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The Journal of Immunology

Different Development of Myelin Basic Protein Agonist- and
Antagonist-Specific Human TCR Transgenic T Cells in the
Thymus and Periphery”

Kazuyuki Kawamura,>* Karen Yao,?* Jacqueline A. Shukaliak-Quandt,* Jaebong Huh,*
Mirza Baig,* Laura Quigley,* Naoko Ito,” Antje Necker,” Henry F. McFarland,*
Paolo A. Muraro,** Roland Martin,*" and Kouichi Ito™*"

Myelin basic protein (MBP)-specific T cells are thought to play a role in the development of multiple sclerosis. MBP residues 111-129
compose an immunodominant epitope cluster restricted by HLA-DRB1*%0401. The sequence of residues 111-129 of MBP (MBP,,,_;,)
differs in humans (MBP122:Arg) and mice (MBP122:Lys) at aa 122. We previously found that ~50% of human MBP,,,_,,, (MBP122:
Arg)-specific T cell clones, including MS2-3C8 can proliferate in response to mouse MBP,,,_,,, (MBP122:Lys). However, the other half
of T cell clones, including HD4-1C2, cannot proliferate in response to MBP,,, ;,, (MBP122:Lys). We found that MBP,,, ,,, (MBP122:
Lys) is an antagonist for HD4-1C2 TCR, therefore, MS2-3C8 and HD4-1C2 TCRs are agonist- and antagonist-specific TCRs in mice,
respectively. Therefore, we examined the development of HD4-1C2 TCR and MS2-3C8 TCR transgenic (Tg) T cells in the thymus and
periphery. We found that dual TCR expression exclusively facilitates the development of MBP,,, ;,, TCR Tg T cells in the periphery
of HD4-1C2 TCR/HLA-DRB1#0401 Tg mice although it is not required for their development in the thymus. We also found that
MS2-3C8 TCR Tg CD8* T cells develop along with MS2-3C8 TCR Tg CD4™ T cells, and that dual TCR expression was crucial for the
development of MS2-3C8 TCR Tg CD4™ and CD8* T cells in the thymus and periphery, respectively. These results suggest that thymic

and peripheral development of MBP-specific T cells are different; however, dual TCR expression can facilitate their development. The

Journal of Immunology, 2008, 181: 5462-5472.

development of autoimmune diseases including rheuma-

toid arthritis and multiple sclerosis (MS)* (1—4). Thymic
development of T cells is determined by the interaction of thymo-
cytes with an Ag/MHC. Furthermore, the homeostatic proliferation
and survival of T cells in the peripheral tissues is determined by
the interaction of the TCR with a self-Ag/MHC complex (5). Thus,
autoantigens associated with HLA-DRB1#0401 could tend to pro-
mote the development of rheumatoid arthritis- or MS-associated
pathogenic T cells during the development of CD4™ T cells in the
thymus and peripheral lymphoid organs. To study the involvement
of HLA-DRB1%#0401 in the development of autoimmune disease,
HLA-DRB1*#0401 transgenic (Tg) mice expressing human-mouse

T he human HLA-DRB1*0401 allele is associated with the
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chimeric MHC class II composed of the Ag-binding domain of
HLA-DRB1%#0401 and the CD4 association domain of I-E¢ (see
Fig. 1A) were generated (6). The HLA-DRA1#0101-I-E%/HLA-
DRBI1*0401-I-E® chimeric Tg mice were further crossed with
MHC class II knockout (KO) mice to replace the endogenous
mouse MHC class II gene with the human-mouse chimeric MHC
class II gene, resulting in HLA-DRB1#0401 Tg mice. This human-
mouse chimeric MHC class II allows mouse CD4 molecules to
associate with the MHC class II and also allows Ags to bind to the
Ag-binding groove of the HLA-DRB1*#0401. In the HLA-DRB1*
0401 Tg mouse, self-Ags associated with HLA-DRB1#0401 can
facilitate the development of HLA-DRB1#0401-restricted CD4™
T cells expressing diverse TCRs (6). Thus, this Tg mouse model
has been used to identify autoantigens involved in the development
of autoimmune diseases (7—11).

The HLA-DRB1#0401 Tg mouse was used to generate HLA-
DRB1*#0401-restricted human TCR Tg mice. Because myelin ba-
sic protein (MBP)-reactive T cells have been suggested to be in-
volved in the development of MS and MBP residues 111-129
constitute an immunodominant epitope of MBP in humans ex-
pressing the HLA-DRB1#0401 haplotype, Tg mice expressing the
HLA-DRB1*#0401-restricted MBP,,,_,,o-specific human TCR
gene (see Fig. 1A) were created (12). The MBP,,, ,,, epitope
sequence is different between humans and mice [human MBP122:
Arg (122R) and murine MBP122:Lys (122K)]. In previous ex-
periments, screening of a panel of DRBI1%*0401-restricted
MBP,,,_;,o-specific T cell clones (TCCs) with altered peptide li-
gands identified position 122 as an essential TCR contact residue
for approximately half of the clones tested (11 of 19) as the con-
servative substitution MBP122R—K completely abrogated prolif-
erative response of these clones (13). In the remaining eight TCCs
with the same HLA-DRB1*0401 restriction, substitution of 122R
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FIGURE 1. Schematic representation of the humanized TCR/MHC class 1I Tg animal model and thymic expression of humanized MHC class II. A, Ag
presentation and recognition are mediated by human MHC class II and TCR components. B, Thymic sections from the HLA-DRA1¥0101/HLA-DRB1#0401 Tg
mouse were stained by Abs against MTS 10 for detection of medullary epithelial cells (a), anti-CD205 Ab for detection of dendritic cells and some cortical epithelial
cells (b), anti-HLA-DRa Ab (c), and anti-mouse 1gG2a Ab (isotype control of anti-HLA-DRe) (d). The medulla (m) and cortex (c) are stained for immunoassay.

did not affect proliferation (13) (P. A. Muraro, unpublished
observations).

