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Molecular characterization of U937-dependent T-cell co-stimulation

T. J. STONEHOUSE, V. E. WOODHEAD, P. S. HERRIDGE, H. ASHRAFIAN, M. GEORGE, B. M. CHAIN &
D. R. KATZ Department of Immunology, Windeyer Institute of Medical Sciences, University College London, London, UK

SUMMARY

U937 cells provide a co-stimulatory signal for CD3-mediated T-cell activation which is independent
of the CD28/CD80/CD86 interaction. This study set out to identify which molecules contribute
to this co-stimulatory activity. Monoclonal antibodies (mAb) to the known accessory molecules
CD11a, CD18, CD54 and CD45, all inhibited T-cell proliferation. Although CD11a/18 mAb
inhibited U937/T-cell cluster formation as well as proliferation, CD45 enhanced the size of the
clusters formed, suggesting that this was not the only mechanism of inhibition. The alternative
co-stimulatory pathway provided by U937 cells preferentially stimulated a response in the CD18+
T-cell population, and this reflected the reduced sensitivity of CD8+ T cells to CD28-mediated
activation. Monoclonal antibodies to three molecules, CD53, CD98 and CD147, also inhibited
U937-dependent T-cell proliferation. The mAb to CD98 and CD147 were inhibitory when
prepulsed on to the U937 cells, suggesting an effect mediated by these molecules on the antigen-
presenting cell.

INTRODUCTION ( lymphocyte function-associated antigen-1; LFA-1;
CD11a/CD18) and the intracellular adhesion molecules

The activation of T cells in response to antigen (Ag) requires
(ICAM).17,18 However, there have been several suggestions

at least two types of signals to be provided by an antigen-
that there may well be other additional co-stimulatory mol-

presenting cell (APC).1 The first of these is mediated via the
ecules. An example of this is the previous study in which

interaction of the antigen-specific T-cell receptor (TCR) with
Johnson & Jenkins et al. demonstrated that the monoblastoid

peptide that is associated with major histocompatibility com-
U937 cell can act as an accessory cell providing co-stimulatory

plex (MHC) molecules on the surface of the APC.2 As a result
signals for T-cell activation induced by antibody against

of this interaction, the TCR-associated CD3 complex mediates
CD3.19 This co-stimulatory activity was independent of the

intracellular signals that are necessary but not sufficient for
CD80/CD86–CD28 pathway, as U937 cells do not express

T-lymphocyte clonal proliferation.3,4 The second critical signal
CD80, and express very low levels of CD86.20,21 Antibodies

is mediated either by proteins on the T lymphocytes that
against CD11a/CD18 were not able to substitute for U937

interact with co-stimulatory molecules on the surface of the
cells in this model, suggesting that an ICAM – b2 integrin

APC5,6 or by soluble cytokines produced by APC acting on
interaction also did not provide the essential second signal.

the T cell. Unlike TCR-mediated signals, these co-stimulatory
In this study we have re-examined the U937-dependent

signals are not Ag specific. The type of co-stimulatory signal
activation of T cells, with the objective of identifying the novel

that is delivered is dependent on several factors, including not
candidate co-stimulatory molecules that have been proposed.

only the type and activation status of the APC,7 but also the
In addition, we have also re-examined the requirement for

type of T cell (CD4+ or CD8+), and whether the T cells are
the b2–integrin–ICAM interaction in CD80- and CD86-

of naive or memory phenotype.8
independent T-cell activation, and the relationship between

Several cell surface co-stimulatory interactions have been
the co-stimulatory signals and the phenotype of the activated

implicated in T-lymphocyte activation. The most thoroughly
T cells. The results have significant implications both for our

investigated are those between CD80 (B7.1)/CD86 (B7.2) on
understanding of T-cell activation, and in terms of the immune

the APC, and CD28/CTLA-45,6,9–11 on the T cells, between
response to tumours and auto-antigens.

CD70 and CD27,12,13 between CD2 and CD58, CD59, or
CD48,14–16 and between the b2 integrins, especially a1/b2

MATERIALS AND METHODS

Received 5 May 1998; revised 21 September 1998; accepted Cell line
24 September 1998. The human monoblastoid U937 cell line was used as the

accessory cell in a T-cell co-stimulation assay. U937 cells wereCorrespondence: Professor D. R. Katz, Department of
grown in RPMI-1640 complete medium (RPMI-1640 sup-Immunology, Windeyer Institute of Medical Sciences, University

College London, 46 Cleveland Street, London W1P 6DB, UK. plemented with 10% fetal calf serum, 2 m -glutamine, 100 U
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Table 1. (continued)Table 1. List of monoclonal antibodies (mAb) that were used in the
analysis of the U937/CD3 T-cell activation in this study

Specificity mAb Isotype Species Originator
Specificity mAb Isotype Species Originator

CD99* HI142 M Mouse Shen
CD11a CD11a-5E6 G1 Mouse Knapp
CD11a CD11a-6B7 G1 Mouse Knapp CD147* HI197 G1 Mouse Shen

CD147* HIM6 G1 Mouse ShenCD11a AZN L27 G1 Mouse van Kooyk
CD11a AZN L21 G2b Mouse van Kooyk CD147* UM8D6 G3 Mouse Fox

CD147** H84 G2b Mouse Sagawa
CD18 AZN L18 G1 Mouse van Kooyk
CD18 MEM148 G1 Mouse Horejsi *The initial screen was performed with mAb from the VIth Human
CD18* 7E4 G1k Mouse van Agthoven Leucocyte Differentiation Antigen Workshop. The mAb were in the

form of either purified ascites (*) or culture supernatant (**) as
CD28** 15E8 G1 Mouse van Lier indicated. The kind co-operation of many of the donors (see

Acknowledgments) made it possible to repeat the assays on fresh mAb
CD43 148-1C3 G2a Mouse Vilella and to measure the concentrations used, as indicated in the text. The

mAb against CD43, CD44, CD48, CD71 and CD99 were used as
CD44 TA-9B1 G2b Mouse Kikuchi isotype controls as appropriate.

