the reliability of MS as a
method for detecting host-derived proteins associated with virions [17,44].
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Additionally, MS provides the sensitivity to detect viral proteins of low abundance, and
conveniently, it can also be used to characterize the impact of viral infection on cellular proteins, while
also providing vital information on protein–protein interactions [43]. Comparisons of immunoassays,
real-time PCR, and advanced MS techniques (including LC-MS, MALDI-TOF) have found that LC-MS
is typically more sensitive than immunoassays [45], while real-time PCR assays were similar in
sensitivity to MS [46,47]. Multiple studies using MS techniques have investigated total virion protein
contents and successfully identified viral- and host-encoded proteins in vaccinia virus, herpes simplex
virus type 1, influenza virus, and HIV-1 [24–26,28,48–50].

However, while MS is a powerful tool, it does not provide information on the protein composition
of individual virus particles, nor does it give any indication on location of the incorporated protein
(i.e., intravirion versus virion surface).

2.2. Immunomagnetic Capture

Detection of cellular constituents on the HIV-1 envelope are commonly assessed using antibody
capture (immunocapture) assays. The sensitivity of antibody detection was used in a seminal study
in which MHC class II was first detected on SIV virions through immunoelectron microscopy [51].
Further use of immunoelectron microscopy identified the presence of many other cellular proteins on
the surface of HIV-1 virions, including CD11a, CD25, CD54/ICAM-1, CD63, MHC class I and II [13,14].
However, some targets initially identified by immunoelectron microscopy, such as CD4, were unable to
be replicated using more sensitive techniques like immunoprecipitation and plate-based monoclonal
antibody (MAb) capture [52–55]. These plate-based MAb assays were employed commonly to capture
virions displaying host proteins, followed by p24 (capsid) antigen ELISAs to quantify the amount of
virus captured by the antibody [11,52,53]. More recent studies continue to use the principle of the
antibody-mediated capture, but instead employ the use of immunomagnetic beads [18,19,29,56,57].
Magnetic bead-based separations permit more reproducible results and lower p24 background levels,
and have been able to confirm the presence of previously described host proteins determined through
plate-based and immunoelectron microscopy methods [18,54]. The high specificity of immunomagnetic
capture assays has been employed to identify differences in the antigenic profile of macrophage- and
T cell-derived virions using specific host cell markers exclusive to the respective cell types [56],
demonstrating the sensitivity and power of this technique.

One limitation of this technique is that it can only inform on the relative amount of virus
precipitated or captured, while no information is gained on the absolute number of host-cell derived
proteins on each single virion [58]. The presence of contaminating microvesicles with surface-displayed
host antigens can also complicate immunocapture data, although there are techniques to mitigate these
effects [59,60]. Pertinent to this review, a list of HIV-incorporated host proteins discovered using the
aforementioned assays is shown in Table 1.

Table 1. Host proteins incorporated into the external HIV-1 envelope.

Host Protein Host Cell HIV Isolate Method of
Detection Reference

CD3 H9, CD4+ T cells,
Monocytes, PBMC Ba-L, f/s.8, IIIB EM, PB-cap,

IM-cap [13,52,56]

CD5 H9, M8166, PBMC IIIB EM, PB-cap [13,52]

CD6 H9, M8166 IIIB PB-cap [52]

CD11a/CD18
(LFA-1)

PBMC, SupT1,
CEMX174, Jurkat,

M8166, U937, H9, C8166

IIIB, SF162,
HTLV-IIIRF, LAI PB-cap, IM-cap [11,14,18,52,55]

CD11b/CD18
(Mac1) U937, M8166 IIIB PB-cap [52]
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Table 1. Cont.

Host Protein Host Cell HIV Isolate Method of
Detection Reference

CD11c
(integrin αX) U937, M8166, PBMC IIIB PB-cap [52]

CD25 CD4+ T cells, Monocytes Ba-L, f/s.8 EM, IM-cap [13,14,56]

CD26 CD4+ T cells, Monocytes Ba-L, f/s.8 IM-cap [56]

CD27 PBMC SF162 IM-cap [18]

CD29
(integrin β1) PBMC, H9, U937 IIIB IM-cap, PB-cap [18,52]

CD30 H9 IIIB EM [13]

CD36 CD4+ T cells, Monocytes Ba-L, f/s.8 IM-cap [56]

CD40/CD40L DC, PBMC Ba-L, CI IM-cap, PB-cap [61,62]

CD43 PBMC, U937, SupT1,
CEM.NKr, Jurkat, H9

IIIB, SF162,
HTLV-IIIRF IM-cap, PB-cap [11,18,52]

CD44
PBMC, CD4+ T cells,
Monocytes, SupT1,

CEM.NKr, CEMX174
Ba-L, f/s.8 IM-cap, PB-cap [11,56]

CD45 PBMC, Jurkat SF162, HTLV-IIIRF IM-cap, PB-cap [11,18]

CD46 PBMC, CEMX174 SF162, IIIB IM-cap, IP [18,53]

CD48 PBMC, U937, H9, M8166 IIIB PB-cap [52]

CD49d
(integrin α4) PBMC SF162 IM-cap [18]

CD54
(ICAM-1)

PBMC, U937, H9, M8166,
C8166 IIIB, SF162, LAI, CI EM, IM-cap,

PB-cap [14,18,52,54,55]

CD55 CEMX174, PBMC, U937,
H9, M8166 IIIB IP, PB-cap [52,53]

CD59 CEMX174, PBMC, H9,
M8166 IIIB IP, PB-cap [52,53]

CD62L
(L-selectin)

CD4+ T cells, CEM-SS,
PBMC NL4-3, IIIB IM-cap, PB-cap [63,64]

