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ABSTRACT OF THE DISSERTATION

Role of Cellular Microenvironment for

Non-Viral Gene Delivery

by

Anandika Dhaliwal
Doctor of Philosophy in Biomedical Engineering
University of California, Los Angeles, 2012

Professor Tatiana Segura, Chair

Gene delivery has widespread application in tissue regeneration and gene therapy. While non-
viral gene delivery is less immunogenic as compared to viral gene delivery, it is hindered by its
lack of efficiency. Studies aiming to improve the efficiency of non-viral gene delivery have
mostly focused on improving the vector system. However, the cellular microenvironment where
the cells reside is only beginning to be exploited as a means to enhance gene transfer. In this
dissertation, the effect of different densities of extracellular matrix proteins namely collagen | (C
1), vitronectin (Vt), laminin (Lm), collagen 1V (C IV), fibronectin (Fn) and ECM gel (ECMg),
and their combinations on gene transfer to mouse mesenchymal stem cells (mMMSCs) were
studied. Protein coatings that resulted in well spread cells such as Fn, ECMg and C 1V, resulted
in 14.6-, 7- and 6.1- fold increase in transgene expression, respectively, when compared to

uncoated surfaces. The transgene expression was up to 90% inhibited on C | coated surface,



which led to less spread cells. Interestingly, the same trend was not observed for polyplex
internalization, where protein coats that resulted in less spread cells, such as C I and Vt, resulted
in higher polyplex internalization. Subsequently, decreased transgene expression corresponded
with inhibited trafficking of the internalized complexes to the nucleus. The effect of combining
multiple ECM proteins on non-viral gene transfer was also investigated. Surfaces coated with
combination including C | resulted in inhibition of transgene expression. In addition, surfaces
coated with combination of Vt, C IV and Lm resulted in a statistically similar enhancement in
transgene expression as compared to fibronectin. For all ECM combinations analyzed, the extent
of cell spreading mediated by the ECM protein had a 70% correlation with the extent of overall
gene transfer observed.

The role of different endocytic pathways and cytoskeletal components on gene transfer was later
analyzed on collagen I (C I) and fibronectin (Fn), which had opposite influence on gene transfer.
The mechanism by which these ECM proteins affect non-viral gene transfer involved the
endocytosis pathway used for polyplex uptake and intracellular tension. Fn was found to promote
internalization through clathrin-mediated endocytosis and this pathway brought about more
efficient transfection than caveolae-mediated endocytosis and macropinocytosis. Likewise, the
disruption of actin-myosin interactions resulted in an enhancement of gene transfer for cells
plated on Fn coated surfaces, but not for cells plated on C I.

Furthermore, the molecular mechanism by which these ECM molecules affect the process of
gene transfer is not completely understood. The Rho subfamily of GTPases regulates a number
of cellular processes including cell morphology, cytoskeletal dynamics and uptake pathways and
they are activated to different extents by different ECM proteins. The involvement of

RhoGTPases in the ECM protein-mediated enhancement of non-viral gene transfer was studied.



Fibronectin was used as the substrate for these studies. The interaction of mouse mesenchymal
stem cells (mMSCs) with fibronectin was found to activate RhoGTPases (RhoA, Rac, and
Cdc42). Inactivation of RhoGTPases using chemical inhibitor or expression of dominant
negative genes resulted in significantly reduced transgene expression. However, the activation of
RhoGTPases using chemical activators or expressing constitutively active genes did not further
enhance transgene expression for cells plated on fibronectin. But, for cells plated on C I, which
did not result in RhoGTPase activation, expression of constitutively active RhoA, Rac, Cdc42
genes resulted in enhanced non-viral gene transfer.

Cells in the body exist in a 3-D microenvironment. Cellular processes like proliferation,
differentiation, apoptosis as well as cellular morphology have been shown to be significantly
different in 2-D versus 3-D. In part, these differences are due to differential signaling as a
consequent of different cytoskeletal assembly and cell-matrix adhesions in 2-D and 3-D. To fully
understand the mechanism of gene transfer in cells, L-polyethylenimine (LPEI) mediated non-
viral gene transfer mechanism constituting pathways of endocytosis, cytoskeletal dynamics and
RhoGTPases, was studied in 3-D using hyaluronic acid hydrogels, in comparison with 2-D using
tissue culture plates. Caveolae and clathrin mediated endocytosis were observed to regulate gene
transfer in 2-D, while all three pathways of endocytosis namely clathrin and caveolae mediated
endocytosis, and macropinocytosis regulated gene transfer in 3-D. Actin polymerization and
RhoA mediated contractility highly contributed to efficient transgene expression in 3-D rather
than 2-D. Furthermore, Rac and Cdc42 influenced internalization in 2-D but not in 3-D. In
conclusion, endocytic pathways, cytoskeletal dynamics and RhoGTPase mediated signaling

differentially modulated non-viral gene transfer in cells cultured in 2-D and 3-D. These results



provide an understanding of the dimensionality of cell microenvironment to obtain efficient gene
transfer for the purpose of tissue regeneration and gene therapy.

We believe that the cellular microenvironment can be engineered to enhance the ability of cells
to become transfected, and through understanding of the mechanisms by which the ECM affects

non-viral gene transfer, better materials and transfection protocols can be achieved.
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software. Statistical analysis on the quantified data was done using Dunnett multiple comparison
test where cell length on each surface was compared with the cell area on uncoated. The symbols
+ and ++ represent the significant change in cell area on the protein surface with respect to cell
area on uncoated surface, to the level of p < 0.05 and p < 0.01, respectively...........c.ccccovervrnnnen. 58

Figure 5-4. Effect of combination of ECM proteins on intracellular trafficking. Cells were
plated on surfaces precoated (A) with single or combination of different proteins including C |
(50 pg/ml), Vt (3 pg/ml), Lm (20 pg/ml), and C IV (25 pg/ml), and (B) with Fn (20 pg/ml)
alone or a combination of Fn with different proteins including C I (50 pg/ml), Vt (3 pg/ml), Lm
(20 pg/ml), and C IV (25 pg/ml). 16 hrs after cell attachment bolus transfection was done with
TM-rhodamine labeled polyplexes. 6 hours post transfection cells were washed with PBS and
cellscrub solution, fixed and the nucleus was stained using the Hoechst dye. Trafficking of the
polyplexes to the nucleus was analyzed by taking combined 100x fluorescent and brightfield
pictures using the Zeiss microscope. These images are a maximum intensity projection of three
deconvoluted z-stacks, 0.3-0.5 M @PAIM.........cooiiiiiiiiie e 61

Figure 5-5: Effect of combination of ECM proteins on intracellular trafficking. (B) Cells were
plated on surfaces precoated with Fn (20 pug/ml) alone or a combination of Fn with different
proteins including C I (50 pg/ml), Vt (3 pg/ml), Lm (20 pg/ml), and C IV (25 pg/ml). 16 hrs
after cell attachment bolus transfection was done with TM-rhodamine labeled polyplexes. 6
hours post transfection cells were washed with PBS and cellscrub solution, fixed and the nucleus
was stained using the Hoechst dye. Trafficking of the polyplexes to the nucleus was analyzed by
taking combined 100x fluorescent and brightfield pictures using the Zeiss microscope. These
images are a maximum intensity projection of three deconvoluted z-stacks, 0.3-0.5 um apart....62
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Figure 6-1: Cell viability after endocytosis inhibitor treatment. Cells were plated on uncoated
(A), or C I coated (B) or Fn coated (C) surfaces. Cells were pretreated with the inhibitors for 30
minutes followed by incubation with the DNA/PEI polyplexes for 4 hours in presence of the
inhibitors. Cell viability was analyzed at 4 and 48 hours post addition of the polyplexes using the
MTT assay. Statistical analysis was done using Dunnett multiple comparison test, which
compares each treatment condition to the control. The symbols + and ++ represent the significant
change to the level of p < 0.05 and p < 0.01, respectiVely.........ccooviiiirieiin e 72

Figure 6-2: Effect of endocytic pathways in transgene expression and polyplex internalization.
Cells were plated on uncoated, C I (50 pg/mL) coated or Fn (40 ug/mL) coated surfaces for 14-
16 hours prior to treating the cells with amileroide, chlorpromazine and genistein to inhibit
macropinocytosis, clathrin and caveole mediated endocytosis respectively. Cells were pretreated
for 30 minutes following which bolus transfection was done with our without YOYO-1 labeled
polyplexes for 2 or 4 hours in presence of inhibitors. Medium was replaced 2 or 4 hours after
transfection with treatment. Transgene expression was analyzed 48 hours post transfection using
luciferase assay (A) and internalization was assessed 2 hours post transfection using
flowcytometry (B). 7000 total events were analyzed per sample. Gating was done such that the
negative control had 5% positive events. The transgene expression obtained after treatment with
specific inhibitor was compared to untreated sample using the unpaired t-test (two tail p value).
Statistical analysis for internalization was done using Tukey-Kramer multiple comparisons,
which compares all pairs within the same protein coat. The symbols *, **, *** represent the
significant change to the level of p < 0.05, p < 0.01, and p < 0.001, respectively........................ 73

Figure 6-3: Effect of treatment with cytoskeletal inhibitors on actin and microtubular networks
on Fn. Cells were seeded on Fn coated surfaces and 14 hours post cell seeding treatment with no
inhibitor (A) or inhibitors against the actin network (B), actin-myosin interactions (C) and the
microtubular network (D) were given. Immediately post inhibitor treatment, changes in cell
morphology were visualized through staining for actin using rhodamine-phalloidin, microtubulin
using Alexa488 conjugated anti a-tubulin stain and for DNA using Hoechst dye. Images were
taken with a Zeiss AxioObserver Z1 inverted microscope at 40x magnification, and analyzed
with Image J to obtain mean gray scale value for the actin (red), tubulin (green) and DNA (blue).
The mean gray scale values for actin and tubulin were normalized with mean gray values for
DNA and plotted (E and F, respectively). Statistical analysis was done using Tukey-Kramer
multiple comparisons, which compares all pairs within the same protein coat. The symbol *
represents the significant change to the level of p < 0.05........cccoiiiiiiiii e 77

Figure 6-4: Effect of treatment with cytoskeletal inhibitors on actin and microtubular networks
on C I. Cells were seeded surfaces precoated with C | and 14 hours post cell seeding no
treatment (A) or treatment with inhibitors against the actin network (B), actin-myosin
interactions (C) and the microtubular network (D) were given. Immediately post inhibitor
treatment, changes in cell morphology were visualized through staining for actin using
rhodamine-phalloidin, microtubulin using Alexa488 conjugated anti a-tubulin stain and for DNA
using Hoechst dye. Images were taken with a Zeiss AxioObserver Z1 inverted microscope at 40
X magnification, and analyzed with Image J to obtain mean gray scale value for the actin (red),
tubulin (green) and DNA (blue). The mean gray scale values for actin and tubulin were
normalized with mean gray values for DNA and plotted (E and F, respectively)..........c..cc......... 78
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Figure 6-5: Cell viability after cytoskeleton inhibitor treatment. Cells were plated on uncoated
(A), or C I (50 pg/ml) coated (B) or Fn (40 ug/ml) coated (C) surfaces. Cells were treated for 30
minutes, after which media was replaced and polyplexes added. Cell viability was analyzed 4
and 48 hours post addition of polyplexes using MTT assay. Statistical analysis was done using
Dunnett multiple comparison test, which compares each treatment condition to the control. The
symbols + and ++ represent a significant change to the level of p < 0.05 and p < 0.01,
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Figure 6-6: Role of cell cytoskeleton in transgene expression and polyplex internalization. Cells
were plated on uncoated, C | (50 pg/mL) coated or Fn (40 ug/mL) coated surfaces for 14-16
hours prior to treating the cells with CD, BDM and Noc for 30 minutes to inhibit actin
polymerization, myosin ATPase and microtubule polymerization, respectively. Immediately after
treatment with inhibitor, the medium was replaced and bolus transfection was done with or
without YOYO-1 labeled polyplexes. Transgene expression was analyzed 48 hours post
transfection using luciferase assay (A) and internalization was assessed 2 hours post transfection
using flowcytometry (B). A total of 7000 events were analyzed per sample. Gating was done
such that the negative control had 5% positive events. The transgene expression and
internalization obtained after specific inhibitor treatment were statistically compared with
untreated sample using the unpaired t-test (two tail p value). The symbols *, ** and ***
represent a significant change to the level of p < 0.05, p <0.01, and p < 0.001, respectively....81

Figure 7-1: RhoGTPase activation on fibronectin. (A) mMSCs were plated on uncoated or
fibronectin (40 pug/mL) coated surfaces for 16 hours and cell morphology was studied by staining
cells for actin using Alexa488 conjugated phalloidin (green), and for DNA using Hoechst 33258
dye (blue). Images were taken with a Zeiss AxioObserver Z1 inverted microscope at 100x
magnification. (B) Stress fiber quantification. (C and D) Active RhoGTPase quantification was
performed using GLISA specific for RhoA, Racl,2,3 and Cdc42. Cells were cultured in PDMS
sheets and allowed to attach and spread before exposing them to protein modified plastic for 20
minutes or 1 hour. The average of three samples was plotted. The level of active RhoGTPase in
samples exposed to fibronectin was compared with untreated sample using the unpaired t-test
(two tail p value). The symbol * represents a significant change to the level of p < 0.05. The
error bars represent the standard deviation in all PlOtS..........ccoov i 93

Figure 7-2: RhoGTPase inhibition using TcdB and C3 transferase decreases transgene
expression. mMSCs were plated on fibronectin (40 pug/mL) coated tissue culture plastic for 16
hours prior to being treated with 0-300 ng/ml TcdB for 4 hours in serum free media, or 0-1
pg/ml C3 transferase for 4 hours. (A) Cell morphology was studied immediately after treatment
with inhibitor, by staining cells for actin using Alexa488 (green) conjugated phalloidin, and for
DNA using Hoechst 33258 dye (blue). Images were taken with a Zeiss AxioObserver Z1
inverted microscope at 100x magnification. (B) Stress fiber quantification. Statistical analysis
was done using a one-way Anova followed by the Dunnett multiple comparison test. The Anova
p value was 0.0052. The symbol ** represents a significant change in stress fibers with respect to
untreated cells to the level of p < 0.01. (C) Active RhoGTPase quantification was performed
using GLISA specific for RhoA, Racl,2,3 and Cdc42. (D) Active RhoA quantification was
performed using GLISA specific for RhoA. Statistical analysis was done using the unpaired t-test
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(two tail p value) where active RhoGTPase level in treated cells was compared with untreated
cells. The symbols * and ** represent a significant change to the level of p < 0.05 and p < 0.01,
respectively. (E) Cells were transfected immediately post treatment and transgene expression
was analyzed at 48 hours using luciferase assay and normalized with total protein quantified
using Peirce BCA assay. (F) Cells were transfected immediately post treatment with YOYO-1
labeled polyplexes and after 2 hours cells were collected with trypsin and polyplex
internalization analyzed by flow cytometry. A total of 7000 events were analyzed per sample.
Experiments were performed in triplicate and the average plotted with the error bars representing
the standard deviation. Fold increase in transgene expression and internalization was calculated
with respect to the untreated control. Statistical analysis for gene transfer and internalization was
done using a one-way Anova followed by the Tukey-Kramer multiple comparison test, which
compares all columns. The Anova p values for transgene expression were 0.004 and 0.0052 for
TcdB and C3 transferase, respectively and the Anova p values for internalization were < 0.0001
and 0.0067 for TcdB and C3 transferase, respectively. The symbols ***, ** and * represent a
significant change in gene expression or internalization with respect to sample not treated with
inhibitor to the level of p <0.001, p <0.01 and p < 0.05, respectively.......ccccoevvveieiiveiesiiesinennnns 96

Figure 7-3: RhoGTPase inhibition using dominant negative gene products decreases transgene
expression. mMSCs were transiently transfected with dominant negative forms of RhoA, Racl or
Cdc42 with a plasmid also containing EGFP. 24 hours post transfection, cells were replated on
fibronectin coated plates and cultured for 16 hours prior to bolus transfection. Cells transfected
with pEGFP were used as control. (A) Alexa488 conjugated phalloidin (green), and Hoechst dye
(blue) staining. Images were taken with a Zeiss AxioObserver Z1 inverted microscope at 100x
magnification. (B) Stress fiber quantification. Statistical analysis was done using a one-way
Anova followed by the Dunnett Multiple Comparison test. The Anova p value was 0.0015. The
symbol * represents a significant change in stress fibers with respect to untreated cells to the
level of p < 0.05. (C) Active Rho, Rac and Cdc42, was assessed for cells replated on fibronectin
for 16 hours using GLISA assays specific for RhoA, Racl,2,3 and Cdc42. Statistical analysis
was done using the unpaired t-test (two tail p value). The symbol * represents a significant
change to the level of p < 0.05. (D) The transgene expression was analyzed 48 hours post
transfection using luciferase assay and normalized with total protein analyzed using Peirce BCA
assay. (E) Internalization was analyzed using YOYO-3 labeled polyplexes 2 hours post
transfection using flow cytometry. A total of 10,000 events were analyzed per sample and the
mean fluorescence of events positive for both GFP and YOYO-3 was analyzed. Statistical
analysis for gene transfer and internalization was done using a one-way Anova followed by the
Dunnett multiple comparison test. The Anova p values were 0.0219 and <0.0001 for transfection
(D) and internalization (E) respectively. The symbols * and ** represent a significant change
with respect to cells transfected with control plasmid (pEGFP) to the level of p < 0.05 and p <
0.01, rESPECLIVRIY.....eieeiieeee e e 97

Figure 7-4: Effect of RhoGTPase activation using calpeptin (CP) and epidermal growth factor
(EGF) on gene transfer. mMSCs cells were cultured for 8 hours on fibronectin wells, followed
by overnight serum starvation and then treated with 0-100 pg/ml CP for 10 minutes or 0-100
ng/ml EGF for 2 minutes in serum free media. (A) After treatment, the changes in cell
morphology were visualized through lexa488 conjugated phalloidin (green) and for DNA using
Hoechst 33258 dye (blue) staining. Images were taken with a Zeiss AxioObserver Z1 inverted
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microscope at 100x magnification. (B) Stress fiber quantification. (C) Active RhoGTPase
quantification after treatment was performed using GLISA specific for RhoA, Racl,2,3 and
Cdc42. (D) Transfection was performed immediately post treatment in serum free media. 4 hours
post transfection media was replaced with complete media. The transgene expression was
analyzed 48 hours post transfection using luciferase assay and normalized with total protein
analyzed using Peirce BCA assay. (E) Internalization was analyzed 2 hours post transfection
using flow cytometry of YOYO-1 labeled polyplexes. A total of 7000 events were analyzed per
sample. Statistical analysis for the level of active RhoGTPase, transgene expression and
internalization, was done using the unpaired t-test (two tail p value) where treated sample was
compared with untreated sample. The symbols ** and *** represent a significant change to the
level of p < 0.01 and p < 0.001, reSPECIVEIY.....c.eeiiiiiiiiiiie it 100

Figure 7-5: Effect of expression of constitutively active mutants of RhoGTPases on gene
transfer. mMSCs plated on a 6-well plate were transiently transfected with constitutive active
forms of RhoA, Racl or Cdc42 conjugated with GFP, using lipofectamine™2000. Cells
transfected with pEGFP were used as control. After 24 hours, cells were harvested and replated
on fibronectin-coated surfaces. (A) 24 hours post transfection with constitutive active forms of
RhoGTPases in cells plated on tissue culture plastic, changes in cell morphology were analyzed
through actin and DNA staining using Alexa488 conjugated phalloidin (green), and Hoechst
33258 dye (blue), respectively. (B) The number of stress fibers per cell were counted. (C)
Active Rho, Rac and Cdc42-GTPases were assessed using GLISA assays 24 hours post
transfection with constitutive active forms of RhoGTPases and overnight serum starvation. (D)
The replated cells were cultured for 16 hours on fibronectin before bolus transfection. The
transgene expression was analyzed 48 hours post transfection using luciferase assay and
normalized with total protein analyzed using Peirce BCA assay. (E) Internalization was analyzed
2 hours post transfection using flow cytometry and YOYO-3 labeled polyplexes. A total of
10,000 events were analyzed per sample and the mean fluorescence of events positive for both
GFP and YOYO-3 was analyzed. Statistical analysis for number of stress fibers, ruffles,
transgene expression and internalization was done using the Dunnett multiple comparison

Figure 7-6: Effect of expression of constitutively active mutants of RhoGTPases on gene
transfer for cells cultured on collagen | substrates. (A) mMSCs were cultured on amine
functionalized PDMS strips and serum starved overnight before exposing to collagen | coated
surfaces for 20 minutes to assess Rho-GTP and 1 hour to assess Rac and Cdc42-GTPases. The
cells were subsequently lysed and respective GLISA assays were performed to quantify RhoA,
Rac1,2,3 and Cdc42. Statistical analysis was done using the unpaired t-test (two tail p value). (B)
mMSCs transiently transfected with constitutively active negative of RhoA, Racl or Cdc42
conjugated with GFP were cultured on collagen | coated plates for 16 hours prior to bolus
transfection with polyplexes. The transgene expression was analyzed 48 hours post transfection
using luciferase assay and normalized with total protein analyzed using Peirce BCA assay.
Statistical analysis was done using a one-way Anova followed by the Dunnett Multiple
Comparison test. The Anova p value was 0.0203. The symbols *, ** and *** represent a
significant change to the level of p < 0.05, p < 0.01 and p < 0.001, respectively..........c..c....... 103
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Figure 7-7: PKC and ROCK inhibition, inhibit gene transfer in cells plated on fibronectin.
mMSCs were cultured for 16 hours on fibronectin coated plates prior to treatment with 10 uM
Y27632 (Y2) or 100nM Staurosporine (ST) for 2 hours to inhibit ROCK and PKC, respectively.
(A) Changes in mMSC cell morphology were visualized through staining for actin using
Alexa488 conjugated phalloidin and for DNA using Hoechst 33258 dye. Images were taken with
a Zeiss AxioObserver Z1 inverted microscope at 40x magnification. Immediately after treatment
with inhibitor, the medium was replaced and bolus transfection was done. (B) Transgene
expression was analyzed 48 hours post transfection using luciferase assay and normalized with
total protein analyzed using Peirce BCA assay. Internalization was assessed 2 hours post
transfection using flow cytometry and YOYO-1 labeled polyplexes (C). A total of 7000 events
were analyzed per sample. Statistical analysis was done using a one-way Anova followed by the
Dunnett multiple comparison test. The Anova p value was 0.0003 and <0.0001 for transgene
expression and internalization, respectively. The symbol ** represents a significant change to the
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Figure 7-8: Effect of inhibitors and activators on cell viability. To study the effect of
RhoGTPase inhibition on gene transfer, mMMSCs were plated on fibronectin (40 pg/mL) coated
tissue culture plastic surfaces for 16 hours prior to being treated with 0-300 ng/ml TcdB for 4
hours in serum free media, or 0-1 pg/ml C3 transferase for 4 hours. Cells were transfected
immediately post treatment with inhibitors. For studying the effect of RhoGTPase activation,
mMSCs were cultured for 8 hours on fibronectin, followed by overnight serum starvation and
then treated with 0-100 pg/ml CP for 10 minutes or 0-100 ng/ml EGF for 2 minutes in serum
free media. Subsequently, immediately post treatment with activators, bolus transfection was
done for 4 hours in serum free media. For assessing the role of ROCK and PKC in gene transfer,
mMSCs were cultured for 16 hours on fibronectin prior to treatment with 10 uM Y27632 (Y2)
for 2 hours or 100 nM Staurosporine (ST) for 2 hours to inhibit ROCK and PKC, respectively.
Immediately after treatment with ST or Y2, the medium was replaced and bolus transfection was
done. Cell proliferation was analyzed immediately after treatment with TcdB (A), C3 transferase
(B), CP (C), EGF (D) and ST or Y2 (E), as well 48 hours post treatment and transfection by
measuring calcien AM fluorescence after live/dead staining. The cell viability obtained after
specific inhibitor treatment were statistically compared using Tukey-Kramer multiple
comparison test, which compares all pairs with each other. The symbols *, ** and ***
represents a significant change to the level of p < 0.05 p < 0.01, and p < 0.001
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Figure 7-9: Percent cells transfected with dominant negative and constitutively active genes, and
the effect on cell viability. To study the effect of direct inhibition and activation of RhoGTPase
on gene transfer in cells plated on fibronectin tissue culture plastic, D1 cells were transiently
transfected using lipofectamine™2000, with dominant negative or constitutively active forms of
RhoA, Racl or Cdc42 conjugated with GFP. The distribution and percentage of cells transfected
with dominant negative genes (A) or constitutively active genes (B), was assessed by analyzing
GFP expression using flow cytometry. The cells were subsequently cultured on Fn for 16 hours
prior to bolus transfection using linear polyethyleneimine (LPEI). The cell viability was
determined 16 hours after culturing cells on fibronectin as well as 48 hours post addition of
polyplexes using live/dead assay, for cells transfected with dominant negative genes (C) or
CONSELItULIVELY ACHIVE GENES (D). vveveeriiiiieiiieie e st ste e e e teeste e ae s ste e sraeste e e s e e seeneesreeseeenee e 107



Figure 8-1. Effect of inhibition of RhoGTPases on gene transfer in NIH/3T3 cells. NIH/3T3
cells were plated on Fn (40 pug/mL) coated surfaces for 16 hours prior to being treated with 0-
300ng/ml TcdB or 0-1pg/ml C3 transferase for 4 hrs in serum free media. Cells were transfected
immediately post treatment.

For inhibition using dominant negative gene products, NIH/3T3 cells were transiently transfected
with dominant negative forms of RhoA, Racl or Cdc42 with a plasmid also containing EGFP. 24
hours post transfection, cells were replated on fibronectin coated plates and cultured for 16 hours
prior to bolus transfection. Cells transfected with pEGFP were used as control. The symbol *
represents a significant change to the level of p < 0.05.

(A, C and E) The transgene expression was analyzed 48 hours post transfection using luciferase
assay and normalized with total protein analyzed using Peirce BCA assay. (B, D and F)
Internalization was analyzed using YOYO-3 labeled polyplexes 2 hours post transfection using
flow cytometry. A total of 7000 or 10,000 events were analyzed per sample. For analyzing the
effect of gene products, the mean fluorescence of events positive for both GFP and YOYO-3 was
analyzed. Statistical analysis was done using the Tukey-Kramer multiple comparison test. The
symbols * and *** represent a significant change in gene expression or internalization with
respect to control (untreated or transfected with pEGFP) to the level of p < 0.05 and p < 0.001,
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Figure 8-2. Effect of activation of RhoGTPases on gene transfer in NIH/3T3 cells. NIH/3T3
cells were cultured for 8 hours on fibronectin wells, followed by overnight serum starvation and
then treated with 0-100 pg/ml CP for 10 minutes or 0-100 ng/ml EGF for 2 minutes in serum
free media. Transfection was performed immediately post treatment in serum free media. 4 hours
post transfection media was replaced with complete media.

For activation using constitutively active gene products, NIH/3T3 cells were transiently
transfected with dominant negative forms of RhoA, Racl or Cdc42 with a plasmid also
containing EGFP. 24 hours post transfection, cells were replated on fibronectin coated plates and
cultured for 16 hours prior to bolus transfection. Cells transfected with pEGFP were used as
control. The symbol * represents a significant change to the level of p < 0.05.

(A, C and E) The transgene expression was analyzed 48 hours post transfection using luciferase
assay and normalized with total protein analyzed using Peirce BCA assay. (B, D and F)
Internalization was analyzed using YOYO-3 labeled polyplexes 2 hours post transfection using
flow cytometry. A total of 7000 or 10,000 events were analyzed per sample. For analyzing the
effect of gene products, the mean fluorescence of events positive for both GFP and YOYO-3 was
analyzed. Statistical analysis was done using the Tukey-Kramer multiple comparison test. The
symbols * and *** represent a significant change in gene expression or internalization with
respect to control (untreated or transfected with pEGFP) to the level of p < 0.05 and p < 0.001,
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Figure 8-3: Role of PKC and ROCK inhibition on gene transfer in NIH/3T3 cells plated on
fibronectin. Cells were cultured for 16 hours on fibronectin coated plates prior to treatment with
10 uM Y27632 (Y2) or 100 nM Staurosporine (ST) for 2 hours to inhibit ROCK and PKC,
respectively. Immediately after treatment with inhibitor, the medium was replaced and bolus
transfection was done. (A) Transgene expression was analyzed 48 hours post transfection using
luciferase assay and normalized with total protein analyzed using Peirce BCA assay.
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(B) Internalization was assessed 2 hours post transfection using flow cytometry and YOYO-1
labeled polyplexes. A total of 7000 events were analyzed per sample. Statistical analysis was
done using a one-way Anova followed by the Dunnett Multiple Comparison test. The Anova p
value was 0.0003 and < 0.0001 for transgene expression and internalization, respectively. The
symbol ** represents a significant change to the level of p < 0.01........cccoeiiiiiiiiiiiiiiciic 113

Figure 9-1: mMSC culture in fibrin gels. 3 mg/ml fibrin gels were made using 1 U/ml thrombin
with or without 2 U/ml factorXllla, 2.5 wt/wt% Fn and polyplexes. (A) Cell proliferation in
different gels was analyzed on day 2 and 4 of cell culture, using alamar blue assay. (B) Cell
spreading was analyzed on day 3 taking phase images using a Zeiss AxioObserver Z1 inverted
microscope at 10x. Statistical analysis for internalization was done using Tukey-Kramer multiple
comparison test which compares all pairs within the same protein coat. The symbols + and ++
represent a significant change to the level of p < 0.05, and p < 0.01, respectively................ 127

Figure 9-2: Transfection ability of fibrin gels. 3 mg/ml and 5 mg/ml fibrin gels were made using
2 U/ml thrombin. 5 pg of DNA was included per 100 pl of gel. Media was collected daily. (A)
The cumulative SEAP expression was calculated on day 2 and 5 using SEAP reporter gene assay
kit. (B) Cell proliferation was analyzed on day 2 and 5 using alamar blue assay. All experiments
were Performed IN HPHCALES. ........oi i nneas 128

Figure 9-3: Effect of incorporation of Fn or C | on transfection mediated by fibrin gels. 3 mg/ml
fibrin gels were made with inclusion of polyplexes and factorXllla, with or without 2.5%(wt/wt)
Fn or 2%(wt/wt) C 1. 100,000 cells and 2.5 ng pDNAwere incorporated per 100 pl gel. The
media was collected daily and SEAP expression was analyzed. (A) Cumulative SEAP expression
for day 1 till 4 was plotted. (B) Proliferation was analyzed on day 1 till day 4 using alamar blue
assay. All experiments were performed in tripliCates..........ccoveveiiievecic s 129

Figure 9-4: Influence of ECM proteins on transfection in 3 mg/ml fibrin gels and 3% HA gels.
(A) 3 mg/ml fibrin gels were made incorporating 5% (wt/wt) of different ECM proteins, 2.5 pg
pGLuc and 100,000 cells per 100 pl gel. 50 ul gel was added per well of a 96-well low binding
plate. Media was collected daily and transfection was analyzed using gaussia luciferase assay as
per manufacturer's protocol. The gLuc expression on respective days has been plotted.

