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Modification of the antigenicity of cancer cells by
conjugates consisting of hyaluronic acid and
foreign antigenst

Soichi Ogata, Reika Tsuji, Atsushi Moritaka, Shoya Ito and Shinichi Mochizuki ©= *

Tumor-specific cytotoxic T-lymphocytes (CTLs) recognize tumor-associated antigens presented on
major histocompatibility complex (MHC) class | molecules. However, it is difficult to induce potent CTLs
by vaccination because the antigenicity is not so high, compared with that of foreign antigens derived
from viruses and microbes. The affinity of binding to MHC class | molecules is proportional to the antige-
nicity of the antigen that they are presenting. Here, we prepared several conjugates consisting of hyaluro-
nic acid (HA) as a carrier to cancer cells and ovalbumin (OVA) as a foreign protein and changed the anti-
gens on cancer cells from intrinsic antigens to OVA fragments. The conjugate containing multiple HA and
OVA molecules (100k4HA-30OVA) adopted a highly condensed structure and was well recognized by
recombinant CD44 molecules in quartz crystal microbalance analysis and incorporated into cancer cells
(CT26 cells). A mixture of CT26 cells treated with 100k4HA-30OVA and splenocytes including OVA-specific
CTLs induced abundant secretion of IFN-y into the supernatant. At 48 h after mixing with the CTLs,
almost all CT26 cells had died. These results indicate that 100k4HA-30VA is actively internalized into the
cells through interaction between HA and CD44. Subsequently, CT26 cells present not only self-antigens,
but also OVA fragments on MHC class | molecules and are recognized by OVA-specific CTLs. We thus
succeeded in modifying the antigenicity from self- to non-self-antigens on cancer cells. Therefore, this
foreign-antigen delivery using HA to cancer cells, followed by antigen replacement, could be used as a
novel strategy for treating cancers.

1. Introduction

Expectations have been raised about the possibility of treating
cancer by activating the naive immune system by vaccination.
Tumor-specific cytotoxic T-lymphocytes (CTLs) induced by
immunization with tumor antigens and adjuvants are the
primary cells for eradicating cancer cells."™ CTLs recognize
and bind antigenic peptides that are presented on major histo-
compatibility complex (MHC) class I molecules and induce
direct and indirect killing mechanisms to target cancer cells.
Such tumor therapy using the immune system is expected to
not only attack existing tumor cells, but also provide long-term
memory against recurrence. Although cancer vaccines with
tumor specificity and low side effects are anticipated to
become alternatives to chemotherapy and radiotherapy, they
have had only limited clinical success so far. One of the major
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reasons for this is assumed to be related to the low antigenicity
of tumor-associated antigens (TAAs).>® In general, immunity
acts strongly against foreign antigens derived from viruses and
microbes. However, tumor cells are generated by the host itself
and thus present self-antigens. It is thus difficult to induce
fully activated CTLs targeting TAAs because most of these
CTLs are eliminated during maturation due to negative selec-
tion at the thymus.”® As a result, immunological tolerance can
be easily acquired, even after immunization with potent vac-
cines for tumor antigens. In addition, the high heterogeneity
of tumor cells causes low efficacy of cancer vaccines.’ Tumor
subpopulations do not necessarily express the cognate anti-
gens on MHC class I molecules, resulting in treatment
failure."

Vaccination with foreign antigens is advantageous for indu-
cing strong immune responses. Compared with tumor anti-
gens, foreign antigens can avoid negative selection because of
the “non-self” antigenicity and have high affinity to MHC class
I molecules.'>'* The binding affinity to MHC class I molecules
is proportional to the antigenicity of the antigen that they are
presenting. Therefore, if proteins with high antigenicity can be
internalized into tumor cells, the degraded peptide can easily
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bind to host MHC class I molecules instead of the intrinsic
antigens. MHC class II molecules are mainly expressed on
macrophages, dendritic cells, and B cells,"* while MHC class I
molecules are expressed on all nucleated cells."* If the foreign
antigenic proteins are administered and internalized into cells
non-specifically, the cells would be targeted by the antigen-
specific CTLs in the host. To propose a cancer vaccine strategy
using foreign antigenic proteins, the development of carriers
that specifically deliver the antigens to tumor cells is a primary
requirement.

