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FEATURES OF THE IMMUNE RESPONSE TO TUMOR ALLOANTIGENS IN THE CONTEXT
OF DECREASED CLONAL DIVERSITY OF T CELLS

Korotkova MS, Persiyantseva NA, Kalinina AA, Khromykh LM, Kazansky DB >
Blokhin National Medical Research Center of Oncology, Ministry of Health of the Russian Federation, Moscow, Russia

AT cell receptor (TCR), an af heterodimer, recognizes peptide antigens presented by self molecules of the major histocompatibility complex (MHC). A significant
number of T cell clonotypes are alloreactive: they can interact with various allelic variants of MHC and the associated peptides. Currently, it is unclear whether the
effectiveness of the allogeneic immune response depends on the diversity of the TCR repertoire. Seeking to experimentally narrow the diversity of T cell clonotypes,
we used mice with transgenic expression of the B-chain TCR (TCRB) in this work. We analyzed how the TCRR-transgenic mice on the CBA/Lac (H-2%) background
respond to EL-4 (H-2KP) lymphoma cells in vivo with the aim to assess the effect of a narrower repertoire on the allogeneic immune response. The study has shown
that transgenic mice develop a weak immune response to transplant antigens, and the formed pool of cytotoxic T cells is 1.5-1.7-fold smaller than that in wild-type
animals. Consequently, the mice failed to reject the allogeneic tumor, leading to 100% mortality rate. The results of this work are consistent with the data from our
earlier studies that employed another TCR&-transgenic model. They confirm that the decreased diversity of the TCR repertoire impairs the response to alloantigens,
allowing the tumor to evade the immune response and progress in the allogeneic recipient.
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OCOBEHHOCTU NMMYHHOI'O OTBETA HA OMYXOJIEBbIE AJINTOAHTUIEHbI B YCJTOBUAX
COKPALLEHHOIO KJTOHAJIbHOIO PABHOOBPA3UA T-KJTIETOK

M. C. Kopotkosa, H. A. MepcusHuesa, A. A. Kanrnuna, J1. M. Xpombix, [. B. KagaHckuin =
HaupoHanbHbIn MEAULIMHCKUI MCCNEA0BATENLCKIA LEHTP oHKonorm nmenn H. H. BnoxmnHa Munsapasa Poccumn, Mockea, Poccus

T-knetouHbI petenTop (TKP), npenctaenstoLLyin cobon aB-retepoavmep, npepHadHaqeH Ans pacno3HaBaHNs NemTUAHbIX aHTUMEHOB B KOMMEKCE C COOCTBEHHbIMM
MOJeKyfnaMmn raBHOro komnnekca rucrocoBmectumoctn (MHC). Mpu aToM 3HaumMTeNbHas [ONA KNOHOTUMNOB T-KNeTok obnagaeT annopeakTVBHOCTbIO,
T. €. CNOCOBHOCTbLIO B3aVMOAENCTBOBATL C Pa3NnNYHbIMK annenbHeiM1 BapraHTamn MHC 1 accoummpoBaHHbIMI C HUMK NenTuaamu. B HacTosLee Bpemst
HET YETKOW OMpefeneHHOCTW, 3aBUCUT N 3PMEKTMBHOCTL alfIOreHHOro MMMYHHOrO OTBETa OT LUMPOTbI perepTyapa TKP. B gaHHoln paboTte ncnonb3osan
MbILLEN C TpaHcreHHon akcnpeccren B-uenv TKP (TKPR), 4To No3BOMMNO SKCNepMEHTaNbHO Cy3uUTb pasHoobpasne KNoHOTUMNOB T-kneTok. Llens pabotel —
npoaHanMavpoBaTh pa3suTe oTeeTa TKPB-TpaHCreHHbIX Mbillel Ha reHeTudeckoln ocHoBe CBA/Lac (H-2¥) Ha kneTkn numdomsl EL-4 (H-2KP) in vivo ons
OLEHKM BNSIHNSI CY>XKEHWsI penepTyapa Ha anfioreHHbI UMMYHHbI OTBET. okadaHo, YTO y TpaHCreHHbIX Mblleln pa3BmBaeTcs cnabblii UMMYHHbIA OTBET Ha
TpaHCMNaHTaUNOHHbIE aHTUreHbI C (POPMUPOBAHVEM MySa LITOTOKCUHECKIMX T-KNeToK, B 1,5—1,7 pada CokpaLLeHHOro no CpaBHEHWIO C XXMBOTHbIMM AUKOrO THNa.
Bcnencreure 3Toro oTTopXKeHne annoreHHoM onyxonm CTaHOBUTCS HEBO3MOXHbIM, 1 HacTyrnaeT rmbéens 100% >KMBOTHbIX. [omyYeHHble JaHHbIe COracytoTcs ©
pesynsTataMmn Hallnx paHHWX UCCNeAoBaHUiA C 1cnonb3oBaHnem Apyroin TKPB-TpaHCreHHoM MOAenu v NOATBEPXKAAOT, YTO CHWKEHMe pasHoobpasns
penepTyapa TKP yxyaliaet ath(heKTUBHOCTb OTBETA Ha aNNIOaHTUIreHbl 1 CO34AET YCNOBUA ANs 30eraHnst onyxosbio MIMMYHHOMO OTBETA 1 ee MPOrpeccrpoBaHns
B a//IOreHHOM peLynmeHTe.
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T cells, the component of the adaptive immune system, can
recognize antigens via the highly specialized T-cell receptor
(TCR), which is an af3 heterodimer in the dominant type of
T-cells with the unique structure in each individual clonotype.
The peripheral TCR repertoire matures and undergoes selection
within the thymus; it is capable of effective interaction with
the molecules of the major histocompatibility complex (MHC)
that present a foreign peptide or a peptide of an endogenous
mutant protein [1]. At that, a significant portion, if not all, clones
of peripheral T-cells are alloreactive [2]; that is, they can react to
allogeneic MHC molecules and the associated peptides [3-5]. Up
to 10% of T-cells of the recipient's T-cell repertoire can participate
in the response to an individual allogeneic transplant [6].

