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T cell engineering with T cell receptors (TCR) specific to tumor antigens has become a breakthrough towards
personalized cancer adoptive cell immunotherapy. However, the search for therapeutic TCRs is often
challenging, and effective strategies are strongly required for the identification and enrichment of tumor-
specific T cells that express TCRs with superior functional characteristics. Using an experimental mouse
tumor model, we studied sequential changes in TCR repertoire features of T cells involved in the primary
and secondary immune responses to allogeneic tumor antigens. In-depth bioinformatics analysis of TCR
repertoires showed differences in reactivated memory T cells compared to primarily activated effectors.
After cognate antigen re-encounter, memory cells were enriched with clonotypes that express a-chain TCR
with high potential cross-reactivity and enhanced strength of interaction with both MHC and docked
peptides. Our findings suggest that functionally true memory T cells could be a better source of therapeutic
TCRs for adoptive cell therapy. No marked changes were observed in the physicochemical characteristics of
TCRp in reactivated memory clonotypes, indicative of the dominant role of TCRa in the secondary allogeneic
immune response. The results of this study could further contribute to the development of TCR-modified T

cell products based on the phenomenon of TCR chain centricity.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction recognizes short peptide antigens bound to self-major histo-

compatibility complexes (pMHC complexes). In the predominant T

T lymphocytes are crucial players in adaptive anti-tumor im-
munity. To accomplish their functions, T cells are equipped with a
highly specialized receptor, the T cell receptor (TCR), which

Abbreviation: TCR -, T cell receptor; TCRa/p -, a/p-chain of a T cell receptor; MHC -,
major histocompatibility complex; pMHC -, peptide-MHC complex; CDR -, com-
plementarity-determining region; CAR-, chimeric antigen receptor; TAA-, tumor-as-
sociated antigen; ACT-, adoptive cell therapy; MitC-, mitomycin C; HS-, heat shock;
UMI-, unique molecular identifier; AA-, amino acid; Pgen-, probability of clonotype
generation
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cell subset, TCR is a heterodimer composed of an a- and g-chain. TCR
shaping begins in an immature thymocyte with the p-chain re-
arrangement from one allele, starting with the rearrangement of the
D and ] gene segments and followed by the junction of the V seg-
ment. After the development of a productive in-frame TCRB, the
TCRa rearrangement begins and involves V and ] recombination [1].
Both a- and p-chain TCR contain three complementarity-de-
termining regions (CDRs), which mainly contribute to pMHC re-
cognition. The CDR1 and CDR2 regions primarily make contacts with
an MHC molecule, while CDR3 mediates TCR interaction with a
docked antigen [2]. Therefore, CDR3a and CDR3p are the structural
basis of the clonal specificity of T lymphocytes.

Gene modification of T cells with TCRs or chimeric antigen re-
ceptors (CAR) has become a powerful tool for cancer immunotherapy
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[3,4]. CAR-T cells are independent of pMHC-TCR interactions and,
therefore, recognize a specific antigen in a non-MHC-restricted
manner. However, CAR-T cells are unable to eliminate malignant cells
bearing intracellular neoantigens and mainly target tumor-associated
antigens (TAA). This limits the applicability of CAR-T cell therapy. TCR-
engineered T cells can target both TAA and tumor-specific antigens in
complex with a patient’s MHC. In this respect, TCR-T cell therapy is
more versatile and can be applied to more cancers, but it is always
personalized due to MHC polymorphisms.

The search for therapeutic TCRs is rather tricky, largely de-
pending on the selection of target tumor antigens. Tumor neoanti-
gens are the best targets for adoptive T cell therapy (ACT) [4,5].
However, such antigens are often subjected to immunoediting under
the pressure of the host immune response, resulting in the selection
of less immunogenic malignant cell clones and contributing to
tumor progression [5]. TAA and cancer germline antigens are alter-
native targets, but they are essentially self-antigens that are ex-
pressed at low levels in normal (non-tumor) tissues [5]. As such,
only low-affinity TCRs can be found for such antigens due to the
elimination of highly autoreactive T cells by mechanisms of central
and peripheral tolerance [2,5,6]. Considering that high TCR-pMHC
binding affinity/avidity is required to reach the clinical benefit of
TCR-T cell ACT [7,8], many efforts are put into improving TCR affinity
to chosen tumor antigens [2,7]. However, TCRs with artificially en-
hanced affinity/avidity impose risks of off-tumor on-target and off-
target toxicities [3,4,7].

In this light, the application of memory T cells in ACT could be a
promising strategy |9]. The repertoire of memory T cells was shown
to be enriched in clonotypes with high affinity/avidity TCRs as the
result of antigen-driven clonal expansion [7,10]. Furthermore, com-
pared to effectors and effector memory T cells, long-lived central
memory T cells display more potent anti-tumor activity, better
proliferate, and persist longer in vivo after transfusion to a patient
[9,11,12]. Central memory T cells were proposed as a better subset to
be used for the generation of T cell products for ACT [12], but they
can also be viewed as the best source of therapeutic TCRs with su-
perior functional characteristics.

Approaches for identifying and expanding tumor antigen-specific
T lymphocytes are now being actively developed, and bioinformatics
has become a valuable tool to detect clonotypes involved in immune
responses [13-16]. Still, efficient bioinformatics strategies are re-
quired to identify distinct functional T cell subsets in bulk repertoires
with a view to finding antigen-specific clonotypes with the required
functional features. A recent study discovered that TCR repertoires of
different functional subsets of human effector/memory T cells ex-
hibited specific physicochemical properties [17]. In the study here, we
aimed to further characterize TCR features of antigen-specific
memory T cells and follow sequential changes in TCR repertoires of T
cells involved in the primary and secondary immune responses. For
this, we exploited an experimental mouse model of induction of the
immune response to the allogeneic tumor [18]. We defined prominent
TCR characteristics in reactivated memory T cells that differed from
those of primarily activated effectors. In our experimental system, in
the secondary immune response, memory T cells relied on TCRq,
which strongly interacted with both MHC and docked peptides. The
findings of this study could contribute to the development of efficient
techniques for identifying and enriching functionally true memory T
cells, which could be a better source of therapeutic TCRs for ACT.