Hyaluronic acid (HA) is a linear high-molecular-weight poly-
saccharide consisting of alternating N-acetyl-f-b-glucosamine
and f-o-glucuronate residues linked at 1-3 and 1-4
positions."®'® HA is a component of extracellular matrices and
is abundant in hydrated tissues such as the vitreous of the eye,
articular cartilage, synovial fluid, and skin."” Because HA pos-
sesses high biocompatibility and biodegradability, along with
no toxicity, immunogenicity, or inflammatory effects, HA and
its derivatives have been widely used as medical materials,
such as for visco-supplementation, drug delivery, and tissue
engineering.'®>' HA can specifically bind to various HA recep-
tors on the cell surface such as CD44**** and receptors for
HA-mediated motility (RHAMM).>* Cells from a variety of
cancers, such as epithelial, ovarian, colon, and stomach, over-
express these HA-binding receptors.”> This background
prompted the idea of taking advantage of HA for tumor-tar-
geted drug delivery. HA has carboxylic acid (COOH) and
alcohol (OH) functional groups in the repeating unit of poly-
mers, making various chemical modifications possible. For
example, a carboxylic acid group can be used for the formation
of electrostatic complexes with positively charged polymers,
but also for crosslinking with materials with an amino group
through a dehydration reaction.>® Oxidation of hydroxy groups
produces dialdehydes by opening the sugar rings.”” In
addition, the reducing end of HA can also be used for reduc-
tive amination with materials having amino groups.’>*® A
variety of chemically modified HAs have been extensively
studied to deliver anti-tumor drugs, short-interfering RNA, and
antisense DNA into tumor cells.
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We previously prepared various conjugates consisting of HA
and bovine serum albumin (BSA) by changing the mixing ratio
between the carboxylic groups of HA and the amino groups of
BSA.>' The resultant conjugates contained multiple HA and
BSA molecules and showed almost the same size and mor-
phology as HA, indicating that the conjugates adopted a highly
condensed structure. The recombinant CD44 molecule recog-
nized the conjugates more than it did HA before the conju-
gation. The conjugates showing a high affinity for CD44 were
also effectively taken up at a high level by cancer cells expres-
sing CD44. From these findings, we can conclude that CD44
preferentially recognized the prepared HA with a condensed
structure and the same morphology as the original HA.

Based on the above framework, we initially hypothesized
that foreign antigens attached to HA would be specifically deli-
vered to cancer cells, leading to foreign peptide presentation
on the cell surface (Fig. 1). As a proof of concept, Kim et al.
reported that a conjugate made from HA and a foreign anti-
genic protein, ovalbumin (OVA), through reductive amination
was taken up into CD44™8" tumor cells.?® The cells treated
with the conjugate reacted with OVA-specific immune cells. In
this study, we demonstrated the preparation of various conju-
gates consisting of HA and OVA through a dehydration reaction
by changing the molecular weight of HA and the mixing ratio
between HA and OVA and characterized them by precise ana-
lysis using multiangle light scattering (MALS). We also evalu-
ated the uptake of the resultant conjugates into cancer cells
and modified the antigenicity by changing the peptides pre-
sented on MHC class I and II molecules from intrinsic anti-
gens to OVA in vitro.

2. Materials and methods

2.1. Materials

Hyaluronic acid (M,, = 1.0 x 10°, determined by gel permeation
chromatography (GPC) coupled to MALS analysis), and OVA
were purchased from Sigma Aldrich (St Louis, MO). 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
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Fig. 1 Schematic illustration showing antigen replacement from intrinsic antigens to the foreign and highly antigenic antigen OVA on cancer cells

using an HA delivery system.
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Table 1 Preparation and composition of HA-OVA conjugates

Concentration in preparation Conjugate

HA

- OVA EDC NHS

Sample M,/10° Conc. (pM) Conc. (1M) Conc. (uM) Conc. (pM) M,/10° HA: OVA* Code
1 1.0 2.0 4.0 1.0 1.7 1.5 1.1:1.0 100k1HA-10VA
2 1.0 1.1 5.5 3.0 5.0 5.0 4.0:2.5 100k4HA-30VA
3 5.0 1.0 4.0 2.6 4.3 4.3 1.0:0.8 500k1HA-10VA

“Estimated from the relationship between the OVA concentration determined from protein quantification and the weight concentration of the

conjugate.

(EDC-HCI) and N-hydroxysuccinimide NHS were purchased
from FUJIFILM Wako Pure Chemical Corporation (Osaka,

Japan).

2.2. Degradation of high-molecular-weight HA by sonication

High-molecular-weight HA was partially degraded by soni-
cation to low-molecular-weight fragments. HA (40 mg) was dis-
solved in 40 mL of water and subjected to sonication using a
QSONICA Q700 (Qsonica L.L.C., Newtown, CT). HA fragments
with M,s of 5.0 x 10°> and 1.0 x 10° were obtained by sonication
at 12 W for 2 and 10 min, respectively.

2.3. Preparation of HA-OVA conjugates

HA fragments obtained by treatment with sonication were con-
jugated to OVA through a condensation reaction using EDC
and NHS reagents. HA, EDC and NHS were dissolved in 50 mL
of 10 mM MES (pH 4.5) and incubated on ice. After 2 h, OVA
was added to the mixture. The concentrations of each com-
ponent in the reaction mixture are summarized in Table 1.
After incubation at 37 °C for 24 h, the reaction mixtures were
dialyzed with water using a Biotech CE Tubing (molecular
weight cut-off of 3500) and freeze-dried. To remove unreacted
OVA from freeze-dried samples and obtain HA-OVA conjugates
with high purity, the samples were dissolved in distilled water
and subjected to GPC. The fractions that were detected at an
earlier elution time than the OVA fraction were collected, dia-
lyzed with water, and freeze-dried.