CD45* CBE-77 G3 Mouse Delsol
penicillin/streptomycin, and 20 m b-mercaptoethanol ). CellsCD45* 4.14 G1 Mouse Aversa

CD45* ICO.46 G2b Mouse Baryshnikov used in the assay were irradiated using an X-ray generator
CD45* 7E.12 G1 Mouse Taskov (4000 rads in 20 min). The post-irradiated viable cells were
CD45* 1.22 G1 Mouse Aversa separated from non-viable cells over Ficoll–Hypaque (Sigma,
CD45 IMMU19.2 G1k Mouse van Agthoven Poole, UK; density 1·077).
CD45** CLBT200.1 G1 Mouse Connelly
CD45** CF10H5 G1 Mouse Hadam

T cellsCD45** ML2 G1 Mouse Poppema
Human tonsils (from routine tonsillectomies, Royal National
Throat Nose and Ear Hospital, London, UK) were used as aCD45RA* DBB-42 G1 Mouse Delsol
source of T cells. Tonsils were cut into small pieces with aCD45RA* BIRMA12 G1 Mouse McDonald
scalpel, digested with collagenase (Sigma) (1 mg/ml ) forCD45RA* LT45-M5 G1 Mouse Filatov

CD45RA* HI115 G1 Mouse Shen 90 min at 37° and pushed through a nylon mesh (Cadisch,
CD45RA OTH74D4 G1 Mouse Hadam London, UK.) (125-mm pore size) to separate lymphomedul-

lary cells from the surrounding connective tissue. The remain-
CD45RB* WM76 G1 Mouse Henniker ing cells were separated by centrifugation through a five-step
CD45RB* MT3 G1 Mouse Poppema iso-osmolar Percoll gradient (Pharmacia, Uppsala, Sweden) at
CD45RB** MT4 G1 Mouse Poppema

600 g for 30 min. The high density cell populations (50–70%
Percoll ) were further depleted of monocytes by the removalCD45RO* A6 G1 Mouse Aversa
of adherent cells, and depleted of B cells by immunomagnetic
beads (anti-mouse IgG Dynabeads, Dynal, Norway) usingCD48 156-4H9 G1 Mouse Vilella
CD19 (BU12) and MHC class II (L243) (both gifts ofCD48* BU91 G2a Mouse Hardie
D. Hardie, University of Birmingham, Birmingham, UK) as

CD53** WM65 G1 Mouse Henniker primary reagents. To purify further the T cells into CD8+ and
CD53 161-2 G2a Mouse Vilella CD4+ sub-populations, either a CD4 monoclonal antibody
CD53 202-24B G1 Mouse Vilella (mAb; QS4120) or a CD8 mAb (UCHT4) (both gifts of Dr
CD53** AC119 G1k Mouse Buck Diana Wallace, ICRF Human Tumour Immunology Unit,

London, UK) was added before the immunomagnetic beadCD54 MEM111 G2a Mouse Horejsi
depletion step.CD54 MEM112 G1 Mouse Horejsi

CD54 6.5B5 G1k Mouse Askaa
Monoclonal antibodiesCD54 D8H10 M Mouse Fainboim
The initial mouse mAb used were from the 6th Human

CD71** LT-4E3 G2a Mouse Filatov Leucocyte Differentiation Antigen Workshop, at the concen-
tration suggested by the workshop organizers. In subsequent

CD98* BK19.9 G1 Mouse van Agthoven assays additional reagents were obtained and used as described.
CD98* MEM108 G1 Mouse Horejsi All mAb used are listed in Table 1.
CD98* CAF7 G1 Mouse Taskov
CD98* 2E12 G Mouse Stockbauer

Phenotypic analysisCD98* J1-G3B G1 Mouse Skubitz
Both U937 and isolated T cells were phenotyped usingCD98* J3-E1B G1 Mouse Skubitz
mouse mAb (Table 1), and a (FITC) fluorescence isothiocyan-CD98* IPO-T10 M Mouse Gluzman
ate-conjugated rabbit anti-mouse IgG secondary antibodyCD98* BU53 G2a Mouse Hardie
(Dako, Dakopatts, High Wycombe UK). Cells were examinedCD98* BU89 G1 Mouse Hardie
by fluorescence-activated cell sorter (FACS; Coulter, Luton,
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U937-dependent T-cell co-stimulation 37

UK), and the results were analysed using Hewlett Packard CD11a, CD18 and CD54 antibodies inhibit the T-cell response
in the U937/CD3 T-cell proliferation assaysoftware.