CD63 (tetraspanin) SupT1, CEM. NKr,
Jurkat, H9, PBMC IIIB, HTLV-IIIRF PB-cap, EM [11,13,14]

CD64 CD4+ T cells, Monocytes Ba-L, f/s.8 IM-cap [56]

CD71
(transferrin

receptor)

H9, SupT1, CEMX174,
PBMC, U937 IIIB, HTLV-IIIRF PB-cap [11,52]

CD102
(ICAM-2) PBMC SF162 IM-cap [18]

CDw108
(semaphorin 7A) H9, U937, M8166 IIIB PB-cap [52]

MHC Class I:

HLA-ABC H9, PBMC, U937, M8166 IIIB, SF162,
HTLVIII, CI

EM, IM-cap,
PB-cap [12,14,18,52,54]

β-2 microglobulin H9, C8166 IIIB, HTLVIII, CI PB-cap [12,55]

MHC Class II:

HLA-DR, -DP, -DQ
PBMC, H9, U937, M8166,

H9, HUT 78, Molt 4
clone 8, C8166

HTLV-IIIRF, SF162,
IIIB, LAI, NL4-3, CI

EM, IM-cap,
PB-cap, WB [11–13,18,52,54,55]

Integrin α4β7 PBMC Ba-L, IIIB, SF162 IM-cap [18]

IM-cap: Immunomagnetic bead capture; PB-cap: Plate-based capture; EM: Immunoelectron microscopy; WB:
Western blot; IP: Immunoprecipitation; CI: Clinical isolates.
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2.3. Nanoscale Flow Cytometry and Flow Virometry

Flow cytometry is a powerful, well-established tool that is used in clinical and research settings
to characterize cells based on light scattering properties and fluorescent emissions [65–68]. Although
flow cytometry can easily characterize single cells, organelles and bacteria, it is difficult to detect
smaller particles (below 300 nm in size) using light scattering with traditional cytometers [69,70].
Early work employing a conventional flow cytometer designed to characterize small particles was able
to discriminate between reoviruses, T2 bacteriophages, and latex spheres using light scattering [71].
Traditional cytometry methods have also been optimized for marine biology studies seeking to
investigate viral populations in water samples [72–74]. However, recent and dramatic advancements
in techniques have significantly improved the ability to resolve nanoparticles through what has been
coined “flow virometry” and more recently “nanoscale flow cytometry” [75–79]. The advancements in
this field have been largely based on studies performed on extracellular vesicles (such as exosomes
and microvesicles; EVs) which share similar sizes, antigenic profiles and biosynthetic pathways as
many enveloped viruses, including retroviruses like HIV-1 [80].

The distinct advantage of flow virometry from bulk methods that are commonly used to study
viruses such as western blot, MS or immunocapture, is that it has the power to characterize individual
virus particles. The ability to analyze surface antigens on individual virions permits the discrimination
between viral subsets that contain varying amounts of host-derived proteins [75]. Furthermore, sorting
viral subpopulations allows for specialized studies focusing on how viral characteristics are altered
by the incorporation of particular host proteins [70,81]. The similarities in size, density, and antigen
profiles between EVs and virions has complicated purification of virion preparations for years [60,82].
However, precise discrimination between EVs and virions can now be successfully achieved with
nanoscale flow cytometry techniques [76]. A recent study using both traditional and submicron
cytometers indicated that both are adept at detecting individual HIV-1 virions using fluorescence,
but not by light scatter [70]. Similar studies using other viruses, including murine leukemia virus (MLV)
and vaccinia virus, have successfully visualized viruses using light scattering [76,77]; however, not all
instruments are sensitive enough to discriminate between viruses and instrument noise. Additionally,
detection through light scattering can lead to increased abort rates [76], confounding data acquisition.
It is anticipated that discriminating between viral subsets solely on light scattering properties will
become more common as technology improves.

One major difficulty that is encountered when performing flow virometry is swarming or
coincidental events. Cytometers are designed to ensure that single cells are analyzed by a detector
via a single-cell stream [65,68]; however, virions can be several orders of magnitude smaller than
cells and may be detected in groups by the cytometer, reducing the accuracy and reliability of sample
measurements [79]. Optimism for single-stream virion analysis has been renewed with recent work
showing that optimizing sample concentration through high-order titration can minimize coincidental
events and offer highly reliable results (Tang et al. [83] in preparation).

Another issue with this technique is the availability of nanoparticle controls. Polystyrene beads
which are commonly employed as a control for small-sized particles are not accurate for sizing viruses
or EVs since their refractive indices and light scattering properties are quite different from synthetic
beads [84,85]. Accordingly, the field is currently developing particle standards and developments
have been made on the use of fluorescently labelled viruses or EVs as biological positive controls and
size standards (Nanoscale Flow Cytometry for Cancer, Infection, & Disease, University of Ottawa,
2018). Similarly, the development of software to approximate the diameter and refractive indices of
nanoparticles based on individual instrument parameters and bead standards is also becoming more
common [86,87]. Accurate and comprehensive controls, as well as optimization of signal-to-noise
ratios are both imperative to ensure confidence in measurements in this up-and-coming field.
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3. Host Proteins Incorporated on Virion Surfaces

While many host proteins have been identified in the envelope of HIV-1 virions, only a few have
been studied in depth. Despite this void in the literature, there is great value in performing these studies
as incorporated proteins can play a large role in viral pathogenesis and infection. Although the majority
of host proteins are excluded from the envelope of virions during budding, specific MHC isotypes,
adhesion proteins, and complement proteins are commonly found embedded in HIV-1 virions (Table 1).
The types of proteins that virions acquire are highly specific to host cell type and viral strain; in fact,
the antigen profile on monocyte/macrophage- and T cell-derived virions can be quite different. Indeed,
virion capture assays targeting discriminatory proteins between these two cell types have showed
significant differences in the antigenic profile of their respective progeny virions [56]. Furthermore,
the acquisition of host-derived adhesion molecules that are functionally active can provide a distinct,
selective advantage to virions during transmission and infection, as discussed herein. This is especially
important for HIV-1 since this virus has a relatively low rate of successful transmission [88]. This section
will highlight several of these well-studied HIV-incorporated proteins and mention more recently
identified host proteins in the HIV-1 membrane that might affect viral pathogenesis.

