SREN

In vitro characterization of rat bone marrow—derived dendritic

cells and their precursors

M. Chen-Woan,* C.P. Delaney,” V. Fournier,” Y. Wakizaka,” N. Murase,” J. Fung,” T.E. Starz|,*

and A.J. Demetrist

Piusburgh Transplantation Institwe and the Departments of *Surgery and Pathology. University of Pittsburgh

Health Science Center. Pittsburgh. Pennsylvania

Abstract: Although the rat is commonly used for
basic immunology and transplantation research, phe-
notypic and functional characterization of rat den-
dritic cells (DCs) lags behind similar studies in the
human and mouse. Therefore, these features were
examined using DCs propagated from cultures of rat
bone marrow maintained in a medium supplemented
with granulocyte-monocyte colony-stimulating fac-
tor. Analysis of cytospin preparations of cultured
cells showed that DCs arise from OX7* myelomono-
evtie precursors. Typical mature rat DCs were mor-
phologically similar to their mouse and human
counterparts and expressed major histocompatibility
complex (MHC) class [l (common part determinant
ol Lu). OX62 (integrin molecule), OX7T (CDY0O),
LCAM-1 (CD54), and CTLA4 counterreceptor, but
were negative for OX8 (CD8). OX19 (CD3), W3/25
(CD-by, and ED2, & rat macrophage marker. Fune-
tional analysis of OXO027* sorted DCs showed that they
could effectively present the soluble antigen ovalbu-
min to naive T cells in vitro. A combination of
anti-VTHC e¢lass 1 monoclonal antibody and CTLA-L-
immunoglobulin inhibited allostimulatory ability
more effectively than either reagent alone. Implica-
tions for ~studying the role of DCs in immune re-
sponses in the rat are discussed. J. Leukoe. Biol. 59:

196-207: 1996.

Key Words: dendrie cells - ru
patthduy complex

- phenotype - major histocom-

INTRODUCTION

Dendritic cells (DCs) are well recognized as powertul
stimulators of a mixed leukocyte reaction (MLR) and of
syngeneic naive T cells in vivo [1. 2]. [n fact, they are
considered the primary initiators of immune responses and
are present at the sites of early inflammation in rejection
(3. 4] and autoimmune disorders {3]. However, donor-de-
rived DCs have also been implicated in the induction of
allogeneic tolerance [6-8). According to this hypothesis.
DCs have been propagated from precursors found within
the liver [9] and. after solid organ transplantation, donor-
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derived DCs have been cultured from a variety of recipient
ussues [10].

With the current availability of recombinant cytokines,
including granulocyte-monocyte colonyv-stimulating factor
(GM-CSF). interleukin-+4 (IL-4). and tumor necrosis tucor
I'TNF). bone marrow {BM)=derived DCs have been exten-
sively investigated concerning their ontogeny. phenotypie
prolile. and biological functions in both mouse [11-13]
and human [ L svstems. Although the rat 1s extensively
used lor models investigating transplantation tolerance and
other immunological phenomena, similar studies of DCs in
this species have been less comprehensive. This 15 largely
attributable to the difliculy of obtaining sulficiently 1irre
numbers of DCs for analysis and the paucity of well-de-
fined immunologie reagents for this species.

Based on findings i previous publications |153-22], we
have described a new and simple technigue for the propa-
cation of large numbers of rat BM-derived DCs using mur-
e rGM-CSE with gelatin-coated tssue culture tlasks [23].
The functional activity ol the cultured cells was confirmed
by studving their ability to stimulate an allogeneic MLR
and therr m vivo ability o home to T cell=dependent are-
ol the spleen [23]. DUs were quantitated by evaluating the
coexpression ol maor histocompatibility complex (MHC)
class T antigen (OXO) and OXO62 [21], & molecule related
to the integrin family and known to be present on rut DCs
and YO T cells.

[in this study we deline the developmental morphology,
phenotype, und functional activity of cultured BM-derived
DCs to serve as a baseline for investigations of DC func-
tions n tolerance and autoimmuuuty in the rat. Puarticuluc
attention was paid to maturational changes of precursor
cells. the dvnamics of surface marker expression. and al-
lostimulating ability at various phases of maturation in

Abbreviations: (m)Ab, (monoclonal) antibody; APC, untigen-present-
ing cells; BM. bone marrow: DC. dendritic cefl: FePA. Fe receptor—posi-
tive and plastic-adherent cells: FeR. Fe receptor: GM-CSF.
granulocyte-monocyte colony-stimulating tactor: [g, immunoglobulin: [L,
interleukin; LEW, Lewis: MLR, mixed leukocyte reaction: MHC. major
histocompatibility complex: OVA, ovalbumin: TNF, tumor necrosis fac-
tor.

Reprint requests: A.J. Demetris. E1548 Biomedical Science Tower,
University of Pittsburgh, 200 Lothrop Street. Pittsburgh. PA 15261.

Received June 28. 1995; revised October 10, 1995: accepted October




culture. The functional importance of the surface mole-
cules for rat DCs was determined using in vitro allostimu-
lation blocking studies.

MATERIALS AND METHODS

Animals
Adult - 10 9-weeh-old Lewis (LEW: RT1)). ACI (RTI%). and PVC

{RT1") rats were purchased from Harlan Sprague Dawley (Indianapolis.
IN) and maintained in specific pathogen—free facilities at the University
of Pitsburgh.

