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Abstract— Despite numerous data on the absence or weak expression of the main functional receptor of SARS-CoV-2 angio-
tensin-converting enzyme 2 (ACE2) by T cells, it was recently demonstrated that the new coronavirus can efficiently infect
T lymphocytes. Here, we analyze the data on the alternative (ACE2-independent) pathways of cell infection, identified T cell
subpopulations that serve as the most plausible targets of SARS-CoV-2, discuss the mechanisms of virus—cell interaction,
including both infectious and non-infectious pathways of T lymphocyte regulation, and estimate the role of the virus-de-
pendent damage of T lymphocytes in COVID-19 pathogenesis. Particular attention is paid to regulatory T cells as potential
targets of SARS-CoV-2, as well as to the possible involvement of exosomes in the sensitivity of peripheral T cells to the virus.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), a cause of pandemic of coronavirus dis-
ease 2019 (COVID-19), has an affinity for a wide range
of cells and tissues, primarily, lung and respiratory epi-
thelium, vascular endothelium, and cells of the intestine,
liver, kidneys, and brain [1], which determines the variety
of clinical manifestations and post-COVID complica-
tions. The affinity of the virus depends on the presence
of receptors for various viral surface structures on target
cells, above all, for the virus spike protein (S protein).
The main receptor for SARS-CoV-2 is angiotensin-con-
verting enzyme 2 (ACE2). ACE2 recognizes viral S pro-
tein, while cell serine proteases, acting as co-receptors,

Abbreviations: ACE2, angiotensin-converting enzyme 2;
ASGRI1, asialoglycoprotein receptor 1; AXL, AXL receptor ty-
rosine kinase; CD, cluster differentiation; COVID, coronavirus
disease; KREMENI, Kringle containing transmembrane pro-
tein 1; MOI, multiplicity of infection; N protein, nucleocap-
sid protein; RBD, receptor-binding domain; SARS-CoV, se-
vere acute respiratory syndrome coronavirus; S protein, spike
protein; TCR, T cell receptor; Treg, regulatory T lymphocyte;
TMPRSS2, transmembrane protease serine 2.

* To whom correspondence should be addressed.

ensure virus entry into the cell [2]. The pattern of ACE2
distribution in human tissues generally coincides with the
SARS-CoV-2 infection profile [1].

Cells of the immune system, including T lympho-
cytes, had not been originally considered as potential
targets of SARS-CoV-2, based on the lack of ACE2 ex-
pression in lymphoid organs (human spleen, thymus,
and lymph nodes) [3] and subpopulations of circulating
T Iymphocytes [4]. However, recent studies have identi-
fied alternative SARS-CoV-2 receptors, some of which
are presented on the T cell membrane. For example, the
transmembrane glycoprotein CD147 [5] is constitutively
expressed by intact CD4*/CD8* T lymphocytes of human
peripheral blood. Its expression, as well as expression of
receptor tyrosine kinase AXL (another candidate receptor
for SARS-CoV-2) is significantly upregulated in response
to the cell polyclonal activation [5-7]. Also, expression
of the gene encoding Kringle containing transmembrane
protein 1 (KREMENT1) was detected in a subpopulation
of regulatory T lymphocytes (Tregs) [8, 9]. Although
these receptors play an auxiliary role in traditional vi-
rus-targeted tissues [7, 8], they can come to the fore in
ACE2-deficient cells, for example, in immune cells.

These data have raised the question on T lympho-
cytes as potential targets of the new coronavirus. To date,
there are six independent studies that demonstrated with
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more or less detail the ability of SARS-CoV-2 to infect
human T lymphocytes. Here, we analyze the data of these
studies and discuss the possible mechanisms of T cell
infection and the contribution of these mechanisms to
COVID-19 pathogenesis.

SARS-CoV-2 RECEPTORS

The ACE2 molecule, a key component of the re-
nin—angiotensin system, has been identified as the ma-
jor entry receptor for SARS-CoV-2 [1, 2], as well as for
the related 2003 coronavirus SARS-CoV-1 [10]. ACE2
binds to the S protein of SARS-CoV-2 via the C-terminal
domain of its S1 subunit, the so-called receptor-binding
domain (RBD) [1, 2]. The next step in the ACE2-depen-
dent cell infection by SARS-CoV-2 is proteolytic cleavage
of the viral S protein between the S1/S2 subunits and at
the S2’ site, which leads to the release of fusogen, a fac-
tor ensuring the fusion of the viral envelope with the host
cell membrane [2]. The fusion can occur in two ways: at
the plasma membrane after receptor engagement or in the
endosome after the virion uptake. In the latter case, the
viral envelope fuses with the endosomal membrane. The
S protein is cleaved by host serine proteases, primarily,
TMPRSS2 (transmembrane protease serine 2) and furin
[2, 11]. Endosomal cysteine proteases cathepsins B and L
(CatB/L) also contribute to this process, although only in
the case of alternative virus entry, after virion endocytosis
[2]. ACE2 is widely represented in human tissues, espe-
cially on the surface of alveolar and bronchial epithelial
cells, enterocytes, and vascular endothelium [1, 3]. This
pattern of receptor distribution coincides with the SARS-
CoV-2 infection profile [1], but does not explain the pre-
dominant lung and airway damage. Furin is a ubiquitous
protease, while TMPRSS?2 has a more limited expression,
with maximum expression in the pneumocytes, which
apparently contributes to the specifics of virus spread and
pathology [12, 13].

However, ACE2 is not the only SARS-CoV-2 re-
ceptor. Recent studies have identified a number of new
candidates for this role. The first and main one is CD147,
a transmembrane protein of the immunoglobulin fam-
ily (also known as basigin or EMMPRIN) involved in
Plasmodium falciparum invasion [14], as well as in some
bacterial and viral infections [15, 16], including 2003
coronavirus SARS-CoV-1 [17]. In 2020, Wang et al. re-
ported direct interaction of CD147 with SARS-CoV-2
S protein and involvement of the former in the cell in-
fection with the virus based on the association of SARS-
CoV-2 infectivity with the level of CD147 expression by
the target cells [5]. Of note, two 2021 studies have failed
to confirm these results [18, 19] as they found no direct
interaction between the host cell CD147 and recombi-
nant SARS-CoV-2 S protein [ 18, 19], as well as no chang-
es in the infectivity of the virus in the cells with knocked
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down CDI147 gene [18] or functionally blocked CD147
[19]. Nonetheless, the latest work [20] supports the find-
ings of Wang et al. Therefore, the question on the role of
CD147 in cell infection with SARS-CoV-2 has not been
finally resolved and requires further investigations. It is
possible that CD147 participates in the process indirectly.
CD147 is ubiquitously present in human tissues; it is ex-
pressed by epithelial and neuronal cells, as well as by leu-
kocytes (hence its name CD147, in accordance with the
nomenclature of leukocyte differentiation antigens) [4].

Other candidates for the molecules ensuring SARS-
CoV-2 entry are receptor tyrosine kinase AXL [7], trans-
membrane protein KREMENI, and asialoglycoprotein
receptor 1 (ASGRI) [8].