2.4. Determination of the free amino groups of OVA in a
conjugate

The conjugates were dissolved in 50 pl of PBS (0.1-1 mg m1™?).
Equal volumes of 0.1 M borate buffer (pH 8.5) and 0.1% trini-
trobenzene sulfonic acid (TNBS) were added. After incubation
at 40 °C for 1 h, the absorbance at 340 nm was measured with
a UV spectrometer (V-630; JASCO Co., Ltd, Tokyo, Japan).*
The concentration of amino groups in the conjugate was deter-
mined from a standard curve constructed using a known con-
centration of OVA.

2.5. Characterization of HA-OVA conjugates

GPC was carried out using a SHIMADZU Prominence 501
pumping system (SHIMADZU Co., Ltd, Kyoto, Japan) at a flow
rate of 0.8 ml min~" with an OHpak SB-806M column (Showa

This journal is © The Royal Society of Chemistry 2023

Denko Co., Ltd, Tokyo, Japan). Here, 10 mM phosphate buffer
(pH 7.4) containing 0.1 M NaCl was used as a mobile phase.
The eluate was detected using a reflective index (RI) detector
(RI-501; Showa Denko), a UV detector (SPD-20A; SHIMADZU),
and a MALS detector (DAWN HELEOS-II; Wyatt Technology
Co., Santa Barbara, CA). RI and MALS signals were used to cal-
culate the weight-averaged molecular weight (M,,) and z-aver-
aged radius of gyration (Ry; (SZ);/Z). The size and morphology
of HA-OVA conjugates were also observed by dynamic light
scattering (DLS) and transmission electron microscopy (TEM),
respectively. After HA-OVA conjugates were dissolved in PBS at
0.5 mg ml~", the sizes were determined using a DelsaMax PRO
(Beckman Coulter, Fullerton, CA). For morphological obser-
vation, HA or HA-OVA conjugate solution diluted in deionized
water was dropped on a carbon-coated copper grid, dried at
room temperature, and observed using a JEM2100Plus oper-
ated at an accelerating voltage of 200 kV (JEOL Ltd, Tokyo,

Japan).

2.6. Interaction between the recombinant CD44 (rCD44)
molecule and HA-OVA conjugates

The anti-His6 antibody (ThermoFisher Scientific, Waltham,
MA) was immobilized on a gold substrate in a quartz crystal
microbalance (QCM) sensor cell (AFFINIX QNp; INITIUM, Inc.,
Tokyo, Japan) overnight. After washing the sensor cell with
PBS three times, a His6-tagged rCD44 protein (10 pg ml™") con-
taining only the extracellular domain (Sino Biological, Beijing,
China) in PBS was added to the sensor cell and incubated for
1 h at room temperature. After washing with PBS three times,
the sensor cell was filled with 500 ul of PBS and HA or the HA-
OVA conjugate was added at the indicated concentration, fol-
lowed by measurement of the frequency change at 25 °C. The
total mass of the adsorbed substrates on a QCM sensor was
determined with Sauerbrey’s equation (eqn (1)):

2F?
AyPaflq

where AF is the change in frequency (Hz), F, is the original fre-
quency of the quartz crystal prior to the mass change (27 x 10°
Hz), A is the electrode area (0.049 cm?®), g4 is the shear mode
stress of the crystal (2.95 x 10'" dyn em™?), p, is the density of
the quartz (2.65 g cm™3), and Am is the mass change (ng

AF = — Am (1)
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ecm ™). A frequency decrease of 1 Hz corresponds to a mass
increase of 0.62 + 0.1 ng cm™2, meaning that a frequency
decrease of 1 Hz corresponds to a mass increase of 30 pg on
the QCM electrode. We assumed the first-order kinetics for the
binding between HA and rCD44:

N
HA +1CD44 _ HA - rCD44 (2)

The dissociation constant (Kg) is given using eqn (3).
Because HA is added in excess to rCD44 on the QCM sensor
cell, at a steady state, [HA] = [HA], and [rCD44] = [rCD44], —
[HA/rCD44] can be assumed. Eqn (3) can be converted to eqn
(4) and (5).

[HA][rCD44]

4~ [HA - rCD44] )
 AFma[HA],

AF = m (4)

1 Ko 1 )

AF  AFpmu[HA],  AFpa

The K4 and the maximum frequency change (AF,ax) can be
obtained according to eqn (5).

2.7. Cell culture

CT26 cells (mouse colon carcinoma cells) were purchased from
American Type Culture Collection (Manassas, VA), and cul-
tured in RPMI-1640 medium (FUJIFILM Wako Pure Chemical
Corporation) containing 10% FBS, 100 U ml™" penicillin, and
0.1 mg ml™" streptomycin.

2.8. Invitro uptake of HA-OVA conjugates

CT26 cells were seeded at 2.0 x 10> cells per well in 12-well
plates and supplemented with fluorescein isothiocyanate
(FITC; FUJIFILM Wako Pure Chemical Corporation)-labelled
OVA or HA-OVA conjugates at an OVA dose of 3 pg ml™". After
incubation for 24 h, the cells were washed with PBS three
times and the fluorescence intensity of the cells was observed
using a flow cytometer (CytoFLEX; Beckman Coulter). At the
same time, the images of the cells were obtained using a
BZ-X810 digital fluorescence microscope (Keyence, Osaka,

Japan).

