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Abstract

 

CD40 is a molecule present on multiple cell types including

B lymphocyte lineage cells. CD40 has been shown to play an

important role in B cell differentiation and activation in

vitro, although little is known concerning the effects of

CD40 stimulation in vivo. We therefore examined the ef-

fects of CD40 stimulation in mice using a syngeneic bone

marrow transplantation (BMT) model in an effort to aug-

ment B cell recovery after high dose therapy with hemato-

poietic reconstitution. After the BMT, mice were treated

 

with or without 2–6 

 

m

 

g of a soluble recombinant murine

CD40 ligand (srmCD40L) given intraperitoneally twice a

 

week. A significant increase in B cell progenitors (B220

 

1

 

/

surface IgM

 

2

 

) was observed in the bone marrow of mice

receiving the srmCD40L. The treated recipients also dem-

onstrated improved B-cell function with increases in total

serum immunoglobulin and increased splenic mitogen re-

sponsiveness to LPS being noted. Additionally, srmCD40L

treatment promoted secondary lymphoid organ repopula-

tion, accelerating germinal center formation in the lymph

nodes. Total B cell numbers in the periphery were not sig-

nificantly affected even with continuous srmCD40L admin-

istration. Lymphocytes obtained from mice treated with the

ligand also had increases in T cell mitogen and anti–CD3

mAb responsiveness and acquired the capability to produce

IL-4. Surprisingly, treatment with srmCD40L also pro-

duced hematopoietic effects in mice, resulting in an increase

of BM and splenic hematopoietic progenitor cells in the

mice after BMT. Treatment with srmCD40L significantly

increased granulocyte and platelet recovery in the periph-

eral blood. Incubation of BMC with srmCD40L in vitro also

resulted in increased progenitor proliferation, demonstrat-

ing that the hematopoietic effects of the ligand may be

direct. Thus, stimulation of CD40 by its ligand may be ben-

eficial in accelerating both immune and hematopoietic re-

covery in the setting of bone marrow transplantation. (

 

J.

Clin. Invest.

 

 1997. 99:484–491.) Key words: bone marrow

transplantation 

 

•

 

 

 

CD40 

 

•

 

 immune 

 

•

 

 hematopoietic 

 

•

 

 en-

graftment

 

Introduction

 

The prognosis of patients undergoing bone marrow transplan-
tation (BMT)

 

1

 

 is critically dependent on reconstitution of the
hematopoietic system. The recovery of immunity after marrow
transplantation is a complex process dependent on pre- and
posttransplant factors (1, 2). Therapy used to prepare marrow
graft recipients for infusion of donor marrow ablates the exist-
ing immunohematopoietic marrow elements. This intensive
therapy creates a prolonged period of immune deficiency. He-
matopoietic growth factors are now clinically used to acceler-
ate neutrophil recovery (3), and several cytokines (including
IL-2) are being investigated for the enhancement of cell-medi-
ated immunity, and to reverse the deficiency of humoral im-
munity (4).

CD40 is a 55-kD molecule present on the surface of B cells
that appears to play a critical role in their growth and develop-
ment (5–7). CD40 is a member of the nerve growth factor/TNF
receptor family (8) and is present on a variety of cell types, in-
cluding B cells, monocytes (9), dendritic cells (10), and some
carcinoma cells (11). Antibodies to CD40 have been demon-
strated to exert both stimulatory and differentiation responses
in human B cells in vitro (7, 12, 13). However, little is known
concerning the effects of CD40 stimulation in vivo. The ligand
for CD40 is expressed on activated T cells (14, 15). Individuals
congenitally lacking this ligand (hyper IgM syndrome) have
been shown to have a deficiency in circulating IgG antibodies
(16, 17). In addition, antibodies to the ligand have been shown
to block germinal center formation in mice and to inhibit T
cell–dependent antibody responses (18, 19); and CD40 knock-
out mice have deficiencies in IgG production and germinal
center development (20). Recently, a soluble recombinant ver-
sion of the naturally occurring ligand for CD40 (srCD40L) was
generated and found to stimulate B cell proliferation and func-
tion in vitro (21–23). We therefore evaluated the effects of sol-
uble recombinant murine CD40 ligand (srmCD40L) on B cell
recovery in a murine syngeneic BMT model. We report here
that treatment of mice with srmCD40L after syngeneic BMT
accelerates B and T cell recovery and unexpectedly improves
hematopoietic engraftment.

