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T-CELL RECEPTOR CHAIN CENTRICITY IN THE PRIMARILY ACTIVATED EFFECTORS
AND RE-STIMULATED MEMORY CELLS
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T cells, the adaptive immunity effectors, carry an antigen-recognizing T-cell receptor (TCR) that represents an a3 heterodimer. Functional dominance of one chain
has been reported for a number of TCRs. This feature is called chain centricity. Today, it is unclear whether chain centricity is an inherent feature of some TCRs,
and what mechanism underlies its development. The study aimed to determine the abundance of such receptors in the repertoire of primarily activated effectors
and re-stimulated memory cells of mice specific to the allogeneic tumor antigens. The long-lived memory cells formed in the primary immune response in vivo were
in vitro re-stimulated with the immunizing tumor cells. Primary effectors were obtained in vitro in the culture by stimulation of T cells of non-immunized mice with
cells of the same allogeneic tumor. TCR libraries of effectors involved in the primary and secondary immune response were created by NGS sequencing. To identify
chain-centric TCRs, 10 TCRa variants were selected from each repertoire. T cells of intact mice were modified with individual TCR a-chain variants by transduction,
with subsequent assessment of T cell proliferation under exposure to specific allogeneic stimulators. In vitro screening revealed 10% of chain-centric receptors in
the primary effector pool, and the proportion of such TCRs in the repertoire of re-activated memory cells was 30%. Thus, chain centricity is an inherent property
of some TCRs, but secondary antigenic stimulation can be a factor for selection of clonotypes with such receptors.
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LENELEHTPUYHOCTDb T-KJIETOYHbIX PELIEMTOPOB Y NEPBUYHO AKTUBUPOBAHHbIX
QPODOEKTOPOB N PECTUMYJIMPOBAHHbIX KINIETOK MAMATU
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T-KneTkn, ahdeKTopbl afanTVBHOMO UMMYHUTETA, OCHALLIEHbI aHTUreHpacno3HarowwM T-kneTodHbIM peLientopoM (TKP), koTopbii mpeacTasnseT coboi
aB-retepoanmep. Ans psga TKP 6bino nokaszaHo (hyHKUMOHaNbHOE AOMWUHMPOBAHWE OAHOWM Lienu, 1 aTa 0COOEHHOCTb peuenTopa nonyyuna HassaHue
LieneLeHTpUYHOCTY. B HacTosiLLee BpemMsi HEM3BECTHO, SIBMSIETCS N LIENELEHTPUYHOCTb BPOXXAEHHBIM CBOMCTBOM HEKOTOPbIX TKP 1 KakoB MexaHu3M ee
opmmposaHs. Liensto paboTbl BbIN0 YCTaHOBUTL YaCTOTy BCTPEYaEMOCTIN MOAOOHbIX PELIENTOPOB B penepTyape shdeKTopoB 1 PECTUMYIMPOBaHHbIX KNETOK
NamaTL MbILLK, CREeUNMUYHBIX K aHTUreHaM annoreHHon onyxonn. ChopMmnpoBaHHbie B Xxo4e NMEPBUHHOrO MMMYHHOMO OTBETA N ViVO AONTOXUBYLLME KNETKM
namsaT PECTUMYIMPOBANN KNETKaMN UMMYHUSUPYIOLLIEN ONyxonu in vitro. MepBudHble adhheKTopbl NonyYan B KynsType in Vitro nytem CTUMYNSLMM T-KNeTok
HEUMMYHV3UPOBaHHBIX MbILLE KNeTKamu 3ToM e annoreHHor onyxonu. Metogom NGS-cekBeHMpoBaHus 6binv codaaHbl tnbnmnotekn TKP adhdexTopos,
BOBSIEYEHHbBIX B MEPBUYHBIA 1 BTOPUYHBIA UMMYHHBIA OTBET. [na naeHTUdUKaLumm LeneLeHTpUHeCKX peLentopoB Obiin oTtobparel no 10 BapuaHtos TKPa
13 Kaxxaoro peneptyapa. MyTem TpaHCAYKUMN T-KNETKU UHTaKTHbIX MbIlLen MoanMULMpOBanv MHAVMBMOYaNbHbIMU BapraHTamn a-Liener TKP ¢ nocneaytoLen
OLIEHKOW YPOBHS X MponudepaLm B MPUCYTCTBUM CNeLMMUHECKX anioreHHbIX CTUMYNSTOPOB. B xofe ckpuHuHa in vitro BbiseneHo 10% LeneLeHTpUHecKmnx
PeLenTopoB B Mysie NepBMYHbIX 3PMEKTOPOB, MpK 3TOM Aonsa Takux TKP B penepTyape peakTvB1pOBaHHbIX KNeTok namsaT coctasmnna 30%. Takium obpasom,
LieneLUeHTPUYHOCTb SBNSETCA UCXOAHO MPUCYLLIM CBOMCTBOM HeKOTOPbIX TKP, HO BTOpUYHAs aHTUreHHas CTUMYSLMS MOXET ObiTb (PakTOPOM Cenekumm
K/TOHOTUMOB C Tak1MK peLienTopamm.
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T cells are the most important adaptive immunity effectors. To
ensure realization of their functions, T cells carry an antigen-
recognizing T-cell receptor (TCR) involved in recognition of
peptide antigens represented by self-major histocompatibility
complex (MHGC) molecules. TCR is a heterodimer, which
consists of a- and B-chains in the predominant type of T cells.
According to the classic paradigm, both TCR chains contribute
equally to recognition of MHC/peptide complexes. However,
it has been reported for a number of TCRs that a- or B-chain
can predominate during interaction with antigen and determine
the specificity of the entire receptor [1]. About a decade ago
the term “TCR chain centricity” was introduced to describe this
phenomenon, and TCRs showing asymmetric functional activity
of the chains were named chain-centric receptors [2, 3]. This
property of some TCRs can significantly simplify and increase
the effectiveness of generating therapeutic T-cell products for
immunotherapy of infectious diseases and cancer [1, 4].