Alloreactive T-cells are the key mediators of transplant
immunity that mediate acute allograft rejection [7]. Current
knowledge is inconsistent regarding whether the diversity of
the TCR repertoire determines the intensity of the allogeneic
response; the available data are conflicting [8]. Several studies
have shown an association between baseline high diversity of
the recipient’s TCR repertoire and an increased risk of acute
rejection of allogeneic transplants [9, 10]. At the same time, it
has been established that only a narrow oligoclonal repertoire
is involved in graft rejection [11-13].

Experimental models involving transplantation of a tumor
different in one transplant antigen [14, 15] enable in vivo
exploration of the dynamics and features of development of
allogeneic immune response. Direct recognition of allogeneic
MHC class | molecules induces an intense cytotoxic CD8*
T-cell response, and the allogeneic tumor is rapidly rejected,
with immunological memory formed in the process [14-16].
In this work, we sought to confirm our earlier findings about
the dependence of the effectiveness of the allogeneic immune
response on the diversity of the TCR repertoire [14]. For this
purpose, we used mice with transgenic expression of the
B-chain TCR (TCRRB) of hybridoma 7, which was described
earlier [17]. TCR# transgenesis allows reducing the diversity of
T-lymphocyte receptors [14, 18]: under the allelic exclusion rule,
the expression of transgenic TCRR blocks gene rearrangement
and, consequently, the expression of endogenous B-chains in
T-cells. As a result, the repertoire becomes mainly comprised
of clonotypes with an invariant g-chain, and its diversity stems
only from the endogenous a-chains in the receptor structure.

This study aimed to analyze the development of the immune
response to tumor alloantigens in the TCRp transgenic model
in vivo, in which the T-cell clonal diversity is reduced.

METHODS

We used female mice of the inbred lines CBA/Lac (H-2¥) and
C57BL/6 (H-2Y and transgenic mice 7B (6-8 weeks old, 18-20 g)
bred at N.N. Blokhin National Medical Research Center of
Oncology. The process of breeding the 7B transgenic mice was
described earlier [18]. Initially, the transgene was transferred to
the genetic background of C57BL/6 mice. Since the lifetime of
the generated mice was limited, which hindered their breeding,
the transgene was transferred to the genetic background of
the CBA/Lac line; it is currently a part of the collection of the
Laboratory of Regulatory Mechanisms in Immunity, Institute
of Carcinogenesis (N.N. Blokhin National Medical Research
Center of Oncology). 7B transgenic mice express the B-chain
TCR, specific to the mutant MHC class | molecule K™
and the MHC class Il molecule I-A® [17]. The animals were
kept at 20-24 °C and 40% relative humidity, with a 12-hour
light cycle, and had unrestricted access to feed and water.
Transgenic 7B mice and control animals (non-transgenic