(B) 3% HA gels were made incorporation either 100 pM RGD, or 4.25 pM Fn, or 1.9 uM
laminin, or 1.8 UM collagen IV or 22.5 uM collagen 1. 500,000 cells were included per 100 pl
gel. 10 pl HA gel was added to each well of a 96-well low binding plate. Bolus transfection was
done and 5 pg pGLuc was added per well, for HA hydrogels. Transgene expression was
analyzed 48 hours post transfection using gaussia luciferase assay. Statistical analysis for
internalization was done using Tukey-Kramer multiple comparison test which compares all pairs
within the same protein coat. The symbols + represents the significant change to the level of p <
0.05. All experiments were done iN tripliCALES..........cccvveiieiieie e 131

Figure 9-5: hMSC culture in fibrin gels. 3 mg/ml fibrin gels were made using thrombin. hMSCs
were cultured at different cell densities. (A), (B), and (C) Phase and fluorescent images using
AxioObserver Z1 inverted microscop at 40x. D) Proliferation rate was analyzed using alamar
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Figure 10-1: Adhesion peptide functionalized hyaluronic acid hydrogel for 3 dimensional cell
culture. (A) HA hydrogels were formed by Michael-type addition of biscysteine containing
MMPxI peptides onto HA-AC functionalized with cell adhesion peptides (RGD) and cells were
encapsulated within the hydrogel. (B) The mechanical properties of the hydrogels were
determined using plate-to-plate rheometry. The storage and loss modulus over a frequency range
of 0.1-10 rad/s at a constant strain of 0.01 was plotted. (C) 10 ul gel was placed per well in 96-
well plates with 50,000 cells per well, for culture. Cell spreading after 1 and 2 days of culture
was analyzed through actin and DNA staining using Alexa488 conjugated phalloidin, and
HOEChSt dye, rESPECLIVEIY......oeiiiiie e et 145

Figure 10-2: Effect of endocytic inhibitors on LPEI/DNA complex mediated gene transfer.
Macropinocytosis and clathrin mediated endocytosis was inhibited using 100 uM amiloride (-
macropinocytosis) and 200 uM genestein (-clathrin 1). Caveolae mediated pathway was inhibited
using 10 ug/ml chlorpromazine (-caveolae I) and 5 mM cyclodextrin (-caveolae I1). Dynamin plays a
role in the clathrin pathway and was inhibited using 50 uM dynasore (-clathrin I1). Cells were
cultured in 2-D on tissue culture surface for 13-14 hours before pretreatment and for 2-days in 3-D
before pretreatment. A 1.5 hrs pretreatment for -clathrin I, -caveolae | and -macropinocytosis, and 1
hour pretreatment for -caveolae 1l and -dynamin was given in 2-D and 3-D. Subsequently, cells were
incubated with or without YOYO-1 labeled polyplexes for 4 hours and 12-13 hrs in 2-D and 3-D,
respectively. (A) The transgene expression was analyzed 48 hours post transfection in 2-D and post
overnight transfection in 3-D by using gaussia luciferase assay. (B) Internalization was analyzed 2
hours post transfection in 2-D, and after overnight transfection in 3-D using flow cytometry. A total
of 7000 events for 2-D and 5000 events for 3-D were analyzed per sample and the mean fluorescence
of events was plotted. Statistical analysis was done using Tukey-Kramer multiple comparison test,
which compares all columns with each other for 2-D and 3-D, respectively. The symbols *, ** and
*** represent a significant change to the level of p < 0.05, p < 0.01 and p < 0.001, respectively, as
compared to untreated sample for 2-D and 3-D respectively. For each treatment, transgene expression
and internalization in 2-D was statistically compared with 3-D using the unpaired t-test (two tail p
value). The symbols +,++ and +++ represents a significant change to the level of p < 0.05, p < 0.01
and p < 0.001, respectively, between 2-D and 3-D reading........cccccuuverinrieiiinienesienie e see s 146

Figure 10-3: Effect of cytoskeletal inhibitors and activators on LPEI/DNA complex mediated gene
transfer. Actin polymerization, actin-myosin interactions and microtubule polymerization were
inhibited using 20 uM cytochalasin D (-actin), 10 mM BDM (-actin-myosin) and 10 uM nocodazole
(-microtubule). Treatment using 500 nM jasplakinolide (+actin), 10 uM paclitaxol (+microtubule)
and 20 treatment, the cells were cultured for 14-15 hours and 2 days on tissue culture plastic (2-D)
and in nM endothelin I (+actin-myosin) was given for enhancing actin polymerization, microtubule
polymerization, and actin-myosin interactions respectively. For hydrogels (3-D). The media in the
wells was replaced with media containing the inhibitor for 0.5 and1.5 hours for 2-D and 3-D
respectively, or activator for 2 hours for both 2-D and 3-D. Media was replaced after pretreatment for
cells cultured in 2-D and subsequently bolus transfection was done with or without YOYO-1 labeled
polyplexes. For 3-D after pretreatment, bolus transfection was done overnight with or without
YOYO-1 labeled polyplexes. (A) The transgene expression was analyzed 48 hours post transfection
in 2-D and post overnight transfection in 3-D by using gaussia luciferase assay. (B) Internalization
was analyzed 2 hours post transfection in 2-D, and after overnight transfection in 3-D using flow
cytometry. A total of 7000 events for 2-D and 5000 events for 3-D were analyzed per sample and the
mean fluorescence of events was plotted. Statistical analysis was done using tukey Multiple
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Comparison test, which compares all columns with each other for 2-D and 3-D, respectively. The
symbols *, ** and *** represents a significant change to the level of p < 0.05, p < 0.01 and p <
0.001, respectively, as compared to untreated sample for 2-D and 3-D respectively. For each
treatment, transgene expression and internalization in 2-D was statistically compared with 3-D using
the unpaired t-test (two tail p value). The symbols +,++ and +++ represents a significant change to
the level of p < 0.05, p <0.01 and p < 0.001, respectively, between 2-D and 3-D reading............... 148

Figure 10-4: Effect of RhoGTPase mediated signaling on gene transfer in 2-D. Rac, Cdc42 and Rho
were inhibited using 200 ng/ml difficile toxin B (-Rho,Rac,Cdc42), Rho was inhibited using 1 pg/ml
C3 transferase (-RhoA,B,C), and Rac and Cdc42 were both inhibited using 20 uM IPA3 (-
Rac,cdc42). ROCK was inhibited using 10 puM Y27632 (-ROCK). The effect of activation of
RhoGTPases was studied by activation of Rho, Rac and Cdc42 with 1 pg/ml Rho,Rac,Cdc42
activator | (+Rho,Rac,Cdc42) and by specific activation of Rho using 1 pug/ml Rho direct activator Il
(+RhoA,B,C). For inhibitor treatment, the cells were cultured for 14-15 hours and for 2 days in 2-D
and 3-D respectively before the media in the wells was replaced with serum free media containing -
Rho,Rac,Cdc42 or -ROCK for 4 hours or -PAK1 for 0.5 hours.

For activator treatment cells were cultured for 2 days in 2-D and in 3-D, respectively. Media was
then changed to serum free media and cells were cultured in serum free media for 1 day in 2-D and
3-D. Subsequently pretreatment was given for 4 hours with activators in serum free media. Media
was replaced after pretreatment for cells cultured in 2-D with serum free media without activator and
subsequently bolus transfection was done with or without YOYO-1 labeled polyplexes for 4 hours.
For 3-D after pretreatment, bolus transfection was done overnight in presence of activators in serum
free media with or without YOYO-1 labeled polyplexes. (A) The transgene expression was analyzed
48 hours post transfection in 2-D and post overnight transfection in 3-D by using gaussia luciferase
assay. (B) Internalization was analyzed 2 hours post transfection in 2-D, and after overnight
transfection in 3-D using flow cytometry. A total of 7000 events for 2-D and 5000 events for 3-D
were analyzed per sample and the mean fluorescence of events was plotted. Statistical analysis was
done using Tukey multiple comparison test, which compares all columns with each other for 2-D and
3-D, respectively. The symbols *, ** and *** represents a significant change to the level of p < 0.05,
p < 0.01 and p < 0.001, respectively, as compared to untreated sample for 2-D and 3-D respectively.
For each treatment, transgene expression and internalization in 2-D was statistically compared with
3-D using the unpaired t-test (two tail p value). The symbols +,++ and +++ represent a significant
change to the level of p < 0.05, p < 0.01 and p < 0.001, respectively, between 2-D and 3-D
=T To 1100 AR O RSP 149

Figure 10-5: Viability of cells cultured in 3-D after treatments namely: (A) Endocytic inhibitors,
(B) Cytoskeletal inhibitors and activators and (C) RhoGTPases inhibitors and activators........ 151

Table 2-1: Overview of the endocytic pathways with their advantages, disadvantages, and size
Of INtErNAlIZEd MOIECUIE..... ..o e re e sare s 20

Table 5-1: To fully analyze the role of individual proteins versus their combinations on
transgene expression (A) and area (B), statistical analysis was done using the Dunnett multiple
comparison test. Each condition was compared with all combinations inclusive of Fn and
exclusive of Fn. The symbols *, ** and ** represent the significant difference in transgene
expression or cell area between two different surfaces to the level of p < 0.05, p <0.01 and p <
0.001, respectively. The symbols 'ns' represents no significant difference in transgene expression
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or cell area between two different surfaces. (C) The correlation between extent of spreading and
transgene expression observed was analyzed. [ represents that a significant difference in cell
area corresponded with a significant difference in transgene expression, and no significant
difference in cell area corresponded with no significant difference in transgene expression
between the two surfaces compared.g represents no correlation in statistical difference in cell
area with trangene expression on two different protein coated surfaces. (D) Correlation between
extent of spreading and tranSgENE EXPIESSION. ........ciueuereriieiereesieertestee e e e sree e ee e seeenee e 60

Table 10-1: Effect of endocytic inhibitors on gene transfer on gene transfer in 2-D versus 3-
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Chapter 1

Overview of Thesis and Objective

1.1 Motivation and objective

Gene therapy is the use of DNA as a pharmaceutical agent to supplement or alter genes within
an individual's cells, as a therapy to treat diseases. Gene therapy addresses the various diseases
caused by genetic disorders. ADA deficiency, gaucher's disease and lesch-nyhan disease are due
to the defect in a single gene. Sickle cell anemia, hemophilia, cystic fibrosis, duchenne's
muscular dystrophy and huntington disease are some other diseases which are curable using
gene-therapy.

Different cells like nerve cell, muscle cell and bone cell differ in their gene expression. The cell
character and function is directed by the expression of a specific set of genes in the cell. When
stem cells are employed for tissue engineering, gene delivery to these stem cells can help induce
the expression of a particular set of genes that then direct the cell towards differentiating into a

specialized cell type, that would constitute a tissue (Figure 1-1).
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Figure 1-1: Biomaterial based gene transfer has immense potential for tissue engineering and
gene therapy. Stem cells can be embedded in biomaterial incorporating gene delivery systems
in-vitro, or migrate within the implanted material. Controlled release of the gene vector takes
place and the gene is introduced in the embedded cells. The transgene expression can promote
growth or differentiation of the cells and the construct can then be implanted to restore
structure and function of the organ. Furthermore, the transgene expression can also be of a
therapeutic protein that can aid in enhancing effective gene therapy

Hence, the application of gene delivery has the potential of meeting the challenge to treat various
diseases by gene therapy, and augment tissue regeneration by guiding cell differentiation and
proliferation.

Gene delivery is basically of two types: Viral and non- viral gene delivery. Viral gene delivery is

widely used and makes use of the natural ability of a virus to transfect mammalian cells.
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However, non-viral gene delivery has several advantages over viral gene delivery. It is safer, not
immunogenic, simple to use, facilitates large scale production, and can carry larger genetic load.
Even so, the use of non-viral gene delivery is mainly limited by low efficiency and limited
targeting.

The process of introduction or uptake of genetic material into cells, specifically eukaryotic cells,
using means other than viral infection is known as transfection. The delivery agent or carrier
used to deliver genes to cells is known as a gene delivery vector. Most of the studies that have
focused on increasing the efficiency of non-viral gene delivery have aimed at improving the
delivery vector systems. However, the role of the cellular microenvironment in which the cell
resides has not been studied in detail.

Cells alone do not constitute tissues. A substantial part of the tissue volume is the extracellular
space. The extracellular space is largely filled by the extracellular matrix (ECM). In other words,
the microenvironment of the cell is known as the extracellular matrix. It consists of physical
signals and soluble signals. Physical signals involve various structural proteins like fibronectin,
vitronectin, laminin, etc. which form the structure of the matrix. The soluble signals consist of
growth factors and other agents that are entrapped or embedded in the matrix. Cells interact with
the signals in the ECM via cell surface receptors. This leads to signaling cascades that direct
cells towards proliferation (cell growth), migration (cell motility), differentiation (change in type
of cell) and apoptosis (cell death).

We hypothesized that the interactions of the cell surface receptors with ECM proteins could
affect signaling pathways that direct and influence gene transfer. Recent studies have shown that
the cell microenvironment has the ability to influence gene transfer. The stiffness of the matrix

[1], macro and nanotopography [2], different densities and nano-scale arrangements of the
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integrin binding peptide RGD through which the cells are bound, [3] and ECM proteins
constituting the matrix [4-7]. However, the precise role of the ECM in modulating non-viral gene
transfer and the intracellular mechanisms by which it does so have not been fully elucidated. The
understanding of the influence of the microenvironment in gene transfer to stem cells and the
possible mechanisms involved would aid in developing more efficient non-viral gene delivery
systems. Therefore, in this study we aimed to identify if changing the type cell-matrix interaction

could modulate gene transfer to mMSCs and the mechanisms underlying any such effect.

1.2 Specific aims

The objective of this research was to understand the role of cell microenvironment in modulating
non-viral gene transfer. We hypothesized that the composition of the extracellular matrix (ECM)
environment modulates non-viral gene transfer to cells seeded in two and three dimensions and
that the Rho family of small GTPases plays a role in the mechanism by which ECM modulates
gene transfer in two and three dimensions. To test this hypothesis, the first step was to identify
an optimum microenvironment to achieve efficient gene transfer to mouse mesenchymal stem
cells (mMSCs) on 2-D surfaces. The second step involved understanding the underlying physical
and molecular mechanisms involving internalization, proliferation, cell area and polyplex
trafficking, endocytic pathways and cytoskeletal dynamics and RhoGTPases, by which the ECM
proteins were likely to modulate gene transfer. The_last step was to compare the mechanism of
non-viral gene transfer to mMSCs plated in 2-D and 3-D in hyaluronic acid hydrogels
functionalized with RGD adhesion peptide.

The following section describes the proposed specific aims, which guided the experimental

research. Following each aim specific hypothesis will be described.



1.2.1 Specific Aim 1 (Chapter 4 and 5)
This aim screened the effect of different ECM proteins at varied densities and combinations, in
non-viral gene transfer to mouse mesenchymal stem cells cultured on a two dimensional surface.
This aim also examined the role of polyplex internalization, cell proliferation, integrin
expression, cell area and intracellular trafficking in mediating efficient gene transfer, in response
to a specific microenvironment.
Hypothesis 1: The composition of the extracellular matrix (ECM) modulates non-viral
gene transfer to cells seeded in two dimensions by influencing internalization and cell

spreading.

1.2.2 Specific Aim 2 (Chapter 6)
This aim determined the role of different endocytic pathways and cytoskeletal dynamics in
mediating non-viral gene transfer to cells cultured in two dimensions, with respect to a specific
ECM protein.
Hypothesis 2: The varied ECM proteins influence the efficiency of gene transfer by
mediating differential endocytic pathways and cytoskeletal dynamics that subsequently

modulate the process of gene transfer.

1.2.3 Specific Aim 3 (Chapter 7 and 8)
This aim investigated the role of the Rho family of small GTPases specifically RhoA, Rac and

Cdc42 in modulation of non-viral gene transfer in cells seeded on fibronectin coated surfaces.
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Hypothesis 3: the Rho family of small GTPases plays a role in the mechanism by which

fibronectin modulates gene transfer in two dimensions

1.2.4 Specific Aim 4 (chapter 9 and 10)
This aim studied and compared the process of non-viral gene transfer in cells plated in two
dimensions on tissue culture plastic and cells plated in three dimensions in hyaluronic acid
hydrogels functionalized with adhesion peptide.
Hypothesis 4: The gene transfer mechanism is different in cells seeded in two and three
dimensions because of different cell-matrix adhesions which result in different

intracellular signaling cascades.

The accomplishment of the above mentioned aims provided an understanding of the cellular
environment to obtain efficient gene transfer for the purpose of tissue regeneration and gene
therapy. This would assist in making artificial extracellular matrix environment (aECM) which is
able to incorporate complete biological cues that maintain cellular function while enhancing gene

transfer to cells in-vitro and in-vivo.

1.3 Thesis outline

After this introductory chapter, chapters 2 and 3 provide relevant background to the topic of the
thesis. First in chapter 2, importance of mesenchymal stem cells (MSCs), gene delivery with an
emphasis on linear polyethylenimine (LPEI) mediated non-viral gene delivery and endocytic
pathways involved in the process of gene transfer has been reviewed. Chapter 3 describes the

role of the cellular microenvironment on gene transfer. This is followed by a brief overview
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about the differences in cell behavior including proliferation, differentiation, gene expression,
etc., when cells are cultured in a 2-D and 3-D microenvironment. The cell cytoskeleton and its
components have been subsequently reviewed in chapter 3, followed by a review of
RhoGTPases, which mediate the crosstalk between the cell microenvironment and cell
cytoskeleton.

An overview of the experimental work presented in this thesis is illustrated in Figure 1-2.

In chapters 4 and 5, different ECM proteins at different densities and in different combinations
have been screened to assess their effect on gene transfer. C | and Fn maximally inhibited and
enhanced transgene expression, respectively. Subsequently, the reasoning behind the influence of
ECM proteins on gene transfer was studied by analyzing cell area, polyplex internalization, cell
proliferation and intracellular trafficking. After elucidating the role of cell area and intracellular
trafficking in ECM modulated non-viral gene transfer, the role of different endocytic pathways
and cytoskeletal dynamics on Fn and C | was analyzed in chapter 6. To further determine the
mechanism related to intracellular signaling molecules that is involved in ECM modulated non-
viral gene transfer, the role of RhoGTPases specifically RhoA, Rac and Cdc42 in gene transfer in
2-D was studied in chapters 7and 8. Chapter 3 gives the background on RhoGTPases.

After having analyzed and shown the influence of cell microenvironment on non-viral gene
transfer in cells cultured on 2-D surfaces, chapter 9 examines the role of fibrin gels for 3-D
culture of mMSCs and hMSCs. Chapter 10 moves on to study the effect of dimensionality on
gene transfer. The mechanisms directing gene transfer in 2-D that have been elucidated in
chapters 6 and 7, namely endocytic pathways, cytoskeletal dynamics and RhoGTPases, were also
studied in cells cultured in 3-D in HA hydrogels in chapter 10. The objective was to determine

and compare the non-viral gene delivery mechanism employed by MSCs cultured in 2-D on



tissue culture plastic surfaces with MSCs cultured in 3-D in HA gels. Chapter 3 gives the
background describing the differences and relevance of cell culture in 2-D and 3-D. Hyaluronic
acid hydrogels functionalized with adhesion peptide (RGD) were used for 3-D culture of cells.

Chapter 10 contains the conclusions and future directions for the research.



Chapter3 Chapter2 Chapter 1

Extracellularmatrix, cell MSCg, non-viral gene Motivation, objective and
cytoskeleton and RhoGTPases delivery and endocytosis specific aims
l ChapterS AIM 1, Hypothesis1
Influence of combination of
L-PFIH+DNA = [} f ECM proteins on gene transfer
Chapter4 AINM 1. Hypothesiz1
Influence of identity and dengity 1. Polyplexinternalization

of ECM protein on gene transfer

2. Cell Proliferation

3. Cell morphology

4. Cell area/length

Identified Understandthe
. : . _* . proteins underlying mechanisms 5. Tntegrin expression
—— ) \ 6. Intracellular trafficking
Identification of proteinsthat
enhance gene transfer
N Chapter 6 ATM 2, Hypothesis2

Role of cytoskeleton and

Chapters7 and 8  AINM 3, Hypothesis3 endocyticpathways

Roleof RhoGTPasges

Rho,Racand Cdc42
@ Endocytosis

Polymerized Q

Actin Polymerized

Nacrotubule

Chapters9 and 10 AIDM 4. Hypothesis4

Influence of dimensionality on
non-viral gene transfer

@ 3-D e

<
w

Chapter11
Conclugion

Figure 1-2: Thesis outline with an overview of the AIMs and Hypothesis covered in each
chapter .



Chapter 2

Mesenchymal Stem Cells, Non-Viral Gene Delivery, and
Endocytosis

2.1 Application of mesenchymal stem cells

MSCs are an attractive tool for cell therapy [8, 9] due to their ease of isolation, ability to expand
in culture and the potential to differentiate into osteoblasts [10], chondrocytes [11], myocytes,
adipocytes [12], and beta-pancreatic islets cells. They are applicable for autologous
transplantation with no associated immunogenicity and possess local immunosuppressive
properties [13]. Bone marrow derived mesenchymal stem cells (MSCs) can be genetically
modified to serve as cell carriers for local and systemic delivery [14]. MSCs have the potential to
migrate to tumor tissues and have therefore received attention for tumor therapy. Recent studies
have shown that transduced NK4 in MSCs genetically modified using adenovirus vectors
significantly increased the lifespan of mice having colon-26 cell line xenograft in lungs by
inhibiting angiogenesis, and inducing apoptosis of tumor cells [15]. MSCs with forced
expression of IFN-B using adenovirus have been shown to inhibit the growth of malignant cells
in-vivo [16]. Other studies have shown that MSCs modified to transiently express VEGF after

transplantation led to improvement of the heart function in myocardial infarction models [17],
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whereas MSCs expressing BMPs (using adenoviral gene delivery) enhance bone formation in
mice [18, 19]. However, viral gene delivery has limited applicability in clinical studies due to
complications related to immunogenicity [13], while non-viral gene delivery is limited by its
efficiency [20, 21].

The development of safer vector systems that efficiently transfect MSCs will assist in therapies
where gene transfer can be targeted in in-vivo sites and expand the applicability of MSCs in
regenerative medicine.

In this research study, we have investigated the influence of ECM proteins on non-viral gene
delivery to MSCs, in an effort to enhance transfection to this cell type due to their broad

applicability for regenerative studies.

2.2 Gene delivery

Gene delivery has widespread applications in gene therapy and regenerative medicine [22] which

have the potential of impacting human life. Gene o Ngpomer
. . : L DNA *
delivery for tissue regeneration has been applied in N/P = # of NH»
# of PO3
studies aiming to promote regeneration of blood °
Polyplex.

vessel [23], bone [19, 24], nervous system [25], soft Bolus delivgy) po

tissues [26, 27] and cartilage [28-30]. Gene
delivery can be achieved with the use of modified

viruses (viral delivery) or polymers (non-viral €
Figure 2-1. Non-viral gene delivery.
delivery) that encapsulate or condense plasmid Polyplexs are formed by complexation
of DNA with a polycation, and are
DNA into particles which can transport the DNA  delivered as a bolus to cells. Polycation
such as PEI shield the negative charge
inside the cell. Viral gene delivery makes use of the on DNA, thereby enhancing cellular
uptake as well as aid in endosomal
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natural ability of viruses to efficiently transfect cells.

However, non-viral gene delivery has the added advantages of being: 1) safer, 2) non-
immunogenic, 3) having the ability to carry larger loads, 4) overcoming the deleterious effects of
insertions and mutations posed by viral gene delivery and 5) facilitate large scale production.
Though non-viral gene delivery remains to be a promising technology with wide applications in

tissue regeneration and treating disease, it is limited with respect to its efficiency and targeting.

2.3 Non-viral gene delivery

Non-viral gene transfer provides a safe method to transfect cells for the purpose of clinical
treatments. The introduction of foreign genetic material into cells using non-viral approaches can
be achieved through a variety of methods, including physical and chemical methods such as:

I Physical Methods: 1) Naked DNA delivery by injection, 2) electroporation, 3) microinjection,
4) ultrasonic gene transfer and 5) hydrodynamic gene transfer;

I1 Chemical Method: 1) Particle mediated gene transfer, 2) calcium phosphate precipitation

and 3) DEAE-dextran and polybrene.

Particle mediated gene transfer has been used as the method for non-viral gene delivery in the

study reported in the following chapters.

2.3.1 Chemical method (particle mediated gene transfer)
It offers ease of manipulation, targeting and broad applicability [31] while not being as invasive
as the physical methods. Further the in-vivo application of electroporation is significantly limited

as its effective range to transfect is ~1 cm between the electrodes, it requires a surgical procedure
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to place the electrodes deep into the internal organs and the high voltage applied can result in
irreversible damage to the tissue [18].

On the other hand, chemical methods including calcium phosphate precipitation, DEAE-dextran
and polybrene make use of inexpensive reagents, but require careful preparation of reagents
(CaPO, solutions are pH sensitive), DEAE-dextran is limited to transient transfections, cell
toxicity and reproducibility can be problematic.

While electroporation and microinjection can be used to inject the DNA in tissues and cells, gene
transfer via other routes of administration, such as intratracheal and intravenous injection require
the use of a delivery vector that stabilizes the DNA and protects it from nucleases. Hence,
various viral and non-viral vectors have been developed. Cationic lipid and polymer based

systems are most widely used among the synthetic vector systems.

2.3.1.a Cationic lipids based gene delivery systems. The use of cationic lipids in gene delivery
was first introduced by Felgner et al in 1987 [32]. Cationic polymers were introduced in the
same year by Wu and Wu, while Behr and coworkers introduced the second generation PEI in
1995 [33]. Typically DNA is complexed with a lipid or a polycation to form a lipoplex or a
polyplex, respectively (Figure 2-1), and targeted to the specific cell type. Furthermore,
endocytosis has been demonstrated to be the main mechanism for the cellular uptake of non-viral
gene delivery systems [34, 35]. Though positively charged lipoplexes enhance gene expression
due to ionic interactions with the negative cell membrane and facilitate the endosomal escape,
this charge also makes them susceptible to interaction with the negative constituents in the

circulation after in-vivo administration, thereby limiting their application via systemic delivery.
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2.3.1.b Cationic polymer based gene delivery systems. Cationic polymers condense the DNA
more efficiently resulting in smaller DNA condensed particles, as compared to cationic lipids.
The size of the particles ranges between a few hundred nanometers to micrometers in the
absence and presence of salt, respectively [36]. Previous studies [37] have shown that
complexing with a polycation not only protects DNA from degradation by nucleases, but also

helps in its uptake.

2.4 Polyethylenimine (PEI) -DNA complexes (polyplexes)

PEI based Polyplexes have been widely used as it has the ability VHV\H%\/NHZ

to cause endosomal escape. A ‘proton sponge hypothesis’ has Linear PEI

been proposed to explain this ability [33] and has been "

confirmed by recent studies [38]. This hypothesis suggests that /\H‘V\/N\/\N%\/NHZ
PEI becomes more protonated at low pH as in endosomes. This Branched PEI NH
protonation triggers an influx of CI" ions with protons leading to HoN

) i . ) Figure 2-2: Structure of linear
water influx which causes the swelling and rupturing of the 5.4 pranched PEI

endosomes. In addition, linear PEI-DNA complexes (Figure 2-2) have been shown to have
improved cell viability, promote nuclear localization, and increase the transfection efficiency as
compared to branched PEI-DNA complexes [39, 40].

