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VI. Abstract
The prevention of HIV infection and the stimulation of cells latently infected with HIV
Kathryn Elyse Fischer
Doctor of Philosophy
University of California, Merced
2020

Supervisor: Professor Patricia LiWWang

Thirty-five years after its exposure, HIV is still a global health threat with millions
of new infections annually. The goal of our research is to stop the global spread of HIV,
first by preventing new HIV infections and then by working to cure existing infections.
Chapter one reviews the history of HIV, the infection and transmission process and the
current approaches for the prevention and cure of HIV so that the reader will have a
thorough understanding of the molecular workings of HIV. | also address the origin,
discovery and classification of HIV. In chapter 2 we investigated the anti-HIV lectin
Griffithsin that inhibits HIV by binding to high mannose glycans on the viral envelope
protein gp120. Mutational studies that removed or shifted glycans on gp120 showed that
Griffithsin retains anti-HIV-1 potency despite changes in gp120 glycosylation. We found
through HIV capture ELISAs that Griffithsin’s ability to alter the structure of gp120,
exposing the CD4 binding site, correlated with the presence of glycosylation at N295 only
in B clade strains, not C clade strains. We further demonstrated that Griffithsin can rescue
the activity of broadly neutralizing antibodies PGT121 and PGT126 in the event of loss or
shift of glycosylation at N332, where these broadly neutralizing antibodies suffer a drastic
loss of potency. Chapter 3 reviews the purification and testing of a chimeric protein
composed of the HIV transcriptional activator protein Tat, and a variant of a human
chemokine, 5P14-RANTES, which binds to CCR5, a receptor that HIV utilizes during the
infection process. This chimeric protein was designed with the theoretical purpose of
targeting to and then activating cells latently infected with HIV. We attempted to produce
and purify the 5P14-Linker-Tat protein as a full-length construct and by linking the two
separate proteins with a sortase enzyme. Regardless of the method used, the protein was
difficult to produce in large quantities and the final product contained protein contaminants.
Unfortunately, when we tested our construct (in both orientations, 5P14-Linker-Tat and
Tat-Linker-5P14) using a MAGI colorimetric assay, we found that it did not show targeting
to CCR5 cells and little to no activation of the HIV LTR linked GFP.
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Chapter 1

Introduction

1.1 Significance of Research on HIV

Since the discovery of AIDS in 1981, millions of papers have been published and
great strides have been made in understanding the origin, spread and infection process
of HIV. Elucidation of the mechanism of infection has allowed researchers to develop drug
regimens that significantly slow the progression of AIDS and even prevent transmission
to patient’s uninfected partners and children, allowing people living with HIV to lead
relatively normal lives. Researchers continually strive to understand more about HIV’s
origins, its infection process and most importantly, how to prevent and cure HIV infection.
Although we have learned a great deal about AIDS and HIV in the last thirty-five years,
there is still no vaccine to prevent new infections and no cure for existing patients.

The benefits of HIV research extend beyond preventing and curing HIV and
AIDS*5. Research on HIV’s degradation of the immune system has informed general
immunology on the impacts of CD4* T cells in other infectious diseases®’. The
inflammation triggered by HIV has driven research into heart disease and other disorders
triggered by persistent immune activation and inflammation®-'5. Modified HIV virus has
been used to genetically modify T cells to treat certain forms of leukemia and genetic
immune disorders'®-'®.  Protease, reverse transcriptase and integrase inhibitors
developed to combat HIV equipped researchers to create drugs for hepatitis B & C (HBV
& HCV)'®-22 and have advanced the targeted drug and vaccine development field as a
whole?-25. While HIV vaccine development has not been successful to produce a viable
preventative for HIV, the research into broadly neutralizing antibodies has been applicable
towards autoimmune and chronic diseases such as Alzheimer’s26-33,

1.2 The History of HIV
1.2.1 Discovery of AIDS

AIDS was identified as a new disease in 1981, first by Dr. Gottlieb at the UCLA
Medical Center3435, then 2 months later by Dr. Hymes et al from various medical facilities
in New York®®. Dr. Gottlieb published his results initially in the Morbidity and Mortality
Weekly Report (MMWR), detailing the cases of five homosexual men who contracted
Pneumocystis pneumonia, noting that the disease was normally only found in severely
immunosuppressed patients and that there may a “cellular-immune dysfunction. . . that
predisposes individuals to opportunistic infections”*. This was the first hypothesis that
there was an immunodeficiency disease underlying the increased opportunistic infections
seen in at risk populations such as homosexuals and intravenous drug users. Barely a
month later the Center for Disease Control (CDC) put out another report detailing the
cases of 26 homosexual men found in New York and Los Angeles that had various
combinations of Karposi’'s Sarcoma, Pneumocystis Pneumonia and cytomegalovirus®’.
Hymes et al reported 8 patients, aged 27-45 years, who displayed highly aggressive forms
of Kaposi’s sarcoma. The high prevalence of Karposi’'s sarcoma in young, otherwise
healthy people was highly unusual for several reasons. Firstly, Kaposi’'s sarcoma was rare



in the US, and generally found in patients in their 70’s36:38, Secondly, the legions
associated with Kaposi’s sarcoma are normally found on patients legs, whereas the 8 men
in Hymes’s report presented lesions over their entire bodies®-38. Lastly, the normal
survival period after diagnosis with Kaposi’s sarcoma in the 1970-1980s was 8-13 years®®,
but half of the patients whose cases were reported were dead within 20 months of
diagnosis®. In September of 1982, a CDC MMWR coined the term Acquired Immune
Deficiency Syndrome (AIDS) for the underlying disease causing a depletion of the immune
system, resulting in secondary infections uncommonly seen in otherwise seemingly
healthy individuals*®. The report indicated that nearly 600 cases had been reported and of
those, over 40% of those patient had died*°.

Though it was initially thought that AIDS was a gay-related disease, cases of AIDS
were rapidly found in intravenous drug users (both male and female), hemophiliacs and
even newborn children*?-46_ Infection studies in Macaques and surveillance data of people
infected with AIDS demonstrated that AIDS could be transmitted through vaginal or anal
sexual activity, blood transfusions, parenteral exposure via needles, prenatally and
through breastmilk*°-49, Within two years of the discovery of AIDS, there were over a
thousand reported cases and nearly 700 AIDS related deaths, but the cause of this terrible
disease had yet to be determined*®.

1.2.2 HIV Identified as Cause of AIDS

In 1983, there were 2 articles published in Science that claimed the isolation of the
virus responsible for AIDS%05', Dr. Barre-Sinoussi & Dr. Montagnier are credited with the
discovery, having isolated a retrovirus from a patient with multiple lymphadenopathies who
had sought treatment in December of the previous year®®. This virus was named
lymphadenopathy-associated virus (LAV). The other paper was published by Dr. Robert
Gallo, who had discovered the first two human retroviruses, named Human T-cell
leukemia-lymphoma virus (HTLV) | and Il respectively®?. Gallo’s publication presented the
theory that the virus responsible for AIDS was another HTLV and thus dubbed it HTLV-III.
Antibodies against HTVL-IIl, that had no cross reactivity with HTLV-I or HTVL-Il, were
detected in patients diagnosed with AIDS, with none found in control populations®3-5%, This
set of discoveries was enough for the research community to conclude that HTLV-IIl was
the cause of AIDS. But not every AIDS patient showed reactivity to HTLV-IIl antibodies,
some showed reactivity to antibodies against LAV and the newly introduced AIDS-
associated retrovirus (ARV)%6:57, Sequencing of all three viruses in 1984 revealed that they
were simply different strains of the same virus®-0. In : —
May 1986, the International Committee on the | Family: Retroviridae
Taxonomy of Viruses termed this virus Human
Immunodeficiency Virus (HIV)8'62 in order to unify the
previous titles given to the virus. HIV was then Genus: Lentivirus
classified as a Lentivirus within the Retroviridae family ,
due to its morphology, and genetics®2-%5 (Figure 1.1). Species: HIV-1 & HIV-2
Lentiviruses are defined non-tumorigenic viruses Who - Figure 1.1 Taxonomy of HIV.
demonstrate progressive antigenic drift, have extend
incubation periods that range from months to years and cause chronic, progressive and
usually terminal diseases'¢65-68 Twenty five years after the discovery of AIDS, Dr. Barre-
Sinoussi and his college Dr. Montagnier were awarded the Nobel Prize in Medicine for the
discovery of HIV®9.70,

Subfamily: Orthoretrovirinae




1.2.3 Classification of HIV

Currently, there are four major groups of HIV-1 have been classified: M for ‘main’’?,
O for ‘outlier’>", N for ‘Non-M/non-O’7¢ & P77 (Figure 1.2). This currently utilized
nomenclature was officiated by the theoretical division of the Los Alamos National
Laboratory in 199278, with groups subdivided into subtypes/clades through phylogenetic
differences between the HIV envelope and gag proteins’'78. As increasing amounts of
sequencing data became
available, variant strains

of HIV exhibiting marked Group Clade
genetic divergence began / N\ ( )
to be discovered’. The A

high amount of genetic
diversity in HIV comes
from an error prone
reverse transcriptase,
high levels of persistent
replication and frequent
genomic  recombination
events’®8. Most variation

occurs in the Env (99% '\f/IC
. . . 0 O ases
proteins, primarily World Wide)

gp12089-93,
HIV-1
In 1994, the two

categories of isolates
were ordered into Group
M (for Main/Maijor), which

included many

subtypes/clades, and

Group @] (for

Outgroup/outliers)”3- \_ Y,
759495 Sequence analysis

revealed that all HIV-O oot Ciesww)
isolates seemed to be as

diverse from each other N

as variation between M (13 Cases WW) )
subgroups®. This P
evidence seems to (2 Cases WW)

indicate that the group O

viruses are older than Figure 1.2 Classification of HIV-1.

group M  variants®, A representation of the classification of HIV and the global
however, group O prevalence of these groups and clades according to the
infections currently only  most recent survey in 2013. WW stands for World-Wide.
account for approximately

one percent of HIV infections worldwide®-%8, In 1998, group N variants were isolated from
individuals in Cameroon’® and currently only 13 group N infections have been
reported®®1%°, HIV-1 group P was discovered most recently in 2009771°" and as of 2013,
there are still only 2 confirmed cases involving HIV-P771%2(Figure 1.2). The continued
discovery of new groups of HIV indicates transfer events are still occurring, and infected



populations should be monitored carefully for the emergence of new HIV strains that may
lead to medical and treatment complications.

Despite the large sequence divergence found in other groups, only the subtypes
from group M are responsible for the pandemic spread of HIV'%3.1%4 (Figure 1.2). M group
subtypes/clades A,B,C,D & F were determined in 1993 by Louwagie et al by phylogenetic
tree analysis of the complete gag protein sequence from 70 international HIV isolates',
with four additional subtypes, G-K, determined in the following two years by various
groups?:106-108 - Clade C is responsible for approximately half of HIV infections with
worldwide'%-113  with clades A and B accountable for 12% and roughly 10%
repectively'9%111.112 (Figure 1.2). The HIV epidemic in the Americas is primarily caused by
infection with B clade strains; HIV infections in Western Europe and Australia are also
principally due to B clade virus''%111.114115 C clade infections are predominate in Sub-
Saharan Africa and India''®'"", which are also the regions with the highest levels of HIV
infection'09.110.114.115  The primary differences between B and C clade viruses are as
follows: 1) B clades viruses are recognized more by broadly neutralizing antibodies
(bNAbs) than C clade, 2) B clade viruses tend to transition to using the CXCR4 co-receptor
(X4 tropism) in late stages, while C clade viruses consistently utilizes the CCR5 coreceptor
(R5 tropism), 3) the variable loop 3 in gp120 has less variability in C clade than B clade
viruses.

mcC
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[ Other Recombinant
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Figure 1.3 World map of predominate HIV clade in each region.

The predominate clade of HIV in each country is indicated using the color key shown
in the figure. Predominance of a strain means that the indicated strain is the largest
percentage, which is not necessarily larger than 50%. For the regions that have no
predominate clade, this means that there was not a single clade that was significantly
more present than the rest.

1.2.4 Origin of HIV

In 1983 an immunodeficiency syndrome similar to AIDS was discovered in captive
Macaques''®'7. Two years later, a virus similar to HTVL-IIl (HIV) was isolated and termed
Simian T-cell Leukemia Virus, which was later changed to Simian Immunodeficiency Virus



(SIV)'"8,. Within a few months of SIV’s discovery, patients in Senegal, west Africa were
found to have a new variant of HIV that was more closely related to SIV than HIV'™®. A
year later, this new strain was classified as HIV-Il (named LAV-Il at the time)'?°. This
discovery was the earliest indication of where the deadly AIDS epidemic had originated.

In 1989, an SIV found in Sooty mangabeys (SIVsm) was sequenced by the
Johnson lab at Georgetown university and found to be closely related to HIV-2, suggesting
that SIVsm was the origin of HIV-2'2"; this hypothesis was confirmed in the early 1990’s
through genetic characterization of the HIV sequences from various sooty mangabeys
troops in West Africa’??123. Later that year, a strain of SIV linked to HIV-1 was discovered,
SIVcpzPtt, that seemed to indicate the origin of HIV-1'24. |solated from wild-born
chimpanzees that had no exposure to HIV or human blood products, the virus had more
similar phylogenetic organization to HIV-1 than to any SIV and sparked the theory that
HIV-1’s origins were chimpanzee SIV (SIVcpz)'?5. Construction of phylogenetic trees of
HIV and SIV confirmed that HIV-1 originated from SIVcpz; the virus was passed to humans
from the common chimpanzee (Pan troglodytes)'?. It is theorized that the disease was
passed to humans when the chimps were hunted for food, and that the virus then evolved
from SIV to HIV-1125,

Sequencing by the Hahn lab at the University of Alabama indicated that sequences
from the HIV groups M, N and O are similar to a single SIVcpz lineage'?’, however
phylogenetic analysis of groups M, N & O indicates that each group evolved from a unique
transmission event'?6.127. The earliest evidence of human infection being a blood sample
from an adult Bantu male who lived in the Belgian Congo (the Democratic Republic of
Congo) in 195928, Analysis of other tissue and blood samples from the same period not
only confirmed the presence of HIV in 1959, but the level of diversification indicated that
endemic HIV had already been circulating through west-central Africa for several
decades'®. It is quite possible that at the time AIDS was discovered to be a threat,
hundreds of thousands of people were already infected with HIV'®. The consensus is
that the introduction of HIV-M into the human population occurred near the 1930’s in
Kinshasa, the capitol of the Democratic Republic of Congo93.128.129,131.132 Fyrther research
has since mapped the geographic distribution, diversity and endemicity of SIVcpz, which
allowed researchers to pinpoint that HIV-1 groups M and N originated in southeastern and
south central Cameroon respectively'33134 Group P variants are distinct from previously
classified groups of HIV and are very closely related to SIV strains in Gorillas (SIVgor),
leading to the conclusion that HIV-P originated from SIV from Western lowland gorillas of
Cameroon 77101135 \When scientists sought the primate reservoir for HIV-O they
determined that while group O strains were still within the SIVcpzPtt radiation, they were
more closely related to SIVgor’”.191.135  There are still too many genetic differences
between HIV-O and the simian viruses primate reservoir'0".135,

1.3 HIV Infection and Transmission
1.3.1 HIV Transmission

Since its discovery, 75 million people have become infected with HIV, with an
estimated 1.7 million new infections in 201836, Transmission, through any route, can be
traced to founder strains (T/F) of virus that have signature characteristics including length
of variable loops, level of glycosylation, utilization of CCR5 as a co-receptor, and



consensus sequences in HIV’'s Gag, Pol and Nef proteins (for descriptions of these
proteins see section 1.3.3)'3".138, The major routes of exposure, in order of prevalence, are
male-male sexual contact, male-female sexual contact, and blood contact either via
shared needles during intravenous drug use or mother to child placental contact. There
can also be transmission between mother and child through genital secretions and breast
milk. While blood transfusion has the highest risk per exposure, it accounts for less than
1% of transmissions (Table 1.1). Thanks to increasing awareness and availability of
antiretroviral therapy, 92% globally of HIV positive pregnant women received combination
antiretroviral therapy (cART) to prevent transmission to their child in 201836, The risk of
male-male transmission is the highest globally, estimated to be 28 times higher than the
general population, with injectable drug users next with 22 times higher risk 3140,

Table 1.1 Rates and prevalence of various routes of HIV exposure

Risk per Contributed to Contributed

10,00 New HIV to New HIV
exposures to Diagnosis in the Diagnosis
Exposure Transmission  an infected USAin Globally in
Route Medium source™! 2018142143 2018140
Sexual Contact
Male- Male Receptive 138 24,909 (69% of 17%
Intercourse Insertive 11 all diagnosis)
Heterosexual Receptive 8 8,929 (24% of >50%
Intercourse Insertive 4 all diagnosis)
Injection drug Blood, 63 2,511 (7% of all 12%
use sharps diagnosis)
Other
Blood Blood, 9250
transfusion  sharps 76 (<1% of all
di .
Perinatal Placenta 2260 lagnosis)
exposure

1.3.2 Discovery of the HIV Infection Process & HIV Structure

Studies of HTLV-l and HTLV-Il set the stage for the discovery, isolation, and
culturing of HIV%2144  Using immortalized T lymphocytes®0515455145,146 = researchers
mimicked HTVL-I and HTVL-II, were culturing techniques™5147-149 but inverted the normal
ratio between T-helper cells and T-suppressor cells3%150.151 to due the observation that
AIDS patients exhibited a T-cell dysfunction that depleted T-helper cells. Trial and error
determined that HIV propagated best in cells expressing the CD4 antigen56.146.152-154 the
majority of which where CD4 T lymphocytes (which were referred to as T4 T-cells at the
time). Several groups established that CD4 was an essential receptor for HIV infection
through competition assays with radiolabeled anti-CD4 antibodies52153.



CD4 (cluster of differentiation 4), originally called leu-3 and T4, was discovered in
the 1970s'%5-160; jt was renamed CD4 in 198461, The structures of the first two extracellular
domains of CD4 were solved in 199062, but the first crystal structures did not appear on
the RCSB protein data bank until 1993, both the first two domains of human CD4'%® and
the third and fourth of rat CD4'64. CD4 is a glycoprotein found on T cells, macrophages,
monocytes and dendritic cells. The first two domains of CD4 exhibit an immunoglobulin
fold (Figure 1.6A). A NMR structure of the cytoplasmic domain of CD4 became available
in 19965, The transmembrane domain was not solved until 201066, Key CD4 structures
are summarized in Table Appendix A.1. The interactions between CD4 and HIV are
discussed below.

In 1985, the NC1-Frederick Cancer Research
Facility isolated the HIV gag and envelope proteins and
characterized them for the first time'®”. They noted that
the envelope gene generates a16 kDa glycosylated
peptide (gp160), that was processed by proteolytic
cleavage and glyosidic trimming'® to form gp120 and
other small gene products (later determined to be
gp41%%), and the gag gene produced two structural
proteins dubbed p70 and p55 in accordance with their
molecular weight'®”. In 1989, HIV’s aspartyl protease was
the first HIV protein crystal structure to be solved®®,
Researchers hoped that these, and subsequent studies
of HIV structural proteins, would to help develop effective
antibodies against HI\/%3.167.170,

Meanwhile, the immunology branch of the CDC
developed an immunoassay to detect LAV (HIV)'®*, and
confirmed that HIV tropism was primarily determined by

Figure 1.4 The fusion

the presence of the CD4 (T4) antigen/glycoprotein, which
complexed with the envelope protein gp120'7".172, Drs.
Weiss and Axel proved that insertion of the T4 molecule
into the membrane of non-target cells was sufficient for
HIV infection to occur'”3. Along with CD4 T-lymphocytes,
HIV was also found to infect macrophages, including
those found in the central nervous system74-176,

With the primary cell type and receptor located,
researchers turned their efforts to elucidating the gp120-
CD4 interaction and the envelope protein structure. In
1987, electron microscopy showed the morphology of
HIV to be a 100nM enveloped virus covered in spikes

structure of gp41.

Crystal structure of the
gp41 trimer (PDB 1ENV) in
its fusion form. Each
monomer of gp41 is shown
in a separate color, with the
N terminal helix in a dimmer
color (along the inside),
and the C terminal helix in
a brighter color (along the
outside).

made up of two glycoproteins, gp120 and gp41, with an outer shell composed of p17
proteins and a central core composed of p24 proteins surrounding two strands of RNA®2,
The genome is similar to other retroviruses in that it contains the genes gag, structural
proteins, env, envelope proteins, and pol (a reverse transcriptase), but is more complex
with an additional five proteins whose functions were not yet completely understood®? and



are discussed further below. HIV’s aspartyl protease was the first HIV protein structure to
be published in 1989169,

The envelope glycoproteins were found to have extensive genomic diversity'””,
primarily in gp120; computer based analysis showed that while there were five highly
variable regions in gp120, 80% of the gp41 residues were conserved®?. The sequence of
HIV strain HXB2, which was decided to be the reference strain for all other sequences
and alignments, is shown in Figure 1.5. Research showed that proteolytic cleavage of
gp160 into gp120 and gp41 was necessary for infectivity'”®. The fusion structure of the
gp41 ectodomain was published in 199779, showing that the structure was very similar to
the fusion domains of Influenza and Moloney murine leukemia virus: both termini of the
alpha helical structure point towards the apex of the trimer(towards the host cell
membrane) with the N terminal helix in the very center of the bundle (called the zipper
domain), with the C terminal helix packed along the outside'®.

MRVKEKYQHLWRWGWRWGTMLLGMLMICSATEKLWVTVYYGVPVWKEATT 49
TLFCASDAKAYDTEVHNVWATHACVPTDPNPQEVVLVNVTENFNMWKNDM 99
VEQMHED I I SLWDQSLKPCVKLTPLCVSLKCTDLKNDTNTNSSSGRMIME 149
EKGEIKNCSFNISTSIRGKVQKEYAFFYKLDIIPIDNDTTSYKLTSCHTS 199
VITQACPKVSFEPIPIHYCAPAGFAILKCNNKTFNGTGPCTHVSTVQCTH 249
GIRPVVSTQLLLENGSLAEEEVVIRSVNFTDNAKTHIVQLNTSVEINCTRP 299
NENTRKRIR1QRGPGRAFVT IGK 1GNMRQAHCH I SRAKWENTLKQIASKL 349
REQFGNNKT I IFKQSSGGDPE IVTHSFNCGGEFFYCHSTOLFNSTWENST 399
WSTEGSNNTEGSDT ITLPCRIKQ I INMWQKVGKAMYAPP ISGQIRCSSNI 449
TGLLLTRDGGNSNNESE I FRPGGGDMRDNWRSELYKYKVVKIEPLGVAPT 499
KAKRRVVQREKRAVG I GALFLGFLGAAGSTMGAASMTLTVQARQLLSGIV 549
QQQNNLLRAIEAQQHLLQLTVWGIKQLQARILAVERYLKDQQLLGIWGCS 599
GKLICTTAVPWNASWSNKSLEQ IWNHTTWMEWDRE INNYTSLIHSLIEES 649
QNQQEKNEQELLELDKWASLWNWFNITNWLWY IKLFIMIVGGLVGLRIVF 699
AVLSIVNRVRQGYSPLSFQTHLPTPRGPDRPEGIEEEGGERDRDRSIRLY 749
NGSLAL IWDDLRSLCLFSYHRLRDLLL IVTRIVELLGRRGWEALKYWWNL 799
LQYWSQELKNSAVSLLNATAIAVAEGTDRVIEVVQGACRAIRHIPRRIRQ 849
GLERILL 856

Figure 1.5 Sequence of HIV strain HXB2 envelope protein.

The sequence for HXB2 envelope gp120 is in black, the sequence for gp41 is in grey.
The variable loop regions are underlined, 1-red, 2-orange, 3-gold, 4-green, 5-blue. High
mannose glycosites are highlighted in red, hybrid and complex glycosites are
highlighted in yellow.

In 1990, Leonard et al characterized the 24 potential glycosylation sites (Figure
1.5) and assigned all nine intra-chain disulfide bonds for gp120'8°, finding that disulfide
bonds form loop structures and three of the loops define the highly variable regions 1-4
(V1-V4)92.180 g5 seen in Figure 1.5, Figure 1.9 & Figure 1.11. The position of the cysteine
residues are highly conserved, but only 13 of the 24 glycosylation sites are conserved'’’.



With CD4 and gp120 both being glycosylated proteins, researchers questioned
whether the glycosylation residues were involved in the CD4-gp120 interaction but
Fenouillet et al confirmed that the glycosylation was not necessary for their interaction8".
They stated that previous studies showing deglycosylated gp120 exhibiting a decreased
binding capacity to CD4176.182-184 were most likely due to disruption of gp120’s
conformation in relation to the use of SDS during the deglycosylation procedures'®’.
Unifying these findings, Fenouillet hypothesized that the glycosylation residues may be
involved in gp120 folding and or stabilization8'. Gp120 mutational studies determined that
the CD4 contact sites on gp120 included two hydrophobic regions, around T257 & W427,
and two hydrophilic regions, around D386, E370 & D457180.185-187_ The crystal structure of
CD4 revealed that N terminal domain (D1) and the domain immediately adjacent to it (D2)
were very similar in structure to immunoglobulin domains'®2.88 (Figure 1.6). Analysis of
the gp120-CD4 binding site suggested that the gp120 binding region would be a 25A by
12A groove or pocket'62188  Studies isolated the binding site to the D1 of CD4185.189.190,
locating specific contact sites,F43, K29, K46 and R59 , that are important for gp120-CD4
binding affinity’®"1%2, It was hypothesized that the exposed phenylalanine fit into the

T T

Figure 1.6 Structure of CD4 & its interaction with gp120.

A) shows the full structure of CD4. The cytoplasmic domain and transmembrane are
shown in a dark navy blue (PDB 2KLU). Extracellular domains are shown in difference
shades of blue to differentiate between the four domains, labeled D1-4 (PDB 1WIO).
For extended information on the CD4 structure, please see Appendix A. B-D) show
the interaction between a monomer of HIV gp120 and the D1 domain of CD4 (PDB
1GC1). C) shows CD4 F43 inserted into a hydrophobic pocket in gp120 and CD4 R59
electrostatically interacting with gp120 D368. D) shows CD4 K29 has possible
electrostatic interactions with both D279 & N280 from gp120.
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hydrophobic pocket in gp120 that was ringed by negatively charged amino acids'?. A
combination of mutational and kinetic studies confirmed that CD4 F43 was a critical
residue for CD4-gp120 binding™3. A slow ‘on’ rate that indicated a conformational
adaptation likely occurs during CD4 binding to gp120'°3. The first published structure of
the gp120 core bound to CD4 by Peter D. Kwong provided further evidence for this
hypothesis in 1998, fully interpreting the F43 binding pocket and how its presence would
be structurally unfeasible in the absence of CD4 binding'®. An energetics study using
Surface Plasmon Resonance by the Doyle lab in 2000 determined that the association
rate constant between gp120 and CD4 was approximately 6 x 10* M-'S-!, consistent with
a binding induced conformational change'®. This conformational change resulted in the
formation of what was termed the ‘bridging sheet,’ a four strand, anti-parallel B-sheet at
the bottom (relative to the viral membrane) of gp120 (Figure 1.7 & Figure 1.11).

CD4

Glycosylation
Sites

PDB #1GC1

Figure 1.7 Structure of a gp120 monomer bound to CD4 and 17b showing the basic
domains.

A) shows gp120 monomer PDB 1GC1 (bound to CD4 and 17b) with the outer domain
colored light purple, the inner domain colored medium purple, the bridging sheet in
dark red and the disulfide bonds shown in orange. The structure is oriented so that the
top would be against the viral membrane and the bridging sheet would be pointed
toward the host cell membrane. Only seven of the nine conserved disulfide bridges are
present in this structure. The gp120 subunit is approximately 97A long with a diameter
of 66A. B) shows the location of all the potential glycosylation sites as red balls. C) the
gp120 structure has been rotated 90° to the left to show how the gp120 monomer binds
to CD4, in blue, and the 17b Ab, in orange.
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The gp120-CD4 interaction was well characterized by the beginning of the 1990’s,
and researchers were trying to determine the mechanism of HIV infection. It was originally
thought that HIV was endocytosed into the cell after binding to CD4'%. However, electron
micrographs showed fusion of HIV virions to the host cell’®” and mutational studies that
removed the cytoplasmic domain of CD4 (impairing the endocytosis process)'919°
established that infection occurred through viral fusion to the host and not host
endocytosis of the virion'®7-19°_ This coincided with previously published sequencing data
that gp41 contained a fusion peptide, indicating gp41 was involved with viral fusion to the
host cell??°, Evidence seemed to indicate that after binding CD4, a conformational change
of gp120 likely occurred to expose the fusigenic domain of gp41 to facilitate viral fusion to
the host membrane'87.192201-203 . The Sodroski lab found the first solid proof for the
conformational change theory, showing that the binding of gp120 to CD4 induces epitopes
for the antibodies 17b, 48d an A32, by shifting the V1 and V2 loops of gp120 using viral
capture ELISAs with mutated HIV gp1202°2(Figure 1.7).