In a previous study19 antibodies to CD11a and CD18 did not
inhibit U937-induced CD3-dependent T-cell activation.U937/CD3 T-cell proliferation assay
However, in this study (Table 1 and Table 2), a panel ofIrradiated U937 cells, T cells, and CD3 mAb (Harlan-Sera
antibodies to different epitopes on CD11a, CD18 and CD54Lab, Loughborough UK); were plated in flat-bottomed 96-well
blocked U937-dependent T-cell activation. All mAb to CD11aplates (Nunc, Paisley, UK). Mouse mAb were added in
and CD18 except one (AZN L21) blocked proliferation bytriplicate wells. After 48 hr the proliferation of the T cells was
80% or more. Some antibodies to CD54 also blocked prolifer-assessed by measuring uptake of radiolabelled thymidine
ation by more than 90%, suggesting that alternative CD11a([3H ]TdR) (ICN Biomedical, High Wycombe UK) over 16 hr.
CD18 ligands (e.g. ICAM-2 or 3) are not effective substitutesThe assay was harvested on to filters and counted on a
for CD54. In agreement with this finding, mAb to CD50scintillation counter (Wallac, Turku, Finland).
(ICAM-3) had only a very small effect on T-cell activation
(data not shown). Antibodies to both CD11a and CD18

Preincubation of U937 cells with inhibitory antibodies (Fig. 2, cf Fig. 1d) and CD54 (data not shown) also blocked
To examine the role of any inhibitory mAb further, 2×105 the formation of T-cell clusters. The inhibition caused by all
irradiated U937 were pre-plated in a U-bottomed 96-well of the CD11a CD18 and CD54 mAb tested was dose dependent
plate, mAb were added and the cells were incubated for 1 hr and was not due to cytotoxicity (as measured by trypan blue
at 37°. The cells were then washed in complete media twice to exclusion) (data not shown). Flow cytometry showed high
remove excess mAb. Cells numbers were counted and 104 levels of CD11a on U937, and much lower levels on purified
irradiated/mAb-coated U937 cells were included in the same T cells (Table 3). CD18 was present on both U937 and T cells,
assay system as before. As an internal control proliferation of albeit at much lower concentrations. In contrast, CD54 was
the irradiated, mAb-coated U937 cells was assessed by tritiated expressed only on U937, and not on the surface of T cells.
thymidine incorporation.

CD45 antibodies also inhibit T-cell responses, and cause theCell viability studies
formation of abnormal U937/T cell clustersFor cell viability studies the assay was set up in the identical

way as the co-stimulation assay, but in duplicate. Cells were U937 cells express high levels of the leucocyte common antigen,
harvested at 48 hr without isotope and viability was assessed CD45, but the function of this protein phosphatase in U937
by trypan blue dye exclusion (Gibco, Paisley, UK). Viable (or indeed in other APC) is not clear. An effect of CD45 mAb
cells were counted on a haemocytometer. Any mAb which on the ability of U937 cells to form clusters with T cells has
caused a decrease in cell number compared to the original been reported previously.21 Therefore a panel of CD45 mAb
number of cells added to each well was considered to have a (Table 1) was tested for functional activity in the same assay,
potential cytotoxic effect. and the results of a representative experiment are shown in

Fig. 3. Of 18 CD45 mAb, 14 inhibited T-cell proliferation:
eight of nine ‘pan-CD45’ mAb, two of five CD45RA mAb, all
three CD45RB mAb and one of one CD45RO mAb. InRESULTS
repeated experiments all these mAb were titrated into the

Monoblastoid U937 cells provide a co-stimulatory signal to
assay to confirm that this inhibition was dose dependent, and

resting tonsillar T cells, in a U937/CD3 T-cell proliferation
that the lack thereof was not due to mAb concentration (data

assay
not shown). For example, the inhibitory CD45 mAb,
IMMU19.2 and ML-2, and the non-inhibitory mAb 1.22 wereThe ability of U937 cells to co-stimulate a proliferative

response in resting (high-density) tonsillar T cells is shown in all used at a concentration range from 0·5 mg/ml to 5 mg/ml;
and likewise the inhibitory CD45RA mAb, BIRMA12 andFig. 1. The response was dependent on the numbers of both

U937 (Fig. 1a) and T cells (Fig. 1b), although T-cell prolifer- DBB42 were effective at concentrations of 0·05 mg/ml and
0·25 mg/ml respectively, whereas the HI115 mAb had no effectation decreased at high concentrations of T cells in the assay,

probably due to overcrowding in the well. T-cell proliferation even at a concentration of 10 mg/ml. All antibodies except one,
CD45 (ICO46), had no cytotoxic effects on the assay. For thiswas also dependent on the concentration of CD3 antibody

used (data not shown). On the basis of these initial studies, mAb, the per cent cell viability was 20%, suggesting that
inhibition was due to killing. In expression analysis with thefurther experiments were carried out using 104 U937 and

2×105 T cells/well, and a saturating concentration of 0·1 mg/ml CD45 mAb, there was no correlation between quantitative
expression [as judged by mean fluorescence intensity (MFI)]CD3 antibody. U937 cells in the absence of CD3 antibody did

not induce a response. In this study the CD3 mAb was given and the inhibitory capability of a particular mAb (data not
shown). Paradoxically, CD45 mAb, whilst inhibiting T-cellin soluble form, rather than bound to the culture well. Under

these conditions, T-cell activation could be observed visually. proliferation caused the formation of larger U937–T-cell clus-
ters which were identified readily by morphology (Fig. 4a),There was gradual formation of large clusters of cells, contain-

ing many U937 and T cells (Fig. 1d). In the absence of when compared to Fig. 1(d). The inhibitory CD45 mAb also
caused an increase in U937–T-cell-clustering in the absence ofCD3 mAb, clusters were also sometimes observed, but they

were much smaller and included a much smaller percentage CD3 mAb (Fig. 4b, cf. Fig. 1c). Although large U937–T-cell
clusters were observed in wells with CD45 mAb and withoutof the cells (Fig. 1c).

