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Abstract:

Research into HIV entry inhibitors has made monumental progress over the past decade particularly in
the development of highly active small-molecule fusion inhibitors, receptor antagonists, antibody-based inhibi-
tors, and non-peptide inhibitors. Each of these inhibitor designs marks a different approach to blocking HIV
cell entry, yet each has proven to be as effective, or even more effective, at neutralizing multiple strains of
HIV-1. In addition, many of the recently designed entry inhibitors have shown excellent inhibitory efficacy
against T20-resistant strains of HIV- T20 is one of the three HIV entry inhibitors approved for clinical use.
Moreover, extensive research has been completed to study the effects of combining multiple entry inhibitors
that target multi-step entry; such linking of inhibitors has generated complexes that demonstrate orders-of -
magnitude greater potency in comparison to the individual inhibitor subunits. These results exemplify the
rapid improvements being made in the field of HIV research; however, they also emphasize the leaps in
knowledge that need to be made for successful synthesis of an escape-proof entry inhibitor.

Introduction:

An impervious, escape-proof HIV inhibitor has yet to be discovered, or engineered; however, many
scientific groups continue to expand the possibilities of HIV inhibition through cutting-edge research. Retrovi-
ral pathogenesis of HIV can be targeted at multiple stages of viral entry, replication, and release, with one of
the most promising points of sequestration being the initial interaction between and envelope-mediate fusion
of the HIV virion with the CD4+ Helper T cell. Currently, HIV entry inhibitors range from small lectins found
in algae, to antibody based peptides, to elemental nanoparticles, and each targets a specific step, or multiple
sequential steps, in the HIV entry process. Currently, only two HIV entry inhibitors, T20 and maraviroc, have
been approved for clinical use (1), which exemplifies the incredible opportunity for continued advancement in
the field of HIV entry inhibitors. Here, the most recent innovations in the area of HIV entry inhibitors will be

discussed and analyzed for trends, gaps, and potential for future exploration.

Small-Molecule Fusion Inhibitors Targeting ep120 and gp41:

The molecular processes involved in HIV cell entry are well understood and widely accepted (1). The
process of cell entry involves initial attachment to the surface of the CD4+ Helper T cell through direct inter-
action with the CD4 cell-surface receptor, and co-receptor, CXCR4 or CCRS5. The gp120/CD4 and gp120/
CCRS5 or CXCR4 interactions facilitate a conformational change of the trimeric gp120 that exposes gp41. The
lipophilic terminal region of gp41 inserts into the plasma membrane of the target cell and performs a critical
step in viral envelop-membrane fusion. The mechanism is well-understood and involves the formation of a six
-helix bundle via intimate interaction between C-terminal and N-terminal heptad repeats (2,7). A number of
fusion inhibitors prevent HIV from binding the CD4 receptor and CCR5/CXCR4 co-receptors in a competitive
manner through direct interaction with the HIV envelope glycoprotein gp120 (2-6,10), thereby blocking con-
formational changes necessary for envelope-mediated fusion. Other entry inhibitors bind directly to gp41

(1,8,9,11) and prevent formation of the six-helix bundle required for viral entry through high-affinity interac-
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tion with the C-terminal heptad repeat or N-terminal heptad repeat of the trimeric gp41. By binding to random
sequences within gp120 and gp41, it is fully understood that HIV will acquire mutations that confer resistance
to the inhibitor, thereby enabling HIV to escape inhibition (1). Although the general structure and sequences
of gp41 and gp120 are known, it is not understood which sequences within the HIV envelope are absolutely
vital for cell entry- meaning HIV cannot mutate these sequences and still maintain infectivity and virulence. If
these heavily conserved sequences were identified, entry inhibitors could be designed to bind these sequences,
neutralize HIV, and minimize antigenic drift; however, the field does not know what these sequences are, or if

they even exist.