While this simple model of fusion and infection was appealing, multiple groups had
shown that the V3 region was a determinant for monocyte-macrophage tropism of
HIV204.205 and that there was a shift in HIV tropism from monocyte/macrophage tropic (M-
tropic) to T-cell tropic (T-tropic) as the disease progressed?®. The V3 loop was dubbed
the “Neutralization Determinant” with a conserved Gly-Pro-Gly-Arg sequence that
provided the binding site for antibodies able to block HIV infection?°7-2'2 (Figure 1.12D).
Researchers found that mutation of this conserved site abolished HIV infection and
syncytium formation, leading them to incorrectly conclude that the V3 loop must be a
fusion domain?23-2'4, Around the same time, studies in non-human cells indicated that there
were additional cell-type specific co-factors, aside from CD4, required for viral entry215-218,
In 1995, Cocchi et al discovered that the chemokines RANTES, MIP-1 a, and MIP-1 8
could inhibit HIV infection?'®. Then, within a year, the Berger group pieced those two ideas
together and used functional complementary DNA cloning??° to isolate a G-coupled protein
receptor designated ‘fusin’??", officially discovering HIV-1’s cofactor for viral entry. Several
other groups proceeded to characterize fusin, which was later renamed CXCR42%?2, and
CCR5 as chemokine receptors and linking them to T-tropic and M-tropic strains
respectively?23-228,

CCR5 was determined to be the co-receptor used in CD4 T-cell infection, and
strains would adapt to use CXCR4 as CD4 T-cell counts declined??®-23!. Further research
showed that CCR5 and CXCR4 bound primarily to the V3 loop of gp120, with epitopes
that were induced by CD4 binding??3232-235 (Figure 1.7 & Figure 1.11), and gp120 bound
to the N terminal residues 13-21 of the chemokine receptors236-240. The first full structure
of a chemokine receptor was of CXCR4 in 2010, bound to agonists IT1t and CVX15%*
(Figure 1.8A). This model provided support for the two-site model?*> of chemokine
binding, which theorized that the N terminus the receptor reached up to bind to the globular
core of the chemokine or HIV (chemokine recognition site 1, CRS1), and the N terminus
of the chemokine (or V3 loop of HIV) would insert into a binding pocket formed by the
seven transmembrane bundle of the receptor (chemokine recognition site 2, CRS2). It
also gave the first structure showing how the receptor dimerizes in the presence of ligands
(Figure 1.8B). The first full structure of CCR5, bound to Maraviroc, published two years
later, continued to lend credence to the two-site model while also showing that Maraviroc
is a noncompetitive inhibitor of HIV243(Figure 1.8A). In 2018, a structure of CCR5 with a
chemokine agonist, 5P7-CCL5, gave definitive evidence that the two-site model was
correct (Figure 1.8C)%*4,
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Figure 1.8 Crystal structures of HIV Coreceptors CXCR4 & CCRS.

A) Shows the monomeric structures of CXCR4%4'" and CCR52%* on the left and right
respectively. B) Shows the dimeric form of CXCR4. C) Shows monomeric CCRS, in
red, bound to chemokine agonist 5P7-CCL5, in yellow, demonstrating how ligands are
bound by the N terminus of CCR5 (CRS1) and the transmembrane pocket (CRS2).
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Table 1.2 Relevant structures of HIV co-receptors CCR5 and CXCR4
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Structure Studied  Structural and Functional Characteristics PDBs Year
CCRS5 N Terminus  Modeling shows that CCR5 N terminus 2RLL2% 2007
(7-15) modeled binds in a pocket of gp120 specialized for
with gp120 and sulfotyrosine, causing the V3 loop to
CD4 become a rigid p-hairpin
CXCR4 Monomer Supports two-site model for receptor 30DU & 2010
and Dimer bound  binding. 30EQ%4
to IT1t & CVX15
CCR5 bound to Full CCR5 monomeric structure, shows 4MBS243 2013
Maraviroc Maraviroc is a noncompetitive inhibitor of
HIV
CCR5boundto  Elucidates how ligands insert themselves 5UIW244 2017
5P7-CCL5 into TM binding pocket, offers insight to
gp120 binding
CCR5Boundto  Structure based drug design of CCR5 6AKX & 2018
Agonists agonists, designed to surpass deficiencies = 6AKY?46
in Maraviroc
CCR5 boundto V3 loop of gp120 binds in TM binding 6MEO & 2019
monomeric gp120 pocket but doesn’t induce allosteric 6MET?

and CD4 conformational changes that would
propagate to gp41. N terminus of gp120 is
flipped back, which may destabilize gp41
resulting in fusion

1.3.3 Current Understanding of HIV Structure & Infection Process

After the discovery of the co-receptor CCR5 and crystal structures of gp120 were
published, the research curve around the HIV infection process was exponential. It was
determined that the HIV envelope glycoproteins form a trimeric complex, with a trimer of
gp120 shielding an inner trimer of gp4 1248, with approximately 9-14 trimer spikes per virion.
Interprotomer contacts between gp120 and gp41 occur primarily at the apex of the trimer,
where the variable loops 1 through 3 form a cap, as well as near the viral surface?4°-2%.
Advances in HIV crystallography, including the development of SOSIP trimers?5'-253(For
more information on SOSIP please see Appendix A), lattice engineering®+25% and
crystallization chaperones?¥’, have allowed the crystallization of the HIV prefusion state,

with full glycosylation, for multiple HIV clades.
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Figure 1.9 Structural elements of the prefusion, unbound trimer.

A fully glycosylated B clade SOSIP trimer (B41 SOSIP.664°7) 3.4A crystal structure,
that is bound to Abs 3H109L and 35022 (hidden), to show all the basic structures of
the envelope proteins in the prefusion state. A) Shows the gp140 trimer from the side,
oriented so the viral surface would be at the top and the bottom would be pointed
towards the host cell. Each structural element is colored as follows: gp120 monomers
in different shades of sand/khaki, gp41 monomers in different shades of grey, glycans
in tan, V1 in red, V2 in orange and V3 in yellow. B) shows the trimer from the bottom
view, or from the host cell’s perspective, with the same coloration as A. C) Shows a
single gp140 monomer. Each structural element is colored as follows: the gp41
monomer is grey, the inner domain of gp10 is medium purple, the outer domain of
gp210 is light purple, the bridging sheet is dark red, the V1 loop is bright red, the V2
loop is orange, the V3 loop is yellow, disulfide bonds are indicated with golden spheres,
H66 is indicated by salmon spheres and W571 is indicated with blue spheres. D)
Shows a close-up view of gp120 H66 and gp41 W571, both of which influence
conformational sampling.

The viral envelope undergoes a three step process of infection is classified as a
type 1 viral membrane fusion?3, but is unique in that it requires two coreceptors. These
steps are summarized in Figure 1.10. Step one is a fully reversible, CD4 binding induced,
conformational change?®® that reveals epitopes on the V3 loop necessary for CCR5
binding?%%-2%1. Gp120 binds to CD4 with a kD of 22nM'%5. There is debate in the literature
that suggests this conformational change may be independent of binding to CD4, that
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Unshielded gp41
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Figure 1.10 Structures showing the process of HIV infection.

A) Shows the structures of the unbound HIV envelope proteins (PDB 6DE7°7%), CD4
(PDBs 1WIO%" & 2KLU'%6) and CCR5 (PDB 4MBS243) in appropriate scale to each
other. B) Shows a summary of the HIV infection process with the structure of the
envelope proteins aftergp120 has bound to CD4 (PDB 3J70°'?) with the full CD4 and
CCRS structures for comparison.
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gp120 may sample several conformational states while unbound. It has been shown that
conformational sampling is dependent on the presence of conserved residue H66 from
gp120%62, which is located on the inner domain near gp120-gp41 interface (Figure 1.9)
and variable loops 1-3%63. Binding to CD4 prompts allosteric changes through the gp120
contacts with gp41 at W571 (Figure 1.9), stabilizing the conformational state with a fully
formed bridging sheet and partial exposure of the V3 loop'95:262.264265  The VV1/V2 and V3
loop separate away from the gp120 core, exposing the gp41 three-helix bundle and fusion
elements?%6267 (Figure 1.11). The ability of CD4 to recruit the bridging sheet is a major
determinant of R5 macrophage tropism?47-26¢-272 CD4 normally serves as a co-receptor
to the T cell receptor(TCR) during the T-cell interaction with antigen-presenting cells, part
of an immunoglobulin super family involved in recognition events'93273.274 The cytoplasmic
domain of CD4 is involved with signal transduction, associating with tyrosine kinase p56,
which is implicated in T-cell activation'93275.276,

PDB #3J70
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Figure 1.11 The conformational changes in the HIV envelope upon binding to CD4.

This figure compares gp140 structures PDB 5FYK (a prefusion B clade SOSIP.664
bound to bNAbs PGT121, 35022 & VRCO01) and PDB 3J70°'? (a model based on
EMD5020282 and crystal structure 1GC1'%4, which are both B clade structures — BalL
and HXB2 respectively, to establish the structures of the full variable regions while in
the CD4 and 17b bound state. A) Compares the locations and orientations of the
variable loops and residues involved in the bridging sheet between the prefusion state
(5FYK) and the CD4 bound state (3J70). The structures are colored as follows: gp41
in grey, gp120 in khaki, V1 in red, V2 in orange, V3 in yellow, V4 in green, V5 in blue,
bridging sheet residues in purple. B) Shows the location of the residues in gp120 that
contact CD4 in the prefusion(5FYK) and CD4 bound(3J70) states. The main three
contacts are shown in red (D368,E370 & W527) %4 the other contacts in brown. C)
Follows the same color scheme as B and includes CD4 in blue.
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The second step of the initial infection process is gp120 binding to chemokine
receptor CCR5 with a Kp of 4nM?2%8, Binding to CCRS5 is believed to occur in two stages,
first sulfotyrosine residues on the N-terminus of the co-receptor binds to the base of the
V3 loop near the bridging sheet, then the GPGR motif at the tip of the V3 loop inserts into
the CRS2 of CCR5, contacting all seven of the transmembrane helices (Figure 1.12)%4.
Binding of sulfated tyrosines in the CCR5 N terminus converts its V3 from a flexible loop
to a rigid Beta-hairpin., which facilitates interaction between the CCR5 extracellular loops
and the tip of V3247.277_ Binding to CCR5 was previously thought to prompt a second
conformational change that exposes the fusigenic domain of gp412’7; however, the

¢§ PDB #6MEO

Figure 1.12 Structure of gp120 bound to CD4 and CCRS.

A) Shows the structure of gp120 in complex with CD4 and CCR5 (PDB 6MEO). The
gp120 structure, in khaki, is strain 92BR020, clade B, with the V3 loop highlighted in
gold. Glycans are shown as tan spheres, CD4 in blue and CCR5 in red. The N and C
termini are labeled respectively. B) Shows the contacts the CCR5 N terminus (in dark
red) makes with the gp120 bridging sheet (in purple). C) Shows the contact the CCR5
sulfotyrosines (in bright red) form with the root of the V3 loop (in gold). D) Shows the
insertion of the GPRG motif at the tip of the V3 loop inserted into CCR5.

recently published structure with gp120 bound to CCR5 indicates that the only major
changes that occur in gpp120 are that the N and C termini bend back to pack against the
surface of gp120 and the V3 loop adjusts to fit into the CRS2 pocket?’8. Prior to CCR5
binding, the N and C termini of gp120 are surrounded by a ‘4-helix collar’ (Figure 1.13). It
has also been shown that the conformational changes induced by CD4 binding are
relatively unstable and easily reversed unless gp120 binds to CCR5 in quick
sucession?79:280,
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Figure 1.13 Comparison of the gp120 termini in unbound verses fully bound structures.
A) Shows a gp120 monomer (PDB 6MEO) fully bound to CD4 and CCR5 with the N
terminus labeled and highlighted in green and the C terminus labeled and highlighted
in red. The gp120 is in khaki, glycans are tan spheres and the edge of CD4 is visible
in blue. B-D) Show PDB 5VN3, a gp120 structure bound to sCD4 and Ab 17b in various
orientations. The gp120 is colored khaki, with N and C termini labeled and highlighted
in green and red respectively. The gp41, colored grey, has been hidden in B to reveal
the location of the termini for comparison to the fully bound structure in A. CD4 is visible
in blue in structures B-C. D) Is a top down (from the perspective of the viral membrane)
view of the gp140 monomer to show the 4-helix collar formed by the gp41 around the
termini of gp120 in the CD4 bound structure.

WE S

The exact trigger to expose the gp41 fusion domain is still unknown?8'. Previous
structures have shown that the gp41 trimer becomes more compact after gp120 binds to
CDA4282-285 (Figure 1.14), Researchers hypothesize that the conformational change of the
gp120 termini, triggered by binding to CCRS5, destabilizes the gp41, potentially initiating
gp41 refolding to expose the fusion domain?’8. Binding to the coreceptor also brings the
fusion peptide within 70A of the host membrane, which is close enough for the fusion
peptide to reach?’®. The prefusion structure of each gp41 monomer is a four-helix collar
(Figure 1.13D, Figure 1.14C-D & Figure 1.15B), whereas the post fusion structure is
composed of two helices?®3. The components of gp41 and its conformational changes are
illustrated in Figure 1.15.
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Figure 1.14 Comparison between unbound and CD4 bound gp41 trimer conformations.

A-D) show HIV trimers with gp120 in various shades khaki and gp41 in various shades
of grey. A) Shows the gp160 trimer (PDB 6MUF?2%4) in the unbound state. This ‘closed’
trimer is approximately 105 A high by 113 A wide. B) Shows the gp160 trimer (PDB
5VN3267) in the CD4 bound conformation. This ‘open’ conformation is approximately
118 A high x 152 A wide, The V3 loop extending downwards causes the main
difference in height. C & D) compare the gp41 trimer in the unbound (C) and CD4
bound (D) state. A faint red equilateral triangle is shown in the center of the helical
bundle. It connects the oxygen atom of T569, near the apex of the trimer. The unbound
conformation has a much wider aperture, with each side of the triangle measuring 12A
(C), compared to the 7A per side of the CD4 bound structure (D).
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Figure 1.15 Structures of the gp41 trimer at various stages of infection.

A) Shows the general regions in the gp41 monomer. The abbreviations found in the
figure are as follows: FP — Fusion peptide, NHR — N terminal Heptad Repeat, CHR —
C terminal Heptad Repeat, MPER — Membrane-Proximal External Region, TM —
Transmembrane domain, CD — Cytoplasmic Domain. B) Compares the gp41 trimer in
the unbound (PDB 6MUF?%, residues 8-34 & 58-152) the CD4 bound (PDB 5VN3267,
residues 4-37 & 52-153) and post fusion (PDB 1ENV'?®, residues 32-77 & 117-154)
structures. The fusion peptide is colored in a sea foam green, the NHR is colored in
bright green and the CHR is colored in an olive green. Corresponding residues are
colored in each of the structures to orient the viewer between the conformational
states. The side view structures are oriented so the top would be towards the viral
surface and the bottom would point towards the host cell. In the post fusion structure,
both membranes would be fused together at the bottom of the image since the fusion
peptide (which would be inserted into the host membrane) is extended from the residue
colored red, and the TM domain of gp41 would be in the extension of the structure
after the residue in purple.

21
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Once the gp41 fusion domain is exposed, it inserts into the host membrane. HIV’s
gp41 is defined as a class 1 viral fusion protein, meaning that in the post-fusion state the
protein will form a six-helix bundle?86-28° with the N-terminal helices in a triple coiled-coil,
and the C terminal helices packed in an anti-parallel orientation, into the grooves?3:290-293,
The formation of the six helix bundle draws the viral and host membranes together?3:294.295
(Figure 1.16). Research has proven that increased numbers of envelope spikes per virion
does increase infectivity?%6-27, and it is likely that multiple viral spikes are necessary to
fully bring the membranes together and create a pore for the viral RNA and proteins to
pass through into the host cell?89298-300 There is debate whether gp120 fully detaches or
‘sheds’ away at this point in order for the gp41 to fully undergo the conformational change
to a six-helix bundleg?68:301-304,

E

Hemifusion Fusion pore

F Trimeric Hairpin

N #
PDB oyl of
#1ENV Dangffoess

Figure 1.16 gp41 fusion to the host membrane and formation of the fusion pore.

This figure walks through the steps of forming a fusion pore. The abbreviations are as
follows: CHR — C terminal Helical Region, NHR — N terminal Helical Region, FP —
Fusion Protein. A) Shows the original, unbound conformation of the HIV envelope
proteins on the viral surface with gp41 colored green and gp120 colored gold. B)
Shows a crystal structure of the envelope proteins in the conformation represented in
part A (PDB 6MUF?%4), the glycans and stabilizing Abs have been hidden for clarity. C)
Shows the theoretical conformation after gp20 has bound to both CD4 and CCR5 and
the fusion peptide of gp41 has inserted into the host membrane. Currently, there are
no crystal or NMR structures of this conformation. D) Shows the theoretical hemifusion
state where the inner leaflet of the viral and host membranes has begun to fuse. E)
Shows the formation of the fusion pore, where gp41 has formed a trimeric hairpin
structure. F) Shows a crystal structure of gp41 in the trimeric hairpin conformation
(PDB 1ENV'). This figure is modeled on Figure 1 from Melikyan’s review, Klug et al
and Hu et al., Figure 2 of Dom and More’s review and Figure 5 from Liu et al. 286.913-916
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1.3.4 HIV replication in the host cell

Once the fusion pore has been created and the viral proteins have entered into the
cell, HIV replication can be divided into four basic steps: 1) reverse transcription, 2)
integration into the host genome, 3) protein production, and 4) viral assembly. Since the
process of retroviral replication and the proteins of HIV have been thoroughly
characterized in other reviews305-310 they will only be briefly summarized here. Error! Not
a valid bookmark self-reference. briefly describes all the relevant proteins and their
function in the HIV lifecycle for quick reference. It should be noted that HIV-2 does not
contain Vpu, it contains Vpx instead30%307.311,312,

The first step of viral reproduction after the viral proteins have entered the host cell
is reverse transcription of the viral RNA into double stranded DNA by the reverse
transcriptase complex, which includes the viral proteins RT, RNase H, Pro, IN, MA, CA,
NC, Vif, Tat, Nef and Vpr, with some host proteins as well. The exact composition of the
complex may vary and is still under debate3'3-3'7. Once the dsDNA is produced, it is
integrated into the host genome by the preintegration complex. The location of integration
will affect the rate of transcription and integration into transcriptionally silent regions can
lead to latent infection3'8-323 (for more on the HIV latent reservoir, please see the section

below). Integration into the host genome is key for viral persistence in all retroviruses3?+-
326

The third step of viral reproduction, expression of the HIV genome, occurs in two
stages, early and late, because HIV produces many polycistronic mRNAs, i.e. mMRNAs
that contain open reading frames for multiple proteins30%:327-329, The fully spliced forms of
the genes are transcribed in the early phase of gene expression, producing Rev, Nef and
the long form of Tat. These proteins can even be transcribed before integration of viral
DNA into the host genome. The late stage of gene expression is regulated by Rev and
produces unspliced and incompletely spliced RNA. Expression of the unspliced mRNA
produces Gag and Gag-Pol precursor proteins. The unsliced mRNA is also what will be
packaged into new virions. Incompletely spliced mRNAs can produce Env, Vif, Vpu, Vpr
and the shorter form of Tat. Many of the HIV viral proteins have additional functions to the
ones listed in Error! Not a valid bookmark self-reference. that are dictated by alternate
splicing and pairwise protein interactions?5305.311.328,329,

The final step of viral reproduction is the formation of new viruses. Envelope
proteins gp120 and gp41 are transported to the membrane through the secretory pathway
after they are finished being processed in the Golgi®3°-332, Gag and Gag-Pol proteins bind
to the plasma membrane and mediate the formation of the new capsid. PR cleaves Gag
into its active forms of MA, CA, NC and p6 which trigger packaging of the RNA genome
and assembly of the inner, canonical capsid35333-335 HI|V hijacks the host ESCRT
pathway (endosomal sorting complex required for transport that is involved in cargo-
recognition and membrane remodeling®3*) to complete the budding process3%.



Table 1.3 Summary of HIV proteins30>-310
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Category Gene Proteins Function
Env  Gp160 > gp120 & Gp120 & gp41 form trimeric spikes on the
gp41 viral surface that bind to the host cell
receptors and initiate fusion to the host cell
Gag MA (matrix/p17), These proteins make up the core of the viral
CA (capsid/ p24), capsid. MA forms the outer-most layer,
Structural NC undgrrwleath th]?tlri]pid bila_y(/jer_.r IS)A l\il’%rms thg
) ; conical core of the capsid. The protein
Proteins gugleocapSId/pg) recognizes the packaging signal on HIV
P RNA and incorporates the RNA into the
forming virions. P6 enables incorporation of
Vpr into budding virions by facilitating
interactions between the precursor Gag
protein and Vpr.
Pol Pro Pro is an aspartyl protease that cleaves the
(protease/p10), Gag and Gal-Pol precursor proteins. RT
IN (integrase/p31), uses the viral RNA to produce a copy of
RT (reverse double stranded DNA. RNase H degrades
. : the original RNA strand once the first strand
Viral transcriptase/p50) "
of DNA has been made, permitting

Enzymes & RNase H (p19) production of a complementary strand. IN is
responsible for inserting the newly produced
viral DNA into the host genome; this single
enzyme integrates exonuclease,
endonuclease and ligase functions.

Tat, 72aa & 101aa Tat is a transcriptional activator that
forms promotes the elongation of HIV mRNA by
recruitment of serine kinase CDK9 using the
Regulatory cellular co-factor Cyclin T.

Proteins Rev Rev exports unspliced and incompletely
spliced mRNA'’s out of the nucleus in the
late phase of HIV gene expression to
produce proteins such as Vpr, Vpu and Vif

Vpu Vpu induces degradation of CD4 that binds
(Viral protein U) to envelope proteins in the process of virion
assembly and enhances release of newly
formed virions.
Vpr Vpr facilitates pre-integration complex
(Viral protein R) localization to the nucleus and is associated
with nuclear pores
Accessory Vif Vif is essential for replication in specific cell
Proteins (Viral infectivity lines including peripheral blood lymphocytes
factor) and macrophages and is incorporated into
the virions of HIV to overcome antiviral
factors produced by host cells.
Nef Nef downregulates the cell surface

(negative factor)

expression of CD4 and class | MHC,
optimizes cellular conditions for viral
production and increases HIV infectivity
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1.3.5 HIV’s use of glycosylation to evade the immune system

HIV uses glycosylation, oligosaccharides covalently bound to the protein surface,
to shield itself from the host immune system?69.330.330.337-342 There are five types of glycans:
phosphoglycans, C-linked glycans, glypiation, O-linked and N-linked, with the final two
being the most common343344, HIV-1 is glycosylated with only N-linked glycans339345 and
so that is the process that will be briefly explained here. Glycosylation is added to
asparagine residues in the endoplasmic reticulum (ER) at the consensus sequence
NXS/T, where X is any amino acid except for proline346-349, A preformed oligosaccharide
precursor (Figure 1.17A) is transferred en bloc to the asparagine by olygosaccharyl
transferase in the lumen of the ER3#4. As the protein passes through the ER, the glucose
molecules are cleaved off. The glycan then passes on to the golgi through either the
glucosidase-dependent and independent pathway, where it goes through a variable
amount of processing that is dependent on the glycan accessibility to the enzymes'82.350-
355, High mannose glycans (Figure 1.17B) are the least processed glycans. Mannoses are
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<> N-Acetylneuraminic
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M9 M8 M7(1) M7(2) M6 M5
Figure 1.17 Glycan structures
A) shows the structure of the oligosaccharide precursor. B) shows the three main
structures of glycans in order from least to most processed. C) shows how high
mannose glycans are processed to remove mannose residues, starting with the least
processed, M9, to the most processed, M5. It is possible to have further processing
down to M4. Branch points are connected by a1-3 and o1-6 linkages, while linear
connections are a1-2 linkages.
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removed as glycans are more processed, and may eventually be replaced with other
sugars including galactose, fucose, N-acetylglucosamine and N-Acetylneuraminic acid
(Figure 1.17C). When only one branch of the glycan displays other sugars, it is classed
as a hybrid glycan; when both of the branches contain variable sugars, the glycan is now
termed complex (Figure 1.17C).

The glycan shield, interlinking oligosaccharides that composes approximately half
of the HIV envelope, is used to circumvent the host immune system, shielding rapidly
mutating epitopes on the envelope proteins gp120 and gp413%6:357, Because the glycans
are similar to those found on host proteins, the glycan shield makes most of the viral spike
immunologically “silent™%83%. Even slight shifts in glycan location within the shield can
completely disrupt binding of broadly neutralizing antibodies that include glycans in their
target epitope®©-363, Figure 1.18 shows the glycan shields of envelope proteins from four
different clades. While the glycosylation pattern of each strain is variable there are regions
where glycans are densely crowded which minimizes the processing of those glycans,
resulting in a higher proportion of high mannose glycans in those regions34-364-368 There
is one large region referred to as the mannose patch, that is retained across all clades,
throughout disease progression and immune challenge340.352,369-371,

*Clade G
PDB #5FYJ

Clade A Clade B
PDB #5FYL PDB #5FYK
Figure 1.18 Glycan shields of various clades of HIV.
A-D) Show HIV envelope monomers with gp120 in khaki, gp41 in grey and glycans in
green. The clade of each monomer is listed underneath the crystal structure.

Previous research showed that individual glycans have importance to the infectivity
and folding of the virus®”2. Removal of glycan N262 (N262Q) resulted in complete loss of
infectivity, and N>Q mutations of sites N197, N234, N241 and N289 yielded a significant
decrease in viral infectivity3’2373, This has since been disproven by the Varadarajan group,
who demonstrated that it was the method of mutation, not the loss of glycosylation that
interfered with viral folding and infectivity®%4. This confirms that the primary purpose of
glycosylation of HIV envelope proteins is to create an evolving shield that protects the
virus from the host immune system337-339.374-377 Specific glycans shield key epitopes on
the gp120 surface. Glycosite N386 is key to protecting the CD4 binding site from
antibodies, with assistance from sites N197 and N301373.378 There are antibodies that
target the glycan shield (broadly neutralizing antibodies, bNAbs), rather than the protein
epitopes. Extensive research has been done to understand the process necessary to illicit
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bNAbs to develop an efficient vaccine and microbicides against HIV. BNAbs and their
relation to HIV treatment are discussed further in a later section.

1.4 Microbicides and Prevention of HIV
1.4.1 Antiretroviral Therapy

Six years after the first AIDs patients were discovered, a therapeutic finally became
available: AZT (also known as zidovudine)379:38. AZT is a nucleoside reverse transcriptase
inhibitor (NRTIs), which inhibits reverse transcriptase. In the 30 years since AZT became
available numerous other NRTI's, with fewer side effects, have been adopted. To minimize
drug resistance, the current therapeutic regime, called combination antiretroviral therapy
(cART) combines NRTIs with non-nucleoside reverse transcriptase inhibitors (NNRTIs),
protease inhibitors, integrase inhibitors and infection/entry inhibitors (for a list of common
drugs used in cART please see Table Appendix A.3). The development of entry inhibitors
is arguably the most important since they prevent entry of the HIV virus into the cell,
whereas the other classes of inhibitors only inhibit HIV replication after the virus has
entered the cell. The first entry inhibitor developed was T-20 (aka Fuzeon or
Enfruvitide)3®', which binds the CHR of gp41 to prevent fusion with the host membrane. In
the nearly 20 years since the development of Enfurvitide, entry inhibitors have expanded
to encompass three main classes of drugs — fusion inhibitors, co-receptor binding
inhibitors and attachment inhibitors32. Less than a handful of entry inhibitors have been
approved in the last 20 years, but there are many currently undergoing clinical
trials79-243.382-3%5 Entry inhibitors are desperately needed, since they work differently from
the other classes of drugs available, which are encountering viral resistance from
overuse86.229.312,389,396-402 Many of the attachment inhibitors that are under development
come from a single class of carbohydrate binding proteins*03-409,

1.4.2 Lectins

Lectins, originally called agglutinins, are a class of carbohydrate binding proteins
that was discovered in extracts of castor bean seeds back in 1888 and immediately proved
useful to the medical community for their ability to distinguish blood types®*3. Lectins have
since been found in most prokaryotic and eukaryotic organisms, including humans. There
is some evidence that the human immune system utilizes soluble and membrane-
associated lectins to neutralize and degrade viruses*'%4!" but unfortunately may viruses
have adapted to exploit lectin receptors, such as DC-SIGN, to enter target cells, enabling
viral spread+12-416,

In 1997, the lectin Cyanovirin-N was discovered to be protective against the latest
medical epidemic - HIV. Isolated from cyanobacterium Nostoc ellipsosporum, this 11kDa
monomeric protein has two symmetrically related domains, that each contain a CBS
(carbohydrate binding site) that binds to an 1-2 oligomannose moiety, which are found on
Man-8 and Man-9 glycans(Figure 1.17). Despite tight binding, and a broad specificity,
safety concerns including mitogenic activity and stimulation of increased cytokine
production*'” (disputed by some who continue to make advances on CV-N translational
products*'8-421) |eft researchers looking for other lectins with fewer detrimental effects.
Over the next several years, many other lectins with virucidal properties against HIV were
discovered?03-409.418,422-439 ' gand the search continues today*?4440.441  Since lectins bind to
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any glycan containing their specific carbohydrate, lectins have been shown to inhibit a
broad range of other enveloped viruses, including Ebola, influenza*06442,
Coronaviruses**3444  herpes*%445 human papilloma virus (HPV)*46-448 hepatitis B and
(C19-22:408449-453 ' gand Marburg*®44%. The continue for lectins with antiviral properties

Lectins are differentiated by their carbohydrate recognizing domains (CBDs) with
shallow pockets that recognize terminal groups on glycans. There are two primary folds
that lectins with anti-HIV properties adopt: 1) a GNA-related lectin fold with 3-prism Il fold
— three 4-stranded B-sheets with internal pseudo threefold symmetry, where the -strands
are perpendicular to the 3-fold axis (shown in Figure 1.19A) 4%, and 2) a jacalin-like fold
with B-prism | fold — three 4-stranded, anti-parallel -sheets with internal pseudo threefold
symmetry, where the B-strands are parallel to the 3-fold axis (shown in Figure 1.19B) 457.
Two outliers to these common folds are CV-N and MVL. Cyanovirin-N has a fold that is
still formed from anti-parallel B-sheets but exhibits twofold symmetry instead of threefold
symmetry (Figure 1.19C)*3%. Microcystis viridis lectin (MVL) is the only anti-HIV lectin that
contains an alpha-helix integrated with an anti-parallel B-sheets within a twofold
symmetrical domain (Figure 1.19D)*07.
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CV-N Monomer

Figure 1.19 The Four Types of Lectin Structures. A) Shows the GNA type fold from the front
and side, B) shows a Jacalin type fold from the front and side, C) shows a CV-N monomer and
dimer, and D) shows an MVL monomer and dimer.



