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A potent adjuvant effect of CD40 antibody attached to antigen
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University Of Sheffield, Sheffield, UK

SUMMARY

There is great potential for novel vaccines based on recombinant proteins and synthetic peptides.
Unfortunately these antigens often lack the immunogenicity of whole, killed pathogens used in
traditional vaccines. Thus there is strong interest in the identification of immunological adjuvants
with low reactogenicity, but high potency, to enhance immune responses and realize the potential of
these new vaccine strategies. CD40 antibodies have been shown to have adjuvant effects when
administered at very high doses. These large doses are impractical and induce a cascade of cytokine
release giving rise to septic shock-like symptoms, as well as splenomegaly and polyclonal antibody
production. We show here that a very small amount of CD40 antibody can exhibit potent adjuvant
effects when attached to soluble antigen. The lack of detectable systemic effects indicates that this
method may be a powerful and practical means of enhancing the efficacy of recombinant vaccines.

INTRODUCTION

Recent advances in molecular biology have led to a rapid
increase in the development of potential new vaccines. However,
most recombinant proteins and synthetic peptides are poorly
immunogenic and the only adjuvants currently available for
human use are relatively weak. Thus, to take best advantage of
these advances it is essential that new adjuvants are developed.

There are a number of novel adjuvants under development,
many of which contain bacterial cell wall derivatives such as
muramyl-dipeptides; or surface active agents such as saponins.'
A major aim with most adjuvants under development is to keep
reactogenicity as low as possible with adjuvanticity as high as
possible. As the properties of the compounds giving rise to these
two effects are often identical, this can prove difficult.> Most
adjuvants, including those currently in development, have been
designed empirically without any initial understanding of their
mode of action. Understanding of immunology has contributed
to great advances in the rational design of vaccines; and we are
now in a position also to apply this knowledge to a rational
design of adjuvants.

The major signal in T-cell help to B cells, which drives or
costimulates B-cell activation, proliferation, differentiation and
antibody production, is mediated through expression of the
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antigen CD154 on activated T cells. This binds to CD40, which
is constitutively expressed on B cells, dendritic cells, macro-
phages and other cell types (for reviews see 3-5). We have
previously shown that very large doses of anti-CD40 can mimic
T-cell help in vivo in responses against T-independent antigens,
such as capsular polysaccharides.®™ T-dependent protein anti-
gens by definition induce T-cell help, which is mediated through
CD40 ligation. Thus the background response is higher, never-
theless we have shown that administration of a 0-5-mg dose of
the anti-CD40 antibody 1C10”'" together with T-dependent
antigens can lead to a significantly enhanced specific antibody
response (our unpublished observations). Others have shown
powerful effects of large doses of anti-CD40 on T helper and
cytotoxic T lymphocyte responses.''™'* The doses of antibody
(up to 1 mg/mouse) needed to obtain these enhancing effects
also induce highly undesirable side effects including polyclonal
stimulation of B cells leading to splenomegaly,®®'* increased
total serum immunoglobulin levels,® pro-inflammatory cytokine
release (11,16 and our unpublished observations), and septic
shock like symptoms, which can lead to death.!”~'° Doses of anti-
body of this magnitude, besides being impractical, would clearly
not be suitable for use in vaccination due to the side effects.

The work described here illustrates a means of reducing
CD40 antibody doses, while enhancing adjuvant effects and
removing antibody-associated toxicity.

MATERIALS AND METHODS

Determining effects of anti-CD40 monoclonal antibody (mAb)
dose on toxicity and adjuvanticity

Five doses of anti-CD40 mAb, 1C10 or isotype matched control
GL117 were injected into groups of six female BALB/c mice,
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along with a fixed dose (10 pg/mouse) of chicken egg ovalbu-
min (OVA). Five days after immunization, three animals were
killed and spleens were removed and weighed. Ten days after
immunization the remaining three mice were bled via the dorsal
tail vein and serum levels of anti-OVA, anti-rat immunoglobulin
and polyclonal immunoglobulin determined by enzyme-linked
immunosorbent assay (ELISA).

