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DISSERTATION OVERVIEW

This dissertation describes my scientific contribution to our understanding of the
interactions between cytomegalovirus (CMV) and CD4" T cell immunity. CMV-specific T
cell responses uniquely undergo unusual expansion, and this phenomenon is known as
memory inflation. Memory inflation is a lifelong observation of unusually elevated
magnitudes of MHC- or HLA-restricted CMV epitope-specific T cells in
immunocompetent CMV-seropositive (CMV*) hosts such as humans, rhesus macaques
and mice with chronic, latent CMV infection. Memory-inflated CMV-specific T cell
responses are different from conventional (or classical, i.e. non-inflated) CMV-specific T
cell responses because the latter contract to lower magnitudes after primary CMV
infection. This feature is unique to CMV for reasons that are yet to be elucidated. There
have been more studies on memory inflation of CD8" T cells than of CD4" T cells.
Furthermore, most of the studies have been conducted only on immunocompetent hosts
despite CMV’s burden on immunodeficient subjects. The overarching objective of this
dissertation is to characterize conventional and memory-inflated human CMV (HCMV)
epitope-specific CD4" T cell responses in HIV-seropositive (HIV*) and HIV-seronegative
(HIV") individuals.

In Chapter |, | start with an overview of CMV disease and virology. | describe the
lytic and latent infection caused by CMV, an important pathogen that over 70% of
Americans are exposed to by 60 years of age, which typically causes asymptomatic
infection in immunocompetent hosts. Next, | discuss the adaptive immune response to

CMV, beginning with the ontogeny of CD4" T cells and their protective response against
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CMV. | then describe the characteristics of and proposed mechanisms that cause
memory-inflated CMV-specific T cell responses. | include a comprehensive list of major
histocompatibility complex class Il HCMV epitopes that display conventional- or
inflationary-like phenotypes based on published literature and the level of evidence
supporting each epitope. A similar list for class | HCMV epitopes is also included for
comparison because memory inflation is well-documented for CD8" T cells. | wrap up
this chapter with a brief overview of the pathway of HIV infection, how that intersects
with the formation of memory-inflated HCMV-specific CD4" T cell response in HIV*
individuals, and why inflated responses with a CD28 and a CD38"HLA-DR" activation
profile might be important mediators of emerging non-Acquired Immune Deficiency
Syndrome-related cardiovascular comorbidities in HIV® subjects since the advent
effective antiretroviral therapy.

In Chapter Il, | show evidence of the presence, functional properties, as well as
provide potential mechanistic explanations for and clinical implications of memory-
inflated HCMV-specific CD4" T cells in HIV® and HIV individuals who were HCMV-
seropositive (HCMV™) with undetectable HCMV plasma viremia. For these HCMV
studies and the remaining work in this dissertation, | focus primarily on CD4" T cells
specific for the HLA-DRB1*07:01 (DR7)-restricted DYSNTHSTRYV (DYS) epitope of
HCMV glycoprotein B because of the robust immune response induced by this epitope.
| used HLA-DR7 tetramers loaded with the DYS epitope to facilitate ex vivo analysis.
DYS-specific CD4" T cells were inflated among the HIV* subjects compared to those
from a HIV- HCMV® HLA-DR7" cohort, or to HLA-DR7-restricted CD4" T cells from an

HIV and HCMV co-infected cohort that were specific for epitopes of HCMV
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phosphoprotein-65 (EPDVYYTSAFVFPTK [EPD] epitope), tetanus toxoid precursor,
Epstein-Barr virus nuclear antigen 2 or HIV gag protein. Inflated DYS-specific CD4" T
cells comprised effector memory or effector memory-RA* subsets. These cells
possessed restricted T cell receptor beta chain and nearly monoclonal complementarity-
determining region 3 (CDR3) that contained novel conserved amino acids. Inflated
DYS® CD4" T cells were polyfunctional, not senescent, and displayed high ex vivo
levels of granzyme-B, CX3CR1, CD38 or HLA-DR, but were less often CD38"HLA-DR*
co-expressing. The inflation mechanism did not involve apoptotic suppression,
increased proliferation or HIV gag cross-reactivity. Instead, these findings suggest that
intermittent or chronic expression of epitopes such as DYS might drive inflation of
activated CD4" T cells that traffic to endothelial cells that express the fractalkine ligand
for CX3CR1, serve as possible latent HCMV reservoirs, and have the potential to
mediate cytotoxicity and vascular disease.

In Chapter I, | describe the contributions of the inflated DYS* CD4" T cells to
latent HIV reservoirs. This determination was made by quantitating the HIV DNA
content using droplet digital polymerase chain reaction (ddPCR). The hypothesis is that
DYS" CD4" T cells are enriched latent HIV reservoirs due to their high magnitude and
near monoclonality, while the alternate hypothesis is that inflated DYS®™ CD4" T cells do
not serve as enriched reservoirs of latent HIV DNA. The frequency of CD4" T cell latent
HIV reservoirs among total CD4 populations in a given, chronically infected subject on
antiretroviral therapy is less than 1-in-1,000,000. Therefore, a very sensitive technique
is needed to accurately quantify and compare low frequency reservoirs. ddPCR

sensitivity for detecting this reservoir was optimized by comparing EvaGreen primers to
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TagMan assays. The results showed that TagMan assays were much better at
sensitively and specifically detecting very low frequency targets. With this assay, |
detected HIV DNA in whole CD4" T cells from a HIV® cohort. Using a subject who had
an adequately high DYS" tetramer response for bulk cell sorting, | demonstrated that
memory-inflated DYS® CD4" T cells might not be enriched HIV latent reservoirs. This
finding refutes the initial hypothesis and confirmed the alternate hypothesis instead.
Nevertheless, this finding should be confirmed using samples from additional subjects.
If confirmed, a possible explanation is that CMV-specific T cell memory inflation occurs
in cellular and anatomical locations that do not intersect with the sites where HIV
infection is established. Additional explanation of this possibility is discussed in Chapter
I (Introduction) of this dissertation. One drawback of ddPCR’s application in studying
HIV latent reservoir is that it is currently unable to determine whether detected latent
HIV DNA is replication-competent or defective. In summary, my findings in this chapter
show that ddPCR is a powerful yet limited tool in characterizing latent HIV reservoirs
and that memory-inflated CD4" T cells might not be enriched in HIV reservoirs despite
the oligoclonal nature of these cells.

In Chapter IV, | investigate the use of single-cell RNA sequencing (scRNA-seq)
to determine the transcriptomic profile of the inflated DYS® CD4" T cells in order to
identify a potential mechanism of inflation that is intrinsic to inflated DYS* CD4" T cells.
The primary hypothesis is that inflated DYS® CD4" T cells contain upregulated mRNA
transcripts of genes such as CX3CR1 that mediate interaction with endothelial cells, and
CD38, CD74 (HLA-DR), granzyme B, IFN-y, and TNF-a that are produced upon T cell

activation compared to conventional EPD* CD4" T cells based on observed protein
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expression in Chapter Il. The method involved single-cell sorting, RNA sequencing and
comparison of transcriptomic profiles of CD4" T cells specific to both of these epitopes.
Although the results were derived from only one subject and thus requires validation to
determine whether they refute the primary hypothesis, they seem to suggest that genes
of other relevant but undetected proteins in Chapter Il that mediate endothelial cell
interaction and T cell activation might be upregulated within inflated DYS® CD4" T cells
compared to conventional EPD* CD4" T cells. The findings show a fundamental
difference in the consensus transcriptome of inflated DYS™ T cells compared to that of
the non-inflated control. At the individual gene expression level, the upregulation of
SELL and PSTK is observed among the inflated DYS® CD4" T cells; the protein
products of these genes facilitate both the interaction of lymphocytes with endothelial
cells and the activation of T cells via stimulation of the T cell receptors. In addition,
higher levels of VPS13D and EXOC4 transcripts are detected; VPS13D and EXOC4
proteins mediate the trafficking of secretory vesicles to cell membranes, a finding that
complements the polyfunctionality and cytotoxicity documented in Chapter Il. A host of
other proteins that are involved in cell proliferation were also detected. In summary, this
chapter identifies additional potential phenotypic characteristics of inflated DYS* CD4* T
cells that, when validated, would suggest that the mechanism of their inflation might
involve the activation and subsequent proliferation after stimulation of their TCR.

In Chapter V, | summarize my findings and discuss the future directions of the
integrated body of work from Chapters Il, lll and IV. | highlight the major observations
and discuss the implications, possible teleological reasons and potential mechanistic

explanations based on current literature. It is important to separately evaluate inflated
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and non-inflated CMV-specific T cell responses in future studies. Overall, memory
inflation is a phenomenon that depends on multifactorial elements that are all necessary
but not individually sufficient in order for it to occur. The critical elements documented in
this dissertation include CMV seropositivity, specific TCR CDR3 repertoire with
conserved amino acid residues, and a unique transcriptome and protein expression
profile. Based on the collective findings outlined in this dissertation and current literature
on memory inflation, | describe a multi-omic criterion that improves the resolution of
identifying memory-inflated T cells. The identification criterion of memory-inflated T cells
is defined by the following:

1. Upregulated mRNA transcripts for the following genes: TBX21 (T-bet), EOMES,
PRDM1 (Blimp-1), ADRB2 (beta-2 adrenergic receptor), FGFBP2 (fibroblast growth
factor binding protein 2) and GPR56 (G protein-coupled receptor 56); and after
validation of the scRNA-seq findings, SELL (CD62L protein), PSTK (phosphoseryl-
TRNA kinase), VPS13D (vacuolar protein sorting-associated protein 13D), EXOC4
(exocyst complex component 4 protein), and IL12RB1 (IL-12 receptor beta 1
subunit);

2. Downregulated MAF1 gene transcript (repressor of RNA polymerase Il transcription
MAF1 homolog protein) after validation of the scRNA-seq findings;

3. Upregulated expression of the following proteins: CX3CR1, granzymes A, B and H,
perforin, IFN-y and TNF-a; and

4. Downregulated expression of the following proteins: CD28, CD27, CD127 (IL-7R),

TIGIT, and for most of the cells, and CCRY.
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The future directions of this work include determining the mechanisms governing
memory inflation from virological and immunological viewpoints; defining the
contributions of memory-inflated T cell responses, especially Teura Subsets to the
increased T cell activation that is believed to mediate cardiovascular comorbidities in
HIV* subjects as the findings could raise safety implications for CMV vaccines in trials
being planned in both HIV* and HIV" subjects; and finally, determining the mechanism of
latent HIV persistence in epitope-specific CD4" T cell reservoirs.

In Chapter VI, | describe all materials and methods for the experiments
presented in my dissertation. | also highlight the contributions of various members of the
laboratories of Simon Mallal, Spyros Kalams and Elizabeth Phillips in assay

development, experiment execution and data analysis.
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CHAPTERI

INTRODUCTION

Human Cytomegalovirus (HCMV) Discovery and Transmission

The characteristic intranuclear inclusion pathology (Figure 1.1) with an owl’s eye that is
induced by human cytomegalovirus (HCMV) was initially observed in sectioned tissues
from patients by three German scientists (Ribbert H., Jesionek A., and Kiolemenoglou
B.) around 1881 (Ho, 2008). This clinical finding earned it the initial name, “cytomegalic
inclusion disease,” until the causative viral agent was discovered and named
“cytomegalovirus” by Dr. Thomas Weller in the 1950s (Craig et al., 1957; Ho, 2008).
Drs. Margaret Smith and Wallace Rowe independently discovered CMV around the
same time as Dr. Weller (Rowe et al., 1956; Smith, 1956).

HCMV, also known as human herpesvirus-5 (HHV-5) is a member of the
betaherpesvirinae subfamily, with other host-specific species besides humans that
include mice (murine CMV, MCMV), monkeys, rats (RCMV) and pigs (Davison et al.,
2013). Antigenic variability exists within subfamilies, as HCMV strains propagated
during natural infection have been shown to possess highly heterogeneous genomes
(Gorzer et al., 2010; Renzette et al., 2011). HCMV is commonly transmitted via bodily
fluids including saliva, urine, semen, tears, stool, blood, and breast milk; breast milk is
one of the methods of maternal vertical transmission to a newborn (Sia and Patel,

2000). The virus can also be transmitted to the fetus during pregnancy across the
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Figure 1.1 First documented evidence of HCMV inclusion bodies. Left Cells with intranuclear inclusions with halo
thought by Jesionek and Kiolemenoglou to represent parasites. Right CMV infected cytomegalic cell with

intranuclear inclusion with halo. Note also cytoplasmic inclusion on the left side of the cell. This figure and its caption
were obtained from Ho, 2008 and used upon approval by Springer under license number 4175030518734.

placenta. HCMV is also transmitted via either solid-organ transplantation (SOT) or
hematopoietic stem cell transplantation (HSCT) (Sia and Patel, 2000). The
seroincidence of HCMV infection increases with age from 6 years to over 75 years
(Figure 1.2). In developed countries, seroprevalence ranges from 30% to 90%,
depending on age and other demographic factors (Staras et al., 2006), and is influenced
by living conditions, as subjects living in less hygienic conditions suffer higher and

earlier rates of transmission (Mocarski et al., 2013).
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Figure 1.2. HCMV seroprevalence increases with age. Data from the Third National Health and Nutrition
Examination Survey, 1988-1994, showing results of testing for seroprevalence of cytomegalovirus (CMV), by age
and race. Data were adjusted for sex, household income level, education, marital status, area of residence, census
region, family size, country of birth, and type of medical insurance. This figure and its caption were obtained from
Staras et al.,, 2016 and used upon approval by Lin Liu and Oxford University Press under license number

4175040990043.

HCMV Disease

HCMV infection of immunocompetent individuals usually results in asymptomatic
infection (Rowe et al., 1958), including over 90% of pregnant mothers who suffer
primary infection during pregnancy (Stagno et al., 1986). Some patients develop
mononucleosis that is accompanied by fever, fatigue, headache and muscle ache,

elevated liver enzymes (alanine aminotransferase, ALT, and aspartate



aminotransferase, AST), lymphocytosis, atypical lymphocytes, and in rare instances,
adenopathy, hepatomegaly and splenomegaly (Mocarski et al., 2013).

Overt clinical manifestations of HCMV infection are observed in
immunosuppressed subjects including transplant recipients and patients with Acquired
Immunodeficiency Syndrome (AIDS) with CMV-induced retinitis, and gastrointestinal
and other complications (Andersen and Spencer, 1969; Gertler et al., 1983; Knapp et
al., 1983). These complications of CMV are comprised of either “end-organ disease” or
CMV syndrome (Ljungman et al., 2017). Diagnosis of HCMV-associated end-organ
disease requires observation of HCMV clinical signs and symptoms and detection of
HCMV in the tissue (Ljungman et al.,, 2017). These include HCMV retinitis, HCMV
hepatitis, HCMV gastrointestinal disease, central nervous system (CNS) disease,
HCMV pneumonia, nephritis, cystitis, myocarditis and pancreatitis (Ljungman et al.,
2017). The ability of HCMV to cause severe complications in immunosuppressed
subjects led to the early observation that it caused opportunistic infection among HIV
subjects during the early years of HIV’s first incidence (Drew et al., 1981). Before the
development and administration of antiretroviral therapy (ART) to human
immunodeficiency virus (HIV)-infected subjects, about 40% of patients with advanced
HIV infection eventually suffered from HCMV-related opportunistic infections (Bowen et
al., 1996). This typically occurred in subjects with CD4" T cell counts of <100 per pl of
blood (Palella et al., 1998; Salmon-Ceron et al., 2000). The most common HCMV
disease in HIV® subjects is retinitis (Figure 1.3) (Keunen and Rothova, 1995).

Esophagitis, colitis, gastritis, hepatitis and encephalitis have also been reported



Figure 1.3 Cytomegalovirus retinitis in AIDS. A 35-year-old man with the [sic] acquired immunodeficiency
syndrome presented with floaters and blurred vision in both eyes. In the left eye (Panel A), the white wedge-shaped
areas with accompanying hemorrhage along the inferior vascular arcade (arrows) represent necrosis of the retina.
The arrowhead points to the optic disk. In the right eye (Panel B), the peripheral retina shows white sheathing along
the blood vessels, so-called frosted-branch sheathing (arrows), a finding characteristic of vasculitis but not
pathognomonic for cytomegalovirus retinitis. This figure and its caption were obtained from Keunen and Rothova,
1995 and reproduced with permission from The New England Journal of Medicine, Copyright Massachusetts Medical
Society.

(Gallant et al., 1992; Steininger et al., 2006). Furthermore, the rate of HIV disease
progression to AIDS or death is more rapid in HCMV co-infected individuals;
homosexual men with AIDS have higher HCMV titer compared to subjects without AIDS
(Fiala et al., 1986). In another group of HIV* homosexual men, 100% of them had CMV
IgG antibody and CMV was detected in the semen of 45% of them (Leach et al., 1993).
Among solid-organ transplantation (SOT) recipients, HCMV seronegative
recipients (R’) receiving organs from seropositive donors (D*) on immunosuppressive
therapy have the greatest risk of developing HCMV disease. Among a cohort of 320
DR renal transplant recipients, about 56% were infected with HCMV after SOT, which
caused the death of 25% of recipients and graft rejection in 20% of the recipients

(Marker et al., 1981). The definition of CMV syndrome encompasses prolonged fever,



malaise, leukopenia, elevated atypical lymphocytes, thrombocytopenia, neutropenia,
and elevated ALT and AST liver enzymes (Ljungman et al., 2017; Mocarski et al.,
2013). Other CMV complications in SOT patients include pneumonitis (Neiman et al.,
1977), enterocolitis (Veroux et al., 2007), esophagitis (Harada et al., 2005), gastritis
(Llado et al., 2008), and pancreatitis (Klassen et al., 2000). These manifestations occur
at different times in different types of SOT. The type of organ being transplanted (Sia
and Patel, 2000), quality and extent of suppressive immunotherapy regimen (Best et al.,
1995; Portela et al., 1995), and co-infection with human herpesvirus-6 (Dockrell et al.,
1997), all determine whether a solid-organ recipient develops CMV-related
complications. While early administration of ganciclovir or valganciclovir prophylactic
anti-CMV treatment reduces the incidence of CMV disease in SOT recipients, about 26—
29% of the kidney transplant recipients (Arthurs et al., 2008; Boudreault et al., 2011) or
7% of liver transplant recipients (Limaye et al., 2004) still suffer from delayed disease
onset after treatment is discontinued post-transplantation. HCMV is associated with the
rejection of both cardiac allografts in about 30% of transplant recipients (Grattan et al.,
1989) and renal allografts in about 61% of transplant recipients (Sagedal et al., 2002).
Furthermore, it is associated with stenosis of coronary arteries in heart transplant
patients (Koskinen et al., 1993; McDonald et al., 1989) and renal arteries in kidney
transplant patients (Audard et al., 2006; Pouria et al., 1998).

Hematopoietic stem cell transplantation (HSCT) patients undergo extended
immune suppression, especially after allogeneic transplant. In addition to D*/R
recipients, D*/R" and D/R* asymptomatic HCMV-seropositive recipients have high risks

of developing HCMV disease (Broers et al., 2000). The risk of CMV disease occurrence



in D/R* HSCT recipients is most likely due to treatment related mortality (Broers et al.,
2000). HCMV-seropositive leukemia patients receiving T cell-depleted bone marrow
transplantation from matched unrelated donors are more likely to have increased
transplant-related mortality and reduced overall survival compared to HCMV-
seronegative subjects receiving similar tissues (Meijer et al., 2002). The age of the
recipient, the level of mismatch in the human leukocyte antigen (HLA) between the
donor and recipient, the source and use of T cell-depleted hematopoietic stem cells and
the amount and quality of post-transplant immunosuppression all determine whether or
not an HSCT recipient experiences HCMV reactivation (Boeckh et al., 2003; Hebart and
Einsele, 2004). An important complication in SOT and HSCT recipients receiving
allogeneic tissues with mismatched HLA alleles is graft-versus-host-disease (GVHD).
GVHD in renal allograft recipients is believed to be partly mediated by a variety of
alloreactive virus-specific CD4" and CD8" memory T cells, including CMV-specific T
cells, that can be induced by vaccination, and likely cross-react with allogeneic HLA
class Il and | molecules from donors, respectively (Amir et al., 2010; D'Orsogna et al.,
2011).

HCMYV is the leading infectious cause of deafness (Fowler and Boppana, 2006)
and neurodevelopmental deficits in newborns (Ross and Boppana, 2005). Most
congenital HCMV infections are asymptomatic. However, up to 27% and 40% of
congenital HCMV-infected newborns develop hearing loss and neurological deficits,
respectively (Boppana et al.,, 1992). Other complications from congenital HCMV
infection include petechiae, jaundice, hepatosplenomegaly, microcephaly, hepatitis,

thrombocytopenia, and elevated cerebrospinal fluid proteins (Boppana et al., 1992)



Infection of seronegative pregnant women during the first trimester poses the greatest
risk of severe HCMV disease (Pass et al., 2006). The combined prevalence of
congenital infection either by neo-infection of or latent reactivation within pregnant
mothers from a world-wide collection of studies is about 0.64% (Kenneson and Cannon,
2007). Compared to primary HCMV infection of pregnant women, recurrent HCMV
infection from latent reactivation during pregnancy poses lesser risk of symptomatic
congenital HCMV disease probably due to protective maternal HCMV antibodies
(Fowler et al.,, 1992; Stagno et al., 1982). Also, congenital infection from primary
infection is more likely to occur among high-income pregnant women (Fowler et al.,
1992; Stagno et al., 1982). Overall, the fetal gestational age when the mother acquires
infection, whether the mother has primary infection or latent reactivation, viral load, and
clinical features of the neonate all determine the risks and consequences of congenital

HCMV infection (Mocarski et al., 2013).

HCMV Virology

HCMV is a double-stranded DNA herpesvirus (Roizmann et al., 1992). The HCMV virion
consists of a human cell membrane-derived outer, lipid bilayer envelope that is
embedded with structural transmembrane glycoproteins (Mach et al., 2007). The
envelope encloses the phosphoprotein-rich tegument, which surrounds an icosahedral,
162-capsomere nucleocapsid that houses the genome (Caposio et al., 2013). The

genome is comprised of a linear, 235 kilobase-pair double-stranded DNA that is the



largest of all human herpes viruses (LaFemina, 1980) and encodes between 165 and
181 genes (Dolan et al., 2004; Scalzo et al., 2009).

HCMV’s genome consists of unique-long (U.) and unique-short (Us) sequence
segments that are each flanked by inverted repeats, a feature unique to HCMV among
cytomegaloviruses of the primates and not shared by murine cytomegaloviruses. U is
flanked by terminal-repeat-long (TR.) and internal-repeat-long (IR.) and they are all
adjacent to the terminal-repeat-short (TRs) and internal-repeat-short (IRs) (Davison et

al., 2003; Weststrate et al., 1980) (Figure 1.4).

TR, U, IR, IRs Us TRg
Figure 1.4 CMV genome structure (not to scale). Unique and repeated regions are shown as horizontal lines and
rectangles, respectively, with the orientations of the latter shown by arrows. This figure and its caption were obtained
from Davison et al., 2013 and used upon approval by Caister Academic Press under written permission granted by
Dr. Andrew Davison.

There are identical direct terminal repeat sequences that flank both ends of the
entire genome, including an inverted repeat of the sequence in-between the IR, and the
IRs sequences (Davison et al., 2013). A list of all proteins and their respective open
reading frames (ORFs) contained within a mature HCMV virion—as determined by
liquid chromatography and Fourier Transform lon Cyclotron Resonance mass
spectrometry—are shown in (Table 1.1) (Caposio et al., 2013). HCMV DNA replication
during its lytic cycle (discussed below) begins at the cis-acting, origin of replication
site—oriLyt—a three kilobase-long nucleotide sequence that is embedded between
UL57 and UL69 ORFs (Zhu et al., 1998) and that is strongly conserved between human

herpesviruses.



HCMV HCMV

Group ORF Comments Group ORF Comments
Capsid uL46 Minor capsid binding protein ULi00 gM
UL48-40 Smallest capsid protein uLiis gL
uLso Assembly precursor UL119  1gG Fe-binding glycoprotsin
UL85 Minor capsid protein UL132=
UL86 Major capsid protein us27 G-protsin coupled receptor
Tegument uL24 Tegument protein Transcription/ IRS1 Transcriptional transactivator; US22
UL25  Tegument protain; UL25 family replication family
UL26 Tegument protein, US22 family machinery TRS1 Viral gene transactivator
uL32 Tegument protein, pp150 uL44 DNA procassivity factor
uL3s Tegument phosphoprotain, UL25 family uL4s Ribonucleotide raductase homologue

(enzymatically inactive)
ULS51 Terminase component
uUL54 DNA polymerasa
UL57 ssDNA-binding protein
UL69 Posttranscriptional regulator of gene

uL43 Tegument protain, US22 family
uL47 Tegument protein

UL48 Large tegument protein

UL71= Tegument protain

uLs2 Upper matrix phosphoprotsin, pp71 axprassion

uLs3 Lower matrix phosphoprotein, pp65 uL72 Deoxyuridine triphosphatase homologue

uL8s8 Tegument protein (enzymatically inactive)

ULo4 Tegument protein uL79* DNA replication

UL96 Tegument protein uL34 Transdominant inhibitor of IE2-mediated
transactivation

uLo9 Tegument protain, pp28
UL103* Tegument protsin uLso Terminase component

US22  Tegument protsin; US22 family UL87  Phosphotransferase

US23*  Tegument protein, US22 family UL104  DNA packaging protein; capsid portal

protein
. ] §
us24 Tegument protain, US22 family UL112  DNA replication
Glycoproteins RL10

uL122 Viral and cellular gene transactivator, IE2
TRL14=

ULSe RL11 family
UL22A  Secretaed glycoprotain
uUL33 G-protein coupled raceptor

UL38s

UL41A

uLs0 Membrane protsin involved in nuclear
capsid egress

uLss gB

UL73 gN

uL74 [+ 0]

UL75 gH

UL77 Pyruv_oyl decarboxylase; DNA packaging
protein

uLa3

Table 1.1 HCMV proteins found in virions. HCMV proteins isolated from virions that were identified by liquid
chromatography-mass spectrometry/mass spectrometry and Fourier Transform lon Cyclotron Resonance. This table
and its caption were obtained from Caposio et al., 2013 and used upon approval by Caister Academic Press under
written permission granted by Dr. Patrizia Caposio.

®Denotes proteins newly identified associated [sic] with HCMV virions.
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The glycoproteins of the HCMV envelope include glycoprotein B (gB from UL55
ORF), H (gH from UL75 ORF), L (gL from UL115 ORF), M (gM from UL100 ORF), N
(gN from UL73 ORF) and O (gO from UL74 ORF) (Figure 1.5) (Caposio et al., 2013;
Feire, 2013; Varnum et al., 2004). Neutralizing antibodies have been identified that
recognize gB (Britt et al., 1990), gH (Cranage et al., 1988), gH/gL (Macagno et al.,
2010) and gM/gN (Shimamura et al., 2006) as primary targets. The primary role of these
proteins is to facilitate entry into host cells. Specifically, gB, gH and gL help attach
HCMYV to the cell surface for entry, while gM and gN are important for the maturation of
newly synthesized HCMV virions. During attachment, HCMV uses gB to bind the
heparan sulfate proteoglycan on the surface of the host cell from where gB undergoes
cell entry into the plasma membrane or endocytic vesicles via a pH-independent
mechanism (Compton et al., 1993). The Endoplasmic Reticulum-Golgi Intermediate
Compartment (ERGIC) of HCMV-infected cells produces cytoplasmic vacuoles that are
proximal to the Golgi apparatus and facilitate the formation of the HCMV envelope
membrane for new virions (Homman-Loudiyi et al., 2003).

The envelope membrane surrounds the tegument that is comprised of
phosphoproteins, with the lower matrix phosphoprotein-65 (pp65; also known as unique
long 83, UL83) being the most abundant. pp65 is the most dominant protein in dense
bodies, comprising up to 60% of the total protein (Baldick and Shenk, 1996; Irmiere and
Gibson, 1983). pp65 is commonly used to determine the size and quality of CMV-
specific T cell responses in subjects being screened for immunity against CMV (van der

Bij et al., 1988) based on its extremely high immunogenicity (Jahn et al., 1987). One of
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gH,gL,gO

GPCR (US27, UL33)

Figure 1.5 HCMV structure. HCMV virions are comprised of three major layers. The first layer is the nucleocapsid
containing the linear double-stranded viral DNA genome, which is surrounded by a proteinaceous tegument layer.
The tegumented capsids are enveloped by a host-derived lipid bi-layer that is studded with viral glycoproteins. This
figure and its caption were obtained from Caposio et al., 2013 and used upon approval by Caister Academic Press
under written permission granted by Dr. Patrizia Caposio.

the major actions of pp65 is to suppress the immediate type 1 interferon response that
occurs after HCMV binds and infects a new cell (Abate et al., 2004). This enables the
newly infected cell to evade immune recognition, as the virus is able to prevent it from
inducing an early anti-viral immune response. Some of the other proteins that make up
the tegument include upper matrix pp71, which enhances HCMV infectivity (encoded by
UL82) (Baldick et al., 1997; Ruger et al., 1987); large matrix pp150 (encoded by UL32)

(Jahn et al., 1987); pp28 (encoded by UL99) (Meyer et al., 1988); and the largest
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tegument protein (encoded by UL48) (Yu et al., 2011). In all, there are 32 proteins within
the tegument that are expressed by HCMV genes (Silva et al., 2003). These proteins
have a wide range of functions including the facilitation of nucleocapsid trafficking to
nuclear pores along microtubules during initial infection, from where HCMV enters the
nucleus (Ogawa-Goto et al., 2003). In all, the tegument contains a majority of HCMV’s
protein (Varnum et al., 2004), and most of them likely help with virion assembly,
disassembly and regulation of host cellular response (Kalejta, 2008).

The nucleocapsid is made up of four herpesvirus proteins: (i) the major capsid
protein from UL86 gene, (ii) the minor capsid protein from UL46 gene, (iii) the minor
capsid protein binding protein from UL85, and (iv) the smallest capsid protein from
UL48A (Mocarski et al., 2013). Additionally, present within the nucleocapsid are (i) a
500-base-pair-long virus associated-RNA (vRNA-1), and (ii) a 300-base-pair-long
VRNA-2 that forms a RNA-DNA hybrid with HCMV’s genome at the origin of lytic

replication (Prichard et al., 1998).

HCMV Infection

Lytic or productive infection

HCMV infects a wide range of cells and tissues. The major cells within the
gastrointestinal tract, placenta, lungs, nasal mucosa, trachea, thyroid, bone marrow,
spleen, urinary bladder, and urethra that are infected by HCMV include epithelial cells;
systemic endothelial cells, especially those in the vasculature; fibroblasts; and smooth

muscle cells (Chen and Hudnall, 2006; Gordon et al., 2017; Muhlemann et al., 1992;
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Ng-Bautista and Sedmak, 1995; Roberts et al., 1989; Sinzger et al., 1993). Other
cells/tissues infected by HCMV include monocytes and/or macrophages, brain
glial/neuronal cells, neutrophils, stromal cells, cardiac myocytes, reticular cells in the
spleen and lymph nodes, hepatocytes, endometrial stromal and glandular cells, breast
myometrium, fallopian tube submucosa and the kidney (Ibanez et al., 1991; Myerson et
al., 1984; Sinzger et al., 2000).

HCMV can infect both undifferentiated and differentiated cells, but viral
replication can only occur in differentiated cells (Sissons et al., 2002). The process of
HCMV replication depends on eight important proteins from the following ORFs: UL54
(polymerase), UL57 (single-stranded DNA-binding protein), UL102 (helicase), UL105
(primase), UL44 (polymerase-associated factor), UL70 (primase-associated factor)
(Iskenderian et al., 1996; Kagele et al., 2012; Pari and Anders, 1993), IE2 (encoded by
UL-123), and UL84 (Pari et al., 1993). An important promoter in the replication cycle of
HCMV is the major immediate early promoter (MIEP). This promoter plays a significant
role in the initiation of transcription of immediate early 1 (IE1) and IE2 genes after cell
infection (Puchtler and Stamminger, 1991; Stenberg et al., 1989), suppression of HCMV
genes during latency and the re-expression of viral genes during reactivation (Mocarski
et al., 2013). The replication cycle of HCMV in a human cell is depicted in (Figure 1.6).

