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involved in the first step of the immunopathogenesis of HAM/TSP. In addition, our data
strongly suggest that the resistance to apoptotic signals of the peripheral blood CD4™ T cells,
including HTLV-I-infected cells of HAM/TSP patients, contributes to the maintenance of long-
standing chronic inflammation in the spinal cords of HAM/TSP patients.

However, how activation of Th] is induced in the peripheral blood HTLV-I-infected cells
of HAM/TSP patients? How high HTLV-I proviral load is induced in the peripheral blood of
HAM/TSP patients? Although we proposed that activation of the p38 -MAPK signaling
pathway - functions as one of the mechanisms to induce both abnormalities in HAM/TSP
patients, the exact mechanisms of how these abnormalities are induced in the peripheral blood
of HAM/TSP patients remain unresolved. Since the discovery of HAM/TSP, over 20 years
have passed. During that period, numerous findings have been reported in the research field of
HAM/TSP [4, 113, 114]. Unfortunately, these findings have not translated into an optimal
therapeutic strategy against HAM/TSP. A therapeutic strategy that manages to decrease or
delete HTLV-I-infected cells seems to be critical. Therefore, further investigations are needed
to clarify the exact mechanisms by which HTLV-I-infected Thl cells are increased in the
peripheral blood of HAM/TSP patients.
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MHC Class I-Like MILL Molecules Are
B,-Microglobulin-Associated, GPI-Anchored Glycoproteins
That Do Not Require TAP for Cell Surface Expression’

Mizuho Kajikawa,*" Tomohisa Baba,” Utano Tomaru,” Yutaka Watanabe,* Satoru Koganei,®
Sachiyo Tsuji-Kawahara," Naoki Matsumoto,* Kazue Yamamoto,® Masaaki Miyazawa,"
Katsumi Maenaka,’ Akihiro Ishizu,”! and Masanori Kasahara®+*

MILL (MHC class I-like located near the Jeukocyte receptor complex) is a family of MHC class I-like molecules encoded outside
the MHC, which displays the highest sequence similarity to human MICA/B molecules among known class I molecules. In the
present study, we show that the two members of the mouse MILL family, MILL1 and MILL2, are GPI-anchored glycoproteins
associated with f,-microglobulin (3,m) and that cell surface expression of MILL1 or MILL2 does not require functional TAP
molecules. MILL1 and MILL2 molecules expressed in bacteria could be refolded in the presence of B,m, without adding any
peptides. Hence, neither MILL1 nor MILL?2 is likely to be involved in the presentation of peptides. Immunohistochemical analysis
revealed that MILL1 is expressed in a subpopulation of thymic medullary epithelial cells and a restricted region of inner root
sheaths in hair follicles. The present study provides additional evidence that MILL is a class I family distinct from MICA/B. The

Journal of Immunology, 2006, 177: 3108-3115.

Jassical MHC class T molecules, also known as class Ia,

are heterodimeric glycoproteins made up of a transmem-

brane-type H chain and B,-microglobulin (8,m).> They
bind small peptides primarily derived from cytosolic proteins in a
groove comprised of the al and o2 domains and present them to
CD8™ T cells, thereby enabling the immune system to destroy
abnormal cells that synthesize viral or other foreign proteins (1).
Class Ja molecules are almost ubiquitously expressed and their H
chains exhibit an extraordinary Jevel of polymorphism (2).

By contrast, class I molecules, collectively called nonclassical
class I or class Ib, are usually oligomorphic or monomorphic, and
do not necessarily bind peptides (3-5). Many class Ib molecules
have a more restricted tissue distribution than class Ia molecules.
Although the majority of class Ib molecules form complexes with
B.m, MICA/B (MHC class I-related chains A and B) (6), zinc-
«2-glycoprotein (7), the endothelial protein C receptor (8), and the
RAE-1 (retinoic acid early inducible-1) family of class Ib mole-
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cules (9) are not associated with B.m. Furthermore, a significant
proportion of class Ib genes (the genes coding for the H chains of
class Ib molecules) are located outside the MHC region (5). Ac-
cumulated evidence indicates that class Ib molecules have diverse
functions ranging from specialized Ag presentation (10~12) to the
activation of NK cells (13, 14), transport of IgG (15), pheromone
detection (16, 17), and lipid mobilization and catabolism (18).

Recently, we identified a new family of class Ib genes desig-
nated Mill (MHC class I-like located near the Jeukocyte receptor
complex) in mice (19) and rats (20). The two members of the Mill
family, Milll and Mill2, are located close to the leukocyte receptor
complex, thus outside the MHC. Mill/ and Mill2 show only lim-
ited levels of polymorphism and are transcribed at Jow levels in
most adult tissues. RT-PCR analysis showed that Mill] is tran-
scribed in selected tissues such as neonatal thymus and skin
whereas Mill2 is transcribed more ubiquitously at low levels. Pre-
dicted MILL1I and MILL2 molecules are glycoproteins with three
extracellular domains («] to &3), but their al and o2 domains lack
many of the residues essential for the docking of peptides, sug-
gesting that MILL molecules do not bind peptides. Phylogeneti-
cally, MILL1 and MILL2 are most closely related to MICA/B
among known class I molecules. Because rodents lack the MI-
CA/B family and conversely; humans do not have the MILL fam-
ily, we suggested previously that MILL might be a functional sub-
stitute for MICA/B (19).

In the present study, we show that MILL1 and MILL2 are GPI-
anchored glycoproteins associated with 8,m. Consistent with the
absence of critical residues required for the docking of peptides
(19), cell surface expression of MILLI and MILL2 did not require
TAP molecules. Immunohistochemical analysis revealed that
MILLI1 is expressed in a subpopulation of thymic medullary epi-
thelial cells and a restricted region of inner root sheaths in hair
follicles. The ability to form complexes with B.m, anchorage to
the membrane by GPI, and unique expression patterns all provide
further evidence that MILL is a class I family distinct from
MICA/B.

0022-1767/06/$02.00
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Materials and Methods
Cell lines and Abs

The mouse T Jymphoma cell line RMA (H2°-positive) and its TAP2-de-
ficient mutant RMA-S (H2P-negative) (21) were obtained from Dr. Kérre
(Karolinska Institute, Stockholm, Sweden). Cells were maintained in RPMI
1640 medium (Invitrogen) supplemented with 10% (v/v) heat-inactivated
FBS at 37°C and 5% CO,.

Anti-FLAG mAb M2 (F3165) was purchased from Sigma-Aldrich. Goat
polyclonal Ab to mouse f3,m (sc-8361) was purchased from Santa Cruz
Biotechnology. Anti-human pan-cytokeratin mAb AE1/AE3 (M1590) and
anti-human hair shaft cytokeratin mAb AEI3 (ab16113) were purchased
from DakoCytomation and Abcam, respectively. Mouse anti-H2-K® mAb
(clone AF6-88.5) and anti-CD45 mAb (clone 30-F11) were from BD
Pharmingen. The Abs used as secondary reagents were as follows: FITC-
labeled goat anti-mouse IgG, F(ab'), fragment (IMO819; Beckman
Coulter), FITC-labeled swine anti-rabbit Ig, F(ab’), fragment (F0054; Da-
koCytomation), HRP-conjugated sheep anti-mouse IgG (NA931; Amer-
sham Biosciences), HRP-conjugated donkey anti-rabbit 1gG (NA934; Am-
ersham Biosciences), HRP-conjugated donkey anti-goat 1gG (sc-2056;
Santa Cruz Biotechnology), Alexa Fluor 594-conjugated goat anti-rabbit
1gG (A11072; Molecular Probes), and Alexa Fluor 488-conjugated goat
anti-mouse 1gG (A11001; Molecular Probes). Isotype-matched mouse
1gGl Ab (PP100) and pooled normal rabbit serum (CL1000) were pur-
chased from Chemicon International Inc. and Cedarlane Laboratory Lid,,
respectively.