3.1. Major Histocompatibility Complex (MHC)

The incorporation of MHC class I and II antigens in the viral envelope has been well-established
for both HIV-1 and the highly related SIV viruses [11–15,52,54,58,64,89]. Early reports indicated
that certain isotypes of human lymphocyte antigen (HLA) class II, such as HLA-DP and HLA-DQ,
were absent from virions [12,15]. Subsequent work demonstrated that HLA-DP and HLA-DQ
were indeed present on some virions, but that incorporation was dependent on the cell type in
which virions were derived from [54]. Conversely, HLA-DR has consistently been found at high
levels on the surface of HIV-1 virions derived from multiple cell types, despite it not being avidly
expressed on host cell membranes [18,54]. These data suggest a mechanism of selective enrichment of
HLA-DR incorporation into virion membranes. Notably, the number of host-derived HLA-DR and β-2
microglobulin molecules associated with SIV and HIV-1 virions were found to outnumber the viral
envelope glycoproteins [15], additional evidence suggesting that virions are enriched for select host
proteins [12,17]. Furthermore, analyses of molecular mass ratios between HLA-DR (or ICAM-1) to
the viral p24 (capsid) protein in virions have also suggested that host proteins can outnumber viral
proteins in virus fractions [55,60].

While high levels of MHC molecules, including HLA-DR and β-2 microglobulin, are present
on virions, microvesicles that co-purify with virions during sucrose density centrifugation can also
express these host antigens, which can confound measurements [60]. The level of MHC expression
on virions can vary given the type of cell being infected, the viral strain [54] and for clinical samples,
donor variability [90]. Similarly, the number of virions and microvesicles produced that display
cellular antigens varies with each cell passage, whereas certain HIV-1 proteins, such as viral envelope
(glycoprotein 120, gp120), are less commonly associated with microvesicles [60]. Notably, one of the
first groups to demonstrate the presence of MHC class II antigens on SIV virions also showed that
chronically-infected (SIV and HIV) cell lines had increased expression of MHC class II compared to
uninfected control cells [51]. It was later shown that many incorporated cellular proteins, including
MHC II antigens, are functional in the viral envelope and can increase virulence (Section 5.3 of this
review). Conversely, HIV-1 infection has been associated with a transient decrease in expression of
MHC I antigens on monocytic and T lymphocytic cell lines, likely a mechanism used by virions to
evade cytotoxic T lymphocyte killing [91–94].

3.2. ICAM-1 and LFA-1

Intercellular adhesion molecules (ICAM) are involved in numerous cellular processes including
adhesion and inflammation. They are often exploited as receptors by pathogens, including human
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rhinoviruses and Plasmodium falciparum malaria parasites [95,96]. ICAM-1, a subset of the ICAM family,
is the cognate ligand for the lymphocyte function-associated antigen 1 (LFA-1/αLβ2) [97], another
cellular adhesion molecule. The interaction between ICAM-1 and LFA-1 is important in T cell activation,
migration of T cells to target sites, and pertinent to HIV-1 infection, in the formation of syncytia.
Syncytia are a cytopathic phenomenon associated with HIV-1 infection that is characterized by multiple
cell fusion events, leading to the formation of giant multinucleated cells which subsequently lyse and
release a burst of virions [98]. While syncytium formation was canonically known to involve gp120 and
CD4 interactions, it was also shown that the ICAM-LFA interaction can induce syncytium formation,
as blocking LFA-1 with a monoclonal antibody caused an attrition of syncytium formation [99].
ICAMs 1–3 and LFA-1 were later confirmed to be involved in this process [100], as well as involved
in increasing HIV-1 infectivity (see Section 5.1 of this review). Furthermore, all of these adhesion
molecules have been found as constituents of the HIV-1 envelope in virions propagated in peripheral
blood mononuclear cells (PBMC) [55,57,64]. Interestingly, an N-terminal synthetic peptide derived
from the ICAM-1 sequence inhibited virus replication and syncytium formation in a dose-dependent
manner, indicating that the ICAM-derived peptide may bind to LFA-1 on uninfected cells or virions to
competitively antagonize natural interactions with functional (full-length) ICAM-1 [101].

Similarly, antibodies directed against the subunits of LFA-1 and ICAM-3 were shown to inhibit
syncytium formation, as well as HIV-1 entry and infectivity in T lymphoid (SupT1, CEM) and
monocytoid (U937) cell lines, prompting speculations that ICAM is a key mediator of HIV-1 entry [102].
While ICAMs are not co-receptors for HIV-1 entry, the incorporation of host-derived ICAM-1 was
shown to enhance HIV-1 infection in T and monocytic cells through enhanced physical interactions
with LFA-1 on target cells [19,23]. More detail regarding the biological effects of ICAM incorporation
in HIV-1 infection is outlined below in Section 5.1.