Previously, we selected two TCRs with a distinct response to
MBP at position 122 to generate humanized TCR Tg mice. The
HD4-1C2 TCC proliferated in response only to human MBP,,, 5o,
whereas the MS2-3C8 TCC proliferated in response to both
human and mouse MBP,,,_,,,. Due to the cross-reactivity of
MS2-3C8 TCR with mouse MBP,,_,,q, the MS2-3C8 TCR Tg
T cells can induce experimental autoimmune encephalomyelitis
in HLA-DRB1#0401 Tg mice, whereas HD4-1C2 TCR Tg T
cells cannot (12).

Although allelic exclusion of the TCR-f gene locus leads to the
expression of a single TCR B-chain on T lymphocytes, around
10-25% of mouse and human T lymphocytes express dual TCR
a-chains due to incomplete allelic exclusion at the TCR-a locus
(14, 15). It has been suggested that expression of dual TCRs is
involved in the development of foreign Ag-specific T cells as well

A MS2-3C8 B

-O-: MBP111-129 (122 K)
-@-: MBP111-129 (122 R)

-O-: MBP111-129 (122 K)
-@-: MBP111-129 (122 R)

—0—0

as autoreactive T cells (16—19). We found that MBP, | ,_,,, (122K)
is an antagonist for the clone HD4-1C2 TCR and an agonist for
clone MS2-3C8 TCR. In this study, we examined the thymic and
peripheral development of MBP,,,_,,, TCR Tg T cells in MS2-
3C8 and HD4-1C2 TCR Tg mice and the influence of dual TCR
expression on their development.

Materials and Methods

Animals

C57BL/6 mice and RAG1-deficient mice were purchased from The Jack-
son Laboratory. HLA-DRB1*0401, HLA-DRB1*0404, MS2-3C8 TCR,
and HD4-1C2 TCR Tg mice were generated in our laboratory previously
(6, 12, 20) and maintained in our animal facility. These mice were housed
in specific pathogen-free facilities.

Flow cytometry

Anti-I-A®, anti-CD4, anti-CDS$, and anti-CD5 mAbs, a panel of anti-mouse
TCR-a Abs, and streptavidin-CyChrome were all purchased from BD
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FIGURE 2. Antigenic specificity of human TCCs used for generation of human TCR Tg mice. Different antigenic specificity of human TCCs MS2-3C8
(A) and HD4-1C2 (B) tested in a proliferation assay with human MBP,,_;, (122R) (-@-) and murine MBP,,_;, (122K) (-O-). C, Murine MBP,,_;»o
(122K) exhibited antagonism for the HD4-1C2 TCC. The human HD4-1C2 TCC was stimulated with APC prepulsed with the agonist peptide human
MBP,,_;5o (122R) in the presence of different concentrations of an antagonist peptide, murine MBP, | _;,, (122K) (-@-), and a control peptide HA;;_5,5
(-O-), which is a strong binder to HLA-DRB1#0401. *, p < 0.05 compared with inhibition by HA,, 5,5. Data shown are representative of at least three

independent experiments.
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T cells into the CD4 T cell subset by thy-
mic expression of the HLA-DRB1*0401
gene. Thymocytes of HD4-1C2 Tg mice -, 87 - -, 124 s
were stained with anti-CD4, anti-CDS, and ”;_ n;.. “;_ s )
anti-V[37.2 Abs. VB7.2 expression is gated 5 oy % !
for the CD4*CD8~ and CD4 CD8" T 2 - 13 e =1 21 =
cell populations. The number of thymo- o o Atk e 2 ST At 2
cytes in these mice is as follows: Non-TCR cpg 0 W AW ! o
Tg mouse (1.4 X 10%), HD4-1C2 TCR™/ 2 2 g g
I-A°"/DRB1%0401 '~ (2.2 X 10®), HD4- 2 g 2 -
1C2 TCR*/I-A""/DRBI#0401" (1.4 X cD4*CD8 2 & £29 i
10%), and HD4-1C2 TCR*/I-A® “DRB1* el “2 Co “a
+ 8 : o3 =
2:3} geEll(;tSy;Z jv(::r)(; :rvf]afleyez:(; I;V;Cn;li)e]o?f Bl i L T T Nt I o ki 109 10" 12 10° 107
are representative of three independent S & & &
experiments. CD4- CD8* - 5= G a
& 8., 8., 8.

Pharmingen. Monoclonal Abs against HLA-DRe, human TCR V2.1, and
human TCR V7.2 were purchased from Beckman Coulter. Flow cytom-
etry analysis was performed on a FACSCalibur instrument using CellQuest
software (BD Biosciences) and a Cytomics FC500 using CXP software
(Beckman Coulter). For analysis, a live gate was set around viable lym-
phocytes based on their forward and side scatter light FSC/SSC profile.

