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CD40 ligand has potent antiviral activity 
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For B cells to make antibodies against most antigens, they require help from T cells. 
T cell help is delivered as two signals to the B cell, one of which is via CD40 and the other 
can be through receptors for any of a variety of soluble cytokines. We have constructed 
recombinant vaccinia viruses that express the ligand for CD40 and have shown that the 
growth of these viruses is dramatically controlled in vivo, even in mice that lack T or B 
cells. In this paper, we also describe our attempts to analyse the CD40 ligand-mediated 
antiviral activity by studying the clearance of these viruses in mice that are deficient in 
important antiviral mechanisms. Thus, the antiviral activity of CD40L may represent a 
surprising and potent effector mechanism of T cells activated during a virus infection. 

Signalling of B cells via the constitutively expressed CD40 mol
ecule is an important component of the T-cell help required 
for an antibody response'. The ligand for CD40 (CD40L or 
gp39) has been recently cloned2 and shown to be induced on 
the surface of T cells as a consequence of antigen recognition. 
The interaction between CD40L and its receptor on the surface 
of B cells has been shown to be an essential step in triggering B 
cells to make antibody'. The ligation of CD40 provides the 
contact-dependent component ofT -cell help, while other criti
cal signals are provided · by soluble cytokines, such as inter
leukins (IL) 4 and 5 (ref. 1). Experiments using membranes 
prepared from either activated T-eens• or cells transfected with 
CD40L (refs 2,5), or soluble gp39 (ref. 6), and recombinant cy
tokines have shown that these two signals are sufficient to 
stimulate resting B cells to undergo proliferation and differen
tiation, and to switch from IgM production to other im
munoglobulin classes. The essential role of the CD40L-CD40 
interaction in the generation of antibody responses has re
cently been demonstrated in vivo. Mice treated with a neutraliz
ing monoclonal antibody to CD40L were unable to mount 
primary or secondary antibody responses toT-cell-dependent 
antigens' . Furthermore, defective expression of CD40L in hu
mans has been shown to correlate with the hyper-IgM X-linked 
immunodeficiency syndrome'. This disease is characterized by 
normal or high levels of immunoglobulin-M (lgM), but other 
isotypes (lgG, IgA and IgE) are present at very low or unde
tectable levels, indicating a failure in the ability of T cells to 
provide the appropriate signals to activate B cells. A similar phe
notype has now been described in CD40-deficient mice•. 

We have expressed the genes for a number of cytokines in 
recombinant vaccinia viruses as a means of studying the im
munobiology of these factors in vivo'. By adopting this ap
proach to studying the role of CD40L, we have been able to 
demonstrate that this molecule has strong antiviral activity, in 
addition to its previously known function in the activation of 
B cells. 
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Results 
Recombinant vaccinia viruses encoding CD40L 
To determine whether the provision of CD40L and IL-4 in the 
presence of antigen would stimulate a specific antibody re
sponse in vivo, we constructed recombinant vaccinia viruses 
(vv) encoding these factors. A recombinant virus was con
structed that encoded both CD40L and murine IL-4 (vv-IL4-
CD40L) and a second construct encoded CD40L and the 
haemagglutinin gene of influenza virus A/PR-8 (vv-HA
CD40L). CD40L was expressed at high density on the surface 
of cells infected with viruses encoding this gene, as plasma 
membranes prepared from such cells were very efficient stimu
lators of B-cell proliferation (data not shown). The membrane
induced proliferation of B cells was blocked in the presence of 
CD40-y, fusion protein10 (data not shown). Virus-encoded 

