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Figure 4: Top2a activity between healthy and chronically HBV-, HCV-, and HIV-infected
individuals. Summary data and representative imaging of Top2a cleavage assay. The bar chart
represents the relative levels of closed circular monomeric topoisomers from four independent

samples, and n represents the number of subjects tested.

Top2a Inhibition Induces T Cell Dysfunction

Top2a is a well-characterized biological target owing to its indispensable role in modifying
topological constraints during cell survival and replication. As such, its inhibitor has played an
essential role as cancer therapeutics and antibacterial agents. In exploring the role of Top2a
inhibition on T cell function, Top2a inhibitor-treated cells were used as models. Etoposide (ETP)
and ICRF -193 are topoisomerase II inhibitors or poisoners, and they exert their actions by
inhibiting the catalytic activity of Top2a, and in so doing, could convert the transient double-

stranded breaks into permanent breaks, thereby damaging the genome. TCR-stimulated CD4" T

38



cells derived from healthy subjects were treated with DMSO (control cells) or ETP or ICRF193
(Top2a inhibitor-treated cells) at different time points (6h, 24h, 48h, and 72h) and Top2a
expression was observed. As shown in fig. 5a and 5b below, Top2a expression was noticed by

48h post culture, and stronger levels were seen by 72h after TCR stimulation in ICRF193 treated

cells.
Gh  24h  48h 72h _6h  24n  48h  T2h
b) gh 24h 48h
a) Control ICRF-133 con ETP Con ETP Con ETP
Top2a
Top2a -- - . ‘ ‘ - -1

A —— e
GAPDH | W— — — — — — —

Figure 5. Time-dependent expression of Top2a in TCR-stimulated, inhibitor-treated cells
a) Representative Western blot image of Top2a expression in CD4" T cells treated with 2ug/ml
of ICRF193 at 6h, 24h, 48h, and 72h after TCR stimulation. GAPDH served as the loading
control. b) Representative Western blot image of Top2a expression in CD4" T cells treated with
0.2 uM of ETP at 6h, 24h, and 48h after TCR stimulation. B-actin was used as the loading

control.

To determine the impact of Top2a inhibition on T cell function, cytokine production was
accessed in TCR-stimulated cells exposed to varying concentrations of ETP ranging from 0 uM
to 1.0 uM after cell culture for three days by flow cytometry. Cytokine production and secretion
are the hallmarks of a functioning T lymphocyte. Production of interleukin -2 (IL-2) and
interferon-gamma (INF-y ) was compared in ETP-treated cells versus DMSO control cells. As
shown in Fig. 6a, the percentage of IL-2 and INF-y production were significantly inhibited in
ETP-treated TCR-stimulated cells compared to DMSO control. Based on this observation, a

concentration was selected and shown in a flow cytometry dot blot in Fig. 6b.
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Figure 6. Impact of Top2a inhibition on cytokine production in CD4" T cells derived from

healthy subjects. a) dose-dependent effect of Top2a inhibition on IL-2 and INF-y production in

CD4" T cells treated with DMSO control or etoposide. Distinct observations from 4 samples

recorded and data analyzed by using paired — tests. b) Representative flow cytometry dot plot

image showing comparisons of IL-2 and INF-y production between DMSO control and ETP-

treated cells.
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The next step was to assess the proliferative potential of CD4" T cells derived from HS under
varying conditions (unstimulated, DMSO control, and ICRF193 treated ) after three days. Using
CFSE dilution tracking dye, cell division, and proliferation was evaluated in T cells. As shown in
Fig. 7, T cell proliferation was markedly inhibited in TCR-stimulated, ICRF-193-treated cells
compared and to DSMO control, evidenced by the decreased number of proliferation cycles
(denoted by the number of peaks). CFSE-labeled cells with no anti-CD3/CD28 stimulation were

used as control.

- Unstain

. Control
=== |CRF-193

Cell Counts

FL1-A: CFSE-A

Figure 7. Impact of Top2a inhibition on T cell proliferation determined by flow cytometry
Representative histogram of CFSE dilution comparisons in DMSO control (green histogram) and
ICRF-193-treated (red histogram) TCR-stimulated cells after a 3-day culture in CD4" T cells
derived from healthy subjects. Distinct peaks represent cell generation cycles. Overlaid

histogram plot was generated by the FlowJo software.
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Top2o Inhibition Induces T cell Apoptosis and Boosts Cleaved Caspase 3 Expression