1.4.3 Griffithsin
The lectin Griffithsin (Grft)
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was discovered in 2004 by Mori et Empire Eukaryota

al. The protein was derived from the  Kingdom Plantae

red algae, Griffithsia sp. (full ) o

classification shown in Figure Subkingdom Biliphyta

1.20)%8. There are over 41  ppyym Rhodophyta

recognized species found around

the world*. Griffithsia species had  Subphylum Eurhodophytina

previously been studied for the cl Florideoph

biliprotein R-phycoerythrin, which ass orideophyceae
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Figure 1.20 Taxonomy of Griffithsia Sp. Based on
data from algaebase.org

Grft is a 121 amino acid protein with a non-canonical amino acid at position 31,
that naturally coalesces into a domain swapped dimer (Figure 1.22)%65466_ Based on a
BLAST data base*’472 sequence analysis, the highest sequence homology to Grft is
45.6% from a Jacalin-type lectin artocarpin’3. What makes Grft a particularly strong
microbial agent, is the presence of three sugar-binding sites on each monomer that form
a nearly equilateral triangle (Figure 1.21); site 1 (M1 in Figure 1.21) is conserved in lectins,
site 2 (M2) is found in only one other lectin, while site 3 (M3) is unique among Jacalin-like
lecting#05407.418:438 The distance between the three sites is approximately 14 angstroms
and the carbohydrate binding faces of each monomer are 50 angstroms apart and at a
relative angle of ~160° to each other*’4. A summary of the main published structures of
Grft are shown in Table 1.4 with a description of the Grft characteristics that each structure
elucidated. The LiWang group and others have shown that the dimer and all six mannose
binding sites are critical for Grft potency against HIV475-477_ Like all lectins, Grft binds
carbohydrates, with a particular affinity for mannose and oligomannose variants (Table
1.5)420477-479 Grft's strong affinity for HIV gp120 contributes to ICso’s against HIV in the
high picomolar to low micromolar range?#08.423:429.431,432,475,480-484

While this lectin comes from algae, this lectin can be produced in large quantities
from a variety of sources, including E. coli*6648, rice endosperm*e, and tobacco (N.
benthamiana)*®’-4%0, Grft has gone through pre-clinical safety testing in mice4?%491, rats*9?,
rabbits*®®, macaques**84%® and human explants*84%4-4% to confirm low to no toxicity,
minimal inflammation, and no mitogenic activity. Griffithsin is currently undergoing human
clinical trials under the supervision of Dr. Palmer at the University of Louisville*®’.
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Figure 1.22 Crystal structure and Sequence of Grft domain swapped dimer.
A) The domain swapped dimer of Grft with swapped domains shown in yellow, hinge
regions shown in orange and the non-standard amino acid (#31) is shown in red. PDB
2XTY. B) The sequence of Grft, with the non-standard amino acid marked X.

Figure 1.21 Mannose binding sites of Grift.

Grft has three sugar binding sites, designated M1-3. A identifies the three binding
pockets in progressively darker shades of green to show the critical amino acids in
sites M1 through M3 binding to the mannose residues, which are shown in purple (PDB
2GUD). B shows a Grft monomer binding to a high mannose glycan. The surface of
Grft has been colored according to its electrochemical potential as calculated by
Coulomb’s law (using the Coulombic surface coloring tool in UCSF Chimera®'7:218,
https://www.cgl.ucsf.edu/chimera/docs/ContributedSoftware/
coulombic/coulombic.html) with red indicating negative charge and blue indicating
positive charge. The glycan has been colored in shades of purple, with the darker
shade to differentiate the mannose residues that fit specifically into the binding pockets
(PDB 3LL2).



Table 1.4 Summary of Grft Structural Studies

Structural and Functional
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Structure Studied Characteristics PDBs
Alone
Jacalin related lectin, domain 105
Grft alone & with swapped dimer with a B-prism 2GTY
mannose motif and three mannose-binding Mannose

sites pre monomer

2GUC, 2GUD#e8

Monomeric Grft

alone & with nona-
manoside

Binding of monomeric Grft to two
different nona-mannosides

Monomer alone
3LKY,3LL0,3LL1478
Nona-manoside

3LL2478

Grft with glucose or
N-acetylglucosamine

Glucose and N-acetylglucosamine
are bound by Grft in a similar way
to mannose

Glucose
2NU 468
N-acetylglucosamine
2GUE*8
2NU5465

Grft with 1 — 6a —
Mannobiose or

The binding of maltose is weaker
than the binding of mannose. The

1— 6a-Mannobiose
2HYQ*7

maltose binding mech_anism of 1 - 6a— Maltose
Mannobiose is similar to mannose
2HYR4™®
Table 1.5 Grft Affinities to Sugars
Affinity

Grft Dimer Grft Monomer
Maltose 394 uM*7® Not published
Mannose 102 uM47® Not published

1 — 6a - Mannobiose 83 uM47® 85 uM#8

Mannopentose 19 uM478 15 uM*78

Nonamannoside 500 pM478 510 pM478

gp120

8-69 pM?#29477,478

112-386 pM*77478
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Grft's carbohydrate binding activity also allows potent activity against other enveloped
viruses including severe acute respiratory syndrome-Coronavirus (SARS-CoV), Hepatitis
C virus (HCV), herpes simplex virus 2 (HSV-2), Japanese encephalitis virus (JEV), human
papillomavirus (HPV), Middle East respiratory syndrome-Coronavirus (MERS-
C0V)20,429,443,447,499,500 and Nlpah Virus501.

Microbicides such as Griffithsin (Grft) can be used in topical or oral solutions to
prevent HIV infection. Unfortunately, there is not a one size fits all prevention plan. A
recent clinical trial of tenofovir gel showed that the vaginal microbiome has significant
effects on the efficacy of the microbicide®®?. This highlights the need for a diverse
compliment of microbicides that can be used alone or in combination to prevent HIV
infection. Grft is one of the most promising microbicides currently undergoing clinical trials.
Griffithsin has been tested in both quick and long-term release formulations.
Subcutaneous injection of Grft was bioavailable and detectable at therapeutic levels up to
96 hours post injection*92. Bioavailability refers to the ability and rate at which a drug (in
this case a protein) is absorbed into the circulatory system and detectable in the serum.
Oral dosages of Grft were not bioavailable but were able to prevent rectal transmission of
HIV-1492. Formulations encapsulating Grft in silk disks*% and electrospun fibers93-505 have
been used for both short term and long-term release?*%:503-507_ Sijlk formulations have been
used to help stabilize other microbicides, but Grft is already highly stable, with a melting
temperature of 78.8°C#74.

1.4.4 Broadly Neutralizing Antibodies and Vaccines

While there has been progress in developing drugs that can prevent initial
infection, there still has not been any success in developing a vaccine to prevent HIV
infection. The current, optimistically, anticipated date for a widely available vaccine is
2030508512 There are those who believe it may take another 20-30 years before a vaccine
is widely available®'3-%%, Since no vaccine confers 100% protection, there must be a
balance between the effectiveness of the vaccine (and the number of different vaccines
required to cover all the different clades epidemic in different regions) with the cost of
production and delivery of vaccinations in areas where HIV is epidemic56-518,

The purpose of a vaccine is to provide an antigenic template for the immune
system to create antibodies before the host is challenged with the real virus, but the rapid
mutation rate of HIV makes it extremely difficult for the human immune system to produce
new neutralizing antibodies that cover the breadth of HIV strains fast enough to clear the
infection30.80.374.519-524 * Many of the vaccine developers are trying to elicit broadly
neutralizing antibodies(bNAbs) that recognize regions of the viral envelope that are more
highly conserved?4522.525-537 (for a hierarchy of antibody types and functionality see box on
next page), which are only naturally made by less than 20% of people infected with HI\/538-
545 A sequential immunization strategy seems to be necessary to induce bNAbs, using
structure guided techniques to steer B cell maturation from the production of germline
target immunogens to mature bNAbs%46-5%0 Traditional vaccines use neutralized viral
proteins to elicit neutralizing antibodies and stimulate CD8 T cell responses®®'-%%%, To try
and guide what antibodies are elicited, researchers developed modified, soluble HIV
envelope trimers called SOSIP trimers?50.267,281,342,364,534,556-565 (for more information on
SOSIP trimers please see Appendix A). These targeted responses can be guided by
covering undesirable epitopes with glycosylation, referred to as glycan masking342.566-569,
Improvement of protein imaging, primarily in electron microscopy, has rapidly improved
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vaccine development by allowing researchers to determine the epitopes of the antibodies
induced by vaccine trials?°6:526:534,561.570-575 The antibody neutralization response is the
only reliable indication of vaccine efficacy in macaque models57%577. Many vaccines have
proceeded to clinical trials30.521,522,578-580

Classes of Antibodies®19-928

IgM — the first antibodies made to fight infectious antigens but is temporary and only
found in lymph fluid and blood, large with 10 antigen binding sites

IgA — expressed in mucosal tissues, are a first line of defense
IgE — are involved in allergies and defense against protozoan parasites
IgD — signal activation of B cells

IgG — Most common, produced by B cells as a part of the adaptive immune system,
highly optimized for neutralization activity against infectious antigens, found in all
bodily fluids, four types — IgG1-IgG4

Antibody Functionality523.929.930

Binding antibodies, usually produced by the innate immune system, can attach to
viruses or other antigens but cannot inhibit virus infectivity

Neutralizing antibodies are antibodies that bind to specific regions and disable the
virus, are highly specific

Broadly neutralizing antibodies can neutralize many genetic variants of a virus, so far
these have only been identified against HIV

Passive antibodies are doses of antibodies that have been introduced as a treatment,
not produced by the patient's immune system

Figure 1.23 Antibody terminology

Broadly neutralizing antibodies are also being tested for use as passive antibodies
in combinational therapies, both preventative and therapeutic drug regimes®8-5%. While
the bNAbs primarily function like normal antibodies, drawing CD8 T cells to eliminate the
virus, there are some broadly neutralizing antibodies that act as attachment
inhibitors337:591-593  For example, VRCO01 locks the virus in the closed state, preventing
binding of gp120 to CD4594-601,

1.5 HIV Latency and the Eradication of HIV
1.5.1 The Challenge of Curing HIV

Even years after taking antiretroviral therapy and having an undetectable viral load,
there is essentially always a rebound of viral load after cessation of treatment, indicating
that there are cells harboring viral DNA even during cART?322602-604 | jfe-long cART
treatment extends patients’ life expectancy, but is expensive, not universally available,
requires life-long adherence, and confers negative side effects such as hyperlipidemia,
bone loss, cardiovascular complications, and neuropathy 32.136.395.397.605-609 Even patients
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who have faithfully adhered to anti-retroviral therapy for years still harbor infected cells
that don’t actively expressing the HIV genome, which are therefore unable to be detected
and removed by the host immune system8'061" These cells are referred to as the “latent
reservoir”602,604,612—614_

As a retrovirus, the HIV virus permanently integrates its genome into the host cell’s
DNA during the viral replication process 323602615616 After release of viral proteins into the
cell, the pre-integration complex (PIC) is formed from the positive stranded viral RNA, and
HIV proteins, including reverse transcriptase and integrase. In the cytoplasm, RT is primed
with a host tRNA and then the viral RNA is reverse transcribed first into a complementary
negative strand DNA. Before the second, positive strand of DNA is transcribed, RNAse H
cleaves the RNA/DNA complex to degrade the RNA and host tRNA primer until only a
small section is left. This small piece is used as a primer to generate the positive strand
of DNA, resulting in the final double stranded DNA, which is referred to as the
provirus®13315-317.617  The provirus is then transported to the nucleus by the PIC where
integrase facilitates integration of the proviral DNA into the host genome323-325618619 H|V
seems to preferentially integrate into transcriptionally active regions, but the mechanism
by which the location of integration along the chromosome is still being
determined?319.321,325,326,620621  Qnce the host enzymes re-seal the chromosome with the
HIV DNA now inserted, the host cell usually begins producing infective virions. However,
some cells enter a non-reproductive state of infection. These transcriptionally silent cells
form the HIV reservoir.

HIV reverse transcriptase is highly error prone, which accounts for HIV’s rapid
mutation rate and is also thought to be a common cause of latency®’. The errors accrued
in the reverse transcription process can lead to the formation of defective proviruses, most
commonly via APOBEC3G-induced hypermutation®22-624, While many of these defective
proviruses are non-inducible during single round T cell activation, they still contain
replication competent virus. Non-inducible virus may have also integrated into a
transcriptionally silent, heterochromatin region of the host genome321.616.623,625-628
Activation of latent reservoirs appears to be stochastic, which increases the barrier to a
cure®20:623629-632  |nfected cells can proliferate without activating viral replication, which
contributes to the stability of the latent reservoir6'6.631,633,634

The latent reservoir is comprised of many different cell types that contain
transcriptionally silent virus. The most common are memory CD4 T cells, including central
memory, effector memory, migratory memory, transitional memory, tissue resident
memory, stem cell memory and terminally differentiated cells®35-638, Of these subsets,
central memory CD4 T cells are considered the most predominant and important35.636.638,
Other cell types believed to contribute to the latent reservoir are macrophages (both
monocyte derived and tissue resident), dendritic cells, epithelial cells, astrocytes and
fibrocytes'75412,414,608,610.635-657 There are also tissues, such as the central nervous system,
the gastrointestinal tract, and lymphoid tissues, that comprise a anatomical reservoir
where low levels of viral replication can occur, which may be inaccessible to host immune
CD8 T killer cells and cART drug regimes?635:658-664,

There are several strategies that have been attempted to locate and remove cells
hiding HIV as a functional cure. The two main routes that have been pursued are a
“Locking” the cells and “Kick and Kill” (sometimes also called block & lock and shock & Kill
respectively). Locking cells involves the use of genomic editing techniques to prevent any
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latent HIV from being reactivated320.626.627.650665-668  The kick/shock and kill technique
involves stimulating cell populations most likely to be latently infected, inducing expression
of HIV proteins then supporting the host immune system to remove the infected cells,
sometimes with additional anti-retroviral agents321.608:627.669-674 | ocking techniques and
development have been thoroughly reviewed320.608626,627,632,665674-676 gnd will not be
discussed further here.

Shock and kill methods have shown promise in cell660677-681 gnd animal
models853:667.682-688 bt more targeted approaches for shock and kill methods are needed
since many of the previously tested strategies are very broadly acting with toxic side
effects®08.689-692 | atency reversal agents (LRAs) include Histone Methyltransferase (HMT)
inhibitors®2, Toll-like receptor 7 agonists®+6% histone deacetylase (HDAC)
inhibitors626:670.672,699-702 ' gnd activators of the nuclear factor-kB (NF-kB) pathway 687,688,703,
HDAC and HMT inhibitors loosen the interactions between histones and DNA, unwinding
the DNA and allowing transcription and production of viral proteins”4. NFkB is a protein
complex that controls transcription of DNA’% | so activation generally up-regulates
transcription in a cell, increasing the chance of viral expression.

The most natural and potent enhancer of HIV transcription, that would not be
expected to induce transcription of non-HIV DNA, is the HIV protein Tat. The Tat protein
is responsible for ensuring viral transcription during the viral lifecycle. Tat stimulates
transcription by binding to the transactivation response element (TAR) in developing RNA
transcripts and recruiting Cyclin T1 and cyclin-dependent kinase 9, which compose the
positive transcription elongation factor b (P-TEFb) and will promote transcriptional
elongation by recruiting and phosphorylating RNA polymerase Il, releasing the elongation
inhibitor complexes termed NELF and DSIF%¢-715, Tat has also been shown to bind the
upstream promoter regions’'®. Research has shown that insufficient Tat transactivation
activity can result in latency®20.652717-720_ Tat inhibitors are being investigated as a means
to lock latently infected cells®66668721 Tat has also been investigated as a shock
agent’18.719.722-725 byt issues with cytotoxicity”'8726.727 highlight a need for a method to
target Tat and other LRAs to cells most likely to be infected with HIV.



Chapter 2

Griffithsin retains anti-HIV-1 potency with changes in gp120 glycosylation and
complements broadly neutralizing antibodies PGT121 and PGT126

2.1 Abstract

Griffithsin (Grft) is an antiviral lectin that has been shown to potently inhibit HIV-1
by binding high mannose N-linked glycosylation sites on HIV-1 gp120. A key factor for Grft
potency is glycosylation at N295 of gp120, which is directly adjacent to N332, a target
glycan for an entire class of broadly neutralizing antibodies (bNAbs). Here we unify
previous work on the importance of other glycans to Grft potency against HIV-1 and Grft’s
role in mediating conformational change of gp120 by mutating nearly every glycosylation
site in gp120 individually and in combination. In addition to significant loss of Grft activity
by removal of glycosylation at N295, glycan absence at N332 or N448 was found to have
moderate effects on Grft potency. Interestingly, in the absence of N295, Grft effectiveness
could be improved by mutation that results in the glycan at N448 shifting to N446,
indicating that the importance of individual glycans may be related to their effect on
glycosylation density. Grft's ability to alter the structure of gp120, exposing the CD4
binding site, correlated with the presence of glycosylation at N295 only in B clade strains,
not C clade strains. We further demonstrate that Grft can rescue the activity of bNAbs
PGT121 and PGT126 in the event of loss or shift of glycosylation at N332, where the
bNAbs suffer a drastic loss of potency. Despite targeting the same region, Grft in
combination with PGT121 and PGT126 produced additive effects. This indicates Grft
could be an important combinational therapeutic.

2.2 Introduction

HIV-1 infects about 2 million people per year, predominantly in developing areas
such as sub-Saharan Africa’®. No vaccine is yet available, and existing prevention
methods such as daily oral PrEP are problematic in these regions in terms of availability
and user acceptability’?. Microbicides that inhibit HIV-1 infection represent a promising
strategy for prevention of HIV-1, and formulations are envisioned as insertable items that
stop the sexual transmission of the virus. For instance, intravaginal rings that release
small molecules or antibodies are being developed’®-733 and several proteins have
recently been encapsulated into silk fibroin films that could potentially be used to prevent
infection96:605,

Several major types of proteins have been shown to be highly potent HIV-1
inhibitors, including broadly neutralizing antibodies®38587.734735  CCR5 binding
proteins?19.384.387.736 - gand |ectins*03418466.737  Each of these types of protein has moved
toward pre-clinical or clinical trials with some success*93.586,589,599,738-740_

Griffithsin (Grft) is among the most promising and potent potential microbicidal
proteins. This lectin can be produced inexpensively in large quantities from tobacco
leaves*87489741 " E  coli*8® and rice endosperm*® and has been shown to have low/no
toxicity, a melting temperature of 78.8°C, stability at pH 4-8, resistance to proteolytic
degradation, conservation of potency after incubation in up to 50°C, and safety in mice

37
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and macaques when applied topically, injected, or ingested 446:448:478,484,489,491-493,496,742-745_
Multiple groups have begun in-human trials 4°7-746_ |t is arguably the most potent lectin
HIV-1 inhibitor, showing nanomolar to sub-nanomolar efficacy against a wide range of
HIV-1 strains*66489.745 gand has synergistic activity with currently used HIV-1 antiretroviral
drugs including tenofovir, maraviroc, enfuvirtide and broadly neutralizing antibody (bNADb)
VRCO014%4747 " Further, due to its ability to bind glycosylated viral surfaces, Grft has been
shown to inhibit other viruses such as severe acute respiratory syndrome-Coronavirus
(SARS-CoV), Hepatitis C virus (HCV), herpes simplex virus 2 (HSV-2), Japanese
encephalitis virus (JEV), human papillomavirus (HPV), Middle East respiratory syndrome-
Coronavirus (MERS-CoV) as well as HIV-1 and HIV-220:429.443,447,499,500_

Grft is a 121x2 amino acid domain swapped dimer that has three saccharide
binding sites per monomer (Figure 1.22, Figure 2.1), and binds N-linked high-mannose
glycans, such as Man-9, on viral surfaces with very high affinity65466.476.478.498 |t has been
shown that both subunits of the Grft dimer are required for potent inhibition of HIV-1
despite tight binding (pM Kp) by the individual monomeric subunits to glycosylated
gp120477478, This seeming disconnect between affinity and inhibitory potency has led to
the suggestion that while Grft may inhibit HIV-1 infection in a general way by simply
binding to any high mannose site(s) on gp120, Grft may be most effective when it binds
to specific regions or can cross-link between particular high mannose sites on gp120,
possibly causing (or preventing) a conformational change in gp120433477.480 Further
insight into Grft's mechanism has come from cryo-EM studies, where the Bewley group
has suggested that Grft can crosslink two separate viruses as part of its inhibition433.748,

Figure 2.1 Griffithsin bound to Mannose and Nonamannoside

On the left is the dimeric structure of Grft, with one monomer in blue, the other in grey.
The structure on the right shows the backbone of a Grft monomer. The three sugar
binding sites per monomer are shown binding individual mannose molecules in the
structure on the left, and a nonammanoside in the structure on the right, with the sugar
moieties shown in navy blue. Figure 1.21 shows these interactions in greater detail.
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Gp120 is found on the HIV-1 surface as a trimer57074% with each monomeric unit
having about a dozen relatively conserved high mannose glycans that can potentially be
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A) Structure of the HIV gp160 trimer in the unbound, “closed” state, i.e. not bound to CD4 or
CCR5. This structure of clade B JR-FL includes glycosylation (PDB 5FYK)37 and was prepared
using UCSF Chimera®'7:°"®. Gp120 is shown in khaki, gp41 in white. B-D Gp120 monomers
with glycosylation hidden to show underlying amino acids that fall into clusters. Glycosylation
sites (Asn) are shown in a variety of colors as labeled in the diagram. B) Cluster 1
encompasses the glycans at N230 (Orange), N234 (Yellow), & N241 (Green). C) Cluster 2
encompasses the glycans at N339 (Dark Magenta), N386 (Dim Grey) & N392 (Dark Slate
Grey). D) Cluster 3 encompasses the glycans at N295 (Blue), N332 (Hot Pink), N262 (Dark
Green), & N448 (Black). The V3 loop is highlighted in yellow to demonstrate the proximity of
glycans at N295 and N332.
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bound by Grft'8%.368.750 (Figure 2.2A). The high mannose glycans group together to form 3
main clusters, defined by Balzarini et al.*3°, as shown in Figure 2.2B-D; cluster 1 is
composed of glycosites N230, N234 & N241, cluster 2 is comprised of glycosites N339,
N386 & N392, and cluster 3 contains glycosites N295, N262, N332 & N448. The exact
glycosylation pattern varies by strain; relevant strains are shown in Figure 2.3. The gp120
glycosylation site(s) utilized by Grft have been studied by several groups; the consensus
is that glycosylation at N295 of gp120 (in cluster 3) is key to Grft potency against HIV-1.
Several groups showed a correlation between the presence of the glycosylation sites at
N234 and N295 with very high potency of Grft against several HIV-1 strains*’44%, Huang
and colleagues, working with different viral strains, confirmed the importance of
glycosylation at N295 of gp120, but showed little effect at position N234 in the potency of
Grft*®?, instead suggesting glycosylation at N448 was important for Grft potency482483,
Cluster 3 has structural significance sitting at the head of the V3 loop, which interacts with
the chemokine receptor on the host cell during HIV-1 infection. When Grft binds to cluster
3, it may inhibit the interaction between the V3 loop of gp120 and the chemokine receptor
by forming a physical blockade or by impeding the conformational change necessary to
expose the V3 loop in the open conformation of the HIV-1 trimer?77282751.752 " Fuyrther,
cluster 3 includes glycosite N262 which cannot be removed without complete loss of viral
infectivity372.

Glycosylation of HIV-1 gp120 has become particularly noteworthy due to several
highly potent broadly neutralizing antibodies (bNAbs) that target glycosylation in gp120
and are being considered for clinical trials®77:589.753-7%6 Qne class of these antibodies target
the glycan at N332, which is found in cluster 3 next to N295. Loss or shift of this glycan to
N334 upon repetitive bNAb challenge is detrimental to inhibition by these
bNAbs362363,734757-759 - BNAbs that bind in this area, such as PGT121, have a range of
effectiveness against these strains 362.363,537.758,760.761 |t has been reported that Grft is
synergistic with the bNAb VRCO01, that targets the gp120 CD4 binding site’4’. However, it
is not known if Grft can be used in conjunction with bNAbs that target glycans on gp120
because Grft may compete with these proteins for binding (Figure 2.2).

Strain

BFResHxB2 L — XX Y Y YYY Y ¥ VY Y
BaLor X Y YV YYY Y Y Y¥y Y
vocionesa XY Y Y YYY Y Y YY Y
ZM109F.PB4 Y Y Y Y Y Y YY Y Y
cAP4520063Y—YY Y Y Y Y VY Y Y
& S I 8 R3S I3 R & S
- NN A& N ANAN® Mmoo ™o < <

Figure 2.3 High mannose glycosylation patterns of HIV strains BaL.01, PVO.4, ZM109 &

CAPA45.

“Y” indicates the presence of a likely high-mannose site. The glycan on CAP45 shown in grey
is at position 335 and is most likely another high mannose glycan. Cluster 3 is composed of
glycans at N262, N295, N332, and N448. For a full alignment of the sequences see
Supplemental Figure 1. High mannose glycosylation sites were identified through sequence
analysis of each strain. Sequences can be found at www.hiv.lanl.gov.
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We sought to clarify Grft's usage of glycosylation sites by extensively mutating
gp120 from several strains of HIV-1 having distinct properties: two B clade strains, (PVO.4
& BaL.01) that are very sensitive to Grft and have essentially all high mannose sites
present, a C clade strain (ZM109F.PB4) that is less sensitive to Grft and lacks several
glycosylation sites, and a C clade strain (CAP45) that is sensitive to Grft but does not have
a glycosite at 295. We specifically sought to elucidate the effect shifting glycans had on
Grft potency. The sum of these mutants is the largest collection of mutants in a single
paper to be tested against Grft. We demonstrate Grft's continued effectiveness in viral
strains where the glycosite at N332 and/or N448 have been shifted, and that Grft is able
to remain effective against strains that are resistant to bNAbs PGT121 and PGT126. This
suggests that Grft could be valuable if used in combination with bNAbs that are more
sensitive to such glycosylation changes. We also demonstrate that Grft-mediated
conformational change of gp120 appears to be dependent on the presence of the N295
glycosite in clade B strains but not clade C strains, indicating distinct mechanisms of Grft
binding to gp120 in different HIV-1 clades and therefore potentially distinct mechanisms
of HIV-1 inhibition.

2.3 Results

2.3.1 Effect of glycosylation at each site in gp120 on Grft sensitivity in
PVO.4 Mutants

The glycosylation patterns of several strains of HIV-1 are shown in Figure 2.3. We
chose HIV-1 strain PVO.4 to resolve the effect of glycosylation placement on gp120 in
relation to Grft sensitivity. This clade B strain is very sensitive to Grft, having a sub-nM
ICs0 of 0.2 £0.09 nM, and is also glycosylated at essentially all the sites suggested to be
important in Grft inhibition431:482:483:495  |n our experiments, each individual high-mannose
site in PVO.4 gp120 (except N262 due to its importance for structural stability”®? *It has
since been shown that all glycans can be removed without loss of viral infectivity3¢4, see
Chapter 4 for further information) was removed by mutating the saccharide-containing Asn
to the closely related GIn, which is not glycosylated by cellular machinery. The single high
mannose site that is not naturally found in PVO.4 (Asn 230), was also mutated to add
glycosylation. The sensitivity to Grft inhibition for each PVO.4 variant was measured in
single round inhibition assays and directly compared to wild type virus. As shown in Table
2.1, most individual mutations had little effect on the ability of Grft to inhibit PVO.4, except
for mutation N295Q in gp120, which led to an 11-fold loss of sensitivity. To a lesser extent
(approximately 5-fold), the mutations N448Q and N332Q showed a loss of sensitivity to
Grft upon point mutation.
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virus (Table 2.1 and Figure 2.4). In general, each combination that included loss of the
glycosylation site at 295 showed a relatively high loss of sensitivity to Grft (Table 2.1 and
Figure 2.4), with each lost glycosite at positions 332 and 448 each providing some additive
effect. Mutations to remove all three of the proximal glycosylation sites (N295Q/N332Q/
N448Q) in HIV-1 gp120 were made in PVO.4 (Table 2.1 & Figure 2.4), resulting in an 88-
fold loss of sensitivity to Grft. In addition, a triple mutant removing the site at 234, as well
as 295 and 448 (N234Q/N295Q/ N448Q) showed a 28-fold decrease in sensitivity (Table
2.1). Removal of more than three glycosylation sites from gp120 resulted in increasingly
poor inhibition by Grft. Deletion of the gp120 glycosylation site 301, in addition to the
existing N295Q/N332Q/ N448Q triple mutation, resulted in a 55-fold difference in inhibition
compared to wild type. The removal of the glycan at position 386, in conjunction with triple
mutation, revealed a 129-fold difference from wild type. Combining these mutations
(N295Q/N301Q/ N332Q/N386Q/ N448Q), led to a 126-fold difference from wild type.
Continuing in a serial fashion, glycans at Asn392 and then Asn339 were removed,
resulting in ICs¢’s increasing up to 500 and 1000-fold respectively (Figure 2.5). However,
mutations beyond the triple mutation N295Q/N332Q/ N448Q had a severe decrease in
infectivity as well as loss of sensitivity to Grft, so the results must be interpreted with
caution (Figure 2.5). The low infectivity of these latter mutants made it unfeasible to
continue with serial deletions.
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Table 2.1 Inhibition by Grft against HIV gp120 variants.