Table 1 Levels of total immunoglobulin and virus-specific 
lgG in sera of normal or athymic, nude 

mice infected with vaccinia virus encoding CD40L 

Virus 

w-HA-TK 
w-HA-IL-4 
w-HA-CD40L 
w-IL-4-CD40L 

Normal mice 
Totallg w-specific lgG 

6.2 
6.2 ~ 0.1 

6.2 
6.2 ~ 0.1 

4.3 ~ 0.1 
4.1 

3.6 ~ 0.2 
3.8 ~ 0.2 

Athymic mice 
Totallg 

5.2 ~ 0.2 
• 

5.1 ~0.4 
5.0 = 3.0 

Groups of five female CBA/H or Swiss outbred nude mice were 
infected with 1 O' or 5 x 1 06 PFU, respectively, of recombinant 
vaccinia virus i.v. Serum was collected from normal mice after 30 
days and from nude mice after 6 days. Total serum immuno~lobulin 
or virus-specific lgG levels were measured using ELISA assays '. Data 
are represented as the means of the log10 titre ~ s.e.m. 
*Infection of nude mice with the control virus, w-HA-IL4, was lethal 
within 6 days of infection, owing to the increased pathogenicity of 
this virus (I!>. Sharma, A. Ramsay, D. Maguire and I.A.R. manuscript 
submitted), and the mice died from symptoms of IL-4 toxicity. 
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CD40L stimulated IgE production by B cells when IL-4 was 
also present. Three days after the addition of murine B cells to 
L cells infected with vv-IL4-CD40L, negligible IgE was detected 
in the medium ( < 4 ng mr'); however, after seven days, IgE se
cretion was significantly increased (26.5 ng ml-1

). Only back
ground levels of IgE ( <4 ng mr') were present in media from B 
cells cultured with L cells infected with vv-HA-CD40L or the 
control viruses, vv-HA-114 or the construct with thymidine ki
nase (TK), vv-HA-TK, after three or seven days. 

To investigate whether vv-JL4-CD40L could replace the sig
nals provided by T helper (TH) cells, which stimulate B cells to 
produce antibody, athymic, nude mice were infected with the 
virus constructs and their antibody levels measured after six 
days. There was no significant difference between the levels of 
total serum immunoglobulin of nude mice infected with vv
IL4-CD40L, vv-HA-CD40L, or vv-HA-TK (Table 1). Similarly, 
equivalent levels of serum lg were measured after infection of 
normal mice with each construct (Table 1). Given our findings 
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Fig . 1 Survival of immunodeficient mice infected with recombinant w 
expressing CD40L; a, nude mice, b, sublethally irradiated mice (650 
rad), c, SCID mice. Groups of 5 female mice were infected i.v. with 5 x 
1 o• PFU of w-HA-CD40L (0), w-HA-TK ~' w-IL4-CD40L (0) or w

HA-IL4 (e). 
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in vitro, it was surprising that infection of normal mice with 
the CD40L-encoding viruses led to reduced levels of virus-spe
cific IgG, compared with levels in mice infected with either 
control virus 30 days post infection (Table 1). 

The poor antibody responses were consistent with reduced 
growth of the CD40L-encoding viruses in vivo. In fact, these 
viruses were attenuated to the extent that immunocompro
mised mice could survive a normally lethal infection. The sur
vival of various immunodeficient mice infected with viruses 
encoding CD40L or control constructs is represented in Fig. 1. 
Although infection with either control virus invariably killed 
mice with severe combined immunodeficiency disease (SCID 
mice)11 (Fig. lc), all mice infected with vv-IL4-CD40L survived 
indefinitely, with no signs of morbidity. The same patterns of 
survival and lack of morbidity were observed in sublethally ir
radiated (650 rads) CBA/H mice (Fig. 1b) and athymic, nude 
mice (Fig. la) infected with the CD40L-encoding viruses. 
Again, irradiated or nude mice could not resolve infections of 
either control virus. 

Viruses encoding CD40L were rapidly cleared from the or
gans of nude mice (Fig. 2). Only negligible quantities of virus 
were recovered from the ovaries four days post infection 
(p.i.). In contrast, control viruses grew to high titres in the 
ovaries. The kinetics of virus growth indicate that the clear
ance mechanism was induced very early since, after only 24 
hours, the titres of virus recovered from the ovaries were 
markedly lower compared with those from mice infected with 
the control viruses. Indeed, we have no evidence that the 
CD40L-encoding viruses ever replicate to the same extent as 
control viruses in vivo. This finding contrasts with the clear
ance of a recombinant vaccinia virus encoding IL-2 (vv-HA
ILZ), which was also shown to be attenuated in nude mice12

• 

The clearance of vv-HA-ILZ was dependent on the recruitment 
and expansion of a population of interferon-y (IFN-y)-secreting 
natural killer-like cells"·14

• In this case, the titres of vv-HA-ILZ 
and vv-HA-TK recovered from the ovaries were consistent until 
two to three days after infection. Thus, the antiviral mecha
nism induced by CD40L is unlikely to involve the recruitment 
of a host effector cell population. 