2.9. Immune responses between CT26 cells treated with HA-
OVA conjugates and splenocytes including OVA-specific CTLs

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of the
University of Kitakyushu and approved by the Animal Ethics
Committee of the University of Kitakyushu. Balb/c mice were
purchased from Japan SLC, Inc. (Shizuoka, Japan). The mice
were immunized with OVA (30 pg) and CpG-DNA (30 pg, K3 Et-
FREE; Gene Design Co., Ltd, Osaka, Japan) at the base of the
tail twice on days 0 and 12. On day 19, the splenocytes were
collected by Histopaque gradient centrifugation. Briefly,
excised spleen was minced and centrifuged at 1700 rpm for

5812 | Biomater. Sci, 2023, 11, 5809-5818

View Article Online

Biomaterials Science

5 min. After the filtration of the suspension through a 70 pm
cell strainer and the centrifugation at 1700 rpm for 5 min, the
pellet was resuspended in PBS and loaded on 100%
Histopaque-1083 (Sigma Aldrich). The density gradient
column was centrifuged at 1700 rpm for 30 min. The middle
layer was collected. This layer contained an enriched fraction
of splenocytes. On day 18, CT26 cells were seeded at 2.0 x 10*
cells per well in 96-well plates. After cell adhesion, the cells
were treated with OVA or HA-OVA conjugates (OVA concen-
tration of 10 pg ml™") and incubated overnight. The cells were
washed with RPMI-1640 three times and supplemented with
the collected splenocytes at 1.0 x 10° cells per well. After 24 h,
the amount of IFN-y secreted into the supernatant was
measured with an IFN-y Mouse ELISA Kit (ThermoFisher
Scientific).

2.10. Cytotoxicity assay

The cytotoxicity of CT26 cells was evaluated by measuring the
activity of lactate dehydrogenase (LDH) released into the super-
natant. After mixing CT26 cells (target cells; 2.0 x 10* cells per
well) treated with the indicated HA-OVA conjugates and sple-
nocytes (effector cells; 1.0 x 10° to 1.0 x 10° cells per well)
obtained from mice immunized with OVA and CpG-DNA at the
indicated effector cell/target cell (E/T) ratios, 24 or 48 h later
the amount of LDH in the supernatants was determined using
a cytotoxicity LDH assay kit-WST (DOJINDO, Kumamoto,

Japan).

2.11. Statistical analysis

All data are presented as mean * SD. The statistical signifi-
cance of differences between two groups was analyzed using
two-tailed Student’s t-test. Differences were considered statisti-
cally significant if the p value was less than 0.01.

3. Results

3.1. Preparation of HA-OVA conjugates

The molecular size of HA can be easily controlled by enzymatic
or physical cleavage. In this study, we prepared two types of
HA with different molecular weights (M,, = 1.0 x 10° and 5.0 x
10°) by adjusting the duration of treatment with sonication for
high-molecular-weight HA (M,, = 1.0 x 10°). The obtained HA
fragments were conjugated with OVA using a dehydration reac-
tion between the carboxylic groups of HA and amino groups of
OVA using EDC-HCI and NHS as condensation reagents. When
the reaction mixtures of OVA and HA (M,, = 1.0 x 10% 100k)
were subjected to GPC measurement, the peaks of OVA
detected by UV absorbance at 280 nm were shifted to an
earlier elution time (Fig. 2A). The elution times derived from
the UV absorbance of OVA were almost the same irrespective of
the mixing ratio between 100k HA and OVA (1:2 and 1:5 in
Table 1). After the reaction of OVA with 500k HA at a molar
ratio of 1:4, the elution time was shifted to an earlier time
than that after the reaction with 100k HA (Fig. 2A). When the
mixture of HA and OVA without condensation reagents was

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Preparation and characterization of the conjugates made of OVA
and HA with different molecular weights and sizes. (A) GPC chromato-
grams of UV absorbance at 280 nm for OVA before (black line) and after
(green, red, and blue lines) reactions with 100kHA and 500kHA. (B)

Double logarithmic plots of (52 i/z against M,, before and after the reac-

tion for 100kHA and 500kHA.

subjected to GPC measurement, the peak detected based on
UV absorbance corresponded to that of the control OVA, which
eluted at around 12.5 min (data not shown).

These results indicate that an earlier elution time of OVA
after the reaction is attributed to the coupling with HA and a
subsequent increase in the molecular size. The elution time
depends on the coupling molecular weight of HA. The GPC
profiles of the resultant conjugates also indicate the presence
of no unreacted OVA, undesired aggregation, or degradation.
The composition of each conjugate was estimated from the
molecular weight and protein concentration determined by
MALS and the bicinchoninic acid (BCA) protein assay, respect-
ively, and coded as summarized in Table 1.