Production of polyclonal Ab against mouse MILL molecules

The al-a3 domains of MILL1 and MILL2 with 6 X His tags at their N
termini were expressed in Escherichia coli strain M15 using the pQE30
expression vector following the instructions of the manufacturer (Qiagen).
Briefly, the DNA fragments encoding the al-o3 domains of mouse MILL
molecules were amplified by PCR using the BALB/c-derived Mill plasmid
cDNA (19) as templates. The primer sequences were 5-TTGCGAGCTC
CACACTCTGCGCTATGACCT-3" (with a Sacl site at its 5'-end) and
5'-CCCAAGCTTATATTGTGGTTGCCGTGCTT-3' (with a HindIIl site
at its 5'-end) for MILL1 and 5'-GTGGATCCACCCACACTCTGCGC
TATAA-3' (with a BamHI site at its 5'-end) and 5'-CCCAAGCTTCATC
CTGACTGTCCTCAGCA-3' (with a HindIl site at its 5'-end) for MILL2,
PCR products digested with Sacl/HindIll for MILL1 and BamHV/HindllX
for MILL2 were ligated into Sacl/Hindll- and BamHI/Hindlll-digested
pQE30, respectively. After transformation into M15, recombinant proteins
were induced by adding isopropyl-1-thio-B-D-galactopyranoside to a final
concentration of 1 mM. E. coli cells were harvested and lysed in buffer B
(100 mM NaH,PO,, 10 mM Tris-HCl, 6 M guanidine hydrochloride, pH
8.0), and lysates were centrifuged at 10,000 X g for 20 min at room tem-
perature. Ni-NTA acid resins were added to supernatants and mixed gently
by shaking. Resin-lysate mixtures were loaded into an empty column and
washed twice with buffer C (100 mM NaH,PO,, 10 mM Tris-HCl, 6 M
guanidine hydrochloride, pH 5.9). Recombinant proteins were eluted by
buffer D (100 mM NaH,PO,, 10 mM Tris-HC], 6 M guanidine hydrochlo-
ride, pH 4.5), separated by preparative SDS-PAGE, eluted and concen-
trated. Pwrified recombinant proteins (200 ug per rabbit) were mixed with
CFA and injected into rabbits. After 2, 4, and 6 wk, the animals were
boosted with the same amount of recombinant proteins mixed with IFA.
Whole bloods were collected and antisera prepared 1 wk after the last
boost.

Construction of mammalian expression plasmids

Mouse MILL molecules have an insertion of amino acids between the
leader peptide and the ol domain (19). The coding regions of mouse
MILL1 and MILL?2 excluding this inserted sequence and the Jeader peptide
were obtained by PCR using the Mill plasmid cDNA (19) as templates. The
primer sequences were 5'-CCAAGCTTGAACCCCACACTCTGCGC
TA-3" (with a HindIll site at its 5'-end) and 5'-GTGGATCCCTACCAA
CACTGTAGAAAAGAGC-3' (with a BamHI site at its 5'-end) for MILL!
and 5'-CCAAGCTTACCCACACTCTGCGCTATAA-3' (with a Hindlll
site at its 5’-end) and 5'-GTGGATCCTCAGTTGGCTCTGGCCAGTG-3'
(with a BamHI site at its 5'-end) for MILL2. After digestion with Hindlll/
BamH], the PCR products were ligated to the Hindll/BamHl-digested
pFLAG-CMV-3 expression vector carrying a preprotrypsin leader se-
quence (Sigma-Aldrich). These constructs, designated MILLI1-pFLAG-
CMV-3 and MILL2-pFLAG-CMV-3, respectively, enabled the expression
of MILL molecules with an N-terminal FLAG tag. In all cases, the integrity
of expression constructs was verified by sequencing. DNA for transfection
was isolated with the plasmid purification kit purchased from Qiagen.
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Establishment of stable transfectants

To establish stable cell lines expressing MILL molecules, RMA and
RMA-S cells were transfected with linearized MILLI-pFLAG-CMV-3 or
MILL2-pFLAG-CMYV-3 plasmids by electroporation at 250 V, 950 uF
with Gene Pulser 11 according to the instructions of the manufacturer (Bio-
Rad). Neomycin-resistant cells were selected by treatment with G418 (600
and 800 pg/ml for RMA and RMA-S, respectively) and clones exhibiting
high levels of MILL expression were expanded; expression of MILL pro-
teins was monitored by flow cytometry and immunoblotting with anti-
FLAG and anti-MILL Abs.

Flow cytometric analysis

For cell surface staining, single cell suspensions (1 X 10° cells) were
washed with ice-cold PBS (pH 7.4) and incubated in JOO ul of PBS (pH
7.4) containing 0.1% NaN, with 1 g of mAb or isotype controls for 30
min on ice. After washing with ice-cold PBS (pH 7.4), cells were incubated
in 100 wl of PBS (pH 7.4) containing 0.1% NaN, with the FITC-conju-
gated F(ab") fragment of goat anti-mouse IgG or F(ab"), fragment of swine
anti-rabbit Ig (1:200 dilution). Subsequently, cells were washed with ice-
cold PBS (pH 7.4) and analyzed by EPICS ALTRA (Beckman Coulter).
Data were analyzed with EXPO32 software (Beckman Coulter).

Immunoprecipitation and glycosidase digestion

For purification of FLAG-tagged MILL proteins, RMA-MILL1 and RMA-
MILL2 stable transfectants (1 X 10°® cells) were solubilized by | ml of
ice-cold lysis buffer (50 mM Tris-HCl, 1 mM EDTA, 150 mM NaCl, 1%
Triton X-100, 0.2 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride, 20 pM
leupeptin, 1 uM pepstatin, pH 7.5). After incubation for 30 min at 4°C, cell
lysates were centrifuged at 13,000 X g for 10 min at 4°C to remove cell
nuclei and insoluble proteins. Cleared lysates were incubated with protein
G-Sepharose beads (Amersham Biosciences) at 4°C for 1 h. Supernatants
were incubated with anti-FLAG mAb-coupled protein G-Sepharose beads
at 4°C for | h. After washing 4 times with lysis buffer, immunoprecipitated
proteins were eluted by 0.1 M glycine-HCI (pH 3.0), and immediately
neutralized by adding 0.1 M Tris-HCI (pH 9.0). Eluted proteins were de-
natured and treated with 500 U/pl peptide:N-glycosidase F (PNGase F;
New England Biolabs) at 37°C for 18 h. -

Immunoblotting

To detect MILL proteins and B,m, samples were incubated in 1 X SDS
sample buffer at 95°C for 10 min. Denatured proteins were separated on
12% SDS-PAGE and transferred to Hybond-P polyvinylidene difluoride
membranes (Amersham Biosciences) using a semidry blotter (Bio-Rad) at
15 V for 45 min. The blotted membranes were incubated with 5% skim
milk or 3% BSA in PBS (pH 7.4) containing 0.1% Tween 20 (PBST) at
room temperature for 60 min and then incubated with 1/500 diluted anti-
sera or 1 wg/ml of Ab in PBST at room temperature for 60 min. After
washing twice with PBST, the membranes were incubated with 1/25,000
diluted HRP-conjugated anti-mouse, rabbit or goat IgG Abs. After washing
three times with PBST, positive bands were visualized using the ECL-Plus
(Amersham Biosciences) or the Super Signal West Dura detection system
{Pierce).

Phosphatidylinositol-specific phospholipase C (PI-PLC)
treatment

RMA-MILL and RMA-S-MILL cells were washed with PBS (pH 7.4) and
treated with 1 U/ml PI-PLC (Sigma-Aldrich) in PBS (pH 7.4) at 37°C for
1 h. Subsequently, cells were washed with ice-cold PBS (pH 7.4) and used
for flow cytometric analysis.

Coimmunoprecipitation of cell surface MILL molecules

Cell swiface MILL proteins expressed on the RMA-MILL stable transfec-
tants were purified by PI-PLC treatment and immunoprecipitation with
anti-FLAG Ab-coupled protein G-Sepharose beads. Immunoprecipitates
were subjected to immunoblotting using anti-FLAG and anti-mouse
Bom Ab.

Refolding of bacterially expressed MILL ectodomains

c¢DNA encoding the ectodomains of MILL1 and MILL2 were amplified by
PCR using the Mill plasmid cDNA (19) as templales, Primers used were
5'-CATTAATGGACAACCAAAGACTGGTG-3' (sense) and 5'-TCC
CCCGGGGGCAGCAGGTTCATTGATA-3 (antisense) for MILL], and
5'-CCATATGTCCAGCATCCAAGGAACC-3' (sense) and 5'-AAAAG
TACTGACAGCTGTCTGCATGATG-3' (antisense) for MILL2, These
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primers contained Asel, Smal, Ndel, or Scal restriction enzyme sites indi-
cated by underlines. The PCR-generated ¢cDNA fragments of MILL1 and
MILL2 were cloned into the bacterial expression vector pET3cN-bio,
which was designed to express a recombinant protein with an N-terminal
enzymatic biotinylation signal (22), to construct MILLI-pET3cNbio and
MILL2-pET3cNbio, respectively. Rosetta (DE3) strain of E. coli (Nova-
gen, Merck) was transformed with MILLI-pET3cNbio or MILL2-
pET3cNbio. Expression of soluble MILL1 or MILL2 was induced with 1
mM isopropyl-1-thio-3-D-galactopyranoside, and MILL proteins were re-
folded from the purified inclusion bodies by dilution as described previ-
ously (22). To examine effects of B,m on refolding, CS7TBL/G-derived B,m
(B,m®), similarly expressed in E. coli, was included in the refolding mix-
ture at the molar ratio of 1:2 (MILL/B,m). Refolded soluble MILL1 and
MILL2 proteins were purified by anjon-exchange column chromatography
and gel-filtration chromatography. In anion-exchange chromatography on a
UNO Q-6 column using 20 mM Tris-HCI buffer (pH 8.5) as a mobile
phase, soluble MILL1 or MILL2 refolded in the presence of ,m was
cluted in the approximately 250 mM CI™ fraction by a 0-500 mM NaCl
gradient. The gel-filtration column chromatography was performed on a
Superdex 75 10/30 column (Amersham Biosciences) equilibrated with 25
mM Tris-HC! buffer (pH 8.0) containing 150 mM NaCl at the flow rate of
0.5 ml/min. The column was calibrated with gel-filtration standards from
Bio-Rad.