The antiviral activity of CD40L expressed by recombinant 
vaccinia virus was neutralized when infected mice were treated 
with antibody to CD40L (Fig. 3a). Four days after infection, we 
observed a 1,000-fold increase in the growth of vv-HA-CD40L 
in the ovaries of mice that received a single dose (250)lg) of 
anti-CD40L. The same treatment had no detectable effect on 
the growth of the control virus. The anti-CD40L antibody also 
blocked the generation of primary and secondary antibody re
sponses in mice immunized with T-dependent-type antigens' . 

Host-derived TNF or IFN-y in the antiviral activity of CD40l 
Several of the cytokines produced by activated T cells have po
tent antiviral activity. Both IFN-y and TNF directly activate an
tiviral mechanisms in vitro, which limit virus replication in 
infected cells or induce resistance in uninfected cells. In addi
tion, there is strong synergy between IFN-y and TNF in their an
tiviral activity" . The antiviral action of CD40L is unclear; it is 
difficult to propose antiviral mechanisms based on the reported 
distribution of CD40. CD40 is expressed on the surface of B 
cells16

, follicular dendritic cells" , thymic epithelium" and some 
tumour cells'6

• Our finding that CD40L-expressing viruses are 
rapidly cleared in SCID mice indicates that CD40 expressed on 
B cells is not necessary for the antiviral activity of CD40L. How-
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ever, it is interesting that CD40 has been recently shown to be 
induced on the surface of monocytes incubated with granulo
cyte/macrophage colony-stimulating factor (GM-CSF), IL-3, 
IFN-y or CD40L1

'. After incubation with CD40L, monocytes 
were tumoricidal, although the mechanism was unknown. It 
has also been shown recently that IFN-y activated macrophages 
produce nitric oxide (NO), which is likely to be an important 
antiviral effector mechanism in vivo20

• Mice treated with a NO 
inhibitor were unable to resolve an otherwise non-lethal infec
tion with ectromelia virus. The observation that plasma mem
branes of activated T H cells induced NO secretion by 
IFN-y-treated splenic macrophages21 added credence to the pos
sibility that CD40L-CD40 interaction on activated 
macrophages may stimulate antiviral activity. Although the 
role of such a mechanism in the CD40L-mediated effects were
port is unknown, the induction of NO does not appear to be an 
important component. First, the host's production of IFN-y is 
not critical to the clearance of CD40L-encoding viruses. This 
contrasts with the clearance of vv-HA-112, which is clearly de
pendent on IFN-y•, and, indeed, the resolution of normal vac
cinia and ectromelia viruses in immunocompetent mice, for 
which IFN-y is essential''. In mice in which the IFN-y receptor 
(IFN-yR) has been disrupted23

, vv-HA-CD40L grew to a greater 
extent than in their wild-type littermates (Fig. 3b). However, 
the virus yield from the IFN-yR-deficient mice infected with vv
HA-CD40L was 1/lOOth of that from mice infected with vv-HA
TK, despite the essential role for IFN-y in the control of vaccinia 
virus. The most compelling evidence for an IFN-y-independent 
mechanism in the clearance of vv-HA-CD40L was obtained 
from nude mice that were infected with vv-HA-CD40L and 
treated with neutralizing monoclonal antibody to IFN-y'. All 
athymic nude mice infected with vv-HA-CD40L at 10' plaque
forming units (PFU) intravenously (i.v.) and treated with anti
IFN-y monoclonal antibody survived infection with no signs of 
morbidity. Conversely, all mice infected with vv-HA-TK and 
treated with anti-IFN-y died within 12 days (results not pre
sented). Thus, the increased virus titres in the IFN-yR-deficient 