wild-type siblings) were injected intraperitoneally with EL-4 (H-2KP)
lymphoma cells at a dose of 1 x 10° cells per mouse in 500 i
of phosphate-buffered saline (PBS). After injection, we
monitored the life span of mice with a follow-up period of more
than 30 days. The Kaplan-Meier survival curves were plotted
using SRplot [19]. Some of the animals were removed from the
experiment by cervical dislocation on the 12th day after EL-4
cell transplantation, with subsequent extraction of peritoneal
cells. The obtained lavage cell samples were analyzed by flow
cytometry.

We used fluorescently labeled antibodies (BioLegend, USA;
BD Bioscience, USA; BD Horizon, USA): CD3 — APC-Cy7, CD8 —
Percp-Cy5.5, CD44 — Pacific blue, CD62L — APC, Vb8.3 —
PE, Kb — FITC. Cell samples (0.5 - 1 x 108) were incubated with
Fc block antibodies (clone 2.4G2, BD Pharmingen, USA) for
10 minutes at 4 °C to prevent nonspecific binding of antibodies,
then stained with labeled antibodies for 40 minutes at 4 °C. For
the analysis, we used a BD FACS Canto Il flow cytometer (BD
Bioscience) and the FACSDiva 6.0 software (BD Bioscience).
Leukocytes were gated using forward scatter (FSC-A) and side
scatter (SSC-A) parameters, and single cells were identified by
plotting forward scatter height (FSC-H) against forward scatter
area (FSC-A). The LIVE/DEAD fixable yellow dead cell stain kit
(Invitrogen, USA) was used to stain dead cells; dead cells were
excluded based on this staining and scatter parameters. The
expression of surface markers was evaluated in a population
of live single leukocytes. The relative number of T-lymphocytes
expressing the transgenic TCR B-chain was assessed by
staining with anti-Vb8.3 antibodies (the V13 family, to which the
7B transgenic B-chain belongs). The relative number of EL-4
tumor cells in the peritoneal cavity of experimental animals was
determined by the expression of the MHC class | molecule
H-2K" (Kb). The populations of T-lymphocytes were analyzed
after exclusion of Kb-positive cells. The data was processed in
the Flowdo 7.6 software (TreeStar Inc., USA). Figure 1 presents
the cytofluorimetric analysis strategy.

The data are presented as the mean + standard error of the
mean. For statistical analysis, we used the Student's unpaired
t-test, ANOVA, and the post-hoc Tukey test. The data samples
were pre-checked for normality of the distribution using the
Kolmogorov—Smirnov test, which confirms the validity of the
selection of these statistical methods. For statistical analysis,
we used the SRplot online service [19]. The differences were
considered significant at p < 0.05.

RESULTS

As noted above, the transgenesis of the TCR B-chain significantly
reduces the diversity of the peripheral TCR repertoire. Seeking
to investigate the features of functioning of the T-cell immune
system when the diversity of clonotypes is reduced, we studied
the immune response of 7B transgenic mice (H-2%) to allogeneic
EL-4 lymphoma cells (H-2K®) in vivo. T-lymphocytes at the
transplantation site (in the peritoneal cavity) were analyzed
on the 12" day after EL-4 injection. Normally, by this day, the
response of cytotoxic T-cells to EL-4 lymphoma alloantigens
peaks [14, 16].

Immunized 7B mice (TG+EL-4) had the absolute number of
cells in the peritoneal cavity increased by two orders of magnitude
compared with intact (non-immunized) transgenic mice (TG) and
20-fold compared with immunized wild-type animals (WT+EL-4)
(Fig. 2A). The lavage from the immunized 7B animals contained
over 90% EL-4 (Kb*) cells, whereas in control mice (WT+EL-4), the
allogeneic tumor was almost completely eliminated by this time,
and the proportion of Kb* cells was only 5% (Fig. 2B).
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Fig. 1. Analysis of cells in the peritoneal cavity by flow cytometry (strategy). The analysis involved sequential gating of the following populations: leukocytes, gated by
forward (FSC-A) and side (SSC-A) light scattering (P1) (A); single cells, gated by FSC-H vs. FSC-A (P2) (B); living cells negative as per yellow dead cell staining (P3) (C);
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were gated. H. For the Vb8.3~ and Vb8* populations of CD8* T-cells, co-expression of CD44 and CD62L markers was analyzed, and the proportion (%) of effectors
(CD62L-CD44+) was determined