Immunohistochemistry

For immunostaining, frozen sections prepared from 3-day-old, 10-day-old,
and 6-wk-old male BALB/c mice were fixed using cold acetone for 5 min,
washed with PBS, stained by the standard method (23), and then mounted
in fluorescent mounting medium (DakoCytomation). Immunofiuorescence
was detected using a fluorescence microscope (ECLIPSE E600; Nikon). To
evaluate the specificity of staining, the antiserum against MILLI was di-
luted 1/40 with PBS to a final volume of 1 ml and absorbed with 5 X 107
RMA-MILLI or RMA cells at 4°C overnight. The preabsorbed antiserum
was diluted 1/80 with PBS and used for immunostaining. All experiments
using animals have been reviewed and approved by the institutional review
committee of Hokkaido University Graduate School of Medicine.

Isolation of thymic stromal cells

Thymi were dissected from 4-wk-old C57BL/6 and B,m-deficient mice.
Breeding pairs of the B,m-deficient strain, B6.129P2-B2m™ V"] (stock
no. 002087), were purchased from The Jackson Laboratory, and their prog-
enies were produced at Kinki University School of Medicine. Thymic stro-
mal cells were enriched as described (24). Briefly, thymic fragments were
digested in RPMI 1640 medium containing collagenase D and DNase I
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(both obtained from Roche) at 37°C for 15 min. After repeating this pro-
cedure 3 times, cells were pooled and stained with mAb for CD45. CD45-
negative fractions containing stromal cells including thymic epithelial cells
were subjected to flow cytometric analysis.

Results

Establishment of stable cell lines expressing N-terminally
FLAG-tagged MILL molecules and generation of rabbit antisera
specific for MILL molecules

To facilitate biochemical analysis, we transfected FLAG-tagged
expression plasmids into the mouse T lymphoma cell line RMA
and established stable cell lines, RMA-MILLI and RMA-MILL2,
expressing N-terminally FLAG-tagged MILL1 and MILL2 mole-
cules, respectively (Fig. 14). Cell surface expression of MILLI
and MILL2 was confirmed by flow cytometry using the anti-FLAG
Ab as well as the rabbit antisera generated against bacterially ex-
pressed MILL1 and MILL2 molecules. The specificity of our rab-
bit antisera was further confirmed by Western blot analysis of
whole cell lysates (Fig. 1B). The anti-FLAG Ab detected two ma-
jor bands of 48 and 41 kDa in RMA-MILLI cells. The band of 4]
kDa was nonspecific because it was detected in untransfected
RMA cells. A major band of 48 kDa and a minor band of 44 kDa
were detected by the anti-MILLI, but not anti-MILL?2, antiserum
(Fig. 1B). In RMA-MILL2 lysates, the anti-FLAG Ab detected
bands of 43 and 41 kDa (Fig. 1B, top), which were also detected
with the anti-MILL2, but not anti-MILL], antiserum (Fig. | B, bot-
tom). Thus, the band of 41 kDa detected by the anti-FLAG Ab in
RMA-MILL2 cells presumably represents doublets containing
both specific and nonspecific signals. We also expressed MILLI
and MILL2 molecules on RMA cells using their endogenous sig-
nal peptides and performed cytometric analysis using the MILL-
specific rabbit antisera. We obtained staining patterns similar to
those shown in Fig. 1A (data not shown).

Deduced MILLI and MILL2 molecules have three potential N-
linked glycosylation sites, respectively (19). To examine glycosyl-
ation status, we isolated MILL molecules from the stable trans-
fectants by immunoprecipitation with the anti-FLAG Ab, removed
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FIGURE 1. MILL1 and MILL2 are cell surface glycoproteins with N-linked sugars. A, Untransfected RMA cells and the transfected cell lines, RMA-
MILL] and RMA-MILL2, which stably express MILL1 and MILL2, respectively, were incubated with anti-FLAG mAb and FITC-conjugated goat
anti-mouse 1gG, anti-MILLI antiserum (1/500 dilution) and FITC-]abeled swine anti-rabbit Ig, or anti-MILL2 antiserum (1/500 dilution) and FITC-labeled
swine anti-rabbit Ig (from the top to the bottom, shaded histograms). Negative control staining (open histograms) was obtained using an isotype-maiched
control Ab (top three panels) or normal rabbit serum (all other panels). Stained cells were analyzed by flow cytometry. B, Whole cell lysates of RMA-
MILL! and RMA-MILL2 were separated on 2% SDS-PAGE and subjected to immunoblouting using anti-FLAG mAbD (top), anti-MILL] antiserum
(middle), or anti-MILL2 antiserum (bottom). Signals were detected by HRP-conjugated secondary Ab and ECL-Plus reagents. Nonspecific bands are
indicated by asterisks, C, MILL1 and MILL2 proteins were immunoprecipitated with anti-FLAG mAb-coupled protein G-Sepbarose beads from RMA-
MILL1 and RMA-MILL2 cell lysates, respectively. After digestion with PNGase F at 37°C for 18 h, samples were separated on 12% SDS-PAGE and
subjected to immunoblotting. MILL] was detected by the rabbit anti-MILL1 antiserum and MILL2 by the rabbit anti-MILL2 antiserum. Signals were
detected by HRP-conjugated secondary Ab and ECL-Plus reagents.
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FIGURE 2. MILL]1 and MILL2 are GPl-anchored proteins. RMA-
MILL1 and RMA-MILL?2 cells (top and bottom, respectively) were incu-
bated with 1 U/m] PI-PLC (shaded histograms) or PBS (open histograms).
Subsequently, cells were stained with anti-H2-K® (left) or anti-FLAG
(right) mAb, An FITC-conjugated F(ab'), fragment of goat anti-mouse IgG
was used as a secondary Ab. Stained cells were analyzed by flow
cytometry.

N-linked glycans with PNGase F and performed immunoblot anal-
ysis with the MILL-specific antisera (Fig. 1C). We obtained two
bands of 44 and 48 kDa for non-treated MILLI, and a single band
of 38 kDa for PNGase F-treated MILLI (Fig. 1C, top). Similarly,
we obtained two bands of 41 and 43 kDa for non-treated MILL?2,
and a single band of 35 kDa for PNGase F-treated MILL2 (Fig.
1C, bottom). The expression constructs used for stable transfection
predicted M, of 39280.83 and 35013.86 for the protein moieties of
N-terminally flagged MILL] and MILL2 molecules, respectively.
Thus, the sizes of deglycosylated products agreed well with theo-
retical expectations. These results indicate that MILL1 and MILL2
are cell surface glycoproteins with N-linked sugars.

MILLI and MILL2 are GPl-anchored proteins

We initially assumed that MILL1 and MILL2 were transmembrane
proteins (19, 20). However, different prediction algorithms yielded
inconsistent results concerning the presence or absence of trans-
" membrane regions. Subsequent sequence analysis using the soft-
ware ‘big-PI Predictor’ (25) suggested that MILL] and MILL2
were likely GPI-anchored proteins. To examine this possibility,
RMA-MILL] and RMA-MILL2 cells were treated with PI-PLC,
stained with the anti-FLAG Ab and examined by flow cytometry.
In both RMA-MILL1 and RMA-MILL2 cells, cell surface staining
was reduced markedly by PI-PLC treatment (Fig. 2, right panel).
By contrast, cell surface staining with the H2-K® Ab was not af-
fected by similar treatment (Fig. 2, left panel), consistent with the
fact that H2-K® is an integral membrane protein. These results
indicate that MILL1 and MILL2 are GPI-anchored cell surface
proteins.

FIGURE 3. Cell surface expression of MILL mole- A

cules does not require functional TAP molecules. A, PR SRR TS

RMA-MILL1 and RMA-S-MILLI cells were cultured
at 25°C (open histograms) or 37°C (shaded histograms)
for 18 h. Cells were incubated with anti-H2-K® (left) or
anti-FLAG (right) and then treated with FITC-conju-
gated F(ab"), fragments of goat anti-mouse IgG. Stained
cells were analyzed by flow cytometry. B, RMA-MILL2
and RMA-S-MILL2 cells were treated in the same man-
ner as in A, and cell surface expression of MILL2 was
monitored by flow cytometry.