Receptor tyrosine kinase AXL is widely expressed in
human tissues, where it regulates many physiological pro-
cesses, including cell survival, proliferation, and differen-
tiation [21, 22]. It specifically interacts with the N-termi-
nal domain of the S1 subunit of SARS-CoV-2 S protein
(but not with the classical RBD [7]) and mediates virus
entry to the cell. The blockade of AXL expression signifi-
cantly reduces SARS-CoV-2 infection of cultured pulmo-
nary cells, while its overexpression promotes viral infec-
tion [7]. However, blocking AXL only moderately reduces
viral replication in lung cells [7], implying its secondary
role among traditional SARS-CoV-2 targets.

Two other virus receptors are transmembrane pro-
teins ASGR1 and KREMENI. ASGR1 mediates endo-
cytosis and lysosomal degradation of some glycopro-
teins, playing a critical role in their homeostasis [23],
while KREMENT is involved in the regulation of WNT
signaling [24]. Both proteins serve as the entry receptors
for many viruses [25], including the new coronavirus.
ASGR1 and KREMENI interact directly with the SARS-
CoV-2 S protein (both N-terminal domain and RBD),
and their binding affinity is comparable to that of ACE2
[8, 26]. Ectopic expression of ASGR1 or KREMENT is
sufficient to enable SARS-CoV-2 entry [8]. However, the
overexpression of these receptors in ACE2-negative cells
only partially restores SARS-CoV-2 infectivity, with sig-
nificantly less efficiency than in ACE2-positive ones [§].

Each of the four alternative receptors (CD147/AXL/
KREMEN1/ASGR1) can potentially mediate SARS-
CoV-2 entry independently of ACE2, providing addi-
tional pathways for the virus infection in different tissues,
although their role is secondary to that of traditional
ACE2-positive targets of the virus.

In addition to the independent receptors, there is a
number of membrane molecules capable of enhancing
SARS-CoV-2 infectivity, such as neuropilin-1 [27], si-
alic acids [28], heparan sulfates [29], and lectin recep-
tors [30].

Neuropilin-1 directly binds to the polybasic motif in
the furin-cleaved S1 subunit of the S protein and signifi-
cantly promotes cell infection. Blocking this interaction
using RNA interference or selective inhibitors reduces
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SARS-CoV-2 entry [27]. It is important that neuropilin-1
cannot induce cell infection alone, but efficiently does
this when coexpressed with ACE2 and TMPRSS2 [27].
Heparan sulfate is another necessary factor that promotes
SARS-CoV-2 infection in various target cells [29]. It in-
teracts with the RBD of SARS-CoV-2 S protein at a site
that does not overlap with the motif involved in the con-
tact with ACE2. The binding of heparan sulfate initiates S
protein transition from the closed conformation into the
open one, thereby increasing the accessibility of the RBD
for the ACE2 engagement [29]. Some lectin receptors are
also involved in the SARS-CoV-2 infection through bind-
ing to glycans associated with the S protein [30]. Most of
C-type lectins interact with the S protein regions outside
the RBD. Although virus capture by the lectin receptors
cannot induce direct cell infection with SARS-CoV-2,
these receptors promote virus entry into ACE2-positive
cells by serving as non-specific attachment molecules for
SARS-CoV-2 [30]. In addition, the N-terminal domain
of the S1 subunit of SARS-CoV-2 S protein contains sial-
ic acid-binding motifs that mediate virus interaction with
various sialoproteins, glycoproteins, or gangliosides on
the cell membrane [28]. Hence, although these non-spe-
cific molecules are not self-sufficient, they contribute
markedly to the SARS-CoV-2 infection of the cell — ei-
ther by providing better virus attachment to the surface of
host cells or by changing the conformation of the S pro-
tein, which furnishes additional receptor binding sites or
increases RBD accessibility for the ACE2 engagement.

EXPRESSION OF SARS-CoV-2 RECEPTORS
BY T LYMPHOCYTES

The presence of the main functional SARS-CoV-2
receptor on T lymphocytes is currently controversial. In
2004, Hamming et al. demonstrated by immunohisto-
chemical analysis the absence of ACE2 expression in the
lymphocytes of central and peripheral lymphoid organs,
namely, thymus (number of samples studied, n = 4),
spleen (n = 4), and lymph nodes (n = 6) [3]. Until re-
cently, most authors referring to this work had doubted
the possibility of T cell infection with SARS-CoV-2 [31].
In support of these data, in 2020, Radzikowska et al. [4]
showed the lack of ACE2 and TMPRSS2 gene expression
in various subpopulations of human peripheral blood T
lymphocytes, including naive CD4"/CD8* T lympho-
cytes and terminally differentiated effector CD4*/CD8*
T cells — however, again in a small sample (n = 4). At the
same time, Bertram et al. demonstrated, also by immu-
nohistochemistry, a high stable expression of ACE2 and
TMPRSS2 in lymphoid cells in the tissues of respirato-
ry and gastrointestinal tracts, including respiratory sinus,
tonsil mucosa, and intestinal villi [32]. Furthermore, in
another study, single-nucleus RNA sequencing showed a
marked expression of genes encoding TMPRSS2 and, in
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trace amounts, ACE2 by T lymphocytes in healthy lung
tissue of cancer patients (» = 12) [33]. There is no con-
tradiction in the data above. In the first case, the object
of study was predominantly T cell precursors or naive
T lymphocytes, while in the second case, it seems to be
either mucosa-associated lymphoid tissue or activated
T lymphocytes infiltrating peripheral tissues. In addi-
tion, the size of the studied groups was small, while ex-
pression of ACE2 is genetically determined. Hence, the
available data indicate the absence of constitutive expres-
sion of ACE2 and TMPRSS2 by the main population of
T lymphocytes, naive afT cells, but do not exclude the
presence of these molecules in individual T cell subpop-
ulations, as well as their appearance upon stimulation or
under pro-inflammatory conditions, especially consider-
ing that the ACE2 gene is interferon-stimulated [34] and
T Ilymphocytes actively respond to interferons.

Another mechanism for ACE2 acquisition by T cells
is also possible, which is associated with exosomes. Cells
that do not express or weakly express SARS-CoV-2 re-
ceptor can receive this receptor from other cells through
extracellular microvesicles released from the surface of
cells under normal conditions or undergoing stimulation.
Such microvesicles contain biomolecules, e.g., RNA
and proteins, and carry out intercellular communication
[35]. It is known that ACE2 is a traditional component
of microvesicles that can transfer it in a co-culture from
ACE2-overexpressing cells to the recipient cells lacking
this protein [36]. Moreover, recent study has shown the
presence of ACE2* microvesicles in the plasma of patients
with COVID-19; the content of these microvesicles var-
ied a lot and was generally comparable to that in healthy
donors. However, the number of ACE2" microvesicles in
the group of COVID-19 patients correlated with the se-
verity of disease [37].

Unlike ACE2, the transmembrane glycoprotein
CD147, which has been recently identified as a new
functional SARS-CoV-2 receptor [5], is constitutively
expressed on the membrane of non-stimulated human
peripheral blood CD4*/CD8* T lymphocytes. Its expres-
sion is significantly upregulated in response to polyclonal
cell activation [5], as well as expression of tyrosine kinase
AXL, which is another candidate for the SARS-CoV-2
receptor [6]. Besides, expression of the transmembrane
protein KREMENIT was also detected in a subpopulation
of regulatory T lymphocytes [9].

