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Introduction

Summary

Adjuvants, including antibodies to tumour necrosis factor receptor super-
family members, augment immune responses. One member of this family,
glucocorticoid-induced tumour necrosis factor receptor (GITR), is
expressed at low levels on naive/resting T cells, B cells and macrophages,
but at higher levels on T regulatory cells. The aim of this study was to
determine the ability of a rat anti-mouse GITR monoclonal antibody,
2F8, to stimulate murine humoral and cellular immunity in a prime boost
model with particular attention to posology and antigen-specific effects.
2F8 enhanced the humoral immune response to ovalbumin and haemag-
glutinin (HA) compared with controls and this enhancement was equal to
or greater than that obtained in mice dosed with standard adjuvants. 2F8
F(ab’), fragments were as effective as intact antibody in boosting humoral
immunity, indicating that FcR-mediated cross-linking of 2F8 is not
required for efficacy. Moreover, the enhanced response was durable and
antigen specific. Administration of 2F8 shifted the immune response
towards a T helper type 1 response with significant enhancement of
immunoglobulin G2a- and G2b-specific anti-HA antibodies, as well as
enhanced cellular immunity as measured by ELISPOT. 2F8-treated mice
also generated significantly more neutralizing antibodies to HA than con-
trol mice. Our findings show that anti-GITR is a robust, versatile adjuvant
that, unlike commonly used adjuvants that primarily enhance humoral
immunity, enhances both humoral and cellular immunity. These results
support the continued development of anti-GITR for such indications as
haematological and solid tumours, chronic viral infections, and as a vac-
cine adjuvant.

Keywords: adjuvant; glucocorticoid-induced tumour necrosis factor recep-
tor; haemagglutinin; T helper type 1 response; tumour necrosis family
receptor superfamily

antigens, such as inactivated toxins or recombinant pro-
teins, are less reactogenic and offer important safety

Enhancing protective immune responses with minimal
adverse side-effects is a major challenge for vaccine devel-
opment. Attenuated, replication-competent pathogens
generally induce a robust protective immunity, but the
success of these vaccines is now overshadowed by concern
about rare reactogenic adverse side-effects and by the
potential to cause disease, particularly in immunocom-
promised individuals. Inactivated, replication-deficient
pathogens and vaccines that are made of well-defined

advantages. Unfortunately, with few exceptions, these
agents are weakly immunogenic and generally ineffective
without the co-inoculation of adjuvants that augment
immune responses.'™

Aluminium salts (alum) have been the most widely
used vaccine adjuvant in humans since their discovery
in the early 20th century.* More potent adjuvants, such
as Freund’s adjuvant and lipopolysaccharide, have since
been identified, but local and systemic toxicity have
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hindered clinical applications. Although the European
Medicinal Evaluation Agency has licensed new adjuvants
over the last decade,” alum remains the only adjuvant
approved for human use by the US Food and Drug
Administration. Alum, which primarily stimulates T
helper type 2 (Th2) humoral immunity,>” potently
induces protective immunity mediated by serum anti-
bodies.®* However, the ability of alum to stimulate Thl
type cell-mediated immunity is weak at best.>>'* It has
become clear in recent years that cell-mediated immu-
nity is critical for protection against pathogens such as
Mpycobacterium  tuberculosis, human immunodeficiency
virus, and hepatitis C virus, as well as for the develop-
ment of therapeutic vaccines to treat chronically
infected patients.'"'? Robust cell-mediated immunity is
essential, if not necessarily sufficient, for vaccine induc-
tion of acquired immunity against tumour antigens.'>"*
For these reasons, a number of strategies have been
devised in an effort to enhance cell-mediated
responses.'”