3.3. Integrin α4β7

Integrin α4β7, the gut-homing receptor present on CD4+ T lymphocytes, facilitates gastrointestinal
homing through binding to its cognate ligand, mucosal addressin cell adhesion molecule 1
(MAdCAM-1), which is restricted in expression to only gut tissues [103]. Integrin α4β7 has been
of recent interest due to its ability to bind the HIV-1 envelope protein gp120 [104], its applications as a
marker of CD4+ T cell depletion [105], and most recently, its use as a predictor of HIV-1 acquisition
and disease progression [106]. Further interest in α4β7 has been piqued by the in vivo effects
of anti-α4β7 monoclonal antibody treatments in SIV-challenged macaques, which led to delayed
viral transmission [20], decreased viral loads [21], and persistent control of infection, even after
withdrawal of anti-α4β7 treatment [22]. We recently showed that HIV-1 virions from clinical and
laboratory-adapted isolates, as well as SIV strains, can incorporate α4β7 into their viral membrane and
that the integrin remains biologically active when displayed on the surface of virions [18]. Surprisingly,
the amount of α4β7 incorporation in viral envelopes was found to be significantly higher than
the well-characterized ICAM-1, LFA-1, HLA-DR, and CD43, although the latter two did not reach
statistical significance [18]. The marked enrichment of integrin α4β7 on HIV-1 virions strongly suggests
a selective mechanism of incorporation. While this mechanism has not yet been fully elucidated, it is
suspected to be Gag-dependent, similar to that for ICAM-1 incorporation [29]. The incorporation of
integrin α4β7 into virions was also shown to be relevant in clinical disease progression. Indeed, high
levels of virion-incorporated α4β7 were detected in sera from patients during acute HIV-1 (and SIV-1)
infection [18], which is in accordance with high levels of viral replication in α4β7+ intestinal CD4+ T
cells during this acute phase [107–109].

3.4. Complement Proteins

The complement system consists of over 30 soluble and cell surface proteins that bridge the
innate and adaptive immune systems. The complement pathway leads to increased opsonization [110]
and/or direct lysis of pathogens through the formation of a membrane-attack complex [111]. Notably,
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HIV-1 infection has been associated with modified expression of complement proteins on the surface of
erythrocytes and infected T cells [112,113]. However, while HIV-1 virions activate complement,
they are not readily neutralized by this host defense mechanism [114]. Complement proteins,
such as the glycosylphosphatidylinositol (GPI)-linked proteins CD55 and CD59, which are canonically
anchored to the cell membrane, have been found to be displayed on HIV-1 virion surfaces [115].
Furthermore, virions produced in cell types that lacked CD55 and CD59 were shown to be sensitive to
complement-mediated neutralization, whereas virions produced in cells that expressed the proteins
were found to be resistant to this host defense [115]. Both of these proteins, in addition to CD46,
a complement regulatory protein, have also been found within SIV virions [53]. Interestingly, blocking
these proteins with targeted antibodies resulted in increased virion lysis as well as a reduction in
infectivity for both HIV-1 and SIV [53].

3.5. Other Molecules

It is noteworthy that the presence of many other adhesion molecules such as CD44, CD63
(tetraspanin), and CD62L (L-selectin) has been detected in the HIV-1 envelope [11,63,64]. However,
the effects that these host molecules have on viral pathogenesis have not been well-characterized and
it is likely that additional undescribed host proteins are also present in the viral envelope [28].

Until recently, CD40 and its cognate ligand CD40L (CD154), a receptor/counter-receptor pair
that are involved in humoral immunity and tolerance [116,117], were not well-established in the
HIV-1 envelope [62]. While it was known that CD40L is expressed on CD4+ T cells and that CD40 is
expressed on APCs, both antigens were found to be incorporated in the viral envelope in viral strains
of CXCR4- and CCR5-coreceptor usage in PBMCs and tonsillar tissue [61]. Further studies revealed
that CD40L remains functionally active in virions and is able to mediate NF-κB activation [118] and
induce immunoglobulin G (IgG) and interleukin-6 production [119]. These findings and others suggest
that virion-incorporation of CD40L may play a role in B cell abnormalities associated with HIV-1
infection [119]. Taken together, an overwhelming amount of evidence supports the idea that many
host-derived proteins remain functionality active in virions, with the ability to affect viral pathogenesis
and tropism (further discussed in Section 5).

4. Mechanisms of Incorporation

Early experiments that screened HIV-1 virions for the incorporation of host proteins noted
that specific proteins, such as CD4, CD80, and CD87, were commonly excluded from the outer
envelope [52,55,58] of virions, while other proteins like MHC class II (e.g., HLA-DR) seemed selectively
enriched [11,12]. Although HIV-1 has a small genome, it has many mechanisms in place to avoid host
defenses and it likely has also evolved mechanisms to selectively uptake antigens from its host cell
to increase infectivity. Indeed, the level of protein expression on a cell surface does not necessarily
correlate with the virion-incorporated amount of the same protein [11,12,15,18,120], indicating that
incorporation is not simply a passive uptake of antigens, but instead a selective mechanism of uptake.
Further evidence of selective incorporation is the select panel of conserved antigens on HIV-1 and SIV
virions, even when different cell types are used to propagate the viruses [15,18,59,121,122]. Detailed
below are potential mechanisms through which HIV-1 could acquire its unique antigenic profile and
examples of studies performed to elucidate the viral determinants associated with virion-incorporation
of MHC class II and ICAM-1.

