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Impaired Induction of the CD28-Responsive Complex in Granulocyte
Colony-Stimulating Factor Mobilized CD4 T Cells

By Junji Tanaka, Marco Mielcarek, and Beverly Torok-Storb

Use of the CD28/B7 costimulatory signal for T-cell activation
was analyzed in granulocyte colony-stimulating factor (G-
CSF) mobilized peripheral blood mononuclear cells (G-
PBMCs) and in peripheral blood mononuclear cells obtained
before administration of G-CSF (preG-PBMCs). CTLA4Ig inhi-
bition of OKT3-stimulated proliferation was significantly
lower in G-PBMCs compared with preG-PBMCs (39.9% =
5.6% and 72.2% = 5.4%, respectively; P < .001). Furthermore,

ible level of the T-cell transcription factor CD28 responsive
complex (CD28RC) was suppressed in CD4 cells derived from
G-PBMC. However, depletion of CD14 cells from G-PBMCs
restored CD28RC induction to normal levels. Taken together,
these findings suggest that the large number of CD14
monocytes in G-PBMCs may limit T-cell responsiveness by
suppressing the induction of the CD28RC.

© 1998 by The American Society of Hematology.

as shown in electrophoretic mobility-shift assays, the induc-

RANULOCYTE colony-stimulating factor (G-CSF) mobi- MATERIALS AND METHODS
lized peripheral blood mononuclear cells (G-PBMCs)  ponors, G-CSF mobilization, and PBMC processingamples
have been used increasingly to reconstitute hematopoiesis aft@fere collected from normal volunteers or peripheral blood stem cell
myeloablative therapy. Although G-PBMC grafts contain at donors after written informed consent was obtained as approved by the
least 10 times more T cells than standard marrow grafts, the inkstitutional Review Board of the Fred Hutchinson Cancer Research
cidence and severity of acute graft-versus-host disease (aGVHI¥)enter (Seattle, WA). Heparinized peripheral blood samples were
is not higher than observed with allogeneic marédimypotheti- ~ obtained before the first administration of G-CSF (preG-PBMC).
cally these clinical observations could be explained by a direc eripheral blood stem cell donors were administered recombinant

effect of G-CSF on T-cell functiof Alternatively, G-PBMCs uman G'CSF. .(rh(.}CSF; Amgen, Inc, Tho.usand. Oaks, CA) by
subcutaneous injection at a dose of 8 pg/kg twice daily for 4 to 7 days.

may Co_ntaln cells that can suppress donor T-cell reSpons'Vene_sf'eukapheresis was performed using a continuous flow blood cell
Previously we have reported that G-PBMC leukapheresissgparator (Cobe Laboratories, Lakewood, CO) on 2 consecutive days
products contain a large number of CDl#nonocytes that beginning on day 4 of rhG-CSF administration, and G-PBMCs were
suppress donor T-cell proliferation in a dose-dependent fashebtained from the first leukapheresis. PreG-PBMCs were isolated over
ion.%11 Normal CD14 cells when used in comparable numbersFicoll (Accu-Prep; Accurate Chemicals, Westbury, NY; 1.077-g/mL

could also suppress T-cell respons“leness’ Suggest|ng tha{ad|ents) and washed with Hanks’ balanced salt solution (HBSS)/].%
G-PBMCs differed from normal marrow or PBMCs in the bovine serum albumin (BSA). G-PBMCs were suspended in HBSS/1%
SA and centrifuged at 200 g for 10 minutes to remove platelets and

guQé)'(\a/lrcodeI?l4dC((3:I:§i4HOW(ﬁver, our dat: a!so .?UQQTSt?d thatien hemolysed in hemolysis buffer (150 mmol/L ammonium chloride;
B —aderve cells expressed signiticantly OWET 15 mmoliL sodium bicarbonate). All samples were cryopreserved to

levels of the costimulatory molecule B7-2 (CD86). allow simultaneous testing, and paired preG- and G-PBMC samples
Given that the engagement of the T-cell receptor in Vitro in from the same donor were used in some experiments as indicated.