The investigation of effective ways to deliver genes using a non-viral approach has focused on
(1) the vector used to condense DNA into a nanoparticle, (2) the sustained release of DNA or
DNA nanoparticles from scaffolds [27], (3) the design of the plasmid DNA used [41], and more
recently, (4) the engineering of the cell and the cellular microenvironment to enhance the process

of gene transfer [6, 42]. Most of the effort has been focused on (1), the design of more
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sophisticated condensing agents for DNA that can more efficiently target desired cells and
achieve enhanced internalization, intracellular trafficking and nuclear entry [31]. Efficiency of
the plasmid expression can be significantly improved by optimizing promoter, enhancer, introns,
terminator sequences and codon usage, as well as episomal vectors have been developed to
increase the duration of gene expression [20].

Among all the condensing agents, cationic polymers, such as poly(ethylenimine) (PEI), are
widely utilized for non-viral gene delivery because they are able to condense DNA through
electrostatic interactions between the positively charged amines in the cationic polymer and the
negatively charged phosphates on the DNA. The condensation of DNA with PEI forms particles
(polyplexes) in the range of 50 to 200 nm in diameter [43]. DNA/PEI polyplexes enter the cell
through endocytosis and are believed to be able to escape the endosome through endosomal
buffering (the proton sponge effect, [44, 45]). Apart from DNA condensation, the amines in PEI
have been heavily modified with ligands, peptides, polymers to enhance targeting [46],
endosomal escape [47], nuclear localization [47, 48] and stability [49]. After each iteration a new
condensing agent for DNA is realized and the field gets closer to an efficient vector for non-viral
gene delivery. However, other aspects of the non-viral gene delivery process such as the role of
the cellular microenvironment and the mechanistic pathways involved within the cell should be
considered to arrive at an optimal solution for efficient and targeted gene transfer.

The role of the microenvironment surrounding the cell in gene transfer has not been investigated
in detail. In this study, it was aimed to understand the role of cellular microenvironment in non-
viral gene delivery by employing LPEI-DNA polyplexes as vector systems to deliver genes to

mouse bone marrow mesenchymal stem cells (mMMSCs).
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2.4.1 In-vitro PEIl mediated non-viral gene delivery : Pros and cons

One of the drawbacks of non-viral gene delivery vectors is the toxicity associated with large
dosage. The increase in cell toxicity with an increase in the N/P ratio (more incorporation of
polymer) was seen in the in-vitro studies conducted [50, 51]. Moreover non-viral vectors have a
relatively short duration of gene expression and little is understood about the fate of the plasmid
DNA after it reaches the cell nucleus. Free PEI is toxic to cells but when bound to DNA, its
detrimental effects are significantly reduced. Due to the fusogenic effects of PEI, one possible
reason for toxicity that has been proposed is that PEI will permeabilize the cell membrane [52].
However, studies showing the lysosomal disruption by PEI have not been conducted mostly on
mammalian cells [53, 54]. Another study showing lysosomal degradation by PEI was conducted
at concentration above 0.001 Mamine ON rat hepatocytes and not on lower concentration of 0.0002
Mamine, Which is more representative of the concentration used to transfect cells [55]. The data
from other similar studies collectively suggests that low concentrations of PEI will not harm
plasma membranes [52, 56, 57]. In a study conducted on three murine pulmonary target cell
lines, it was observed that low molecular weight PEI resulted in cytotoxicity only at high doses
while a cytokine response was observed at low dosage of PEI. Consequently, it was concluded
that low molecular weight PEI is powerful tool for respiratory tissue with reduced cytotoxicity

and minor proinflammatory potency [46].

2.4.2 In-vivo PEI mediated non-viral gene delivery : Pros and cons
On the other hand, studies have shown that the systemic delivery of DNA or siRNA mediated by
LPEI has no associated inflammatory response in-vivo in mice [58]. Furthermore, PEI has been

employed as the gene delivery system for many in-vivo and clinical studies. L-PEI has been
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used to deliver genes in-vivo into a wide range of organs, such as lung [46, 59], brain [60],
pancréas [21], retina [61], as well as tumor [62] in mice and rat models. Clinical trials using
linear PEI and a mannosylated derivative as gene delivery systems are underway for bladder
cancer [58] and human immunodeficiency virus (HIV) therapy [63] respectively. Though these
studies demonstrate the applicability of non-viral gene delivery mediated via PEI for the purpose
of gene therapy, no long term studies on the cytotoxicity of PEI and possible side effects has
been reported. PEI cannot therefore be considered completely harmless and further in-vivo and

long term studies need to be conducted.

2.5 Endocytosis pathways for non-viral gene delivery

The process of uptake of macromolecules and solute by the cell, in vesicles derived by the
invagination and pinching off of the membrane is known as ‘endocytosis’. Endocytosis can be
broadly classified into two types: 1) phagocytosis and 2) pinocytosis.

Phagocytosis is the uptake of large particles by specialized cells. Pinocytosis is the uptake of
fluid and solutes which occurs in all cells. The terms 'endocytosis' and 'pinocytosis' are mostly
used as synonyms, when referring to internalization in cells in general.

Endocytosis is the main mechanism of uptake of non-viral gene delivery systems [34, 35].

There are three main types of endocytic pathways: 1) clathrin mediated endocytosis, 2) caveolae
mediated endocytosis and 3) macropinocytosis .

In all three endocytic pathways the internalization step begins with the invagination of plasma
membrane and the conversion of this membrane into a closed vesicle called an endosome. Each

of the pathways has its own set of molecules that control internalization. These molecules
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assemble at the cell surface and physically deform the membrane into the shape of a vesicle. The
vesicle, the endosome, then detaches and migrates to other locations within the cell.

In clathrin mediated endocytosis and macropinocytosis, the endosomes often fuse with
lysosomes that contain many different hydrolytic enzymes.

Contrarily, in caveolae mediated endocytosis, small particles (50-60 nm) do not require further

processing and are delivered directly to the cytoplasm

2.5.1 Clathrin-mediated endocytosis

It is specialized for receptor-mediated endocytosis using clathrin-coated pits (CCPs). This pit is
recognized by the particles by the presence of a polygonal lattice on the cytoplasmic surface of
the membrane. The CCP then invaginates and is pinched off from the plasma membrane by
dynamin to form intracellular clathrin coated vesicles (CCVs). It is an energy-dependent process
that involves the assembly of the clathrin lattice underlying the plasma membrane. This is
necessary for the detachment of the invaginations as vesicles. The lattice shapes the plasma
membrane into a coated vesicle (CCVs) that immediately uncoats and fuses with endosomes.
The endosome functions as a switching area, which directs membrane and content particles to

specific locations within the cell.

2.5.2 Caveolae-mediated endocytosis

It uses membrane proteins that are anchored by lipid. The lipid anchor causes the attached
proteins to migrate in the plane of the membrane and cluster in a membrane specialization called
a caveolae. Clustering ensures that any ligand bound to these receptors will be concentrated in

this location. When caveolae close, they create a tiny compartment of uniform size that is sealed
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off from the extracellular space. When the ligand dissociates from its receptor, it reaches such a
high concentration that it naturally flows through water-filled membrane channels into the cell.

The closed caveolar compartment appears to be a unique space for the cell. It is transient, does
not merge with other organelles, and can selectively concentrate extracellular molecules or ions

and deliver them to the cytoplasm.

2.5.3 Macropinocytosis

It refers to the formation of large endocytic vesicles of irregular shape and size, as a consequence
of actin-driven invagination of the plasma membrane. It involves the cell membrane ruffling
induced by growth factors or other signals. Macropinocytosis is induced by formation of a linear
band of outward directed actin polymerization near the plasma membrane which lengthens into a
planar extension of the cell surface is known as a 'ruffle’ (membrane protrusions). Subsequently
these protrusions collapse onto and fuse with the plasma membrane to generate large endocytic
vesicles known as 'macropinosomes’. Macropinosomes have no coat, do not concentrate
receptors and vary in size up to 5 pm. Macropinosomes are an efficient route for nonselective

endocytosis of solute macromolecules, as they are relatively large in size.

An overview of the endocytic pathways with their advantages, disadvantages, and size of

internalized molecule, has been represented in table 2-1.
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ENDOCYTIC PATHWAYS

/

\

Pinocytosis Phagocytosis
Various Pinocytotic Pathways
Endocytic pathway Disadvantages Advantages Size of vesicle
Clathrin = Leads to lysomal = Inall cells 100-150 nm
mediated degradation = Targeted using ligands
endocytosis = Poor availability of gene like transferrin
near target site = Targeting increases
internalization
Caveolae = Slowly internalized, = Avoids lysomal 50-60 nm
mediated small in size degradation
endocytosis = Unlikely to contribute in | = Gives significant
most cells internalization
Macropinocytosis [e Increased uptake of e Pathway is still under 5um

macromolecules
Avoidance of lysomal
degradation

Ease of escape from
macropinosomes
because of leaky nature

investigation

Receptor
mediated
endocytosis

Promising approach to
deliver DNA efficiently in
defined populations

Exploring and targeting new

receptors internalized by
clathrin
independent endocytosis

Table 2-1: Overview of the endocytic pathways with their advantages, disadvantages, and size
of internalized molecule.
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Chapter 3

Extracellular Matrix, Cell Cytoskeleton, and RhoGTPases

3.1 Cellular Microenvironment
The cellular microenvironment is also known as the extracellular matrix (ECM). It comprises
physical and soluble signals. Cells interact with different signals using cell surface receptor

leading to signaling cascades within the cell, that guide cell fate and behavior.

3.1.1 ECM and cell fate

The cellular microenvironment plays a pivotal role in deciding the cell fate [64] by interacting
with cellular receptors which result in activation of different signal transduction pathways that
lead to cell proliferation, migration, differentiation and apoptosis [64, 65]. ECM made by bone
marrow cells has been shown to promote replication of mesenchymal progenitors and retention
of their multipotentiality as compared to tissue culture plastic [10]. Collagen Il ECM
significantly influences the chondrogenic differentiation of MSCs [11] while denatured collagen

I has been shown to significantly maintain the adipogenic differentiation potential of MSCs [12].
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Further studies have shown that the differences in the material properties of extracellular matrix

are able to guide cell adhesion, migration [66, 67] and proliferation [68].

3.1.2 ECM and gene transfer

The cellular microenvironment plays a key role in directing cell adhesion, migration,
proliferation and differentiation. Recent studies have implicated the role of ECM in gene
transfer. The stiffness of the matrix where the cells are bound affects their ability to internalize
and process DNA with stiffer substrates achieving higher polyplex internalization and overall
gene transfer efficiency [1]. Further, macro and nanotopography affects gene delivery by
modulating endocytic pathways. Highest transfection efficiency in hMSCs was observed on
micro and nanopillars using FITC-dextran, and on nanopillars using GFP coded plasmid
transfection with lipofectamine [2]. The integrins through which the cells are bound and the
ligand density have also been found to modulate the process of gene transfer. Cells plated on
surfaces with different densities and nano-scale arrangements of the integrin binding peptide
RGD, demonstrated that surfaces with the highest density of RGD and shortest distance between
RGDs tested enhanced transgene expression [3]. Cationic lipid-mediated gene transfer to rat
smooth muscle cells is enhanced when the cells are plated on surfaces that promote a,33 binding,
with antibodies against o, 33 and 33 decreasing the amount of gene transfer [69]. Fibronectin (Fn)
has been found to enhance non-viral gene transfer to mesenchymal stem cells [4, 5]. The recent
studies that compared gene transfer on different structural ECM proteins showed that gene
transfer to NIH/3T3 fibroblast was enhanced when the cells were plated on Fn, as compared to
cells plated on collagen I (C I), laminin and BSA [6] and that gene transfer to PC12 cells was
enhanced on collagen IV (C 1V) compared to C I, laminin, Fn, and polylysine [7]. The effect of
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ECM on transgene expression in NIH3T3 cells [6] and PC12 [42] was correlated to nuclear area
and ability to influence endocytosis pathways, respectively.

Though this indicates that the constituents of the cellular microenvironment as well as their
properties may influence gene transfer, the nature of the role of extracellular matrix (ECM) and
its implications in guiding gene transfer are not fully understood. The understanding of the
influence of the microenvironment in gene transfer and the possible mechanisms involved would

aid in developing more efficient non-viral gene delivery therapies.

3.1.3 2-D versus 3-D in-vitro microenvironment

The cellular function and behavior on 2-D surfaces does not correlate with cellular responses in
3-D matrices. Cells in tissues are in a three-dimensional environment having characteristic
biophysical and biomechanical signals. The biophysical signals embedded in three dimensional
matrix influence cell functions like migration, adhesion, proliferation and gene expression [70-
73]. The ligands presented by the matrix bring about adhesion clustering, thereby altering cell
behavior. The integrin (integrins alphal, betal and beta3) and ECM protein (collagen Type | and
I1l, and tropoelastin) expression in vascular smooth muscle cells has been shown to be
upregulated in 3-D matrices of fibrin, collagen as well as in composite matrices having 1:1 ratio
of fibrin: collagen; as compared to in 2-D surfaces coated with the respective proteins [74]. The
integrin expression guides the cellular response to particular ECM components and directs cell
function. Certain cellular processes of differentiation and morphogenesis for tissue engineering
[75, 76] have been shown to occur preferentially in 3-D instead of 2-D. MSCs significantly up
regulate the expression of smooth muscle specific proteins such as aSMA and myosin when

cultured in 3-D PEG hydrogels as compared to on a tissue culture plastic surface [77]. It is likely
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that scaffolds mimicking the natural milieu may play a role in modulating gene transfer to cells
while having the ability to enhance cell growth and differentiation processes in 3-D. Data from
the preliminary studies indicates that the cellular microenvironment is able to modulate gene
expression and internalization in 2-D. However, 2-D studies are not indicative of cellular
responses in 3-D as 2-D cannot emulate a 3-D environment. The study of the effect of cell
response to ECM proteins on gene transfer in 3-D would help decipher the differences in cellular

gene transfer in 2-D and 3-D, and to be able to demonstrate our hypothesis in 3-D and in-vivo.

3.2 Hydrogels as scaffolds for 3-Dimensional cell culture

Scaffolds with incorporated biological cues mediate tissue formation by guiding the adhesion,
proliferation and differentiation of the transplanted cells or the native infiltrating cells at the site
of tissue regeneration. The 3-D scaffold is typically biocompatible, while degrading and
resorbing at a rate corresponding to tissue growth, thereby defining the shape and function of the
assimilated cell structure [78]. Both, synthetic and natural materials have advantages as 3-D
scaffolds over 2-D surfaces. While natural materials provide essential cues that mediate
biocompatibility they usually lack the mechanical strength of the synthetic scaffold. There is a
lot of interest in tissue like hydrogels as scaffolds since they embody tissue like flexibility while
possessing viscoelastic properties, interstitial flow and diffusive transport characteristics similar
to tissue.

In chapt ers 9 and 10 of this thesis, hyaluronic hydrogels functionalized with an adhesion peptide

were used to culture mouse mesenchymal stem cells (mMMSCs) in three dimensions.
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3.3 Cell cytoskeleton

Eukaryotic cells contain three main kinds of cytoskeletal
filaments, which are: 1) microfilaments,

2) intermediate filaments and 3) microtubules. The

cytoskeleton provides the cell with structure and shape.

Microfilaments (actin filaments): These are the thinnest

filaments of the cytoskeleton. They are composed of linear ~ Figure  3-1:  The eukaryotic
cytoskeleton. Actin filaments are

polymers of actin subunits, and generate force by shown inred, microtubules
in green, and the nuclei are in

elongation at one end of the filament coupled with  blue.
Source:http://en.wikipedia.org/w

shrinkage at the other, causing net movement of the iki/Cytoskeleton

intervening strand.

The average size of these filaments is 10 nanometers in diameter and are more stable (strongly
bound) than actin filaments, and heterogeneous constituents of the cytoskeleton. Like actin
filaments, they function in the maintenance of cell-shape by bearing tension Intermediate
filaments organize the internal tridimensional structure of the cell, organelles and serving as
structural components of the nuclear lamina.. They also participate in some cell-cell and cell-
matrix junctions.

Microtubules: They are hollow cylinders about 23 nm in diameter, most commonly comprising
13 protofilaments which, in turn, are polymers of alpha and beta tubulin. They have a very
dynamic behavior, binding GTP for polymerization. They are commonly organized by the
centrosome.

In short, actin filaments are responsible for resisting tension and maintaining cellular shape,

forming cytoplasmic protuberances and participating in some cell-to-cell or cell-to-matrix
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junctions while the microtubules play a role in intracellular transport and mitotic spindle
formation. Recent studies have demonstrated the role of actin and microtubules in endocytosis

and gene transfer [79, 80] (Figure 3-2).

3.3.1 Role of microtubules in endocytosis and gene transfer.

Nocodazole, a microtubule depolymerizing agent, has been shown to increase the transfection
efficiency of the lipid-DNA complexes by enhancing perinuclear accumulation [81] in CV-1
cells as well as increase the transfection efficiency in 293-T7 cells [82]. The transfection
efficiency of lipid-bilayer coated gold nanoparticles was also increased prior to nocodazole
treatment and this was attributed to interrupted transportation of complexes to lysosomes [83],
using TEM in HEK 293T cells. Another study showed that nocodazole treatment inhibited the
transgene expression in cystic fibrosis airway epithelial cells [84]. It has been shown that
internalization via caveolae requires microtubules in contrast to internalization via clathrin while
both pathways converge at the late endosome/lysosome stage in CHO cells [85]. This indicates
that though microtubules are involved in gene transfer, the role played is dependent on the cell
type, vector system and route of internalization; since microtubule inhibition resulted in
inhibition of DNA transport to nucleus in caveolae mediate internalization in CHO cells as well
as can increase the DNA transport by assisting endosomal escape due to interruption of the

endosome to lysosome routing in HEK 293T cells.

3.3.2 Role of actin in endocytosis and gene transfer.
The inhibition of actin polymerization via cytochalasin treatment has also been shown to

decrease the transgene expression in 293-T7 cells, in cystic fibrosis airway epithelial cells and
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fibroblasts [79, 82, 84]. Actin affects the vector uptake but not the cellular localization, while
microtubules affect cellular localization [84]. Another study showed that interruption of actin
microfilament polymerization processes led to reduced internalization in 293T cells (60%), but
had no significant effect on COS7 (5%) or CHO cells (7%), indicating that the role of actin in
uptake is cell dependent [86]. Though the role of the cytoskeleton in gene transfer has been

implicated, its correlation with the cellular microenvironment has not been investigated before.

Since the cell cytoskeleton responds to cellular interactions with the ECM, regulating cell
morphology, spreading and migration, we hypothesized (AIM2) that it is likely that the influence
exerted by the ECM on gene transfer is orchestrated via the cell cytoskeletal dynamics. The role

of cytoskeleton in gene transfer has been studied in chapter 6.

3.4 RhoGTPases

3.4.1 RhoGTPases modulate cell behavior, morphology and migration [87].

Rho proteins alternate between an active GTP-bound state and an inactive GDP bound state. In
the active conformation, GTPases interact with and stimulate the activity of effectors which
participate in signaling cascades that coordinate various cell processes such as migration,
proliferation and gene expression. The cell migration is regulated in many ways by the
RhoGTPases such as by affecting actin and microtubule dynamics, cell-cell and cell-extracellular
matrix adhesion and intracellular trafficking of proteins required for cell motility [88]. Studies
have shown that Cdc42 mediates cell polarity and filipodia, Rac mediates protrusion of
lamellipodia, and Rho maintains cell adhesion during migration. Furthermore, there exists a

cross talk between the ECM and the RhoGTPases [89]. The Rho GTPases are localized at
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Figure 3-2: Mediation of non-viral gene delivery by the cell and role of RhoGTPases. The
interaction of Fn with cell surface receptors namely integrins and syndecans regulates the activity
of RhoGTPAases. Active Rho interacts with downstream effector ROCK to phosphorylate MLC
mediating contractility by influencing focal adhesion complex and stress fiber formation. On the
other hand active Rac and Cdc42 mediate cell motility and endocytosis by influencing ruffling as
well as lamellipodia and filipodia extensions.

membranes and become activated upon stimulation of cell surface receptors. Consequently, they
act as a focal point for adhesion signaling [89]. It has been shown that large focal adhesion
assembly seems to be dependent of RhoA, the adhesion induced membrane ruffling seems to be
dependent on Cdc42 and Rac, whereas all three seem to regulate cell spreading [90] (Figure 3-
2). The assembly of integrin complexes has been shown to require both, the ECM and the

intracellular Rac and RhoGTPases for fibroblast cells plated on fibronectin coated surfaces [91].
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Besides mediating the focal adhesions, cell motility and cytoskeleton dynamics, RhoGTPases
also influence cell proliferation [92] and gene transcription via integrin-dependent intracellular
signaling pathway [93]. The various RhoGTPases have further been shown to interact among
themselves. It has been shown that in 3T3 fibroblasts, Cdc42 activates Rac, which in turn
activates Rho [94]. It is likely that the interplay between ECM and integrins [95] is
communicated via the RhoGTPases and the resultant signaling cascades affecting cytoskeletal
dynamics, migration, proliferation and transcription factors are also able to regulate the gene

transfer in cells.

3.4.2 Effectors of RhoGTPases

Many proteins act as the downstream effectors of small RhoGTPases and mediate their effects on
cell morphology, focal adhesion and migration. RhoGTPase binds to kinases [96] such as
serine/threonine kinases, Rho kinase, ROK and the related pl60ROCK; and elevate their
activity. Activated Rho-Kinase can phosphorylate myosin light chain (MLC), which enhances
the binding to actin filaments and subsequently leads to formation of stress fibers. Phosphatidyl
inositol 4-phosphate 5-kinase (PIP5-kinase) and p140mDia also act as downstream Rho effectors
that regulate actin polymerization [97, 98]. On the other hand, serine threonine kinase PAK1 is
an effector for Cdc42 and Rac that has been shown to play a role in the motility of fibroblasts,
while POR1 acts as a target of Rac that plays a role in Rac-mediated membrane ruffling.
Furthermore, wiskott-alrich syndrome protein (WASP), related NWASP and Arp2/3 complex
play a role in the Rac and Cdc42 mediated signaling involving lamellipodial protrusions and

formation of filipodia.
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3.4.3 Role of RhoGTPases in gene transfer

RhoGTPases have been primarily implicated as the controlling factors in guiding cell motility,
morphology, contractility and proliferation [99]. Bacterial internalization [100, 101], adenovirus
internalization [102] and recently receptor mediated internalization of transferrin [103] have
been shown to be a resultant of host cell actin cytoskeleton manipulation at level of
RhoGTPases. RhoGTPases regulate phagocytosis [104], endocytic trafficking [105] as well as
mediate the various steps of vesicular trafficking [106]. However, the role of RhoGTPases in
non-viral gene transfer has not been earlier investigated.

Fibronectin has been previously shown to enhance signaling through RhoGTPases [89, 107-109].
Initial activation of Rac and Cdc42 by fibronectin has been shown to mediate cell spreading in
NIH/3T3 cells [108, 109]. The study of the expression of active RhoGTPases particularly RhoA,
Rac and Cdc42, and their role in gene transfer in cells plated on Fn (Chapter 7), provided
important cues regarding the mechanisms that can modulate gene transfer while mediating the

crosstalk between the cell and its microenvironment (Fn).
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Chapter 4

Effect of ECM Identity and Density on Non-Viral Gene
Transfer.

4.1 Introduction

Genetically modified MSCs are an attractive tool for cell therapy [14] due to their ease of
isolation, ability to expand in culture and the potential to differentiate into osteoblasts [10],
chondrocytes [11], myocytes, adipocytes [12], and beta-pancreatic islet cells [110, 111]. They
are applicable for autologous transplantation with no associated immunogenicity and possess
local immunosuppressive properties [13]. However, efficient and safe delivery remains the major
limitations for the use of gene therapy in tissue engineering and to genetically modify MSCs as
cell therapeutics. Although viral delivery is generally more efficient than non-viral approaches,
it has limitations due to its potential immunogenicity and insertion mutagenesis [112]. Because
of the mentioned safety concerns, non-viral approach was investigated. Non-viral gene delivery
has been discussed in detail in Chapter 2. In the research project reported in this thesis, linear has

been employed as the non-viral gene delivery vector.
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Most studies on gene delivery to mammalian cells have focused on improving the vector systems
[113] to enhance efficiency and achieve targeting to specific cells types. As a result, many
functionalized vector systems have been developed [114]. Although not as widely studied, the
cellular microenvironment has been successfully engineered to enhance gene transfer to a variety
of cell types [1-7, 69]. In chapter 3, the effect of cell microenvironment on non-viral gene
delivery has been described. We hypothesized that the extracellular matrix (ECM) environment
modulates non-viral gene transfer. By understanding the role of ECM in gene transfer

better delivery vectors and transfection protocols can be engineered.

Hence, to elucidate the role of the cellular microenvironment in mediating non-viral gene
delivery to mMSCs we initiated the study by analyzing the influence of several ECM proteins on
transgene expression and polyplex internalization. To understand the underlying mechanisms of
the observed changes in transgene expression, cell proliferation, cell morphology, and cell
integrin expression was analyzed. Aims and hypothesis covered in this chapter are: Aim 1 and

Hypothesis 1.

4.2 Material and methods

4.2.1 Materials. pCMV-Gluc plasmid was purchased from New England BioLabs (Ipswich,
MA) and expanded using an endotoxin free Giga Prep Kit from Qiagen following the
manufacturer’s protocol. Linear poly-(ethylenimine) (25 Kg/mol, PEI) was purchased from
Polysciences (Warrington, PA). ECM proteins such as vitronectin were purchased from
Invitrogen (Carlsbad, CA). Laminin and ECMg were purchased from Sigma Aldrich (St Louis,
MO), fibronectin was purchased from Millipore (Billerica, MA), collagen IV was purchased

from BD Bioscience (San Jose, CA) and collagen | was purchased from R&D Systems
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(Minneapolis, MN). All other reagents were purchased from Fisher Scientific unless otherwise

specified.

4.2.2 Cell culture. Mouse bone marrow cloned mesenchymal stem cells (D1, CRL12424) were
purchased from ATCC (Manassas, VA, USA). Cells were maintained in Dulbecco’s modified
eagle’s medium (Sigma-Aldrich) containing 10% bovine growth serum (BGS, Hyclone, Logan,
Utah) and 1% penicillin/streptomycin antibiotics (Invitrogen, Grand Island, NY) and cultured at

37°C and 5% COa.

4.2.3 Protein coating. Concentrations used for protein coatings were those recommended by
manufactures’ protocols; collagen | (R&D Biosystems, 5 pg/cm? or 50 pg/ml), fibronectin
(Sigma Aldrich, 1-5 ug/cm? or 0.5-50 pg/ml), laminin (Sigma-Aldrich 1-2 ug/cmz), collagen IV
BD biosciences at 1-5 pg/ cm?, Vitronectin (Invitrogen 3 ug/ml) and ECMg (Sigma-Aldrich, 96-
well 50-100 pl/well of stock solution at a concentration of 8-12 mg/ml for a 96 well plate). Two
times and half this concentration was tested, leading to 3 conditions. In addition, 20 pg/ml was
used as a standard concentration since this concentration overlapped with most of the suggested
concentrations. For the experiments with combinations of proteins the concentration suggested
by the manufacturer was used.

Stocks of vitronectin (0.5 mg/ml), laminin (0.89 mg/ml), fibronectin (1 mg/ml), collagen 1 (5
mg/ml), collagen 1V (0.694 mg/ml in 0.05M HCI), BSA (1% in PBS) and ECMg (8.54 mg/ml)
were made. The stock solutions of various proteins were further diluted in PBS to obtain the final
densities and composition used for coating. Protein solution at specific initial densities was

added in each well of a tissue culture plate and the plate was incubated over night at 4°C in a
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humid environment, followed by incubation at 3T for 2 hrs. The solution was removed and
wells were washed twice with PBS to remove unbound proteins. Wells were further incubated

with BSA (1% in PBS) for at least 30 minutes at 37°C followed by two washes with PBS.

4.2.4 Imaging of coated proteins. The homogeneity of the immobilized proteins was
qualitatively observed using the NanoOrange Protein Quantitation Kit (Invitrogen, Carlsbad,
CA) following the manufacturer’s instructions with minor modifications. The NanoOrange
solution was added to ECM coated plates (96 well or 48 well tissue culture plates) coated prior to
BSA blocking. The plate was then incubated at 95°C for 10 minutes and at room temperature for
20 minutes before reading the plate using a typhoon scanner. The scan was visualized for protein

homogeneity and was quantified using gray scale intensity readings.

4.2.5 Transfection. mMSCs were seeded on 48 well plates that were previously modified with
ECM proteins at cell densities of 20,000 cells/well. The cells were allowed to attach and
incubated on the surfaces for 16 hours before DNA/PEI polyplexes were added. DNA/PEI
polyplexes were formed by mixing equal volumes of plasmid DNA with 25 kDa-Linear PEI. For
every 1 pg of DNA, 1.65 pg of PEI was added to the DNA solution to get N/P of 12, vortexed
for 15 seconds and incubated at room temperature for 15 minutes. Salt was added directly to the
wells post addition of transfection solution to get the final concentration of 150 mM NacCl.
Polyplexes were added directly to the medium of the plated cells at a final DNA concentration of
0.5 pg for 48 well plates. Transfection was quantified at 48-hours post transfection using the
Gaussia Luciferase Assay System following the manufacturer’s instructions. Subsequently, cells

were lysed and the total amount of protein in samples was analyzed using Peirce BCA assay kit
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as per manufacturer’s protocol. Experiments were carried out in triplicates and results were

expressed as relative light units (RLU) per mg of cell protein.

