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Minor histocompatibility antigens (mHAgs) in allogeneic hematopoietic stem cell

transplantation are highly immunogenic as they are foreign antigens and cause

polymorphism between donors and recipients. Adoptive cell therapy with mHAg-specific

T cells may be an effective option for therapy against recurring hematological

malignancies following transplantation. Genetically modified T cells with T cell receptors

(TCRs) specific to mHAgs have been developed, but formation of mispaired chimeric

TCRs between endogenous and exogenous TCR chains may compromise their function.

An alternative approach is the development of chimeric antigen receptor (CAR)–T cells

with TCR-like specificity whose CAR transmembrane and intracellular domains do not

compete with endogenous TCR for CD3 complexes and transmit their own activation

signals. However, it has been shown that the recognition of low-density antigens by

high-affinity CAR-T cells has poor sensitivity and specificity. This mini review focuses on

the potential for and limitations of TCR-like CAR-T cells in targeting human leukocyte

antigen–bound peptide antigens, based on their recognition mechanisms and their

application in targeting mHAgs.

Keywords: minor histocompatibility antigen, TCR-like antibody, adoptive immunotherapy, allogeneic stem cell

transplantation, chimeric antigen receptor (CAR) cell

INTRODUCTION

Minor histocompatibility antigens (mHAgs), which are generated from polymorphic genes between
a donor and recipient, are presented in the groove of human leukocyte antigen (HLA) molecules.
In recipients undergoing allogeneic hematopoietic stem cell transplantation (allo-HSCT), mHAgs
are recognized by donor T cells (1) and are highly immunogenic in the graft-vs.-host direction
(2). Detection of T cell responses to molecularly defined and well-characterized mHAgs following
allo-HSCT is possible through use of an HLA multimer reagent that incorporates the defined
epitope peptide (3). In the context of hematologic malignancies, the therapeutic potential of T
cells specific to mHAgs presented predominantly or exclusively on recipient target hematopoietic
cells (including leukemia cells) but not on non-target non-hematopoietic cells has been shown via
the graft-vs.-leukemia effect following donor lymphocyte infusion against recurring hematological
malignancies (2–4). In addition, some mHAgs such as HA-1 and BCL2A1 have been found
expressed in solid tumors, supporting the clinical applicability of immunotherapy in the allo-HSCT
setting (5, 6). However, it is not always possible to selectively expand mHAg-specific T cells for
their use in adoptive immunotherapy, primarily because of the cumbersome and time-consuming
in vitro expansion procedure, which sometimes results in T cell exhaustion (7, 8). To overcome

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.00257
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.00257&domain=pdf&date_stamp=2020-02-28
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:yos-akatsuk@umin.ac.jp
https://doi.org/10.3389/fimmu.2020.00257
https://www.frontiersin.org/articles/10.3389/fimmu.2020.00257/full
http://loop.frontiersin.org/people/762476/overview


Akatsuka TCR-Like CAR-T Cells Targeting mHAgs

this problem, viral vectors encoding T cell receptor (TCR) α

and β chain cDNAs cloned from high affinity mHAg-specific
T cells have been used to genetically modify and redirect T
cells toward the targeted mHAg (9, 10). Indeed, these so-
called “TCR-T” cells have been shown to acquire the conferred
antigen specificity, but mispairing between the introduced and
endogenous TCR chains occasionally results in unwanted or
unpredictable T cell specificities (11). Competition for CD3
complexes also leads to decreased signal transduction necessary
for T cell function and proliferation. Various countermeasures
have been devised to address these problems, including (1)
the use of constant domains from other species such as mice
(12), (2) introduction of disulfide or other bonds between the
α and β TCR chains (13), (3) silencing of endogenous mRNA
encoding TCR using siRNA (14), and (4) knockout of the TCR
gene by means of gene editing technologies (15). An alternative
approach was the development of chimeric antigen receptor
(CAR)–T cells with TCR-like specificity, whose transmembrane
and intracellular domains do not compete with endogenous TCR
for CD3 complexes. This mini review will focus on the potential
and limitations of applying TCR-like CAR-T cell technology to
target HLA-bound mHAgs.

BACKGROUND OF TCR-LIKE ANTIBODIES
AND THEIR CAR-T FORM

Recently, CD19-specific CAR-T cell therapies have been
introduced in clinical practice with great success. Although
clinical trials of CAR-T cells targeting promising candidate
antigens other than CD19 are underway, the number of ideal
tumor-specific targets is limited by the number of tumor-specific
“cell-surface” antigens that are targetable with conventional
monoclonal antibodies. By contrast, most potential tumor-
specific antigens, such as proteins involved in cell proliferation
and survival, are located in the intracellular region; there, they
are degraded by proteasomes and may be displayed as antigenic
peptides on major histocompatibility complex (MHC) class I
and MHC class II molecules. These MHC-bound antigens are
recognized by T cells with specific TCRs under physiological
conditions. The affinity of the relevant TCRs is generally
moderate or low because most tumor antigens are shared with
normal cells but are generally overexpressed. Thus, reactive T
cells with high-affinity TCRs undergo negative selection in the
thymus (16). To target MHC-bound antigens, enhancement of
TCR affinity with amino acid substitutions or development of
a new mode of antibodies specific for peptide/MHC (pMHC)
complexes is necessary. The latter are called TCR-like or TCR-
mimic antibodies and can be used to redirect T cells to target
antigens. The first TCR-like antibody was developed in 1982
to target the influenza PR8 antigen presented on murine H-
2Kb (17), and the first attempt to construct CAR-T cells with a
TCR-like antibody against MAGE-A1 presented on HLA-A1 was
conducted in 2001 (18).