2. Materials and methods
2.1. Study design
To track changes in TCR repertoires during the primary and

secondary immune responses, we exploited an experimental mouse
model of induction of the immune response in C57BL/6 mice (of the
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H2-K" haplotype) to mastocytoma P815 (KYDY) [18]. Due to differ-
ences in MHC class I molecules, P815 tumor cells elicit a strong CD8*
allogeneic response in these mice. As previously described [18],
long-lived central memory cells are established in immunized
C57BL/6 mice two months following in vivo P815 cell transplanta-
tion. Our recent study showed that the phenotypic characteristics of
T cells (especially the expression of the CD44 molecule in mice)
didn’t necessarily correlate with their actual antigenic experience
[19]. Accordingly, identification of true memory cells based ex-
clusively on the surface phenotype is not always correct, and vali-
dation of their functional properties is required [ 19]. Taking this into
account, in the studies here, we relied mainly on the previously
developed functional test [18,20], which allows for selective activa-
tion of antigen-specific memory T cells by in vitro re-challenge with
cognate stimulator cells exposed to acute heat shock (HS). It was
shown that HS inhibits the expression of the co-stimulatory mole-
cule B7-1 (CD80) on antigen-presenting cells [20]. Furthermore,
cells exposed to HS cannot rearrange their cytoskeleton and, hence,
form a stable immunological synapse with a T cell [21,22]. Thus, HS-
exposed cells provide insufficient co-stimulation to T cells and
cannot activate naive T cells that are strongly dependent on proper
co-stimulation stimuli. In contrast, memory T cells were shown to be
relatively independent of co-stimulation signals [20,23], and they
can respond to HS-treated cognate stimulators after receiving the
antigen-specific signal from them via TCRs [18,20]. Therefore, the
developed functional test [18,20] is a reliable and reproducible
method to selectively and specifically reactivate memory T cells in
vitro. Compared to HS, treatment with cytostatic mitomycin C (MitC)
only blocks stimulator cell proliferation without affecting their co-
stimulatory capacity. Hence, both naive (antigen-inexperienced) and
memory T cells could respond to MitC-treated stimulators. To induce
the primary immune response, lymphocytes from non-immunized
C57BL/6 mice were co-cultured in vitro with MitC-treated P815 cells.
This provoked the proliferation of predominantly CD8* T cells in
response to allogeneic tumor antigens (Supplementary Fig. 1) [18].
Features of the TCRa/B repertoires of these primarily activated ef-
fector T cells were compared with the initial repertoires of T lym-
phocytes in the same intact mouse without antigenic stimulation. To
study TCR repertoire reshaping during the secondary immune re-
sponse, lymphocytes of the P815-immunized mouse were re-
activated in vitro by the cognate allogeneic stimulators (P815 cells)
treated with MitC (Supplementary Fig. 1). Lymphocytes from the
same immunized mouse were co-cultured with mastocytoma cells
exposed to HS to selectively reactivate long-lived central memory
cells formed by in vivo immunization with P815 (Supplementary
Fig. 1) [18,20]. The repertoires of TCRa and TCR memory clonotypes
formed under both stimulating conditions were compared to the
TCRa/B repertoires of the same P815-immunized mouse without re-
stimulation. Accordingly, we were able to evaluate the sequential
reshaping of the TCR repertoire in the course of the allogeneic im-
mune response in mice, starting from the primary response to the
formation of immunological memory and the induction of the sec-
ondary immune response of memory cells.

2.2. Animals

Female C57BL/6 (K"I-A°DP) mice (18-22 g, 6-8-wk-of-age) were
obtained from the breeding facility of N.N. Blokhin National Medical
Research Center of Oncology of the Ministry of Health of the Russian
Federation (N.N. Blokhin NMRCO, Moscow, Russia). Nonetheless,
male mice can also be used in the studies described here, as sex
differences are insignificant and do not introduce variability to the
outcomes of the developed experimental system. Mice were housed
in facilities maintained at 20-24°C with a 40% relative humidity and
a 12-hour light/dark cycle. All mice had ad libitum access to standard
rodent chow and filtered tap water. Mice were handled in strict
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compliance with the NIH guide for the care and use of laboratory
animals (8th edition, 2011). All the experimental procedures were
approved by the Ethics Committee on Animal Experimentation of
N.N. Blokhin NMRCO.

2.3. Tumor cell line, immunization of mice

Murine mastocytoma P815 (KDY) (TIB-64, ATCC) was cultured in
RPMI-1640 medium (PanEco, Moscow, Russia) supplemented with
10% fetal bovine serum (HyClone, GE Healthcare, Chicago, IL),
0.01 mg/ml ciprofloxacin (KRKA, Novo Mesto, Slovenia), and 0.01 M
HEPES (PanEco) (complete RPMI). Tumor cells at 70% confluence
were harvested, washed three times in phosphate-buffered saline
(PBS) by centrifugation (200 x g, 5 min, 4 °C), and counted in a he-
mocytometer after trypan blue/eosin (mixed 1:1 v/v) staining.
C57BL/6 mice were immunized intraperitoneally with 1 x 107 P815
cells in 500 pl of PBS. Two months later, P815-immunized mice with
developed long-lived memory T cells (MEMO mice) were sacrificed
by cervical dislocation; their spleens were aseptically isolated and
gently homogenized in a Potter homogenizer in 3 ml of sterile PBS.
Cell suspensions were centrifuged, resuspended in 3 ml of complete
RPM]I, and counted as described above. Splenocyte suspensions from
non-immunized (intact) C57BL/6 mice were similarly prepared and
used for comparison in these studies.

2.4. Mixed lymphocyte-tumor culture

Spleen cells (4.0 x 10°) from P815-immunized (MEMO) and non-
immunized (intact) C57BL/6 mice were seeded in triplets in 96-well
flat-bottom plates (Corning Costar, Sigma Aldrich, St. Louis, MO) in
100 pl of complete RPMI supplemented with 10 mM 2-mercap-
toethanol (Merck, Darmstadt, Germany) (the supplemented com-
plete medium). P815 cells at 70% confluence were harvested, treated
with MitC (Kyowa Hakko Kogyo Co., Ltd., Japan) (50 pg/ml, 37 °C,
1 h), and washed three times in PBS by centrifugation (200 x g,
5 min, 4 °C). Alternatively, P815 cells were exposed to HS at 45 °C for
1 h. MitC- and HS-treated tumor cells were used as stimulators for
spleen cells from MEMO and intact mice. For this, 4.0 x 10 MitC- or
HS-treated P815 cells were added to splenocytes from intact and
MEMO mice in 100 pl of the supplemented complete medium to a
final volume of 200 pl. Cells were cultured at 37 °C with 5% CO2 for
72 h. Splenocytes similarly cultured alone were used to evaluate the
background cell proliferation. Cell proliferation was measured by the
incorporation of *H-thymidine (Isotop, Moscow, Russia) added in the
last 16-18 h of culturing using a liquid scintillation g-counter (LKB,
Stockholm, Sweden). The level of cell proliferative activity was ex-
pressed as the number of counts per minute (cpm). To calculate the
antigen-induced immune response, the respective level of the
background proliferation was subtracted from the level of cell pro-
liferation in the presence of stimulators (P815_MitC or P815_HS).