Today, it is unclear whether chain centricity is an inherent
feature of some TCRs, and what mechanism underlies its
development. In the majority of studies, chain-centric TCRs
were identified in the human or mouse immune repertoire
[2, 3, 5-7], which may suggest that these receptors are
expressed mainly by antigen-primed T cells. It has previously
been shown that the naturally occurring pool of mouse
memory T cells contains about 20% of chain-centric receptors
[4], but their proportion in the repertoire of effectors involved
in the primary immune response is still poorly understood.
Clarification of this issue will help determine the important
aspects of the chain-centric TCR nature: 1) whether chain
centricity is an inherent property of some receptors; 2) what is
the role of antigenic stimulation in the formation or selection of
such TCRs.

The study aimed to determine the abundance of TCRs
with the dominant-active a-chain in the repertoire of primarily
activated effectors and re-stimulated memory cells of mice.

METHODS

The study involved inbred C57BL/6 (haplotype H2-K?) female
mice (body weight 18-20 g, age 6-8 weeks) obtained from
the experimental biology laboratory of the Research Institute
of Experimental Diagnostics and Therapy of Tumors (Blokhin
National Medical Research Center of Oncology, Moscow,
Russia). Animals were kept under standard conditions (20-24 °C,
a 40% relative humidity, a 12-h light/dark cycle) and withdrawn
from the experiment by cervical dislocation. To generate
memory cells in vivo, nine C57BL/6 mice were immunized
with P815 allogeneic mastocytoma cells (KDY via a single
intraperitoneal injection of 1 x 10" tumor cells/mouse. Two
months after immunization [8] the animals were withdrawn from
the experiment as stated above, and the spleen was isolated
under sterile conditions. Cells of the spleen were squeezed out
carefully from the splenic stroma in the Potter homogenizer
(DWK Life Sciences; Germany) in 3 mL of PBS. Then cytometry
analysis of splenocytes was carried out in the FACSCantoll
system (BD; USA) using fluorescent labeled antibodies
(BioLegend; USA) to T-cell surface markers: CD3-PE, CD8-
Pacific blue, CD44-APC, and CD62L-APC-Cy7. Cell debris
was excluded from analysis based on the light scattering values
and propidium iodide (BD; USA) incorporation. The percentage
of T cells (%) in the total population of live splenic leukocytes
was determined based on the CD3 marker expression. The
relative number (%) of cytotoxic CD8* T cells was assessed
in the CD3* lymphocyte pool. The long-lived CD8* memory
T cells generated in vivo after immunization were determined