Initially, to generate TCR-like antibodies, a hybridoma-
based method was used in which animals (mostly mice) were

immunized with cells expressing pMHC or recombinant pMHC
proteins. Then, sensitized splenic B cells were isolated and
fused with a non-secretory myeloma cell line, which resulted
in the generation of hybridoma cells, each of which produced
monoclonal antibodies. New technology able to synthesize
recombinant pMHCmonomers or multimers (19) contributed to
the preparation of antigens required not only for immunization,
but also for the screening of hybridoma libraries. Antibodies
raised by hybridoma-based methods consist of naturally selected
light and heavy chain pairs; they possess a high affinity but
have a limited repertoire of diversity because the pool size
is restricted by the number of initial splenic B cells in the
immunized mice.

In contrast, new phage library-based methods (20) utilize
phages carrying randomly combined variable regions from
light and heavy chains that have been amplified from a B
cell pool. Their diversity size is approximately 109–1010. It is
possible to screen phages by positive and negative selection with
target antigens and non-target antigens under various stringency
conditions, as the fused variable genes in the recombinant
phage genome are displayed as single-chain antibodies on their
phage surface. Because most procedures can be performed with
biochemical assays, this approach is robust and cost-/time-
effective. However, the random recombination of variable regions
from irrelevant light and heavy chains sometimes leads to
antibodies with off-target binding capacity in addition to the
desired pMHC specificity. Thus, careful and thorough screening
in a wide array of normal tissues is necessary.

Nearly half of the reported TCR-like antibodies have been
generated by the phage-based method (21). Among these, only
11 reports, including ours (22), described the application of
TCR-like antibodies to CAR-T cell development (18, 23–32).
As shown in Table 1, 10 of 12 such CAR-T cells targeted non-
mutated antigens highly expressed in tumor cells, but none of
them have been evaluated in clinical trials so far. All but one
study that targeted the insulin-derived peptide presented on
MHC class II used phage libraries whose clone size ranged from
2.85 × 108 to 9 × 1010 clones. The dissociation equilibrium
constant (KD) of their binding moiety ranged widely from
0.03 to 400 nM. This is in marked contrast to TCRs, the
affinities of which generally range between 1 and 100µM (33).
Thus, natural TCR affinity is approximately 103 to 105 times
weaker than those of the TCR-like antibodies. In addition,
it has been shown that the use of the antibody’s binding
moiety as the antigen recognition domain of CARs can increase
effector function, leading to the eradication of tumor cells with
downregulated antigen expression at a level of 200 copies/cell
(34). A similar density threshold of 300 copies/cell was reported
for murine CAR-T cells targeting the glycoprotein OTS8 induced
by cancer-specific mutation (35). As mentioned earlier, TCR
gene-modified T (TCR-T) cells have also been developed since
the first attempt by Heemskerk et al. (9). One phase I trial
for TCR-T cells targeting HA-1 mHAg is currently underway
(NCT03326921). The similarities and differences among TCR-
like CAR-T cells, TCR-T cells, and conventional CAR-T cells are
shown in Figure 1.
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AFFINITY OF TCR-LIKE ANTIBODY AND
DENSITY OF TARGET pMHC

While the target antigen density per tumor cell in antibody-
targetable tumors has not been measured in detail, the proteins
CD19 and CD20 present on B cells targeted by therapeutic
antibodies and CAR-T cells are relatively well studied; for
example, the antigen density of CD19 has been reported to be 2×
104 to 3 × 104 molecules/cell in normal B cells and 0.5 × 104 to
3 × 104 molecules/cell in malignant B cells (36, 37). In contrast,
despite the fact that the affinities of canonical native TCRs are
3 to 5 logs lower than those of the conventional antibodies used
in CD19 CAR-T cells, it is interesting that T cells can recognize
pMHCs presented on cell surfaces at much lower densities.
Several studies have demonstrated that the minimum number
of pMHC complexes required to activate T cells is <10 per cell,
although this number depends on the presence of coreceptors
and the status of the cell (38–40). Using comprehensive mass
spectrometry analysis of a peptide pool stripped from MHC
molecules, it has been shown that certain peptides are expressed
at a frequency of 100 to 10,000 copies/cell, which corresponds
to 0.1 to 10% of peptides presented by one kind of MHC allele,
such as H-2 Kb or Db in mice (38). Assuming the number of each
MHC class I molecule per cell is 1 × 105 to 2 × 105 and the
average copy number of a given peptide is 200, then 500–1,000
peptides with different sequences are expressed on one kind of
MHC per cell (38). However, peptides with much lower densities
must be expressed at a much wider variety and still be recognized
by relevant T cells.

In terms of human mHAgs, it has been shown that HLA-
A∗02:01–restricted HA-1H is present at 80 copies/cell, while
its counterpart HA-1R is <5 copies/cell because of its 27-fold
lower affinity to the HLA-A2 molecule (41, 42). The other
HLA-A∗02:01–restricted HA-2M mHAg was found to be present
below the detection limit of 0.04 to 0.2 copy/cell (43). It is
speculated that these cytotoxic T lymphocytes (CTLs) possess
high-affinity TCRs because mHAgs are non–self-antigens similar
to pathogens (44), and thus no thymic or peripheral tolerances
affect T cells (16). Given that CTLs specific for HA-1H and HA-
2M were readily detected at a range of 0.21 to 1.57% among
CD8+ cells in patients receiving allogeneic HSCT and donor
lymphocyte infusion and that the sorted T cells showed specific
killing activity against mHAg-positive target cells (3), it is clear
that T cells should have at least two modes of action when
recognizing antigens via canonical (cognate) TCR moieties vs.
CAR moieties.

A small number of pMHC complexes can serially engage
and trigger up to approximately 200 TCRs (45). Additionally,
efficient T cell activation occurs within an optimal dwell-time
range of TCR–pMHC interaction using MHC with mutations
in its antigen-binding site (46). This is thought to be possible
by a TCR–pMHC engagement of moderate affinity rather
than super-high affinity as seen in antibody–antigen binding.
Furthermore, it has been shown that CD20 CAR-T cells require
approximately 15,000 CD20 molecules per target cell to trigger
10,000 CAR molecules per T cell, suggesting that a decreased
number of triggered CAR molecules are necessary because
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FIGURE 1 | Characteristics of TCR-T and TCR-like CAR-T cells.

of a lack of serial engagement (47). In contrast, decreased
signaling and effector function did not occur when high-density
antigens were present on the target cells (48). These observations
shed light on the design of CAR-T cells equipped with
TCR-like antibodies.