2.5. Generation of cDNA libraries

Cell suspensions were prepared as described above from spleens
harvested individually from one non-immunized (intact) and one
P815-immunized (MEMO) C57BL/6 mouse. The splenocytes were
cultured in vitro with P815 tumor cells (MitC-treated for an intact
mouse and both MitC- and HS-treated for the MEMO mouse) as
described in the previous section. In parallel, the splenocytes of
these two mice were similarly cultured without antigenic stimula-
tion. After 72 h of in vitro culture, 1.0-1.5 x 10° spleen cells of each
mouse in each culture condition were used for RNA isolation using
the TRI reagent (MRC, Inc., Cincinnati, OH). Using all amounts of
isolated RNA, cDNA libraries of TCRa and TCRp of each mouse were
prepared as described earlier [24]. After two rounds of PCR ampli-
fication as described by Egorov et al. [24], the samples were purified
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and true-seq adapters were ligated according to the manufacturer’s
recommendations (Illumina, San Diego, CA). Next-generation se-
quencing was performed on the MiSeq platform (Illumina) using the
Myseq reagent kit (300 cycles). Raw data was processed using
MIGEC [25]. The data was processed with a threshold of six reads per
unique molecular identifier (UMI) for all samples. CDR3-containing
reads labeled with identical UMIs were assembled into a single
molecular identifier group. Further clonotype extraction from the
MiGEC-assembled data was performed using MiXCR software [26].
The algorithm for the bioinformatics data analysis is presented in
Supplementary Figure 2. As a result, four cDNA libraries were gen-
erated for one non-immunized (intact) mouse: two for TCRa clo-
notypes and two for TCRB clonotypes with or without in vitro
stimulation with MitC-treated mastocytoma P815 (Intact without St
and Intact+P815_MitC, respectively). Six cDNA libraries were gen-
erated for one P815-immunized (MEMO) mouse: three for TCRa
clonotypes and three for TCRB clonotypes. The TCRa/g MEMO li-
braries included one without in vitro stimulation (MEMO without
St), one with MitC-treated P815 stimulation (MEMO+P815_MitC),
and one with heat shock-treated P815 stimulation (MEMO
+P815_HS).

2.6. Bioinformatics analysis of the generated TCRa and TCRp repertoires

The total count of identified UMIs and the total clonotype di-
versity in each generated TCRa and TCRp repertoire are presented in
Table 1. To evaluate the uniformity of clonotype sizes, the Shannon-
Wiener diversity index was calculated for each repertoire. The Chaol
index was also calculated in each repertoire to assess the diversity
based on the abundance of clonotypes. As diversity, the Shannon-
Wiener and Chao1l indices strongly depend on the total counts of
identified clonotypes, which are different in each experimental
group (Table 1), all repertoires were normalized by the minimal UMI
count of 33699 (Table 1). Normalized indices were calculated for
each TCRa and TCRp repertoire.

2.7. Search for overrepresented clusters of homologous TCRs

The distance between TCRs was calculated using the trcdist
metrics [15] by the tcrdist3 package [27]. For each clonotype,
neighbors with a distance of less than 16 were discovered. The Fisher
exact test was then used to determine the association between the
sum of counts of homologous clonotypes and the group for each
clonotype. The probability of CDR3 sequence generation (Pgen) was
also calculated as described elsewhere [27] for TCRa and TCRp clo-
notypes in the repertoire of intact and MEMO mice after in vitro
antigenic stimulation (i.e., for expanded clonotypes of primarily ac-
tivated effectors and reactivated memory T cells, respectively).

2.8. Analysis of physicochemical properties of TCRa and TCRS CDR
regions

The physicochemical properties of amino acids (AA) in V-germ
and the CDR3 region were analyzed for the TOP-100 most frequent
clonotypes in each generated TCRa and TCRp repertoire. Evaluations
were performed using VDJtools [28] (Supplementary Fig. 2). The
mean values of strength (an estimated value of interaction affinities
between AA pairs at the CDR3-peptide interface), hydropathy,
charge, volume, and polarity were calculated for the full CDR3 region
of the TOP-100 TCR« and TCRp clonotypes in each generated re-
pertoire. AA diversity and distribution, as well as the utilization of
strongly interacting and hydrophobic AA, were also analyzed for the
five central residues of CDR3 (cCDR3) of the TOP-100 TCRa and TCRp
clonotypes in each repertoire. The Shannon entropy of cCDR3a/p was
calculated as described elsewhere [29].
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Table 1
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The total and normalized TCRa (A) and TCRp (B) repertoire diversity in the individual non-immunized (intact) and P815-immunized (MEMO) C57BL/6 mouse with or without in

vitro stimulation with mastocytoma P815.

A)Group

TCR«

Total UMI count

Total diversity

Normalized diversity

Normalized Shannon-Wiener diversity index

Normalized Chao1l index

Intact without St 44805 20476 16515 0.92 54470
Intact+P815_MitC 48128 18751 14545 0.92 46010
MEMO without St 33699 13650 13650 0.90 38840
MEMO+P815_MitC 120980 10129 6262 0.90 9454
MEMO+P815_HS 112265 10196 6151 0.90 10063

B)Group

TCRB

Total UMI count

Total diversity

Normalized diversity

Normalized Shannon-Wiener diversity index

Normalized Chao1 index

Intact without St 64114 32626 19611 0.92 78671
Intact+P815_MitC 66063 24780 14809 0.91 60964
MEMO without St 52564 23257 16714 0.92 54580
MEMO+P815_MitC 150677 12341 6735 0.90 10813
MEMO+P815_HS 164669 14473 6897 0.90 12034
A Intact without ST Intact+P815_MitC MEMO without ST MEMO_P815 MitC MEMO_P815 HS

W TRAV6-7-DV9 B TRAV6-6 M@ TRAV3N-3 WTRAV11 W TRAV7-4
WmTRAV13D-1 ETRAV3-3 W TRAVS-1 @TRAV14-1 W TRAV7D-3
BETRAV13N-4 @ TRAV4-4-DV10 W TRAV4D-4 WTRAV12-2 MmTRAV6ED-6
W TRAV7D-2 WTRAVS-4 @TRAV21/DV12 WTRAV13-4-DV7 B TRAV14N-3
@TRAV2 ETRAV10 WTRAV12-1 @TRAV19 ETRAV13-1
WTRAV12-3 ETRAV13-2 M@ TRAV7N-6 @TRDV1 D TRAV3-1
@ TRAV7N-5 ETRAV4-3 @TRAV7-5 METRAV7-2 M TRAV13N-3
O TRAV15-2-DV6-2 ETRAV6-3 @ TRAV6-5 O TRAV16N @ TRAVSN-2
@TRAV14-2 OTRAV14D-2 @TRAVSE-1 @TRAV3D-3 OTRAV12D-2
@TRAV7-3 @ TRAV13D-2 OTRAV7D-5 O TRAV6-2 OTRAV1
OTRAV1SN-1 O TRAV9-2 O TRAV4-2 OTRAV16D-DV11 DOTRAV12D-3
OTRAV17 OTRAV7-6 O TRAV14D-3-DV8 OTRAV6-4 OTRDV2-2
OTRAV12N-2 OTRAV6D-7 OTRAVID-2 OTRAVEN-7 OTRAV15D-2-DV6D-2
OTRAVID-1 OTRAV4N-4
B
12 - Olntact without St
" O Intact+P815_MitC
10 1 * B MEMO without St
3 | B MEMO+P815_ MitC
" N ©MEMO+P815_ HS

Frequency of TRAV usage, %
(<))

J
~ «Q?

