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ABSTRACT

Deficient vascular supply, intracellular matrix and hypoxia in solid tumor offer hindrance to
penetration of drugs into desired site of action. HIV-1 TAT (Human Immunodiffiency Virus type-1
Transactivation of Transcription) peptide reported to penetrate in all stages of cell cycle, and
therefore, could be exploited as potential drug carrier to overcome the penetratibility hindrance into
resistant tumor tissues. Multicellular tumor spheroids (MCTS) is an in-vitro tumor model to
measure the penetration of TAT to mimic with in-vivo tumors. The current study involves
investigation of the penetration rate, penetration depth, peptide accummulation, and extent of TAT
penetration in MCTS at 4°C and 37°C for an incubation time of 1.5 hours. Observations were taken
at 10 minutes interval, from spheroid surface to the deeper layers through 3um continous laser
sectioning. TAT-labelled fluorescence accumulated approximately at the same rate at each observed
depth of MCTS. Moreover, higher accummulation in three-day old spheroids was observed, that
could be due to loose packed cells, more ratio of extracellular volume, and more number of live
proliferating cells as compared to five-day old spheroids. Detection of penetration and fluorescence
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Exploring HIV-1 Tat Penetrability In Tumor Spheroids Through Confocal Microscopy: A Cell Lines Based Study

accummulation decreased as spheroids get older, that dependent on multifunctional characteristic
along age/duration of cell culture.

Keywords: Peptide drug carrier, Multicellular tumor spheroids, In-vitro tumor model, Quantitive
measurement, Confocal microscopy, Trans-activation.

1. Introduction

Multicellular Tumor Spheroids (MCTS) model is an intermediate between 2-D cell culture and the
in-vivo tumors. The 3-D structure of MCTS mimics nonvascularized microtumors (1). MCTS are
appropriate models for in-vitro drug delivery testing.Spheroids model possessing critical
physiologic characteristics present in-vivo, such as complex tissue multicellular architecture,
penetration barriers, as well as extracellular matrix (ECM) deposition. Multicellular spheroids
model are considered as a useful in-vitro tool for drug screening and for estimation of drug delivery
to pathological tissues and organs (2). To bridge the gap between laboratory results, preclinical
model animals and clinical outcomes necessitate the comprehensive drug screening by using
powerful in-vitro MCTS models (1). Penetration into the MCTS represents a balance between
diffusion in the extracellular space versus binding to cell surface and hence subsequent
internalization into the cell. It has been reported that the penetration of molecules into the cell vary
with temperature (3). The penetration of molecules also depend upon the age of spheroids due to
distinct regions in more mature / larger spheroids (4,{Ur Rahman, 2020 #640}). The pathway and
mechanism of Cell Penetrating Peptides (CPPs) and cargo internalization depend on the nature of
the peptide/cargo (6), the size of the cargo, the cell line in which internalization is under
examination (7-10) and the receptor involved (11). The process of penetration may take place by
more than one mechanism which depends on the nature of CPP and the microenvironment (11-14).
The abnormal architecture plus composition of solid tumours, especially in poorly perfused
(avascular) regions, hinder the penetration and distribution of antitumor drugs and thus generate
treatment resistance, because intercellular diffusion as well as intracelular retention of anticancer
drug is mandatory for therapeutic response. When tumor vasculature is leaked-out,
chemotherapeutic agents will penetrate deeply in the avascular regions into the tumor cells (15), and
therapeutic response will be achieved.

CPPs possess wide range of therapeutic and biomedical applications including capability of
overcoming the lipophilic barriers of cell membrane to ensure the penetrability of cargoes such as
antibodies, DNA, and nanoparticular drug carriers into cells and tumor tissues (16,17). In 1988, it
was investigated by Green and Loewenstein that HIV-1 TAT (human immunodeficiency virus type-
1, trans-activator of transcription) peptide and its distinct fragments penetrate into cell membrane
and get localize in cytoplasm as well as in nucleus (18). Commetantly, such a study was also
reported in the same year (19). Interestingly, TAT-mediated protein delivery into the cells was
reported as a result of which TAT-mediated drug delivery to impermeable cells was suggested (20).
The most promising CPP is TAT peptide (21), and its fragment TATa.50 Sequence as most
conservative region could be exploited for pharmaceutical interventions (22). It has been
investigated that fragments composed of TATas-c0 and TATas-e0 Sequences possesing safety, and
suggested that the shorter peptides could be efficient as well as valuable vectors exploited for drug
delivery purpose (23). Among TAT peptide, the cell internalization capability conferred in the
Nuclear Localization Signal (NLS) composed of polyarginine bunch in TAT sequence 4g-s7 (23,24).
It has also shortlisted that romoval of first amino acid in the TAT sequence ss-s7 resulted no
significant effect and that it retained the cell penetratibility capacity (25-27). The tranlocation of cell
penetrating peptides into cell membrane and delivery of drug molecules into the nucleus considered
through endocytosis and direct translocation mechanisms (28).