 

Methods

 

Mice.

 

C57BL/6 (B6) mice were obtained from the Animal Production

Area (NCI-FCRDC, Frederick, MD) and were not used until 8 wk of age.

 

1. 

 

Abbreviations used in this paper:

 

 BMC, bone marrow cells; BMT,

bone marrow transplantation; ABMT, autologous BMT; Con A, con-

canavalin-A; GVHD, graft-vs.-host disease; SC, spleen cells; srm-

CD40L, soluble recombinant murine CD40 ligand.
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Bone marrow transplantation.

 

Recipient B6 mice were exposed

to a 

 

137

 

Cs

 

g

 

 irradiation source. The mice received 1,050 cGy total irra-

diation. Mice then received 10

 

6

 

 syngeneic bone marrow cells (BMC)

intravenously. Either recombinant soluble murine CD40 ligand (2 or

6 

 

m

 

g) or HBSS with glycerol and normal mouse sera (control) were

administered intraperitoneally twice a week starting at day 1, until

the harvest of the mice on days 8, 15, and 22. All experiments were

assayed with 4–5 mice/group and were performed five times with a

representative experiment being shown.

 

Assay for in vitro hematopoiesis.

 

BMC and spleen cells (SC) from

mice 7, 14, and 22 d after BMT were washed and resuspended in Is-

cove’s modified Dulbecco’s medium (IMDM) with 15% FBS, 1%

 

L

 

-glutamine, 2 

 

3

 

 10

 

2

 

5

 

 M 2-mercaptoethanol, and antibiotics (com-

plete IMDM). SC were plated at 10

 

6

 

 cells/plate, and BMC were

plated at 2 

 

3

 

 10

 

5

 

 cells/plate. Both SC and BMC were plated with

0.35% Sea Plaque (FMC BioProducts, Rockland, ME) in 35- 

 

3

 

 10-mm

plates with grid (Nunc, Inc., Naperville, IL). Colony growth was stim-

ulated with optimal doses of the growth-promoting cytokines recom-

binant mouse GM-CSF, 10 ng/ml, and recombinant mouse IL-3, 10

ng/ml, supplied by the Biological Response Modifiers Program Re-

pository (NCI-FCRDC). Plates were incubated at 37

 

8

 

C, 5% CO

 

2

 

, and

100% humidity for 7 d. In the experiments where the effects of the

ligand were examined in vitro, BMC were incubated with different

concentrations of the ligand with GM-CSF and IL-3. The plates were

then examined for colonies, where 

 

.

 

 50 cells constituted a colony.

 

Analysis of peripheral blood.

 

For analysis of peripheral blood

(PB), blood was collected from the lateral tail vein of the mice using

EDTA as an anticoagulant. Complete blood counts were performed

with an HC820 (DANAM Electronics, Inc., Dallas, TX), and differ-

ential cell counts were performed by microscopic examination of

Wright’s standard PB-stained smears (MetPath, Inc., Rockville, MD).

 

Statistical analysis.

 

A Student’s 

 

t

 

 test was performed to determine

if values were significantly different (

 

P

 

 

 

,

 

 0.05).

 

Serum immunoglobulin determination.