CONSIDERATIONS TOWARD CAR-T
CELLS EQUIPPED WITH TCR-LIKE
ANTIBODIES

Attempts to generate CAR-T cells possessing a TCR-like antibody
moiety (TCR-like CAR-T) have been challenging, insofar as
target cells express a very low density of pMHC. Furthermore,
it has not been clarified whether a “serial engagement” scenario
can occur even in the case of TCR-like CAR-T cells with
a TCR-like antibody moiety that has low affinity comparable
to canonical TCR. To this end, fine tuning of the TCR-like
antibody moiety is crucial. Crystal structural analysis revealed
that TCRs bind in a conserved diagonal mode (33); thus,
some guidelines for tuning their affinity either to the epitope

peptide or to an MHC scaffold have been devised. Alternatively,
TCR-like antibodies take various binding modes, and their
fine tuning is limited to the complementary determining
region 3 (49, 50).

Researchers have attempted to ensure the specificity of
modified antibodies in targeting amino acids among an array
of peptides presented on a single restriction MHC molecule.
This is critical because expression as a CAR-T form on the T
cell surface, where other adhesion molecules and coreceptors
are aligned, may further modify the functional avidity of CAR-
T cells. Akahori et al. (31) comprehensively analyzed their
low-affinity TCR-like CAR-T cells specific to the WT1235−243

peptide presented on HLA-A∗24:02 molecules by incorporating
(1) alanine substitution analysis of the epitope peptide to identify
both the amino acid residues that trigger interaction with
TCR CAR-T cells and those used for anchors; (2) in silico
searches for potentially cross-reactive peptides that contain the
predetermined contact amino acid residues in their sequence,
followed by in vitro assays to test their potential to stimulate
TCR CAR-T cells; and (3) in vitro cross-reactivity assays against
other HLA molecules using a panel of cell lines. Their TCR-like
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antibody (clone #213) has a KD of 741 nM (31), which is close to
the lowest natural TCR affinity range of 1 to 100µM (33). This
strategy may contribute to the sufficient functional avidity (here,
a biological readout reflecting T cell responsiveness in vitro) and
retained specificity of their TCR-like CAR-T cells, although the
WT1235−243 peptide density on WT1- and HLA-A24–positive
cells has not been determined to date. It has been shown that two
kinds of conventional CAR-T cells, with KD values of 1 nM and
1,616 nM to the same extracellular domain of HER2 molecule,
had comparable lytic activity against target cells with high HER2
expression; however, CAR-T cells with low affinity showed more
efficient lytic activity against target cells with limited HER2
expression (51).

Of additional concern are on-target/off-tumor and off-
target toxicities. Such toxicities have been observed in adoptive
immunotherapy trials using affinity matured TCR-T cells
specific to MAGEA3 (52) or CAR-T cells specific to CA9
(53) or CEA (54), all of which are expressed in normal
tissues at very low levels. Oren et al. (25) demonstrated that
their TCR-like CAR, which had an elevated receptor affinity
(30 nM) compared with that of others (Table 1), results in
some loss of specificity and decreased cell survival when
transduced into HLA-A2–positive but HLA-A2–negative T
cells. This may be due to fratricide, wherein a high-affinity
antibody cross-reacts with non-target peptides presented on
coexisting T cells. A similar phenomenon has been reported
in which the addition of an anti-CD38–blocking antibody
saved CD38 antibody-equipped CAR-T cells from fratricide,
as CD38 is dimly expressed on T cells (55). To prevent
these toxicities in future clinical studies, a systematic screening
system for cross-reactivity testing must be devised. A humanized
mouse model, where HLA-matched tumor cells and immune
cells from the patient are engrafted into an HLA-transgenic
non-obese diabetic/severe combined immune-deficient/common
gamma chain knockout mouse, may serve as a screening
platform (56, 57).

APPLICATION OF TCR-LIKE CAR-T CELLS
TO MHAGS

Inaguma et al. (22) first included a TCR-like antibody against
the HA-1H mHAg in CAR-T cell preparations (Table 1). Using
a phage library prepared from splenic B cells isolated from
HLA-A2–transgenic mice immunized with HA-1H/HLA-
A∗02:01 tetramers, specific single-chain antibodies were
isolated by multiple rounds of panning. HLA-A2 transgenic
mice were used to omit xenogeneic immune responses
against human HLA-A2 molecules. Although a resulting
CAR-T cell (clone #131) with high affinity binding (KD =

19.9 nM) was stained with HLA-A2/HA-1 tetramers with
an intensity equivalent to cognate cytotoxic T cell clones,
the CAR-T cell required 100-fold higher peptide density
to exert cytotoxic function (22). Another clone (#9) with
moderate to low affinity (KD = 446 nM) was also tested, and
researchers found that its CAR-T form exhibits ∼10-fold

increased activity, supporting the observations by Akahori
et al. (31).

Major histocompatibility complex class I–restricted
autosomal mHAgs are generated by various molecular
mechanisms (2, 58). The majority of mHAgs are generated
by single-nucleotide substitutions that engender amino acid
substitutions, whereas others are generated by frameshift
mutations or whole gene deletions (e.g., UGT2B17) (59). Among
these, allelic variant peptides of mHAgs such as ACC-1 (60, 61)
and HB-1 (62, 63) are expressed with an affinity similar to that of
their restriction HLAmolecules. Generating TCR-like antibodies
to these mHAgs may be difficult, as the difference between two
allelic variants is a single amino acid, and TCR-like antibodies
may bind to more than one (e.g., three) amino acid in the peptide
(31). Given this issue of specificity, it is more reasonable to
target mHAgs in which only one allelic variant is exclusively or
at least highly expressed. Because the HA-1R peptide cannot be
presented on the cell surface (42), HA-1H is an ideal target. Other
mHAgs resulting from frameshift mutations due to various
polymorphisms, such as LRH-1 (64), HMSD (65), or PANE1
(66), may be suitable, as the donor-recipient pair possesses
different amino acid sequences at the corresponding positions
(or a null peptide in the case of gene deletion or miss-sense
polymorphisms). Finally, target mHAgs must be hematopoietic
system–specific to avoid graft-vs.-host disease.