the absence of costimulatory molecules can result in a state of Mixed lymphocyte culture (MLC).Responder PBMCs (25 to 100
antigen-specific anerdy,2! we hypothesized that the large 10°) were cultured with 10x 10%irradiated (30 Gy), allogeneic PBMC
number of CD14/B7-2° cells in G-PBMCs may contribute to  stimulators in 200 uL of RPMI 1640 supplemented with 10% fetal calf
low T-cell responsiveness by providing suboptimal amounts ofsérum (FCS), 0.4 pg/mL L-glutamine, 100 U/mL penicillin, and 100
costimulatory signals. The potential relevance of costimulatory“g/ mL streptomycin in ro_und-bott?m_ 96-well plates (Corning, New

. L York). After 5 days incubation at 37°C in 5% GQultures were pulsed
signals for the activation of donor T cells and the developmen

Lo . i | R/vith 1.0 pCi/well 3H-thymidine for the final 16 hours. Cells were
of GVHD has been shown in vivo by blocking the interaction of harvested andH-thymidine incorporation was measured by scintilla-

B7-1 and B7-2 with CD28 on T cells using CTLA4lg, a soluble tion counting. For CTLA4Ig (kindly provided by Bristol-Myers Squibb,
fusion protein of human CTLA-4 and IgG1 Fc regi#nThis
treatment reduced lethal aGVHD after allogeneic marrow

transplantation in mic&*24
aRsp a tla 0 CD28(-:é3 . | t (CD28RE) with _Research Center, Seattle, WA and the Department of Medicine, Univer-
ecently, a responsive element ( ) with pro sity of Washington, Seattle, WA.

moter activity in the interleukin-2 (IL-2) gene has been g pmitted June 16, 1997; accepted September 2, 1997.
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Princeton, NJ¥ inhibition of T-cell proliferation in MLC, both pH 7.9, 10 mmol/L KCI, 0.1 mmol/L EDTA, 0.1 mmol/L EGTA, 1
responder and irradiated stimulator cells were preincubated with 1Gnmol/L dithiothreitol (DTT), and 0.5 mmol/L phenylmethylsulfonyl
pg/mL of CTLA4Ig for 30 minutes at 37°C. fluoride (PMSF). The cells were allowed to swell on ice for 20 minutes.
Polyclonal T-cell stimulation assays using immobilized OKT3 mono-Thereafter, 25 pL of 10% NonidentP-40 (Sigma, St Louis, MO) was
clonal antibody. Ninety-six—well flat-bottomed microtiter plates (Cos- added and the contents were vigorously mixed. After centrifugation, the
tar, Cambridge, MA) were preincubated with 6.25 to 100 ng/mL OKT3 nuclear pellet was resuspended in 50 pL of cold extraction buffer (20
monoclonal antibody (Ortho, Raritan, N3)jn 100 mmol/L Tris-HCI mmol/L HEPES-KOH, pH 7.9, 400 mmol/L NaCl, 1 mmol/L EDTA, 1
buffer (pH 9.5) for 16 hours at 4°C. For CTLA4Ig inhibition of T-cell mmol/L EGTA, 1 mmol/L DTT, and 1 mmol/L PMSF) and vigorously
responsiveness, cells were preincubated with 0.1 to 30 pg/mL CTLA4lgocked at 4°C for 60 minutes. Nuclear extracts were cleared by
for 30 minutes at 37°C before seeding into OKT3-coated wells. centrifugation. Protein concentration was assayed using a bicinchoninic
PreG-PBMCs and G-PBMCs were suspended in RPMI 1640 mediunmacid (BCA) protein assay kit (Pierce, Rockford, IL). The oligonucleo-
supplemented with 10% FCS at indicated concentrations, cultured atide 5-AAAGAAATTCCAAAGAAAAGAAATTCCAAAGA-3 'Bwas
37°C for 3 days, and pulsed withi-thymidine for the final 16 hours of used as a CD28RC recognition sequence &fferend labeling by T4
culture. polynucleotide kinase (GIBCO-BRL, Gaithersburg, MD). Each reac-
Percent CTLA4Ig-mediated suppression was calculated using théion mixture contained about 100 fmol of double-strandég-end
following formula: PH-thymidine uptake after OKT3 stimulation labeled probe and 1 pg of protein from nuclear extracts. Binding
without CTLA4Ig (cpm)— OKT3 stimulation with CTLA4lg (cpm)]/ reactions were performed in binding buffer (25 mmol/L HEPES-KOH,
OKT3 stimulation without CTLA4lg (com)X 100. pH 7.9, 30% [vol/vol] Glycerol, 10 mmol/L MgG) 50 mmol/L KCI, 1
To analyze induction of nuclear transcription factor CD28RC in mmol/L EDTA, 1 mmol/L DTT, and 0.5 pg of poly[dI-dC]) in a final
preG-PBMCs and G-PBMCs, X 10°mL cells were cultured in  volume of 20 pL at room temperature for 20 minutes. Complexes of
OKT3-coated (25 ng/mL) T75 culture flasks (Costar) for 4 hours with or nuclear protein anéP-end labeled probe were electrophoresed on 6%
without CTLA4Ig (10 pg/mL). polyacrylamide gels in TBE buffer (22 mmol/L Tris, 22 mmol/L borate,
Immunofluorescent staining and flow cytometric analysfSells and 0.4 mmol/L EDTA) for about 2 hours (100 constant voltage [CV]).
were stained with Leu-3a (anti-CD4—phycoerythrin [PE]; Becton Dick- Gels were dried and analyzed using ImageQuant3.3 software (Molecu-
inson, San Jose, CA) plus Leu-28 (anti-CD28—fluorescein isothiocyaiar Dynamics, Sunnyvale, CA).
nate [FITC], Becton Dickinson) and with LeuM3 (anti-CD14-PE,
Becton Dickinson) plus MAB104 (anti-CD80 [B7/BB1]-FITC, Immu-
notech, Boston, MA) or FUN-1 (anti-CD86 [B70/B7-2]-FITC, Pharm- RESULTS
ingen, San Diego, CA). Isotype-matched antibodies of irrelevant  prgliferative responsiveness of preG- and G-PBMCs in MLC.
specificity were used as negative controls. Samples were analyzed Witfynfractionated G-PBMC showed lower proliferative responses
the use of a FACS Calibur (Becton Dickinson) flow cytometer. in MLC compared with equivalent numbers of unfractionated
Immunomagnetic cell sorting for CD4 enrichment and CD14 dEpIe_preG-PBMCS obtained from the same donor (Fig 1). Hypore-