Collection of rat bone marrow

BM cells were removed from the femurs. tibias, and humeri of LEW rats
after sacrtlice using methoxyflurane inhalational anesthesia (Pitman-
Moore. Mundelem. L1 The cells were washed twice in complete me-
chium [RPMI 1040 comtaimng 3% fetal call serum (FCSp0 5 gl
gentanicin, 2 mM L-glutanine, and 10 mM HEPES buffert, purchased
trom Gibeo (Life Technologies. Grand Island. NY).

Procedure for bone marrow culture

Betore hemy placed i caltare for the propagation of DCs (23], fresh BM
cells were depleted of Fo7and plasticeadberent (Fel’X) cells Dy pan-
ning on nwmad serum-coated peter dishes, Brells, 1.2 x T Fel Aade-
pletea BM coells were coltured at a0 coneentration ol 3 X 10" ml in
selatin-coated, Theem” Faleon Uasine cultire ashs. Complete mediam.
supplemented with 100 FUSD S x 107" M 2-mercaptocthanol (Gibeo.
05 - 107 \4'-nu>|muu~lh_\l-l —avginne (Schwezerhall, Piscatawany
Nicand O F ngand munme rGM-CSE (RED Svstems, Minneapohis. MN).
wis used tor DO propagaiion. Caltures were fed every second day by
exchanging badl the mediom dor fresh rGM-CSF=comaming medium.
without discardhing ans cetls all medinm bhemg exchanged was centn-
tugred and any celis were testored o the cultare flask . When the tme
i enlture was completed, nonadherent cells were removed amd vede-
pleted of FePA cells by panming on servm-coated dishes. before bemg
used tor lunctional assavs andd phenobtvpie analvsis, Such FelP Ade-
pleted. cultured BM cells will e velerred 10 as DC-enmched BM cul-
tures nerealles

Selection of ONT7 and ONTBM cells Jor culture was acliesed In
abehing FoP A-depietd BM cells with ONT monoclonal antibods imiAby
and pammng on petrr dishes coated with alliniy columm=puriied goat
anti-mouse nununoglobading G taomistare of 1O ggeml atfinity -purified
mAh with 90 gl normal goat TG aceording 1o a previoushy de-
sertbed tecnmqgue (240 ONTT and ONT fractions and uniractionated
control celis were then used for BM cultures.

immunofluorescence labeling and flow cytometric
analysis

DC-enrichea BM cullures were stained using direct andror indirect
immunolluorescence techimiques with a panel of monoclonal annbodies
mcluding ONT tanu-rat CD45. leukoeyvie common antigen). OX6 tanu-
rat nonpolymorphic determmant of MHC class 11), OX7 (anti-rat CD90.
Thy 1.11. ON8 rant-rat CD8. suppressor/cytotoxic T cells. natural killer
cells. some activated helper cells), OX19 (anti-rat CD3. a pan-T-cell
markeri. ONO2 (an antibody that recognizes an integrin molecule [21]
present on ral veiled DCs and 8 T cells). W3/25 (anti-rat CD4. T
helper cells. and some macrophages). 1A29 (anu-rat CD34 (ICAM-1)],
ED! tanti-rat macrophages. monocyies. and dendritic cells), and ED2
{anti-ral tissue macrophages). all of mouse IgC1 isotvpe (Serotec. Ox-
ford. England). [sotype control was purchased from Southern Biotech-
nology 1 Birmingham. AL). Rat anti-mouse B7/BB1 (B7-1. clone 1G10).
B7-2 iclone GL-1). und normal rat [gG2a were purchased from Phamn-
ingen 3an Diego. CAl. CTLA4-lg. a soluble chimeric fusion protein
combining CTLAY 14 structural homologue of CD28) and the human
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[2-CY chain. which has high alfinits {or BY (CTLA4 counterreceptor) on
antigen-presenting cells (APCs) [25]. was Kindly provided by P.S. Lin-
slev (Bristol Myers Squibb Pharmaceutical Research Insttute. Seattle.
WA Normal human [gC was purchased from Sigma. Double -
munofluorescent staining was performed as previously described [20)
and 10.000 gated events were analsvzed for each sample on an Epics
Elite flow cyiometer (Coulter Corporation. Hialeah. FLy. The gate was
chosen 1o include at least 90% of OX62" cells (a DC-specific surface
marker) and to avoid counting autofluorescent cells. which can be prob-
lematic in cultured cells. For controls. the primary antibody was subsui-
tuted with an immunoglobulin class-matched nonimmune antibody
beflore completing the staining procedure.

Immunocytochemistry

Cvtospin preparations of DC-enriched BM cultures were allowed 10 air
dry overnight at room temperature and stored at -70°C until use. Before
staning, eviospin shides were fixed with freshiv prepared 2% parafor-
maldehvide. except those being labeled with CTLA4-Ig and normal hu-
man lg control. which were not fixed. Staining was performed using a
standard indirect avidin-biotin-peroxidase (ABC) staiming technigue
{Vectastain Elite ABC. Vector Laboratories, Burlingame, CA). The sec-
ondary Abs, Ftab’)z2 rat anti-mouse TG (H+ L1 and goat anti-human 1g.
were purchased from Juchson lmmunoresearch (West Grove, PAY. The
shides were counterstained with hematoxylin and blued in Seott's bluing
reagent. Control shides were processed in the same tashion as the con-

trols deserthed Jor immunolluorescence and low eviometrne studies.

