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Abstract

Elevated levels of TGFB2 in the aqueous humor is associated with the pathological changes in the
trabecular meshwork (TM). These changes lead to ocular hypertension (OHT), the most important
risk factor for the development and progression of primary open angle glaucoma (POAG), a
leading cause of blindness worldwide.

Therefore, TGFR2 is frequently used to develop OHT models including in perfusion cultured
eyes and in mouse eyes. Adenovirus-mediated overexpression of human mutant TGFB2 has
demonstrated great success in increasing intraocular pressure (IOP) in mouse eyes. However,
adenoviruses have limited capacity for a foreign gene, induce transient expression, and may
cause ocular inflammation. Here, we explored the potential of using lentiviral vectors carrying
the mutant human TGFp2C2265/C2285 (AhTGFE2C2265/C228S) gene expression cassette for the
induction of OHT in C57BL/6J mice. Lentiviral vectors using CMV or EFla promoter to

drive the expression of AhTGFE2C2265/C228S \were injected into one of the mouse eyes and the
fellow eye was injected with the same vector but expressing GFP/mCherry as controls. Both
intravitreal and intracameral injection routes were tested in male and female mice. We did not
observe significant IOP changes using either promoter or injection route at the dose of 8x10°
PFU/eye. Immunostaining showed normal anterior chamber angle structures and a slight increase
in TGFR2 expression in the TM of the eyes receiving intracameral viral injection but not in those
receiving intravitreal viral injection. At the dose of 2x106 PFU/eye, intracameral injection of the
lentiviral vector with the CMV-AhTGFp2C2265/C228S cassette induced significant IOP elevation
and increased the expression of TGF@2 and fibronectin isoform EDA in the TM. Our data
suggest that lentiviral doses are important for establishing the TGFp2-induced OHT model in the
C57BL/6J strain.
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Elevated intraocular pressure (IOP) is the primary modifiable risk factor in the development
and progression of primary open angle glaucoma (POAG) (Kwon et al., 2009). Elevated
IOP in POAG eyes is due to impaired aqueous humor outflow through the trabecular
meshwork (TM) (Agarwal et al., 2009). TGFB2 causes pathologic changes in the TM (Pang
et al., 2015). Specifically, TGFp2 alters TM cell proliferation and migration (Wordinger

et al., 1998), impairs TM cell phagocytosis (Cao et al., 2003), promotes the formation

of cross-linked actin networks (Montecchi-Palmer et al., 2017), and increases extracellular
matrix deposition (Fleenor et al., 2006b). Clinically, elevated TGFp2 has been reported in
the aqueous humor and TM tissues from POAG patients (Tovar-Vidales et al., 2011; Tripathi
et al., 1994). Experimentally, TGFP2 elevates IOP in perfusion cultured human donor eyes
and in vivo mouse eyes. (Fleenor et al., 2006a; Gottanka et al., 2004; Shepard et al., 2010).

Mouse models are valuable tools for studying ocular diseases, and viral vectors have been
widely used to overexpress genes of interest in mouse eyes (Campa et al., 2017; Kampik et
al., 2012). In glaucoma research, TGFB2-induced OHT models mimic POAG conditions and
therefore have been used in many studies. Shephard et al. first reported using the serum type
5 adenovirus (Ad5) to transduce the mouse TM and overexpress the mutant constitutively
active human TGFp2 (Shepard et al., 2010). The authors showed that Ad5-mediated TGFB2
expression induced OHT and decreased aqueous humor outflow facility (Shepard et al.,
2010). The Ad5 adenovirus is a suitable viral vector for TM transduction due to its tropism
and high transduction efficiency (Borras, 2012). However, Ad5-mediated gene expression

is transient (Shepard et al., 2010). Also, due to the high immunogenicity of adenoviruses,
inflammation is frequently observed when they are used at high titers (Kalesnykas et al.,
2017; Lee et al., 2017).