T 
1 

~1 ······ ...• 

Days post infection 

Fig. 2 Kinetics of virus clearance from the ovaries of nude mice in
fected with recombinant vaccinia virus expressing CD40L. Female 
Swiss outbred nude mice (5 per group) were infected i.v. with 5 x 
10' PFU of w-HA-CD40L (0), w-HA-TK (.)or w-IL4-CD40L (e). 
Mice were killed 1, 2 and 4 days following infection, and the data are 
shown as mean titres ± s.e.m. of virus recovered from the total ovar
ian tissue 13

• 
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mutant mice demonstrate that the clearance of vv-HA-CD40L 
is partly dependent on IFN-y; however, the survival data clearly 
show that CD40L induced an IFN-y-independent mechanism 
sufficient to allow the mice to resolve the infection. Secondly, 
the incubation of IFN-y-treated murine macrophages 
(RA W264. 7 cells or peritoneal macrophages from normal or 
virus-infected mice) with plasma membranes from vv-HA
CD40L infected cells, did not stimulate the production of NO 
(results not presented). 

Tumour necrosis factor (TNF) is a very potent antiviral 
agent. When TNF was expressed by recombinant vaccinia 
virus, the virus infection was rapidly cleared by mice24

• Also, 
several poxviruses have evolved strategies designed to inhibit 
the action of TNF, for example, myxoma virus encodes a se-

a 
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vv-HA-CD40L 

c 
vv-HA-TK 

vv-HA-CD40L 

0 2 4 6 8 
virus recovered (log1 0 pfu) 

Fig. 3 a, Growth of recombinant vaccinia virus encoding CD40L in 
the ovaries of mice treated with anti-CD40L. Groups of 4 female 
CBA/H mice were infected with 1 O' PFU of w-HA-CD40L (striped 
bars) orw-HA-TK (solid bars) i.v. Some groups were also treated with 
a single dose of 250 fl9 anti-CD40L (MR1'; Pharmingen, San Diego) 
i.p. immediately after infection. b, Growth of w-HA-CD40L or w-HA
TK in IFN-y receptor-deficient mice23 or c, TNF receptor 1 (ref. 26) 
gene targetted mice. Groups of 5 female wild-type (+/+) or gene 
knockout (-/-) mice were infected with 1 0' PFU of w-HA-CD40L 
(striped bars) or w-HA-TK (solid bars) i.v. The mice were killed 4 days 
after infection and virus growth was assessed in the ovarian tissue". 
Data are shown as mean titres ± s.e.m. of virus recovered from the 
total ovarian tissue. 
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creted protein (T2), which is homologous to the TNF receptor 
(TNFR)". In the case of myxoma virus infection, the antiviral 
role of TNF has been clearly demonstrated, as the deletion of 
T2 resulted in attenuation of the virus in vivo" . We have ques
tioned the role of TNF in the antiviral activity of CD40L by 
studying the growth of vv-HA-CD40L in different models of 
TNF deficiency. First, mice rendered genetically defective for 
type 1 TNF receptor (TNFR1)26 were able to clear vv-HA-CD40L 
as rapidly as their wild-type littermates (Fig. 3c), maintaining 
the striking attenuation of the CD40L-encoding virus. Second, 
TNF antagonists that were shown to neutralize other TNF
mediated effects in mice did not inhibit the attenuation of vv
HA-CD40L (see Methods; results not presented). Taken to
gether, these observations do not support a significant role for 
TNF in the antiviral activity of CD40L. 

CD40l has antiviral activity in vitro 
Evidence that CD40L can act in a directly antiviral manner 
was obtained in vitro. 1929 cells were infected with herpes sim
plex virus (HSV-1) and treated with CD40L, which was pre
pared as membranes from fibroblasts infected with 
vv-HA-CD40L. The CD40L membrane preparation inhibited 
the replication of HSV-1 to the same extent as recombinant 
murine TNF that was titrated for optimal antiviral activity in 
this assay (Table 2). The anti-HSV activity of the CD40L prepa
ration was present at dilutions at which the B-cell-stimulating 
activity was no longer present. Similar levels of anti-HSV activ
ity were also observed in chick embryo fibroblasts (data not 
shown). 