© 1999 Blackwell Science Ltd, Immunology, 96, 35–47
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U937-dependent T-cell co-stimulation 39

Table 2. CD11a, CD18 and CD54 antibodies inhibit the T-cell
response

[3H]Thymidine
incorporation % %

(c.p.m.) inhibition error

U937 alone 661 132
T cells alone 285 13
T cells+U937 937 73
T cells+CD3 585 99
T cells+U937+CD3 40582 3264

T cells+U937+CD3+mAb
(specificity/antibody):

Figure 2. The CD18 antibody 7E4 inhibits the formation of U937 –
CD11a CD11a-5E6 105 12 99 0·1 T-cell clusters. CD18 mAb 7E4 (1/400 dilution) was added to 104
CD11a CD11a-6B7 530 58 98 0·2 irradiated U937 cells, 2×105 purified tonsillar T cells, and 0·1 mg/ml
CD11a AZN L27 1401 462 96 1·1 of CD3 mAb (UCHT1) and cluster formation was assessed visually
CD11a AZN L21 32514 1625 19 4 at ×40 magnification. Similar results were obtained with other CD11a,

CD54 and other CD18 mAb.
CD18 AZN L18 1318 171 96 0·4
CD18 MEM148 4893 255 87 0·6

Table 3. CD11a, CD18 and CD54 antibodies inhibit the T-cellCD18 7E4 7786 1245 80 3·1
response. Mean fluorescence intensity (MFI ) of U937 or T cells
stained with mAb to CD11a, CD18 and CD54, analysed by flowCD54 MEM111 8059 306 80 0·8

cytometryCD54 MEM112 2217 296 94 0·7
CD54 6.5B5 1648 560 95 1·4

U937 T cellsCD54 D8H10 683 341 98 0·8
(mean fluorescence (mean fluorescence

Specificity/antibody intensity) intensity)104 irradiated U937 cells, 2×105 purified T cells and 0·1 mg/ml
CD3 mAb (UCHT1) were cultured in the presence of test mAb, as

Anti-mouse 18 8shown in column 1 (final concentrations of mAb between 0·1 and
immunoglobulin0·6 mg/ml, except for CD11a-5E6 which was used at 2·0 mg/ml ). T-cell

proliferation was assessed between 48 and 64 hr of culture by measure-
CD11a CD11a-5E6 356 112ment of [3H ]thymidine incorporation. Isotype-matched controls
CD11a CD11a-6B7 446 83(against CD44, CD48 and CD99) were included in these assays as
CD11a AZN L27 287 64controls, and had no effect on the response. The results are expressed
CD11a AZN L21 151 47as the mean thymidine incorporation of triplicate wells±SD from one

representative experiment, and the percentage inhibition ±% error
CD18 AZN L18 132 89when test antibody is added to the assay compared to the no test
CD18 MEM148 105 51antibody control. Similar results have been obtained in at least two
CD18 7E4 189 56other experiments.

CD54 MEM111 87 10
CD3, no proliferation was detected in these wells (data not CD54 MEM112 118 11
shown). CD54 6.5B5 71 7

CD54 D8H10 89 21

Inhibition of T-cell proliferation by mAb to other cell surface
molecules

basis of this preliminary screen, a more detailed analysis of
the role of the surface molecules recognised by these mAb wasA panel of mAb to molecules that were known to be expressed

on U937 cells, and had not previously been implicated in the undertaken. Figure 5 shows the inhibitory activity of four
CD53 mAbs, eight CD98 mAbs, and four CD147 mAbs, listedactivation of T-cell responses was tested for inhibitory activity.

A preliminary screening (data not shown) identified inhibitory in table 1. The inhibitory activity was heterogeneous within
each group. Two CD53 mAb (202-24B, shown at the finalactivity for mAb against CD53, CD98 and CD147. On the

Figure 1. U937 cells co-stimulate T cells in a CD3-dependent proliferation assay. (a) Increasing numbers of irradiated U937 cells
were co-cultured with 2×105 purified tonsillar T cells, in the presence of 0·1 mg/ml CD3 mAb (UCHT1). (b) Increasing numbers
of T cells were co-cultured with 104 irradiated U937 cells, in the presence of 0·1 mg/ml CD3 mAb (UCHT1). T-cell proliferation
in both (a) and (b) was assessed by [3H]thymidine incorporation between 48 and 64 hr of culture. T cells and U937 together
without CD3 mAb, and T cells with CD3 mAb but no U937 cells did not elicit a T-cell response. 5×104 irradiated U937 cells
alone gave thymidine incorporation values of 2000 c.p.m. The values shown are the mean [3H]thymidine incorporation of triplicate
wells±SD from one experiment. Similar results have been found in at least two other experiments. (c) and (d) Typical U937 –
T-cell clusters were seen at ×40 magnification, approximately 48 hr after the start of the assay. (c) 2×105 purified tonsillar T cells,
and 104 irradiated U937 cells. (d) As for (c) but with CD3 mAb (0·1 mg/ml ).