To address these issues, we explored the potential of using a lentiviral vector to express
TGFB2 for the development of a mouse ocular hypertension model. Lentiviral vectors

are retroviruses that are able to integrate their genome into the host cell, achieving
long-term gene expression (Balaggan and Ali, 2012). In contrast to adenoviral vectors,
lentiviral vectors are less immunogenic since most of the modern lentiviral vectors have
been engineered to be replication-deficient with potential pro-inflammatory components
removed (Balaggan and Ali, 2012; Borras, 2012). Several studies have already shown
successful lentiviral-mediated transgene expression in retinal and corneal tissues (Basche

et al., 2018; Miyazaki et al., 2011). However, no reported studies have used lentiviral vectors
to overexpress TGFP2 in the mouse TM. In the following study, we developed such a vector
and evaluated its ability to induce TGFR2 expression and OHT /n vivo.

We constructed the lentiviral vectors for the expression of mutant human TGFE262265/
C2285 (A\hTGFR2C2265/C228S) hy subcloning the ANTGFR2C2265/C228S ¢oding sequence
from the pac.Ad5-CMV-AhTGF2C2265/C228S shyttle vector (Shepard et al., 2010) (A
kind gift from Alcon Research Ltd, Fort Worth, TX) into the pLVX-EF1la-mCherry-
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N1 (Catalog #631986) and pLVX-CMV-AcGFP1-N1 (Catalog #632154) (Clontech
Laboratories Inc., Mountain View, CA) lentiviral vectors. A Kozak sequence was
introduced upstream of the coding sequence, and a stop codon was introduced at

the end of the coding sequence so that no fusion protein would be expressed. The

coding sequence was amplified using the following primers (Sigma-Aldrich, Saint Louis,
MO): Forward: 5’-CTCAAGCTTCGAATTGCCACCATGCACTACTGTGTGCTGAGC-3’
Reverse: 5’-CATGACCGGTGGATCTTAGCTGCATTTGCAAGACTTTAC-3’ The In-
Fusion HD Cloning kit (Takara Bio USA Inc., Mountain View, CA) was used to insert

the coding sequence after the backbone vectors were digested at the EcoRI (5”) and BamHI
(3") (Promega, Madison, WI) restriction sites following manufacturer’s instructions. Sanger
sequencing was used to confirm the constructs (Genewiz, South Plainfield, NJ).

The proviruses were transfected into Lenti-X-293T cells (Takara Bio USA) with the 4th
generation lentiviral packaging system (Lenti-X HTX Packaging System; Takara Bio USA)
to produce lentiviruses. The pLVX-EFla-mCherry-N1 (which overexpressed mCherry)
and pLVX-CMV-AcGFP1-N1 (which overexpressed AcGFP) lentiviruses were produced
similarly and were used as controls.

Conditioned medium containing lentiviruses were collected at 48 hours and 72 hours post
transfection, pooled, filtered using 0.45uM filters to remove debris, and ultracentrifuged
(40,000 g for 4 hours at 4°C). The concentrated lentiviruses were aliquoted into small
quantities and stored at —80°C. Some lentiviruses were used for viral titer assay using the
Lenti-X™ qRT-PCR Titration Kit (Catalog#: 631235; Takara Bio USA). We obtained viral
titers ranging from 1 x 108 — 1 x 109 PFU/m.

After lentiviral vector preparation, we determined if these vectors were able to induce

OHT similar to adenoviral vectors. Wildtype male and female C57BL/6 mice at the age of
6-8 months (Jackson Laboratory, Bar Harbor, ME) were housed at the Indiana University
School of Medicine Laboratory Animal Resource Center. All experiments followed protocol
approved by the Institutional Animal Care and Use Committee of Indiana University School
of Medicine. The mice were maintained on a regular (not reversed) 12hr light /12hr dark
cycle. Baseline IOP was measured after acclimation of the mice for about 2 weeks. The mice
were placed in the anesthesia chamber (SomnoSuite, Kent Scientific; Torrington, CT), and
IOP was measured using a secured Tonolab tonometer (Icare, 01510 Vantaa, Finland) within
3-5 minutes after the mice were placed in the induction chamber.