Strain Mutation | FDa [SE*| P°
PVO.4 Wild Type ICs0=0.2nM _ S.E 0.09
-197 2.7 [0.58 [ 1.6E-06
+230 21 [ 056 | 0.005
-234 2.2 | 0.58 | 3.7E-06
2 -241 3.8 | 0.91 | 7.2E-09
<8 -289 2.8 [0.79] 0.001
hE -295 11.1 | 5.83 | <2.2e-16
29 -301 1.4 [ 0.32 | 6.6E-04
=2 -332 46 | 1.22 | 1.4E-08
o -339 2.8 | 0.59 | 3.5E-11
-386 15 | 0.73 0.5
-392 1.7 | 0.35 | 4.5E-05
-448 51 1091 ] 9.7E-12
o -234,-295 9.8 | 32 | 1.7E-07
= -234,-448 6.4 | 24 | 9.2E-10
< F £ -295, -332 429169 | 2.2E-16
9% s -295, -448 232 | 7.8 | 2.7E-10
ass -332, -448 355 | 7.1 | 9.4E-07
3 -234,-295 -448 282 | 5.0 | 3.15E-13
e 295, -332, -448 882 | 10.7 | 8AE-14
332 > 334 1.3 [ 0.49 0.2
© 448 > 446 1.7 1079 0.04
@ -295, 332 > 334 8.0 | 2.3 | 8.1E-09
<89 -295, 448 > 446 3.2 | 0.9 | 6.6E-09
oSt 332 > 334, -448 6.6 | 27 | 1.1E-07
2055 -332, 448 > 446 10.2 | 3.3 | 1.4E-11
S = | 332>334,448>446 | 54 | 3.7 | 8.8E-05
= -295,332 > 334,448 | 21.2 | 18.0 | 3.8E-05
» -295,-332,448> 446 | 29.4 | 11.5 | 4.3E-09
-295, 332 >334, 448 >446 | 215 | 4.7 | 2.8E-06
BaL.01 [ Wild Type ICs0=0.26 n\M_S.E=0.08
-295 14.1] 1.9 | 1.0E-10
-332 21 ] 06 | 0.002
-448 10 | 0.3 0.57
ZM109 Wild Type ICs0=26.9nM _S.E=6.2
+234 10.2 | 2.6 | 1.0E-11
+295 52.9 [ 12.6 | 8.1E-13
+332 10 | 0.3 0.8
-334 14 | 0.2 | 0.005
+446 1.2 | 01 0.03
-448 43 [ 1.2 | 1.4E-11
+234, +295 157 | 66 | 2.6E-16
+234, +446 206 ] 6.3 | 1.1E-11
CAP45 Wild Type ICso=0.54 S.E=0.24
-234 12 [ 0.3 0.4
+295 32 [ 1.2 | 7.3E-10
+332 32 [ 1.2 | 4.7E-08
-334 23 [ 09 | 1.1E-03
-446 2.0 | 09 | 1.5E-03
+448 13 | 0.6 0.1




44

Table 2.2 Pairwise statistical analysis of the inhibition of Grft on various PVO.4 mutants.
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Figure 2.5 Serial deletion of glycosylation sites of gp120 degrades HIV-1 infectivity.
Mutants of HIV strain PVO.4, showing an increase in ICso, but a drastic degradation of infectivity,
as glycan sites are removed. ICso values were determined using HIV neutralization assays, with
a wild type control on each plate. The wild type ICso was then divided by the mutant ICso to
determine the fold increase. Infectivity was determined using a p24 ELISA in combination with
a single-cycle neutralization assay to determine the infectivity of each mutant relative to the
PVO.4 wild type virus.

It has been previously shown that glycan density affects the degree of enzymatic
processing during protein glycosylation in the endoplasmic reticulum?332.352.368,376,750,763,764
which in turn can effect lectin epitopes*?2765, This means that glycan clustering creates
regions of mostly unprocessed glycan, Man-9 and Man-8 glycans. All possible
combinational mutations of cluster 3 had been made and tested, so combination mutants
of the other two clusters (defined by Balzarini et

430 i
al*%) were tested to determine whether the Table 2.3 Inhibition by Grft against

glycan clustering was contributing to Grft HIV gp120 cluster mutants.

potency. Cluster 1 is defined to contain glycosite 5 uster | Mutations | FD= | SEP
N230, which the strain PVO.4 lacks. To +230.-234 | 30 | 055
compensate, glycosylation was returned to site 1 _234: 241 29 12
230 to fully form cluster 1, Table 2.3 shows the -339, -386 17 0.22
mutant combinations removing glycans from -339, -392 1.8 0.59
clusters 1 and 2 that were tested, most showed 2 -386, -392 1.2 0.13
little to no difference from wild type. -339,-386, | 1.8 | 0.42

-392

aFD is fold difference. Red text
indicates that Grft is less effective at
inhibiting the mutant virus compared to
the wild type. Green text indicates the
mutant is more sensitive to Grft than
wild type. ®S.E is standard error.
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2.3.2 BaL.01 Mutants

Several point mutations to gp120 in the commonly used HIV-1 strain BaL.01 were
also carried out to remove the glycosylation at the glycosylation cluster 34°. As expected,
removal of glycosylation at 295 showed the largest effect. Little effect was seen when
individually removing either the site at 332 or 448 (Table 2.1). This differs from the results
of Huang et al*®2 who observed a loss of potency of Grft when gp120 was mutated to
remove glycosylation at position 448 in this strain. This disparity may be due to differences
in ICso assay technique or potentially media composition (Appendix B).

2.3.3 Shifting gp120 glycosylation sites around N295 has little effect on
sensitivity to Grft

The N332 glycosylation site was further explored due to the importance of this
glycan as a target for bNAbs362:363537.758,760.761 = As shown in Table 2.1, Grft maintains
potency against POV.4 when glycosite N332 is shifted to position 334. An analysis of
thousands of published HIV-1 strains (245 A clade, 2231 B clade and 1449 C clade strains)
in the HIV-1 sequence database was carried out, looking at the conservation of each high
mannose glycan and the frequency of shifts occurring at each site(Figure 2.6). The
glycans in cluster 3 showed the most movement in their location. Approximately 12% of
all HIV-1 strains have a glycan located at N334 (referred to here as a N332>N334 shift;
Figure 2.6). The other most common relocation is found primarily in C clade strains: 26%
of C clade strains do not have glycosylation at 448, and 72% of those exhibit a glycan at
N446 instead (referred to here as a N448>N446 shift; Figure 2.6C). Since removal of
glycosite N448 in strain PVO.4 showed a clear decrease in Grft potency, we evaluated the
N448>N446 shift as well. Table 2.1 shows that shifting the glycosylation site in PVO.4
(N448>N446) did not have a significant effect on Grft sensitivity.
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Figure 2.6 Analysis of the frequency of glycan shifts.
All published HIV strains in the https://www.hiv.lanl.gov HIV sequence database as of about
March, 2016 were analyzed to determine the conservation of each high mannose glycan and
the frequency of shifts in sequence (e.g. from N332 to N334 or from N448 to N446) occurring
at each site. A) shows clade A. B) shows clade B. C) shows clade C.
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We then investigated individual shift mutations (N332>N334; N448>N446) in
combination with glycan deletions at other sites in cluster 3, N295Q, N332Q & N448Q
(see Table 2.1 for ICsp and Figure 2.4 for graphical representation, Table 2.2 for statistical
analysis). In addition, two mutants were generated that had both shifts, one in the
presence, the other in the absence of a glycan at N295 (Table 2.1 and Figure 2.4). Overall,
shifting of N332>N334 had little effect when added to any of the variant viruses. In
general, the N448>N446 shift also had little effect, with the notable exception that this shift
increased the sensitivity of the virus to Grft (lower ICs0) when the virus also lacked the
glycan at 295.

2.3.4 Effect of glycosylation on HIV-1 strain ZM109

While Grft has been shown to be effective against strains from all clades tested, it
has shown variable effectiveness against strains from clade C. This has been ascribed to
differences in glycosylation patterns across clades, particularly, the lack of glycosylation
at site 295 for 79% of clade C strains (Figure 2.6). ZM109 has lower sensitivity to Grft
than PVO.4, with an I1Cs of 27 £6 nM. This strain lacks the glycosylation site at positions
234 and 295 and also exhibits the N332>N334 shift in glycosylation’®® (Figure 2.3). To
investigate the role of glycosylation in sensitivity to Grft, several mutations were carried
out, focusing on the critical glycosylation cluster comprised of N295/N33(2)4/N448. As
shown in Table 2.1, placing a glycan at position 332 or removing one at 334 has little effect
on sensitivity to Grft, while adding a glycosylation site at position 295 dramatically
improved sensitivity to Grft, with a 53-fold reduction in 1Csp.

Interestingly, when the glycosylation site in ZM109 gp120 at position N448 is
shifted to 446 in the virus (naturally without glycosylation at 295), a 4-fold increase in
sensitivity to Grft is observed (Table 2.1). Similar to the results with strain PVO.4, this
indicates that a shift of glycosylation to the 446 position may be able to partially rescue
the loss of the glycosylation site at 295 in terms of Grft action (Figure 2.7).
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Figure 2.7 Monomer of gp120 highlighting location of position 446 relative to position
295,

A visual representation of how the shift of a glycan from N448 to N446 in the absence of a
glycan at N295 may lead to higher glycan density and therefore a better binding environment
for Grft. Left: gp120 monomer with relevant glycan sites in cluster 3 (N295, N332, N448)
indicated. Right: Gp120 with amino acid at 446 (red) to show its proximity to cluster 3 (circled
in red) if it is mutated to Asn to become a glycosite. PDB 5FYK?®*¢” modeled using UCSF
Chimera®17:918,

The glycosylation site at position N234 in gp120 has also been described as
important in some strains, despite this site being in cluster 1 and distal to the critical cluster
3 (Figure 2.2)*304%  Although ZM109 was not mentioned in that study, when a
glycosylation site is added at site 234, a 10-fold increase in sensitivity to Grft was
observed. Most striking, when glycosylation is enabled at both 234 and 295, a 157-fold
increase in Grft sensitivity was observed (Table 2.1). C clade strains seem to have much
more highly processed glycans, minimizing the amount of Mannose residues accessible
to Grft34. Returning glycosylation to key sites on C clade viruses may decrease the
processing of glycans in that area, allowing Grft better potency by increasing the number
of Mannose residues available.

2.3.5 Effect of glycosylation on gp120 in CAP45.G3J, a Grft-sensitive
strain that naturally lacks glycosylation at position 295

Grft is highly potent across many strains of HIV-1, including some that do naturally
lack the glycosylation site at 295. One such strain is CAP45.G3J (which will be referred
to here as CAP45), a clade C virus that lacks glycosylation sites at 295, 332, 392, and yet
is inhibited by Grft with an ICso of 0.54 nM = 0.23 nM. To investigate the role of
glycosylation in such a strain, we made mutations in the important glycan cluster 3. When
the glycosylation site at N295 was added back to this gp120, sensitivity to Grft was
moderately improved, by factor of 3.2-fold (Table 2.1). The other two glycans in cluster 3
are naturally in the shifted positions, N334 and N446 (Figure 2.3). Returning the glycan
at N334 back to its canonical site at N332 or deleting it entirely also moderately decreased
the 1Cso. Movement of a glycosite to N448 had no difference from wild type, whereas
deletion of the glycan in that location entirely was one of the few mutations that caused a
slight increase in Grft ICso.
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2.3.6 Grft is compatible with Broadly Neutralizing Antibodies Targeting
Glycan at gp120 N332

We next investigated the potential of Grft as a combinational therapy with bNAbs.
It has previously been shown that Grft is synergistic with the bNAb VRCO01 which targets
a separate area of gp120 (the CD4 binding site) so we sought to determine if Grft is
compatible with another major class of bNAbs which target the glycan at N332 and may
therefore be antagonistic with Grft. We chose PGT121 because it is in clinical trials?%6.767.
As shown in Figure 2.8, in strains where Grft is relatively weak, PGT121 and PGT126 are
potent, and vice versa. We then analyzed HIV-1 neutralization activity of Grft in
combination with the two bNADbs in a constant 1:1 ICs ratio. Grft was able to rescue
activity when bNAbs became ineffective after the loss or shift of the glycan at N332 (Figure
2.9B-C, Figure 2.10B-D). Combinations range from synergistic to mildly antagonistic with
combination index (Cl) values ranging from 0.64 to 1.48 (Figure 2.9 & Figure 2.10). CI
values were undeterminable when the bNADb ICso was greater than 60nM, usually in the
abcense of a glycan at position 332.

PVO.4 10 BalL.01 CAP45
Grft 1
E 1 5 0.5 I
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Figure 2.8 Grft and bNAbs PGT121 and PGT126 have complementary activity against a
range of viral variants.

ICs0 values for Grft, PGT121 and PGT126 in single round infection assays against various
strains and mutants involving glycosylation at N332 and N295. CAP45 Wt naturally has N334,
therefore +N332 indicates a shift of the glycan to N332. Solid bars indicate the presence of the
glycan, slashed bars indicate the absence of the glycan (also labeled on the x-axis, a (+)
indicates presence, a (-) indicates absence of a glycan at that site).
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Figure 2.9 Combination of Grft & PGT121 against select strains and mutations of HIV.

A-E show dose response curves of Grft and PGT121 singly and in combination against strains/
mutations of HIV to demonstrate Grft’s ability to rescue in the absence or shift of a glycan at
N332 without antagonistic effects. Combinations were tested by dilution of Grft and PGT121 at
a fixed 1:1 ratio proportional to their ICs0’s. Relatively high starting concentrations were serially
diluted to get a dose response curve. Starting concentrations of Grft were as follows: 2 nM for
PVO.4 Wild Type (Wt) and PVO.4 with glycan shift to 334 (>334), 12 nM for PVO.4 with deletion
of glycan at 332 (-332), 5.4 nM for CAP45 Wild Type (Wt) and 3.4 nM for CAP45 with a glycan
shifted back to 332 (>332). Starting concentrations of PGT121 were as follows: 60 nM for all
PVO.4 variants, 107 nM for CAP45 Wild Type and 20 nM for CAP45 with a glycan shifted back

to 332.
Table 2.4 ICs's and CI values of Grft in combination with PGT121

Grft PGT121
Initial Initial Cl
Conc. ICso ICs0'2 [Conc. ICso ICso' 2 Value
Strain Mutation| (nM) (nM)

Wit 2 0.08+0.01 0.04 +0.004| 60 15.1+1.3 1.3+0.03 0.64 £0.12
PVO.4 >334 2 0.1110.03 0.12+0.04| 60 >60 3.57 +1.1
-332 12 0.46 +0.04 0.34 +0.05| 60 >60 1.69 +0.26
Wit 54 0.28+0.03 0.23+0.05| 107 39.8+13 4.5+0.94 0.9210.18
Cap45
>332 | 34 0.2910.02 0.13+0.01| 20 0.77 +0.06 0.79 +0.06 1.48 £0.10
aICso’ is the ICsp of the inhibitor indicated in the presence of both inhibitors
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Figure 2.10 Combination of Grft & PGT126 against select strains and mutations of HIV.

A-E show dose response curves of Grft and PGT126 singly and in combination against
strains/mutations of HIV to demonstrate Grft's ability to rescue in the absence or shift of a
glycan at N332 without antagonistic effects. Combinations were tested by dilution of Grft and
PGT121 at a fixed 1:1 ratio proportional to their ICso’s. Relatively high starting concentrations
were serially diluted to get a dose response curve. Starting concentrations of Grft were as
follows: 1 nM for PVO.4 Wild Type (Wt), 2 nM for PVO.4 with glycan shift to 334 (>334), 12 nM
for PVO.4 with deletion of glycan at 332 (-332), 5.4 nM for CAP45 Wild Type (Wt) and 3.4 nM
for CAP45 with a glycan shifted back to 332 (>332). Starting concentrations of PGT121 were
as follows: 11 nM for PVO.4 Wild Type, 60 nM for PVO.4 with the glycan shifted to 334 or
removed from 332, 60 nM for CAP45 Wild Type and 120 nM for CAP45 with a glycan shifted

back to 332.

Table 2.5 ICso's and Cl values of Grft in combination with PGT126

Grft PGT126
Initial Initial Cl
Conc. ICso ICs0' @ Conc. ICso ICs0' 2 Value
Strain Mutation | (nM) (nM)
Wild Type 1 0.11 £0.01 0.06 +£0.002| 11 1.2 #0.12 0.66 +0.02 1.050.09
PVO.4 >334 2 0.12 £0.01 0.14 £0.02( 60 >60 4.2 £0.47

-332 12 0.70+0.08 0.49 +0.08| 60 >60 251041

Wild Type | 54 0.3110.03 0.24 +0.01| 60 >60 2.7 +0.14
Cap45
>332 3.4 0.39+0.04 0.14£0.02| 120 10.8+2.1 4.8+0.86 0.7910.23
2Cso’ is the ICso of the inhibitor indicated in the presence of both inhibitors
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2.3.7 Conformational Changes Induced by Griffithsin

It was previously demonstrated that the naturally occurring presence of glycosite
295 in some strains of gp120 seemed to be a strong determinant in the ability of Grft to
induce a conformational change in gp120, exposing the CD4 binding site, and that this
correlated well with inhibition potency 477480, These experiments used virion capture by a
conformationally sensitive antibody (b12) after incubation of the virion with Grft. We sought
to confirm this finding using the same virion capture assay against wild type and mutated
viruses (Figure 2.11). B clades strains PVO.4 and BaL.01 showed a significant decrease
in CD4 site exposure upon incubation with Grft when glycosite N295 was removed (Figure
2.11). However, C clade viruses did not show a correlation between the presence of
glycosite N295 in gp120 and exposure of the CD4 binding site upon incubation with Grft
(Figure 2.11) despite the previous results showing that the addition of glycosite N295 did
increase sensitivity of Grft to varying degrees in the C clade strains (Table 2.1).
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Figure 2.11 Grft mediates CD4 binding site exposure in B clade viruses.

Virion capture assay using mAb b12 to capture HIV virions with an exposed CD4 binding site.
Filled circles indicate samples with 4nM Grft. Open circles indicate samples with 0 nM Grft.
PVO.4 and Bal.01 naturally have N295, while CAP45 and ZM109 do not. Colored asterisks,
(found over PVO.4 WT, PVO.4 -295, BaL.01 Wi, & Cap45 +295) indicate a comparison of filled
versus open circles: that the mean of the samples with 4nM Grft was significantly (p < 0.0001)
different than the samples with no Grft. Black asterisks indicate a comparison between the WT
and mutant of a single strain, showing where the WT and mutant samples at 4nM Grft for a
single strain were significantly different from each other (p < 0.0001). Significance was
calculated using a one-way Anova with a post-hoc pairwise T-Test & Bonferroni correction.
Squares indicate the ICso of each strain and mutant, with dashed lines connecting the wild type
and mutant of each strain to show how the absence of glycosylation at N295 results in a higher
ICso(lower Grft potency).
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2.4 Discussion

In the fight against HIV-1, the use of the same drug(s) in both HIV-1 prevention
and treatment leads to concerns about developing viral resistance. Therefore, it is critical
to develop other means of HIV-1 prevention, that can be cheaply produced*85-487.489,741
with a sustained release, heat stable, formulation96.730-733.768,769 gg that they can be easily
distributed in sub-Saharan Africa. The lectin protein Grft is a strong candidate for such a
prevention technique. A successful microbicide must be effective against a wide range of
HIV-1 strains, so it is imperative to understand the elements of Grft inhibition. Grft potency
is independent of co-receptor usage by the virus; however, Grft's direct binding to high
mannose glycans on gp120 necessitates the determination of which glycosylation sites
are involved in Grft inhibition, with the goal of optimizing Grft usage either alone or in
combination with other inhibitors such as bNAbs that have separate modes of action4®4770,

It has previously been reported that glycosylation on gp120 at N295 is critical for
the potency of Grft and other lectins against HIV-1431:474.482495743.771,772 However, there is
disagreement about the importance of glycosylation at other sites, with some reports
demonstrating that the sites N448, N339, and N234 are also important for Grft inhibition
474,482,483495  Qur work provides detailed and comprehensive data on the effect of
glycosylation at various sites on gp120 and its relation to the potency of Grft. In so doing,
we also gain insight into the mechanism of Grft action against HIV-1 entry. In the “typical”
strain PVO.4 each high-mannose site was individually eliminated through mutation. It was
found that the most important individual site was, as expected, N295; moderate effects
were also seen upon individual elimination of glycosites N332 and N448 of gp120. Grft
sensitivity to mutations at other high-mannose sites diminished with distance from the
center of the high mannose patch at cluster 3 (Table 2.1).

Combinations of mutations at this glycan cluster 3 site drastically impair Grft
potency, with the triple mutant N295Q/N332Q/N448Q showing an 88-fold reduction in
sensitivity. The effectiveness of Grft was also tested against two strains that naturally lack
glycosylation at the gp120 295 position, one of which is relatively insensitive to Grft
(ZM109) and the other of which is quite sensitive to Grft (CAP45). It was found that adding
a glycosylation site at position 295 did increase the sensitivity of both strains to Grft,
although the effect was much larger for ZM109 (Table 2.1). The return of glycosite N234
to ZM109 interestingly resulted in a 10-fold improvement to Grft potency, but removal of
the same site from PVO.4 showed little to no effect, even in combinatorial mutations.

These results suggest that Grft potency and the importance of glycosylation at
N295 is at least partially due to the density of the glycan cluster. The location of N295
places it near the center of the high mannose patch34%:3%°, Previous research has shown
that the N295 site in gp120 stabilizes the high mannose patch and that the loss of this
glycosylation site leads to increased enzymatic processing of the glycans in the
area®25%6(Figure 2.7). In PVO.4, cluster 3 forms the core of the high mannose patch. In
other strains, the high mannose patch may vary in size and location due to the different
glycosylation patterns, which would explain disparate results by other researchers since
glycan locations in each strain would have slightly different impacts on glycan processing
based on gp120 conformation. Thermodynamic studies with Grft have shown that Grft
binds more tightly to a saccharide that is closely related to Man-9 than to one that more
resembles a processed site such as Man-54"8(Figure 1.17). Also, this glycan is placed at
the base of the V3 loop which means that binding to this site would likely allow Grft to
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inhibit gp120 interaction with CCRS5, possibly through hindrance of gp120 conformational
change, or CCR5-V3 loop interaction. This reasoning is corroborated by the rescue of
Grft potency by the glycan shift from N448 to N446, in the absence of N295, in strains
PVO.4 and ZM109 (Table 2.1 & Figure 2.4). The presence of a glycan at N446 may fill the
hole in the high mannose patch created by loss of N295 and so facilitate Grft binding in a
similar orientation and location to when a glycan is present at N295 (Figure 2.7). For
CAP45, which is sensitive to Grft without glycosylation at 295, this strain may retain a high-
density glycan patch in cluster 3 by virtue of having an additional, non-conserved glycan
in the region at N335 (Figure 2.3). This additional glycan may help to maintain the density
of the glycan patch, thereby minimizing glycan processing. Further mutational studies in
conjunction with analysis of glycan composition by mass spectrometry would substantiate
these hypotheses.

The glycosylation in HIV-1 gp120 at site N332 is particularly important in HIV-1
prevention because it provides the binding site for several highly potent bNAbs, which
have been proposed as possible microbicides or injectable therapies?6%76".773, |In some
viral strains, the natural glycosite is at N332, while others show a glycan at N334 instead.
A range of effectiveness is observed for bNAbs that bind this area, with the antibodies
retaining potency against some strains while losing efficacy against others?>®773.774  \We
show that Grft is largely insensitive to shifts in the glycosite at either N332 or N448,
indicating that Grft could be used to complement bNAbs as part of an HIV-1 prevention
plan (Table 2.1 & Figure 2.4). Indeed, we found that bNAbs complement the activity of
Grft against a variety of strains: the combination of PGT121 or PGT126 with Grft resulted
in potent inhibition of HIV-1 regardless of the presence of glycosylation at site N295 or
N332, making such a combination valuable for inhibiting a wide range of viral strains. Grft
was able to rescue inhibition when the bNADbs lost potency after the shift or removal of the
glycan at N332, and the bNAbs have minimal sensitivity to the loss of N295(Figure 2.7).
Despite their preference for neighboring glycans (and therefore the possibility of
antagonism between Grft and the bNAbs), Grft displayed primarily additive effects when
combined with these bNAbs(Figure 2.8, Table 2.4, Figure 2.9 and Table 2.5). There was
only one instance (the return of a glycan at N332 in CAP45) where Grft and PGT121
showed mildly antagonistic effects when combined(Figure 2.9E and Table 2.4). This effect
was of little concern considering that the mutation of a virus to improve inhibitor potency
is highly unlikely. Since only the full removal (of primarily N295), and not the shifting of
glycans, inhibits Grft potency, Grft's addition to any combinational therapy appears to be
consistently beneficial as Grft can rescue in instances where shifting glycans negate
antibody potency. It has previously been shown that viral escape from Grft primarily
requires complete removal of glycans*3', which would increase viral susceptibility to the
immune system.

Grft is able to induce a conformational change in gp120, increasing gp120 binding
to the conformational sensitive antibody b12, that generally is correlated to inhibitory
potency4”748_ In the current work, we studied this conformational change by making
mutations to a set of viruses, allowing direct comparison in the presence or absence of
particular glycosites in each virus rather than comparing separate strains and inferring a
correlation. We show that for clade B strains, the conformational change mediated by Grft
is dependent on the presence of the glycosite at 295 and is correlated with inhibitory
potency. However, the clade C strains CAP45 and ZM109 do not show a significant
difference in conformational change regardless of the presence or absence of glycosite
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295, although they have different properties. CAP45 may be in a b12-binding
conformation regardless of the presence of Grft (Figure 2.11); and ZM109 shows little
conformational change regardless of the presence of the N295 site, but the presence of
N295 dramatically enhances its sensitivity to Grft. Taken together, these data suggest
that Grft is capable of binding clade B viruses differently than clade C viruses. However,
the link between conformational change and inhibition of B clade viruses may be an
instance of correlation and not causation.

Overall, this work delineates several modes of interaction between Grft and gp120
and shows that vulnerabilities in Grft inhibition are complementary to vulnerabilities in
some bNAbs that bind to glycosylation on gp120, such as PGT121 and PGT126. A
combination of Grft with either bNAb has additive effects and Grft can fully rescue inhibition
in the presence of glycan shifts in gp120 that inactivate these bNAbs. Therefore, Grft is a
suitable candidate for combinational therapies with bNAbs.

2.5 Materials & Methods
2.5.1 Griffithsin Production & Purification

Plasmids containing the Grft gene with an associated N-terminal histidine tag were
transformed into Escherichia coli BL21 (DE3) (Novagen) competent cells and expressed
in minimal media with "®*NH4CI as the sole nitrogen source. After induction with isopropyl
B - D- 1- thiogalactopyranoside (IPTG), the cells were incubated at 22°C for 16 h. Once
harvested, pelleted cells were resuspended in 6 M guanidine hydrochloride, 200 mM NaCl,
and 50 mM Tris (pH 8.0), which allowed complete solubilization of proteins from both the
inclusion and the supernatant upon cell disruption. The resulting solution was French
pressed three times at 1,000 psi, then centrifuged at 27,000 x g for 1 h. The supernatant
was loaded onto a Nickel chelating column (Qiagen, Hilden, Germany) equilibrated with
the same re-suspension buffer. Flow through was collected and re-run over the column.
The column was washed with the re-suspension buffer, then a wash buffer with 6 M
guanidine hydrochloride, 200 mM NaCl and 20 mM NaPi (pH 7.2). Grft was eluted using
6 M guanidine hydrochloride, 200 mM NaCl, and 20mM NaOAc (pH 4.0), then added
dropwise to a refolding buffer (200 mM NaCl, 1 mM EDTA, 550 mM arginine hydrochloride,
and 60 mM Tris, pH 8.0) and allowed to stir overnight at 4°C. The solution was then
dialyzed in 4L 200 mM NaCl, and Tris (pH 8.0) for 5 hours at 4°C, then transferred to new
dialysis buffer (4L) to stir at 4°C overnight. The protein solution was then transferred to 4
L of a low salt dialysis buffer (80 mM NaCl, 20 mM Tris, pH8.0) for 5 h. The protein was
finally purified on a C4 reverse-phase chromatography column (Vydac, Hesperia, CA) and
lyophilized in a Labconco freeze-dry system for long term storage. All samples were
analyzed by SDS-Page gel at each step of purification to confirm the proper size of the
Grft construct. NMR spectroscopy was used to determine that Griffithsin was properly
folded (Figure 2.13), as described previously by the LiWang group*’”.
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1. Crack cells in Guanidine buffer, pH 8, spin down, save 5. Add drop-wise into refold buffer to fold protein and form proper

supernatant His Tag | Grifiithsin { disulfide bonds. Refold overnight at 4°C.
S>3 .'I'_"s q Griffithsin

2. Run supernatant over Guanidine Ni affinity chromatography -

column and wash with Guanidine buffer, pH 7

H 5 5
6. Dialyze into 2 changes of high salt buffer (200mM) at 4 °C.

His Tag Griffithsin
S ‘:_:,<5 7. Dialyze into 3 changes low salt buffer (<80mM) and run on
_ S s s reverse phase column on HPLC. Collect peak around 15%
3. Elute with Guanidine buffer, pH 4 Acetonltrlle and lyophilize.
s Tag Griffithsin N "
T e S S " |
s ><g - | lll
4. Reduce 2 hours with 10mM BME at room temperature " |
Griffithsin o '

NS a9 SH HS
Folded Nlckel affinity =
Unfoldad Protein . column bead - 1
::,_(: S |Likely incorrectly formed disulfide bonds (number S | "ﬁ
S |of 5 doesn't necessarily reflect all Cys in protein) - L frosr——y

SH HS

SH HS Reduced Disulfide bonds

S 5 |C y formed di bonds ber of §
5 5 |doesn'l necessarily reflect all Cys in protein)

Figure 2.12 Overview of Grft purification.

A general overview of the purification of Grft. Tan sections represent the His tag, used
in Ni column purification, brown sections represent the Grft protein itself. Steps with
rectangular shapes are where the protein is not properly folded yet, meanwhile steps
with oval shapes should have properly folded protein. A full legend is boxed in the lower
left corner.
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Figure 2.13 NMR of Grft

Assigned ®N-"H HSQC NMR specturm of Grft wild type at pH 7 in 20mM NaPi
showing that the protein is completely folded. Protein was produced and NMR run by
Kathryn Fischer with assistance from Anna Nguyen. Assignment was done by overlay
with spectrum from Xue 2012 using Adobe lllustrator.