To summarize, although the question on the ACE2
expression by T lymphocytes remains unclear, the pres-
ence of alternative SARS-CoV-2 receptors on the cell
membrane has been convincingly confirmed. Even if
these receptors play an auxiliary role in traditional SARS-
CoV-2 targets, they can come to the fore in cells with low
or no expression of ACE2, for example, in immune cells.

It is also important to note that recent structur-
al computer analysis of immune receptors has identified
a number of new potential targets for SARS-CoV-2. It
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has been shown that CD26, CD2, CD56, CD7, CCR9,
CD150, CD4, CD50, XCR1, and CD106 molecules have
theoretically a higher binding affinity for the RBD of vi-
ral S-protein than the classical receptor ACE2 [38]. Many
of these molecules are expressed by T lymphocytes and
even serve as markers of T cell subpopulations (e.g., CD2,
CD7, CD4), but their involvement in infection requires
experimental confirmation.

T LYMPHOCYTES AND SARS-CoV-2

T lymphocyte infection with SARS-CoV-2. Despite
the data on the absence of ACE2 expression by T lym-
phocytes [3], related coronavirus SARS-CoV-1, which
uses the same functional receptor, efficiently infects
T cells. The presence of viral particles (electron micros-
copy) and mRNA (in situ hybridization and RT-PCR)
was detected in circulating T lymphocytes (CD3* cells),
as well as in secondary lymphoid organs (spleen and
lymph nodes) in 27% patients with SARS-CoV-1 infec-
tion [39]. Accordingly, the authors attributed lymphope-
nia, which accompanies this disease, to the defeat of the
immune system by the virus [39].

It is no wonder that similar research on the new coro-
navirus SARS-CoV-2 has begun since its identification.

The first published study was by Wang et al. [5],
who identified SARS-CoV-2 virions in T lymphocytes
(CD3* cells) infiltrating lung tissues of COVID-19 pa-
tients [5]. Using luciferase reporter analysis, the authors
also demonstrated a dose-dependent infection of human
peripheral blood CD4/CD8" T lymphocytes (n = 6) by
SARS-CoV-2 pseudovirus, which was much more effi-
cient in the case of preliminary polyclonal activation of
T cells (anti-CD3/CD28) [5].

In March 2022, Shen et al. presented a study in
which they used an expanded range of methods to con-
firm the previously obtained data [40]. Thus, the pres-
ence of the SARS-CoV-2 antigen (nucleocapsid protein,
N protein) has been shown in peripheral blood T lym-
phocytes (CD3* cells) and post-mortem lung sections of
COVID-19 patients [40]. Moreover, the level of N pro-
tein in CD4" T lymphocytes of the patients’ peripheral
blood was significantly higher than that in CD8* T cells.
[40]. When CD4* T lymphocytes of Jurkat or MT4 cell
lines were infected with SARS-CoV-2 in vitro (multi-
plicity of infection, MOI = 0.01), the presence of viral
RNA (RBD-coding region), subgenomic viral RNA (a
marker of viral replication in the cell), viral N protein
(Western blot/flow cytometry), and viral particles (elec-
tron microscopy) were demonstrated in the cells. The as-
sessment of virus infectivity in primary peripheral blood
T lymphocytes of healthy donors (n = 3) also showed the
presence of viral RNA (RBD), which was more abun-
dant in pre-activated (CD3/CD28/IL-2) T cells [40].
Furthermore, the authors reported massive apoptosis of
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virus-infected T lymphocytes in vitro, as well as an in-
creased content of apoptotic T lymphocytes in the pe-
ripheral blood of COVID-19-patients compared with
T cells of healthy donors [40].

Two more works directly related to the problem un-
der discussion are currently at the preprint stage. How-
ever, they deserve discussion, since they have much in
common with the previous studies. The first work shows
the ability of SARS-CoV-2 (MOI = 0.1) to infect in vi-
tro CD4", but not CD8" T lymphocytes of the peripheral
blood of healthy donors, as confirmed at the level of viral
RNA, viral protein (SARS-CoV-2 S protein, immuno-
fluorescence), and viral particles (electron microscopy)
[41]. Furthermore, negative (antisense) SARS-CoV-2
RNA was detected in infected CD4" T cells, indicating
viral replication [41]. In support of these results, ex vivo
studies revealed the presence of viral RNA in CD4",
but not CD8* T lymphocytes, of the peripheral blood of
COVID-19 patients, and the viral load was directly relat-
ed to the disease severity [41].

In the second work, in vitro infection of peripheral
blood mononuclear cells of healthy donors (n = 5) with
SARS-CoV-2 (MOI = 1) showed the presence of viral
antigens in both CD4* and CD8* T cells (~13-14% by
flow cytometry using hyperimmune serum from mice
immunized with SARS-CoV-2) [42]. The process was
accompanied by a pronounced apoptosis of both T cell
subpopulations: up to 70% of SARS-CoV-2-infected
cells had apoptotic changes [42]. In addition, the pres-
ence of virus-infected CD4" T lymphocytes in the pe-
ripheral blood was shown in COVID-19 patients (n = 22,
by immunofluorescence analysis using the serum of re-
covered patients against viral antigens), and the major-
ity of T cells carrying viral antigens had SARS-CoV-2
double-stranded RNA (a marker of replication) [42].
The data of post-mortem immunohistochemical studies
showed the presence of virus-infected CD4* T lympho-
cytes in the lung tissues of COVID-19 patients [42].

Along with the works above, viral RNA was de-
tected in T lymphocytes (CD3* cells) in the samples of
bronchoalveolar lavage (n = 6) and sputum (n = 2) from
the patients with severe COVID-19 [43]. SARS-CoV-2
proteins and virions were also detected in the cells of
spleen and lymph nodes in the post-mortem tissues of
COVID-19 patients [44], although in the latter case, the
type of infected cells was not determined.

Receptors mediating T lymphocyte infection with
SARS-CoV-2. In almost all of the above works on the
SARS-CoV-2 infection of T lymphocytes, the main viral
receptor and co-receptor ACE2/TMPRSS2 were either
not detected on infected T cells [5, 43] or not involved
in the infection, as confirmed by the inhibitory analysis
using suppression of the ACE2 gene and/or function-
al blockade of the receptors [40]. The only exception is
the work by Davanzo et al. [41], in which SARS-CoV-2
infection of peripheral blood CD4* T lymphocytes in vi-
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T lymphocyte infection* with SARS-CoV-2

Type of T cells T cell location cE?f:g I())tr ({ . Detected viral component References
T lymphocytes in the tissues of COVID-19 patients
viral N protein [40]
lungs nd viral antigens** [42]
CD3* T cells virions 5]
bronchoalveolar lavage, nd viral RNA [43]
Ssputum
% Ic)eéﬁs/ CDg* peripheral blood nd viral N protein [40]
viral RNA [41]
CD4* T cells peripheral blood nd double-stranded viral RNA [42]
viral antigens [42]
Healthy donor T lymphocytes infected in vitro
CD147%** viral RNA [5]
ot S/ CDg* peripheral blood AXL? viral RNA [40]
nd viral antigens [42]
ACE2/ viral RNA
CD4* T cells peripheral blood TMPRSS2 antisense viral RNA [41]
CD4 viral S protein; virions

Note. nd, not determined.