”
Y
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Fig. 1. Utilization of TRAV gene segments in the TOP-100 clonotypes of intact and P815-immunized mice after in vitro stimulation with P815. Splenocytes of the non-immunized
(intact) or P815-immunized (MEMO) C57BL/6 mouse were cultured in vitro for 72 h without stimulation (without St) or with mastocytoma P815 cells treated with mitomycin C
(P815_MitC) or acute heat shock (P815_HS). Following that, TCRax and TCRp repertoires were generated for each culture group. A) The use of TRAV gene segments (%) in the TOP-
100 largest clonotypes in the repertoires of the intact and MEMO mice with and without in vitro stimulation. B) The discrepant use of individual TRAV gene segments (%) in the
TOP-100 largest clonotypes in the repertoires of the intact and MEMO mice after in vitro stimulation. * p < 0.05 (Mann-Whitney U-test for comparison Intact+P815_MitC vs. Intact
without St; Kruskal-Wallis test and Dunn’s test for comparisons: MEMO+P815_MitC vs. MEMO without St and MEMO+P815_HS vs. MEMO without St).

2.9. Statistical analysis

Data are presented as mean+ SEM. The data sets of CDR physi-
cochemical properties didn’t fit the normal distribution as analyzed
by the Shapiro-Wilk test. Statistical analyses were performed using
the unpaired Student’s t-test, the Mann-Whitney U-test, and the
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Wilcoxon signed-rank test. For intragroup comparison of the re-
pertoires of the MEMO mouse, the Wilcoxon signed-rank test (two-
tailed), the Kruskal-Wallis test, and the Dunn’s test were used. A p-
value < 0.05 was considered significant. All statistical analyses were
performed using Statistica for Windows 6.0 (StatSoft Inc., Tulsa, OK)
and Prism software (v. 8.1.2, GraphPad, San Diego, CA).
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MEMO+P815_MitC MEMO+P815_HS

HTRBVS HTRBV31 WTRBV1 HTRBV13-2 ®TRBV13-1 MTRBV13-3 ®TRBV19
HMTRBV29 W TRBV20 HWTRBV12-2 WMTRBV14  WTRBV3 MTRBV15S W TRBV12-1
MTRBV23 W TRBV4 MTRBV26 W TRBV16 W TRBV17

18

16

14

12

10

Frequency of TRBV usage, %

TRBVS

TRBV1

TRBV13-2

TRBV31

TRBV13-1 TRBV13-3

DOlntact without St
Olntact+P815_MitC
@ MEMO without St
BMEMO+P815_ MitC
EMEMO+P815_HS

L
TRBV3 TRBV17

TRBV2S  TRBV14

Fig. 2. Utilization of TRBV gene segments in the TOP-100 clonotypes of intact and P815-immunized mice after in vitro stimulation with P815. Splenocytes of the non-immunized
(intact) or P815-immunized (MEMO) C57BL/6 mouse were cultured in vitro for 72 h without stimulation (without St) or with mastocytoma P815 cells treated with mitomycin C
(P815_MitC) or acute heat shock (P815_HS). TCRa and TCRp repertoires were then generated for each culture group. A) The use of TRBV gene segments (%) in the TOP-100 largest
clonotypes in the repertoires of the intact and MEMO mice with and without in vitro stimulation. B) The discrepant use of individual TRBV gene segments (%) in the TOP-100
largest clonotypes in the repertoires of the intact and MEMO mice after in vitro stimulation. * p < 0.05 (Mann-Whitney U-test for comparison Intact+P815_MitC vs. Intact without
St; Kruskal-Wallis test and Dunn'’s test for comparisons: MEMO+P815_MitC vs. MEMO without St and MEMO+P815_HS vs. MEMO without St).

3. Results

3.1. The TCRa and TCRp repertoire diversity changed markedly during
the secondary immune response to mastocytoma P815

To analyze changes in the TCR repertoire during the immune
response to mastocytoma P815, we evaluated TCRa and TCRp clo-
notype diversity in the repertoires of non-immunized (intact) and
P815-immunized (MEMO) individual mice with or without in vitro
stimulation with P815 (Table 1). The Shannon-Wiener diversity
index and the Chao1l index were also calculated in each repertoire to
assess clonality and diversity, respectively (Table 1). As these para-
meters strongly depend on the total count of identified clonotypes,
which is different in each experimental group (Table 1), all re-
pertoires were normalized by downsampling to an equal UMI count.

The primary in vitro immune response to P815 didn’t change the
diversity of both TCRa and TCRp repertoires compared to the respective
initial repertoires of the intact mouse (Table 1). In TCRa and TCRB
MEMO repertoires, the diversity and the number of unique clonotypes
were 1.2- and 1.4-fold decreased, respectively, compared to the re-
pertoires of the intact mouse without stimulation (Table 1). The minor
decrease in Shannon-Wiener indices indicated a slight increase in
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clonality in the TCRa/p repertoires of the MEMO mouse. As expected,
this confirmed that immunization of mice with mastocytoma P815
drove the establishment and expansion of memory T cell clonotypes.
In vitro re-challenge of T cells from the MEMO mouse with P815
dramatically decreased the TCR repertoire diversity compared to the
MEMO repertoire without stimulation: 2.2- and 2.5-fold for TCRa and
TCRp repertoires, respectively (Table 1). Furthermore, the numbers of
unique clonotypes in TCRa and TCRB repertoires were 4.0- and 5.0-fold
lower, respectively, vs. the initial MEMO repertoires. These indicated
significant expansion of T cell clones during the secondary immune re-
sponse. Notably, the diversity of TCRa/8 MEMO repertoires was similar
after re-stimulation of memory T cell with MitC- or HS-treated P815.

3.2. Discrepant usage of TRAV and TRBV gene segments by clonotypes
involved in the primary and secondary immune responses to
mastocytoma P815

To further estimate differences in the TCR repertoires during the
primary and secondary immune responses to P815, the frequency of
clonotypes with various TRAV and TRBV gene segments was eval-
uated for the TOP-100 largest clonotypes in each analyzed repertoire
(Fig. 1, Fig. 2).
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Fig. 3. TCRa clonotype expansion during the immune response to mastocytoma P815. TCR«/p repertoires of the non-immunized (intact) or P815-immunized (MEMO) C57BL/6
mouse were generated as described in Materials and methods. The frequencies of the TOP-25 largest TCRa clonotypes of the intact mouse (A) and the MEMO mouse (B) after co-
culture with P815 were compared with the respective frequencies in the initial repertoire of the same intact or MEMO mouse without stimulation. MEMO clonotypes expanded
only in response to P815_MitC or P815_HS are marked in black and red boxes, respectively.

In vitro P815 stimulation of T cells from the intact mouse didn’t
significantly alter the diversity and usage of TRAV gene segments
compared to the initial repertoire of this intact mouse without sti-
mulation (Fig. 1 A). Utilization of only TRAV12-3 was 6.0-fold increased
in the TCRa repertoire of primarily activated effectors (Fig. 1B). Despite
some reshaping of the TRAV usage in MEMO clonotypes, their Va re-
pertoire was very similar to that of the intact mouse with and without
stimulation (Fig. 1AB). Re-stimulation of T lymphocytes from the
MEMO mouse with P815 changed the TRAV utilization, significantly
increasing the frequency of clonotypes with TRAV12D-3 (9.0-10.0-
fold), TRAV12D-2 (4.0-fold), and TRAV3D-3 (6.0-fold) (Fig. 1B).

