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Summary 
Signaling through surface CD40 is essential for selecting B cells that have mutated their immu- 
noglobulin variable region genes in germinal centers and is an important signal in the early stages 
of antibody responses to T cell-dependent antigens. It is shown that a subset of CD45RO +, 
CD4 + T cells isolated from human tonsil contains preformed 30-35-kD ligand for CD40. This 
is expressed on their surfaces within 5 min of their antigen-receptor complexes interacting with 
CD3e antibodies bound to ox erythrocytes. This surface expression does not require de novo 
protein synthesis and lasts for only 1-2 h. Preformed CD40 ligand (CD40L) was not detected 
in any CD4 + CD45RA + T ceUs, but >90% of all CD4 + T cells from the tonsil can be in- 
duced to express large amounts of CD40L on culture with phorbol myristate acetate and the 
calcium ionophore ionomycin. This expression of CD40L starts between 1 and 2 h, peaks at 
6 h, and remains at a high level for >20 h. It is totally prevented by adding a concentration 
of cycloheximide that inhibits CD25 synthesis by these activated cells. While CD3e antibody 
bound to ox red cells is a good inducer of surface expression of CD40L, it is a much less potent 
inducer of CD40L synthesis than phorbol myristate acetate with ionomycin. Immunohistolog- 
ical analysis of tonsil sections shows that cells containing CD40L are located mainly in the outer 
zone of germinal centers and the margins of the T zones that are rich in dendritic cells (inter- 
digitating cells). The distribution of these calls is consistent with: (a) their interaction in T zones 
with B cells that have taken up and processed antigen and (b) their involvement in B cell selection 
in germinal centers. 

G erminal centers are a site of rapid and extensive ex- 
pansion of B cell clones activated during responses to 

protein-based Ag (1, 2). The members of these clones un- 
dergo somatic mutation in their Ig V region genes (3) and 
appear to be selected subsequently on the basis of their 
specificity for Ag held on local follicular dendritic cells (4). 
Selected cells leave the germinal center either as memory B 
cells (5), or plasmablasts (6). Tonsil germinal center B cells, 
isolated and cultured in standard tissue culture medium, un- 
dergo death by apoptosis within a few hours, but this can 
be delayed if their surface Ig is cross-linked and further pro- 
tection from apoptosis is achieved on exposure to the 30-35- 
kD CD40 ligand (CD40L) 1 (4, 7). CD40L can be expressed 
on the surface of T cells during cognate interaction with B 
cells or dendritic cells (8-10). This opens the possibility that 

1 Abbreviation used in this paper: CD40L, CD40 ligand. 

the germinal center B cells, centrocytes, pick up native Ag 
held on follicular dendritic cells, process it, and present it 
to local T cells that are then induced to express CD40L (11). 
It has been reported that centrocytes can take up Ag from 
follicular dendritic cells, process it, and present it to T cells 
(12). Experiments in which CD40L interaction with CD40 
is blocked in established germinal centers in mice indicate 
that CD40 is required for memory B cell formation (13). 

Both B cells and dendritic cells in the T zones of secondary 
lymphoid organs constitutively express CD40 (14). This opens 
the possibility that T cell priming and extrafollicular T ceU-B 
cell interactions involve signaling through CD40 and CD40L. 
Inhibition of this signaling pathway in mice using Ab against 
CD40L markedly impairs primary T cell-dependent Ab re- 
sponses (15), as well as germinal center formation (16). An 
immunohistological analysis of human secondary lymphoid 
tissues, using a mAb against human CD40L, identified CD40L 
in germinal centers (17), but studies in mice have reported 
CD40L expression in T zones, but not in germinal centers 
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(15). The present study has investigated CD40L expression 
and the induction of its expression by human tonsil T cells. 
It indicates that CD40L is present inside a minority of  
C D 4 5 R O  + , CD4 + T cells, in the T zones and is present 
in many germinal center T cells. T cells with preformed 
CD40L can be induced to express this rapidly on their sur- 
faces by signaling through their T C K  complexes. 

Materials and Methods 
Tonsils and the Preparation of Tonsil Cell Suspensions. Human 

tonsils were obtained from patients undergoing tonsillectomy to 
relieve obstruction to the respiratory passages and improve drainage 
of the middle ear. The age of these patients ranged from 5 to 27 
yr. All of the tonsils studied were histologically normal. Pairs of 
tonsils were carefully teased, the mononuclear cell suspension was 
layered onto Ficoll-Isopaque (Pharmacia, Milton Keynes, United 
Kingdom) and centrifuged at 450 g for 20 min at 20~ and the 
interface cells were washed in RPMI 1640 (GIBCO, Paisley, United 
Kingdom). 

Antibodies andFluorochwmes. The following mAbs, after coating 
on ox RBC, were used for negative selection procedures or to acti- 
vate T cells: BU12, CD19 (14); GC6, CD45RA (The Binding Site, 
Birmingham, United Kingdom); B941, CD8 (a gift from Claud 
Mawas, Marseille, France) (18); UCHT1, CD3 (a gift from Peter 
Beverley, University College Hospital, London) (18). These anti- 
bodies were attached to ox RBC, using the chromic chloride tech- 
nique (19). The coatings involved suspending 2 x 109 ox RBC 
in 100 gl saline containing 0.3 mg of IgG preparation of mAb. 
To this, 60/zg of aged CrCh was added in 600/~1 saline. The mix- 
ture was then incubated overnight at 4~ before washing the cells 
and resuspending them in RPMI 1640. Fresh cell coatings were 
made for each experiment. When >2 x 109 ox RBC were used, 
replicate batches of coated cells were prepared. 