The physico-chemical properties of drugs such as molecular weight, shape, charge and aqueous
solubility as well as its cellular uptake determine the rate of diffusion into the tissue (4). The
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presence of high density of basic amino acid residues (Arg and Lys) presents cationic charges that
may facilitate the transduction of peptides into the cell (29). The cationic CPPs electro-statically
bind with the anionic charges of the plasma membrane lipid contents (30) while the negative charge
on the cytoplasmic side of the membrane and the electrostatic interaction may concentrate the
peptide on the cell surface and lead to enhancement of internalization (31). In addition to other
reasons for the failure of drug or biomarker to penetrate in tumors, one major reasons is the
increased interstitial fluid pressure due to leaky vasculature and poor lymphatic drainage in tumor
tissue as well as hindered diffusion due to condensed cell packing and extracellular matrix (32).
Tumor cells response is different to therapeutic factors in-vitro as compared to in-vivo, due to lack
of complex interactions within their specialized microenvironments. There is found significant
distinctions in morphology, drug resistance, gene expression, and model matrices between 2-D and
3-D cultures, while 3-D MCTS model more closely mimic the in-vivo conditions (33). The
penetrability (34) and cytotoxicitiy studies (33) through CLSM conducted for nanoformulation
including anticancer drugs, and therefore an established penetration measurement
technique/protocol could be of greater interest in the field of biomedical research.

Therefore, penetration into the spheroid represents a balance between diffusion in the extracellular
space versus binding to cell surface that facilitates internalization into the cell. Age of spheroids can
be co-related to the age of in-vivo tumor and its characteristic features, such as, hypoxia and
necrosis. It was hypothesised that individual spherid geometry will play a vital role in TAT-labelled
peptide penetraton. Moreover, oldage spheroids could signicantly contribute resistance to
penetration of TAT. The objectives of this study was to uncover the spheroids age effect through
imaging by confocal microscopy, and hence to investigate whether spheroid age to be corelated with
in-vivo tumors.

2. Materials and Methods

2.1 Monolayer cell culture

HT-29 cell line was kindly provided by a colleague in the drug delivery group, stocked in
Manchester Pharmacy School, The University of Manchester (UK). HT-29 cell line seeded in T-75
cm? flasks (Corning® Ltd, St Davids Park, UK) at the rate of 10* cells/cm? in cell culture media
composed of DMEM containing 4.5 g/L glucose (Invitrogen, Paisley, UK) supplemented with 10%
foetal bovine serum (FBS) purchased from (Invitrogen, Paisley, UK) and 1% (v/v) each of
penicillin/streptomycin (P/S) purchased from (Sigma,Welwyn Garden City, UK) and L-glutamine
(Invitrogen, Paisley, UK). Flasks were kept in incubator maintained at 37°C, humidified atmosphere
and 5% CO2. Media was changed on alternate day. When cell confluence reached up to 80%, the
media was removed, and cells were washed with phosphate buffer saline (PBS) solution (Sigma,
Welwyn Garden City, UK). Afterwards, cells were trypsinized by 1% trypsin/EDTA (Sigma,
Welwyn Garden City, UK) and kept in incubator at 37°C for further 5 min to detach cells from the
flask surface. After detachment, 3 mL of media was added to the cell suspension to neutralize the
trypsinization. Cell suspension was pipetted out several times in the flask to disaggregate the cell
clumps and transferred to a 15 mL centrifuge tube (Corning® Ltd, St Davids Park, UK) for
centrifugation at 112 g for 5 min. The supernatant was decanted, and pellets were re-suspended in
PBS solution. Cell number per mililitre of this cell susoension were counted through
haemocytometer using light microscope (Olympus UK & lIreland, Southend-on-Sea, UK), and a
volume containing specified number of cells were re-seeded/used for MCTS generation.