T cell proliferation assay

CD4" or CD8" T cells from naive mice (>95% pure by flow cytometry
analysis) were obtained by positive selection using anti-CD4- or anti-CD8§-
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coated microbeads (Miltenyi Biotec). CD4" and CD8* Tg T cell lines
were established by cultivation of these naive Tg T cells with MBP,,_;50
(10 pg/ml) and irradiated (2000 rad) HLA-DRB*0401 transgenic spleen
cells (4 X 10%/well) for 4 days and then further cultured with murine IL-2
(PeproTech) at 3 ng/ml for 10 days. The Tg naive T cells or T cell lines
(4 X 10*well) were cultured with irradiated HLA-DRB*0401 or HLA-
DRB*0404 transgenic spleen cells (4 X 10°/well) for the proliferation
assays. These cells were incubated at 37°C for 72 h, and [*H]thymidine (1
nCi) was added to each well for the last 12 h of culture. The cells were
harvested and counted on a TriLux liquid scintillation counter (Wallac).

al

il

FIGURE 4. Thymic and splenic profile

= of Tg T cells in HD4-1C2 TCR/HLA-

L : \'z" | DRB1#0401 and HD4-1C2 TCR/HLA-
oo e DRB1#0401/RAG1 KO mice. The num-
ber of thymocytes and splenocytes in these

i ,‘ ) mice is as follows: 1.5 X 10® thymocytes

and 4.7 X 107 splenocytes (HD4-1C2 TCR/

Vp7.2

CD4

Spleen

Vp7.2

HLA-DRB1*#0401 Tg mouse), and 3.3 X
10% thymocytes, 4.6 X 107 splenocytes
(HD4-1C2 TCR/RAG1~'~/HLA-DRBI1*
0401 Tg mouse). Three of each genotype
were analyzed. FACS plots are represen-
tative of three independent experiments.
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Antagonism assay

HLA-DRB1*¥0401/HLA-DRA1#0101-transfected bare lymphocyte syn-
drome cells were pulsed for 2 h with 1 ug/ml agonist peptide human
MBP,,, 159 (122R, LSRFSWGAEGQRPGFGYGG). Bare lymphocyte
syndrome cells were simultaneously treated with mitomycin C to suppress
their spontaneous proliferation and washed three times before they were
used as APCs in the proliferation assay. The APCs (5 X 10%well) were
seeded together with 2 X 10 cells from human TCC HD4-1C2 in duplicate
wells. The candidate mouse antagonist peptide MBP,;_;,o (122K, LSRF
SWGAEGQKPGFGYGG) and the control peptide hemagglutinin (HA)3y; 5,5
(PKYVKQNTLKLA) were immediately added to the wells at different con-
centrations (0, 0.01, 0.1, 1.0, and 10 wg/ml). As a control for the specificity of
proliferation, APCs that had not been prepulsed with the agonist peptide were
also included in the assay. For an antagonism assay of HD4-1C2 TCR Tg T
cells, CD11c* dendritic cells were isolated using the MACS beads column
(Miltenyi Biotec) and then pulsed with MBP, 54 (10 wg/ml) at 37°C for 2 h
following irradiation at 1200 rad. The pulsed APCs were cocultured with a
HD4-1C2 TCR Tg CD4™" T cell line in the presence of MBP;, 54 (122K) or
HA5y;_515- After 72 h of incubation, proliferation was measured by tritiated
thymidine incorporation according to standard methods.

Immunohistology

Immunohistochemical analysis was performed on frozen sections that were
fixed with acetone, rehydrated in PBS, and incubated with 0.3% H,O, for
10 min to eliminate endogenous peroxidase. Sections were incubated with
Abs against MTS10 (BD Pharmingen), CD205 (Serotec), HLA-DR«a (BD
Pharmingen), or a mouse IgG2a isotype control Ab (BD Pharmingen) for
1 h at room temperature, and biotinylated secondary Ab was applied after
washing. Sections were treated with streptavidin-HRP and stained with
diaminobenzidine chromogen and counterstained for analysis.

Cytotoxicity assay

Cytotoxicity was quantified by a time-resolved fluorometric assay. Murine
B lymphoma cells coexpressing the HLA-DRB1¥0401 and HLA-
DRA1*0101 genes were used as target cells. The target cells were pulsed
with peptides (MBP,,,_,,o or HA;y;_3,0) at 10 ug/ml, for 1 h at 37°C,
washed twice in CTL assay medium and then added to CD4" Tg and
CD8™" Tg effector cells. Supernatants were harvested from each well after
4 h of incubation and added to wells containing Europium solution in 0.3
M acetic acid (pH 4). The fluorescence of the Europium-TDA chelates
formed was quantified in a time-resolved fluorometer (DELFIA 1234; Wal-
lac) as previously described (21).

Statistical analyses

Statistical analyses were performed with the Student ¢ test using GraphPad
Prism software. A value of p < 0.05 was considered statistically
significant.

Results
The HLA-DRB1*0401/HLA-DRA1*0101 transgene is expressed
in the thymus in a tissue-specific manner

Thymic expression of HLA-DR genes is crucial for development
of humanized TCR Tg T cells in the thymus of mice. The tissue-
specific expression of MHC class II transgenes is more tightly
regulated in the thymic epithelial cells compared with peripheral
lymphoid cells (22). Therefore, we first examined the expression
of chimeric class II Tg genes in the thymic cortex and medulla by
staining with anti-HLA-DR mAbs even though tissue-specific ex-
pression of the chimeric MHC class II genes had previously been
observed in the spleen (6). The humanized MHC class II gene was
expressed strongly on medullary epithelial cells and weakly on
cortical epithelial cells (Fig. 1B), similar to the thymic expression
of mouse MHC class II genes (23), indicating that the humanized
MHC class II Tg gene is expressed in a tissue-specific manner in
the mouse thymus.