After baseline IOP establishment, the mice were anesthetized by intraperitoneal injection
with a ketamine hydrochloride/xylazine mixture (90 mg/kg and 5 mg/kg, respectively) and
buprenorphine (15mg/kg). Prior to injection, topical anesthesia with 0.5% proparacaine was
applied. To conduct a comprehensive investigation of the effect of different expression
promoters and viral injection methods, 19 mice (originally planned for 10 male and 10
female mice but one died during acclimation) were divided into 4 study groups:

Group 1: five mice (male and female) intracamerally injected with pLVX-CMV-
AhTGFR2C2265/C228S jn one eye and pLVX-CMV-ACGFP in the fellow eye as a control.
(Figure 1A).
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Group 2: five mice (male and female) intravitreally injected with pLVX-CMV-
AhTGFR2C2265/C228S jn one eye and pLVX-CMV-ACGFP in the fellow eye as a control
(Figure 1B).

Group 3: four mice (male and female) intracamerally injected with pLVX-EFla-
AhTGFR2C2265/C228S jn one eye and pLVX-EF1a-mCherry in the fellow eye as a control
(Figure 1C).

Group 4: five mice (male and female) intravitreally injected with pLVX-EFla-
AhTGFR2C2265/C228S jn one eye and pLVX-EF1a-mCherry in the fellow eye as a control
(Figure 1D).

To make conditions consistent, a 2ul viral suspension containing ~8x10° viral particles was
injected into each eye. After injection, topical antibiotic (neomycin-polymyxin B sulfates-
bacitracin zinc ophthalmic ointment) was applied. IOP was measured weekly as described
previously.

Over the 8-week period, we did not observe significant differences in IOP between TGFp2
expression virus injected eyes compared to control eyes in any of the treatment groups
(Figure 1A-D). Interestingly, there was a transient 0P elevation between weeks 4-6 in both
control and experimental eyes, which returned to baseline by week 7.

At the end of the study, we euthanized and enucleated the mouse eyes and fixed

them with 4% paraformaldehyde in PBS at 4°C overnight. Fixed mouse eyes were
embedded in paraffin, sectioned, and deparaffined for immunostaining. Tissue sections
were processed in the 2100 antigen retriever (Electron Microscopy Sciences, Hatfield, PA)
prior to immunostaining. These sections were blocked with Superblock (Thermo Fisher
Scientific) and immunostained using the M.O.M. immunodetection kit (\ector Laboratories,
Burlingame, CA) according to the manufacturer’s protocols. TGFp2 was probed using the
mouse anti-TGFB2 primary antibody (1:100, catalog#: ab36495; Abcam, Cambridge, MA),
the biotinylated horse anti-mouse IgG (included in the M.O.M. kit), and Texas Red-Avidin
D (catalog#: A-20062; Vector Laboratories). The sections were then mounted with Prolong
Gold mounting medium with DAPI (Thermo Fisher Scientific). Images were captured using
the Nikon Eclipse Ti2 microscope (Nikon, Melville, NY). The eyes were studied and
representative images of TGFp2 are shown in Figure 2.

We did not observe obvious changes in anterior chamber tissue morphology including

the angle, TM, or Schlemm’s canal among all groups. Also, no obvious difference in
inflammation was observed at early or late time points after viral injection (Figure 2M-P),
and the level of inflammation, based on our experience, was lower than that caused by
adenoviruses. We observed increased TGFPB2 expression in the eyes intracamerally injected
with the TGFP2 expression lentivirus with the CMV and EF1a promoter (Figure 2A vs. 2B
and 2E vs. 2F). In contrast, within the intravitreally injected eyes, there was no difference in
TGFpB2 expression in treated and control eyes for either lentivirus with the CMV or EFla
promoter (Figure 2C vs. 2D and 2G vs. 2H).
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Recently, Patil et al. reported that 2x10° lenti-CMV-ATGFB2C2265:C2285 commercially
prepared lentiviral particles intravitreally into the eyes of 4-month-old C57BL/6J and
Balbc/J mice (ARVO abstract, June 2021, Vol.62, 493). The authors reported an 10P
increase of 3.3 mmHg among all the mice (sample size unclear) starting from 3 weeks post-
injection. There was 6.19 mmHg IOP increase in some OHT mice (defined as “responders”),
while the others did not show 10P increase. Therefore, we used the same number of

viral particles to for our study. Since the authors already studied the intravitreal injection
route, we determined if intracameral injection would also induce OHT. We only tested our
lentivirus with the CMV promoter, not the EF1a promoter, to be consistent.