Comparison of adjuvanticity of anti-CD40 and alum

Groups of five female BALB/c mice were immunized, via the
intraperitoneal route, with 10 pg of 1C10 or GL117 isotype
control, the latter being in either soluble form or precipitated
with alum by standard techniques.?® Ten days later mice were
bled via the dorsal tail vein and serum levels of anti-rat
immunoglobulin determined by standard ELISA techniques
using plates coated with rat immunoglobulin G2a (IgG2a).
Titres were calculated as log of the highest reciprocal dilution
at which the optical density (OD) from the test serum was higher
than the OD from normal mouse serum. Student’s #-test was
used for statistical analysis.

Immunization with anti-CD40-avidin conjugates

Groups of five BALB/c mice were immunized i.p with 10 pg of
avidin (Sigma, Poole, UK), avidin mixed with 10 pg biotiny-
lated 1C10 or GL117 isotype control antibody, biotinylated
1C10 with the biotin sites preblocked by preincubation for
30 min on ice with 10 pg streptavidin, or non-biotinylated
1C10. All antigens were diluted in phosphate-buffered saline
(PBS) and administered in a volume of 0-2 ml. Mice were bled
14 days later and the end-point titres assayed by ELISA against
avidin or rat IgG2a using plates directly coated with antigen at
10 pg/ml in PBS, overnight at 4°.

All titres expressed as log of the highest reciprocal dilution
at which the OD from the test serum was higher than the OD
from normal mouse serum and statistical significance was
calculated from the logarithmic titres by Student’s 7-test, unde-
tectable titres were assigned a titre of 1, the lowest detectable
titre (expressed as log;o). Figures in parentheses are standard
deviations. Significance was determined against the results for
the top group of each cluster in the table.

N-Succinimidyl S-acetylthioacetate (SATA)-mediated
conjugation of mAbs to recombinant OVA and herpes

virus glycoprotein D

SATA, obtained from Sigma was used to conjugate antibodies to
the two antigens used in this study (OVA and herpes simplex
virus glycoprotein D (HSVgD)). 1C10 and control mAb GL117
were dialysed overnight against conjugation buffer (50 mm
phosphate, 1 mM ethylenediaminetetra-acetic acid (EDTA))
and then concentrated to 5 mg/ml using a 30 000 MW cut-
off centrifugal filter. Immediately prior to use, 6-5 mg of SATA
was dissolved in 500 pl dimethylsulphoxide. One ml of the
concentrated antibody solution was then incubated at room
temperature (RT) for 30 min with 10 pl of the SATA solution.
The reacted antibody solution was then washed three times over
a 30 000 MW cut-off centrifugal filter. Sulphhydryl groups
introduced into the antibodies were then de-protected by incu-
bating each mAb with 100 pl of 0-5 M hydroxylamine (in
50 mM phosphate, 25 mM EDTA, pH 7-5) per ml of antibody

solution. This reaction was allowed to proceed for 2 hr at RT.
Meanwhile, for HSVgD conjugation, maleimide activation of
the recombinant HSVgD (Viral Therapeutics Inc. Ithica, NY)
was performed using sulpho-succinimidyl-4-(N-maleimido-
methyl)cyclohexane-1-carboxylate (sulpho-SMCC) obtained
from Sigma. HSVgD was concentrated to 8 mg/ml in PBS
and 1 mg of sulpho-SMCC added to 500 pl of the HSVgD
solution. Following 60 min incubation at RT, the maleimide
activated HSVgD was washed extensively with conjugation
buffer, over a 30 000 MW cut-off centrifugal filter. Commer-
cially available imject maleimide-activated OVA (Pierce, Rock-
ford, IL) was used as the antigen in OVA mAb conjugates.
Maleimide-activated antigens were then reacted with SATA-
treated mAD at antigen to antibody ratios of 1-5 : 1 and 2 : 1 for
OVA and HSVgD, respectively. These reactions were allowed to
proceed for 1-5 hr at RT and were stopped by the addition of 2-
mercaptoethanol to a final concentration of 10 mM. The protein
conjugates were then extensively dialysed against PBS, quan-
tified by the Bradford assay, filter sterilized and stored at 4° until
used.