Interestingly, the primary immune response reshaped the utili-
zation of VB gene segments compared to the initial repertoire of the
intact mouse without stimulation (Fig. 2 A,B), significantly increasing
the frequency of clonotypes with TRBV17 (9.0 vs. 0%), TRBV29 (13.0 vs.
6.0%), and TRBV13-1 (15.0 vs. 8.0%), while declining the relative
counts of clonotypes with TRBV3 (1.0 vs. 10%) and TRBV5 (5.0 vs.
13.0%) (Fig. 2B). The TRBV repertoire of the MEMO mouse was very
similar to that of the intact mouse without stimulation (Fig. 2). In vitro
re-challenge of T cells of the MEMO mouse with P815 resulted in
significant biases in the utilization of four VB gene segments: TRBV29
(17.0 vs. 8.0%), TRBV13-1 (14-16.0 vs. 10.0%), TRBV13-3 (13.0 vs. 5.0%),
and TRBV14 (9.0 vs. 2.0%), with a decrease in the frequency of utili-
zation of three gene segments: TRBV31 (2.0-3.0 vs. 8.0%), TRBV1 (6.0
vs. 13.0%), and TRBV13-2 (1.0 vs. 10.0%) vs. the initial MEMO

3201

repertoire (Fig. 2B). Notably, re-stimulation of T cells from the MEMO
mouse with MitC- or HS-treated P815 resulted in similar changes in
the utilization of Va/p gene segments (Fig. 1, Fig. 2).

3.3. Unique clonotype expansion after in vitro antigenic stimulation of
antigen-inexperienced and memory T cells

Co-culture of lymphocytes from both intact and MEMO mice
with P815 induced the expansion of diverse TCRa (Fig. 3) and TCRB
(Fig. 4) clonotypes, whose frequencies increased three standard
deviations above the frequency of the respective clonotype in the
repertoire of unstimulated cells. The repertoires of such enriched
TCRa/p clonotypes after antigenic stimulation significantly differed
between intact and MEMO mice, with only 74 TCRa and 71 TCRpB
common clonotypes observed (Fig. 5).

Importantly, the TCRap clonotype frequencies of enriched pri-
marily activated effectors were markedly higher than the fre-
quencies of expanded reactivated MEMO TCRop clonotypes (Fig. 3,
Fig. 4), presumably implying that originally dominant clonotypes
were mostly involved in the primary immune response. To evaluate
the initial abundance of clonotypes, we calculated the probability of
CDR3 generation (Pgen) for the TOP-25 largest TCRa and TCRp clo-
notypes expanded after primary and secondary in vitro antigenic
stimulation (Fig. 3, Fig. 4), assuming that Pgen characterizes not only
the probability of CDR3 stochastic generation but also its belonging
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Fig. 4. TCRp clonotype expansion during the immune response to mastocytoma P815. TCRa/p repertoires of the non-immunized (intact) or P815-immunized (MEMO) C57BL/6
mouse were generated as described in Materials and methods. The frequencies of the TOP-25 largest TCRp clonotypes of the intact mouse (A) and the MEMO mouse (B) after co-
culture with P815 were compared with the respective frequencies in the initial repertoire of the same intact or MEMO mouse without stimulation. MEMO clonotypes expanded
only in response to P815_MitC or P815_HS are marked in black and red boxes, respectively.

to the functional repertoire. For TCRax and TCR@ clonotypes expanded
after primary antigenic stimulation (Fig. 3A, Fig. 4A), Pgen ranged
from 8.0 x 107 to 7.0 x 10°® (median 1.9 x 10) and from 7.0x 10 to
8.0x10% (median 2.4 x 107), respectively (Supplementary Fig. 3A,
Supplementary Fig. 4A). For the enriched reactivated MEMO clono-
types (Fig. 3B, Fig. 4B), Pgen ranged from 8.0x107'° to 7.0x 10
(median 5.7 x 1077) for TCR« clonotypes (Supplementary Fig. 3B) and
from 1.3x 10" to 5.0x 10°° (median 1.9 x 10”7) for TCRp clonotypes
(Supplementary Fig. 4B). This could indicate that initially abundant
clonotypes with a high Pgen were predominantly expanded in a pool
of antigen-inexperienced T cells after primary antigenic stimulation,
while the cognate antigenic re-challenge of memory T cells drove
selective expansion of more unique antigen-specific TCRap clono-
types that had mostly a low Pgen.

Interestingly, the TCRa/p MEMO repertoires were not identical after
co-culture with MitC- or heat shock-treated P815, although they shared
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many common clonotypes (Fig. 5). We observed various expansion
profiles of TCRa (Fig. 3B) and TCRp (Fig. 4B) MEMO clonotypes de-
pending on the stimulation conditions. Furthermore, distinct o/p
memory clonotypes expanded only in response to P815_MitC (Fig. 3B,
Fig. 4B, black boxes) or P815_HS (Fig. 3B, Fig. 4B, red boxes).

3.4. Prominent physicochemical characteristics of CDR3a of clonotypes
involved in the secondary immune response to mastocytoma P815

The physicochemical properties of the CDR3 region of TCRa/p
were evaluated for the TOP-100 largest clonotypes in each repertoire
using VDJtools [28] (Supplementary Fig. 2) (Table 2).

No significant differences were detected for the CDR3 regions of
both TCRa and TCRP clonotypes in the repertoires of the intact
mouse and the MEMO mouse without stimulation (Table 2, Fig. 6,
Supplementary Fig. 5).



A. Kalinina, N. Persiyantseva, O. Britanova et al.

A

Intact+P815_MitC MEMO+P815_MitC

MEMO+P815_HS

Computational and Structural Biotechnology Journal 21 (2023) 3196-3209

Intact+P815_MitC MEMO+P815_MitC

MEMO+P815_HS

Fig. 5. TCRop repertoires of intact and P815-immunized mice share common enriched clonotypes after the immune response to mastocytoma P815. TCR« and TCRp repertoires of
the non-immunized (intact) or P815-immunized (MEMO) C57BL/6 mouse were generated after lymphocytes were cultured in vitro without stimulation or with mastocytoma
P815 treated with mitomycin C (P815_MitC) or acute heat shock (P815_HS). The TCRa/p repertoires of the intact mouse and the MEMO mouse were compared pairwise to identify
enriched clonotypes with significantly increased frequencies after antigenic stimulation. Comparative analysis of these enriched clonotypes in the stimulated repertoires of the
intact and MEMO mice revealed unique and common TCRa (A) and TCRg (B) clonotypes.