2.5.2 Viruses and Reagents

Viral plasmids containing the ENV gene from HIV were obtained from the NIH
AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH, as
follows: PVO, clone 4, SVPB11 (referred to as PVO.4) from Dr. David Montefiori and Dr.
Feng Gao’’%, ZM109F.PB4, SVPC13 (referred to as ZM109) from Drs. C.A. Derdeyn and
E. Hunter’’®, CAP45.2.00.G3, SVPC16 (referred to as CAP45) from Drs. L. Morris, K.
Mlisana and D. Montefiori’”?, HIV-1 clone Bal.01, Cat# 11445 (referred to as Bal.01) from
Dr. Mascola’’® and pSG32&" 3 from Drs. John C. Kappes and Xiaoyun Wu33%3%,
Sequencing primers for all viruses were generated using the Integrated DNA Technologies
OligoAnalyzer (https://www.idtdna.com/calc/analyzer) and ordered from ELIM Biopharm
(http://www.elimbio.com/index.htm). The sequencing primers were designed at 400-800
base pair intervals along the gene for good coverage when sequencing. (For future
sequencing primer design, the spacing can be at a minimum of 700 base pairs since the
sequencing consistently had reads of over 800 base pairs). Sequencing was done by the




UC Berkeley DNA Sequencing Facility. TZM-
bl cells were obtained thought the NIH AIDS
Research and Reference Reagent Program,
Division of AIDS, NIAID, NIH from Dr. John
C. Kappes, Dr. Xiaoyun Wu and Tranzyme
Inc399.779-782 239-FT cells were a kind gift
from Dr. Jennifer Manilay and were originally
obtained from Invitrogen'783-785  Both cell
lines were cultured in DMEM containing 10%
FBS, 25mM HEPES with
Penicillin/streptomycin or Geneticin
respectively. Anti-HIV-1 gp120 Monoclonal
(lgG1 b12) was obtained through the NIH
AIDS Reagent Program, Division of AIDS,
NIAID, NIH from Dr. Dennis Burton and
Carlos Barbas?8-789,

2.5.3 Generation of Mutant
Envelope Pseudotype
Virus DNA

All strains were aligned with strain
HXB2 for standard numbering of glycan
locations (Figure 2.15). Mutational primers
were designed using a combination of 1)
Integrated DNA Technologies OligoAnalyzer
(https://www.idtdna.com /calc/analyzer) with
the parameters as follows: 0.25uM Oligo
Conc., 1.5mM Mg?*Conc., OnM dNTPs, and
2) New England Biolabs Inc. Tm Calculator
(http://tmcalculator.neb.com/#!/) with the
parameters set as follows: Product group —
Phusion, Polymerase/kit — Phusion High-
Fidelity DNA Polymerase (HF Buffer).
Primers were designed to have the following
properties: a) the mutation(s) centered in the
primer as much as possible, b) primers
should begin and end with a C or G
nucleotide, c) primers should be at least
18bp long, d) annealing temperature should
be between 50-59°C, e) the hairpin melting
temperature is at least 15°C lower than the
annealing temperature, and f) the self-
dimerization free energy should be as
positive as possible, meaning as high a
kcal/mol value as possible, and no lower than
-8 kcal/mol if it can be avoided. All mutants
were generated by 2 step PCR
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1. One Step PCR

+24ul H20
+10uL HF Buffer
+10uL 1mM dNTPs
+0.5uL Phusion Pol.

~50ng
Original
DNA

+Rev Vector Primer
+Fwd Mutant Prime

+Fwd Vector Primer
+Rev Mutant Primer

Origina

3. Two Step PCR +24ul H20
% +10uL HF Buffer
+ +10ulL 1mM dNTPs
& +0.5uL Phusion Pol.
+Fwd Vector Primer
+Rev Vector Primer

L
S

5. Digest with Restriction Enzymes
& gel purify
- -

<
%*

6. Ligation and Transformation
*

Cu&
Vector,

XL1-Blue
. colj

Mutated
DNAin
Vector

7. Grow liquid cultures in LB & Mini-Prep

Figure 2.14 Flowchart for the generation of
mutant envelope Pseudotype virus DNA.



HXB2

BalL.01

PVO, Clone4
ZM109F .PB4
CAP45

HXB2

BaL .01

PVO, Clone4
ZM109F .PB4
CAP45

HXB2

BalL.01

PVO, Clone4
ZM109F .PB4
CAP45

HXB2

BalL .01

PVO, Clone4
ZM109F.PB4
CAP45

HXB2

BaL.01

PVO, Clone4
ZM109F .PB4
CAP45

HXB2

BalL .01

PVO, Clone4
ZM109F .PB4
CAP45

HXB2

BalL .01

PVO, Clone4
ZM109F .PB4
CAP45

HXB2

BaL.01

PVO, Clone4
ZM109F . PB4
CAP45

HXB2

BalL.01

PVO, Clone4
ZM109F .PB4
CAP45

HXB2

BalL.01

PVO, Clone4
ZM109F .PB4
CAP45

HXB2

BalL.01

PVO, Clone4
ZM109F .PB4
CAP45

HXB2

BaL .01

PVO, Clone4
ZM109F .PB4
CAP45

MRV---KEKYQHLWRWGWRWGTMLLGMLMICSATEKLWVTVYYGVPVWKEATTTLFCASDAKAYDTEVHNVWATHACVPT
MRVTEIRKSYQH----WWRWG IMLLG I LMICNAEEKLWVTVYYGVPVWKEATTTLFCASDAKAYDTEVHNVWATHACVPT
MRVTG IRKNYQH----SWRWGMMLLGMLMICSAEEKLWVTVYYGVPVWKEATTTLFCASDAKAYNTEVHNVWATHACVPT
MRVKG ILRNCQQ--—-WWIWG ILGFWMLMICNVVGNLWVTVYYGVPVWKEAKTTLFCASDAKSYEREVHNVWATHACVPT
MRVRG ILRNWPQ-~--WWIWS ILGFWML I ICRVMGNLWVTVYYGVPVWKEAKATLFCASDARAYEKEVHNVWATHACVPT
DPNPQEVVLVNVTENFNMWKNDMVEQMHED I I SLWDQSLKPCVKLTPLCVSLKCTDLKNDT--NTN--SSSGR----MIM
DPNPQEVALENVTENFNMWKNNMVEQMHED I I SLWDQSLKPCVKLTPLCVTLNCTDLRNATSRNVTNTTSSSR----GMV
DPNPQEVGLENVTENFNMWKNNMVEQMHED I I SLWDQSLKPCVKLTPLCVTLNCSDLRNAT--NTTNPTVSSRV IKKEMM
DPDPQELVMANVTENFNMWKNDMVDQMHED I I SLWDQSLKPCVKLTPLCVTLNCTS———-——~ PAAHNESETR-——--——
DPNPQE I'YLGNVTENFNMWKNDMVDQMHED I I SLWDQSLKPCVKLTPLCVTLRCTN-—————— ATINGSLTEE———————
EKGEIKNCSENISTS IRGKVOKEYAFFYKLDIIP——————— DNDTTS---YKLTSCNTSVITQACPKVSFEPIPIHYCA
GGGEMKNCSENITTGIRGKVOKEYALFYELDIVPl-————-— DNKIDR---YRLISCNTSVITQACPKVSFEPIPIHYCA
—=GEVKNCSENVTTD IRDRMOKVYALFYRPDVVP IODHT IENNNTIENNTTYRL ISCNTSVITQACPKISFEPIPIHYCT

—=—-VKHCSENITTDVKDRKOKVNATFYDLDIVPL ----SSSDNSSNS-SLYRL ISCNTSTITQACPKVSFDP IPIHYCA

—==—VKNCSENITTELRDKKOKAYALFYRPDVVPL ———--NKNSPSGNS-SEYIL INCNTST I TQACPKVSFDPIPIHYCA
PAGFAILKCNNKTFNGTGPCTNVSTVQCTHGIRPVVSTQLLLNGSLAEEEVVIRSVNFTDNAKTIIVQLNTSVEIICTRP

PAGFAILKCKDKKFNGKGPCSNVSTVQCTHGIRPVVSTQLLLNGSLAEEEVV IRSENF-NNAKT I IVQLNESVE INCTRP
PAGFATLKCNDKKFNGSGPCTNVSTVQCTHGIRPVVSTQLLLNGSRAEEEV I IRSENFTNNAKT I IVQLNKTVE ICTRP
PAGYAILKCNNKTFSGKGPCSNVSTVQCTHGIRPVVSTQLLLNGSLAEEEIVIRSENLTDNAKT I IVHLNKSVEIECIRP
PAGYATLKCNNKTFNGTGPCNNVSTVQCTHGIKPVVSTQLLLNGSLAEED I I IKSENLTNNIKT I IVHLNKSVEIVCRRP
NNNTRKRIRIQRGPGRAFVT IGK- I GNMROAHCH I SRAKWNNTLKQIASKLREQFGNNKT I IFKQSSGGDPE IVTHSFNC
NNNTRKSINI--GPGRAFYTTGE I 1GD I ROAHCHL SRAKWNDTLNK 1V IKLREQFG-NKT I'VFKHSSGGDPE I VTHSFNC
NNNTRKSISI--GPGRAFYATGD I 1GD IROAHCHL SRAEWNKTLKY ISTKLREQFG-NKT I IFNGSSGGDPE IVTHSFNC
GNNTRKSIRL——GPGOTFYATGDVIGDIRKAYCKIIGSEWNETLTKVSEKLKEYF——NKTIRFAQHSGGDLEVTTHSFNC

NNNTRKSIRI--GPGQAFYATND I 1GD IROAHCN INSTWNRTLEQ IKKKLREHFL-NRTIEFEPPSGGDLEVTTHSFNC
GGEFFYCNSTOLENSTWENSTWST--EGSNNTEGSDT I TLPCRIKQ I INVWQKVGKAMYAPP ISGQIRCSSEITGLLLTR
GGEFFYCNSTOLENSTWNVT-———-— EESNNTVENNTITLPCRIKQI INMWQEVGRAMYAPP IRGQIRCSSEITGLLLTR
GGEFFYCNTTKLFNSTWDANGNCTGCDESDG——--NNT I TLPCRIKQ I VNMWQEVGKAMYAPP IKGL IKCTS@ITGLLLTR
RGEFFYCNTSELF-————————————— NSNAT--ESNITLPCRIKQI INMWQGVGRAMYAPP IRGE IKCTSJI TGLLLTR
GGEFFYCNTTRLFK-———————————— WSSNVT--NDT I T1PCRIKQF INMWQGAGRAMYAPPIEGNI TCJJSSITGLLLTR

DGGNSN-NESE I FRPGGGDMRDNWRSEL YKYKVVKIEPLGVAPTKAKRRVVQREKRAVG-IGALFLGFLGAAGSTMGAAS
DGGPED-NKTEVFRPGGGDMRDNWRSEL YKYKVVKIEPLGVAPTKAKRRVVQREKRAVG- I GAVFLGFLGAAGSTMGAAS
DGG-AN-NTNETFRPGGGDMRDNWRSELYKYKVVQIEPLGIAPTRARRRVVQREKRAVGTLGAMFLGFLGAAGSTMGAAS
DGGNNNNSTEE I FRPEGGNMRDNWRSEL YKYKVVE IKPLG IAPTEAKRRVVQREKRAVG- I GAVFLGFLGAAGSTMGAAS
DGGKTDRNDTE I FRPGGGNMKDNWRNELYKYKVVE IKPLGVAPTEARRRVVEREKRAVG- I GAVLLGFLGAAGSTMGAAS

MTLTVQARQLLSG IVQQQNNLLRATEAQQHLLQLTVWG IKQLQAR I LAVERYLKDQQLLG IWGCSGKL I CTTAVPWNASW
MTLTVQARLLLSG IVQQQNNLLRAIEAQQHLLQLTVWG IKQLQARVLAVERYLRDQQLLG IWGCSGKL I CTTAVPWNASW
VTLTVQARQLLSG IVQQQNNLLKAIEAQQHMLQLTVWG IKQLQARVLAIERYLKDQQLLG IWGCSGKL I CTTAVPWNTSW
I TLTVQARQLLSG IVQQQSNLLRAIEAQQHLLQLTVWG IKQLQARVLA I ERYLQDQQLLG 1WGCSGKL I CTTAVPUNSSW
I TLTVQARQLLSG IVQQQSNLLRAIEAQQHMLQLTVWG IKQLQTRVLAIERYLKDQQLLGLWGCSGKL ICTTNVPWNSSW

SNKSLEQIWNHTTWMEWDRE INNYTSL IHSL 1EESQNQQEKNEQELLELDKWASLWNWEN ITNWLWY IKLFIMIVGGLVG
SNKSLNKIWDNMTWMEWDRE INNYTS I 1YSLIEESQNQQEKNEQELLELDKWASLWNWFD ITKWLWY IKIFIMIVGGLIG
SNKSFNKIWDNMTWMEWERE IDNYTGL I'YNLLEESQNQQEKNEQDLLALDKWESLWNWFS ITKWLWY IKIFIMIVGGLIG
SNKSKEE IWGNMTWMQWDKEVSNYTFT 1 YQLLEESQYQQEQNEKELLALNKWNDLWSWFNITNWLWY IKIFIMIVGGLIG
SNKSQTDIWDNMTWIQWDRE ISNYSNT I YKLLEGSQNQQEQNEKDLLALDSWNNLWNWEN ITNWLWY IKTFIMIIGGLIG

LRIVFAVLSIVNRVRQGYSPLSFQTHLPTPRGPDRPEG IEEEGGERDRDRS IRLVNGSLAL IWDDLRSLCLFSYHRLRDL
LRIVFSVLSIVNRVRQGYSPLSFQTHLPASRGPDRPGG IEEEGGERDRDRSGPLVNGFLTL IWDLRSLFLFSYHRLRDL
LRIVFAVLSIVNRVRQGYSPLSFQTHLPTSRGPDRPEG I GGEGGERDRDRSGPLVDGFLAT IWWDLRSLFLFSYHRLTDL
LRITFAVLSIVNRVRQGYSPLSFQTLTPNPGGPDRLGR IEGEGGEQDKNRS IRLVNGFLAL IWDDLWSLCRFSYHLLRDF
LRITLGVLSIVKRVRQGYSPLSFQTLTPNPRGLDRLGR IEEEGGEQDKDRS IRLVNGFLALAWEDLRSLCLFSYHRLRDF

LLIVTRIVELLGR-—-—-—— RGWEALKYWWNLLQYWSQELKNSAVSLLNATAIAVAEGTDRV 1 EVVQGACRAIRHIPRRI
LLIVTRIVELLGR-—————— RGWEVLKYWWSLLQYWSQELKNSAVSLLNATAVAVAEGTDRV IEVIQRAVRAILHIPRRI
LLILTRIVELLGR-—————— RGWEALKYWWNLLQYWSQELRNSAVSLLNATAIAVAEGTDRI IEVVQRTFRAT IHIPRRI
IL1VARAVELLGRSSLKGLQRGWEALKYLGNLMQYWGLELKRSAINLLDTTAVAVAEGTDR 1ELAQG I YRAICNIPRRI
IL IAVRAVELLGSSSLRGLQRGWEALKYLGSLLQYWGLELKKSAINLLDTVAIAVAEGTDRI IELIQRICRAIRNIPRRI
RQGLERILL-- 856
RQGLERALL-- 852
RQGLERLLL-- 866
RQGFEAALQ-- 841
RQGFEAALL-- 844

Figure 2.15 Alignment of HIV-1 strains used for mutational studies.
are from https://www.hiv.lanl.gov/content/sequence/VIRALIGN/viralign.html.
Colored text indicates alignment identity: red for 100%, blue for 99-75%, green for 74-50%,
black for 50%. Highlighted residues indicate potential glycan locations: yellow indicates
conserved high mannose glycans, red indicates a high mannose glycan that was subject to
extensive mutation (namely N295, N332(4) and N448(6), all other potential glycans were
highlighted in grey. The variable loops of gp120 are underlined in bold, V1 in red, V2 in orange,
V3 in yellow, V4 in Green, V5 in Blue.
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using reagents from New England Biolabs Reaction Setup:

(NEB) Inc (MA, USA). Step one of the PCR 50uL i

used Phusion polymerase to generate Component Rxn [Final]

fragments of the gene, overlapping at the Water 0 50 ul.

site of the mutational primer, using the

protocol suggested by New England oX Phusion 10 uL 1X

Biolabs (Figure 2.16) and outlined in Figure HF Buffer

2.14. Step two of the PCR combined the 10mM dNTPs 1uL 200 uM

two fragments without primers for 10 _

cycles, then, an additional 30 cycles were 10uM Fwd Primer 2.5 uL 0.5 uM

run under normal conditions (end primers ]

of the gene were added) suggested in the 10uM Rev Primer 25Uk 0.5uM

NEB protocol (Figure 2.16). Both steps of Template DNA Variable <250 ng

PCR were purified using the GeneJET Phusion _

PCR Purification Kit (Thermo Scientific, Polymerase 0.5uL 1 unit

MA, USA). The second step PCR was

digested then ligated into either pCR3.1 or Thermocycling Conditions:

pcDNA3.1 vectors using enzymes from Step Temp Time

New England Biolabs. The vectors with o : o

mutated DNA were then transformed into il D WG S0 g0

XL1-Blues cells and allowed to grow 16-18 98°C 5.10 sec

hours. Cultures were grown at 37°C 45-72°C  10-30 sec

220rpm for 14-16 hours, then purified using 25-35 Cycles 72°C  15-30 sec

a Qiagen Mini Prep kit (MD, USA). The per kb

presence of mutations was confirmed by

DNA sequencing. Final Extension 72°C 5-10 min
2.5.4 Pseudo-Virus Production Hold 4-10°C

293-Ft"2 cells were plated in 10cm
dishes to an approximate 30-40%
confluency. The cells should be passaged
more than 6 times before this transfection
process. When dish confluency reached

Figure 2.16 NEB recommended Protocol
for PCR with Phusion Polymerase
A brief overview of the recommended
parameters for PCR with Phusion
polymerase as seen on the NEB protocol
at https://www.neb.com/protocols.

60-80%, usually in about 24 hours, cells

were co-transfected with 10ng desired envelope plasmid and 10ng pSG32&" plasmid
using X-tremeGENE HP DNA Transfection Reagent (Roche/Sigma-Aldrich, St. Louis, MO,
USA). The transfection cocktail was prepared by adding 5ng of the desired envelope
plasmid, 5ng pSG32E" plasmid® and 1mL of Opti-MEM to each of two 1.5mL low binding
tube, then tipping to mix. Then, 30uL of X-tremeGENE transfection reagent was added to
the tube, being careful not to touch the pipette tip to the wall of the tube. The solution was
mixed by tipping and then left to rest. After fifteen minutes, the transfection cocktail was
dripped into the dish containing 293 cells in a spiral pattern to distribute the mixture evenly.
Transfected cells grown 24-48 h depending on the strain. Supernatant was collected in 15
mL tubes and centrifuged (Precision 100 centrifuge, 1100rpm, 2 minutes), then filtered
through 0.45 um membranes to remove cellular debris. Viral stocks were stored in aliquots
ranging from 200uL to 1.5mL, depending on the expected infectivity of the virus, in low
binding tubes at -80°C. The tops of the tubes were labeled with the strain, mutation, and,
if space was available, the date of collection. The side of the tubes were labeled with my
initials (KF), the full date of collection, the strain, and the mutation of the virus.



62

2.5.5 Pseudo-Virus Quantification of p24 Concentration & Relative
Infectivity

The amount of p24 was measured using the Human Immunodeficiency Virus type
1 (HIV-1) p24/Capsid Protein p24 ELISA Kit from Sinobiological (Beijing, China) according
to the manufacturer’s instructions. Virus samples were diluted to a final volume of 225uL
and then 25ul of 5% Triton X-100 was added to samples. Samples were then vortexed for
20 seconds before being incubated at 37°C for 30 minutes. Results were calculated using

a four-parameter logistic curve on myassays.com.

2.5.6 Single-cycle Neutralization Assay (TZM-bl assay)

On day one, 10* TZM-bl cells were seeded into
a 96-well plate and allowed to incubate at 37°C for 18-
20 hours. On day two, the media was changed and
hour and 40 minutes before the time of the assay to a
final volume of 50 uL per well. A dilution series of Grft,
tailored to the strain and mutation of virus to be added,
was made in phosphate buffered saline (PBS) and 20ul
was added to wells (or 20uL of PBS for controls). 30uL
of single round virus (at a dilution that would result in a
570 nm read at approximately 40 minutes) was added
20 minutes later, with three rows of the plate used for
the mutated virus and three rows for the wild type of
the virus being tested. The wells on the edge of the
plate were not used due to evaporation effects. On day
3, after 18-20 hours, the media was changed, and the
cells allowed to incubate for 48 hours. On day five, the
cells were lysed using 0.5% NP-40 in PBS and a
substrate solution was added (20 mM KCI, 100 mM 2-
Mercaptoethanol (BME) and 8.3 mM Chlorophenol red-
B-D-galactopyranoside (CPRG) (CalBiochem) in PBS).
The absorbance signal was measured at 570 nm and
630 nm when the 570 nm reading was approximately
2. The ratio of the signal at 570 nm over 630 nm was
calculated and compared to the controls to determine
percent infection for each well. The fifty percent
inhibitory concentration was determined using a linear
equation fitted between the two data points
surrounding 50% inhibition for each row and the three
values were averaged for a final ICsp. All mutants were
tested in triplicate three times or more. For an example
plate see Figure 2.18, for an example of calculations
see Appendix B. The data was plotted using Microsoft
Excel. Statistical analysis, an ANOVA with a Bonferroni
correction, was done using R software”®°.

Coat wells in

.Grow till 30-40% confluent

E Add inhibitor g

& Pseudo-virus
Allow cells to grow & be infected

Lyse cells,
releasing B-
Galactosidase

$

Add CPRG, a
substrate for
B- Gal

-.h'-‘j/ ) ¢ ._.!
PIISN =

Infections directly

‘ correlate with
- amount of enzyme,
more red = more
infections occurred
Figure 2.17 Overview of a
single-cycle neutralization
assay
A general representation of a
single-cycle neutralization
assay. Pink solution indicates
DMEM media, white solution
is a lysis solution of 0.5% NP-
40, vyellow solution is a
solution with CPRG and red
solution indicates that (-
galactosidase has cleaved
the CPRG to form a red
product.
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Figure 2.18 Example plate of a single-cycle neutralization assay.

This plate is an example of the single-cycle neutralization assays that were run to
compare Grft potency against wild type and mutated viruses. In column 1, the negative
control, for 0% HIV infection, remains yellow in color since only PBS was added during
the infection stage. Columns two and three contain the positive control for 100% HIV
infection, turning a vibrant red and dictating the optimum time to read the assay (when
the A570 is approximately 2). The remaining columns contained a uniform amount of
pseudovirus in each well but a decreasing concentration of Grft, which results in a
sigmoidal distribution of infection, from fully inhibited virus, to fully infected cells as
evidenced by the color gradient from yellow to red.

2.5.7 Synergy Tests

For synergy studies, combinations of Grft with bNAbs PGT121 and PGT126 were
tested by a dilution series at a fixed 1:1 ratio proportional to their IC50’s before being
added to a standard TZM neutralization assay. For example, if the 1Cso of Grft was 1nM
and the ICso of the Ab was 0.5nM, the starting concentrations would be 50nM and 25nM
respectively. For these experiments, the ICso values of each inhibitor were independently
determined using single cycle neutralization assays within a month of the synergy
experiment taking place. These ICso values may differ from the average I1Cso presented in
Table 2.1 due to a change in media composition (Appendix B) Combinational index (Cl)
was calculated using CompuSyn software’' based on the equations of Chou and Talalay
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seen in Figure 1792, The data was plotted using Microsoft Excel with curve fits generated
in MatLab (Appendix B).

2.5.8 Virion Capture ELISA

Exposure of the gp120 CD4 binding site was measured as described previously
by the Morris and LiWang groups*’7:4%. Briefly, high binding 96-well flat-bottomed plates
(Thermo Scientific, MA, USA) were coated overnight at 4°C with 1ug/well of mAb b12 in
PBS. On day two, the plate was washed and blocked. Pseudovirus samples were
preincubated with Grft at 4nM and 20 nM and a media only control for 1 hour at 37°C, then
added to the b12-coated plate and incubated another 2 hours at 37°C. Then the plate was
washed, and bound virus was lysed with 150uL 0.5% Triton X-100. 100uL of virus lysate
was transferred to a Human Immunodeficiency Virus type 1 (HIV-1) p24/Capsid Protein
p24 ELISA Kit from Sinobiological (Beijing, China) and tested according to the
manufacturer’s instructions.

4. Add virus lysate to Capsid Protein p24 ELISA Kit
from Sinobiological, wash, then add detection antibody

EN

o] © ko] 0 B

5. Add color reagents and measure color development
ona spectrohotometer at 450nm

1. Pre-incubate virus with Grft or media only control.

2. Add virus to plate coated with b12 Ab & wash to
remove any unbound virus.
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Figure 2.19 Overview of virion capture ELISA

A simplified representation of a virion capture ELISA using a p24 ELISA kit. Pre-
incubation of the virus (tan) with Grft (brown) can, in certain cases, induce a
conformational change that exposes the CD4 binding site. If this site is exposed, it will
bind to the b12 antibody coated onto the first plate (shown as a red Y). A detergent is
used to lyse the virus and release the p24 capsid protein (shown as orange stars). The
lysate was then transferred to the Sinobiological kit, where the p24 was detected with
an antibody conjugated to HRP. Addition of the color reagents yielded color
development at 450nm.

Y b12 antibody O Unbound gp120
# p24 capsid protein
Y capture antibody

A detection Antibody with HRP

Gp120 with exposed
CD4 binding site




Chapter 3

Targeted reactivation of the latent HIV reservoir

3.1 Introduction

Currently, over 35 million people world-wide are infected with HIV'36, While current
antiretroviral therapies have significantly increased life expectancy, decreased symptoms,
and prevent transmission, there is no cure'36.:397.515605632667.793  The H|V reservoir, a
population of cells quiescently infected with HIV, is the barrier to a functional cure. Even
though patients on combination antiretroviral therapy (cART) do not have detectable virus,
interruption of treatment leads to re-emergence of viral replication from latently infected
reservoirs that have existed since the first week of infection323602616.717.794.795 = Ag g
retrovirus, the viral DNA is irreversibly integrated into the host cell as part of the replication
process as described in the section on replication above(1.3.4)323602615616_ |t seems to be
preferentially integrated into transcriptionally active regions, although the exact locations
are still unclear318:325619.7% | ocation of viral integration during infection may influence
latency, with the HIV becoming transcriptionally silent instead of producing infective
viriong319:320,323,326,670,797-800 - Cells found to be harboring latent HIV are fairly diverse:
peripheral blood monocytes, macrophages, dendritic cells, microglial cells, astrocytes and
hematopoietic stem cells523603,646,693.801-803  Qne of the most prominent latent cellular
populations are CD4 memory cells833651.804805  \which are long lived and have a low
turnover rate323.614,643,794,.801,806-810 | gtency may also be induced by replication of virus in
deep tissues, such as lymphatic tissues, that are not accessible to CD8 killer cells or
therapeutics®08.689.794.802811 A fyrther complication in the reactivation of latent viruses is
that latently infected cells reactivate stochastically®20.630.678,810.812,

3.1.1 Reversal of latency

A cure for HIV is impossible until the HIV reservoir is fully understood and either
removed or permanently silenced so that the ability to produce new virions is completely
abrogated. Various strategies have been proposed to eradicate the latently infected cells:
“shock and Kkill’, “locking” cells in latency and dual-affinity retargeting
(DART )608,626,627,665,668,670,671,673675813 The earliest and most investigated HIV elimination
strategies are the “shock and kill”, which usually consist of a drug/compound that activates
transcription of the dormant HIV genome (the “shock), yielding the expression of viral
proteins that would be recognizable by the immune system, and potentially additional
targeted drugs, that could then “kill” the infected cell627.670671673675 The process of
“locking” cells into a latent state, usually through gene therapy or tat inhibitors, theoretically
prevents any future transcription of the HIV genome. Locking techniques and development
has been thoroughly reviewed320:608626627.632,665674-676 gnd will not be discussed further
here.

Shock and kill methods have shown promise to transiently increase viral
expression in cell®60.677-681 gnd animal models853:667.682-688 Kyt there is no visible evidence
that the viral reservoir has been reduced, let alone eliminated. More targeted approaches
for shock and kill methods are needed since many of the previously tested strategies are
very broadly acting with toxic side effects®08.689-692 | gatency reversal agents (LRAs) include
Histone Methyltransferase (HMT) inhibitors®%3, Toll-like receptor 7 agonists®94-9, histone
deacetylase (HDAC) inhibitors®26.670.672,699-702 "and activators of the nuclear factor-kB (NF-
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kB) pathway 87:688.703 ' HDAC and HMT inhibitors loosen the interactions between histones
and DNA, unwinding the DNA and allowing transcription and production of viral proteins”4.
NFkB is a protein complex that controls transcription of DNA | so activation generally
up-regulates transcription in a cell, increasing the chance of viral expression.

The most natural and potent enhancer of HIV transcription, that should only induce
activation of HIV DNA, is the HIV protein Tat. The Tat protein is responsible for ensuring
viral transcription during the viral lifecycle. Tat stimulates transcription by binding to the
transactivation response element (TAR) in developing RNA transcripts and recruiting
Cyclin T1 and cyclin-dependent kinase 9, which compose the positive transcription
elongation factor b (P-TEFb) and will promote transcriptional elongation by recruiting and
phosphorylating RNA polymerase I, releasing the elongation inhibitor complexes termed
NELF and DSIF7%6-715, Tat has also been shown to bind the upstream promoter regions’’S.
Research has shown that insufficient Tat transactivation activity can result in
latency®620652.717-720 Tat inhibitors are being investigated as a means to lock latently
infected cells®66.668.721 Tat has also been investigated as a shock agent”'8719.722-725 byt
issues with cytotoxicity”'8726.727 highlight a need for a method to target Tat and other LRAs
to cells most likely to be infected with HIV. Geng et al generated a mutated Tat to minimize
its toxicity while maintaining activity as an HIV transcriptional activator in various latency
models’8.