BECTHVIK PIMY | 6, 2024 | VESTNIKRGMU.RU

OPUITMHAJTIBHOE NCCJIEQOBAHNE | UMMYHONOT A

based on co-expression of CD44 and CD62L markers (Fig. 1).
Splenic cells of the P815-immunized mice were re-stimulated
with the immunizing tumor antigens in vitro without pre-sorting
[9]. For that splenocytes (4 x 10° cells/well) were seeded
in triplets into 96-well round bottom plates (Corning Costar,
Sigma Aldrich; USA). P815 mastocytoma cells were treated
with cytostatic mitomycin C (Kyowa Hakko Kogyo Co., Ltd.;
Japan) in a dose of 50 ug/mL for 60 min at 37 °C and added
to splenocytes at a ratio of 1 : 10. Cells were cultured in
200 L of the RPMI-1640 medium (PanEco; Russia) enriched
with 10% fetal bovine serum (HyClone, GE Healthcare; USA),
0.01 mg/mL of ciproflaxacin (KRKA; Slovenia) and 10 uM of
2-mercaptoethanol (Merck; Germany) for 72 h at 37 °C, 5%
CO,. To induce primarily activated CD8* effectors, splenic
cells of six intact (not immunized with mastocytoma P815)
C57BL/6 mice were in vitro cultured with P815 cells for 72 h, as
described above. To assess baseline proliferation, splenic cells
of intact and immunized mice were similarly cultured without
P815. Cell proliferation (counts per minute) in the splenocyte
culture was measured based on incorporation of H-thymidine
(1 pCi/well) (Isotope; Russia) added for the last 8 h of cultivation.
The antigen-induced response index was calculated as the
ratio of splenocyte proliferation under exposure to P815 and
corresponding baseline proliferation (Fig. 2).

The primarily activated effectors and re-stimulated memory
cells obtained as described above from one intact (non-
immunized) and one immunized mouse, respectively, were
used to create the TCR cDNA libraries by NGS sequences on
the MiSeq platform (lllumina; USA) [9].

The full-length cDNA of the TCR a-chain from each
repertoire was cloned into the MigRl retroviral vector containing
the PGK promoter [4]. Transfection of the HEK293T packaging
cell line was performed using the calcium phosphate method.
To obtain T cells transduced with an individual TCRa variant,
preliminary activation of T cells of intact (non-immunized)
mice was performed. For that animals were euthanized by
cervical dislocation; the spleen and mesenteric lymph nodes
were recovered under sterile conditions, and cells were isolated
from these organs as described above. The cells obtained were
then in vitro activated with the T-cell mitogen, concanavalin
A (8 pg/mL) (Sigma Aldrich; USA), for 24 h and transduced
by two spinoculations with the retroviruses containing an
individual TCRa variant at 2000 x g for 2 h (22 °C) [10]. The
lymphocyte modification levels were determined 48 h later by
flow cytometry based on the GFP reporter protein expression
measured in the control sample of T cells similarly transduced
with the GFP retrovirus [10]. The transduction efficacy was 40—
70% (data not shown).