Fusion Inhibitors targeting gpl20

Five of the most recent and effective gp120-binding inhibitors are the carbohydrate-binding protein
Griffithsin (2), Poly (4-styrenesulfonic acid-co-maleic acid) (3), the natural bacterial antibiotic peptide fer-
glymycin (4), lignosulfonic acid (5), and the platelet-derived chemokine CXCL4 (6). These molecules exhibit
high efficacy by binding directly to conserved gp120 amino acid sequences (Griffithsin binds saccharides
comprising envelope glycoproteins covalently linked to the conserved amino acid sequences) while also
demonstrating inhibition at sub micro-molar to nano-molar levels (2-6). Still, these molecules have not shown
the ability to maintain a high affinity for gp120 following single point-mutations within HIV gp120 gene se-
quence (2-6). As aresult, more research needs to be done to develop gp120-binding inhibitors capable of

binding gp120 even after multiple mutations have been introduced into the peptide sequence.

Fusion Inhibitors Targeting gp41

The second point in the HIV cell-entry process that is at the center of much of the fusion inhibitor re-
search is gp41-mediated membrane fusion. So far, only one entry inhibitor targeting gp41 has been approved
for clinical use- T20 (1); however, second (T1249) and third generation (T2635) peptides derived from T20
have been developed, with the most recent being T2635. T2635 exhibits high affinity for the C-terminal hep-
tad repeat of gp41, yet the most interesting results indicate that, unlike T20 and T1249, T2635 can withstand
multiple mutations within the amino acid sequence of gp41 and still bind with high affinity (8). This is an in-
credible improvement in terms of fusion inhibitors because, through analysis of the peptide interactions be-
tween T2635 and the gp41 binding pocket, conserved residues necessary for gp41-mediated fusion have been
identified (8). These residues are very difficult for HIV to alter because their chemical characteristics are re-
quired for membrane interaction and six-helix bundle formation. As such, mutations within the C-terminal
heptad repeat of gp41 meant to escape T2635 also result in a significant decrease in viral fitness and infectivity
(8). In addition, mutating around T2635 also requires consequential mutations in gp120 following gp41 se-

quence alteration. Therefore designing inhibitors that target the residues forming the core of the gp41 deep-
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binding pocket is an effective approach to blocking HIV cell entry and successively altering HIV virulence.
Continued development of T20-based peptides should prove to be a powerful approach to combating HIV

pathogenesis.

A newly designed gp41-binding inhibitor, CP32M, has also been developed and tested experimentally
for inhibitory activity. CP32M showed excellent inhibitory activity at low nanomolar concentration (9), but,
by far, the most significant findings resulting from the CP32M experiments were of structural nature. CP32M
was shown to form inter-helical and intra-helical salt bridges with the N-terminal heptad repeat of gp41, which
increased the stability of the inhibitor-gp41 interaction. By increasing stability through formation of salt
bridges, the inhibitor becomes much more mutation resistant and makes considerably greater affinity contact
with gp41. The aforementioned gp41 residues participating in salt bridge formation were identified through
structural analysis, NMR, thus providing the field with additional targets for inhibitor design. Much like se-
quences targeted by T2635, the CP32M-targeted sequence is evolutionarily conserved as a direct result of its
importance to gp41-mediated membrane fusion. Moreover, both CP32M and T2635 exhibit high inhibitory
activity against T20-resistant strains of HIV-1 (9), meaning these next-generation HIV entry inhibitors may
soon enter clinical trials. Although T2635 and CP32M exemplify outstanding advancements in the under-
standing of gp41-mediated resistance, the role of each residue within the gp41 primary structure is not fully
understood; so, if an escape-proof inhibitor targeting gp41 is to be successfully synthesized, much more infor-

mation pertaining to gp41 sequence-function relationship needs to be gathered.

Targeting Multiple Steps of Viral Entry

Dual receptor antagonist peptide triazoles (PT) have also exhibited high affinity binding resulting in
increased inhibitory activity. PTs bind to a conserved sequence that overlaps with the CD4 binding site of
gp120 with very high affinity (10). This interaction allosterically induces a conformational change in the co-
receptor binding site, which is located in a region of gp120 distinct from the CD4bs, that inhibits interaction
between gp120 and the CCRS5 co-receptor. By blocking two-steps of viral entry, CD4 binding and co-receptor
binding, peptide triazoles have demonstrated a greater ability to inhibit viral entry than small-molecule inhibi-

tors that target single steps in the viral entry process (10,2,1).

