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To increase the efficiency of drug development process, it is important to improve performance of preclinical experiments. A major drawback of the currently used in
vitro intestinal barrier models is that it takes a significant time to obtain functional enterocyte monolayers with formed tight junctions. In this work, we have optimized
various parameters such as cell density and different coatings, for a more rapid and efficient producing Caco-2 cell monolayers suitable for further experiments. In
vivo microscopy and impedance spectroscopy were used to monitor cells state under various conditions. To determine possible biological mechanisms affected
by exposure to various protein substrates, the transcriptomic analysis was applied. It was shown that collagen IV coating of the cell growth substrate significantly
increased the rate of proliferation and migration of Caco-2 cells. This effect allows forming a functional monolayer of epithelial cells with tight junctions within
24 hours. Optimally, the initial cell density should be 90,000 to 200,000 cells/cm?. It was observed that collagen IV was poorly expressed by Caco-2 cells while the
collagen IV receptor was expressed at a relatively high level in these cells. Laminin-332, another basement membrane component, was found to have no significant
effect on times of formation of functional epithelial monolayers. Thus, using the optimal parameters determined in this study allows to significantly improve efficiency
of using the in vitro intestinal barrier models.
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METOONKA YCKOPEHHOI'O NOJTYHEHUA MOOEJIbHbIX KNLLEYHbIX BAPBEPOB /N VITRO
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[nst noBbILLeHNs 3PEKTVBHOCTN Pa3paboTKn NIeKapCTBEHHbIX MPenapaToB HeobXoAMMO YBENMYMBATL MPOV3BOLUTENBHOCTb SKCMEPUMEHTOB, MPOBOANMBIX
Ha JOoKMHMYeckon ctaamn. CyLleCTBEHHbIM HEAOCTATKOM MCMOMb3yeMbIX Ha CErOAHALUHMIA AeHb in Vitro Mofenein KuWe4Horo bapbepa SBnseTcs CKOPOCTb
06pa3oBanHmns yHKLMOHAIBHOMO MOHOCOSH 9HTEPOLMTOB CO CCPOPMMUPOBABLUMMUCS MOTHBIMU KOHTakTaMu. Llenbto paboTbl 6bi10 NPOBECTU KOMMMEKCHBIN
noabop MapameTpoB (PasnnyHble MOKPBITUA U MAOTHOCTb KNETOK) AN ObICTPOro v 3PMeKTUBHOMO MOMYYEHUS MPUIOAHOMO K MPOBEAEHMIO SKCMEPUMEHTOB
MOHOC05 KNeTok Caco-2. [na OLEHKN COCTOSHMSA KyMETYPbl KNETOK MPU Pas3n4HbIX YCIOBUSX MPUMEHANM MPYKUSHEHHYIO MUKPOCKOMMIO 1 UMMEOaHCHYIO
CMeKTPOCKoNMio. [nst onpefeneHns BO3MOXHOIO OMOMOMMYECKOro MexaHv3Ma AeCTBUS pasiinyHbiX GEnkoBbIX CyOCTPaTOB Ha SHTEPOLMTBLI MCMOoNb30Banm
TPaHCKPUMTOMHbIA aHanua. [okasaHo, YTO MOKPbITYE cybcTpaTta Ans pocTa KAeTok KonnareHoMm |V CyLlecTBeHHO MOBbILLAET CKOPOCTb nponndepaumm
1 MUrpaumm knetok nnHum Caco-2. Takoe BO3OeNCTBME MO3BONSET B TedeHre 24 4 cchopmmpoBaTb yHKLMOHAIbHBI MOHOCION SnuUTennanbHbIX KNETOK C
NAOTHbIMW KOHTakTaMu. C Lienbio MOoMyHYeHUst NPUrOAHOMO AN NMPOBELAEHUS SKCNEPUMEHTOB KULLEYHOrO Hapbepa in Vitro B TedeHne 24 4 HadasnbHast MoTHOCTb
KNETOK AomkHa nexxarb B AnanadoHe 90-200 TbiC. KneTok Ha 1 cm2. OBHapy»eHo, 4To kneTkn Caco-2 cnabo skcnpeccupytoT konnareH IV, mpy aTom peLienTops! K
konnareHy IV y faHHbIX KNETOK 9KCMPECCHPOBaHb! Ha OCTATOHHO BbICOKOM YPOBHE. [1oKa3aHo Takke, YTO eLLe OAVH KOMMOHEHT 6a3asnbHoM MemopaHbl TamMyHIH
332 He oKasbliBaeT 3aMETHOIO B/IMSIHUSE HA CKOPOCTb (hOPMMPOBaHNS (DYHKLMOHAIbHOrO MOHOCIOS anmUTeNnanbHbIX KNeTok. Takum o6pasom, B paboTe bbinn
onpeaeneHbl ONTUMarbHbIE MapaMeTPbl, MO3BONSIOLLME CYLLECTBEHHO MOBbLICUTE MPOV3BOANTENBHOCTL SKCMEPUMEHTOB C in Vitro MOAENAMM KULLKA.
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Intestine is an important organ where food is digested, nutrients The pathways for transporting molecules through the
and drugs are absorbed into the blood, and interaction of intestinal barrier include active transport, passive diffusion
microorganisms with host cells occurs. One of the main  through the cell membrane, and passive diffusion through the
intestine functions is the barrier function. Intestinal barrier  intercellular spaces in between epithelial cells. Epithelial tight
dysfunction has been implicated in numerous health conditions  junctions are the key structures regulating paracellular trafficking
including inflammatory and autoimmune diseases [1]. Cancer  of molecules [3]. Tight junctions are multi-protein complexes
chemotherapies often lead to gut barrier dysfunction [2]. located close to the apical surfaces of the epithelial cells
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and consisting of different cytoplasmic and transmembrane
proteins such as occludin and claudins. Due to dynamic
changes of tight junctions, intestinal permeability can change
rapidly [4]. The tight junction protein complexes are dynamically
modulated by various signaling molecules such as kinases
(c-Src, c-Yes, etc.) and cytokines (PHOaq, interferron vy, etc.) [5].
Since tight junctions play an important role in the functioning
of the intestine both in normal and in pathology, it is crucial to
develop appropriate in vitro models to evaluate various effects
on tight junctions [6, 7].