Co-stimulatory molecules are among the targets being
investigated as potential adjuvants to stimulate cell-medi-
ated immunity.'*"® Members of the tumour necrosis
family receptor superfamily (TNFRSF) are of particular
interest, as costimulation of T cells through several mem-
bers of this family not only augments effector T-cell func-
tion and survival,’®? but also renders these cells resistant
to T regulatory (Treg) cell-mediated immune suppres-
sion.”>** Furthermore, several members of this receptor
family augment cell-mediated immunity through their
expression on dendritic cells, where they have been shown
to regulate both function and survival.*=>*

The glucocorticoid-induced tumour necrosis factor
receptor (GITR) is a member of the TNFRSF, being
member 18 (TNFRSF18). GITR is expressed at low, basal
levels in CD4* CD25~ and CD8" CD25” responder T
cells®**> and constitutively at high levels in CD4"
CD25" Treg cells.**** Upon activation, GITR expression
is rapidly up-regulated in responder T cells,>>**???>7%
and further elevated in Treg cells.”>***>® The cytoplas-
mic domain of GITR shares significant sequence similarity
with OX40, 4-1BB, and CD27, which together form a
subgroup within the TNFRSF that regulates several
aspects of lymphocyte biology, including activation, dif-
ferentiation and survival.***

The functional consequence of GITR ligation in T cells
has been linked to the concurrent level of CD3/T-cell
receptor (TCR) stimulation.”® Consistent with the func-
tion of costimulatory molecules, in vitro GITR engage-
ment increases CD3/TCR-induced proliferation of T cells
and their production of cytokines when CD3/TCR stimu-
lation is suboptimal. GITR also has a complex role in

apoptosis, with reports of pro-apoptotic effects*®*"*? in
the context of full stimulation, as well as anti-apoptotic
effects.’®*~*

Engagement with anti-GITR monoclonal antibody
(mAb), soluble GITR ligand (GITRL), or cell-surface-
expressed GITRL on transfectants has been shown to aug-
ment anti-tumour*®" and anti-virus immunity’">* in a
number of models. Monoclonal antibodies to other
TNFRSF members (4-1BB, CD40, and OX40) also gener-
ate strong anti-tumour and anti-virus responses in vari-
ous experimental models,”>° which demonstrates an
important role for TNFRSF members in the regulation of
immune responses.

The timing of anti-GITR exposure relative to antigen
presentation appears to be an important variable for cap-
turing its adjuvant effect.***® Antibody administration
before the second of three vaccinations has been demon-
strated to enhance CD8" T-cell responses against mela-
noma-specific antigens, whereas administration of
antibody with the initial immunization did not.* Studies
to determine which cells are targeted by anti-GITR
administration have implicated effector T cells, helper
T cells, Treg cells, and natural killer cells.**">°

A recent study with an immunoglobulin M (IgM) anti-
GITR mAb demonstrated enhanced costimulation of
CD4" CD25™ responder cells and CD4" CD25" Treg cells
compared with the rat IgG2b anti-GITR mAb, DTA-1.
However, the IgM antibody was less efficient at augment-
ing tumour immunity, possibly because of the enhanced
proliferation of CD4" CD25" Treg cells.®® These findings
serve as reminders that the antibody isotype, in addition
to the antigen epitope, will probably be important for
clinical development of an anti-GITR mAb.

Many potentially confounding results may be under-
stood by considering the model and the antigen that were
studied. Successful posology of an anti-GITR mAb requires
an understanding of this complex ligand—receptor interac-
tion. To better understand the potential of anti-GITR as an
immune adjuvant, we used a simple prime boost protocol
to address the effects of the dose and timing of antibody
administration, the importance of Fc—FcR interactions and,
finally, the effect of the antibody on humoral and cellular
immune responses to model antigens. Incomplete Freund’s
adjuvant (IFA) and alum were also used as controls in the
studies to allow us to gauge the relative potency of any
effect attributed to the anti-GITR antibody. We report that
anti-GITR antibodies can act as robust adjuvants that aug-
ment both Thl and Th2 responses. Fc—FcR interactions
were not required for the observed effects, and the dose of
2F8 required for maximal efficacy varied with the immuno-
genicity of the antigen.