© 1999 Blackwell Science Ltd, Immunology, 96, 35–47
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Figure 3. CD45 antibodies inhibit the T-cell response. A panel of CD45 mAb were added to 104 irradiated U937 cells, 2×105
purified T cells and 0·1 mg/ml CD3 mAb (UCHT1). T-cell proliferation was assessed between 48 and 64 hr of culture by
measurement of [3H]thymidine incorporation. The inhibitory response is shown as the mean percentage inhibition of proliferation
in triplicate wells ±% error, when test antibody is added to the assay compared to proliferation in the absence of test antibody.
Similar results have been obtained in at least two other experiments.

highest concentration used, 0·2 mg/ml; and AC119, shown at or epitopes selectively expressed by one or other cell type. In
summary there was no simple relationship between quantitativethe final highest concentration of 0·25 mg/ml ) were potent

inhibitors (>75%) of T-cell proliferation, one mAb (161-2, levels of expression and degree of inhibition of T-cell prolifer-
ation, except for the mAb H84 (CD147) which showed theshown at the final highest concentration of 0·25 mg/ml )

inhibited less well (~50%), whilst one mAb consistently failed lowest levels of expression of any of the CD147 mAb.
to inhibit. Out of nine CD98 mAb tested, six [MEM-108,
J1-G3B, J3-E1B, CAF7, IPO-T10 and BU89, shown at concen-

Preincubation of U937 cells with mAb inhibits T-cell responses
trations ranging from 0·025 (MEM108) to 32 (J3-E1B) mg/ml ]
were potent inhibitors (>75%) of T-cell proliferation; one To investigate whether the mAb that we had identified as

inhibitors were having their effect via the co-stimulatory ability(BK19.9, shown at a final highest concentration of 1·6 mg/ml
caused moderate inhibition (~60%), and two (2E12, highest of U937 cells, or were acting via a direct effect on T cells, the

U937 cells were incubated with a selection of mAb tested inconcentration tested 1·2 mg/ml and BU53, highest concen-
tration tested 0·8 mg/ml ) had no effect. Out of four Fig. 5, excess mAb was washed off, and the U937 cells were

co-cultured with T cells and CD3 mAb as before. As shownCD147 mAb tested, two (UM8D6, and HI197, both shown at
final highest concentration tested of 0·9 mg/ml ) were potent in Fig. 6, the majority of the mAb tested retained their

inhibitory activity when bound selectively to the U937 cells,inhibitors (>75%) of T-cell proliferation, one (HIM6, shown
at final highest concentration tested of 1.1 mg/ml ) inhibited although the percentage inhibition observed was lower than

when the mAb was present continuously throughout the assay.less well (~50%), and one mAb had no effect. None of the
mAb caused significant cytotoxicity as measured by trypan The exception was the CD53 mAb tested, which showed no

inhibitory activity when bound to U937 cells.blue exclusion at the end of the culture period (data not
shown). By comparison, a selection of other mAb of various
isotype, and all sharing binding to U937 or T cells (see Table 4)

Inhibitory mAb inhibited both CD4+ and CD8+ T-cell-
did not give any inhibitory activity (Fig. 5).

responses
Table 3 shows the expression of these cell surface antigens,

as measured by flow cytometry on both U937 and T cells. All In order to test whether the inhibitory activities identified
above were selective for CD4 versus CD8 T cells, tonsillarthe antigens tested were present on both T cells and U937,

albeit at very different levels. Interestingly, the ratio of U937 T cells were sub-purified into CD4+ and CD8+ fractions by
immunodepletion. The purity of these fractions was confirmedto T-cell staining varied between different antibodies to CD98,

suggesting that these antibodies may recognize CD98 isotypes, by flow cytometry; 99% of the CD8-depleted cells were CD4+,

© 1999 Blackwell Science Ltd, Immunology, 96, 35–47
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Table 4. Levels of expression of cell surface antigens on both U937
and T cells

U937 T cells
(mean fluorescence (mean fluorescence

Specificity/antibody intensity) intensity)

Anti-mouse 24 5
immunoglobulin

CD43 148-1C3 1420 50

CD44 TA-9B1 356 206

CD48 156-4H9 85 98
CD48 BU91 76 121

CD53 WM65 110 161
CD53 161-2 165 236
CD53 202-24B 105 203
CD53 AC119 15 33

CD71 LT-4E3 854 24

CD98 BK19.9 30 5
CD98 MEM108 830 41
CD98 CAF7 503 1266
CD98 2E12 1155 90
CD98 J1-G3B 151 13
CD98 J3-E1B 741 40
CD98 IPO-T10 27 4

(a)

(b)

CD98 BU53 622 30Figure 4. The CD45 antibody 4.14 causes the formation of large
CD98 BU89 343 19U937–T-cell clusters. CD45 mAb 4.14 (1/400 dilution) was added to

104 irradiated U937 cells, 2×105 purified T cells and 0·1 mg/ml
CD99 HI142 129 80CD3 mAb (UCHT1) (a). The cells were cultured for approximately