3.1.2 Targeting the latent reservoir

Immune cells are primarily recognized and classified based on the receptors found
on the cell surface®'*. Therefore, binding cellular receptors either used in HIV entry or
other receptors displayed on HIV latent reservoir populations could be a viable strategy
for selective targeting. Unfortunately, while researchers previously suggested that CD2815
and CD32a%16-818 were biomarkers of latently infected cells, it has since been disproven!®-
821 indicating that there is no single cellular receptor associated with latency. The natural
diversity and robustness of chemokines and chemokine receptors utilized by the immune
system present an ideal system®?2. An extensive library of modified chemokine ligands
with various binding and receptor-activation properties®?3824 offers options to target
combinations or individual cell types.

Previous work has indicated that it may be possible to link a targeting molecule or
peptide to an LRA, toxin (such as the KLA peptide®25-827), genomic editing proteins (such
as CRISPR®77-681.828) or |atency locking molecule (such as Diehydro-Cortistatin A866-668.721)
to create a chimeric protein that would be able to selectively target cells most likely to be
latently infected with HIV and remove HIV latency through transcriptional activation of HIV
provirus, cell death, removing the provirus from the genome or permanent genomic
silencing of the provirus respectively. Our chosen route was to link Tat to variants of the
chemokine RANTES, which binds several chemokine receptors, including the HIV co-
receptor CCRS.

Tat is a small HIV protein responsible for naturally activating transcription of HIV
proviral DNA718719.722-725 'that is one of the few protein-based LRAs shown to reactivate
HIV in latently infected cells, making cellular expression feasible for production, unlike the
small molecule toxins, LRAs and latency locking molecules previously listed. While Tat
has been show to exhibit cytotoxic effects?26:727.829.830 it may be possible with attenuated
dosages and mutations to minimize toxicity’'®, which is important, as some of the cells
that are entered by the construct may not contain HIV proviral DNA. Benefits of using Tat
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include Tat's natural ability to escape endosomes through the process of pinocytosis
through the protein transduction domain (PTD)83'-835 which would aid the construct in
exiting the endosome produced by a chemokine targeting-protein interacting with its
receptor, and Tat's Nuclear Localization Sequence (NLS), allowing for localization into the
nucleus once the cell is entered®3?28%-841 (Figure 3.1). NMR studies show Tat to be
structurally flexible, lacking most secondary structure’®”842 (Figure 3.1A), even when
bound to other proteins’%%843 (Figure 3.1B).

1 20
C !Acidic.-‘proline—rich mine—n’chﬂn 7

Activation domain RNA-binding domain
Nuclear localization signal

Figure 3.1 Basic structure and sequence of Tat.

The NMR structures of Tat are shown with each region color coded, with each region
indicated in C. A) shows the NMR structure of unbound Tat (PDB 1JFW?842), B) shows
the NMR structure of Tat bound to p-TEFb (PBD 3MI9843). The residues involved in
binding to zinc (shown in spring green) are the seven cysteine residues are colored
dark green and His 33 is colored light green. C) shows the basic sequence of Tat,
indicating the various regions and domains of Tat. This figure is based on Figure 2A of
Tahirov et al 2010843,

The chemokine RANTES was chosen for initial studies of a chemokine-based
targeting system because 1) it binds to CCRS5, which is one of the co-receptors of
HI\/225657.844-848 ' gand 2) many variants of RANTES with various receptor binding properties
have already been produced and characterized?#824.849-853 A variant known as 5P14-
RANTES has been shown to bind CCRS tightly and cause internalization of the CCR5
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receptor without causing signaling of the associated G-proteins, which would result in
calcium flux from cellular stores®?®. According to Kraft 2001, the CCR5 receptor is
internalized within 30 minutes after exposure to a chemokine (125pM). Phosphorylation
of the chemokine N terminus is essential for internalization®4. CCRS5 internalization and
recycling back to the cell surface can occur one of two ways®®: 1) Arrestin binds to the
receptor, which then localizes to clathrin coated pits or 2) the Caveolae pathway, which is
independent of clathrin-coated pits. In previous research receptors returned to the
membrane after 120 minutes after being incubated with 50nM chemokine for 1 hour, but
then chemokine was removed by washing with fresh medium?34,

We hypothesize that 5P14-RANTES will induce internalization into the cell,
bringing Tat with it. The PTD region of Tat would then allow escape from the endosome,
and the NLS would stimulate transport of the chimeric protein (5P14-Linker-Tat) to the
nucleus. Once in the nucleus, the Tat would bind to the TAR of nascent HIV RNA and
promote transcription (Figure 3.2).

@ PTEFb:
- CyclinT1/CDK9

{ RNApolll
I == RNA pol |

“_ HIVLTR

Figure 3.2 Theoretical function of 5P14-Linker-Tat chimeric protein.

5P14-RANTES would bind to the receptor CCR5, triggering internalization of the
receptor with the chimeric protein (5P14-Linker-Tat) attached. Tat would allow
escape from the endosome and subsequent transport to the nucleus where it would
stimulate expression of proteins linked to the HIV LTR.

3.2 Materials
3.2.1 DNA

Mutational primers for all proteins were generated using a combination of 1)
Integrated DNA Technologies OligoAnalyzer (https://www.idtdna.com /calc/analyzer) with
the parameters as follows: 0.25uM Oligo Conc., 1.5mM Mg?*Conc., OnM dNTPs, and 2)
New England Biolabs Inc. Tm Calculator (http://tmcalculator.neb.com/#!/) with the
parameters set as follows: Product group — Phusion, Polymerase/kit — Phusion High-
Fidelity DNA Polymerase (HF Buffer). Primers were designed to have the following
properties: a) the mutation(s) centered in the primer as much as possible, b) primers
should begin and end with a C or G nucleotide, c) primers should be at least 18bp long,
d) annealing temperature should be between 50-59°C, e) the hairpin melting temperature
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is at least 15°C lower than the annealing temperature, and f) the self-dimerization free
energy should be as positive as possible, meaning as high a kcal/mol value as possible,
and no lower than -8 kcal/mol if it can be avoided. Primers were ordered from ELIM
Biopharm (http://www.elimbio.com/index.htm). Sequencing was done by the UC Berkeley
DNA Sequencing Facility utilizing T7 promoter and terminator sequencing primers.

3.2.2 Cells and Reagents

All cell lines were obtained through the NIH AIDS Research and Reference
Reagent Program, Division of AIDS, NIAID, NIH as follows: TZM-bl cells (Cat# 8129) from
Dr. John C. Kappes, Dr. Xiaoyun Wu and Tranzyme Inc3®%779-782 Jurkat LTR-GFP Cells
(JLTRG)(Cat #11587) and Jurkat LTR-GFP CCR5+ Cells (JLTRG-R5)(Cat #11586) from
Dr. Olaf Kutsch®#685  J-Lat Full Length Clone 8.4 cells (JLat 8.4 cells) from Dr. Eric
Verdin3?2, HeLa-CD4-LTR-B-gal cells (MAGI cells) from Dr. Michael Emerman®?8, and
MAGI+CCRS5 from Dr. Julie Overbaugh?®. The following mouse anti-human antibodies
were used to characterize the presences of CCR5 on the cell lines above: CD195 APC
Clone 2D7/CCRS5 (BD Biosciences), anti-CCR5 PE Clone 45531 (R&D Systems), anti-
CCR5 APC Clone CTC5 (R&D Systems), CD195 APC-Cy7 (J418F1, Biolegend).

3.3 Methods and results

Dr. Anna Nguyen had begun development and initial testing of a chimeric protein
that could selectively enter cells most likely to be latently infected with HIV and activate
the viral genome so that the cells could be targeted for elimination. A protocol was
developed to produce a folded 5P14-Linker-Tat chimera using a Sumo fusion tag that was
cleaved off with ULP1 after the refolding step. 5P14 is a variant of the RANTES chemokine
that binds to the receptor CCR5, which is co-receptor for HIV infection. This particular
variant was chosen because it causes internalization of the receptor, without activation of
the inflammatory signaling pathway, which would draw more vulnerable cells to the area
of infection. Tat is an HIV transcription factor that activates production of viral proteins.
Unfortunately, high quantities of Tat are cytotoxic and therefore Tat alone cannot be used
as the “kick” component of a therapeutic regime.

The primary struggle after finalizing the chimera refold conditions was low vyield.
The protocol was particularly exacting because of the dual nature of the chimera. 5P14-
RANTES is a CC chemokine, which means it has two disulfide bonds that are essential
for a proper fold and function. Tat, on the other hand, contains seven free cysteine
residues that function best in a reduced state. The initial challenge was to produce large
quantities of folded protein, both the wild type and three new mutants designed to
modulate the function or cytotoxicity of Tat. | would then test these proteins in a cellular
assay to determine whether the chimera could selectively activate cells containing an HIV
LTR-linked GFP reporter and bearing a CCRS5 receptor, using free Tat and 5P14-RANTES
as positive and negative controls respectively. Other conditions that would be taken into
consideration were the levels of cell death and ease of entry into the cell, which may be
affected by the order of the chimeric proteins since the N-terminal portion of Tat contains
the nuclear localization signal (Figure 3.1).
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3.3.1 Correction of 5P14-Linker-Tat DNA from a random Tat sequence to
Tatun

Soon after | inherited the project, | discovered that the protein sequence did not
match the proposed sequence. According to Dr. Nguyen’s records, the proposed
sequence for Tat was supposed to be the HIV strain Illb sequence but instead was an
unidentified HIV sequence. In order to convert the sequence to llIb, the following point
mutations were made using two-step PCR and confirmed by sequencing: T39I, T42N &
S77P. For two-step PCR protocol, see section 2.5.3, Figure 2.14 and Figure 2.16.

3.3.2 Protein Production of the Full Length 5P14-Linker-Tat Chimeric
Protein

Once expression of the 5P14-Linker-Tat, with lllb wild type Tat, chimeric protein
had been re-established, large scale production began. Production of the updated
chimeric protein construct Sumo-5P14-Linker-Taty, was done using Dr. Nguyen’s
protocol, as seen in her doctoral thesis, page 82%°. Yield was still dismal however and
large solution volumes resulted in lengthy and tedious purification stages that flirted with
unfolding, misfolding or conglomeration of the protein due to extended exposure to room
temperature conditions. A single preparation of protein had a high enough vyield to be
tested via HSQC NMR (Figure 3.3 A & B). An overlay with Anna Nguyen’s HSQC indicates
that my protein has folded elements, but is not completely folded (Figure 3.3C). Despite
recommendations to both increase the scale of the initial bacterial culture, while also
minimizing the overall time of the protocol, subsequent purification attempts failed due to
combinations of poor protein yields and misfolding of the chimera.
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Figure 3.3 HSQC NMR Spectra of 5P14-Linker-Tat produced as full length chimeric

protein.

SN-Labeled HSQC spectrums of 5P14-Linker-Tat run at 25°C in 20 mM NaPi Buffer
pH 2.5. A & B) show the NMR spectra of the 5P14-Linker-Tat protein | produced at
high and low contours respectively. The spectra are largely unfolded, as exhibited by
the smear of peaks around 8.2 ppm. The sample appears to have a small amount of
folded 5P14-RANTES, shown by the few peaks above 9ppm in approximately the
same position observed for the correctly folded protein shown in C. C) shows the NMR
spectra of the 5P14-Linker-Tat protein produced by Dr. Anna Nguyen. This protein is
similar to the known spectrum of 5P14-RANTES (Figure 3.10A), particularly the peaks
above 9ppm. The several peaks around 8.2 ppm likely result from disordered Tat.
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3.3.3 Production of 5P14-Linker-Tat Using Sortase Enzyme to Link
Separately Prepared Proteins

To overcome the difficulties of producing the full length chimeric protein, | proposed
to produce the 5P14-RANTES and Tat separately, using the enzyme Sortase, a
prokaryotic enzyme that recognizes a c-terminal signal sequence (LPXTG) and covalently
attaches it to an N-terminal poly-glycine sequence, to link the two proteins together after
each had been appropriately folded and purified. The individual production of 5P14-
RANTES and Tat would significantly shorten protein production time, simplify refolding
conditions and increase final yields of each protein. This would also ease alteration of the
chimera to test Tat mutants, various chemokines and protein order within the chimera.

An N-terminal poly-glycine, or a C-terminal LPMTG-6His sequences were added
to both Tatu, and 5P14-RANTES using single step PCR. The use of Met in position 3 of
the sortase signal was chosen based on research by Clancy et. al®®. For basic PCR
protocol, see section 2.5.3, Figure 2.14 and Figure 2.16. The production of 5P14-RANTES
followed protocols previously established by in the lab384-386.496.506,736.850 The purification
scheme is briefly described below and illustrated in Figure 3.4.

1. Crack cells in denaturing buffer, spin down, save supernatant 5. Add drop-wise into refold buffer to fold protein and form proper

TRX Tag |[IHiSTag | [EK 5P14-Rantes Variant disulfide bonds. Refold overnight at 4°C.
B i TRX Tag {

5P14-Rantes
Variant

2. Run supernatant over Urea Ni affinity chromatography column
and wash with Urea buffer with 10mM Imidazole

s—s|

, 6. Dialyze into EK compatible buffer and add Enterckinase
TRX Tag ﬂ EK 5P14-Rantes Variant
@ §—_ _—5S 3 = 5P14-Rantes
g ——3 “ : Cut by Variant
3. Elute with Urea buffer with 500mM Imidazole EK s s
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Figure 3.4 Purification scheme for 5P14-RANTES variants.

A general overview of the purification of 5P14-RANTES variants. Tan sections
represent the His tag, used in Ni column purification, brown sections represent the
Thioredoxin (TRX) tag used to assist in protein refolding, the green section indicates
the location of the enterokinase (EK) recognition sequence (DDDK) and the red section
represents the 5P14-RANTES protein. Steps with rectangular shapes are where the
protein is not properly folded yet, meanwhile steps with oval shapes should have
properly folded protein. A full legend is boxed in the lower left corner.
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Plasmids were transformed into Escherichia coli BL21(DE3) (Novagen) competent
cells and expressed in minimal media with ">NH,4CI as the sole nitrogen source; 0.5mM
isopropyl B-d-1-thiogalactopyranoside (IPTG) was added to induce expression and then
cells were incubated at 30°C for 16 hours, 220rpm. Cells were pelleted Skrpm for 10-
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minutes in a Sorval RC6 Plus centrifuge with a F10S rotor. The cell pellet was
resuspended in 8 M urea, 500 mM NaCl, 20 mM NaPi (pH 7.8), 5% glycerol and 10 mM
imidazole and frozen to begin cracking cells. After thawing, the pellet was homogenized
for two minutes, then centrifuged to remove the non-soluble fraction. The soluble portion
was loaded onto a HiTrap IMAC nickel chelating column equilibrated with the
resuspension buffer. Proteins were eluted from the column using 8 M urea buffer with 1M
imidazole (8 M urea, 500 mM NaCl, 20 mM NaPi (pH 7.8), 5% glycerol and 1 M imidazole).
The proteins were then refolded by dropwise addition to 9x volume of refolding buffer (550
mM L-Arginine Hydrochloride, 200 mM NaCl, 1 mM EDTA, 1 mM reduced glutathione
(GSH), 0.1 mM oxidized glutathione (GSSG), 50 mM Tris, pH 8), and then allowed to stir
overnight at 4°C. The solution was dialyzed twice into 4 L 200 mM NacCl, 2 mM CacCly, 20
m Tris, pH 8 buffer at 4°C. To cleave fusion tags from the purified protein, the samples
were incubated for 12 hours with the protease enterokinase. The samples were then
dialyzed twice into 4 L 80 mM NacCl, 2 mM CacClz, and 20 mM Tris, pH8 and then purified
on a C4 reversed-phase chromatography column (Vydac, Hesperia, CA), using an
acetonitrile gradient. The proteins eluted between 33-38% acetonitrile. The fractions were
analyzed on an SDS-PAGE gel to confirm purity (expected protein size is ~9 kDa) and
then lyophilized in a Labconco freeze-dry system.

| collaborated with Arjan Bains to produce Tat. We were unable to induce protein
expression using protocols derived from previous literature®¢1862. This may have been due
to Tat's cytotoxicity, which may have resulted in killing cells that were successfully
transfected. To improve expression, we tested Tat production in various cell lines and
linked to common protein-fusion tags: Sumo, Thioredoxin, MBP, and GST. The GST-Tat
construct was obtained from the NIH AIDS Reagent program; it was HIV strain HXB2863-
865 | produced the other DNA constructs through PCR techniques. All constructs resulted
in increased expression of Tat except Sumo-Tat (Figure 3.5).
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Figure 3.5 Expression of Tat with various fusion tags

A-D) Shows the SDS Page gels of Tat expressed with various fusion tags. The protein
ladder standards, color coded, are shown to the right of the gel images. A) Shows the
expression of MBP Tat at 30°C, the expected size is approximately 53kDa. B) Shows
the expression of Trx Tat at 37°C(T4) and 20°C(T24), the expected size is
approximately 26kDa. C) Shows the expression of Gst Tat at 30°C, the expected size
is approximately 38kDa. D) Shows the lack of expression of Sumo Tat, this gel was
from an expression test at 30°C, the expected size is 23kDa. Expression was also
tested at 37°C and 20°C, no expression was seen (Data not shown).

Numerous complications were then discovered upon the attempts at purification:
the thioredoxin tag co-eluted with the Tat protein even after enzymatic cleavage, GST
required specialized and expensive purification techniques, MBP was extremely large and
required smaller batch sizes to avoid overloading of the columns. The MBP tag was
chosen as the best option, but MBP contamination in the final fractions was still a
hindrance. Minimizing the amount of protein loaded onto the final C4 reversed-phase
chromatography column helped with Tat purity.

The full purification protocol for the MBP-Tat variant is described here. Plasmids
were transformed into Escherichia coliBL21(DE3) (Novagen) competent cells and
expressed in Luria broth; 0.5mM isopropyl B-d-1-thiogalactopyranoside (IPTG) was added
to induce expression and then cells were incubated at 30°C for 14-16 hours, 220rpm. Cells
were pelleted 5krpm for 10-minutes in a Sorval RC6 Plus centrifuge with a F10S rotor.
The cell pellet was resuspended in 400 mM NaCl, 20 mM Tris (pH 7.5). The cells were
homogenized for two minutes, then centrifuged to remove the non-soluble fraction. The
soluble portion was loaded onto a HiTrap IMAC nickel chelating column equilibrated with
200 mM NaCl, 50 mM Tris (pH 7.5). Proteins were eluted from the column using 200 mM
NaCl, 50 mM Tris (pH 7.5), and 750 mM imidazole). The solution was dialyzed twice into
4 L 200 mM NaCl, 2 mM CaClz, 20 m Tris, pH 7.5 buffer at 4°C. To cleave fusion tags
from the purified protein, the samples were incubated for at least 12 hours with the
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protease enterokinase. Completion of cutting was confirmed by running samples on SDS
page gels. The samples were then dialyzed twice into 4 L 50 mM NaCl, and 10 mM NaPi,
pH7.5-8. Protein solution was thoroughly reduced by stirring with 20-50 mM BME at room
temperature for a minimum of 2 hours and then purified on a C4 reversed-phase
chromatography column (Vydac, Hesperia, CA), using an acetonitrilie gradient. The
proteins eluted between 28.5-30% acetonitrile. The fractions were analyzed on an SDS-
PAGE gel to confirm purity (expected protein size is ~8.1 kDa, but Tat tends to run heavy,
~15 kDa) and then lyophilized in a Labconco freeze-dry system.

3.3.4 Testing of Tat Activity

The preliminary testing of the chimeric protein, performed by Dr. Nguyen, used
free Tat as a positive control, but the protein had been obtained through the NIH AIDS
Reagent program. TZM-bl colorimetric assays were conducted to compare activation
induced by Tat made in our lab verses Tat obtained from the NIH AIDS Reagent program.
The TZM colorimetric assay is essentially the same the TZM assay described in section
2.5.6 (Single-cycle Neutralization Assay (TZM-bl assay)). Briefly, TZM-bl cells were added
to a 96-well plate and incubated 37°C for 18-20 hours. On day two, the media was
replaced, then a series of Tat dilutions was added; Tat protein had been taken up in PBS.
There was only enough Tat obtained from the NIH AIDS Reagent program for a single
replicate. The wells on the edge of the plate were not used due to evaporation effects. On
day 3, after 18-20 hours, the media was changed, and the cells allowed to incubate for 48
hours. On day five, the cells were lysed using 0.5% NP-40 in PBS and a substrate solution
was added (20 mM KCI, 100 mM 2-Mercaptoethanol (BME) and 8.3 mM Chlorophenol
red-B-D-galactopyranoside (CPRG) (CalBiochem) in PBS). The absorbance signal was
measured at 570 nm 30 minutes later. Interestingly, the Tat activation followed an
exponential curve rather than a linear one. At the same concentration, the Tat acquired
from the NIH AIDS Reagent program showed approximately two-fold higher activation
than Tat made in-house (Figure 3.6).
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Figure 3.7 SDS Page gel showing timescale of sortase reaction

An SDS page gel shows the progression of a sortase reaction from 2 minutes to 6
hours. Controls with each individual protein are shown in the first three lanes. Expected
sizes of all proteins: Sortase — 22 kDa (runs heavy at ~27 kDa), 5P14_LPMTG_His —
9.5 kDa, GGG_Tat — 8.1 kDa (runs heavy at ~15 kDa), 5P14-Linker-Tat — 16.8 kDa
(runs heavy at ~22 kDa).

3.3.5 Sortase Assay to produce Chimeric Protein 5P14-Linker-Tat

The protocol for combining 5P14-RANTES and Tat using sortase was based on
protocols from Theile et al®®® and Antos et al®’. Briefly, 5P14-RANTES constructs were
taken up in 20mM NaPi pH 2.5 buffer, while Tat constructs were taken up in 1X sortase
reaction buffer (137 mM NaCl, 2.7 mM KCI, 10 mM NazHPOj4, 1.8 mM KH2PO, pH 8, 1mM
CaCl; and 0.5 mM MgCl,). Proteins were added to a final concentration of 50uM to a 1X
sortase reaction buffer with 10mM CacCl, and 5uM Sortase enzyme. Various times and
temperatures were tested. A reaction left at room temperature for ~6 hours appeared to
do the best based on time scale reactions (Figure 3.7). Small scale testing (200uL) showed
the production of the chimeric protein, but the reaction would utilize less than half of the
initial substrates and significant amounts of precipitation, composed of both the final
chimeric protein and the individual components, formed over the course of the reaction.
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It was previously known known that chemokines aggregate at high concentrations
and physiologic pH. Another group had published a set of mutations, E26A and E66S, that
they found to minimize chemokine precipitation®8%, These mutations were introduced
into 5P14-RANTES through two step PCR to minimize precipitation during purification and
the Sortase protocol. Neither the purification nor Sortase protocols were altered from what
has already been outlined above. Mutants were produced and tested with the assistance
of Julissa Garcia, Giselle San Roman and David Chen. The individual E66S mutation in
5P14-RANTES resulted in significantly reduced
precipitate formation compared to ‘wild type’ 5P14-
RANTES (Figure 3.8) and so medium and large-scale
sortase assays were done to begin testing purification of
the chimera away from the individual proteins and the
sortase enzyme.

While the reaction was successful, purification of
the chimera away from the individual components proved
challenging. The chimera eluted over a wide range on  Figure 3.8 Comparison of
both a C4 column and a heparin column. There was also  precipitate produced during
MBP contamination present in all fractions, which sortase reactions using
highlighted a need for better production and purification =~ SP14-RANTES and 5P14 -
of the individual Tat component. It was proposed to use RNATES E66S.

a heparin column first to separate out free 5P14-

RANTES and sortase enzyme, then use a C4 reverse phase column to separate free MBP
and Tat from the full chimeric protein (5P14-Linker-Tat). The two-column method failed
due to loss of the chimera; minimal initial yields from the enzymatic reaction limited
amounts of chimeric protein and the use of two columns increased the rate of loss due to
protein handling and exposure to equipment.
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A large scale sortase reaction was prepared and purified using a C4 reverse phase
column, resulting in fractions with large amount of the desired chimera but also significant
presence of contaminating proteins (Figure 3.9). The cleanest of these fractions (Fractions
18-21), that contained minimal to none free 5P14-RANTES, was run on NMR HSQC
(Figure 3.10B) and compared to the NMR HSQC that had been run of the
5P14ge6s_LPMTG protein that had been used in the sortase reaction (Figure 3.10A) The
sample appeared to have a folded 5P14-RANTES component but did contain evidence of
unfolded protein as well (Figure 3.10C). It was hoped that the contaminating proteins were
the unfolded elements see in the spectrum and it was decided to use those fractions to
begin testing in the cellular assay. This batch of protein was used for all FACS based
assays.

L V. 1 .

Figure 3.9 SDS Page gel of Sortased 5P14-L-Tat chimera C4 column fractions.
The gel shows the elution fractions of the sortase reaction to produce 5P14-Linker-Tat
of off a reverse phase column. FT indicates flow through of the reaction, while the
numbers at the top of each column indicate C4 column elution fractions. The blue arrow
indicates the Sortase enzyme, the red arrows indicate the 5P14-Linker-Tat chimeric
protein, the green arrow indicates free GGG_Tat 3B, the orange arrow indicates free
5P14ggss_LPMTG. The extended elution of the 5P14-Linker-Tat chimera and the
absence of clean (single protein) fractions can be observed.
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Figure 3.10 HSQC NMR of free 5P14-RANTES and sortased 5P14-Linker-Tat.
SN-Labeled HSQC spectra of 5P14gess_LPMTG (A) and 5P14ggss-Linker-Tat (B) run
at 25°C in 20 mM NaPi Buffer pH 2.5. A) Shows that the 5P14-RANTES mutant (5P 14
esss_ LPMTG) was clearly folded, with sharp resolution of peaks. B) Shows that the
sample contains unfolded protein, as evidenced by the smear of peaks around 8.2
ppm. The sample does appear to have some amount of folded 5P14-RANTES, shown
by the few peaks above 9ppm in approximately the same position observed for the
correctly folded protein shown in A. However, there are additional peaks that were not
observed in the spectra for 5P14-RANTES alone (A).
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3.3.6 Testing of the 5P14-Linker-Tat chimera for functionality

With semi-pure, folded protein, preliminary testing could begin. The goals were to
ascertain that our 5P14-Linker-Tat chimeric construct 1) was able to activate cells
containing an HIV LTR linked to a reporter gene, 2) demonstrated selectivity for CCR5
bearing cells, and 3) was able to reactivate latently infected cells (utilizing a cell line that
had an LTR linked reporter, not live virus). This protocol required extensive
troubleshooting, which is summarized in Table 3.1 and elaborated on in the section below.
In our initial iteration of the protocol we aimed to test goals 1 and 2 (activation and
selectivity) at the same time, using a suspended cell line containing a GFP reporter that
could be tested using Fluorescence-activated cell sorting (FACS). FACS enabled the
determination of the level of cellular activation by the Tat and the presence and density of
CCRS5 for each individual cell, therefore allowing us to determine whether there was a
correlation between activation and the density of CCR5 on the surface rather than a
simple, binary presence or absence of the receptor. The cell lines JLTRG and JLTRG+R5
were chosen as a pair since they came from the same progenitor cell line, thus having the
same reporter and hopefully similar sensitivities to Tat activation. The only purported
difference between the two cell lines was that JLTRG+R5 expressed low levels of CCR5.
After determination that the JLTRG cell lines were entirely CCR5+, a pair of MAGI cell
lines was procured, one with CCR5, the other without. These MAGI cell lines are adherent
cell lines that contains a B-galactosidase reporter. Due to the nature of a MAGI colorimetric
assay, the cells cannot be mixed to show selective activation of CCR5* cells, therefore,
we were only able to directly test activation and had to infer selectivity by comparing
activation levels of the two cell lines.

In our finalized protocol to test the functionality of both orientations of our chimeric
proteins: 5P14-Linker-Tat and Tat-Linker-5P14, we tested the two proteins side by side in
a MAGI colorimetric assay. These proteins were produced by Arjan Bains, both of which
contained the E66S mutation to minimize precipitation at neutral pH. The 5P14-Linker-Tat
construct was produced as a single polypeptide following Dr. Nguyen'’s protocol, while the
Tat-Linker-5P14 was produced as two separate proteins and then linked together using
sortase as described in the protocols above. Neither protein was able to be completely
purified (Figure 3.11 A & B) and an HSQC NMR spectra was only run of the 5P14-Linker-
Tat construct (Figure 3.11C). The protein did not appear to be completely folded, but we
decided to proceed with preliminary testing.
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Figure 3.11 SDS Page gels and NMR of chimeric proteins produced by Arjan Bains
A) shows the SDS page gel of the C4 reversed phase column elution fractions of 5P14-
Linker-Tat. The chimera is indicated with an arrow. Other proteins seen are unidentified
bacterial proteins. B) shows the SDS page gel of the C4 column elution fractions of
5P14-Linker-Tat. The chimera and other proteins from the sortase reaction are labeled.
C) shows the "®N-Labeled HSQC spectrum of 5P14gess-Linker-Tat run at 25°C in 20
mM NaPi Buffer pH 2.5. The spectra are largely unfolded, as exhibited by the smear
of peaks around 8.2 ppm. The sample appears to have a small amount of folded 5P 14-
RANTES, shown by the few peaks above 9ppm in approximately the same position

observed for the correctly folded protein shown in

Figure 3.3C and Figure 3.10A.
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The chimeric constructs were tested side by side, with GGG-Tat as a positive
control and 5P14-RANTES as a negative control. The MAGI colorimetric assay is
essentially the same the TZM assay described above. On day one, 10* cells were added
to a 96-well plate and incubated at 37°C for 18-20 hours. On day two, the media was
replaced, then proteins were added to a final concentration of 20uM. 5P14 and chimera
constructs were taken up in 20mM NaPi pH 2.5. Tat was taken up in 1X sortase buffer
(137 mM NaCl, 2.7 mM KCI, 10 mM NazHPO4, 1.8 mM KH2PO4 pH 8, 1mM CaCl, and 0.5
mM MgCl,). Buffer only controls were included to ensure that the low pH of the buffer used
to take up the 5P14-RANTES constructs did not affect cell growth or baseline activation.
The wells on the edge of the plate were not used due to evaporation effects. On day 3,
after 18-20 hours, the media was changed, and the cells allowed to incubate for another
48 hours. On day five, the cells were lysed using 0.5% NP-40 in PBS and a substrate
solution was added (20 mM KCI, 100 mM 2-Mercaptoethanol (BME) and 8.3 mM
Chlorophenol red-p-D-galactopyranoside (CPRG) (CalBiochem) in PBS). The absorbance
signal at 570nm was measured when absorbance was approximately 2.5.