There are three sequential stages of HCMV transcription, which correspond to
five classes of genes: immediate early (IE), early (E), delayed early, late (L) and true
late gene transcriptions (Spaete and Mocarski, 1985). CMV IE genes are defined as
genes expressed within the first two hours of cell infection, while early genes are

expressed in the first twenty-four hours, and late genes are expressed after the first
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Figure 1.6 Summary of the human cytomegalovirus (HCMV) replication pathway. Major steps in productive
replication are indicated in large gray font with outline, black arrows indicate the progression of steps and viral
functions. Individual gene products listed under each step are identified by provisional abbreviated names as either
herpesvirus core (red text) or beta herpesvirus conserved (black text). Viral attachment and penetration occur either
via direct fusion at the cell surface (fibroblasts), dependent on gB, gH:gL and gH:gL:gO, or via endocytosis into other
cell types (endothelial and epithelial cells) where the pentameric complex, gH:gL:p128:p130:p131A, also facilitates
entry (see text). In addition to the interferon (IFN)-like activation of cells by the process of attachment and
penetration, input virion tegument proteins (UL69/MRP, pp71/VTA, pp65, UL35, UL26, and UL29-UL28) regulate
cellular pathways. NC-associated UL47, UL48, and smallest capsid protein (SCP) are predicted to facilitate the final
steps in entry and uncoating that deliver input nucleocapsid (NC) via microtubules (MT) to nuclear pore (NP)
complexes where the viral genome is released into the nucleus. Transcriptional regulation of viral and host cell gene
expression is mediated by IE genes (IE1, IE2) or DE genes (UL34, UL35, UL112-UL113, and UL69); cell death
suppression is mediated by IE gene products vICA and vMIA, and other regulatory processes are facilitated by UL34,
UL38, and UL112-UL113 proteins. DNA replication depends on core proteins (POL:PPS, HP, SSB, NUC, and UNG)
as well as one beta herpesvirus-specific protein (UL84 gene product) that facilitates initiation of DNA synthesis.
Capsids assemble from MCP, TRI, SCP, PORT, and AP. Preformed capsids process PR-AP (UL80) and AP as viral
DNA is encapsidated by the TER complex (UL89, UL56, UL51) through a PORT (UL104) pentamer, followed by
predicted addition of the CVC complex (UL77, UL93) onto NC pentamers, with UL95, UL52, UL32, and UL96 added
for NC stabilization. Nuclear egress of the NC is mediated by the NEC (UL50, UL53). Following primary envelopment
at the inner nuclear membrane (/INM), and de-envelopment at the outer nuclear membrane (OMN), capsid
stabilization is ensured by the function of NSP/pp150 (UL32) and UL96, with nuclear egress and transport facilitated
by VPK (UL97). Glycoproteins incorporated into the envelope are synthesized in the endoplasmic reticulum (ER),
glycosylated in the Golgi body (GB), and delivered by vesicle transport (dashed gray arrow) to join NC at sights of
secondary envelopment on ER Golgi intermediate compartment (ERGIC). Secondary envelopment requires UL99,
UL94, gM/UL100:gN/UL73, UL71, UL88, UL47, and UL48, acting together with VPK. Following the acquisition of an
envelope, virus particle (VP) as well as capsidless dense body (DB) egress is facilitated by VEP/UL103 for release
into the extracellular space. This figure and its caption were obtained from Mocarski et al., 2013 and used upon
approval by Lin Liu and Oxford University Press under license number 4175060572987.
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twenty-four hours (Stinski, 1978). Host and viral factors play significant roles in the
initiation and regulation of viral genome transcription. Transcription of IE1 genes occurs
without initial protein synthesis. MIEP enhances the gene transcription and expression
of IE1 and IE2 transactivators (Ghazal et al., 2013). IE2 regulates- and IE1 enhances
the transactivation of CMV'’s E1.7 early promoter that induces CMV gene expression
(Chang et al., 1989; Malone et al., 1990). Additionally, IE1 and IE2 both induce host
gene promoters including c-fos and c-myc proto-oncogenes as well as the heat shock
protein 70 (Hagemeier et al., 1992). Other studies have proposed that IE1 proteins
control MIEP to enhance IE2 gene expression (Hermiston et al., 1990; Malone et al.,
1990). The early and late phases of CMV gene expression are completely dependent
on the availability of IE proteins that modulate gene expression (Ghazal et al., 2013).

An important characteristic of CMV immune response is that proteins of genes
expressed during the same phase of lytic infection can elicit different magnitudes of T
cell response. One of the main observations | discuss in Chapter Il is that an epitope of
CMV glycoprotein B, whose UL55 ORF is expressed as one of the late genes, elicits a
higher magnitude of CD4" T cell response than another epitope of CMV pp65, whose
UL83 ORF is also expressed as a late gene. The exact reason for this and other
immune response magnitudes between different CMV proteins or different epitopes
within the same CMV protein is not fully understood. As | will show in Chapter Il, one of
the possible explanations for the observation is the presence of specific T cell receptors
with conserved amino acid residues that might facilitate avid binding by the HLA-epitope

ligand to induce a response of higher magnitude.
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Latent infection

HCMV establishes latency in a variety of cells and while there is strong evidence that
this occurs in cells of the myeloid lineage, it has been proposed to be established in
hematopoietic cells of myeloid origin (Sinclair and Sissons, 2006);
monocytes/macrophages (Soderberg et al., 1993; Taylor-Wiedeman et al., 1991);
lymphocytes (Schrier et al., 1985); CD34" bone marrow progenitors (Mendelson et al.,
1996); immature dendritic cells (Senechal et al., 2004); non-hematopoietic cells such as
endothelial cells (Grefte et al., 1993; Sinzger et al., 1995), liver sinusoidal endothelial
cells for mCMV (Dag et al.,, 2014; Seckert et al., 2009), and LN endothelial cells
(Fiorentini et al., 2011). Using PCR in situ hybridization, latent HCMV genome has been
detected in 0.004 — 0.01% of peripheral blood- and bone marrow- mononuclear cells
that are induced by granulocyte colony-stimulating factor (Slobedman and Mocarski,
1999). In order to establish latency, heterochromatin protein 1 suppresses MIEP
(Reeves et al., 2005), while HCMV’s pp71 suppresses IE gene expression (Kalejta,

2013).

Latent HCMV reactivation

Although the exact mechanism is unclear, it has been demonstrated that the expression
of certain HCMV genes during reactivation from latency determines the magnitude of T
cell response to the epitopes of those genes (Dekhtiarenko et al., 2013). Therefore, it is
important to understand the steps known to be involved in HCMV reactivation. The
reactivation of HCMV from latency is induced by inflammation and/or infection (sepsis),

immunosuppression, or stress (Kutza et al., 1998; Mutimer et al., 1997; Prosch et al.,
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2000). Although the precise mechanism by which reactivation is induced is unknown, it
is believed to be mediated by tumor necrosis factor-alpha (TNFa) (Fietze et al., 1994)
which activates protein kinase C and nuclear factor kappa-B (NF-kB) to initiate IE gene
transcription in a fashion analogous to HIV reactivation (Prosch et al., 1995; Stein et al.,
1993). Prostaglandins (Kline et al., 1998) and stress-induced catecholamines such as
epinephrine and norepinephrine (Prosch et al., 2000) cause increased cyclic-AMP
(cAMP) levels that result in the binding of CREB-1/aTF-1 to cAMP-responsive elements
within MIEP or the IE gene enhancer. When latency is not reactivated, it is maintained
by the suppression of major IE gene transcription that facilitates new virion formation
(Sissons et al., 2002). pp65 facilitates the re-expression of suppressed IE genes by
recruiting a cellular protein (IFI16) to bind and induce MIEP via an unknown mechanism
(Cristea et al., 2010). It is important to note that CMV reactivation does not always result

in productive virion formation (Kurz et al., 1999).

Immunity Against CMV

Acute CMV infection elicits innate and adaptive immune responses including potent
CD4" and CD8" T cell responses that prevent the host from being overwhelmed by
acute dissemination of CMV. However, these responses do not prevent CMV from
establishing latency (Balthesen et al., 1994). These cells are presumed to be protective
as subjects with impaired T cell responses experience various CMV-related
complications such as retinitis in AIDS (Keunen and Rothova, 1995) or reduced overall

survival in HSCT recipients (Meijer et al., 2002), etc. There is a correlation between
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restoration of cytotoxic T cell activity of allogeneic bone marrow transplant recipients
and control of HCMV disease (Quinnan et al., 1982; Reusser et al., 1991). The latent
virus and its intermittent reactivations can induce CD4" and CD8" T cell responses in
most subjects (Sylwester et al., 2005). While pp65 is often recognized, there are many
individuals that preferentially recognize other CMV proteins (Sylwester et al., 2005). It is
important to note that the size of the response varies among different subjects (Jackson
et al., 2014). A balance exists between T cells and latent HCMV in immunocompetent
subjects as T cell responses control HCMV reactivation, while the virus itself expresses
certain genes including US2, US3, US6 and US11 that interrupt efficient HLA-I and
HLA-II antigen processing and expression on the cell surface (Hegde et al., 2002; Jones
et al., 1995; Llano et al.,, 2003; Tomazin et al.,, 1999), as well as NK-mediated
cytotoxicity (Falk et al., 2002) in the setting of lytic infection. This balance is less
effective in immunocompromised individuals such as SOT or HSCT recipients and

subjects with AIDS during either productive or latent infection (Falk et al., 2002).

Overview of CD4" T cell ontogeny, TCR rearrangement and HLA class Il epitope
presentation

As with any CD4" T cell, the development of a CD4" T cell immune response against
HCMV involves the formation of activated effector CD4" T cells that differentiate from
progenitor cells, which are derived from pluripotent hematopoietic stem cells of the bone
marrow (Figure 1.7) (Murphy and Weaver, 2017). The progenitor cells from the bone

marrow migrate to and mature in the thymus. Mature CD4" T cells then travel from the
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Figure 1.7 All the cellular elements of the blood, including the cells of the immune system, arise from
pluripotent hematopoietic stem cells in the bone marrow. These pluripotent cells divide to produce two types of
stem cells. A common lymphoid progenitor gives rise to the lymphoid lineage (blue background) of white blood cells
or leukocytes—the innate lymphoid cells (ILCs) and natural killer (NK) cells and the T and B lymphocytes. A common
myeloid progenitor gives rise to the myeloid lineage (pink and yellow backgrounds), which comprises the rest of the
leukocytes, the erythrocytes (red blood cells), and the megakaryocytes that produce platelets important in blood
clotting. T and B lymphocytes are distinguished from the other leukocytes by having antigen receptors and from each
other by their sites of differentiation—the thymus and bone marrow, respectively. After encounter with antigen, B cells
differentiate into antibody-secreting plasma cells, while T cells differentiate into effector T cells with a variety of
functions. Unlike T and B cells, ILCs and NK cells lack antigen specificity. The remaining leukocytes are the
monocytes, the dendritic cells, and the neutrophils, eosinophils, and basophils. The last three of these circulate in the
blood and are termed granulocytes, because of the cytoplasmic granules whose staining gives these cells a
distinctive appearance in blood smears, or polymorphonuclear leukocytes, because of their irregularly shaped nuclei.
Immature dendritic cells (yellow background) are phagocytic cells that enter the tissues; they mature after they have
encountered a potential pathogen. The majority of dendritic cells are derived from the common myeloid progenitor
cells, but some may also arise from the common lymphoid progenitor. Monocytes enter tissues, where they
differentiate into phagocytic macrophages or dendritic cells. Mast cells also enter tissues and complete their
maturation there. This figure and its caption were obtained from Murphy and Weaver, 2017 and used upon approval
by Garland Science, Taylor & Francis Group under license number 4180800875858.
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thymus to the peripheral and secondary lymphoid organs where they encounter novel
antigens that are typically presented by professional antigen presenting cells including
dendritic cells, macrophages, and B cells using HLA class Il molecules. Thymic
epithelial cells induce progenitor cells via Notch1 receptor to commit to the T cell
lineage and this process is accompanied by the upregulation of T-cell factor-1 (TCF1)
and GATA3 (Hattori et al., 1996; Ting et al., 1996). These transcription factors permit
the expressions of important genes that are critical and unique to T cells, including the
members of the CD3 complex and Rag?. The complex stages of T cell maturation in the
lymph node begin with the differentiation of double-negative (DN) thymocytes from DN1
to DN2 to DN3 to DN4 (characterized by downregulation of CD44 and upregulation and
downregulation of CD25), which mature into either CD4  CD8 y:& T cells or CD4* CD8"
(double-positive) a:B T cells. The latter eventually differentiate into CD4" or CD8" single-
positive T cells upon expression of ThPOK or Runx3 transcription factors, respectively,
via the process of positive selection and the presentation of self peptides by self HLA
class Il or | molecules, respectively. T cells with extremely strong affinity for self-
antigens undergo apoptosis via negative selection, and are phagocytosed by
macrophages. HLA molecules inducing positive selection determine whether a cell
expresses a CD4 or CD8 receptor as HLA class Il molecules restrict epitopes
recognized by CD4s, while HLA class | molecules restrict epitopes recognized by CD8s.
These single-positive T cells then travel from the thymus to peripheral sites where they
encounter foreign antigens (Murphy and Weaver, 2017). It is important to note that there
are also cases where CD8" T cells can be restricted by HLA class Il (Ranasinghe et al.,

2016).
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a:B T cell receptor gene recombination occurs during the differentiation of DN1
cells to CD4™ CD8" a:B T cells, after abortive recombination of the gamma and delta T
cell receptor gene segment. The variable (Vg), diverse (Dg) and joining (Jg) segments of
the beta chain gene of the a:B T cell receptor recombine first during differentiation from
DN1 through DN4. On the other hand, the transition from DN4 to CD4* CD8" a:B T cells
is characterized by the surface expression of the rearranged beta chain and the nuclear
rearrangement of the V, and J, of the alpha chain gene. The remarkable diversity
exhibited by the a:B T cell receptor that mediates the recognition of the milieu of
pathogen epitopes that exist, is achieved by the multiple different combinations of the
52 Vg, 2 Dg, and 13 Jg segments to form the beta-chain of the TCR, as well as those of
the 70 V4 and 61 Jq segments to form the alpha chain of the TCR. This results in a
highly diverse recombination repertoire (Bassing et al., 2000). Despite all of these
possibilities, the TCR of a CD4" (and CD8") T cell focuses much of its diversity within
the third complementarity-determining region (CDR3). The CDR3 is formed by the end
of the V segment, all of the D segment and the beginning of the J segment for the beta
chain, and by the end of the V and start of the J segments for the alpha chain (Murphy
and Weaver, 2017). The rearrangements of the TCRa and TCRf genes are depicted in
(Figure 1.8).

HLA class Il molecules include HLA-DP, HLA-DQ and HLA-DR. These molecules
are typically expressed by professional antigen presenting cells, which include dendritic
cells, macrophages and B cells. They are formed by the dimerization of two nearly
identical transmembrane glycoproteins, one a and one 3 protein. The a4 and 31 subunits

of each monomer come together to form the binding groove where epitopes dock and
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Figure 1.8 T-cell receptor a- and B-chain gene rearrangement and expression. The TCRa- and 3-chain genes
are composed of discrete segments that are joined by somatic recombination during development of the T cell.
Functional a- and B-chain genes are generated in the same way that complete immunoglobulin genes are created.
For the a chain (upper part of figure), a Va gene segment rearranges to a Ja gene segment to create a functional V-
region exon. Transcription and splicing of the VJa exon to Ca generates the mRNA that is translated to yield the T-
cell receptor a-chain protein. For the B chain (lower part of figure), like the immunoglobulin heavy chain, the variable
domain is encoded in three gene segments, V3, DB, and JB. Rearrangement of these gene segments generates a
functional VDJB V-region exon that is transcribed and spliced to join to CB; the resulting mRNA is translated to yield
the T-cell receptor B chain. The a and B chains pair soon after their synthesis to yield the a:B T-cell receptor
heterodimer. Not all J gene segments are shown, and the leader sequences preceding each V gene segment are
omitted for simplicity. This figure and its caption were obtained from Murphy and Weaver, 2017 and used upon
approval by Garland Science, Taylor & Francis Group under license number 4180800875858.

bind using their side-chains to anchor residues on the HLA molecule for presentation to
TCR. HLA class Il molecules typically present epitopes of extracellular proteins that are
endocytosed into endosomes. Acidification of these endosomes initiates proteosomal

processing of the proteins into epitopes. The endosomes fuse with vesicles containing
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new HLA class |l molecules that are still bound to the human class ll-associated
invariant chain peptide (CLIP). Before the fused vesicles reach the cell surface, an HLA-
DM molecule interacts with the CLIP-bound class Il molecule, resulting in the release of
CLIP and making room for newly processed epitopes of extracellular protein to bind for
surface presentation. Unlike HLA class I, HLA class Il molecules are able to present
epitopes that are up to 20 amino-acids long. This is due to the open ends of the
grooves, which are different from the closed ends of HLA class | molecules (Murphy and
Weaver, 2017). A representative binding of an epitope to an HLA class || molecule with
the epitope’s terminal sticking out of the open end is shown in (Figure 1.9).

HLA class |l presentation of epitopes to CD4" T cells results in their activation
and proliferation. There are various pathways by which an activated T cell transitions
into a memory T cell. Some studies have indicated that interleukin-7 (IL-7) facilitates this
process based on the association of IL-7 receptor expression on T cells with their
survival (Kondrack et al., 2003; Li et al., 2003). Other studies suggest a critical role for

the avidity of TCRs for their cognate HLA-epitope ligand (Williams et al., 2008).

CD4" T cell adaptive immunity to HCMV

CD4" T cells play a significant role in the control of CMV infection. In immunocompetent
children, poor CD4 responses (reduced interferon-gamma, IFN-y, production) are
associated with prolonged detection of HCMV in saliva and urine after acute HCMV

infection (Tu et al., 2004). In addition to HCMV viral load, the extent of the HCMV-
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Figure 1.9 Peptides bind to MHC class Il molecules by interactions along the length of the binding groove. A
peptide (yellow; shown as the peptide backbone only, with the amino terminus to the left and the carboxy terminus to
the right) is bound by an MHC class Il molecule through a series of hydrogen bonds (dotted blue lines) that are
distributed along the length of the peptide. The hydrogen bonds toward the amino terminus of the peptide are made
with the backbone of the MHC class Il polypeptide chain, whereas throughout the peptide’s length bonds are made
with residues that are highly conserved in MHC class Il molecules. The side chains of these residues are shown in
gray on the ribbon diagram of the MHC class Il groove. This figure and its caption were obtained from Murphy and
Weaver, 2017 and used upon approval by Garland Science, Taylor & Francis Group under license number
4180800875858.

specific CD4" T cell response serves as a prognostic disease indicator in renal
transplant patients (Sester et al., 2001). HCMV-specific CD4" T cells are also important
in the suppression of HCMV viral load and maintenance of HCMV-specific CD8" T cells
in allo-HSCT patients (Einsele et al., 2002).

The nature of HCMV-specific CD4" T cell response during acute, natural infection
of immunocompetent subjects is not known. However, most of the current knowledge is

based on data obtained from HCMV-seronegative persons who received renal
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transplants from HCMV-seropositive donors (D*/R’) without gangiclovir administration.
The quality of response might be dampened by the anti-rejection immunosuppressants
that are usually administered to transplant recipients (Gamadia et al., 2003; Rentenaar
et al., 2000).

pp65 and IE1-specific CD4" T cells are detected in about 60% of chronically
infected HCMV-seropositive patients (Beninga et al., 1995; Davignon et al., 1995;
Fuhrmann et al., 2008; Kern et al., 2002). Most peripheral blood HCMV-specific CD4" T
cells secrete IFN-y, but only a subset of them secrete TNF-a or IL-2, indicating a Tn1
phenotype with very few T2 phenotypic CD4" T cells present (Rentenaar et al., 2000).
More recent evidence suggests that CD4" T cells stimulated with a pool of peptides
spanning UL138 protein of CMV secrete IL-10, which indicates a Th2 phenotype
(Mason et al., 2013). Renal transplant recipients with a higher proportion of HCMV-
specific CD4" T cells that secrete more IFN-y ex vivo better control viral replication,
eliminate infection faster, and are typically less symptomatic (Gamadia et al., 2003;
Sester et al., 2001). Polyfunctional CD4" T cells in peripheral blood mononuclear cells
(PBMCs) obtained from circulating blood of liver transplant recipients that secrete IFN-y
and IL-2 are associated with lower HCMV DNAemia (Nebbia et al., 2008). In addition to
the characteristic Th1 functions, these cells can also serve the cytotoxic function of
effector cells when they encounter HCMV-infected cells (Appay et al., 2002b; Gamadia
et al., 2004; Rentenaar et al., 2000). Epitopes from gB, pp65, IE1 and gH have been
reported to expand cytotoxic HCMV-specific CD4" T cells in vitro (Elkington et al., 2004;
Hegde et al., 2005). HCMV-specific CD4" T cells that were obtained from three HCMV-

seropositive subjects and expanded in vitro by CMV pp65 peptide pools display
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oligoclonal TCR repertoires (Weekes et al., 2004). However, it is not known whether this
TCR focusing is the result of selection by culture conditions or whether it occurs in vivo

during the course of natural infection (Weekes et al., 2004).

Memory inflation against HCMV epitopes
Conventional (or classical) HLA-restricted CMV epitope-specific CD4" and CD8" T cell
responses typically display elevated magnitudes during acute infection before
contracting to very low levels during latent CMV infection. For instance, conventional
CD4" T cell responses (0.03 — 1.4%) were detected against HCMV’s UL86 protein
epitopes in HCMV chronically infected subjects (Fuhrmann et al., 2008). However,
certain CMV epitopes induce CD4" or CD8" T cell responses that expand during acute
CMV infection and remain unusually elevated during CMV latency, and this
phenomenon is known as “memory inflation.” CMV-specific T cell memory inflation is a
lifelong event, and is characteristic of natural CMV infection in an immune-competent
host. This phenomenon was first described to occur in the CD8" T cell compartment
some time after resolution of the acute phase of CMV infection (Karrer et al., 2003), but
has not been thoroughly investigated among CD4" T cells. The primary goals of this
dissertation are to determine whether HLA-restricted epitope-specific CD4" T cells
undergo memory inflation and to characterize these memory-inflated responses.

A list of identified class Ill-restricted CMV epitopes and their potential
classifications as either conventional or inflationary is shown in (Table 1.2) (Wills et al.,
2013). Memory inflation of MCMV epitope-specific CD4™ T cell responses is uncommon

as most CD4" T cells undergo conventional T cell expansion (peaking at day 8 post-
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MHC Cll Reference
class
Pro- Il
Gene |duct | Peptide restriction
UL55 |gB DYSNTHSTRYV DR7 ? | f.g,h,j| (Crompton et al., 2008; Elkington et al.,
2004; Pachnio et al., 2016)
UL75 |gH HELLVLVKKAQL DR11 al|? (Elkington et al., 2004)
UL123 | IE1 | 91-VRVDMVRHRIKEHMLKKYTQ | DR3 ?1? (Davignon et al., 1996)
-110
96-VRHRIKEHMLKKYTQTTEEKF | DR13 ?21? (Davignon et al., 1996)
-115
162-DKREMWMACIKELH-175 DR8 al|? (Gautier et al., 1996)
UL83 | pp65|41-LLQTGIHVRVSQPSLILVSQ-60[ DQ6 ? | f,g,j | (Pachnio et al., 2016; Weekes et al., 2004)
pp65 | 117-PLKMLNIPSINVHHY-131 DR1DR3 [? |7 (Li Pira et al., 2004)
pp65 | 169-TRQQANQWKEPDVYYT-183 | DR1 ?21? (Li Pira et al., 2004)
pp65 | 177-EPDVYYTSAFVFPTK-191 DR7 ?1? (Li Pira et al., 2004)
pp65 | 225-KVYLESFCEDVPSGK-239 DR15 ?1? (Li Pira et al., 2004)
pp65 | 245-TLGSDVEEDLTMTRN-259 DR3 ?1? (Li Pira et al., 2004)
pp65 | 261-QPFMRPHERNGFTVL-275 |DR13 ? | f,g,h,i| (Li Pira et al., 2004; Weekes et al., 2004)
pp65 | 281-1IKPGKISHIMLDVA-295 DR4 ?1? (Kern et al., 2002; Li Pira et al., 2004)
DR7 DR53
pp65 | 365-EHPTFTSQYRIQGKL-379 DR11 ?21? (Kern et al., 2002; Li Pira et al., 2004)
pp65 | 373-YRIQGKLEYRHTWDR-387 DR3 ?1? (Li Pira et al., 2004)
pp65 | 413-TERKTPRVTGGGAMA-427 | DR14 ?21? (Li Pira et al., 2004)
pp65 | 429-ASTSAGRKRKSASSA-443 DR11 ?1? (Li Pira et al., 2004)
pp65 | 445-ACTSGVMTRGRLKAE-459 | DR1 ?21? (Li Pira et al., 2004)
pp65 | 489-AGILARNLVPMVATV-503 DR11 DR3|? |f,g (Kern et al., 2002; Li Pira et al., 2004;
Pachnio et al.. 2016)
pp65 | 509-KYQEFFWDANDIYRI-523 DR1DR3 |? |fh (Bitmansour et al., 2002; Li Pira et al.,
pp65 | 513-FFWDANDIYRI-523 DR1 ?21? (Trivedi et al., 2005)
pp65 | 166-LAWTRQQNQWKEPDV-180 | DR1 ?1? (Kern et al., 2002; Li Pira et al., 2004)
pp65 | 510-YQEFFWDANDIYRIF-524 DR1DR3 [? |7 (Kern et al., 2002; Li Pira et al., 2004)
pp65 | 512-EFFWDANDIYRIF-524 DR1DR3 [? |7 (Kern et al., 2002; Li Pira et al., 2004)
pp65 | 250-VEEDLTMTRNPQPFM-264 | DR3 ?21? (Li Pira et al., 2004)
pp65 | 283-KPGKISHIMLDVAFTSH-299 |DR4 DR7 |?|? (Kern et al., 2002; Li Pira et al., 2004)
pp65 | 370-TSQYRIQGKLEYRHT-384 DR4 DR13|? |7 (Li Pira et al., 2004)
pp65 | 180-VYYTSAFVFPTKDVA-194 DR7 ?21? (Li Pira et al., 2004)
pp65 | 360-GPQYSEHPTFTSQYRI-375 | DR11 ?1? (Kern et al., 2002; Li Pira et al., 2004)
pp65 | 366-HPTFTSQYRIQGKLE-380 DR11 ?21? (Kern et al., 2002; Li Pira et al., 2004)
pp65 | 39-TRLLQTGIHVRVSQP-53 DR15 ?21? (Kern et al., 2002; Li Pira et al., 2004)
pp65 | 109-MSIYVYALPLKMLNI-123 DR7 ?21? (Nastke et al., 2005)
pp65 | 339-LRQYDPVAALFFFDI-353 DR7 217 (Nastke et al., 2005)

Table 1.2 MHC-II peptide epitopes recognized by human CD4" T-cells from a number of HCMV ORFs. This table
shows all class Il CMV epitopes with their classification as either conventional (C), inflationary (l), or both, based on
reported evidence in the references.
C; Conventional column key:

a: low magnitude response (<1% of CD4" T cells) during latent (chronic) CMV infection
b: conventional CD4" T cell phenotype
c: diverse TCR repertoire

d: longitudinal confirmation of low magnitude response

e: transcriptome profile of conventional CD4" T cell responses
I; Inflationary column key:
f: high magnitude response (21% of CD4" T cells) during latent (chronic) CMV infection
g: inflationary CD4" T cell phenotype
h: oligoclonal or monoclonal TCR repertoire

i- longitudinal confirmation of high magnitude response

j: transcriptome profile of inflated CD4" T cell responses
“?”: unknown because none of the property was determined in the reference
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This table was obtained and modified from Wills et al., 2013 and used upon approval by Caister Academic Press
under written permission granted by Dr. Mark Wills. It has been modified by the addition of the conventional and
inflationary columns as well as the addition of this caption.

infection) and contraction after MCMV infection of C57BL/6 mice except for an epitope
within the m09 protein that induces delayed inflation after 15 days of infection (Arens et
al., 2008).

Understanding CMV-specific CD4" T cell memory inflation requires an
appreciation of CMV-specific CD8" T cells because most of the knowledge on memory
inflation has been determined from studies involving the latter. Therefore, | will discuss
important features of memory-inflated T cell responses in the next couple of paragraphs
using observations from CMV-specific CD8" T cells. HLA-A2 or HLA-B7-restricted CD8"
T cell response to pp65 or IE1 proteins range from <1-35% of total blood CD8" T cells
in chronically infected subjects (Sylwester et al., 2005). However, the size of these
responses differ widely between different persons (Jackson et al., 2014), and they do
not always expand linearly with age as illustrated in (Figure 1.10) and (Figure 1.11)
(Komatsu et al., 2006; Komatsu et al., 2003).

Conventional and inflated CMV-specific T cells comprise of mainly Tem and/or
Temra phenotypes in humans (Pachnio et al., 2016), although Temra Subsets are absent
in mice (Marvel et al., 1991). Inflated CD8" T cells do not have any specific surface
markers but most of them express CX3CR1 (fractalkine receptor), perforin, granzymes,
CD57 and high levels of T-bet (O'Hara et al., 2012). CX3CR1 is elevated in expanded
CMV-specific T cells and it interacts with fractalkine (CX3CL1) on vascular endothelial
cells (VECs), some of which might be latently infected with HCMV (Hertoghs et al.,

2010). These infected cells are capable of processing and presenting class | or class |l
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CMV proteins including gB (Hegde et al., 2005; Pachnio et al., 2015) and IE1 (Seckert
et al., 2011) using HLA class | or IFN-y-induced HLA class Il (Kambayashi and Laufer,

2014).

P = <0-0001
r =0-99

Frequency of cytomegalovirus-specific
CD8+ T cells (%)

00 1 ) 1 1 J
0 25 50 75 100
Age (years)

Figure 1.10 CMV-specific T cell populations as a function of age. Mean frequencies of tetramer positive cells as a
fraction of total CD8" cells in individuals of different ages. Of 581 individuals screened, 275 were HLA-A2-positive.
Only tetramer positive samples are included in the analysis (mean + s.e.m. displayed in 10-year age groups).
Staining using matched controls established a threshold of detection of 0-05%. Frequencies of those HLA-A2-positive
individuals scoring tetramer-positive in each 10-year age group are shown in Table 1 [of the primary article] — the
highest and lowest 10-year age groups are not included due to lack of positive samples. The correlations shown are
for the 10-year age groups included. Values for breakdown by individual year age groups showed P= 0-0014, r= 0-32.
This figure and its caption were obtained from Komatsu et al., 2003 and used upon approval by John Wiley and Sons
under license number 4180240963982.
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Figure 1.11 IFN-y ELISPOT assay of HLA-A2 individuals by age-group. Individuals from different age groups as
indicated were analyzed for HLA-A2 peptide specific responses using ELISPOT as previously. The differences shown
were not significant. This figure and its caption were obtained from Komatsu et al., 2006 and used under the Creative
Commons public license permission of BioMed Central.
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The magnitude of inflation of CD8" T cell responses depends on various factors
including the inoculum of infection in mouse model (Redeker et al., 2014), duration of
infection or the specific HLA molecule (Jackson et al., 2014). MCMV models have
suggested that HCMV latently-infected non-hematopoietic cells from bone marrow
(Seckert et al., 2011), lymph node (Torti et al., 2011), and VECs (Smith et al., 2014)
drive memory inflation. These studies also confirm that memory inflation requires MHC
molecules because inflation is inhibited when MHC genes are depleted by specific
mutation in embryonic stem cells in mouse models (Bolinger et al., 2013). Another study
highlights that full MCMV reactivation or productive virion formation is not required for
memory inflation to occur as evidenced by CD8 memory inflation observed during
infection with a spread-incompetent modified MCMV strain (Redeker et al., 2014). A
proposed model for memory inflation is that latently infected non-hematopoietic stromal
cells in LNs initially prime naive T cells (Tnai) into central memory T cells (Tcwm) via MHC-
restricted MCMV antigen presentation. These infected LN stromal cells would later re-
stimulate Tcwm, causing their proliferation or inflation and differentiation to T effector
memory cells (Tem). Inflated Tem then migrate from the LN to peripheral sites via
circulation where they are re-stimulated by VECs latently infected with CMV and where
memory inflation is more easily detected in humans (Klenerman and Oxenius, 2016;
Torti et al., 2011). This is depicted in (Figure 1.12). The only evidence for a potential Tcu
precursor of clonal Tem populations is the report of a slight overlap between clonal TCRs
of CMV-specific CD8" T cells that were obtained from both peripheral blood (which
would predominantly be Tem) and LN (which would predominantly be Tcum) of renal

transplant recipients post-transplantation (Remmerswaal et al., 2015). The caveat of

31



this study is that they did not confirm using any type of analysis that the LN T cells
possessed a Tcy phenotype (CCR7'CD45RO'CD27%); this is critical because Tey are
also present in LNs, albeit at lower magnitudes (Masopust et al., 2001; Sallusto et al.,
1999).

Gene expression patterns might also affect the ability of certain epitopes to
induce inflation. This has been demonstrated in a mouse model (Dekhtiarenko et al.,
2013) where a memory-inflated T cell response was detected for an HSV-1 peptide
reconstructed into MCMV Jje2 gene (whose normal product induces memory inflation
(Karrer et al., 2004)), while a non-inflated T cell response was detected when the same
HSV-1 peptide was reconstructed into MCMV m45 gene (whose normal product
induces a conventional response (Munks et al., 2006)). However, this fails to explain
differential memory inflation to different epitopes from the same protein (Munks et al.,
2006). The ability of CMV latently infected cells to present antigen directly without the
need for antigen presenting cells also plays a significant role; MCMV studies
demonstrate that M45 protein epitope-specific conventional T cell responses require
immunoproteasome unlike M38 epitope-specific inflated T cell responses that depend
on proteasomes (Hutchinson et al., 2011). It is also possible that epitope competition
plays a role in memory inflation; genes of inflation-inducing epitopes might be more
efficiently transcribed and expressed, and therefore stimulate more T cell responses
compared to genes of conventional response-inducing epitopes (Dekhtiarenko et al.,

2013; Farrington et al., 2013).
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Figure 1.12 Dynamic features of memory inflation. This figure shows a model for how cytomegalovirus (CMV)-
specific inflationary CD8+ T cell responses could be maintained at high levels over long-term periods. Antigens are
central to this process, in which viral antigen in latency is presented by non-professional non-haematopoietic-derived
antigen-presenting cells in lymph nodes or the vasculature (for example, by stromal cells or endothelial cells). Such
antigens can drive the differentiation of specific (inflationary) central memory T (TCM) cells into effector memory T
(TEM) cells, which recirculate into tissues where they can exert antiviral effector functions and maintain long-term
control of viral replication. DC, dendritic cell; TCR, T cell receptor. This figure and its caption were obtained from
Klenerman and Oxenius, 2016 and used upon approval by Nature Publishing group under license number
4180331275727.
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Inflationary anti-CMV memory T cell responses might potentially be exploited
with some vaccines. Simian immunodeficiency virus (SIV) vaccines are now being
designed using replication-incompetent CMV vectors that have demonstrated some
success in inducing strong MHC l|-and ll-restricted T cell responses in rhesus macaques
(Hansen et al., 2011; Hansen et al., 2013a; Hansen et al., 2013b). It should be noted
however, that the safety implications of vaccines that contain inflation-inducing epitope
need to be carefully considered. This caution is necessary because of potential roles of
inflated T cell responses in mediating the immunopathogenesis of cardiovascular
morbidities as discussed in the section below on cardiovascular comorbidities in HCMV*

and HIV" subjects.