Analysis of mAb-antigen conjugates

mAb-OVA and mAb-HSVgD conjugates were analysed by
flow cytometric analysis on CDA40-transfected fibroblasts in
order to determine functional activity of CD40 mAb and pre-
sence of coupled herpes antigen. Control (L929) cells and
CD40-transfected fibroblasts were incubated with conjugates
at 10 pg/ml (in PBS, 0-1% bovine serum albumin, 0-01% NaN3)
for 20 min on ice. Following three washes, detection of bound
herpes glycoprotein D was confirmed using a mouse anti-HS V-1
antibody supplied by Dako (Cambridgeshire, UK) (20 min, on
ice). Detection of OVA binding was confirmed using mouse
anti-OVA serum (available in-house). Staining with fluoroscein
isothiocyanate-labelled anti-mouse immunoglobulin enabled
visualization of binding using a FACScalibur flow cytometer
(Becton Dickinson, San Jose, CA).

Immunization with mAb—antigen conjugates

Four groups of five BALB/c mice were immunized via the
intraperitoneal (i.p.) route with 10 pg of mAb—OVA conjugate
(anti-CD40 or control mAb), 10 pg of OVA/1C10 mix (4 pg
OVA/6 pg 1C10) or with 10 pg of OVA alone. For the HSV
immunogen, four groups of five BALB/c mice were immunized
via the i.p. route with 10 pg of mAb-HSVgD conjugate (anti-
CD40 or control mAb), 10 pg of HSVgD/1C10 mix (4 pg
HSVgD/6 pg 1C10) or with 10 pg of HSVgD alone. Ten days
after immunization, mice were bled via the dorsal tail vein and
serum separated following overnight incubation of the blood at
4°. Serum anti-OVA and anti-HSV titres were determined by
standard ELISA techniques on enzyme immunoassay plates
coated with the corresponding antigen (OVA or HSVgD
atl0 pg/ml in PBS) overnight at 4°.

RESULTS
Toxic effects of CD40 mAbs

Decreasing doses of anti-CD40 or isotype control antibodies
were administered to mice. As expected, the highest dose of
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anti-CD40 (0-5 mg) induced significant splenomegaly and
polyclonal antibody production (Fig. la, b, respectively).
Neither spleen size, nor total immunoglobulin production were
reduced to normal levels until the dose of antibody was lowered
to 10 pg/mouse.

Adjuvant effects of CD40 mAb correlate with toxicity

In order to determine the relationship between these side-
effects, and the adjuvant effect of CD40 antibody mixed with
antigen, mice were immunized with a mixture of the anti-CD40
antibody 1C10, or isotype control antibody at various doses, and
OVA at a fixed dose of 10 pg/mouse. As for the toxic effects
described above, the adjuvant effect on the antibody response
against coadministered OVA also declined to background by the
time the antibody dose had fallen to 10 pg (Fig. 1c). Clearly, if
CD40 antibodies are to have any role as adjuvants for prophy-
lactic vaccines, a means of removing the side effects resulting
from widespread stimulation of B cells, macrophages and other
antigen-presenting cells must be found.

A stronger adjuvant effect at non-reactogenic doses of
CD40 mAb.

As the anti-mouse CD40 antibodies used above are rat immu-
noglobulins, they are themselves immunogenic to mice. We

therefore assessed the anti-rat [gG2a antibody response induced
by administration of progressively decreasing doses of anti-
CD40 or control antibody, and found a strikingly different
picture to that found for anti-CD40/antigen mixtures. Anti-rat
IgG titres reach a very high level in response to much smaller
doses of anti-CD40 antibody, with enhancements in the region
of 100-fold (as compared with response to control antibody)
seen at doses down to 10 pg/mouse, and a significant adjuvant
effect still evident at 1 pg/mouse (Fig. 1d).