tion. Enriched CD4 T cells were obtained by positive selection using . .
Leu-3a anti-CD4-FITC, antihuman-mouse IgG1 (Becton Dickinson) asSPONSIVENess of G-PBMCs in MLC may be caused by the lower

primary antibody and rat-antimouse IgG1l conjugated to magnetiooercentage O_f T cells and the higher per_centage of suppressive
microbeads as the secondary antibody. Flow cytofluorometric analysi&D14 cells in G-PBMCs compared with preG-PBMCs, as
of enriched populations indicated that they containe@0% CD4" reported previousl§In addition, CTLA4lg-mediated inhibition
cells. CD14 cell-depleted fractions containind % CD14 cells were  in MLC was more pronounced at all responder cell concentra-
obtained by negative selection using LeuM3 anti-CD14-PE, antihumantions when preG-PBMCs compared with G-PBMCs were used
mouse IgG2a (Becton Dickinson) as primary antibody and rat-as responders.
antimouse 1gG2ab conjugated to magnetic microbeads as the second- preG- and G-PBMC proliferation in response to immobilized
ary antibody according to the manufacturer’s instructions (Miltenyi OKT3 monoclonal antibody. Unfractionated preG- and G-
B'oEtlicct?omE;’e?iirgsg:fIzﬁ;a;;:egigﬁ)'unfractionated oG- PBMCs obtained from the same donor were stimulated with
4 4 v ( P immobilized OKT3 monoclonal antibody at different concentra-

or G-PBMCs were cultured for 4 hours on immobilized OKT3 antibody. ' ) . . o
CD4 cells were then purified by immunomagnetic enrichment astions (Fig 2A and B). OKT3 monoclonal antibody immobilized

described previously, and nuclear extracts were isolated from purified5_lt a concentration of 25 ng/m_L_provided suboptimal Stiml_“a'
CD4 cells as described previougk?®In brief, cells were suspended in  tion, which could be largely inhibited by 10 pg/mL CTLA4Ig in
400 pL of cold hypotonic buffer containing 10 mmol/L HEPES-KOH preG-PBMCs. CTLA4lg-mediated inhibition was less effective
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(& 20 4 d - . Fig 1. Mixed lymphocyte cultures using increas-
T + ing numbers of preG-PBMCs (A) and G-PBMCs (B)
1 cultured with 100 x 103 irradiated, allogeneic PBMC
10 4 7] stimulators in the presence (solid line) or absence
(dashed lines) of 10 pg/mL CTLA4lg. Values for
; . T | T T T 1 SH-thymidine incorporation represent the mean