Since Top2a cuts and reseals double-stranded breaks (DSBs) in the DNA backbone, inhibition of
its activity may lead to failure of rapidly resealing the backbone and as such, converts these
transient breaks into permanent DSBs. We hypothesized that inhibition of Top2a expression and
activity might drive these cells to DSB-mediated apoptosis. To this end, we measured apoptosis
in TCR-stimulated cells exposed to varying concentrations of ICRF193 (0, 2, 4, and 8ug/ml) at
different time points (day 0, 1, 2, 3, and 5) using Annexin V (Av) and 7-Aminoactinomycin D
(7-AAD) staining as an indirect measure of membrane asymmetric changes that occur during
apoptosis. As shown in Fig. 8, ICRF-193-treated cells exhibited a time- and dose-dependent

increases in Av and 7-AAD staining compared to DMSO control.
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Figure 9. Effect of Top2a inhibition on Caspase-3 expression. Representative western blot
image of cleaved caspase-3 expression in DMSO control versus ICRF-193 treated cells. B-actin
was used as the loading control. Protein band intensity analyzed with ImagelJ software. Summary
data of cleaved caspase-3 expression generated by GraphPad Prism software are shown. Data

analyzed by paired T-test, and n represents the number of subjects.

Top2a Inhibition Induces Telomeric DNA Damage and Upregulates PARP1 Expression

Since Top2a controls a plethora of gene activity by regulating the winding of the DNA double
helix, we hypothesized that Top2a inhibition might induce a DNA damage response as a way to
trigger T cell dysfunction. To this end, we measured y- H2AX, a DNA damage response marker
in ICRF-193-treated CD4" T cells, and compared to DMSO control by flow cytometry. The
samples were cultured for three days with anti-CD3/CD28 antibody stimulation. As shown in fig.
10, ICRF-193-treated CD4" T cells exhibited a significant increase in expression of y-H2AX

compared to DMSO control.
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Figure 11: Effect of Top2a inhibition on telomeric DNA by confocal microscopy
Immunocytochemical staining of 53BP1(green) and TRF1(red). Dysfunctional telomere-induced
foci per nucleus are identified by the foci that co-stained with TRF1 and 53BP1. The nuclei were
stained with DAP1 (blue). Scale bar, 2 um. Summary data of TIF per nucleus in TCR-stimulated
CD4" T cells exposed to ICRF-193, and ETP versus DMSO control. Data were analyzed by

paired T-test on the GraphPad prism software, n represents the number of subjects tested.

Top2a eliminates topological DNA constraints by creating topoisomerase 2 cleavage complexes
(Top2cc), a crucial protein-DNA transient intermediate. Any alteration in Top2a activity can
lead to the trapping of this Top2cc, causing DNA double-stranded breaks. Repair of Top2a
induced DNA break is initiated by tyrosyl-DNA phosphodiesterase 2(TDP2) which catalysis the
hydrolysis of the cleavage complexes; and requires the activation poly (ADP-ribose) polymerase
(PARP). PARP acts as a DNA break sensor and parylates the target protein by catalyzing the
transfer of ADP-ribose. To ascertain if Top2a-mediated DNA damage in T cells involves the

cleavage of PARP1, we measured PARP1 expression in TCR-stimulated, Top2a-inhibited cells,
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and DMSO control cells after three-day culture. As shown in fig. 12, significant upregulation of

cleaved PARP1 was observed in the ICRF193-treated cells.
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Figure 12. Effect of Top2a inhibition on DNA damage repair protein. Representative

western blot image and summary data of cleaved PARP1 expression are shown. B-actin was used
as the loading control. Protein band intensity was analyzed with ImagelJ software. Summary data
of PARP1 expression was generated by GraphPad Prism software. Data were analyzed by paired

T-test, n represents the number of subjects tested.

Top2o Inhibition Induces Telomere Shortening by Disrupting the Integrity of the Shelterin

Complex and Suppressing Telomerase Activity

Chronic viral infections can cause telomere shortening. The outcome of telomere attrition is
premature aging, T cell dysregulation, and immune senescence. To determine if Top2a inhibition
leads to telomere attrition, we measured telomere length in TCR-stimulated, Top2a —inhibited
cells and compared this to DMSO control after a five-day culture. As seen in fig. 13, there was a
significant reduction in telomere length in Top2a-inhibited cells compared to DMSO control.
This finding suggests that topological constraints can lead to telomere shortening, similar to what

was observed during chronic viral infections.
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Figure 13: Effect of Top2a inhibition on telomere length measured by Flow-FISH
Representative histogram image showing significant reduction telomere length in TCR-
stimulated, ICRF-193-treated CD4" T cells compared to DMSO control after a 5-day culture.
The histogram was generated by Imagel software. Data were analyzed by paired T-test on the

GraphPad prism software, n represents the number of subjects tested.