4.2.6 Cell proliferation. The Cell Titer 96®Aqueous One Solution Cell Proliferation Assay
(Promega) was performed to determine the cytotoxicity and proliferation of the cells in different
ECM proteins. The Aqueous One Solution (20 pl) was added in each well to be assayed and
incubated for 2 hours. SDS (25 ul of a 10% solution) was added to each well after the incubation.

The fluorescence was measured using a plate reader at 490.

4.2.7 Cell morphology. mMSCs cells (20,000 cells/well) were seeded on 8-well coverslip
bottom plates pre-coated with ECM proteins. The cells were allowed to incubate for 16 hours
before being fixed and stained for actin and nuclear DNA using Alexa488-phalloidin and
Hoechst dye following the manufacturer’s instructions and standard staining protocols. Briefly,
after two PBS washes the cells were fixed with 4% paraformaldehyde (PFA) for 15 minutes at
room temperature and the cell membrane was weakened with 0.1% tritonX100 in PBS for 3
minutes. Hoechst dye and Alexa488-phalloidin were then added and left in the dark for 60
minutes at room temperature followed by two washes with 0.05% tween-20. The samples were

imaged using a Zeiss Axio Observer inverted fluorescence microscope.

4.2.8 Internalization of polyplexes. Plasmid DNA and the fluorescent DNA-intercalator
YOYO-1 were mixed at a ratio of 1 YOYO-1 molecule per 50 base pairs and were allowed to
complex for 60 minutes at room temperature. YOYO-1 labeled DNA was then used to prepare

PEI/DNA complexes at an N/P of 12 (as mentioned above) and bolus transfection was
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performed. Two hours after exposure to the polyplexes, cells were washed with PBS, trypsinized
with 50 pl of 0.25% trypsin-EDTA and finally suspended in 350 pl of 0.04% tryphan blue in 1%
BGS in PBS. Fluorescent cells were detected by flow cytometry with a FACScan X and data was
analyzed with CELLQuest (Beckton Dickinson). Experiments were performed in triplicates

analyzing 7000 total events per sample.

4.2.9 Analyzing integrin expression. Cells were cultured in T75 flasks till 80% confluency.
Cells were removed via standard trypsin/EDTA incubation. Subsequently, cells were centrifuged
and re-suspended in PBS with 1% BSA solution for 10 minutes, to prevent nonspecific binding.
For each sample 50,000 cells were incubated in 10 pug/ml PE or FITC conjugated antibody
solution for 30 minutes on ice, centrifuged and re-suspended in 1% Paraformaldehyde (PFA).
Following which the percent of cells expressing a specific a or B subunit and the level of
expression was assessed using flow cytometry with FACScan X and data analysis with Flowjo.
Experiments were performed in triplicates analyzing 3000 total events per sample. For all
samples, gating was done such that the negative control had 5% positive events (i.e. 5% of the

negative control had no antibody stain).

4.2.10 Statistics. All statistical analysis were performed using the computer program Instat
(GraphPad, San Diego, CA). Experiments were statistically analyzed using the Tukey test, which
compares all pairs of columns, using a 95% confidence interval or using the Dunnett test which

compares all columns versus a control column.
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Figure 4-1: NanoOrange staining of immobilized proteins. Picture of wells coated with Fn at an initial
density of 0, 10, 20, and 40 ug/ml respectively (A). Mean NanoOrange fluorescence of wells coated with
Fn (B) and C I (C) respectively using a typhoon scanner. Statistical analysis was done using the Tukey-
Kramer multiple comparison test. The symbol * represents a significant change in fluorescence between
the two surfaces at a level of p < 0.05, while + and +++ represents a significant change with respect to an
uncoated surface at a level of p<0.05 and p < 0.001, respectively.

4.3 Results and discussion

4.3.1 Imaging of coated proteins

To investigate how extracellular matrix proteins that bind through different integrin receptors
affect non-viral gene transfer to MSCs, the role of ECM proteins on efficiency of non-viral gene
transfer with DNA/PEI to mMSCs was studied by plating mMSCs on surfaces that had been pre-
coated with ECM proteins and then performing a traditional bolus transfection. Protein

coatings are reported as the solution concentration used to coat the surface. The solution
concentrations used are those suggested by the manufacturer for the protein type. For C I higher
coating densities are recommended (50 to 100 pg/ml) than for Fn (10 to 40 pg/ml). Increasing
protein coating with increasing protein solution concentration was confirmed through staining
the protein with a fluorescence protein quantification assay (Figure 4-1). The protein-modified

surfaces were imaged through a typhoon scanner. The protein coating was found to be uniform

37



(Figure 4-1A) with the fluorescence intensity increasing with increasing protein solution

concentration (Figure 4-1B, C).

4.3.2 Effect of ECM protein identity and density on transgene expression and polyplex
internalization

ECM proteins namely Vt, C I, C IV, Lm, and Fn were chosen for the study because they simulate
various physical signals in the cellular microenvironment by interacting with cells through
different integrin receptors including o,8s[115, 116], o131/0o81[117], o1R1[117], awslR/oelR1[118],
and asl:[119], respectively. In addition, ECMg (analogous to Matrigel) was reported by Sigma
to be mainly composed of Lm, C IV, heparin sulfate proteoglycan and entactin, and it provided a
more complex microenvironment to investigate.

Overall transgene expression was enhanced with statistical significance (at least p < 0.05) when
mMSCs were plated on C IV, Fn and ECMg compared to uncoated surfaces, leading to 6.1-,
14.6-, and 7-fold increase in gene expression respectively (Figure 4-2A). On the contrary,
overall transgene expression was significantly decreased (p < 0.05) when mMSCs were plated on
C I coated surfaces, resulting in up to 90-percent decrease in transgene expression. Lm and Vt
had no significant effect. However, the trend did not correspond with the levels of polyplex
internalization. The level of internalization on ECMg and C IV was statistically the same as that
for uncoated surfaces (Figure 4-2B). Fn coated surfaces resulted in significantly lower
internalization (p < 0.001), while higher densities of C | coated surfaces significantly increased

internalization (at least p < 0.05) as compared to uncoated surface.
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Figure 4-2: Effect of protein identity and density on gene expression and internalization. (A) Different
proteins were coated at various initial densities and D1 cells were plated. 16 hrs after cell attachment bolus
transfection was done with or without YOYO-1 labeled polyplexes. Transgene expression was analyzed 48
hours post transfection using luciferase assay and normalized with total protein quantified using Peirce BCA
assay. (B) Internalization was assessed 2 hours post transfection using flow cytometry. A total of 7000
events were analyzed per sample. Gating was done such that the negative control had 5% positive events.
Fold increase was calculated with respect to uncoated control and statistical analysis was done using the
Tukey-Kramer multiple comparison. The symbols +, ++ and +++ represent the significant change in
transgene expression or internalization with respect to uncoated to the level of p < 0.05, p < 0.01 and p <
0.001, respectively. The symbols * and ** represent the significant change in gene expression or
internalization between two different protein densities to the level of p < 0.05 and p < 0.01, respectively.
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A dose dependent response in gene transfer was seen with respect to ECM protein density for
ECMg, Fn and C I. Transgene expression (Figure 4-2A) statistically increased from 2.5- to 6.5-
fold as the concentration of ECMg decreased from 568 to 142 ug/ml (p < 0.05). Although not
statistically significant, the expression increased from 10.5- to 14.6- fold for an increase in Fn
concentration from 10 to 40 pg/ml and decreased by 67- fold to 90- fold for an increase in C |
concentrations from 25 to 100 pg/ml. Internalization (Figure 4-2B) significantly increased on
higher densities of C I at 50 and 100 pg/ml) and lower densities of Vt (1.5 and 3 pg/ml, at least p
<0.05).

Fn coating was shown to enhance gene transfer of lipoplexes to HEK cells from PLG surface
relative to collagen I, laminin and uncoated PLG, in-vitro [120]. Fn also enhanced gene transfer,
in-vivo at the site of spinal cord injury, from PLG multiple channel bridges [120]. Our results
suggested that protein identity as well as density influence gene transfer efficiency. Further, the
overall polyplex internalization rate decreased for Fn, demonstrating that polyplexes internalized
on Fn are likely to be more efficiently trafficked to the nucleus than the polyplexes internalized
on C I, resulting in increased transgene expression. A possible reason for differential gene
transfer on Vt, C I, Fn, C IV and ECMg could be that the varied ECM proteins employ different
pathways for internalization, which also influence the efficiency of intracellular trafficking and
transgene expression. Further, the effect of ECM on non-viral gene transfer is likely to be cell-
type specific. PC12, HEK293, NIH/3T3 and mMSCs have all shown enhancement of
transfection efficiency with specific ECM coatings [6, 42, 120], but not the same ECM achieved

the highest transgene expression.
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4.3.3 Effect of protein identity and density on cell proliferation

mMSCs proliferated at similar rates on protein coated surfaces and uncoated surfaces by 24
hours. However, by 48 hours a statistical increase in cell proliferation was observed for cells
plated on Fn and Lm (p < 0.01, Figure 4-3), which is sustained till 72 hours. On the other hand a
statistically significant decrease was observed for cells plated on C | (p < 0.01) as compared to
uncoated. The increase in proliferation observed on Fn and the decrease observed on C |
correlate with the level of transgene expression; this finding can be correlated with efficient
trafficking to the nucleus when the nuclear membrane is compromised during cell division [121-
123].

The proliferation rate of mMMSCs on surfaces coated with Lm, C IV, Fn and ECMg was
statistically the same (Figure 4-3). Cell proliferation was also statistically the same on surfaces
with increasing concentration of ECM proteins. Thus, proliferation rate alone cannot explain the

observed protein identity and density dependent changes in the efficiency of gene transfer.

4.3.4 Effect of protein identity and density on cell morphology and area

The morphology of mMMSCs (Figure 4-4) plated on protein-coated surfaces was different for the
different protein coats as well as for different protein densities. Cells plated on Lm, C IV, Fn and
ECMg resulted in more elongated and widely spread cells compared to cells plated on uncoated,
Vtand C I. To quantify the cell morphology images, cell area and length were measured using
the Zeiss Axiovision 4.6 software. Interestingly, surface coatings that resulted in cells with
significantly larger areas (Figure 4-5), such as C IV, Fn and ECMg, resulted in significantly
enhanced transgene expression (p < 0.05) compared to uncoated surfaces (Figure 4-2A). On the

contrary, surface coatings that resulted in lower cell areas, such as Vt and C | (Figure 4-5),
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Figure 4-3: Effect of protein identity and density on cell proliferation. Cells were plated on different
densities of ECM proteins and MTS assay was done to determine the proliferation rate at 24, 48 and 72
hours after transfection. Cell viability was assessed by measuring and plotting MTS absorbance at 490
nmt. Statistical analysis was done using Dunnett multiple comparison test, which compares all columns
with a control column. The symbols + and ++ represent the significant change in MTS absorbance for
cells plated on protein coated surface with respect to cells on uncoated surface to the level of p < 0.05
and p < 0.01, respectively

resulted in higher polyplex internalization rates, but lower or similar transgene expression when
compared to cells seeded on uncoated surfaces (Figure 4-2). Furthermore, the lower transgene
expression observed on higher protein concentration of ECMg and C | correlated with the
significantly lower cell area. Our results indicate that the degree of cell spreading mediated by C
I, Vt, Lm, Fn and C IV affects the efficiency of gene transfer to mMSCs. The extent of cell

spreading is likely to depend on adhesion and cell-ECM interactions via ECM proteins on gene
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transfer by affecting cell adhesion and integrin interactions [124].

4.3.5 Integrin expression

The integrin expression of mMMSCs was analyzed to determine the correlation of cell-ECM
interactions mediated by the integrin expression and the influence of ECM proteins observed on
cell spreading and gene transfer. Flowcytometry data was analyzed for the percentage of cells
expressing the respective integrin (e.g. % gated cells, Figure 4-5B) and the total amount of
expression of the respective integrin (e.g. mean fluorescence intensity, Figure 4-5C). mMSCs
expressed high levels of as, 03, B1 and B3 with the percentage of cells expressing os and oz being
significantly more than the percentage of cells expressing oy and oy (p at least < 0.01). There was
no statistical significance for the percentage of cells expressing 1 and PBs. In terms of the amount
of integrin expressed, as determined by the mean fluorescence intensity, as was statistically
higher than oy, oz and oy and 1 was expressed to a higher level than B3 (p at least < 0.01). These
results correspond with the integrin profile reported for bone marrow derived MSCs [77].
Furthermore the observed morphology and transgene expression agrees with the integrin
expression profile for mMSCs; highest expression of Fn receptors os and 1, moderate
expression of collagen and laminin receptors oy and os, and negligible expression of vitronectin
receptor ay [125]. Adhesion molecules specifically B; integrin have been shown to mediate
transfection of lipoplexes in MDCK cells and recruitment of the same in EL4 T lymphocytes by
laminin enhanced their transfection [126]. a,fB3 integrin has been shown to be involved in the
process by which HUVECS internalize microparticles under flow [127]. a,f3 integrin binding is
required for adenovirus entry after receptor binding with a deficiency of these integrins limiting
transduction [128]. Our results indicate that the ability of the cells to interact with different

ECM proteins
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Figure 4-4: Effect of ECM protein identity and density on cell morphology. Extracellular matrix proteins and
ECM gel were coated at different densities on plastic slides. 14 hours post cell attachment cells were fixed and
stained with Hoechst and phalloidin dyes. Cell pictures were taken using the Zeiss microscope at 40x

magnification.
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Figure 4-5: Effect of ECM protein identity and density on cell area, and integrin expression of mMSCs.
(A) Extracellular matrix proteins and ECM gel were coated at different densities on plastic slides. 14
hours post cell attachment; cells were fixed and stained with Hoechst and phalloidin dyes. Cell pictures
were taken using the Zeiss microscope. The cell area was quantified using Axiovision4.6 software.
Statistical analysis on the quantified data was done using Dunnett multiple comparison test where cell
length on each surface was compared with the cell area on uncoated. The symbols + and ++ represent the
significant change in cell area on the protein surface with respect to cell area on uncoated surface, to the
level of p < 0.05 and p < 0.01. (B and C) Cells cultured in tissue culture flasks were removed with
trypsin/EDTA. Subsequently, cells were stained with PE or FITC conjugated antibodies specific for the
different integrins The percent of cells expressing a specific a or B subunit and the level of expression
was assessed using flow cytometry with FACScan X and data analysis with Flowjo. Experiments were
performed in triplicates analyzing 3000 total events per sample. For all samples, gating was done such
that the negative control had 5% positive events (i.e. 5% of the negative control had no antibody stain).
Statistical analysis was done using the Tukey-Kramer multiple comparison test. The symbols ** and ***
represent the significant difference between two integrins to the level of p < 0.01 and p < 0.001,
respectively.
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using integrins is an important factor determining the extent of cytoskeletal rearrangement and
spreading, which correlated with enhanced transfection.

Also interactions of structural components of the ECM such as Fn with cell surface receptors,
specifically integrins [89] and syndecans [129], are able to actively mediate crosstalk between
the ECM and RhoGTPases. This effectively engages RhoGTPases leading to adhesion signalling
[109, 130]. RhoGTPases have been primarily implicated as the controlling factors in guiding cell
motility, morphology, contractility and proliferation [99]. Bacterial internalization [100, 101],
adenovirus internalization [102] and recently receptor mediated internalization of transferrin
[103] have also been shown to be a resultant of host cell actin cytoskeleton manipulation at level
of RhoGTPases. Thus, the cell integrin expression profile as well as the ECM coat used during
transfection can influence the level of activation of RhoGTPases and dictate the ability of the

cells to become transfected.

4.4 Conclusions

Gene delivery has widespread application in regenerative therapies. The objective of such
therapies is to induce tissue regeneration at damaged tissues of organs with either transplanted
cells or host cells, by promoting the cell proliferation [131] and differentiation [14] as well as the
secretion of biological molecules by gene transfection. While non-viral gene delivery is safe and
less immunogenic as compared to viral delivery, it is severely limited in terms of efficiency. In
this study, ECM proteins have been identified that significantly enhance transgene expression in
mMSCs. It was observed that proteins that significantly enhance cell proliferation and area
significantly increase gene expression despite lower polyplex internalization. The observed cell

morphology on different ECM proteins corresponded with the integrin expression on mMSCs.
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To explain the role of ECM proteins in more detail, the role of combination of ECM proteins on
non-viral gene transfer was investigated in the following chapter. Moreover, internalization,

proliferation and cell area were analyzed as the factors modulating the influence of combination

of ECM proteins on gene transfer.
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Chapter 5

Effect of Combination of ECM Proteins on Non-Viral Gene
Delivery

5.1 Introduction

In chapter 4, we have shown that the ECM protein identity and density influence transgene
expression.

To further evaluate the role of ECM on non-viral gene transfer, the effect of combining multiple
ECM proteins on non-viral gene transfer was investigated in this chapter. Chapter 4 revealed that
proteins which essentially enhanced cell proliferation and area, significantly increased gene
expression while the opposite was observed for internalization. Therefore, to elucidate the
underlying mechanisms by which the different combinations of ECM proteins influence
transgene expression, cell proliferation, cell morphology, and intracellular trafficking were
analyzed. In chapter 4, the transgene expression was maximally enhanced in cells plated on
fibronectin (Fn) whereas cells plated on collagen 1 (C 1), a >90% decrease in transgene

expression was observed.
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In this chapter an attempt was made to determine: 1) if inclusion of Fn could rescue the
transgene expression on C |

2) if combinations of different proteins with Fn could further increase the transgene expression
as compared to Fn alone.

3) proteins having a dominant influence on gene transfer in the different combinations.

Aims and hypothesis covered in this chapter are: Aim 1 and Hypothesis 1.

5.2 Material and methods

5.2.1 Materials. pCMV-Gluc plasmid was purchased from New England BioLabs (Ipswich,
MA) and expanded using an endotoxin free Giga Prep Kit from Qiagen following the
manufacturer’s protocol. Linear poly-(ethylenimine) (25 Kg/mol, PEI) was purchased from
Polysciences (Warrington, PA). ECM proteins such as vitronectin were purchased from
Invitrogen (Carlsbad, CA), laminin and ECMg were purchased from Sigma Aldrich (St Louis,
MO), fibronectin was purchased from Millipore (Billerica, MA), collagen IV was purchased
from BD Bioscience (San Jose, CA) and collagen | was purchased from R&D Systems
(Minneapolis, MN). All other reagents were purchased from Fisher Scientific unless otherwise

specified.

5.2.2 Cell culture. Mouse bone marrow cloned mesenchymal stem cells (D1, CRL12424) were
purchased from ATCC (Manassas, VA, USA). Cells were maintained in Dulbecco’s modified
eagles medium (Sigma-Aldrich) containing 10% bovine growth serum (BGS, Hyclone, Logan,
Utah) and 1% penicillin/streptomycin antibiotics (Invitrogen, Grand Island, NY) and cultured at

37°C and 5% CO..
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5.2.3 Protein coating. Concentrations used for protein coatings were those recommended by
manufactures’ protocols; collagen | (R&D Biosystems, 5 pg/cm? or 50 pg/ml), fibronectin
(Sigma Aldrich, 1-5 ug/cm? or 0.5-50 pg/ml), laminin (Sigma-Aldrich 1-2 ug/cmz), collagen IV
BD biosciences at 1-5 pg/ cm?, Vitronectin (Invitrogen 3 ug/ml) and ECMg (Sigma-Aldrich, 96-
well 50-100 pl/well of stock solution at a concentration of 8-12 mg/ml for a 96 well plate). Two
times and half this concentration were tested, leading to 3 conditions. In addition, 20 pg/ml was
used as a standard concentration since this concentration overlapped with most of the suggested
concentrations. For the experiments with combinations of proteins the concentration suggested
by the manufacturer was used.

Stocks of vitronectin (0.5 mg/ml), laminin (0.89 mg/ml), fibronectin (1 mg/ml), collagen 1 (5
mg/ml), collagen 1V (0.694 mg/ml in 0.05M HCI), BSA (1% in PBS) and ECMg (8.54 mg/ml)
were made. The stock solutions of various proteins were further diluted in PBS to obtain the final
densities and composition used for coating. Protein solutions at specific initial densities were
added in each well of a tissue culture plate and the plate was incubated over night & 4n a
humid environment, followed by incubation at 37C for 2 h ours. The solution was removed and
wells were washed twice with PBS to remove unbound proteins. Wells were further incubated

with BSA (1% in PBS) for at least 30 minutes at 37°C followed by two washes with PBS.

5.2.4 Transfection. mMSCs were seeded on 48 well plates that were previously modified with
ECM proteins at cell densities of 20,000 cells/well. The cells were allowed to attach and
incubated on the surfaces for 16 hours before DNA/PEI polyplexes were added. DNA/PEI

polyplexes were formed by mixing equal volumes of plasmid DNA with 25 kDa-Linear PEI. For
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every 1 pg of DNA, 1.65 pg of PEI was added to the DNA solution to get N/P of 12, vortexed
for 15 seconds and incubated at room temperature for 15 minutes. Salt was added directly to the
wells post addition of transfection solution to get a final concentration of 150 mM NacCl.
Polyplexes were added directly to the medium of the plated cells at a final DNA concentration of
0.5 pg for 48 well plates. Transfection was quantified at 48-hours post transfection using the
Gaussia Luciferase Assay System following the manufacturer’s instructions. Subsequently, cells
were lysed and the total amount of protein in samples was analyzed using Peirce BCA assay kit
as per manufacturer’s protocol. Experiments were carried out in triplicates and the results were

expressed as relative light units (RLU) per mg of cell protein.

5.2.5 Cell proliferation. The Cell Titer 96®Aqueous One Solution Cell Proliferation Assay
(Promega) was performed to determine the cytotoxicity and proliferation of the cells in different
ECM proteins. The Aqueous One Solution (20 pl) was added in each well to be assayed and
incubated for 2 hours. SDS (25 ul of a 10% solution) was added to each well after the incubation.

The fluorescence was measured using a plate reader at 490 nm.

5.2.6 Cell morphology. mMSCs cells (20,000 cells/well) were seeded on 8-well coverslip
bottom plates pre-coated with ECM proteins. The cells were allowed to incubate for 16 hours
before being fixed and stained for actin and nuclear DNA using Alexa488-phalloidin and
Hoechst dye following the manufacturer’s instructions and standard staining protocols. Briefly,
after two PBS washes the cells were fixed with 4% paraformaldehyde (PFA) for 15 minutes at
room 9temperature and the cell membrane was weakened with 0.1% tritonX100 in PBS for 3

minutes. Hoechst dye and Alexa488-phalloidin were then added and left in the dark for 60

o1



minutes at room temperature followed by two washes with 0.05% tween-20. The samples were

imaged using a Zeiss Axio Observer inverted fluorescence microscope.

5.2.7 Internalization of polyplexes. Plasmid DNA and the fluorescent DNA-intercalator
YOYO-1 were mixed at a ratio of 1 YOYO-1 molecule per 50 base pairs and were allowed to
complex for 60 minutes at room temperature. YOYO-1 labeled DNA was then used to prepare
PEI/DNA complexes at an N/P of 12 (as mentioned above) and bolus transfection was
performed. Two hours after exposure to the polyplexes, cells were washed with PBS, trysinized
with 50 pl of 0.25% trypsin-EDTA and finally suspended in 350 pl of 0.04% tryphan blue in 1%
BGS in PBS. Fluorescent cells were detected by flow cytometry with a FACScan X and data was
analyzed with CELLQuest (Beckton Dickinson). Experiments were performed in triplicates

analyzing 7000 total events per sample.

5.2.8 Intracellular trafficking of polyplexes. mMMSCs were seeded on 8-well Lab-Tek
chambered coverglass (Thermoscientific) that was previously modified with ECM proteins, at
cell densities of 17,000 cells/well. Plasmid DNA was labeled using TM- rhodamine labeling kit
from Mirus Bio, as per manufacturer’s protocol and PEI/DNA complexes were made at an N/P
of 12. The cells were allowed to attach and incubated on the surfaces for 16-hours before
DNAV/PEI polyplexes were added. Six hours post transfection, cells were washed twice with
PBS and two times with cell scrub (Genlantis) solution to remove extracellular complexes. Later
the cells were fixed with 4% paraformaldehyde (PFA) for 15 minutes at room temperature and

nuclear DNA was stained using Hoechst dye. Intracellular trafficking was analyzed by taking
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fluorescent and brightfield images using a Zeiss Axio Observer microscope at 100x

magnification.

5.2.9 Statistics. All statistical analysis were performed using the computer program Instat
(GraphPad, San Diego, CA). Experiments were statistically analyzed using the Tukey test, which
compares all pairs of columns, using a 95% confidence interval or using the Dunnett test which

compares all columns versus a control column

5.3 Results

5.3.1 Effect of combination of ECM proteins on transgene expression

Combinations of ECM proteins were studied next to better understand the role of the ECM on
non-viral gene transfer. The final concentration of Fn was 20 pg/ml, Lm was 20 ug/ml, C IV was
25 pg/ml, C I was 50 pg/ml and Vt was 3 pug/ml in the combinations. Gene transfer in an
uncoated surface was used as the control. Combining Vt and C IV (Vt+C IV) enhanced the
transgene expression by 5.4-fold (Figure 5-1A), which was statistically significant compared to
either C IV or Vt by themselves (p < 0.001). The combination of Vt, Lm and C IV (Vt+Lm+C
IV) enhanced the transgene expression by 5.6-fold, which is statistically higher (p < 0.01) than
the transgene expression observed for the same individual proteins, and for Vt and Lm (Vt+Lm)
(Table 5-1). Further, the transgene expression on Vt+Lm+C IV was statistically the same to C
IV+Vt and to Fn, indicating that combining C IV with Vt increases the gene transfer efficiency
to mMSCs. A possible explanation for this could be that the extent of adhesion signalling on
recruiting multiple integrins including oy, ay and ;1 on C IV and Vt, is similar to that achieved by

recruiting as and 1 on Fn.
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Protein coatings that contained C | namely Fn+C I, Lm+C I, Fn+C I+Lm, and Fn+C I+Vt,
decreased the transgene expression by 70% (Figure 5-1A). Moreover, the transgene expression
on Fn+C I+Vt and Fn+C I+Lm was statistically lower than the expression on Fn, Fn+Vt and
Fn+Lm (Table 5-1A). These results indicate that the transgene expression in mMSCs is strongly
inhibited by C I even in combination with Fn.

Protein coatings that contained Fn and no C I, namely Fn+C IV, Fn+Vt, and Fn+C IV+Vt,
resulted in statistically similar transgene expression as observed on Fn (Figure 5-1A).

Moreover, Fn+Lm and Fn+Vt, mediated transgene expression that is statistically higher (p <
0.05) than on Vt or Lm. (Table 5-1A). These results indicate that even in the presence of Vt, Lm
and C 1V, Fn strongly enhances transgene expression and this association is likely mediated by
the as and P integrins.

It was interesting to note that protein coating with Fn+Vt+Lm improved the transgene expression
by 2.7-fold, which is statistically lower than the transgene expression observed on Fn alone (7.2-
fold) and Fn+Vt (8.6-fold), and statistically the same to the enhancement observed on Fn+Lm,

indicating that Lm reduces the effect of Fn.

5.3.2 Effect of combination of ECM proteins on internalization

As observed for individual proteins, the level of polyplex uptake (Figure 5-1B) did not
correspond with the level of transgene expression. Combination of Fn+C | significantly
increased internalization (p < 0.001) as compared to internalization on Fn alone, indicating the

dominant influence of C I on cells, as was observed for transgene expression. Interestingly, a
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Figure 5-1: Effect of combination of different ECM proteins on gene expression and internalization.
Combination of 2 or 3 different proteins comprising C I (50 pg/ml), Vt (3 ug/ml), Lm (20 pg/ml), Fn
(20ug/ml) and C 1V (25 pg/ml) were coated and D1 cells were plated. 16 hrs after cell attachments
bolus transfection was done with or without YOYO-1 labeled polyplexes. (A) Transgene expression
was analyzed 48 hours post transfection using luciferase assay and normalized with total protein
guantified using Peirce BCA assay. (B) Internalization was assessed 2 hours post transfection using
flow cytometry. A total of 7000 events were analyzed per sample. Gating was done such that the
negative control had 5% positive events. Statistical analysis was done using Dunnett multiple
comparison test where the transgene expression or internalization on each surface was compared to
that on uncoated. The symbols + and ++ represent the significant change in transgene expression or
internalization with respect to uncoated to the level of p < 0.05 and p < 0.01, respectively

significant decrease (p < 0.01) in internalization as compared to uncoated surfaces, correlated
with a significant increase (p < 0.05) in transgene expression for Vt+Lm+Cl 1V, Fn+Vt, Fn+C

IV+Vt and Fn+C IV+Lm as was seen for Fn.
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Figure 5-2: Effect of combination of ECM proteins on cell proliferation. Cells were plated on surfaces
pre-coated with combination of 2 or 3 different proteins including C I (50 pg/ml), Vt (3 pg/ml), Lm (20
pg/ml), Fn (20 pg/ml) and C 1V (25 pg/ml). MTS assay was done to determine the proliferation rate at
24, 48 and 72 hours after transfection. Cell viability was assessed by measuring MTS absorbance at 490
nmt. Statistical analysis was done using Dunnett multiple comparison test, which compares all columns
with a control column. The symbols + and ++ represent the significant change in MTS absorbance for
cells plated on protein coated surface with respect to cells on uncoated surface to the level of p < 0.05
and p < 0.01.