Scanning electron microscopy

BM-denved DCs were canched by bovine serum atbumn gradient flo-
tation using the previonsh deseribed method of Rlinkert eval, J15. 10).
Purihied DCs were then placed on coverstips coated with poly-L-lysine
(Sigmat. enteal point died. sputter coated waith gold, and viewed using

& JEOL JSNM-T300 mucroscope.

Cell sorting of rat DCs for functional analysis

Because there is some controversy tezarding the abilitv of cullured
mature DCs 1o present soluble protems, pure populasions of rar DCs
were obtwned by Tow evtometrie sorting. hased on stainmg with the
mtegrm molecule ONO2. This marker was chosen on the basis of innmu-
nocytochemeal anadvsis of DC-enviched BM cell eviospn preparations
and prior pubbications |21, 23],

Mixed leukocyte reactions

Coervical vmplh node cells trom svngenere LEW and allogenee ACLand
PV G orats were used as responders. Lnsorted DC-enrehed cubtured BM
cellas ONG2 7 sorted DCs. and Iresi LEW spleen cells (positive con-
trolsi were used as stimulators. One-way mined leuhocvte reactions
(MLR=1 were performed in U-bottom 90-well microtest plates (Faleon
307710 A constanl number ol responders (9 x 10 s ell) was used with
vartous numbers ol Y-irradiated (20 Gyy stinulator cells ineach assay .,
Each dilution was performed in triphicate. Sumulator-to-responder (3R
ratios ranged from 3:1 to 1:9 for spleen cell controls und 1:9 10 1:729
tor unsorted DC-enriched cultured BM cells und OX027 soned DCs.
The medium used for MLR~ was identical to that used for BM cultures,
except that the 109 FCS was replaced with 10% LEW serum. Unless
otherwise specified. each MLR was labeled with a {inal concentration of
0.2 uCi/ml ["HJTdR (specific activits 2 CismM: New England Nuclear,
Beverly. MA) for a T-h penod, 65 h after starting the culture. Plates were
automatically harvesied (Skatron, Lier. Norway) and thymidine incorpo-
ration was determined using a liquid scintillation counter (1205 Beta-

- plate. Wallac, Gaithersburg, MD).

Presentation of soluble antigen

After isolation using nvlon wool columns. 3 x 10* svngeneic LEW
lymph node T cells were used in each well as responders for this
proliferation assay. DC-ennched BM cultures, ON627 sorted DCs. and
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Fig. 1. Ciemsa and immunohistochemically stained cvtospin preparations of DC-¢nriched BM cultures. (A) Blasts (arrow), immature myelomonocytic
cells. and ervthroid precursors with a small dense nucleus were present in day 1 cultures. (B) Slightly more mature precursors (arrow) could easily be
identified on day 3. A small granulocyte is located in the center of the cluster and a monocyte/macrophage with a bubbly gray cytoplasm is present in
the upper left comer. (Ci DC-like cells (see text) appeared on day 4 with characteristic rectangular nuclei and smooth. blue-gray cytoplasm with short
cytoplasmic processes. (D) These DC-like cells became more mature on dav 3-0. showing early signs of the irregular nucleus typical of mature DCs.
(E) Mature DC with typical cloverleaf-shaped nucleus and cytoplasinic dendrites. Immunohisiochemical stain for: (F) class 11 MHC. 0X6 (day 4); (G)
OX6 (day 8): note the juxtanuclear clustering); (H) CTLA4-Ig (day 4): (1) CTLA4-Ig (day 8): (J) the integrin 0X62 (day 4): (K) 0X62 (day 8); (L)

mouse 1gGl negative control.

fresh LEW splenocyles were used as stimulators and pulsed with 5
pg/ml ovalbumin (OVA) (Sigma. St. Louis. MO) for 2 h at 37°C before
irradiation (20 Gy) and combination with the responders. The assay was
labeled with 0.2 pCi/ml [’5H]TdR for 18 h (from 78 10 96 h of culture
time). prior to harvesting and determination of ["H]TdR incorporation.

Surface marker blocking experiments

The mAb OXO and the fusion protein CTLA4-Ig were used in amounts
of 2.5 and 1.25 pgrml to determine whether the MLR response of
allogeneic responders an this case PVC Ivmph node cells) could be
blocked. Mouse [gCl (isotvpe control for ONOG) and normal human g
feontrol for CTLA4-1g) were used as normal blocking controls. The
irradhated DC-ennched BM cultures were incubated with either the
blocking or control Ab for | at 37°C. hefore the imitaton of each
assav. An SR rutio ol 1227 was used tor these expertments. Results are
expressed as the percentage inhabition of sotype control values. Percent

of imtubition was calculated as follows:

countsin the presence ol blocking Ab

“Cinhibmon =1 - = 100

countsinthe presence ol control Ab

Statistics

Student ~ t=test was used and 72 <05 accepted as a stgmibeant resuit.

RESULTS

Phenotypic characterization of rat BM-derived DCs

Gremsu-stained eviospim preparations of DC-enriched BM
cultures were exammed daily for the fisst 8 davs in culture.
Representative photomicrographs of the observed se-
quence of changes are shown i Figure 1. Dav 1 eviospins
contatned a large variety of cell tvpes. very similar to those
seen on smears of an unfractionated bone marrow aspirate.
The predominant population consisted of cells belonging to
the mvelomonocvtic lineage. although cells belonging to
the noroblastic series were also present. Relatively ma-
ture. banded and segmented granulocvies outnumbered
immature {orms by a ratio of at least 4:1. but uncommitted
blasts. myveloblasts. promonocvtes. and pronormoblasts
were also present. Mature monocyles or macrophages were
uncommon and classic DCs were rare (less than 1 in 500
cells).