4.1. Budding Through Lipid Rafts

While there are distinct differences between the antigenic profiles on T cell-derived and
macrophage-derived viruses, 544 individual proteins (79 protein clusters) were described as shared
between the two viruses after a quantitative proteomic study was performed [59]. The antigenic
similarities suggest a common egress pathway that facilitates acquisition of select host proteins [59].
One mechanism by which this may be occurring is via selective budding through lipid rafts [123,124].
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Lipid rafts are small, mobile sections within membranes that are detergent-resistant and enriched
with cholesterol, sphingolipids, and GPI-linked proteins [125,126], including the complement proteins
CD55 and CD59. These rafts have been implicated in multiple aspects of the HIV-1 replication cycle,
including viral entry and egress [123,127,128]. The involvement of lipid rafts during viral egress has
also been noted in other enveloped viruses such as influenza virus, Ebola virus, and measles virus [128].
Notably, the HIV-1 viral membrane is also enriched in cholesterol and sphingolipids [129], displaying
areas reminiscent of cellular lipid rafts, and this lipid composition in the viral membrane has been
shown to have implications for infectivity [130–132]. Specific depletion of cholesterol in T cell lines
and HIV-1 virions were both shown to decrease infection [130,132,133], suggesting the importance of
raft integrity in viral infection. However, cholesterol may not play a significant role in mediating host
protein incorporation into virions, since destabilizing it with chemical treatments did not affect the
association of host proteins (MHC I and II) with the viral envelope [132].

While the lipid composition [134] and the incorporation of the GPI-anchored lipid raft markers
within virions both support the suggestion that incorporation into HIV-1 mechanistically occurs via
budding through lipid rafts, it is clear that other viral determinants must be involved in the acquisition
of host proteins by HIV-1 virions. For example, CD45 and CD14 are both resident within lipid rafts
in T cells [135,136] and macrophages [120], but both proteins are seemingly excluded from virion
envelopes or present at low levels [11,120,123]. This specific exclusion is especially notable since
cellular membranes contain high levels of CD45, while virions do not [58,137]. It has been suggested
that the exclusion of CD45 could simply be due to steric hinderance [138], but it is probable that HIV-1
has sophisticated mechanisms in place that block the uptake of specific proteins. Similarly, CD4 and
CD48 are both well-established lipid raft components which are known to colocalize with raft-resident
markers [133,139–142]; however, HIV-1 has been shown to acquire CD48 [52] while CD4 is excluded
from the HIV-1 envelope [52–55]. It should be noted however, that the absence of CD4 on virions is
likely impacted by the low expression of CD4 on infected cells, mediated through HIV-1 Nef- and
Vpu-dependent mechanisms that respectively downregulate CD4 expression via endocytosis [143]
and degradation of CD4 [144].

While there is a body of evidence supporting the critical role of lipid rafts, it is likely that
other mechanisms support the acquisition of select host proteins into virion membranes. For example,
the enveloped rhabdoviruses and alphaviruses can contain host GPI-anchored proteins and cholesterols
that are not associated with lipid rafts, and similarly, host proteins that are not lipid raft-associated
such as the transferrin receptor (CD71), have also been described in HIV-1 virions [11,52,145,146].

4.2. Assembly Within Exosomes

Although macrophage-derived virions can also acquire lipid raft-associated markers, including
CD55 and CD36 [120], a number of studies have shown that the host protein composition of
T cell-derived virions is quite different from macrophage-derived virions [28,59], likely due to the
differences between the HIV-1 infectious cycles in T cells versus macrophages. The use of the
endocytic pathway, which is more common in monocyte/macrophage infection, permits HIV-1 virions
to be taken up and harbored within multivesicular endosomes [147] (also termed multivesicular
bodies [120,148]). The fate of virions trafficking through an endocytic pathway is notable, in that
these viruses can subsequently exit the cell via an egress pathway similar to the traditional exosome
pathway [120,149,150]. Thus, we infer that viruses leaving their host cells via exosomal pathways will
likely have a distinct set of incorporated host proteins compared to those leaving through canonical
budding pathways.

Exosomes contain features similar to virions, including an enrichment of cholesterol and
sphingolipids and an array of cellular proteins such as MHC class I and class II, integrin α4, CD45,
CD63, and lysosomal-associated membrane protein 1 (LAMP-1) [120,151]. In monocyte-derived
macrophages (MDMs) the late endosome can be a site of HIV-1 assembly [152,153], likely supporting
the antigenic similarities between surfaces of HIV-1 virions and exosomes [154]. Gould et al. have
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posited the “Trojan exosome hypothesis”, suggesting that retroviruses can exploit the cellular vesicle
trafficking network for both the production of new virions and the transmission of infectious particles
via exosomal uptake in neighboring uninfected cells [150]. Taken together, these studies could help
explain the different protein composition observed in T cell-derived and macrophage-derived viruses,
and may also explain why macrophage-derived exosomes are similar in their host protein profile to
HIV-1 particles derived from the same parent (host) cells [120].

However, while the presence of virions within intracellular vacuoles is widely accepted [155],
more robust empirical evidence is still required to fully substantiate the entirety of the Trojan exosome
hypothesis [154]. Regardless of this, the similarities between HIV-1 and exosomes are well-established
and further studies may help clarify the role of exosomes in HIV’s acquisition of host proteins.

4.3. Mechanisms Involving Cytoskeletal Proteins

Cytoskeletal proteins are essential for a wide array of cellular processes and unsurprisingly,
they have been implicated in many steps of the HIV replication cycle [156]. Since HIV has mechanisms
in place to hijack many aspects of the cytoskeleton, it is possible that it may also modulate the
cytoskeleton to selectively uptake specific proteins. To initiate infection, HIV-1 can enrich the presence
of its co-receptors and CD4 to productively fuse with its target cells. To do this, HIV-1 triggers signaling
cascades within cells that induce actin-dependent clustering of entry receptors through the recruitment
of filamin A, a protein which serves as a link between the entry receptors and actin [156–159]. It is
possible that similar signaling cascades may be utilized by virions to trigger the clustering of host
proteins that are selectively acquired by budding virions.