5.3.3 Effect of combination of ECM proteins on proliferation
mMSCs proliferated at similar rates on protein coated surfaces and uncoated surface by 24 hours
(Figure 5-2). By 48 hours, a significant decrease in cell proliferation for cells plated on C I,
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Fn+C I, and Fn+C I+Vt corresponded with the low expression on these surfaces. For all other
conditions there was no difference in cell proliferation as compared to cells on uncoated surface.
This indicates that the transgene expression for all other ECM combinations was independent of

proliferation.

5.3.4 Effect of combination of ECM proteins on cell morphology and area

The combination of ECM proteins was found to substantially influence the cell morphology and
area as compared to cells plated on uncoated surfaces and single protein coated surfaces.
Combination of Fn+C I, Lm+C | and Fn+C I+Vt reduced the extent of cell spreading (Figure 5-
3A) as compared to spreading on Fn, Lm and Fn+Vt. Increased cell spreading was observed for
combination of Fn or C IV with Vt (Fn+Vt, Vt+C IV) as compared to only Vt. A significant
increase in cell area (Figure 5-3B) corresponded with an increase in transgene expression as was
observed for cells plated on C IV, Vt+C IV, Vt+Lm+C IV, compared to uncoated. On the other
hand, the cell area (Figure 5-3B) on Vt, C I, Lm, Vt+Lm, Lm+C I, Fn+C I, Fn+C I+Vt and
Fn+C I+Lm protein coated surfaces was statistically similar to uncoated surface and
corresponded with either a significant decrease or no change in transgene expression with respect
to uncoated surfaces.

To determine if there was a statistical correlation between transgene expression and cell area
statistical analysis was done to compare the different conditions (Table 5-1A). Each condition
was compared with all combinations inclusive of Fn and exclusive of Fn using the Dunnett
multiple comparisons test. Similar analysis was done for cell area on different protein coated
surfaces (Table 5-1B) as was done for transgene expression (Table 5-1A). The 161 conditions

were classified as containing one, two or three ECM protein coatings. These coating conditions
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Figure 5-3: Effect of combination of ECM proteins on cell morphology and area. Combination of 2 or 3
different proteins comprising C 1 (50 pg/ml), Vt (3 pg/ml), Lm (20 pg/ml), Fn (20 pg/ml) and C IV (25
pg/ml) were coated on plastic slides. 14 hours post cell attachment, cells were fixed and stained with
Hoechst and phalloidin dyes. (A) Cell pictures were taken using the Zeiss microscope at 40x magnification.
(B) The cell area was quantified using Axiovision4.6 software. Statistical analysis on the quantified data was
done using Dunnett multiple comparison test where cell length on each surface was compared with the cell
area on uncoated. The symbols + and ++ represent the significant change in cell area on the protein surface
with respect to cell area on uncoated surface, to the level of p < 0.05 and p < 0.01, respectively.
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were analyzed to see if there is a correlation between spreading and transgene expression (Table
5-1C). For example, there is a 73% statistical correlation between spreading and transfection for
single ECM protein coated surfaces. The correlations between all conditions can be found in
Tables 5-1C and 5-1D. Together this suggests that the interactions of the cell with the ECM
that promote adhesion and spreading are highly likely to influence the efficiency of non-viral
gene transfer.

ECM adhesion molecules on cells such as integrins and syndecans are also involved in focal
adhesion and stress fiber formation [95]. Microfilaments play a role in trafficking and
depolymerization of actin has been shown to decrease DNA/PEI polyplex trafficking >60% [84].
Recently, internalization of DNA/polyethylenimine polyplexes associated with cell surface
receptor syndecan in Hela cells has been shown to be mediated by actin polymerization and the
resultant stress fibers near the cell cortex [132]. Thus, the extent of actin polymerization and
stress fiber formation on different ECM coated surfaces is likely to play a role in the efficiency

of gene transfer.

5.3.5 ECM proteins modulate intracellular trafficking of polyplexes.

To further investigate the mechanism by which ECM proteins modulate gene transfer,
fluorescently labeled polyplexes were tracked after gene transfer to determine their intracellular
location. ECM proteins were found to modulate the extent of trafficking to the nucleus. For cells
plated on C | and combinations including C I (Lm+ C I, Fn+C I, Fn+C I+Lm and Fn+ C I+Vt)
the trafficking of complexes to the nucleus was inhibited, with polyplexes located in the

cytoplasm or at the periphery of the nucleus (Figure 5-4A and B). The reduced trafficking on
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D q
Surfaces compared % correlation
All ECM protein combinations 69.57
Two ditferent single protein coated surfaces 7333
A single protein coated surface with a surtace coated
with two proteins 69.05
A single protein coated surface with a surface coated
with three proteins 63.89
A surface coated with three proteins and surtace
coated with two proteins. 64.29

Table 5-1: To fully analyze the role of individual proteins versus their combinations on transgene expression
(A) and area (B), statistical analysis was done using the Dunnett multiple comparison test. Each condition
was compared with all combinations inclusive of Fn and exclusive of Fn. The symbols *, ** and ** represent
the significant difference in transgene expression or cell area between two different surfaces to the level of p
< 0.05, p < 0.01 and p < 0.001, respectively. The symbols 'ns' represents no significant difference in
transgene expression or cell area between two different surfaces. (C) The correlation between extent of
spreading and transgene expression observed was analyzed. Bl represents that a significant difference in cell
area corresponded with a significant difference in transgene expression, and no significant difference in cell
area corresponded with no significant difference in transgene expression between the two surfaces compared.
[ represents no correlation in statistical difference in cell area with trangene expression on two different
protein coated surfaces. (D) Correlation between extent of spreading and transgene expression.
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Figure 5-4: Effect of combination of ECM proteins on intracellular trafficking. (A) Cells were
plated on surfaces pre-coated with single or combination of different proteins including C | (50
pg/ml), Vt (3 pg/ml), Lm (20 pg/ml), and C IV (25 pg/ml). 16 hrs after cell attachment bolus
transfection was done with TM-rhodamine labeled polyplexes. 6 hours post transfection cells were
washed with PBS and cellscrub solution, fixed and the nucleus was stained using the Hoechst dye.
Trafficking of the polyplexes to the nucleus was analyzed by taking combined 100x fluorescent and
brightfield pictures using the Zeiss microscope. These images are a maximum intensity projection of
three deconvoluted z-stacks, 0.3-0.5 um apart
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Figure 5-5: Effect of combination of ECM proteins on intracellular trafficking. (B) Cells were plated
on surfaces pre-coated with Fn (20 pg/ml) alone or a combination of Fn with different proteins
including C I (50 pg/ml), Vt (3 pg/ml), Lm (20 pg/ml), and C IV (25 pg/ml). 16 hrs after cell
attachment bolus transfection was done with TM-rhodamine labeled polyplexes. 6 hours post
transfection cells were washed with PBS and cellscrub solution, fixed and the nucleus was stained
using the Hoechst dye. Trafficking of the polyplexes to the nucleus was analyzed by taking combined
100x fluorescent and brightfield pictures using the Zeiss microscope. These images are a maximum
intensity projection of three deconvoluted z-stacks, 0.3-0.5 pum apart
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surfaces coated with C | and protein combinations constituting C | correlates with considerably
decreased transgene expression. On the other hand, Fn and combination of Fn with C IV, Vt and
Lm (Fn+C IV, Fn+Vt, Fn+Lm, Fn+Vt+Lm, Fn+C IV+Lm and Fn+C IV+Vt) mediated efficient
trafficking of the internalized complexes to the nucleus (Figure 5-4B). Trafficking of the
polyplexes to the nucleus was also observed on Vt, ECMg and C IV, while uncoated tissue
plastic and Lm mediated trafficking of internalized complexes to the nucleus in a few cells
(Figure 5-4A). A possible reason governing gene transfer is the cell response to ECM as a
resultant of affinity for respective integrins. Taken together, these results indicate that gene
transfer on different ECM protein microenvironments is modulated by integrin receptor engaged

and the resulting cell spreading and trafficking.

5.4 Conclusions

In this chapter, combinations of ECM proteins that significantly enhance transgene expression in
mMSCs have been identified. As was observed for single ECM proteins in chapter 4, the
combinations of ECM proteins that enhanced cell proliferation and area, significantly increased
gene expression while the opposite was observed for internalization. C | had a stronger influence
and inhibited the transgene expression when combined with Fn or Lm, which also correlated
with lower cell area on these surfaces. In contrast, Fn had a dominant influence as compared to
Lm and Vt, and enhanced the transgene expression. Interestingly, by combining Vt, Lm, and C
IV, similar influence as Fn was observed on the internalization, transgene expression, and cell
area. When comparing any two protein coated surfaces a 70% statistical correlation was present

between the extent of cell spreading and transgene expression. Moreover, efficient trafficking of
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the internalized complexes to the nucleus was observed to be a factor for enhancement of
transgene expression correlated on respective ECM coated surfaces.

On the whole, in this chapter the efficiency of gene-transfer was governed by the trafficking of
internalized polyplexes and cell area, which pointed towards a role of endocytosis and cell
cytoskeleton. To further understand the mechanism by which the ECM regulated gene transfer,
the role of endocytic pathways and cytoskeleton in ECM protein mediated non-viral gene
transfer was studied in the following chapter.

After determining the affect of ECM proteins in gene transfer, a scaffold or hydrogel can be
designed constituting a combination of ECM proteins. ECM proteins that specifically promote
proliferation or differentiation or have a dominant influence on gene transfer even in presence of

other proteins, can be incorporated.
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Chapter 6

Role of Endocytic Pathways and Cell Cytoskeleton in Non-
Viral Gene Delivery on Different ECM Coated Surfaces.

6.1 Introduction

Chapter 4 and 5 have evidenced that ECM proteins modulate non-viral gene transfer by
influencing cell area, cellular internalization and intracellular trafficking. Fn enhanced transgene
expression by increasing cell area and promoting efficient trafficking of the fewer polyplexes
internalized. On the other hand C I reduced transgene expression by not increasing area and by
not inducing efficient trafficking of the increased polyplexes internalized. Moreover, a 70%
correlation was observed between extent of cell spreading and transgene expression. This
indicated the possibility of involvement of different internalization pathways and cell
cytoskeleton in gene transfer in cells plated on Fnand C I.

Studies investigating the mechanism of PEI/DNA complex internalization and overall gene
transfer efficiency into adherent cells concluded that actin polymerization into stress fibers,

microtubule motor proteins, as well as protein kinase C (PKC) induced phosphorylation have a
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major role in polyplex internalization and trafficking [3, 4, 80, 132]. Chapter 3 had reviewed the
role of actin and microtubule in gene transfer.

The Fn induced enhancement of gene transfer to fibroblast was correlated to endocytosis [6],
while for PC12 cells the enhancement on collagen IV was correlated to the relative projected
nuclear area of the plated cells [42].

We had hypothesised that the varied ECM proteins influence the efficiency of gene transfer by
mediating differential endocytic pathways and cytoskeletal dynamics, that subsequently modulate
the process of gene transfer (hypothesis 2). To further investigate the mechanism by which C |
and Fn mediate either the inhibition or enhancement of non-viral gene transfer to mMSCs, the
roles of cell cytoskeleton and internalization pathways were studied in this chapter. mMSCS
were seeded on C | or Fn coated dishes and transfected in the presence or absence of
pharmacological inhibitors for cytoskeletal components or endocytic pathways. Aims and

hypothesis covered in this chapter are: Aim 2 and Hypothesis 2.

6.2 Materials and methods

6.2.1 Materials. pEGFP-luc plasmid was purchased from clontech (Palo Alto, CA) and
expanded using a Giga Prep Kit from Qiagen following the manufacturer’s protocol. Linear
poly-(ethylenimine) (25 Kg/mol, PEI) was purchased from Polysciences (Warrington, PA).
Various inhibitors namely Amiloride hydrochloride hydrate, Cytochalasin D, Nocodazole, and
Butanedione monoxime (BD) were purchased from Sigma Aldrich (St Louis, MO). Endothelin |
was purchased from Calbiochem (Gibbstown, NJ). Genistein, Chlorpromazine hydrochloride and

chloroquine diphosphate salt were purchased from Fisher scientific. Fn was purchased from

66



Sigma and C | was purchased from R&D Systems (Minneapolis, MN). All other reagents were

purchased from Fisher Scientific unless otherwise specified.

6.2.2 Cell culture. Mouse bone marrow cloned mesenchymal stem (D1, CRL12424) were
purchased from ATCC (Manassas, VA, USA). Cells were maintained in Dulbecco’s modified
eagle’s medium (Sigma-Aldrich) containing 10% bovine growth serum (BGS, Hyclone, Logan,
Utah) and 1% penicillin/streptomycin antibiotics (Invitrogen, Grand Island, NY) and cultured at

37°C and 5% COa.

6.2.3 Protein coating. Proteins were coated using a method described by Kruger et al. [133]
with minor modifications. The stock solutions of various Fn and C | were diluted in PBS to
obtain the final densities used for coating. Protein solution at specific initial densities was added
in each well of a tissue culture plate and the plate was incubated over night at 4C in a humid
environment, followed by incubation at 37C for 2 hours. The solution was removed and wells
were washed twice with phosphate buffer saline (PBS) to remove unbound proteins. Wells were
further incubated with BSA (1% in PBS) for 30 minutes at 37C followed by two washings with

PBS.

6.2.4 Transfection. mMSCs were seeded on 48 well plates that were previously modified with
ECM proteins at cell densities of 20,000 cells/well, respectively. The cells were allowed to attach
and incubated on the surfaces for 16 hours before DNA/PEI polyplexes were added. DNA/PEI
polyplexes were formed by mixing equal volumes of plasmid DNA with 25 kDa-Linear PEI. For

every 1 pg of DNA, 1.65 pg of PEI was added to the DNA solution to get N/P of 12, vortexed

67



for 15 seconds and incubated at room temperature for 15 minutes. Polyplexes were added
directly to the medium of the plated cells at a final DNA concentration of 0.5 pg for 48 well
plates. Salt was added directly to the wells post addition of transfection solution to get a final
concentration of 150 mM NaCl. Transfection was quantified at 48 hours post transfection using
the Promega Luciferase Assay system using a Luminometer (Turner biosystems, modulus,

Sunnyvale, CA) and an integration period of 10 seconds.

6.2.5 Cell proliferation. The Cell Titer 96®Aqueous One Solution Cell Proliferation Assay
(Promega) was performed to determine the cytotoxicity and proliferation of the cells exposed to
different conditions. The Aqueous One Solution (20 pl) was added in each well to be assayed
and incubated for 2 hours. SDS (25 ul of a 10% solution) was added to each well after the

incubation. The fluorescence was measured using a plate reader at 490 nm.

6.2.6 Internalization of polyplexes. Plasmid DNA (pGFPluc) and the fluorescent DNA-
intercalator YOYO-1 were mixed at a ratio of 1 YOYO-1 molecule per 50 base pairs and were
allowed to complex for 60 minutes at room temperature. YOYO-1 labeled DNA was then used to
prepare PEI/DNA complexes at a N/P of 12 (as mentioned above) and bolus transfection was
performed. Two hours after exposure to the polyplexes, cells were washed with PBS, trysinized
with 50 pl of 0.25% trypsin-EDTA and finally suspended in 350 pl of 0.04% tryphan blue in 1%
BGS in PBS. Fluorescent cells were detected by flow cytometry with a FACScan X and data was
analyzed with CELLQuest (Beckton Dickinson). Experiments were performed in triplicates
analyzing 7000 total events per sample. For all samples, gating was done such that the negative

control had 5% positive events (i.e. 5% of the negative control had internalized DNA).

68



6.2.7 Studying the role cytoskeleton in gene transfer. For treatment, the cells were allowed to
attach for 14-15 hours before the media in the wells was replaced with media containing the
inhibitor for 30 minutes. The media in the wells was changed with fresh complete medium after
treatment prior to transfections. 10 uM Nocodazole (Noc) treatment was given to depolymerize
microtubules, 10 mM Butanedione monoxime (BD) treatment was given to inhibit myosin
ATPase and 20 uM Cytochalasin D (CD) treatment was given to inhibit actin polymerization and
the resultant tension. Immediately after treatment, cell morphology was analyzed. Transfections
were done to study cell viability, internalization and gene expression after treatment, using
previously mentioned methodologies. Cell viability was studied 4 and 48 hour post treatment and

transfection.

6.2.8 Cell morphology. Cell morphology was analyzed to assess the effect of cytoskeletal
inhibitors. Wells were placed on a plastic coverslip using an 8 well flexiperm and the assembly
was placed inside a tissue culture sterile petridish. mMSCs cells (20,000 cells per 250 pl media)
were seeded per well on the coverslip pre-coated with Fn or C | and incubated for 16 hours
before being treated with cytoskeletal inhibitors. Immediately after treatment, cells were fixed
and stained for actin, microtubulin and nuclear DNA using rhodamine-phalloidin, Alexa488-
microtubulin stain and Hoechst dye, respectively, following the manufacturer’s instructions and
standard staining protocols. Briefly, after two PBS washes the cells were fixed with 4%
paraformaldehyde (PFA) for 15 minutes at room temperature. Cell membrane was weakened
with 0.1% tritonX100 in 1x PBS for 3 minutes. The staining solution consisted phalloidin and
Hoechst dyes. The staining solution was added in each well and left in dark for 30-60 minutes at

room temperature followed by washings with 0.05% tween-20. The sample was observed with a
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fluorescence microscope. The cell nucleus was observed as a blue stain, the actin filaments were
observed as a red stain, while the microtubulin was observed as a green stain. Images were taken
with a Zeiss AxioObserver Z1 inverted microscope at 40x magnification, keeping the same
exposure for all images and analyzed using Image J software to obtain the mean gray-scale

values.

6.2.9 Analyzing endocytic pathways. Cells were treated with inhibitors for endocytosis 16
hours post cell attachment prior to transfection to determine the endocytotic pathways active in
cells plated on Fn and C | coated surfaces. Clathrin-mediated endocytosis was inhibited by using
10 ug/ml chlorpromazine, caveolae-mediated endocytosis was inhibited using 200 uM genistein
and macropinocytosis was inhibited using 100 uM Amiloride hydrochloride. A 30 minutes
pretreatment was given followed by incubation with polyplexes for 4 hours in presence of
inhibitors. The media was then replaced with fresh media. Gene expression and internalization
were analyzed as described above. Cell proliferation after inhibitor treatment was analyzed 4

hours and 48 hours post transfection using above-mentioned method.

6.2.10 Statistics. All statistical analysis were performed using the computer program Instat
(GraphPad, San Diego, CA). Experiments were statistically analyzed using the Tukey test, which
compares all pairs of columns, Dunnet test which compares all columns versus a control column
or the unpaired t-test (two tail p-value) which compares two columns, as mentioned in the figure

legend. All test were done using a 95% confidence interval.
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6.3 Results and Discussion

6.3.1 Clathrin-mediated endocytosis mediates efficient gene transfer to mMSCs

As shown in chapter 3 the endocytosis rate did not explain why mMSCs plated on Fn coated
surfaces had enhanced gene transfer over uncoated and C | coated surfaces. Hence, we turned to
determine if the specific endocytosis pathway used for uncoated, C | coated and Fn coated
surface was different.

Because the reagents used to block specific endosomal pathways require the use of
pharmacological inhibitors, we wanted to ensure that they were not toxic to the cells. We
considered 65% percent viability an acceptable viability to conduct our assay. The treatment with
all endosomal inhibitors and polyplexes was found to have at least 65% percent viability (Figure
6-1) compared to untreated cells. Inhibition of macropinocytosis, caveole-mediated endocytosis
and clathrin-mediated endocytosis in mMSCs played a role in the internalization and the overall
gene transfer efficiency of PEI/DNA complexes. To be able to compare the effect of the
inhibitors directly, the data was normalized to make the no treatment condition (NT) for each
surface coating as one. Inhibition of macropinocytosis resulted in a statistical (p < 0.001)
increase in gene expression on all surfaces, indicating that directing internalization via other
pathways results in more efficient intracellular trafficking (Figure 6-2A). The increase in
transgene expression was highest for cells plated on C | coated surfaces (10-fold increase),
indicating that for cells plated on C I more polyplexes are actively internalized and routed using
this endosomal pathway. Inhibition of macropinocytosis resulted in a statistical decrease of
internalized polyplexes for all the surfaces (p < 0.001), confirming that all surfaces promote

internalization through this pathway (Figure 6-2B).
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Figure 6-1: Cell viability after endocytosis inhibitor treatment. Cells were plated on uncoated (A), or C |
coated (B) or Fn coated (C) surfaces. Cells were pretreated with the inhibitors for 30 minutes followed by
incubation with the DNA/PEI polyplexes for 4 hours in presence of the inhibitors. Cell viability was
analyzed at 4 and 48 hours post addition of the polyplexes using the MTT assay. Statistical analysis was
done using Dunnett multiple comparison test, which compares each treatment condition to the control. The
symbols + and ++ represent the significant change to the level of p < 0.05 and p < 0.01, respectively

Inhibition of clathrin-mediated endocytosis resulted in a statistical decrease in gene expression
for cells plated on uncoated and Fn coated surfaces (p at least < 0.01) and no change in gene
expression for cells plated on C | coated plates (Figure 6-2A). Internalization of polyplexes after
clathrin-mediated endocytosis inhibition resulted in a significant decrease in polyplex
internalization for all the surfaces tested (p < 0.001, Figure 6-2B). Since gene transfer was not
affected after clathrin inhibition on C I, this indicated that clathrin is not an effective route for

gene transfer on C I. On the other hand, the significant decrease in gene transfer after clathrin-
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mediated endocytosis inhibition (92% decrease) on Fn coated surfaces, suggested that this
pathway is critical for efficient gene transfer to cells plated on Fn.

Inhibition of caveolae-mediated endocytosis resulted in a significant decrease in transgene
expression for cells plated on uncoated surfaces (p < 0.001), a 13.2-fold increase for cells plated
on C | coated plates, and no significant change for cells plated on Fn coated plates, indicating
that caveolae-mediated endocytosis is activated to different extends for mMSCs seeded on the
different surfaces (Figure 6-2A). Internalization of polyplexes after caveolae-mediated
inhibition resulted in a significant decrease in polyplex internalization for all the surfaces tested
(p < 0.001, Figure 6-2B). Interestingly, although caveolae-mediated endocytosis plays a role in
internalization on Fn, it does not affect transgene expression, further suggesting that this
internalization pathway is not an effective route for gene transfer to mMSCs plated on Fn.
Overall, our results show that for mMSCs plated on protein coated surfaces, polyplexes
internalized through caveolae-mediated endocytosis do not lead to efficient gene transfer, while
polyplexes internalized through clathrin-mediated endocytosis result in efficient gene transfer.
Although genistein is widely used as a caveolae-mediated endocytosis inhibitor, it is a tyrosine
kinase inhibitor that has been reported to affect cell growth and proliferation [134]. Thus the
observed changes in internalization and overall gene transfer efficiency could be due to changes
in proliferation. Likewise treatment with chlorpromazine does not specifically block clathrin-
mediated endocytosis. It is also an antipsychotic and acts as an antagonist (blocking agent) on
different postsynaptic receptors [135]. However, since all the different conditions were treated
the same, we assumed that differences between protein coatings are beyond changes in

proliferation.
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Clathrin-mediated endocytosis has been previously reported to result in more efficient transgene
expression than macropinocytosis and caveolae-mediated endocytosis for histidylated
polylysine/DNA polyplexes [136] and alginate-chitosan particles [86]. The efficacy of the
clathrin pathway in transfection has been attributed to complexes being trafficked to the
endosome where they are released by the proton-sponge effect, while caveolae mediated
endocytosis can lead to vesicle entrapped complexes [86]. In addition, a recent study has shown
that the effective mode of endocytosis depends on the cell type along with the type of PEI used
[137]. In COS-7 cells, the clathrin dependent pathway was observed as the main contributor to
efficient gene transfer [137]. In HUH-7 cells, gene transfer by linear PEI polyplexes occurred
mainly via the clathrin dependent route, whereas both pathways mediated transfection by
branched PEI polyplexes [137]. In HelLa cells, both pathways were observed to mediate
successful transfection with the caveole pathway being more efficient [137]. Our results indicate

that the effective route of internalization can be modulated by the cellular microenvironment.

6.3.2 Reduction of cytoskeletal tension and microtubule polymerization enhances gene
transfer to mMSCs

To further investigate the mechanism by which the extracellular matrix environment affects non-
viral gene transfer to mMMSCs, the role of the cellular cytoskeleton in cells plated on Fn coated, C
I coated and uncoated surface was investigated. In particular, we investigated the role of actin
polymerization, myosin-actin interactions and the microtubular network because they have been
previously implicated in the modulation of non-viral gene transfer or endocytosis. To visualize
and quantify the changes in the cytoskeleton network of cells after inhibitor treatment, cells were

plated on Fn and C | coated surfaces, treated with the inhibitor, fixed and stained for actin,
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microtubules and the nucleus. Images were taken at 40x magnification, and analyzed to obtain
the grey scale values. After treatment with cytochalasin D (CD), an actin destabilizing agent, the
cellular actin network was severely compromised for cells plated on Fn as well as C I (Figure 6-
3B and 6-4B). However, no change was observed in the actin (Figure 6-3E and 6-4E) and
microtubulin (Figure 6-3F and 6-4F) fluorescence intensity. After treatment with nocodazole
(Noc), a microtubule polymerization-destabilizing agent, no significant change was observed for
microtubule fluorescence (Figure 6-3F and 6-4F). However, the cellular morphology was
significantly affected on both C | and Fn coated surfaces with cell becoming rounder and less
spread (Figure 6-3D and 6-4D). For cells plated on Fn coated surfaces a significant increase in
actin stress fibers was observed after Noc treatment (Figure 6-3D, E, p < 0.05). After treatment
with butanedione monoxime (BD), an inhibitor of the actin-myosin interaction, a significant
increase in actin stress fibers was observed for cells plated on Fn coated surfaces (Figure 6-3E, p
< 0.05), but not for cells plated on C | coated surfaces (Figure 6-4E, p < 0.05).

As with the endocytosis inhibitors, we wanted to ensure that the cells plated on C | coated, Fn
coated and uncoated surfaces and treated with cytoskeleton inhibitors were viable before
conducting our transfection studies. We considered 65% viability an acceptable viability to
conduct our assay using cytoskeletal inhibitors. We found that the treatment with CD and BD
inhibitors had at least 65% percent viability (Figure 6-5) compared to untreated cells. However,
treatment with Noc had 50% viability at 48 hours. This is likely due to the prevention of cell
division since the microtubules are key contributors of mitosis. Nevertheless, Noc has been
previously used in gene transfer studies [80-82, 84] and was used here to test the role of the

microtubular network.

76



A NERIEG =

(oM Actin-myosin (nBMicrotubule

U 2500
E 5 1400 FActin 1 F ¢ F Microtubulin ]
b 3 i) N ]
= 1200 2000 |- — ]
2 1000 . ] z A = ]
> + ] = 1500 F 7
> 800 g r ’
o g E > B
> 600 21000 | 7
D 400 ] o i ]
S 200f : g o00¢ ;
< g g -
0 [ = L
2 £ £ o < 0b
o 5 7] = c 4% £ 2
E < g 2 g 2 ¢ 3
= £ 3 £ < = z
£ £ 5 3 i B
o c = © T =
z < pd <

Figure 6-3: Effect of treatment with cytoskeletal inhibitors on actin and microtubular networks on Fn.
Cells were seeded on Fn coated surfaces and 14 hours post cell seeding treatment with no inhibitor (A)
or inhibitors against the actin network (B), actin-myosin interactions (C) and the microtubular network
(D) were given. Immediately post inhibitor treatment, changes in cell morphology were visualized
through staining for actin using rhodamine-phalloidin, microtubulin using Alexa488 conjugated anti a-
tubulin stain and for DNA using Hoechst dye. Images were taken with a Zeiss AxioObserver Z1
inverted microscope at 40 x magnification, and analyzed with Image J to obtain mean gray scale value
for the actin (red), tubulin (green) and DNA (blue). The mean gray scale values for actin and tubulin
were normalized with mean gray values for DNA and plotted (E and F, respectively). Statistical
analysis was done using Tukey-Kramer multiple comparisons, which compares all pairs within the
same protein coat. The symbols * represents the significant change to the level of p < 0.05.
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Figure 6-4: Effect of treatment with cytoskeletal inhibitors on actin and microtubular networks on C I.
Cells were seeded surfaces precoated with C | and 14 hours post cell seeding no treatment (A) or
treatment with inhibitors against the actin network (B), actin-myosin interactions (C) and the
microtubular network (D) were given. Immediately post inhibitor treatment, changes in cell morphology
were visualized through staining for actin using rhodamine-phalloidin, microtubulin using Alexa488
conjugated anti a-tubulin stain and for DNA using Hoechst dye. Images were taken with a Zeiss
AxioObserver Z1 inverted microscope at 40 x magnification, and analyzed with Image J to obtain mean
gray scale value for the actin (red), tubulin (green) and DNA (blue). The mean gray scale values for actin
and tubulin were normalized with mean gray values for DNA and plotted (E and F, respectively)
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Disruption of actin stress fibers statistically increased the transgene expression for cells plated on
uncoated and Fn coated surfaces (p < 0.05), while the expression on C | was severely inhibited (p
< 0.01, Figure 6-6A). Internalization of polyplexes after actin stress fiber disruption was
enhanced for cells plated on Fn (p < 0.01), but no significant difference was observed for cells
plated on uncoated or C | coated surfaces (p < 0.05, Figure 6-6B). This indicates that for cells
seeded on Fn coated surfaces, which had poor internalization (Figure 4-2B), the disruption of the
actin network enhanced endocytosis. Since the enhancement in endocytosis resulted in enhanced
gene transfer, it is likely that this internalization was through the clathrin pathway, since this
pathway showed efficient gene transfer for cells seeded on Fn coated surfaces. Further, for cells
seeded on C I, the actin network appeared critical for gene transfer. The already inhibited gene
transfer to mMSCs seeded on C | coated surfaces was further inhibited when the actin stress
fibers were disrupted. Together, these results suggest that cells seeded on Fn have a more
significant actin network than cells seeded on C I, and that the amount of actin stress fibers to
achieve efficient gene transfer goes through a maximum where too much actin reduces gene
uptake (Fn case) and too little actin reduces effective intracellular transfer (C I case). Therefore,
the disruption of actin network on Fn reduces stress fibers and cellular tension, and our results
indicate that this promoted gene transfer.