CD8" T cell adaptive immunity to CMV

CD8" T cells play a significant role in the control of CMV infection. In mouse models,
depletion of CMV-specific CD8" T cells leads to the loss of CMV control and
development of CMV-related multi-organ complications involving the liver and spleen
(Podlech et al., 1998). HCMV-specific CD8" T cells in AIDS subjects positively correlate
with the control of CMV retinitis (Jacobson et al., 2004). These cells also play a critical
role in protecting against CMV disease in both allogeneic bone marrow transplant
recipients (Li et al., 1994) and kidney SOT recipients (Reusser et al., 1999). The
frequency of CD8" T cells specific or reactive to CMV epitopes can be unusually high
(Crough et al., 2005; Dunn et al., 2002). In general, CMV-specific CD8 responses are
directed to a wide range of ORFs within the CMV genome; IE1, IE2 and pp65 are the

proteins most frequently recognized by these cells (Sylwester et al., 2005). A list of
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characterized MHC class I-restricted CMV epitopes is presented in (Table 1.3). These
cells mainly display an effector memory, Tem (CD45RA™ CD45R0O* CD27° CD28 CCR7")
or effector memory-RA*, Temra phenotype (CD45RA™ CD45R0O" CD27° CD28 CCR7")
(Appay et al., 2002a), especially during chronic infection with very few CMV-specific
naive or central memory T cells. The clonotypes of CMV-specific CD8 TCRs are mostly
oligoclonal with high antigen avidity (Price et al., 2005). The HLA molecule and epitope
both determine the degree of TCR clonality of these cells (Wynn et al., 2008). CD8" T
cells in humans can sometimes display high response magnitudes with highly restricted
TCR repertoires as seen in HLA-A2 restricted NLV-specific CD8" T cells from one
subject that had a 7% response magnitude with 98% of the cells using the same TCR
(Khan et al., 2002b). However, the phenotypes or longitudinal magnitudes of these
responses over a period of time were not determined, and therefore, these cells cannot

be considered to be memory inflated.

Intersection Between HCMV, HIV, and CMV-Related Cardiovascular Comorbidities

in HCMV"* HIV* Subjects

Overview of HIV infection

HIV requires CD4 receptor and CCR5 or CXCR4 chemokine co-receptor to infect a
human cell (Deng et al., 1996). CCR5 and CXCR4 are expressed by T cells, dendritic
cells (DCs), tissue macrophages, monocytes (Zaitseva et al., 1997), and all of these
cells can be infected by HIV (Cameron et al., 1992; Zhu et al., 1993). Expression of

CCRS or CXCR4 co-receptor determines the tropism of the HIV strain: R5-tropic HIV
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MHC class | | Conve-| Inflati- | Reference

ORF Protein| Peptide molecule ntional | onary

UL32 |pp150 |945-TTVYPPSSTAK-955 HLA-A3 ? ? (Longmate et al., 2001)
792-QTVTSTPVQGR-802 | HLA-AGS8 ? ? (Longmate et al., 2001)

UL44 |pp50 |245-VTEHDTLLY-253 HLA-A1 a ? (Elkington et al., 2003)

UL55 |gB 618-(F)IAGNSAYEYV-628 | HLA-A2 ? ? (Utz et al., 1992)
731-AVGGAVASV-739 HLA-A2 a ? (Elkington et al., 2003)

UL83 |pp65 |363-YSEHPTFTSQY-373 |HLA-A1 ? ? (Longmate et al., 2001)
14-VLGPISGHV-22 HLA-A2 ? ? (Solache et al., 1999)
120-MLNIPSINV-128 HLA-A2 a ? (Solache et al., 1999)
490-ILARNLVPM-498 HLA-A2 a ? (Elkington et al., 2003)
495-NLVPMVATV-503 HLA-A2 a f,h (Khan et al., 2002b; Wills et al., 1996)
522-RIFAELEGV-530 HLA-A0207 |a ? (Kondo et al., 2004)
16-GPISGHVLK-24 HLA-A11 ? ? (Longmate et al., 2001)
501-ATVQGQNLK-509 HLA-A11 a ? (Kondo et al., 2004)
248-AYAQKIFKIL-257 HLA-A23/24 | ? ? (Elkington et al., 2003)
113-VYALPLKML-121 HLA-A24 a ? (Masuoka et al., 2001)
341-QYDPVAALF-349 HLA-A24 a ? (Kuzushima et al., 2001)
369-FTSQYRIQGKL-37 HLA-A24 ? ? (Longmate et al., 2001)
186-FVFPTKDVALR-196 HLA-A68 ? ? (Longmate et al., 2001)
265-RPHERNGFTV-274 HLA-B7 ? h (Weekes et al., 1999)
417-(T)PRVTGGGAM-426 | HLA-B7 ? f,h (Khan et al., 2002b; Weekes et al.,
215-KMQVIGDQY-223 HLA-B15 a ? (Kondo et al., 2004)
103-CPSQEPMSIYVY-114 | HLA-B35 a ? (Burrows et al., 2008)
123-IPSINVHHY-131 HLA-B35 a ? (Hassan-Walker et al., 2001)
187-VFPTKDVAL-195 HLA-B35 ? ? (Wills et al., 1996)
174-NQWKEPDVY-182 HLA-B35 ? ? (Kern et al., 2002)
283-KPGKISHIMLDVA-295 | HLA-B35 ? ? (Elkington et al., 2003)
367-PTFTSQYRIQGKL-379| HLA-B38 ? ? (Longmate et al., 2001)
232-CEDVPSGKL-240 HLA-B40 a ? (Kondo et al., 2004)
267-HERNGFTVL-275 HLA-B40 a ? (Kondo et al., 2004)
525-AELEGVWQPA-534 HLA-B40 a ? (Kondo et al., 2004)
364-SEHPTFTSQY-373 HLA-B44 a ? (Kondo et al., 2004)
512-EFFWDANDIY-521 HLA-B44 ? ? (Wills et al., 1996)
545-DALPGPCI-552 HLA-B51 a ? (Kondo et al., 2004)
155-QMWQARLTV-163 HLA-B52 ? ? (Kern et al., 2002)
211-TRATKMQVI-219 HLA-B57/58 | ? ? (Elkington et al., 2003)
7-RCPEMISVL-15 HLA-CW1 a ? (Kondo et al., 2004)
341-QYDPVAALF-349 HLA-CW4 a ? (Kondo et al., 2004)
198-VVCAHELVC-206 HLA-CW8 ? ? (Kern et al., 2002; Kondo et al., 2004)
294-VAFTSHEHF-302 HLA-CW12 |? ? (Kondo et al., 2004)
198-VVCAHELVC-206 HLA-CW15 |? ? (Kondo et al., 2004)

uL98 277-ARVYEIKCR-285 HLA-B27 a ? (Elkington et al., 2003)

UL123,| IE1, 81-VLAELVKQI-89 HLA-A2 a ? (Elkington et al., 2003)

UL122 [ pp72, |[315-Y(V/ILEETSVM-323 |HLA-A2 ? f,g,h (Khan et al., 2002a)

IE2 316-VLEETSVML-324 HLA-A2 ? f,g,h (Khan et al., 2002a)
354-YILGADPLRV-363 HLA-A2 ? ? (Frankenberg et al., 2002)
184-KLGGALQAK-192 HLA-A3 ? ? (Jackson et al., 2014)
309-CRVLCCYVL-317 HLA-B7 a,b ? (Kern et al., 1999; Wills et al., 2002)
88-QIKVRVDMV-96 HLA-B8 a ? (Elkington et al., 2003)
198-(D)ELRRKMMYM-207 | HLA-B8 a,b ? (Kern et al., 1999; Wills et al., 2002)
199-ELKRKMIYM-207 HLA-B18 ? ? (Retiere et al., 2000)
279-CVETMCNEY-287 HLA-B18 ? ? (Retiere et al., 2000)
379-DEEDAIAAY-387 HLA-B18 ? ? (Retiere et al., 2000)
381-FEQPTETPP-389 HLA-B41 a ? (Rist et al., 2005)

us2 190-SMMWMRFFV-198 HLA-A2 a ? (Elkington et al., 2003)
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Table 1.3 Class | MHC peptide epitopes recognized by human CD8+ T-cells derived from HCMV proteins. This
table shows all class | CMV epitopes with their classification as either conventional, inflationary, or both, based on
reported evidence in the references.
Conventional column key:

a: low magnitude response (<1%) during latent (chronic) CMV infection

b: conventional CD8" T cell phenotype

c: diverse TCR repertoire

d: longitudinal confirmation of low magnitude response

e: transcriptome profile of conventional CD8" T cell responses
Inflationary column key:

f: high magnitude response (21%) during latent (chronic) CMV infection

g: inflationary CD8" T cell phenotype

h: oligoclonal or monoclonal TCR repertoire

i- longitudinal confirmation of high magnitude response

j: transcriptome profile of inflated CD8" T cell responses
“?”: unknown because none of the property was determined in the reference
This table was obtained and modified from Wills et al., 2013 and used upon approval by Caister Academic Press
under written permission granted by Dr. Mark Wills. It has been modified by the addition of the conventional and
inflationary columns as well as the addition of this caption.

infects CCRS5 co-expressing cells and are typically present early during infection; while
X4-tropic HIV infects CXCR4 co-expressing cells and are typically present during
advanced infection (Li et al., 1999). Of the myriad of HIV variants in the inoculum, only
one or a few strains usually establish infection, and they are known as the “founder
virus” (Keele et al., 2008). The founder virus is usually R5-tropic; R4-tropic virus
appears later in natural infection and is associated with CD4 decline (Kaleebu et al.,
2007). Upon breaching the epithelial barrier of a human at the foreskin, vaginal, anal or
ectocervical mucosa, HIV founder virus (Keele et al., 2008) predominantly infects
Langerhan cells (Spira et al., 1996), which are specialized DCs located in the mucosa
and involved in initial encounter with, and transportation of, HIV to the draining lymph
node via afferent lymphatic vessels (Edwards and Morris, 1985; Miller et al., 1992).
Langerhan cells transfer and coat HIV onto the surfaces of follicular DCs (fDCs) that are
situated in germinal centers of secondary lymphoid follicles in LNs (Biberfeld et al.,
1988; Cameron et al.,, 1996; Heath et al., 1995). Therefore, germinal centers are

important sites of latent HIV reservoirs that are poorly permeated by CD8" T cells
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(Fukazawa et al., 2015). fDCs transmit their trapped HIV to naive CD4" T cells as the
latter passes through the germinal center to paracortical areas that is dominated by T
cells before leaving the LN for systemic infection (Cameron et al., 1996; Embretson et
al., 1993). After dissemination, HIV establishes latency predominantly in resting CD4* T
cells that persist even during effective ART (Finzi et al., 1999; Finzi et al., 1997; Ho et
al., 1995). Other less studied reservoirs for HIV include peripheral monocytes/tissue
macrophages (Gartner et al., 1986; Igarashi et al., 2001; Koenig et al., 1986; Lambotte
et al., 2000), CD4" memory stem cells (Tscu; (Buzon et al., 2014)), CD34" hematopoetic
progenitor cells (Carter et al., 2011; Carter et al., 2010), astrocytes and microglia (Gorry
et al., 1999; Price et al., 1988; Tornatore et al., 1994), semen (Quayle et al., 1997;
Zhang et al., 1998) and other cells within the urogenital tract (Zhu et al., 1996).

In order to study CMV-specific CD4" T cell memory inflation in HCMV* HIV*
subjects, it is important to understand the process involved in the priming of these cells
in the LN. As described above, HIV-infected/specific CD4" naive T cells are primed by
HIV-coated fDCs. On the other hand, non-hematopoietic LN stromal cells that have
been proposed as potential CMV latent reservoirs (Seckert et al., 2009), and unlike
fDCs, have been hypothesized to present CMV antigens to T cells that eventually
undergo memory inflation (Klenerman and Oxenius, 2016). Therefore, this would
indicate that memory inflated CMV-specific CD4" T cells are less likely to be enriched
with HIV DNA. As | discuss in Chapter lll, this observation was made after measuring
the frequency of latent HIV DNA in inflated DYS® CD4" T cells of CMV gB protein from
an HIV" subject, even though it was initially thought that inflated cells might be enriched

with HIV DNA simply based on the magnitude of response.
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CMV-related cardiovascular comorbidities

Since its discovery more than thirty years ago, HIV remains an incurable disease that
has claimed over thirty million lives by causing AIDS-related opportunistic infections
(UNAIDS, 2017). The main obstacle to curing HIV is the persistent, latently integrated
and replication-competent HIV provirus in resting CD4" T cells that causes rebound
plasma viremia typically within two months of cessation of ART in aviremic individuals
(Davey et al., 1999; Finzi et al., 1999; Fischer et al., 2003; Harrigan et al., 1999; Pierson
et al., 2000; Ruiz et al., 2000). These reservoirs have a long half-life of about forty-four
months, and therefore, persist over the lifetime of an infected individual (Finzi et al.,
1999). The emergence of ART as an efficacious management transformed HIV infection
from a lethal disease to a chronically manageable condition by suppressing plasma viral
loads to clinically undetectable levels and preventing the depletion of its CD4™ T cell
primary target (Gulick et al., 1997; Klatzmann et al., 1984).

However, since the advent of suppressive ART that reduces the risk of
developing AIDS, more HIV"® subjects are being diagnosed with CMV-related non-AlIDS
cardiovascular comorbidities (Barbaro et al., 2001; Cheng et al., 2009; Hsue et al.,
2004; Lichtner et al., 2015; Slot et al., 2017; Wall et al., 2013). Over 90% of HIV*
subjects are co-infected with HCMV (Rabenau et al., 2010; Robain et al., 1998). HIV*
subjects also have a higher CMV disease burden compared to HIV" individuals (Maidiji
et al., 2017). Subjects who are both HIV* and HCMV" and also have high magnitudes of
activated CD4" or CD8" T cells that each co-express CD38 and HLA-DR activation
proteins are at an increased risk of developing carotid artery lesions (Kaplan et al.,

2011). Analysis of the antigen specificity of CD4" CD38"HLA-DR* T cells from HIV*
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HCMV" co-infected subjects revealed that a majority of these cells are specific for
HCMV (Smith et al., 2013). Increased frequencies of CD4"CD28 T cells that express
high levels of CX3CR1 are associated with stiffer arterial walls, which is one of the
cardiovascular comorbidities observed (Chanouzas et al., 2015), and these cells
decrease in frequency after administration of valacyclovir to HCMV® subjects with
antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) in a
randomized controlled clinical trial (Chanouzas et al., 2017). Furthermore, CD4"
CX3CR1" T cells that are reactive to CMV have been suggested to mediate
cardiovascular morbidities including atherosclerosis due to their strong correlation with
CMV seropositivity (Broadley et al., 2017; Sacre et al., 2012; van de Berg et al., 2012).
As discussed above, CMV-specific CD4 and CD8 T cell responses are categorized as
either conventional or inflated responses. Inflated CMV-specific T cell responses
express low levels of CD28 (O'Hara et al., 2012). Another group has shown that
expanded CD4" CD28 T cell populations in rheumatoid arthritis patients is associated
with thicker carotid intima-media and more endothelial dysfunction, although the
mechanism was not defined (Gerli et al., 2004). Therefore, inflated CD4" CD28™ T cells
might play a role in the immunopathogenesis of these cardiovascular comorbidities in
HIV* subjects. Within inflated CD4" T cells, the Temra subset likely play a significant role
in this pathogenesis because CD4" T cells with identical phenotype to Temra from HIV*
subjects have been shown to contain less HIV DNA (Casazza et al., 2009; Oswald-
Richter et al., 2007). This finding was speculated to be caused either by macrophage
inflammatory protein 1 alpha (MIP-1a)- and MIP-1B-induced CCR5 downregulation that

would make the cells less permissive to HIV infection (Casazza et al., 2009) or by a
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cellular-intrinsic factor such as APOBEC3G that restricts HIV replication (Oswald-
Richter et al., 2007; Pido-Lopez et al., 2009). An additional aim of this dissertation is to
determine whether the magnitudes of CD38 and HLA-DR expression or co-expression
on inflated CMV-specific CD4" T cells from HIV® HCMV® subjects are elevated

compared to those of conventional T cells.
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CHAPTERII

CYTOMEGALOVIRUS EPITOPE-SPECIFIC CD4* T CELLS ARE INFLATED IN HIV*

HCMV® SUBJECTS

Introduction

In this chapter, | describe the investigation of the phenomenon of memory inflation
among HLA-DR7-restricted CD4" T cells specific for HCMV proteins and proteins of
other pathogens or antigens in HIV and HCMV co-infected subjects. This work led to the
discovery that DYS* CD4" T cells are inflated compared to a different CMV epitope as
well as to other pathogen or antigen epitopes in the co-infected cohort or to similar
DYS® CD4" T cells in HCMV-only-infected subjects. Remarkably, these inflated DYS”
CD4" T cells display nearly monoclonal CDR3 repertoire with previously unidentified
conserved amino acid residues. This work confirms that memory inflation occurs among
CD4" T cells and the mechanism of inflation likely involves clonal expansion.
Conventional CD4" and CD8" memory T cell responses against viruses expand
during primary infection and contract to low magnitudes during post-infection resolution
(Klenerman and Oxenius, 2016). However, CD8" T cell responses to select epitopes of
human (HCMV) (Klarenbeek et al., 2012; Waller et al., 2008), rhesus (Cicin-Sain et al.,
2011), and murine cytomegalovirus (MCMV) (Bolinger et al., 2015; Dekhtiarenko et al.,
2016; Karrer et al., 2003; Munks et al., 2006; Sierro et al., 2005) persist for decades at

very high magnitudes after primary infection or during latency. This phenomenon is
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termed “memory inflation” and has been best characterized among CMV-specific CD8"
T cells that consist of mainly CD45RO* CCR7" CD27" T cells (effector memory/Tgy) and
their CD45RA" revertants, CD45RO" CCR7° CD27" T cells (effector memory-RA*/Temra)
(Burgers et al., 2009; Munks et al., 2006; Pachnio et al., 2016; Sierro et al., 2005;
Snyder et al., 2008). CMV-specific CD8" T cells express high levels of CX3CR1 that
bind CX3CL1 (fractalkine), which is expressed on vascular endothelial cells (VECs), a
major target of CMV latent infection (Klenerman and Oxenius, 2016).

Conventional CMV-specific CD8" T cells display an IL-7-receptor-alpha/CD127",
programmed cell death protein-1, PD-1" phenotype (capable of homeostatic
proliferation controlled by IL-7 and other cytokines), while inflated CMV-specific CD8" T
cells are CD127°, PD-1", T cell immunoglobulin and ITIM domain/TIGIT", Granzyme B,
CX3CR1" with evidence suggesting they are maintained by low-level exposure to
persistent antigen from stochastic CMV reactivation (Conrad et al., 2011; Johnston et
al., 2014; Klenerman and Oxenius, 2016; O'Hara et al., 2012; Okoye et al., 2015).
These data suggest inflated responses are maintained through recurrent stimulation by
peptide-MHC (Gamadia et al., 2004; Klenerman and Hill, 2005; Lang et al., 2009)
produced by persistent, stochastic expression of specific CMV transcripts (Holtappels et
al., 2000; Seckert et al., 2012; Simon et al., 2006). These epitopes are presented to
CMV-specific T cells by latent HCMV-infected, non-hematopoietic reservoirs, including
VECs, lymph node (LN) stroma cells, and cells in the bone marrow and lungs (Gordon
et al., 2017; Klenerman and Oxenius, 2016; Seckert et al., 2011; Torti et al., 2011).
Maintenance of inflated CMV-specific T cell responses might also depend on their

longer telomeres that positively correlate with persistence (O'Bryan et al., 2013), or on
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epitope cleavage by constitutive proteasomes (Dekhtiarenko et al., 2016; Hutchinson et
al., 2011).

CMV-specific CD4" T cells suppress HCMV lytic replication (Hegde et al., 2005)
and maintain CD8" T cell inflation (Walton et al., 2011). HCMV lysate-specific CD4" T
cells persist at high magnitudes in HIV"* HCMV™ co-infection (Komanduri et al., 2001),
which might be due to higher HCMV disease burden (Lichtner et al., 2015; Maidji et al.,
2017). However, it is not known whether CD4" T cells specific to individual HCMV
epitopes undergo memory inflation in co-infected subjects. Glycoprotein B/gB has the
highest population prevalence of CD4 responses of any HCMV protein (Sylwester et al.,
2005). The gB polyprotein colocalizes to endosomes that process and present its class
Il epitopes directly from infected endothelial cells upon IFN-y-induced HLA class Il
expression (Hegde et al., 2005; Kambayashi and Laufer, 2014; Pachnio et al., 2015)
without needing professional APCs. gB-loaded endosomes are also secreted as
immunogenic exosomes that stimulate CD4" memory T cells (Broadley et al., 2017;
Walker et al., 2009). In HLA-DRB1*07:01 (DR7") persons, the most immunogenic gB
epitope is the extremely conserved DYSNTHSTRYV (DYS) epitope that is recognized
by cytotoxic, CX3CR1* CD4" T cells (Elkington et al., 2004; Pachnio et al., 2016).

HIV* HCMV® co-infection is implicated in the emerging higher incidence of
HCMV-related, non-AIDS comorbidities of cardiovascular diseases including
hypertension, coronary artery disease, and stroke despite suppressive antiretroviral
therapy (ART) (Barbaro et al., 2001; Cheng et al., 2009; Hsue et al., 2004; Lichtner et
al., 2015; Slot et al., 2017; Wall et al., 2013). These disease risks are further increased

in co-infected subjects with elevated CD4" T cell activation (CD38"HLA-DR") (Kaplan et
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al., 2011), which are mostly CMV-reactive (Smith et al., 2013) and are reduced by anti-
CMV therapy (Hunt et al., 2011). Indeed, CMV-reactive CD4" CX3CR1" T cells have
been proposed as potential mediators of these comorbidities (Broadley et al., 2017;
Sacre et al., 2012; van de Berg et al., 2012). Increased magnitudes of CD4" CX3CR1* T
cells positively correlate with arterial stiffness (Chanouzas et al., 2015), and these
populations significantly decrease in magnitude after anti-CMV therapy (Chanouzas et
al., 2017). However, the specific epitopes and activation phenotype of these identified
CMV-reactive CD4" CX3CR1" T cells (Sacre et al., 2012) remain unknown.

In this dissertation, a model has been proposed where HIV* HCMV" co-infection
increases stochastic, nonproductive HCMV reactivation that drives CD4 memory
inflation. We hypothesized that HLA-DR7-restricted DYS-specific (DYS') CD4" T cells
from HIV® HCMV® DR7" subjects undergo increased memory inflation compared to
similar cells from HIV- HCMV® DR7" subjects, and these cells upregulate CX3CR1,
CD38 and HLA-DR. To test this hypothesis, we studied the ex vivo response
magnitudes, frequencies and properties of DYS®™ CD4" T cells both in HIV* HCMV" long-
term non-progressors (to avoid confounding effects of HIV-induced subclinical HCMV
expression) and in HIV' HCMV" individuals using DR7-restricted DYS (DR7:DYS)
tetramer. Tetramers were used because cytokine-based assays can underestimate
actual T cell response magnitudes and the expression of phenotypic markers can
change after re-stimulation (Klenerman et al., 2002). The threshold for inflation was
arbitrarily set at 1% of circulating CD4" T cells as there is no standard minimum in the

literature.
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Results

HLA-DR7-restricted DYS® CD4" T cells are inflated in HIV' HCMV* DR7* compared
to HIV'- HCMV"' DR7" subjects

Following the gating hierarchy in (Figure Il.1), tetramer specificity was verified using
DRY7:CLIP tetramer stain of CD4-enriched PBMCs from time-point 1 (tp1; no ART) of 8
HIV* HCMV® DR7" subjects (Table 1.1, and Figure 11.2A). The HLA-DR?7 restriction of
the response was also confirmed by staining CD4-enriched PBMCs from 7 co-infected
subjects lacking HLA-DR7 allele i.e. DR7" (Table 1l.2 and Figure Il.3A). To determine
the HLA-DR7" DYS® CD4" T cell response magnitude in the HIV® HCMV® DR7"
subjects, the tp1 CD4-enriched or untouched PBMCs were stained with DR7:DYS
tetramer. DYS® CD4" T cell response (0.43-17.91%) was high in 7 subjects, with 6 of
them displaying inflated responses (Figure Il.2A). To determine whether DYS* CD4" T
cell inflation was abrogated after ART-induced HIV suppression, aviremic PBMCs from
later time-points (9.5 years median time lapse) of 4 co-infected individuals (time-point 2,
tp2, in Table 11.1) were stained with the tetramer and values ranging from 0.11-26.34%
(Figure 11.2B) were detected. Inflation frequency did not correlate with age (possibly
due to small sample size, which could be increased in future studies), HIV infection

duration, time-point CD4 count, nadir CD4 count or HIV load (Figure I11.4).
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Figure Il.1 Representative gating hierarchy for CD4+ T cell tetramer staining. FlowJo plots were obtained from
CD4-enriched PBMCs of subject 10027’s tp2 using PE-conjugated DR7:DYS tetramer. DYS- and DYS+: DYS- and
DYS+ CD4+ T cells, respectively; CM+, TM+, and EM+: central, transitional and effector memory T cells,
respectively; Nai+, Int+ and TEMRA+: naive, intermediate and T-effector memory-RA+ T cells, respectively. Data
represent ten biological replicates.

Importantly, significantly lower magnitudes of DYS* CD4" T cells (0.01-1.32%)

were detected in 10 HIV- HCMV* DR7" subjects (Table 11.3 and Figure 11.2C) compared

to those of the HIV' HCMV' DR7" individuals (median 0.06% vs. 4.76%, P=0.004;

Figure 11.2D). Samples from tp1 of Subject 10013, and tp2 of Subjects 10004, 10027

and 10032 (Table 1I.1) were used in this and all future experiments unless otherwise

indicated.
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Subject HLA-DRB1 Time- Age Years of HIV | CD4 T cell | HIV load (RNA | Time on ART
ID alleles point (years) infection count/ul blood copies/ml plasma) (years)

1 58 22 203 <50 -
10004 07:01, 03:01

2 62 26 181 <50 217

1 47 22 420 5,354 -
10013 07:01, 04:08

2 60 35 380 <50 5.0

1 66 14 378 7,340 -
10027 07:01, 03:01

2 75 23 977 <50 717

1 46 5 543 2,837 -
10032 07:01, 03:01

2 56 15 886 <50 4.42
10040 07:01, 13:01 | 1 47 14 1,161 <50 -
10030 07:01,09:01 |1 60 13 856 <50 -
10066 07:01,07:01 |1 52 14 1,063 <50 -
10069 07:01,08:04 | 1 46 6 903 2,470 -

Table 1.1 Characteristics of HIV' HCMV® DR7" subjects.
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Figure 1.2 HLA-DR7-restricted HCMV glycoprotein B DYS-epitope specific CD4" T cells undergo memory inflation in HIV' HLA-DR7" subjects. A-B:
CD4-enriched or untouched peripheral blood mononuclear cells (PBMCs) from HIV' DR7" subjects were stained with DR7:CLIP or DR7:DYS tetramer for their (A)
tp1 (no ART) (n=8), and (B) tp2 (on ART) samples (n=4). (C) DR7:DYS tetramer staining of HIV"' DR7" subjects’ PBMCs (n=10). (D) Response magnitude
comparisons of DYS® and EPD" CD4" T cells from HIV' HCMV' DR7" (n=8; tp1 of Subject 10013, and tp2 of Subjects 10004, 10027 and 10032), HIV- HCMV*
DR7" (n=10) and HIV* HCMV' DR7" (n=5-7) subjects determined simultaneously from the same samples per subject. E-F: Longitudinal (E) response magnitudes
and (F) absolute counts of DYS® and EPD* CD4" T cells from Subjects 10027 and 10069. Values in (D) represent 23 biological replicates with means, except for
the HIV" HCMV' DR7" cohort with no replicates.
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HLA- CD4 T cell|HIV load (RNA | Time on
Subject Age Years of HIV
DRB1 count/pl copies/ml ART
ID (years) | infection
alleles blood plasma) (years)
11:01,
10031 37 8 612 <50 -
15:03
01:01,
10042 45 24 599 <50 2.75
13:02
13:01,
10071 46 16 881 <50 -
15:03
03:01,
10074 43 6 210 <50 1.5
04:04
03:01,
20011 37 <1 512 2,655 -
03:01
03:01,
20018 22 2 1,374 1,886 -
16:02
01:01,
20049 29 1 740 50,696 -
11:01

Table 1.2 Characteristics of HIV' HCMV® DR7" subjects.
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Figure 11.3 DYS® CD4" T cell responses are dependent on HLA-DR7 allele, and other DR7" epitope-specific
CD4" T cells are present at low frequencies in HIV' DR7" subjects. (A) DYS (n=7) and (B) EPD (n=5) tetramer
stains of HIV' DR7" subjects representing single experiments. EPD tetramer stain of PBMCs from (C) HIV' DR7"
(n=8) and (D) HIV' DR7" (n=10) subjects. (E) Frequency comparisons of DR7-restricted CD4" T cells from the HIV*
HCMV® DR7" cohort that are specific for DYS, tetanus toxoid precursor LIN, EBV EBNA2 PRS or HIV gag FRD
epitopes (n=8; tp1 of Subject 10004, and tp2 of Subjects 10013, 10027 and 10032). (F) CD8 A2:NLV tetramer stain
of Subject 10027’s tp2 PBMCs. Data represent at least two biological replicates except Subject 10032’s EPD
tetramer stain due to insufficient cells and panel (E). PBMCs were CD4-enriched or left untouched.
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Figure 11.4 DYS® CD4" T cell inflations do not correlate with clinical parameters. HIV* HCMV": n=8 (time-point 1
of Subject 10013, and time-point 2 of Subjects 10004, 10027 and 10032). Data represent single experiments. p:
Spearman correlation.

CD4 counts of the HIV" cohort were unavailable for absolute DYS™ CD4 count
comparison. To confirm that these cells were undergoing memory inflation, DYS* CD4"
T cells from five time-points of two HIV® DR7" subjects spanning a period of up to
twelve years were analyzed and stable magnitudes and absolute counts (Figure 11.2E
and Figure II.2F, respectively) were detected. Together, these findings identify inflated
CD4" T cells against the HLA-DR7-restricted DYS epitope of HCMV gB in HIV' HCMV*

co-infected subjects.
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Subject ID | HLA-DRBH1 alleles Age (years)
30051 07:01, 04:04 47
30057 07:01, 03:01 27
71740 07:01, 11:01 Unknown

20 07:01, 15:01 66
24 07:01, 01:01 45
26 07:01,04:01 55
29 07:01, 01:02 42
32 07:01, 01:01 52
36 07:01, 04:08 49
37 07:01, 04:07 50

Table 1.3 Characteristics of HIV" HCMV* DR7" subjects.

HLA-DR7-restricted CD4" T cells responses to other persistent and non-persistent
epitopes are low in HIV' HCMV* DR7" subjects

Tetramer stains of CD4" T cells specific for a DR7-restricted, highly conserved HCMV
pp65 EPD epitope, which were absent in HIV' HCMV* DR7" subjects (Figure 11.3B),
revealed a significantly lower range of frequencies in the HIV® HCMV® DR7" cohort
(0.01-1.87%, Figure 11.3C) compared to inflated DYS® CD4" T cells in this cohort
(median 0.04% vs. 4.76%, P=0.02; Figure 11.2D). Memory inflation of these EPD* CD4"
T cells was not detected in four longitudinal samples obtained from the two subjects
with the highest DYS-specific inflation over a twelve-year or less period (Figure I1.2E
and Figure II.2F). A similar trend was observed in the HIV" HCMV* DR7" cohort

between EPD" (0.003-0.04%, Figure 11.3D) and DYS* CD4" T cells (median 0.001% vs.
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0.06%, P=0.03; Figure 11.2D). As observed for DYS* CD4" T cells, EPD* CD4 response
magnitudes were also significantly higher in HIV' HCMV* DR7" than in HIV- HCMV”*
DR7" cohort (P=0.002; Figure 11.2D), confirming a recent report using pp65 peptide
pools instead (Garg et al., 2017). To determine whether the inflation could be due to
generalized HIV-induced inflammation, the magnitudes of CD4" T cells specific for DR7-
restricted TT, EBV or HIV epitopes from the HIV* DR7" subjects were compared to their
DYS" CD4" T cell counterparts. It was observed that the magnitudes of responses to
these other epitopes were undetectable or very low compared to the inflated DYS-
specific response (P=0.0078 for each comparison; Figure I.3E). To evaluate potential
CD8" T cell inflation, PBMCs from Subject 10027, who had the highest DYS® CD4
inflation (26.34%) and carried a HLA-A2:01 allele, was stained with A2:NLV tetramer,
but detected an NLV-specific CD8" T cell response magnitude of only 0.75% (Figure
I.3F). Collectively, these results indicate that other DR7" epitope-specific CD4" T cells

in most co-infected subjects are present at lower magnitudes than DYS® CD4" T cells.