In addition to individual gp120- and gp41-binding inhibitors, experiments utilizing linked fusion inhib-
itors have shown promise in blocking envelope-mediated fusion between HIV and the cell membrane. Such
linked fusion inhibitors target multi-step HIV entry by binding various combinations of gp120, gp41, and co-
receptors CCRS and CXCR4, which generates dramatic increases in potency-- effective at nano-molar to mid-
picomolar concentrations (2,11). For instance, four T20 peptides were linked to an IgG antibody, tested for

inhibitory efficacy using viral activity assays and cell-cell assays, and compared to the effectiveness of an indi-
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vidual T20 peptide. The results indicated the T20 tetramer was 100-fold more powerful at blocking HIV cell
entry than its individual subunits (11,1). In another study, the lectin Griffithsin was covalently linked to the C-
peptide C37, which showed eight-fold higher potency than Griffithsin or C37 alone (2). These findings, along
with the result depicting the outstanding inhibitory activity of linked antibodies, which will be discussed later,
illustrate a powerful direction in the future of HIV entry inhibitory design. At the same time, it is not yet
known if linking the most effective gp120 inhibitors to the most potent gp41 inhibitors will prove to be the
elusive escape-proof fusion inhibitor- for this goal, more research needs to be done to identify residues that
HIV cannot mutate in order to maintain virulence, as well as to identify the most effective fusion inhibitor

combinations.

Co-Receptor Antagonists:

Co-receptor antagonists act as competitive inhibitors to block HIV interaction with co-receptors CCRS
and CXCR4. Many co-receptor antagonists have been developed, but only one has been approved by the FDA
for clinical use- maraviroc (12). As with the fusion inhibitors discussed previously, HIV can acquire muta-
tions that promote resistance to the inhibitor, and, because deep knowledge of heavily-conserved envelope se-
quences have not been identified, current receptor antagonists become ineffective after single point mutations
in HIV envelope glycoproteins (13). Since the structures of CCRS and CXCR4 are well understood, co-
receptor inhibitor designs are making rapid progress and a large number of inhibitors are currently in exist-
ence, or being improved to withstand multiple point mutations at the inhibitor binding site. These include: nat-
ural chemokine ligands MIP-1a, MIP-1b, and RANTES, monoclonal antibodies, small-molecule quinolone,
pyrrole, piperidine, and propane-diamino bridge derivatives (12). These R5-tropic receptor antagonists all
demonstrate IC50 values within the low nanomolar range but are susceptible to mutations in the V3 loops of
gp120 that enable HIV to interact with CCRS regardless of the presence of receptor antagonists (13). It is not
known if CCRS receptor antagonists can be developed to withstand HIV evasion or if they can function as

small molecule entry inhibitors beyond simply competitive inhibitors- specifically, covalent inhibitors.

While CCRS receptor antagonists have made substantial progress and many are in the various stages of
clinical trials, CXCR4 receptor antagonist development is not as rapidly progressing. HIV-1 strains exhibiting
R4-tropism begin to appear at the later stages of HIV-1 infection, while R5-tropic strains are characteristic of
early infection. Consequently, by the time R4-tropic viral strains are generated, HIV exists as a mixture of R5-
and R4-tropic strains. Inhibition is just the R4 component would not effectively block HIV-1 cell entry and
replication, so both CCR5 and CXCR4 receptor antagonists would need to be used to successfully combat HIV
in mid-to-late stage infection (12). At this point in time, CCRS5 and CXCR4 inhibitors have not been tested in

combination, thus research has not yet shown this combination to be safe or effective (12).
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Antibody-based inhibitors:

Over the past decade, monoclonal antibodies have been studied for inhibitory efficacy against HIV-1;
however, numerous findings indicate that HIV has evolved methods to evade antibody-mediated neutraliza-
tion, or humoral immunity (14). Accordingly, monoclonal antibodies have the capacity to protect the host dur-
ing the initial stages of infection, but are not effective when used for therapy of an established infection due to
viral evasion. One of the primary reasons full-size human antibodies are unable to bind HIV envelope glyco-
proteins, gp120 and gp41, results from steric hindrance within close proximity of conserved sequences neces-
sary for HIV cell entry (15). As a result, Chen et al. has conducted fairly extensive research into antibody-
based therapeutics with the goal of overcoming the steric effects preventing full-size antibodies from binding
envelope glycoproteins. Perhaps the most innovative and potentially useful of these antibody-based inhibitors
are the engineered antibody domains (eAds), which are derived from hypervariable Ig domains, or CDR re-
gions, yet lack the large constant Fc and constant Fab regions common to naturally occurring antibodies. The
small size of the eAds enables the inhibitor to contact conserved sequences of HIV envelope glycoproteins that
are inaccessible to larger, native-form antibodies. Consequently, a drastic improvement in the capacity to
block HIV entry through antibody-based inhibitors has been observed in multiple studies (14-19). Due to the
specificity, diversity, and massive hypervariability potential of antibody domains, eAds may serve as the prin-

cipal approach to blocking HIV entry.

Past research (14-19) has concluded that due to the spatial arrangement of epitopes on the surface of
the HIV virion, interaction between antibody Fab regions and binding multiple envelope glycoproteins is se-
verely hindered. The inability to maintain high affinity contact causes the antibodies to simply release from
the HIV surface, which essentially places the humoral branch of the adaptive immunity in a state of inactivity.
To solve the problem of absent polyvalency, a number of polyvalent side chain peptide-synthetic polymers de-
signed to aid in antibody binding at the gp120 CD4 binding site have been developed (18). Upon gp120 bind-
ing, polyvalent polymers act as functional antigens capable of interacting with antibodies containing hypervar-
iable regions specific for the side-chains exposed on the surface of the polymer, therefore promoting HIV neu-
tralization. By functioning as both a direct inhibitor of CD4 interaction and as an adaptor for subsequent anti-
body opsonization, polyvalent synthetic polymers show promise for possible implementation with other HIV

entry inhibitors.

Returning to the topic of linked inhibitors, Chen et al. has experimented with various antibody combi-
nations that induce conformational changes within HIV envelope glycoproteins, one of which incorporates two
gp120-binding antibodies- CD4 induced (CD41i) Ig and CD4 binding site(CD4bs) Ig. In the study, a primary
antibody, CD41, was designed to make high affinity contact with the CCR5/CXCR4 co-receptor binding site

on gp120- the co-receptor binding site is not impacted as greatly by steric effects, which allows for antibody
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binding. CD41i binding subsequently induced a conformational change within gp120 that exposed the epitopes
of the CD4 binding site (CD4bs) and pointedly decreased steric hindrance at this site, thereby allowing the sec-
ondary CD4bs antibody to bind tightly to the newly exposed CD4 binding site. By linking anit-CD4i and anti-
CD4bs, the two antibodies work in combination to stimulate conformational changes with gp120, permitting
antibody binding to epitopes in the viral envelope that were previously inaccessible (19). This combinatorial
approach makes antibody-based entry inhibitors strikingly more applicable than previously understood; how-
ever, it is still to be determined whether or not this antibody-induced conformational change is possible at oth-
er sites on the viral envelope because steric hindrance and HIV evasion are still major issues yet to be solved
completely. Moreover, the utilization of eAds, polyvalent synthetic polymers, and antibodies functioning in
combination with one another has not been attempted, but, based on the previously described studies outlining
the increased potency of inhibitor permutations (2,10,11), it would be feasible to test the antibody-based inhib-

1tors in combination with one another.

Non-peptide Inhibitors:

Aside from the traditional small-molecule and peptide inhibitors, HIV cell entry can also be inhibited
using a novel non-peptide inhibitor, dihydrosphingopeptides (20). Up to this point, HIV entry inhibition re-
search has focused on blocking gp120 and gp41 interaction with cell-surface receptors; however, one group
has looked deeper into the fact that envelope-mediated fusion involves the interaction between envelope and
plasma membrane lipids, the first of which, is rich in dihydrosphingomyelin. This recent study analyzed the
effectiveness of a dihydrosphingosine-based inhibitor at blocking membrane fusion, and suggests that during
the process of membrane fusion, the dihydrosphingopeptide is recruited and incorporated into the fusing lipid
bilayers, which in turn prevents melting of the two membranes. By targeting a process of membrane fusion
that is independent of gp120 and gp41, dihydrosphingopeptides inhibit cell entry of T20-resistant strains of
HIV (20), therefore suggesting an alternative approach to avoiding mutation-dependent HIV resistance. The
fascinating aspect of the aforementioned sphingopeptides is that the peptides alone have no antiviral activity;
however, when complexed with dihydrosphingosine, the sphingosine-peptide complex demonstrates high anti-
viral activity at low nanomolar levels (20). Numerous other studies (21-24) have also looked into the lipid-
mediated mode of inhibition, and all emphasize the importance of viral sphingolipids in membrane fusion.
These results suggest that lipid-based HIV entry inhibitors may provide an effective method for future inhibi-
tor design, yet far more research must be done to determine how effective sphingolipid analogs can be, if they

can resist HIV mutations, and if they can safely be used in combination with other entry inhibitors.
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Conclusion:

Recent progress in the field of HIV entry inhibition yielded vital information explaining, both chemi-
cally and mechanistically, how to design increasingly effective entry inhibitors. Two apparent consensuses are
developing in the field: 1) fused inhibitors targeting multi-step entry show much higher antiviral activity than
individual inhibitors, and 2) the highly-conserved sequences of HIV envelope glycoproteins need to be identi-
fied in order to generate escape-proof inhibitors. Nevertheless, major questions remain unanswered. For in-
stance, are non-peptide inhibitors that directly target membrane fusion capable of resisting HIV mutations?
Can sphingopeptides work in combination with other entry inhibitors? What are the functional consequences
of linking eAds with receptor antagonists and third generation fusion inhibitors such as T2635? Does HIV use
non-mutable sequences capable of binding inhibitors? What are these sequences and are they buried determi-
nants? These questions will need to be answered if we are to permanently neutralize HIV at the envelope-

membrane interface prior to cell entry.
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For the remainder of the field, lignosulfonic acid can be incorporated into other inhibitor designs or
simply used as a model depicting domains susceptible to inhibition.

6. Auerbach, D. J., Lin, Y., Miao, H., Cimbro, R., Difiore, M. J., Gianolini, M. E., . . . Lusso, P. (2012). Iden-
tification of the platelet-derived chemokine CXCL4/PF-4 as a broad-spectrum HIV-1 inhibitor. Proceed-
ings of the National Academy of Sciences of the United States of America, 109(24), 9569-9574. doi:
10.1073/pnas.1207314109

a.
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results of the study present a method to increase the overall neutralization ability of antibodies,
which may be assist future inhibitor development. The study is a critical part of the research re-

67



UC Merced Undergraduate Research Journal

view because it supports the method of using antibody-based inhibitors to block HIV cell entry, yet,
at the same time, clearly introduces gaps in current knowledge and suggests future direction in HIV
research.

20. Ashkenazi, A., Viard, M., Unger, L., Blumenthal, R., & Shai, Y. (2012). Sphingopeptides: Dihydrosphin-
gosine-based fusion inhibitors against wild-type and enfuvirtide-resistant HIV-1. FASEB Journal : Official
Publication of the Federation of American Societies for Experimental Biology, doi: 10.1096/1].12-215111

a.

The study tested the hypothesis that dihydrosphingopeptides would be incorporated into the viral
envelope upon fusion initiation, thereby inhibiting membrane fusion. The results gathered from
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The purpose of the study was to build a better understanding of how dihydrosphingomyelin inhibits
HIV-1 membrane fusion and cell entry. It was found, using viral activity assays, cell fusion assays,
and immunofluorescence analysis, that dihydrosphingomyelin inhibits HIV cell entry by inducing
increase membrane rigidity and, thus, impairing gp41 insertion into the cell membrane. In combi-
nation with other HIV entry inhibitors, dihydrosphinomyelin-based inhibitors may serve as an ex-
cellent route for future design of inhibitors that do not directly interact with gp41 or gp120. In the
review, the study functions as an example of an innovative, non-traditional inhibitor that functions
as well, or even better, than traditional small-molecule and antibody-based entry inhibitors. Ac-
cordingly, the study infers future direction and presents gaps that require further research and sup-
port.
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