Comparison of adjuvanticity versus alum

We sought to assess the efficacy of the anti-CD40 mAbD as an
adjuvant compared with a current, widely used formulation,
alum. This was achieved by immunizing mice with soluble anti-
CD40 or its isotype control, either in soluble form or precipi-
tated with alum and measuring the antibody response against the
rat immunoglobulins. Low anti-rat titres were detected against
the soluble rat immunoglobulin and this response was increased
using alum as an adjuvant. In comparison the anti-rat response
against the anti-CD40 mAb was substantially and significantly
higher than isotype control, when either in soluble form or when
precipitated with alum (see Fig. 2). The efficacy of the anti-
CD40 mAD as an adjuvant is illustrated by the superior response
against antigen compared with alum, in which the response was
some 10-fold higher.
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Figure 1. Effect of anti-CD40 mAb dose on toxicity and adjuvanticity. The figure illustrates the dose—response effect of 1C10 on
induction of splenomegaly, polyclonal immunoglobulin production and adjuvanticity, respectively. Seven doses of 1C10 (filled
squares) or GL117 (open circles) were administered to groups of 4 female BALB/c mice. (a) Effect of mAb dose on spleen weight (g)
was determined at 5 days post immunization. Filled squares represent animals immunized with 1C10 and open circles represent GL117
immunized mice. (b) Effect of mAb dose on polyclonal immunoglobulin levels (mg/ml). Filled squares represent 1C10 and open circles
GL117 immunized mice. Antigen specific antibody responses to OVA (c) and rat immunoglobulin (d) were determined by ELISA on
day 10. As above, filled squares represent 1C10 and open circles, GL117. For all figures, error bars indicate standard error of the mean.
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Figure 2. Comparison of adjuvanticity of anti-CD40 and alum. Signi-
ficantly enhanced antibody responses against the anti-CD40 mAb 1C10
were observed in comparison with the isotype-matched control mAb
GL117 precipitated with the commonly used adjuvant alum, as deter-
mined by ELISA. In each case error bars represent standard error of the
mean and the asterisk statistical significance (P < 0-05) compared with
all groups as determined by Student’s #-test.

Attachment of antigen to antibody induces a potent
adjuvant effect at low doses of conjugate

The major difference between the induction of anti-OVA
responses (Fig. 1c) and anti-rat IgG2a (Fig. 1d) responses is
that in the latter case the immunogen (rat IgG2a) is physically
attached to the CD40 binding moiety (rat immunoglobulin
antigen-binding domains). It appeared possible therefore that
very low doses of anti-CD40 antibodies might become highly
effective, non-reactogenic adjuvants when physically attached
to antigen. To further address this question we used biotinylated
rat (IgG2a) anti-mouse CD40 antibody 1C10, and produced
conjugates of antigen and anti-CD40 by using avidin as an
antigen, as it binds to biotin with extremely high affinity.
Biotinylated anti-CD40 or isotype control antibodies were
mixed with avidin prior to injection and anti-avidin responses
monitored. The data in Table 1 show that a mixture of 10 pg
biotin anti-CD40 mAb and 10 pg avidin induced a very strongly
enhanced primary antibody response to avidin when compared
with avidin alone, or avidin plus a biotinylated isotype control
antibody. As expected, this powerful adjuvant effect was totally
dependent upon physical connection between the antigen and
anti-CD40. Biotinylated, but not unbiotinylated, 1C10
enhanced responses against avidin, with this response being
abrogated by preincubation of the antibody with streptavidin to
block the biotinylated sites (Table 1). Abrogation of the anti-
avidin response in the above cases had no effect on the potent
anti-rat IgG2a responses induced by the CD40 antibodies,

indicating that attachment of the antigen to the CD40 binding
moieties is the important factor, even when another antigen is
mixed with the conjugate.