In the TCRa repertoire of the intact mouse after primary in vitro
stimulation with P815, only the CDR3a interaction strength was
significantly increased compared to this value in the initial re-
pertoire of this mouse (Table 2A). Similarly, both conditions of in
vitro re-stimulation of T lymphocytes from the MEMO mouse re-
sulted in a significantly increased CDR3a strength compared to
clonotypes in the repertoire of this MEMO mouse without stimula-
tion (Table 2A, Fig. 6 A). Notably, 1% of re-stimulated MEMO clono-
types had a maximal CDR3a strength value equal to 11 (Fig. 6 A).
Furthermore, CDR3« hydropathy increased 1.6-fold in re-stimulated
MEMO clonotypes vs. MEMO clonotypes without stimulation
(Table 2A, Fig. 6B). The total charge of the CDR3 region in TCRa
MEMO clonotypes after P815 stimulation decreased 1.7-fold com-
pared to the respective values in the initial MEMO repertoire and in
the stimulated repertoire of the intact mouse (Table 2A, Fig. 6 C).
This resulted from the increased frequency of neutral and negatively

Table 2

charged AAs in CDR3a of reactivated memory clonotypes (Fig. 6 C).
We also detected a significantly increased CDR3a volume in the TCR«
repertoire of the MEMO mouse after re-stimulation with MitC-
treated P815 cells (Table 2A).

Analysis of the TCRB physicochemical properties revealed only a
significantly decreased strength of CDR3p in the repertoire of re-
stimulated MEMO clonotypes (Table 2B). Other parameters of CDR3p
were not changed for clonotypes of either intact or MEMO mice after
in vitro P815 stimulation (Table 2B, Supplementary Fig. 5).

3.5. The physicochemical properties of the five central amino acids in
CDR3 of TCRa and TCRp clonotypes after primary and secondary P815
stimulation

Five central AAs of CDR3 often contact the presented antigen
[30], and their physicochemical characteristics could influence the

The physicochemical properties of CDR3a (A) and CDR3p (B) of the TOP-100 most frequent clonotypes in the repertoires of the non-immunized (intact) and P815-immunized
(MEMO) C57BL/6 mouse with or without in vitro stimulation with mastocytoma P815 (mean + SEM).

A)Parameter Experimental group

Intact without St Intact+P815_MitC MEMO without St MEMO+P815_MitC MEMO+P815_HS
Length, aa 135+ 0.1 134 £ 0.2 135+ 01 13.7 £ 0.2 134 +02
Strength 5.07 £ 0.1 54+01* 495 + 0.1 5.61 + 0.1% 545 £ 0.1*
Hydropathy 34+ 06 46 + 0.6 26 +06 41+ 079 41+ 079
Charge 0.8 £ 0.09 0.6 £0.1 0.65 + 0.08 0.38 + 0.1° 039 + 0.1°
Volume 1317.2 £ 11.3 12854 + 164 1319.2 + 15.6 1373.4 + 17.89 1335.6 £ 19.1
Polarity 0.41 + 0.008 0.41 + 0.008 0.42 + 0.009 0.42 + 0.008 0.41 + 0.008
B)Parameter Experimental group

Intact without St Intact+P815_MitC MEMO without St MEMO+P815_MitC MEMO+P815_HS
Length, aa 13.7 £ 0.15 133 +0.16 13.7 £ 0.14 133 +0.16 133 £ 015
Strength 45101 45+ 0.09 48 + 0.1 45+ 018 44 018
Hydropathy -34 0.7 -2.5 £ 0.6 -29 £0.7 -41+ 0.7 -34 0.7
Charge -0.91 £ 0.1 -0.82 + 0.09 -0.83 £ 0.09 -0.84 £ 0.1 -0.94 + 0.1
Volume 1316.9 + 15.1 12854 + 164 13359 + 15.6 1280.7 + 20.2 1290.5 + 16.4
Polarity 0.52 + 0.01 0.51 + 0.01 0.51 + 0.01 0.55 £ 0.01 0.54 + 0.01

* p < 0.05 for comparison Intact+P815_MitC vs. Intact without St (Wilcoxon signed-rank test)

#p < 0.01 for comparisons MEMO+P815_MitC vs. MEMO without St and MEMO+P815_HS vs. MEMO without St (Wilcoxon signed-rank test)

9 p < 0.05 for comparisons MEMO+P815_MitC vs. MEMO without St and MEMO+P815_HS vs. MEMO without St (Wilcoxon signed-rank test);

$ p < 0.05 for comparisons MEMO+P815_MitC vs. MEMO without St and MEMO+P815_HS vs. MEMO without St (Wilcoxon signed-rank test); MEMO+P815_MitC vs. Intact

+P815_MitC and MEMO+P815_HS vs. Intact+P815_MitC (Kruskal-Wallis test)

§ p < 0.05 for comparisons MEMO+P815_MitC vs. MEMO without St and MEMO+P815_HS vs. MEMO without St (Wilcoxon signed-rank test)
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Fig. 6. Physicochemical properties of CDR3« in clonotypes of intact and P815-immunized mice after the response to mastocytoma P815. TCRa«/p repertoires of the non-immunized
(intact) or P815-immunized (MEMO) C57BL/6 mouse were generated as described in Materials and methods. The interaction strength (A), hydropathy (B), and charge (C) of the full
CDR3a were evaluated using VDJtools for the TOP-100 most frequent clonotypes in each repertoire. The Mann-Whitney U-test and the Dunn’s test were used to compare the

repertoires of the intact mouse and the MEMO mouse, respectively.

properties of the whole CDR3 region. Thus, next, we analyzed the AA
distribution among the five central residues of CDR3 (cCDR3) of the
TOP-100 most frequent TCRa (Fig. 7 A) and TCRg (Fig. 8 A) clonotypes
in each repertoire. The frequencies of strongly interacting (Fig. 7B,
Fig. 8B) and hydrophobic AAs (Fig. 7C, Fig. 8C) in cCDR3a and
cCDR3p were also calculated. According to the Shannon entropy, the
AA diversity in cCDR3a and cCDR3p was comparable in all analyzed
repertoires (Supplementary Fig. 6 A, Supplementary Fig. 7 A).

cCDR3a of clonotypes in the initial repertoires of the intact
mouse and the MEMO mouse without in vitro antigenic stimulation
showed no significant differences in their physicochemical para-
meters (Fig. 7). Comparative analysis of cCDR3a in the TCRa re-
pertoires of the intact mouse showed that after P815 stimulation,
cCDR3a had a slightly (1.2-fold) increased frequency of strongly in-
teracting AAs (Fig. 7B) and a 1.4-fold increased rate of hydrophobic
AAs (Fig. 7 C). Re-distribution of strongly interacting AAs (F, I, L, M, V,
W, and Y) within cCDR3« of primarily stimulated effector clonotypes
was also observed, with elevated rates at cCDR3« positions 1 and 3
compared to clonotypes of the intact mouse without stimulation
(Fig. 7 A, Supplementary Fig. 6B).