Discussion 
It is clear that cytokines such as IFN-y and TNF are very impor
tant components of the antiviral effector mechanisms avail
able to the host". Here we report that -another product of 
activated T cells, CD40L, has potent antiviral activity. Analysis 
of the growth of recombinant viruses encoding CD40L in vari
ous mouse models suggests that the CD40L-mediated antiviral 
activity is not critically dependent on the major host antiviral 
strategies. The kinetics of virus clearance in immunodeficient 
mice indicates that the antiviral mechanism of CD40L is 
rapidly activated and independent of lymphocytes. Further
more, in mice that were deficient in the receptors for the an
tiviral cytokines, TNF and IFN-y, virus expressing CD40L was 
still attenuated. Independence from TNF was clearly demon
strated in TNFRl-deficient mice and in mice treated with neu
tralizing agents to TNF. However, the attenuated growth of 
vv-HA-CD40L appeared to be reversed to some extent in IFN
gR deficient mice. The interpretation of this finding is compli
cated by the fact that the clearance of vaccinia virus is 
absolutely dependent on IFN-)'. Since mice in which the IFN-)' 
response was neutralized were still able to survive the infec
tion, we suggest that a component of the CD40L-induced an
tiviral mechanism is independent of IFN-y. Thus, the clearance 
of CD40L-encoding viruses does not appear to be critically me
diated via either TNF or IFN-y. CD40L was also shown to in
hibit the replication of herpes simplex virus in vitro, suggesting 
that CD40L may be directly antiviral. 

In vitro studies have shown that after activation virtually all 
CD4• and a proportion of cos• T cells expressed CD40L2

' and, 
the ligand may be constitutively expressed on mast cells and 
basophils28

• We are currently investigating the expression of 
CD40L during virus infection which should help to elucidate 
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its role. The defective expression of CD40L in patients with X
linked hyper-IgM syndrome is associated with a very high inci
dence of infection. Not all clinical findings in these patients 
are clearly linked to antibody deficiencies. In one survey, 12% 
of patients had pneumonia due to Pneumocystis carinii, an in
fection usually associated with T-cell immunodeficiencies29

• 

Furthermore, some defects observed in these patients are not 
reversible by treatment with intravenous immunoglobulin, in 
contrast to other humoral immunodeficiencies. The findings 
presented in this paper suggest that CD40L may also act as a 
potent antiviral effector mechanism. 

Methods 
Recombinant vaccinia viruses. Recombinant vaccinia viruses were 
constructed according to standard procedures•. The construction of 
w-HA-TK and w-HA-IL-4 has been described elsewhere" 
(D. Sharma, A. Ramsay, D. Maguire &: I.A.R., manuscript submitted). 
The eDNA encoding CD40L was kindly provided by Marilyn Kehry 
(Boehringer lngelheim Pharmaceuticals, Ridgefield, Connecticut). 
The eDNA was completely sequenced after PCR amplification from a 
D10.G4.1 eDNA library. The CD40L coding sequence was excised 
from pCDSRa'• with EcoRI and inserted into the Hincll site of the 
plasmid vector pBCB07. An EcoRI fragment, comprising the CD40L 
coding sequence immediately downstream of a P7.5 vaccinia virus 
promoter, was cut from this vector and ligated into pFB-TK. The re
sultant plasmid was used in a marker rescue with w-HA-PR8, which 
carries the haemagglutinin (HA) gene of influenza virus A/PR/8-34, 
or w-IL4, which encodes the murine IL-4 gene and is described else
where (D. Sharma, A. Ramsay, D. Maguire and &: I.A.R., manuscript 
submitted). In vitro homologous recombination with w-HA-PR8 
gave rise to w-HA-CD40L, which contained the genes for CD40L 
and thymidine kinase (TK) of herpes simplex virus (HSV), as a selec
table marker, in the Hind Ill F region, and the HA gene in the Hind Ill J 
region. Alternatively, w-IL4-CD40L was obtained from homologous 
recombination with w-IL4. The correct position of the inserted 