 

For determination of to-

tal serum Ig, samples were assayed by ELISA as follows: flat bottom

96-well microtiter plates (Corning Glass Works, Corning, NY) were

coated with goat anti–mouse Ig (Kirkegaard & Perry Laboratories,

Inc., Gaithersburg, MD) at 1 mg/ml in PBS. After washing two times,

a blocking step was carried out using 5% goat serum. This was fol-

lowed by the addition of titrations of mouse IgM 

 

1

 

 IgG standard

(Dako Corp., Santa Barbara, CA). After washing four times, alkaline

phosphatase–conjugated goat anti–mouse Ig (Kirkegaard & Perry

Laboratories, Inc.) was added. After washing, the reaction was devel-

oped using substrate and OD measured at 402 nm. A Wilcoxon rank

sum test was used to determine if the values differed significantly

(

 

P

 

 

 

,

 

 0.01).

 

Mitogen responsiveness assay.

 

Single cell suspensions were pre-

pared from the spleens of recipient mice. Triplicate cultures of 5 

 

3

 

10

 

5

 

 spleen cells and/or lymph node cells were incubated with 32 

 

m

 

g/ml

of LPS, 10 

 

m

 

g/ml of Concanavalin A, or 200 ng/ml of anti–CD3

(2C11; PharMingen, San Diego, CA) in a final volume of 0.2 ml

RPMI 1640 supplemented with 10% fetal calf serum, 4 mM

glutamine, 19 mM Hepes, 0.05 mM 2-mercaptoethanol, 100 U/ml

penicillin, and 100 

 

m

 

g/ml streptomycin for 48 h at 37

 

8

 

C in 5% CO

 

2

 

.

After 48 h of culture, the plates were pulsed with 1 uCi of [

 

3

 

H]thymi-

dine (6.7 Ci/mmol;DuPont-NEN, Boston, MA) per well for the final

18–24 h of incubation, and then harvested onto glass fiber filters. The

amount of radiolabel incorporated was determined by liquid scintilla-

tion counting.

 

Quantitation of murine cytokines.

 

Murine IL-4 and IFN

 

g

 

 levels

within the stimulated and control supernatants were determined by

ELISA, using biotinylated and nonbiotinylated anti–murine IL-4 and

IFN

 

g

 

 antibodies obtained from R&D Systems, Inc. (Minneapolis, MN).

 

Flow cytometric analysis.

 

BMC, SC, or lymph node cells (in-

guinal, brachial, and mesenteric) were obtained from the mice 8, 15,

and 22 d after syngeneic BMT. A single cell suspension was made and

the cells were counted on a Coulter Counter (Coulter Electronics, Hi-

aleah, FL). The cells were then adjusted to 10

 

6

 

 cells per ml and were

blocked with an anti–mouse Fc receptor antibody (2.4G2, rat IgG1)

to prevent nonspecific binding of immunoglobulin. The cells were

then incubated with the appropriate directly labeled antibodies. The

antibodies used were: B220 (6B2, directed against a murine B cell

marker), 8C5 (directed against a marker found on murine granulo-

cytes) from PharMingen, and goat anti–mouse IgM from Fisher Sci-

entific Co. (Pittsburgh, PA). After incubation, the cells were washed

and then fixed with 1% paraformaldehyde and the cells were ana-

lyzed using an EPICS flow cytometer (Coulter Electronics). The total

number of cells present in the organ was determined by multiplying

the percentage of cells present by the cellularity of the organ.

 

Histology.

 

Lymph nodes were fixed in 10% formalin, embedded

in paraffin, sectioned at 5 

 

m

 

m, and stained with hematoxylin and

eosin. Slides were then evaluated microscopically for the presence of

follicles and germinal centers without knowledge of the experimental

treatment. Grading was as follows: 1, minimal; 2, mild; 3, moderate; 4,

extensive; M, missing; P, present; 

 

2

 

, no significant lesion; F, focal;

MF, multifocal; D, diffuse.

 

Results

 

Effects of srmCD40L on engraftment of syngeneic B220-posi-

tive cells in lethally irradiated recipients.