T cells (1 x 10° cells/well) were seeded in triplets into the
96-well flat-bottom plates (Corning Costar, Sigma Aldrich; USA)
48 h after transduction. Cells of the EL-4 lymphoma syngeneic
for C57BL/6 mice and of the immunizing mastocytoma P815
were treated with mitomycin C. To determine proliferation levels
of modified T cells under exposure to syngeneic stimulators,
EL-4 cells treated with the cytostatic were added to T cells at a
ratio of 1 : 2. To assess specific antigen-induced proliferation,
modified T cells were co-cultured with P815 cells treated with
mitomycin C. Cells were cultured in 200 pL of the RPMI-1640
medium (PanEco; Russia) enriched as described above for 72 h at
37 °C, 5% CO,. The non-transduced lymphocytes (NTLs) and
GFP-modified T cells were used as controls. To assess baseline
proliferation, T cells (NTLs, TCRa- and GFP-transduced) were
similarly cultured without tumor cells. Cell proliferation levels
were assessed using the CellTiter 96 AQueous Non-Radioactive
Cell Proliferation Assay kit (Promega; USA) in accordance with
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Fig. 1. Analysis of mouse splenic T cells after in vivo immunization with the allogeneic tumor cells. C57BL/6 mice (n = 9) were immunized intraperitoneally with allogeneic
mastocytoma P815 cells. Spleen cells were analyzed by flow cytometry 2 months after immunization. Splenocytes of intact (not immunized with P815) C57BL/6 mice
(n = 6) were used as a control. A) The relative count (%) of T cells (CD3*). B) The percentage (%) of cytotoxic CD8* T cells. C) The percentage (%) of CD8* T cells with
the phenotype of naive cells (CD44-CD62L"), central memory cells (CD44+*CD62L+), and effector memory cells (CD44+*CD62L"). The data are presented as m + SEM

(n = 6-9). "p < 0.05 compared to the intact control (Student's t-test)

the manufacturer’s instructions. Optical density (OD) was
measured using the Infinite F50 microplate spectrophotometer
(Tecan; Switzerland). In vitro screening of each TCRa variant
was conducted in at least two independent experiments.

Fig. 1 and 2 present the data of three independent
experiments as mean + standard error of the mean (mean + SEM)
(n =6-9). Fig. 3 presents frequencies of unique TCRa clonotypes
in each studied repertoire. Fig. 4 presents the data of one of
the two representative experiments as mean + SEM for three
technical replicates. Statistical analysis was performed using the
unpaired Student's t-test after testing the sample distribution for
normality using the Kolmogorov—Smirnov test. The differences
were considered significant at p < 0.05. Statistical analysis was
performed using the Prism v.8.1.2 software (GraphPad; USA).

RESULTS

In this study, the experimental model of generating long-lived
memory T cells was used involving in vivo immunization of
C57BL/6 mice (H2-K) with P815 allogeneic mastocytoma cells
(K9D9). Due to allogeneic differences in MHC class | molecules,
the recipient develops predominantly CD8* T-cell response to
the transplanted tumor. No increase in the relative number of
T cells in the spleen of immunized animals compared to intact
mice was reported (Fig. 1A), however, the proportion of CD8*
T cells after immunization was significantly higher relative to the
control (Fig. 1B). Furthermore, in the spleen of immunized mice,
accumulation of CD8* T cells with the phenotype of effector

memory cells (CD44+CD62L") was reported, the percentage
of which increased 1.9-fold relative to the same population of
CD8* T cells in the spleen of intact mice (Fig. 1C). The data
obtained suggest that a pool of long-lived CD8* memory cells
is formed in vivo after contraction of primary immune response.

Considering the fact that the T cell surface activation
phenotype is not directly correlated with the T cell experience
of interaction with antigen and its functional status [11], splenic
lymphocytes of the immunized mice were re-stimulated with
the immunizing tumor antigens in vitro in order to confirm
generation of true memory T cells during in vivo immunization.
Primary proliferative response of splenocytes of intact mice
was obtained in vitro in the culture with P815 allogeneic
mastocytoma cells, which was twice higher compared to
baseline proliferation values (Fig. 2). Furthermore, the antigen-
induced proliferation level of splenocytes from the immunized
animals was three times higher compared to that in the cell
culture of intact mice (Fig. 2). Thus, the in vitro functional test
showed the primary immune response to the allogeneic tumor
cells and the enhanced secondary response of memory T cells.