RMA-MILL1

cell number

RMA-S-MILL1

3111

Cell surface expression of MILL molecules is TAP-independent

RMA-S is a variant derived from RMA cells (21) that lacks func-
tional TAP molecules because of a defective TAP2 subunit (26,
27). At 37°C, classical class I molecules are barely expressed on
the surface of RMA-S cells because empty class I molecules (class
1 molecules without peptides) are thermodynamically unstable.
However, RMA-S cells express empty class I molecules when they
are cultured at lower temperatures (28). To examine whether sur-
face expression of MILL requires TAP, we transfected RMA-S
cells with MILL expression plasmids and established stable trans-
fectants. These cells were cultured at 25°C or 37°C and stained
with the anti-FLAG or anti-H2-K® Ab. As expected, endogenous’
H2-K® molecules were expressed on RMA-S cells at the level
comparable to that expressed on RMA cells when these cells were
cultured at 25°C (Fig. 3, A and B, left panel, open histograms).
However, expression of H2-K® on RMA-S cells was reduced
markedly when the cells were cultured at 37°C (Fig. 3, A and B,
left panel, shaded histograms). By contrast, the expression levels
of MILL1 and MILL2 detected by the anti-FLAG Ab were nearly
the same regardless of whether the RMA-S cells were cultured at
25°C or 37°C (Fig. 3, A and B, right panel). These results indicate
that cell surface expression of MILL molecules is
TAP-independent.

Cell surface-expressed MILLI and MILL2 molecules are
associared with Bym

To examine whether MILL molecules are associated with S,m in
vivo, we performed coimmunoprecipitation analysis. After treat-
ment of RMA-MILL! and RMA-MILL2 cells with PI-PLC, the
MILL molecules released into the supernatants were immunopre-
cipitated with the anti-FLAG Ab and subjected to immunoblotting
analysis using the anti-FLAG and anti-mouse 8,m Ab (Fig. 4). We
found that ,m was coimmunoprecipitated with both MILL1 and
MILL2, indicating that MILL molecules are associated with S,m
on the cell surface.

B.m facilitates the refolding of MILL molecules

To examine whether MILL1 and MILL2 can associate with S,m in
vitro, we expressed the extracellular domains of MILL] and
MILL2 in E. coli and refolded them in the presence or absence of
mouse B,m. MILL1 could be successfully refolded only in the
presence of B,m (Fig. 5A, top panel), and MILL1 and 8,m were
eluted in the same fractions in gel filtration chromatography as
revealed by SDS-PAGE analysis (Fig. 5B, botrom half, top panel).
Although MILL2 was able to form soluble proteins when it was
refolded in the absence of B,m, S.m appeared to improve the
efficacy of refolding, consistent with our other results (Fig. 54,
bottom panel). MILL2 refolded in the presence of B,m was eluted
carlier in gel filtration chromatography than that refolded in the
absence of B,m (Fig. 5A, bottom panel), indicating that MILL2
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FIGURE 4. Cell surface-expressed MILL] and MILL2 molecules are
associated with B,m. RMA-MILL1 and RMA-MILL2 cells were treated
with PI-PLC and soluble MILL proteins were purified by immunoprecipi-
tation with anti-FLAG mAb-coupled protein G-Sepharose beads (right).
Precipitated samples were separated on 12% (lop) or 14% (bottom) SDS-
PAGE and subjected to immunoblotting analysis. MILL1 and MILL2 were
detected by anti-FLAG mAb (top) whereas mouse 8,m was detected by
anti-mouse B,m Ab (bottom). Signals were detected by HRP-conjugated
secondary Ab using the Super Signal West Dura kit. An asterisk indicates
mouse IgG H chains.

molecules refolded in the presence of 8,m were associated with
Bom, which was further confirmed by SDS-PAGE analysis (Fig.
5B, bottom panel). MILLI and MILL?2 refolded in the presence of
B.m were purified by anion-exchange chromatography followed
by gel filtration chromatography. The purified MILL1 and MILL2
proteins contained B,m as a subunit (Fig. 5C). These results indi-
cate that efficient refolding of MILL! and MILL2 requires 8,m as
a subunit. The molecular masses of MILL1/8,m and MILL2/8,m
complexes estimated by gel filtration chromatography (Fig. 54)
and the relative intensities (3:1) of the MILL!] and MILL2 bands
to the B,m bands in the purified MILL1/B,m and MILL2/8,m
complexes (Fig. 5C) indicate that the MILL] or MILL2 polypep-
tide and B,m bind at a 1:1 ratio.

MILLI is expressed in a subpopulation of thymic medullary
epithelial cells and a restricted region of inner root sheaths in
hair follicles

To determine the tissue distribution of MILL1 and MILL2 mole-
cules, we first performed Western blot analysis using the antisera
for MILL] and MILL2 against a panel of tissues isolated from
adult and neonatal mice. These experiments yielded no bands in
any tissues, presumably because the expression levels of MILL!
and MILL2 are low (data not shown). Our previous RT-PCR anal-
ysis (19) indicated that Milll was transcribed in selected tissues
including neonatal thymus and skin. We therefore examined ex-
pression of MILL! in these tissues (Fig. 6). Staining was observed
in a subpopulation of medullary epithelial cells in the neonatal
thymus (Fig. 64). These MILL1-positive cells were also detectable
in the thymus of adult mice (data not shown). In the skin of 3-day-
old mice, cells stained with the anti-MILL} antiserum were found
in the hair follicle (Fig. 6B, left). However, these cells became
undetectable in the skin of 10-day-old (Fig. 6B, right) or 6-wk-old
(not shown) mice. To more precisely address the locations of cells
stained with the anti-MILL] antiserum, we performed immuno-
histochemical staining of hair shafts and outer root sheaths (Fig.
6C). Cells stained with the anti-MILL! antiserum were located
outside the hair shaft (stained green with AE13 mAb), but inside
the outer root sheath (stained green with AEI/AE3 mAb). Thus,
positively stained cells are located in the inner root sheath. Be-
cause not all regions of inner root sheaths were stained with the
antiserum, MILL] seems to be expressed in a restricted region of
the inner root sheath. To confirm the specificity of staining, we
prepared anti-MILL1 antiserum preabsorbed with RMA-MILLI or
RMA cells. Preabsorption of the antiserum with RMA-MILLI]
cells almost eliminated staining in thymic epithelial cells and hair

BIOCHEMISTRY OF MHC CLASS I-LIKE MILL MOLECULES

follicles whereas staining was retained when the antiserum was
preabsorbed with RMA cells (data not shown). Mili2 is transcribed
almost ubiquitously at low levels (19). We stained several tissues
including neonatal thymus and skin as well as adult aorta, uterus,
heart, kidney and spleen with the antiserum for MILL2 (1/200
dilution). Although this antiserum, when used at this dilation, was
capable of staining RMA-MILL2 cells grown in vivo in C57BL/6
mice, we were unable to obtain any positive staining for MILL2 in
any of the tissues (data not shown).

Cell surface expression of MILL] on thymic epithelial cells
requires 3,m

To examine whether cell surface expression of MILLI requires
B.m, we isolated thymic stromal cells from 4-wk-old B,m-defi-
cient mice and stained with the anti-MILLI antiserum (Fig. 7).
Cell surface expression of MILL1 was almost completely abro-
gated in the B,m-deficient mice compared with the adult C57BL/6
mice, indicating that cell surface expression of MILL! is
B,m-dependent.

Discussion

MILL is the latest addition to the growing list of mammalian MHC
class I families encoded outside the MHC region. Our previous
work has revealed several unique features of this class I family (19,
20). First, not all mammalian species have the MILL family; al-
though mice and rats have this family, it is absent in humans.
Because MILL apparently arose before the radiation of mammals,
humans seem to have lost this class I family. Second, unlike all
other class I genes, the genes coding for mouse MILL have an
exon between those coding for the signal peptide and the al do-
main. Third, the MILL family is phylogenetically most closely
related to the MICA/B family among known class I families. Be-
cause the MILL family is absent in humans, and conversely, mice
and rats lack the MICA/B family, we suggested that MILL might
serve as a functional substitute of MICA/B in rodents (19). Fourth,
deduced MILL molecules lack most of the residues required for
the docking of peptide termini, suggesting that they are unlikely to
bind peptides. Fifth, RT-PCR analysis indicated that the members
of the MILL family are poorly transcribed in most adult tissues,
suggesting a role other than conventional Ag presentation. Sixth,
sequence comparison of rat and mouse MILL molecules revealed
that Mill is one of the most rapidly evolving class I gene families,
and that, in both Mill] and Mill2, non-synonymous substitutions
occur more frequently than synonymous substitutions in the al
domain whereas the opposite is the case in the a2 and a3 domains,
suggesting that the ol domain may be under positive selection
(20). Taking all of these points into consideration, we suggested
that MILL may perform specialized immune functions required
only in certain species or some redundant functions, part of which
are executed by other molecules (20).