* The table presents data only on the infection of primary T lymphocytes and not T cell lines. See the text for the information on the methods used
for detecting viral components and assessing the contribution of specific receptors to the cell infection, and the size of study groups.

** Viral antigens were not identified; the presence of viral components was detected using sera from mice immunized with SARS-CoV-2 or recovered

patients.

**% Only receptors/co-receptors for which the involvement in T lymphocyte infection with SARS-CoV-2 has been experimentally confirmed.

tro was effectively reduced by the blockade of ACE2 and
TMPRSS2 [41].

At the same time, the involvement of alternative
SARS-CoV-2 receptors in the infection process has been
shown. Thus, expression of CD147 was found in the tar-
get cells and increased significantly in response to the cell
activation [5, 43]. Moreover, in vitro infection of human
CD4*/CD8* T lymphocytes with SARS-CoV-2 pseudo-
virus was abolished by the monoclonal antibodies against
CD147 [5]. Another alternative SARS-CoV-2 receptor,
AXL tyrosine kinase, was detected at the mRNA level in
the virus-infected T lymphocytes of COVID-19 patients
[40]. In addition, in Jurkat T cells, AXL overexpression
promoted (1.5-fold) cell infection with the virus, al-
though the knockdown of the corresponding gene had
no effect on this process, indicating that AXL is not the
main receptor for the virus entry into Jurkat cells but may

contribute to the infection [40].

Particular attention should be given to the work
of Davanzo et al., who demonstrated the involvement
of CD4 molecule, a marker of T helper cell subpopula-
tion, in the process of T lymphocyte infection. The au-
thors found that SARS-CoV-2 S protein coprecipitated
with the recombinant full-length CD4 molecule, and
infection of peripheral blood CD4* T lymphocytes with
SARS-CoV-2 in vitro was suppressed in a dose-depen-
dent manner by cell pretreatment with anti-CD4 mono-
clonal antibodies [41], although less effectively than by
the blockade of traditional virus receptor ACE2 and TM-
PRSS2 protease. It is interesting that the same monoclo-
nal antibodies against CD4 were able to block the entry
of human immunodeficiency virus (HIV) into CD4*
T cells [45]. In the case of HIV infection, CD4 alone
also cannot ensure the virus entry and acts together with
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co-receptors, in particular, chemokine receptors CCR5
and CXCR4 [46].

Therefore, there are six independent studies to date
that have demonstrated with more or less detail the abil-
ity of the SARS-CoV-2 to infect human T lymphocytes.
As a rule, these are T cells that infiltrate affected tis-
sues [5, 40, 42, 43] or present in the peripheral blood of
COVID-19 patients [40-42]. However, in four studies,
infection with the virus [40-42] or pseudovirus [5] has
also been shown in vitro for the peripheral blood T lym-
phocytes of healthy donors. The size of studied groups
was small, but the results are in good agreement with
each other (table). Thus, most authors note exclusive
[41, 42] or predominant [40] infection of CD4" T cell
subpopulation, and the work of Davanzo et al. provide
an explanation for this phenomenon by demonstrating
the involvement of CD4 molecule in cell infection with
SARS-CoV-2 [41]. The damage of both T cell subpop-
ulations (CD4*/CD8*) by the virus shown by Pontel-
li et al. in the in vifro experiment is apparently due to the
excess of virions introduced into the culture per target
cell (MOI = 1.0) [42], since in other works, this indicator
was significantly lower (MO 1= 0.1 [41] or MOI = 0.01
[40]). T cells infected with SARS-CoV-2 in vitro un-
derwent pronounced apoptosis [40, 42]. The content
of apoptotic T lymphocytes in the peripheral blood of
COVID-19 patients was also increased compared to the
T cells of healthy donors [40]. It should be noted that
apoptosis is an expected consequence of cell infection
with a virus; it can be either a result of direct effect of the
virus or a classical immune system response to the ap-
pearance of cells carrying foreign antigens.

The replication of the virus was indicated by the
presence of subgenomic viral RNA [40], negative (an-
tisense) RNA of SARS-CoV-2 [41], or double-strand-
ed viral RNA [42] in the virus-infected primary CD4*
T lymphocytes and CD4" T cell of Jurkat and MT4 lines;
however, the data on the assembly of viral particles and
their release from the infected cell are not yet available.
None of the current works allows us to say unequivocally
whether the viral infection of T lymphocytes is produc-
tive or abortive. Pontelli et al. confirmed the productiv-
ity of infection for an unfractionated pool of peripheral
blood mononuclear cells [42], but similar data for T lym-
phocytes are absent.

Non-infectious mechanisms of virus-dependent regu-
lation of T lymphocytes. When speaking about infection
of T lymphocytes with SARS-CoV-2, it should be taken
into account that even in the case of non-productive vi-
rus interaction with the cell, SARS-CoV-2-dependent
signaling can regulate cellular activity, as it was demon-
strated by two recent studies.

Using structural computer modeling, it was shown
that the S protein of SARS-CoV-2, but not of other
coronaviruses, contains structural motifs that are high-
ly similar to those of bacterial superantigens (antigens
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that cause massive non-specific activation of T lympho-
cytes) and is able to directly bind to the T cell receptor
(TCR) [47]. The consequence of this binding should be
excessive activation of T lymphocytes, and this mecha-
nism may contribute to the hyperinflammatory syndrome
specific to COVID-19. In support of this hypothesis, an
atypical (distorted) TCR repertoire intrinsic to superan-
tigen activation was found in COVID-19 patients with
hyperinflammation, in contrast to patients with mild or
moderate COVID-19 [47].

Another candidate for a regulator of T cell activa-
tion is viral fusogen, a protein that ensures the fusion of
the virus envelope with the target cell membrane — rath-
er not the protein itself, but the corresponding domain
of the SARS-CoV-2 S protein. It is known that fusogen
of the related 2003 coronavirus SARS-CoV-1 is involved
not only in the T cell infection, but also in the direct in-
hibition of the TCR-dependent signaling. Analysis of its
primary sequence showed that the fusogenic domain of
the SARS-CoV-1 S protein mimics the transmembrane
domain of the TCR a-chain and can disrupt interactions
between the chains of the TCR complex, thus prevent-
ing the antigen-dependent signaling. Its specific immu-
nosuppressive activity was confirmed in the experiment
in vivo, in a model of collagen-induced arthritis in mice
[48]. Given a close similarity of the amino acid sequence
of the SARS-CoV-2 fusogen with the corresponding
SARS-CoV-1 protein, as well as with the transmembrane
domain of the TCR a-chain, it is highly probable that
such mechanism also exists for the new coronavirus, al-
though this still needs to be shown [49].