We used 10 mice (5 male and 5 female) at the age of 5 months and injected 2x108
pLVX-CMV-AhTGF2C2265/C228S jn one eye and 2x108 pLVX-CMV-ACGFP in the fellow
eye as a control (Figure 1E). IOP was measured using the same method in a masked

manner as described previously. We found that a higher dose of viruses increased 0P in
pLVX-CMV-AhTGFp2C2265/C228S jnjected eyes at weeks 6 and 8 compared to their baseline
IOP (Figure 1E, # signs). If the IOP in pLVX-CMV-AhTGFp2C2265/C228S jnjected eyes was
compared to their fellow control eyes, there was a significant IOP elevation from week 5
(Figure 1E, * signs). Also, four out of the 10 eyes did not show meaningful IOP elevation
(<3mmHg) compared to their own baseline 10P.

To ensure the virus was expressed in the TM region, we harvested fresh eyes, embedded

in Tissue-Tek® O.C.T. Compound (Sakura, Torrance, CA) without fixation before
cryosectioning. The cryosection was directly imaged using Nikon Advanced Modulation for
tissue morphology and epifluorescent module for GFP (Ti2, Nikon Instruments, Melville,
NY). We found that GFP was expressed in the TM region (Figure 1F).

To determine the expression of TGFB2 and fibronectin EDA isoform (FN-EDA), we
collected mouse eyes 11 days post viral injection (2x108 pLVX-CMV-AhTGFp2C2265/C2285
or 2x106 pLVX-CMV-GFP; intracameral injection), fixed them with 4% paraformaldehyde,
embedded them in paraffin, sectioned, subjected to antigen retrieval, and stained with anti-
TGFB2 antibody (described previously) or anti-FN-EDA (1:100, catalog#: ab6328, Abcam)
and the M.O.M kit (described previously). We found that both TGFp2 and FN-EDA were
elevated in pLVX-CMV-AhTGFp2C2265/C228S jnjected eyes, especially in the TM tissue,
compared to pLVX-CMV-GFP injected eyes (Figure 21-L).

Overall, in this study we did not observe the induction of OHT in C57BL/6J mice using
the low dose of lentiviral vectors with either the CMV or EFla promoter via intravitreal or
intracameral injection. At the high dose, intracameral injection of the lentiviral vector with
the CMV promoter induced some levels of OHT.

Several important considerations include:
a. Transduction efficiency, the number of lentiviral particles, and promoter selection

We observed increased TGFp2 expression in the TM of intracamerally injected mouse eyes
but not in intravitreally injected eyes at a low dose. However, the elevation of TGFp2
induced by the low dose of lentiviruses did not seem to be sufficient for the development
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of OHT. At the high dose (2.5 times), 6/10 mice developed OHT higher than 3mmHg.
However, the 10P elevation showed a large variation among individual mice.

Also, the selection of the promoter to drive the expression of TGFp2 needs optimization.
The CMV promoter is the most frequently used promoter in recombinant adenoviruses for
TGFP2 expression with success (Shepard et al., 2010). We tested the EF1a promoter but
did not observe any IOP elevation at low viral titers. However, further studies are needed to
determine if it induces OHT at high viral titers.

b. Injection route

Our data suggested that an intracameral injection route is suitable for lentiviral transduction
at the high dose. Another study showed that intravitreal injection is also feasible (ARVO
abstract, June 2021, Vol.62, 493). At the low dose, intracameral injection, compared to
intravitreal injection, seemed to induce more TGFB2 expression.