Disruption of actin-myosin interactions statistically increased transgene expression for cells
seeded on uncoated and Fn coated surfaces, while the expression on C | was unchanged (Figure
6-6A). However, the internalization of polyplexes was significantly decreased after disruption of
the actin-myosin interactions on all surfaces (Figure 6-6B). These results suggest that for cells

plated on Fn coated surfaces decreasing the contractility of the cell increases intracellular
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Figure 6-5: Cell viability after cytoskeleton inhibitor treatment. Cells were plated on uncoated (A), or C
I (50 pg/ml) coated (B) or Fn (40 ug/ml) coated (C) surfaces. Cells were treated for 30 minutes, after
which media was replaced and polyplexes added. Cell viability was analyzed 4 and 48 hours post
addition of polyplexes using MTT assay. Statistical analysis was done using Dunnett multiple
comparison test, which compares each treatment condition to the control. The symbols + and ++
represent a significant change to the level of p < 0.05 and p < 0.01, respectively

trafficking of the polyplexes toward the nucleus. Further, the results suggest that cellular
contractility, a result of actin-myosin interactions, is low for cells seeded on C I coated surfaces
since there is no effect when they are disrupted, while actin-myosin interactions are high for cell
seeded on Fn coated surfaces since when they are disrupted enhanced gene transfer occurs.
Disruption of microtubule polymerization significantly increased transgene expression on
uncoated, C | coated and Fn coated surfaces (p < 0.001, Figure 6-6A), while the polyplex
internalization significantly decreased on Fn and uncoated surfaces (p < 0.05, Figure 6-6B). The
microtubular network has been implicated with caveolae-mediated endocytosis [85] and
lysosomal trafficking of endosomes [83]. Thus, the increase in gene transfer on all surfaces can
be attributed to reduced trafficking to the lysosomes and reduced DNA intracellular degradation.
Since the enhancement in gene transfer was observed for all the surface coatings, the effect

appears independent of protein surface coating.

80



,
A 10 gUncoated
i 1100
0% = o
3 — 1
:ILI 110
10° ;
> m 11
n: 104 ]
%10‘% Cl 4100
5 r ITT] E
510°L | 1
= = —:10
— E E
10°L
1000
100

Luciferase RLU

10'F

10°

No treatment

Actin

Actin-myosin
Microtubule !

Juswieal) ou 0} 10adsal yjim N1y Ul ebueyd pjo4

B 200

1501

—
o
o

[$)]
o O o

N
o

Mean fluorescence (MF)

—
o
o

F)

—_—
o
o

Mean fluorescence (M
o
o

- Uncoated

—_—
[8)]
o

&)
o

N
o
oo

[&)]
o

L (D.....
8]

o
~

o

S
(0"

No treatment

81

Actin

Actin-myosin

Microtubule

o

o N
oo [\~

o
~

-
N

JusLujeal; ou 0} padsal yum 4IA ul abueys pjo4

o
oo

—
(o)}

—
N

o
~

Figure 6-6: Role of cell
cytoskeleton in transgene
expression and polyplex
internalization. Cells
were plated on uncoated,
C 1 (50 pg/mL) coated or
Fn (40 pg/mL) coated
surfaces for 14-16 hours
prior to treating the cells
with CD, BDM and Noc
for 30 minutes to inhibit

actin polymerization,
myosin ~ ATPase and
microtubule

polymerization,
respectively. Immediately
after  treatment  with
inhibitor, the medium
was replaced and bolus
transfection was done
with or without YOYO-1
labeled polyplexes.
Transgene expression
was analyzed 48 hours
post transfection using
luciferase assay (A) and
internalization was
assessed 2 hours post
transfection using flow
cytometry (B). A total of
7000 events were
analyzed per sample.
Gating was done such
that the negative control
had 5% positive events.
The transgene expression
and internalization
obtained after specific
inhibitor treatment were

statistically compared with untreated sample using the unpaired t-test (two tail p value). The symbols *,
** and *** represent a significant change to the level of p < 0.05, p <0.01, and p < 0.001, respectively

As with the inhibitors for the endocyotic pathways, the action of the cytoskeletal inhibitors is not

solely specific to cell cytoskeleton and affect the related pathways. Nocodazole interferes with



microtubule polymerization affecting related processes such as mitotic spindle formation [138].
This explains the significant decrease in proliferation observed 48 hours post nocodazole
treatment (Figure 6-5). Cytochalasin D (CD) which is a potent inhibitor of actin polymerization,
has also been reported to arrest the cell cycle at G1-S transition by activating the p53-dependent
pathways [139]. However, the concentration or time period for the inhibitor treatments used in
our investigation have been widely used to study cell cytoskeleton specifically [140, 141], and
are different than those used for related actions such as cell cycle arrest mentioned before [138,
139].

2,3-Butanedione monoxime (BD) which is widely used as a skeletal myosin Il inhibitor has been
shown be a cytoprotectant [142] as well as affects multiple mechamisms such as muscle
contraction, ionic current flow and synaptic transmission [143]. As with the endocytotic
inhibitors, all the different conditions were treated the same and we believe that differences
between protein coatings are beyond changes in proliferation.

These studies indicate that the structural ECM constituents affect the efficiency of non-viral gene
transfer by modulating cell cytoskeletal dynamics, uptake mechanisms and the resultant
intracellular trafficking. An in depth understanding of the underlying mechanisms of gene
transfer in cells would provide cues to design cell pretreatments, develop scaffolds and gene

delivery protocols, which are able to enact efficient gene transfer.

6.4 Conclusion
In conclusion, non-viral gene transfer to mMMSCs plated on surfaces coated with C | or Fn
resulted in different levels of gene expression and polyplex internalization. The differences

observed are due to differences in the endosomal pathways used for polyplex uptake and
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differences in the cellular cytoskeleton of the cell. In particular, we found that efficient gene
transfer to mMSCs plated on protein-coated surfaces is achieved when polyplexes are
internalized through clathrin-mediated endocytosis and that Fn promotes clathrin-mediated
endocytosis. Further, overall transgene expression for mMMSCs plated on C | coated surfaces was
inhibited and this inhibition was attributed to the promotion of internalization through caveolae-
mediated endocytosis and reduced actin polymerization. Lastly, in this chapter we have shown
that the amount of cellular tension affects non-viral gene transfer with decreased actin-myosin
interactions resulting in decreased internalization on all surfaces. The understanding of how the
cellular microenvironment affects the efficiency of non-viral gene transfer to MSCs can aid in
the design of effective strategies to genetically modify these cells and achieve their therapeutic

potential.
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Chapter 7

RhoGTPases Modulate Non-Viral Gene Delivery

7.1 Introduction

Chapter 4 and 5 have elucidiated that cellular microenvironment modulates non-viral gene
delivery to mouse mesenchymal stem cells (mMMSCs). Specifically six different ECM proteins
and their combinations were screened for their ability to enhance gene transfer to mouse
mesenchymal stem cells (mMSCs) using poly(ethylenimine) polyplexes. Proteins that promoted
well spread cells (e.g. fibronectin and collagen 1V) resulted in polyplexes being trafficked to the
nucleus and enhanced gene transfer, while those that resulted in less spread cells (e.g. collagen I)
resulted in polyplexes that did not colocalize with the nucleus and inhibited gene transfer [144].
In chapter 6, on comparing the internalization pathway of polyplexes for cells seeded on
fibronectin or collagen 1, different endocytic pathways were found to be used with clathrin-
mediated endocytosis being the primary pathway used for cells plated on fibronectin [145].

Further, polymerized actin, actin-myosin interactions, and the microtubular network were found
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to influence non-viral gene transfer to different extents for cells seeded on fibronectin versus
collagen 1 [145].

Structural components of the ECM such as Fn actively mediate crosstalk between the ECM and
RhoGTPases by associating with cell surface receptors, namely integrins [89] and syndecans
[129], which effectively engage RhoGTPases leading to adhesion signaling [109, 130].

The RhoGTPases along with their functions and downstream effectors have been described in
detail in chapter 3. In active GTP-bound state, RhoGTPases interact with and stimulate the
activity of effectors which participate in signaling cascades that coordinate various cellular
processes such as migration, proliferation [92], gene expression [93] and cytoskeletal
organization. Specifically, Cdc42 mediates cell polarity and filipodia, Rac mediates protrusion of
lamellipodia, and Rho maintains cell adhesion during migration [99]. Furthermore, bacterial
internalization [100, 101], adenovirus internalization [102] and recently receptor-mediated
internalization of transferrin [103] has been shown to be a resultant of host cell actin
cytoskeleton manipulation at level of RhoGTPases. However, the role of RhoGTPases in non-
viral gene transfer has not been previously investigated.

We had hypothesised that the Rho family of small GTPases play a role in the mechanism by
which ECM modulates gene transfer in two dimensions (Hypothesis 3). The research study
covered in this chapters examines if the interplay between Fn and integrins communicated via
the RhoGTPases [95] and the resultant signaling cascades affecting cytoskeletal dynamics,
endocytosis, gene transcription and proliferation regulated non-viral gene transfer in cells plated
on Fn. Herein, to begin to understand the cellular molecules involved in modulating gene
delivery to mMSCs plated on Fn coated surfaces, the role of Rho, Rac and Cdc42 RhoGTPases

in the uptake and transgene expression of DNA/PEI polyplexes was studied. The RhoGTPases
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were specifically inhibited using chemical inhibitors and dominant negative gene products, as
well as activated to determine their role in gene transfer and DNA/PEI internalization. The

research related to AIM 3 and Hypothesis 3 was covered in this chapter.

7.2 Materials and methods

7.2.1 Cell Culture. Mouse bone marrow cloned mesenchymal stem (D1, CRL12424) were
purchased from ATCC (Manassas, VA, USA). Cells were maintained in Dulbecco’s modified
eagle’s medium (Sigma-Aldrich, St. Louis, MO) containing 10% bovine growth serum (BGS,
Hyclone, Logan, Utah) and 1% penicillin/streptomycin antibiotics (Invitrogen, Grand Island,

NY) and cultured at 37°C and 5% CO..

7.2.2 Protein coating. Stock solution fibronectin (1 mg/ml, Millipore, Billerica, MA) was
diluted to 40 pg/ml in phosphate buffered saline (PBS), and added in each well of a tissue culture
plate. The plate was incubated over night at 4°C in a humid environment, followed by incubation
at 37°C for 2 hours [146]. The solution was removed and wells were washed twice with PBS to
remove unbound proteins. Wells were further incubated with BSA (1% in PBS) for 30 minutes

at 37°C followed by two washings with PBS.

7.2.3 Analysis of RhoGTPase activation by fibronectin or collagen 1. Poly-dimethoxy silane
(PDMS) sheets were made by mixing Sylgard 184 PDMS prepolymer thoroughly in a 10:1 mass
ratio of silicone elastomer to curing agent, degassing and casting in a square dish at 60°C
overnight. After the cured PDMS sheets were removed, they were cut into strips and oxygen

plasma treated using Technics RIE (Reactive lon Etching) for 3 minutes at 100 mTorr of O2, 100
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W or 15 minutes at 200 mTorr of O2, 200 W. The PDMS strips were subsequently placed in a
1:1 v/v methanol and hydrochloric acid solution for 30 minutes, then dried and incubated
overnight in a 5% v/v amino-propyl triethoxysilane (APTES, Sigma-Aldrich, St. Louis, MO)
solution in ethanol, at room temperature and in inert atmosphere [147]. The sheets were sterilized
in 70% ethanol prior to cell plating. The cells were cultured for a day till confluent and then
serum starved overnight before exposing them to fibronectin or collagen | coated surfaces. Five
minutes before exposing cells to fibronectin or collagen I, sodium orthovanadate (0.1 mM) was
added to the cell culture media. Sodium orthovanadate is an inhibitor of protein tyrosine
phosphatases and alkaline phosphatases and was used to preserve the phosphorylation of
RhoGTPases through inhibiting endogenous phosphatases [109].

The PDMS cell sheets were exposed to fibronectin or collagen I for 20 minutes or 1 hour, which
have been shown to be the duration of RhoGTPase activation in different cells after interaction
with the extracellular matrix [89, 107-109]. After exposure to ECM protein at 37°C, the strips
were placed in Petri dishes on ice and rinsed once with ice cold PBS supplemented with 0.2 mM
sodium orthovanadate. The lysis buffer provided with the GLISA kit (Cytoskeleton, Inc.,
Denver, CO) was modified to include 5 mM sodium orthovanadate, 50 mM sodium fluoride and
0.5 mM phenylmethylsulfonyl fluoride (PMSF), along with 1x protease inhibitor cocktail
provided with Kit [109, 148] After aspirating all liquid from the PDMS strips, 100 pl of lysis
buffer was added and scraped. Cell lysate was immediately clarified by centrifugation at 9,000
rcf, 4°C for 2 minutes, aliquoted into microcentrifuge tubes and snap frozen in liquid nitrogen, as
indicated by the manufacture's protocol. After 1 or 2 days, the frozen aliquots were analyzed and

RhoGTPases activity assessed, as per manufacture's protocol.
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7.2.4 Chemical inhibition of RhoGTPases. Difficile toxin B (TcdB, List Biologicals,
Campbell, CA) was used to pharmacologically inhibit Rho, Rac and Cdc42 [100-102, 104, 149].
Rho was specifically inhibited using cell permeable C3 transferase (C3, Cytoskeleton, Denver,
CO) [100, 104, 149]. mMSCs were seeded on fibronectin coated 48 well plates or 24 well plates
at cell densities of 20,000 and 50,000 cells/well, respectively. The cells were allowed to attach
for 14-15 hours before the media in the wells was replaced with serum free media containing 0-1
ug/ml C3 transferase (C3) or 0-300 ng/ml TcdB for 4 hours. Immediately post treatment, media
was changed with serum containing media and DNA/PEI internalization and overall transgene
expression studied. To assess RhoGTPase inhibition, cell morphology was analyzed and the

respective GLISA assays were performed, immediately after inhibitor treatment.

7.2.5 Chemical activation of RhoGTPases. Cells were allowed to attach on fibronectin-coated
plates for 8 hours followed by overnight incubation in serum free media. Rho was
pharmacologically activated by incubating cells in presence 25 upg/ml Calpeptin (CP,
Cytoskeleton, Inc., Denver, CO) for 10 minutes while Rac and CDC42 were activated by
incubating cells in presence of 50 ng/ml Epidermal growth factor (EGF, Cytoskeleton) for 2
minutes. Immediately after treatment cell morphology, internalization and gene expression were
analyzed. For analysis of non-viral gene transfer, cells were transfected with polyplexes in serum
free media for 2-4 hours, following which media was replaced with serum containing media.
Activated Rho, Rac and Cdc42 were confirmed by performing respective activation G-LISA
assays (RhoA, Racl,2,3 and Cdc42 G-LISA Activation Assays; Cytoskeleton) with lysates from
activated and control samples as per manufacturer’s protocol. Overnight serum starved cells

were treated as the control sample. To assess activity, samples were subsequently treated with 25
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pg/ml calpeptin for 10 minutes or with 50 ng/ml EGF for 2 minutes. Activity of RhoA, Rac and
Cdc42, respectively, was assessed using a GLISA assay and normalized to values obtained for

control lysates.

7.2.6 Transient inhibition and activation of RhoGTPases. Specific inhibition and activation of
the RhoGTPases was done by a method described by Burnham et al. [101] with minor
modification. Plasmids expressing dominant negative Racl (pcDNA3-EGFP-Rac1-T17N), RhoA
(pcDNA-EGFP-RhoA-T19N) and Cdc42 (pcDNA-EGFP-Cdc42-T17N), as well as plasmids
expressing constitutively active mutants of RhoA (pcDNA-EGFP-RhoA-Q63L), Racl (pcDNA-
EGFP-RhoA-Q61L) and Cdc42 (pcDNA-EGFP-Cdc42-Q61L) were kindly provided by Dr
Garry Bokoch (The Scripps Research Institute, La Jolla, CA) [150, 151]. 5x10* and 25x10* cells
were plated per well in a 24 and 6 well plate respectively, and cultured for 24 hours prior to
transfection. For every 1 pg of DNA, 2 ul of Lipofectamine™™ 2000 transfection reagent was
added to the DNA solution, vortexed for 15 seconds and incubated at room temperature for 20
minutes. Complexes were added directly to the medium of the plated cells at a final DNA
concentration of 1 pg per well for 24 well plates and 2.5 pg per well for 6 well plates. Analysis
of GFP expression in transfected cells using FACS showed 30-40% cells to be successfully
transfected with dominant negative or constitutively active genes and control plasmid (Figure 7-
9). 24 hours post transfection, cells were harvested and used to study the effect of RhoGTPase
inhibition or activation on transgene expression as well as internalization. Activation or
inhibition was analyzed by assessing RhoGTPases activity using respective GLISA assays
(RhoA, Rac and Cdc42 G-LISA Activation Assays; Cytoskeleton) as per manufacturer’s

protocol. Cells transfected with pEGFP using Lipofectamine™ 2000, were used as control for
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studies involving transfection with dominant negative and constitutively active genes. For
assessing activation, 24 hours post transfection with constitutive active genes, cells were serum
starved overnight and then harvested for performing respective activation G-LISA assays and
studying morphology. For assessing inhibition, 24 hours post transfection with dominant
negative genes, cells were replated on fibronectin coated surface overnight and harvested for

performing GLISA assays and studying morphology.

7.2.7 Transfection. pEGFP-luc plasmid was purchased from clontech (Palo Alto, CA) and
expanded using a Giga Prep Kit from Qiagen following the manufacturer’s protocol. Linear
poly-(ethylene imine) (25kDa, PEI) was purchased from Polysciences (Warrington, PA). The
cells were allowed to attach and cultured under various conditions as per required for the
experiments mentioned. For gene transfer studies, DNA/PEI polyplexes were formed by mixing
equal volumes of plasmid DNA with PEI. For every 1 pg of DNA, 1.65 pg of PEI was added to
the DNA solution to get N/P of 12, vortexed for 15 seconds and incubated at room temperature
for 15 minutes. Polyplexes were added directly to the medium of the plated cells at a final DNA
concentration of 0.5 pg for 48 well plates. Salt was added directly to the wells post addition of
transfection solution to get the final concentration of 150 mM NacCl. Transfection was quantified
at 48 hours post transfection using the Promega Luciferase Assay System following the
manufacturer’s instructions. Subsequently, the total amount of protein in samples was analyzed
using Peirce BCA assay with or without compat-Able protein assay preparation kit as per
manufacturer’s protocol. Experiments were carried out in triplicates and results were expressed

as relative light units (RLU) per mg of cell protein.
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7.2.8 Internalization of polyplexes. Plasmid DNA (pEGFPluc) and the fluorescent DNA-
intercalator YOYO-1 or YOYO-3 were mixed at a ratio of 1 dye molecule per 50 base pairs and
allowed to complex for 60 minutes at room temperature. YOYO-1 or YOYO-3 labeled DNA was
then used to prepare PEI/DNA complexes at a N/P of 12, bolus transfection was performed and
cells were exposed to polyplexes for 2 hours. For YOYO-1 labeled complexes, cells were
washed with PBS, trysinized with 50 pl of 0.25% trypsin-EDTA and suspended in 350 pl of
0.04% tryphan blue in 1% BGS in PBS to quench the flourescence of extracellular associated
DNA. For YOYO-3 labeled complexes, cells were washed twice for 10 minutes with cellscrub to
remove extracellular associated DNA, trysinized and suspended in 1% BGS in PBS. YOYO-1
fluorescent cells having were detected by flow cytometry with a FACScan X and data was
analyzed with CELLQuest (Beckton Dickinson). YOYO-3 fluorescent cells were detected by
flow cytometry using BD LSR Il and data was analyzed with FACSDiVa (Beckton Dickinson).

Experiments were performed in triplicates analyzing 7000 or 10000 total events per sample.

7.2.9 Microscopy and quantification of stress fibers. Cells were plated on fibronectin coated
plastic coverslips prior to culture. Immediately after treatment with Rho protein activators or
inhibitors, cells were fixed with 5% paraformaldehyde for 15 minutes and permeabilized with
0.1% tritonX100 in 1x PBS for 3 minutes. The cells were stained for actin using Alexa488-
phalloidin and for DNA using Hoechst 33258 dye. The staining solution was added in each well
and left in dark for 30-60 minutes at room temperature followed by washings with 0.05% tween-
20. Images were taken with a Zeiss AxioObserver Z1 inverted microscope at 100x
magnification. The number of stress fibers per cell was quantified by counting the individual

fibers observed in 100x pictures taken of cells in the respective condition.
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7.2.10 Statistical methods. All statistical analysis were performed using the computer program
Instat (GraphPad, San Diego, CA). Experiments were statistically analyzed using a one-way
ANOVA followed by a post-hoc test if the ANOVA result was p < 0.05. Experiments were
statistically analyzed using the Tukey test, which compares all pairs of columns using a 95%
confidence interval or using the Dunnet test which compares all columns versus a control column
or using the unpaired t-test (two tail p value), which compares two different columns. Statistical
significance was determined using a 95% confidence interval. Data was plotted as the mean of at

least three independent measurements and standard deviation.

7.3 Results and discussion

7.3.1 Fibronectin exposure activates RhoGTPases in mMSCs.

The activation of RhoGTPases in mMSCs by fibronectin was assessed using fluorescence
immunohistochemistry and molecular assays. Fluorescence immunohistochemistry of the actin
cytoskeleton revealed that cells plated on fibronectin-coated surfaces resulted in an increase in
stress fibers compared to cells plated on tissue culture plastic (Figure 7-1A and B, p < 0.05),
indicative of active RhoGTPases. The level of RhoGTPase activation was determined using
GLISA assays for RhoA, Racl,2,3 and Cdc42. To ensure that the observed activation was due to
the interaction of the cell with the fibronectin coated surface and not the dynamics of cell
spreading, cells were allowed to attach and spread on amine functionalized PDMS sheets.
Following cell spreading, the cell sheet was flipped on top of fibronectin coated or uncoated
tissue culture plastic and incubated for 20 minutes or 1 hour. At 20 minutes of exposure to

fibronectin-coated surfaces, RhoA was significantly activated (p < 0.05), while Cdc42 was not
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Figure 7-1: RhoGTPase activation on fibronectin. (A) mMSCs were plated on uncoated or fibronectin
(40 pg/mL) coated surfaces for 16 hours and cell morphology was studied by staining cells for actin
using Alexa488 conjugated phalloidin (green), and for DNA using Hoechst 33258 dye (blue). Images
were taken with a Zeiss AxioObserver Z1 inverted microscope at 100x magnification. (B) Stress fiber
quantification. (C and D) Active RhoGTPase quantification was performed using GLISA specific for
RhoA, Racl,2,3 and Cdc42. Cells were cultured in PDMS sheets and allowed to attach and spread
before exposing them to protein modified plastic for 20 minutes or 1 hour. The average of three
samples was plotted. The level of active RhoGTPase in samples exposed to fibronectin was compared
with untreated sample using the unpaired t-test (two tail p value). The symbol * represents a significant
change to the level of p < 0.05. The error bars represent the standard deviation in all plots.
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activated and Racl,2,3 was inhibited compared to exposure to bare tissue culture plastic (Figure
7-1C). After 1 hour exposure to fibronectin-coated surfaces, Racl,2,3 and Cdc42 were
significantly activated (p < 0.05), while RhoA was not activated (Figure 7-1D).

RhoGTPases have been primarily implicated as the controlling factors in guiding cell motility,
morphology, contractility and proliferation [99]. RhoGTPases have also been implicated in
regulating phagocytosis [104], endocytic trafficking [105], as well as mediating the various steps
of vesicular trafficking [106]. Thus, RhoGTPases can play a role in polyplex uptake and
polyplex intracellular trafficking. Fibronectin has been previously shown to enhance signaling
through RhoGTPases [89, 107-109]. Initial activation of Rac and Cdc42 by fibronectin has been
shown to mediate cell spreading in NIH/3T3 cells [108, 109]. Our results show that the exposure
of mMMSCs to fibronectin coated surfaces results in enhanced activation of the RhoGTPases
namely RhoA, Racl,2,3 and Cdc42, in mMSCs. To study the role of RhoGTPases on non-viral
gene transfer for mMSCs plated on fibronectin coated surfaces, systematic inhibition and
activation by molecular inhibitors as well as dominant negative or positive genes was

subsequently used.

7.3.2 Inactivation of RhoGT Pases for cells plated on fibronectin inhibits transgene
expression.

Inactivation of RhoGTPases was used to screen their potential involvement in mediating non-
viral gene transfer in mMSCs. TcdB irreversibly inactivates Rho, Rac and Cdc42 by
glycosylation of the threonine residue [152, 153], while C3 selectively inhibits RhoA, B and C
[154], but not Rac or Cdc42, by modifying the aspargine41 at the effector region of the GTPase.

Inactivation of RhoGTPase using difficile toxin B was characterized using actin staining and
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GLISAs for RhoGTPases. Cells with inactivated RhoGTPases resulted in less spread cells with a
significant decrease in stress fibers (p < 0.01, Figure 7-2 A and B) and amount of active RhoA,
Racl,2,3 and Cdc42 (p at least < 0.05, Figure 7-2C). Cell viability was not significantly affected
immediately after treatment with TcdB and 48 hrs post transfection (Figure 7-8A). RhoA,B,C
were selectively inactivated using C3 transferase and resulted in a significant decrease in actin
stress fibers (p < 0.01, Figure 7A and B) and a significant decrease in active RhoA (p < 0.01,
Figure 7-2D). Cell viability was maintained at >60% immediately post C3 transferase treatment
as well as 48 hours after treatment and transfection (Figure 7-8B).

Cells were transfected immediately following the inhibitory treatments and transgene expression
was analyzed using a luciferase assay at 48 hours and the extent of polyplex internalization was
assessed using flow cytometry analysis (FACS) after 2 hours. More than 90% decrease in
transgene expression of cells plated on fibronectin-coated surfaces was noticed after treatment
with TcdB and C3 transferase (p < 0.001, Figure 7-2E). However, internalization of the
complexes was significantly increased following treatment (p at least < 0.05, Figure 7-2F).