Table 2 Growth of HSV-1 (log,. PFU) in L929 cells after pretreat-
ment with membranes expressing CD40L · 

Multiplicity of infecting virus 
Treatment 10 1.0 0.1 

nil 5.5 4.6 3.5 

CD40L1 :256 4.4 3.5 2.3 
1:1000 4.7 3.5 2.3 
1:2000 5.1 4.6 2.9 

control1 :256 5.5 5.1 3.8 
1:1000 5.6 4.9 3.9 
1:2000 5.3 4.7 3.2 

TNF 100 ng ml_, 4.8 3.5 2.3 

Murine L929 cells were seeded into six-well plates (1 x 1 o• cells per 
well) in medium containing membranes prepared from 143B cells 
infected with w-HA-CD40L or w-HA-TK at the indicated concen
trations or TNF or left untreated. After 24 hours of pretreatment 
with membranes, recombinant murine TNF (kindly provided by 
G. Adolf, Boehringer lngelhefm, Vienna) or no treatment, medium 
was removed and L929 cells were infected with HSV-1 at the 
multiplicities shown for 1 hour. Infected cells were then incubated 
in fresh medium for 48 hours, after which HSV was titrated by 
plaque assay. The results shown are representative of two separate 
experiments. 
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genes was confirmed by restriction analysis and Southern blotting. 
Expression of HA was confirmed by immunofluorescence and the bi
ological activity of IL-4 was confirmed in proliferation assays using 
CT.4S cells. The biological activity of vaccinia virus-encoded CD40L 
was established in 8-cell proliferation assays" using plasma mem
branes' prepared from 1438 cells infected with vaccinia virus encod
ing CD40L or control constructs after overnight infection at 5 PFU 
per cell . CD40L expressed by cells infected with recombinant vac
cinia virus also induced 8 cells to secrete lgE in the presence of IL-4 
(se~ text). 
Preparation of cell membranes expressing CD40L. Membranes 
were prepared" from human 1438 cells, which were infected 
overnight with w-HA-CD40L or w-HA-TK at a multiplicity of 5. 
Residual vaccinia virus in the membrane preparations was inacti
vated by psoralen-UVA treatment. Inactivation of vaccinia virus was 
confirmed by plaque assay and biological activity of the membranes 
was standardized in a 8-cell proliferation assay' 0

• 

TNF antagonists. A polyclonal antibody to murine TNF was raised in 
rabbits, and lgG was partially purified using sodium sulphate. An in
oculum of 0.3 ml intraperitoneally (i.p.) protected mice from bacter
ial lipopolysaccharide challenge. SCID mice were infected with 
1 0' PFU of w -HA-TK or w-HA-CD40L intravenously (i.v.) and in
jected i.p. with 0.3 ml antibody. Mice were killed 3 days later. Al
though no difference in the quantities of virus recovered from the 
ovaries of anti-TNF treated or untreated mice was found, the induc
tion of reactive nitrogen intermediates in the serum in response to 
the infection were inhibited by anti-TNF treatment (M. Rolph, pers. 
commun.). Soluble TNF receptors (human p80 linked to the Fe por
tion of human lgG1) were a gift from M. Widmer and M. Spriggs, 
lmmunex Corp., Seattle, Washington. TNFR1 and wild-type mice 
were infected with 10' PFU of w-HA-TK or w-HA-CD40L i.v. and in
jected daily with 1 00 J.tg soluble TNFR. Mice were killed after 3 days, 
and virus infectivity in the ovaries was titrated. This dosage of soluble 
TNFR inhibited lethal endotoxemia" and in our laboratory abro
gated the antiviral activity of human TNF in mice. 