In the production of antibodies, both major methods
(hybridoma and phage library) have advantages and
disadvantages. Although it is thought that naturally occurring
antibodies with TCR-like specificity are extremely rare, with
the exception of those against mHAgs encoded on the Y
chromosome (H-Y antigen) (67), such antibodies can be present
in patients receiving mHAg-mismatched HSCT. If this is the
case, pooled B cells from such patients may serve as a source
for phage display library. Alternatively, immunization with
mHAg-pMHC complexes from HLA-transgenic mice (22) may
also be a source.

CONCLUSION

Based on the state of the field, the generation of TCR-like CAR-
T cells that use an all-in-one chimeric receptor equipped with
modifiable intracellular signaling domains that can be applied
quickly to patients as adoptive cell therapy is of utmost interest.
Chimeric antigen receptor–T cells have a strong advantage over
modified TCR gene–introduced T cells because they have a
built-in signaling domain, which works even in the absence
or downregulation of costimulatory signals from target cells.
However, various improvements in TCR gene–introduced T cells
make this option safer and more promising than are CAR-T
treatments (10). In any case, the establishment of robust and
efficient screening systems, including a variety of panel peptides,
HLA-typed cell lines, and animal models for the evaluation of
TCR-like antibody efficacy and toxicity, as well as the careful
planning of preclinical experiments, is necessary for obtaining
TCR-like antibodies with potential clinical applications. In
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contrast to passive immunotherapies such as gene-modified T
cells, active immunotherapies such as peptide (68, 69) or DNA
vaccinations with or without adjuvants using dendritic cells are
being tested in clinical trials (2). These approaches are thought
to be more feasible and less expensive, as gene-modified cells are
under strict regulations. However, it is too early to compare the
twomajor approaches as only limited phase I/II clinical data have
been publicly reported, including a phase I dose evaluation study
for an HA-1 mHAg vaccine (70). Further studies for individual
interventions are necessary to define the optimal methods and
patient populations for mHAg-targeted immunotherapy.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

ACKNOWLEDGMENTS

This work was partly supported by AMED under grant number
19ek0510027, JSPS KAKENHI under Grant Number under grant
number 18K08341, and the Bristol-Myers Squibb endowed Chair
in Cancer Biomarker Research.

REFERENCES

1. Neubert D, Neubert R, Stahlmann R, Helge H. Immuno-toxicology and

-pharmacology. Braz J Med Biol Res. (1989) 22:1457–73.

2. Spierings E. Minor histocompatibility antigens: past, present, and future.

Tissue Antigens. (2014) 84:374–60. doi: 10.1111/tan.12445

3. Marijt WA, Heemskerk MH, Kloosterboer FM, Goulmy E, Kester MG, van

der Hoorn MA, et al. Hematopoiesis-restricted minor histocompatibility

antigens HA-1- or HA-2-specific T cells can induce complete remissions

of relapsed leukemia. Proc Natl Acad Sci USA. (2003) 100:2742–7.

doi: 10.1073/pnas.0530192100

4. Kloosterboer FM, van Luxemburg-Heijs SA, van Soest RA, van Egmond

HM, Barbui AM, Strijbosch MP, et al. Minor histocompatibility antigen-

specific T cells with multiple distinct specificities can be isolated by direct

cloning of IFNgamma-secreting T cells from patients with relapsed leukemia

responding to donor lymphocyte infusion. Leukemia. (2005) 19:83–90.

doi: 10.1038/sj.leu.2403572

5. Klein CA, Wilke M, Pool J, Vermeulen C, Blokland E, Burghart E, et al. The

hematopoietic system-specific minor histocompatibility antigen HA-1 shows

aberrant expression in epithelial cancer cells. J Exp Med. (2002) 196:359–68.

doi: 10.1084/jem.20011838

6. Torikai H, Akatsuka Y, Yatabe Y, Morishima Y, Kodera Y, Kuzushima K, et al.

Aberrant expression of BCL2A1-restricted minor histocompatibility antigens

in melanoma cells: application for allogeneic transplantation. Int J Hematol.

(2008) 87:467–73. doi: 10.1007/s12185-008-0076-5

7. Warren EH, Fujii N, Akatsuka Y, Chaney CN,Mito JK, Loeb KR, et al. Therapy

of relapsed leukemia after allogeneic hematopoietic cell transplantation with

T cells specific for minor histocompatibility antigens. Blood. (2010) 115:3869–

78. doi: 10.1182/blood-2009-10-248997

8. Meij P, Jedema I, van der Hoorn MA, Bongaerts R, Cox L, Wafelman

AR, et al. Generation and administration of HA-1-specific T-cell lines

for the treatment of patients with relapsed leukemia after allogeneic

stem cell transplantation: a pilot study. Haematologica. (2012) 97:1205–8.

doi: 10.3324/haematol.2011.053371

9. Heemskerk MH, Hoogeboom M, Hagedoorn R, Kester MG, Willemze R,

Falkenburg JH. Reprogramming of virus-specific T cells into leukemia-

reactive T cells using T cell receptor gene transfer. J Exp Med. (2004) 199:885–

94. doi: 10.1084/jem.20031110

10. Dossa RG, Cunningham T, Sommermeyer D, Medina-Rodriguez I, Biernacki

MA, Foster K, et al. Development of T-cell immunotherapy for hematopoietic

stem cell transplantation recipients at risk of leukemia relapse. Blood. (2018)

131:108–20. doi: 10.1182/blood-2017-07-791608

11. van Loenen MM, de Boer R, Amir AL, Hagedoorn RS, Volbeda GL, Willemze

R, et al. Mixed T cell receptor dimers harbor potentially harmful neoreactivity.