By day 3—}. cells in the normoblastic series had largely
disappeared from the cultures. whereas the myelomono-
cvtic elements increased proportionately and showed some
[eatures of maturation. These changes are probably related
to the presence of GM-CSF and the lack of suitable
ervthropoietic growth factors in the medium. The immature
myeloid cells formed small clusters composed of four to six

cells. some of which had morphologic features of the
myelomonocytic lineage. These included a streaked or
raked chromatin pattern, one or two nucleoli, an irregular
or reniform nucleus, and a moderate amount of blue or
blue-gray cytoplasm. Occasional cells contained a small
perinuclear hof of amphophilic cyvtoplasm. Overall, these
immature cells accounted for about 25-30% of the popu-
lation. There were also rectangular "DC-like" cells contain-
ing a large. twisted. oblong nucleus and smooth blue-gray
irregularly shaped cytoplasm, distorted by short blunt
processes. Besides the numerous mature and banded
granulocvtes and typical monocytes (described below), an
uccasional typical mature DC appeared.

Fig. 2. Scanning electron micrograph of day 8 FcPA-depleted DC-en-
riched BM cultures shows the varied size and morphology of (A) cytoplas-
mic processes and (B) cytoplasmic veils of an individual DC.
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TABLE 1. Expression of Phenotvpic Markers of Cells Found in Rat BM Cultures Maintained in Medium Supplemented with CM.CSF*'

BM culture cell type

Day 3 myelomonocytic

{mmediate "DC-like”

Day 8 mature DCs Monocytes

Antibudy precursor (d4) precursors (see text)

OX1CD43) + + +/ -
OX6 tlay + i+t 4t <
OX7 .CD90y + + ++/+++ -
OX8.CD8) 0 0 0 0
OX19.CD3) 0 0 0 0
0X62 +/= + +° 9
W3,25.€Dh 0 +1= 0 -
EDI . o )
ED2 0 O° 0 -+
[CAM-1{CD5h 0 + + . -i-
CTLA-1g 0 + +++/ -~ {weuk)

Morpnology (on Giemsa stainy - High N/C ratio
Scant deep blue cvtoplasm
Nlll'h‘ll“

Rounded nucleus

Livegular rectangadar

~hape

Oblong twisted nucleus
with "raked” chromatin
Smooth blue-gray

evtoplasm

Twisted. convoluted. or Small round nucleus

clover-leal shaped nucleus  Bubbly gray evtoplasm
Smooth blue-gray evtoplasm Low NC ratio
Distinct long cyvtoplasanc

processes or l{(‘ﬂlh’ill'.\

"For the parpose ot tis tabies ceth tvpe s s tinguished iy narphological conera,

~cddes 0= acgative, = - T aery weaks = = oweaks T~ = moderater and =+ = strong stamng, foc e particalar antigen Teted,

S aoable stanmng
Ihistinet clustenny copostanuelear areu.
Mosthy egatn e, hut vagtadses slanine.

Coeneralhy strong buat variatte statnny,

During davs 53-8 the most noticeable shilt in the popu-
lation was a decreased number of immature myvelomono-
cvtie cells with @ concomuant tnerease 1 malure
monoevies macrophages and tvpical dendritic cells. The
monocytermacrophage population consisted of cells that
had 4 refatively low nuclearevioplasmie ratio. a small
rounded or oval nueleus. and abundant bubbly. gray cvto-
plasm that lormed distinet aml round cell borders. Cells
idenulied morphologically as typical DCs had o higher
nuclear/evtoplasmie ratio. a larger, twisted. lobed, or ¢lo-
verleat-shaped nucieus. und moderate to abundant smooth
blue-gray cvtoplasm. teased out at the periphery into long
delicate wavy processes or dendrites. Scanning electron
microscopy showed the tvpical DC to have long cvtoplas-
mic veils, although cells with a variety of cytoplasmic veil
sizes were present in these cultures (Fig. 2). Immunocy-
tochemical analysis of cvtospin preparations of day 4 and
day 8 DC-enriched BM cultures was carried out to corre-
late the expression of surface markers with the morphologi-
cal observations (Fig. 11, described above. The results are
presented in Table 1.

The expression of several of these markers was also
studied by {low cytometry to quantify the number of stained
cells and to examine simultaneous coexpression of two
different surface markers. As seen in Figure 3, the per-
centage of OX67/0X62* cells and the intensity of 0X6
and OX62 expression were recontirmed to vary with time
spent in cufture [23]; double-positive cells increased from
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LOS {0.703 x 0.006) at duy | to 16% (0. RE x 0.38) by
dav 8 (see rectangular gute in Fig, 3E and F). The percent-
age ol cells expressmyg adhesion molecule TCAM-1 (CD54)
and the costimulatory: molecules Tabeled with CTLAY4-Ig
also inereased with time in culture. The mean channel
Quorescence wtensity <hifts trom day F o dav 8 were as
follows: 8.0 to 16.2 Tor MHC class T untigen, £.1 to 10.0
for [CAM-1, and L tto 7.7 for CTLAL-Te. Rat anti-mouse
B7-1 also reacted with the OX627 subset in the DC-en-
riched BM cultures (data not showni. FHlowever. either the
antibody recognizing mouse B7-2 did not react with rat
B7T-2 or BT-2 was not present on these cells (a range of
concentrations of rat anti-mouse B7-2 was used. the maxi-
mal being 30 times higher than the amount routinely use:
for staining mouse splenic DCs in this laboratory).