In the present study, we set out to perform a biochemical char-
acterization of mouse MILL molecules. Consistent with the ab-
sence of key residues required for the docking of peptides, we
found that cell surface expression of MILL1 and MILL2 does not
require functional TAP molecules (Fig. 3). Furthermore, the ex-
tracellular domains of MILLI and MILL2 expressed in E. coli
could be efficiently refolded in the absence of peptides under stan-
dard class I refolding conditions when 8,m was added into the
mixture (Fig. 5). This is in contrast to the fact that refolding of
recombinant class Ia molecules isolated frony purified bacterial in-
clusion bodies requires the presence of a peptide ligand and is
reminiscent of the behaviors of certain class Ib molecules, the re-
folding of which is ligand-independent (29-31). Taken together, it
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FIGURE 5. Refolding of MILL1 and MILL2 requires B,m. A, Bacterially expressed extracellular domains (e1-a3) of MILL1 and MILL2 were refolded
in the presence (continuous line) or absence (broken line) of 8,m and subjected to gel filtration chromatography on Superdex-75. Filled arrowheads indicate
the peaks of MILL] and MILL2 proteins associated with Bym. Arrows indicate the peaks of free B,m. An open airowhead indicates the peak of MILL2
refolded in the absence of 8,m. B, The fractions from gel filtration chromatography were analyzed on SDS-PAGE, and the gels were stained with silver
staining. The top and bottom halves of each panel indicate fractionation of the samples refolded in the absence and presence of ,m, respectively. C,
Coomassie brilliant blue-stained SDS-PAGE gel of in vitro refolded MILLI and MILL2 molecules purified by sequential chromatography.

is likely that the MILL family of class I molecules performs func-
tions other than the presentation of peptides.

Two observations made in this work were rather unexpected.
First, we initially assumed that, like most other class I family
members, MILL1 and MILL2 were integral membrane proteins
with a transmembrane region (19, 20). Contrary to this assumption,
MILL! and MILL2 turned out to be GPI-anchored proteins (Fig.
2). The occurrence of GPI anchors is not unprecedented for class
1 molecules because most if not all members of RAE-1 and ULBP
families as well as a large proportion of Qa-2 molecules are GPI-
anchored (32-35). Like other GPl-anchored proteins (36, 37),
MILL may be primarily Jocated in lipid rafts. Second, we assumed
that MILLI and MILL2 were unlikely to be associated with B,m

because they lack many of the residues known to interact with B,m
in classical class I molecules (19). Our present work demonstrates
that both MILL1! and MILL2 are associated with S,m on the cell
surface (Fig. 4). A similar unexpected association with 8,m was
previously observed for MR1; this class Ib molecule lacks many of
the phylogenetically conserved motifs implicated in 8,m associa-
tion in class Ia molecules (38), yet biochemical studies have re-
vealed that it associates with B,m (38, 39). We also found that 8,m
promoted refolding of bacterially produced MILL ectodomains in
vitro (Fig. 5). Hence, 8,m appears to constitute an integral com-
ponent of MILL class I molecules. Consistent with this, cell sur-
face expression of MILLI on thymic stromal cells was almost
completely abrogated in f,m-deficient mice, indicating that cell
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FIGURE 6. MILL] js likely expressed in thymic medullary epithelial cells and hair follicles. A, Thymic tissue sections obtained from 3-day-old mice
were blocked by incubation with normal goat serum (1/500 dilution), reacted with AE1/AE3 and anti-MILL1 (1/400 dilution) followed by staining with
Alexa Fluor 488-conjugated goat anti-mouse IgG (1/300 dilution) and Alexa Fluor 594-conjugated goat anti-rabbit 1gG (1/300 dilution). Aa, a low-power
photo imicrograph of the thymic medulla (original magnification X100); Ab-Ad, a high-power magnification (original magnification Xx400). Images for
MILL]1 (stained red, Ab) and AE1/AE3 (stained green, Ac) as well as the merged image (Ad) were obtained with a Nikon ECLIPSE EGOO microscope. B,
Skin tissues of 3-day-old (Ba and Bc) and 10-day-old (Bb and Bd) mice. Upper panels, H&E (original magnification X100). Lower panels, H&E (original
magnification X400). The inset in Be shows staining with the anti-MILL] antiserum (original magnification X 100). Staining was done as described in the
legend to C. C, MILLI is likely expressed in cells of the inner root sheaths. In Ca and Cb, tissue sections were blocked by incubation with normal goat
serum (1/500 dilution), reacted with AE13 (1/1000 dilution) and anti-MILL] (1/400 dilution) and stained with Alexa Fluor 488-conjugated goat anti-mouse
IgG (1/300 dilution) and Alexa Fluor 594-conjugated goat anti-rabbit 1gG (1:300 dilution). In Cc and Cd, AE13 was substituted by AE1/AE3. MILLI is
stained red. The hair cortex (Ca and Cb) and outer root sheaths (Cc and Cd) are stained green. In Ca and Cc, hair shafts were sectioned paralle! 1o the long
axis. Cb and Cd show cross sections of hair shafts. Arrows in Ca and Cb indicate the hair cortex, whereas those in Cc and Cd indicate outer root sheaths.

Original magnification X400.

surface expression of MILL1 requires B,m (Fig. 7). Given the
overall structural similarity of MILL] and MILL2 (19), and their
shared biochemical properties (Figs. 2-5), it seems reasonable to
assume that MILL?2 also requires 8,m for cell surface expression.
Because the refolding experiments showed that MILL2, but not
MILLI, was able to form soluble proteins in the absence of B,m,
albeit much less efficiently than in the presence of B8,m (Fig. 5),
B.m might not be an absolute requirement for cell surface expres-
sion of MILL2. Human CD1d molecules, normally associated with
B.m, can be expressed on the surface of intestinal epithelial cells
in a B,m-independent manner (40, 41), indicating that the require~
ment for B,m can differ depending on tissues. Therefore, it will be
necessary to identify cells or tissues where MILL2 is physiologi-
cally expressed to determine whether cell surface expression of
MILL?2 requires B,m in vivo, and if it does, whether B,m is ab-
solutely required.

Wild-type p2m-deficient

cell number

fluorescence intensity

FIGURE 7. Cell surface expression of MILL] requires B,m. Thymic
stromal cells isolated from CSTBL/G (left panel) and B,m-deficient (righs
panel) mice were stained with nonmal rabbit serum (open histograms) or
the rabbit anti-MILL! antiserum (shaded histograms), An FITC-labeled
swine anti-rabbit Ig was used as a secondary Ab. Stained cells were ana-
lyzed by flow cytometry.

Immunohistochemical analysis showed that MILL1 is expressed
in a subpopulation of thymic medullary epithelial cells and a re-
stricted region of inner root sheaths in hair follicles (Fig. 6). Ex-
pression in the thymus is suggestive of an immunological role for
MILL1. Totally unexpected was the observation that some inner
root sheath cells in 3-day-old, but not 10-day-old or 6-wk-old,
mice were stained with the antiserum for MILLI, although we
cannot rule out the possibility that our anti-MILL! antiserum
cross-reacts with epitopes on unrelated molecules in hair follicles.
Hair follicles have been proposed to enjoy immune privilege (42,
43). Thus, MILL] may somehow be involved in the establishment
and maintenance of immune privilege in hair follicles. On the other
hand, we have thus far been unable to identify cells expressing
MILL?2 proteins despite the fact that the Mill2 gene is ubiquitously
transcribed at low levels. Thus, expression of MILL2 proteins
might be translationally regulated or MILL2 proteins might be
expressed at detectable levels only in highly specialized cells as
recently demonstrated for certain class I molecules (16, 17). It is
also possible that expression of the MILL family is enhanced by
certain stimuli or under pathologic conditions. To fully understand
the expression patterns of the MILL family, more detailed analysis
is required.