There are a few different techniques for measuring the
paracellular permeability reflecting the integrity of tight
junctions. In particular, measurements of molecular marker
concentrations on both sides of the barrier are widely used [8,
9]. However, this method is time-consuming and not easy to
use. Alternatively, transepithelial electrical resistance (TEER)
can be used to monitor changes in epithelial cell culture integrity
[10]. Using this quantitative technique takes researchers less
time and is well suitable for the high-throughput screening;
TEER measurement accuracy can be increased by applying
impedance spectroscopy [11, 12].

Currently, Caco-2 cell line is widely used to model the
intestinal barrier in vitro [13]. The Caco-2 cells were originally
derived from a colon adenocarcinoma — the cells turned out to
be able to spontaneously differentiate into a monolayer of cells
with many properties typical of the small intestine epithelium
[14, 15]. Caco-2 cells are known to form tight junctions as
they grow and differentiate, and the cell density of their tight
junctions is higher than in normal colon [14, 15]. This makes
Caco-2 cell line a valuable transport model system for studying
tight junction processes. However, for a wider application of this
cell model, it is necessary to improve experiment performance.
This can be partially achieved by cell culture automation, e.g.
using microfluidic chips [16-18] however, it would be very
helpful to optimize cultivation conditions to make it possible to
have ready for use cell models more rapidly.

Our study was aimed at determining the optimal cultivation
conditions for Caco-2 cells that would allow obtaining functional
cell monolayers with tight junctions as quickly as possible.

METHODS

Caco-2 cells were obtained from the Institute of Cytology of
the Russian Academy of Sciences (Russia). The cells were
cultured in MEM (Gibco; USA) supplemented with 20% fetal
bovine serum (Gibco; USA) and 1% penicillin-streptomycin
(Gibco; USA). Cells were maintained at 37 °C in an incubator
with 5% CO,. Subcultivation was performed every 2 or 3 days
according to the standard procedure using a trypsin EDTA
solution (PanEco; Russia). Cell counts were performed using
Automated Countess Cell Counter (Gibco; USA) according to
the manufacturer's recommendations.