T LYMPHOCYTE INFECTION
WITH SARS-CoV-2 AND COVID-19
PATHOGENESIS

SARS-CoV-2 infection is accompanied by signifi-
cant changes in the functioning of immune system, and
potential ability of SARS-CoV-2 to infect T lympho-
cytes may be directly related to manifestations associat-
ed with the disease. The first and the most obvious one
is lymphopenia, which is found in most COVID-19 pa-
tients [50, 51] and is associated with the disease severity
[50, 51]. T cell infection with the virus and induction of
apoptosis in these cells appear to contribute significant-
ly to the development of lymphopenia in COVID-19;
moreover, the infection may be its main cause.

The functional exhaustion of T lymphocytes is also
commonly reported in COVID-19 patients [52, 53]. This
is a variant of T cell dysfunction, in which a short-term
T lymphocyte hyperactivation in response to an antigen
is replaced by a progressive decrease in the proliferative
activity, loss of effector functions, expression of inhibito-
ry receptors such as PD-1 and CTLA, and epigenetic and
transcriptional reprogramming [52, 53]. The decrease
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in the T cell functions in COVID-19 may be partly due
to their non-productive infection with SARS-CoV-2, as
well as non-infectious T lymphocyte regulation associat-
ed with the direct interaction of the viral S protein with
the TCR, which causes the blockade or disruption of the
antigen-dependent signaling.

The third phenomenon associated with the novel
coronavirus infection is an uncontrolled excessive in-
flammatory response (cytokine storm), which is one of
the most common causes of death in COVID-19 [50, 51].
Generally, hyperinflammation in this pathology is at-
tributed to inappropriate activation of nonspecific de-
fense cells — the main producers of pro-inflammatory
factors [50, 51]. However, the cells of adaptive immunity,
in particular, T lymphocytes, should play a direct role in
this process. First of all, we are talking about a subpopu-
lation of regulatory T cells (Tregs), which deserve a sepa-
rate discussion in the context of this work.

SARS-CoV-2 and regulatory T lymphocytes. Treg
subpopulation plays a key role in maintaining the
self-tolerance and immune homeostasis. Natural Tregs
(nTregs) mature in the thymus and their main task is to
suppress the immune response to autoantigens, while
inducible Tregs (iTregs) are formed at the late stages of
any immune response and are designed to limit excessive

a
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FOXP3 stabilization

implementation
of suppressor
activity
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inflammation, thereby preventing tissue damage by the
products of activated immune cells.

A number of data point to Tregs as a possible target
for SARS-CoV-2. The CDI147 molecule, an alternative
entry receptor for the virus that mediates infection of pri-
mary T lymphocytes [5], has an increased expression on
the Treg membrane and marks activated cells (CD45R0*
Tregs) with a high suppressive activity [54]. The content
of CD147 on the Treg membrane correlates with the ex-
pression of FoxP3, the main transcription factor and
marker of this subpopulation [54]. Moreover, in order
to maintain the stable expression of FoxP3, regulatory
cells need a signal that they receive through CD147 when
it binds to the physiological ligand CD98 expressed by
the non-immune environment [55]. It has been shown
that inducible Tregs with a high expression of CDI147
(CD147high iTregs) effectively suppress inflammatory re-
sponse in a model of experimental colitis in humanized
mice, in contrast to similar cells with low CD147 content
(CD147-low iTregs) [55].

Expression of two other SARS-CoV-2 receptors,
transmembrane protein KREMENI and receptor tyro-
sine kinase AXL, has also been found in the Treg sub-
population [9, 56], with AXL apparently playing the
same role as CDI147 in the functioning of these cells.

non-immune
SARS-CoV-2 63356 CDo8 cell

%\/ . N

CcD147

Treg
FOXP3 stabilization
CTLA-4, CDY5
[ FOXP3 ] K’
WSl
cell infection 7 Q no cell infection
virus replication reduction
cell apoptosis of suppressor
activity

Possible mechanisms of SARS-CoV-2 interaction with regulatory T lymphocytes. CD147 and AXL molecules are highly expressed on the Treg
membrane and are involved in Treg functioning: the signals received by the cells when these molecules bind to endogenous ligands (CD98/Gas6)
are necessary to maintain stable expression of the key transcription factor FoxP3 (a). Alternatively, CD147 and AXL serve as entry receptors for
SARS-CoV-2, and the encounter of Treg with the virus can lead to the cell infection or its non-infectious regulation (b). In the first case, the target
cell usually undergoes apoptosis, while in the case of non-infectious regulation, the virus can bind to CD147/AXL and competitively inhibit the in-
teraction of these receptors with endogenous ligands (CD98/Gas6), thus preventing cell stabilization and implementation of their suppressor activity.

See the text for details.

BIOCHEMISTRY (Moscow) Vol. 87 No. 6 2022



T LYMPHOCYTES AS TARGETS FOR SARS-CoV-2

Its endogenous ligand Gas6 (Growth arrest-specific)
stimulates in a dose-dependent manner both in vivo and
in vitro expression of the transcription factor FoxP3 in
CD47CD25* Tregs and enhances Treg suppressive ac-
tivity against effector CD4" T lymphocytes, the action of
Gasb in vitro being abolished completely or partially by
the AXL gene knockdown or functional blockade of this
receptor [56].

The question of Treg infection with coronavirus has
not yet been raised anywhere, but this infection is high-
ly probable and needs to be tested. Additionally, even in
the absence of infection, SARS-CoV-2 can bind to the
CD147/AXL membrane receptors on these cells and
competitively inhibit their interaction with endogenous
ligands (CD98/Gas6), thus preventing cell stabilization
and implementation of their suppressor activity (figure).
It is the direct effect of the virus on regulatory T cells
that may be responsible for a significant decrease in the
number of Tregs in the circulation in patients with severe
COVID-19 [50, 57]. And since Treg subpopulation plays
a key role in limiting excessive immune response, a de-
crease in the number and/or activity of these cells should
contribute to the uncontrollable inflammatory response
(cytokine storm) associated with severe COVID-19 and
might even play a key role in this process. In addition,
the virus-dependent impairment of Tregs may be relat-
ed to the functional exhaustion of T lymphocytes, which
prevents an effective antiviral response [52]. It is the vio-
lation of Treg control that can be responsible for the hy-
peractivation of effector T lymphocytes preceding their
functional depletion [53].

Finally, speaking of CD147 as a functional receptor
for SARS-CoV-2, it should be noted that this molecule
is relevant not only for Tregs. It is closely associated with
the development and functioning of T lymphocytes in
general. Thus, CD147 is highly expressed on double-neg-
ative thymocytes and is involved in their expansion [58].
In the peripheral regions, CD147 regulates migration of
activated T lymphocytes [59], as well as their prolifera-
tive response to polyclonal stimulation [60]. As a result,
CD147-dependent infection can regulate T cell popula-
tion both at the stage of antigen-independent differentia-
tion and during the response of T cells to an antigen.