We can obtain information about the solution properties of
the complexes from the plots of z-averaged R, ((SZ);/ ?) against
M,, (Fig. 2B).>* 100kHA and 500kHA are fitted by a straight line
with slopes of 0.52 and 0.62, respectively, which correspond to
a random coil swollen by the excluded volume effect. After con-
jugation with OVA, the slopes obtained from the double logar-
ithmic plot suggest that the 100k1HA-10VA conjugate adopts a
random coil conformation like 100kHA. The straight line of
the plot for 100k1HA-10VA overlaps with that for 100kHA.
Because OVA is less than 10 nm in size, the molecular size and
conformation of 100kHA could not be affected by the attach-
ment of one OVA molecule. From determination of the
number of free amino groups in OVA, only 17% of amino
groups in 100k1HA-10VA are used for conjugation with car-
boxylic groups on HA (Table 2). This corroborates the assertion
that the conformation of HA did not change after the conju-
gation with OVA. From DLS measurements, the hydrodynamic
radii (Ry) of 100kHA and 100k1HA-10VA were determined to
be 17 nm and 21 nm, respectively (Fig. S11). The relationship
between R, and Ry, can also give us information regarding the
internal structure and morphology.®"** The rho ratio (p = Ry/
Ry,) of 0.78 corresponds to a homogeneous spherical confor-

This journal is © The Royal Society of Chemistry 2023
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Table 2 Characterization of HA-OVA conjugates
% Substitution % Substitution
(Sz);/z/ of amino of carboxylic OVA

Code nm groups in OVA”  groups in HA® wt%
100k1HA-10VA 30 17 1.4 29
100k4HA-30VA 25 61 3.6 22
500k1HA-10VA 52 49 0.8 6.7

“Determined from the number of free amino groups using TNBS.
b Estimated from the number of used amino groups in OVA.

mation. The p values greater than 1 show characteristics of
rod, random coil, and branched polymers. The p ratios of
100kHA and 100k1HA-10VA were 1.8 and 1.4, respectively.
Considering the TEM observations (Fig. S27) together, 100kHA
and 100k1HA-10VA were revealed to adopt a random coil con-
formation. The 100k4HA-30OVA conjugate consists of multiple
HA and OVA molecules and has a large molecular weight.
However, the molecular size showed almost the same value at
25 nm as 100kHA and 100k1HA-10VA (Fig. 2B and Table 2).
The slope of 100k4HA-30VA shows a value of 0.28, corres-
ponding to a globular particle. Furthermore, the TEM image
(Fig. S21) and the p ratio of 0.74 determined in combination
with Rh (Fig. S1t) indicate that 100k4HA-30VA adopts a homo-
geneous sphere structure. From these findings, the high con-
centration of the condensation reagents in the reaction
mixture induced intermolecular crosslinks, resulting in a
highly folded condensed structure being adopted. The substi-
tution rate of more than half of the amino groups in OVA also
reveals the existence of an abundance of intermolecular cross-
linking points in the conjugate (Table 2). Although
500k1HA-10VA showed almost the same molecular weight and
morphology as 500kHA, it became slightly smaller than it.
However, in contrast to 100kHA, the excluded volume effect of
500kHA can interfere with intermolecular crosslinking. Once
an amino group on OVA reacts, the HA with a large molecular
size (numerous carboxy groups) surrounds the bound OVA.
This promotes intramolecular crosslinking more than inter-
molecular crosslinking. As a result, the size of 500kHA slightly
decreased via intramolecular crosslinking through OVA. We
succeeded in acquiring various types of conjugates consisting
of HA and OVA with different compositions, morphologies,
and sizes.

3.2. Interaction between the conjugates and the
rCD44 molecule

Fig. 3A shows the QCM frequency changes when 100KkHA,
100k1HA-10VA, or 100k4HA-30VA at the same concentration of
HA (50 pg ml™") was added to the QCM cell. The addition of
100kHA and 100k1HA-10VA showed decreases in the fre-
quency, which was at almost the same level of around —50 Hz.
In our previous study, the addition of HA to cells uncoated
with rCD44 did not induce a decrease in the QCM frequency.*!
Therefore, the frequency decreases observed in this study also
reflect the specific binding of HA to rCD44. Although

Biomater. Sci, 2023, 11, 5809-5818 | 5813
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Fig. 3 Time courses of frequency changes of rCD44-immobilized QCM
in response to the addition of (A) 100kHA and the indicated conjugates
and (B) 500kHA and 500k1HA-10OVA at an HA concentration of 50 pg
ml~L. (C) Time courses of a frequency decrease in an rCD44-immobi-
lized QCM in response to the addition of 100k4HA-30VA at the indi-
cated concentrations (left), and the associated linear reciprocal plots of
1/AF against 1/[100k4HA-30VA] (right).

100k1HA-10VA showed a slightly larger decrease than 100kHA,
this was due to it containing an OVA protein and having a
heavier weight per molecule than 100kHA. The addition of
100k4HA-30VA showed a decrease in the frequency greater
than —300 Hz. Considering the weight % of OVA in the conju-
gate (Table 2), HA corresponding to the induction of a fre-
quency change of —250 Hz was bound to rCD44 on the QCM
cell. These results indicate that the conjugate adopting a
highly condensed structure had higher affinity to rCD44 than
the original HA. The relationship between 100kHA and
100k1HA-10VA resembled that between 500kHA and
500k1HA-10VA (Fig. 3B). The decreasing profiles of 500kHA
and 500k1HA-10VA completely overlapped, which was attribu-
table to the negligible low weight % of OVA in 500k1HA-10VA.
Comparing 100kHA with 500kHA, the frequency change
depended on the molecular weight of HA.