Cells were seeded onto 1.0 pm pore-size polyester inserts
(PET) HTS Transwell-96 (Corning; US). Before seeding, a
part of membranes was coated with laminin-332 (BioLamina;
Sweden) and another part was coated with type IV collagen
(Imtek; Russia): 30 pl of proten in DPBS solution with 10 pg/ml
concentration was added to each membrane insert. Then, 96-
well plates with membrane inserts were incubated at 4 °C for
24 h. After incubation, protein solutions were removed from all
wells, and each well was washed 3 times with 100 pl of DPBS
solution.

Right before cell seeding, HTS membrane inserts were
filled with culture medium (50 pl into the upper chamber and
235 pl in the lower chamber) and incubated in a cell incubator

for one hour. Then different quantities of cells were added to
each membrane insert (6,250, 12,500 or 25,000 cells per well)
to 50 pl of the culture medium to achieve initial cell density of
43,700, 87,400 and 174,800 cells per cm2, respectively. Each
experiment was carried out in three repeats. 96-well plates
with membrane inserts were incubated in a cell incubator
throughout the experiment.

To determine TEER values in 24 h and 48 h from the onset
of the experiment, impedance spectra measurements were
made using an impedance spectrometry system (BioClinicum;
Russia) and original electrodes (BioClinicum; Russia). TEER
values were calculated following the previously described
equivalent electrical circuit [19] using CEISA Impedance fitting
(BioClinicum; Russia). Statistical analysis of obtained data was
carried out using the programming language R 4.0 with the
integrated development environment RStudio 1.1 (RStudio PBG;
USA). To assess the statistical significance of the observed
TEER differences, we used a three-factor (substrate type, initial
cell density, and time from the onset of the experiment) Analysis
of Variance (ANOVA) Tukey-adjusted for multiple comparisons.
Differences were considered significant at p < 0.05.

To obtain microscopic images of Caco-2 cells on various
substrates, some of the wells in 96-well plates (Corning; US)
was coated with laminin-332 (BioLamina; Sweden) and type IV
collagen (Imtek; Russia) using the protocol similar to membrane
inserts coating. 50 pl of protein solution per well was used
for coating. Each well was then loaded with 100 pL of cell
suspension in a complete culture medium with concentration
of 100,000 and 200,000 cells per 1 ml (corresponding to the
initial cell densities 31,300 and 62,600 per cm?). The plates
were further incubated in a cell incubator. Microscopic images
were obtained using PrimoVert inverted microscope (Carl Zeiss;
Germany).

To obtain fully differentiated Caco-2 cells, culturing was
carried out according to the procedure described in [11, 19].
Analysis of gene expression levels in differentiated and
undifferentiated Caco-2 cells was carried out using
microchips GeneChip Human Genome 1.0 ST (Affymetrix; USA)
[20]. Cells were lysed with QlAzol lysis buffer (Qiagen;
Germany). Total RNA was isolated using miRNeasy Mini
Kit (Qiagen; Germany) according to the manufacturer's
protocol. Concentration of isolated total RNA was measured
using NanoDrop 1000 spectrophotometer (Thermo Fisher
Scientific; USA). RNA quality was assessed using the Experion
system (Bio-Rad; USA). For hybridization on microchips,
500 ng of each RNA sample was used. The experiment was
carried out in three repeats.

The results were processed using TAC 4.0 software (Thermo
Fisher Scientific; USA). The statistical significance of differences
in expression levels between differentiated and undifferentiated
Caco-2 cells was assessed by single factor variance analysis
(ANOVA) adjusted with Benjamini-Hochberg. The significance
threshold was 0.05. Genes with an expression level less than
6.0 on the Affymetrix logarithmic scale were considered not
expressed.