The following conjugated mAbs were used for FACScan | (Becton 
Dickinson, Oxford, United Kingdom) analysis, CD3-PE and CD57- 
FITC (Becton Dickinson), CD45KA-PE (Serotec Ltd., Oxford, 
United Kingdom), CD19-FITC, CD4-FITC, CDS-PE, CD25- 
FITC, CD45RO-PE (Dako, High Wycombe, United Kingdom). 
The five different mAbs against CD40L used were: 5c8 (a gift from 
Seth Lederman, Columbia University, New York) (10), 5B4 (anti- 
TRAP1) (a gift from Richard Kroczek, Robert Koch Institute, 
Berlin) (9), Mg0, M91, and M92 (gifts from Richard Armitage, 
Immunex, Seattle). Recombinant CD40L (20) was also a gift from 
Richard Armitage. Recombinant human CD40 linked to human 
Fc# heavy chain was a kind gift from Dr. Peter Lane of the Basel 
Institute of Immunology (21). Both 5B4 and Mg0 were biotinylated, 
and GC6 was labeled with FITC, as described in (22). The fol- 
lowing fluorescent detection reagents were used: streptavidin-PE 
(Becton Dickinson), sheep anti-mouse IgG-FITC (Sigma Chem- 
ical Co., Poole, United Kingdom). For immunohistology, in addi- 
tion to the five anti-CD40L mAbs, mAbs against the following 
specificities were used: Ki67 (23), mAb MIB1 (a gift from Johannes 
Gerdes, Borstal, Germany): CD45RO, mAb UCHL1 (a gift from 
Peter Beverley) (24), and CD4, mAb MT310 (Dako). Rabbit anti- 
mouse Ig and alkaline phosphatase mouse anti-alkahne phospha- 
tase complex (Dako) were used to detect the binding of these Abs. 

Cell Fractionation and Phenot~ic Analysis of Isolated Cells. The 
tonsil cell suspension was submitted to negative selection using 
a direct rosetting technique with mAb-coated ox RBC. To isolate 
CD4 § T cells, ox RBC coated with CD19 and CD8 mAbs were 

used. Ox RBC coated with mAbs against CD45KA and CD8 were 
used to isolate CD4 § CD45RO § T cells. The procedure was set 
up to obtain high cell purity, rather than high yields. Between 
5 x 105 and 109 tonsil cells were incubated with 2 x 109 ox RBC 
coated with CD19 mAb for 20 rain, then centrifuged onto Ficoll- 
Isopaque for 20 min before the nonrosetting cells were harvested 
from the interface. These cells were then either incubated with 
4 x 105 ox RBC cells coated with CD19 mAb and 4 x 10 s ox 
RBC cells coated with CD8 mAb to isolate CD4 § T cells, or 
with the same numbers of CD45RA and CD8 mAb-coated ox 
RBC to isolate CD4 § CD45RA l~ T cells. Again, the non- 
rosetting cells were separated by density centrifugation. The cells 
separated with CD19 and CD8 mAb-coated RBC to isolate 
CD4 § T cells were subjected to two rounds of rosetting, and the 
final cell yields were between 1.3 and 1.8 x 107. More efficient 
separations were obtained with negative selection using CD8 and 
CD45RA mAb-coated RBC for which only one round of roset- 
ting was required, and the final cell yields were between 1.9 and 
3.0 x 107. After the rosetting procedure and gradient centrifu- 
gation, the interface cells were washed and resuspended in RPMI 
1640 supplemented with 10% FBS (GIBCO). All the procedures 
were performed at 4~ except centrifugation of cells using Ficoll- 
Isopaque, which was carried out at 20~ The purity of the different 
isolated T cell subsets was assessed by FACScan | analysis as de- 
scribed below. 

Culture Conditions. Freshly isolated T cells were incubated in 96 
flat-bottom-well plates at a concentration of 5 x 105 cells/ml. The 
cells were cultured with two different conditions: with PMA at 
I nM (Sigma Chemical Co.) and ionomycin 0.7/zg/ml (Calbiochem- 
Novabiochem, Beeston, United Kingdom), or with CD3e mAb- 
coated ox RBC. These latter ox RBC were added at a ratio of 
10 red cells per lymphocyte (having been determined as the ratio 
that gave optimal expression of CD40L). Cycloheximide (Sigma 
Chemical Co.) was used to study de novo protein synthesis. The 
dose used (10 gg/ml) was identified as the minimum dose needed 
to produce >95% inhibition of CD25 expression by T cells acti- 
vated by PMA with ionomycin. Cells were preincubated with cy- 
cloheximide for 2 h before adding PMA with ionomycin or CD3e 
mAb-coated ox RBC, and it was maintained in the cell cultures 
during the total culture time. 

Phenotypic Analysis. Cell suspensions were stained by direct or 
indirect immunofluorescence by washing them in PBS supplemented 
with 5% goat serum (GIBCO), after which 2 x 105 cells were 
incubated with the appropriate dilution of the first Ab (2 Abs for 
double immunofluorescence staining) for 30 min on ice. After two 
washes the cells labeled with direct conjugates were fixed with 1% 
formaldehyde (Sigma Chemical Co.). Cells labeled with biotinylated 
5B4 or M90 mAb were incubated with streptavidin-PE, and cells 
labeled with 5c8 were incubated with sheep anti-mouse IgG FITC 
for a further 30 rain before washing and fixing. Cells were ana- 
lyzed within 48 h of staining using a FACScan | analyzer (Becton 
Dickinson). 

Immunohistology. 4-gm acetone-fixed serial cryostat sections of 
tonsils were stained to reveal CD40L expression. The immuno- 
alkaline phosphatase technique was used, as described in reference 
25. Briefly, the sections were incubated with the optimal dilutions 
of Ab for 1 h in a moist chamber, and were then thoroughly washed 
before a rabbit anti-mouse Ig was added for 45 min. After further 
washing, an alkaline phosphatase-conjugated mouse anti-alkaline 
phosphatase complex was added for 30 min. To increase the sensi- 
tivity of the technique, these two last steps were repeated twice, 
and, finally, the bound alkaline phosphatase was developed by 
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naphthot AS-MX phosphate (Sigma Chemical Co.) and Fast Blue 
BB salt (Sigma Chemical Co.). Endogenous alkaline phosphatase 
activity was blocked with levamisole. 