Materials and methods

Monoclonal antibody preparation

RNA was isolated from acutely rejecting heterotopic heart
transplants and mouse GITR (mGITR) was amplified by
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reverse transcription—polymerase chain reaction (RT-
PCR) using standard molecular biology techniques. An
mGITR-immunoglobulin (mGITR-Ig) fusion protein was
constructed by subcloning the extracellular domains of
mGITR together with the human Igyl constant region
into an expression plasmid. The mGITR-Ig fusion protein
was purified from the supernatant of stable Chinese ham-
ster ovary cell transfectants grown in o-minimal essential
medium (Invitrogen, Carlsbad, CA) supplemented with
10% Ultralow IgG fetal bovine serum (Invitrogen) and
G418 (Invitrogen). The mGITR-Ig fusion protein was
purified by Protein A (GE Healthcare, Pittsburgh, PA)
chromatography and dialysed into phosphate-buffered
saline (PBS; Invitrogen).

The rat anti-mGITR mAb, 2F8 (IgG2a,x), was pro-
duced by Helio® Gene Gun (Bio-Rad Laboratories, Her-
cules, CA) immunization of rats with mGITR-Ig
expression plasmid-coated gold beads every other day for
10 days. Sera from immunized rats were tested for reac-
tivity against purified mGITR-Ig protein by enzyme-
linked immunosorbent assay (ELISA). Rats with demon-
strated serum immunoreactivity were boosted with
recombinant fusion protein 3 days before fusion. Hybri-
domas were screened by ELISA for immunoreactivity
against purified mGITR-Ig, cloned by limiting dilution,
and further characterized by flow cytometry.

YAML (555.6), an IgG2a isotype control, was a gift
from Professor Herman Waldmann (Sir William Dunn
School of Pathology, University of Oxford, Oxford, UK).

The YGITR765 antibody was generated in the labora-
tory of Professor Herman Waldmann (Sir William Dunn
School of Pathology). The rat IgG2b hybridoma was
selected for specificity using GITR-transfected cells. The
heavy chain was chimerized by grafting the variable
region of YGITR765 to the constant regions of a human
IgGl1 that was modified to remove the N-linked glycosyla-
tion site at amino acid 297. The original rat x light chain
was retained and antibodies were expressed in Chinese
hamster ovary cells.

Generation of 2F8 F(al'), fragments

The F(ab’), fragments were prepared by proteolytic diges-
tion of 2F8 with pepsin (Sigma, St Louis, MO). 2F8 was
prepared for digestion by adjusting the concentration to
3:0 mg/ml performing dialysis against 200 mm sodium
acetate, pH 4-0 for 4 hr at 2-8°. After dialysis, the 2F8
concentration was adjusted to 2-0 mg/ml with 200 mm
sodium acetate, pH 4-0 and mixed at an enzyme to anti-
body ratio of 1:20 with freshly prepared pepsin in
200 mM sodium acetate, pH 4-0. The mixture was then
incubated at 37° for 17 £ 1 hr, quenched by the addition
of 2:0 M Tris—HCI (20% vol. : vol.), and dialysed against
PBS overnight at 2-8°. Purification of the F(ab’), frag-
ments from intact antibody or antibody fragments was

Adjuvant properties of anti-GITR

accomplished by passing the digest over a Protein A affin-
ity column and then loading the flow-through fractions
onto a Superdex 200 size exclusion chromatography
(SEC) column (GE Healthcare). Fractions from the SEC
purification were analysed by sodium dodecyl sulphate—
polyacrylamide gel electrophoresis and those containing
2F8 F(ab’), fragments were pooled, aliquoted and stored
frozen at — 20°.