In conclusion, this study highlights the biochemical differences
between the MILL and MICA/B families of class I molecules.
MILL] and MILL2 are TAP-independent, S,m-associated glyco-
proteins attached to the cell surface by GPI anchors. In contrast,
MICA and MICB are TAP-independent, transmembrane proteins
that do not associate with B,m (44). These two families of class I
molecules also differ in their expression patterns. MICA and
MICB are stress-inducible class I molecules usually not expressed
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on the surface of normal cells (44). In contrast, expression of Milll
or Mill2 mRNA is not inducible by heat shock (our unpublished
observation), and the expression in hair follicles seems unique to
{he MILL family. Furthermore, our preliminary work indicates that
NK cells are not stained with MILL tetramers. All of these obser-
vations argue against the possibility that MILL is a functional sub-
stitute of MICA/B in rodents. Generation of knockout mice may
provide a clue for understanding the biologic function of the MILL
family.
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CD4%/CD8* macrophages infiltrating at inflamumatory sites: a population of
monocytes/macrophages with a cytotoxic phenotype

Tomohisa Baba, Akihiro Ishizu, Sari lwasaki, Akira Suzuki, Utano Tomaru, Hitoshi Ikeda, Takashi Yoshiki, and Masanori Kasahara

We found a population of nonlymphoid
cells expressing both CD4 and CD8 in
peripheral blood mononuclear cells
(PBMCs) of human T-cell leukemia virus
type-l pX transgenic rats with autoim-
mune diseases. These cells, which
showed a monocytic phenotype, were
also found in wild-type rats, and their
number increased by adjuvant-assisted
immunization. GM-CSF increased the
number of these double-positive (DP)
monocytes in PBMCs. Consistent with
the idea that DP monocytes differentiate

into DP macrophages at sites of inflamma-
tion, we found infiltration of DP macro-
phages at the site of myosin-induced
myocarditis in wild-type rats; these cells
exhibited a T-helper 1 (Th1)-type cytokine/
chemokine profile and expressed high
levels of Fas ligand, perforin, granzyme
B, and NKR-P2 (rat orthologue of human
NKG2D). Adoptive transfer of GFP-posi-
tive spleen cells confirmed hematoge-
nous origin of DP macrophages. DP mono-
cytes had a cytotoxic phenotype similar
to DP macrophages, indicating that this

phenotypic specialization occurred he-
fore entry into a tissue. In line with this,
DP monocytes killed tumor cells in vitro.
Combined evidence indicates that certain
inflammatory stimuli that induce GM-CSF
trigger the expansion of a population of
DP monocytes with a cytotoxic pheno-
type and that these cells differentiate into
macrophages at inflammatory sites, Inter-
estingly, human PBMCs also contain DP
monocytes. (Blood. 2006;107:2004-2012)
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Introduction

Despite their origin from a common bone marrow progenitor
population, cells of the monocyte/macrophage lineage display
considerable phenotypic and functional heterogeneity. Thus, mac-
rophages residing in the liver and the lungs differ in their basal
activity as well as their ability to respond to inflammatory
mediators. Even within a single organ, macrophages are heteroge-
neous; macrophages localized in the centrilobular and periportal
regions of the liver differ in size, the ability to produce superoxide
anion, and phagocytic activities.’ In an inflammatory response, the
early stages are dominated by macrophages showing inflammatory
and tissue-destructive activities, and, in the Jlate stages, macro-
phages with tissue-restructuring activities predominate.2 In tumor
tissues, infiltrating macrophages tend to acquire a polarized M2
phenotype, promoting tumor growth and progression.? Accumu-
lated evidence indicates that such macrophage heterogeneity is
largely attributable to microenvironmental signals including cyto-
kines and microbial products. Although this suggests that macro-
phages do not have stable, lineage-defined subsets and that their
functional phenotypes change in response to a microenvironment,
definitions of macrophage subpopulations are important not only
for understanding their role in host defense and disease pathogene-
sis but also for designing effective therapeutic interventions.

In our previous study, we made F1 rats by mating F344 transgenic
rats expressing the human T-cell Jeukemia virus type-I (HTLV-I) pX
gene' to nontransgenic Wistar rats and found that they developed
disorders, including atophy of the thymus, lymphocytopenia, and
inflammatory cell infiltration into multiple organs, as typically seen in

chronic graft-versus-host disease (GVHD).® In these rats (hereafter
referred to as FW-pX rats), the HTLV-1 pX transgene induced neonatal
apoptosis of the thymic epithelial cells, resulting in lymphocytopenia
accompanied by compensatory expansion of peripheral myeloid cells,
production of autoreactive T cells, and subsequent development of
chronic GVHD-like autoimmune diseases.

In the present study, we found that a population of monocytic
cells expressing both CD4 and CD8 was expanded in the peripheral
blood of FW-pX rats. Monocytes/macrophages constitutively ex-
press CD4 in humans and rats®? but not in mice. On the other hand,
some myeloid cells including natural killer (NK) cells, mast
cells, macrophages, and dendritic cells (DCs) express CD8.314
We therefore hypothesized that rat peripheral blood contains a
population of monocytes expressing both CD4 and CD$ and that
this population is expanded under certain activating conditions. To
test this hypothesis, we used a rat model of myosin-induced
myocarditis. Here we show that the number of CD4/CD8 double-
positive (DP) monocytes is indeed increased by adjuvant-assisted
immunization with myosin or by administration of adjuvants
alone and that these cells express cytotoxic factors such as perforin
and granzyme B and exhibit cytotoxicity against tumor cells in
vitro. Approximately half of the macrophages that infiltrated the
cardiac lesion expressed both CD4 and CD8; these DP macro-
phages, shown to be of hematogenous origin by adoptive transfer
experiments, expressed Fas ligand (Fas L), perforin, and granzyme
B athigh levels. Thus, our present work demonstrates the existence
of a distinct population of monocytes/macrophages characterized
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by coexpression of CD4 and CD8 and by a cytotoxic phenotype.
Interestingly, human peripheral blood also contains DP monocytes.

Materials and methods
Rats

FW-pX rats were obtained by mating male F344 transgenic rats expressing the
HTLV-1pX gene without any tissue specificity (line 38)* to nontransgenic female
Wistar rats. Offspring were screened for the pX transgene by genomic polymer-
ase chain reaction (PCR) as desciibed FW-wild-type (FW-wt) rats were
obtained by mating nontransgenic male F344 rats to fenale Wistar rats. HTLV-I
pX tansgenic rais (line 38) were maintained at the Institate of Animal
Experimentation, Hokkaido University Graduate School of Medicine. Inbred
F344 and closed-colony Wistar rats were purchased from SLC (Shizuoka, Japan)
and Charles River (Kanagawa, Japan), respectively. The EGFP transgenic rats
that ubiquitously expressed green fluorescent protein (GFP)'® were obtained
from the Y'S Institute (Utsunomiya, Japan) and Tohoku University (Sendai,
Japan). All experiments using rats were done according to the Guideline for
the Care and Use of Laboratory Animals in Hokkaido University Graduate
School of Medicine.

Human blood samples

Human blood samples were obtained from 12 healthy donors after informed
consent and used for flow cytometry (FCM). None of the donors had
medical histories of autoimmune diseases, recent infection, or neoplasms.

Antibodies

Mourine monoclonal antibodies (Abs) used were anti-rat CD3 (IF4 for
immunohistochemistry, Cedarlane, Hornby, ON, Canada; and G4.18 for
FCM, Pharmingen, San Diego, CA), anti-rat CD4 (OX-35; Pharmingen),
anti-rat CD8 a-chain hinge region (0OX-8; Pharmingen), anti-rat CD8
o-chain immunogiobulin (Ig) V-like region (G28; Pharmingen), anti-rat
CD8 B-chain (341; Pharmingen), anti-rat CD11b/c (OX-42; Pharmingen),
anti-rat CD68 (ED-1; Serotec, Oxford, United Kingdom), anti-rat CD163
(ED-2; Serotec), anti-rat B cell (RLN-9D3; Serotec), anti-rat DC (0X-62;
Cedarlane), and NKR-P1A (10/78; Pharmingen), as well as anti-human
CD4 (M-T466; Miltenyi Biotec, Bergisch Gladbach, Germany), anti-
human CD8 (HIT8a; Pharmingen), and anti-human CD14 (M¢P9; Pharm-
ingen). Polyclonal rabbit anti-Fas L (N-20) and goat anti-granzyme B
(N-19) Abs were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Mouse IgG1 or 1gG2 (CBL600P or CBL60] P, respectively; Chemicon
International, Temecula, CA) and rabbit or goat IgG (Sigma-Aldrich, St
Louis, MO) served as controls.

Recombinant cytokines/chemokines

Recombinant cytokines/chemokines used were rat RANTES and GM-CSF
(PEPROTECH EC, London, United Kingdom) and mouse 1L-12 (R&D
Systems, Minneapolis, MN) previously shown to function in rats.!é For in
vivo administration, GM-CSF (1.0 pg per | mL PBS) was injected
intravenously into 6-week-old Wistar rats. Peripheral blood was assayed 24
hours after injection.

FCM and MACS

Peripheral blood cells were stained by the direct method without
removal of serum. After reaction with Abs, erythrocytes were depleted
by treatment with ammonium chloride. Expression of cell surface
molecules was analyzed using FACScan (Becton Dickinson, Franklin
Lakes, NJ) with CellQuest software (Becton Dickinson). Magnetic-
activated cell sorting (MACS) was done using Magnetic Cell Separator
(Miltenyi Biotec) as described.?