Acknowledgements 
We thank Sarah Osvath, Terri Sutherland and Vanda Quinn for their 
excellent technical assistance, Marilyn Kehry for the CD40L PCR product, 
Peter Lane for the gift of the CD40-r, fusion protein and Phil Hodgkin and 
Guna Karupiah for their comments on the manuscript. This study was 
supported by grants (rom the Commonwealth Aids Research Grants 
Committee and the Transdisease Vaccinology Program of the World 
Health Organization. 

RECEIVED 1 0 MARCH; ACCEPTED 24 MARCH 1995 

1. Lederman, S. et al. Non-antigen signals for B-cell growth and differentiation 
to antibody secretion. Curr. Opin. Immun. S, 439-444 (1993). 

2. Armitage, R.J. et al. Molecular and biological characterization of a murine 
ligand for CD40. Nature 357, 80 (1992). 

3. Foy, T.M. et al. In vivo CD40-gp39 interactions are essential for thymus-de
pendent humoral Immunity. ll. Prolonged suppression of the humoral im· 
mune response by an antibody to the ligand for CD40, gp39. f. exp. Med. 
178, 1567-1575 (1993). 

4. Hodgkin, P.O., Yamashita, L.C., Coffman, R.L. & Kehry, M.R. Separation of 
events mediating B cell proliferation and Ig production by using T cell mem
branes and lyrnphokines. J. Immun. 145, 2025 (1990). 

5. Spriggs, M.K. et al. Recombinant human CD40 ligand stimulates B cell pro
liferation and immunoglobulin E secretion. J. exp. Med. 176, 1543 (1992). 

NATURE MEDICINE, VOLUME 1, NUMBER 5 MAY 1995 

6. Hollenbaugh, D. et al. The human T cell antigen p39, a member of the TNF 
gene family, is a ligand for the CD40 receptor: expression of a soluble form 
of gp39 with B cell costimulatory activity. EMBO J. 11, 4313 (1992) . 

7. Callard, R.E., Armitage, R.]., Fanslow, W.C. & Spriggs, M.K. CD40 ligand and 
its role in X-llnked hyper-IgM syndrome. Immun. Today 14, 559-564 (1993). 

8. Kawabe, T. et. al. The immune responses In CD40-deflclent mice: Impaired 
immunoglobulin class switching and germinal center formation. Immunity 
1, 167-178 (1994). 

9. Ramshaw, 1., Ruby,]., Ramsay, A., Ada, G. & Karupiah, G. Expression of cy
tokines by recombinant vaccinia viruses: a model for studying cytokines in 
virus infections in vivo. Immunol. Rev. 127, 157-182 (1992). 

10. Lane, P. et al. Soluble CD40 ligand can replace the normal T cell-derived 
CD40 ligand signal to B cells in T cell-dependent activation. J. exp. Med. 177, 
1209-1213 (1993). 

11. Bosma, M.J. & Carroll, A.M. The SCID mouse mutant: Definition, character
Ization, and potential uses. Annu. Rev. Immun. 9, 323-350 (1991 ). 

12. Ramshaw, I.A., Andrew, M.E., Phillips, S.M., Boyle, D.B. & Coupar, B.E.H. 
Recovery of immunodeficient mice from a vaccinia virus/IL-2 recombinant 
infection. Nature 329, 545-546 (1987). 

13. Karupiah, G. et a/. Elevated natural killer cell responses in mice infected with 
recombinant vaccinia virus encoding murine IL-2. /. Immun. 144, 290-298. 
(1990). 

14. Karupiah, G., Blanden, R.V. & Ramshaw, I.A. Interferon y is involved in the 
recovery of a thymic nude mice from recombinant vaccinia virus/Interleukin 
2 infection. ! . exp. Med. 172, 1495-1503 (1990). 

15. Wong, G.H.W. & Goedde!, D.V. Tumour necrosis factors a and ~ inhibit 
virus replication and synergize with interferons. Nature 323, 819~22 
(1986). 

16. Paulie, S. et al. The human B lymphocyte and carcinoma antigen, CDw40, is 
a phosphoprotein involved in growth signal transduction. f. Immun. 142, 
590 (1989). 