Notably, studies have shown that disruptive drug treatments which target motor proteins, the
actin network and/or GTP-binding proteins can hinder or block viral budding [160,161]. Similarly,
the HIV-1 Gag protein is described to associate with actin and the microtubule motor kinesin member
4 [160,162–164], which may suggest a role for cytoskeletal proteins in virus egress [165]. While further
studies will need to be conducted to discriminate the exact role of cytoskeletal proteins in viral budding,
remodeling of actin has been documented at budding sites [158]. Manipulation of actin-dependent
pathways to impact viral replication has recently been shown as a mechanism employed by the
anti-viral cytokine interleukin-27 (IL-27). A new mechanism underlying the anti-HIV-1 activity of
IL-27 was shown to be the downregulation of spectrin beta nonerythrocyte 1 (SPTBN1), a newly
described host factor that is required to support HIV-1 infection in monocytes and macrophages [166].
Notably, the SPTBN1 protein is involved in binding actin to the plasma membrane [167] and has been
demonstrated to associate directly with HIV-1 Gag [166]. The reliance on SPTBN1 for successful HIV-1
infection was demonstrated by SPTBN1 knockdown which conferred HIV-resistance in macrophages,
while overexpression of SPTBN1 rendered macrophages sensitive to infection [166]. Furthermore,
the HIV accessory protein Nef is known to modulate host actin levels [156,168,169], and therefore,
it may be informative to probe the role of Nef in future studies aimed at delineating the viral
determinants of host protein incorporation. Although a concrete link is yet to be established between
the cytoskeletal arrangement and the acquisition of host proteins into virions, additional studies are
highly merited to discern the connections between these two phenomena.

4.4. Mechanisms of MHC and ICAM-1 Incorporation

Mechanistic studies of MHC class II (HLA-DR) incorporation found that neither the presence
of the viral envelope glycoprotein (gp120) or Nef accessory protein affected the incorporation of
HLA-DR [170], with similar results observed for ICAM-1 incorporation [171]. However, another
study that employed whole virus immunoprecipitation with patient antisera observed that
virion-incorporation of MHC class II distinctly required the envelope glycoprotein, while this was not
the case for MHC I proteins [172]. It is likely that these conflicting results may be due to differences
in sensitivity of experimental assays. More recently, a detailed study confirmed the dispensable role
of gp120, and instead supported a role for the HIV structural protein Gag (matrix domain) in the
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incorporation of ICAM-1 [29]. Assays employing a virus-like-particle (VLP) system, three-dimensional
modeling and amino acid substitution mutants, determined that the HIV matrix protein (p17) is
required for ICAM-1 incorporation into both VLPs and infectious virus. With these studies we
acknowledge that it is also possible that the divergent results on the role of HIV envelope (gp120) may
be indicative that MHC II and ICAM-1 are incorporated via distinct molecular mechanisms, employing
unique viral determinants.

5. Effects of Host Protein Incorporation on Viral Pathogenesis

A large body of work supports the role of adhesion, integrin, complement, and MHC proteins in
HIV-1 pathogenesis [18,23,115,119,173–175]. For example, specific complement proteins incorporated
into the viral envelope can help virions avoid complement-mediated lysis [115] while integrins
and other adhesion molecules like ICAM-1 can retain their functionality and bind their cognate
ligands to increase infectivity [18,19]. However, the advantages (and disadvantages) that viruses are
afforded from incorporating host proteins is highly dependent on tissue tropism, route of infection,
and mechanisms of in vivo virus trafficking [18,54].

5.1. ICAM-1

Strikingly, HIV-1 virions that display ICAM-1 in their outer membrane were found to be more
infectious (2- to 9-fold) than virions without ICAM-1 [19,23], and activation of cellular LFA-1 enhanced
infection with ICAM-bearing viruses by over forty-fold in both cell lines and PBMC [173,176]. A more
clinically relevant study using ex vivo human tonsillar tissue corroborated the importance of ICAM-1
in increasing infection, whereby the advantages gained by virions bearing functionally active ICAM-1
were negated through the use of an anti-ICAM monoclonal antibody [176]. Furthermore, CD4+ T
cell depletion was found to be more profound upon infection with ICAM-positive virions [176].
Notably, ICAM-containing virions showed increased resistance to antibody-mediated neutralization
with anti-gp120s [23], while treatment with an anti-ICAM-1 antibody dramatically reduced the entry
efficiency of ICAM-bearing virions by ~100-fold [23]. These data align with other studies that have
shown that the ICAM-LFA interaction can facilitate infection in CD4+ T cells [173,174]. Additionally,
the ability of anti-gp120 monoclonal antibodies to neutralize ICAM-positive virions was decreased
when cells were treated with an antibody which activated its cognate ligand, LFA-1 [174]. Similarly,
compared to virions devoid of ICAM-1, ICAM-1-positive virions demonstrated an increased resistance
to neutralization using human sera from HIV-infected individuals if the target cells also expressed
LFA-1 [174]. ICAM-1 and LFA-1 have also been implicated in adhesion of HIV-1 virions to follicular
dendritic cells (FDCs) [177]. The capture and spread of HIV-1 to FDCs is of importance because
while FDCs are not permissive to infection, they can carry infectious virions [178] and transfer
them to bystander CD4+ T cells. Furthermore, ICAM-LFA interactions may also fuel infectivity
by mediating viral synapses and immunological synapses to increase the efficiency of cell-to-cell
transmission [19,99,173,174,179]. Thus, while the importance of ICAM-1 in HIV-1 infection is notable,
the effects of its cognate ligand, LFA-1, are also highly significant, as it is involved in mediating viral
and immunological synapses that can increase the efficiency of cell-to-cell transmission. Based on
this, it is likely that the two proteins play important roles during infection in vivo that have not yet
been described.