Quantitation of the number of T cells with a particular pheno- 
type per unit area was carried out using the point counting tech- 
nique of Weible (26). Slides carrying 4-/~m sections were viewed 
at a magnification of 250 with a 1-cm square graticule divided into 
11 vertical and 11 horizontal lines, each 10-mm from the other, 
located in one eyepiece. The area of the section was estimated by 
the number of line intercepts that fell on the area being assessed, 
and the number of cells in that area were counted. An intercept 
will fall, on average, onto each 0.4 mm 2 of section. The frequency 
of cells in a particular compartment is expressed as the average 
number of cells per square millimeter of that compartment. The 
following compartments were identified: (a) the T zone that was 
taken to be that area outside follicles that contained confluent or 
near confluent CD4 + T cells; (b) the light zone of germinal 
centers that was identified as the area within germinal centers that 
did not contain confluent Ki67 + B cells (27); (c) the outer zone 
that is defined in this study as a band of CD4 + T cells located 
as a layer at the outer edge of the light zone. 

Results 

Induction of CD40L Expression on the Surfaces of CD4 + T 
Cells. Previous studies have shown that the phenotype of al- 
most all T cells found in tonsil germinal centers are CD4 + 
CD45RO + and fail to express Bcl-2, a minority express 
CD57 (28, 29). Initial experiments studied all CD4 + T cells 
that were prepared by negative selection of tonsil cell suspen- 
sions, CD8 + and CD19 + cells being removed. The pheno- 
type of these negatively selected cells in a representative ex- 
periment is shown in Fig. 1. The mean level of CD8 + cell 
contamination _+ SD in 10 experiments was 0.51 _+ 0.6%, 
and CD19 + cell contamination was 5.0 _+ 5.3. Most CD4 + 
tonsil T ceils were found to express CD45RA without 
CD45RO, or CD45RO without CD45RA.  Unlike human 
peripheral blood T cells, relatively few tonsil CD4 + T cells 
were found to express both these CD45 isoforms. The propor- 
tion of CD4 + CD57 + tonsil cells expressing CD45RO was 
assessed in four experiments. Again, CD8 + and CD19 + cells 
were removed by negative selection. In the four experiments, 
99.2, 98.3, 99.8, and 99.9% of  the CD57 + cells were 
CD45RO high. Very few of these cells coexpress CD45tLA 
(Fig. 1). 

None of the C D 8 -  CD19-  tonsil T cells isolated were 
found to express CD40L on their surfaces constitutively, but, 
on culture in I nM PMA plus 0.7/zg/ml ionomycin, a small 
proportion of  cells started to express low levels of this pro- 
tein on their surfaces within 15 rain (Fig. 2). All of the cells 
expressing CD40L at this time were CD45RA 1~ This 
level of expression remained constant for 1 h, but between 
1 and 2 h most CD4 § cells, including CD45RA + cells, had 
started to express CD40L. After 2 h, there was a rapid in- 
crease in the level of surface CD40L expression, peaking at 
6 h when levels were 10-20 times those seen at 15 min (Fig. 
2). Double staining for CD57 (Fig. 1) shows that a median 
of 5% (range 4-11%) of the CD4 + tonsil T cell fraction ex- 

pressed CD57. Most of  these cells were induced to express 
surface CD40L within 15 min of  activation with PMA plus 
ionomycin. All of the CD57 + cells expressed CD40L after 
20 h culture with PMA plus ionomycin. During these time 
course experiments, there was no significant alteration in the 
relative proportions of CD45RA h~h cells and CD45RA l~ 
cells (Fig. 2). In five experiments, in which the starting pro- 
portion of  CD45RA ]~ cells was 63, 67, 50, 37, and 
45%, after 20 h culture with PMA and ionomycin, the re- 
spective alteration in the percentage of  CD45RA l~ cells 
was +3, -10 ,  +18, +2, and - 2 % .  

Evidence that CD40L Is Contained Witfiin a Subset of 
CD4 +, CD45RA ~/-"  T Cells. To assess the requirement 
for de novo synthesis of CD40L for its surface expression, 
the experiments described in the previous paragraph were 
repeated in the presence or absence of 10 #g /ml  cyclohexi- 
mide. This was shown to be the minimum concentration of 
this agent that caused >95% inhibition of new CD25 ex- 
pression by tonsil T cells cultured with PMA plus ionomycin. 
The cyclohexirnide was added 2 h before the addition of PMA 
and ionomycin and was present throughout the culture. Fig. 
3 shows that the expression of CD40L induced by PMA and 
ionomycin on CD45RA l~ tonsil T ceils at 15 min is not 
inhibited by the presence of cycloheximide. The second phase 
of CD40L expression by CD45RO + cells, starting 1 h after 
the addition of  PMA plus ionomycin (Fig. 3 A), is totally 
inhibited in the presence of cydoheximide (Fig. 3 B). The 
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Figure 1. The phenotype of CD8-, CD19- T cells isolated from 
human tonsil. The results are shown as FACScan | dot plots of the isolated 
T cells. The percentage of cells in the appropriate quadrants of the dot 
plots shown are: CD3 + , CD19- 90%; CD4 + , CDS- 92%; CD45RO + , 
CD45RA- 48%; CD45RA+, CD45RO- 44%; and CD57+, 
CD45RA- 7%. Fluorescence intensity is plotted on a log scale. The cells 
shown on these dot plots are those contained within the gate containing 
viable small and large lymphocytes, as assessed by forward and 90 ~ light 
scatter. 
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Figure 2. Induction of surface CD40L expression on T cells at intervals after activation with PMA and ionomycin. Cells were stained with a CD45RA-FITC 
mAb and a biotinylated CD40L mAb, which was revealed with stmptavidin-PE. A subset of CD45RA - T cells express low levels of CD40L by 15 
min. This level of CD40L expression by a subset of CD45RA - T cells remains relatively constant during the first hour of culture. By 2 h, most 
cells in both the CD45RA- and the CD45RA+ T celt subsets express some surface CD40L. The level of surface CD41)L expression increases to reach 
its maximum by 6 h. 