DYS® CD4" T cells consist of Tem and/or Tewra Subsets

The memory phenotype of DYS® CD4" T cells was determined by measuring surface
expression of memory markers CD45R0O, CCR7 and CD27 to define Tem, Temra, central
(Tewm; CD45RO* CCR7Y CD277), transitional (Ttw; CD45R0O* CCR7 CD27%), naive (Tnai;
CD45RO™ CCR7* CD27"), and intermediate (T.; CD45RO" CCR7 CD27") subsets
(Figure 11.1) (Burgers et al., 2009). Compared to the non-DYS™ (DYS’) CD4" T cells,
DYS" CD4" T cells from HIV' HCMV® DR7" subjects were biased toward Tgy (46.6—

97.97% vs. 6.1-51.9%, P=0.016) and Temra (0.03-48.1% vs. 0.4-16.7%, P=0.078)
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(Figure I1.5A), and similar observations were made in the HIV"- HCMV* DR7" cohort
(Figure I1.5B). Most CD45RO" DYS™ and DYS™ CD4" T cells were CD45RA" as shown

in Subject 10027 (Figure 11.5C).
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Figure I1.5 CD4" T cells specific for DYS epitope consist of Tem and Temra Subsets, and secrete cytokines
upon DYS stimulation. (A) Response magnitude comparisons of DYS™ and DYS CD4" T cell subsets from HIV*
HCMV® DR7" subjects (n=7). PBMCs were stained with the tetramer and memory markers to identify the subsets.
Plots show grand means and represent at least two biological replicates. (B) Normalized magnitudes of CD4 subsets
within DYS" or DYS  CD4" T cells from HIV' HCMV® DR7" subjects with sufficient tetramer’ response for analyses.
(C) CD45RO and CD45RA staining of Subject 10027's PBMCs. D-E: Background-corrected IFN-y ELISpot
responses of PBMCs from (D) HIV" HCMV® DR7" (n=4; tp1) and (E) HIV' HCMV" DR7" (n=3) subjects upon
stimulation with 0.001 pg/ml of DYS, EPD, FRD, PRS, LIN epitopes, and of the following controls: HCMV pp65
overlapping 15-mer peptide pool, HIV’s gag overlapping 15-mer peptide pool and anti-human CD3. Data represent
technical triplicates except in conditions without mean+SD. (F) Intracellular cytokine staining of Subject 10027’s
PBMCs after DYS or SEB stimulation.

DYS-stimulated CD4" T cells secrete IFN-y and TNF-a
Most HIV" HCMV® DR7* PBMC samples stimulated with DYS produced IFN-y in high-
throughput ELISpot, and only Subject 10013 responded to EPD (Figure I11.5D),

indicating that tetramer staining was more sensitive or that the cells were dysfunctional.

95



Subject 10004 did not respond to either epitope on the IFN-y ELISpot, possibly as the
result of dysfunction or absence of epitope-specific TCR among the CD4" T cells. 1 of 3
screened HIV- HCMV® DR7" subjects responded to DYS stimulation (Figure II.5E).
Responses to HIV FRD epitope, EBV PRS epitope or TT LIN epitope were relatively
diminished in HIV" DR7" subjects compared to DYS-induced responses and not
detected in HIV' DR7" subjects (Figure 11.5D and Figure II.5E, respectively). Dual IFN-y
and TNF-a intracellular cytokine staining of Subject 10027’'s PBMCs, which produced
the largest IFN-y ELISpot response to DYS, confirmed that the ELISpot responses
originated from CD4s and not CD8s, and suggested that these inflated cells were likely
polyfunctional (Figure II.5F), as previously reported (Pachnio et al., 2016; Pachnio et

al., 2015).

Inflated DR7* DYS* CD4" T cells have highly restricted TCRp repertoires

TCR analyses were conducted only on subjects with adequate DYS® CD4 magnitudes
of response for bulk cell sorting and sequencing: HIV® Subjects 10027, 10040, 10069
and 10032 (26.34%, 8.95%, 17.91% and 7.52%, respectively) and HIV" Subject 20
(1.32%) as a control. Highly restricted TCR-beta-variable (TCRBV) and -joining (TCRBJ)
gene pairing was observed in bulk-sorted Tey and Tewra subsets of DYS* CD4" T cells
compared to the more diverse DYS™ counterparts in all subjects (Figure 11.6, A - E). The
dominant TCRBV and TCRBJ gene families of each individual's DYS® CD4" T cells
comprised 69.5% to 99.7% of the DYS" CD4" T cell repertoire, and were identical

between their Tem and Tewra subsets (Figure 1.7, A - E).
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Figure 1.6 Productive TCRB V and J gene pairs of bulk-sorted, inflated DYS® CD4" T cells are highly
restricted. TCRBV and TCRBJ gene family pairings of Tem and/or Temra subsets of productive DYS" and DYS™ CD4
TCRs from Subjects (A) 10027, (B) 10040, (C) 10069, (D) 10032, and (E) 20. Data shown represent single
experiments. V and J gene pairs are connected by stems between their arcs. Arc lengths reflect gene family
proportions within the sample’s repertoire. High magnitude V and J gene families are emphasized.
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Figure 11.7 Magnitudes of the highly restricted TCRBV and TCRBJ gene families of bulk-sorted, inflated DYS*
CD4" T cells. Data represent single experiments for Subjects (A) 10027, (B) 10040, (C) 10069, (D) 10032, and (E)
20, which complement figure I1.6. Top row: TCRBV; bottom row: TCRBJ.

However, the dominant TCRBV and TCRBJ gene families of DYS" CD4" T cells were

lower (10.42-56.46%) and different between Tem and Temra subsets (Figure 11.7, A - E).

These findings indicate a strong TCR conservation among inflated DYS™ CD4" T cells.

Inflated, DR7* DYS® CD4" T cells utilize nearly monoclonal CDR3s

The CDR3 repertoires of productive V(D)J rearrangements (in-frame and without stop

codons) of the bulk-sorted DYS® CD4" T cells were analyzed, and it was observed that
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they were dominated by specific clones with unique V(D)J rearrangements (69.41—
99.64%, median=91.37%) (Figure I.8, A - E). Interestingly, we observed that 97.29%
and 7.6% of the productive DYS* CD4" Tem CDRS3 repertoires of Subjects 20 (HIV') and
10069 (HIV®), respectively, were comprised of public clonotypes shared between the
two individuals. Tegm CDR3 analysis of an HIV' HCMV" subject showed no clonal
expansion (Figure 11.9), suggesting that clonal expansion among DYS™ Tgyw CDR3s
might be tied to HCMV" status. The DYS™ and DYS™ CDR3 clonal dominance reflected
their respective TCRB gene-family distributions. DYS" Tem and Tewra dominant clones
within each subject were identical, and this is likely a reflection of the reversible T cell
differentiation from Tegy (CD45RO* CD45RA’) to Temra (CD45RO™ CD45RA™) (Pachnio
et al., 2016).

In vivo stimulation of inflated cells involves NFAT-mediated cellular activation and
proliferation upon TCR ligation by peptide-MHC. To confirm this activity and the
accuracy of the clonal CDR3 sequence, the antigen presentation conditions for Subject
10027 was simulated using autologous B cell-derived LCLs and the DYS epitope to
stimulate autologous DYS" a: TCR expressed on Jurkat cells with an NFAT-mediated
luciferase reporter. Using single-cell sorting and TCR sequencing, we first determined
the paired a:B TCR CDR3 sequences of autologous DYS® CD4" T cells to be TCRa
CAGRSSNTGKLIF CDR3 (TCRaV25 and TCRaJ37), and TCRB CASIHQGSTEAFF
CDR3 (TCRBV6-5 and TCRBJ1-1) that matched Subject 10027’s nearly monoclonal

CDRS sequence (Figure I.10A).
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Figure 11.8 Inflated DYS* CD4" T cells have nearly monoclonal productive CDR3s. Productive and unique TCRp
CDRS3 clones of DYS" and DYS™ Tew and/or Temra subsets from Subjects (A) 10027, (B) 10040, (C) 10069, (D) 10032
and (E) 20. Data represent single experiments.
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Figure 1.9 Highest-frequency CDR3 sequences of Tem from a HIV' HCMV" subject. Data represents a single
experiment.
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Figure 11.10 Expressed clonal TCR of inflated DYS* CD4" T cells recognize DR7-restricted DYS epitope. (A)
Subject 10027’s DYS" single cell a:p TCR CDR3 sequences, and NFAT-mediated luciferase luminescence response
of DR7" LCL-presented, serially diluted DYS epitope stimulation of DYS" TCR. Subject 10027’s DYS" a:B TCR gene
sequences were determined from single cell sorting and expressed using plasmids in an NFAT-luciferase reporter
Jurkat cell line for stimulation. Graph shows meantSD: conditions with two data-points represent technical replicates,
while those with four represent two biological replicates of two technical replicates. (B) Clonality comparison of
productive CDR3s of DYS" to DYS CD4" Tem and Temra subsets from Subjects 10027, 10040, 10069, 10032 and 20.
Clonality fractions were bioinformatically determined after productive entropy normalization. Values near 1: more
clonal. (C) Fractional comparison of productive V(D)J rearrangements of DYS' to DYS™ CD4" Tem and Tewmra subsets
from all five subjects. Values near 1: fewer out-of-frame sequences or stop codons. B-C: Data represent single
experiments for each subject with mean+95% CI.

After TCR expression and stimulation with autologous, DYS-pulsed DR7* LCLs,
we detected a dose-dependent luminescence that was not observed without epitope,
with a different epitope (EPD) or using a DR7 LCL (Figure Il.10A). Subject 10069’s
LCL (DR7, DR8) confirmed that DYS was presented by DR7 and not DR3, which was
the other DRB1 allele of Subject 10027 (Figure I.10A). Clonality analysis revealed that

DYS" CD4" Tew and Temra cells were significantly more clonal than their DYS
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counterparts, and were almost monoclonal in Subject 10032 (P=0.0078; Figure 11.10B).
The expectation of more productive V(D)J rearrangements within DYS* compared to
DYS CD4" T cells since the former were sorted based on specific HLA-restricted
epitope recognition was verified (P=0.0078; Figure 1.10C). These results suggest that
DYS® CD4" T cells are inflated via a highly clonal mechanism that likely involves DYS

stimulation.

Different DYS* CDR3 clones share conserved amino acids

An assessment was made of whether potential amino acid conservation among the
different, dominant DYS* CDR3s of all subjects could explain their common recognition
of DYS. Remarkably, the V(D)J alignments revealed two new conserved amino acids
(serine (S), and threonine (T)) within the D-segments in addition to the published
glutamine (Q) (Crompton et al., 2008), all of which have polar, neutral side chains
(Table 11.4). Such conservation was not seen among DYS™ CDR3 clones (Table I1.5).
These findings indicate that amino acids with polar and neutral side chains might be

critical in DYS recognition.

Inflated DR7* DYS® CD4" T cells are CD127" TIGIT and Granzyme B"

Plasma HCMV DNA loads of all subjects were measured, but no viral DNA was
detected despite the HCMV-seropositive status of the subjects, suggesting that inflation
of these circulating cells was not due to ongoing HCMV replication in the blood. It is
possible that persistent CMV epitopes from non-productive reactivation occurring in

HCMV latently-infected vascular endothelial cells are driving inflation.
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CDR3TCRBV| V segment TCRBJ
Subject ID N1 D segment [N2 J segment
freq. | family |(start of CDR3) family
10027 94% 65 C A S I HQ G S T E A FF 11
tgtgccagc atccatcaa gggagc act gaa gct ttettt
10040 84% 28 C A S T S G A A TNEIKULTFF 14
tgtgccagc act tcaggg gcggcaactaatgaaaaactg ttt ttt
10069 91% 65 CA S SY Q G A T E A FF 11
tgtgccagcagttat cagggc gcc act gaa gct ttettt
10032 99% 6-2 C A S S F Q G Q Q P Q HF 15
tgtgccagcagt ttc cagggg caa cag ccccagcatttt
20 %% 56 CA S S L F G TG G N T E A FF 11
tgtgccagcagcettg  ttc gggacagggggg aacact gaa gct ttettt

Table 1.4 Dominant CDR3-B of inflated DYS® CD4" T cells share conserved polar, neutral amino acids. Conserved glutamine (Q), serine (S) and threonine
(T) within the D-segment are underlined. The dominant CDR3s were identical for DYS® CD4" Teym and Tewra in all subjects.
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CD4 CDR3 TCRBV TCRBJ
Subject _ V gene start of CDR3| N1 D gene N2 J gene _
subset Freq. family family
10027 Tewm 16% 12-3 C A S S P G TS AG E QYF 2-7
tgtgccagc agt ccg gggactagcgccggce gagcagtacttc
Temra 34% 7-9 CA S S T L AG Y S NQP QHF 1-5
tgtgccagcagc acg ttg gcggga tat agcaatcagccccagcatttt
10040 Tewm 7% 3-1 CAS SQD G G S S S Y EQYF 2-7
tgtgccagcagccaagac ggcggg agt agc tcc tac gagcagtacttc
Temra 15% 30 CAW N Q G R E P QHF 1-5
tgtgcctgg aat cagggg cgc gagccccagcatttt
10069 Tem 28% 9 C A S S D R D R D QP QHF 1-5
tgtgccagcagc gac cgggacagg gatcagccccagcatttt
Temra 28% 12-3 CA S S L G G K G NT I YF 1-3
tgtgccagcagc ctg gggggg aaa ggaaacacc ata tat ttt
10032 Tem 22% 5-8 CAS S L L AG A GNT I YF 1-3
tgtgccagcagc tta ctagcaggg gctggaaacacc ata tat ttt
20 Tem 3% 20-1 CS AR D G P G I R A FF 1-1
tgcagt gctaga gat ggtccaggg att cga gct tte ttt

Table 11.5 Dominant CDR3-B of DYS  CD4" T cells do not share conserved polar, neutral amino acids. Glutamine (Q) within the D-segment is underlined.
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Other samples such as saliva and semen in which active HCMV replication has been
reported were unavailable for testing. Next, we determined whether these cells
displayed similar CD127° PD-1" TIGIT granzyme B* phenotype of inflated CMV-specific
CD8" T cells (Johnston et al., 2014; Klenerman and Oxenius, 2016; O'Hara et al.,
2012). For all onward comparison experiments of inflated DYS* CD4" T cells (n=7), |
used HIV" HCMV" controls (n=10) to provide contrast with conventional Teu cells and
avoid other potential inflationary HCMV epitope-specific responses, and also because
HIV® HCMV subjects are extremely rare. Only Tgw was focused on because DYS®
Temra Was present in only 5 HIV' HCMV® DR7" subjects. CD127, PD-1, and TIGIT
expressions on DYS* CD4" Tgy were compared to those on CD4" Tgy from HIV- HCMV
controls, and we detected significantly lower CD127 (P=0.025), no difference in PD-1
(P=0.36), and significantly lower TIGIT (P=0.0001) among the inflated cells (Figure
111, A - C). The dual IFN-y and TNF-a secretions in Figure II.5F also suggest these
cells are not exhausted. To further examine polyfunctionality, ex vivo intracellular
granzyme B levels of DYS® CD4" Tegm from the HIV' HCMV® DR7" subjects were
compared to controls, and significantly higher levels on cells with DYS specificity were
detected (P=0.0001; Figure 11.11D), confirming previous cytotoxicity (Crompton et al.,
2008; Elkington et al., 2004; Hegde et al., 2005; Pachnio et al., 2016; Pachnio et al.,
2015) and polyfunctionality (Pachnio et al., 2016; Pachnio et al., 2015) reports for DYS"
CD4" T cells. B-cell lymphoma-2 (Bcl-2) protein MFI of inflated DYS® CD4" T cells were
not different compared to controls (P=0.54; Figure Il.11E). None of these protein levels
correlated with the magnitude of DYS® CD4 inflation (Figure 11.12). These findings

reveal that inflated DYS* CD4" T cells are CD127  PD-1"" TIGIT  and Granzyme B".
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Figure 1.1 Inflated DYS® CD4" T cells have a CD127 TIGIT" Granzyme B* phenotype. Ex vivo comparisons of

(A) CD127, (B) PD-1, (C) TIGIT, (D) Granzyme B expressions or (E) Bcl-2 median fluorescence intensity (MFI) of
DYS® CD4" Tem of HIV' HCMV" subjects to DYS™ CD4" Tem of HIV' HCMV controls. PBMCs were stained with
tetramer and mAbs for either surface PD-1, CD127 and TIGIT or intracellular granzyme B and Bcl-2 proteins. HIV*
HCMV™: n=7, HIV- HCMV": n=10 and HIV' HCMV": n=10. Graphs represent single experiments for each subject, with
mean+95% CI for all subjects.

Inflated DR7* DYS* CD4" T cells are CX;CR1"®" and are not undergoing higher

proliferation

Latent HCMV reservoirs present endogenous DYS epitopes to DYS* CD4" T cells

(Hegde et al., 2005; Pachnio et al., 2015; Ventura et al., 2012). Therefore, it was
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Figure 1112 DYS* CD4" T cell inflation does not correlate with frequencies of their Tew intracellular or surface
proteins. HIV' HCMV™: n=7 (tp1 of Subject 10013, and tp2 of Subjects 10004, 10027 and 10032). Data represent
single experiments. p: Spearman correlation.

hypothesized that such reservoirs expand with HIV co-infection to cause memory
inflation due to potential depletion of CMV-specific CD4" T cells that occurred during
acute HIV infection. While HCMV reservoir size could not be directly measured, it was
further hypothesized that expanded HCMV latent reservoirs, including VECs, would

express more CX3CL1 and consequently correlate with higher expression of CX3CR1 on



inflated DYS™ CD4" T cells. Indeed, these cells had significantly higher CX;CR1 MFI
compared to controls (P=0.0007; Figure Il.13A), confirming previous reports (Pachnio
et al., 2016). To determine whether effective TCR stimulation by DYS-presenting latent
reservoirs caused ongoing proliferation in vivo and by extension memory inflation, ex
vivo Ki-67" levels within inflated DYS® CD4 Tegw were measured and a slightly wider
range of, but not significantly higher, magnitudes were detected in these cells compared
to controls (P=0.47; Figure 1.13B), in keeping with studies on MCMV epitope-specific
CD8" T cell inflation (Bolinger et al., 2015; Sierro et al., 2005). Using CD57 and CD28
dual staining of Subject 10027’s tp2 PBMCs, it was observed that <2% of CD4" DYS* T
cells displayed the CD57* CD28*" phenotype for replicative senescence (Figure 11.13C)
(Brenchley et al., 2003). CX3CR1 and Ki-67 levels did not correlate with DYS* CD4
inflation magnitudes (Figure 11.12). These findings suggest that inflated DYS® CD4 T
cells might interact with HCMV reservoirs that express CX3CL1 and their inflation is not

linked to increased ongoing proliferation.

Inflation is not caused by DR7-restricted HIV gag epitope cross-reactivity

TCR cross-reactivity is ubiquitous and can occur between unrelated pathogens
including HIV (gag) and influenza A virus (Acierno et al., 2003). To assess cross-
reactive TCR role in inflation, the HLA-epitope-TCR simulation experiment was
repeated using high-affinity DR-7-restricted HIV gag epitopes instead, but detected no
response (Figure 11.13D). Also, HIV viremia was not associated with a significant
increase in inflation compared to aviremia (P=0.63; Figure Il.13E). These findings

suggest that the inflation is not likely caused by cross-reactive HIV gag epitopes.
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Whether HCMV might latently infect the inflated CMV-specific memory CD4™ T
cells it induces was also investigated. ddPCR quantitation of HCMV DNA was optimized
using HCMV AD169 strain, but HCMV DNA was not detected in DYS®™ CD4" T cells

(Figure 11.14A and Figure 11.14B).
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Figure 1114 Inflated DYS® CD4" T cells do not serve as HCMV reservoirs. A-B: Droplet digital PCR (ddPCR)
HCMV DNA quantitation in single experiments of (A) HCMV AD169 strain serial dilutions, and (B) DYS® and DYS”
CD4" T cells from HIV" HCMV* DR7" subjects (n=6). Data points at 10™" indicate undetected HCMV DNA. (B) Left y-
axis: HCMV genome copy number after normalization with RNaseP housekeeping gene. Right y-axis: input number
of cells, which was determined by dividing the RNaseP concentration (in g/ul) in the PCR volume by 2 (because there
are two copies of RNaseP per cell) and multiplying by the total ddPCR volume (20 pl). This product is divided by the
standard number of DNA per cell (6 pg/cell) to determine the input number of cells in the reaction. Graph shows 95%
Cl determined from the ratio of the concentration of HCMV IE1+IE2 to RNaseP.x 1.96 times the standard error ratio
of HCMV [E1+IE2 to RNaseP as described in more details in the materials and methods in Equation VI.1.

Inflated DYS® CD4" T cells display elevated levels of CD38 or HLA-DR, but less
often co-express CD38 and HLA-DR

CD38 and HLA-DR dual and individual expression was also measured on inflated DYS*
CD4" T cells. Although no significant difference was observed in their CD38"HLA-DR"
co-expression magnitude compared with HIV: HCMV™ DYS™ Tem controls (P=0.091;
Figure IL.15A), significantly higher levels of CD38"HLA-DR® co-expression were

observed on their DYS™ Tem counterparts within the HIV® HCMV® cohort compared to

the same controls (P=0.0001; Figure Il.15A). Additionally, individual protein analyses
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revealed significantly higher levels of CD38 and HLA-DR (P=0.03 and P=0.03; Figure
I.15B and Figure I1.15C, respectively). There was a stepwise increase in the mean
expressions from DYS™ Tgw of HIV- HCMV™ to DYS™ Tgw of HIV- HCMV' to DYS™ and
DYS" Tem of HIVF HCMV™ subjects. These protein levels on DYS* CD4" T cells did not
correlate with the magnitudes of DYS® CD4 inflation (Figure 11.12). CD38 was elevated
on naive T cells as expected (Chattopadhyay and Roederer, 2010). Overall, these
findings indicate that inflated DYS® CD4" T cells do contribute to the increased T cell
activation associated with higher risk of HCMV-related non-AIDS comorbidities in HIV*
HCMV" subjects, but further studies are required to define the specific subsets of

activated cells that correlate most closely with these adverse outcomes.

Discussion

In this chapter, | described the memory inflation of HLA-DR7 restricted, HCMV epitope-
specific CD4" T cells in HCMV" long-term non-progressor HIV subjects that could
potentially contribute to the higher T cell activation associated with elevated risks of
HCMV-related non-AIDS cardiovascular comorbidities in such co-infected patients. Ex
vivo DR7:DYS tetramer stains revealed persistent, inflated percentages of HCMV’s
DYS" CD4" T cells in the HIV' HCMV* DR7" subjects that consisted of mostly Tey and
Tevra subsets, and secreted IFN-y and TNF-a upon in vitro DYS stimulation of their
nearly monoclonal TCR repertoires. The 28.8% DYS® CD4 response magnitude of
Subject 10027 measured in the fourth time-point of the longitudinal analyses is the

largest reported CD4 response magnitude against DYS epitope to our knowledge, and
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Figure 11.15 Inflated DYS® CD4" T cells have a wide distribution of CD38"HLA-DR" co-expression. Ex vivo
comparisons of (A) CD38"HLA-DR" (B) CD38 and (C) HLA-DR magnitudes on DYS® CD4" Tem of HIV' HCMV*
subjects to DYS™ CD4" Tem of HIV- HCMV™ controls. HIV" HCMV": n=7, HIV- HCMV": n=10 and HIV- HCMV: n=10.
Graphs represent single experiments for each subject and mean+95% ClI for all subjects.

is similar to the 24% magnitude of a DQ6-restricted pp6541.s5 LLQTGIHVRVSQPSL-
specific CD4 response (Pachnio et al., 2016), although the HIV status of the subject
was not specified. It is not clear why Subject 10030 had an extremely low DYS* CD4" T
cell magnitude. We doubt this was due to CMV sequence variation because the DYS
epitope and adjacent residues involved in proteosomal cleavage are highly conserved.
It is possible that the TCR of these cells lack glutamine, threonine or serine amino acid
residues that are conserved among inflated DYS® T cells, and this warrants
investigation.

These findings represent the first ex vivo and tetramer-based evidence for CD4

memory inflation in HIV® subjects and it is striking in frequency and magnitude for the
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DYS epitope. It is quite remarkable that DR7* CD4 responses to other HCMV, TT, EBV
or HIV epitopes analyzed in the same cohort were significantly lower. The reduced
magnitude of IFN-y responses to stimulations by these additional epitopes was reflected
in the lower absolute counts among the stimulated cells in the ICS assay. Therefore, |
believe that the inflation of DYS-specific CD4" T cells is more likely due to specific HLA-
epitope-TCR interactions, and unlikely to be due to HIV-induced inflammation. This is
also supported by the finding of a highly enriched CDR3 clonotype in HIV" Subject 20.
Also, it does not appear that this is an intrinsic feature of persistent viruses, as EBV
epitope-specific responses were of low magnitude or absent within the same
individuals. Although | was unable to measure these responses among the HIV- DR7*
cohort due to IRB restrictions on re-inviting the subjects, | believe their magnitudes will
similarly be low or undetectable. The EPD* CD4" T cell response was of unusually high
magnitude in the HIV* Subject 10013 at both tp1 (1.87%) and tp2 (1.4%). This individual
was also the only subject in whom secreted IFN-y was detected upon EPD stimulation.
These findings suggest that the EPD epitope may drive a memory-inflated response in
HIV, and the possibility that EPD might not also drive an inflated rarely response in HIV
individuals cannot be excluded. Interestingly, low-level DYS® CD4" T cell responses
were detected in all HIV- HCMV® DR7" subjects with the exception of one subject with
1.32% magnitude of response. The observation that one HIV" subject had DYS* CD4" T
cell, which were predominantly of the Tem phenotype, illustrates that memory inflation
with this epitope can occur in HIV" subjects. However, the prevalence and magnitude of

memory inflation was substantially higher with HIV co-infection. Taken together these
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findings suggest that CD4" memory inflation can occur in HIV negative individuals but
HIV acts to increase the prevalence and magnitude.

It is not fully understood how CMV, and why only CMV, induces chronic memory
inflation and why this property has been conserved in mice (Bolinger et al., 2015;
Dekhtiarenko et al., 2016; Karrer et al., 2003; Munks et al., 2006; Sierro et al., 2005),
rhesus macaques (Cicin-Sain et al., 2011) and man (Klarenbeek et al., 2012; Waller et
al., 2008). The inflated DYS and comparatively lower EPD responses in five HIV co-
infected subjects parallel recent reports of different epitopes from the same protein
inducing both high- and low-magnitude responses (Bolinger et al., 2015; Munks et al.,
2006). Potential explanations for DYS-specific inflation include the translation of gB
mMRNA without HCMV replication (Smuda et al., 1997), gB colocalization to endosomes
and endogenous presentation (Hegde et al., 2005; Pachnio et al., 2015), and the
secretion of such gB epitope-loaded endosomes as immunogenic exosomes (Broadley
et al., 2017; Walker et al., 2009). Endogenous epitope processing and presentation has
been demonstrated recently to drive CD8 memory inflation (Dekhtiarenko et al., 2016;
Hutchinson et al., 2011). However, the low pp65 EPD-specific responses might be due
to pp65 polyprotein absence in immunogenic exosomes (Walker et al., 2009). Yet, this
mechanism does not explain the published DQ6-restricted pp6541-55
LLQTGIHVRVSQPSL epitope-induced inflation (Pachnio et al., 2016), suggesting that
multiple factors underlie inflation. Differential gene expression patterns (Dekhtiarenko et
al., 2013), and the presence of higher avidity TCRs specific for DYS might also play
some role. It is important to note that cytotoxic CD4" T cells in general are elevated in

HIV infection (Appay et al., 2002b). This may be due to low CCR5 expression,
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especially by CMV-specific CD4" T cells (Casazza et al., 2009), which protects such
cells from HIV infection and might explain the lack of HIV DNA enrichment in the results
or APOBEC3G-mediated inhibition of HIV replication (Oswald-Richter et al., 2007; Pido-
Lopez et al., 2009).

Few studies have described the TCR repertoire of HLA class ll-restricted
epitope-specific CD4 responses based on tetramer sorted cells, and most were
conducted in vitro or without TCR sequencing (Ertelt et al., 2011; Falta et al., 2005; Kim
et al., 2013; Kimata et al., 2012; Koehne et al., 2015; Lanzer et al., 2014; Legoux et al.,
2013; Nose et al., 2007; Petersen et al., 2015; Poli et al., 2013; Sabatino et al., 2011;
Vingert et al., 2010). Notably, some of the repertoires of these single epitope-specific T
cells are diverse with over six unique, dominant TCR gene families (Ertelt et al., 2011;
Nose et al., 2007; Sabatino et al., 2011; Vingert et al., 2010). Therefore, to our
knowledge, this work represents the first combination of ex vivo, class Il tetramer-
derived and deep sequencing-based identification of a nearly monoclonal TCR
repertoire of inflated HLA-restricted epitope-specific CD4" T cells at the resolution of the
CDR3. Three new DYS-specific TCRBV gene families were discovered: TCRBV6-2,
TCRBV5-6 and TCRBV28 in addition to the published TCRBV6-5 (Crompton et al.,
2008). CDR3 sequencing confirmed that the inflations were driven by nearly monoclonal
expansions, especially in Subject 10032 where 99.4% of all DYS™ Tem were a single
clonotype. HIV" Subject 20's DYS® CD4" T cell clonality indicates that clonal expansion
to DYS was not unique to HIV® subjects, a finding that again suggests that HIV co-
infection is not necessary for, but rather increases the likelihood of, and amplifies DYS*

CD4" T cell inflation. To determine if the inflation was unique to DYS, a comparison
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between bulk DYS® CDR3s and those of EPD, LIN, PRS, or FRD epitope would have
been sufficient; however, magnitudes of cells specific to these additional epitopes were
too low for that analysis. CDR3 sequences within DYS™ CD4 samples were generally
polyclonal with a few exceptions. These noteworthy exceptions (Fig. 4, right column)
might be driven by clonal expansions induced by epitopes that overlap with DYS as
observed in HCMV IE1 epitopes (Braendstrup et al., 2014), or to other inflation-inducing
epitopes of HCMV or other pathogens. The presence of the dominant DYS® CDR3s
within the DYS’ repertoire at relatively lower magnitudes reflected potential loss of
tetramer binding, while the reverse could reflect non-specific binding to the DYS
tetramer. The in vitro HLA-DR7-presented DYS stimulation of the inflated DYS"™ CD4
TCR in our Jurkat cell transfection system confirmed the specificity of the tetramer stain
and accuracy of our bulk-cell and single-cell TCRa and TCRP sequencing. The
dominant DYS* CDR3 sequences were analyzed from different subjects for amino acid
conservation as: (i) there are no reports of such conservation within inflationary CD4* T
cell CDR3s, and (ii) even dominant clones of well-characterized, non-inflated HLA-
A2:NLV CDS8 responses from different individuals do not always contain conserved
motifs (Glanville et al., 2017). In addition to the published glutamine (Crompton et al.,
2008), it was also discovered that novel conservations of serine and threonine that
preceded the germline glycine within the D-segment of the different, dominant DYS*
CD4 CDRS3 clones. These amino acids are polar with neutral side chains that might
serve as TCR binding residue sites for hydrogen bond formation with DYS and HLA-
DRY7. Further verification by crystallographic reconstruction of the DR7-DYS-TCR

complex is required.
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Inflation may be due to intermittent, subclinical CMV reactivation or expression of
specific transcripts. HCMV DNA was not detected in plasma samples from this cohort.
Future studies could investigate this reactivation through monitoring of other specimens
such as saliva, semen, etc. Although the exact mechanism by which HCMV stimulates
inflated responses in our human subjects was unable to be determined, ex vivo protein
expressions of DYS* CD4* T cells and observed similarities (CD127° PD-1"" TIGIT
Granzyme B") were analyzed and compared to those on inflated CMV-specific CD8" T
cells reported to be maintained by low-level exposure to antigens from stochastic HCMV
reactivation (Johnston et al., 2014; Klenerman and Oxenius, 2016; Pachnio et al., 2016;
Pachnio et al., 2015). PD-1 might not be an appropriate co-inhibitory protein to evaluate
on DYS® CD4" T cells due to their low levels of CD28 (Crompton et al., 2008), which
has been recently shown to mediate PD-1 suppression of T cells (Hui et al., 2017;
Kamphorst et al., 2017). The normal expression levels of anti-apoptotic Bcl-2 suggest
that DYS®™ CD4" T cell inflation is not due to apoptotic suppression, but might be due to
other maintenance mechanisms such as longer telomeres (O'Bryan et al., 2013) that
could offset the normal rate of apoptosis. The persistence of inflated DYS" Tem and
Temra subsets, despite the lack of CCR7* DYS™ T cell thymic emigrants, is explained by
reports that thymectomy does not affect memory T cell inflation or homeostasis (Okoye
et al., 2012).

Ki-67 data suggests that the DYS® CD4" T cell inflations were not driven to
significantly higher proliferation. While this observation might be due to cross-sectional
sampling limitations, it does confirm findings in chronic MCMV models of inflation

(Bolinger et al., 2015; Sierro et al., 2005). CD28 and CD57 analyses confirm that only a
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very limited number of the inflated cells are too senescent to replicate (Brenchley et al.,
2003). The cause of inflation does not appear to involve DYS® CD4" TCR cross-
reactivity with the DR7* HIV gag epitopes either. But, cross-reactivity with other DR7"
HIV epitopes cannot be excluded. Increased inflation was observed in two subjects
when HIV replication was suppressed to undetectable levels with ART, suggesting that
HIV replication is not required for maintenance of inflation.

The sites of HCMV latency are important (Klenerman and Oxenius, 2016) and
HIV could alter the environment to help HCMV persist in long-lived non-hematopoietic
cells in HCMV reservoir sites such as LNs and vascular endothelial cells (VECs). VECs
can serve as latent HCMV reservoirs and also express the CX3CR1 ligand—fractalkine.
Vascular homing might bring CX3CR1"" DYS* CD4" T cells in close contact with these
potential HCMV reservoirs, resulting in re-stimulation and inflation. Although HCMV
DNA was not detected in the inflated cells, it is possible that they passively disseminate
HCMV from LNs to vascular endothelium without getting infected, as LN DCs do for
HIV. Herpes viruses such as CMV are species-specific and cause life-long infection.
Therefore, it is also possible that the inflated responses provide a degree of protective
immunity against other infections, making them mutually beneficial to CMV and its host.