5.2. Other Adhesion Proteins and Integrins

The incorporation of leukocyte L-selectin (CD62L) into HIV-1 envelopes has been previously been
established [63,64]. Indeed, CD62L is functionally active in virions and enhances adsorption of virions
to endothelial cells, resulting in increased virus transmission to CD4+ T cells [63]. The interaction
of virion-incorporated host-derived proteins with their cognate physiological receptors can be
important mediators of trans-infection and can have significant influences on in vivo virus homing.
For example, a recent study corroborated this importance with HIV-1 viruses that have incorporated
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the principle gut-homing integrin, integrin α4β7. As a proof of concept for trans-infection, the
α4β7-positive virions were shown to be efficiently captured by non-permissive cells expressing the
cognate ligand MAdCAM-1, retained after extensive washing, and readily transferred to overlayed
target cells [18]. This study also employed an in vivo animal model to show that HIV-1 viruses bearing
surface-displayed α4β7 homed rapidly and selectively to gut tissues, driven by interaction with their
cognate ligand MAdCAM-1, which has restricted expression to gut-resident endothelial cells. Thus,
while the MAdCAM-1 that lines endothelial cells canonically functions to draw circulating α4β7+

CD4+ T cells to the gut mucosae, recent evidence indicates that viruses can hijack such mechanisms of
cellular homing, resulting in more efficient transit to hot-spots of permissive cells, likely fueling viral
pathogenesis in the long run [18].

5.3. Major Histocompatibility Complex (MHC)

Both MHC class I and II molecules have been found associated with HIV-1 membranes and are
known to affect viral pathogenesis [149]. The human MHC isotype HLA-DR has been reported to
be one of the most abundant host proteins within virions and its effects on pathogenesis have been
studied closely. The acquisition of MHC II is highly notable since CD4 is the cognate ligand of MHC
and early studies demonstrated an interaction between the two: MHC on virions and CD4 on cell
surfaces [180]. More specifically, 293T cells that were transfected with HLA-DR1 genes produced
virions with membrane bound HLA-DR1; these virions were shown to have increased infectivity in
T cell and monocytic lines, as well as in PBMC [180]. The incorporation of HLA-DR1 also increased
the kinetics of infection [180]. Further work done in a B cell line permissive to infection and bearing
MHC II corroborated previous work by showing that MHC II-positive virions were more efficient
at infecting several T cell lines than MHC II-negative virions and that this infection occurred more
rapidly [181].

A study that aimed to test the functionality of HLA-DR in antigen presentation showed that
virions with incorporated HLA-DR, but not those devoid of HLA-DR, could interact with a bacterial
toxin (staphylococcal enterotoxin A) to stimulate the proliferation of T cells and induce the production
of interleukin-2 (IL-2) [182]. This suggests that HLA antigens maintain some kind of functional role
even when virion-bound, similar to other incorporated proteins. Indeed, further evidence for this
suggestion was that HLA-DR-positive virions displaying the bacterial toxin were also able to induce
T cell apoptosis [182]. However, the authors did note that other viral accessory proteins may have
played an undescribed role in this phenomenon.

The effect of human MHC class I (HLA I) incorporation on HIV-1 infection has also been
investigated. Indeed, the infectivity of both laboratory strains and primary HIV-1 isolates was increased
upon virion incorporation of HLA I, and a lower susceptibility to antibody-mediated neutralization
with seropositive sera was also observed upon HLA I incorporation into virions [175]. Taken together,
these studies provide compelling evidence for the role of both MHC I and II incorporated antigens in
HIV-1 pathogenesis. Future in vivo studies are warranted to help provide insight on the role of these
incorporated proteins in HIV disease progression.

6. Novel Targets and Treatments

Although many advancements in antiviral treatments have been made since the discovery of HIV
as the etiologic agent of AIDS, no cure has been elucidated to date. While progress on pre-exposure
prophylaxis and antiretroviral drugs has greatly reduced the risk of HIV transmission and improved
the lives of individuals living with HIV, the costs, adverse effects, and inconvenience of lifetime
treatments make these therapies undesirable. Most recently, a large interest in monoclonal antibody
therapies and latency reversing agents has become the major focus in the field [183]. Given the current
interest in alternative therapeutics, host-derived proteins on HIV-1 surfaces provide an attractive
and novel repertoire of antigenic targets to be considered in new therapeutic and vaccine designs.
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The following section highlights host-derived targets on virions that are currently being explored or
employed in anti-HIV treatments.

6.1. Therapeutic Targeting of Integrin α4β7

The envelope glycoprotein (gp120) of certain HIV isolates has been shown to bind to
α4β7 [104,184], although this finding is not reproducible among all gp120s assessed [185]. Targeting
α4β7 in activated primary CD4+ T cells with both an anti-α4β7 antibody and short hairpin RNAs led
to a decrease in HIV-1 infection [184], although the former may be confounded by cell aggregation
which can be induced by anti-α4β7 antibodies. A series of macaque studies employing the anti-α4β7
monoclonal antibody, ACT-1, showed that the antibody could limit viral replication in acutely-infected
animals [21,186], and protect uninfected animals in transmission studies with repeated mucosal
challenge [20]. Most striking were the recent macaque studies showing that combined treatment
with antiretroviral therapy and primatized anti-α4β7 antibody elicited sustained suppression of viral
replication, even after both therapies were removed [22]. Given the range of recent macaque studies,
it is evident that α4β7 may be important target in in vivo HIV infection in humans as well. Furthermore,
the expression of α4β7 on human CD4+ T cells has been associated with increased HIV-1 acquisition,
increased CD4+ T cell decline, and higher set-point viral load [106]. It is notable that the same anti-α4β7
antibody used in the various macaque studies is also an approved treatment for irritable bowel disease
patients (ulcerative colitis and Crohn’s disease), currently manufactured as a humanized antibody
under the name Vedolizumab (Takeda Pharmaceuticals). Indeed, a recent study of HIV-infected
patients being treated for inflammatory bowel disease with Vedolizumab demonstrated that the
treatment was safe and caused a reduction in lymphoid aggregates [187]. While this study indicates
that Vedolizumab may help reduce viral gut reservoirs, further studies are warranted and ongoing to
determine if Vedolizumab is an efficacious anti-HIV treatment option. A clinical trial aimed to evaluate
the effect of Vedolizumab in HIV-infected individuals is ongoing and is scheduled for completion in
2020 (see ClinicalTrials.gov, Identifier: NCT02788175). Clinical trials using Vedolizumab for HIV-1
treatment are also underway in Spain and Canada (NCT03577782, NCT03147859), and planned in
France (NCT02972450).