Murine MBP,,, ;5o (122K) is an antagonist for the HD4-1C2
TCR and the development of HD4-1C2 TCR Tg T cells differs
between the thymus and periphery

HLA-DRB1#0401-restricted human MBP,, ,,, (122R)-specific
TCC MS2-3C8 proliferated in response to the murine MBP,,,_,q
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FIGURE 5. Murine MBP, | ,_,,4 (122K) exhibited antagonism for HD4-
1C2 TCR Tg T cells. CD11c* APCs isolated from HLA-DRB1*¥0401 Tg
mice were prepulsed with the agonist peptide, human MBP,_,,o (122R),
and then CD4* T cells isolated from HD4-1C2 TCR Tg mice (A) or CD4™
T cell line established from HD4-1C2 TCR/RAG1 KO Tg mice (B) were
stimulated with the prepulsed CD11c* APCs in the presence of different
concentrations of murine MBP,|,_;,5 (122K) (-@-) or HA;; 5,4 (-O-). *,
p < 0.05 compared with inhibition by HA5y;_5,5. Data shown are repre-
sentative of at least three independent experiments.

(122K) epitope (Fig. 2A). In contrast, HD4-1C2 TCC did not pro-
liferate in response to MBP,,, ,,, (122K) (Fig. 2B). Because
MBP at position 122 is a TCR contacting residue for HLA-
DRB1*#0401-restricted MBP, |, _,,o-specific T cells (13), we ex-
amined whether murine MBP,, ,,, (122K) possesses antago-
nist activity against the HD4-1C2 human TCC. As a control
peptide, we used HA,,, 5,9, Which binds strongly to HLA-
DRB1*#0401. MBP,,, .o (122K) inhibited proliferation of
HD4-1C2 TCC in response to human MBP,,, ,, (122R) and
the control peptide HA;,_5,, did not inhibit proliferation (Fig.
2C). This result indicates that murine MBP,, ,,4 (122K) was
an antagonist for the HD4-1C2 TCC.

Because MBP is expressed in the lymphoid organs (24), the
influence of the MBP,,, ,,, antagonist on the development of
MBP-TCR Tg T cells in the HD4-1C2 TCR Tg mice was exam-
ined. Thymic development of human TCR VB7.2" Tg T cells in
both the CD4™* and CD8™ T cell subsets in the HD4-1C2 TCR Tg
mice that do not express the HLA-DRB1#0401/HLA-DRA1#0401
genes was observed, whereas the results were skewed to the CD4™
T cell subset when HLA-DRA1*0101/HLA-DRB1*0401 genes
were expressed (Fig. 3) as expected. To eliminate the influence of
endogenous mouse TCR on the development of HD4-1C2 TCR Tg
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are representative of at least three independent experiments.

T cells, the HD4-1C2 TCR Tg mice were crossed with RAG1 KO
mice. HD4-1C2 TCR Tg/RAG1 KO CD4™ T cells were positively
selected in the thymus. However, their development was dramat-
ically reduced from 16.2% to 1.3% in the spleen (Fig. 4). These
results indicate that HD4-1C2 TCR Tg/RAG1 KO T cells can be
positively selected by MBP,,,_,,o (122K) associated with HLA-
DRB1#0401 in the thymus, whereas their development was inef-
ficient in the periphery.

We next examined whether MBP, ;, 5, (122K) was also an antago-
nist for HD4-1C2 TCR Tg T cells. As shown in Fig. 5, MBP,,, 5
(122K) inhibited the proliferation of the HD4-1C2 TCR Tg and HD4-
1C2 TCR Tg/RAGI KO T cells in response to MBP, | ,_,,4 (122R),
indicating that endogenous MBP,,, ;,4 (122K) epitope acted as
an antagonist for HD4-1C2 TCR Tg T cells.

MS2-3C8 TCR Tg T cells undergo negative selection in the
thymus

Thus far, we have shown that murine MBP,,,_ |, (122K) is an
agonist for MS2-3C8 TCR Tg T cells (Fig. 2A4). Therefore, we next
examined thymic and peripheral development of MS2-3C8 TCR
Tg T cells. In accordance with our previous report (12), develop-
ment of MS2-3C8 TCR Tg CD4™ T cells was reduced in the thy-
mus of MS2-3C8 TCR Tg/RAG1 KO mice, although the cells
were positively selected in the MS2-3C8 TCR Tg/RAG1 wild-type
mice (Fig. 6). This result suggests that expression of endogenous
mouse TCR can facilitate the development of MS2-3C8 TCR Tg T
cells in the thymus. The inefficient thymic development of Tg T
cells in the MS2-3C8 TCR Tg/RAG1 KO mice was possibly due
to negative selection or inefficient positive selection. To address
this question, we examined whether CD4"CD8" double positive
(DP) thymocytes can be signaled in the thymus for positive selec-

tion. Because expression of CD5 on CD4"CD8" thymocytes is
up-regulated when they recognize thymic Ags (25, 26), we exam-
ined CD5 expression on CD4"CD8* DP Tg T cells to assess
whether the DP Tg T cells could recognize an Ag in the thymus of
MS2-3C8 TCR Tg/RAG1 KO mice. In HLA-DRB1*0401 Tg
mice, CD5 expression was up-regulated in a certain population of