0 25 50 75 100 0 25 50 75 100 counts per minute (com) * the standard error of the
3 3 mean (SEM) from triplicate cultures. Results from
PreG-PBMC (X10%) G-PBMC (X10°) one of three representative experiments are shown.
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at higher OKT3 concentrations. Therefore, an OKT3 concentra
tion of 25 ng/mL was chosen for subsequent polyclonal
stimulation assays.

CTLA4Ig-mediated inhibition of immobilized OKT3-stimu-
lated preG- and G-PBMC proliferation. The role of CD28/B7
costimulation in preG- and G-PBMCs was compared by
measuring T-cell proliferation in response to OKT3 stimulation
in the presence and absence of different concentrations ¢ y=
CTLA4lg. Comparing paired samples from the same donor, 5
CTLAAIg consistently had a greater inhibitory effect on the =
preG- compared with the G-PBMC proliferative response. As O
shown in Fig 2C, maximum inhibition of preG-PBMC prolifera-
tive response was-70% at a CTLA4Ilg concentration of 3
pg/mL. In contrast, maximum inhibition of G-PBMC prolifera-
tion was<30% even at a CTLA4lg concentration of 30 pg/mL.

In larger series of experiments, CTLA4Ig at 10 pg/mL was
used to evaluate the role of B7 costimulation in OKT3-stimu-
lated proliferation in both paired and unpaired samples of preG:
and G-PBMCs. Using all samples the inhibition of proliferation
by CTLA4Ig in preG-PBMCs (n= 11) was 72.2%+ 5.4%,
which was significantly higher than the 39.9%5.6% P <
.001) observed in G-PBMCs (& 15). When the five paired
samples were analyzed separately, CTLA4Ig inhibition in
preG-PBMCs was also significantly higher than that seen in
G-PBMCs (62.9%+ 10.0%v 25.4%* 11.6%;P < .002; data
not shown). —

Expression of costimulatory molecules in preG- and G-
PBMCs. Expression levels for CD28/B7 were compared y=
between CD4 and CD14 cells derived from preG- and G- 5
PBMCs. As reported previoushCD28 was equally expressed =
on preG- and G-CD4 cells. In addition, preG- and G-CD14 cells Q.
had comparably low expression of B7-1 (CD80). However,
expression levels of B7-2 (CD86), a ligand for CD28, were
reduced by 60% to 70% on G-CD14 cells compared with
preG-CD14 cells (data not shown).

Detection of CD28RC in EMSA.CD28RC was detectable
in the nuclear protein fraction extracted from CD4 T cells
derived from OKT3-stimulated preG-PBMCs by this assay (Fig
3). The addition of unlabeled CD28RE inhibited the detection
of CD28RC in a dose-dependent manner. However, the additio
of a nonspecific probe did not interfere with the detection of
CD28RC, indicating that this assay was specific for CD28RC.

Comparison of CD28RC induction in CD4 T cells derived
from OKT3-stimulated preG- and G-PBMCsBecause of
functional differences seen in the CTLA4Ig inhibition experi-
ments, we analyzed CD28RC expression in CD4 cells derivec