Although CD38"HLA-DR" co-expression on the inflated cells was not significantly
elevated compared with HIV" HCMV" DYS Tem controls, a wider distribution was
observed with inflation. Remarkably, a similar comparison of CD38"HLA-DR® co-
expression on the DYS Tgu counterpart of the inflated cells with the same controls
produced a significant difference. These DYS™ Tgus consist of clonal CDR3 expansions

(Figure 11.8) that are potentially induced by other inflationary epitopes. Consequently, it
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is plausible that analyses of CD4 responses against a collection of inflationary epitopes
or in a larger number of subjects might yield a difference. Both statistical trends are not
due to generalized, HIV-induced activation because other pathogen/antigen specific
CD4" T cells, including TT, are not necessarily more activated with HIV infection (Smith
et al., 2013). This observation implies that inflated CD4" T cells in these subjects could
potentially contribute to the increased T cell activation associated with greater risks of
HCMV-related non-AIDS cardiovascular comorbidities that continue to plague HIV*
subjects despite effective ART. The capacity of DYS® CD4" T cells to secrete granzyme
B, IFN-y and TNF-a might facilitate the development of these comorbidities (Broadley et
al., 2017; Sacre et al., 2012; van de Berg et al., 2012). A larger cohort of HIV* HCMV*
DR7" subjects with varying magnitudes of DYS® CD4" T cells is needed to directly
evaluate the correlation of their activation with disease outcomes. The stepwise
increments in CD38"HLA-DR" levels indicate that HCMV infection without HIV co-
infection increases CD4" Tgy activation in general, and HIV co-infection further
synergizes such activation. This elevated activation might be tied to an HIV-induced
latent HCMV reservoir expansion, presenting potential unintended negative
consequences of HCMV vaccine candidates that contain inflation-inducing epitopes for
all individuals, especially HIV" DR7" subjects. Although HIV long-term non-progressors
were studied in this work, a previous study found that CMV lysate induces high levels of
CMV-specific CD4" T cells in HIV® subjects with ART-induced HIV aviremia (Komanduri
et al., 2001), suggesting that the findings may generalize to a broader range of HIV-

infected patients.
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In conclusion, | have shown that HIV* HCMV" co-infection boosts CD4 responses
to HCMV gB’s DYS and pp65’s EPD epitopes, resulting in mostly memory-inflated DYS*
CD4" T cells. To our knowledge, this is the first ex vivo evidence of both CD4" T cell
memory inflation against the DYSNTHSTRYV epitope in HIV® subjects and nearly
monoclonal CDR3 repertoire of inflated CD4" T cells that contain novel conserved
motifs. Although the underlying mechanism may be multifactorial, | hypothesize that
increased low-level exposure and subsequent clonal expansion targeting the DYS
epitope from stochastic HCMV reactivation or expression largely contributes to the
observation. The findings suggest that “memory inflation™-inducing epitopes might
contribute to the immunopathogenesis of non-AlDS comorbidities and raise safety
implications for CMV vaccines that contain inflation-inducing epitopes that should be
considered in trials being planned in both HIV and non-HIV infected subjects. This work
also suggests that the relative contributions of conventional and inflated CMV-specific T
cell responses to protection of the host from infection or malignancy, vaccine
responsiveness or co-morbidities of aging such as vascular disease should be

considered separately.
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Contributions

HIV* subjects were recruited by Dr. Spyros Kalams and Dr. Simon Mallal. HIV" subjects
were recruited by Dr. Kalams, Dr. Mallal, Dr. Madan Jagasia, Dr. Brian Engelhardt and
me. PBMCs from HIV® and HIV" subjects were processed into lymphocytes and frozen
by Ms. Rita Smith, Ms. Cindy Hager, Ms. Louise Barnett, Mrs. Rama Gangula, and Dae
Jung. | performed all DNA extractions that were based on standard protocols following
manufacturers instructions, and all modified DNA extraction procedures after assay
development by Ms. Gangula. HLA-typing was coordinated by Dr. Mallal, Dr. Kalams,
Dr. David Haas and me, and done by Dr. Mark Watson and Dr. Abha Chopra. |
optimized the tetramer staining protocol using a published technique by-, and advice
from-, Dr. Heather Long (Long et al., 2013). | performed all tetramer and monoclonal
antibody stains for flow cytometry, data collection and analysis after an initial orientation
on flow cytometry principles including set-up, compensation and gating by Ms. Barnett.
Ms. Barnett also assisted with all fluorescence-activated cell sorting in this dissertation.
High throughput IFN-y ELISpot was developed by Dr. Watson and Dr. Chopra following
a published protocol (Almeida et al., 2009), and optimized by Dr. Mark Pilkinton and me.
| conducted all IFN-y ELISpots. Intracellular cytokine staining was performed by Dr.
Silvana Gaudieri. TCR amplification with Adaptive Biotechnologies TCR sequencing kit
was optimized by Dr. Pilkinton, Dr. Chopra and Ms. Gangula. Ms. Gangula assisted with
the PCR amplification of bulk-sorted samples after | extracted and diluted the genomic
DNA, while Dr. Chopra sequenced the amplicons and transmitted the data to Adaptive

Biotechnologies for quality control checks and bioinformatic analysis. Mr. Wyatt
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McDonnell analyzed the TCRs to generate the circos plots showing TCRBV and TCRBJ
pairs. | analyzed the TCR and CDR3 quantitation. The Jurkat cell transfection system
was optimized by Dr. Chopra and Dr. Gaudieri, both of who reconstructed the TCRs for
cloning into plasmids, and Ms. Gangula who expressed the plasmids in Jurkat cells and
conducted the rest of the optimization experiments. Dr. Gaudieri conducted and
analyzed the main experiments with DYS-specific TCRs and peptide-pulsed
lymphoblastoid cell lines. | optimized the droplet digital PCR (ddPCR) assay following a
protocol developed by Dr. Chopra. Dr. Jessica Thomas optimized CMV DNA detection
by ddPCR, while | performed the experiments.

Most of the introduction, results, and discussion in this chapter as well as the
relevant methods (in Chapter VI) have been published in the Journal of Immunology as
a manuscript titled: “Cytomegalovirus (CMV) Epitope-Specific CD4" T Cells Are Inflated
in HIV' CMV® Subjects.” The publication can be found on this webpage:

http://www.jimmunol.org/content/early/2017/09/29/jimmunol.1700851.
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CHAPTERIII

DETECTION OF HIV DNA IN HLA-RESTRICTED EPITOPE-SPECIFIC CD4" T CELLS

Introduction

In the previous chapter, | described CD4" T cell memory inflation of HLA-DR7 CD4" T
cells, which are specific for DYS epitope of HCMV’s gB protein in HIV' HCMV* DR7*
subjects. The presence of these CD4" T cells in subjects infected with HIV at high
magnitudes raises the question whether these cells serve as enriched latent HIV
reservoirs. The initial hypothesis was that DYS* CD4" T cells are enriched with HIV
DNA. Instead, the result validates the alternate hypothesis that inflated DYS® CD4™ T
cells are not enriched with HIV DNA compared to DYS CD4" Tgy cells. This
observation warrants validation with more subjects because it was made from a single
subject. If confirmed, it would fit with the proposition that inflated CD4" T cell responses
are more likely to be stimulated by latent HCMV infected stroma cells in lymph nodes
and less likely by HIV-coated follicular dendritic cells.

HIV infection occurs primarily in active CD4" T cells that revert to resting states
(Pierson et al., 2000) and produce oligoclonal HIV variants during viral reactivation and
rebound after ART interruption (Bailey et al., 2006; Evering et al., 2012; Kearney et al.,
2014; Kieffer et al., 2004; Mens et al., 2007; Persaud et al., 2007; Persaud et al., 2004;
Ruff et al.,, 2002). These oligoclonal virions may be due, at least in part, to HIV’s
integration in genes associated with clonal expansion (Cohn et al., 2015; Maldarelli et

al., 2014; Wagner et al., 2014). The resting CD4" T cells recirculate between peripheral
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blood and lymph nodes (Chun et al., 1997) and become latent HIV reservoirs that are
neither depleted by ART nor eliminated by host immune responses (Archin et al., 2014).
The frequency of latently infected CD4" T cells is less than 1 cell per 1 x 10° resting
CD4" T cells in patients on ART (Chun et al., 1997; Finzi et al., 1997; Wong et al.,
1997). Daily lifelong consumption of the ART cocktail is required to prevent viral
rebound (Chun et al., 1997; Chun et al., 1998; Chun et al., 1995; Davey et al., 1999;
Finzi et al., 1999; Fischer et al., 2003; Harrigan et al., 1999; Ruiz et al., 2000). Though
critical genomic deletions or mutations render most of the integrated viruses in the CD4"
T cell reservoir defective, a small proportion remain replication-competent and are
responsible for the rebound viremia (Ho et al., 2013; Wong et al., 1997). Lifelong ART
remedy is not sustainable for many patients for reasons such as cost, toxicity,
accessibility or stigma, and therefore a concerted research effort exists to identify
strategies to completely eliminate the latent CD4" T cell reservoirs. Attaining a cure will
require characterization and elimination of this persistent, replication-competent resting
CD4" T cell latent reservoir. However, the specific epitopes recognized by the CD4" T
cells that comprise these reservoirs, and the HIV persistence mechanism within these
cells is not completely understood.

Some groups have argued that the persistence mechanism is due to continuous
low-level HIV replication (Lorenzo-Redondo et al., 2016). However, the current
consensus view is that this is unlikely because of the lack of genetic evolution in
isolated plasma viruses that would have been expected given the low-fidelity HIV
reverse transcriptase (Bailey et al., 2006; Evering et al., 2012; Kearney et al., 2014;

Kieffer et al., 2004; Mens et al., 2007; Persaud et al., 2007; Persaud et al., 2004; Ruff et

84



al., 2002). From a host standpoint, IL-7-induced homeostatic- and TCR stimulation-
induced cellular proliferations have been shown to maintain latently infected CD4"
transitional and central memory T cell reservoirs, respectively (Chomont et al., 2009).
Additionally, HIV integration into genes including MKL2 and BACH2 that are associated
with cell proliferation might directly contribute to the persistence of the HIV latent
reservoir (Maldarelli et al., 2014; Wagner et al., 2014). Another potential persistence
mechanism is the possible establishment of HIV reservoirs in T follicular cells within the
germinal center of LNs, which are not accessible by CD8" T cells that could otherwise
help eliminate the reservoir (Fukazawa et al., 2015).

Antigen-specific CD4" T cells harboring potentially replication-competent, latent
HIV could therefore be activated and stimulated to trigger productive HIV replication
after cessation of ART by various chronic or ubiquitous pathogens. CD4" memory T
cells recognize pathogens such as the herpesviruses CMV and EBV, Mycobacterium
tuberculosis (MTB) (Geldmacher et al., 2010), Helicobacter pylori (Monack et al., 2004),
or antigens such as TT or influenza. HIV can potentially infect any CCRS5- or CXCR4-
expressing activated CD4" T cell with immunological memory against any pathogen or
antigen. This infectivity has been demonstrated in vivo using pools of proteins or lysates
from HIV (Douek et al., 2002), CMV (Brenchley et al., 2006; Douek et al., 2002;
Geldmacher et al., 2010), Mycobacterium tuberculosis (MTB) (Geldmacher et al., 2010),
influenza (Jones et al., 2012) and TT (Jones et al.,, 2012). What have yet to be
determined are the contributions of various latent CD4" memory T cell reservoirs that
recognize specific epitopes from persistent pathogens, and whether HIV persistence in

such cells is tied to clonal proliferation upon TCR stimulation.
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The median frequencies of CD4" memory T cells reactive to CMV lysate/protein
pools are greater than both those against HIV (2 - 3% vs. 0.3%; (Brenchley et al.,
2006)) or MTB (3.32% vs. undetectable levels; (Geldmacher et al., 2010)) in chronic
HIV-infected subjects, and those against tetanus-toxoid proteins (9.1% vs. <0.15%;
(Sylwester et al., 2005) vs. (Cellerai et al., 2007)) in HIV-uninfected subjects. These
CMV-reactive CD4" memory T cells possess oligoclonal TCRVp (Sester et al., 2002),
expand with age (Vescovini et al., 2007) and persist during long-term ART (Naeger et
al., 2010). As shown in Chapter I, inflated HLA-restricted HCMV epitope-specific CD4"
T cells possess nearly monoclonal CDR3s. | hypothesized that these cells contribute
significantly as HIV latent reservoirs and they facilitate HIV persistence via a clonal
expansion mechanism.

As part of the foundational work towards elimination of HIV latent reservoir,
measuring the amount of latent HIV DNA within inflated DYS® CD4" T cells will help
identify a specific epitope of CD4" T cells that might significantly contribute to the latent
reservoir, and help elucidate the mechanisms of HIV persistence within them. This
knowledge will enable clinicians to specifically target and shrink significant portions of
latent HIV reservoir that may rebound upon ART cessation by driving HIV out of latency.
It will also identify opportunities to interrupt HIV’s persistence mechanism to shorten the
half-life of the latent reservoir.

To address these questions, epitope-specific CD4" T cells against CMV’s DYS
epitope of gB protein were analyzed. Based on the high magnitudes of responses of
these cells, | proposed that they might contribute significantly to the HIV latent reservoir

in seropositive subjects. First, the most common HLA-DR alleles among HIV" subjects
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were determined by undertaking full high-resolution allelic HLA typing on nearly 1000
HIV® subjects being actively followed in the Vanderbilt Comprehensive Care Clinic. The
highest carriage rates were for DRB1*07:01 (26.36%), DRB1*03:01 (18.96%) and
DRB1*15:01 (18.84%). Based on the CD4" T cell frequency associated with functional
HLA class Il tetramers needed to test the hypotheses, the analyses were focused only
on DR7-restricted DYS epitope of gB. The relatively novel droplet digital polymerase
chain reaction (ddPCR) assay was optimized to measure total HIV DNA in CD4" T cells.
ddPCR is a highly sensitive and specific PCR technique compared to real-time
quantitative PCR that uses end-point reaction to determine absolute concentrations of
target template. The sensitivity of this assay relies on its unique partitioning of the PCR
polymerase, primers and probe and DNA target into picoliter-size oil droplets that
facilitates effective amplification of the sequence target even in extremely diluted
circumstances. In order to maximize the signal-to-noise ratio, the PBMC samples from
the subjects were enriched either by positive selection with anti-CD4 beads when
analyzing CD4" T cells as a whole, or negative selection with beads against all cells
except CD4" T cells when analyzing tetramer” CD4" T cells. HIV DNA was measured
using primers targeting gag or LTR, while RNaseP RPP30 primers were used to detect
this housekeeping gene to provide a denominator of the number of cells that had been
assayed. Due to ddPCR’s inability to determine the replication-competence of latent HIV
genome, a viral outgrowth assay (VOA) was also optimized, which was used to confirm

the replicative ability of HIV genomes in CD4" T cells from aviremic subjects.
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Results

26% of HIV® Subjects carry HLA-DR? allele

To identify subjects who possessed the DR7 allele that restrict the class Il tetramers of
the CMV, EBV, TT and HIV immunodominant epitopes, the high resolution (six-digit)
HLA haplotype of 865 HIV® subjects and 40 HIV" volunteers were determined. 228
(26.36%) of the HIV-infected subjects (Figure lll.1) and 3 (7.5%) of the HIV" volunteers
(Figure 1lIl.2) were DR7" (i.e. HLA-DRB1*07:01:01G). The patient demographics,
information and four-digit class || DRB1 alleles of some of these HIV* and HIV" subjects

are shown in (Table 11.1) and (Table I11.3).

ddPCR TagMan Assay yields better separation than EvaGreen primers between
positive droplets of rare targets and negative droplets of high amounts of
background DNA

After identifying the HLA allele of interest, the amount of HIV DNA in DR7-restricted
CD4" T cells needed to be measured using droplet digital PCR. To optimize the ddPCR,
quantitative and qualitative abilities between EvaGreen and TagMan ddPCR kits were
compared by measuring HIV DNA in serially diluted, latent HIV-infected ACH-2 cell line.
To more accurately simulate the rarity of HIV-infected cells in HIV subjects, serial
dilutions of ACH-2 were performed with healthy PBMCs before DNA extraction, instead
of already extracted DNA. RNase P housekeeping gene confirmed the presence of DNA

in each dilution using both EvaGreen and TagMan assays (Figure IIl.3).
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Figure lll.1 HLA-DR allele frequency distribution in HIV" subjects.
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A good separation between the positive and negative droplet amplitudes were observed

when 125 ng of the mixture was quantified with HIV gag EvaGreen forward and reverse
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primers (Figure lll.4A). However, this separation reduced progressively as the DNA
input was increased to 250 ng and 500 ng (Figure Il.4B and Figure 111.4C,
respectively). The poor separation was due to progressive increments in the amplitudes
of the negative droplets, which may be explained by the expected fluorescing of
EvaGreen dye when it binds to increasing amounts of double-stranded DNA loaded in
the ddPCR reactions.

To ensure that these observations were independent of the gag primers, the
EvaGreen experiments with env primers that target the V3 loop were repeated, and
similar results were obtained (Figure 111.3, B-D). Of note, when 500 ng was used with
the V3 EvaGreen primers, the negative droplet amplitudes were high enough that they
merged with the positive droplets because EvaGreen intercalates with dsDNA, it also
intercalates and fluoresces with the template (Figure 111.3).

To compare these findings to TagMan ddPCR, the experiments were repeated
using a gag TagMan assay that was made by mixing the same gag EvaGreen primers
with a probe. RNase P TagMan probe was used to confirm the presence of DNA in
each dilution (Figure Ill.3). Compared EvaGreen, gag TagMan assay yielded a good
separation between the positive and negative droplets using both 250 ng (Figure 111.4B
vs. Figure 111.4D) and 500 ng (Figure lll.4C vs. Figure 1lIl.4E) of DNA. Collectively,
these findings suggest that the TagMan probe assay vyields better positive droplet

separation compared to EvaGreen when loading large amounts of DNA into ddPCR.
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As a result the ideal maximum amount of DNA that should be used for EvaGreen-based
ddPCR is 125ng in order to avoid overloading the assay; any amount over 125ng
should be split into multiple wells so as to achieve good positive-to-negative droplet
separation. These findings also indicate that ddPCR can detect a rare target amidst a
very large, irrelevant background, making it an optimal platform for detecting HIV latent

reservoirs that are small in size.

HIV DNA is present in latently infected CD4" T cells from HIV® subjects
To quantify HIV DNA from 5 HIV" subjects (Table Ill.1), the ddPCR technique described

above was repeated with gag TagMan assay.

Subject | Sex | Race |Infection| CD4" T cell |HIV load (RNA| ART Time on
ID (years) | count/ul copies/ml regimen ART
blood plasma) (months)
HIV® subjects
10031 | F | B 15 591 27,800 n/a n/a
TDF, FTC, 30
10042 M W 24 599 <48 ATV, RTV
3TC, zZDV, 18
10074 M W 6 210 <50 EFV
10092 | M w 1 1147 248 n/a n/a
20052 | M | w <1 673 24,700 n/a n/a
HIV" controls
30047 | M W n/a n/a n/a n/a n/a
30049 F w n/a n/a n/a n/a n/a

Table Ill.1 Subject characteristics for ddPCR HIV DNA quantitation. HIV, Human Immunodeficiency Virus;
ddPCR, droplet digital polymerase chain reaction; ART, antiretroviral therapy; F, female; M, male; B, black; W, white;
TDF, tenofovir; FTC, emtricitabine; ATV, atazanavir; RTV, ritonavir; 3TC, lamivudine; ZDV, zidovudine; EFV,
efavirenz; n/a, not applicable.
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CD4" T cells from all subjects were first positively selected using beads and a minimum
of 92% enriched CD4s within the lymphocyte population was achieved. HIV DNA was
successfully detected and quantified from these cells in all 5 subjects with amounts
ranging from 12 to 549 HIV DNA copies per million CD4" T cells (Figure llI.5). Healthy
volunteers and ACH-2 HIV cell-line were used for negative and positive controls,
respectively. Since positive selection is rarely 100% efficient and some CD4" T cells
remained within the non-CD4" T cell populations, an attempt was made to quantify HIV
DNA within the latter as well. HIV DNA was detected in 3 out of the 5 non-CD4 samples
(Figure 1I1.5). However, the small difference compared to CD4" T cell counterparts
suggests that HIV DNA from monocytes might be detected in the non-CD4 fractions.
Collectively, these findings confirm that ddPCR can detect rare targets within actual

patient cells.
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Figure 111.5 ddPCR Quantitation of HIV DNA. 1 ug of each of CD4" and non-CD4" T cells from HIV* (10031, 10042,
10074, 10092, and 20052) and HIV-seronegative (30047 and 30049) subjects were assessed for HIV DNA content
using gag TagMan probes. ACH-2: latently-infected HIV cell line positive control. 95% CI are shown for each sample
and the values were determined from the ratio of the concentration of HIV gag to RNaseP.+ 1.96 times the standard
error ratio of HIV gag to RNaseP as described in more detail in the materials and methods.

95



HIV DNA is not enriched in inflated DYS CD4" T cells

Atfter identifying DR7 as the most common allele in HIV® subjects and optimizing the
TagMan-based ddPCR assay for HIV DNA quantitation in CD4" T cells obtained from
HIV® subjects, the contribution of DR7* DYS® CD4" T cells to the HIV latent reservoir
was determined. As discussed in Chapter Il, with the exception of DYS epitope, most
DR7-restricted epitopes were recognized by relatively few CD4" T cells compared to the
inflated DYS* CD4" T cells. The inflated magnitude of DYS* CD4" T cells allowed easier
quantitation of their HIV DNA content from bulk-cell sorting compared to the low-
frequency CD4" T cells against these other epitopes. Paramagnetic bead-based
enrichment of EPD* CD4" T cells from Subject 10027 from 0.021% to 1.071% (Figure
111.6) did not attain sufficient cells for accurate HIV DNA quantitation. The limited number
of cryopreserved samples and unavailability of most subjects for new blood draws,
including leukapharesis, restricted latent HIV DNA quantitation to only DR7-restricted
DYS® CD4" T cells from Subject 10027. The results in (Figure 11l.7) show that DYS”
CD4" T cells in Subject 10027 are not enriched latent reservoirs of HIV DNA despite

their clonal expansion compared to their DYS™ counterparts.

Some latent HIV DNA from aviremic HIV' subjects with inflated CD4" T cell
responses are replication-competent

Since most of the latent reservoir harbors defective HIV-1 (Ho et al., 2013; Wong et al.,
1997), a previously described viral outgrowth assay (VOA; (Laird et al., 2013)) was

modified to determine the replication-competence of HIV-1 DNA detected by ddPCR.
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Figure 1.6 Anti-APC beads enrichment of APC tetramer-labeled DR7-restricted EPD* CD4" T cells. PBMCs
from Subject 10027 were stained separately with either DR7:DYS APC tetramer or DR7:EPD APC tetramer. Each
sample was divided into the pre-enrichment fraction and the enrichment fraction. The enrichment fractions were ran
through an APC beads column where the APC-labeled tetramer-positive cells were retained and the non-APC-
labeled remainder were collected and stained as the eluent above. The anti-APC fractions were eventually plunged
and stained similarly.
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Figure IIL.7 Inflated DYS* CD4" T cells from Subject 10027 are not enriched for latent HIV DNA. ddPCR HIV
DNA quantitation comparison between DYS* and DYS™ CD4" Tem from Subject 10027’s tp1 (no ART) and tp2 (on
ART). Left y-axis indicates HIV genome copy number after normalization with RNaseP housekeeping gene. Right y-
axis indicates the number of cells, which was determined by dividing the RNaseP concentration (in g/ul) in the PCR
reaction volume by 2 (because there are two copies of RNaseP per cell) and multiplying by the total ddPCR reaction
volume (20 pl). Finally, this product is divided by the standard number of DNA per cell (6 pg/cell) to determine the
number of cells in the reaction. The “no ART” time-point represents 3 technical replicates, wh|Ie the “on ART” time-
point shows two biological replicates containing 3 technical replicates each. Data points at 10" indicate undetected
HIV DNA. Blue and red numbers: upper and lower 95% CI, respectively. 95% CI| were determined from the ratio of
the concentration of HIV gag to RNaseP.+ 1.96 times the standard error ratio of HIV gag to RNaseP as described in
more details in the materials and methods in Equation VI.1.
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The assay was optimized to sensitively and specifically detect replication-competent
HIV-1 from the ACH-2 HIV cell line as well as patients with both high and undetectable
plasma viral loads. After CD8 depletion by positive selection, 1 x 10° non-CD8* PBMCs
from Subject 10031 (due to the higher HIV viral load) and 11 x 10° non-CD8* PBMCs
from Subject 10042 (due to the undetectable HIV viral load) were used to set-up the
viral outgrowth assay. These cells were stimulated in vitro using anti-CD3 and anti-
CD28 in the presence of CXCR4 and CCRS5-expressing MOLT-4 cell line that allowed
the expansion of reactivated HIV. At day 5, reactivated, replication-competent HIV was
detected from the culture of Subject 10031 due to the higher viral load (Figure 111.8). On
the other hand, reactivated, replication-competent HIV DNA was not detected in Subject
10042’s culture until day 9, and this is likely due to the HIV aviremia (Figure II1.8).
Together, these findings demonstrate that HIV* subjects with undetectable HIV load can

develop viremia upon reactivation of HIV in the absence of robust CD8" T cells or ART.
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Figure 111.8 Viral Outgrowth detection of replication-competent HIV from non-CD8" PBMCs from an aviremic
HIV® subject. Non-CD8" PBMCs were stimulated overnight using 1ug/ml of anti-CD3 and 1pl/ml of anti-CD28 at
37°C for 18 hours to induce the reactivation of latent HIV DNA before the addition of MOLT-4 that expanded any
produced virion. RNA is extracted from mature virions in the supernatant for reverse transcription and HIV DNA
detected using ddPCR and LTR primers. ACH-2 = T cell clone latently-infected with HIV; its levels shown are
saturated. Subject 30030 = HIV™ control. MOLT-4 = Feeder cell line with high CXCR4 and CCR5 dual expressions.
NTC = No Template Control.

98



Discussion

In this chapter, | have shown that for one HIV subject, HIV DNA is present but not
enriched in CD4" T cells that are specific for the HLA-DR7-restricted DYS epitope. This
was determined by initially optimizing ddPCR as a sensitive assay to detect low
frequency targets. It was shown that TagMan ddPCR yielded better positive-negative
droplet separation than EvaGreen when >125 ng of DNA are loaded in ddPCR reaction
to detect rare targets such as HIV DNA in ACH-2 cell line. The poor separation with
EvaGreen stemmed from its intercalation of both the amplicon and the loaded,
background dsDNA. To our knowledge, this observation is the first documentation of the
potential poor droplet separation that occurs when more than 125 ng of DNA is added to
an EvaGreen ddPCR well. In addition to being able to handle much larger amounts of
genome, TagMan assay allows the interrogation of two different genomic segments.
This multiplexing compatibility is important for the accurate quantitation and comparison
of HIV latent reservoir because one set of primers can target HIV LTR gene while a
second set can be designed to be specific for the RNaseP housekeeping gene.

Using the same TagMan ddPCR, the assay to measure HIV DNA in enriched
CD4" and non-CD4" cell samples was optimized from five HIV seropositive subjects in a
specific manner as no HIV DNA was detected in healthy controls. The HIV DNA
detected in the non-CD4" cells are most likely from either CD4™ T cells lost during
positive selection, or monocytes, as have been previously demonstrated (Gartner et al.,

1986; Ho et al., 1986; McElrath et al., 1991).
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The presence of latent HIV DNA in inflated, DR7-restricted DYS" T cells from an
ART-treated subject indicates a potential to form significant HIV latent reservoirs during
ART. This presumption is based on their higher contributions to and/or persistence
among the total CD4 memory T cell pool. Such significant expansion would require the
intermittent stimulation of the TCR of these inflated cells by their cognate DR7-DYS
ligand. The stimulation could be just sufficient to cause cellular proliferation without
inducing HIV reactivation to allow the expansion and maintenance of the latent HIV
reservoir. It is important to note again that the persistent HIV latent reservoir is
comprised of very few replication-competent HIV proviral genomes, which are the
source of rebound viremia upon ART cessation. However, one of the caveats of this
work is that sufficient numbers of inflated DYS™ CD4" T cells were unable to be sorted
for the serial dilutions needed in the VOA to determine whether they harbored any
replication-competent HIV genome.

Latently and persistently infected CD4" memory T cells during ART sometimes
harbor identical HIV-1 sequences (Bailey et al., 2006; Evering et al., 2012; Kearney et
al., 2014; Kieffer et al., 2004; Mens et al., 2007; Persaud et al., 2007; Persaud et al.,
2004; Ruff et al., 2002), and this may be linked to recent observations that HIV-1
preferentially integrates within genes or promoters associated with growth-, mitosis- or
cancer (Maldarelli et al., 2014; Wagner et al., 2014). Some expanded HIV-1 sequences
in effector memory T cells are replication-incompetent, suggesting that, in general, HIV-
1 may persist in some cells by cellular proliferation (Josefsson et al., 2013). Although
the specific epitopes recognized by those cells remain unknown, it is known that T cells

respond to persistent HLA-restricted epitopes by clonal proliferation as observed in
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oligoclonal a:B TCR sequences for CMV (Sester et al., 2002). Therefore, it is possible
that HIV-1 within persistent epitope-specific CD4" T cells during ART are maintained by
cell proliferation triggered by HLA-restricted epitope stimulation of their TCR. Although
the clonality of the HIV genome within the DYS®™ CD4" T cells could not be determined,
the observation of the nearly monoclonal nature of these cells at the TCR sequence
level suggests it is possible that HIV genome in these cells will also contain oligoclonal
HIV sequences and this warrants further investigation.

It is important to note that oligoclonal HIV sequences are often replication-
incompetent (Ho et al.,, 2013). These defective sequences are characterized by
APOBEC3G-induced hypermutations, insertions, deletions or large internal deletions
that affect critical genes for viral replication such as rev and tat ORFs (Ho et al., 2013).
Therefore, it was critical to determine the replication-competence of the HIV DNA in the
DR7-restricted DYS-specific CD4" T cells. Although it was impossible to determine this
using the VOA due to the large number of cells required, | was able to demonstrate that
CD4" T cells from aviremic subjects contained replication-competent viruses. One of the
future directions of this work is to develop a method for the detection of single cells that
are latently infected with HIV. This will facilitate the efficient evaluation of the replication-
competence of HIV within such cells.

The anatomy, trafficking and features of inflated CD4 responses to CMV are
highly atypical (especially with the high magnitudes of Teura subset). It is therefore not
surprising that HIV is not well adapted for these types of cells. Nevertheless, it is
important to determine whether the low frequency HIV DNA in these cells are

replication-competent. If replication-competent HIV DNA is detected in inflated HLA-
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restricted epitope-specific CD4" T cells, stimulation of the cells with their epitopes using
the “shock-and-kill” approach might provide a more focused reactivation of the
quiescent CD4" T cells theoretically to drive HIV out of hiding and allow its epitopes to

be expressed and detected by cytotoxic CD8" T cells.

Contributions

The coordination of HIV" DNA samples for HLA-typing was done by Dr. Simon Mallal,
Dr. Spyros Kalams, Dr. David Haas, and me. Dr. Mark Watson and Dr. Abha Chopra
both conducted the PCR amplification to determine the six-digit HLA alleles. Primers
and probes specific for the following genes were made by the following contributors:
HIV env-V3 designed by Dr. Chopra; HIV gag (Douek et al., 2002) modified by me; and
HIV LTR designed by Dr. Mark Pilkinton. Dr. lan James wrote the equations for
calculating 95% confidence intervals. Viral outgrowth assay (VOA) was developed by
Rama Gangula who later assisted me in conducting the main experiments; | set-up the
VOA and harvested the supernatants at the different time-points for Ms. Gangula to test

for reactivated HIV DNA using ddPCR.
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CHAPTER IV

TRANSCRIPTOMIC ANALYSIS OF HLA-RESTRICTED EPITOPE-SPECIFIC CD4" T

CELLS

Introduction

In the preceding chapters, | described the observation of inflated DR7-restricted DYS”
CD4" T cells that appear to be amplified by HIV seropositive status. The mechanism
driving the inflation is not known. We hypothesize that there would be distinctive
transcriptional signatures in inflated DYS® CD4" Tgy with upregulations of mRNA
transcripts of genes that mediate T cell homing to and interaction with endothelial cells
such CX3CR1; T cell activation such as CD38 and CD74 (HLA-DR), and
polyfunctionality with cytotoxicity such as granzyme B, IFN-y, and TNF-a as compared
to conventional EPD* CD4" T cells. The alternate hypothesis is that genes of other
undetected proteins in Chapter Il that are involved in T cell-endothelial cell interaction,
TCR-mediated T cell activation, and/or T cell polyfunctionality will have upregulated
mRNA transcripts in inflated DYS® CD4" T cells compared to conventional EPD* CD4* T
cells. Although the single cell RNA sequencing (scRNA-seq) results in this chapter
require confirmation in more subjects and with more DYS* CD4" T cells, they seem to
suggest that other gene expressions patterns mediating endothelial cell interaction by

activated and functional T cells might govern memory inflation of DYS® CD4" T cells.
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Inflated CD8" T cells upregulate a unique set of proteins that have become
associated with memory inflation. These proteins are expressed during both acute and
chronic HCMV infections and they include T-bet and eomesodermin (EOMES)
transcription factors (Hertoghs et al., 2010). T-bet is encoded by the TBX27 gene
(Lazarevic et al., 2013). The primary role of T-bet is to induce the differentiation of CD4"
T helper cells to Th1 lineage (Szabo et al., 2000). However, T-bet also plays an
important role in CD8" T cells where it is expressed upon TCR stimulation or IL-12-
induced signaling (Cruz-Guilloty et al., 2009; Takemoto et al., 2006). In these cells,
early T-bet transcription directly facilitates the production of IFN-y, CD122 (which
supports homeostatic cell proliferation), and granzyme B. Late T-bet transcription
indirectly drives the expression of EOMES and perforin in addition to IFN-y and
granzyme B via the Runx3 pathway (Lazarevic et al., 2013). The combined expression
of T-bet and EOMES transcription factors is essential for the maturation and
differentiation of CD8" T cells from naive to effector memory phenotypes where they
become cytotoxic (Intlekofer et al., 2008; Pearce et al., 2003; Sullivan et al., 2003).
These transcription factors are believed to act in a concerted manner in order for CD8"
T cells to effectively attain their cytotoxic potential (Intlekofer et al., 2008; Pearce et al.,
2003). Other upregulated genes that have been reported among HCMV-specific CD8" T
cells are CX3CR1 (fractalkine receptor) (Klenerman and Oxenius, 2016), which is
believed to facilitate the interaction of the cells with the vascular endothelium that
express fractalkine ligand; and PRDM1 (Blimp-1 transcription factor), which drives CD8
differentiation to an effector phenotype instead of a memory phenotype (Hertoghs et al.,

2010). Blimp-1 also modulates T cell proliferation and differentiation (Martins and
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Calame, 2008). These observations are important in explaining the potential
mechanisms governing CD8" T cell memory inflation (Klenerman and Oxenius, 2016;
O'Hara et al., 2012). Additional studies have shown that inflated CD8" T cells express
low levels of CD27, CD28, and CCRY7; and express high levels of granzyme B, 4-1BB
(TNF-a receptor) (Bolinger et al., 2015). Similar patterns of gene expression have been
documented in DYS® CD4" T cells with high-magnitudes of response. These cells
contained high transcript levels of granzyme B, granzyme A, granzyme H, perforin,
beta-2 adrenergic receptor (ADRB2), fibroblast growth factor binding protein 2
(FGFBP2), and G protein-coupled receptor 56 (GPR56) (Pachnio et al., 2016). Despite
the additional understanding gained from these studies, no mechanistic master gene
modulations that might maintain DYS® CD4" T cells memory inflation have been
discovered. Based on the reports of high magnitude T cell responses, we hypothesized
that inflated DYS® CD4" T cells contain higher mRNA transcript levels of granzyme B,
IFN-y, TNF-a, CX3CR1, CD38, and CD74 (HLA-DR) compared to the same transcripts
in non-inflated CD4" T cells specific for EPD epitope of pp65 protein.