CONCLUSIONS

The first studies of SARS-CoV-2 interaction with T
lymphocytes showed that the virus can infect T cells and
that its main functional receptor in non-immune tissues,
ACE?2, either does not participate in this process [40] or
is not detected on the virus-positive T cells [5, 43]. In the
case of T cell infection, alternative SARS-CoV-2 recep-
tors come to the fore, primarily CD147 and AXL mole-
cules [5, 40]. Nevertheless, the issue of ACE2 expression
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appears relevant. Firstly, despite a convincing demon-
stration of the presence of viral RNA, viral proteins, and
virions in the infected T lymphocytes, the level of T cells
infection is not comparable to that in traditional virus
target tissues [40] with stable ACE2 expression. Second-
ly, the fact that ACE2 is absent or poorly presented on
the general T cell population does not exclude its ex-
pression by individual subpopulations of T Ilymphocytes.
In this regard, the most interesting cells are regulatory
T lymphocytes, pro-inflammatory T helper subpopu-
lations, as well as virus-specific activated CD4*/CD8"
T cells that infiltrate virus-infected tissues. It is no co-
incidence that T cells infected by SARS-CoV-2 are sta-
bly detected in lung tissues and bronchoalveolar lavage
of COVID-19 patients, as the repertoire of viral recep-
tors and the level of their expression can change in the
lesions.

Furthermore, it should be noted that T lymphocytes
can receive SARS-CoV-2 receptors, specifically, ACE2,
from other cells via extracellular microvesicles that tradi-
tionally contain this molecule [36]. Hence, it is conceiv-
able that resident T cells of barrier organs or virus-spe-
cific T lymphocytes infiltrating affected tissues receive
the main functional SARS-CoV-2 receptor through such
ACE2*-microvesicles from the traditional virus targets
with high levels of ACE2 expression (e.g., lung epitheli-
um, vascular endothelium), thus becoming susceptible to
the virus. This is the case if the microvesicles are released
by the non-infected cells. If, however, the cell secret-
ing ACE2*-microvesicles is infected by the virus, which
is very likely for the lesion site, the microvesicles might
contain viral material in addition to the viral receptors.
It was shown that microvesicles formed by SARS-CoV-
2-infected cells contain viral RNA [61] and may be in-
volved in the spread of the infection.

Therewith, it is important to note that in the case
of infection, T lymphocytes themselves can participate
in the spread of the virus. Pontelli et al. assign the role
of the “Trojan horse” to the infected T lymphocytes in
this situation [42]. Indeed, based on the current data,
the level of T cell infection with SARS-CoV-2 is low and
the productivity of infection has not yet been confirmed.
It is possible that the virus binds to T cells with a focus
on regulating their activity and/or on their transport
functions.

Funding. This work was carried out within the
framework of the State Task (state registration number
AAAA-A19—-119112290007—7).

Ethics declarations. The author declares no conflicts
of interest in financial or any other sphere. This article
does not contain any studies with human participants or
animals performed by the author.



574

11.

. Hoffmann,

. Iwata-Yoshikawa,

KUKLINA

REFERENCES

Zhou, P., Yang, X. L., Wang, X. G., Hu, B., Zhang, L.,
et al. (2020) A pneumonia outbreak associated with a new
coronavirus of probable bat origin, Nature, 579, 270-273,
doi: 10.1038/s41586-020-2012-7.

M., Kleine-Weber, H., Schroeder, S.,
Kriiger, N., Herrler, T., et al. (2020) SARS-CoV-2 cell
entry depends on ACE2 and TMPRSS2 and is blocked by
a clinically proven protease inhibitor, Cell, 181, 271-280.
e8, doi: 10.1016/j.cell.2020.02.052.

. Hamming, 1., Timens, W., Bulthuis, M. L., Lely, A. T.,

Navis, G., et al. (2004) Tissue distribution of ACE2
protein, the functional receptor for SARS coronavirus.
A first step in understanding SARS pathogenesis,
J. Pathol., 203, 631-637, doi: 10.1002/path.1570.

. Radzikowska, U., Ding, M., Tan, G., Zhakparov, D.,

Peng, Y., et al. (2020) Distribution of ACE2, CD147,
CD26 and other SARS-CoV-2 associated molecules in
tissues and immune cells in health and in asthma, COPD,
obesity, hypertension, and COVID-19 risk factors, Allergy,
75, 2829-2845, doi: 10.1111/al1.14429.

. Wang, K., Chen, W., Zhang, Z., Deng, Y., Lian, J.-Q.,

et al. (2020) CD147-spike protein is a novel route for
SARS-CoV-2 infection to host cells, Signal. Transduct.
Target Ther., 5, 283, doi: 10.1038/s41392-020-00426-x.

. Schmid, E. T., Pang, 1. K., Silva, E. A. C., Bosurgi, L.,

Miner, J. J., et al. (2016) AXL receptor tyrosine kinase is
required for T cell priming and antiviral immunity, eLife,
5, e12414, doi: 10.7554/eLife.12414.

Wang, S., Qiu, Z., Hou, Y., Deng, X., Xu, W., et al.
(2021) AXL is a candidate receptor for SARS-CoV-2 that
promotes infection of pulmonary and bronchial epithelial
cells, Cell Res., 31, 126-140, doi: 10.1038/s41422-020-
00460-y.

. Gu, Y., Cao, J.,, Zhang, X., Gao, H., Wang, H.,

et al. (2020) Interaction network of SARS-CoV-2
with host receptome through spike protein, bioRxiv,
doi: 10.1101/2020.09.09.287508.

. Grigoriou, M., Banos, A., Hatzioannou, A., Kloetgen, A.,

Kouzis, P., et al. (2021) Regulatory T cell transcriptomic
reprogramming characterizes adverse events by checkpoint
inhibitors in solid tumors, Cancer Immunol. Res., 9, 726-
734, doi: 10.1158/2326-6066.CIR-20-0969.

. Kuba, K., Imai, Y., Rao, S., Gao, H., Guo, F,, et al.

(2005) A crucial role of angiotensin converting enzyme 2
(ACE2) in SARS coronavirus-induced lung injury, Nat.
Med., 11, 875-879, doi: 10.1038/nm1267.

Hoffmann, M. A., Kleine-Weber, H., and P6hlmann, S.
(2020) Multibasic cleavage site in the spike protein of
SARS-CoV-2 is essential for infection of human lung cells,
Mol. Cell, 78, 779-784, doi: 10.1016/j.molcel.2020.04.022.
Shulla, A., Heald-Sargent, T., Subramanya, G., Zhao, J.,
Perlman, S., et al. (2011) A transmembrane serine
protease is linked to the severe acute respiratory syndrome
coronavirus receptor and activates virus entry, J. Virol., 85,
873-882, doi: 10.1128/JVI.02062-10.

N., Okamura, T., Shimizu, Y.,
Hasegawa, H., Takeda, M., et al. (2019) TMPRSS2
contributes to virus spread and immunopathology in the

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

airways of murine models after coronavirus infection,
J. Virol., 93, e01815-18, doi: 10.1128/JVI.01815-18.

Zhang, M. Y., Zhang, Y., Wu, X.-D., Zhang, K., Lin, P.,
et al. (2018) Disrupting CD147-RAP2 interaction
abrogates erythrocyte invasion by Plasmodium falciparum,
Blood, 10, 1111-1121, doi: 10.1182/blood-2017-08-802918.
Pushkarsky, T., Zybarth, G., Dubrovsky, L.,
Yurchenko, V., Tang, H., et al. (2001) CD147 facilitates
HIV-1 infection by interacting with virus-associated
cyclophilin A, Proc. Natl. Acad. Sci. USA, 11, 6360-6365,
doi: 10.1073/pnas.111583198.