Fig. 3C shows the QCM frequency changes when
100k4HA-30VA was added at different concentrations. From
eqn (5), the slope and intercept obtained from a reciprocal
plot of AF and [guest] give us the equilibrium constant K4.*?
The determined K4 of 100k4HA-30VA for rCD44 was 26 nM,
while that of 100kHA for rCD44 was 145 nM (Fig. S31). These
results indicate that the affinity of 100kHA for rCD44 is
enhanced by entanglements through inter-molecular cross-
linking. Furthermore, despite the substitution rate of 4% of
carboxylic groups for conjugation with amino groups, HA does
not lose the ability to bind rCD44.
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3.3. Uptake of HA-OVA conjugates into cancer cells

To evaluate the uptake of the conjugates into cells, FITC-
labelled OVA or HA-OVA was added to CT26 cells. CT26 cells
express a high level of CD44 on their surface.”® The cells
treated with HA-OVA conjugates showed a high fluorescence
intensity, while those treated with OVA did not (Fig. 4A).
Among the HA-OVA conjugates, the cells treated with
100k4HA-30VA showed the highest fluorescence intensity.
Fluorescence microscopy images also indicated that a large
number of 100k4HA-30VA conjugates were incorporated into
all of the cells, in contrast to the findings with the other conju-
gates (Fig. 4B). These results largely correlate with the fre-
quency changes found in QCM analysis. We have demon-
strated that conjugates consisting of multiple HA and BSA
molecules and showing the same molecular size as HA were
internalized into CT26 cells more than HA, and the cellular
uptake was inhibited by the addition of an excess of HA.>'
These findings suggest that 100k4HA-30VA conjugates are
actively internalized into cells through interaction between HA
and CD44.

3.4. The immune responses between CT26 cells treated with
HA-OVA conjugates and splenocytes containing OVA-specific
CTLs

Because OVA protein is a foreign antigen for CT 26 cells, the
fragments of OVA can bind to MHC class I and II molecules
and be presented on the cell surface. If OVA-specific CTLs
recognize the presented antigens, they can show immune
responses. One of the most important immune responses for
effective immunotherapy is the induction of the IFN-y" T-cell
population.** We obtained splenocytes from mice immunized
twice with a mixture of OVA and CpG-DNA (Fig. 5A). The
addition of OVA to the splenocytes led to them secreting IFN-y,
while that of BSA did not (Fig. S4t). This indicates that spleno-
cytes included OVA-specific CTLs. To examine the immune
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Fig. 4 Cellular uptake of HA-OVA conjugates. CT26 cells were treated
with FITC-labelled OVA or the indicated HA-OVA conjugates at an OVA
concentration of 3 ug ml™. After incubation for 24 h, the cells were sub-
jected to flow cytometry (A) and fluorescence microscopy (B).
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responses between OVA antigens presented on CT26 cells and
the splenocytes, the splenocytes were added to CT26 cells that
had been pre-treated with OVA or HA-OVA conjugates for 24 h.
The mixture of the CT26 cells treated with 100k4HA-30VA and
the splenocytes induced a large amount of IFN-y (Fig. 5B).
Although the treatment with 100k1HA-10VA or 500k1HA-10VA
also led to the secretion of a certain amount of IFN-y, the treat-
ment with 100k4HA-30VA produced far more secretion than
these two treatments. The addition of an excess of HA in the
reaction mixture significantly decreased the secretion of IFN-y.
The treatment with a mixture of free HA and OVA did not
induce any immune responses. These results indicate that the
internalization of OVA into CT26 cells is accelerated and
mediated by HA in the conjugates. Furthermore, the level of
the immune response is roughly proportional to the affinity
with rCD44 and the uptake level into CT26 cells. We can con-
clude that, after internalization into the cells, OVA in the
100k4HA-30VA conjugate is promptly degraded without being
interfered with by HA, and the OVA fragments are presented
sufficiently to be recognized by OVA-specific CTLs.

3.5. Cytotoxicity of splenocytes including OVA-specific CTLs
against CT 26 cells treated with HA-OVA conjugates

OVA-specific CTLs can exhibit cytotoxicity against cells present-
ing OVA fragments on MHC class I molecules. After incubation
of the splenocytes including OVA-specific CTLs (effector cells)
together with the CT26 cells treated with 100k4HA-30VA
(target cells) for 48 h, we observed a high level of LDH leakage
in a manner dependent on the number of effector cells
(Fig. 6). Half of the CT26 cells showed intense injury at an
effector cell/target cell (E/T) ratio of 50:1. From microscopic
observation, we confirmed that half of the CT26 cells had died
at 48 h, while the remaining cells also showed morphological
changes (Fig. S51). Meanwhile, LDH leakage was not observed
in the wells containing the splenocytes and untreated CT cells.
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Fig. 6 Cytotoxic effects of OVA-specific CTLs on CT26 cells treated
with the indicated HA-OVA conjugates. After 48 h of incubation of the
cells at the indicated mixing ratio (E/T ratio) of effector cells (spleno-
cytes) and target cells (CT26 cells), the amount of LDH in the super-
natant was determined. The results are presented as the mean + S.D. (n
= 3). **p < 0.01 versus untreated cells.