48 hr and then photographed. In (b) the culture conditions were the
CD147 HI197 1085 76same but no CD3 mAb was added. Other inhibitory CD45 mAb (see
CD147 HIM6 1155 47Fig. 3) had the same effect of increasing U937 – T-cell clustering, and
CD147 UM8D6 1175 66this increase was independent of CD45 isotype.
CD147 H84 864 67

and conversely 98% of the CD4-depleted cells were CD8+ U937 and T cells were stained with mAb as shown in columns 1
(data not shown). As shown in Fig. 7, proliferation of the and 2 and MFI was determined by flow cytometry (see experimental
CD8+ cells was consistently greater (for an equal cell number) procedures for details). Note that mAb against CD43, CD44, CD48,

CD71 and CD99 all bind to U937 or to T cells; since these mAb werethan that seen with either the CD4+ cells, or the mixed starting
not inhibitory in functional assays of T-cell proliferation, they wereT-cells from the same tonsil. The relative increase was variable
used as isotype-matched controls in further experiments (see Fig. 5).from tonsil to tonsil, with a range of between three- and

10-fold difference detectable between CD4+ and CD8+ T cells
from the same individual. Although U937 cells selectively
stimulated CD8+ cells in this assay, there was little difference and/or CD86, an agonistic CD28 mAb, 15E9, was added to

the U937/CD3− T-cell proliferation assay (Fig. 8). Thein the capability of the mAb tested to inhibit either the CD4+
or CD8+ T-cell populations (Table 5). addition of CD28 mAb increased CD4+ T-cell proliferation

eightfold, and increased the proliferation of unseparated T cells
by 4·5-fold. However, the addition of CD28 antibody did not

CD28 mAb stimulates proliferation of CD4+ T cells, but not of
affect proliferation of CD8+ T cells. In the presence of

CD8+ T cells
CD3 mAb, CD28 mAb, or U937 cells alone, no proliferation
of any T-cell subset was found. The addition of both CD3Since the molecules we had identified as being involved in

T-cell activation in this model were apparently required for and CD28, in the absence of U937, caused only a low level of
T-cell proliferation, suggesting that CD28 signalling per se isboth CD4 and CD8 T-cell activation, we tested whether the

selective failure of U937 to stimulate CD4 cells might be due insufficient to trigger the resting T cells in this model. The
difference in sensitivity to CD28 antibody between CD4+ andto the absence of a CD28 ligand on these cells. Previous

studies20 had reported that CD80 was absent on U937 cells, CD8+ T-cell proliferation in response to CD28 antibody was
not due to differences in CD28 expression, as flow cytometrywhile CD86 was present at very low levels. We were unable to

detect either CD80 or CD86 on U937 by flow cytometry (data demonstrated that CD28 was expressed equally on all three
T-cell populations (data not shown).not shown). In order to by-pass the requirement for CD80

© 1999 Blackwell Science Ltd, Immunology, 96, 35–47



T. J. Stonehouse et al.42

Specificity/antibody/dilution

(b)%
 in

hi
bi

tio
n 

of
 T

-c
el

l p
ro

lif
er

at
io

n

CD98 CD147 Controls

(a)

CD98CD53

(b)

(c) (d)

Figure 5. (a) CD53, (b) CD98 and (c) CD147 inhibit the T-cell response whereas (d) controls do not. Test mAb (final volume 1 ml
mAb5200 ml ) were added to cultures of 104 irradiated U937 cells, 2×105 purified T cells and 0·1 mg/ml CD3 mAb (UCHT1).
Proliferation was assessed between 48 and 64 hr of culture by measurement of [3H]thymidine incorporation. The response is shown
as the mean percentage inhibition of T-cell proliferation in triplicate wells ±% error, when test mAb is added to the assay
compared to the proliferation in the absence of test mAb. The proliferation in the absence of test mAb was 49 876 c.p.m. Similar
results have been obtained in at least two other experiments.

© 1999 Blackwell Science Ltd, Immunology, 96, 35–47



U937-dependent T-cell co-stimulation 43

Specificity/antibody

%
 in

hi
bi

tio
n 

of
 T

-c
el

l p
ro

lif
er

at
io

n

100

80

60

40

20

0

–20

C
D

11
a 

/ C
D

11
a-

6B
7

C
D

18
 / 

7E
4

C
D

54
 / 

M
E

M
-1

12

C
D

45
 / 

4.
14

C
D

53
 / 

A
C

11
9

C
D

98
 / 

J3
-E

1B

C
D

14
7 

/ H
I1

97

Figure 6. Inhibitory activity of antibodies when bound selectively to U937 cells. Monoclonal antibodies were incubated with U937
cells for 1 hr at 37°. The mAb concentrations for these experiments were double those used for the assays outlined previously, i.e.
the same protein concentration of mAb was used as before, but the dilution was 15100 rather than 15200. Excess mAb was
removed by repeated washing, the cells were irradiated, and then 104 of U937/mAb complex were co-cultured with 2×105 purified
T cells and 0·1 mg/ml CD3 mAb (UCHT1). Proliferation was assessed between 48 and 64 hr of culture by measurement of
[3H]thymidine incorporation. The results are expressed as the mean percentage inhibition of T-cell proliferation in triplicate wells
±% error, when test mAb was added to the U937 cells compared to the proliferation in the absence of test mAb. Similar results
have been obtained in at least two other experiments.