To further understand the individual role of RhoGTPases, mMSCs were transiently transfected
with GFP fused plasmid constructs of dominant negative mutants of either RhoA (RhoA-T19N),
or Racl (Racl-T17N) or Cdc42 (Cdc42-T17N) [101, 151]. At least 80% cell viability was
maintained in cells expressing EGFP control plasmid and dominant negative genes 16 hours post
plating cells on fibronectin (at time of bolus transfection) and 48 hours post gene delivery
(Figure 7-9). Expression of RhoA-T19N by cells plated on fibronectin coated surface resulted in
a significant decrease (p < 0.01) in stress fibers; however, no significant difference in stress
fibers was observed in cells expressing dominant negative mutants of Racl and Cdc42 (Figure

7-3 A and B). GLISA analysis of active Rho, Racl,2,3 and Cdc42 showed a significant decrease
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Figure 7-2:

RhoGTPase inhibition
using TcdB and C3
transferase  decreases
transgene  expression.
mMSCs were plated on
fibronectin (40 pg/mL)
coated tissue culture
plastic for 16 hours
prior to being treated
with 0-300 ng/ml TcdB
for 4 hours in serum
free media, or 0-1
pug/ml C3 transferase
for 4 hours. (A) Cell
morphology was
studied  immediately
after treatment with
inhibitor, by staining
cells for actin using
Alexad88 (green)
conjugated phalloidin,
and for DNA using
Hoechst 33258 dye
(blue). Images were
taken with a Zeiss
AxioObserver Z1
inverted microscope at
100x magnification. B)

TcdB (ng/ml)  C3 transf. (ug/ml) C3 transf. (ug/ml)  Stress fiber

TedB (ng/ml)

quantification.Statistical analysis was done using a one-way Anova followed by the Dunnett Multiple
Comeparison test. The Anova p value was 0.0052. The symbol ** represents a significant change in
stress fibers with respect to untreated cells to the level of p < 0.01. (C) Active RhoGTPase
guantification was performed using GLISA specific for RhoA, Racl,2,3 and Cdc42. (D) Active RhoA
guantification was performed using GLISA specific for RhoA. Statistical analysis was done using the
unpaired t-test (two tail p value) where active RhoGTPase level in treated cells was compared with
untreated cells. The symbols * and ** represent a significant change to the level of p < 0.05 and p <
0.01, respectively. (E) Cells were transfected immediately post treatment and transgene expression was
analyzed at 48 hours using luciferase assay and normalized with total protein quantified using Peirce
BCA assay. (F) Cells were transfected immediately post treatment with YOYO-1 labeled polyplexes
and after 2 hours cells were collected with trypsin and polyplex internalization analyzed by flow
cytometry. A total of 7000 events were analyzed per sample. Experiments were performed in triplicate
and the average plotted with the error bars representing the standard deviation. Fold increase in
transgene expression and internalization was calculated with respect to the untreated control. Statistical
analysis for gene transfer and internalization was done using a one-way Anova followed by the Tukey-
Kramer Multiple Comparison test, which compares all columns. The Anova p values for transgene
expression were 0.004 and 0.0052 for TcdB and C3 transferase, respectively and the Anova p values for
internalization were < 0.0001 and 0.0067 for TcdB and C3 transferase, respectively. The symbols ***,
** and * represent a significant change in gene expression or internalization with respect to sample not
treated with inhibitor to the level of p <0.001, p < 0.01 and p < 0.05, respectively.
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Figure 7-3: RhoGTPase
inhibition using dominant
negative gene  products
decreases transgene
expression. mMSCs were
transiently transfected with
dominant negative forms of
RhoA, Racl or Cdc42 with
a plasmid also containing

EGFP. 24 hours post
transfection, cells were
replated on  fibronectin

coated plates and cultured
for 16 hours prior to bolus
transfection. Cells
transfected with pEGFP
were used as control. (A)
Alexad83 conjugated
phalloidin ~ (green), and
Hoechst dye (blue) staining.
Images were taken with a
Zeiss  AxioObserver Z1
inverted microscope at 100x
magnification. (B) Stress
fiber quantification.
Statistical analysis was done
using a one-way Anova
followed by the Dunnett
Multiple Comparison test.
The Anova p value was
0.0015. The symbol *
represents a  significant
change in stress fibers with
respect to untreated cells to
the level of p < 0.05. (C)
Active Rho, Rac and Cdc42,
was assessed for cells
replated on fibronectin for
16 hours using GLISA
assays specific for RhoA,

Racl,2,3 and Cdc42. Statistical analysis was done using the unpaired t-test (two tail p value). The
symbol * represents a significant change to the level of p < 0.05. (D) The transgene expression was
analyzed 48 hours post transfection using luciferase assay and normalized with total protein analyzed
using Peirce BCA assay. (E) Internalization was analyzed using YOYO-3 labeled polyplexes 2 hours
post transfection using flow cytometry. A total of 10,000 events were analyzed per sample and the mean
fluorescence of events positive for both GFP and YOYO-3 was analyzed. Statistical analysis for gene
transfer and internalization was done using a one-way Anova followed by the Dunnett Multiple
Comparison test. The Anova p values were 0.0219 and < 0.0001 for transfection (D) and internalization
(E), respectively. The symbols * and ** represent a significant change with respect to cells transfected
with control plasmid (pEGFP) to the level of p < 0.05 and p < 0.01, respectively.
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in active RhoA upon transfection with RhoA-T19N (p < 0.05), but no change in active Rac or
Cdc42 upon transfection with Racl-T17N or Cdc42-T17N compared to cells transfected with
EGFP (Figure 7-3C).

Since for both inhibition protocols namely use of bacterial toxins and dominant negative genes,
cells are seeded on fibronectin, these results indicate that the dominant negative gene could
inhibit RhoA even though the cells are plated on fibronectin, but the dominant negative gene
could only reduce the activation of Rac and Cdc42 to background levels when the cells are plated
on fibronectin.

Transgene expression was significantly reduced in the cells expressing dominant negative form
of RhoA, Racl and Cdc42 (p < 0.05, Figure 7-3D). The effect of dominant negative mutants on
internalization was studied by analyzing the uptake of YOYO-3 labeled complexes in GFP
positive cells only. A significant decrease in internalization was observed for cells expressing
dominant negative form of RhoGTPases (p < 0.01, Figure 7-3E).

Consistent with our hypothesis of the involvement of RhoGTPases on non-viral gene transfer,
inhibition of RhoGTPases led to a significant decrease in transgene expression. Although the
exact mechanism of how RhoGTPases influence successful non-viral gene transfer cannot be
determined from our data, we predict that the regulation of actin-microtubule dynamics, cell
proliferation [92] and gene transcription via integrin-dependent intracellular signaling pathways
[93] positively influence non-viral gene transfer. RhoGTPases have been implicated in
endocytosis of bacteria and viruses by mammalian cells. For example, Racl, RhoA, and Cdc42
are required for HelLa cell invasion by group B streptococcus [101], RhoA positively regulates

the pathway by which Madin-Darby canine kidney (MDCK) cells internalize P. aeruginosa strain
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PA103 [100], and Rho C enhances macropinocytosis and modulates entry of Ebola virus and
vesicular stomatitis virus pseudotyped vectors.

Interestingly, the effect on polyplex internalization was not the same for the bacterial toxins and
transfection with dominant negative genes. While inhibition of RhoGTPases using TcdB and C3
transferase led to an increase in polyplex internalization, inhibition with dominant negative genes
led to a decrease in internalization. We cannot offer a definitive reason for these findings. The
observed increase in internalization on treatment with TcdB could be due to TcdB-mediated
activation of phospholipase C and D [153], leading to regulation of receptor-mediated
endocytosis [155, 156]. The increase observed on C3 treatment correlates with our previous
study where depolymerization of actin using cytochalasin D enhanced polyplex uptake in
MMSCs cultured on fibronectin [145]. The observed decrease in internalization for inhibition
with dominant negative genes could possibly be due to inhibition of macropinocytosis by
dominant negative mutants of Cdc42 and Racl, as was shown for bone marrow derived dendritic

cells [157].

7.3.3 Activation of RhoGTPases for cells plated on fibronectin does not influence transgene
expression.

Since RhoGTPase inactivation leads to a significant decrease in gene transfer efficiency for cells
plated on fibronectin-coated surfaces, next we wanted to determine if further activation of
RhoGTPases enhanced transgene expression. RhoGTPases were activated using calpeptin, EGF
and transfection with constitutively active RhoGTPase mutants. Calpeptin (CP) is a cell
permeable calpain inhibitor known to activate Rho leading to stress fiber formation [158, 159].

Treatment with CP did not significantly change the number of stress fibers in the cell (Figure 7-
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Figure 7 4: Effect of RhoGTPase activation using calpeptin (CP) and epidermal growth factor (EGF) on
gene transfer. mMSCs cells were cultured for 8 hours on fibronectin wells, followed by overnight serum
starvation and then treated with 0-100 pg/ml CP for 10 minutes or 0-100 ng/ml EGF for 2 minutes in
serum free media. (A) After treatment, the changes in cell morphology were visualized through lexa488
conjugated phalloidin (green) and for DNA using Hoechst 33258 dye (blue) staining. Images were taken
with a Zeiss AxioObserver Z1 inverted microscope at 100x magnification. (B) Stress fiber
guantification. (C) Active RhoGTPase quantification after treatment was performed using GLISA
specific for RhoA, Racl,2,3 and Cdc42. (D) Transfection was performed immediately post treatment in
serum free media. 4 hours post transfection media was replaced with complete media. The transgene
expression was analyzed 48 hours post transfection using luciferase assay and normalized with total
protein analyzed using Peirce BCA assay. (E) Internalization was analyzed 2 hours post transfection
using flow cytometry of YOYO-1 labeled polyplexes. A total of 7000 events were analyzed per sample.
Statistical analysis for the level of active RhoGTPase, transgene expression and internalization, was
done using the unpaired t-test (two tail p value) where treated sample was compared with untreated
sample. The symbols ** and *** represent a significant change to the level of p < 0.01 and p < 0.001,
respectively.
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Figure 7-5: Effect of
expression of constitutively
active mutants of
RhoGTPases on  gene
transfer. mMSCs plated on
a 6-well plate were
transiently transfected with
constitutive active forms of
RhoA, Racl or Cdc42
conjugated with GFP, using
lipofectamine™2000. Cells
transfected with pEGFP
were used as control. After
24 hours, cells were
harvested and replated on
fibronectin-coated surfaces.
(A) 24 hours  post
transfection with
constitutive active forms of
RhoGTPases in cells plated
on tissue culture plastic,
changes in cell morphology
were analyzed through actin
and DNA staining using
Alexa488 conjugated
phalloidin  (green), and
Hoechst 33258 dye (blue),
respectively. (B) The
number of stress fibers per
cell were counted. (C)
Active Rho, Rac and
Cdc42-GTPases were
assessed  using  GLISA
assays 24 hours post
transfection with
constitutive active forms of
RhoGTPases and overnight
serum starvation. (D) The
replated cells were cultured
for 16 hours on fibronectin
before bolus transfection.
The transgene expression

was analyzed 48 hours post transfection using luciferase assay and normalized with total protein
analyzed using Peirce BCA assay. (E) Internalization was analyzed 2 hours post transfection using flow
cytometry and YOYO-3 labeled polyplexes. A total of 10,000 events were analyzed per sample and the
mean fluorescence of events positive for both GFP and YOYO-3 was analyzed. Statistical analysis for
number of stress fibers, ruffles, transgene expression and internalization was done using the Dunnett

multiple comparison test.
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4 A and B), but significantly increased the amount of active Rho (by 2.5 fold) (p < 0.01, Figure
7-4C) compared to cells seeded on fibronectin coated surfaces that did not receive treatment.
Viability was maintained at 90% or greater compared to cells not treated with CP immediately
after treatment as well as 48 hours post treatment and addition of polyplexes (Figure 7-8C).
Epidermal growth factor (EGF) is an efficient activator of Racl,2, and Cdc42 [160]. Treatment
with EGF resulted in a significant increase in active Racl,2,3 and Cdc42 (p < 0.01 and < 0.01,
Figure 7-4C) compared to cells seeded on fibronectin-coated surfaces that did not receive
treatment. No significant change in cell viability was observed immediately post treatment and
48 hours post treatment and transfection (Figure 7-8D). No significant difference in transgene
expression (Figure 7-4E) and internalization (Figure 7-4F) was observed using treatment with
CP or EGF for cells placed on fibronectin.

Although we show that EGF activates Rac and Cdc42, EGF also stimulates macropinocytosis
[161]. To confirm the CP and EGF findings, mMSCs were transiently transfected with GFP
fused plasmid constructs of constitutive active mutants of either RhoA (RhoA-Q63L), or Racl
(Rac1-Q61L) or Cdc42 (Cdc42-Q61L) [151]. At least 80% cell viability was maintained in cells
expressing EGFP control plasmid and active genes 16 hours post plating cells on fibronectin (at
time of bolus transfection) and 48 hours post gene delivery (Figure 7-9D). Transfection with
constitutively active RhoA mutant resulted in an increase in stress fiber formation (Figure 7-5 A
and B). Further, a significant increase in the amount of active RhoA, Racl and Cdc42 was
observed for cells transfected with the constitutively active genes (p at least < 0.05, Figure 7-
5D). Similar to the results obtained for CP and EGF further activation of RhoGTPases did not
enhance transgene expression beyond that observed for cells seeded on fibronectin and

transfected with EGFP (Figure 7-5D). Expression of constitutively active form of RhoA, Racl
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Figure 7-6: Effect of expression of constitutively active mutants of RhoGTPases on gene transfer for
cells cultured on collagen | substrates. (A) mMSCs were cultured on amine functionalized PDMS strips
and serum starved overnight before exposing to collagen | coated surfaces for 20 minutes to assess Rho-
GTP and 1 hour to assess Rac and Cdc42-GTPases. The cells were subsequently lysed and respective
GLISA assays were performed to quantify RhoA, Racl,2,3 and Cdc42. Statistical analysis was done
using the unpaired t-test (two tail p value). (B) mMSCs transiently transfected with constitutively active
negative of RhoA, Racl or Cdc42 conjugated with GFP were cultured on collagen | coated plates for 16
hours prior to bolus transfection with polyplexes. The transgene expression was analyzed 48 hours post
transfection using luciferase assay and normalized with total protein analyzed using Peirce BCA assay.
Statistical analysis was done using a one-way Anova followed by the Dunnett multiple comparison test.
The Anova p value was 0.0203. The symbols *, ** and *** represent a significant change to the level of
p <0.05, p<0.01and p < 0.001, respectively.

and Cdc42 did not affect internalization (Figure 7-5E). These results confirm that further
activation of RhoA, Racl or Cdc42 over what fibronectin achieves on its own (Figure 7-1 C and
D) does not alter transgene expression. A further activation of RhoGTPases does not increase

transgene expression in mMSCs cultured on fibronectin-coated dishes.

7.3.4 Activation of RhoGTPases for cells plated on collagen | enhances transgene
expression.
As mentioned we previously observed that gene transfer to mMSCs plated on collagen | was

inhibited [145]. Activation of RhoGTPases for cells plated on collagen I was significantly lower
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Figure 7-7: Inhibition of
PKC and ROCK inhibits
gene transfer in cells plated
on fibronectin. mMSCs
were cultured for 16 hours
on fibronectin coated plates
prior to treatment with 10
uM Y27632 (Y2) or 100
nM Staurosporine (ST) for
2 hours to inhibit ROCK
and PKC, respectively. (A)
Changes in mMSC cell
morphology were visualized
through staining for actin
using Alexa488 conjugated
phalloidin and for DNA
using Hoechst 33258 dye.
Images were taken with a
Zeiss  AxioObserver Z1
inverted microscope at 40x
magnification. Immediately
after treatment with
inhibitor, the medium was
replaced and bolus
transfection was done.

(B) Transgene expression was analyzed 48 hours post transfection using Iuciterase assay and
normalized with total protein analyzed using Peirce BCA assay. Internalization was assessed 2 hours
post transfection using flow cytometry and YOYO-1 labeled polyplexes (C). A total of 7000 events
were analyzed per sample. Statistical analysis was done using a one-way Anova followed by the
Dunnett multiple comparison test. The Anova p value was 0.0003 and < 0.0001 for transgene
expression and internalization, respectively. The symbol ** represents a significant change to the level

of p<0.01.

compared to cells plated on fibronectin (Figure 7-6 vs. Figure 7-1). Thus, we used transfection

experiments on collagen I to further test our hypothesis of the importance of active RhoGTPases

on non-viral gene transfer. Rho was enhanced 4-fold on fibronectin coated surfaces but only 1.5-

fold for cells plated on collagen I. Rac was enhanced 1.5-fold for cells plated on fibronectin but

inhibited by 50% for cells plated on collagen I. Cdc42 was enhanced by 2-fold for cells plated on

fibronectin, but inhibited by 50% for cells seeded on collagen | (Figure 7-6A). Cells were

transfected with constitutively active RhoA, Racl and Cdc42 and replated on collagen | coated

surfaces for 16 hours before transfection. Racl and Cdc42 activation were able to enhance the
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transgene expression by 4.1- and 6.7-fold compared to EGFP mock transfected cells
respectively, while RhoA activation had no difference (Figure 7-6B). Since RhoA was activated
by cell exposure to collagen | (Figure 7-6A), this result shows that further activation of RhoA is
not beneficial to achieve higher transgene expression similar to what was observed for cells
plated on fibronectin. On the other hand, Rac and Cdc42 were inhibited on Collagen | coated
surfaces, and thus the fact that transfection with constitutively active Cdc42 and Racl increased
transgene expression indicates that these RhoGTPases can promote transgene expression in cells

with less active RhoGTPases.

7.3.5 Rho effector protein Rho-Kinase (ROCK) and PKC mediated phosphorylation
modulate gene transfer

The small RhoGTPases employ downstream effectors to mediate their effects on cell
morphology, focal adhesion and migration. RhoGTPase binds to serine/threonine kinases [96]
namely Rho Kinase, ROK and the related pl60ROCK; and elevate their activity. The role of Rho
downstream effector ROCK in non-viral gene transfer was also investigated. ROCK was
inhibited using Y27632 (Y2) which is a specific inhibitor of ROCK. Treatment with Y27632
reduced the number of actin stress fiber (Figure 7-7A). No significant change in cell viability
was observed immediately after inhibitor treatment, and 48 hours post treatment and transfection
(Figure 7-8E). Treatment with Y27632 resulted in a significant decrease in overall transgene
expression and polyplex internalization (p < 0.01, Figure 7-7 B and C). This suggests that cell
contractility mediated by ROCK contributes to the regulation of polyplex uptake by RhoGTPase.

Besides ROCK, there are other Rho effector molecules like Phosphatidyl inositol 4-phosphate 5-
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Figure 7-8: Effect of inhibitors and activators on cell viability. To study the effect of RhoGTPase
inhibition on gene transfer, MMSCs were plated on fibronectin (40 pug/mL) coated tissue culture plastic
surfaces for 16 hours prior to being treated with 0-300 ng/ml TcdB for 4 hours in serum free media, or 0-
1pg/ml C3 transferase for 4 hours. Cells were transfected immediately post treatment with inhibitors. For
studying the effect of RhoGTPase activation, mMMSCs were cultured for 8 hours on fibronectin, followed
by overnight serum starvation and then treated with 0-100 pg/ml CP for 10 minutes or 0-100 ng/ml EGF
for 2 minutes in serum free media. Subsequently, immediately post treatment with activators, bolus
transfection was done for 4 hours in serum free media. For assessing the role of ROCK and PKC in gene
transfer, mMSCs were cultured for 16 hours on fibronectin prior to treatment with 10 uM Y27632 (Y2)
for 2 hours or 100 nM Staurosporine (ST) for 2 hours to inhibit ROCK and PKC, respectively.
Immediately after treatment with ST or Y2, the medium was replaced and bolus transfection was done.
Cell proliferation was analyzed immediately after treatment with TcdB (A), C3 transferase (B), CP (C),
EGF (D) and ST or Y2 (E), as well 48 hours post treatment and transfection by measuring calcien AM
fluorescence after live/dead staining. The cell viability obtained after specific inhibitor treatment was
statistically compared using Tukey-Kramer multiple comparison test, which compares all pairs with each
other. The symbols *, **, and *** represents a significant change to the level of p < 0.05, p < 0.01, and
p < 0.001, respectively.

kinase (PIP5-kinase) and p140mDia that also regulate actin polymerization [97, 98] and could

play a role in mediating gene transfer and would be interesting to study in future.
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Figure 7-9: Percent cells transfected with dominant negative and constitutively active genes, and the
effect on cell viability. To study the effect of direct inhibition and activation of RhoGTPase on gene
transfer in cells plated on fibronectin tissue culture plastic, D1 cells were transiently transfected using
lipofectamine™2000, with dominant negative or constitutively active forms of RhoA, Racl or Cdc42
conjugated with GFP. The distribution and percentage of cells transfected with dominant negative genes
(A) or constitutively active genes (B), was assessed by analyzing GFP expression using flow cytometry.
The cells were subsequently cultured on Fn for 16 hours prior to bolus transfection using linear
polyethylenimine (LPEI). The cell viability was determined 16 hours after culturing cells on fibronectin
as well as 48 hours post addition of polyplexes using live/dead assay, for cells transfected with dominant
negative genes (C) or constitutively active genes (D).

Besides integrins, syndecans also mediate cell-fibronectin interactions [162] and activate PKC,
which acts upstream to activate RhoGTPases [163] and mediate cell contractility. Syndecan-4
directly recruits PKC-o and facilitates focal adhesion formation on fibronectin [164]. To
determine the function of PKC in non-viral gene transfer, it was inhibited using staurosporine
(ST). Treatment with staurosporine led to a loss of cystoskeletal integrity (Figure 7-7A). No
significant change in cell viability was observed immediately after ST treatment. However, 48

hours post treatment and transfection, ST significantly reduced cell viability (p <0.05, Figure 7-
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8E). PKC inhibition resulted in a severe decrease in transgene expression and polyplex uptake (P
< 0.01). Therefore, a decrease in transgene expression was seen on PKC inhibition as an effect of
decreased internalization and proliferation. PKC stimulation has been shown to induce clathrin
mediated endocytosis of asP; [165] and actin dependent uptake of cationic DNA complexes
[132]. These results indicate RhoGTPase activity regulated by PKC [163] is required for

effective transgene expression.

7.4 Conclusions

The mechanisms activated upon ECM binding that influenced effective gene transfer had not
been elucidated. In chapter 4, mMSCs plated on fibronectin coated surfaces resulted in enhanced
gene transfer, while cells plated on collagen | resulted in inhibited gene transfer compared to
cells seeded on uncoated surfaces [145]. In this study we determined if RhoGTPase activation
was one of the contributing factors for the observed enhancement in transgene expression for
cells plated on fibronectin-coated surfaces. The results indicated that RhoGTPases modulated
non-viral gene transfer for mMSCs plated on fibronectin coated surfaces. The results showed that
the engagement of the ECM dictated the RhoGTPase activation level, which in turn dictated the
efficiency of transgene expression. Activation of RhoGTPases for cells with inactive
RhoGTPases led to enhanced transgene expression, but activation of RhoGTPases for cells with
already active RhoGTPases did not result in further enhancement. Since only RhoA, Racl and
Cdc42 were studied, the conclusions about the involvement of RhoGTPases (e.g. RhoB/C) in
non-viral gene transfer cannot be offered. A molecular understanding of the process of non-viral

gene transfer is necessary to engineer systems that achieve efficient gene delivery.

108



Chapter 8

Role of RhoGTPases in Non-Viral Gene Delivery is Cell
Type Specific

8.1 Introduction

Chapter 7, showed that RhoGTPases play a role in non-viral gene transfer in mMSCs cultured on
Fn coated surface. However, it did not prove that RhoGTPases had an underlying role in non-
viral gene transfer in other cell types. Morever, this role could be same in all cell types or could
be cell-type dependent. To investigate the underlying role of RhoGTPPases in non-viral gene
transfer, the modulation of gene transfer by RhoGTPases was studied in another cell-type.

The effect of various inhibitors, such as difficile toxin B [166, 167] and C3 transferase [158] as
well as activators Calpeptin [158, 159] and EGF [160] on fibroblast cells has been previously
studied. Considering the fact that fibroblast cells have been widely employed in Rho related
studies [99, 108, 130, 168], NIH/3T3 fibroblast cells represented a model cell line to next study
the function of RhoGTPases in non-viral gene transfer which would determine whether this role

is cell-type dependent or not.
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In this study, the role of RhoGTPases, specifically Rho, Rac and Cdc42 in the uptake and
effective intracellular transfer of DNA/PEI to mouse fibroblasts (NIH/3T3) plated on Fn coated
surfaces was analyzed.

Hence, the study done for mMSCs in chapter 7 was repeated for NIH/3T3 fibroblast cells. The
RhoGTPses were specifically inhibited using chemical inhibitors gene products, as well as
activated to determine their role in gene transfer and DNA/PEI internalization.

Materials and methods used for studying the role of RhoGTPases in gene transfer in NIH/3T3
cells have been mentioned in chapter 7, and are same as the materials and methods used for

studying the role of RhoGTPases in mMSCs.

8.2 Results and discussion

8.2.1 Effect of inactivation of RhoGTPases on gene transfer in NIH/3T3 cells plated on
fibronectin.

To examine if RhoGTPases play an underlying role in modulation of non-viral gene transfer and
whether this role is cell-type dependent or not, we studied the function of RhoGTPases in non-
viral gene transfer in NIH/3T3 cells. As observed in mMSCs in chapter 7, collective inhibition of
Rho, Rac and Cdc42 using TcdB significantly increased (p < 0.001) polyplex internalization in
NIH/3T3 cells, while the overall transgene expression was significantly (p < 0.001) inhibited
(Figures 8-1 A and B). Furthermore, inhibition of Rho using 0-1 pg/ml C3 tranferase led to
greater than 90% decrease in transgene expression (Figure 8-1C). Though treatment with 0.125
ug/ml C3 tranferase resulted in a significant increase (p < 0.05) in internalization, but no effect

was observed for 0.25-1 pg/ml C3 transferase treatment (Figure 8-1D).
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Figure 8-1. Effect of inhibition of RhoGTPases on gene transfer in NIH/3T3 cells. NIH/3T3 cells
were plated on Fn (40 pg/mL) coated surfaces for 16 hours prior to being treated with 0-300ng/ml
TcdB or 0-1 pg/ml C3 transferase for 4 hrs in serum free media. Cells were transfected immediately
post treatment.

For inhibition using dominant negative gene products, NIH/3T3 cells were transiently transfected with
dominant negative forms of RhoA, Racl or Cdc42 with a plasmid also containing EGFP. 24 hours
post transfection, cells were replated on fibronectin coated plates and cultured for 16 hours prior to
bolus transfection. Cells transfected with pEGFP were used as control. The symbol * represents a
significant change to the level of p < 0.05.

(A, C, and E) The transgene expression was analyzed 48 hours post transfection using luciferase
assay and normalized with total protein analyzed using Peirce BCA assay. (B, D and F)
Internalization was analyzed using YOYO-3 labeled polyplexes 2 hours post transfection using flow
cytometry. A total of 7000 or 10,000 events were analyzed per sample. For analyzing the effect of
gene products, the mean fluorescence of events positive for both GFP and YOYO-3 was analyzed.
Statistical analysis was done using the Tukey-Kramer multiple comparison test. The symbols * and
*** represent a significant change in gene expression or internalization with respect to control
(untreated or transfected with pEGFP) to the level of p < 0.05 and p < 0.001, respectively.
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Figure 8-2. Effect of activation of RhoGTPases on gene transfer in NIH/3T3 cells. NIH/3T3 cells
were cultured for 8 hours on fibronectin wells, followed by overnight serum starvation and
then treated with 0-100 pg/ml CP for 10 minutes or 0-100 ng/ml EGF for 2 minutes in serum
free media. Transfection was performed immediately post treatment in serum free media. 4
hours post transfection media was replaced with complete media.

For activation using constitutively active gene products, NIH/3T3 cells were transiently
transfected with dominant negative forms of RhoA, Racl or Cdc42 with a plasmid also
containing EGFP. 24 hours post transfection, cells were replated on fibronectin coated plates
and cultured for 16 hours prior to bolus transfection. Cells transfected with pEGFP were used
as control. The symbol * represents a significant change to the level of p < 0.05.

(A, C and E) The transgene expression was analyzed 48 hours post transfection using luciferase assay
and normalized with total protein analyzed using Peirce BCA assay. (B, D and F) Internalization was
analyzed using YOYO-3 labeled polyplexes 2 hours post transfection using flow cytometry. A total of
7000 or 10,000 events were analyzed per sample. For analyzing the effect of gene products, the mean
fluorescence of events positive for both GFP and YOYO-3 was analyzed. Statistical analysis was
done using the Tukey-Kramer multiple comparison test. The symbols * and *** represent a
significant change in gene expression or internalization with respect to control (untreated or
transfected with pEGFP) to the level of p < 0.05 and p < 0.001, respectively.
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Figure 8-3:. Role of PKC and ROCK inhibition on gene transfer in NIH/3T3 cells plated on
fibronectin. Cells were cultured for 16 hours on fibronectin coated plates prior to treatment
with 10 uM Y27632 (Y2) or 100 nM Staurosporine (ST) for 2 hours to inhibit ROCK and
PKC, respectively. Immediately after treatment with inhibitor, the medium was replaced and
bolus transfection was done. (A) Transgene expression was analyzed 48 hours post
transfection using luciferase assay and normalized with total protein analyzed using Peirce
BCA assay. (B) Internalization was assessed 2 hours post transfection using flow cytometry
and YOYO-1 labeled polyplexes. A total of 7000 events were analyzed per sample. Statistical
analysis was done using a one-way Anova followed by the Dunnett multiple comparison test.
The Anova p value was 0.0003 and < 0.0001 for transgene expression and internalization,
respectively. The symbol ** represents a significant change to the level of p < 0.01.

On the other hand, a significant decrease was observed in internalization (Figure 8-1F) by
specifically inhibiting Racl. A decrease in internalization was also observed by specifically
inhibiting Cdc42, but was not statistically significant, while no significant effect was seen on

transgene expression (Figure 8-1E)

8.2.2 Effect of activation of RhoGTPases on gene transfer in NIH/3T3 cells plated on
fibronectin.

On studying the effect of activation of RhoGTPases on gene transfer to NIH/3T3 cells, it was
observed that activation of Rho using treatment with CP did not affect transgene expression,
whereas internalization (Figure 8-2 A and B) significantly increased (p < 0.001) for lower

concentration of CP (12.5 pg/ml) and decreased (p < 0.001) for higher concentration (50 pg/ml)
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of CP. As observed in mMSCs, Rac and Cdc42 activation using treatment with 0-100 ng/ml EGF
did not affect the transgene expresession but significantly (p < 0.05) increased internalization in
NIH/3T3 cells (Figures 8-2 C and D). The increase in internalization was significantly more (p
< 0.05) using 25 and 50 ng/ml EGF as compared to 12.5 and 100 ng/ml EGF.