Phagocylosis assay

Yellow-green carboxylate-modified 1.0 um latex beads (Sigma-Aldrich)
were mixed with rat peripheral blood (1.5 X 107 beads/300 pL blood).
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After incubation for 2 hours at 37°C, PE-conjugated anti-CD4 (OX-35) and
PerCP-conjugated anti-CD8 (OX-8) Abs were added to the mixture,
followed by depletion of erythrocyles using ammonijum chloride, After 3
times wash with cold PBS, CD4*/CD8* DP cells were gated to determine
uptake of the fluorescence-labeled beads using FACScan.

Immunization of rats with porcine heart myosin and induction
of myocarditis

Killed tuberculosis germs were added to Freund incomplete adjuvant
(Sigma-Aldrich) to reach the concentration of 100 mg/mL. Two milligrams
of myosin from porcine heart (Sigma-Aldrich) were emulsified with an
equal volume (200 L) of the prepared adjuvant. The emulsion containing
porcine myosin was inoculated into bilateral footpads of 3-week-old FW-wt
rats (200 pL/site).

Histopathology and immunohistochemistry

Tissue samples were fixed in 10% phosphate-buffered formaldehyde and
embedded in paraffin blocks. Each 4-pm section was stained with
hematoxylin and eosin. For immunohistochemistry, an avidin-biotin immu-
noperoxidase kit (DAKO, Glostrup, Denmark) was used, After imimunostain-
ing, tissue sections were counterstained with Mayer hematoxylin (Merck,
Darmstadt, Germany).

Isolation of macrophages from cardiac tissues with myocarditis

At 3 weeks after myosin immunization, the heart was extirpated and then
perfused by PBS ex vivo. The cardiac tissues were cut into small pieces and
digested by 0.16% collagenase type II (Worthington Biochemical Corpora-
tion, Lakewood, NJ). After removal of tissue fragments, cell suspension
was incubated in a plastic dish at 37°C. One hour later, adherent cells were
harvested and used as tissue-infiltrating macrophages. The purity of
ED-1-positive (CD68%) positive cells regarded as macrophages was 94%
(data not shown).

lmmunocytochemistn}

Mononuclear cells separated from rat spleen using Histopaque-1083
(Sigma-Aldrich) or isolated from cardiac tissues were cultured in chamber
slides (Nalge Nunc International, Roskilde, Denmark) for 1 hour. Resultant
adherent cells were fixed using cold acetone for 5 minutes or 4%
paraformaldehyde for 15 minutes at room temperature and then stained by
the standard method (for details, see the legends of Figures 2 and 4-6). After
washing with PBS, the slides were mounted in fluorescent mounting
medivm (DAKO). Immunofiuorescence was detected using a confocal
microscope {(MRC-1024; BIO-RAD, Hercules, CA) or a fluorescence
microscope (ECLIPSE EG00; Nikon, Tokyo, Japan).

Image processing

Microscopic photographs were taken using the objective lens (40 X/0.75
numeric aperture) in the DP70 system (Olympus, Tokyo, Japan). DP
Controller software (Olympus) was used for image processing.

RT-PCR and quantitative real-time RT-PCR

Total RNAs were extracted from celis by RNeasy Mini Kit (QLAGEN,
Alameda, CA) and then reverse transcribed using M-MLV reverse transcrip-
tase (Invitrogen, Paisley, United Kingdom). PCR was performed using the
cDNAs, 2 mM dNTP mix (GeneAmp dNTPMix; Applied Biosystems,
Foster City, CA), Tag DNA polymerase kit (AmpliTaq Gold; Applied
Biosystems), and primer sets for 28 cycles of 95°C 1 minute, 56°C 1
minute, and 72°C 1 minute. Quantitative real-time reverse transcription—
PCR (RT-PCR) was performed using the cDNAs, QuantiTec SYBR Green
PCR Kit (QIAGEN), and primer sets. Relative expression of target genes
was analyzed using the AACT method.'® The expression level of the Gapdh
(glyceraldehyde-3-phosphate dehydrogenase) gene was used as an inlernal
control. PCR was conducted for 40 cycles using an ABI PRISM 7000
Sequence Detector System (Applied Biosystems) with 2-step reactions



2006 BABAetal

BLOOD, 1 MARCH 2006 - VOLUME 107, NUMBER 5

Table 1. Primer sets used for RT-PCR and quantitative real-time RT-PCR

Gene Forward Reverse
Cd3 5'-CGAATGTGCCAGAACTGTGT-3' 5'-AGTGTCAACAGCCCCAGARA-3’
Fas ligand (Fas)) 5'~GCCCGTGARTTACCCATGTC-3' 5'~TGGAGGAGCCCAAGGAGAA-3'
Gapdh 5'-ATGGGAGTTGCTGTTGAAGTCA~3' 5'~CCGAGGGCCCACTAARGG-3'
Granzyme B (Gzmb) 5'~GGCCCACAACATCAARGAAC-3’ 5'~CGCTAGACCTCTTGGCCTTAC-3'
Ifng 5'-GATCCAGCACARAGCTGTCA-3’ 5'~GACTCCTTTTCCGCTTCCTT-3"
14 5’ -TPGTACCTCCGTGCTTGAAGA-3' 5'~GTGAGTTCAGACCGCTGACA-3’
ez 5'~AGGTGCGTTCCTCGTAGAGA-3’ 5’~CCATTTGCTGCATGATGAAT -3’
s 5'~ACCGCAGTAATACGGAGCAT-3' 5'-GTTGGCTGTTCGGTCGATA-3'
Nos2 5'-PCTGCAGCACTTGGATCAAT-3’ 5'-AGCTGGAAGCCACTGACACT-3'

MCP-1 (Ccl2) 5'~TGTCTCAGCCAGATGCAGTT-3'
MDC (Ccl2zg) 5'-TGGCTCTCGTCCTTCTTGTT-3'
Nkrp2 5'~TGACATGGCTTGCTGTTTTC-3'
Perlorin 1 (Prf1) 5’ ~TTGCGAGGAGAAGAAGAAACA~3'
RANTES (Ccl5) 5'-GTGCCCACGTGAAGGAGTAT-3'
Tglb1 §'~ATACGCCTGAGTGGCTGTCT-3'
Tnfa §’~GTGCCTCAGCCTCTTCTCAT-3"

5'-TGCTGCTGETGATTCTCTTG-3"
5'~TCTTCCACATTGGCACCATA-3'
5'~TGGTTCCAGGCTTTGTTCTC-3'
5'~CGGTAGGTCTGGTGGARAGA-3'
5'~-ACTGCAAGGTTGGAGCACTT-3'
5'-TGAAGCGAAAGCCCTGTATT-3'
5'~CAATCACCCCGAAGTTCAGT-3'

(95°C for 30 s, 60°C for 30 s) after initial denaturation of 95°C for 15
minutes. The primer sequences for PCR are listed in Table 1.

Transfer of GFP-positive spleen cells into nontransgenic recipients

The EGFP transgenic rats and nontransgenic Wistar rats (all rats were 4
weeks old) were immunized with porcine myosin as described under
“Immunization of rats with porcine heart myosin and induction of
myocarditis.”” Mononuclear cells were isolated from the spleen of EGFP
transgenic rats one week after immunization and transferred into Wistar rats
that had been immunized with myosin 2 weeks before (1 X 107rat
intravenously). Five days later, the hearts of the recipients were extirpated,
and tissue-infiltrating macrophages were isolated.

Cytotoxic assay

Six-week-old Wistar rats were immunized with adjuvants containing killed
tuberculosis germs. One week later, mononuclear cells were separated from
the spleen and incubated in plastic dishes for 20 minutes at 37°C. Resultant
adherent cells were collected and then divided into CD8~ and CD8* cells
using the MACS system. These cells were added to the culture of allogenic
epithelial thymoma cells (originated from F344 rats carrying the HTLV-I pX
transgene!®) with effector-target (E/T) ratios of 30, 10, 1, and 0.1 (4 X 10*
target cells per well in 24-well plates). After incubation for 18 hours,
cytotoxicity was measured using the CytoTox 96 test kit (Promega,
Madison, WI).

Statistical analysis

Data were represented as mean = standard deviation (SD). Statistical
significance between any 2 groups was determined by 2-tailed Student 1
test. P values less than .05 were considered to be significant.