Assessment and blocking of allostimulatory ability
of DC-enriched BM cultures in MLR using the mAb
OX6 and the fusion protein CTLA4-Ig

Because the intensity of surface marker expression varies
between day 4 and day 8 cultures, it is pertinent to examine
the contribution of these molecules to the in vitro allostimu-
latory function of cultured DCs. When the functional ability
of these cells was assessed in the MLR, it was shown that
DC-enriched BM cells obtained from day 8 cultures were
between three and four times more potent than those from
day 4 cultures at various 3/R ratios (Fig. 4).




Day 4 Ray 8
A
SS
C.
E.
0x8
G. H
0X62 RO 0x62
{ J.
OX62 . oxe2 g
- 6.9 - 34.1
CTLA&-lg CTLAdTg ™

Fig. 3. Flow eviometne analvsis of Fooand plastic-adherent (FePAy
cetbmiepleted DC-enmehied day b and dan 8 BM cultures. (A and B)
Forward and side scatter profifes of cultured cells and percentage ol cefls
that tull withim the DC gate, which was chosen 1o melude at feast 90 ol
the cells postive for ONO2. o DC-spearfic surtace marker. Manv ol the
cells outside this gate are granulocvies, macrophagesmonoeytes. (C and
D1 [sotvpe controls i wineh a musture of normal mouse FgG and normal
numan lg was used 10 label the cells, Because ONO2 was lound to he the
marker most restricted o DCs (see text, double labelng with ONO2 and
OXNO (E and FiI ICAM-1 (G and Hy, or CTLAS-1g (] and J) was deternined
on davs 4 and 8 1o detect the presence of these antigens on rat DCs. The
bold number shows the number of doubly labeled cells within the rectan-

gular gate

Due to the poor availability of reagents, only class Il
MHC (OX6) and CTLA4-Ig were used for blocking studies.
The assavs were perforined using two concentrations of
each reagent. Both the anti-MHC class IT mAb OX6 and
the fusion protein CTLA4-Ig had significant inhibitory ef-
fects when used separately. although OX6 was consistently
more potent than CTLA4-lg at blocking allostimulation in

MLR (Table 2). Furthermore, the percent inhibition seen
with OX6 was significantly greater in day 4 than day 8
cultures (P < .05), in contrast to that seen with CTLA4-
lg. When OX6 and CTLA4-Ig were combined. the inhibi-
tion was found to be greater than that seen with either mAb
alone. This additive effect was especially noticeable when
using day 8 cultures as stimulatory cells. As previously
noted. the proliferation responses without Ig were greater
for day 8 than day 4 DCs (14,919 % 916 versus 10.035 +
774; P < .038). However. the addition of normal mouse
or human Ig as an isotype control augniented the level of
proliferation and abrogated the statistically significant dif-
ference between the proliferative responses of dav 4 and
day 8 DC-enriched cultures. The mechanism of this in-
crease is unclear: it is possible that some T cells have
responded to the xenogeneic immunoglobulin.

Allostimulation and presentation of soluble antigen
by OX62* sorted pure DCs

There ix some controversy concerning the ability of mature
DCs w process soluble antigen [27]. Expertments were
designed. therelore. to examine and compare the ability of
DC-enriched MB cultures 1o stumulate allogeneic T cells
and 1o present the soluble antigen OVA o purilied T cells.
Although cells from these cultures could present OVA 10
purtfied T cells 10O times better than splenocvies 1data not
shown) the APC function could not be conlidently attrib-
uted 1o DES because of contmimating cell populations. To
avoid these problems. the phenotypic characteristies iden-
tified In cvtospin preparations were used 1o solate pure
DCs by flow cviometric sorting on QX027
sulted 10 a population of rat DCs that were 90.1% pure by
FACS analyvsis. Morphologicallv. this purilied population
consisted muostly o cells that resembled the "lmmediale”

('(‘“h. '”lih re-

D precursors in culture evtospim preparations. with fewer
typicallv mature DCs (Fig. 3). However, scarce relutivels
immature myelomonoevtic forms were also present. The
ability of OX027 sorted DCs 1o present OV A and 1o stimu-
late allogeneie T eells is shown m Tables 3 and 4. re-
spectivelyv. OXO02 sorted cells were two to Tour times more
eflicient at presentation ol OVA than unsorted DC-en-
riched BM cells {Table 3). which in turn were 100 tines
more polent than fresh splenocytes tdata not shown). The
same was true {or stimulation of allogeneic bympho-
evies—OX027 sorted DCs were 3 1o 3 times more potent
allostimulators than unsorted DC-enriched BM celts (Ta-
ble 4). which in turn were at least 100 times more potent
than fresh splenocytes.