c. Timing

Lentiviral vectors usually take a longer time to express the transgene because they must
first integrate their genome into host cells. In our previous studies using primary and
transformed TM cell cultures, we observed transgene expression within a few days after
lentiviral transduction (data not shown). In this study, we monitored the mice for over 2
months, providing sufficient time for TGFP2 expression. In the high dose group, we did not
observe OHT until week 5 or 6, which is slow compared to using adenoviruses (could be as
early as week 1) (Shepard et al., 2010).

e. Mouse strain preference

Mouse strains may affect lentiviral transduction efficiency and/or TGFp2 effects. We used
C57BL/6J mice because it has been reported that this strain responds to adenovirus-mediated
TGFpB2 expression in contrast to the C3H/HeJ strain which carries a spontaneous mutation in
the Toll receptor 4 gene (Hernandez et al., 2017). In C57BL/6J mice, OHT was induced in
6/10 mice using a high viral dose. It is possible that other mouse strains are more sensitive or
resistant to lentiviral transduction.

In summary, it is possible to use the lentivirus-mediated TGFB2 expression system to induce
OHT in C57BL/6J mice as an alternative to the adenovirus-mediated delivery system. High
titers of lentiviruses are needed to ensure sufficient numbers of viral particles are delivered
into mouse eyes. Also, the IOP response to lentiviral vectors is relatively slow and mild.

The mouse eyes showed little to no inflammatory responses to lentiviral vectors compared to
adenoviral vectors.
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I0P intraocular pressure
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Highlights

Only high doses of lentiviral TGFB2 expression vectors induced ocular hypertension in
SOme Mouse eyes.

Increased TGFP2 expression was observed in intracamerally injected mouse eyes.

Lentiviral transduction did not induce severe inflammation in mouse eyes.
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Figure 1. The effect of the dose of lentiviral TGFB2 expression vectors on IOP in C57BL/6J
mouse eyes.
C57BL/6J mice (6—8 months) were injected with the indicated lentiviral vectors either

intravitreally (A, C, E) or intracamerally (B and D) after baseline 0P establishment (Week
0). Injections were done in paired eyes: one received TGFp2 expression lentivirus and the
fellow eye with a control lentivirus (A-D: ~8 x 10° viral particles/eye; E: ~2 x 10° viral
particles/eye). Each group contained a mix of male and female mice. Means and standard
deviations are shown. Paired t-test did not show any significant differences in IOP between
the two eyes (p>0.05) in A-D. (E) *: p<0.05 for paired t-tests between TGFp2 and GFP
eyes; #: p<0.05, ###: p<0.001 for one-way ANOVA comparing IOP after viral injection

to baseline 10P. (F) A mouse eye injected with pLVX-CMV-AcGFP1 was cryosectioned
(without fixation) and imaged using Nikon Advanced Modulation for morphology and the
epifluorescent module for GFP (Green). The two images were merged to showed GFP
localization. C: cornea. CD: ciliary body. TM: trabecular meshwork.
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Figure 2. The expression of TGFB2 in lentiviral injected mouse eyes.
Some mouse eyes were enucleated, fixed, embedded in paraffin, and immunostained for

TGFp2 and/or fibronectin isoform EDA (FN-EDA) (shown in red) and with DAPI (blue).
A-H: the eyes that received low viral doses. I-L: the eyes that received high viral doses.
Representative images are shown. Blue: DAPI, Red: TGFp2. Control: eyes injected with
either pLVX-CMV-AcGFP or pLVX-EFla-mCherry lentiviruses. TGFB2: eyes injected with
either pLVX-CMV-AhTGFp2C2265/C228S or p| \/X-EF1a-AhTGFp2C2265/C228S |entiviruses.
C: cornea, SC: Schlemm’s canal, TM: trabecular meshwork. The white scale bar: 100um.
Some mouse eyes receiving intracameral injection of 2 x 108 pLVX-CMV-AcGFP (M and
0) or pLVX-CMV-AhTGFB2C2265/C2285 (N and P) were stained with hematoxylin and eosin
to determine intraocular inflammation at early (M and N) and late (N and P) time points. SC:
Schlemm’s canal, C: cornea, black arrows: inflammatory cells. The black scale bar: 200um.
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