expression of CD40L by CD45RAhig h cells, starting only 
i h after the addition of PMA and ionomycin (Fig. 3 A), 
is also totally inhibited in the presence of cycloheximide 
(Fig. 3 B). These experiments were analyzed using TRAP1, 
5c8, and M90 mAbs against CD40L. Each Ab gave com- 
parable results. The CD40L expression detected by these 
antibodies was totally blocked in the presence of excess re- 
combinant CD40L. 

Activation Of CD45RA-CD8- Tonsil T Cells through their 
T Cell Receptor Complexes Induces the Surface Expression of 
Preformed CD40L but Relatively Little New Synthesis of 
CD4OL. In further experiments, CD8-  CD45RA- cells 
were cultured with PMA plus ionomycin or ox RBC coated 
with mAb against CD3e. Early expression of surface CD40L 
was also induced by interaction with CD3e-coated ox RBC. 
This was not altered by the presence of 10/~g/ml cyclohexi- 
mide (Table 1). When the cells were stimulated through CD3e, 
the second cycloheximide-sensitive phase of CD40L expres- 
sion was considerably less marked than it was when cells were 
activated using PMA with ionomycin. Far fewer cells were 
induced to express CD40L, and the duration of expression 
was much shorter. A further set of three experiments was 
carried out to assess the rate of early expression of surface 
CD40L. Both PMA with ionomycin and ox RBC coated 
with mAb against CD3e induced surface CD40L within 5 
min of adding these activators. The mean _+ SD levels of 
surface CD40L expressed after 5 and 15 rain were: 47.5 _+ 
9.4, and 51.3 _ 10.2 for activation using PMA with ionomycin 
and 16.8 +_ 3.3, and 16.4 +_ 8.5 for cultures where ox RBC 
coated with mAb against CD3e were added�9 

Location of Cells Containing CD40L in Tonsil Sections. Serial 

frozen sections from each of three tonsils were studied for 
the expression of CD40L, CD45RO, and CD4 by tonsil T 
cells. The dark zone of the germinal centers was identified 
by staining for the proliferation-associated nuclear Ag Ki67. 
The average frequency of CD4 + cells, CD45RO + cells, and 
CD40L + cells in the apical plus basal light zones and the 
outer light zone of germinal centers, and in the T zones in 
three tonsils is shown in Table 2. Fig. 4, a-d are photomicro- 
graphs of four serial tonsil sections, showing a secondary fol- 
lide and an area of T zone stained respectively, for CD40L, 
Ki67, CD45RO, and CD4 expression. The outlines of the 
zones are shown in Fig. 4 e. Fig. 4 f i s  a high magnification 
photomicrograph showing the granular nature of the CD40L 
staining. Cells with CD40L are seen both inside and outside 
germinal centers, but are most frequent in the outer zone 
of germinal centers. This zone also contains more CD45RO 
cells per unit area than the T zones. CD40L + cells were 
much less frequent in the rest of the light zone. Cells with 
CD40L appeared to be more frequent at the edge than in 
the heart of T zones (Fig. 4 a). As expected, the frequency 
in germinal centers of CD4 + and CD45RO + cells counted 
in serial sections was the same, confirming that these mole- 
cules are coexpressed on germinal center T cells. Similar 
CD40L staining was obtained with the 3 mAbs: 5c8, M90, 
and M91. The mAb M90 gave the strongest staining. When 
excess soluble human CD40 linked to human Fcp (21) was 
mixed with the 5c8, M90, or M91 added to the sections, 
staining was blocked. It has previously been reported by 
Lederman et al. (17) that the 5c8 does not bind to the CD40L 
that has already engaged CD40. Comparative blocking ex- 
periments were carried out indicating that soluble CD40 also 
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Figure 3. The surface CD40L expression by the 
CD45KA- and the CD45KA + T cell subsets induced by 
PMA and ionomyein, and the dependence of this effect of 
activation on protein synthesis. The mean _+ SD expression 
of surface CD40L by CD45KA § cells ( i )  and CD45RO+ 
cells ( � 9  in cultures: (a) without the inhibitor of protein syn- 
thesis, cycloheximide; (b) in which 10 #g/ml cycloheximide 
was added 2 h before the addition of PMA and ionomycin, 
and was present throughout the culture. These data are based 
on four experiments. 

competes with M90 and M91 for binding to T cells expressing 
CD40L. Tonsil T cells treated for 18 h with PMA plus 
ionomycin were stained by indirect immunofluorescence with 
5c8, M90, and M91 alone and in the presence of dilutions 
of soluble recombinant CD40. Staining with M91 was com- 
pletely blocked by recombinant CD40 and staining with 5c8 
or M90 was blocked by more than 10-fold. These findings 
support the conclusion that most CD40L is inside T cells 
in germinal centers, since the large amount of CD40 expressed 
by germinal center B cells would be likely to block the 5c8 
binding sites on CD40L expressed on the surface of germinal 
center T cells (14). The level of CD40L expression detected 
by immunohistology was relatively weak and uniform. Iso- 
lated or clustered strongly positive cells were not seen, sug- 
gesting that high level expression induced by PMA and iono- 
mycin in vitro may not reflect physiological expression in vivo. 