Antibody and antigen administration

BALB/c mice were immunized on day 0 by subcutaneous
(s.c.) administration of 100 pg ovalbumin (OVA; Sigma)
in saline followed by a boost with an equivalent s.c. dose on
day 14. To assess the effect of anti-GITR on the humoral
response to OVA, 2F8, 2F8 F(ab’),, or YAML was adminis-
tered intraperitoneally on days — 1, 0 and 1 at the doses
indicated in the Results section. Anti-OVA serum titres
were determined by ELISA on days 21 and 28.

In studies with influenza haemagglutinin (HA) as the
primary antigen, mice were immunized s.c. on day 0 with
10 ng HA (A/H3N2/Wyoming/3/2003 or A/H5N1/Viet-
nam/1203/2004; Protein Sciences, Meriden, CT) in saline
or adjuvant followed by an s.c. boost with 5 ug HA in
PBS on day 14. Mice that received HA in adjuvant were
administered antigen in a 1 : 1 mixture with alum or IFA.
2F8 or YAML was administered intraperitoneally at the
primary immunization (days — 1, 0 and 1) or at antigen
challenge (days 13, 14 and 15). Anti-HA serum titres were
determined on days 21 and 28. For specificity studies,
mice previously immunized with HA were subsequently
immunized on day 35 with a neoantigen (100 pg OVA,
s.c.) and challenged 2 weeks later on day 49. Titres to the
neoantigen were assessed on days 56 and 63 by ELISA.

Detection of antigen-specific IgG in serum

Ovalbumin-specific or HA-specific serum antibody titres
were determined by ELISA. Nunc-Immuno™ MaxiSorp™
(Thermo Fisher Scientific, Rochester, NY) 96-well plates
were coated with OVA (10 pg/ml) or HA (1 pg/ml) in
0-05 M carbonate buffer (pH 9-5) overnight at 4°, fol-
lowed by blocking with 1% bovine serum albumin in PBS
(BSA-PBS) for 2 hr at 37°. Serial 10-fold dilutions of
mouse sera prepared in 1% BSA-PBS were added (50 pl/
well) to the wells, and plates were incubated for 1 hr at
37°. After three washes with PBS—0-05% Tween 20, goat
anti-mouse IgG-horseradish peroxidase (HRP) (Jackson
ImmunoResearch, West Grove, PA), rabbit anti-mouse
IgG1-HRP, rabbit anti-mouse IgG2b-HRP (Invitrogen),
or goat anti-mouse IgG2a-HRP (Southern Biotech, Bir-
mingham, AL) secondary antibodies were added to the
wells and plates were incubated for a further 1 hr at 37°.
Plates were again washed three times followed by the
addition of 50 pl o-phenylenediamine (Sigma) in 0-1 M
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citrate—phosphate buffer (pH 4-35) plus 0-01% H,O, to
develop the reactions. Reactions were terminated with the
addition of 25 pl of 12:5% H,SO,. Titres are expressed as
the reciprocal of the serum dilution resulting in an opti-
cal density value of 1-5 in the particular ELISA assay. This
value was selected as an arbitrary value because it consis-
tently fell in the linear part of the slope of the plotted
dilutions when the ELISA was performed.

ELISPOT assay

As an assessment of the cellular immune response to HA,
the number of HA-specific interferon-y (IFN-y) -secreting
splenocytes was determined on day 21 using a murine
IFN-y ELISPOT kit (R&D Systems, Minneapolis, MN)
according to the manufacturer’s instructions. Cells
(2:5 x 10° or 5 x 10’ cells/well) were incubated for 24 hr
at 37° in the absence or presence of 5 pg/ml HA. Cells
were removed, and the processed plates were analysed by
an outside vendor (Zellnet Consulting, Fort Lee, NJ).