The precursors of rat BM-derived DCs are
contained in the OX7+ subset of BM cells

Studies of human DC biology have been greatly [acilitated
by the availability of mAbs to specific progenitor cell types
present in bone marrow and cord blood, such as CD33 and
CD34 (28]. One of the factors that has limied similar
studies in the rat has been the absence ol a similar surface
marker for progenitor cells. However, a report by Gieseler
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Fig. +. Comparison of the allostimulatory ability of day 4 @) and day 8 (A) FePA-depleted DC-ennched BM cultures. Eresh <pleen cells (l) were

used as a positive control.

et al. [29] has suggested that rat DC precursors belong to
the mveloid cell lineage. Furthermore, others have shown
that pluripotent hemopoietic stem cells in rat BM express
0OX7 as a surfuce marker [30]. Thus, it is likely that the
BM precursors of rat DCs are contained in an OX7% sub-
set, as suggested by Bowers et al. [31].

To determine whether the rat DC precursor is OX77, the
following experiments were conducted. Fresh FePA-de-
pleted BM cells were separated by u panning technique
using the mAb OX7 into OX7* and OX7- fractions. FACS
analysis of four separate experiments showed that FePA-
depleted BM cells contained 67.F £ 5.3% OX7* cells.
After selection, means of 89.6 * 2.6% and 7.0 = 1.2%
OX7* cells were present in OXT* and OXT preparations.
respectivelv. OX7* and OXT {ractions and unfractionated

BM cells were then placed in culture with rGM-CSF. us
described above. After periods of 2 and 0 days in culture.

MLRs were used to examine the allostimulatory ability of

OX7 and OX7~ DC-enriched BM cultures. The number of

cells recovered from cultures wus stmtlur among the three
groups (data not shown). The results presented in Figure
6A-C, using dav 2 BM caltures. show that the allostimu-

latory activity ol cells from OXT ™ cultures was between six
and nine times greater than that of cells derived from OXT
cultures. By day 0 (Fig. oD=F)1. potent allostimulatory ae-
tivity was also lound tn the ONT Traction, and the difler-
ence in allostimulalory ability between the two groups had
dimmished 1o between two- and fourtold at various R
ratios. These results are in agreement with the previoas

description of DC precursors as ONT™ BM cells (31,

TABLE 2. Capability of the Monoclonal Antibody OX6 and Fusion Protemn CTLA bl Bloeking the
Allostmutatory Ability ol Cultured Rat BM-Derived DCS

Concentration . » __l)_;n'_ _l__ o [ 8
Anubady tugml) Lo e e bt
Normal human lg icontrol) 2.5 17.000 — 16819 —
1.25 16,940 —_ 160,751 —
CTLA4-Ig 2.3 3349 09.6 H.018 o2
1.25 6.819 39.3 B34 1.7
Normal mouse lg icontrol) 2.5 15.650 — 16.485 —
1.25 16.859 — 15.361 —
0X6 2.5 910 94.2 3422 PO
1.25 1.334 91.5 6,381 01.37°
0X6 + CTLAL-Ig 1.25 + 1.25 123 97.3 347 96.77°

“DC-ennched BM cultures were used as sumulators in an MLR against allogeneic responders (PVG at an >R ratio of
1:27. Resuits presented are means of two separate experiments. In the absence of [g, the proliferative responses of dav 8 and
day 4 DC-enriched BM cultures were 14,919 £ 916 and 10.035 £ 774, respectvely, P < U38.

*P < 4 vs. dav 4.
2P not significant vs. day .
TP < 007 vs. day 4.
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Fig. 5. Giemsa-stamed estospin preparations of dav 0 unsorted DC-en-
riched BM cultures (A1 and ONO2™ sorted DCs (B). Note the DC in the
unsorted population (AL arrow | amid the contaminating granulocytes. In
the ONO2" sorted population (Bl contaminating granulocvies are rare

tarron k. This s an example of three separate experiments.

The mereased allostimulatory activity seen using dav 0
cultures of ONT cells was an mteresting observation: it
may be explamed by the 7% contaminating OX7* cells
that dilterentiate or matare into functioning DCs. This s
consistent with the observation that the proportion of OX7~
cells twhich is also the phenotvpe of cultured rat DC [31])

increased from 6.4% at day 0 to 16.7% by
cultures. ’

Another point of interest is that the allr
ity of unfractionated BM culture contro’
exposed to OX7. was quite low, even
were abundant in these cultures (699
on day 2). This suggested that binding ot u..
a ligand to Thy 1.1 on DC precursors could speea ..,
differentiation or maturation into functional DCs. To tes.
this hypothesis, the FcPA-depleted BM cells were treated
with either OX7 or normal mouse 1gG1 (isotype control)
before being placed in culture. After 48 h, the OX7 and
isotype control treated cells were used as stimulators in an
MLR assay. The data in Table 3 show that the OX7-pre-
treated culture outperformed the isotype controls, indicat-
ing that binding of OX7 1o DC precursors promotes the
differentiation and/or functional maturation of DCs.

DISCUSSION

In our initial report of this culture technique. double im-
munolabeling showed that DC-enriched BM cultures con-
tained a population of dendritic-shaped cells that
coexpressed MHC class 11 (OX6) and the integrin mole-
cule OX02 [23]. These cells also showed potent allostimu-
latory ability in the MLR and an ability to migrate to
cell-dependent zones of the spleen in vivo. As OX62 ha-
been previously shown 1o react with rat DCs and Y0 T cells
[21] and lymphocvies are rare in this svstem. it is reason-
able 10 assume that the dendritic-shaped. OX6*7/0X62~
cells in rat BM cultures are indeed DCs. However, few data
were provided in our earlier report [23] concerning the DC
precursor phenotvpe or the ontogeny, expression of
costimulatory and adhesion molecules. or functional ability
of DCs to present alloantigens or noninal protein antigens.