Chemical conjugation of CD40 mAb to antigens

The avidin—biotin system would, of course, not be suitable for
the production of real conjugate vaccines. We therefore assessed
a number of other possible means of direct conjugation using
OVA as a model antigen. The most successful method involved
the cross-linking of maleimated OVA to the antibody using the
cross linker SATA.?! Conjugates of OVA and 1C10 were shown
to retain CD40 binding activity as assessed by flow cytometry
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Figure 3. Invitro binding and in vivo immune responses to anti-CD40—
OVA conjugates. Enhanced antibody responses to 1C10-OVA conju-
gates as determined by ELISA. Histogram shows mean antibody titres
for each isotype in mice immunized with; PBS, OVA alone OVA and
anti-CD40 mixed, OVA-anti-CD40 conjugate, and OVA-GL117 (con-
trol) conjugate. Error bars indicate standard error and asterisks indicate
statistical significance (P < 0-05) as determined by Student’s t-test.
Functional activity of CD40 mAb and presence of coupled OVA was
determined by flow cytometric analysis on CD40 transfected fibroblasts
(see insert). The filled histogram represents background levels of
binding, the broken line represents binding by the isotype matched
control antibody GL117-OVA conjugate and the thick solid line binding
of the anti-CD40-OVA conjugate.

Table 1. Co-attachment of antigen and anti-CD40 is essential for the adjuvant effect

Titre determined against

Immunization Avidin
Avidin 1-23 (0-39)
Avidin + biot 1C10 4-66 (0-13)
Avidin + biot GL117 2-2 (0-59)
Avidin + streptavidin + biot 1C10 1-45 (0-89)
Avidin + unbiotinylated 1C10 1-59 (1-34)

Rat IgG2a

1 (0)
P<10°¢ 451 (0-44) P < 10°°
NS 2.1 (0-26) NS
NS 453 (024) P <10°°
NS 453 (024) P < 10°°

Antibody responses of mice against avidin and rat IgG2a 14 days after a single immunization with anti-CD40 and avidin in the combinations shown. Immune
responses where antigen is attached to a CD40 binding moiety are shown in bold. Significantly enhanced responses is indicated by P < 107°.
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on CD40 expressing cells (Fig. 3, insert) and induced a sig-
nificantly enhanced antibody response against OVA, compared
with OVA alone, the isotype control conjugate and the anti-
CD40 mAb/OVA mixture (Fig. 3). This significant enhance-
ment was observed in both the OVA specific total immunoglo-
bulin and in the IgG2a subclass.

Of course none of the above antigens are of real relevance to
vaccination. Finally therefore, we produced conjugates of 1C10
with recombinant glycoprotein D (gD) from herpes simplex
virus, which is a prime candidate for non-living vaccines against
HSV.?? Conjugates were produced as for OVA, by maleimating
gD and using the hetero-bifunctional cross-linker, SATA. Con-
jugates were tested for presence of gD and retention of CD40
binding by flow cytometric analysis on CD40 expressing L.929
cells (Fig. 4, insert). Conjugates using a 2 : 1 (molar : molar)
ratio of gD to 1C10 gave the best binding and were used in
immunization studies. A single i.p. immunization with 10 pg
1C10-gD conjugate induced strongly enhanced antibody
responses against gD in comparison with the control GL117
conjugate, a mixture of 1C10 and gD, or gD alone (Fig. 4). As
with the earlier responses to OVA, enhanced responses were
apparent in the HSVgD specific total immunoglobulin and
IgG2a. In addition, significant enhancement of the IgG1 and
IgG2b subclasses were observed in responses to the HSVgD
conjugate.
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Figure 4. Invitro binding and in vivo immune responses to anti-CD40—
HSVgD conjugates. Enhanced antibody responses to 1C10-HSVgD
conjugates as determined by ELISA. Histogram shows mean antibody
titres for each isotype in mice immunized with; PBS, HSVgD alone,
HSVgD and anti-CD40 mixed, HSVgD-anti-CD40 conjugate, and
HSVgD-GL117 (control) conjugate. Error bars indicate standard error
and asterisks indicate statistical significance (P < 0-05) as determined
by Student’s r-test. Functional activity of CD40 mAb and presence of
coupled glycoprotein D was determined by flow cytometric analysis on
CDA40 transfected fibroblasts (see insert). The filled histogram represents
background levels of binding, the broken line represents binding by the
isotype matched control antibody GL117-HSVgD conjugate and the
thick solid line binding of the anti-CD40-HSVgD conjugate.
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DISCUSSION