These results indicate that the CT26 cells treated with the con-
jugate express OVA fragments on MHC class I molecules and
become a target for the splenocytes. The splenocytes did not
exhibit strong cytotoxicity against the CT 26 cells treated with
100k1HA-10VA and 500k1HA-10VA after 24 h, correlating with
the findings on cellular uptake and IFN-y production.
However, after 48 h, LDH leakage from the CT26 cells treated
with 500k1HA-10VA was observed, at a level close to that for
100k4HA-30VA at 24 h (Fig. S6f). This suggests that
500k1HA-10VA (high-molecular-weight HA) is slowly degraded
in the cells over time, and it takes a long time for the antigenic
peptides to be presented and recognized by OVA-specific CTLs.

Biomater. Sci, 2023, 11, 5809-5818 | 5815


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3bm00439b

Open Access Article. Published on 20 July 2023. Downloaded on 7/23/2025 9:17:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

4. Discussion

Despite high expectations regarding the value of immunother-
apy for treating cancer, there has been little progress in the
response rate in the clinical phase. Immunity induced by the
administration of TAAs and adjuvants is strongly dependent
on the antigenicity. However, TAAs and even neoantigens can
be considered to be self-antigens, so their antigenicity is not
so high, compared with that of antigens derived from viruses
and microbes. Therefore, if the TAAs on class MHC I mole-
cules are replaced by antigens with high antigenicity, the CTLs
induced by immunization with these antigens can strongly
recognize and eradicate cancer cells. However, to achieve such
an approach, it is necessary not only to prepare materials to
deliver the antigens into cancer cells, but also to precisely
characterize the interactions between the materials and the
receptors and comprehensively understand the machinery
involved in these interactions, as well as clarify the induction
of immune responses by treatment with these materials. The
present study demonstrates the relationship between the mor-
phology of the prepared HA-OVA conjugates and the inter-
action with rCD44 and the cells expressing the CD44 molecule,
as well as the subsequent antigen presentation.

We succeeded in acquiring various conjugates by changing
the molecular weight of HA, the mixing ratio, and the concen-
tration of condensation reagents. A high concentration of con-
densation reagents led to the abundance of activated car-
boxylic groups of HA, facilitating reactions with amino groups.
As a result, we obtained a conjugate consisting of multiple HA
and OVA molecules (100k4HA-30VA). A high modification rate
of carboxylic groups is suspected of affecting the recognition
of CD44 and subsequent cellular uptake. Determination of the
substitution rate of amino groups on OVA can simultaneously
reveal the substitution rate of carboxylic groups on HA
(Table 2). Although many carboxylic groups in 100k4HA-30VA
are clearly used for the conjugations compared with the
numbers for other conjugates, more than 96% of the car-
boxylic groups still remain, indicating that carboxylic groups
are modified in every 10 disaccharide units. Oligo-HA of more
than 6-8 disaccharide units in length is considered to be
recognized by CD44.>® For every conjugate prepared in this
study, because the substitution rate of carboxylic groups on
HA guarantees many consecutive segments of eight disacchar-
ide units each, the substitution level cannot strongly influence
the recognition by CD44.

Not only the modification rate but also the morphology can
influence the recognition of CD44. In our previous study, a
conjugate containing multiple HA (80kHA) and BSA molecules
and adopting a highly condensed structure was recognized by
the rCD44 molecule more than 80kHA and was internalized
into CT 26 cells with high efficiency.>® In this study,
100k4HA-30VA was well recognized by the rCD44 molecule and
the cells expressing CD44, compared with the recognition
levels for 100kHA and 100k1HA-10VA. These results suggest
that CD44 prefers HA with a condensed structure. HA in the
extracellular matrix shows rapid turnover with a half-life of
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~1.0-1.5 days.*® In mammals, liver sinusoidal endothelial cells
express a recycling receptor that removes high-molecular-
weight HA (>M,, = 1.0 x 10°) from the circulation by endocyto-
sis via the clathrin-coated pit pathway.’”>° CD44 can bind not
only high-molecular-weight HA but also low-molecular-weight
HA in the extracellular matrix degraded by hyaluronidases.*®
One of the major cells expressing CD44 is T cells, which use
HA as a material for breaking at inflammatory sites.*"*?
Rolling via the interaction between CD44 on T cells and HA on
endothelial cells activated by inflammatory cytokines is an
early step leading to extravasation from the circulation into
inflamed tissues. In contrast to HA adopting a random coil
conformation in circulation, HA on cells aggregates with other
matrix components such as proteoglycans. This HA is con-
sidered to exist as an entangled polymer and to be more con-
densed than that in circulation. Therefore, CD44 might show
higher affinity to 100k4HA-30OVA than to HA and
100k1HA-10VA.