 

Syngeneic BMC were

Figure 1. B2201/surface IgM2 B cell progenitors in the bone marrow 

from recipient mice in different groups, day 8 after syngeneic BMT as 

determined by flow cytometric analysis as described in Methods. Af-

ter receiving 1,050 cGy total irradiation, mice then were injected with 

106 BMC i.v. Either control sera 1 glycerol (A) or 2 mg of srmCD40L 

(B) were administered i.p. twice a week starting at day 1 until the har-

vest.
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transferred into lethally irradiated recipients to determine the
effects of srmCD40L on B cell reconstitution. Either 2–6 

 

m

 

g of
srmCD40L or control sera and glycerol was administered ev-
ery 3 d starting at day 1. Reconstitution of B cell progenitors in
the BM and spleen was assessed by flow cytometric analysis.
The results demonstrate that treatment with srmCD40L signif-
icantly increased B cell progenitors (B220

 

1

 

/surface IgM

 

2

 

) in
the BM when the mice were examined 8 d after BMT, com-
pared with mice in groups not receiving srmCD40L (Fig. 1).
There was an increase in B220

 

1

 

/surface IgM

 

2

 

 cells, represent-
ing B cell progenitors, in recipient mouse bone marrow 8 d af-
ter BMT. The total number of the bone marrow cells positive
for B220 also increased (Fig. 2 

 

A

 

). Interestingly, at later time
points, no increases of mature B cells (B220

 

1

 

/surface IgM

 

1

 

)
were detected in the BM or spleen in groups receiving continu-
ous treatment with srmCD40L (data not shown). Thus, CD40
stimulation after BMT resulted in increased numbers of B cell
progenitors in the BM, but this did not translate into signifi-
cantly increased production of mature B cells in the periphery.

 

Effects of srmCD40L on B and T cell function after synge-

neic BMT.

 

We then determined total serum Ig levels by
ELISA as a parameter for mature B cell function. The data
demonstrated that treatment with srmCD40L resulted in in-
creased serum IgM production on day 14 after BMT (Fig. 3).
Thus, CD40 stimulation by the soluble ligand resulted in in-
creased serum IgM production in the first 2 wk after BMT; se-
rum IgG levels were not significantly different.

We also examined effects on B cell function as reflected by
mitogen responses of murine splenic and lymph node cells to
LPS. Treatment of mice with srmCD40L significantly in-
creased both splenic and lymph node cell responsiveness to

LPS when assessed 10 d after BMT (Fig. 4). However, since
there was no significant difference in the numbers of splenic
mature (B220

 

1

 

/surface IgM

 

1

 

) B cells between mice in the con-
trol and treated groups, this suggests that CD40 stimulation
primarily affected the function but not number of splenic B
cells. Interestingly, we also found that mitogen responses of
murine splenic cells to the T cell mitogen concanavalin-A
(Con A) and anti–CD3 were significantly increased in the mice
treated with srmCD40L, suggesting CD40 stimulation also af-
fects T cell function (Fig. 4). Total T cell numbers were also
not affected by treatment with the ligand. We then assessed
the effects of ligand treatment on the capacity of splenocytes
and lymph node cells to produce interferon 

 

g

 

 and IL-4 after
stimulation with Con A. The results demonstrated that treat-
ment with the ligand after BMT results in an increased ability
of mitogen stimulated splenic and lymph node T cells to pro-
duce IL-4 (Fig. 5). Interferon 

 

g

 

 levels also appeared to be af-
fected slightly, but this was not statistically significant. Thus,
treatment of mice with srmCD40L resulted in increases in T
cell function after BMT.

 

Effects of srmCD40L on germinal center reconstitution in

lymph node after syngeneic BMT.