There is currently much interest in the identification of novel,
potent immunological adjuvants. Much of this work has been
performed empirically. A complex material or mixture of com-
pounds is discovered to have adjuvant activity, and this is then
further processed, purified or modified in an attempt to obtain a
pure material which retains a high level of adjuvanticity while
having as few reactogenic effects as possible. Inmost cases this has
proven a difficult, if not impossible balance to achieve, and the
mode of actionof the adjuvantmay then remain unknown or may be
determined in retrospect. We and others have been attempting to
take arational approach to the design of immunological adjuvants;
using knowledge of the workings of the immune system to tailor
adjuvants with very specific properties and predicted modes of
action which should produce low or no side effects. Suchrationally
designed adjuvants have included recombinant cytokines®*** and
fusions with complement component C3d.>

We have shown that CD40 antibodies in large, and thus
impractical doses can mimic T-cell help for T-independent anti-
gens when given invivo with antigen.>® Others have shown similar
effects of large doses of CD40 antibodies on enhancing responses
to T dependent, protein and peptide antigens.''™'*'02%7 The
doses required for an adjuvant effect of CD40 mAb when mixed
with antigen are highly reactogenic, inducing splenomegaly and
polyclonal antibody production. We have shown here that this
relatively weak adjuvant effect correlates very well with unac-
ceptable side effects in dose-response analyses. In contrast, anti-
body responses against the CD40 mAb (rat IgG2a) itself were
considerably more strongly enhanced than responses against a
coadministered antigen (OVA) and this enhancement remained
very strong at doses of CD40 mAb at which no polyclonal
stimulation was seen. This adjuvant effect was found to be sub-
stantially more potent than the commonly used alum formulation.
The enhanced response against rat [gG2a was not peculiar to this
antigen, as a similar potent adjuvant effect of CD40 was seen on
anti-avidin responses when biotinylated CD40 mAb was mixed
with avidin prior to immunization. The results indicated a very
strong enhancement of primary antibody responses against avidin
of between 100- and 1000-fold. In addition there was a potent
enhancement of anamnestic responses against a second injection
of avidin alone, indicating a strong boosting of memory, whichis a
requirement for many vaccines (not shown). Removal of the link
between CD40 mAb and avidin by preincubation of mAb with
streptavidin; or by the use of non-biotinylated mAb; completely
abrogated the adjuvant effect on avidin, but not on the anti-rat
response. This indicates that the important factor is the linkage of
CD40 binding domain with antigenic domains, and not the size of
complexes produced, or the form of the antigen.

Chemical conjugation of CD40 mAb with another model
antigen, OVA, and with the candidate HSV vaccine antigen,
glycoprotein D, enhanced immunogenicity of these antigens to
a similar extent, indicating that this system may be applied to a
range of antigens, including real vaccine candidates.

The mode of action by which CD40 conjugates enhance
immunogenecity of candidate antigens is unclear and this is
currently under investigation. CD40 has diverse expression
patterns and the relative importance of CD40 stimulation on
various cells remains to be elucidated. Clear candidates for
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mediating these effects are dendritic cells and B cells. We know
that the adjuvant effect is not mediated by simple targeting of B
lymphocytes as similar conjugates prepared using the pan-B-
cell marker CD45R (B220) do not display the adjuvant effect
(data not shown). Similarly, the effect cannot be attributed to
simple targeting of Fc receptor positive cells as the isotype-
matched control antibody conjugate does not lead to enhanced
immunogenecity (see Results). However, CD40 expression
patterns are not the same as those of FcR and CD45R. Previous
work by Carayanniotis et al. has shown that antibodies against
major histocompatibility complex class II can be used to
enhance antibody responses to antigen in a similar system.?®
We are currently investigating the relative roles of dendritic
cells and B cells in responses to CD40 mAb/antigen conjugates
and preliminary data indicates the effect is, at least in part,
mediated by direct action on B cells.

It is noteworthy that all of the strong responses shown here
were induced by a single immunization, without any boost.
Effective immunization with single doses is a major aim of the
World Health Organization and other organizations. There are
considerable social advantages and cost-savings to be made by
restricting immunizations to one dose of each vaccine.”

There is a pressing need for well-defined, potent immunolo-
gical adjuvants which CD40 ligation has the potential to answer.
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