Additionally, the effect of transiently expressing constitutively active RhoGTPase genes on gene
transfer to NIH/3T3 cells plated on Fn was studied (Figures 8-2 E and F). Specific activation of
Racl and Cdc42 increased the transgene expression by 4.3-fold and 2.1-fold, respectively, while
RhoA activation resulted in a >80% decrease in transgene expression (Figure 8-2E). The
specific activation of RhoGTPases did not significantly modulate internalization (Figure 8-2F).
This indicates that as observed in mMSCs, the RhoGTPases also play an integrap role in

mediating gene transfer in NIH/3T3 cells plated on a precoated Fn surface.

8.2.3 Effect of ROCK and PKC on gene transfer in NIH/3T3 cells plated on fibronectin.

To divulge the role of ROCK and protein kinase C (PKC) in gene transfer, ROCK was inhibited
using Y27632 and PKC was inhibited using staurosporine. The effect of these inhibitors on cell
morphology and viability was studied using mMSCs in chapter 7.

Y27632 is a specific inhibitor of ROCK. Treatment with Y27632 resulted in a significant
decrease in polyplex internalization in NIH/3T3 cells, as was observed for mMSCs. However,
unlike in the mMSCs, the overall trangene expression was not influenced significantly in
NIH/3T3 cells (Figure 8-3A).

On analyzing the effect of PKC inhibition on gene transfer, it was observed that the transgene
expression as well as polyplex uptake was significantly reduced (P < 0.001, Figures 8-3 A and
B).
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Our studies showed that the Rho subfamily of small GTPases modulate non-viral gene transfer,
with Cdc42 and Rac activation, resulting in a significant increase in non-viral gene transfer to

mMSCs and NIH/3T3 cells.

8.3 Discussion: Comparing the role of RhoGTPases in gene transfer in NIH/3T3 cells with
MMSCs.

Collective inhibition of Rho, Rac and Cdc42 and specific inhibition Rho, Rac and Cdc42 using
dominant negative genes increased polyplex internalization, but severely limited transgene
expression in both mMSCs and NIH/3T3 cells pointing out their positive role in mediating
transfection in both cell types. Specific inhibition of RhoA, Racl and Cdc42 using dominant
negative genes had decreased polyplex internalization and transgene expression in mMSCs, as
shown in chapter 7. However, specific inhibition of the RhoGTPases did not signifcantly
influence the gene transfer in NIH/3T3 cells, except that inhibition of Rac led to a significant
decrease in internalization ( p < 0.05).

RhoGTPases can regulate intracellular processing of polyplexes by influencing actin-
microtubule dynamics, cell proliferation [92] and gene transcription via integrin-dependent
intracellular signaling pathways [93]. Rho activation using CP and Rac/Cdc42 activation using
EGF did not influence the transgene expression in both cell types. However, Rac and Cdc42
activation using EGF significantly increased polyplex uptake in NIH/3T3, although we show that
EGF activates Rac and Cdc42, EGF also stimulates macropinocytosis [161]. Therefore, the role
of activated RhoA, Racl and Cdc42 was specifically studied by transiently expressing
constitutively active RhoGTPase mutants. In chapter 7, transfection with constitutively active

RhoGTPases resulted in increased amounts of active RhoA, Rac and Cdc42.
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As was observed with CP and EGF treatment, the expression of constitutively active RhoA,
Racl and Cdc42 had not influenced transgene expression or uptake for mMSCs plated on
fibronectin as shown in chapter 7. On the other hand, specific activation of RhoA inhibited the
transgene expression by 0.8-fold in NIH/3T3 cells, however activation of Racl and Cdc42
increased transgene expression by 4.3- and 2.1- fold, respectively.

Activation of Rac/Cdc42 using EGF significntly increased internalization, specific inhibition of
Rac significantly decreased internalization, and specific activation of Rac increased transgene
expression in NIH/3T3 cells but not in mMMSCs. This indicated that Rac and Cdc42 play a more
consequential role in efficient transgene expression in NIH/3T3 cells as compared to mMSCs.

It seems that the role of RhoGTPases in non-viral gene transfer is cell dependent as has been
observed for bacterial internalization which employs RhoGTPases differently in HelLa versus

MDCK cells [100] .

8.4 Conclusion

In conclusion, RhoGTPases play a significant role in the modulation of efficient delivery of non-
viral vectors to mMSCs and NIH/3T3 cells. The inhibition and activation studies conducted for
studying the role of RhoGTPases on non-viral gene transfer showed varying results for mMSCs
and NIH/3T3 cells. Fn has been shown to activate RhoGTPases in cells [108, 109]. Experiments
performed to test whether activation of RhoGTPases would further increase gene transfer on Fn,
indicated that a further activation of RhoGTPases did not increase transgene expression in
mMSCs on Fn, but a further activation of RacGTP and Cdc42GTP increased the transgene
expression in NIH/3T3 cells plated on Fn. These results taken together further indicated that the

role of RhoGTPases in non-viral gene transfer is cell-type dependent.
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Chapter 9

Stem Cell Culture in Three Dimensions Using Fibrin
Hydrogels

9.1 Introduction

3-D matrices provide a better model system for studying cellular physiological processes as cells
in tissues exist in a 3-D system, constituting characteristic ECM molecules. Cellular processes of
differentiation and morphogenesis for tissue engineering have been shown to occur preferentially
in 3-D instead of 2-D [75, 76]. Certain MSCs significantly upregulate the expression of smooth
muscle specific proteins, such as aSMA and myosin, when cultured in 3-D PEG hydrogels as
compared to on a tissue culture plastic surface [77]. Therefore, the culture of cells in 3-D is able
to mimic the natural in-vivo environment more closely.

Tissue like hydrogels as 3-D scaffolds embody tissue like flexibility while possessing
viscoelastic properties, interstitial flow, and diffusive transport characteristics similar to tissues.
In this chapter, 3-D culture of cells in fibrin hydrogels has been explored. Fibrin alone or in
combination with other biomaterials has been applied as a biological scaffold to regenerate
adipose tissue, cartilage, bone, ligaments and cardiac tissue [169, 170]. Fibrin gels also allow

facile incorporation of ECM proteins.
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While fibrin has domains for cell interaction and adhesion, it lacks useful domains of ECM
proteins that mediate cell behavior. In this chapter, the objective was to develop fibrin gels
incorporating ECM proteins that would support mesenchymal stem cell (MSC) culture and
mediate efficient gene transfer. These gels were to be developed to study the influence of ECM

proteins and different culture conditions on gene transfer to stem cells.

9.1.1 Advantages of using fibrin hydrogel for tissue engineering.

Fibrin is a fibrous protein involved in the clotting of blood. Fibrin is made from fibrinogen, a
soluble plasma glycoprotein that is synthesized by the liver. Processes in the coagulation cascade
activate prothrombin to the serine protease thrombin, which is responsible for converting
fibrinogen into fibrin. Fibrin is then cross linked by factor XIII to form a clot. This covalent
crosslinking of the fibrin strands using Factor Xllla also associates fibrin with extra-cellular
matrix proteins like fibronectin, vitronectin, collagen and von Willebrand factor (VWF), while
immobilizing the clot at the site of injury. Fibrin gels provide a unique platform for studies of
cells cultured in 3-D [171], as 1) fibrin is non-toxic as a macromer, 2) can be polymerized to

form gels as well as 3) is degraded in-vivo by cell secreted proteases allowing its remodeling.

9.1.2 Incorporation of ECM proteins in fibrin hydrogels

Fibrin has certain domains like the RGD sequence which allows cell adhesion, however, it lacks
the other useful domains contained in the ECM proteins like fibronectin, vitronectin, laminin and
collagen that are able to guide cell behavior and function.

Factor Xllla (FXIlla) plays an important role in the final stages of the coagulation cascade by

covalently crosslinking the fibrin strands [172]. Studies have shown that in wound healing,
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thrombin activated FactorXIll stabilizes the fibrin clots while simultaneously sequestering
various ECM proteins. Since most ECM proteins have sites for Factor Xllla or for other tissue
transglutaminases, such transglutaminases offer a facile approach to incorporate the ECM
proteins in a 3-D matrix using Factor Xllla for gelation [173, 174]. The incorporation of the
various ECM proteins like collagen [175, 176], fibronectin [177, 178] and vitronectin [179] into
fibrin gels by employing factorXllla mediated crosslinking has been illustrated in previous
studies analyzing the interactions between the ECM protein and fibrin.

The binding site of fibronectin with fibrin for factorXllla mediated covalent crosslinking has
been extensively studied [178, 180]. The quantity of fibronectin incorporated in the gel increases
linearly with increase in fibronectin concentration in the presence of factorXIll and thrombin
[173]. Studies have shown that the covalent crosslinking of fibronectin to fibrin by factorXllla is
required for maximal cell adhesion to a fibronectin-fibrin matrix [177]. Recently, a study on the
osteogenic differentiation of MSCs in response to fibronectin fragments interacting with specific
integrins as well as full length fibronectin, demonstrated the incorporation of full length
fibronectin in 3-D fibrin scaffolds, and showed that it assisted cell adhesion, spreading and
proliferation [181].

The incorporation of four laminin-derived oligopeptides (RGD, IKVAV, YIGSR, RNIAEIIKDI)
conjugated to FactorXIlla substrate (N terminus of ap-plasmin inhibitor) in fibrin gels using
FactorXllla enhances the number of regenerated axons by 85% relative to animals treated with
tubes filled with unmodified fibrin [182]. This exemplifies a way of incorporating the various
proteins that have a factorXllla reactive site naturally, in fibrin gels using factorXllla mediated
chemistry. The hMSC morphology, proliferation and osteogenic differentiation in fibrin gels has

been shown to be dependent on the fibrinogen and thrombin ratio [131].
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9.1.3 Use of fibrin gels for delivery of bioactive factors and gene delivery

Fibrin gels have been used for delivery of various bioactive factors for therapeutic purposes. Cell
demanded release of VEGF tethered within fibrin implants using FactorXllla mediated
crosslinking had been shown to significantly induce non-leaky blood vessel growth in embryonic
chicken chorioallantoic membrane (CAM) and in adult mice [183]. Fibrin gels were applicable
for delivering growth factors [183] to augment tissue regeneration, as well as for gene delivery
[27], in addition to allowing the facile incorporation of ECM proteins along with the ability to
mediate cell infiltration, adhesion and proliferation. The applicability of fibrin gels for in-vivo
gene based therapies had been demonstrated using peptide-DNA nanoparticles entrapped in
fibrin gels for local induction of angiogenesis in dermal wounds in mice [184]. Fibrin gels
mediated the delivery of the incorporated lipoplexes to the encapsulated cells as well as
infiltrating NIH/3T3 cells in in-vitro 3-D model for at least 10 days [185]. Another study
demonstrated that fibrin gels mediated significantly enhanced transfection as compared to bolus
transfection on 2-D tissue cultured treated wells for 293T/17 and NIH/3T3 cells. The transfection
efficiency was significantly higher in encapsulated cells as compared to cells on top of fibrin gel,
which was attributed to their uptake of lipoplexes by gel degradation in cell vicinity [186]. These
studies validated the concept of utilizing fibrin gels for in-vitro and in-vivo gene transfer.
However, the inclusion of optimum ECM signals in fibrin gels would further help stimulate the
bioactivity and the gene transfer to the cells.

On a whole, the use of factorXllla would enable a natural incorporation of the ECM structural
proteins having constituent factorXllla reactive sequences in the fibrin gels, without having to

chemically modify each protein in order to covalently sequester them in the gels. This would
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further enhance the bioactivity of the gels and provide a scaffold that could be used to deliver

bioactive factors to cells.

In this chapter, it was aimed to develop and examine fibrin gels for MSC culture and gene
transfer, wherein various ECM proteins would be incorporated using factor XIIl mediated
chemistry along with polyplexes to facilitate gene delivery. The purpose was to utilize fibrin gels
as a model system to study gene transfer in 3-D with respect to the cellular microenvironment.
Fibrin gels were chosen for this study as they allowed facile incorporation of the various ECM
proteins via factor XIII mediated chemistry, as well as represented the natural in-vivo

environment generated at the site of wound healing allowing cell infiltration and adhesion.

9.2 Materials and methods.

9.2.1 Materials. Human fibrinogen, bovine plasma thrombin and linear poly(ethylene imine) (25
kDa, PEI) were bought from Enzyme Research Laboratories, Sigma and Polysciences,
respectively. Sodium hyaluronan (HA) was a kind gift from Genzyme Corporation (60 kDa MW,
Cambridge, MA). All other chemicals were purchased from Fisher Sciefii unless otherwise

noted. Vectors expressing mammalian secreted alkaline phosphatase (pSEAP) and gaussia
luciferase (pGLuc) were obtained from Genlantis and New England Biolabs, respectively. A

Giga Prep kit from Qiagen was used to expand all the plasmids.

9.2.2 Cell culture. Mouse bone marrow cloned mesenchymal stem cells (D1, CRL12424) were
purchased from ATCC (Manassas, VA, USA). Cells were maintained in Dulbecco’s modified

eagle’s medium (Sigma-Aldrich) containing 10% bovine growth serum (BGS, Hyclone, Logan,
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Utah) and 1% penicillin/streptomycin antibiotics (Invitrogen, Grand Island, NY) and cultured at
37°C and 5% COs,.

Human mesenchymal stem cells containing mito red (hMSCs, U.S. Patent 5,716,616) were
purchased from the Texas A&M Health Science Center, University of Texas-A & M. hMSCs
were maintained in o-MEM media with glutamine , 16.5% FBS, 2-4 mM L-glutamine and P/S
(penicillin and streptomycin at a final concentration of 100 U/ml and 100 ug/ml), and cultured at

37°C and 5% COa.

9.2.3 Cell proliferation. To analyze cell proliferation and spreading, phase pictures were taken
at 10x and 20x magnification, or Alamar blue assay was performed. To perform alamar blue
assay, media was replaced with 100 pl of phenol red free C-DMEM. 20 ul of alamar blue
(5%v/v) was added to each well and incubated at 37°C for 4 hours. 100 pl of media (sample) was
transferred to another plate. Absorption was measured at 570 nm and 600 nm. Pheno red free
complete media was used as blank and 100 ul of CDMEM with alamar blue (incubated for 4

hours, no cells) was used as negative control.

9.2.4 Polyplex lyophilization. The CnE approach developed by Lei et.al.,J Control Release,
2011 was used. To make lyophilized polyplexes at NP 9, plasmid DNA (10 ug) and PEI (11.74
ug) were mixed in 3.5 ml water in the presence of 35 mg (0.10 mmol) of sucrose (Ultra pure,MP
Biomedicals) and incubated at room temperature for 15 min. 1.5 ml of 0.67 mg/ml Agarose in

water was added before lyophilization (UltraPure™ Agarose, Tm=34.5 to 37.5 °C, Invitrogen).
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9.2.5 Phospha-light kit/SEAP reporter gene assay. The CSPD substrate was diluted 1:20 with
reaction buffer. The reaction buffer and assay buffer were warmed to room temperature.1x
dilution buffer was prepared. 25 pl of sample was diluted in 75 pl dilution buffer, heated to 65°C
for 30 minutes and then cooled on ice to room temperature. 100 ul of assay buffer was then
added to 100 ul of sample, incubated for 5 minutes. 100 ul of assay buffer was added and

incubated for 20 minutes. Finally, readings were taken in luminometer.

9.2.5 Formation of fibrin gels. Fibrin matrices were made using 2.5-8 mg/ml fibrinogen, 2 U/ml
factor Xllla, fibronectin at concentrations ranging from 0 to 10% (wt/wt) of fibrin concentration
and cells using 2 U/ml thrombin in 1x buffer with 1g/It CaCl,. 50 ul of precursor gel solution
was transfered to each well of a 96-well low binding plate. For gelation, the precursor solution
was incubated at 37°C for 20 minutes and subsequently swelled with 150 pul DMEM. The change

medium was changed after 10 minutes, 30 minutes, 2 hours and then daily.

9.2.6 Encapsulation of polyplexes in fibrin gels. To encapsulate polyplexes infibrin
hydrogels through CnE, 100 ul fibrin gel precursor solution was mixed with lyophilized
polyplexes and initiated to form gels at 37°C for 20 minutes with thrombin (2 U/ml).

For analyzing transgene expression, media was collected daily and stored at -20°C till SEAP

assay was performed using manufacturer's protocol.

9.2.7 Incorporation of ECM proteins in fibrin gels. To incorporate ECM proteins, the specific
ECM protein at the required amount to constitute 2.5-7.5 wt/wt% of fibrin gel as required by the

experiment, was added to the precures or gel solution containing fibrin and 2 U/ml factorXllla.
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Lypholized polyplexes and 1 U/ml thrombin were then added to the precursor solution before

initiating gelation at 37°C for 20 minutes.

9.2.8 Modification of HA. Acrylated hyaluronic acid (HA-AC) was prepared using a two-step
synthesis [187, 188]. Briefly, HA (60,000 Da, Genzyme Corporation, Cambridge, MA) (2.0 g,
5.28 mmol, 60 kDa) was reacted with 18.0 g (105.5 mmol) of adipic dihydrazide (ADH) at pH
4.75 in the presence of 4.0 g (20 mmol) of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) hydrochloride overnight and purified through dialysis (8000 MWCO) in deionized (D1)
water for 2 days. The purified intermediate (HA-ADH) was lyophilized and stored at 20°C until
used. A portion of 29% of the carboxyl groups was modified with ADH based on the
trinitrobenzene sulfonic acid (TNBSA, Pierce, Rockford, Illinois) assay. HA-ADH was then
reacted 5 molar excess of N-acryloxysuccinimide (NHS-Ac) in HEPES buffer (pH 7.2)
overnight, and purified

through dialysis in DI water for 2-3 days. All the primary amines were acrylated based on the
2,4,6-trinitrobenzene sulfonic acid (TNBSA, Thermo Scientiic) assay performed following the

product manual.

9.2.9 HA Hydrogel Synthesis. Hydrogels were prepared with 3% HA and with the ratio of
thiols to acrylates (r ratio) as 0.4-0.44. HA hydrogels were subsequently formed by Michael-
type addition of biscysteine containing MMPXxI peptides onto HA-AC functionalized with cell
adhesion peptides (RGD). A lyophilized aliquot of RGD peptides (0.1 mg) was dissolved in 15
ul of 0.3 M TEOA buffer (pH = 8.4), mixed with HA-AC, and allowed to react for 15-20 min at

37°C. A lyophilized aliquot of the cross-linker (0.91 mg MMPxI) was then diluted in 18.2 ul of
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0.3M TEOA buffer (pH =8.4) immediately before mixing with HA-RGD (final concentration
of 100 uM RGD), and the cell solution (500,000 cells per 100 pl of final gel volume). The final
gel solution had a pH= 8-8.1. Gelation was achieved by placing drops of 10 ul of the precursor
solution between sigmacoted glass slides for 30 min at 37°C. The final gel was placed inside 96-
well plates for culture. Thorough mixing was used to ensure the homogeneity in cell and

crosslinker distribution in the precursor solution.

9.2.10 Incorporation of ECM proteins in HA gels.

ECM proteins namely Fn, laminin (Lm), collagen IV (C IV) and collagen | (C 1) were modified
by reacting with Nacryloxysuccinimide (NHS-Ac) at 10,000 molar access of NHS-Ac with
respect to the ECM protein. NHS-Ac was dissolved in PBS at a concentration of 10 mg/ml and
immediately added to the ECM protein, mixed and left overnight on a rotational shaker at 4°C.
The acrylated ECM protein was filtered and concentrated using centricon with 10 KDa NMWL
membrane (Millipore, Billerica, MA). The concentration of the protein was determined and
subsequently used in experiments. The amount of ECM protein required to obtain a specific
concetration in the hydrolgel, was added directly to the HA gel precursor solution, before

addition of crooslinker

9.2.11 Bolus transfection in HA hydrogels. DNA/PEI polyplexes were formed by mixing equal
volumes of plasmid DNA with 25 kDa-Linear PEI. For every 1 pg of DNA, 0.913 pg of PEI was
added to the DNA solution to get N/P of 7, vortexed for 15 seconds and incubated at room

temperature for 15 minutes. Subsequently salt was added to the polyplex solution to get a final
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concentration of 150 mM NaCl. Polyplexes were then added directly to the medium of the plated
cells at a final DNA concentration of 5 ug per gel (10 pl) per well of 96 well low binding plate.
Transfection was quantified at 48 hours post transfection using the Gaussia Luciferase Assay

System following the manufacturer’s instructions.

9.3 Results and discussion

9.3.1 Fibrin gels for 3-D culture of mMSCs.

To assess the use of fibrin gels for culturing MSCs, fibrin gels were made using 1U/ml thrombin,
with or without factorXllla, Fn and polyplexes. Cell proliferation was analyzed on day 2 and 4
of cell culture using alamar blue assay. As shown in figure 9-1A, the rate of cell proliferation on
day 2 and 4 was statistically similar for fibrin-thrombin gels with or without factor Xllla. For
gels incorporating polyplexes the rate of proliferation on day 2 was significantly lower as
compared to fibrin-thrombin gel (p < 0.01). The rate of proliferation of cells on day 4 in fibrin-
thrombin gels having Fn incorporated using factorXllla, was statistically higher than the fibrin-
thrombin gels without Fn (p < 0.05).

The extent of cell spreading observed on day 3 corresponded to the results obtained for
proliferation using alamar blue. Well spread cells were observed in fibrin gels using thrombin,

with or without factorXllla (Figure 9-1B). For fibrin-thrombin with factorXllla and Fn, more
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Figure 9-1: mMSC culture in fibrin gels. 3 mg/ml fibrin gels were made using 1 U/ml
thrombin with or without 2 U/ml factorXllla, 2.5 wt/wt% Fn and polyplexes. A) Cell
proliferation in different gels was analyzed on day 2 and 4 of cell culture, using alamar blue
assay. B) Cell spreading was analyzed on day 3 taking phase images using a Zeiss
AxioObserver Z1 inverted microscope, at 10. Statistical analysis for internalization was done
using Tukey-Kramer multiple comparison test which compares all pairs within the same
protein coat. The symbols + and ++ represent the significant change to the level of p < 0.05,
and p < 0.01, respectively.
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Figure 9-2: Transfection ability of fibrin gels. 3 mg/ml and 5 mg/ml fibrin gels were made
using 2 U/ml thrombin. 5 pg of DNA was included per 100 pl of gel. Media was collected
daily. A) The cumulative SEAP expression was calculated on day 2 and 5 using SEAP reporter
gene assay kit. B) Cell proliferation was analyzed on day 2 and 5 using alamar blue assay. All
experiments were performed in triplicates.

cells were observed to spread, while for gel with polyplexes, less cell spreading was observed
(Figure 9-1B). 5 ug of pSEAP in polyplexes was incorporated per 100 pl of the gel.

These results indicate that the addition of ECM protein Fn increased proliferation while addition
of only factorXllla to the fibrin gel did not increase proliferation. These gels promote cell

spreading and proliferation of the mMSCs.

9.3.2 Fibrin gels for 3-D culture of mMSCs.
After fibrin-thrombin gels were found to support cell spreading and proliferation, the next step
was to determine if these gels mediated effective non-viral gene transfer. Media was collected

daily and the amount of SEAP protein was quantified using Phospha-light™ SEAP
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Figure 9-3: Effect of incorporation of Fn or C | on transfection mediated by fibrin gels. 3
mg/ml fibrin gels were made with inclusion of polyplexes and factorXllla, with or without
2.5% (wt/wt) Fn or 2% (wt/wt) C I. 100,000 cells and 2.5 pg pDNA were incorporated per
100 pl gel. The media was collected daily and SEAP expression was analyzed. A)
Cumulative SEAP expression for day 1 till 4 was plotted. B) Proliferation was analyzed on
day 1 till day 4 using alamar blue assay. All experiments were performed in triplicates.

Reporter Gene Assay. Triplicate samples were examined and cumulative SEAP expression
calcalulated and plotted. It was observed that fibrin gels led to transfection and transgene

expression of SEAP (Figure 9-2A). Transfection and proliferation in 3 mg/ml and 5 mg/ml
fibrin gels was statistically the same (Figures 9-2 A and B). This indicated that the transfection

ability of these gels does not depend on fibrin concentration in the range of 3-5 mg/ml.

9.3.3 Incorporation of ECM proteins Fn or C | in fibrin gels did not enhance transgene
expression.

3 mg/ml fibrin gels were made and 5 pg pDNA was included per 200 ul of gel. The level of

129



transgene expression obtained in gels without ECM proteins, gels with Fn or gels with C | was
similar (Figure 9-3A). The rate of proliferation as determined by alamar blue assay was also
similar for the gels from day 1 to day 3 (Figure 9-3B).

This indicated that fibrin gels interact with mMSCs to promote cell proliferation and effective

transfection, even without the inclusion of ECM proteins Fn or C I.

9.3.4 Influence of ECM proteins on gene transfer in fibrin gels and hyaluronic acid gels.

It has been demonstrated that fibrin gels mediate cell spreading, proliferation and transgene
expression. The objective to develop such a hydrogel was to be able to employ it for studying the
role of ECM and mechanism of gene transfer in mMSCs cultured in 3-D.

3 mg/ml fibrin gels were made which included 5% (wt/wt) ECM protein or did not include any
ECM protein. 5 pug of pGLuc in the form of lypholized polyplexes, was included per 200 pl of
gel. ECM proteins tested were laminin (Lm), fibronectin (Fn), vitronectin (Vt), collagen IV ( C
IV) and collagen | (C I). On analyzing the transgene expression using gaussia luciferase assay,
similar level of transgene expression was observed for different ECM protein containing gels
(Figure 9-4A). Fibrin gels made using thrombin, but without factor Xllla and ECM protein,
mediated similar or higher transgene expression as compared to gels with ECM proteins.

We then studied the influence of ECM proteins in HA hydrogels. Since HA does not interact
with integrins and support cell adhesion, HA conjugated with adhesion peptide (RGD) was used
as control. Here, bolus transfection was done. Different ECM proteins were found to mediate
varied levels of gene transfer. The transgene expression mediated by laminin was significantly

more than collagen 1V and fibronectin (p < 0.05, Figure 9-4B). A decrease was observed with
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Figure 9-4: Influence of ECM proteins on transfection in 3 mg/ml fibrin gels and 3% HA gels.
A) 3 mg/ml fibrin gels were made incorporating 5% (wt/wt) of different ECM proteins, 2.5 ug
pGLuc and 100,000 cells per 100 pl gel. 50 ul gel was added per well of a 96-well low binding
plate. Media was collected daily and transfection was analyzed using gaussia luciferase assay as
per manufacturer's protocol. The gLuc expression on respective days haD been plotted.

B) 3% HA gels were made incorporating either 100 uM RGD, or 4.25 uM Fn, or 1.9 uM
laminin, or 1.8 uM collagen IV or 22.5 uM collagen 1. 500,000 cells were included per 100 pl
gel. 10 ul HA gel was added to each well of a 96-well low binding plate. Bolus transfection was
done and 5 pug pGLuc was added per well, for HA hydrogels. Transgene expression was analyzed
48 hours post transfection using gaussia luciferase assay. Statistical analysis for internalization
was done using Tukey-Kramer multiple comparison test, which compares all pairs within the
same protein coat. The symbo + represents the significant change to the level of p < 0.05. All
experiments were done in triplicates.
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Figure 9-5: hMSC culture in fibrin gels. 3 mg/ml fibrin gels were made using thrombin.
hMSCs were cultured at different cell densities. (A), (B) and (C) Phase and fluorescent
images using AxioObserver Z1 inverted microscop at 40x. D) Proliferation rate was

analyzed using alamar blue assay.
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Fn and C IV while an increase was observed with laminin, as compared to HA gels wirh RGD

(Figure 9-4B).

9.3.5 Fibrin gels for n(MSC culture.

To assess the application of fibrin gels for culture of human mesenchymal stem cells (hMSCs),
hMSCs with mito red were incorporated at different intial seeding densities, to determine the
optimum seeding density for 3-D culture. Fibrin gels sustained hMSC spreading and
proliferation at an initial seeding density of 12,500 cells till 50,000 cells per 50 pl gel per well of
a 96 well low binding plate (Figure 9-5A). Cell spreading was evident in the phase and
flourescent images of hMSCs with mito red in fibrin gels. The proliferation was analyzed using
alamar blue assay. Fibrin gels supported proliferation until day seven in all gels, having different
initial seeding density of hMSCs (Figure 9-5B). The observed proliferation was consistent with

the observed cell spreading of hMSCs in fibrin gels.

9.4 Conclusion

Fibrin gels supported the culture of mouse as well as human mesenchymal stem cells, thereby
promoting cell spreading and growth. Fibrin gels were found to be a good tool to mediate gene
delivery in-vitro to mMSCs. However, since the fibrin gels themselves supported good cell
viability and transfection, no significant differences were observed on incorporating ECM
proteins. Subsequently, hydrogels using hyaluronic acid (HA) were tested. HA does not interact
with integrins to support cell adhesion and subsequent proliferation. Conjugation of adhesion
peptides such as RGD is requi