This experimental system was used to generate effectors of
the primary and secondary immune response to the allogeneic
tumor cells and construct libraries of their TCR a-chains (TCRa).
To identify TCRa clonotypes involved in the immune response
to the P815 antigens, the repertoires of primarily activated
effectors and re-stimulated memory cells were compared to
the TCRa repertoires of non-immunized mice and immunized
mice without antigenic stimulation in vitro, respectively. TCRa
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Fig. 2. Levels of antigen-induced proliferation in vitro of T-cells in the primary and secondary immune responses to the allogeneic tumor cells. Splenic cells of intact (not
immunized with P815) and P815-immunized C57BL/6 mice were cultured in the presence of allogeneic mastocytoma P815 for 72 h. Splenocytes similarly cultured
without antigenic stimulation were used to assess baseline proliferation. The index of antigen-induced proliferative response to alloantigens was calculated as described
in the Methods section. The data are presented as m + SEM (n = 6-9). *p < 0.01 (Student's t-test)

variants, the frequency of which after stimulation was at
least three times higher compared to frequency of the same
clonotype in the corresponding repertoire without antigenic
stimulation, were determined in each library [9]. A total of 10
TCRa variants unique for the repertoire of primarily activated
effectors or re-stimulated memory cells were selected for
further research (Fig. 3).

The dominant-active TCRa were identified in an in vitro test
system. For that T cells of the intact mice modified with each
TCRa variant were introduced to the culture with syngeneic
stimulators (EL-4 cells) or specific allogeneic stimulators (P815
cells) (Fig. 4). The appropriate a-chain was considered to be
dominant-active, when the proliferation level of transduced
lymphocytes under exposure to P815 was significantly
higher, than the proliferation level of the same cells not
subjected to antigenic stimulation (baseling), in the presence
of EL-4 (stimulation with the syngeneic tumor), or when it
was significantly higher, than the values of antigen-induced
proliferation of NTLs and GFP-modified T cells (Fig. 4).

The screening revealed one dominant-active TCRa from the
repertoire of primarily activated effectors (#3; Fig. 4A): the level
of proliferative response of T cells modified with the a-chain
TCR #3 in the presence of the specific allogeneic stimulator
(P815 cells) was 1.3-fold (p < 0.05) higher, than the level of
their proliferation in the culture with syngeneic stimulators (EL-4
cells). Three dominant-active TCRa variants were identified in
the repertoire of re-activated memory cells: T cells transduced
with TCRa #2, TCRa #5, and TCRa #9 had  significantly 1.3-fold
increased (p < 0.05) proliferation activity under specific antigenic
stimulation with P815 cells compared to their proliferation in the
presence of syngeneic EL-4 cells (Fig. 4B).

Thus, the study has shown that the primarily activated
effector repertoire comprises 10% of chain-centric TCRs,
while the proportion of such receptors in the repertoire of
re-stimulated memory cells is 30%. This preliminary assessment
is currently being refined with additional data.

In vitro screening also revealed distinct variants of TCR
a-chains (#9 in the primarily activated effector repertoire (Fig. 4A) and
#1 in the repertoire of re-stimulated memory T cells (Fig. 4B)),
modification with which resulted in enhanced T cell proliferation
in the presence of syngeneic EL-4. This may be explained
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by the generation of a receptor with the new specificity as a
result of the interaction of the transduced a-chain with an
endogenous TCR B-chain in a mature T cell.

DISCUSSION

Using the previously developed experimental model we traced
sequential changes in the mouse TCR repertoire during the
immune response to tumor alloantigens, from the primary
response to immunological memory formation and induction of
the secondary memory cell response (8, 9]. The data obtained
have shown that both primarily activated effectors and re-
stimulated memory T cells express TCRs with the dominant-
active a-chain. Based on this finding, it can be assumed that
chain centricity is an inherent property of some TCRs.

An interesting analogy for this phenomenon can be found in
the paper by Dietrich et al. reporting the study of the pre-immune
repertoire of T cells specific for the melanoma-associated
autoantigen melan-A. It has been shown that melan-A-specific
thymocytes and mature peripheral T cells preferentially use
a particular V segment of the a-chain (Va 2.1) [12]. Thus,
narrowing of the repertoire in favor of using this a-chain variant
occurs during intrathymic selection of melan-A-specific T cells,
although the fact that they preferentially use this TCRa variant
does not indicate the a-chain functional dominance. We believe
that the reasons for this phenomenon can include the possibility
of repeated rearrangements of the TCR a-chain genes during
positive selection in the thymus, resulting in the selection of
their variants capable of establishing multiple contacts with the
endogenous MHC/peptide complexes and, therefore, of more
effective positive selection.