DISCUSSION otherwise similar to the previous study.19 In our model CD11a
CD18–CD54 (LFA-1–ICAM-1 complex) clearly did play a

The part played by accessory co-stimulatory molecules in the
role, as evidenced by the inhibitory effects of several mAbinduction of adaptive immune responses has been explored
(Table 2). The only exception, one CD11a mAb which wasextensively,5,11,16–18,22,23 and it has been suggested that the
not inhibitory, AZNL21, also does not block other CD11a-nature and expression pattern of these molecules may help to
mediated assay systems29 despite the fact that it does bind todetermine outcome. For example, engagement of MHC mol-
CD11a transfectants. Thus this mAb may identify an epitopeecules in the absence of co-stimulation can act as a tolerizing
that is not implicated in the receptor–ligand association(s) ofrather than a priming event.24,25 This observation is already
this molecule. A possible explanation for the discrepancybeing exploited in the clinic, both in attempts to render tumour
between our study and the lack of inhibitory activity seen withcells immunogenic and thus activate and harness a host anti-
CD18 mAb in previous studies was that in the latter19 CD3tumour response,26 and in attempts to interfere with auto-
was immobilized on the bottom of the tissue culture well.immune T-cell activation.27,28
When T cells respond to CD3 mAb orientated in such a two-Several different in vitro model systems have been used to
dimensional fashion across the bottom of the well, adhesiondefine the role of these co-stimulatory molecules, ranging from
molecules may not be as important as when three-dimensionalprimary cultures of APC and T cells to single epitope transfect-
clusters are formed between T cells and U937 cells withant analysis. A previous study in our laboratory looked at the
multiple contact sites. The inability of agonist mAb to CD18early role of clustering as a co-stimulatory event using adherent
to substitute for U937 cells19 does, however, suggest thatcells differentiated from the monoblastoid cell line, U937, as
activation via this ligand is not by itself sufficient. If this ismodel APC.21 This cell line, without differentiation, has also
correct, then adhesion between U937 and T cells may be abeen used in T-cell activation studies, where a CD3 antibody
prerequisite for additional secondary co-stimulatory inter-simulates the role of antigen.19 The conclusion of the latter
actions to work.study was that there are additional co-stimulatory mechanisms

Another known co-stimulatory pathway that has beenfor T-cell activation, which have not as yet been identified.
explored extensively in many model systems is the APC CD80In this study, we have examined this U937/CD3 T-cell
and/or CD86 interaction with CD28 on T cells. Since U937model in further detail. Our assay used high-density tonsillar
cells do not express either CD80 or CD86, then an agonisticT cells rather than peripheral blood T cells, and soluble CD3

antibody rather than CD3 bound to the plastic surface, but is CD28 mAb should synergize with a CD3 mAb, and this was
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Figure 7. U937 cells co-stimulate predominantly CD8+ T cells in the CD3-dependent proliferation assay. U937 cells (irradiated,
104) were in the presence of co-cultured with 2×105 T cells, purified CD4+ T cells, or purified CD8+ T cells (prepared as outlined
in the Materials and Methods) and 0·1 mg/ml CD3 mAb (UCHT1). Proliferation was assessed between 48 and 64 hr of culture by
[3H]thymidine incorporation between 48 and 64 hr of culture. The results are expressed as the mean percentage inhibition of T-cell
proliferation in triplicate wells ±% error. Similar results have been obtained in at least two other experiments.

demonstrated in our study. This suggests that study of before addition of T cells also enhanced clustering and
inhibited proliferation (Fig. 6). The effect of CD45 on clus-co-stimulation in the absence of the CD80 and CD86–CD28

surface molecule combination may be necessary to reveal some tering, which (as in our previous study) was independent of
the presence of CD3, and was therefore not linked to TCRof the more subtle interactions which we have identified here.

Furthermore, it is interesting that the CD28 pathway did not signal transduction, implies that CD45 is involved in the
adhesion arm of co-stimulation, perhaps through amplificationfunction equally for all T cells. The predominant response

stimulated by U937 cells is of CD8+ rather than of CD4+ of the CD11a/CD18–CD54 pathway.
An inhibitory effect on T-cell proliferation was seen withT cells, consistent with the expression of class I but not class

II MHC on the U937 surface; when CD28 was added then three of the four CD53 mAb (Fig. 5). This molecule, a member
of the tetraspans superfamily of surface molecules, is knownthe reaction induced was in the CD4+ component, implying

that there are differential co-stimulation as well as MHC to be induced on T cells by TCR engagement during repertoire
selection,37 to trigger nitric oxide release via a protein kinaserequirements for the two forms of T cell.30,31

A major aim of the present study was to identify which C-dependent pathway;38 and to be associated with a tyrosine
phosphatase activity.39 In human tonsillar B cells CD53 cannovel co-stimulatory molecules were implicated in

U937-dependent T-cell activation using mAb-mediated inhi- form part of a multicomponent class II MHC complex.40 In
the present study CD53 mAb-mediated inhibition was not seenbition as a starting point. By direct observation, one of the

most striking effects seen was with a well-established cell in pre-pulsing experiments (Fig. 6), implying that the CD53
role is likely to be mediated at the T-cell level rather thansurface marker, CD45 and its isoforms. CD45 mAb caused

inhibition of proliferation but enhanced clustering, for both via U937.
Two molecules newly identified here as being implicated inCD4+ and CD8+ T cells. CD45-mediated inhibition of