Proc Natl Acad Sci USA. (2010) 107:10972–7. doi: 10.1073/pnas.10058

02107

12. Cohen CJ, Zhao Y, Zheng Z, Rosenberg SA, Morgan RA. Enhanced

antitumor activity of murine-human hybrid T-cell receptor (TCR) in

human lymphocytes is associated with improved pairing and TCR/CD3

stability. Cancer Res. (2006) 66:8878–86. doi: 10.1158/0008-5472.CAN-0

6-1450

13. Kuball J, Dossett ML, Wolfl M, Ho WY, Voss RH, Fowler C, et al. Facilitating

matched pairing and expression of TCR chains introduced into human T cells.

Blood. (2007) 109:2331–8. doi: 10.1182/blood-2006-05-023069

14. Okamoto S, Mineno J, Ikeda H, Fujiwara H, Yasukawa M, Shiku H, et al.

Improved expression and reactivity of transduced tumor-specific TCRs in

human lymphocytes by specific silencing of endogenous TCR. Cancer Res.

(2009) 69:9003–11. doi: 10.1158/0008-5472.CAN-09-1450

15. Provasi E, Genovese P, Lombardo A, Magnani Z, Liu PQ, Reik A, et al. Editing

T cell specificity towards leukemia by zinc finger nucleases and lentiviral gene

transfer. Nat Med. (2012) 18:807–15. doi: 10.1038/nm.2700

16. Klein L, Kyewski B, Allen PM, Hogquist KA. Positive and negative selection of

the T cell repertoire: what thymocytes see (and don’t see). Nat Rev Immunol.

(2014) 14:377–91. doi: 10.1038/nri3667

17. Wylie DE, Sherman LA, Klinman NR. Participation of the major

histocompatibility complex in antibody recognition of viral

antigens expressed on infected cells. J Exp Med. (1982) 155:403–14.

doi: 10.1084/jem.155.2.403

18. Willemsen RA, Debets R, Hart E, Hoogenboom HR, Bolhuis RL, Chames P.

A phage display selected fab fragment with MHC class I-restricted specificity

for MAGE-A1 allows for retargeting of primary human T lymphocytes. Gene

Ther. (2001) 8:1601–8. doi: 10.1038/sj.gt.3301570

19. Altman JD, Moss PA, Goulder PJ, Barouch DH, McHeyzer-Williams MG, Bell

JI, et al. Phenotypic analysis of antigen-specific T lymphocytes. Science. (1996)

274:94–6. doi: 10.1126/science.274.5284.94

20. McCafferty J, Griffiths AD, Winter G, Chiswell DJ. Phage antibodies:

filamentous phage displaying antibody variable domains. Nature. (1990)

348:552–4. doi: 10.1038/348552a0

21. Hoydahl LS, Frick R, Sandlie I, Loset GA. Targeting the MHC

ligandome by use of TCR-like Antibodies. Antibodies. (2019) 8:32.

doi: 10.3390/antib8020032

22. Inaguma Y, Akahori Y,Murayama Y, Shiraishi K, Tsuzuki-Iba S, EndohA, et al.

Construction andmolecular characterization of a T-cell receptor-like antibody

and CAR-T cells specific for minor histocompatibility antigen HA-1H. Gene

Ther. (2014) 21:575–84. doi: 10.1038/gt.2014.30

23. Willemsen RA, Ronteltap C, Chames P, Debets R, Bolhuis RL. T cell

retargeting with MHC class I-restricted antibodies: the CD28 costimulatory

domain enhances antigen-specific cytotoxicity and cytokine production. J

Immunol. (2005) 174:7853–8. doi: 10.4049/jimmunol.174.12.7853

24. Schuberth PC, Jakka G, Jensen SM, Wadle A, Gautschi F, Haley D, et al.

Effector memory and central memory NY-ESO-1-specific re-directed T

cells for treatment of multiple myeloma. Gene Ther. (2013) 20:386–95.

doi: 10.1038/gt.2012.48

25. Oren R, Hod-Marco M, Haus-Cohen M, Thomas S, Blat D, Duvshani N, et al.

Functional comparison of engineered T cells carrying a native TCR versus

TCR-like antibody-based chimeric antigen receptors indicates affinity/avidity

thresholds. J Immunol. (2014) 193:5733–43. doi: 10.4049/jimmunol.1301769

26. Zhang G, Wang L, Cui H, Wang X, Zhang G, Ma J, et al. Anti-melanoma

activity of T cells redirected with a TCR-like chimeric antigen receptor. Sci

Rep. (2014) 4:3571. doi: 10.1038/srep03571

27. Zhao Q, Ahmed M, Tassev DV, Hasan A, Kuo TY, Guo HF, et al.

Affinity maturation of T-cell receptor-like antibodies for wilms tumor 1

Frontiers in Immunology | www.frontiersin.org 6 February 2020 | Volume 11 | Article 257

https://doi.org/10.1111/tan.12445
https://doi.org/10.1073/pnas.0530192100
https://doi.org/10.1038/sj.leu.2403572
https://doi.org/10.1084/jem.20011838
https://doi.org/10.1007/s12185-008-0076-5
https://doi.org/10.1182/blood-2009-10-248997
https://doi.org/10.3324/haematol.2011.053371
https://doi.org/10.1084/jem.20031110
https://doi.org/10.1182/blood-2017-07-791608
https://doi.org/10.1073/pnas.1005802107
https://doi.org/10.1158/0008-5472.CAN-06-1450
https://doi.org/10.1182/blood-2006-05-023069
https://doi.org/10.1158/0008-5472.CAN-09-1450
https://doi.org/10.1038/nm.2700
https://doi.org/10.1038/nri3667
https://doi.org/10.1084/jem.155.2.403
https://doi.org/10.1038/sj.gt.3301570
https://doi.org/10.1126/science.274.5284.94
https://doi.org/10.1038/348552a0
https://doi.org/10.3390/antib8020032
https://doi.org/10.1038/gt.2014.30
https://doi.org/10.4049/jimmunol.174.12.7853
https://doi.org/10.1038/gt.2012.48
https://doi.org/10.4049/jimmunol.1301769
https://doi.org/10.1038/srep03571
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Akatsuka TCR-Like CAR-T Cells Targeting mHAgs

peptide greatly enhances therapeutic potential. Leukemia. (2015) 29:2238–47.