 

We then investigated the
effect of srmCD40L on reconstitution of secondary lymphoid
organs. Lymphocyte development occurs not only within bone
marrow, but also within peripheral lymphoid compartments.
Treatment with srmCD40L dramatically promoted germinal
center formation in the lymph nodes of recipients compared
with those of control mice 8 d after BMT. When B220

 

1

 

/surface
IgM

 

1

 

 cells in the lymph nodes of recipients were determined
by flow cytometry, the lymph nodes of mice treated with
srmCD40L contained significantly higher numbers of mature
B cells than did control mice (control, 1.52

 

6

 

0.32 

 

3

 

 10

 

4

 

 cells;
treated, 4.22

 

6

 

1.04 

 

3

 

 10

 

4

 

 cells; 

 

P

 

 

 

5

 

 0.047), reflecting the accel-
eration of germinal center (GC) reconstitution. We then deter-
mined the time course of the germinal center formation af-
fected by srmCD40L (Table I, Fig. 6). Stimulation by srmCD40L
accelerated germinal center formation (days 8 and 14 after

Figure 2. Effect of srmCD40L on (A) B2201 cell recovery in the BM, 

and (B) 8C51 cell recovery in the spleen 7 d after syngeneic BMT.

Figure 3. Effects of srmCD40L on the production of IgG and IgM in 

mice 14 d after syngeneic BMT as determined by ELISA as described 

in Methods. The results are expressed in optical density units as as-

sessed on a spectrophotometer at 402 nm from 1:100 dilution of each 

sample. SrmCD40L significantly (P , 0.01) increased the production 

of IgM.
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BMT). However, the differences between control and treated
mice were not significant by day 21 (Table I). The stimulatory
effects of CD40L on peripheral B cell reconstitution were
greatest in the first 2 wk after the transplantation.

 

Effects of srmCD40L on the recovery of hematopoietic pre-

cursors after syngeneic BMT.

 

We also investigated the effects
of srmCD40L treatment on hematopoiesis after syngeneic
BMT. The results showed that treatment with srmCD40L sig-
nificantly (

 

P

 

 

 

,

 

 0.05) increased splenic and BM hematopoietic
progenitor content as assessed by in vitro CFU-C formation

when compared with control mice (Table II). As with the ef-
fects on B cell recovery, the effects on hematopoietic parame-
ters appeared to be greatest at earlier time points.

To ascertain if the growth-promoting effects of the ligand
on hematopoiesis were directly due to the effects of the ligand
on the hematopoietic progenitor cells, we incubated various
concentrations of srmCD40L with BMC in vitro and assessed
the effects on CFU-C formation. Incubation of BMC with the
ligand alone produced no effects on CFU-C (Fig. 7). However,
when the BMC were cultured with GM-CSF and IL-3, the ad-

Figure 4. Effects of srmCD40L on mitogen responsiveness in different time points after syngeneic BMT as described in Methods. 10 d after 

BMT, splenocytes and lymph node cells were assessed for their response to various doses of LPS, Con A, and anti–CD3 in vitro. However, in this 

figure, only the 10 mg LPS, 10 mg Con A, and 1 mg anti–CD3 were shown. Treatment with the ligand resulted in significant (P , 0.05) increases 

in proliferative responses.

Figure 5. Effect of srmCD40L 

treatment on cytokine production 

by mitogen-activated spleen or 

lymph node cells. 10 d after BMT, 

SC and lymph node cells were acti-

vated with Con A and 3 d later, 

ELISA assays specific for inter-

feron g and IL-4 were performed 

on the supernatants. Values signifi-

cantly greater (P , 0.01) than un-

treated recipients.



 

488

 

Funakoshi et al.

 

dition of srmCD40L produced significant increases in CFU-C
formation. This suggests that CD40 stimulation may act as a
costimulus in promoting hematopoietic growth.

We then determined the effects of srmCD40L treatment on
both megakaryocytes and granulocytic precursors after BMT
in mice. Actual numbers of megakaryocytes in spleens in each
slide section were significantly higher in the treated mice com-
pared with the control mice (treated, 83.2

 

6

 

11.3; control,
59.0

 

6

 

8.9; 

 

P

 

 

 

,

 

 0.05) as determined by histological assessment.