-@- Vs2-3C8/Rag-1""* without IL2
257 O~ Ms2-3C8/Rag-1"* with IL2
- MS2-3C8/Rag-1-/- without IL2
—/~ MS2-3C8/Rag-1-- with IL2

204

Proliferation (cpm x 10-3)
3

b 0.606 0_‘03 0.16 0.8 4 2‘0 160
MBP111-129 (122R) (ng/ml)

FIGURE 7. MS2-3C8 TCR Tg T cells that escape negative selection are
not rendered anergic. Spleen cells isolated from the MS2-3C8 TCR/HLA-
DRB1*0401/RAG1 wild-type mice and MS2-3C8 TCR/HLA-DRB1*0401/
RAGI1 KO mice were cultured with MBP,;,_;,9 (122R) (10 pg/ml) in the
absence or presence of IL-2 (10 ng/ml) for 3 days. The proliferation of
cultured cells was analyzed by incorporation of [*H]thymidine. Data
shown are representative of two independent experiments.
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FIGURE 8. Allelic inclusion of mouse MS2-3C8 TCR-
TCR-« genes in the humanized TCR Tg - * -
mice. Spleen cells isolated from HLA- ey HLADRB1 0401 , 43 0.6

DRB1*0401 Tg mice, MS2-3C8 TCR/
HLA-DRB1*0401 Tg mice, and HD4-
1C2 TCR/HLA-DRB1#0401 Tg mice
were analyzed by four-color staining us-
ing anti-CD4 Alexa Fluor 647, anti-CD8
PE-Cy7, anti-human TCR V2.1 PE, anti-
mouse TCR Va2-FITC, anti-mouse
TCR Va8-FITC, and anti-mouse TCR
VB8-FITC. The CD4" and CD8™ T cell
population was gated for analysis of the
expression of human TCR V2.1 and
mouse TCR VB8 or mouse TCR Va2
and TCR Va8. FACS plots are represen-
tative of at least three independent
experiments.

CD8

Human Vg 2.1
‘-‘&:ﬁ %

(2]

[--]
Human VB 2.1

Mouse VB8 Mouse Va2 +Va8

HD4-1C2 TCR-
HLA-DRB1*0401

DP T cells (Fig. 6, upper plots) as observed in conventional mice
(22). In accordance with the positive selection of Tg T cells in the
MS2-3C8 TCR Tg mice, CD5 expression on DP Tg T cells was
up-regulated (Fig. 6, middle plots). Similarly, CD5 expression on
the DP T cells was up-regulated in the MS2-3C8 TCR Tg/RAGI1
KO mice (Fig. 6, lower plots). These data suggest that DP thymo-
cytes were signaled in vivo by intrathymic ligands, indicating that
the inefficient development of MBP-TCR Tg CD4 ™ T cells in the
MS2-3C8 TCR Tg/RAG1 KO mice is most likely due to negative
selection. This thymic-negative selection was suppressed by ex-
pression of endogenous TCR.

MS2-3C8 TCR Tg T cells that survive thymic-negative selection
are not rendered anergic

Although CD4™" T cells were deleted in the thymus of the MS2-
3C8 TCR Tg/RAG1 KO mice, the thymic deletion was incom-
plete. MS2-3C8 TCR Tg CD4™ T cells still developed in the
spleen of the MS2-3C8 TCR Tg/RAG1 KO mice (Fig. 6). We
examined whether the Tg T cells that escape from thymic-negative

Human V7.2
Human Vp7.2

Mouse V(8

Mouse Va2 + Va8

selection undergo anergy (an unresponsive stage). Spleen cells iso-
lated from the MS2-3C8 TCR Tg/RAG1 KO mice were cultured
with MBP,,, 59 (122R). As a control, spleen cells isolated from
the MS2-3C8 TCR Tg mice were used for this proliferation assay.
Because clonal anergy can be reversed by addition of IL-2 (27,
28), these spleen cells were cultured with MBP,,,_,,, in the pres-
ence or absence of IL-2. We observed that spleen cells isolated
from the MS2-3C8 TCR Tg/RAG1 KO mice proliferated in re-
sponse to MBP,,,_,,, without exogenous IL-2 and their response
was more efficient than those isolated from the MS2-3C8 TCR Tg
mice (Fig. 7). These results indicate that MS2-3C8 TCR Tg/RAGI
KO T cells that escaped the thymic-negative selection were not
rendered anergic.

Expression of MS2-3C8 TCR transgenes induces allelic
inclusion and exclusion of endogenous TCR a- and B-chains,
respectively

Because allelic exclusion is very strict at the TCR-f locus, the
majority of T cells express a single TCR B-chain. In contrast, the
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HD4-1C2 TCR Tg T cells

102

FIGURE 9. Expression of endoge-
nous mouse TCR-a in the MBP o~
specific human TCR Tg T cells. Spleen
cells isolated from the MS2-3C8 TCR/
HLA-DRB1#0401,HD4-1C2TCR/HLA-

Rag-1KO 0

10°—

DRB1*0401, MS2-3C8 TCR/HLA-

DRB1*0401/RAG1 KO, and HD4-
1C2 TCR/HLA-DRB1*#0401/RAG1 KO
mice were cultured with MBP,,,_;, (10
ug/ml) for 4 days and further cultured
with IL-2 (10 ng/ml) for 10 days. The 10e
growing cells were stained with anti- Rag-1 Wild type
human TCR V2.1 and anti-mouse

TCR Va2 and Va8 Abs. Data shown

are representative of two independent

experiments.