Results

Expansion of CD4+/CD8* celis in the peripheral blood of FW-pX
rats with chronic GVHD-like autoimmune diseases

In FW-pX rats, the HTLV-I pX transgene induced atrophy of the
thymus, resulting in lymphocytopenia, production of autoreactive
T cells, and subsequent development of chronic GVHD-like
autoimmune diseases.” These rats also displayed a compensatory
increase in the number of peripheral myeloid cells. To characterize
immunophenotypic alterations in their peripheral blood mono-
nuclear cells (PBMCs), we performed 2-color FCM analysis using
PBMCs isolated from 6-week-old FW-pX and age-matched control
FW-wt rats (Figure 1). The percentages of CD4+/CD8~ and

CD4~/CD8* T cells (6.1% and 9.9%, respectively) in FW-pX rats
were reduced in comparison with those of FW-wt rats (24.6% and
15.0%, respectively). The reduction of CD4* T cells was imore
pronounced than that of CD8* T cells. On the other hand,
CD4*/CD8* cells were few in FW-wt rats (3.0%) but markedly
increased in number in FW-pX rats (21.0%). In FW-wt rats, CD4+
cells were made up of CD4medivm apnd CD4hish populations. By
contrast, the majority of CD4*/CD8" cells in FW-pX rats ex-
pressed CD4 at a medium level. Jefferies et al® reported that rat
CD4nedivm and CD4Meh populations represented monocytes and T
cells, respectively, whereas Nascimbeni et al?® showed that some
CDA*/CD8* T cells expressed CD4 at a medium level. Thus, we
decided to examine whether CD4+/CD8" cells in FW-pX rats were
monocytes or T cells.

CD4*/CD8* cells in the peripheral blood of FW-pX rats
are monocytes

Peripheral blood was obtained from 6-week-old FW-pX rats. At
first, we gated CD4+/CD8* DP cells and confirmed that these cells
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Figure 1. Expansion of CD4+*/CD8* cells in the peripheral blood of FW-pX rats.
The top and bottom panels show the results of FCM analyses of peripheral blood irom
G-week-old FW-wt (F1 generation of wild-type F344 and Wistar) and FW-pX (F1
generation of HTLV-1 pX transgenic F344 and wild-lype Wistar) rats, respectively.
Peripheral blood cells were stained with FITC-conjugated anti-CD3 (G4.18), FITC- or
PE-conjugaled anti-CD4 (OX-35), and PE-conjugated anti-CD8 (OX-8) Abs, followed
by depletion of erythrocytes. At first, the cells were divided based on the forward
(FSC) and side scatter (SSC) patterns. Then, PBMCs in region 1 (R1) were gated 1o
analyze the expression of CD3, CD4, and CD8. in both groups, al least 3 rals were
examined. Representative dala are shown. The numbers in each panel represent the
percentage of CD4* T cells, CD8* T cells, and CD4+/CD8* cells, respectively.
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Figure 2. Characterization of CD4+/CD8* cells in the peripheral blood of FW-pX rats. Peripheral blood from 6-week-old FW-pX rats was used. In each experiment, at least
3 rats were used. Representative data are shown. (A) Peripheral blood cells were stained with FITC-conjugated anti-CD4 (OX-35) and PE-conjugated anti-CD8 (OX-8) Abs,
foliowed by depletion of erythrocytes. CD4/CD8 DP cells were gated 1o confirm that these cells were mononuclear cells. WBCs indicates white blood cells. (B) Peripheral blood
cells were stained with FITC- or PE-conjugated antl-CD4 (OX-35), PerCP-conjugated anti-CD8 (OX-8), and FITC- or PE-conjugated anti-CD3 (G4.18), CD11b/c (0X-42), or
NKR-P1A Ab (10/78), followed by depletion of erythrocytes. Painted histograms represent the expression of CD3, CD11b/c, and NKR-P1A on CD4+/CD8* cells. Gray
histograms represent the expression of these molecules on total PBMCs. (C) Mononuclear cells separated from the spleen of FW-pX rats were cullured In chamber slides at
37°C for 1 hour. Resultant adherent cells were fixed using cold acetone for 5 minutes and then stained for CD68 (ED-1, green), CD4 (OX-35, red), and CD8 (OX-8, blue). The
merged image shows the cell stained with 3 colors (lotal magnification: X 600). (D) Peripheral blood cells were stained with FITC-conjugated anti-CD4 (OX-35) and
PE-conjugated anti-CD8 Abs for the a-chain hinge region (OX-8), a-chain Ig V-like region {G28), or g-chain (341) followed by depletion of erythrocytes. Histograms represent

reactivity with the anti-CD8 Abs gated on CD4medum cells,

were mononuclear but not aggregated cells (Figure 2A). Since rat
monocytes could not be separated from lymphocytes or NK cells
according to the light scatter pattern alone, we examined the
expression of surface markers specific for each type of cell.
Histograms were obtained by gating of CD4+/CD87 cells (Figure
2B). Most CD4+/CD8* cells in FW-pX rats were CD11b/chigh and
NKR-P1APY but did not express CD3. CD11b/c is expressed on
monocytes, granulocytes, and macrophages, thereby known as a
marker of myeloid cells.2! NKR-P1A is highly expressed on NK
cells and some T cells but expressed on monocytes at a low
level.222 We additionally found that the CD4+/CD8" cells did not
express OX-62, a marker for DCs* (data not shown). These
observations suggest that these DP cells have a monocytic but not
T, NK, or DC phenotype. To further confirm this suggestion,
adherent splenocytes from 6-week-old FW-pX rats were stained for
0X-35 (anti-CD4), OX-8 (anti-CD8), and ED-1 (anti-CD68, as a
marker for monocytes/macrophages?*26) and then observed using a
confocal microscope. The 3-color merged image indicates that the
DP cells also express CDG8 (Figure 2C). It is known that human
CD68 can be expressed in activated T and B cells at a low level 2728
However, there was no CD68* population that expressed CD3 or
the B-cell marker RLN-9D3 in our rat model. We therefore
designated these CD4+/CD8* cells as DP monocytes. In addition,
we noted that CD4 and CD8 were distributed not only on the cell
surface but also in the cytoplasm of DP monocytes. These findings
are consistent with the previous observation that CD4 is also
expressed in the cytoplasm of human monocytes.?®

The majority of CD8 molecules are heterodimers composed of
a- and B-chains. On the other hand, a subset of T cells and most NK
cells are known to express CD8 as homodimers of a--chains.® Hirji
et al'? showed that rat alveolar and peritoneal macrophages express
CD$ as « heterodimers but these CD8 molecules do not react with
the anti-CD8 a-chain Ig V-like region Ab (G28). Since the
anti-CD8 o-chain hinge region Ab (OX-8) can recognize macro-
phage CD8, these authors suggested that the Ig V-like region of the
CD8 o-chain was masked or modified on rat alveolar and

peritoneal macrophages. To analyze the subunit organization of
CD8 molecules expressed on the DP monocytes, we performed
2-color FCM analysis using the anti-CD4 (OX-35) and 3 kinds of
anti-CD8 Abs, including OX-8, G28, and anti-B-chain Abs (341).
Histograms were obtained by gating of CD4™edum cells in PBMCs
isolated from 6-week-old FW-pX rats (Figure 2D). The percentage
of cells reactive with OX-8 (74.9%) was comparable to that stained
with G28 (73.5%). The CD8 B-chain was expressed in 64.7% of
CD4medivm cells. Thus, CD8 molecules expressed on the surface of
DP monocytes in FW-pX rats are heterodimers composed of the
B-chain and the a-chain with the conserved Ig V-like region.

Induction of DP monocytes in nontransgenic FW-wt rats

To examine whether DP monocytes are induced exclusively in
FW-pX rats carrying the HTLV-I pX gene or also in other
inflammatory situations unrelated to the transgene, we inoculated
porcine myosin into the footpads of 3-week-old FW-wt rats along
with the adjuvant containing killed tuberculosis germs. It is known
that CD4"* T cells down-regulate their surface CD4 under certain
activating conditions.3! However, we observed no significant
down-regulation of CD4 molecules in T cells of our myosin-
immunized rats (Figure 3A). The percentages of CD3% T cells in
CD4gmedivm cells were 5.9% and 5.5% in the FW-wt rats with and
without immunization, respectively. Thus, we concluded that
CD4mediom cells were monocytes. One week after immunization, the
percentage of CD8* population in CD4medim cells reached
57.3% * 6.1% in myosin-immunized FW-wt rats, which was
comparable to the proportion observed in 4-week-old FW-pX rats
(63.5% =* 6.5%; Figure 3B-C). Four weeks after immunization, the
percentage of CD8* population in CD4medivm cells declined to
40.6% = 7.3% in myosin-immunized FW-wt rats, whereas that in
7-week-old FW-pX rats was maintained at a high level
(61.4% = 4.8%). In 4- and 7-week-old FW-wt rats without immu-
nization, the size of CD8* population in CD4medim cells was
smaller (26.1% * 14.6% and 23.5% * 16.3%, respectively). These