The shelterin complex is a group of proteins that protects the ends of the linear chromosomes
from DNA damage. It consists of six proteins, namely TRF1, TRF2, RAP1, TPP1, POT1, and
TIN2. To this end, we explored the integrity of the shelterin complex in Top2a-inhibited cells, as
shown in fig. 14, among the proteins examined, only TRF2 expression was significantly
decreased. Even though TRF1 expression was decreased, it was not statistically significant. The
expression levels of RAP1, POT1, and TPP1 were unchanged. These findings reiterate the results
observed in primary CD4" T cells derived from HCV-infected subjects. 33-°

TREF2 is the essential protein that protects the chromosomal ends. It does this by preserving the

appropriate structure at the telomere ends and prevents the end-to-end fusion of the telomere
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termini and allows the recruitment of telomerase to the ends of the linear chromosomes. Its

inhibition may lead to the inability of telomerase to access the telomeres.
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Figure 14: Effect Top2a inhibition on the integrity of the shelterin complex. Representative
western blot image and summary data of the proteins in the shelterin complex. Statistically
significant inhibition of TRF2 expression was observed. B-actin was used as the loading control.
Protein band intensity was analyzed with ImageJ software. Summary data of expression profile
were generated by GraphPad Prism software. Data analyzed by paired T-test n represents the

number of subjects.

The human T cells lose an average of 50 base pairs of telomeric DNA per cell division. The
activity of telomerase replenishes the telomeres. The human telomerase comprises a catalytic
portion-human telomerase reverse transcriptase (hTERT) and the telomerase RNA (TR), which
is the RNA component. Evaluation of the telomerase activity is a commonly used molecular tool
in understanding the possible mechanisms of T cell senescence. To this end, we examined the
gene expression levels of telomerase by RT-PCR and telomerase activity by the telomeric repeat
amplification protocol (TRAP) assay in CD4" T cells exposed to ICRF-193 and compared it to

DMSO control. As shown in fig. 15, while there was no significant difference in telomerase
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expression levels in the Top2a-inhibited cells, there was a significant inhibition in telomerase

activity, recapitulating what was observed in chronic HBV, HCV, and HIV infection.
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Figure 15. Effect of Top2a inhibition on telomerase activity. Relative hTERT expression
measured by RT-qPCR and telomerase activity measured by TRAP assay in ICRF193 treated

cells versus DMSO control. n represents the number of subjects.

Top2o-mediated DNA Damage Suppresses the DNA Damage repair kinase Ataxia

Telangiectasia-Mutated (ATM)

In response to double-stranded DNA damage, well-coordinated signaling repair pathways are
activated to repair the damage. The initial response includes the upregulation of the activity of
the cell cycle checkpoint genes and the halting of the cell cycle advancement. This allows time
for the repair of DNA in the damaged cell. Failure of the cells to repair their double-stranded
breaks lead to the activation of the DDR pathways by the phosphatidylinositol -3 kinase-related
kinases (PIKK). The major kinases in this group are the ataxia telangiectasia-Mutated (ATM),
ataxia telangiectasia and Rad3 Related (ATR), and DNA-dependent protein kinase ¢ (DNA-
PKcs); and they are crucial in maintaining genomic stability. While unrepaired single-stranded

breaks lead primarily to the activation of ATR, ATM and DNA-PKcs are predominantly
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activated in response to double-stranded DNA breaks. To this end, we explored the involvement
of ATM in Top2a-mediated DNA damage. The expression profile of ATM was examined in
TCR-stimulated CD4" cells exposed to DMSO (control) and (ICRF193 treatment) at different
time points (6h, 24h, 48h, and 72h) by western blotting. As shown in fig. 16, there was an
increased expression of ATM in the early stage (6-24h) in response to DNA damage, followed
by a gradual decline in the later phase (48h-72h) in ICRF-193-treated cells. This finding

recapitulates what was observed in chronically HCV infected individuals.??
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Figure 16. Expression Kinetics of ATM in TCR-stimulated, Top2a-inhibited CD4" cells
Representative western blot image and summary data showing the time-point of ATM
expression. CD4" T cells exposed to ICRF193 or DMSO control were cultured at different time
points (6h, 24h, 48h, and 72h). GAPDH was used as the loading control. Protein band intensity
was analyzed with ImageJ software. Summary data of ATM expression are generated by

GraphPad Prism software.
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CHAPTER 4
DISCUSSION

The goal of this study was to investigate the fundamental mechanism of telomeric DNA
damage and immune evasion during chronic viral infections. Top2a removes supercoils and
catenations during DNA related activities. Inhibition in the catalytic activity of Top2a leads to
failure in the religation of the DNA backbone, and these transient breaks become converted to a
permanent DNA break, which can be sensed as DNA damage and elicit the DNA damage
response signals.