Discuss ion 

Signaling through CD40 and CD40L interaction has been 
reported to be necessary for the initiation of T cell-depen- 

dent Ab responses in mice (15). During the early phase of 
responses to protein-based Ag, there seems to be a require- 
ment for T cells to interact sequentially with two cell types 
that have taken up and processed Ag. First, they must in- 
teract with dendritic cells and, then, with B cells; the first 
interaction priming the T cells (reviewed in reference 30), 
and the second providing Ag-specific activation signals to the 
B cell. It is unclear whether both of these specific interac- 
tions involve the transient expression of CD40L by the T 
cells at the site of cognate interaction. Both B cells and den- 
dritic cells constitutively express CD40 (14), suggesting that 
this might be the case. On the other hand, further signals 
delivered during specific T cell activation seem to act at one 
stage and not the other. Thus, when T cell-B cell signaling 
through CD28/CTLA4 interaction with B7-1/B7-2 was 
blocked in vivo, T cell priming was unaffected, but the early 
stages of T cell-dependent B cell activation were markedly 
impaired (31). Dendritic cells are markedly more efficient than 
activated B cells in priming virgin T cells (32, 33), and evi- 
dence has been presented indicating that, under certain con- 
ditions, cognate interaction of virgin T cells with B cells in- 

Table 1. Induction of Surface CD40L Expression by CD45RA- CD8- T Cells with Anti-CD3-coated Ox RBC or PMA and 
Ionomycin, with and without Added Cycloheximide 

Experiment 1 Experiment 2 Experiment 3 

anti-CD3 PMA + anti-CD3 PMA + anti-CD3 PMA + 
ox RBC ionomycin ox RBC ionomycin ox RBC ionomycin 

CX CX CX c x  CX CX 

O min 2 2 1 1 2 2 0 0 2 2 1 1 
15min 7 4 43 24 26 48 49 59 14 13 23 34 

1 h 18 17 43 7 38 57 nd nd 20 23 25 28 
2 h nd nd nd nd 66 31 70 3 31 13 65 5 
4 h 29 8 89 7 47 14 98 5 17 7 82 2 
6 h nd nd nd nd 7 10 94 9 6 5 91 8 

20 h 10 1 95 7 1 3 48 2 0 0 63 0 

The values shown are the percent cells expressing CD40L at the time intervals indicated after the addition of PMA and ionomycin or CD3e mAb-coated 
ox KBC. The cultures represented in the columns headed cx had 10 #g/ml cycloheximide added 2 h before the activation signals. The level of 
contamination of the CD45RA- CDS- T cells with CD45RA+ cells was 10.2, 0.25, and 0.3% in experiments 1, 2, and 3, respectively, and con- 
tamination with CD8 + cells was <1% in each experiment. 
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Table  2. Frequency of Cells Expressing CD4OL, CD45RO, or 
CD4 in Different Tonsil Compartments 

Outer light 
T cell zone of 
marker germinal Remainder of 
assessed centers light zone T zone 

CD40L 4.4 • 1.8 0.6 • 0.2 2.0 _+ 1.1 

C D 4 5 R O  7.0 _+ 3.4 2.0 + 1.0 4.9 • 0.4 

CD4 7.3 + 3.6 2.0 • 1.1 13.5 • 4.0 

The results are expressed as the number of cells expressing the molecule 
indicated per square millimeter _+ SD of 4-/~m-thick tonsil section. Ob- 
servations are based on the analysis of at least 250 cells in each area of 
three different tonsils. The light zone is defined as that part of the ger- 
minal centers where Ki67+ cells are not confluent. In this study, the 
limit of the outer light zone is defined by the band of T cells found in 
this compartment that occupies the part of the germinal center immedi- 
ately inside the foUicuhr mantle (see Fig. 4). A full description of tonsil 
germinal center compartments is given in reference 27. 

hibits the T cells' activation (33). It will be interesting to 
see if there is a difference in the ability of dendritic cells and 
B cells to induce T cells to store preformed CD40L. 

T cell priming is associated with a switch from predomi- 
nant CD45RA expression to the expression of CD45RO 
(24, 34-36). It is unclear from the present study if this is 
also accompanied by constitutive expression of intracellular 
CD40L, as only 40% of CD45RO + cells in the T zones 
were found to contain CD40L. Kinetic studies of the acqui- 
sition of intracellular CD40L expression during T-dependent 
responses in vivo are required. Induction of the expression 
of surface CD40L by both the CD4 + CD45RA + and the 
CD4 § CD45RO + T cell subsets has been described previ- 
ously (37). The kinetics of induction of surface CD40L ex- 
pression by PMA and ionomydn in these two T cell sub- 
sets was reported to be similar, but time points before three 
hours were not studied. In the experiments reported here, 
major differences between surface CD40L expression by 
CD45RO + and CD45RA + cells were only seen in the first 
two hours after activation. These differences were made con- 
siderably more obvious when protein synthesis was inhib- 
ited. Different activation requirements for CD45RO + and 
CD45RA + Th cells have been described by several authors 
(reviewed in reference 38). Ag-specific activation of CD4 + 
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Figure 4. The location of cells 
containing CD40L in tonsil sec- 
tions. CD40L staining, using mAb 
Mg0, is shown in the photomicro- 
graph a. Figs. b-d are further pho- 
tomicrographs of the same area of 
serial sections of the same tonsil 
stained, respectively, for expression 
of Ki67 (b), CD45P, O (c), and CD4 
(d). e identifies the areas in the serial 
tonsil sections: dark zone (DZ), 
light zone (LZ), and outer zone 
(OZ) of a germinal center. The FM 
is the foUicuhr mantle surrounding 
the germinal centre, and A is part 
of the follicular mantle of an adja- 
cent follicle. TZ is part of a T 
cell-rich zone, and CE is crypt epi- 
thelium. Note how the highest fre- 
quency of cells with CD40L in a is 
found in the outer zone and the 
outer part of the T zone that abuts 
onto the follicular mantle, fshows 
the granular nature of the CD40L 
staining. (a-e) xlO0, (1") x500. 