6.2. Therapeutic Targeting of MHC Proteins

An efficacious HIV vaccine, which is likely a requirement for global HIV eradication [188],
has been researched for decades and to date remains one of the greatest challenges in modern medicine.
The primary target for canonical HIV vaccines is the envelope glycoprotein, as it is the only viral
protein visible on the surface of intact virions to the immune system [38]. However, due to the high
error rate of reverse transcriptase, mutations often occur during viral replication cycles, resulting
in evasion of antibody recognition and cell-mediated responses, and antiviral drug resistance [189].
Moreover, the relatively low level of envelope glycoprotein expression on virion surfaces further
hinders vaccine efficacy. MHC class II antigens are frequently incorporated into HIV virions and are
much more abundant than envelope glycoproteins [11–13,15,18], thus, these antigens may provide
additional attractive targets in HIV vaccine design [190–192]. This idea was highly favourable in early
years [191] and has continued to be an active area of research [192–194].

Numerous reports have suggested that alloimmunization with MHC antigens can elicit protection
in a myriad of ways, and may be correlated with a reduction in HIV-1 transmission [195–197].
Indeed, the use of an alloimmune MHC (HLA) vaccine has been pursued with decades of study
by many different research groups. One study based on World Health Organization data from
38 different African countries identified a negative correlation between HIV infection rates and
ethnic diversity [198]. Given that increased ethnic diversity is associated with increased MHC
discordance, the authors suggested that this discordance may help suppress HIV-1 transmission
and that an MHC-based alloimmunization strategy could lead to an alloimmune response that may be
more efficacious than traditional vaccine designs [198]. While traditional vaccine design focuses on

ClinicalTrials.gov
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generating protective immune responses based on viral epitopes, an MHC-based alloimmune vaccine
considers viral (i.e., gp120) proteins together with an emphasis on foreign host proteins (i.e., MHC)
that can elicit an alloimmune response. For example, when HIV spreads to a new host, it carries the
MHC antigens derived from its former host which new recipients can target with an alloimmune
response. However, this activity is lost after infection within the new host occurs and progeny virions
acquire the autologous MHC signature of the new host [198].

Early macaque studies supported the efficacy of MHC-based alloimmunization strategies;
macaques that were challenged with SIV after being immunized with inactivated SIV produced in
human T cell lines experienced complete protection in the majority of the immunized animals [199–202].
In these studies, the vaccine-elicited protection was attributed to the allogeneic MHC II antigens that
the virions carried from human cells [190] and vaccine designs based on this principle have continued
to be pursued [193,194]. However, it should be noted that while the benefits of alloimmunization have
proven protective in SIV studies, alloantigens such as MHC molecules, as well as other incorporated
host antigens such as ICAM-1 or LFA-1, can maintain their biological function on virion surfaces,
potentially facilitating interaction with and infection of CD4+ T cells [19,203].

Notably, other vaccines that have targeted host proteins have also proven to be beneficial in select
animal models. As noted previously, both CD40 and CD40L can be incorporated into virions and this
incorporation may have direct implications on aberrant immune responses during HIV-1 infection [61].
One study performed in a humanized-mouse model has shown that a therapeutic CD40-targeting
HIV-1 vaccine paired with a TLR3 agonist can induce HIV-specific T cell responses [204]. The vaccine
was also able to reactivate and reduce the levels of HIV-1 DNA in latent reservoirs within lymphoid
tissues, as well as delay viral rebound upon removal of antiretroviral treatments [204]. Though these
in vivo results are likely due to a myriad of factors that will be challenging to discriminate, the role of
virion-associated host proteins may play a significant part in this vaccine-elicited protective response.

While a large body of work gives credibility to the idea of an MHC alloimmunization vaccine
design, the search for an HIV vaccine is still ongoing and far from realization. Despite the many
hurdles, the benefits of targeting host proteins embedded in virions that are more readily accessible
and available than the highly variable envelope glycoproteins may be promising in the design of an
efficacious HIV vaccine.

7. Conclusions

The incorporation of biologically active host proteins into animal lentiviruses during the budding
process is selective and conserved, and in many cases, can induce increased viral pathogenesis.
Although the detailed effects of only a few host proteins on viral pathogenesis have been characterized,
the recent emergence of the highly sensitive technique of nanoscale flow cytometry (flow virometry)
may allow for easier identification of host proteins on individual virus subsets, and sorting of these
subsets to determine the impacts of incorporated proteins on viral infectivity and pathogenesis. Given
the vast number of host proteins acquired on the surface of enveloped virions like HIV-1, it is likely
that additional studies on these proteins may provide valuable new information that could inform
new therapeutics and vaccine designs.
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