Phenotypic evaluation of the splenocytes through flow cyto-
metric analysis indicated that there was also a significant in-
crease in granulocyte precursors in the spleens of mice receiv-
ing srmCD40L as evidenced by the increased percentage and
total amount of splenic 8C5

 

1

 

 cells, a surface marker present on
granulocytic lineage cells (Fig. 2 

 

B

 

). These results suggested
that srmCD40L promoted the recovery of hematopoietic pre-
cursors, primarily affecting granulocytic and megakaryocytic
lineages.

 

Table I. Histological Evaluation of Germinal Center Formation (GCF) After Syngeneic BMT

 

Day 8 Day 14 Day 21

Animal No. (treatment) GCF Animal No. (treatment) GCF Animal No. (treatment) GCF

 

245 (Control)

 

2

 

202 (Control) 1MF 275 (Control) 1MF

246 (Control)

 

2

 

203 (Control) 1MF 276 (Control) 1MF

247 (Control)

 

2

 

204 (Control)

 

2

 

205 (Control) 1F

206 (Control)

 

2

 

248 (srmCD40L 2 mg) 1F 207 (srmCD40L 2 mg) 2MF 277 (srmCD40L 2 mg) 1MF

249 (srmCD40L 2 mg) 1F 208 (srmCD40L 2 mg) 2MF 278 (srmCD40L 2 mg) 1F

250 (srmCD40L 2 mg) 2MF 209 (srmCD40L 2 mg) 1MF

210 (srmCD40L 2 mg) 1MF

211 (srmCD40L 2 mg) 1F

Grading by histological examination: 1, minimal; 2, mild; 3, moderate; 4, severe; 2, no significant lesion; F, focal; MF, multifocal.

Figure 6. Histology of the lymph nodes of mice receiving either con-

trol sera 1 glycerol (A) or 2 mg of srmCD40L (B and C). Histology 

was performed 8 d after syngeneic BMT as described in Methods. Note 

the reconstitution of germinal centers in the mice treated with 

srmCD40L (B and C). (403)
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CD40 stimulation promotes recovery of neutrophils and

platelets after BMT. We then investigated if the treatment with
srmCD40L could also increase the number of the mature pe-
ripheral blood cell counts after syngeneic BMT. Analysis of
the complete blood count indicated that the treatment with
srmCD40L resulted in a significant increase in platelet counts,
as well as white blood cell (WBC) counts (Table III), reflecting

the increase in the platelet and granulocyte precursors seen in
the spleen. Interestingly, differential count of WBC revealed
that only segmented cells (granulocytes) were increased,
whereas mononuclear cells (lymphocytes) were not affected
by the treatment with srmCD40L (Table III), indicating that
CD40L stimulation affects mainly granulocytic and platelet
precursors. Erythroid lineage cells were not significantly af-

Table II. Effects of srmCD40L on CFU-C in Spleen and Bone Marrow After Syngeneic BMT

Experiment Day of harvest Treatment

Total CFU-C/spleen Total CFU-C/BM (1 tibia 1 femur)

Cytokines Media Cytokines Media

A 7 Control 12.862.4 060 84.5626.5 060

srmCD40L 2 mg 54.4611.3* 060 250.0625.0* 060

B 7 Control 27.4615.9 060 9926256.8 060

srmCD40L 6 mg 49.262.9* 060 21376511.0 060

C 10 Control 288.06110.0 060 215662.8 060

srmCD40L 2 mg 604.3665.3* 060 454.1669.6* 060

D 22 Control 1389.86320.0 060 523.06136.0 060

srmCD40L 2 mg 1767.36313.0 060 753.06100.5 060

Treatments with either 2 mg of srmCD40L or control sera were done twice a week starting at day 1, and BMC and spleen cells from mice 7, 10, and

22 d after BMT were assayed as described in Methods. *Values significantly (P , 0.05) greater than untreated recipients.