It should be noted that in our experiments the proportion of
chain-centric receptors in the repertoire of re-activated memory
cells was higher (30% vs. 10% in the primarily activated effector
repertoire), which can suggest selection of the TCR clonotypes
with the dominant-active a-chains during secondary specific
antigenic stimulation. Bioinformatics analysis of the entire
TCR repertoire of these two functional groups has shown
that physicochemical characteristics of TCRa in the pool of
re-activated memory cells markedly differed from the properties of
the TCR a-chains of effectors involved in the primary immune
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Fig. 3. T-cell receptor a-chain variants selected for in vitro screening. Frequency of the T-cell receptor a-chain clonotype in the repertoire of effectors involved in the

primary immune response (A) and of re-stimulated memory T cells (B)

response [9]. According to the data obtained, in the secondary
response, the TCR repertoire is enriched with receptors
containing the a-chain with the increased strength of binding to
the MHC/peptide complexes and cross-reactivity [9].

It is well known that TCRs of memory cells have the increased
affinity for antigen [13, 14]. The results of our studies suggest
that this can be also associated with the expression of the
dominant-active TCRa. Thus, selection of chain-centric TCRs
can represent one of the mechanisms underlying maturation of
functional avidity of antigen-primed T cells [15-17].

In the light of the currently available data, we believe that
the functionally true memory T cells can be the most promising
source of therapeutic TCRs. It has been previously shown in the
in vivo experimental models that the dominant-active a-chains
of the memory cell chain-centric TCRs can be successfully
used to generate T-cell products for adoptive immunotherapy
of cancer and infectious diseases [4, 7].

The in vitro screening system described in this study can
be also used to assess possible autoreactivity of modified
T cells. During transduction of an individual TCR a-chain into
T cells, the a-chain binds to endogenously rearranged
-chains, and this can result in the generation of receptors with
new specificity, including potentially autoreactive TCR. Thus,

in our study we have revealed increased proliferative activity
of T cells modified with two TCRa variants in the presence
of syngeneic stimulators (Fig. 4A, #9; Fig. 4B, #1). However,
determination of autoreactivity of these transduced T cells was
outside the scope of this study. Meanwhile, we have earlier
shown that T cells modified with the dominant-active TCRa do
not show nonspecific cytotoxicity when adoptively transferred
into syngeneic recipients, which confirms the lack or low rate
of potentially autoreactive clones in the resulting T cell product [18].

CONCLUSIONS

In this study we developed an in vitro system for screening of
mouse chain-centric TCRs. Using this system, the dominant-
active antigen-specific a-chains were identified both in the
repertoire of effectors involved in the primary immune response
and in the repertoire of memory cells after the secondary specific
antigenic stimulation. The study results have shown that 10% of
the TCRs of primarily activated effectors are chain centric. Thus,
this property is inherent to some T-cell receptors. Furthermore,
in the secondary immune response, the proportion of such
receptors increases 3-fold, which suggests that the repertoire
is enriched with chain-centric TCRs due to antigen-induced
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Fig. 4. In vitro antigen-induced proliferation levels of T cells transduced with individual T-cell receptor (TCR) a-chain variants. Activated T cells of an intact C57BL/6
mouse were transduced with the TCR a-chains from the repertoire of primarily activated effectors (A) or re-stimulated memory cells (B). Modified lymphocytes were
placed in the culture with syngeneic stimulators (EL-4 lymphoma cells) or allogeneic specific stimulators (P815 mastocytoma cells) for 72 h. To assess baseline
proliferation levels, transduced T cells were cultured without tumor cells (baseline). Non-transduced activated lymphocytes (NTLs) and GFP-modified T cells were used
as controls. The data of one representative experiment out of two are presented as m + SEM for three technical replicates. *p < 0.05 (Student's t-test)

selection of clonotypes with such receptors. The findings will
help to improve the process of identifying and selecting chain-
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