doi: 10.1038/leu.2015.125

28. Maus MV, Plotkin J, Jakka G, Stewart-Jones G, Riviere I, Merghoub T, et al.

An MHC-restricted antibody-based chimeric antigen receptor requires TCR-

like affinity to maintain antigen specificity. Mol Ther Oncolyt. (2016) 3:1–9.

doi: 10.1038/mto.2016.23

29. Liu H, Xu Y, Xiang J, Long L, Green S, Yang Z, et al. Targeting alpha-

fetoprotein (AFP)-MHC complex with CAR T-cell therapy for liver cancer.

Clin Cancer Res. (2017) 23:478–88. doi: 10.1158/1078-0432.CCR-16-1203

30. Rafiq S, Purdon TJ, Daniyan AF, Koneru M, Dao T, Liu C, et al. Optimized

T-cell receptor-mimic chimeric antigen receptor T cells directed toward

the intracellular wilms Tumor 1 antigen. Leukemia. (2017) 31:1788–97.

doi: 10.1038/leu.2016.373

31. Akahori Y, Wang L, Yoneyama M, Seo N, Okumura S, Miyahara

Y, et al. Antitumor activity of CAR-T cells targeting the intracellular

oncoprotein WT1 can be enhanced by vaccination. Blood. (2018) 132:1134–

45. doi: 10.1182/blood-2017-08-802926

32. Zhang L, Sosinowski T, Cox AR, Cepeda JR, Sekhar NS, Hartig SM, et al.

Chimeric antigen receptor (CAR) T cells targeting a pathogenic MHC class

II:peptide complex modulate the progression of autoimmune diabetes. J

Autoimmun. (2019) 96:50–8. doi: 10.1016/j.jaut.2018.08.004

33. Rudolph MG, Stanfield RL, Wilson IA. How TCRs bind MHCs,

peptides, and coreceptors. Annu Rev Immunol. (2006) 24:419–66.

doi: 10.1146/annurev.immunol.23.021704.115658

34. Watanabe K, Terakura S, Martens AC, van Meerten T, Uchiyama S, Imai M,

et al. Target antigen density governs the efficacy of anti-CD20-CD28-CD3 zeta

chimeric antigen receptor-modified effector CD8+ T cells. J Immunol. (2015)

194:911–20. doi: 10.4049/jimmunol.1402346

35. Stone JD, Aggen DH, Schietinger A, Schreiber H, Kranz DM. A sensitivity

scale for targeting T cells with chimeric antigen receptors (CARs) and

bispecific T-cell engagers (BiTEs). Oncoimmunology. (2012) 1:863–73.

doi: 10.4161/onci.20592

36. Olejniczak SH, Stewart CC, Donohue K, Czuczman MS. A quantitative

exploration of surface antigen expression in common B-cell

malignancies using flow cytometry. Immunol Invest. (2006) 35:93–114.

doi: 10.1080/08820130500496878

37. Schiller CB, Braciak TA, Fenn NC, Seidel UJ, Roskopf CC, Wildenhain S,

et al. CD19-specific triplebody SPM-1 engages NK and gammadelta T cells

for rapid and efficient lysis of malignant B-lymphoid cells. Oncotarget. (2016)

7:83392–408. doi: 10.18632/oncotarget.13110

38. Rammensee HG, Falk K, Rotzschke O. Peptides naturally presented

by MHC class I molecules. Annu Rev Immunol. (1993) 11:213–44.

doi: 10.1146/annurev.iy.11.040193.001241

39. Brower RC, England R, Takeshita T, Kozlowski S, Margulies DH, Berzofsky JA,

et al. Minimal requirements for peptide mediated activation of CD8+ CTL.

Mol Immunol. (1994) 31:1285–93. doi: 10.1016/0161-5890(94)90079-5

40. Sykulev Y, Joo M, Vturina I, Tsomides TJ, Eisen HN. Evidence that a single

peptide-MHC complex on a target cell can elicit a cytolytic T cell response.

Immunity. (1996) 4:565–71. doi: 10.1016/S1074-7613(00)80483-5

41. den Haan JM, Meadows LM, Wang W, Pool J, Blokland E, Bishop

TL, et al. The minor histocompatibility antigen HA-1: a diallelic gene

with a single amino acid polymorphism. Science. (1998) 279:1054–7.

doi: 10.1126/science.279.5353.1054

42. Spierings E, Gras S, Reiser JB, Mommaas B, Almekinders M, Kester MG, et al.

Steric hindrance and fast dissociation explain the lack of immunogenicity

of the minor histocompatibility HA-1Arg null allele. J Immunol. (2009)

182:4809–16. doi: 10.4049/jimmunol.0803911

43. Pierce RA, Field ED, Mutis T, Golovina TN, Von Kap-Herr C, Wilke M,

et al. The HA-2 minor histocompatibility antigen is derived from a diallelic

gene encoding a novel human class I myosin protein. J Immunol. (2001)

167:3223–30. doi: 10.4049/jimmunol.167.6.3223

44. Aleksic M, Liddy N, Molloy PE, Pumphrey N, Vuidepot A, Chang KM,

et al. Different affinity windows for virus and cancer-specific T-cell receptors:

implications for therapeutic strategies. Eur J Immunol. (2012) 42:3174–9.