Figure 7. Effects of srmCD40L on CFU-C formation in vitro. The CFU-C assay was performed as described in Methods. Representative of four 

experiments. *srmCD40L significantly (P , 0.05) promoted CFU-C formation.
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fected (data not shown). Thus, in addition to its effects on B
cell recovery after BMT, CD40 stimulation by its ligand also
promotes hematopoietic reconstitution primarily affecting
megakaryocytic and granulocytic lineages.

Discussion

Our data suggest that treatment with srmCD40L accelerates B
cell and hematopoietic recovery in the first 2 wk after synge-
neic BMT in mice. Treatment with srmCD40L resulted in sig-
nificant improvements in granulocytic and megakaryocytic lin-
eage cell reconstitution. This is the first report showing that
CD40 stimulation can have effects on both immunologic and
hematologic parameters in vivo.

Despite the expression of CD40 on hematopoietic progeni-
tor cells (24) and early B cell precursors (25), the function of
CD40 in B cell development is not clear (26). One study re-
ported that CD40 signaling enhanced or inhibited growth of
human B cell precursors depending on the stage of develop-
ment and costimulatory activation by interleukins; CD40 sig-
naling promoted B precursors in fetal bone marrow with IL-3
or IL-4, but inhibited pro–B cell responses to IL-7 in vitro (27).
Our data demonstrate that treatment with srmCD40L in-
creased the number of B2201/surface IgM2 B cell precursors
in the bone marrow, and improved the function of mature B
cells in vivo as measured by IgM levels in vivo and LPS re-
sponsiveness in vitro ( Figs. 1–3). Although the number of B
cell precursors was increased by the treatment, this increase of
B cell precursors did not translate into an increase in the num-
ber of mature B cells in spleen or circulation, suggesting that
other costimulation such as IL-4 or IL-7 may be required for B
cell maturation (5, 6, 9). Interestingly, treatment of mice with
srmCD40L also resulted in increases in T cell function as re-
flected by mitogen and anti–CD3 mAb responsiveness as well
as activation by anti–CD3, as well as the ability to produce cy-
tokines (i.e., IL-4) after stimulation. This is in agreement with
recent reports that CD40L may also affect T cells (28, 29).

Stimulation via CD40 has been shown to play a critical role
in B cell activation and differentiation responses in vitro (5–7).
CD40 signaling also plays an important role in affinity matura-
tion and isotype switching of immunoglobulin from IgM to
IgG in the germinal centers under challenge with various anti-
gens (5–7). In this report, we observed that treatment with
srmCD40L increased serum IgM levels in the first 2 wk after

syngeneic BMT (Fig. 3), suggesting that CD40 stimulation may
augment B cell function nonspecifically. The effects of the
ligand appeared most pronounced when the mice were as-
sessed in the first 2 wk after BMT. This may be a reflection of
the tremendous myelo- and lymphopoiesis that occurs in a re-
constituting animal after BMT, thus making it more sensitive
to stimulation by the ligand. Indeed, we have found that ad-
ministration of srmCD40L to resting mice produces far more
modest effects (Reddy, V., O. Asai, W. Fanslow, D.L. Longo,
and W.J. Murphy, manuscript in preparation). Alternatively, it
may be that neutralizing antibodies are generated to the leu-
cine zipper motif. We attempted to determine the effects of
srmCD40L on primary immune responses using keyhole lim-
pet hemocyanin as an immunogen, but no significant differ-
ences were observed between control mice and srmCD40L-
treated mice (data not shown). However, the optimal timing,
dose, and route of administration of the ligand still needs to be
determined and this may affect primary immune responses in
vivo after BMT. We investigated the effects of CD40 stimula-
tion on secondary lymphoid organ repopulation, because lym-
phocyte development occurs not only within bone marrow, but
also within peripheral lymphoid compartments, and the recov-
ery of immune effectors is intimately related to the reconstitu-
tion of lymph nodes (30). There have been several reports
demonstrating that no germinal centers are seen in patients
with hyper IgM syndrome or CD40 ligand knock-out mice (20,
31). The data presented here demonstrate that treatment with
srmCD40L accelerated germinal center formation in the
lymph nodes (Fig. 6, Table I) after syngeneic BMT. Thus,
CD40 stimulation of B cell precursors in vivo may have func-
tional importance, though the signaling through CD40 in B cell
precursors may be only one component of a multiple signal
pathway.