Haemagglutination inhibition assay

Serum samples were sent to the laboratory of Stacey
Schultz-Cherry (University of Wisconsin—-Madison School
of Medicine and Public Health, Madison, WI) for hae-
magglutination analyses. Haemagglutination activity titra-
tions and haemagglutination inhibition (HI) assays were
performed as described elsewhere.®’ Briefly, serum sam-

1° Immunization Challenge

| |

ples were treated with receptor-destroying enzyme (Denka
Seiken Co. Ltd., Tokyo, Japan) at 37° for 18 hr to elimi-
nate non-specific inhibitors of haemagglutination. The
receptor-destroying enzyme was heat-inactivated and
samples were tested for HA-specific antibodies against the
A/H3N2/Wyoming/3/2003 influenza virus. All HI assays
were run simultaneously. The HI titres were defined as
the reciprocal of the highest dilution of serum that com-
pletely inhibited haemagglutination of four HA units of
the virus with a 0-5% solution of chicken red blood cells.

Statistical analysis

Treatment groups were compared using one-way analysis
of variance (ANova) to determine whether the means of
the groups differed. Statistically significant aNova results
were followed by pairwise comparisons using Tukey’s
multiple comparison tests to determine which means
were different. GrapHPAD PrisM® (GraphPad Software
Inc., La Jolla, CA) software was used for all analyses and
differences with P < 0-05 were deemed significant.

Results
Anti-mGITR enhances the humoral immune response
to OVA

We generated 2F8, an IgG2a rat anti-mGITR mAb that
demonstrated agonistic activity on T cells when used in

Bleed and titre

-

-1 0 1 14 21 28
Antibody
administration
f— *k \
——————
xk . . '
e : Figure 1. 2F8 enhances humoral immunity to
! N h ***P < 0-001 ovalbumin (OVA). Antibody dosing and

5.0 x 105

4.0 x 10°% 1

3.0 x 105 1

2.0 x 10° 1

Anti-OVA titre

1.0 x 10% 7

**P < 0-01
*P<0-05

immunization schedule are indicated above the
graph. OVA mixed with alum or incomplete
Freund’s adjuvant (IFA) is included for com-
parison. Levels of anti-OVA antibodies were
determined by enzyme-linked immunosorbent
assay as described in the Materials and meth-
ods section. Titre is defined in the Materials
and methods section. Results represent at least
two independent experiments with three to five
mice per group. All treated groups were signif-
icantly higher than antibody isotype control-
treated mice. Significant comparisons are
shown, all others were not significant.
P < 0-001, **P < 0-01, *P < 0-05.
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in vitro assays (data not shown). To elucidate the in vivo
effect of 2F8 on humoral immunity, mice were adminis-
tered 2F8 (0-016-0-4 mg) on days — 1, 0 and 1, sur-
rounding the primary immunization with OVA on day 0.
Mice were later challenged with OVA on day 14 and anti-
OVA titres were analysed on days 21 and 28. To deter-
mine background anti-OVA titres, we assessed anti-OVA
titres in mice that had not been exposed to OVA. Back-
ground levels of anti-OVA were negligible (Fig. 1). Mice
treated with 0-4 mg 2F8 generated anti-OVA titres at day
21 that were 7-7-fold and 21-fold greater than mice
administered antigen only or an equivalent dose of iso-
type control mAb (YAML), respectively (Fig. 1). Isotype
control rat IgG2a itself had a modest immunosuppressive
effect compared with antigen-only-treated mice. Similar
results were observed on day 28 (data not shown). How-
ever, mice in groups that received 0-08 mg or 0-016 mg
2F8 responded with anti-OVA titres at day 21 that were
5.7-fold and 3-9-fold greater, respectively, than mice that
received antigen only (Fig. 1). Again, equivalent results
were obtained on day 28. We also compared the adjuvant
effect of 2F8 to effects of alum and IFA. Day 21 titres of
mice treated with 0-4 or 0-08 mg 2F8 were 1-5-fold
greater than mice immunized with OVA in IFA (not sig-
nificant; n.s.) and 2-5-fold greater than OVA in alum
although only the 0-4 mg dose proved to be statistically
significantly different (Fig. 1). Mice treated with 0-016 mg

1° Immunization

Adjuvant properties of anti-GITR

2F8 had anti-OVA titres similar to those of mice immu-
nized with OVA in IFA, but higher than mice that
received OVA in alum (n.s.) (Fig. 1).