A B o
60 — . 100 —
" 90 —
50 — 80 —
S
E e
S 2 70—
2 40— &
3 3 60
5 <
f. [e]
8 30+ - 5 50—
: :
c 2 40
2 5 2
E 2
2 T 30—
< &
20 —
10 —
B3 N
0 T T T 0=
WT WT + EL4 TG TG + EL-4 WT + EL-4 TG + EL-4

Fig. 2. Features of the development of EL-4 allogeneic lymphoma in 7B transgenic mice. Allogeneic lymphoma EL-4 (H-2K®) cells were injected intraperitoneally to 7B
(H-2% transgenic mice (TG+EL-4). Non-transgenic siblings (WT+EL-4) were used as controls. On day 12 after EL-4 injection, perinoteal cells were analyzed by flow
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7B mice were unable to reject allogeneic EL-4 lymphoma;
as shown in Figure 3, all of them died after an average of
19 days. It should be noted that these animals endured longer
than C57BL/6 mice, as for the latter, EL-4 is syngeneic and
typically kills them within 10-12 days (Fig. 3). This finding
indicates that in 7B transgenic mice, the response to allogeneic
EL-4 lymphoma includes elimination and equilibrium phases —
albeit insufficiently effective — before the tumor adapts to
evade it.

The active immune response to EL-4 cells in wild-type
mice (WT+EL-4) was characterized by an accumulation of
T-cells, the number of which increased approximately fourfold
(Fig. 4A, B), and a fivefold growth of the proportion of
cytotoxic CD8* cells compared with the intact control (WT)
(Fig. 4C, D). Such developments were not registered in
immunized transgenic mice (TG+EL-4): compared with the
non-immunized control animals (TG), the relative number of
T-lymphocytes (Fig. 4A, B) and CD8* T-cells (Figure 4C, D)
did not increase in them. However, the ratio of CD8* T-cells
expressing the transgenic 3-chain TCR (Vb8.3*) or endogenous
B-chains TCR (Vb8.3") in the peritoneal cavity of immunized
7B mice (TG+EL-4) was approximately 1:1 compared with
2:1 in the control group (TG) (Fig. 4D, E), which indicates the
involvement of both subpopulations of cytotoxic T-cells in
response to EL-4 cells.
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Fig. 3. Survival curves of 7B transgenic mice after EL-4 lymphoma transplantation.
Parental CBA/Lac (WT) mice and C57BL/6 mice, for which EL-4 is a syngeneic
tumor, were used as controls. The data from one representative experiment (n = 4)
are presented

Accordingly, immunized 7B mice showed a 1.8-fold increase
in the proportion of effector (CD44+CD62L") CD8* T-cells with
transgenic TCRB (Fig. 5A, B) and a 1.5-fold increase in effector
CD8* T-cells with endogenous TCRP (Figure 5C, D), compared

A B .
A WT TG WT + EL-4 TG + EL-4 ** aka
CD3* CD3+ CD3* CD3+ 8
10.3% 4.5% 53.8% 4] 2.9% 5 < 40
=R
(] o
Q £ £ 30
o | . E3 "
c 9
CE | 112) = 20
s . ; % ®
g : : - v * - - £ 10+
03 L] m] \u‘ 05 ms m: m4 0 m3 L] m; m4 ms m’ 0 D: 10 m5 -
7 0 i
CD8 WT 7B WT+ 7B+
EL-4 EL-4
C D
A *
WT TG WT + EL-4 TG + EL-4 90 *x o
Lr) 600 2507 A uo) 80
e ] o 70
5 | 2R 60
5 g 4 50
'g CD8* CD8* CcD8* CD8* 2 8 40
2 14.4% 14.0% 79.7 %| =] 6.0% g F a3
B o o ; 3 20
s ) Niiar s s A , P s s 5 o
& o o B W & o & @ o £y 10
CD8 0 -
WT 7B WT+ 7B+
EL-4 EL-4
WT + EL4
Vb8.3~ Vb8.3* Vb8.3"
1004 W Vb8.3* W Vb8.3
o
é g 80 —
28 60
o D
(8]
E s 40
¢ 20
(o=
WT 7B WT + 7B +
Vb8.3 EL-4 EL-4