doi: 10.1002/eji.201242606

45. Valitutti S, Muller S, Cella M, Padovan E, Lanzavecchia A. Serial triggering

of many T-cell receptors by a few peptide-MHC complexes. Nature. (1995)

375:148–51. doi: 10.1038/375148a0

46. Kalergis AM, Boucheron N, Doucey MA, Palmieri E, Goyarts EC, Vegh Z,

et al. Efficient T cell activation requires an optimal dwell-time of interaction

between the TCR and the pMHC complex. Nat Immunol. (2001) 2:229–34.

doi: 10.1038/85286

47. James SE, Greenberg PD, Jensen MC, Lin Y, Wang J, Budde LE, et al.

Mathematical modeling of chimeric TCR triggering predicts the magnitude of

target lysis and its impairment by TCR downmodulation. J Immunol. (2010)

184:4284–94. doi: 10.4049/jimmunol.0903701

48. Gonzalez PA, Carreno LJ, Coombs D, Mora JE, Palmieri E, Goldstein B, et al.

T cell receptor binding kinetics required for T cell activation depend on the

density of cognate ligand on the antigen-presenting cell. Proc Natl Acad Sci

USA. (2005) 102:4824–9. doi: 10.1073/pnas.0500922102

49. Chames P, Hufton SE, Coulie PG, Uchanska-Ziegler B, Hoogenboom HR.

Direct selection of a human antibody fragment directed against the tumor

T-cell epitope HLA-A1-MAGE-A1 from a nonimmunized phage-Fab library.

Proc Natl Acad Sci USA. (2000) 97:7969–74. doi: 10.1073/pnas.97.14.7969

50. Chames P, Willemsen RA, Rojas G, Dieckmann D, Rem L, Schuler G,

et al. TCR-like human antibodies expressed on human CTLs mediate

antibody affinity-dependent cytolytic activity. J Immunol. (2002) 169:1110–8.

doi: 10.4049/jimmunol.169.2.1110

51. Turatti F, Figini M, Balladore E, Alberti P, Casalini P, Marks JD, et al.

Redirected activity of human antitumor chimeric immune receptors is

governed by antigen and receptor expression levels and affinity of interaction.

J Immunother. (2007) 30:684–93. doi: 10.1097/CJI.0b013e3180de5d90

52. Cameron BJ, Gerry AB, Dukes J, Harper JV, Kannan V, Bianchi FC, et al.

Identification of a titin-derived HLA-A1-presented peptide as a cross-reactive

target for engineered MAGE A3-directed T cells. Sci Transl Med. (2013)

5:197ra103. doi: 10.1126/scitranslmed.3006034

53. Lamers CH, Sleijfer S, Vulto AG, Kruit WH, Kliffen M, Debets R, et al.

Treatment of metastatic renal cell carcinoma with autologous T-lymphocytes

genetically retargeted against carbonic anhydrase IX: first clinical experience.

J Clin Oncol. (2006) 24:e20–2. doi: 10.1200/JCO.2006.05.9964

54. Parkhurst MR, Yang JC, Langan RC, Dudley ME, Nathan DA, Feldman SA,

et al. T cells targeting carcinoembryonic antigen can mediate regression of

metastatic colorectal cancer but induce severe transient colitis. Mol Ther.

(2011) 19:620–6. doi: 10.1038/mt.2010.272

55. Gao Z, Tong C, Wang Y, Chen D, Wu Z, Han W. Blocking CD38-driven

fratricide among T cells enables effective antitumor activity by CD38-specific

chimeric antigen receptor T cells. J Genet Genomics. (2019) 46:367–77.

doi: 10.1016/j.jgg.2019.06.007

56. Patton J, Vuyyuru R, Siglin A, Root M, Manser T. Evaluation of the

efficiency of human immune system reconstitution in NSG mice and NSG

mice containing a human HLA.A2 transgene using hematopoietic stem

cells purified from different sources. J Immunol Methods. (2015) 422:13–21.

doi: 10.1016/j.jim.2015.02.007

57. Siegler EL, Wang P. Preclinical models in chimeric antigen receptor-

engineered T-cell therapy. Hum Gene Ther. (2018) 29:534–46.

doi: 10.1089/hum.2017.243

58. Griffioen M, van Bergen CA, Falkenburg JH. Autosomal minor

histocompatibility antigens: how genetic variants create diversity in immune

targets. Front Immunol. (2016) 7:100. doi: 10.3389/fimmu.2016.00100

59. Murata M, Warren EH, Riddell SR. A human minor histocompatibility

antigen resulting from differential expression due to a gene deletion. J Exp

Med. (2003) 197:1279–89. doi: 10.1084/jem.20030044

60. Akatsuka Y, Nishida T, Kondo E, Miyazaki M, Taji H, Iida H, et al.

Identification of a polymorphic gene, BCL2A1, encoding two novel

hematopoietic lineage-specific minor histocompatibility antigens. J Exp Med.

(2003) 197:1489–500. doi: 10.1084/jem.20021925

61. Kawase T, Nannya Y, Torikai H, Yamamoto G, Onizuka M, Morishima S, et al.

Identification of human minor histocompatibility antigens based on genetic

association with highly parallel genotyping of pooled DNA. Blood. (2008)

111:3286–94. doi: 10.1182/blood-2007-10-118950

62. Dolstra H, Fredrix H, Maas F, Coulie PG, Brasseur F, Mensink

E, et al. A human minor histocompatibility antigen specific for B

cell acute lymphoblastic leukemia. J Exp Med. (1999) 189:301–8.