2.2 Multicellular tumor spheroids generation

Spheroids were generated by liquid overlay technique (35). A 200 puL cell suspension consist of
2000 cells/well were transferred through pipette to each well of 96-well plate (Corning® Ltd, St
Davids Park, UK). The 96-well plates were already coated with agarose gel (1.5% w/v), i.e agarose
powder (Sigma, Welwyn Garden City, UK) 1.5¢g dissolved in 100 mL Dulbecco’s Modified Eagle’s
Medium (DMEM) without phenol red (Invitrogen, Paisley, UK). The cell suspension composed of
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cell culture media, DMEM with phenol red (Invitrogen, Paisley, UK) containing 4.5 g/litre glucose
supplemented with 10% FBS, 1% (v/v) each of P/S and L-glutamine. The seeded 96-well plates
were kept in incubator maintained at 37°C, humidified atmosphere and 5% CO. for three days
without any interruption for complete spheroid generation.

2.3 Criteria for spheroids selection

After three days, all wells of 96-well plates were checked through light microscope for the
formation and the shape of spheroids. Only those spheroids were selected for experimental
observations which were of spherical shape and the same size after three days of spheroid
generation and retained the same characteristics until the day of the observation/ experiment.

2.4 TAT-TAMRA and Spheroids adjustment on microscope

TAT-TAMRA (TATsequence 4757; TAMRA-YGRKKRRQRRR) purchased from (Anaspec Inc,
UK). A 0.1 mM Stock solution was prepared in distilled water and then 5 uM working solution was
prepared from the stock solution in PBS. A 35 mm petridish (Corning, USA) was fixed in
temperature controller on the stage of the confocal microscope (LSM510 Meta/confocor 11, Zeiss
Germany). Temperature controller switched on and adjusted at the desired temperature (37°C or
7°C). When the desired temperature achieved on the temperature controller scale, then 300 pl of
TAT-TAMRA solution was added into the centre of the petridish. After a short interval
(approximately 2-3 min), the petridish with solution reached the specified temperature and the
temperature reading on the temperature controller scale became stable. A spheroid was taken from
96-well plate, washed three times with phosphate buffer saline and transferred into the centre of the
TAT-TAMRA solution in the petridish. The spheroids were focused for observation through the
confocal microscope with a microscope objective/ numerical aparture 10x/0.3. TAT-TAMRA was
excited at 543 nm wavelength using Helium-Neon (He-Ne) laser. Detector gain and laser intensity
were adjusted to get quality images. First observation was taken after 5 min from the time of
insertion of the spheroid in TAT-TAMRA solution by conducting optical sectioning and then each
10 min intervals until 95 min.

2.5 Tracking confocal images and data analysis

Images of spheroid were taken at intervals of 3 um depth starting from the surface of spheroids,
using He-Ne Laser at a wavelength 543 nm for excitation of the TAMRA fluorophore (TAT-
labelled peptide). The images obtained through confocal software (Carl Zeiss, Germany) were
exported to Image-J to produce data by defining a region of interest (ROI) at the center of 2-D
image and recorded the average intensity for the same ROI in all images of the image-stack. The
ROI was circular in shape and area was approximately 5575 um? which remain consistent from the
surface of spheroid up to the interior final observation. The MCTS depth profile (the position of
fluorophore(s) along the depth of spheroids) and accumulation of TAT with respect to exposure
time were elucidated.

The measured intensity of ROI was transferred from Image-J file to Excel file. The line charts of
average intensity were drawn as depth profile versus fluorescence intensity in Excel file. The start of
each line shows the surface of spheroid(s) towards in-depth of spheroids (up to approximately 100
pum) as shown in Figures 2. The intensity at each time-point was averaged (by sum of intensities of
slices divided by the number of slices) and a graph was drawn as a relative accumulation versus
exposure time as shown in Figure 3. To find out the accumulation of TAT peptide with respect to
initial values, that data in Figure 3 was divided by their respective first values, which make the first
value equal to 1 and the subsequent values increase with respect to 1 (as shown in Figure 4) which
explain the pattern of distribution/penetration of TAT peptide in spheroids.
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2.6 Statistical analyses
Statistical analyses were conducted while using two way ANOVA or t-test. The p-values less than
0.05 were considered as statistically significant.

3. Results

3.1 Distribution of labelled TAT in spheroids under various conditions

The images revealed a non-uniform distribution within the spheroids. Some of it strongly labeled
regions indicating substantial cellular uptake. Other dark areas in much lower fluorescent intensity
suggest that either TAT has failed to penetrate or the space is mainly occupied by cells that have not
taken up TAT, as shown in Figure 1.

Spheroid | 5-day spheroid at 7°C  5-day spheroid at 3-day spheroid at
depth 37CE 37°C

Surface

30um

60um

75um

105um

Figure 1. Effect of morphology of spheroid on the penetration of TAT peptide. Confocal image of
spheroid at 7 and 37°C depicted here after one-hour exposure in 5 uM TAT solution. It shows the
difference in concentration of TAT peptide along the shell of the spheroid, and suggest that spheroid
geometry/internal morphology is not exactly divided into distinct layers, rather diversity exists.