17. Schreiver, F. et al. Isolated human follicular dendritic cells display a unique 
antigenic phenotype. J. exp. Med. 169, 2043 (1989). 

18. Galy, A.H.M. & Spits, H. CD40 is functionally expressed on human thymic 
epithelial cells. J. Immun. 149, 775 (1992). 

19. Alderson, M.R. et al. CD40 expression by human monocytes: Regulation by 
cytoklnes and activation of monocytes by the ligand for CD40. J. exp. Med. 
178, 669-674 (1993). 

20. Karupiah, G. et al. Inhibition of viral replication by interferon-y---Induced 
nitric oxide synthase. Science 261, 1445-1448 (1993) . 

21. Tao, X. & Stout, R.D. T cell-mediated cognate signaling of nitric oxide pro
duction by macrophages. Requirements for macrophage activation by 
plasma membranes isolated from T cells. Eur. J. fmmun. 23, 291~2921 
(1993). 

22. Ruby, J. & Ramshaw, I. The antiviral activity of immune cos· T cells is de
pendent on interferon-y. Lymphok. Cytok. Res. 10, 353-358 (1991). 

23. Huang, S. et al. Immune response in mice that lack the Interferon-r receptor. 
Science 259, 1742-1745 (1993). 

24. Sambhi, S.K., Kohonen-Corish, M.R.J. & Ramshaw, I.A. Local production of 
tumor necrosis factor encoded by recombinant vaccinia virus is effective in 
controlling viral replication in vivo. Proc. natn. Acad. Sci. U.S.A. 88, 
4025-4029 (1991) . 

25 . Upton, C., Macen,J.L., Schreiber, M. &McFadden, G. Myxoma virus expresses 
a secreted protein with homology to the tumor necrosis factor receptor gene 
family that contributes to viral virulence. Virology 184, 370-382 (1991). 

26. Rothe, j . et al. Mice lacking the tumour necrosis factor receptor 1 are resis· 
tant to TNF-mediated cytotoxicity but highly susceptible to infection by Lis
teria monocytogenes. Nature 364, 798- 802 (1993). 

27. Lane, P. et al. Activated human T cells express a ligand for the human B cell
associated antigen CD40 which participates in T cell-dependent activation 
of B cells. Eur. J. Immun. 22, 2573-2578 (1992). 

28. Gauchat, J.-F. eta/. Induction of human IgE synthesis in B cells by mast cells 
and basophils. Nature 365, 340-343 (1993). 

29. Notarangelo, L.D., Duse, M. & Ugazio, A. G. Immunodeficiency with hyper
IgM (HIM).Immunodefic. Rev. 3, 101-122 (1992). 

30. Takebe, Y. et al. SR-alpha promoter: An efficient and versatile mammalian 
eDNA expression system composed of the simian virus 40 early promoter 
and the R-U5 segment of human T-cell leukemia virus type I long terminal 
repeat. Molec. cell. Bioi. 8, 46~472 (1988). 

31. Brian, A.A. Stimulation of B-cell proliferation by membrane-associated mol
ecules from activated T cells. Proc. natn. Acad. Sci. U.S.A. 85, 56~568 (1988). 

32. Mohler, K. et al. Soluble tumor necrosis factor (TNF) receptors are effective 
therapeutic agents in lethal endotoxemia and function simultaneously as 
both TNF carriers and TNF antagonists. J. Immun. 151, 1548-1561 (1993). 

33. Ruby,]., Fordham, S., Kasprzak, A., Osvath, S. & Ramshaw, I. The lmmuno
biology of murine interleukin-1a encoded by recombinant vaccinia virus. 
Cytokine 3, 92- 97 (1991 ). 

441 


	CD40 ligand has potent antiviral activity
	Results
	Recombinant vaccinia viruses encoding CD40L
	Host-derived TNF or IFN-γ in the antiviral activity of CD40L
	CD40L has antiviral activity in vitro
	Discussion
	Methods
	Recombinant vaccinia viruses
	Preparation of cell membranes expressing CD40L
	TNF antagonists