In the current study. the DC-enniched BM cultures were
examined daily using Giemsa-stamned cytospin prepara-
tions. Two separate time points (day + and dav 8) were

TABLE 3 Comparison of the Ability of X627 DCs and Unsorted DC-Enriched BM Cultures to Present
Soluble Antigen OVA 1o Naive Svageneie T Cells”
o Antigen
Coils ) APC None ova
ONo2 ™ DCs 1 x 10° T416 £ 850 12,545 + 989+ *
3% 10° 5507 £ 73078 31.642 = 1642+
1 x 10° 2335 £ 19978 19464 £ 1977+ ¢
Unsorted control 1 x 10* 4393 + 88 11.941 £ 1704
3% 10° 3458 £ 767 11.083 + 2780
i x 10° 2117 + 945 10,972 + 741

“Dav 0 DC-enrsched BM cullure was labeled with OX62 and soned for ON627 DCs. The 0X62” DCs and unsorted
cuntiul were then used as APCs 1o present OVA (2.5 pgymii to 3 x 107/well of svngeneic T cells. The counts for respanders
alone and 1esponders + OVA were 1621 £ 539 and 2284 £ 415, respecuvelv. Results presented are means = =0 of one

experiment.
*P < 02 vs unsorted contiol.
=P not signshcant vs. unsonted control.
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chosen to correlate cell morphology with various pheno-
typic markers. including costimulatory and adhesion mole-
cule expression and antigen-presenting capabilities. These
particular time points were chosen because by day 4 a
distinct population of cells was present that were morpho-
logically mature enough to be recognized as DC-like but
immature enough to make an ontogenic phenotypic analy-
sis meaningful. The phenotype of these immature cells was
then examined during evolution of the population into typi-
cally mature DCs and monocvtes/macrophages. both of
which were present in dav 8 cultures.

After combining this approach with the OX7 panning
procedure, it became evident that typically mature DCs
arise {rom an OX7* myelomonocytic precursor in rat BM
cultures. The mature rat DC has a moderatelv high nu-
clearrevtoplasmic ratio, an oblong, twisted. or cloverleat-
shaped nucleus. and smooth blue-gray cvtoplasm that is
drawn out into long, thin. delicate evtoplasmic processes.
They strongly express cluss [I MHC antigens. which shows
a distinet accentuation of positivity in the juxtanuclear
region [32]. Mature rat DCs also express the integrin mole-
cule OX62. OX7 (CD90Y. CTLAL-[g, ICAM-1 (CDSh). and
B7-1 but are negative for OX8 (CD8). OX19 (CD3), W3/25
(CDh. and the rat macrophage marker ED2. [n our hands.
immunoperoxidase staining ol eytospin preparations lor
OX1 was weak and equivocal. Flow eyvtometrie analvsis
shows that the percentage of cells expressing the lunetion-
ally important CTLARTe ACAM- 1L and MHC class 1 anii-
sens mereases with ime i culture. s does their level of
expression of these antigens, <hape. and allostumulatory
abihity.

Thus, we have extended the analvsis of rat DCs 1o in-
clude w wider punel of monoclonal antibodies than pre-
viously used and coerelated phenotype with morphology in
culture 1o infer ontogeny, The results obtained Tor bone
marrow=dernved DCs were <umilar 1o those reported by

Cn

Bowers et ul. j,H

and Greseler and colleagues |33

FABLE 4 Comparson of the Aintity ol ONO2 T

Sttlators [LEW
0ONX62T DU
Lx 10! TH6 = 850
3 x 10t 5507 = 73077
L x 10° 2355 = 1907 "

Unsorted controt

1% 10 1.393 = 88
3x 10° 3138 £ 767
Cixiet 2017045

_.B8Ju8xle30

contrast. mature rat thvmic DCs [34] show -
ferences from bone marrow—derived DCs-
ED2*, OX8~. and OX19", whereas the
negative for these markers under the

this study.

[n our previous study. the percentage of O..
started to decrease in the most mature cultures, an.
they contained the most potent allostimulatory cells. Th..
apparent paradox i1s now explained bv examination of the
cytospin preparations from day 8 that showed more than
30% typically mature DCs and strong expression of class
[T MHC and CTLA4-Ig. These tvpical mature DCs showed
OX62 staining that was notably weaker by immunocyto-
chemistry. The implication is that the use of 0X67'0X62*
cells as the "gold standard" phenotype mayv actually under-
estimate the number of DCs present. which otherwise are
functionally and morphologically mature. This contention
was contirmed by cvtospin and functional analysis of
OX62*-sorted DCs, which showed u slightly less mature
morphology than the tvpically mature DCs. However, these
cells could effectively present OVA to naive T cells in vitro
and stimulate an MLR much better than unsorted DC-en-
ciched BM cultures. Therefore, similarly to the situation for
other species. the broadest characterization of rat DCs
should be hased on u combination of distinet morphology
and strong class [ MHC antigen expression.