In addition to morphology, sequential optical sections of spheroids were collected and analyzed to
accumulate fluorescently labeled TAT. Each image data set was processed first to calculate the
accumulation of fluorescence as a function of distance into the spheroid along the optical axis
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(Figures 2-4). The average fluorescence in the central region of interest was normalized by the
intensity of free TAT in the incubating solution. These figures indicate that the average
concentration of TAT within the spheroids was always less than the bulk solution (5 uM). However,
some sub-regions had much higher local concentrations (at the level of individual cells). The second
measure of labeled TAT accumulation was the integrated fluorescence with the same region across
all optical sections of the spheroid (from the spheroid surface to a depth of approximately 100 pm).
The various aspects of TAT penetration based on the age of spheroids and temperature variation
have been presented in Figures 2-4, where, it show that fluorescence intensity (hence penetration) of
TATpeptide increases along the exposure time and the effect is statistically significant (ANCOVA,

p <0.0001) in all three set of conditions.
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Figure 2. Fluorescence intensity of TAT peptide in 5-day old spheroid at 7°C
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Figure 4. Fluorescence intensity of TAT peptide in 3-day day old spheroid at 37°C

The graphical representation of fluorescence versus depth profile (Figures 2-4) indicates that on the
time scale of 90 min, the labeled TAT accumulates at approximately the same rate at each observed
depth. The lack of a “moving front” of fluorescence and the location of the highest intensity at some
depth (approximately 30-50 um) into the spheroid suggests that TAT diffusion into the spheroid is
relatively rapid and not the limiting factor for accumulation.

3.2 Relative accumulation of TAT in spheroids with respect to exposure time

To compare the relative accumulation of TAT-labelled peptide in spheroids with respect to exposure
time, the fluorescence versus depth data (Figures 2-4) were averaged over the range of spheroids'
depth to generate a measure of accumulation at each time-point. The calculated value represents the
accumulation within a spheroid's “core” extending from the surface to a depth of approximately 90
pum, where a value of 1 represents the amount of TAT contained in the same volume of the free
solution. Figure 5 demonstrates the relationship between relative accumulation of fluorescence
intensity and exposure time for each condition, taking exposure time on X-axis and relative
accumulation on Y-axis.
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3-Days, 37-Calsius 5-Days, 37-Celsius 5-Days, 7-Celsius

o

0.4-

Relative Accummulation of Fluorescence Intensity

Expnsure-t-ime [mini

Figure 5. Relative accumulation of TAT peptide in spheroids with respect to exposure time at
different conditions. The relative accumulation was calculated by dividing the spheroid fluorescence
intensity by their average cell-free solution intensity at each time point. The results suggest earlier
saturation in an age-dependent and more accumulation in a temperature-dependent manner.

The graphical representations in Figure 5 show linear relationships for each three conditions with a
smaller slope (rate of change) and greater intercept for 3-day old spheroid at 37°C as compared to
the other two conditions. The regression analysis results indicate a relatively low rate of change in
the fluorescence intensity for 3-days old spheroid at 37°C as compared to the 5-day old spheroid.
Further, the Analysis of Covariance (ANCOVA) results show that exposure time has a statistically
significant effect on fluorescence intensity after the results adjusted for age and temperature of the
spheroids. The results further show that approximately 85% of varibility in the response variable
(Relative Accumulation of Fluorescence Intensity) is due to the its association with exposure time
and specified conditions as the coefficient of determination (R?) was calculated as 0.849.

The more accumulation of TAT peptide in 3-day old spheroids is possibly due to the loosely packed
cells as compared to 5-day old spheroids. Moreover, 3-day old spheroids have more ratio of
proliferating cells as compared to 5-day old spheroids. This high ratio of proliferating cells may
have more affinity to TAT uptake; hence accumulation of TAT is greater in 3-day compared to 5-
day old spheroids. Moreover, along with the growth of spheroids, the number of proliferating cells
decreases [24], resulting in the uptake of peptides will also decrease. The literature shows some
controversies, some authors reported that penetration of TATpeptide is temperature dependent [3,
25, 26], while others observed that TAT-peptide penetration is independent of temperature [27-29].
Furthermore, results show that the relative fluorescence accumulation in 3-day old spheroid is
higher than 5-day old spheroid, which might be due to early saturation of 3-day old spheroids and a
regular increase in accumulation of accumulation fluorescently labeled TAT peptide in 5-day old
spheroids. These results are consistent with our hypothesis that spheroids' geometry/distinct cellular
distribution changes over time and could alter the penetration of TAT peptides in spheroids.