To test this hypothesis, we used single-cell RNA-sequencing (scRNA-seq) to
determine the transcriptional profiles of single CD4" T cells that are specific for either
DYS or EPD epitope for comparison. scRNA-seq is a more reliable and robust approach
for determining transcriptomes compared to microarray analysis, which was used in the
latest report on DYS® CD4" T cells (Pachnio et al., 2016). Microarray has lower breadth
and depth of coverage, sensitivity and specificity, absolute gene quantification, signal-
to-noise ratio and is restricted to only previously identified probes for specific segments

of the genome (Zhao et al., 2014). Additionally, microarray analyses of gene expression

105



were computed from bulk cell analyses (Pachnio et al.,, 2016). This has its own
drawback because results from Chapter Il showed that any given phenotype shared by
a group of cells is not necessarily homogeneous among the cells individually; there
were some TCR differences as well as protein level differences among bulk DYS® CD4"
T cells in each individual. scRNA-seq is not affected by any of these limitations
associated with microarray approaches. Instead, scRNA-seq is more sensitive at
detecting rare transcripts, variations in the genome, and is able to detect a wider range
of differential gene expressions (Zhao et al., 2014). Additionally, the ability to interrogate
the transcriptomes of a group of cells on a cell-by-cell basis would provide a wealth of
information on all possible differential transcriptional networks that might be causing the
nearly monoclonal inflation observed against DYS epitope. This is evident in the
application of scRNA-seq in characterizing glioblastoma primary tumor cells where the
authors discovered heterogenous gene regulation among single cells (Patel et al.,
2014). Some disadvantages of scRNA-seq include the cost of sequencing and data
analysis (Zhao et al., 2014).

As scRNA-seq is a complex assay requiring extensive wet lab optimization and
computational and statistical support, | worked with a team of senior staff scientists and
a graduate student with expertise in bioinformatics to assess the sequencing data
arising from these experiments. In comparison to traditional RNA-seq, scRNA-seq data
is often rich in “zero-inflated” data—a phenomenon so called as many genes within a
single cell may not be detected either due to lack of transcript presence or drop-out
(type 1l error). Consequently, typical normalization and differential expression

approaches developed in bulk RNA-seq do not translate well to scRNA-seq and data
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must frequently be examined using several different sets of tools in order to establish
internal validity at a minimum. Furthermore, transcript distributions in scRNA-seq data
are often multimodal. To address these issues, our laboratory established a
collaboration with Dr. Nir Yosef, a single-cell transcriptome expert at University of
California Berkeley. Dr. Yosef trained our team members in both the design of our
single-cell analytical pipeline and in the analysis of single-cell data. For detailed

statistical and analytical methods, please see Chapter VI (Materials and Methods).

Results

EPD* CD4" T cells were sufficiently enriched for single-cell sorting into two 96-
well plates

To address test our hypothesis, | focused on Subject 10027 as the most ideal candidate
due to the inflated DYS" (26.3%) and conventional EPD" (0.04%) magnitudes of CD4" T
cell responses. | used paramagnetic beads to enrich the extremely low frequency of
EPD* CD4" T cells in freshly thawed PBMCs from the subject as shown in (Figure lI1.6)
of Chapter lll. DYS® CD4" T cells were similarly enriched as a control. The caveat of
enrichment of tetramer-positive T cells is the propensity for mRNA transcripts or
expressed proteins to be altered. The exact reason for this effect remains unknown, but
it might involve triggering of the TCR by tetramer binding. | observed this change when |
stained the tetramer” cells with the anti-PD-1 antibody. Compared to 22.22% of the

extremely few EPD" CD4" T cells that expressed PD-1 in the pre-enrichment tube,
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about 96% of the DR7:EPD tetramer-enriched EPD* CD4" T cells were PD-1" (Figure

IV.1).
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Figure IV.1 PD-1 protein expression on EPD* CD4" T cells is increased after bead enrichment. Subject 10027’s
PBMCs were split in two after live-dead staining for separate APC-conjugated tetramer staining with either DR7:DYS
or DR7:EPD. A pre-enrichment portion was removed before bead enrichment of both tubes. All four the pre-enriched
and the enriched tubes were subsequently stained with a surface staining panel of antibodies against the following
proteins: CD3, CD4, CD8, CD127, PD-1 and TIGIT.
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Single-cell sorting of DYS® and EPD* CD4" T cells into 96-well plates

Single cells of the enriched DYS- or EPD-specific CD4" T cell subsets were sorted into
Smart-seq buffer containing Triton, dNTP, RNase Out at 0.125 pl/well, and no OligoDT.
We were able to obtain one 96-well plate of DYS™ CD4" T cells and two 96-well plates
of EPD" CD4" T cells. After specific PCR amplifications, PCR products were used to
generate Smart-seq2 libraries for lllumina Hi-Seq sequencing. Smart-seq2 generates
improved yields of cDNA libraries by its combined use of locked nucleic acid (LNA)-
containing template-switching oligonucleotides (TSOs) that stabilizes the DNA; betaine
(methyl group donor) that “isostabilizes” the DNA during melting transitions; and
increased MgCl, concentration during the reverse transcription reaction (Picelli et al.,
2013; Picelli et al., 2014; Rees et al., 1993). In a single step, the cDNA was tagmented
and ligated with adapters at both ends, making it ready for sequencing after a final

amplification step with index primers that complement the adapters (Picelli et al., 2014).

The consensus transcriptome of a majority of DYS® CD4" T single cells is
different from that of EPD* CD4" T single cells

After trimming the sequences for poor quality bases and sequencing adapters using
Trimmomatic, running quality checks, and aligning against the human transcriptome
with Bowtie2/RSEM, we normalized the data using SCONE (Wagner et al., 2016). We
analyzed our normalized data for cell-cell similarity, differential gene expression and co-
variance using Seurat (Satija et al., 2015), SC3 (Kiselev et al., 2017), single-cell
differential expression analysis (SCDE) (Kharchenko et al., 2014) and Monocle 2.0 (Qiu

et al., 2017) (see Chapter VI, Materials and Methods). With a 10,000 read count
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threshold, we recovered 18 DYS® CD4" single T cells and 149 EPD" CD4" single T
cells. One proposed reason for the huge loss of DYS® CD4" T cells could be the higher
avidity of their TCRs for the DR7:DYS tetramer that could cause their apoptosis
compared to the TCR and DR7:EPD tetramer interaction (Alexander-Miller et al., 1996).
However, this does not explain the fact that apoptotic cells should still contain RNA,
albeit RNA likely enriched in apoptotic, cell stress, and cell death transcripts. We
performed an unsupervised clustering of the entire transcriptome for both epitope-
specific groups of cells to generate a consensus transcriptome profile using the
published SC3 platform (Kiselev et al., 2017). With a few exceptions, we observed more
homogeneity amongst DYS® CD4" single T cells than between DYS" and EPD* CD4™ T
cells that clustered with other EPD* CD4" T cells (Figure IV.2). Despite the relatively
few number of interrogated DYS* CD4" single T cells, this observation supports the
hypothesis that inflated CD4" T cells appear to be fundamentally different at the

transcriptomic level from the non-inflated CD4" T cells.

Inflated DYS®™ CD4" T cells upregulated gene expression of proteins associated
with endothelial interaction and TCR stimulation-mediated cell proliferation
compared to non-inflated EPD* CD4" T cells

Overall, 25 upregulated and 25 downregulated genes were identified using SC3 in DYS*
CD4" T cells compared to EPD* CD4" T cells (Figure IV.3). It is important to emphasize
that these observations were made from a single subject and there was a significant
loss of DYS® CD4" T cells. These experiments would have to be repeated in order to

validate these observations.
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Figure IV.2 DYS" and EPD* CD4" T single cells possess different, consensus transcriptome matrices. After
single-cell sorting, cells were amplified and sequenced on lllumina Hi-Seq as described in Chapter VI Materials and
Methods. Single-cell RNA sequences were trimmed, quality-checked, aligned and analyzed. A consensus clustering
plot was generated using unsupervised single-cell consensus clustering (SC3). Signal threshold was set at 10,000
read counts. Each column represents a single T cell. The white vertical and horizontal lines separate single cell
clusters of transcriptome. PF_READS: read count.
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Figure IV.3 Single-cell transcriptomic comparison of differential gene expression between inflated DYS* CD4*
T cells and non-inflated EPD* CD4" T cells. Upper 25 genes in cyan and lower 25 genes in blue indicate
downregulated and upregulated genes in DYS" compared to EPD* CD4" T cells, respectively.
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Most of these transcripts are translated into proteins with a wide range of functions such
as spermatogenesis (SFMBT1) and neuronal growth (APP and TMEM41B), which are
not currently known to be directly relevant to understanding the mechanism of memory
inflation of DYS" CD4" T cells. Therefore, | highlighted potentially relevant transcripts
(due to the need to repeat these experiments and analyze a larger number of DYS®
CD4" T cells for proper confirmation of findings) based on known protein functions. A
upregulated gene was SELL, whose gene product is L-selectin (CD62L), a lymphocyte
surface adhesion molecule for high endothelial venules (HEV) in secondary lymphoid
tissues like LNs (Gallatin et al., 1983). This finding contrasted the observation in
Chapter Il as well as other reports on memory inflated CMV-specific T cells have
described these cells to bear a Tem or Temra phenotype that lacks CD62L surface
protein expression (Klenerman and Oxenius, 2016; O'Hara et al., 2012).
Phosphoseryl-TRNA kinase (PSTK) was also upregulated and its protein product
is involved in the initial biosynthesis pathway for the selenoprotein, selenocysteinyl-
tRNA(Sec), that plays a role in the efficient induction of TCRs (Carlson et al., 2010).
Additionally, the presence of higher levels of vacuolar protein sorting-associated protein
13D (VPS13D) that aids trafficking of membrane protein to cell surfaces, and exocyst
complex component 4 (EXOC4) that targets exocytic vesicles to cell membranes
indicate high levels of ongoing secretory activities within inflated DYS* CD4" T cells.
Other upregulated mRNA transcripts generate proteins that mediate cell proliferation in
general, and they include guanine nucleotide-binding protein G(1)/G(S)/G(O) subunit
gamma-2 (GNG2), a component of G protein signal transducer (van Corven et al.,

1989); nucleolar RNA helicase 2 (DDX21), which facilitates RNA polymerase | and Il
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activities (Calo et al., 2015); and sodium channel modifier 1 (SCNM1), which helps with
RNA splicing (Buchner et al., 2003). Although it does not directly present a potential
mechanism driving memory inflation of DYS® CD4" T cells, another important
observation is the upregulation of IL-12 receptor beta 1 subunit (IL12RB1) that binds
IL12 and facilitates the differentiation of CD4" naive T,0 T cells into CD4" Type 1 helper
T cells (Ty1). This finding is noteworthy because it complements reports of the
upregulation of T-bet transcription factor, which primarily drives T,0 to Tx1
differentiation, in inflated T cells (Bolinger et al., 2015; Hertoghs et al., 2010).

Analysis of relatively downregulated mRNA transcripts in inflated DYS® CD4" T
cells compared to non-inflated EPD* CD4" T cells revealed the repressor of RNA
polymerase lll transcription MAF1 homolog protein (MAF1 gene) that is involved in the
suppression of ribosomal RNA transcription. The remaining differential gene
expressions could not further elucidate either why DYS® CD4" T cells were inflated or
why EPD* CD4" T cells were non-inflated. This includes the hemoglobin subunit delta
(HBD) protein that was higher in most EPD* CD4" T cells, but which simply helps

distribute oxygen from the lungs to various tissues.

Discussion

In this chapter, | discussed one approach in identifying potential mechanisms driving the

inflation of DYS™ compared to EPD* CD4" T cells. This involves the use of scRNA-seq

in analyzing single-sorted tetramer-positive T cells after enrichment. Based on the

hypothesis, we expected to observe elevated gene expressions of granzyme B, IFN-y,
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TNF-a, CX3CR1, CD38, and CD74 (HLA-DR) among the single cells of the inflated
DYS* CD4" T cells compared to EPD" CD4" T cells. We did not detect differential
expression of these transcripts in DYS™ v.s. EPD* CD4" T cells because few to none of
them were detected even prior to data normalization, and the few transcripts detected
were uniformly expressed, and therefore removed during normalization. However, we
uncovered other relevant mMRNA messages that, after confirmation, might further inform
our understanding of drivers of memory inflation. There have been reports of potential
disparity between proteomes and transcriptomes, even for cells that are treated under
similar conditions (Chen et al., 2002; Fesenko et al., 2017; Ghazalpour et al., 2011;
Yeung, 2011). Various reasons have been postulated for this lack of correlation
including differences in the half-lives of mMRNA transcripts compared to proteins (10-20
h for transcribed mRNA vs. 48-72 h for expressed proteins) (Hargrove and Schmidt,
1989), and post-transcription/pre-translational modifications such as alternative splicing
(Fesenko et al., 2017). The lack of correlation between transcriptomic expression and
protein expression in our case could be due to the differences in lengths of protocol
from PBMC thawing either to fixation for protein staining analysis with antibody and flow
cytometry (~6 h) or to cell lysis for transcriptome analysis (~12 h). It could also be due
to post-translational modifications. Another reason could also be that the high functional
TCR-avidity DYS™ T cells that were lost during this single cell analysis expressed most
of the proteins detected in flow cytometry with bulk cells.

Although the scRNA-seq findings need to be validated in more subjects and with
more DYS® CD4" T cells, it is important to discuss the implications of potentially

relevant, differentially-expressed genes. Among the relatively upregulated genes in
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DYS" CD4" T cells compared to EPD* CD4" T cells, we detected SELL transcripts that
are precursors of L-selectin protein (i.e. CD62L), which helps lymphocytes adhere to
HEVs in LNs (Gallatin et al., 1983). Although bulk phenotypic analysis of DYS™ T cells in
Chapter Il indicates these cells are Tem or Temra that do not express CCR7 and are
thus incapable of homing to LNs, it is interesting to observe that some DYS™ CD4™ T
single cells expressed SELL transcripts. A plausible explanation for this finding is that
these cells were recently re-stimulated by DYS epitope as have been reported for CCR7
and CD62L re-expression on CMV-specific CD8" T cells after re-stimulation (van
Leeuwen et al., 2005). Therefore, the detection of SELL transcripts in inflated DYS™ but
not EPD* CD4" T cells suggests that the former may have been recently re-stimulated
by their cognate DR7:DYS ligand, leading to the expression of CD62L gene precursor.
The re-expression of CD62L by re-stimulated, inflated DYS* CD4" T cells might further
maintain their inflation because of their ability to re-enter LNs, via diapedetic movement
across HEV, where they could be re-stimulated by HCMV latently infected LN stromal
cells. Based on reports of HCMV DNA in endothelial cells from various other organs
such as lungs, liver, kidney and gastrointestinal tract obtained from HIV® subjects (Keh
and Gerber, 1988), it is also possible that the HEV are latently infected with HCMV and,
thus, are directly re-stimulating DYS™ CD4" T cells.

The selenoprotein product of the PSTK-catalyzed selenoamino acid metabolism
reaction has been reported to play a role in the proliferation of T cells upon stimulation
of their TCR: IL-2 receptor induction by IL-2 on T cells lacking selenoproteins is less
efficient than on T cells with selenoproteins (Carlson et al., 2010). Again, this

observation suggests that DYS® CD4" T cell inflation might be driven by the re-
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stimulation and subsequent IL-2-mediated proliferation of these cells by DYS epitope
that are presented by HCMV-infected reservoirs such as VECs that can endogenously
process and present gB epitopes (Hegde et al., 2005; Pachnio et al., 2015). On the
other hand, the EPD epitope is derived from pp65 protein for which there has been no
documentation of endogenous processing and presentation by VECs (Walker et al.,
2009), and PSTK levels in EPD* CD4" T cells were low. | had previously hypothesized
that this polyfunctionality and targeting of VECs played a significant role in the
immunopathogenesis of HCMV-related cardiovascular comorbidities in HIV® subjects.
The findings that DYS* CD4" T cells expressed higher transcript levels of surrogate
markers of TCR stimulation and cell proliferation such as SELL and PSTK, and of
cytokine or protein secretion such as VPS13D membrane protein trafficker and EXOC4
exocytic vesicle driver to cell membranes suggest that the hypothesis might be true.
Although we did not detect high transcript levels of CD38 and HLA-DR, two activation
markers of T cells that are associated with increased likelihood of the development of
non-AIDS comorbidities in HIV® subjects (Kaplan et al., 2011), it is possible that these
markers were upregulated in the high avidity DYS® CD4" T cells that were lost. Future
directions for this work include: (i) repeating the scRNA-seq and RNA-seq for both
single-cell and bulk cells, respectively, using identical protocols on both DYS" and EPD*
CD4" T cells at the same time to avoid a batch effect while sorting significantly larger
number of DYS* CD4" T cells in case the preferential cell loss of this population occurs
again, and (ii) determining the expression levels of protein products of upregulated and
downregulated mRNA transcripts of DYS® CD4" T cells in relation to EPD* CD4" T cells

using available antibodies with flow cytometry.
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Despite the importance of these findings, there are several limitations that need
to be considered. First, the number of interrogated DYS* CD4" T single cells was much
fewer than the number of analyzed EPD* CD4" T cells, which could elevate type | error
in differential expression. Another limitation is that these observations were made using
cells from a single subject. Although the magnitudes of DYS"® vs. EPD* CD4" T cells
were remarkably different (26.34% v.s. 0.04%) to highlight any critical gene modulation
involved in inflation, it is still necessary to confirm the findings in multiple other subjects
to achieve appropriate statistical power and confidence. Additionally, as the DYS" and
EPD" CD4" T cells were sorted on different days, there may be batch effects; however,
these batch effects were accounted for during data analysis as described in Chapter VI.
Finally, the transcriptomic profile of EPD* CD4" T cells might have been slightly
modified by triggering of the TCR by the tetramer. Therefore, the observations should
be interpreted with a level of caution.

Overall, single cell RNA-seq analysis enables a broader and in-depth
characterization of gene expression patterns of inflated DYS® CD4" T cells. The
contrasting observations to transcriptome profile of the non-inflated EPD* CD4" T cells
from the same subject might help determine potential host-intrinsic and cell-based

mechanisms that are maintaining the inflation.

Contributions

| stained the cells with the tetramers after enrichment of tetramer-positive cells, and

sorted them as single cells with the help of Ms. Louise Barnett. The single-cell sorting,
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lysis, cDNA generation, tagmentation and indexing for sequencing, all using Smart-
Seq2, were developed and optimized by Dr. Abha Chopra, Dr. Mark Pilkinton, and Ms.
Rama Gangula. As for the DYS™ and EPD" sorted single cells, Ms. Gangula extracted .
During the drafting of a manuscript in preparation, | developed language describing the
computational pipeline, computational and statistical analyses, analytical and
experimental challenges, and preliminary results of single-cell RNA sequencing in
consultation with Wyatt J. McDonnell, who has contributed heavily to the development
of these tools and analyses in the wet and dry laboratories. We have included this
language to enable reproducibility of our analyses and for the benefit of the reader in
understanding the complexity and requisite analytical considerations of scRNA-seq as
an emerging technology. | also consulted with Dr. Matthew Scholz who helped with
sequence data normalization, and Dr. Ramesh Ram who helped generate the

consensus and differential gene expression transcriptomic plots.
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CHAPTER V

SUMMARY AND FUTURE DIRECTIONS

Summary

The correlation of HCMV seroprevalence with increasing age suggests that most
individuals will get infected by HCMV over the course of their lives (Staras et al., 2006).
CMV establishes life-long asymptomatic latent infection in various cells and tissues of
immune-competent hosts, and vascular endothelial cells (VECs) have been proposed
as a CMV reservoir (Klenerman and Oxenius, 2016). CMV-specific T cell responses
play an important role in the suppression of productive latent HCMV reactivation in
humans, and the magnitudes of these responses are the largest reported for any
pathogen (Sylwester et al., 2005). These cells are known to be critical in HIV" subjects
or transplant recipients as these individuals are more prone to developing CMV disease
the greater their degree of immune-deficiency or immunosuppression. Interestingly, all
HLA-restricted CMV epitope-specific T cells do not contribute evenly to achieve a robust
response. While most epitope-specific T cells respond with the conventional low
magnitude response during latency, other cells specific for certain epitopes undergo
‘memory inflation,” which is characterized by chronically elevated magnitudes of
response to HLA-restricted epitopes. CD8" T cells have been well documented to
undergo inflation. However, CD4 memory inflation has not been adequately studied,

including in immune-deficient hosts such as HIV® subjects.
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Identifying and characterizing inflated CMV-specific CD4" T cells in HIV"
individuals expands the knowledge base regarding one of the critical cellular
populations in HIV® subjects. The dedication of a significant proportion of the CD4
repertoire in HIV® subjects to a single epitope of a pathogen may influence the quality
and quantity of the CD4 response available to help contain other pathogens either as
part of natural immunity or a vaccine response. HIV® subjects with elevated magnitudes
of activated T cells are associated with increased risks of developing CMV-related non-
AIDS cardiovascular comorbidities in spite of effective ART. Therefore, it is important to
determine the contributions of CMV-specific T cells, especially memory inflated
responses, to the overall T cell activation in these subjects. The findings could also
raise safety implications for CMV vaccines that contain inflation-inducing epitopes that
should be considered in trials being planned in both HIV® and HIV" subjects.
Additionally, the clinical applications of CMV vectors in combatting other pathogens or
even malignancies are believed to harness the abundance and cytotoxic potential of
memory-inflated CD8" T cells (Hansen et al., 2013b; Hansen et al., 2016). As a result,
the identification of memory-inflated CD4" T cells could reveal another means by which
CMV vectors might induce effective and prolonged immune response. The overall

observations and potential mechanisms are discussed below.

Memory inflation only occurs in response to CMV
The exact reason why memory inflation only occurs in response to CMV is not known.
One possibility is that, as the most ubiquitous virus that infects more species of animals

including humans (Klarenbeek et al., 2012; Waller et al., 2008), mouse (Bolinger et al.,
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2015; Dekhtiarenko et al., 2016; Karrer et al., 2003; Munks et al., 2006; Sierro et al.,
2005), monkey (Cicin-Sain et al., 2011), guinea pig (Choi and Hsiung, 1978), and
chimpanzee (Swinkels et al., 1984) than any other pathogen, CMV has likely evolved
over the years to co-adapt to and exploit these hosts while also providing some degree
of protective immunity against other infections such as influenza, probably via inflated T
cell responses (Furman et al., 2015). Furthermore, although there is no direct evidence
for this, it has been shown that CMV seropositivity is associated with diminished EBV-
specific CD8" T cell responses in the same otherwise healthy individuals compared to
HCMV" subjects (Khan et al., 2004). The exact mechanism behind this has not been
determined. However, it is possible that these subjects have reduced EBV infection and
burden due to memory inflated CMV-specific responses that might help the host to curb
EBV infection. Therefore, one potential explanation for why memory inflation only

occurs in response to CMV is that it protects the host from other pathogen infections.

Only some CMV proteins and some epitopes within those proteins can induce
memory inflation

Not all proteins and epitopes induce memory inflation because the few that do already
occupy substantial proportions of CD4" and CD8" T cell immune repertoire. There is no
report of cross-reactivity between inflated T cells and epitopes of other pathogens. As a
result, the smaller, remaining proportion of the CD4" and CD8" T cell repertoire would
be needed to combat all other pathogens an individual encounters over their lifetime. A
more detailed assessment of CMV epitopes in (Table 1.2) and (Table 1.3) that display

features of inflated T cell responses is shown in (Table V.1).
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The evidence described for inflated DYS® CD4" T cells in this dissertation as
shown in the table presents a holistic set of criteria for determining whether epitopes are
truly inflated. In other words, we believe that an epitope would have to fulfill all five
criteria under the “inflationary” column in the table to be considered inflated. However,
as the table shows, there are so many gaps in the knowledge on whether most of these
epitopes that induce T cell responses with some features of inflation are truly
inflationary. This applies to NLVPMVATYV, the most studied of all these epitopes that
typically elicits conventional response (Gamadia et al., 2003; Wills et al., 1996), but also
happens to induce a high magnitude and clonal response in three subjects (Khan et al.,
2002b). Therefore, at this point, it remains an open question on whether a conventional
epitope such as NLVPMVATYV can transition into an inflationary epitope.

We do not know what drives the inflated response to an epitope in one individual
and conventional response to the same epitope in another individual. One possible
pathway is that all epitopes initially elicit conventional, polyclonal T cell responses
during acute CMV infection as a first signal, after which T cells with specific receptors
that avidly recognize the inflationary epitope become inflated as a result of an unknown
second signal. Another pathway is that inflationary epitopes induce the inflation and
clonal expansions of their specific T cells early during acute CMV infection and those
cells remain elevated for the lifetime of the individual. However, it is important to
emphasize that the exact pathway is not known. An ideal method to thoroughly evaluate
how inflated CD4" T cells are formed is to longitudinally analyze the magnitudes,
phenotypes, TCR sequences, and transcriptomic profile of known inflated T cells in

mice, starting with acute MCMV infection and following the responses into latency.
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HLA Epitope Conventional properties Inflationary properties Reference
restriction Mag-L | Phe-c | TCR-p | Lon | Tra | Mag-H | Phe-i | TCR-o/m | Lon | Tra
A2 NLVPMVATV NT NT NT NT NT + + + NT NT | (Khan et al., 2002b)
+ + NT NT NT NT NT NT NT NT | (Gamadia et al., 2003)
B7 (T)PRVTGGGAM NT NT NT NT NT + + + NT NT | (Khan et al., 2002b)
A2 VLEETSVML NT NT NT NT NT + + + NT NT | (Khan et al., 2002a)
DR7 DYSNTHSTRYV NT NT NT NT NT + + + + + | This dissertation
NT NT NT NT NT + + NT NT + | (Pachnio et al., 2016)
NT NT NT NT NT + + + NT NT | (Crompton et al., 2008)
NT NT NT NT NT + NT NT NT NT | (Elkington et al., 2004)
DQ6 LLQTGIHVRVSQPSLILVSQ NT NT NT NT NT + + NT NT + | (Pachnio et al., 2016)
NT NT NT NT NT + + + NT NT | (Weekes et al., 2004)
DR3 DR11 | AGILARNLVPMVATV NT NT NT NT NT + + NT NT NT | (Pachnio et al., 2016)
DR13 QPFMRPHERNGFTVL NT NT NT NT NT + + + + NT | (Weekes et al., 2004)
DR1 DR3 KYQEFFWDANDIYRI NT NT NT NT NT + NT + NT NT | (Bitmansour et al., 2002)

Table V.1 Detailed classification of HLA class | and Il HCMV epitopes. Mag-L: low high magnitude CMV-specific T cell response after contraction of acute
phase expansion; and Mag-H: high magnitude T cell response during chronic CMV infection, respectively; Phe-c and Phe-i, phenotypes of conventional
(predominantly CD45RO" CCR7" [Tcwm] and CD45RO" CCR7 [Tewm] during acute CMV infection) and inflationary (predominantly CD45RO" CCR7™ [Tem] and
CD45RA" CCR7[Temra] during chronic CMV infection) T cells, respectively; TCR-p and TCR-o/m: polyclonal and oligoclonal/monoclonal TCR repertoire,
respectively; Lon, longitudinal detection of T cell response; and Tra: transcriptomic profile. “NT”: observation was not tested in the cited literature; “+”: evidence
supporting the observation is documented in the cited literature.
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Applying this same approach in humans would require the use of HCMV-acutely
infected solid organ-, or hematopoietic stem cell-, transplant recipients with the HLA
alleles of the epitope that induce inflation.

Other various mechanisms have been proposed regarding differential abilities of
CMV proteins and/or epitopes to induce either inflated or non-inflated memory T cell
responses. One proposed mechanism is that different proteins are processed differently
into epitopes in proposed HCMV non-hematopoietic cell latent reservoirs. Memory
inflation-inducing epitopes are processed by proteasomes that are constitutively active
in acute and chronic/latent infection, while conventional epitopes are dependent on IFN-
y-induced immunoproteasomes that are active mostly during acute inflammatory
infection (Hutchinson et al., 2011; Torti et al., 2011). In the case of inflated DYS" vs.
non-inflated EPD* CD4 responses, it is possible that gB protein of DYS is processed
into its epitopes by endosomes within VECs (Hegde et al., 2005; Pachnio et al., 2015)
that are latently infected with HCMV, while pp65 protein of EPD depends on endosomes
in professional APCs for processing. Although most class Il epitopes that are
recognized by CD4" T cells are presented via an exogenous pathway that involves
uptake of exogenous antigens, some class Il epitopes of CMV proteins such as
glycoprotein B (which contains the inflation-inducing epitope, DYS) have been
postulated to be presented endogenously (Hegde et al., 2005; Pachnio et al., 2015) like
inflated CD8" T cell class | epitopes (Dekhtiarenko et al., 2016; Hutchinson et al., 2011).
With VECs being potential HCMV reservoirs and able to express MHC Il upon IFN-y
induction (Kambayashi and Laufer, 2014), this might provide some explanation

regarding why both CD4" and CD8" T cells can experience memory inflation. This
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model is shown in (Figure V.1; left panel). One drawback of this model is that it does
not explain how pp65 epitopes in (Table 1.2) induce high magnitude CD4" T cell

response; the mechanism for those observations remains an open question.
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Figure V.1 One of many potential mechanisms driving DYS* CD4" T cell memory inflation in HIV* subjects.
Left panel: HCMV-infected vascular endothelial cells (VECs) contain glycoprotein B (gB) transcripts that are
introduced during cell infection. Each of these transcripts contains a signal sequence that directs the gB polyprotein
to acidified endosomes where they are processed into DYS and loaded unto HLA-DR7 upon IFN-y induction for
presentation to DYS* CD4" T cells. The VECs express CX3CL1 (fractalkine) that is bound by their CX3CR1 receptors,
which are expressed on DYS® CD4" T cells. On the other hand, VECs might be unable to process and present pp65
epitopes, including EPD. Instead, these cells might be re-stimulated by professional APCs, which also re-stimulate
DYS™ CD4" T cells. Therefore, the combined re-stimulation of DYS™ CD4" T cells by VECs and professional APCs
could be driving their inflation. Right panel: HCMV latent reservoirs might be expanded in HCMV and HIV co-
infected subjects. As a result, there could be increased expression of CX3CL1 by the VECs in HIV® subjects that
attracts larger magnitudes of DYS® CD4" T cells for DYS re-stimulation compared to CX3CL1 expression in HIV"
subjects.

TCR

Another potential mechanism is that genes of inflation-inducing epitopes might be
more accessible to promoters or transcribed at a high rate during latency or
nonproductive reactivation to support inflation. A final possibility is that epitopes with
higher functional avidity TCRs might be more likely to induce inflation compared to

epitopes with lower functional avidity TCRs.
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Memory inflation is more likely to occur in HLA-DR7* HCMV" subjects with HIV
co-infection (i.e. HIV' HCMV® subjects) but can also occur in HLA-DR7" HIV
HCMV® subjects

One reason why memory inflation occurred in DR7* HCMV® HIV"® subjects more than in
DR7* HCMV™ HIV" subjects could be that the HIV* subjects probably need a larger
proportion of CMV-specific T cells to contain their increased productive and
nonproductive HCMV reactivations. These higher frequency HCMV reactivation events
could be due to expansion in HCMV latent reservoir that occurred following the
depletion of CMV-specific T cells during acute HIV infection. Therefore, HIV® subjects
are more likely to experience higher prevalence of memory inflation compared to HIV
subjects. Furthermore, Temra T cells that make-up inflated T cell responses along with
Tem T cells are rare in HIV" subjects as shown in Chapter Il, and their decreased
permissiveness for HIV replication (Casazza et al., 2009; Oswald-Richter et al., 2007)
might indirectly enhance their memory inflation. In either case, it is important to note that
many analyses are confounded by the problem of proportions (i.e. absolute count is

needed for definitive conclusions).