In general, after the internalization of antigenic proteins
into APCs, peptides produced by proteasomal degradation are
further trimmed by enzymes in the endoplasmic reticulum to
eight or nine amino acids in length, which is the optimal
length for forming a stable complex with MHC class I
molecules.**** In this study, after internalization of the
HA-OVA conjugates into CT26 cells, HA would be promptly
degraded by hyaluronidases, resulting in the exposure of OVA
protein in the cytosol. Although some lysine residues of OVA
protein are used for the conjugation with HA, we do not know
whether the linkages between a carboxylic group on HA and a
lysine residue on OVA are cleaved in the cytosol. In particular,
100k4HA-30VA has the highest substitution level of amino
groups in OVA, at 61% (Table 2). However, the IFN-y response
(Fig. 5) and LDH assay (Fig. 6) revealed that antigenic peptides
are adequately presented with high efficiency. These findings
suggest that HA attaches to the peptides that are not suitable
as antigens or the epitopes showing high antigenicity for MHC
class 1 H-2K? contain no lysine residues. As a merit of anti-
genic protein delivery, we do not care about the functionality,
compared with the case of the conjugation with anticancer
proteins. If we deliver functional proteins such as anticancer
proteins into cancer cells, we have to control and care about
the conformational change and degradation. While, in con-
trast, the antigenic proteins can be actively subjected to a
degradation process (antigen presentation process) whether
they are being released from the carrier molecules or not.
Anyway, the conjugates even 100k4HA-30VA remain sufficient
disaccharide units in length to be recognized by CD44 and
peptide sequences to be presented and recognized by CTLs.
However, the identification of the binding sites for lysine resi-
dues is still important. To identify the binding site and control
the intracellular behaviors, peptide antigens can be preferred.
One of the well-known OVA fragments presented on the MHC
class I molecule (H-2K") is the following peptide: SIINFEKL.
When the peptide was added to the cancer cells, it is possible
to directly observe the presentation of the peptide by staining
with the anti-mouse OVA,s; 564 (SIINFEKL) peptide bound to
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the H-2K" antibody (data not shown). Now we are studying the
conjugates by changing the OVA protein to the OVA peptide.
After demonstrating and confirming the presentation of OVA
fragments on the surface and interaction with OVA-specific
CTLs, we will present these data in the next paper.

Although the levels of uptake of 500k1HA-10VA into the
CT26 cells and IFN responses were lower than those for
100k4HA-30VA (Fig. 4 and 5), the cytotoxicity after adding sple-
nocytes at 48 h approached that upon treatment with
100k4HA-30VA. In Fig. 5 and 6, before adding the splenocytes,
the amounts of uptake of each conjugate are considered to
correspond to those shown in Fig. 4A. Meanwhile, after adding
splenocytes, there was a strong correlation between the IFN
response and the cytotoxicity at 24 h (Fig. 5 and 6). In particu-
lar, the cytotoxicity of the CT26 cells treated with
500k1HA-10VA increased between 24 and 48 h (Fig. S67).
These findings suggest that high-molecular-weight HA took a
long time to be degraded in cells, resulting in slow exposure of
OVA proteins. Therefore, it required 48 h for the CT26 cells
treated with 500k1HA-10VA to be recognized and eradicated by
CTLs. Indeed, the amounts of uptake of the conjugates for
500k1HA-10VA and 100k4HA-30VA (Fig. 4) are related to the
cytotoxicity at 48 h (Fig. 6). This also implies that we can
control the timing of antigen presentation by changing the
molecular weight of HA.

In this study, we successfully modified the antigenicity of
CT26 cells by delivering the highly antigenic protein OVA. It is
easy for cells to undergo replacement of the presented low-
antigenicity self-antigens with highly antigenic antigens. Other
antigenic proteins with high antigenicity such as non-infected
virus capsid protein can also be applied to this system.
Furthermore, we can easily induce CTLs for highly antigenic
proteins by immunization with effective adjuvants. Although
cancer vaccine treatment has been impeded by major chal-
lenges, particularly the low antigenicity of cancer antigens, the
use of this antigen modification and replacement system in
combination with HA deliver technology could be a novel and
effective strategy for treating cancers.

5. Conclusions

We prepared conjugates consisting of HA and the antigenic
protein OVA with different molecular weights and sizes. A con-
jugate containing multiple HA and OVA molecules
(100k4HA-30VA) and showing a highly condensed structure
was well recognized by the rCD44 molecule and incorporated
into cancer cells expressing CD44. CT26 cells treated with
100k4HA-30VA were recognized by OVA-specific CTLs, resulting
in CLTs secreting a large amount of IFN-y into the super-
natant. By 48 h after mixing with the CTLs, almost all CT26
cells had died. These results indicate that, after the uptake of
the 100k4HA-30VA conjugate, CT26 cells present not only self-
antigens, but also OVA fragments that are sufficiently antigenic
to be recognized by OVA-specific CTLs. Therefore, this delivery
of a foreign antigen using HA to cancer cells, followed by
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antigen replacement from self (intrinsic) to non-self, could be
used as a novel strategy for treating cancers.
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