3.3 Accumulation of TAT in spheroids with respect to initial values
In addition to the penetration depth profile and relative accumulation of Tat-labelled peptide in
spheroids, the accumulation concerning initial values is considerably vital that will help in figuring
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out the pattern of penetration. The relative accumulation values of each set of conditions were
divided by their respective first values. Then curves were plotted by taking exposure time on X-axis
and accumulation on the Y-axis, as provided in Figure 6.

The graphs and linear regression analysis results show a strong linear relationship between the
Accumulation of TaT (the response variable) and exposure time (independent variable). Further, the
ANCOVA results show a significant effect of exposure time and age/temperature of the spheroids.

3-Days, 37-Calsius 5-Days, 37-Calsius 5-Days, 7-Calsius

e

Accummulation of TaT

£ il [ £ a0 s 22 =1

Exposurc‘ iimc {minj
Figure 6. Accumulation of TAT peptide in spheroids at different conditions with respect to initial
values. The initial value at each condition was rounded up to one by dividing all values of relative
accumulation at each condition with their respective first values.

4. Discussion

Depending on various conditions of spheroids like temperature [3] and age of spheroids [4], the
penetration of peptide varies because the larger spheroids develop necrotic and hypoxic regions. The
morphology/distinct cellular distribution changes along with age, from spheroid to spheroid or even
in the same spheroid, which plays an essential role in TAT peptide penetration. These results
confirmed that spheroid's geometry/distinct cellular distribution changes with the passage of time
and could alter TAT peptide penetration in spheroids. It was hypothesized that penetration of TAT
peptide is temperature-dependent, i.e. the higher the temperature, comparatively more will be the
penetration. Here results showed that the penetration of TATpeptide at higher temperature (37°C)
was greater than at lower temperature (7°C), and the effect is significant (t, p < 0.05). The
accumulation in 3-day old spheroid is notable for its higher average intensity, which is particularly
evident in the initial phase of the incubation; in the initial scans, the average intensity of 3-day
spheroid is more than double the intensity of 5-day spheroid. A likely interpretation of this
difference is that the younger spheroid is less compacted and more extracellular volume exist. It is
expected that the labeled TAT could rapidly diffuse throughout this extracellular volume, with the
extracellular TAT concentration quickly equilibrating with the incubating solution.

Similarly, the average fluorescence intensity at 37°C in 5 days old spheroid is slightly greater as
compared to 7°C. It suggests that penetration increases as temperature increases. The effect of TAT

Vol.31 No.08 (2024):JPTCP(2682-2693) Page | 2690


https://jptcp.com/index.php/jptcp/issue/view/79

Exploring HIV-1 Tat Penetrability In Tumor Spheroids Through Confocal Microscopy: A Cell Lines Based Study

penetration with respect to exposure time is statistically significant, at both temperatures and the age
of spheroids (ANCOVA, p < 0.0001).

The greater accumulation in 3-day old spheroid compared to 5-day old spheroids justifies one of our
hypotheses that TAT penetration may be inversely proportional to the age of spheroids because of
the increase in spheroid age, the ratio of proliferating cells decreases and hence penetration of TAT
peptide decreases. The accumulation concerning initial values in spheroids was in the order of 5-day
old spheroid at 7°C, greater than 5-day old spheroid at 37°C, greater than 3-day old spheroid at
37°C. It suggests that spheroids at 37°C saturate with peptide earlier than spheroids at 7°C, because
the relative accumulation of peptide at 37°C is higher than 7°C.

Conclusion

The study was focussed on measuring the uptake of the TAT peptide within spheroids through
confocal laser scanning microscopy. It was found that accumulation of TAT-labelled peptide with
respect to exposure time and temperature was at the order of 3-day old spheroid at 37°C greater than
5-day old spheroid at 37°C greater than 5-day old spheroid at 7°C. A greater and rapid accumulation
of labelled peptide in less developed (3-day) spheroids might be attributed to their greater
extracellular volume fraction and more ratio of proliferating cells. The detection of the highest
intensity at some depth (approximately 30-50 um) into the spheroid suggests that TAT diffusion
upto this depth is relatively rapid and not the limiting factor for accumulation. However, further low
detection, particularly in old spheroid (5-day old) represent either the strong cell-cell contacts as a
barrier, inheritent changes inside spheroids or the inherient failure of confocal microscope to
measure penetration up to the deeper level. Furthermore, confocal microscopy studies in
conjunction with flow cytometry are required to investigate the penetration of TAT in depth along
the age of spheroids.
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