Human TCR Vp2.1

Mouse TCR Va2 + Va8

TCR-a locus allelic exclusion is extremely inefficient. Thus, dual
TCR-« chains are expressed on mouse and human T cells (14, 15).
We examined how the expression of human MS2-3C8 TCR trans-
genes affects the expression of endogenous mouse TCR «- and
B-chains. Because TCR Va2, Va8, and V38 were the major T cell
subsets in HLA-DRB1*0401 Tg mice (Fig. 8, upper plots) (6), we
examined the influence of MS2-3C8 TCR transgene expression on
these T cell subsets. As shown in Fig. 8 (middle plots), expression
of mouse TCR VB8 was exclusively inhibited in the MS2-3C8
TCR Tg T cells (human TCR VB2.1-positive cells), although it
was detected in non-TCR Tg T cells (human TCR V[32.1-negative
cells). In contrast, allelic exclusion was not observed in TCR
a-chain as expression of mouse TCR Va2 and Va8 were detected
in human VB2.1-positive cells in the MS2-3C8 TCR Tg mice (Fig.
8, middle plots). Similar results were observed in HD4-1C2 TCR
Tg mice (Fig. 8, lower plots). Expression of mouse TCR Va2 and
Va8 were detected in human VB7.2-positive cells. We next gen-
erated MBP,,_,,o-specific T cell lines from the MS2-3C8 TCR
Tg, HD4-1C2 TCR Tg, MS2-3C8 TCR Tg/RAG1 KO, and HD4-
1C2 TCR Tg/RAG1 KO mice by stimulation with MBP,,, ;5
(122R) and then examined the expression of endogenous mouse
TCR-a on these Tg T cell lines. As shown in Fig. 9, expression of
mouse TCR Va2 and Va8 were detected on the MS2-3C8 TCR
and HD4-1C2 TCR Tg T cell line but not in the MS2-3C8 TCR
Tg/RAG1 KO and HD4-1C2 TCR/RAG1 KO T cell lines. These
data suggest that, similar to the mouse TCR transgene (29), ex-
pression of human TCR transgenes induces allelic inclusion and
exclusion of the TCR-a and - locus, respectively. Thus, these
humanized TCR Tg T cells express dual TCR that is composed of
human TCR o/f heterodimer and mouse TCR-a/human TCR-f
heterodimer.

Dual TCR expression promotes the development of
MHC-mismatched CD8" T cells in the periphery of
MS2-3C8 TCR/HLA-DRBI1*0401 Tg mice

We have shown that MS2-3C8 TCR Tg CD8™ T cells still develop
in the MS2-3C8 TCR/HLA-DRB1#0401Tg mice (3.6% of whole
spleen cells), although the population was skewed to the CD4* T

3 103
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>
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Mouse TCR Va2 + Va8

cell subset (Fig. 6). Therefore, we examined whether MS2-3C8
TCR Tg CD8™" T cells can proliferate in response to MBP,,; ,o.
As a control, MS2-3C8 TCR Tg CD4™" T cells were used. In this
proliferation assay, both naive MS2-3C8 TCR Tg CD4" and Tg
CD8™ T cells proliferated in response to MBP,;_;,o (Fig. 10A).

We next examined whether the CD8™ Tg T cells possess cytotoxic
activity. B lymphoma cells expressing the HLA-DRB1*0401/HLA-
DRA1#0101 transgenes were pulsed with MBP,,, ,,, (122R) or
HA,y; 5,0 and these peptide-pulsed cells were used as target cells.
The MS2-3C8 TCR Tg CD8™" T cells killed the B lymphoma cells
pulsed with MBP, |, ,,4 (122R), but they did not kill the B lymphoma
cells pulsed with HA5y; 5,0 (Fig. 10B). These results indicate that
MS2-3C8 TCR Tg CD8™ T cells possessed cytotoxic activity and this
activity was mediated through recognition of MBP,,, ;4 (122R) as-
sociated with HLA-DRB1*0401.

To examine the restriction element of the MS2-3C8 TCR Tg
CD8™" T cells, CD4" and CD8™ T cells isolated from the MS2-3C8
TCR/HLA-DRB1*#0401 Tg mice were cultured with MBP,,, ;5
(122R), using spleen cells isolated from the HLA-DRB1*0401 or
HLA-DRB1%#0404 Tg mice as APCs. HLA-DRB1*0404 is another
subtype of the HLA-DR4 allele and its Ag-binding motif is dif-
ferent from that of HLA-DRB1#0401 molecules (30). Both MS2-
3C8 TCR Tg CD4" and Tg CD8™ T cells proliferated in response
to MBP,,,_;,o (122R) when HLA-DRB1*0401 Tg spleen cells
were used as APCs, but neither proliferated when HLA-DRB1*
0404 Tg spleen cells were used (Fig. 10C). Thus, both MS2-3C8
TCR Tg CD4" and Tg CD8" T cells proliferated in response to
MBP,,, 1o (122R) in a HLA-DRBI1#0401-restricted manner.
These data indicate that MHC-mismatched CD8™ T cells devel-
oped in the MS2-3C8 TCR Tg mice.