Fig 2. Polyclonal T-cell stimulation assays using immobilized
OKT3 monoclonal antibody. Unfractionated preG-PBMCs (A) and
G-PBMCs (B) (100 x 103 cells/200 pL) were cultured in the presence
(solid line) or absence (dashed line) of 10 wg/mL CTLA4Ig. Values for
3H-thymidine incorporation represent the mean cpm * SEM from
triplicate cultures. (C) Dose-dependent CTLA4Ig-mediated inhibition
of immobilized OKT3 stimulated preG-PBMCs (solid line) and G-
PBMCs (dashed line) obtained from the same donor. Cells were
stimulated by immobilized OKT3 (25 ng/mL) in the absence or
presence of CTLA4Ilg at the concentrations indicated. The percent
CTLA4Ig-mediated inhibition was calculated as described in Materials
and Methods. Results from one of three representative experiments
are shown.
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Competitor - - 10 50 Non-specific with immobilized OKT3. To test whether CD1% monocytes
in G-PBMCs could suppress OKT3-induced expression of
Extract - + + + + CD28RC, CD4 cells derived from unfractionated and CD14-

with a 32P-labeled CD28RE. Extracts were electrophoresed on a 6%
polyacrylamide gel and complexes of nuclear proteins and CD28RE
were visualized using ImageQuant3.3 software (Molecular Dynam-
ics). Unlabeled CD28RE (10 and 50 pmol) as a specific competitor or
negative regulatory element A (NRE-A) as a nonspecific competitor
were added as indicated.

from unfractionated preG- and G-PBMCs after 4 hours of
stimulation on immobilized OKT3 monoclonal antibody. The
purity of CD4 cells after immunomagnetic enrichment and
before nuclear protein extraction usually exceeded 90% as
assessed by flow cytometric analysis. In preG-CD4 cells,
CD28RC expression was upregulated by OKT3 stimulation and
suppressed in the presence of CTLA4lg (Fig 4). In contrast,
CD28RC expression in G-CD4 cells was not significantly
increased in responses to OKT3 stimulation. In addition, the
inhibitory effect of CTLA4lg on CD28RC expression was
considerably less pronounced in G-CD4 compared with preG-
CD4 cells. Thus, the inducible expression of CD28RC appeared
to be suppressed in G-CD4 cells.

Proliferation of CD14-depleted G-PBMCs in response to
stimulation with immobilized OKT3.We have reported previ-
ously that G-PBMCs contain a large number of CD14
monocytes that suppress T-cell proliferation in MLC in a
dose-dependent manrfefo analyze whether CD14 cells can
also suppress OKT3-stimulated T-cell proliferation, we com-
pared unfractionated and CD14-depleted G-PBMCs. As shown
in Fig 5, CD14-depleted G-PBMCs<(l% CD14 cells) re-
sponded better than unfractionated G-PBMCs to OKT3 stimula-
tion. In addition to the improved responsiveness, CD14-
depleted G-PBMCs were more susceptible to CTLA4Ig-
mediated inhibition. In contrast, OKT3-stimulated proliferation

TANAKA, MIELCAREK, AND TOROK-STORB

depleted G-PBMCs were analyzed for CD28RC expression. As
shown in Fig 6, this transcription factor was expressed at
considerably higher levels in CD4 cells derived from CD14-

depleted compared with unfractionated G-PBMCs.

DISCUSSION

The present study investigates the role of the CD28/B7-
costimulatory pathway in T-cell activation in G-PBMCs com-
pared with normal peripheral blood. This study was prompted
by the observations that unfractionated G-PBMCs are hypore-
sponsive to alloantigen stimulation in vitro and that the
monocytes that comprise 25% to 50% of the cells in G-PBMCs
express reduced levels of B7-2 (CD86), a critical costimulatory
molecule for T-cell activatiof.Using OKT3 stimulation and
CTLA4lIg inhibition experiments, we now report that in compari-
son to normal PBMCs, G-PBMCs are less susceptible to
CTLA4Ig-mediated suppression of OKT3-stimulated prolifera-
tion. This suggests that CD28/B7 interactions may not contrib-
ute significantly to T-cell activation in G-PBMCs. In keeping
with this observation, G-CD4 cells have decreased levels of
Fig 3. Detection of CD28RC in EMSA. The nuclear extract from inducible CD28RC. However, the inducible levels of this DNA
CD4 cells derived from OKT3-stimulated preG-PBMCs was incubated binding protein increased after G-PBMCs were depleted of