Testing of the chimeric proteins, 5P14-Linker-Tat and Tat-Linker-5P14, did not
show selective targeting for CCR5+ cells (Figure 3.12). In other words, the activation in
both MAGI and MAGI +CCRS cells was nearly identical. The 5P14-Linker-Tat chimera did
not show activation. The Tat-Linker-5P14 orientation showed roughly 20% activation
compared to 20uM Tat, which was only slightly lower than the 10uM tat control. The level
of activation may be influenced by inaccuracies accrued during protein quantification since
the protein was not completely pure and therefore the concentration of the chimera had to
be estimated. The difference in activation between the two orientations may not actually
be due to order of the proteins but due to the process of protein production. The 5P14-
Linker-Tat was produced as a single chimeric construct(3.3.2 Protein Production), while
the Tat-Linker-5P14 chimera was produced as two separate proteins that were then linked
together with Sortase (3.3.5 Sortase Assay to produce Chimeric Protein 5P14-Linker-Tat).
This means that since the prep of Tat-Linker-5P14 was not completely clean at the end of
production (Figure 3.11B), there was potentially free Tat that could non-specifically be
activating the cells.
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Figure 3.12 Testing of chimeric constructs in MAGI colorimetric assay.

Testing of 5P14-Linker-Tat (5-L-T) and Tat-Linker-5P14 (T-L-5) chimeric constructs in
triplicate. Open circles indicate MAGI cells (CCR5-) and filled circles indicate MAGI
CCR5+ cells. Levels of activation were linearly normalized with 20uM Tat set as 100%
activation and 20uM 5P14 as 0% activation. It should be noted that Tat does not seem
to follow a linear activation curve, as evidenced by the addition of 10uM Tat only
yielding 15-35% activation. There is no discernible difference between the two cell lines
in activation caused by either chimera. A figure showing raw data (direct 570nm
absorbance) and a description of how data is processed can be found in Appendix C
(pages 168-169).
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Table 3.1 Troubleshooting of protocol to test chimera functionality

Problem Solution
Testing of JLTRG & JLTRG+R5 cell lines Quantify surface expression of CCR5
for CCRS using FACS and anti-CCR5 Ab 2D7
Balancing the cytotoxicity of Tat with Test gradients of Tat to compare
activation activation and cell death

Intracellular staining protocol, results in

Internalization of the CCR5 receptor lower GEP fluorescence

Purchased new anti-CCR5 antibody
CTCS5 that has been shown to not
compete with chemokines

Competition between 5P14-RANTES and
anti-CCR5 antibody 2D7

CTC5 antibody shows that 100% of
JLTRG population is CCR5+, means CTC5 has been shown to have off target
assay does not have internal control to binding, use new anti-CCR5 antibody,
show selectivity for cells bearing the J418F1, from Dr. Hoyer
CCRS5 receptor

J418F1 antibody shows that 100% of Purchase new MAGI & MAGI+CCRS cell

JLTRG cells are CCR5+. lines
Tested cells with live stain, with J418F1,
No direct testing of MAGI cell line to under confocal microscopy, confirmed
confirm absence of CCR5 presence of CCR5 on MAGI+CCR5 and

absence of CCR5 on the MAGI cells

FACS Assay Protocol

All the following FACS assays followed the same general protocol unless
otherwise specified. On day one, cells were plated into a 96 well plate and proteins were
added to their final concentrations; 5P14 and chimera constructs were all taken up in 20
mM NaPi buffer pH 2.5, while Tat was taken up in 1X sortase buffer (137 mM NacCl, 2.7
mM KCI, 10 mM NazHPO4, 1.8 mM KH2PO4 pH 8, 1mM CaCl; and 0.5 mM MgCl,). Cells
were then allowed to grow for approximately 72 hours. For surface staining of the cells,
cells were collected by centrifuging at 400g for 5 minutes, then stained with a 1:100 dilution
of the desired antibody and ~0.5ug/ml of DAPI for 15 minutes. Cells were washed with
500uL FACS buffer (PBS with 2% FBS) two times then resuspended in 100uL FACS buffer
and stored on ice until read. If intracellular staining also occurred, 506 viability dye was
used instead of DAPI. For intracellular staining, cells were fixed with either Invitrogen
Fox3/Transcription  Fixation/Permeabilization  buffer (completely negates GFP
absorbance) or BD cytofix/cytoperm buffer for approximately 40 minutes to an hour, then
washed with a permeabilization buffer (PBS with 0.5% Saponin) and permeabilized for
approximately 10 minutes. Cells were stained with a 1:100 dilution of the desired antibody
for 45 minutes to an hour, then rinsed and resuspended in permeabilization buffer.
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Initial testing of the JLTRG & JLTRG+R5 cell lines

Initial testing of the JLTRG & JLTRG+RS5 cell lines with anti-CCRS5 antibodies 2D7
& 45531 indicated that while JLTRG+RS did express CCRS on >90% of the population, it
was predominately only detectable with antibody 2D7 (Figure 3.13). This was unsurprising
since the other antibody, 45531, recognizes epitopes produced by aggregation of CCR5.
Results indicating that the JLTRG cell line had CCRS5 expression on ~50% of the
population, as identified by the 2D7 antibody, were surprising but not unwelcome (Figure
3.13). The original design of the assay had required eventually mixing the JLTRG and
JLTRG+RS5 cell lines to achieve a 50:50 mixture of CCR5* to CCR5- cells in order to
demonstrate our chimera’s selectivity for CCR5 bearing cells. Since the JLTRG cell line
already had a 50:50 population, creating an internal control, it was decided to use the
JLTRG cell line alone. This also ensured an exact match of Tat sensitivity within the
assayed cells, which would have needed to be controlled for in prior iterations of the assay
design.

100%
90%
B CCR5-
80% Cells
70%
2D7-
0% 45531+
50%
o m2D7+
45531-
30%
20% m2D7+
45531+
10%
0%

JLTRG JLTRG +R5 J-Lat 8.4
Figure 3.13 Expression of CCR5 on Jurkat cell lines (Trial 1)

Cell lines JLTRG, JLTRG+R5 and J-Lat 8.4, were tested by FACS using anti-CCR5
antibodies 2D7 and 45531. 2D7 targets monomeric CCR5, while 45531 targets
aggregated/oligomeric CCR5. Brown indicates the percent of cells without any CCR5
present, yellow indicates the percent of cells recognized by only 45531, blue indicates
the percent of cells recognized by only 2D7, green indicates the percent of cells
recognized by both 2D7 and 45531.
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Balancing Tat cytotoxicity and activation

A FACS assay was used to test a range of protein concentrations, from 10uM down
to 2uM. The results are shown as dot-plots, with the intensity of GFP emission on the y
axis and the intensity of anti-CCR5 2D7 antibody (APC channel) on the x axis. Gating was
based on the unstained and untreated sample (Figure 3.14 unstained - untreated), with
Q1 corresponding to cells that are GFP+/CCR5-, Q2 corresponding to cells that are
CCR5+/GFP+, Q3 corresponding to cells that are CCR5+/GFP- and Q4 corresponding to
cells that are CCR5-/GFP. The addition of Tat showed high levels of activation of the
GFP reporter that was accompanied by increasing cell death at higher concentrations of
Tat (Figure 3.14 2.5uM Tat, 5uM Tat and 10uM Tat). The activation can be seen in the
increase of GFP positive cells (found in Q1 and Q2) from 32.6% in the untreated cells to
greater than 90% activation in all cell treated with Tat. Increasing cell death is shown in
the number of live cells decreasing from over 53 thousand in the untreated sample down
to 10.6 thousand in the 10uM Tat sample. Ranges of 5P14-|-Tat protein showed that the
chimera was approximately 25% as effective as Tat alone at similar concentrations, with
corresponding levels of cell death (Figure 3.14 2.5uM 5P14-L-Tat through 10uM 5P14-L-
Tat). This result must be taken with a grain of salt considering that the protein was not
completely pure and therefore the concentration was an estimate to begin with. The
addition of 5P14 alone resulted in neither activation nor cell death (Figure 3.14 2.5uM
5P14 through 10uM 5P14).

Internalization of the CCR5 receptor

An unexpected result from our results was the absence of CCRS5 visible by 2D7
surface staining when the cells were exposed to any of our proteins. This is evidenced by
the shift in cells out of Q2 and Q3 as compared to the stained but untreated sample (Figure
3.14). Samples exposed to Tat showed a dose-response reduction in CCR5 presence,
with the 2.5uM Tat sample showing ~20% of cells as CCR5+, while the 10uM Tat sample
showed only 7% CCR5+ (Figure 3.14). All samples containing a form of 5P14 were less
than 2% CCR5+ (Figure 3.14). While this was partially expected for 5P14 and 5P14-L-Tat
since 5P14 causes internalization of the CCRS5 receptor, it was definitely not expected for
Tat alone. It was not an initial concern for our longer scale experiments since the CCR5
receptor has been shown to be recycled back to the surface of the cell a few hours after
removal of the chemokine8%*.

According to Kraft 2001, receptors returned to the membrane after 120 minutes
after being incubated with 50nM chemokine for 1 hour, but in their experiments the
chemokine was removed by washing with fresh medium®+*. We decided to adjust our
protocol accordingly, comparing the result of washing the cells 3 times with RPMI media
either 12 hours or four hours before staining and reading. Washing of the cells at either
time removed the internalization of the CCR5 receptor for cells exposed to Tat only.
Apparently, even picomolar levels of 5P14 were still enough to result in nearly complete
internalization of the receptor (Figure 3.15 & Figure 3.16). This is demonstrated by all Tat
samples having cell populations that are ~50% CCRS5+, while any sample containing 5P14
shows less than 2% of cells as CCR5+ (Figure 3.15 & Figure 3.16).
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Figure 3.14 FACS Trial 2 - Surface Stain with 2D7 Ab

These dotplots show the intensity of GFP emission (y axis) versus the intensity of anti-
CCRS5 2D7 antibody (APC channel, x axis). The number of live cells remaining is found
in the upper left corner of each plot. Frequencies of cells that fall within the gates are
indicated. Full gating can be found in Appendix C.
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Figure 3.15 FACS Trial 3 - 4 hour wash - Surface stain with 2D7

These dotplots show the intensity of GFP emission (y axis) versus the intensity of anti-
CCR5 2D7 antibody (APC channel, x axis). The number of live cells remaining is found
in the upper left corner of each plot. Full gating can be found in Appendix C (pages

175-177).
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Figure 3.16 FACS Trial 3 - 12 hour wash - Surface stain with 2D7

These dotplots show the intensity of GFP emission (y axis) versus the intensity of anti-
CCRS5 2D7 antibody (APC channel, x axis). The number of live cells remaining is found
in the upper left corner of each plot. Full gating can be found in Appendix C (pages
178-179).
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Competition between 5P14 and 2D7 Ab for binding to CCR5

Our suspicion was that the 5P14 protein, both alone and in the chimera, was
competing with the 2D7 antibody for binding to the CCR5 receptor and literature confirmed
this theory®8.86° The anti-CCR5 antibody, CTC5, was demonstrated to be compatible with
chemokine binding assays and so we purchased this new antibody to replace the 2D7 in
our assay. Shockingly, when the JLTRG cells were tested with the CTC5 antibody, nearly
100% of the cells were indicated to have CCR5 (Figure 3.17 E & F). A deeper literature
review of the CTC5 antibody revealed that it has a propensity for off-target binding®°. A
third antibody, J418F1, was donated to our use by Dr. Hoyer, who had used it previously?®”!
with creditable specificity and robustness of signal; whether it competed with the
chemokine binding site was unknown and untested based on a literature review.

JLTRG cells are >90% CCR5+

Trial of the J418F1 antibody confirmed the results found by the CTC5 antibody:
nearly 100% of the JLTRG cells, despite distributor reports®¢:857, expressed the CCR5
receptor(Figure 3.17 H & |). A FACS assay of JLTRG cells was used to compare the
amount of CCR5 labeled with the antibodies J418F1, CTC5 and 2D7 in the presence and
absence of 5P14 RANTES. The cells used to test binding of J418F1 and CTC5 were
surface and intracellularly stained while the cells used to test 2D7 were only surface
stained. Gating was determined based on the untreated/unstained cells for each grouping
(Figure 3.17 A, D & E) with GFP absorbance on the y axis and absorbance of the
fluorophore conjugated to each anti-CCR5 antibody on the x axis. Q1 corresponds to cells
that are GFP+/CCR5-, Q2 corresponds to cells that are CCR5+/GFP+, Q3 corresponds to
cells that are CCR5+/GFP- and Q4 corresponds to cells that are CCR5-/GFP.

Two intercellular staining protocols were also tested to ensure CCR5 would be
visible, even if internalized by 5P14 or the chimera. The first resulted in complete
quenching of the GFP fluorescence which was unacceptable (Figure 3.17D-F). The
second decreased GFP fluorescent intensity but it was still within acceptable levels (Figure
3.17A-C).

The original scientific literature detailing the production of the JLTRG and
JLTRG+RS5 cell lines did not test the JLTRG cell line for CCR5 expression, and did not
indicate which antibody clones were used on the cell lines that were tested so we had no
way to try to repeat their findings®%¢-857. When informed of these results, the distributor was
unaware of the issue but offered to ship a new aliquot of cells for us to test. Further testing
of this cell line may be considered at a future time (see Chapter 4).
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Figure 3.17 Comparison of anti-CCR5 antibodies J418F1, CTC5 and 2D7.

A FACS assay of JLTRG cells was used to compare the amount of CCRS5 labeled
with the antibodies J418F1, CTC5 and 2D7 in the presence and absence of 5P14
RANTES. The cells used to test binding of J418F1 and CTC5 were surface and
intracellularly stained while the cells used to test 2D7 were only surface stained.
Gating was determined based on the untreated/unstained cells for each grouping (A,

D & E).
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Initial testing of MAGI and MAGI +R5 cell lines

The MAGI cell line is an adherent cell line that contains a B-galactosidase reporter.
This presented several disadvantages. Firstly, because we needed to measure a surface
receptor, FACS would be difficult since trypsinization, the common method to encourage
adherent cells to release from the plate, could potentially damage the receptor, the
antibody or both. Secondly, the B-galactosidase reporter is measured using a colorimetric
assay, which has a rather limited range of measurement which will make determination of
significance even more difficult. The B-galactosidase assay also reports on the entire
population of cells within a well, not on a single cellular basis, meaning that we could not
mix the two populations of cells and be able to clearly show targeting to CCR5* cells. One
potential workaround would be to use a fixed cell colorimetric assay in conjunction with
fluorescent anti-CCR5 antibodies and measure the results manually using microscopy.
The disadvantage to this method is that the level of activation would be a binary
measurement, which could be highly problematic since preliminary data has shown that
the chimeric protein yields significantly lower levels of activation that the Tat positive
control at equal protein concentrations.

Because our previous cell line, JLTRG, expressed CCR5 in defiance of the
literature, we decided to confirm the respective presence, and absence, of CCR5 in our
MAGI cell lines. Using the J418F1 antibody, the cells were stained and then compared to
the TZM-bl cell line, which has been shown to have high levels of CCR5 expression872-874
and was previously our standard cell line for colorimetric assays. The cells were stained
with a 1:100 dilution of the antibody for 25-30 minutes. Cells were then imaged at 40X
resolution against white light and light at 650nm (since the APC conjugated to the J418F1
antibody is excited at 650nm and emits near 780nm). Successful microscopy results
confirmed the presence of CCR5 on the MAGI+CCRS5 cells(Figure 3.18E), and its absence
on the MAGI cells(Figure 3.18C). The TZM-bl cells, our positive control, have clearly
defined cell membranes when exposed to 650nm wavelength light, indicating high levels
of CCR5 expression (Figure 3.18A). When the TZM-bl cells are unstained, the cell outline
cannot be clearly visualized, but there is slight background cellular fluorescence at 650nm
in the nucleus of each cell (Figure 3.18B). Regardless of whether the MAGI cells were
stained or unstained, the cell outline cannot be clearly visualized at 650nm, indicating that
this cell line is CCR5- (Figure 3.18 C & D). Stained MAGI +R5 cells have faint cell outlines
at 650nm (Figure 3.18E), compared to how their unstained counterparts have only slight
background fluorescence in the nuclei of the cells (Figure 3.18F), indicating low levels of
CCRS5 expression.
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Figure 3.18 Microscopy images of cell lines to show absence of CCR5 in MAGI cells
and presence of CCR5 in MAGI+RS5 cells.
Images show 40X resolution on a confocal microscope when exposed to light at 650nm
and white light. A, C & F) are stained with anti-CCR5 Ab J418F1. A) shows TZM-bl
cells are clearly defined at 650nm, indicating high levels of CCR5 expression. B) shows
when TZM-bl cells are unstained the cell outline cannot be clearly visualized, but there
is slight background cellular fluorescence at 650nm in the nucleus of each cell. C-D)
shows that when MAGI cells are stained or unstained, the cell outline cannot be clearly
visualized at 650nm, indicating that this cell line is CCR5-. E) shows in stained MAGI
+R5 cells the cell outlines can be faintly seen at 650nm, indicating low levels of CCR5
expression. F) shows slight background cellular fluorescence at 650nm in the nucleus
of each MAGI +R5 cell.
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3.3.7 Testing of J-Lat 8.4 Cell line for presence of CCR5 and activation
by Tat

Since the third goal of the project was to confirm our chimera’s ability to reactivate
latently infected cells, the cell line J-Lat 8.4 was chosen as our latency model. We needed
to confirm that this model would suit our purposes by testing its ability to be activated by
Tat. Since another one of our Jurkat cell lines, JLTRG, surprised us by expressing CCR5,
we wanted to determine whether these J-Lat 8.4 cells expressed CCRS5, even though they
shouldn’t. We used a FACS assay, adding range of Tat concentrations (20uM, 10uM, 5uM
and 2.5uM) to 4x10% initial count of J-Lat cells and tested untreated cells with the anti-
CCRS5 antibodies J418F1, CTC5 and 2D7. The results were gated based on the untreated
samples that had been stained only with DAPI (referred to as Untreated), with Q1/5
indicating cells that were CCR5-/GFP+, Q2/6 indicating cells that were CCR5+/GFP+,
Q3/7 indicating cells that were CCR5+/GFP- and Q4/8 indicating cells that were CCR5-
/GFP-. Results indicated that the J-Lat cells were CCR5- (cells were found in Q4/8),
regardless of the antibody used (Figure 3.19 Untreated vs J418F1, CTC5 and 2D7). A
concentration of 20uM Tat stimulated GFP activation in only 13% of live cells (cells
extended up into Q1/5) compared to the untreated control with only 0.08% of live cells
activated (Figure 3.19 20uM Tat). The remaining samples acted in a dose-based
response: 10uM Tat activated 5.29% (Figure 3.19 10uM Tat), 5uM Tat activated 2.81%
(Figure 3.19 5uM Tat), and 2.5uM Tat barely activated an cells at all, only 0.64% (Figure
3.19 2.5uM Tat). This indicates that the J-Lat 8.4 cells are significantly less responsive to
Tat than our JLTRG and JLTRG +R5 cell lines. This is partially to be expected since the
LTR-GFP in likely inserted into a heterochromatin region where transcription would be
highly difficult, even with Tat there to act as a transcriptional activator.

3.4 Conclusions

The purpose of this project was to create a chimeric protein composed of 5P14-
RANTES and HIV Tat, that could selectively target to, and activate CCR5+ cells. Based
on a MAGI colorimetric assay, there was no discernable difference in activation between
CCR5- and CCR5+ MAGI cells, indicating a lack of targeting. This result may be due to
improper or incomplete folding of the 5P14-RANTES, which would negate binding to
CCR5. The sample of 20uM 5P14-Linker-Tat did not induce activation noticeably above
the negative control of 5P14-RANTES alone. The sample with 20uM Tat-Linker-5P14
protein showed equivalent levels of cellular activation as compared to 10uM Tat. Since
the protein was not completely pure, and there was possibly trace amounts of free Tat in
the sample, it is impossible to currently determine whether the level of activation induced
by the Tat-Linker-5P14 was due to the orientation of the protein, or contaminating free Tat.
I recommend that no further testing of function should be attempted until purification of the
chimeric protein, in either orientation, is perfected to yield pure, fully folded protein.
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of the DNA. GFP absorbance (GFP-A) is on the y axis, and an anti-CCRS antibody
(with either APC or APC-Cy7 absorbance) is on the x axis. All Tat samples were
stained with the J418F1 antibody. Untreated samples were stained with DAPI only. For
full gating see Appendix C (pages 181-183).
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Chapter 4

Conclusions and Future Directions

The purpose of this research was to develop therapeutic agents to help with the
prevention of initial infection and reactivation of latent HIV infection. Our work on Grft
clarified the significance of the individual glycan N295 and indicated that glycan density is
also generally important for Grft potency. The glycosite N295 proved critical for Grft
induced conformational change in B clade HIV, but not C clade. Finally, in synergy tests,
we showed that Grft had additive effects when combined with bNAbs PGT121 and
PGT126, despite the antibodies’ epitope belonging to the same glycan cluster as N295.
Unfortunately, our work to characterize the functionality of chimeric protein 5P14-L-Tat
was not as successful. Production of pure, fully folded and functional protein remains a
challenge, and cellular assays indicated that the chimera does not have selective targeting
to CCR5+ cells.

4.1 Future directions of Griffithsin research

While our work has clarified the role of glycan location and density on Grft potency,
new questions have come to light. In our work we proposed that the glycan density, which
has been shown to affect the level of glycan processing?52370:5%  contributes to the potency
of Grft. Previous research has shown that Grft has better binding to nonamannoside,
which mimics the structure of minimally processed Man-9 glycans, than manno-pentose,
which mimics the structure of the more highly processes Man-5 glycans*’®. There are
several avenues which can be explored in relation to this theory. The easiest would be to
explore Grft's potency against HIV strain CAP45, Table 2.1, which is surprising
considering that this strain lacks glycosylation at N295 (Figure 2.3). My hypothesis is that
the presence of an additional, non-conserved glycan at N335 increases the local glycan
density in the region, minimizing glycan processing in that glycan cluster, which
compensates for the lack of glycosylation at 295. Mutations to delete this glycan (N335),
individually and in combination with surrounding glycans, would be an easy first step to
elucidating this particular glycans effect. This theory could alternately be tested by adding
additional, non-conserved, glycans in the region of cluster 3 to other strains that naturally
lack glycosylation at 295 or have had the glycosite removed. A virus independent method
could utilize mannose-nano-disk constructs, recently generated by Julia Stauber, to test
Grft binding against a variety of mannose densities in NMR studies (unpublished data).

Another glycan that should be removed to test its effect on Grft potency is the
glycan at N262. It was previously believed that removal of glycosite N262 resulted in
complete loss of viral infectivity3’%373, Rathore et al recently demonstrated that it was not
the loss of the glycan that negated infectivity, but the mutation itself*64. Considering these
findings, an obvious next step in the research of Grft would be to test Grft against strains
mutated to lack glycosite N262, since it is the final glycan in cluster 3 (and we have
demonstrated that the other three glycans in this cluster are the most important glycans
for Grft potency). It would also be advisable to test other evolutionary based mutants
against Grft, particularly in viral capture assays where mutations that effect viral folding
may unduly influence results. Table 4.1 below shows the mutants that | have already
prepared that could be tested and compared to each other. My evolutionary based
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mutations were generated in 2014 (far prior to Rathore’s publication). They are based on
a meta-analysis of 2960 strains, 1708 B clade and 1252 C clade, to determine what the
most common mutation found in the absence of a glycosite at each site.

Table 4.1 HIV mutants already prepared to test evolutionary-based removal of glycosites

Mutants Prepared
N>Q  S/TA Evolutionary ~ Mutations by

Glycosite based Rathore et al3%*
234 v v v (S>K) NA
295 v v v (N>T) N>T
262 N>D
332 v N>T
448 v v v (N>K) N > K
234, 295 v v
234, 448 4 v
295, 332 4
295, 448 v v
332, 448 v
234, 259, 448 4 v
295, 332, 448 v

Additional research could also be done to illuminate whether the presence of
individual glycans affects Grft's ability to prevent HIV infection at various stages in the
infection process. Grft can bind to HIV simultaneously with CD4, but not with CCR5 binding
site specific Ab 17b, indicating that Grft prevents inhibition somewhere between CD4
binding and CCR5 binding, but it is unclear whether Grft simply occludes the CCR5 binding
site or also prevents the conformational change in HIV to expose the CCR5 binding site
or the subsequent conformational change to expose the gp41 helical bundle. This could
be tested using CHO-K1 cells, which contain aquaporin (an enzyme that luminesces upon
Ca?* release induced by ligand binding to, and subsequent activation of CCR5)875:876,

We demonstrated that Grft mediates conformational change (exposing the epitope
of Ab b12) in B clade strains to a much greater degree than C clade strains, which seems
to be partially due to the presence of glycosite N295 in B clade strains. This work could
be expanded with additional glycosylation deletion mutants in viral capture ELISAs to test
Grft’s ability to induce this conformational change in the absence of glycosites other than
N295, particularly other cluster 3 glycans and glycan N386. | hypothesize that other
glycans in cluster 3 may be involved in Grft’s ability to mediate conformational change. In
companion to this work, deletion mutants should be tested for Grft’s ability to compete with
17b, another antibody that binds to a CD4 induced epitope near the CCR5 binding site.
Other groups have shown that Grft prevents binding of 17b Ab*%877 but it has not been
extensively confirmed, and never against any HIV-1 deglycosylation mutants. Based on
our work with Ab b12, there may be differences in B vs C clades.

All of this information could more clearly indicate exactly how Grft prevents initial
infection of HIV. Determination of which strains Grft will be most effective against facilitates
tailoring of combinational therapies and prevention strategies. The amount of Grft
necessary for complete coverage against the HIV strains predominate in the area the
patient lives could be easily quantified, minimizing costs. Griffithsin is already well on its
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way to becoming a microbicide available for public use; Dr. Palmer and Dr. Brand are
currently in phase 1 testing of Grft in clinical trials with Grft delivered through an
investigational enema“93497.878  Other delivery methods of Grft are also being tested,
including carrageen gels*46-448.746879.880  glectrospun silk fibers®03-%05 and of course our
own silk disks and films?#%:56_ Grft tandemers are also being developed, with trimeric and
tetrameric forms of Grft showing potency in the absence of glycan N295 for cell free and
cell-to-cell transmission+74.881.882,

4.2 Future directions of targeted reactivation of the latent HIV reservoir

Any future work with this project will need to begin with a thorough evaluation and
improvement of all protein purification procedures to increase yield and purity. This may
be done by troubleshooting the purification protocol of the full-length chimera or the
sortase reaction and subsequent purification. It should be noted that new Tat expression
vectors have become available through the NIH AIDS Reagent program that may have
higher expression and simplified purification schemes, which would simplify production of
Tat for any future work. It would also be beneficial to pursue the acquisition of a pair of
Jurkat cell lines that are truly CCR5- and CCR5+, since that would significantly ease
testing of any future chimeric proteins targeting to CCR5. The discovery that the JLRTG
cell line was CCR5+ is highly unexpected and should be investigated further since Jurkats
are generally presumed to be CCR5-322:883-885 |t has been indicated that epigenetic factors
control CCR5 expression in Jurkat cells®687 so it may be prudent for all labs to
independently test their Jurkat cells with a panel of anti-CCR5 antibodies to confirm that
lab conditions are not stimulating expression of CCRS. The anti-CCR5 antibody 2D7 has
been shown to be conformationally specific®9888889  but J418F1 has been used
extensively in other work and shows high specificity for CCR5 without being
conformationally specific890-8%,

It may be beneficial to look more into the specific interactions between 5P14 and
CCRS5 to confirm and enhance specificity for targeting of not only HIV therapies but other
epigenetic conditions as well. Once the ability of RANTES variants to selectively target to
CCR5+ cells has been more thoroughly characterized, work could be done to include a
protein transduction domain that would allow escape from the endosome after
internalization of the receptor. This would allow the protein construct into the cytosol where
the attached shock or kill agent could achieve its desired function83%897-8% A nuclear
localization signal could also be attached, as necessary, for drug function.
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AA
Year PDB# covered Bound Advancement Method Res.
1990 -162 1-183 - First crystal structures, X-Ray | 2.4 A
58 determined interactions 7y
1990 - - between domains and X-Ray | 2.3
1-183 theorized interactions with
HIV gp120
1993 | 1CID"64 210- - First structure of domains X-Ray | 2.8A
385 3-4
1993 | 3CD4273 1-200 - First structure of CD4 D1-2 | X-Ray | 2.2A
on RCSB PDB
1994 | 1CDH®%%®° | 1-178 - X-Ray | 2.3A
1996 | 1WBR165 - First structure of Sol -
428- cytoplasmic domain, NMR
444 showed sites of interaction
with HIV Vpu & Nef
1996 | 1CDJ"%3 - Mutational studies showing | X-Ray | 2.5A
defective HIV binding to
1CDY | 26-203 cpa 9
1CDU
1997 | 1WIQO%01 - Full extracellular structure, X-Ray | 3.9A
1-363 D1-4, showed how CD4
TwiP could dimerize
1998 | 1GC1194 gp120 | First complex of CD4 with X-Ray | 2.5A
1-183
HIV gp120
2001 | 1JL49%02 Class | First complex of CD4 with X-Ray | 4.3A
26-203 1 class Il MHC, a natural
MHC ligand of CD4
2009 | 2KLU"68 364- - First structure of Sol -
transmembrane domain NMR
433 . .
and full cytoplasmic domain
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Figure Appendix A. 1 Basic domains of gp120 with high mannose glycans color coded.