We examined whether the HLA-DRB1#0401 transgene was re-
quired for thymic-positive selection of MS2-3C8 TCR Tg CD8* T
cells. In the thymus and spleen of the MS2-3C8 TCR Tg mice that
do not express the HLA-DRB1*0401 gene, we observed that
MBP,,, ;1,0 TCR Tg CD8™ T cells still develop but CD4™" T cells
do not (Fig. 11). This result indicates that HLA-DRB1#0401 was
not required for thymic selection of the MS2-3C8 TCR Tg CD8™"
T cells. To eliminate the influence of endogenous TCR expression
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FIGURE 10. Development of HLA-DRB1*0401-restricted CD8" Tg T
cells in MS2-3C8 TCR Tg mice. A, CD8" Tg T cells proliferate in re-
sponse to MBP,,, ,o. CD8" and CD4" T spleen cells isolated from the
MS2-3C8 TCR/HLA-DRB1#0401 Tg mice were cultured with MBP,,,_,,,
(122R) and irradiated HLA-DRB1#0401 Tg spleen cells. B, Cytotoxic ac-
tivity of MS2-3C8 TCR Tg CD4™" and CD8™ T cells. Murine B lymphoma
cells coexpressing the HLA-DRB1#0401 and HLA-DRA1*0101 genes
were pulsed with MBP,,,_,,o (122R) or HA5; 3,9, and the cytotoxic ac-
tivity of the MS2-3C8 TCR Tg CD4* and CD8" T cells against these
pulsed cells was measured. 3%, p < 0.001 compared with CD8 Tg T
cells/HA3y;_39. C, The restriction element of CD4 " and CD8" Tg T cells
is HLA-DRB1#0401. CD4" and CD8" Tg T cell lines established from
MS2-3C8 TCR/HLA-DRB1#0401 Tg mice were stimulated with
MBP,,,_20 (122R) by using HLA-DRB1%0401 (-@-) and HLA-DRB1*
0404 (-O-) Tg spleen cells as APCs. **, p < 0.01 and %, p < 0.001
compared with HLA-DRB1*0404 APC. Data shown are representative of
at least three independent experiments.
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on the development of MS2-3C8 TCR Tg CD8™ T cells, we ex-
amined the development of CD8" Tg T cells in the MS2-3C8
TCR/HLA-DRB1#0401/RAG1 KO mice. Although we observed
the development of CD8" Tg T cells in the thymus, their devel-
opment was not detectable in the periphery (Fig. 6). Costaining
with anti-CD4 and anti-CD8 mAbs indicated that CD4-negative
Tg T cells developing in the MS2-3C8 TCR/HLA-DRB1#0401/
RAG1 KO mice was CD4"CD8" Tg T cells (data not shown).
This result indicates that dual TCR expression was crucial for the
development of MS2-3C8 TCR Tg CD8™ T cells in the periphery.

Discussion

Development of CD4* T cells is determined by the interaction of
their TCRs with the cognate Ags associated with HLA-DR ex-
pressed in the thymus and peripheral lymphoid organs. MBP is a
putative autoantigen involved in the development of MS. Golli-
MBP and classical MBP are expressed in the lymphoid organs
including the thymus, spleen, and lymph nodes in addition to the
CNS (24, 31). Thus, MBP-specific T cells could be deleted in the
thymus or rendered anergic in the periphery. Nevertheless, MBP-
specific T cells are detected in the periphery in humans and ani-
mals. To investigate the mechanism of development of MBP-spe-
cific T cells, MBP-TCR Tg mice have been generated (32, 33). In
B10PL mice, low avidity TCR Tg T cells for MBP Ac1-12 asso-
ciated with [-A" escape thymic-negative selection and are not ren-
dered anergic in the periphery (33). In contrast, high avidity Tg T
cells specific for MBP,,, ,5,/I-A" were partially deleted in the
thymus and rendered less responsive in the periphery (34). These
results suggest that the development of MBP-specific T cells is
dependent on the avidity of TCR to the MBP Ag associated with
MHC class II. In humans expressing the HLA-DRB1#0401 hap-
lotype, MBP, ,_,5o is an immunodominant epitope and its binding
affinity to HLA-DRB1*0401 is weak (13, 35). To investigate the
development of HLA-DRB1#0401-restricted MBP, | ,_,,o-specific
human TCR Tg T cells, we generated humanized Tg mice coex-
pressing HLA-DRB1*0401 and MBP,,,_,,o-specific human TCR
genes. Although a previously described humanized TCR animal
model has been made that expresses human CD4 and whole human
MHC class II genes (23), this animal model cannot be used for the
study of thymic selection of human TCR Tg T cells due to the
expression of the human CD4 transgene. We crossed human-
mouse chimeric TCR Tg mice with human-mouse chimeric MHC
class II Tg mice. In the resultant Tg mouse, thymic and peripheral
development of CD4™" T cells is determined by the interaction of
human TCRs with the Ag associated with HLA-DR molecules
because mouse CD4 can associate with the chimeric MHC class II.
Thus, these humanized MHC class II/TCR mice can allow us to
investigate thymic and peripheral development of human TCR Tg
T cells.

We observed a skewing of Tg T cells into the CD4" T cell
subset when HD4-1C2 TCR Tg mice were crossed with HLA-
DRB1#0401 Tg mice. To examine the influence of endogenous
mouse TCRs on the development of Tg T cells, we crossed these
Tg mice to RAG1 KO mice. We found that MBP,,, 5, (122K)
associated with HLA-DRB1#0401 can facilitate thymic-positive
selection of HD4-1C2 TCR Tg/RAG1 KO T cells, but it cannot
facilitate their peripheral development. These data suggest that pe-
ripheral development of antagonist-specific T cells is stricter than
their thymic development. Antagonist signal may lead to failure in
homeostatic proliferation or survival of the HD4-1C2 TCR Tg T
cells in the periphery as suggested previously (36). However, we
show that expression of dual TCRs can facilitate the development
of HD4-1C2 TCR Tg T cells in the periphery. Because interaction
of TCR with cognate Ags associated with MHC class II facilitates
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development of CD4 ™" T cells in the periphery (37-41), dual TCRs
expressed on the HD4-1C2 TCR Tg T cells may interact with other
peripheral self-Ags and promote their development.