Bernard, S. C., Simpson, N., Join-Lambert, O.,
Federici, C., Laran-Chich, M.-P., et al. (2014) Pathogenic
Neisseria meningitidis utilizes CD147 for vascular
colonization, Nat. Med., 7, 725-731, doi: 10.1038/
nm.3563.

Chen, Z., Mi, L., Xu, J., Yu, J., Wang, X., et al. (2005)
Function of HAb18G/CD147 in invasion of host cells by
severe acute respiratory syndrome coronavirus, J. Infect.
Dis., 5, 755-760, doi: 10.1086/427811.

Shilts, J., Crozier, T. W. M., Greenwood, E. J. D., Lehner,
P. J., and Wright, G. J. (2021) No evidence for basigin/
CD147 as a direct SARS-CoV-2 spike binding receptor,
Sci. Rep., 11, 413, doi: 10.1038/s41598-020-80464-1.
Ragotte, R. J., Pulido, D., Donnellan, F. R., Hill, M. L.,
Gorini, G., et al. (2021) Human basigin (CD147) does not
directly interact with SARS-CoV-2 spike glycoprotein,
mSphere, 6, €0064721, doi: 10.1128/mSphere.00647-21.
Fenizia, C., Galbiati, S., Vanetti, C., Vago, R., Clerici, M.,
et al. (2021) SARS-CoV-2 entry: at the crossroads
of CD147 and ACE2, Celis, 10, 1434, doi: 10.3390/
cells10061434.

Goruppi, S., Ruaro, E., and Schneider, C. (1996) Gasb6,
the ligand of Axl tyrosine kinase receptor, has mitogenic
and survival activities for serum starved NIH3T3
fibroblasts, Oncogene, 12, 471-480.

Stitt, T. N., Conn, G., Gore, M., Lai, C., Bruno, J., et al.
(1995) The anticoagulation factor protein S and its relative,
Gas6, are ligands for the Tyro 3/Axl family of receptor
tyrosine kinases, Cell, 80, 661-670, doi: 10.1016/0092-
8674(95)90520-0.

Seidah, N. G., Chretien, M., and Mbikay, M. (2018)
The ever-expanding saga of the proprotein convertases
and their roles in body homeostasis: emphasis on novel
proprotein convertase subtilisin kexin number 9 functions
and regulation, Curr. Opin. Lipidol., 29, 144-150,
doi: 10.1097/MOL.0000000000000484.

Mao, B., Wu, W., Davidson, G., Marhold, J., Li, M.,
et al. (2002) Kremen proteins are Dickkopf receptors that
regulate Wnt/beta-catenin signaling, Nature, 417, 664-
667, doi: 10.1038 /nature756.

Staring, J., van den Hengel, L. G., Raaben, M.,
Blomen, V. A., Carette, J. 1., et al. (2018) KREMEN1
is a host entry receptor for a major group of
enteroviruses, Cell Host Microbe, 23, 636-643.635,
doi: 10.1016/j.chom.2018.03.019.

Gu, Y., Cao, J., Zhang, X., Gao, H., Wang, Y., et al. (2022)
Receptome profiling identifies KREMEN1 and ASGR1 as
alternative functional receptors of SARS-CoV-2, Cell Res.,
32, 24-37, doi: 10.1038/s41422-021-00595-6.

BIOCHEMISTRY (Moscow) Vol. 87 No. 6 2022



27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

T LYMPHOCYTES AS TARGETS FOR SARS-CoV-2

Cantuti-Castelvetri, L., Ojha, R., Pedro, L. D,
Djannatian, M., Franz, J., et al. (2020) Neuropilin-1
facilitates SARS-CoV-2 cell entry and infectivity, Science,
370, 856-860, doi: 10.1126/science.abd2985.

Seyran, M., Takayama, K., Uversky, V. N., Lundstrom, K.,
Palu, G., et al. (2020) The structural basis of accelerated
host cell entry by SARS-CoV-2 dagger, FEBS J., 288,
5010-5020, doi: 10.1111/febs.15651.

Clausen, T. M., Sandoval, D. R., Spliid, C. B., Pihl, J.,
Perrett, H. R., et al. (2020) SARS-CoV-2 infection
depends on cellular heparan sulfate and ACE2, Cell, 183,
1043-1057, doi: 10.1016/j.cell.2020.09.033.

Thépaut, M., Luczkowiak, J., Vives, C., Labiod, N.,
Bally, I., et al. (2021) DC/L-SIGN recognition of spike
glycoprotein promotes SARS-CoV-2 trans-infection and
can be inhibited by a glycomimetic antagonist, PLoS
Pathog., 17, €1009576, doi: 10.1371 /journal.ppat.1009576.
Yan, S., and Wu, G. (2020) Is lymphopenia different
between SARS and COVID-19 patients? FASEB J., 35,
e21245, doi: 10.1096/1j.202002512.

Bertram, S., Lavender, A. H. H., Gierer, S., Danisch, S.,
Perin, P., et al. (2012) Influenza and SARS-coronavirus
activating proteases TMPRSS2 and HAT are expressed
at multiple sites in human respiratory and gastrointestinal
tracts, PLoS One, 7, e35876, doi: 10.1371/journal.
pone.0035876.

Lukassen, S., Chua, R., Trefzer, T., Kahn, N. C.,
Schneider, M. A., et al. (2020) SARS-CoV-2receptor
ACE2 and TMPRSS2are primarily expressed in
bronchial transient secretory cells, EMBO J., 39, ¢105114,
doi: 10.15252/embj.20105114.

Ziegler, C. G. K., Allon, S. J., Nyquist, S. K., Mbano,
I. M., Miao, V. N., et al. (2020) SARS-CoV-2 receptor
ACE2 is an interferon-stimulated gene in human
airway epithelial cells and is enriched in specific
cell subsets across tissues, Cell, 181, 1016-1035.e19,
doi: 10.1016/j.cell.2020.04.035.

Gurunathan, S., Kang, M. H., and Kim, J.-H.
(2021) Diverse effects of exosomes on COVID-19: a
perspective of progress from transmission to therapeutic
developments, Front. Immunol., 12, 716407, doi: 10.3389/
fimmu.2021.716407.

Wang, J., Chen, S., and Bihl, J. (2020) Exosome-mediated
transfer of ACE2 (angiotensin-converting enzyme 2) from
endothelial progenitor cells promotes survival and function
of endothelial cell, Oxid. Med. Cell. Longev., 2020,
4213541, doi: 10.1155/2020/4213541.

El-Shennawy, L., Hoffmann, A. D., Dashzeveg,
N. K., Mehl, P. J., Yu, Z., et al. (2020) Circulating
ACE2-expressing  exosomes  block  SARS-CoV-2
infection as an innate antiviral mechanism, bioRxiv,
doi: 10.1101/2020.12.03.407031.