RESULTS

Based on TEER measurements (Fig.1) for membrane inserts
made 24 h after the cell seeding, TEER was shown to increase
as initial cell density increased. E.g., for uncoated control
membrane inserts, TEER values were found to be about
118 Q.cm? higher for the maximum initial cell density compared
to the minimum initial cell density (o < 0.001). No significant
differences were found between intermediate and minimum
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initial cell densities (o = 1). Similar results were observed for
the laminin-332 coated wells. In case of laminin-332 coating,
no significant TEER differences were found as compared to
uncoated control wells for all tested initial cell densities (o = 1).

In case of type IV collagen coating, the results differed
significantly. Considerable differences were observed between
the minimum tested initial cell density of 43,700 cells per cm? and
87,400 cells per cm? (an increase of 147 Q.cm?; p < 0.001),
as well as between the minimum tested initial cell density of
43,700 cells per cm? and 174,800 cells per cm? (an increase
of 208 Q.cm?; p < 0,001). Thus, in case of type IV collagen
coating, the dependence of TEER values on initial cell densities
was more significant. For the initial densities 87,400 cells per cm?
and 174,800 cells per cm?, a strong increase in TEER (188 Q.cm?
and 142 Q.cm?, respectively) was also found in type IV collagen
coated wells as compared to control polyester wells (o < 0,001
in both cases).

After 48 h from the beginning of the experiment, TEER
values in the uncoated control wells increased significantly
for the 87,400 initial cell density and for the 174,800 initial cell
density compared to the measurements taken 24 h after cell
seeding (202 Q.cm? and 110 Q.cm?, respectively; p < 0.001 and
p = 0.002, respectively). At the same time, in case of minimal
43,700 initial cell density, there was no significant difference
between TEER values for 48 h measurements and 24 h
measurements (p = 1).

In the case of laminin-332 coating, similar dynamics
was observed comparing 48 h vs. 24 h TEER values: for
43,700 cells/cm? initial density, no significant difference was
found (p = 0.1); for 87,400 cells/cm? initial density, TEER values
significantly increased by 165 Q.cm? (p < 0.001) however, for
the 174,800 cells/cm? initial density, the observed growth by
83 Q.cm? was not statistically significant (p = 1). On the other
hand, in case of type IV collagen coated wells, a significant
TEER increase (175 Q.cm?) was reported in case of the
minimum initial cell density only (p < 0.001) while no significant
differences between related 48 h and 24 h measurements
were found for 87,400 cells/cm? and 174,800 cells/cm? initial
densities (p = 0.2 and p = 1, respectively).

Interestingly, for uncoated wells and for laminin-332 coated
wells, 48 h TEER values were still dependent on the initial cell
densities. In case of uncoated wells, 48 h TEER values were
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higher as compared to the 43,700 cells/cm? initial density for
both 87,400 initial density (172 Q.cm?; p < 0.001) and 174,800
cells/cm? initial density (188 Q.cm?; p < 0,001). Similar results
were obtained in case of laminin-332 coating. At the same
time, 48 h TEER values in the wells coated with type IV collagen
were not dependent significantly on the initial cell density (o = 1
in all cases) and were more than 200 Q.cm?.

In order to evaluate the effect of type IV collagen/
laminin-332 substrate coating on cell morphology and growth
rate, live-cell imaging of Caco-2 cells was performed in
24 hours after cell seeding (Fig. 2). It turned out that for
control uncoated wells and laminin-332 coated wells, 100%
confluence was not achieved at the considered initial cell
densities. However, in case of type IV collagen coating,
about 80% of surface was covered in wells with 31,300
cells/cm? initial density, and a monolayer was formed in
wells with 62,600 cells/cm? initial density. In type IV collagen
coated wells, an increased amounts of elongated spindle
shaped cells were observed compared with control wells
and laminin-332 wells.

Transcriptomic analysis showed that in both differentiated
and undifferentiated Caco-2 cells, expression of all type IV
collagen chains was at a relatively low level (< 7 according
to Affymetrix logarithmic scale) (see Table). Moreover, in the
process of cell differentiation a slight decrease in expression of
COL4A1 and COL4AB genes was observed.