We also investigated thymic and peripheral development of
MBP,,,_,, agonist-specific human TCR Tg T cells. Despite pos-
itive thymic selection of MS2-3C8 TCR Tg/RAG1 wild-type T
cells, MS2-3C8 TCR Tg/RAG1 KO T cells are exclusively deleted
in the thymus. This thymic-negative selection may lead to ineffi-
cient development of MS2-3C8 TCR Tg/RAG1 KO T cells in the
periphery. Because HD4-1C2 TCR Tg/RAG1 KO T cells do not
undergo thymic-negative selection, signal through MS2-3C8 TCR
leads to the negative selection. However, endogenous mouse TCRs
prevents negative selection and facilitates the peripheral develop-
ment of MS2-3C8 TCR Tg T cells. The association of endogenous
TCR a-chains with human V32.1 Tg TCR could decrease the den-

VB2.1

v

sity of Tg TCR-o/ heterodimer and this reduction may allow
MS2-3C8 Tg T cells to escape thymic deletion. A similar obser-
vation was reported in serum protein C5 Tg mice (16, 26). Inter-
estingly, MS2-3C8 TCR Tg/RAG1 KO T cells that escape thymic-
negative selection are not rendered anergic, even though
autoreactive T cells that escape massive thymic-negative selection
tend to be rendered anergic (42, 43). Although Golli-MBP is ex-
pressed in the thymus and peripheral lymphoid tissues, it does not
encode MBP,,,_,,, (44). However, classical MBP, which encodes
MBP,,,_;29, is expressed in the lymphoid tissues as well as in the
CNS (24). Thus, classical MBP expressed in the thymus or re-
leased from the CNS could be involved in the thymic-negative
selection of MS2-3C8 TCR Tg T cells. However, expression of
classical MBP in the periphery may not be sufficient to induce
anergy in the MBP,,_,,o-specific T cells.
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Interestingly, we detected the development of HLA-DRB1*
0401-restricted MBP,,, ,,0 TCR Tg CD8™ T cells in the MS2-
3C8 TCR Tg mice. We therefore examined the involvement of
HLA-DRB1*0401 in the development of the CD8" Tg T cells in
the MS2-3C8 TCR Tg mice that do not express HLA-DRB1#0401
transgene. Although CD4" Tg T cells did not develop in the MS2-
3C8 TCR Tg mice that do not express HLA-DRB1*0401, CD8*
Tg T cells still developed in the thymus and periphery. These data
indicate that HLA-DRB1*0401-restricted CD8" Tg T cells were
not positively selected by HLA-DRB1*0401 and another MHC
restriction element is involved in the selection of MHC-mis-
matched CD8™ T cells. A similar phenomenon was observed pre-
viously in certain MHC class II-restricted CD8" Tg T cells (27—
29). Importantly, we could not detect CD8* Tg T cells in the
periphery of the MS2-3C8 TCR Tg/RAGI KO mice, although we
detected CD4" and CD4 CD8~ Tg T cells. Thus, dual TCR ex-
pression can facilitate the development of MHC class II-restricted
MS2-3C8 CD8* Tg T cells in the periphery. We also detected
MBP-TCR Tg CD8" T cells in HLA-DR2a-restricted MBPg;_oo-
specific human TCR (3A6) Tg mice (our unpublished observa-
tion). Interestingly, 3A6 TCR Tg CD8™" T cells do not proliferate
in response to MBPg; o4 (our unpublished observation). Thus, the
proliferative capacity of MHC class Il-restricted CD8* T cells
may be dependent on their antigenic epitope and restriction ele-
ments. Although MHC class II-restricted cytotoxic CD8™ T cells
develop in normal mice (45, 46), their immunologic role is still
unknown. We are currently investigating a regulatory activity of
the MS2-3C8 TCR Tg CD8™" T cells.

Because allelic exclusion is incomplete in TCR-« chains (29),
two TCR a-chains are expressed together with single TCR 3-chain
and 10-25% of T cells express dual TCRs in humans and mice
(14, 47). This allelic inclusion of TCR-« can be induced by inter-
action of primary TCR with thymic and peripheral Ags followed
by TCR internalization and activation of RAG1 and RAG2 (18).
Similarly, expression of rearranged human Tg TCR-S3 gene in-
duces allelic exclusion of mouse TCR-3 gene, whereas the rear-
ranged human Tg TCR-a gene cannot affect allelic exclusion of
mouse TCR-a gene. These data suggest that allelic exclusion by
TCR-f gene can be inducible by xenotypic TCR-f3 gene.

To our knowledge, this analysis is the first precise study of
thymic and peripheral development of MBP-specific human TCR
Tg T cells in humanized TCR/MHC class II Tg mice. Our data
suggest that development of MBP antagonist-specific CD4™ T
cells and MBP-specific MHC-mismatched CD8™ T cells are inef-
ficient in the periphery, but dual TCR expression can facilitate
their development.
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