CD40 is also expressed on the majority of CD341 cells in
BM and cord blood cells, demonstrating that this antigen is not
restricted to lymphoid cells (24). CD40 expression is lost dur-
ing culture of CD341 cells in the presence of IL-3, indicating
transient expression early in myeloid development (24). It has
been reported that CD40 knock-out mice had evidence of neu-
tropenia only when placed in conventional housing conditions,
suggesting that CD40 stimulation may play a role in granulo-
cyte development, but can be detected only when the animals
are hematopoietically stressed as after BMT or myeloablative
therapy or during infection (20). We found treatment with
srmCD40L after syngeneic BMT increased splenic CFU-C and
segmented cells and platelets in peripheral blood (Tables II
and III, Fig. 7), strongly indicating that signals through CD40
can promote granulocytic and megakaryocytic hematopoiesis
and progenitor proliferation. The mechanisms could be direct
or indirect, including secretion of IL-3 or GM-CSF from mac-
rophages that also express CD40 on their surface. Further ex-
periments are ongoing to determine the mechanisms of the he-
matopoietic effects of CD40 stimulation.

We have previously demonstrated that CD40 stimulation
either by antibody or soluble recombinant ligand is capable of
directly inhibiting the growth of aggressive histology human B
cell lymphomas both in vitro and in vivo (32). Preliminary data
indicate that this occurs through “activation-induced cell death”
that includes the induction of apoptosis (Funakoshi, S., O.
Asai, W. Fanslow, D.L. Longo, and W.J. Murphy, manuscript
in preparation). Taken together with immunologic and hema-
tologic effects of srmCD40L, it could be advantageous to ex-

Table III. Effects of srmCD40L on Peripheral Blood
Cell Count

Day of
analysis Treatment

WBC (/mm3)
(segmented/mononuclear) Platelet (3 103/mm3)

10 Control 530660 93.562.5

(161614/296651)

srmCD40L 2 mg 80060* 143.3625.8*

(404634*/290646)

28 Control 65806459 244.0613.9

srmCD40L 2 mg 69606398 291.0642.8

After receiving BMT, either control sera or 2 mg of srmCD40L were ad-

ministered. The number of mature peripheral blood cell counts after

syngeneic BMT was analyzed as described in Methods. *P , 0.05.
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plore the use of the ligand in a clinical setting such as autologous
BMT (ABMT) for relapsed aggressive histology lymphoma.
Some of the problems associated with ABMT, including im-
mune deficiency after the transplant and recurrence of the
neoplasm, may be decreased with the use of srCD40L due to
the pleiotropic effects of the ligand in vivo. In allogeneic BMT,
one report described that antibody to CD40 ligand prevented
the occurrence of graft-vs.-host disease (GVHD) (33). In T
cell/B cell interaction, two specific costimulatory pathways,
termed CD40 ligand:CD40 and B7:CD28, promote the activa-
tion of both cells. Blocking of CD40 stimulation can shut down
this T cell/B cell interaction to prevent GVHD, and exogenous
CD40 stimulation may, on the contrary, increase the occur-
rence of GVHD by activating T cells (33). More work needs to
be done examining the effects of CD40 stimulation on GVHD
pathology. However, the use of srCD40L may be limited to the
ABMT setting. Our results suggest that treatment with
srCD40L may be of clinical use for ABMT in general and the use
of ABMT in the treatment of B cell lymphomas in particular.
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