Integrins a1B1 and a2f1 are known to be the main receptors
of type IV collagen [21]. Transcriptomic analysis showed that
ITGB1 gene (B1-integrin chain) was expressed at a sufficiently
high level in both differentiated and undifferentiated Caco-2 cells
(10.0 and 10.1 in Affymetrix logarithmic scale respectively), and
its expression did not significantly change during the process of
differentiation (o = 0.4). ITGA1 gene (a1-chain integrin) was also
expressed in both differentiated and undifferentiated Caco-2
cells (8.6 and 9.0 in Affymetrix logarithmic scale, respectively)
however, its expression slightly decreased in differentiated cells
(1.3 times lower; p = 0,002).

Similar results were obtained for ITGA2 gene (a2 integrin
chain): the average expression values were 9.2 for differentiated
cells and 9.5 for undifferentiated cells while a small 1.3 time
decrease of expression in differentiated cells was statistically
significant (o = 0,04).
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Fig. 1. TEER values in 24 hours (A) and 48 hours (B) from the onset of experiment. Statistically significant differences of coated membranes compared to uncoated
membranes are marked with * COL IV — type IV collagen; LAM 332 — laminin-332; PET — uncoated
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Initial cell density 31,300 cells/cm

PS24h

COLIV24h

LAM 332
24 h

Initial cell density 62,600 cells/cm?

Fig. 2. Caco-2 monolayer images in 24 h (scale segment bar is 200 pm) COL IV — type IV collagen; LAM 332 — laminin-332; PET — uncoated

DISCUSSION

The experiment showed that type IV collagen was the most
effective substrate significantly accelerating the process of
formation of functional epithelial intestinal barrier. Some chains
of type IV collagen (a1, a2, a5 and aB) are known to be involved
in formation and development of the intestine, and the proteins
can be synthesized in both epithelial and mesenchymal cells
[22]. Based on the results of transcriptomic analysis, Caco-2 cells
cannot sufficiently synthesize type IV collagen while at all stages,
the cells express receptors for type IV collagen which indicates
that type IV collagen may have effect on the cell processes.

Based on the obtained cell images, it can be concluded that
type IV collagen promotes both proliferation and migration of
Caco-2 cells. To date, an extended data has been accumulated

showing that type IV collagen stimulates both adhesion and
migration of Caco-2 cells [23-25]. Type IV collagen is also
known to stimulate proliferation of other epithelial cell types
[26, 27]. Thus, the obtained results are well consistent with the
data available from earlier studies.

Effect of type IV collagen on Caco-2 monolayer TEER
values has already been studied, and it was found that a few
days after cell seeding, TEER values were significantly higher in
the wells coated with type IV collagen however, the dynamics
of TEER changes during the first few days of cell culturing was
not determined [28]. In the present study, it was shown that
type IV collagen affects not only the TEER values but also the
time periods when TEER values (about 200 Q.cm?) [9] become
sufficient for barrier model experiments — it can be really
achieved within 24 h period. The obtained results can be easily
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Table. Type IV collagen expression levels in differentiated and undifferentiated Caco-2 cells (Affymetrix logarithmic scale)

Gene Average expression level in differentiated Average expression level in undifferentiated Difference FDR p
Caco-2 cells Caco-2 cells

COL4A1 6.15 6.39 -1.18 0.0235
COL4A2 6.7 6.74 -1.02 0.3724
COL4A3 5.92 5.96 -1.03 0.3166
COL4A4 5.66 5.67 -1.01 0.5068
COL4AS5 6.54 6.74 -1.15 0.0904
COL4A6 5.91 6.29 -1.3 0.0302

applied both to other static in vitro models of barrier tissues and
to dynamic microfluidic systems [29, 30].

CONCLUSION

In our experiments, we found that using the type IV collagen
coated substrate for cell growth significantly increased the
rate of proliferation and migration of Caco-2 cells. This made
it possible to obtain functional monolayers of epithelial cells
with tight junctions contacts within 24 hours. The optimal
initial cell densities were also determined. For obtaining an
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