The magnitude of memory inflation is higher in HCMV" subjects that are HIV* than
subjects that are HIV"

The more immunodeficient state of HIV® compared to HIV" subjects could mean that
they are likely experiencing more sub-clinical HCMV reactivation events (Gianella et al.,
2013), which, in turn, could be the source of the antigenic re-stimulation of CMV

epitope-specific CD4" T cells in the HIV" subjects. The re-stimulation of CMV epitope-
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specific T cells has been proposed as a potential mechanism driving memory inflation
(Torti et al., 2011). Additionally, most memory inflated T cells are comprised of Temra
subsets, which are refractory to HIV entry (Casazza et al., 2009) or productive HIV
infection (Oswald-Richter et al., 2007). Therefore, the infection and destruction of
permissive cells by HIV in HIV® subjects might indirectly allow the expansion of non-
permissive inflated Teura cells. This could further enhance the inflation of CMV epitope-
specific CD4" T cell magnitude in HIV* compared to HIV" subjects. Another possible
mechanism responsible for the higher magnitude of inflation in HIV® compared to HIV-
subjects is that HIV" subjects might have a larger HCMV latent reservoir and thus be
more likely to re-stimulate T cells and cause their inflation. These larger reservoirs could
express more CX3CL1 as a chemoattractant for inflated CMV-specific T cells for re-

stimulation. This model is depicted in (Figure V.1; right panel).

Memory-inflated cells are polyfunctional, non-exhausted Tem or Temra with
preformed granzyme B granules, and noticeably absent from Tc¢wy

If the hypothesis that inflated CMV specific T cells function to curb CMV reactivation is
true, then it is logical that most inflated T cells are polyfunctional and cytotoxic with
differentiated phenotypes of Tegw (CD45RO") and Tewra (CD45RA"). This
polyfunctionality also explains why these cells are not exhausted; a finding that has
been previously documented for polyfunctional CMV-specific T cells (Chanouzas et al.,
2015; Chanouzas et al., 2017; Khan et al., 2002b). It is important to note that even
conventional CMV-specific T cells are mostly Tem or Temra, With mainly CD8s

possessing cytotoxic capabilities (Appay et al., 2002a; Appay et al., 2002b; Khan et al.,
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2002b; Komatsu et al., 2006; Wills et al., 1999). The Tem and Tewra phenotypes are
proposed to be due to the re-stimulation of these cells by cognate MHC-epitope ligands
in the periphery by latently infected VECs unlike T¢m that are proposed to be stimulated
primarily by LN stromal cells. Differences in the phenotypes of inflated DYS* CD4" Tgw,
conventional CD4" Tgy and conventional CD4™ Ty are shown in (Table V.2).

It is not quite clear how these cells develop polyfunctionality and cytotoxicity.
Cytotoxicity might be a feature of all memory-inflated CD4" T cell responses based on
the observation of DYS* CD4" Tem cytotoxicity in Chapter Il and reports of cytotoxicity
of other inflationary CMV class Il epitopes (Pachnio et al., 2016). Furthermore, the DYS”
CD4" Tem counterparts in Chapter Il, which were speculated to be specific for
inflationary CMV class |l epitopes other than DYS due to their oligoclonality (Figure 1.8,

right column), also contain preformed granzyme B granules (Figure 11.11D).

Memory-inflated DYS® CD4" T cells are near monoclonal with novel conserved
residues in CDR3

The near monoclonality of the CDR3 repertoire of inflated DYS® CD4" T cells is likely
important for the efficient recognition of the DR7-DYS ligand in order to maintain the
inflation. This reason is further supported by the presence of conserved amino acid
residues within the diversity (D)-segment of the CDR3. Similar observations of clonal
CDR3 repertoire with conserved amino acids have been made both for DYS by other
groups (Crompton et al., 2008) and for other CMV epitope- or protein-specific CD4
responses such as pp65 (Bitmansour et al., 2002; Weekes et al., 2004). The near

monoclonality was present in both Tgm and Temra due to the dynamic, reversible
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Proteins Inflated DYS* CD4" | Conventional CD4" Conventional CD4"
T cells effector memory (Tem) | central memory (Tcwm)

CCR7 |+ - T

CD62L low/high high/low high

CD45 isoform | CD45RO*/CD45RA" | CD45RO" CD45RA™ | CD45RO" CD45RA

CD27 - - ++

CD28 - - +

CD127 + - ++

IFN-y +++ ++ +

IL-2 +/- - +++

TNF-a ++ + -

Granzyme B +++ - -

Perforin +++ - -

CX3CR1 high medium low

Table V.2 Comparison of phenotypes of inflated CD4" T cells to conventional effector and central memory
CD4" T cells. Additional information for inflated DYS® CD4" T cells as well as conventional Tem and Tcwm cells were
obtained from (Foussat et al., 2000; O'Hara et al., 2012; Pachnio et al., 2016; Pepper and Jenkins, 2011; Sallusto et

al., 1999).

expression of CD45R0O (Tem) and CD45RA (Temra) isoforms, and it also confirmed

previous reports that these two subsets share the same dominant TCR clone (Wills et

al., 1999). It is important to note that we cannot exclude the possibility that DYS® CD4"

T cells were initially polyclonal during acute HCMV infection; TCR sequencing of bulk

DYS" CD4" T cells in newly HCMV-seroconverted HLA-DR7" solid-organ or

hematopoietic stem-cell transplant recipients could help rule this out.
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CMV likely plays a significant role in the clonal expansion of DYS® CD4" T cells
because comparison of CD8" T cell repertoire between HCMV® and HCMV" healthy
individuals revealed the presence of more clonally expanded CD8s with HCMV
seropositivity (Khan et al., 2002b). Another potential explanation could be that the
monoclonality of these inflated CD4" T cells have been driven by HIV integration into
cell proliferation and/or cancer genes that ultimately result in clonal expansion
(Maldarelli et al., 2014; Wagner et al., 2014). However, that is less likely as we did not
observe an enrichment of HIV DNA within these cells as shown in (Figure 11l.7), which

would have been a consequence of such integration.

Memory-inflated DYS® CD4" T cells express CX;CR1

Inflated DYS® CD4" T cells express CX3CR1 fractalkine receptor most likely because it
facilitates the trafficking and interaction of these cells with VECs that express CX3;CL1
fractalkine ligand. VECs serve as HCMV latent reservoirs and therefore might express
fractalkine to induce CMV-specific T cell recruitment for restimulation as depicted in the
model in (Figure V.1). This interaction may play a significant role in the
immunopathogenesis of CMV-related cardiovascular morbidities because disrupting this
interaction can prevent CMV-specific T cell-mediated vascular endothelial destruction
(Bolovan-Fritts and Spector, 2008). Additional evidence for the possible role of this
interaction in cardiovascular disease is the presence of high levels of fractalkine on
VECs of atherosclerotic coronary artery tissues obtained posthumously from individuals
diagnosed with atherosclerosis with over 25% narrowing of their lumina observed at

autopsy (Wong et al., 2002). A final important role for CX3CR1 expression by inflated
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cells could be that CX3CR1 engagement with fractalkine mediates the induction of anti-
apoptotic Bcl-xL (Boehme et al., 2000) that might help maintain inflation. The high levels
of CX3CR1 on these inflated CMV-specific T cells could be as a result of the increased
expression of fractalkine on CMV-infected VECs as observed in rat CMV (RCMV) and
rat heart transplant models, where RCMV-infected allografts upregulated fractalkine

expression (Streblow et al., 2003).

There is no evidence of apoptosis suppression or elevated active proliferation
among memory-inflated DYS* CD4" T cells

It is not quite clear why apoptosis would not be suppressed in inflated DYS* CD4" T
cells. Neither is it clear why these cells are not undergoing increased proliferation. Both
observations suggest that there are other inflation-inducing mechanisms at play.
Nevertheless, any inflation inducing mechanism would ultimately lead to the proliferation
of these cells and the upregulation of the associated Ki67 protein. Another group
documented the absence of increased proliferation among inflated cells, although in
MCMV models of memory inflation (Bolinger et al., 2015; Sierro et al., 2005). One of the
drawbacks of the analysis of increased proliferation using Ki67 expression is that | only
sampled one time-point from the subjects. The disadvantage here is that the cells might
have undergone proliferation already during stochastic HCMV reactivation events, for
example, that occurred before the analyzed time point. Therefore, longitudinal analysis

of Ki67 expression by inflated DYS™ T cells from multiple subjects is warranted.
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Memory-inflated DYS® CD4" T cells express CD38 or HLA-DR but rarely both

Although DYS® CD4" T cells did not mostly co-express CD38 and HLA-DR, the
increased magnitudes of CD38 and HLA-DR individual expression could ultimately
result in increased co-expression of both activation proteins, which elevates the risk of
CMV-related non-AIDS cardiovascular comorbidities in HIV* HCMV" subjects (Kaplan et
al., 2011). The cause of the upregulation of CD38 and HLA-DR activation proteins could
be due to downstream signaling effects that occur after the TCR of these cells are
stimulated by their cognate HLA-DR7-DYS ligand. Evidence for this assumption
includes reports that CD38 intracellular signaling activity depends on the induction of
the CD3-TCR complex (Morra et al., 1998) and that HLA-DR expression depends on

CD3 and CD4 internalization after antigenic stimulation (Diepolder et al., 2001).

HIV DNA is not enriched in inflated DYS CD4" T cells

The primary hypothesis in Chapter Ill was that DYS® CD4" T cells were enriched HIV
latent reservoirs because of their high magnitudes of response and clonality. However,
the results confirmed the alternate hypothesis, which was that these cells were not
enriched with HIV DNA, although the finding was obtained from one subject and needs
confirmation. Enrichment of these cells with HIV could have reduced their magnitude of
inflation due to destruction of infected cells upon HIV egress or by the host’'s immune
system. One of the basic reasons why HIV is not enriched in inflated DYS* CD4" T cells
is that inflated CD4" T cells are fundamentally different from conventional CD4" T cells
that are the primary targets of HIV infection. Although noting that these inflated cells are

not enriched for HIV DNA is important, it would have been more significant to determine
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whether the detected HIV DNA content was replication-competent or defective. This is
because replication-competent HIV poses the main threat of rebound viremia that
occurs when ART is interrupted in HIV® subjects.

The mechanistic explanation for the lack of HIV enrichment in inflated CD4" T
cells is not known. One potential mechanism is that some of these cells are Teura,
which are less supportive of productive HIV replication (Casazza et al., 2009; Meyer-
Olson et al., 2010; Oswald-Richter et al., 2007). Another possible hypothesis is that
inflated CD4" T cells are primed and stimulated by LN stromal cells in the paracortical T
cell enriched region and not by follicular DCs (fDCs) in germinal centers of B cell
follicles. This means that these inflated cells could be less likely to get infected by HIV
that are transferred onto the surfaces of the LN fDCs by Langerhan cells from the
submucosa and skin where infection first occurred. fDCs typically present HIV to CD4"

T cells in the germinal centers, which are inaccessible by cytotoxic CD8" T cells.

Inflated DYS* CD4" single T cells might possess differential transcriptomic
signatures and upregulated surrogate markers of TCR stimulation compared to
non-inflated EPD* CD4" single T cells

Although the scRNA-seq findings warrant confirmation in more subjects and with more
cells, it is possible that there is different transcript clustering between inflated DYS™ and
non-inflated EPD* CD4" T cells. It is unlikely that these cells were pre-programmed with
each transcriptomic profile before developing memory against DYS epitope.
Observations discussed in Chapter Il show that being HCMV® HIV* and HLA-DR7" are

all necessary, but not sufficient alone for DYS® CD4" T cell memory inflation to occur.
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For instance, two subjects with DYS™ CD4" T cell magnitudes of 0.42% and 0.014% did
not undergo memory inflation based on our arbitrary cut-off of 21%. Several other
variables could have led to this non-inflation: (i) both subjects might have been infected
with HCMV for a shorter period of time. However, it is highly challenging to estimate
when the infection occurred especially if it happened when the subjects were
immunocompetent; (ii) though unlikely due to the lack of HIV DNA enrichment in inflated

DYS* CD4" T cells, it is possible that HIV within the inflated DYS® CD4" T cells

integrated into cell proliferation and/or cancer gene hotspots that mediate cell

expansion, while HIV DNA in the non-inflated DYS* CD4" T cells might have integrated
in other regions that do not drive proliferation; and (iii) although less likely as well, it is
possible that DYS® CD4" T cell inflation in HIV® subjects is driven by cross-reactive HIV
epitopes and these two non-inflated subjects were infected with HIV strains that have
mutations in their HIV gene segments that produce the cross-reactive HIV epitopes.

Based on the findings in this dissertation and in published literature, a potential
multi-omic definition for effectively identifying inflated CMV-specific CD4™ T cells in
future is any group of cells with:

1. Upregulated mRNA transcripts for the following genes: TBX21 (T-bet), EOMES,
PRDM?1 (Blimp-1), ADRB2 (beta-2 adrenergic receptor), FGFBP2 (fibroblast growth
factor binding protein 2) and GPR56 (G protein-coupled receptor 56), and after
validation of the scRNA-seq findings, SELL (CD62L protein), PSTK (phosphoseryl-
TRNA kinase), VPS13D (vacuolar protein sorting-associated protein 13D), EXOC4
(exocyst complex component 4 protein), and IL12RB1 (IL-12 receptor beta 1

subunit);
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2. Downregulated MAF1 gene transcript (repressor of RNA polymerase Il transcription
MAF1 homolog protein) after validation of the scRNA-seq findings;

3. Upregulated expression of the following proteins: CX3CR1, granzymes A, B and H,
perforin, IFN-y and TNF-a; and

4. Downregulated expression of the following proteins: CD28, CD27, CD127 (IL-7R),

TIGIT, and for most of the cells, and CCRY.

My dissertation documents the observation of circulating memory-inflated CD4™ T
cells that are specific for HCMV'’s glycoprotein B DYS epitope within HIV* subjects with
undetectable CMV plasma viremia. The nearly monoclonal CDR3 repertoire of these
inflated cells and their high expression of CX3CR1 suggest that potential mechanism(s)
of their inflation likely involves clonal expansion upon re-stimulation by latent HCMV
reservoirs. Importantly, these highly abundant and extremely long-lived cells serve as
latent HIV DNA reservoirs. Some of these findings are summarized in (Figure V.2), and
overall, they inform the field on the inflationary impact on CMV-specific CD4" T cell
responses by HIV co-infection, the possible immunopathogenic role for inflated CD4
responses in cardiovascular morbidities, the contributions of these cells to latent HIV
reservoir, the potential mechanisms that cause chronic memory inflation of T cells, and
the safety concerns that might be considered in CMV vaccine design for HIV® and HIV-

subjects.
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Figure V.2 Representative summary of findings as observed in Subject 10027. Blood vessel depicts peripheral
circulation where observations were made, and the number of cells shown for each epitope (epitopes are written
inside the cells) is proportional to the magnitude of response detected ex vivo with tetramers folded with the given
epitope. Inflated, HLA-DR7-restricted DYS-specific (DYS') CD4" T cells were detected in HIV® (above horizontal dash
line) compared to HIV™ (below horizontal dash line) subjects, all of whom were HCMV" and DR7". Within the same
HIV" subjects, DYS® CD4" T cells were also inflated (right of vertical dash line) compared to CD4" T cells specific for
other DR7-restricted epitopes (left of vertical dash line) that include CMV pp65 EPD, HIV gag FRD, EBV EBNA2
PRS, and tetanus toxoid precursor protein LIN epitopes. Also, DYS® CD4" T cells were inflated compared to CD8" T
cells specific for the well-characterized A2-restricted NLV epitope. TCR CDR3 analyses revealed inflated DYS® CD4"
T cell near monoclonality (identical orange-colored TCRs) and oligoclonal expansion of DYS  CD4" T cells specific for
unknown epitopes (white cells with “?”). One future direction is to determine these epitopes. Ex vivo, inflated DYS"
CD4" T cells expressed high levels of CX3CR1 that binds to CX3CL1 expressed on endothelial cells latently infected
with HCMV (purple dot in cells) and HCMV protein exosomes (orange square in cells). HCMV-infected endothelial
cell expression of CX3CL1 and IFN-y-induced expression of HLA class Il molecules (like DR7) that present class Il
epitopes (like DYS) are believed to facilitate DYS™ CD4" T cell memory inflation. Inflated DYS" CD4" T cells also
contain elevated levels of granzyme B (red dots) ex vivo. CX3CR1-CX3CL1 interaction might facilitate inflated DYS*
CD4" T cell diapedesis into subendothelial space where, based on their phenotypic similarities to proposed CD4
mediators of endothelial dysfunction, they might mediate vascular damage (shown as red “Xs” over cells) via
secretion of cytotoxic granules like granzyme B upon CX3CL1-mediated recruitment by-, and stimulation by DYS-
presenting HCMV-infected endothelial cells. Therefore, another future direction is to evaluate the roles of inflated
DYS' CD4" T cells as well as other oligoclonally-expanded, potentially inflated CD4" T cells in the DYS™ compartment
in the damage of vascular endothelium and immunopathogenesis of cardiovascular comorbidities, especially in HIV*
subjects.
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Future Directions

Mechanisms driving HLA-DR7-restricted DYS* CD4" T cell memory inflation
Memory inflation likely requires multifactorial processes to occur. In the case of DYS®
CD4" T cell inflation in HIVF HCMV" subjects, various factors associated with HCMV,
HIV, the inflated cells, the latent HCMV reservoirs or some combination of these
elements might be responsible for the observation. CMV infection is necessary but not
sufficient alone to cause memory inflation. As for the DYS epitope that is studied in this
dissertation, the HLA-DR7 allele is similarly necessary but not sufficient to detect the
observed phenotype. Understanding the mechanisms of memory inflation is a daunting
task because of the lack of shared characteristics between different memory-inflated T
cells. For instance, findings described in Chapter Il show that memory inflation occurs
in the CD4" T cells even though most of the literature documents it among CD8" T cells
(Bolinger et al., 2013; Bolinger et al., 2015; Dekhtiarenko et al., 2016; Karrer et al.,
2003; Khan et al., 2002a; Khan et al., 2002b; Klarenbeek et al., 2012; Munks et al.,
2006; Sierro et al., 2005). Furthermore, some proteins of CMV induce inflation while
others do not. Even within a given protein, only certain epitopes can induce inflation.
Focusing on potential roles of latent HCMV reservoirs such as VECs in causing
inflation, one of the underlying reasons for these discordant responses to different
epitopes of the same protein has been demonstrated in mice studies (Dekhtiarenko et
al., 2016; Hutchinson et al., 2011). Both groups reported that inflation-inducing epitopes
are more dependent on constitutively active proteosomal processing compared to

conventional response-inducing epitopes that depend on immunoproteasomal
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processing, which are regulated by inflammatory cytokines present mainly during acute
infection. Hence, it will be of great importance to characterize and compare epitope-
processing mechanisms of gB to pp65 proteins. Using Jurkat cell transfection systems
that express either DYS or EPD-specific a:f TCRs, this can be tested by comparing the
production and presentation of DYS (gB) to EPD (pp65) epitope by HCMV-infected,
HLA-DR7" permissive human cells modified with gene knockouts that inhibit the
function of proteasomes, immunoproteasomes and/or endosomes. Additionally,
modified MCMV strains containing gene knockouts for DYS or other interrogated gB
epitopes could be designed and tested in vivo in mice to isolate essential epitopes of gB
that are necessary to induce either memory inflation or conventional response of T cells.

In addition to genomic changes, epigenetic modifications of transcription factors
or genes governing cell differentiation, proliferation or maintenance might contribute to
the phenomenon of “memory inflation.” One of the most current and advanced methods
for epigenetic analysis is the use of Assay for Transposase-Accessible Chromatin using
Sequencing (ATAC-seq). ATAC-seq facilitates the in-depth characterization of ongoing
or potential gene expressions based on how the regions of the chromatin containing the
genes are tightly packaged around histones as nucleosomes. ATAC-seq replaces the
older methodologies that separately determined accessibility of DNA chromatin (Boyle
et al., 2008; Thurman et al., 2012), the position of nucleosomes in relation to the
packaged DNA (Barski et al., 2007; Schones et al., 2008; Valouev et al., 2011), and the
binding (occupancy) of transcription factors to target sequences (Gerstein et al., 2012).
ATAC-seq helps with the simultaneous detection of open chromatin segments in

addition to the positions of nucleosomes and DNA-binding proteins (Buenrostro et al.,
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2013). The working principle of ATAC-seq is a transposition reaction where the
hyperactive Tn5 transposase (Adey et al., 2010; Goryshin and Reznikoff, 1998) is
inserted into accessible chromatin segments that encompasses genomic regions with
active gene expression (Buenrostro et al., 2013). This reaction can be conducted using
as few as 500 cells, which is comparatively fewer than the input required for other tools
used in epigenetic analysis (Buenrostro et al., 2013). Another merit of ATAC-seq is the
novel single-cell application to obtain high-resolution epigenomic information regarding
where cells fall on the homogeneity-heterogeneity spectrum (Buenrostro et al., 2015).

The application of ATAC-seq in understanding the epigenetic underpinnings of
inflated DYS® CD4" T cell responses is an important future addition to the information
obtained from the scRNA-seq in Chapter IV. We began this experiment by comparing
the inflated, bulk-sorted DYS* CD4" Tem and Tewra cells (26.34% response magnitude)
from Subject 10027 to the non-inflated, bulk-sorted A2-restricted NLV® CD8" T cells
(0.75% response magnitude) from the same subject for differences in the accessibility
of chromatin sites involved in the proliferation or maintenance of long-lived epitope-
specific memory T cells. CD4" naive T cells from the same individual were also sorted
as another internal control. All samples were amplified and sequenced, and our
bioinformaticians are currently designing the coding platform for analysis.

Overall, CD3 chromatin in all four samples should be similarly accessible in the
ATAC-seq results because all four samples are either CD4* or CD8" T cells. We expect
to find more accessible chromatin for all gene segments of interest (granzyme B, IFN-y,
TNF-a, CX5CR1, CD38, CD74 (HLA-DR), TBX21 (T-bet), EOMES, PRDM1 (Blimp-1),

SELL, PSTK, VPS13D and EXOC4) in DYS® CD4" Tem, DYS' CD4" Temra and NLV®
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CD8" T cells compared to the CD4" naive T cells. This expectation is due to the lack of
differentiation of, or antigen recognition by naive T cells. Compared to the epigenetic
findings from NLV* CD8" T cells, we expect to find similar degrees of accessibility to
chromatin gene segments for granzyme B, IFN-y and TNF-a in both DYS* CD4" T cell
Tem and Temra subsets because these 3 sets of cells are polyfunctional and cytotoxic.

Focusing on inflation, we expect to see more accessible chromatins around
SELL, PSTK, VPS13D, EXOC4, CX5CR1, CD38, CD74, TBX21, EOMES, and PRDM1
in both DYS" CD4" Tem and Temra subsets compared to the NLV*® CD8" T cells. These
findings would corroborate the scRNA-seq findings and protein expression of these
genes in this dissertation and in published literature on inflated T cells, which suggest
that inflation is partly and likely driven by re-stimulation of the T cells at latently infected
vascular endothelial cells that present the epitopes endogenously. The CD45RO
isoform chromatin is expected to be more accessible in the DYS* CD4" Tgy compared
to the DYS® CD4" Temra cells, although there might be a dynamic range between both
subsets due to the reversibility of CD45R0O protein expression. We expect the CD4
chromatin to be constitutively accessible by transcription factors and other DNA-binding
proteins essential for transcription among the DYS® CD4" T cells, and the CD8
chromatin to be similarly accessible by relevant factors necessary for CD8 TCR
expression in the NLV* CD8" T cells.

Other attributes of the inflated DYS® CD4" T cell might modulate inflation. A
common factor among all inflated DYS* CD4" T cell responses in multiple subjects that
is described in Chapter Il is the conservation of glutamine, serine or threonine amino

acids with polar, neutral side chains among the highest-magnitude DYS® CDR3
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clonotype. This indicates that the presence of certain TCR might cause memory inflation
to occur. The absence of these residues might explain why low-magnitude DYS* CD4"
T cells were observed in HIV' HCMV® DR7" subjects, although we were unable to
determine the CDR3 of the cells from bulk sorts due to their low response magnitudes.
Using single cell sorting and sequencing, one approach to test this involves the
alignment and comparison of the dominant CDR3s of a collection of low magnitude
DYS® CD4" T cell responses. If the single cell sorting and sequencing of low magnitude
DYS" CD4" T cells reveal diverse CDR3 clonotypes that lack the conserved amino
acids, an alternate hypothesis could be that TCR avidity and not amino acid
conservation determines whether a known inflationary epitope (such as DYS) induces
memory inflation in subjects bearing the HLA allele. Therefore, a different future
direction could then be to evaluate and compare the efficiency of stimulation of these
low magnitude and polyclonal TCRs by DYS to that of inflated TCRs from Subject
10027 using the Jurkat cell transfection system.

The ability of HCMV to initiate the expression of certain transcripts during latency
could also explain differential magnitudes of CD4" T cell response to DYS and EPD
epitopes. An in-depth characterization of the entire CMV latency-associated transcripts
and selective knockdowns of some of them would provide a wealth of knowledge, not
only on potential CMV-intrinsic drivers of life-long memory inflation of DYS® CD4" T
cells, but also on the features that support ordinary transcript expression over
productive CMV reactivation.

The effects of HIV co-infection should be investigated as well. A study comparing

the sizes of all known latent HCMV reservoirs in tissues obtained posthumously from
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HIV* subjects to HIV" subjects could explain the higher prevalence and response
magnitude of memory inflation that occurs with HIV co-infection. Additionally, it is
important to evaluate the roles of cross-reactive response against DY S-specific TCR in
HIV® subjects. These experiments were conducted using nineteen high DR7-affinity HIV
gag epitopes in Jurkat cell transfection system but no cross-reactivity was observed.
There is a plethora of other unidentified HIV gag epitopes in addition to the rest of the
HIV proteome that ought to be combed through thoroughly to confidently exclude cross-
reactive HIV epitopes as contributors to the enhancement of DYS® CD4" T cell
response with HIV co-infection. Another potential mechanism causing this inflation could
be that the Temra subsets of DYS® CD4" T cells do not support productive HIV
replication (Casazza et al., 2009; Meyer-Olson et al., 2010; Oswald-Richter et al.,
2007). The sparing of these less permissive cells by HIV while the virus infects and
destroys other permissive cells could have allowed the expansion of these cells in HIV*
subjects. With low CCR5 expression being partly responsible for the reduced infectivity
of Temra by HIV, it is important to determine the CCR5 expression of DYS* CD4" T cells
and, more importantly, the ability to infect their enriched populations with HIV in vitro. A
final potential but unlikely mechanism of inflation involving HIV directly could be the
integration of HIV DNA in genes associated with cell growth, proliferation or cancer
within DYS™ CD4" T cells (Maldarelli et al., 2014; Wagner et al., 2014). Such integration
events could lead to unchecked proliferation and eventual memory inflation. As
discussed already, this hypothesis is not likely due to the lack of HIV DNA enrichment in
these cells. Nevertheless, it will be of great importance to use a combination of HIV

integration site sequencing and ATAC-seq to determine whether the HIV integration

143



sites make the surrounding genes more accessible to transcription factors and other
protein machineries needed for cell proliferation. This experiment will involve epigenetic
comparison of HIV integration sites in inflated DYS* CD4" T cells from HIV® HCMV*

subjects to similar gene segments in the same cells from HIV- HCMV" subjects.

Contributions of CMV-specific inflated T cell responses to the development of
CMV-related non-AIDS cardiovascular comorbidities

An extremely important future direction from these findings is to determine the relative
contributions of inflated and conventional responses to the elevated CD38 and HLA-DR
protein co-expression, CX3CR1 and granzyme B protein upregulation as well as CD28
protein downregulation on CD4" T cells in HIV® subjects. The advent of suppressive
ART has reduced the incidence of AIDS in HIV® subjects. However, this has unmasked
the emerging CMV-related non-AIDS cardiovascular comorbidities among these
subjects (Barbaro et al., 2001; Cheng et al., 2009; Hsue et al., 2004; Lichtner et al.,
2015; Slot et al., 2017; Wall et al., 2013). This is critical because the presence of T cells
with increased CD38 and HLA-DR co-expression increases the risk of these
comorbidities (Kaplan et al., 2011). Additionally, cytotoxic CMV-specific CD4" T cells
that express high levels of the fractalkine receptor, CX3CR1, for homing to endothelial
cells, and low levels of CD28, which has been detected on clonally expanded CD4s
isolated from plaques obtained posthumously from unstable angina patients (Liuzzo et
al., 2000) have been proposed to cause endothelial damage and dysfunction that
initiates the process of vascular disease (Broadley et al., 2017; van de Berg et al.,

2012). In Chapter Il, | showed that although DYS® CD4" T cells did not have

144



significantly higher levels of CD38"HLA-DR" co-expression compared to controls, the
collection of DYS CD4" T cells within the same HIV® subjects displayed statistically
higher CD38"HLA-DR" co-expression. Other results in that same chapter suggest that
inflated DYS* CD4" T cells possess a CX3sCR1", granzyme B"™, and CD28" phenotype.
Therefore, the first step would be to map the epitopes recognized by the high-
magnitude oligoclonal CDR3s of the DYS™ CD4" Tew and Temra cells. The HLA class I
restriction molecules of the epitopes could be predicted (Erup Larsen et al., 2011) in
order to design tetramers to be used to effectively isolate and characterize the
contributions of the oligoclonal CD4" T cell responses to the activated T cell phenotype.
Of interest would be determining and comparing the specific contributions of the CD4"
CD28" Temra subsets from HIV® and HIV™ subjects to the T cell activation, as well as
CX3CR1 and granzyme B expression. This is important because expansion of CD4"
CD28" Temra subsets is strongly associated with HCMV seropositivity of the host and
might be linked to the incidence of HCMV-related comorbidities (Broadley et al., 2017;

Escarra-Senmarti et al., 2017; Murakami and Riella, 2016; Shabir et al., 2016).

Mechanisms of HIV persistence in HLA-restricted epitope-specific CD4" T cells

Latent, replication-competent HIV in long-lived, resting CD4" T cells continues to pose a
barrier to eradicating this virus. The persistence mechanism of HIV in this CD4 reservoir
has been an area of active investigation over the last decade. The finding that the life-
long inflated DYS® CD4" T cells in HIV® subjects serve as persistent HIV reservoirs
presents a unique opportunity to investigate the role of cognate HLA-restricted epitope

stimulation of CD4" TCR in the maintenance of latent HIV genome. The ideal and most

145



informative approach to solve this problem is the use of single-cell sorting and
sequencing. This would first require a method for the identification of HIV-infected cells.
A recently published technique involves the use of anti-CD32 antibody to label HIV-
infected cells (Descours et al., 2017); however, we and others have been unable to
reproduce this study. The discovery of a more reliable method for finding HIV latently
infected T cells can be used to sort such cells as single cells for a: TCR sequencing
combined with single-cell whole genome amplification. The whole genome amplification
will provide information on the integration site as well replication-competence of the
latent HIV DNA based on the presence of critical gene segments such as rev and tat
that are essential in HIV replication (Ho et al., 2013). Analyses of the degrees of
clonality among the TCRs, replication-competent HIV sequences, and their integration
sites in the host genome would effectively define the mechanism of HIV persistence in
HLA-restricted epitope-specific CD4" T cells such as DYS® CD4" T cells. Findings from
the RNA-seq of the transcriptome and ATAC-seq of the genome could supplement the
conclusions deduced from these experiments.

The identification of these latent, replication-competent HIV DNA-harboring CD4"
T cell reservoirs could provide a focused approach on eliminating persistent HIV
reservoirs using “shock-and-kill” therapy. Elucidating HIV’'s mechanism of persistence in
CD4" T cells that recognize persistent epitopes of antigens like CMV will provide
opportunities to interrupt viral persistence. Proving that HIV exploits physiologic TCR
stimulation-dependent clonal expansion of HLA class ll-restricted, epitope-specific CD4"

T cells would also inform the broader fields of virology and immunology.
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CHAPTER VI

MATERIALS AND METHODS

Contributions

Experimental design: Simon Mallal, Spyros Kalams, Elizabeth Philips, Mark Pilkinton,
David Koelle, Paul Klenerman, and Chike Abana

Subject recruitment and blood draw: Simon Mallal, Spyros Kalams, Chike Abana, Mark
Pilkinton, Kristina Williams, Alec Redwood, Madan Jagasia, Brian Engelhardt, the
Vanderbilt Comprehensive Care Center, the Vanderbilt Stem-Cell Clinic, and the
Institute for Immunology and Infectious Diseases

PBMC processing: Chike Abana, Cindy Hager, Rita Smith, Louise Barnett, Rama
Gangula, Wannakuwatte Fernando, and Dae Jung

Research-and-development for all assays: Chike Abana, Simon Mallal, Spyros Kalams,
Abha Chopra, Rama Gangula, Mark Pilkinton, Katie Nicholas, Silvana Gaudieri,
Heather Long, Celestine Wanjalla, and Jessica Thomas

HLA-typing coordination and execution: Chike Abana, Simon Mallal, Elizabeth Philips,
Mark Watson, Abha Chopra, and David Haas

Fluorescence-activated cell sorting: Chike Abana and Louise Barnett

Bulk-cell TCR sequencing: Chike Abana, Rama Gangula, and Abha Chopra

Jurkat cell transfection system: Chike Abana, Silvana Gaudieri, Abha Chopra, and

Rama Gangula

147



Viral Outgrowth Assay: Chike Abana and Rama Gangula

Single-cell RNA sequencing: Chike Abana, Rama Gangula, Abha Chopra, and Mark
Pilkinton

Assay for Transposase-Accessible Chromatin using Sequencing (ATAC-seq): Chike
Abana, Rama Gangula, and Abha Chopra

Bioinformatic analyses of sequences: Wyatt McDonnell, Ramesh Ram, Matthew Scholz,
and Shay Leary

Statistical analysis: Chike Abana, lan James and Wyatt McDonnell

Ethics Statement

All studies were approved by the Vanderbilt Comprehensive Care Clinic (Institutional

Review Board [IRB] 030005), Vanderbilt Stem-Cell Clinic (IRB 061215), and the

Australian Red Cross (IRB 2011/02). All subjects signed informed consent forms

authorized by the respective IRBs.