CD3–TCR complex activation has been documented pre- co-stimulation of both CD4+ and CD8+ T cells in this model
were CD98 and CD147 (Figs 5 and 6). CD98 is a type IIviously,32 and it has been suggested that CD45 ligation blocks

the intracellular calcium flux normally associated with TCR transmembrane glycoprotein which is important in cell survival
during haemopoietic cell development,41 in the formation ofsignalling.33 Interfering with CD45 also blocks the dephos-

phorylation of the regulatory C-terminal domains of the CD4 human immunodeficiency virus-induced multinucleate giant
cells,42,43 and has been shown to mediate a calcium influxand CD8-associated p56lck tyrosine kinase34,35 and/or of the

TCR-associated p59fyn tyrosine kinase,35,36 and hence inhibit when bound by Galectin 3.44 Although CD98 co-precipitates
with CD3 in extracts derived from a human thymoma cellthe classic intracellular cascade in the T cell. In the U937/CD3

T-cell model, however, CD45 activity is mediated, at least in line,45 which would suggest a role at the T-cell level, pre-
pulsing and T-cell sub-population experiments suggest thatpart, by U937, since CD45 mAb selectively pre-bound to U937
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Table 5. The inhibitory antibodies are equally effective with both CD4+ and CD8+ T cells

U937+CD4+ T cells+CD3 U937+CD8+ T cells+CD3

Specificity/antibody % inhibition % error % inhibition % error

CD11a CD11a-6B7 95 0·6 91 1·1
CD11a AZN-L27 94 0·3 86 0·5

CD18 7E4 85 6·4 70 0·9

CD45 4.14 71 2·6 74 0·8
CD45RA DBB42 38 3·5 56 4
CD45RB MT3 69 3·4 64 2·1
CD45RO A6 44 5·8 43 4·1

CD53 AC119 56 0·3 65 1·8

CD54 MEM-112 85 8·6 70 1·8
CD54 D8H10 60 6·3 50 7

CD98 J3-E1B 77 2·5 70 0·3
CD98 J1-G3B 97 0·3 94 0·8

CD147 UM-8D6 89 2·5 76 4·7
CD147 HI197 86 0·9 69 2·9

Test antibodies (used at the same concentrations as outlined previously) were added to cultures containing 104 irradiated U937 cells, 2×105
purified CD4+ or CD8+ T cells and 0·1 mg/ml CD3 mAb (UCHT1). Isotype-matched controls against CD44, CD48 and CD99 were included
in these assays as controls, and had no effect on the response of either cell population. T-cell proliferation was assessed between 48 and 64 hr of
culture by the measurement of [3H]thymidine incorporation. The values shown are the mean percentage inhibition of T-cell proliferation in
triplicate wells ±% error, (from one experiment), when test mAb is added to the assay compared to proliferation in the absence of test mAb.
Mean proliferation in the absence of test mAb for CD4+ T cells was 23 203 c.p.m.; and for CD8+ T cells was 270 838 c.p.m. Similar results have
been obtained in at least two other experiments.

the effect is via the APC (Fig. 6). Further evidence that CD98 by blocking direct receptor–ligand interaction with a molecule
on the T-cell surface.has a co-stimulatory role is that it is expressed at much higher

levels on U937 and on dendritic cells46 than on resting T cells, CD98 and CD147 are both molecules that would be present
at sites of inflammation: CD98 as an activation antigen, andand that it also may affect T-cell activation by these cells

(Woodhead et al., submitted for publication). Detailed pheno- CD147 at sites of endothelial outgrowth. Their contribution
may therefore be to play a parallel role in the induction oftypic analysis showed that one CD98 mAb stained T cells

more than U937 cells, and there were also different patterns innate and adaptive immunity. These questions are currently
being investigated further in our laboratories.of expression between U937 and dendritic cells with the same

CD98 mAb, therefore raising the possibility that different In conclusion, therefore, we have used the U937/CD3
T-cell proliferation model, and have shown that classic access-isoforms of CD98 exist. These results are consistent with the

recently reported role for CD98 as a controlling mechanism ory molecules (CD11a, CD18, CD54 and CD45) are important
for co-stimulation; and that novel molecules, in particularfor integrin-mediated adhesion,47 and in co-stimulation in

xenoactivation.48 CD98 and CD147, are also implicated in this process, most
probably acting at the level of the APC rather than the T cell.CD147, also known as neurothelin or basigin, is a member

of the immunoglobulin gene superfamily49 which was first Delivery of either of these molecules to tumours may be a
way to enhance their immunogenicity, and hence potentiateidentified because of its role in the development and mainten-

ance of the blood–brain barrier50 and which is known to be immunotherapeutic intervention in cancer. Conversely, the
ability to block these alternative co-stimulatory pathways mayinvolved in actin co-localization and polarization of endothelial

cells.51 CD147, is however, widely distributed, including provide another strategy to modulate the pathological immune
reactions associated with autoimmunity.expression on mitogen-activated T cells,52 and CD147 knock-

out mice have an increased mitogenic response in mixed
leucocyte reactions.53 As for CD98, pre-pulsing and T-cell
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Figure 8. An agonistic CD28 antibody co-stimulates CD4+ T cells, but has no effect on CD8+ T cells. The CD28 mAb 15E9
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T cells, and 0·1 mg/ml CD3 mAb (UCHT1). T-cell proliferation was assessed between 48 and 64 hr of culture by measurement of
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±% error. Similar results have been found in at least two other experiments.
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