Previous studies found that the rat anti-mGITR, DTA-
1 (but not its Fab fragments), abrogated CD4" CD25"-
mediated suppression of T-cell proliferation in vitro.** To
determine whether Fc—FcR interactions are required to
enhance humoral immunity, we generated F(ab'), frag-
ments of 2F8 and treated mice with 8 mg of 2F8 F(ab’),
fragments on days — 1, 0 and 1. This dose was selected
based on serum antibody level studies that demonstrated
comparable exposure (~ 4 days in serum) of 8 mg 2F8
F(ab’), and 0-016 mg intact 2F8 mAb (data not shown),
which was the lowest efficacious dose observed in Fig. 1.
Mice treated with 2F8 F(ab’), generated anti-OVA titres
that were 4-8-fold greater than the titres of animals that
received antigen only (Fig. 2a), showing the effectiveness
of 2F8 F(ab’), fragments in augmenting the humoral
immune response to OVA. The 2F8-augmented humoral
response was durable, as anti-OVA titres on day 63
remained elevated compared with those in the antigen-
only group (Fig. 2b). To confirm the results observed
with 2F8 F(ab’),, we used a genetically modified anti-
mGITR mADb (YT765) engineered with a human aglycosyl
Fc (which does not bind to mouse FcRyl, -II, or -II
H. Waldmann and M. Tone, unpublished observations)
in our prime boost model and observed equivalent results

Challenge Bleed and titre

Figure 2. 2F8-enhanced humoral immunity to
ovalbumin (OVA) is durable and does not
require Fc—FcR interactions. Antibody dosing (b)
and immunization schedules are indicated
above the graph; 8 mg of 2F8 F(ab’), frag-
ments (a and b), 0-4 mg 2F8 (a, b, and ¢), or
0-4 mg YT765 (c) were used in the studies.
Anti-OVA titres determined by enzyme-linked
immunosorbent assay were analysed on day 21
(a and c) and day 63 (b). Results represent at
least two independent experiments with three
to five mice per group. Titres are compared
against both the antigen-only and isotype con-
trol groups. **P < 0-001, *P < 0-01.

! /1N

14 21 28 63

Anti-OVA titre
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(Fig. 2¢). These results demonstrate that anti-GITR anti-
bodies augment humoral immunity as well as IFA and
can be more effective than alum by means that do not

The augmented humoral response retains specificity
for the antigen administered with 2F8 antibody

require Fc—FcR interactions. We next assessed whether 2F8 augmented humoral
responses in an antigen-specific manner and whether the
timing of antibody exposure relative to antigen was
important. To this end, mice were immunized with HA
on day 0 of a 3-day course of 2F8 (0-4 mg on days — 1, 0