In this project, we hypothesized that viral infection might disrupt the topology of DNA as
a means to evade the immune system and maintain persistence. We found that Top2a protein
level was significantly suppressed in chronic HIV, HCV, and HBV subjects than healthy
subjects. To determine the level at which this inhibition might have occurred, we examined the
mRNA expression of Top 2a. We found that there was no change at the mRNA levels,
suggesting that Top2a protein is inhibited primarily at the translation level. Also, the DNA
damage induced by Top2a leads to apoptosis and T cell dysfunction, and mirrored what was
observed in chronic HIV and HCV individuals. 3>

Top 2a expression level is notably upregulated in rapidly growing cells such as cancer
cells, as these cells undergo fast gene replications, recombination, and thus tangling of the DNA
backbone is prone to occur. Top 2a activity is essential to prevent mitotic failure and ensure
adequate cell proliferation. In our study, we observed that chronic viral infection suppressed
Top2a expression and activity, thereby making CD4" T cells dysfunctional and senescent. This

indicates that adequate Top2a activity promotes T cell survival and function.
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Another possible reason for the suppression of Top2a activity observed in this project
could be that these viruses disrupt the mitochondrial function leading to an increase in the levels
of reactive oxygen species (ROS). An increase in ROS generation may alter ATP levels, thereby
making ATP unavailable for cellular processes. It is, therefore, pertinent to examine the
mitochondrial kinetics in these cells.

Furthermore, we ascertained whether the DNA damage induced by Top2a inhibition was
widespread within the DNA or it extended to the telomeres. Telomere shortening or dysfunction
is a feature of premature T cell aging observed in chronic HIV or HCV infections. Our finding
suggests that the DNA damage caused by Top2a inhibition indeed extends to the telomere as it
disrupts the shelterin integrity, inhibits telomerase activity, and leads to an increase in the
number of dysfunctional telomere induced foci (TIF), visualized by confocal microscopy.

Of the shelterin proteins, only TRF2 protein was significantly inhibited following Top2a
inhibition. This suggests that TRF2 could be the significant shelterin protein affected by Top2a
deficiency to cause telomeric DNA damage. This recapitulates the findings observed in
individuals with chronic HCV infection. 3**> While TRF2 degradation observed in chronic HCV
individuals was noted to be due to a pS3-dependent ubiquitin process; this pathway remained to
be explored in the setting of Top2a inhibition. Also, the impact of TRF2 degradation on the
mitochondrial function could be studied.

Surprisingly, while the level of the human telomerase reverse transcriptase (hTERT)
remained unchanged, its activity was significantly suppressed following Top2a inhibition. Many
reports have observed a significant correlation of hTERT expression with telomerase activity in
some carcinomas; however, this was not in this case. Well, evidence accumulates on telomerase

activity linked with only full-length mRNA transcripts, whereas other alternatively spliced
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variants of hTERT mRNA could inhibit telomerase activity. Whether this is the case in our
observation, remains to be explored.

In the event of DNA damage, the DNA repair kinases notably ATM are mobilized to the
site of damage and phosphorylates downstream cell cycle checkpoint kinases CHK2 and CHK1.
This halts the progression of the cell cycle and allows time for the damage to be repaired. In this
study, we observed an initial induction of ATM expression in the early stages (6-24h) following
ICRF-193 treatment and a gradual decline in expression in the later stages (48-72h). This finding
is similar to what was observed in chronic HIV infected individuals. > Taken together, this could
mean that ATM and TRF?2 inhibition could be the key players involved in telomere dysfunction
and cellular senescence during chronic viral infections.

The findings from this study provide evidence that HBV, HCV, and HIV viruses evade
the immune response by disrupting the DNA topology of the T cell. Since we have proved that
Top 2a expression and activity is suppressed, further studies aimed at exploring the possible
pathways of Top2a degradation should be studied. Since the ubiquitin-proteasomal protein
degradation pathway usually degrades most mutated or truncated proteins, it would not be out of
place to confirm if a similar pathway mediates the degradation of Top2a. CD4" T cells from
healthy subjects exposed to ICRF193 or etoposide could be treated with ubiquitin or proteasome
inhibitor to see if Top 2a levels can be boosted. Similarly, Top2a overexpression experiments
could be done in CD4" T cells from chronic HIV, HCV, and HBV subjects to establish if the

DNA damage in these cells could be reversed.
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