Mobini, S., Chizari, M., Mafakher, L., Rismani, E., and
Rismani, E. (2021) Structure-based study of immune
receptors as eligible binding targets of coronavirus SARS-
CoV-2 spike protein, J. Mol. Graph. Model., 108, 107997,
doi: 10.1016/j.jmgm.2021.107997.

Gu,J., Gong, E., Zhang, B., Zheng, J., Gao, Z., et al. (2005)
Multiple organ infection and the pathogenesis of SARS,
J. Exp. Med., 202, 415-424, doi: 10.1084/jem.20050828.

BIOCHEMISTRY (Moscow) Vol. 87 No. 6 2022

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

575

Shen, X.-R., Geng, R., Li, Q., Chen, Y., Li, S.-F., et al.
(2022) ACE2-independent infection of T lymphocytes
by SARS-CoV-2, Signal. Transduct. Target Ther., 7, 83,
doi: 10.1038/s41392-022-00919-x.

Davanzo, G. G., Codo, A. C., Brunetti, N. S,
Boldrini, V., Knittel, T. L., et al. (2020) SARS-CoV-2
uses CD4 to infect T helper lymphocytes, medRxiv,
doi: 10.1101/2020.09.25.20200329.

Pontelli, M. C., Castro, I. A., Martins, R. B., Veras,
F. P., La Serra, L., et al. (2020) Infection of human
lymphomononuclear cells by SARS-CoV-2, bioRxiv,
doi: 10.1101,/2020.07.28.225912.

Ren, X., Wen, W., Fan, X., Hou, W., Su, B., et al. (2021)
COVID-19 immune features revealed by a large-scale
single-cell transcriptome atlas, Cell, 184, 1895-1913.¢19,
doi: 10.1016/j.cell.2021.01.053.

Bian, X.W., COVID-19 Pathology Team (2020) Autopsy
of COVID-19 victims in China, Natl. Sci. Rev., 7, 1414-
1418, doi: 10.1093 /nsr/nwaal23.

Shaik, M., Peng, H., Lu, J., Rits-Volloch, S., Xu, C.,
et al. (2019) Structural basis of coreceptor recognition by
HIV-1 envelope spike, Nature, 565, 318-323, doi: 10.1038/
s41586-018-0804-9.

[liopoulou, M., Nolan, R., Alvarez, L., Watanabe, Y.,
Coomer, C. A., et al. (2018) A dynamic three-step
mechanism drives the HIV-1 pre-fusion reaction, Nat.
Struct. Mol. Biol., 25, 814-822, doi: 10.1038/s41594-018-0113-x.
Cheng, M. H., Zhang, S., Porritt, R. A., Rivas, M. N,
Paschold, L., et al. (2020) Superantigenic character of an
insert unique to SARS-CoV-2 spike supported by skewed
TCR repertoire in patients with hyperinflammation, Proc.
Natl Acad. Sci. USA, 117, 25254-25262, doi: 10.1073/
pnas.2010722117.

Shen, Z. T., and Sigalov, A. B. (2016) SARS coronavirus
fusion peptide-derived sequence suppresses collagen-
induced arthritis in DBA/1J mice, Sci. Rep., 6, 28672,
doi: 10.1038 /srep28672.

Sigalov, A. B. (2022) SARS-CoV-2 may affect the
immune response via direct inhibition of T cell receptor:
mechanistic hypothesis and rationale, Biochimie, 195, 86-
89, doi: 10.1016/j.biochi.2021.11.005.

Wang, F., Hou, H., Luo, Y., Tang, G., Wu, S., et al. (2020)
The laboratory tests and host immunity of COVID-19
patients with different severity of illness, JCI Insight, 5,
e137799, doi: 10.1172/jci.insight.137799.

Yang, X., Yu, Y., and Xu, J. (2020) Clinical course and
outcomes of critically ill patients with SARS-CoV-2
pneumonia in Wuhan, China: A single-centered,
retrospective, observational study, Lancet Respir. Med.,
doi: 10.1016/S2213-2600(20)30079-5.

Diao, B., Wang, C., Tan, Y., Chen, X., Liu, Y., et al.
(2020) Reduction and functional exhaustion of T cells
in patients with Coronavirus Disease 2019 (COVID-19),
Front. Immunol., 11, 1-7, doi: 10.3389/fimmu.2020.00827.
Kim, C. G., Kim, G., Kim, K. H., Park, S., Shin, S.,
et al. (2021) Distinct exhaustion features of T lymphocytes
shape the tumor-immune microenvironment with
therapeutic implication in patients with non-small-
cell lung cancer, J. Immunother. Cancer, 9, 002780,
doi: 10.1136/jitc-2021-002780.



576

54.

55.

56.

57.

58.

KUKLINA

Solstad, T., Bains, S. J., Landskron, J., Aandahl, E. M.,
Thiede, B., et al. (2011) CD147 (Basigin/Emmprin)
identifies FoxP3*CD45RO*CTLA4"-activated human
regulatory T cells, Blood, 118, 5141-5151.

Geng, J., Chen, R., Yang, F.-F., Lin, P., Zhu, Y.-M.,
et al. (2021) CD98-induced CD147 signaling stabilizes
the Foxp3 protein to maintain tissue homeostasis, Cell.
Mol. Immunol., 18, 2618-2631, doi: 10.1038/s41423-
021-00785-7.

Zhao, G.-J., Zheng, J.-Y., Bian, J.-L., Chen, L.-W.,
Dong, N., et al. (2017) Growth arrest-specific 6 enhances
the suppressive function of CD4*CD25" regulatory T cells
mainly through Axl receptor, Mediators Inflamm., 2017,
6848430, doi: 10.1155/2017/6848430.

Qin, C., Zhou, L., Hu, Z., Zhang, S., Yang, S., et al.
(2020) Dysregulation of immune response in patients with
COVID-19 in Wuhan, China, Clin. Infect. Dis., 71, 762-
768, doi: 10.1093/cid/ciaa248.

Renno, T., Wilson, A., Dunkel, C., Coste, 1., Maisnier-

59.

60.

61.

Patin, K., et al. (2002) A role for CDI147 in thymic
development, J. Immunol., 168, 4946-4950, doi: 10.4049/
jimmunol.168.10.4946.

Damsker, J. M., Bukrinsky, M. 1., and Constant, S. L.
(2007) Preferential chemotaxis of activated human CD4*
T cells by extracellular cyclophilin A, J. Leukoc. Biol., 82,
613-618, doi: 10.1189/j1b.0506317.

Koch, C., Staffler, G., Huttinger, R., Hilgert, 1.,
Prager, E., et al. (1999) T cell activation-associated
epitopes of CD147 in regulation of the T cell response,
and their definition by antibody affinity and antigen
density, [Int. Immunol., 11, 777-786, doi: 10.1093/
intimm/11.5.777.

Kwon, Y., Nukala, S. B., Srivastava, S., Miyamoto, H.,
Ismail, N. I., et al. (2020) Detection of viral RNA
fragments in human iPSC-cardiomyocytes following
treatment with extracellular vesicles from SARS-CoV-2
coding-sequence-overexpressing lung epithelial cells,
bioRxiv, doi: 10.1101/2020.05.14.093583.

BIOCHEMISTRY (Moscow) Vol. 87 No. 6 2022