Anti-mGITR enhances the humoral immune response
to influenza HA

To assess the ability of 2F8 to augment the humoral and 1) and boosted with HA on day 14. Anti-HA titres
immune response to a clinically relevant antigen, we fur- were determined on days 21 and 28. Mice were allowed
ther examined its effect on anti-HA titres using the to recover for an additional week before immunization
influenza virus A/H5N1/Vietnam and A/H3N2/Wyoming with OVA as a neoantigen on day 35. Mice were chal-
subtypes. Mice were immunized with HA (day 0) during lenged 2 weeks later with OVA and their serum was anal-
a 3-day course of 2F8 administration (days — 1, 0 and ysed for anti-OVA titres on day 63. Anti-HA titres were
1) and boosted with HA on day 14. As observed with also determined on days 56 and 63 to assess the longevity
the OVA antigen, mice that had not been exposed to of the augmented immune response. As previously
HA had negligible anti-HA titres (Fig. 3). Doses of observed with OVA, anti-HA titres were still elevated on
0-4 mg 2F8 augmented the humoral response to both day 63 compared with those in mice administered either
H3N2 HA (Fig. 3a) and H5N1 HA (Fig. 3b), with day an isotype control antibody or antigen only. Hence, 2F8
21 anti-HA titres 5-fold and 6-3-fold greater than anti- induced a long-lived humoral response (Fig. 4a). Admin-
gen-only or isotype control mAb groups, respectively. istration of a neoantigen (OVA) induced an immune
Furthermore, when H5N1 HA was used, these doses of response, as 2F8-treated mice that had not been immu-
2F8 were as effective as [FA in augmenting the humoral nized with OVA had negligible anti-OVA titres. Anti-
immune response to HA and vyielded titres that were sig- OVA titres on day 63 were similar in the three groups
nificantly greater than in HA-alum-treated mice that received OVA (Fig. 4b) and were equivalent to anti-
(Fig. 3b). Unlike the results seen with OVA, however, OVA titres observed in mice that received antigen only in
there was a pronounced therapeutic-antibody dose- the studies depicted in Fig. 1. Consequently, the effect of
dependent effect on anti-HA titres. Mice treated with 2F8 on the humoral immune response appears to be spe-
0-08 mg 2F8 had 2-8-fold higher anti-HA titres than cific for the antigen delivered during the administration
antigen-only mice, whereas mice treated with 0-016 mg of the 2F8 mAb. Prior administration of anti-GITR did
and 0-0032 mg 2F8 experienced minimal and no not affect subsequent responses to neoantigens, as the
increases, respectively, over titres generated by antigen- response to a neoantigen after the anti-GITR antibody

only mice (data not shown).

1° Immunization Challenge Bleed and titre
-10 1 14 21 28
Antibody
administration
(a) (b) -

Figure 3. 2F8 enhances humoral immunity to
(a) H3N2 haemagglutinin (HA) and (b) H5N1
HA. Antibody dosing and immunization
schedules are indicated above the graph;
0-4 mg 2F8 was used in these studies. HA
mixed with alum or incomplete Freund’s adju-
vant (IFA) is included for comparison. Levels
of anti-HA antibodies were determined by

Anti-H3N2 HA titre
Anti-H5N1 HA titre

enzyme-linked immunosorbent assay, as
described in the Materials and methods sec-
tion. Results represent at least two independent
experiments with three to five mice per group.

In (a), 2F8 is compared against both antigen-
**P<0.01 only and isotype control groups. **P < 0-01,
*P<0.05 *P < 0-05.
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Neoantigen Neoantigen
1° Immunization ~ Challenge immunization  challenge
10 pg HA 5 pg HA 100 ug OVA 100 pg OVA
-1 01 14 21 28 35 49 56 63
Antibody Bleed and titre Bleed and titre

Figure 4. 2F8-enhanced humoral immunity is
specific for the antigen administered during

(a)

antibody dosing. Antibody dosing and immu- 2.5 x 10*
nization schedules are indicated above the 2.0 x 10°
graph; 0-4 mg 2F8 was used in these studies. 2 .
Mice were allowed to rest for 2 weeks before < 1-5x 10
immunization with the neo-antigen, ovalbumin ‘E 1.0 x 10*
(OVA). No additional antibody was adminis- < 5.0 x 103
tered to any of the mice. Anti-haemagglutinin 0
(HA) (a) and anti-OVA (b) titres were deter-
mined by enzyme-linked immunosorbent assay &
. O
on day 56. Results represent at least two inde- ‘?s\\\

pendent experiments with three to five mice
per group. *P < 0-001.

had been cleared was comparable to the response gener-
ated in the absence of antibody.