CD45RO + T cells can be produced by B cells, but the 
CD45RA + CD4 + T cells seem to need the action of profes- 
sional APC (38, 39). The phenotype of CD4 + CD45RA + 
and CD4 § CD45RO + T cells differ in the expression of the 
adhesion molecules CD11a, CD29, CD2, and CD44 (these 
being at lower levels on the CD45P, A + T cell subset [40, 
41]). Differences in the expression of these molecules may 
explain, in part, the different activation requirements for 
both CD4 § T cell subsets (42). In addition, in memory T 
cell lines, the TCR complex appears to incorporate CD4 
and CD45 isoforms; these act as three distinct entities in 
virgin cells, rendering them far less sensitive than memory 
cells to activation through their TCR (38, 43, 44). 

B cell activation in the T zone results in the production 
of short-lived plasma cells (2) and B blasts that migrate to 
follicles to form germinal centers (45, 46). Interference with 
CD40L expression, using Ab against CD40L in vivo, inhibits 
the formation of germinal centers (16), although it is not 
clear if this inhibition is at the level of the T zone reaction, 
or germinal center formation, or both. Recirculating B cells 
(47) and newly produced virgin B cells (48) migrate into the 
outer parts of the T zone of the spleen and lymph nodes of 
rodents. The recirculating cells move on from there to the 
follicular mantles. The migration patterns of B cells into sec- 
ondary lymphoid tissues in humans is not known. Assuming 
this is similar to that in rats, their migration pathway would 

pass through the outer T zones in the tonsil where CD40b 
containing T cells are concentrated. Ag-specific migration 
of memory B cells from the marginal zone of the spleen to 
the outer T zones has also been described (2). 

The speed at which T cells can express surface CD40L may 
be crucial in germinal centers; kinetic studies indicate that 
centrocytes either leave the light zone within 7 h or die by 
apoptosis in situ (2, 49). The present study shows that cells 
with preformed CD40L that can express this rapidly on their 
surfaces are present in the outer zone of germinal centers. 
The presence of CD4 § CD45RO § T cells, both in the T 
zones of the tonsil and at the outer edge of germinal centers, 
has been noted previously (50). 

In the present studies, it was found that when preformed 
CD40L was expressed on the cell surface, it was downregu- 
lated within 2 h (Fig. 3 B). Yellin et al. (51), in a recent 
report of a study of surface CD40L turn-over, indicate that 
interaction with CD40 induces rapid endocytosis of surface 
CD40L, thus limiting the length of surface expression of this 
molecule. Our failure to find constitutive surface expression 
of CD40L is consistent with the concept that this molecule 
is only expressed in secondary lymphoid tissues at the site 
of cognate interaction. It seems important that bystander cells 
should not gain access to CD40L expressed by their neighbors 
if cells that acquire autoreactivity through hypermutation of 
their Ig V region genes are to be eradicated. 

The authors wish to thank S. Lederman, R. Armitage, K. Kroczek, P. Beverley, C. Mawas, and J. Gerdes, 
for generous gifts of monoclonal antibodies used in this study, Dr. P. Lane for the generous gift of recom- 
binant human CD40, and Dr. K. Armitage for kindly providing us with recombinant human CD40L. 

This work is supported by a programme grant from the British Medical Research Council. 

Address correspondence to Prof. Ian C. M. MacLennan, Department of Immunology, University of Bir- 
mingham Medical School, Birmingham, B15 2TT, United Kingdom. 

Received for publication 12 August 1994 and in revised form 28 November 1994. 

References 

1. Jacobsen, E.B., L.H. Caporale, and G.J. Thorbecke. 1974. Effect 
of thymus cell injections on germinal center formation in lym- 
phoid tissues of nude (thymusless) mice. Cell. Iramunol. 
30:416-430. 

2. Liu, Y.-J., J. Zhang, P.J.L. Lane, E.Y.-T Chan, and I.C.M. 
MacLennan. 1991. Sites of specific B cell activation in primary 
and secondary responses to T cell-dependent and T cell-inde- 
pendent antigens. Eur. J. ImmunoL 21:2951-2962. 

3. Jacob, J., G. Kelsoe, K. Rajewsky, and U. Weiss. 1991. In- 
traclonal generation of antibody mutants in germinal centers. 
Nature (Lond.). 354:389-392. 

4. Liu, Y.-J., D.E. Joshua, G.T. Williams, C.A. Smith, J. Gordon, 
and I.C.M. MacLennan. 1989. Mechanism of antigen-driven 
selection in germinal centers. Nature (Lond.). 342:929-931. 

5. Coico, R.F., B.S. Bhogal, and G.J. Thorbecke. 1983. The rela- 
tionship of germinal centers in lymphoid tissue to immuno- 

1299 Casamayor-Palleja et al. 

logic memory. VI. Transfer of B cell memory with lymph node 
cells fractionated according to their receptors for peanut ag- 
glutinin. J. Imraunol. 131:2254-2257. 

6. Tew, J.G., R.M. DiLosa, G.E Burton, M.H. Kosco, L.I. Kupp, 
A. Masuda, and A.K. Szakal. 1992. Germinal centers and an- 
tibody production in bone marrow. Iramunol. Rev. 126:99-112. 

7. Holder, M.J., H. Wang, A.E. Milner, M. Casamayor, R. Ar- 
mitage, M.K. Spriggs, W.C. Fanslow, I.C.M. MacLennan, C.D. 
Gregory, and J. Gordon. 1993. Suppression of apoptosis in 
normal and neoplastic human B lymphocytes by CD40L. Eur. 
J. Immunol. 23:2368-2371. 