doi: 10.1084/jem.189.2.301

63. Dolstra H, de Rijke B, Fredrix H, Balas A, Maas F, Scherpen F, et al.

Bi-directional allelic recognition of the human minor histocompatibility

Frontiers in Immunology | www.frontiersin.org 7 February 2020 | Volume 11 | Article 257

https://doi.org/10.1038/leu.2015.125
https://doi.org/10.1038/mto.2016.23
https://doi.org/10.1158/1078-0432.CCR-16-1203
https://doi.org/10.1038/leu.2016.373
https://doi.org/10.1182/blood-2017-08-802926
https://doi.org/10.1016/j.jaut.2018.08.004
https://doi.org/10.1146/annurev.immunol.23.021704.115658
https://doi.org/10.4049/jimmunol.1402346
https://doi.org/10.4161/onci.20592
https://doi.org/10.1080/08820130500496878
https://doi.org/10.18632/oncotarget.13110
https://doi.org/10.1146/annurev.iy.11.040193.001241
https://doi.org/10.1016/0161-5890(94)90079-5
https://doi.org/10.1016/S1074-7613(00)80483-5
https://doi.org/10.1126/science.279.5353.1054
https://doi.org/10.4049/jimmunol.0803911
https://doi.org/10.4049/jimmunol.167.6.3223
https://doi.org/10.1002/eji.201242606
https://doi.org/10.1038/375148a0
https://doi.org/10.1038/85286
https://doi.org/10.4049/jimmunol.0903701
https://doi.org/10.1073/pnas.0500922102
https://doi.org/10.1073/pnas.97.14.7969
https://doi.org/10.4049/jimmunol.169.2.1110
https://doi.org/10.1097/CJI.0b013e3180de5d90
https://doi.org/10.1126/scitranslmed.3006034
https://doi.org/10.1200/JCO.2006.05.9964
https://doi.org/10.1038/mt.2010.272
https://doi.org/10.1016/j.jgg.2019.06.007
https://doi.org/10.1016/j.jim.2015.02.007
https://doi.org/10.1089/hum.2017.243
https://doi.org/10.3389/fimmu.2016.00100
https://doi.org/10.1084/jem.20030044
https://doi.org/10.1084/jem.20021925
https://doi.org/10.1182/blood-2007-10-118950
https://doi.org/10.1084/jem.189.2.301
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Akatsuka TCR-Like CAR-T Cells Targeting mHAgs

antigen HB-1 by cytotoxic T lymphocytes. Eur J Immunol. (2002) 32:2748–

58. doi: 10.1002/1521-4141(2002010)32:10<2748::AID-IMMU2748>3.

0.CO;2-T

64. de Rijke B, van Horssen-Zoetbrood A, Beekman JM, Otterud B, Maas

F, Woestenenk R, et al. A frameshift polymorphism in P2X5 elicits an

allogeneic cytotoxic T lymphocyte response associated with remission of

chronic myeloid leukemia. J Clin Invest. (2005) 115:3506–16. doi: 10.1172/

JCI24832

65. Kawase T, Akatsuka Y, Torikai H, Morishima S, Oka A, Tsujimura A,

et al. Alternative splicing due to an intronic SNP in HMSD generates

a novel minor histocompatibility antigen. Blood. (2007) 110:1055–63.

doi: 10.1182/blood-2007-02-075911

66. Brickner AG, Evans AM, Mito JK, Xuereb SM, Feng X, Nishida T, et al.

The PANE1 gene encodes a novel human minor histocompatibility antigen

that is selectively expressed in B-lymphoid cells and B-CLL. Blood. (2006)

107:3779–86. doi: 10.1182/blood-2005-08-3501

67. Zorn E, Miklos DB, Floyd BH, Mattes-Ritz A, Guo L, Soiffer RJ, et al. Minor

histocompatibility antigen DBY elicits a coordinated B and T cell response

after allogeneic stem cell transplantation. J Exp Med. (2004) 199:1133–42.

doi: 10.1084/jem.20031560

68. Franssen LE, Roeven MWH, Hobo W, Doorn R, Oostvogels R, Falkenburg

JHF, et al. A phase I/II minor histocompatibility antigen-loaded dendritic

cell vaccination trial to safely improve the efficacy of donor lymphocyte

infusions in myeloma. Bone Marrow Transplant. (2017) 52:1378–83.

doi: 10.1038/bmt.2017.118

69. Oostvogels R, Kneppers E, Minnema MC, Doorn RC, Franssen LE, Aarts

T, et al. Efficacy of host-dendritic cell vaccinations with or without

minor histocompatibility antigen loading, combined with donor lymphocyte

infusion in multiple myeloma patients. Bone Marrow Transplant. (2017)

52:228–37. doi: 10.1038/bmt.2016.250

70. Inman CF, Eldershaw SA, Pearce H, Abbotts BE, Sirovica M, Ferguson

P, et al. Vaccination with a DNA and MVA prime-boost regimen

induces strong CD8+ T-cell responses against the immunodominant minor

histocompatibility antigen, HA-1: results of a first-in-man phase I clinical trial.

Blood. (2017) 130:1908. doi: 10.1182/blood.V130.Suppl_1.1908.1908

Conflict of Interest: The author declares that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Akatsuka. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 8 February 2020 | Volume 11 | Article 257

https://doi.org/10.1002/1521-4141(2002010)32:10$<$2748::AID-IMMU2748$>$3.0.CO
https://doi.org/10.1172/JCI24832
https://doi.org/10.1182/blood-2007-02-075911
https://doi.org/10.1182/blood-2005-08-3501
https://doi.org/10.1084/jem.20031560
https://doi.org/10.1038/bmt.2017.118
https://doi.org/10.1038/bmt.2016.250
https://doi.org/10.1182/blood.V130.Suppl_1.1908.1908
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	TCR-Like CAR-T Cells Targeting MHC-Bound Minor Histocompatibility Antigens
	Introduction
	Background of TCR-Like Antibodies and Their car-T Form
	Affinity of TCR-Like Antibody and Density of Target pMHC
	Considerations Toward Car-T Cells Equipped With TCR-Like Antibodies
	Application of TCR-Like Car-T Cells to MHAGS
	Conclusion
	Author Contributions
	Acknowledgments
	References