The relative importance ol two surface antigens, MHC
class [Hand CTLAE-Te, i the allostimulatory abidity of day
8 rat DCs was tested in functional assavs using blocking
antibodies. When used alone, CTLA -l only partially
blocked alloreactivity and even a fivelold inerease nits
concentration (to 125 ugml) allowed o maximun inhibi-
tion of no more than 72% (data not <hown). These data
indicate that cither allostimulation i an LR requires
more than the CD28-B7 pathway or the homology between
cat and mouse CTLAL s neomplete. The former interpre-

tation is, however, consistent with published lindings that

s e Linsorted DC-Enrened BM Caltures as

Stmudators in MLR \2;5}\" -

Resporders

vl Py

3034 £ 2103% " 39306 £ RO
20145 = 168* " 32,362 £ 1242
17.020 £ T132%° 18.025 = 53477*°

117,788 £ 327
11.676 £ 3291

8.080 £ 2061
9.890 £ 2471

_ 042 22687

“Day 0 DC-enriched BM culture was sorted for OX62 ™ DEs. The OX62 7 DCs and unsonted contiols were then used as
stimulators i un MLR assay against syngenerc (LEW) and wlogeneie (ACT and PYC) nvion woni—punified T cells (3 x
10% well). The assas was lubelled with | H]thyaudine lor 18 h before harvesting on day 4. Results presented are means = 0

ol one expenment.
)
TP < 03 vs. unsorted contioi.
2P not signdticant vs. unsorted control.
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Fig. 6. DC-ennched BM cabtures lrom untracoonated (L ONT™ (@0 and ONT (A BM cultures were used as ~timuiators meacone-wan MLR against

svigenere t LEWY and allogeneic 1 ACHand PVG) responders, Cultures at 2 and 6 days were anaby ced and the mean results of two separate experiments

are shown,

serial adminstration of this reagent in vivo does not readily
induce long-term acceptance of cardiac allografts [35] in
rats. Although OX6 alone more effectively blocked allore-
activity in an MLR. the almost complete prevention of
proliferation seen with a combination of low-dose CTLA4-
lg and anu-MHC class II mAb (Table 2) reinforces the
importance and complexity of costimulation pathwavs in
the rat.

Considerable interest has arisen in using antigen-pulsed
DCs as a vaccine adjuvant to induce protective immunity
against infectious diseases or tumors. which otherwise do
not incite protective immunity. For example, it has been
shown that immature or freshly isolated DCs can process
native proteins (36]. and in vivo immature skin DCs ac-

quire antigen. process it and travel o draining lvmph
nodes [37]. In this studyv. pure ONO2%-sorted DC cells
could effectively present the soluble antigen OV A to naive
T cells and stimulate naive allogeneic T cells in vitro.
Morphologicallv. this sorted population could be best clas-
sified as immediate DC precursors.

A simple panning procedure using OX7 to select Thy-
1.17 cells enriches DC activity between six- and ninefold
at various /R ratios when assavs are performed early in
the culture period (dav 2). These results are consistent
with previous suggestions that the precursors ol rat DCs are
Thy-1.17 [31]. Although we huave shown some usefulness
for Thy 1.1 in identifving rat stem cells. its presence on
40-60% of fresh rat BM cells. including myelomonocytic

Chen-Woun et al.  Rat bone marrow~derived dendritic cells 2035



TABLE 3. Anti-CD9C mAb. OX7 Treatment Promotes the Maturation of BM-Derived DCs"
Proliferative responses al various /R 1atios
Treatment Responder 1.9 1:27 18l
Normal mouse [gGl LEW 1.306 + 276 642 * 247 703 £ 207
ACI 10.262 £ 2615 3,247 = 1172 2.865 = 31
0X7 LEW 7901 = 006*% 8176 1703%° 3893+ 10
ACI 16428 + 51997 % 12.426 + 1380%'" 8,083 + 76

Fresh Lew BM ceils were treated with either normal mouse [gG1 iisotype control} or mAb OXT before being put in
culture. After 48 h in cutture, the DC-enriched cultures were used as stimulators against syngeneic 1 Lew) or allogenere i ACH
responders in an MLR. Results presented are means = <D of one experiment.

b. ; .
*P < .03 vs. isotvpe control.
£P not significant . 5. isotype control.

precursors [38], makes attempts to enrich for Thyl.1”
cells in the rat not that meaningtul.

However, one interesting and unexpected finding wus
the high level of allostimulatory activity found in the OX7*
fraction at day 2. [n unfractionated cultures not exposed to
OX7 binding, comparatively low levels of allostimulatory
activity were found after 48 h of incubation. An additional
experiment using unfractionated DC-enriched BM cetls
showed that binding of OX7T but not an isotype control
antibody to cells in culture clearly enhuanced the allostimu-
latory ability ot this populition. Although the functional
role of Thyl remains unknown, anti-Thvl.l Ab has heen
shown to have u mitogenic etfect on T cells and Thyl
transtected B cells [39]. Therefore. that anti-Thyvl mAb
binding could promote DC maturation s not an unreason-
able assumption.

[n conclusion. mature DCs derived from rat BM cultures
are potent stimulators of allogenewe T cells in an MLR und
can etficiently present exogenous antigen to naive T cells.
Rat DCs show a strong morphologic resemblance to their
human and mouse counterparts and express a similar array
ol costimulatorv and adhesion molecules, some ol which
are essential {or their potent sumulatory abiity in vitro.
These studies provide 1 baseline tor turther analvsis of the
role of DCs in the manv well-defined rat models ot trans-
plantation tolerance [6-8] und autvimmune disease.
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