8. Armitage, R.J., W.C. Fanslow, L. Strockbine, T.A. Sato, K.N. 
Clifford, B.M. Macduff, D.M. Anderson, S.D. Gimple, T. 
Davis-Smith, C.R. Maliszewski, et al. 1992. Molecular and 
biological characterisation of a murine ligand for CD40. Na- 
ture (Lond.). 357:80-82. 



9. Graf, D., U. Korth~iuer, H.W. Mages, G. Senger, and K.A. 
Kroczek. 1992. Cloning of TRAP, a ligand for CD40 on human 
T cells. Fur. J. Immu,ol. 22:3191-3194. 

10. Lederman, S., M.J. Yellin, A. Krichevsky, J. Belko, J.J. Lee, 
and L. Chess. 1992. Identification of a novel surface protein 
on activated CD4 + T ceils that induces contact-dependent B 
cell differentiation (help). J. Exp. Med. 175:1091-1101. 

11. MacLennan, I.C.M. 1994. Germinal centers. Annu. Rev. Im- 
munol. 12:117-139. 

12. Kosco, M.H., A.K. Szakal, and J.G. Tew. 1988. In v/to-obtained 
antigen presented by germinal center B cells to T cells in vitro. 
J. Immunol. 140:354-360. 

13. Gray, D., P. Dullforce, and S. Jainandunsing. 1994. Memory 
B cell development but not germinal center formation is im- 
paired by in vivo blockade of CD40-CD40 ligand interaction. 
J. Extx Med. 180:141-155. 

14. Ling, N.R., I.C.M. MacLennan, and D.Y. Mason. 1987. B cell 
and plasma cell antigens: new and previously defined clusters. 
In Leukocyte Typing III. A.J. McMichael, editor. Oxford 
University Press, Oxford. 302-335. 

15. Van den Eertwegh, A.J.M., R.J. NoeUe, K. Meenakshi, D.M. 
Shepherd, A. Aruffo, J.A. Ledbetter, W.J.A. Boersma, and E. 
Classen. 1993. In vivo CD40-gp39 interactions are essential 
for thymus-dependent humoral immunity. I. In vivo expres- 
sion of CD40 ligand, cytokines and antibody production de- 
lineates sites of cognate T-B cell interactions.J. Exp. Med. 178: 
1555-1565. 

16. Foy, T.M., J.D. Lamman, J.A Ledbetter, A. Aruffo, E. Classen, 
and K.J. Noelle. 1994. GP39-CD40 interactions are essential 
for germinal center formation and the development of B cell 
memory. J. Exp. Med. 180:157-163. 

17. Lederman, S., M. YeUin, G. Inghirami, J. Lee, D. Knowles, 
and L. Chess. 1992. Molecular interactions mediating T-B lym- 
phocyte collaboration in human lymphoid follicles: roles of T 
cell-B cell activating molecule (5c8 antigen) and CD40 in 
contact-dependent help. J. Immunol. 149:3817-3826. 

18. Bernard, A., L. Boumsell, and C. Hill. 1984. T2 Protocol. 
In Leucocyte Typing. A. Bernard, L., L. Boumsell, J. Dansset, 
C. Milstein, and S.F. Schlossman, editors. Springer-Verlag, 
Berlin. 25-60. 

19. Ling, N.R., and P. Richardson. 1981. A critical appraisal of 
the direct antibody-rosette test for the detection of cell surface 
antigen. J. Immunol. Methods. 47:265-274. 

20. Spriggs, M.K., R.J. Armitage, L. Strockbine, K.N. Clifford, 
B.M. Macduff, T.A. Sato, C.K. Maliszewski, and W.C. 
Fanslow. 1992. Recombinant human CD40 ligand stimulates 
B cell proliferation and immunoglobulin E secretion. J. Exp. 
Med. 176:1543-1550. 

21. Lane, P.J.L., A. Traunecker, S. Hubele, S. Inui, A. Lanzavec- 
chia, and D. Gray. 1992. Activated human T cells express a 
ligand for the human B cell-associated antigen CD40, which 
participates in T cell-dependent activation of B lymphocytes. 
Eur. j. lmmunol. 22:2573-2578. 

22. Johnson, G.D. 1989. Immunofluorescence. In Antibodies, 
Volume II; a practical approach. D. Catty, editor. IRL Press, 
Oxford. 179-200. 

23. Gerdes, J., H. Lemke, H. Baisch, H.H. Wacker, U. Schwab, 
and H. Stein. 1984. Cell cycle analysis of a cell proliferation- 
associated human nuclear antigen defined by the monoclonal 
antibody Ki-67. J. Immunol. 133:1710-1715. 

24. Akbar, A.N., L. Terry, A. Timms, P.C.L. Beverley, and G. 
Janossy. 1988. Loss of CD45K and gain of UCHL1 activity 
is a feature of primed T cells. J. Immunol. 140:2171-2178. 

25. Cordell, J.L., B. Falini, W.N. Erber, A.K. Ghosh, Z. Abdulaziz, 
S. Macdonald, K.A.F. Pulford, H. Stein, and D.Y. Mason. 1984. 
Immunoenzymatic labeling of monoclonal antibodies using 
immune complexes of alkaline phosphatase and monoclonal 
anti-alkaline phosphatase (APAAP complexes). J. Histochem. 
Cytochem. 32:219-229. 

26. Weible, E.R. 1963. Principle and methods for the morpho- 
metric study of the lung and other organs. La/~ Invest. 
12:131-155. 

27. Hardie, D.L., G.D. Johnson, and I.C.M. MacLennan. 1993. 
Quantitative analysis of molecules which distinguish functional 
compartments in germinal centers. Eur. j. Immunol. 23:997- 
1004. 

28. Verladi, A., M.C. Mingari, L. Moretta, and C.E. Grossi. 1986. 
Functional analysis of germinal center CD4 § cells with nat- 
ural killer cell-rehted features. Divergence from typical T helper 
cells, f Immu,ol. 137:2808-2813. 