PreG-PBMC G-PBMC

I 1 i 1
OKT3 - + + - +
CTLA4lg - - + - - +

Fig 4. EMSA of CD28RC in OKT3-stimulated preG- and G-CD4

of unfractionated G-PBMCs decreased at cell concentration§e'l'ts- 1d’; 12‘1’\’“'— H”fg"z$§”atiddp:;‘;‘P?tMCSﬂa”s Q‘Ft’EMCS were
exceedlng 100< 103/200 |_1L. cultured Tor oursin -coate culture Tlasks In € presence

. . i . i or absence of CTLA4lg. One microgram of nuclear extract isolated
CD28RC induction in G-CD4 cells derived from unfraction- from CDA4 cells purified by immunomagnetic enrichment was used for

ated and CD14 depleted G-PBMCs in response to stimulatiorthe EMSA. Results from one of four experiments are shown.
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Fig5. 3H-thymidine incorporation by OKT3-stimu- o
lated G-PBMCs. Unfractionated G-PBMCs (A) and 10
CD14 depleted G-PBMCs (B) were cultured at various
cell concentrations in the absence (solid lines) or in
the presence (dashed lines) of CTLA4Ig. Values for
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3H-thymidine incorporation represent the mean cpm 0
+ SEM from triplicate cultures. Results from one of
four representative experiments are shown.

50 100 150 200 0 50 100 150 200

G-PBMC (X103) CD14 Depleted G-PBMC (X103)

CD14 cells. These data suggest that the large number gbathway with CTLA4lg, which specifically blocks B7-1 and
CD14"/B7-2° cells in G-PBMCs may be interfering with CD28 B7-2 on the APC side, may reduce lethal aGVHD after

signal transduction.

allogeneic marrow transplantation in mi&&* Therefore, co-

B7-1 and B7-2 molecules expressed on antigen-presentingtimulatory molecules may play an important role in regulating
cells (APCs) bind to CD28 and CTLA-4 on T cells, thereby T-cell function and the development of GVHD in human
providing a costimulus for T-cell activation and clonal expan- marrow and blood stem cell transplantati8ithe unexpectedly
sion1?1417 Antigen presentation by APCs to T cells without low incidence and severity of aGVHD in patients receiving
costimulation results in a state of antigen-specific anergy. It hass-PBMCs despite the transfer of at least 10 times more T cells
been shown in vitro that blocking the interaction between CD28compared with marrow transplantation may be a consequence

and B7 can result in T-cell clonal anerf2tIn addition, in vivo

of the large number of CD14B7-2° cells suppressing CD28-

data suggest that blockade of the CD28/B7 costimulatorymediated signal transduction.

Fig 6. EMSA of CD28RC in OKT3-stimulated CD4 cells derived
from unfractionated or CD14-depleted G-PBMCs. A total of 1 X
108/mL unfractionated G-PBMCs and CD14 depleted G-PBMCs were
cultured in OKT3-coated T75 culture flasks for 4 hours. One micro-
gram of nuclear extract isolated from CD4 cells derived from either
unfractionated (lane 1) or CD14-depleted (lane 2) G-PBMCs was used
for EMSA. Results shown are generated from the same sample used
in the experiment shown in Fig 5.

Whether the relatively low levels of B7-2 expressed by these
cells contributes directly to this suppressive effect is not clear at
this time. Monocytes, in addition to their role as AP&& can
also inhibit T-cell function by several mechanis?#s® Soluble
monocyte products have been shown to downregulate nuclear
transcription factors required for T-cell activation and prolifera-
tion. IL-10, for example, inhibits NkB/Rel activity and
prostaglandin E2 inhibits AP-1 and NF-AT induction in human
T cells37:38 Therefore, in addition to the potential relevance of
reduced B7-2 levels, factors produced and secreted by mono-
cytes may play a role in downregulation of CD28RC in G-CD4
cells. There also remains the possibility that G-CSF treatment
might directly alter T-cell function by altering signaling events
downstream of the CD28 receptor.

These considerations notwithstanding, our data suggest a
decreased use of the CD28/B7 costimulatory pathway by
stimulated CD4 T cells in G-PBMC leukapheresis products
which, in turn, appears to be influenced by the large number of
CD14/B7-% cells present. Whether these findings influence
either the incidence or severity of aGVHD observed after
peripheral blood stem cell transplantation remains speculative.
However, they may stimulate interest in investigating the
potential use of manipulated cell populations to prevent or treat
graft-versus-host reactions.
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