Similarly, in the TCRa repertoire of MEMO clonotypes after in
vitro re-stimulation, cCCDR3«a contained a 1.3-1.5-fold greater rate of
strongly interacting AAs vs. cCCDR3a of MEMO clonotypes without re-
stimulation (Fig. 7B). The increased utilization of strongly interacting
AAs at positions 2 and 3 of cCDR3a resulted in their even distribution
throughout cCDR3a of re-stimulated MEMO clonotypes (Fig. 7 A,
Supplementary Fig. 6B). Furthermore, after re-stimulation by heat
shock-treated P815, cCDR3a of MEMO clonotypes had a 1.3-fold
higher frequency of hydrophobic AAs (Fig. 7C) with the median
hydropathy tending to increase 1.4-fold compared to the respective
values for cCDR3« in the initial MEMO repertoire (Fig. 7D).
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When compared to cCDR3 of clonotypes in the repertoire of the
intact mouse without stimulation (Fig. 8 A, Supplementary Fig. 7B),
the central part of CDR3p of unstimulated MEMO clonotypes con-
tained a 1.3-fold increased frequency of strongly interacting AAs,
primarily at positions 2 and 5 (Fig. 8 A, B). No significant changes
were detected in the physicochemical properties of cCDR3 of TCRB
clonotypes after in vitro stimulation of T lymphocytes from either
intact or MEMO mice compared to the respective initial repertoires
(Fig. 8). Still, we observed some re-distribution of strongly inter-
acting AAs in cCDR3p of clonotypes after the primary and secondary
in vitro antigenic challenges (Fig. 8 A, Supplementary Fig. 7B). TCRp
clonotypes of primarily activated effectors had a 2.0-fold higher
frequency of strongly interacting AAs at position 4 of cCDR3 than
clonotypes from the initial repertoire of the intact mouse (Fig. 8 A,
Supplementary Fig. 7B). Reactivated TCRp MEMO clonotypes con-
tained strongly interacting AAs more frequently at positions 1 and 5
of their cCDR3 compared to cCDR3p of MEMO clonotypes without
stimulation (Fig. 8 A, Supplementary Fig. 7B).

3.6. Features of the CDR1 and CDR2 regions of TCRa and TCRB memory
clonotypes changed notably after the cognate antigenic re-stimulation

Previously, we showed that memory T cells predominantly exe-
cute direct recognition in allogeneic recognition [31], presuming TCR
interactions with allogeneic MHC molecules. As the CDR1 and CDR2
regions primarily make contacts with MHC [2], next we sought to
analyze the physicochemical properties of these loops in clonotypes
involved in the primary and secondary immune responses to mas-
tocytoma P815. Since CDR1 and CDR2 are encoded by the V segment
and their diversity is limited by the germ-line gene segments
available for recombination [32,33], we evaluated the strength and
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Fig. 7. Physicochemical properties of the five central amino acids of CDR3u in clonotypes of intact and P815-immunized mice after the response to mastocytoma P815. TCRa/p
repertoires of the non-immunized (intact) or P815-immunized (MEMO) C57BL/6 mouse were generated as described in Materials and methods. A) The distribution of amino acids
(AAs) (black - neutral, blue - hydrophilic, green - hydrophobic, red - strongly interacting hydrophobic, violet - strongly interacting neutral) was analyzed for the five central
positions of CDR3«a (cCDR3a) in the TOP-100 most frequent clonotypes in each generated repertoire. The utilization (%) of strongly interacting AAs (B), hydrophobic AAs (C), and
the median hydropathy (D) were calculated for cCDR3a of the TOP-100 clonotypes in each repertoire.

hydropathy of TRAV-germ and TRBV-germ for the TOP-100 largest
clonotypes in the repertoire of the intact mouse and the MEMO
mouse with and without stimulation (Fig. 9).

The V-germ strength tended to increase in MEMO TCRa clono-
types after in vitro re-stimulation, while it declined in stimulated
MEMO TCRp clonotypes compared to the respective initial MEMO
repertoires (Fig. 9A). The V-germ hydropathy of reactivated MEMO
TCRa/B clonotypes showed the opposite trend (Fig. 9B). Un-
stimulated TCRa/p clonotypes of the MEMO mouse showed no sig-
nificant differences in these parameters when compared to
unstimulated clonotypes of the intact mice (Fig. 9). In vitro primary
stimulation of T cells from the intact mouse resulted only in a drop in
the mean TRAV-germ hydropathy without affecting its strength or
TRBV-germ parameters.

4. Discussion

In this study, we aimed to track sequential changes in the TCRap
repertoire during the immune response to the allogeneic tumor in
mice, starting from the primary response to the formation of im-
munological memory and the induction of the secondary immune
response of memory cells. For this, we exploited the experimental
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system that involves the cognate antigenic in vitro re-stimulation of
long-lived memory T cells established in the course of the primary
immune response to tumor alloantigens in vivo [18,20]. Our func-
tional assay is advantageous because it allows us to generate and
characterize a selective pool of functionally true antigen-specific
memory T cells. The features of TCRap repertoires of reactivated
memory T cells were compared to those of primarily activated ef-
fectors.

In vitro co-culture of lymphocytes from a non-immunized mouse
with allogeneic mastocytoma P815 induced expansion of various
TCRa and TCRP clonotypes without, however, affecting the total
clonotype diversity or the number and size of unique clonotypes.
Only the biased utilization of concrete Va/B gene segments and the
increased interaction strength of CDR3a were detected for effector
clonotypes expanded during the primary response. Other physico-
chemical properties of the CDR3 region in TCRax and TCRp clonotypes
remained unchanged after primary stimulation by P815. This data
suggested a polyclonal T cell response after the first antigen en-
counter, involving effectors with diverse TCR features, including
variable affinities [34,35].

As expected, some decline in the TCRa and TCRB clonotype di-
versity was found in the repertoire of the P815-immunized mouse
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Fig. 8. Physicochemical properties of the five central amino acids of CDR3p in clonotypes of intact and P815-immunized mice after the response to mastocytoma P815. TCR«/p
repertoires of the non-immunized (intact) or P815-immunized (MEMO) C57BL/6 mouse were generated as described in Materials and methods. A) The distribution of amino acids
(AAs) (black - neutral, blue - hydrophilic, green - hydrophobic, red - strongly interacting hydrophobic, violet - strongly interacting neutral) was analyzed for the five central
positions of CDR3p (cCDR3g) in the TOP-100 most frequent clonotypes in each generated repertoire. The utilization (%) of strongly interacting AAs (B), hydrophobic AAs (C), and
the median hydropathy (D) were calculated for cCDR3p of the TOP-100 clonotypes in each repertoire.

(Table 1), suggesting the formation of long-lived memory T cells in
the course of the primary in vivo immune response to mastocytoma
cells [18]. Still, the establishment of immunological memory didn’t
cause significant disturbances in the TCRap repertoire of the P815-
immunized mouse compared to the repertoire of a non-immunized
mouse (Figs. 1, 2, 3, and Supplementary Fig. 5). We assume that this
could be due to the small size of long-lived memory clonotypes,
which are maintained after the contraction of the primary immune
response.

The cognate antigenic re-stimulation of T cells from the P815-
immunized mouse induced significant clonotype expansion during
the secondary immune response, resulting in a dramatic contraction
of the TCRap repertoire diversity (Table 1). Importantly, expanded
reactivated memory clonotypes had markedly lower frequencies and
Pgen compared to those of enriched clonotypes of primarily acti-
vated effectors, implying that the secondary antigen encounter
drove more selective expansion of unique antigen-specific clono-
types (Fig. 3, Fig. 4, Supplementary Fig. 3, and Supplementary Fig. 4).
It is also worth noting that different TCR« and TCRB clonotypes re-
sponded differently to stimulator P815 cells, whether treated with
the cytostatic or exposed to acute heat shock. However, different
stimulating conditions provoked similar changes in the features of
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TCRap repertoires of expanded memory clonotypes (Fig. 6, Fig. 9, and
Supplementary Fig. 5).