29. Bowen, M.B., A.W. Butch, C.A. Parvin, A. Levine, and M.H. 
Nahm, 1991. Germinal center T ceUs are distinct helper in- 
ducer T cells. Hum. Immu,ol. 31:67-75. 

30. Steinman, R.M. 1991. The dendritic cell system and its role 
in immunogenicity. Annu. R~  Immu,ol. 9:271-296. 

31. Lane, P., C. Burdet, S. Hubel, D. Scheidegger, U. MiiUer, F. 
McConnell, and M. Kosco-Vilbois. 1994. B cell function in 
mice transgenic for mCTLA4-H~/I: lack of germinal centers 
correlated with poor affinity maturation and class switching 
despite normal priming of CD4 + T cells. J. Extx Med. 
179:819-830. 

32. Croft, M., D. Duncan, and S.L. Swain. 1992. Response of 
naive antigen-specific CD4 * T cells in vitro: characteristics 
and antigen-presenting cell requirements. J. Extx Med. 176: 
1431-1437. 

33. Fuchs, E.J., and P. Matzinger. 1992. B cells turn off virgin 
but not memory T cells. Science (Wash. DC). 258:1156-1159. 

34. Smith, S.H., M.H. Brown, D. Rowe, K.E. Callard, and P.L.C. 
Beverley. 1986. Functional subsets of human helper-inducer 
cells defined by a new mAb. UCHL1. Immunology. 58:63-70. 

35. Morimoto, C., N.L. Letvin, J.A. Distaso, H.M. Brown, and 
S.F. Schlossman. 1986. The cellular basis for the induction of 
antigen-specific T8 suppressor cells. Eur.J. Immunol. 16:198-204. 

36. Beverley, P.C.L. 1990. Human T cell memory. Curt. Top. 
Microbiol. Immunol. 159:111-122. 

37. Gauchat, J.-F., J.P. Aubry, G. Mazzei, P. Life, T. Jomotte, G. 
Elson, and J.-Y. Bonnefoy. 1993. Human CD40-ligand: molec- 
ular cloning, cellular distribution and regulation of expression 
by factors controlling IgE production. FEBS (Fed. Fur. Biochem. 
Soc.) Lett. 315:259-266. 

38. Janeway, C.A., Jr. 1992. The T cell receptor is a multicompo- 
nent signalling machine: CD4/CD8 coreceptors and CD45 
in T cell activation. Annu. Rev. Immunol. 10:645-674. 

39. Konchese, F., and B. Hausmann. 1993. B lymphocytes in vivo 
fail to prime naive T cells but can stimulate antigen-experienced 
T lymphocytes. J. Exp. Med. 177:679-690. 

40. Prince, H.E., J. York, and E.R. Jensen. 1992. Phenotypic com- 
parison of the three populations of human lymphocytes defined 
by CD45RO and CD45RA expression. Cell. Immunol. 145: 
245-262. 

41. Swain, S.L., and L.M. Bradley. 1992. Helper T cell memory: 
more questions than answers. Seminars in Immunology. 4:59-68. 

42. Sanders, M.E., M.W. Makgoba, C.H. June, H.A. Young, and 
S. Shaw. 1989. Enhanced responsiveness of human memory 
T cells to CD2 and CD3 receptor mediated activation. Eur. 
j. Immunol. 19:803-808. 

1300 Preformed CD40 Ligand in a Subset of Memory T Cells 



43. Rojo, J.M., K. Saizawa, and C.A. Janeway, Jr, 1989. Physical 
association of CD4 and the T cell receptor can be induced by 
anti-T cell receptor antibodies. Pro~ Natl. Acad. Sci. USA. 
86:3311-3315 

44. Dianzani, U., M. Luqman, J. Rojo, J. Yagi, J.L. Baron, A. 
Woods, C.A. Janeway, Jr., and J. Bottomy. 1990. Molecular 
associations on the T cell surface correlate with immunolog- 
ical memory. Eur. J. IramunoI. 20:2249-2258. 

45. MacLennan, I.C.M., Y.-J. Liu, S. Oldfield, J. Zhang, and 
P.J.L. Lane. 1990. The evolution of B cell clones. Cu~ To F 
Microbiol. Immunol. 159:37-63. 

46. Jacob, J., and G. Kelsoe. 1992. In situ studies of the primary 
immune response to (4-hydroxy-3-nitrophenyl)acetyl. II. A 
common clonal origin for periarteriolar lymphoid sheath- 
associated loci and germinal centers.J. ExF Med. 176:679-687. 

47. Howard, J.C., S.V. Hunt, andJ.L. Gowans. 1972. Identification 
of marrow-derived and thymus-derived small lymphocytes in 

the lymphoid tissues and thoracic duct lymph of normal rats. 
J. Ex F Med. 135:200-209. 

48. Lortan, J.E., C.E. Roobottom, S. Oldfield, and I.C.M. 
MacLennan. 1987. Newly-produced virgin B cells migrate to 
secondary lymphoid organs but their capacity to enter follicles 
is restricted. Fur. J. Imraunol. 17:1311-1316. 

49. Hanna, M.G. 1964. An autoradiographic study of the germinal 
center in spleen white pulp during early intervals of the im- 
mune response. La/~ Invest. 13:95-104. 

50. Janossy, G., D. Campana, and A. Akbar. 1989. Kinetics of 
T lymphocyte development. Curt. Tol~ Pathol. 79:59-99. 

51. Yellin, M.J., K. Sippel, G. Inghirami, L.R. Covey, J.J. Lee, 
J. Sinning, E.A. Clark, L. Chess, and S. Lederman. 1994. CD40 
molecules induce down-modulation and endocytosis of T cell 
surface T cell B cell activating molecule/CD40-L. Potential 
role in regulating helper effector function. J. Imraunol. 152: 
598-608. 

1301 Casamayor-Palleja et al. 