Fig. 4. Analysis of the immune response of 7B mice to an allogeneic tumor in vivo. Transgenic 7B mice (TG+EL-4) and non-transgenic siblings (WT+EL-4) were injected
intraperitoneally with EL-4 allogeneic lymphoma cells. On day 12 after EL-4 injection, peritoneal cells were analyzed by flow cytometry. Intact (non-immunized) animals
of the CBA/Lac (WT) parent line and the 7B (TG) transgenic line were used as controls. A, B. The relative number (%) of T-cells (CD3*). C, D. The relative number
(%) of cytotoxic CD8* T-cells. E, F. The relative number (%) of CD8* T-cells with the transgenic B-chain of the T-cell receptor (TCRB) (Vb8.3*) and CD8* T-cells with
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from the two experiments are presented as the mean + standard error of the mean (n = 4-6). * — p < 0.05; ** — p < 0.01, ANOVA, post-hoc Tukey test

with the corresponding CD44+*CD62L- T-cell subpopulations
in intact transgenic mice (TG). Meanwhile, the relative number
of Vb8.3* and Vb8.3~ CD8* effectors in the peritoneal cavity
of immunized transgenic mice (TG+EL-4) was 1.5-1.7 times
lower than in immunized wild-type animals (WT+EL-4) (50-56%
vs. 84-86%) (Fig. 5).

DISCUSSION

The results of this study indicate the development of a weak
immune response to alloantigens in 7B transgenic mice in vivo
with the formation of a small pool of effector cytotoxic T-cells,
which is consistent with the data of our early work that used a
different TCRB-transgenic model [14].

Several studies have shown that TCRR-transgenic animals
retain the ability to respond to various antigens, including
allogeneic MHC molecules [20, 21]. These findings point to the
high plasticity of the TCR repertoire, which allows compensating
for the significant reduction in the diversity of clonotypes caused
by the expression of the transgenic B-chain [20, 21]. However,
the intensity of the immune response in TCRf3-transgenic
mice is lower than in wild-type animals [14, 20, 21] because
of the low frequency of responding T-cell clones [20, 22];
consequently, these mice show a slower development of T-cell
responses in vivo [21]. An important factor in this context is that
the cytotoxic CD8* immune response that TCRf-transgenic
mice develop to the allogeneic MHC class | molecule (H-2K®)
is insufficient to reject the allogeneic tumor (Figure 4, Figure 5)
[14]. Thus, the response even to a strong transplant antigen
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becomes ineffective due to the reduction of the diversity of the
TCR repertoire.

In this regard, recognition of allogeneic tumor antigens
follows the same patterns as recognition of tumor antigens
in combination with self MHC molecules. The effectiveness of
the antitumor response and, consequently, elimination of the
transformed cells is largely determined by the mutation load
of the tumor — its immunogenicity [23, 24] — and the clonal
diversity of T-cells capable of recognizing tumor neoantigens or
tumor-associated antigens [24, 25]. It has been shown that a
high diversity of T-cell receptors (TCRs) circulating in peripheral
blood is a favorable prognostic factor in several cancers,
such as melanoma [26], non-small cell lung cancer [27, 28],
and breast cancer [29]. In contrast, a low TCR diversity of
tumor-infiltrating T-cells is associated with a poor prognosis in
stomach cancer and some other malignancies [30-32].

The natural aging of the immune system, especially
thymus involution and clonal expansion of memory cells in the
periphery, causes a reduction in the diversity of the repertoire of
T-lymphocytes [33-35], which leads to a greater predisposition
of the elderly to infections and cancer [33, 36]. In addition,
experimental studies involving mice have shown that at

12 months of age, the animals exhibit decreased responses to
alloantigens, which are partly attributable to an age-associated
narrowing of the T-cell clonotype repertoire [34, 37].

The results of this study confirm that the effectiveness of
the immune response to tumor alloantigens directly depends
on the breadth of the repertoire of mature T lymphocytes, as
previously established [14].
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CONCLUSIONS

This study shows that 7B transgenic mice develop an in vivo
immune response that is not effective enough to eliminate
allogeneic tumor cells. Due to the expression of the transgenic
B-chain TCR, the number and frequency of cytotoxic T-cell
clonotypes capable of recognizing allogeneic MHC molecules
decrease. However, the neoplastic process in such animals
progresses through all stages of immunoediting, from
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