Memory cells have a lower activation threshold than naive T cells
[36,37] and rapidly acquire an effector state upon re-encounter with
the antigen presented even at much lower doses [37-39]. It was also
shown that memory T cells are relatively independent of co-stimu-
lation from antigen-presenting cells (APCs) [20,23]. Therefore, in our
experimental system, MitC-treated tumor cells could provide too
strong stimuli to some memory clones, inducing activation apoptosis
in them. In contrast, re-challenge of memory cells with heat shock-
treated stimulators could provide more favorable conditions for
their activation and expansion, as acute heat shock was shown to
disturb the formation of the stable immunological synapse between
a T cell and exposed cells [21,22] and to inhibit the expression of co-
stimulatory molecules (specifically, the B7 ligand) on APCs [20]. We
hypothesize that taking into account the physiological features of
naive T cells, effectors, and memory T cells [37] may enhance the
selectivity and specificity of activation and expansion of desired cell
subsets using in vitro techniques.

Comparative bioinformatics analyses revealed significant
changes in the physicochemical properties of CDR3a in clonotypes
involved in the secondary immune response to allogeneic tumor
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Fig. 9. Strength and hydropathy of CDR1 and CDR2 in TCRap clonotypes of intact and P815-immunized mice after the response to mastocytoma P815. TCRa/p repertoires of the
non-immunized (intact) or P815-immunized (MEMO) C57BL/6 mouse were generated as described in Materials and methods. For the TOP-100 most frequent clonotypes in each
generated TCRa and TCRp repertoire, the strength of interaction (A) and hydropathy (B) of the Va- and V-germ segments were calculated.

cells. The CDR3 region of re-stimulated TCRa memory clonotypes
became rich in hydrophobic, strongly interacting, and bulky amino
acids (AAs) (Table 2). The same tendency toward abundance of
strongly interacting and hydrophobic AAs was found in the middle
part (the five central AAs) of these CDR3« that made major contacts
with a presented peptide [30]. These findings were in agreement
with more recent research by Kasatskaya et al., which demonstrated
that certain functional subsets of human effector/memory T cells
express TCRs with high numbers of hydrophobic and strongly in-
teracting AAs within their CDR3ap [17]. Such physicochemical sig-
natures of the CDR3 region are believed to be associated with high
cross-reactivity of TCR [40-42]. We also noted an even distribution
of strongly interacting AAs within the five central residues of CDR3«
of re-stimulated memory clonotypes, suggesting that their TCRs
could require fewer important contacts to recognize a docked pep-
tide [43]. These findings further supported the hypothesis of in-
creased TCR cross-reactivity in memory clones elicited in the
secondary immune response, which complied with our recent stu-
dies [31].

Along with the substantial narrowing of the TCR repertoire di-
versity and intense clonotype expansion, presumably high TCR
cross-reactivity in re-stimulated memory clonotypes could point out
that the secondary immune response drove the selection of more
efficient clones capable of recognizing multiple tumor peptide an-
tigens and emergent mutants. It seems plausible that such cross-
reactive clonotypes could better control tumor cells with a high
mutation rate. Accordingly, several studies indicated that cross-re-
active TCRs controlled fast-mutating viruses more efficiently [43,44].
Furthermore, TCRs with poly-restriction to multiple antigens pre-
sented by different MHC alleles are proposed to be the most efficient
for adoptive immunotherapy [7].
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Interestingly, we also detected the tendency for an increasing
interaction strength of the germ-line Vo segments of memory clo-
notypes expanded during the cognate antigenic re-stimulation
(Fig. 9A). This could be associated with the observed biased utili-
zation of certain TRAV gene segments by these clonotypes (Fig. 1).
This is in line with the previous study that indicated different cu-
mulative interaction strengths of CDR1 and CDR2 for various TRAV
and TRBV [42]. Memory T cells rely mainly on direct recognition in
the allogeneic immune response [31]. Therefore, the stronger CDR1
and CDR2 loops of re-stimulated TCRa memory clonotypes sug-
gested the expansion of clones with a-chains that strongly bind to
allogeneic MHC class I molecules (H2-K¢ and H2-D?) expressed on
mastocytoma P815 cells.

Accordingly, in our experimental system, memory T cells that
were activated and expanded during the secondary immune re-
sponse expressed TCRa that strongly interacted with both MHC and
docked peptides. Our results comply with other studies, which de-
monstrated that in the secondary response, T cells express TCRs with
higher affinity for MHC-peptide complexes than those involved in
the primary response [9,10]. This could reflect functional avidity
maturation in antigen-experienced T cells [7,45,46].

Of particular note are our findings of minor changes in the CDR
features of TCRp memory clonotypes involved in the secondary im-
mune response to P815 antigens. The observed decreased interaction
strength of all three CDRs of TCRp in re-stimulated memory clono-
types (Table 2B, Fig. 9A) could be a reciprocal effect of the increased
CDRa strength, as also seen for some other physicochemical prop-
erties of TCRap [42,47]. Such disparities in TCRa and TCRp CDR
characteristics may indicate distinct roles for each hemi-chain in the
secondary allogeneic immune response in our experimental system,
implying that memory T cells relied mainly on TCRa in recognition of
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the cognate alloantigens. Such asymmetric contribution of an «- and
B-chain TCR in antigen recognition is known as TCR chain centricity
[48,49]. In view of our earlier studies, which showed that some
memory clones express chain-centric TCRs with a dominant-active
antigen-specific a-chain [50,51], the indications here of the dom-
inating function of TCR«a in alloantigen recognition by memory T
cells are especially interesting. The findings of the current research
may aid in the ongoing improvement of the generation of TCR-
modified T cell products based on TCR chain centricity, a novel ap-
proach for ACT proven to be efficient and safe in our experimental
tumor and infectious mouse models [50-52].

In this study, we succeeded in clearly identifying important TCR
characteristics of reactivated memory T cells by comparing the TCR
repertoires of effectors involved in the primary immune response
and memory T cells expanded during the cognate antigen re-en-
counter. It is hypothesized that the identified TCR characteristics
may serve as a common signature for antigen-specific memory T
cells, even though we only exploited one experimental tumor model
here. A number of approaches based on TCR cluster analysis have
been described to find clonotypes involved in the immune response
in an unsorted T cell repertoire [13,14]. Results of this work could
contribute to the development of bioinformatics strategies to spe-
cifically identify memory clonotypes in a bulk T cell repertoire based
on the physicochemical properties of their TCRa/p. We assume that
functionally true memory T cells enriched by in vitro cognate sti-
mulation could be a better source of therapeutic TCRs for ACT with
improved TCR-pMHC affinity interaction and cross-reactivity to
multiple tumor antigens. Still, the specificity, efficacy, and safety of
selected TCRs must be thoroughly evaluated in functional assays.
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