Selection of Subjects

HIV® and HIV" subjects were randomly recruited through the Vanderbilt Comprehensive

Care Clinic, the Vanderbilt Stem-Cell Clinic and the Australian Red Cross. HCMV" or

HCMV' status was determined by CMV IgG serology.
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Isolations and Cryopreservations of Peripheral Blood Mononuclear Cells (PBMCs)

and Plasma

120ml or leukopharesed volumes of whole blood were obtained from at least 40
chronically infected DR7" subjects who sign an informed consent, and are on cART with
<50 HIV-1 RNA copies per ml plasma (below clinical limit of detection) and >200 CD4"
T-cell count per pl of blood. Blood samples from subjects lacking either alleles were
obtained to validate the specificity of the class ll-restricted tetramers to bind only DR7-
restricted CD4" T-cells. Plasma and lymphocytes were separated by ficcoll-based
density gradient centrifugation, and plasma samples for future HIV-1 RNA analysis were
stored at -80°C. PBMCs were counted using an automated BECKMAN COULTER® cell
counter and 10° cell aliquots were frozen in 1% dimethyl sulfoxide at -180°C for future

use.

DNA Extraction

All DNA extractions were performed using the appropriate Qiagen® DNA extraction kits

for 24 x 10° cells or Promega DNA IQ™ System (catalog # DC6701) for <4 x10° cells

following the manufacturer’s respective protocols.
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Automated Determination of High Resolution (six-digit) HLA Haplotype of HIV*

and HIV" Cohorts

To identify DR7" HIV® subjects, a research proposal to the Vanderbilt HIV Epi-
Outcomes group was submitted to perform full HLA-typing of 865 consented HIV
seropositive subjects seen at the Vanderbilt Comprehensive Care Center (VCCC) in
accordance with Institutional Review Board approved protocols. The VCCC is the
largest clinic dedicated to HIV care in middle Tennessee that cares for a diverse cohort
of HIV-infected individuals. Upon approval of the research proposal, | worked with the
Vanderbilt Technologies for Advanced Genomics (VANTAGE) where the subjects’
previously extracted genomic DNA samples were banked to identify, plate, dilute and
ship the samples to the DCI Tissue Typing Laboratory (Nashville, TN) or to our
collaborators at the Institute for Immunology and Infectious Diseases (llID, Perth,
Western Australia) for high-resolution six-digit HLA-typing. The American Society for
Histocompatibility and Immunogenetics, and the National Association of Testing
Authorities accredit the HLA testing lab at IlID. The procedure involves PCR
amplification of specific HLA loci using sample specific molecular identifier, MID-tagged
primers that amplify polymorphic exons from Class | (A, B, C) and Class Il (DPB1, DQ,
and DRB) MHC genes. MID-tagged primers have been optimized to minimize allele
dropouts and primer bias. We pooled the amplified DNA products for library preparation,
quantitation and emulsion PCR for 454 FLX sequencing of clonally enriched beads.
Alleles are called using an in-house accredited HLA allele caller software with minimal

systematic sequencing errors and using the latest IMGT (international ImMunoGeneTics
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information system) HLA allele database as reference (http://www.imgt.org/). Finally, the
integrity of the HLA assignments were internally validated using accredited Laboratory

Information and Management Systems and HLA analysis reporting software.

Tetramers and Peptides

The NIH Tetramer Core Facility (contract HHSN272201300006C) synthesized
DRB1*07:01-restricted PE-, APC-, and BV421-conjugated HCMV @gB217.227 |
DYSNTHSTRYV; HCMV pp65477.191 | EPDVYYTSAFVFPTK (EPD) (Li Pira et al., 2004);
Human CLIPg7.101 | PVSKMRMATPLLMQA; tetanus toxoid (TT) precursorsgseos |
LINSTKIYSYFPSVISKVNQ (LIN) (James et al., 2007) and HIV gagesaiz |
FRDYVDRFYKTLRAEQASQE (FRD) (Vingert et al, 2010) tetramers.
DRB1*07:01:PRSPTVFYNIPPMPLPPSQL (DR7:PRS, EBV EBNA2,76.205) tetramer was
synthesized by Beranoya Research Institute (Seattle, WA) (Long et al., 2013).
A2:NLVPMVATV (A2:NLV, CMV pp65495.503) tetramer was synthesized in the lab as
described (Leisner et al., 2008) using peptides manufactured by Schafer-N, and
reagents obtained from Dr. Sgren Buus and ImmunAware. The NIH AIDS Reagent
Program, Division of AIDS, NIAID, provided HCMV pp65 Peptide Pool (overlapping 15-
mers; #11549), HIV-1 PTE Gag Peptide Pool (overlapping 15-mers; #12437), and CMV
AD169 strain (#1910). Lyophilized DYS, EPD, FRD, PRS and LIN peptides, and 19
overlapping, high DR7-affinity HIV gag peptides from the HIV-1 PTE Gag Peptide Pool

(predicted by NetMHCII 2.2 Server) were synthesized at 298% purity (GenScript).
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Tetramer, Surface and Intracellular Antibody Staining and Sorting Using Flow

Cytometry

1-2 x 10’ cryopreserved PBMCs were thawed, washed them in PBS (Corning), and
disentangled using Nuclease S7 (Roche). Depending on assay, PBMCs were left
untouched or negatively enriched for CD4" T cells (Miltenyi Biotec). Using our modified
version of a class Il tetramer stain protocol (Long et al., 2013), cells were first stained to
highlight dead cells (Life Technologies), and washed with human Ab serum (Corning).
Next, cells were stained with pre-titrated tetramer volumes at 37°C (1 h), anti-CCR7 Ab
at 37°C (20 m), and room temperature surface protein stain (20 m) and, if necessary,
intracellular Ab stain (20 m) at room temperature after fixation and permeabilization
(BD). mAbs included CCR7-BV421 (150503), CD3-BV711 (UCHT1), CD4-PerCP-Cy5.5
(RPA-T4), CD45R0O-PE-CF594 (UCHL1), CD27-PE-Cy7 (M-T271), CD14-V500 (M5EZ2),
CD19-V500 (HIB19), IFN-y-FITC (B27), TNF-0-PE-Cy7 (MAb11), CD4-FITC (SK3), Bcl-
2-PE (Bcl-2/100), Granzyme-B-FITC (GB11), CX3CR1-PE (2A9-1), Ki-67-PE-Cy7 (B56),
CD57-FITC (NK-1), CD45RA-PE-Cy7 (L48), CD38-PE-Cy7 (HIT2), and HLA-DR-FITC
(G46-6) that were ordered from BD; CD8-APC-AF750 (3B5) from Invitrogen; PD-1-PE
(EH12.2H7) from BioLegend; TIGIT-PE-Cy7 (MBSA43) and CD28-PE-Cy7 (CD28.2)
from eBiosciences; and custom CD127-PE-Cy5.5 (R34.34) from Beckman Coulter.
Cells were sorted as bulk or single cells where stated with FACSAria-lllu (BD) or
collected on LSR Fortessa (BD).

For most downstream assays in this dissertation that involved tetramer staining

and sorting, the starting amount of PBMCs was =1 x 108 cells due to the extremely low
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frequency of epitope-specific CD4" T-cells. Furthermore, the samples were not fixed
with PFA after staining, and they were sorted using a BD FACSAria lllu directly into
appropriate reagents for total HIV-1 DNA quantitation, viral outgrowth assay, deep
sequencing of single cell and/or bulk a:B TCR, single cell RNA sequencing or bulk-cell
Assay for Transposase-Accessible Chromatin using Sequencing (ATAC-sequencing).
FlowJo (v10.1r5; Tree Star) was used for gating analysis. Only background-
subtracted, tetramer” response magnitudes 3x > the respective CLIP tetramer response
magnitudes were considered positive. Median fluorescence intensity (MFI) analyses

were done only on samples stained and collected the same day.

Interferon-Gamma (IFN- y) ELISpot

IFN-y ELISpot on a BioMek FX" high-throughput platform (Beckman Coulter) was
conducted using the Human IFN-y ELISpot®*$'® (HRP) kit (Mabtech). On day 1,
cryopreserved PBMCs were thawed and rested overnight in nutrient media and the
Millipore® Multiscreen-IP Filter Plate (MAIPS4510) was also coated with the IFN-y
capture antibody. On day 2, triplicates of 150,000-250,000 cells per well were
stimulated in MultiScreen-IP Filter Plates (Millipore) with no peptide, or with 0.001 pg/ul
final concentrations of DYS, EPD, FRD, PRS or LIN epitope, or HCMV pp65 peptide
pool, HIV-1 PTE Gag peptide pool, or anti-human CD3 (Mabtech) in the coated wells for
18 h at 37°C. On day 3, the plate(s) were incubated at room temperature with
biotinylated IFN-y detection antibody for 2 h, followed by streptavidin-horseradish

peroxidase for 30 m to bind the biotin, and finally, with tetramethylbenzidine substrate
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for 10 m to develop the spots. The plate(s) were dried overnight and the number of spot
forming units (SFU) was determined using an automated ELISpot reader (Autoimmun
Diagnostika). Positive spot responses were accepted when they were greater than the

sum of the background mean and three times background SEM (Elkington et al., 2004).

Bulk-Cell TCR Sequencing

TCRPB gene sequencing of extracted DNA from bulk-sorted Tem or Temra DYS™ and
DYS CD4" T cells were completed, and the data was bioinformatically analyzed by
Adaptive Biotechnologies. CDR3 proportions, productive template fractions and
clonalities, and V(D)J segments were analyzed on ImmunoSEQ Analyzer v3.0. Circos
plots were generated using VDJtools and circlize (Gu et al., 2014; Shugay et al., 2015).
The TCR CDR3 data have been deposited in the NCBI Sequence Read Archive
repository under accession number SRP113337
(https://trace.ncbi.nim.nih.gov/Traces/study/?acc=SRP113337&go=go) and the VDJdb

database (https://vdjdb.cdr3.net).

TCR Artificial Expression and Stimulation By LCL-Pulsed Epitopes Using a Jurkat

Cell Transfection System

TCRa and TCRB CDR3 sequences of Subject 10027’s DYS" sorted single-cells were

determined using a previously published technique (Han et al., 2014). Briefly, single

cells were sorted into separate wells in a 96-well plate containing RT-PCR buffer using
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FACSAria-lllu cell sorter (BD) for three rounds of PCR amplification using nested,
barcoded, TCR-specific and lllumina Paired-End primers (Han et al., 2014). Purified
PCR products were sequenced on lllumina MiSeq platform. After sequence analyses,
TCRa and TCRp products with identical barcodes were selected for full TCR gene
completion using the international ImMunoGeneTics database. Following published
methods (Anmole et al., 2015), the DYS-specific TCRa and TCRB genes were cloned
into pPSELECT-GFPzeo plasmids (InvivoGen) and expressed in Jurkat cells (clone E6-1,
TIB-152; American Type Culture Collection) along with pNFAT-Luciferase (Affymetrix).
These cells and lymphoblastoid cell lines (LCLs) were maintained in R10 media
(Nicholas et al., 2017). DYS or control epitopes were pulsed with the LCLs to stimulate
the DYS-specific TCRs expressed on the Jurkat cells. Luciferase absolute light units
were measured using a FilterMax F5 Multi-Mode Microplate Reader (Molecular
Devices). The TCRa and TCRB CDR3 data have been deposited in the NCBI Sequence
Read Archive repository under accession number SRP113337
(https://trace.ncbi.nim.nih.gov/Traces/study/?acc=SRP113337&go=go) and the VDJdb

database (https://vdjdb.cdr3.net).

Droplet Digital PCR (ddPCR)

ddPCRs were performed entirely using a QX200 AutoDG Droplet Digital PCR System

(Bio-Rad). For both HIV and CMV DNA quantitation assays, plates of oil droplets of

PCR mixtures automatically were generated with an Auto-droplet generator/AutoDG

and TagMan oil for probes in ddPCR Twin-Tec 96-well plates. The plates were heat-
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sealed with a foil lid and amplified with C1000 Touch thermal cycler. Droplets were read
using a Droplet Reader. The magnitude of false-positive responses in no-template
controls was 15%. DNA concentrations were determined from only wells with >12,000
droplets using QuantaSoft v1.7.4.0917 after manually setting the positive droplet
threshold above the negative droplet signal of the no template controls in the same
plate. Primers and probes concentrations: 900nM and 250nM, respectively. All PCRs

were multiplexed with RNaseP RPP30 housekeeping gene.

HCMV DNA quantitation

20ul PCR mixture was prepared using DNA, ddPCR SuperMix for Probes, water and
these CMV  primers and probes: IE1-specific  forward primer  5'-
TGAAGCGCCGCATTGA, IE2-specific reverse primer 5-TGGCCCGTAGGTCATCCA,
and |E1-specific probe 5-6FAM-TCTGCATGAAGGTCTTTGCCCAGTACATCC-
TAMRA. Thermocycling conditions: 50°C (2 m), 95°C (10 m), 40 cycles of 95°C (15 s)

with 60°C (1 m) (2°C/s ramp rate).

HIV DNA quantitation

A modification of a published method (Strain et al., 2013) was used. Various in-house
and previously published HIV primers and probes were screened for their conservation
by comparison to the HxB2 (HIV) reference full-length sequence on the Los Alamos
National Laboratory database. New and previously described probe and primer pairs
were generated that targeted conserved sequences within the LTR (forward: 5'-

TGTACTGGGTCTCTCTGGTTAG, reverse: 5-AGCACTCAAGGCAAGCTTTA, and
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probe: 5-FAM/GCAGTGGGTTCCCTAGTTAGCCAGAGAGAG) and gag (forward: 5'-
GGTGCGAGAGCGTCARTATTAAG, reverse: 5-AGCTCCCTGCTTGCCCATA, and
probe: 5-VIC/TTCTTTCCCCCTGGCCTTAACCGAATTTT/MGBNFQ; (Douek et al.,
2002)) genes, respectively. To optimize the precision and accuracy of ddPCR to detect
the extremely rare HIV-1 DNA amidst very high background, 1.1 x 10° ACH-2 cells were
serially diluted by ten-folds to 11 cells and each dilution was mixed with about 11 x 10°
healthy PBMCs to generate ACH-2:healthy PBMC cell dilution ratios from 1-to-10 to 1-
to-10M (i.e. 1-to-10 x 10°). The 1-to-10 x 10° ratio represented <1 ACH-2 cell among the
healthy PBMCs. After gDNA extraction, the DNA was digested with NEW ENGLAND
BioLabs® EcoRI-HF® restriction endonuclease that cuts outside the HIV gag and LTR,
and housekeeping RNaseP genes. 20ul PCR volumes were prepared using 500ng of
gDNA of each ratio and Bio-Rad® Supermix for Probes on the BECKMAN COULTER®
Biomek FX" Laboratory Automation Workstation. Thermocycling conditions: 95°C (10

m), 40 cycles of 94°C (30 s) with 60°C (1 m), and 98°C (10 m) (2°C/s ramp rate).

Equation VI. 1

. [gag] lgagl
(o) = —
Upper or lower 95% CI limit [RNaseP] +1.96 x standard error [RNaseP]

l9agl \_ (_lgagl ) [9ag]
Standard error([RNaseP]>— ([RNaseP]) standard error (Iog ([RNaseP]))

[gag] _ variance[gag] variance[RNaseP]
Standard error (Iog (m»— \/(( [gag]? >+ ( [RNaseP]2 ))
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HIV Viral Outgrowth Assay (VOA)

To determine the replication-competence of the HIV DNA in DR7-restricted DYS® CD4"
T-cells, a qualitative viral outgrowth assay (VOA, (Laird et al., 2013)) that uses MOLT-4
cell line (expresses the CD4 TCR, and CCR5 and CXCR4 HIV co-receptors) was
modified to expand reactivated HIV. A quantitative VOA was not performed because it
was impractical to obtain sufficient numbers of tetramer-positive cells for the assay. The
VOA was optimized to detect replication-competent HIV-1 in aviremic subjects on ART
by first depleting CD8" T-cells from a minimum of 1 x 10° PBMCs using STEM CELL™
EasySep™ Human CD8 Positive Selection Kit to ensure that CD4" T-cells that produce
replicating viruses are not destroyed. Next, the non-CD8 PBMCs were stimulated with
1ug/ml anti-CD3 and 1ul/ml anti-CD28 at 37°C for 18 hours to induce reactivation of all
resting CD4" T-cells in the presence of IL-2-enriched nutrient media to facilitate CD4" T-
cell proliferation. For negative controls, unstimulated aviremic PBMCs, stimulated and
unstimulated healthy PBMCs, and the MOLT-4 cells alone were all used. ACH-2 was
used as a positive control. On day 2, MOLT-4 cells (ten-fold > cultured non-CD8
PBMCs) were added, and the media was replaced periodically when oxidized. 1.5ml of
supernatant were collected on days 5, 9, 14 and 21 for HIV-1 RNA detection. This
procedure involves (i) RNA extraction with DNase treatment to ensure that any detected
HIV-1 sequence is only from its released RNA virion, and (ii) a one-step reverse
transcription and ddPCR amplification to generate and detect complimentary DNA

(cDNA) using ddPCR and HIV’'s LTR primers. A positive signal meant the virus could
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replicate since this is a qualitative assay. A minimum of two biological replicates was

conducted to confirm the observations.

HIV RNA extraction

Using ZR Viral RNA Kit™ (Zymo Research), 300 ul viral RNA buffer (ZyMo Research)
were added to 100 pl of the supernatant obtained from VOA. Supernatants must be
spun at 2,000 revolutions per minute (rpm) for 2 m to pellet any residual cells without
pelleting any virus. The mixture should be spun briefly at 4,000 rom for 30 s and
transferred to RNA extraction column (Zymo-Spin™ |C Column). After spinning the
column at 12,000 rpm for 1-2 m, the flow-through is discarded. The mixture is washed
with 500 pl wash buffer at 12,000 rpm for 1 - 2 m, followed by a 2 m incubation. Finally,
the RNA was eluted with about 9 pl of DNase-free, RNase-free water at 12,000 rpm for

1-2m.

Complementary DNA generation from HIV RNA

The SuperScript™ |ll First-Strand Synthesis System (Invitrogen catalog #18080051)
was used in these experiments. Working with a senior research associate, | incubated a
10 plI cocktail comprising of 7 ul of each subject’'s HIV RNA, 2 pl of 25 uM oligo(dT)zo, 1
pl of 10mM dNTP mix, and if necessary, UltraPure™ diethylpyrocarbonate (DEPC)-
treated water at 65°C for 5 m followed by 1 m cooling on ice to denature the genome.
Each of this cocktail is added to a 10 pyl cDNA synthesis mix comprised of 2 yl of 10X
RT buffer, 4 ul of 25 mM of MgCly, 2 yl of 0.1 M DTT, 1 pl of 40U/ul RNaseOUT, and 1

pl of 200U/ul SuperScript Il RT. These mixtures were incubated at 50°C for 50 m to
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synthesize the cDNA, followed by the 85°C termination at 5 m. Residual RNA were
removed using 1 pl of RNase H at 37°C for 20 m. The cDNA were analyzed for potential

HIV DNA content using ddPCR as described above.

Single-Cell RNA Sequencing

All procedures described below except for the sorting were conducted on a BioMek FX”

high-throughput platform (Beckman Coulter).

Fluorescence-activated cell sorting (FACS) of single cells

Working with a FACS expert, we sorted single cell into a lysis buffer that is comprised of
2 yl of 0.2% Triton X 100 (in nuclease-free water), 0.125 ul of RNase Out, 1 pl of 10 mM
deoxynucleotide phosphate (dNTP), 1 pl of barcoded 10 pM oligo deoxy-thymidine
(oligo dT) and nuclease-free water in each well of a 96-well plate. The plates were
stored at -80°C before and after sorting, except during the sorting where it was stored

on dry ice.

cDNA generation, amplification and clean-up

cDNA were generated by initially incubating the plates at 72°C followed by cooling to
4°C. 5 pul of cDNA reaction that consisted of 0.25 pl of SuperScript IV reverse
transcriptase kit (Invitrogen), 0.125 pl of RNase inhibitor, 2 pl of 5x SuperScript IV
reverse transcriptase buffer, 0.5 pl of 100 mM dithiothreitol (DTT), 2 pl Betaine (5M),

0.06 ul of MgCl;, (1 M), and nuclease-free water (0.065 ul) was added to each well. 1 pl
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of 10 pM template-switching oligonucleotide (TSO) was also added to each well.
Cycling conditions involved a first cycle at 50°C (30 m) and a second cycle at 80°C (10
m), followed by a hold at 4°C. Next, 10.25 ul of kappa reaction PCR pre-amplification
mixture was prepared using 10 pl of 2X KAPA HiFi HotStart Ready mix (Kapa
Biosystems) and 0.25 pl of IS PCR primers, and added to each well. The PCR cycling
conditions for pre-amplification include cycle 1 at 95°C (3 m); cycles 2 — 22 at 98°C (20
s), 67°C (15 s) and 72°C (6 m); cycle 23 at 72°C (5 m) and hold cycle 24 at 4°C.

Next, the cDNA was cleaned up using 20 pl of 10 mM Tris buffer (pH 8) and 1.2—-1.4x of
in-house beads. The samples were eluted in 20 uyl of 10 mM Tris buffer (pH 8). Before
proceeding with the RNA sequencing protocol, the concentrations of the cDNA were

verified using Qubit fluorometer.

RNA sequencing

The RNA sequencing protocol begins with the tagmentation of 0.5 pl of the cDNA using
the mixture from the Nextera XT Index Kit for 96 Indexes (catalog # FC-131-1002). The
mixture is prepared adding 1 yl of Nextera XT Tagment buffer and 0.5 ul of Nextera XT
Tagment mix for each well. The 2 pl final volume is amplified for the tagmentation cycle:
55°C (5 m), followed by cooling to 10°C. We stopped the reaction using 0.5 pl of

Neutralize Tagment stop solution.

Tagmentation

2 ul of the RNA PCR mix were added to the tagmented well, followed by the addition of

1 ul of a 1-to-10 diluted index primers for 96-well plates. The plates were then cycled at
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72°C (3 m); 95°C (30 s); 15 cycles of 95°C (30 s), 55°C (30 s), and 72°C (30 s); 72°C (5
m) and a final hold at 4°C. The PCR products are cleaned using the same homemade
beads followed by an elution using 20 yl of 10 mM Tris (pH 8). After determining the
concentrations using an AccuBlue High Sensitivity dsDNA quantitation kit, we pooled
normalized libraries and cleaned the products for a third time using similar techniques
as above. The samples were examined using BioAnalyzer to determine the library size,
before pooling of multiple plates containing unique index primers for sequencing on

lllumina Hi-Segq.

Automated sequence quality assurance, analysis and visualization
Following sequencing, the FASTQ data were transferred to an in-house automated
pipeline that involves the trimming of adapter and/or low-quality sequences using
Trimmomatic software (Bolger et al., 2014), after which they are checked for quality
control before alignment against the human transcriptome and transcript quantification
using Bowtie2 (Langmead and Salzberg, 2012) and RSEM (Li and Dewey, 2011),
respectively. The data matrices was then fed into Single-Cell Overview of Normalized
Expression (SCONE) for normalization (Wagner et al., 2016), before they are
transferred to single-cell consensus clustering (SC3) software (Kiselev et al., 2017),
single-cell differential expression (SCDE) (Kharchenko et al., 2014), Seurat or Monocle
2.0 (Qiu et al., 2017; Satija et al., 2015) for analysis of differential expression, co-
variance and visualization.

The single-cell pipeline that we used to analyze the data | collected consists of

four major steps, built around standards developed by the Broad Institute: (i) sequence
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quality control and processing, (ii) transcript alignment and quantification, (iii) data
normalization and filtering, and (iv) differential expression, multidimensional reduction,
and classification modeling (among other advanced downstream analyses). Each of
these steps is computationally intensive, and our group recommends that several
experts examine the output from each step in order to identify potential confounding
factors and analytical problems. In step (i), poor quality bases and sequencing adapter
sequences are removed using Trimmomatic (Bolger et al., 2014). Reads that are of
overall poor quality or that contain less than 50 bases after adapter removal are
discarded and excluded from further analysis. In step (ii), we use Bowtie2 (Langmead
and Salzberg, 2012) to align read pairs to the human genome (GRCh38); once all reads
have been aligned, RSEM (Li and Dewey, 2011) is used to quantify how many reads
are aligned to each gene, and to the various isoforms of each gene. For downstream
analysis, the large BED and BAM files are condensed into a simple matrix with cells as
columns and genes as rows.

Once the condensed cells x genes matrix has been generated, (iii) data
normalization proceeds using the Single-Cell Overview of Normalized Expression
(SCONE) R package developed by the Yosef laboratory (Wagner et al., 2016). SCONE
is designed to handle the two major informatics challenges of scRNA-seq data: analysis
of highly heterogeneous biological data and modeling of per-cell transcript drop-out and
zero-inflated data. In a fashion similar to modeling a binary clinical outcome, SCONE fits
a logistic regression model against mean expression of each transcript using a curated
set of transcripts believed to be uniformly expressed among all cell types. For these

analyses, we also used gene symbols corresponding to our flow cytometry panel as a

163



set of housekeeping genes. After fitting these logistic drop-out models, SCONE was
used to filter out poor-quality libraries (identified using QC metrics such as percent
ribosomal RNA content, total number of reads, and alignment ratio) and to automatically
compare 50 methods of data normalization. Because different normalization schemes
are required for meta-analysis and also for different experimental models of scRNA-seq,
SCONE also enables transparent and computationally appropriate comparison of
scRNA-seq data from different experiments and different laboratories. SCONE
automatically selects the normalization method that best balances between removal of
cell-cell variation (noise) and preservation of biological heterogeneity.

After normalization and quality filtering, 18 DYS™ CD4" single-cell libraries were
preserved alongside 149 EPD* CD4" single-cell libraries. At this point, (iv) the
normalized cells x genes matrix was imported into the Seurat, SC3, and Monocle R
packages for clustering analysis, differential expression, and multidimensional reduction
(Kiselev et al., 2017; Qiu et al.,, 2017; Satija et al., 2015). These steps are further

expanded below.

Single-cell RNA-seq quality filtering, transcriptomic alignment and quantification

FASTQ sequences that passed internal quality assurance and control at the VANTAGE
core laboratory were first processed using Trimmomatic (Bolger et al., 2014) to remove
low-quality bases and sequencing adapters from reads. Reads with less than 50 bases
remaining after quality and adapter trimming were discarded and excluded from further
analysis. Retained reads were aligned to the human genome using Bowtie2 (Langmead

and Salzberg, 2012). Reference segments of the human and mitochondrial genomes
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containing ribosomal RNA or mitochondrial genes were used to quantify the contribution
of ribosomal and other contaminating nucleotide sequences to each single-cell library.
These reads were excluded from downstream analysis, along with reads that did not
map to a known region of the human genome.

RSEM was used to simultaneously quantify the number of transcripts
corresponding to each gene and its isoforms during alignment with Bowtie2. Once
quantitation was complete, the transcript counts from each cell were concatenated into
a single cells x genes matrix with cells as columns and genes as rows. This raw data
matrix was used for differential expression in SCDE (Kharchenko et al., 2014) and
carried forward for normalization using SCONE and further differential expression and

advanced analysis after normalization.

Single-cell RNA-seq analysis and differential expression

As stated above, raw data matrices were first imported into the SCDE package for
differential expression. SCDE fits a Poisson component to zero-inflated genes, and a
negative binomial component to non-zero genes in the raw data matrix. SCONE was
used to import the raw data matrix and to automatically normalize the data. Libraries
with less than 10,000 reads were discarded, and genes that were uniformly not detected
(i.e. O transcripts detected in all cells) were removed prior to further analysis. The log-
normalized data matrix was then exported as a tab-separated text file. We used a
curated housekeeping gene list to account for cell cycle variation between cells from
MSigDB and the gene symbols corresponding to the major flow cytometry markers as

controls.
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The SCEset R object is the computational object accepted for analysis in Seurat
and SC3; the normalized data matrix was imported as an SCEset object, and metadata
including date of sort, index flow cytometry values, epitope specificity, read count,
alignment ratio, and coverage were imported and included for each cell that passed
quality control in SCONE. Seurat was used to examine the multidimensional orientation
of all cells relative to each other using t-stochastic neighbor embedding (t-SNE),
principal component analysis (PCA), and to determine which principal components were
statistically reliable to distinguish between cells using the jackstraw procedure as
previously described (Satija et al., 2015). Seurat was also used to estimate gene
dispersion and highly variant genes, which were then assessed for differential
expression between DYS® and EPD" cells using a negative binomial model and
regression against highly variant genes to identify genes enriched in each cluster. SC3
was used to perform consensus clustering of all cells using several clustering methods
as previously described (Kiselev et al., 2017), and to perform differential expression
using a non-parametric Kruskal-Wallis test as previously described to detect genes in
one cluster that dominate another cluster at o = 0.01. Clustering stability was assessed
using silhouette plots to ensure that the specific permutation of the data in the
normalized matrix was responsible for the multidimensional structure seen in consensus
clustering visualization. The top 25 upregulated and top 25 downregulated genes
between EPD" and DYS® cells were used to visualize differential expression using
hierarchical clustering in SC3. It should be noted that it is inappropriate to perform this
particular visualization prior to differential expression as failure to do so leads to

unacceptable levels of both type | and type Il error. Seurat was also used to perform
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differential expression between EPD" and DYS" cells using a modified likelihood ratio
test previously optimized and tested on single T cell data that tests for both differences
in mean expression and proportional expression (McDavid et al., 2013).

Monocle 2.0 was used for and differential expression as well. Monocle begins by
performing multidimensional reduction using PCA. The distance between cells is then
estimated based on the centroids of variant genes selected using k-means clustering.
This distance is then used to update the position of each cell along a trajectory in
multidimensional space. This process is repeated until a clear minimum distance
spanning tree is produced with a single or multiple root cells. This process is known as
reverse graph embedding, and is allowed to iterate until both the tree’s location in
multidimensional space and the position of each cell in multidimensional space reach
convergence. The distance of each cell from the root cell(s) determines its place in
pseudotime, and branches of the tree represent distinctive fates (i.e. epitope
specificities). Each branch of the minimum distance tree was analyzed using branch
expression analysis modeling (BEAM) controlled at a false discovery rate of 1% to
assess which genes were enriched in a given set of epitope-specific cells. BEAM is
implemented as part of the Monocle 2.0 R package (Qiu et al., 2017).

In addition to the analytical workflow described above, scRNA-seq data can be
visualized using the Qlucore Omics Explorer platform. Qlucore allows users with
minimal expertise or experience in bioinformatics to readily examine their data using
standard bioinformatics techniques such as multidimensional reduction, hierarchical
clustering, gene filtering, pathway analysis, and differential expression. All of these

steps are logged and language describing each step is exported alongside figures from
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the program. The ability to use permutation and randomization to validate the structure
observed in Qlucore Omics Explorer is also helpful for visualizing whether or not the
structure observed is likely by chance alone. The import process into Qlucore is highly
user friendly and readily compatible with the tab-separated text of the cells x genes
matrix that is produced as both raw data and normalized data after processing in

SCONE.

Assay for Transposase-Accessible Chromatin using Sequencing (ATAC-seq)

Nucleus isolation and transposition reaction

A modified version of a previously published protocol (Buenrostro et al., 2013) was
used. After working with a FACS expert to sort bulk cells into 1X PBS buffer, cells were
pelleted for nuclei isolation that begins with the resuspension of 10,000 - 50,000 cells in
50 ul cold lysis buffer (10mM Tris-HCI pH 7.4, 10mM NaCl, 3mM MgCl,, and 0.1%
IGEPAL CA-630). After pelleting again, the transposase reaction was performed at
37°C (30 m) next, using 22.5 pl of nuclease-free water and 2.5 pl of transposase. The
product was cleaned with 32.5 ul of Ampure Beads before eluting with 10 pl of Qiagen

EB elution buffer.

Library preparation and purification
The library was prepared using Nextera multiplexing primers by adding 7.5 pl NPM
buffer, 2.5 yl PCR mix and 2.5 pl of each index primer (N7XX and N5XX). The PCR

cycle involved 72°C (5 m); 98°C (30 s); followed by 5 cycles of 98°C (10 s), 63°C (30 s),
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and 72°C (60 s). The PCR is temporarily paused to determine the number of additional
cycles needed to amplify the samples to mid-exponential phase without reaching
saturation. This is predicted by transferring 2.5 pl of the amplified library to a separate
plate with wells each containing 7.5 yl of SYBR Green real-time master mix and 5 pl of
water for real-time qPCR amplification using the sample cycling conditions but for 20
cycles instead of 5. We restarted the conventional PCR with the estimated number of
cycles.

Finally, the library is purified using 20 pl of Ampure Beads and eluted in 30 pl of
Qiagen EB elution buffer. We quantified the samples with Qubit and Agilent Bioanalyzer

before pooling the samples for sequencing.

Statistics

GraphPad Prism v7.0a was used for non-parametric, two-tailed analyses of Wilcoxon
matched-pairs signed rank test (paired), Mann-Whitney U test (non-paired), and
Spearman’s rank correlation (p) (linear regression). *P<0.05, **P<0.01, ***P<0.001. For
scRNA-seq, several statistical models were used: (i) a logistic regression model against
mean expression to account for false negative rate in single-cell expression data
(SCONE); (ii) a Bayesian two-component Poisson and negative binomial model for
differential expression of non-zero and zero-inflated transcripts via posterior likelihood
comparison; and (iii) BEAM analysis along minimum distance trees connecting cells in
pseudotemporal space using Monocle 2.0 controlling for a false discovery rate of 1% or

less.
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