These figures are extensions of Figure . PDB 1GC1'%, showing the domains of gp120
(the outer domain in light purple, the inner domain medium purple and the bridging sheet
in dark red) that has been bound to both CD4 and 17b, over-layed with the sites of the
high mannose glycans as they are color coded in Chapter 2. A key for the glycan colors
is given below. A) shows gp120 alone with the high mannose glycans color coded as
indicated in the list below, with non-high mannose glycans shown in salmon. B) shows the
same structure with CD4 visible in dusty blue.

197 — Dark Red

b
230 — Orange M
234 — Goldenrod M
241 — Green [~
262 — Dark Green M
289 — Deep Sky Blue
295 — Blue M
301 — Medium Purple g
332 — Hot Pink M

339 — Dark Magenta
386 — Light Grey

392 — Dark Slate Grey
448 — Black

HEX
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Structure of CD4

The first CD4 structure published was rat CD4 in 1993 by the Barclay group in
Science. CD4 from a Human T cell was imaged by X-ray crystallography at a resolution
of 2.5 A'in 1996 by the Hendrickson group. CD4 is composed of 4 extracellular domains
(D1-4, ~370 residues), an ~25 aa transmembrane stretch, then a 38aa cytoplasmic
domain Each monomeric extracellular domain is approximately 61A long by 26A wide.
The transmembrane domain is ~60A long and the cytosolic domain is ~62A long. Human
CD4 has two glycosylation sites, one on D3, & one on D4203:274.903,

o

R

zA,
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HIV SOSIP Trimers

SOSIP gp140 trimers are soluble HIV trimers designed to mimic native HIV
envelope spikes. SOSIP stands for the mutations used to create a more stable soluble
HIV trimer: SOS is for the disulfide bond introduced between A501 and T605 in gp120
and gp41 respectively?®' (Figure), IP is a point substitution, I1559P, in the gp41
ectodomain that stabilizes intra-trimer interactions?%2. SOSIP.664 trimers have the
membrane-proximal external region (MPER) of gp41 deleted to improve solubility; 644
indicates the total number of residues in the gp140 monomer®+. SOSIP trimers have
been created from most major clades of HIV, see Table for the most used SOSIPs and
which clade they are derived from. SOSIP trimers differ from native trimers in that
SOSIP trimers’ glycosylation tends to be less extensively processed and they do not
bind to non-neutralizing antibodies®?°.

e B
: 1 Klt,j ﬁs\gﬁ‘z 3
i

8 5
o~y
b > &

PDB #6MUF 71 Sl Tk,

Figure Appendix A.2 SOS mutations in SOSIP trimer.

This figure shows B41 SOSIP.664 trimer, with each monomer of gp120 colored in a
different shade of yellow, each monomer of gp41 colored in a different shade of grey,
glycans colored in tan and the disulfide bond at 501 and 605 (the SOS) has been
highlighted as red spheres.



Table Appendix A.2 Commonly used HIV SOSIP trimers

ZM197M

Clade Title Made
A BG505 2013%5
KNH1144

B41 2014557

B AMCO008 20159%06
AMCO011

JRFL 201554

16055 201554
C Du422
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Table Appendix A.3 Summary of HIV drugs currently available

Class Drug Approved3®’ Brand names
NRTIs Zidovudine AZT 1987 Zidovudine, Retrovir
Abacavir ABC 1998 Ziagen
Didanosine DDI 2000 Didanosine, Videx
Stavudine D4T 2002 Stavudine, Zerit
Emtricitabine FTC 2003 Emtricitabine, Emtriva
Lamivudine 3TC 2001 Lamuvidine, Epivir
Tenofovir .
GS 7340 TDF 2001 Viread
ACH-126,433 ICT* Elvucitabine
SPD-754 ICT* Apricitabine
NNRTIs Delavirdine DLV 1997 Rescriptor
Efavirenz EFV 1998 Sustiva, Stocrin
Nevirapine NVP 1996 Viramune
TMC-125 ETR 2018 Etravirine
Pls Atazanavir ATV 2004 Reyataz
Fosamprenavir FPV 2003 Agenerase, Lexiva
Indinavir IDV 1996 Crixivan
Lopinavir LPV 2000 Kaletra
Nelfinavir NFV 2003 Viracept
Ritonavir RTV 1999 Norvir
Saquinavir SQV 1995 Invirase, Fortovase
Tipranavir TPV 2005 Aptivus
TMC-114 2006 darunivir, Prezista
Brecanavir 2006
Entry Enfuviride T-20 2003 Enfurvitide, Fuzeon
Inhibitors  Maraviroc 2007 Maraviroc
Ibalizumab 2018 Trogarzo, TNX-355
BMS-4588043 2018 OPDIVO
Leronlimab ICT* PRO-140
Temsavir ICT*
Fostemsavir ICT*
Integrase  MK-0518 RAL 2007 Raltegravir
Inhibitors ~ Dolutegravir DGT 2013 Dovato
Elvitegravir EVG 2012 Vitekta

*ICT — In Clinical Trials
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R code for ANOVA with a Bonferroni correction

d=read.csv(file.choose(),
header = FALSE,
stringsAsFactors=FALSE,
sep="")
colnames(d)=c("Mutant","|C50")
anova(Im(IC50~Mutant, d))
options(width=10000)
pairwise.t.test(d$1C50, d$Mutant, p.adj = "bonferroni")
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Note that files must be saved as a CSV file with only two columns, the first being
the namel/title of each mutant and the second being the calculated ICso or fold difference

value.

Matlab code for sigmoidal curve fit

clear %clears workspace variables
clc %clears command window

% Dilution:
Dil = [1

1

1

0.5

0.5

0.5

0.25

0.25

0.25
0.125
0.125
0.125
0.0625
0.0625
0.0625
0.03125
0.03125
0.03125
0.015625
0.015625
0.015625
0.0078125
0.0078125
0.0078125
I;

Dil = log10(Dil);
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% Percent Infection:
Pl =14.207167653
5.651521553
6.774351579
13.22902094
7.341243626
9.31315018
17.42860685
26.87057559
27.90005454
47.61951293
42.61087326
56.64754564
78.55750403
79.87274176
86.95331049
79.01237559
100.5609221
88.77263852
100.6850534
98.44685908
105.5629261
115.8801556
107.6391163
114.2106872
l;

P1 = (PI)./100;

[FR,GOF] = sigmoidal_fit(Dil,PI)

% figure(2)
% clf
% plot(Dil,Pl,'or")

function [fitresult, gof] = sigmoidal_fit(xp, yp)
%CREATEFIT(XP,YP)

% Create a fit.

%

% Data for 'sigmoidal’ fit:

%  Xlnput:xp

% Y Output: yp

% Output:

% fitresult : a fit object representing the fit.
%  gof : structure with goodness-of fit info.
%

% See also FIT, CFIT, SFIT.

% Auto-generated by MATLAB on 12-Mar-2019 18:10:16
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%% Fit: 'sigmoidal'.
[xData, yData] = prepareCurveData( xp, yp );

% Set up fittype and options.

ft = fittype( '(a/(b+exp(+c*x))), 'independent’, 'x', 'dependent’, 'y' );
opts = fitoptions( 'Method', 'NonlinearLeastSquares');
opts.Display = 'Off';

opts.StartPoint = [1 1 1];

% Fit model to data.
[fitresult, gof] = fit( xData, yData, ft, opts );

% Plot fit with data.

figure(1)%'Name’, 'Sigmoidal Curve Fit");

clf

h = plot( fitresult, xData, yData );

legend( h, 'Data’, 'Sigmoidal Fit', 'Location’, 'SouthEast' );
% Label axes

xlabel('Log Dilution")

ylabel('Percent Infection")

grid on

end
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Notes on TZM neutralization Assay

Preparation of Virus

Recommended to store frozen virus in 20% FBS, we only store in old media®”
“greater sensitivity is achieved in the neutralization assay at lower input TCID50 doses
but overall this difference is less than 3-fold between 50 and 1,000 input TCID50 in

most cases”

Recommended to thaw virus in ambient temperature water®8

Recommended to dilute to 150,000 RLU but should have at least 15,000 RLU, virus
only control should be greater than 10X the background®°®

There is a viral database to consult for the optimal virus dilution for viruses that have
been thawed one time, virus should not be thawed and refrozen more than once®%

Protocol of Assay

- Plating of cells into preincubated virus, is this only for luminescence or B-galactosidase
as well?

0 Samatatos lab preincubates then transfers to pre-plated cells @ 30-50%
confluency®®, they then incubate for 72 hours but no media change. Samatatos
lab is at U of Washington, Department of Global Health. They use polybrene
instead of DEAE

We do not add DEAE-Dextran, is this only for luminescence or B-galactosidase as
well? Stated that DEAE is optional — is a transfection reagent, used to enhance
infectivity®®”. Why would you want to enhance infectivity of a virus you are trying to
inhibit? Why exactly is it being added to assays?

In luciferase assay, they incubate 48-72 hours but do not change media. Is this
because of luciferase? Is B-galactosidase assay different?

Should be looking at presence of syncytia in virus control wells. Pictures? What should

I have been looking for? Is there a way to tell after the fact?

0 “the presence of syncytia as too many syncytia indicate cell killing and thus the
validity of the assay is compromised. If cell killing is present, the assays should
be repeated using a lower dose of the virus. Also check the bottom row of the
plate for the presence of toxicity. Cell toxicity could be erroneously interpreted as
neutralization1°

Percent difference between triplicate °''wells should be <30% for sample dilutions that
yield at least 40% neutralization & for all virus control wells

Luciferase assay has been shown to have luminescence that is directly proportional to
the number of infectious virus particles present®!!

Conditions to Check

Read time of virus

Confluency of cells at time of infection

Times between steps

Try using alternate calculation method (see pg Cell Calculations)
Presence of syncytia? Able to tell after the fact?
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Additions to existing procedure

- Record the generation number of the cells being used in each round of plates
- Length of each stage (will be done retroactively for all experiments)
- Calculate percent variation in positive controls and all triplicate wells
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Cell Calculations®8

To calculate the cell concentration, multiple the average number of cells per
quadrant, the dilution factor, and 10,000 to yield the cell concentration, “C1”, in cells/ml.
To calculate the total cell mixture volume, “V2”, that you need, multiply the number of
plates by the total volume of cell mixture needed per plate. The concentration of cells
desired is 100,000 cells/ml, “C2”. Thus, using the equation C1V1=C2V2, one can solve

for “V1”, the volume of cells needed”®®.
For example:
Total number of viable cells counted = 60
Number of quadrants counted = 4
Dilution factor = 10
Number of plates = 1
Cell mixture needed per plate = 10 ml
60 cells + 4 quadrants = 15 cells/quadrant
15 x 10 x 10,000 cells/ml = 1,500,000 cells/ml = C1
1 plate x 10 ml / plate = 10 ml = V2
Optimum final concentration of cells = 100,000/ml = C2
Therefore: C1V1=C2V2
V1 = (100,000 x 10) + 1,500,000 = 0.67 ml of cells

B.4 Example Calculations for TZM Assay

All plates were laid out with the mutant and wild type on the same plate to
provide an internal control. The negative control was PBS only. The positive control only
had the appropriate dilution of the virus. All the other wells had a 1:3 dilution series of
Grft that centered the ICso to ensure that there was at least one point each at both 0%
and 100% infection.

Plate Map
A * * * * * * * * * * *
B Griffithsin Dilution Series .
C | Neg | Pos Wild
D 1 1/3 1/9 1/27 1/81 | 1/243 | 1/729 | 1/2k Type
E Griffithsin Dilution Series
g Neg | Pos | 13 | e | 27 | st | 1243 | 1m2e | 172k | Mutant
H * * * * * * * * * * *

Atfter lysis of the cells, releasing Beta-galactosidase, CPRG was added and the
plates were read on a spectrophotometer with two wavelengths: 570nm and 630nm. The
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cleavage product of CPRG absorbs at 570nm, in the yellow color range, and the optimal
read was when the absorbance of the positive control was approximately 2 AU based on
the linear range of the spectrophotometer (Error! Reference source not found.A).
Absorbance at 630nm was read Development time of the plate determines how accurate
the read variation will be.

A 4 . . _ B 4
A3-5 o'?—--- 8 8 A3-5 _________ =]
=) g s B
s <3 o 4
9 / 1S B @
s25 § o e So25 e
s i F & 3 g B
% 2 5w 2 e
g 8 g @ ePof”
1.5 ) 1X 215 & 1X
I g I
2 '8 X8 2X
g 1 g9 o . § 1
05 @ <05
0 0
0 50 100 150 0 50 100 150
Time (minutes) Time (minutes)
C 2.0
=) 5 8
< §o. - 8
1.6 ! [N - 8
€ é’ < -
c ¥ 9 e S &
3 Pg ? -------------------
812 . o7 T
© o S Tl L 2
e §rs T y
© ] g
0.8
g o
g g;n @
c04 g7
[} 7]
o] -
< <] *)
0.0
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Time (minutes)
Figure Appendix B. 1 Absorbance over time of various PVO.4 Wt HIV-1 virus dilutions
to show range of spectrophotometer.
A and B show the increasing absorbance over time at 570nm and 630nm
respectively. C) shows how the absorbance at 570nm divided by the absorbance at
630nm over time peaks and then begins to decline



163

Min to AAbs AAbs AAbs
reach AAbs/ | across across across
2AU @ sec | triplicate plate total time
570nm (24 sec) | (75 sec) | (120 sec)
AAbs/sec = (2-0.1) / (60sec * 5 0.006 0.152 0.475 0.760
Min to reach 2 AU @ 570nm) 10 0.003 | 0.076 | 0.238 0.380
2 is the desired absorbance 15 0.002 0.051 0.158 0.253
threshold. 20 0.002 0.038 0.119 0.190
0.1 is.the absorbance of th_e o5 0.001 0.030 0.095 0.152
negative control, the baseline
read in all wells. 30 0.001 0.025 0.079 0.127
. 45 0.001 0.017 0.053 0.084
tAoArzsajcross_AAbS/seC time 60 | 0.001 | 0013 | 0040 | 0.063
75 0.0004 0.010 0.032 0.051
Time to read given in 90 |0.0004| 0008 | 0026 | 0042
parenthesis for each parameter
120 0.0003 0.006 0.020 0.032
150 0.0002 0.005 0.016 0.025
180 0.0002 0.004 0.013 0.021
Plate Reads
570 1 2 3 4 5 6 7 8 9 10 11
A | 0.052 | 0.053 | 0.053 | 0.052 | 0.052 | 0.051 | 0.052 | 0.051 | 0.054 | 0.053 | 0.052
B | 0.103 | 2.159 | 1.981 | 0.117 | 0.167 | 0.399 | 0.632 | 1.126 | 1.558 | 1.588 | 1.798
C |0102|1.994 |1.995|0.111 | 0.17 | 0.308 | 0.75 | 1131 | 1.779 | 1.89 | 1.825
D 0.1 1.676 | 1.645 | 0.104 | 0.135 | 0.267 | 0.599 | 1.013 | 1.522 | 1.49 | 1.701
E |0.102 | 3.693 | 3.677 | 0.132 | 0.339 | 0.984 | 1.668 | 2.791 | 3.557 | 3.693 | 3.72
F 0.1 3.674 | 3.684 | 0.135 | 0.467 | 0.987 | 1.897 | 3.302 | 3.628 | 3.665 | 3.69
G | 0.104 | 3.658 | 3.67 0.13 [ 0.341 | 0.904 | 1.662 | 2.734 | 3.475 | 3.601 | 3.63
H | 0.049 | 0.049 | 0.052 | 0.05 | 0.052 | 0.05 | 0.053 | 0.05 | 0.052 | 0.051 | 0.05
630 1 2 3 4 5 6 7 8 9 10 11
A | 0.054 | 0.056 | 0.056 | 0.055 | 0.054 | 0.054 | 0.054 | 0.053 | 0.057 | 0.056 | 0.055
B |1602|189 | 1888 | 1532|1511 | 1.66 | 1.708 | 1.732 | 1.811 | 1.67 1.83
C | 1583 |1.893 | 1.864 | 1.662 | 1.588 | 1.698 | 1.727 | 1.77 | 1.857 | 1.867 | 1.848
D | 1604|1826 | 1.772 | 1.523 | 1.638 | 1.633 | 1.711 | 1.742 | 1.825 | 1.823 | 1.82
E 1.603 | 2.354 | 2.292 | 1.619 | 1.65 | 1.744 | 1.829 | 1.987 | 2.15 | 2.257 | 2.326
F | 1554 | 2346 | 2.384 | 1.595 | 1.641 | 1.716 | 1.855 | 2.065 | 2.155 | 2.221 | 2.239
G | 1592|2267 | 2213|1611 | 1.621 | 1.72 | 1.781 | 1.926 | 2.093 | 2.168 | 2.168
H | 0.052 | 0.052 | 0.055 | 0.052 | 0.054 | 0.052 | 0.055 | 0.053 | 0.055 | 0.053 | 0.052

=570/630
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1 2 3 5 6 7 8 9 10 11
| A | 0.963 | 0.946 | 0.946 | 0.945 | 0.963 | 0.944 | 0.963 | 0.962 | 0.947 | 0.946 | 0.945
B 0.064 1.139 | 1.049 | 0.076 | 0.111 | 0.240 | 0.370 | 0.650 | 0.860 | 0.951 | 0.983
C 0.064 1.053 | 1.070 | 0.067 | 0.107 | 0.181 | 0.434 | 0.639 | 0.958 | 1.012 | 0.988
D 0.062 0918 | 0.928 | 0.068 | 0.082 | 0.164 | 0.350 | 0.582 | 0.834 | 0.817 | 0.935
E 0.064 | 1.569 | 1.604 | 0.082 | 0.205 | 0.564 | 0.912 | 1.405 | 1.654 | 1.636 | 1.599
F | 0.064 1.566 | 1.545 | 0.085 | 0.285 | 0.575 | 1.023 | 1.599 | 1.684 | 1.650 | 1.648
i 0.065 1.614 | 1.658 | 0.081 | 0.210 | 0.526 | 0.933 | 1.420 | 1.660 | 1.661 | 1.674
H ‘0.942‘0.942 0.945 | 0.962 | 0.963 | 0.962 | 0.964 | 0.943 | 0.945 | 0.962 | 0.962
Negative control: Average ( ) = 0.064
Positive control: Average (2E-G + 3E-G) = 1.026
Positive — negative = 0.962
Percent Infection:
1.28 | 4.83 | 18.32 | 31.80 | 60.91 | 82.75 | 92.16 | 95.45
m—;}% 0.28 | 4.47 | 12.19| 38.47 | 59.75| 92.90 | 98.55 | 95.97
0.44 | 1.91 | 10.33 | 29.72 | 53.78 | 80.01 | 78.28 | 90.47
| Conc. (M) 10 3.3 1.1 ]10.370 | 0.123 | 0.041 | 0.014 | 0.005
ICso Calculations:
M = slope M B ICs0
B = %lnf - (M*Con) -117.9 | 75.46 | 0.22 AverageICso(nM)E 0.20
IC50 = (50 - BYM -86.16 | 70.39 | 0.24 SD: 0.04
-97.41 | 65.80 | 0.16

Slope is determined by the points closest to 50% inhibition, which are outlined in red.
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Fold Decrease in Grft ICso after
Pre-Incubation with Virus
o = N w D (0] (e)] ~ o0 (o]
°®

Wt -2956 Wt -295 +295 Wt +295 Wit
PVO.4 BalL.01 CAP45 ZM109

Figure Appendix B. 2 Methods comparison of the single cycle neutralization assay.
Comparison of the effect of pre-incubation of Grft and virus for an hour before addition to the
cells (compared to no pre-incubation of Grft with the virus) on the ICso of Grft based on the
presence of glycosite N295. When a glycan is present at N295, pre-incubation of the virus
with Grft can cause a sizable decrease in Grft’s |1Cso.




166

Troubleshooting a Shift in Pseudo-Viral ICs

Midway through collection of data for Grft potency against various HIV mutants, a
sudden drop in the ICso occurred, shown in Error! Reference source not found., from a
steady average of 0.2nM to 0.1nM. This 2-fold drop was consistent, which resulted in a
stable fold difference between wild type and mutants. To my best guess, the media
composition was altered in a way that affected the sugar level or type. Since Grft binds

PVO.4 Wild Type IC;, over time
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Figure Appendix B. 3 Analysis of Grft Inhibition (IC50 values) over time.

Despite using identical techniques, there was an abrupt change in measured |1Cso of Grft. A)
shows the progression of ICso against PVO.4 over time from October 91" 2015 to May 16%
2018. A distinct drop in ICso occurred between February 11™, 2017 and March 21st, 2017.
Median ICso before and after the drop is indicated by a dotted trendline. Prior to February 11,
the ICso was 0.2nM + 0.06, after the drop the ICso was 0.1nM £ 0.03. This is likely due to a
change in media components. B and C. Despite specific ICso values apparently decreasing,
the fold difference between the Grft ICso against wild type virus compared to mutant virus is
largely the same. That is, the effect of each mutation of gp120 on Grft inhibition is largely the
same when considered in the context of its comparison to Grft inhibition of the wild type virus
(done at the same time). Therefore, Table 2.1 reports the ICso of Grft against the wild type of
each virus, then reports the fold difference for each variant in comparison with the wild type
virus.
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to sugars, they could have potentially been inhibiting Grft from binding to HIV, resulting
in the higher ICso. The subsequent removal or alteration of the sugar composition would
therefore lower the ICso of Grft since it can now be more effective against HIV. This
conclusion was reached after testing numerous variables, listed in Error! Reference
source not found. below.

Table Appendix B 1 TZM assay parameters tested for influence on Grft IC50.

Confluency at time of transfection
Production | Passage number
Length of virus production before collection

Virus
Freeze thaw cycles
Use Dilution used
Confluency at time of infection
TZM cells Batch
Passage number
Assay

Growth time after plating cells
Time Time of virus exposure
Growth time before read
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Appendix C
Supplemental Materials for Chapter 3

Calculations for MAGI Assay

4
3.5 O MAGI cells
' @ MAGI CCR5+ cells @
3 % £
= 4
g 2.5 @
S O
) 2
(73]
o]
2 15 o ®
1 e % t
0.5
N
0
NaPi 20uM 20uM 20uM 20uM 10uM Sortase
Buffer 5P14 5-L-T T-L-5 Tat Tat Buffer

Figure Appendix C.1 Raw Data of MAGI Assay

Testing of 5P14-Linker-Tat (5-L-T) and Tat-Linker-5P14 (T-L-5) chimeric constructs in
triplicate. Open circles indicate MAGI cells (CCR5-) and filled circles indicate MAGI
CCR5+ cells. It should be noted that Tat does not seem to follow a linear activation
curve, as evidenced by the addition of 10uM Tat only giving an absorbance of ~1 at
570nm compared to 20uM Tat giving an absorbance of ~3 at 570nm.

The average baseline absorbance caused by addition of the buffers that the
proteins were taken up in was subtracted from all samples’ absorbance (Table Appendix
C.2). Tat samples were taken up in 1X sortase buffer, all other samples were taken up in
20mM NaPi buffer pH 2.5. The adjusted reads of the 20uM Tat and 20uM 5P14-RANTES
were then each averaged and set as the 100% and 0% activation points respectively. To
convert reads of the chimeric proteins, 5P14-Linker-Tat (5-L-T) and Tat-Linker-5P14 (T-
L-5), and 10uM Tat to percent activation, the average 20uM 5P14-RANTES (0%) adjusted
absorbance was subtracted from the sample adjusted absorbance, then that value was
divided by the average adjusted absorbance of 20uM Tat (Table Appendix C.3).



Table Appendix C.1 Absorbance at 570nm - Raw Data
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2.5Napi | 20um | 20uM | 20uM B aM | 10uM 1X
Buffer | sp1a | ohodb | Tatle Tat | Sortase
Tat 5P14 Buffer
0.2961 | 02763 | 0.362 | 1.0468 | 3.0974 | 1.099 | 0.5811
0.2685 | 0.2699 | 0.354 | 0.9383 | 3.0746 | 1.0572 | 0.567
0.2603 | 0238 | 0.3472 | 0.8782 | 2.887 | 0.931 | 0.403

Table Appendix C.2 Average o

oum | 20uM | 20uM B0 M | 10uM
sp1g | oPi4l | Tatls Tat Tat
Tat 5p14
-0.06 408 | 1981 9430| 2087
-0.04 284 | 2093| 101.14| 19.68
0.10 325 | 16.29| 10455 27.59

f Buffer controls subtracted from samples

Table Appendix C.3 Samples Normalized as Percent Activation with 20uM 5P14 as 0% and
20uM Tat as 100%

oum | 20uM | 20uME s M | 10um
spra | oAl Tatle o Tat
Tat 5p14
165| -7.02| 2927| 9208 19.40
011| -6.10| 1321] 10473| 2759
154| 543| 1550| 103.19| 2881
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Figure Appendix C.2 FACS Assay in JLTRG cells Trial 2 - Unstained and untreated
Unstained - Untreated Stained - Untreated

These figures show the full
gating for FACS assay trial 2,
shown in Figure 3.14. Cells ]
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2.5uM Tat
SSC-A

5uM Tat
-A

SSC-A

Figure Appendix C.3 FACS Assay in JLTRG cells Trial 2 — Tat (Positive Control)
10uM Tat
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2.5uM 5P14
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5uM 5P14
$SC-A

SSC-A

Figure Appendix C.4 FACS Assay in JLTRG cells Trial 2 — 5P14 (Negative Control)
10uM 5P14
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2.5uM 5P14-L-Tat
SSC-A

5uM 5P14-L-Tat
ssc-A

S5C-A

Figure Appendix C.5 FACS Assay in JLTRG cells Trial 2 — 5P14-L-Tat (Sample)
10uM 5P14-L-Tat
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5P14 (Negative Control) 4 hour wash

Figure Appendix C.6 FACS Assay in JLTRG cells Trial 3 -
These figures show the full
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Figure Appendix C.7 FACS Assay in JLTRG cells Trial 3 — Tat (Positive Control) 4 hour wash

1.25uM Tat

2.5uM Tat

5uM Tat

SSC-A

250K 7 -

Ungated - 60000

.Rm_rsa.e._:unin .
5.3

100K = ..
50K =
04
T T L] T T
o 5CK 100K 150K 200K 250K
FSC-A
Ungated - 60000
250K ; oy
200K 5
150K = o
i )
w
'S
100K =
50K
0d )
T T Ll 1 T
o 5CK 100K 150K 200K 250K
FSC-A

60000

L

50K

100K 150K 200K 250K

FEC-A

P1-45171 o Single Cells - 44857 Live - 43065
250K = 5 R R
1071 10°
20CK = ]
_a_..m _o~
150K , T <
Single Cells a o
9.3 g &
100K 103 10°
i
50K ’ i o
. a0 a0®
T T 1 L B r T T T T T TR Y T
0 50 100K 150K 200K 250K 0 60K 100K 150K 200K 250K W@ o 10 10" 1
FSC-w FSC-A APC-A :: CCR5
. P1 - 43268 'Single Cells - 42981 . Live - 41798
Rl - - T E - ry =
3 10°3 ST 10°3
200K = ]
i ._Oa..m ._n_.l
4 - < E
187 Single Cells : . d
: 9.3 3 & .
10CK = i 1073 107
4 " = E
1 -3k %
50K = ,m o3 0 3
o ] a0 0%
Ll Ll I T T LI I T T T T T | kel ] - v I T T ¥ Ll
0 50 100K 150K 200K 250K O 5CK 100K 150K 200K 250K I 16* 1
FSC-W FSC-A APC-A :: CCR5
) P1 - 42532 Single Cells - 42242 3 Live — 41047
-~ TE e k . R
._oou Tl . ._omu
200K
.6&1 ._o&...
150K Singje Cells 3 3
523 g 5
100K 3 1077 1073
i
50K m 0 o d
102 .._ou._
o T T T T rr eI T T T T T T T Ty LA §
] 50K 100K 150K 200K 250 0 50K 100K 150K 200K 250K i ._au o ._am an ._ou
FSC-W FSC-A APC-A :: CCR5




176

Figure Appendix C.8 FACS Assay in JLTRG cells Trial 3 — 5P14-L-Tat (Sample) 4 hour wash
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2.5uM 5P14

5P14 (Negative Control) 12 hour wash
5uM 5P14

Figure Appendix C.9 FACS Assay in JLTRG cells Trial 3 -
These figures show the full
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Figure Appendix C.10 FACS Assay in JLTRG cells Trial 3 -
Tat (Positive Control) 12 hour wash
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Figure Appendix C.11 FACS Assay in JLTRG cells Trial 3 -
5P14-L-Tat (Sample) 12 hour wash
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Figure Appendix C.12 FACS assay to test J-Lat 8.4 cells -
unstained and untreated controls

These figures show the full gating for
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Figure Appendix C.13 FACS Assay to Test J-Lat 8.4 Cells -

Staining with anti-CCRS5 antibodies
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Treated with Tat (5uM & 2.5uM)

Figure Appendix C.14 FACS Assay to Test J-Lat 8.4 Cells -
5uM Tat
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Figure Appendix C.15 FACS Assay to Test J-Lat 8.4 Cells -

Treated with Tat (20uM & 10uM)
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