2F8 administration during antigen challenge
augments humoral immune responses

The timing of antibody administration was critical for
effectiveness when anti-mGITR antibodies were investi-
gated as adjuvants in mouse tumour models.**™* To
determine if the observed augmentation of humoral
immunity by 2F8 depended on the timing of antibody

administration, we compared the effect of 0-4 mg 2F8

1° Immunization

!

administration

(b)

1.0x 10°
2 75x10* T
550 10*
S
£ 2:5x10*
0
N > ) \s
Qo(\ o‘\‘(\ & o\\
2 () éo
& & N
L &

*P < 0-001

administered at the time of HA immunization with that
of 0-4 mg 2F8 administered at the time of the HA boost.
Mice were immunized with HA (day 0) and boosted (day
14) during a 3-day course of 2F8 administration (days 13,
14 and 15). Anti-HA titres were measured on days 21
and 28 (Fig. 5). No statistical difference in day 21 anti-
HA titres was observed between groups receiving 2F8 only
at the time of immunization and those receiving 2F8 only
at the time of boost (7-2-fold and 5-6-fold increases,
respectively). Anti-HA titres were equivalent to those of
IFA-treated mice. These results demonstrate that 2F8 is
effective at augmenting the humoral immune response

Challenge Bleed and titre

l o

-1 0 1

tt

Antibody
Figure 5. The effect of the timing of antibody

administration on humoral immunity. Anti-
body dosing and immunization schedule are
indicated above the graph. Mice received
0-4 mg 2F8 either during the primary immuni-
zation or during the antigen challenge. Anti-
haemagglutinin (HA) titres were determined
by enzyme-linked immunosorbent assay on
day 21. Titres of mice treated with 2F8 on days
—1, 0 and 1 versus mice treated on days 13,
14 and 15 are shown. Mice treated with a mix-
ture of incomplete Freund’s adjuvant (IFA)
and HA are included for comparison. Results
represent at least two independent experiments
with three to five mice per group. **P < 0-01,
*P < 0-05.
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Figure 6. 2F8 enhances T helper type 1 humoral immunity; 0-4 mg 2F8 was used in these studies. Haemagglutinin (HA) mixed with incomplete
Freund’s adjuvant (IFA) is included for comparison. Levels of immunoglobulin G1 (IgG1) -specific (a), IgG2a-specific (b) and IgG2b-specific (c)

anti-HA antibodies were determined by enzyme-linked immunosorbent assay, as described in the Materials and methods section. Results repre-

sent at least two independent experiments with three to five mice per group. In (a), comparison is to the antigen-only group. In (b) and (c), 2F8
is compared with the antigen-only and IFA groups. ***P < 0-001, **P < 0-01, *P < 0-05.

when delivered at the time of antigen boost or during the
primary immunization.

2F8 shifts the immune response to a Thl-type
response

The immune response to HA in BALB/c mice has been
characterized as a predominantly Th2 response.®>®> Alum
and IFA have been shown to preferentially augment the
Th2 response while having little effect on the Thl
response.””**% Figures 1 and 3 demonstrate that 0-4 mg
of 2F8 enhanced total IgG anti-OVA and anti-HA titres
when compared with alum but responses were similar
after treatment with IFA. We decided to compare the
immune responses induced by 2F8 with those induced by
IFA in more detail. The IgG1-, IgG2a- and IgG2b-specific
anti-HA titres were analysed in mice immunized with HA
alone (antigen only), HA mixed with IFA, and HA plus
2F8 dosed on days — 1, 0 and 1. All mice were adminis-
tered HA on day 0. Consistent with the literature, HA
induced a predominant IgGl response (antigen only;
Fig. 6a—c). The IgGl-specific titres were augmented by
IFA compared with HA alone (Fig. 6a). 2F8-treated mice
induced comparable IgGl-specific titres to IFA-treated
mice; both 2F8-treated and IFA-treated mice produced
titres that were larger than those produced by mice trea-
ted with HA alone (P < 0-05). Haemagglutinin alone or
IFA mixed with HA generated poor IgG2a-specific and
IgG2b-specific anti-HA antibodies. However, 2F8-treated
mice generated robust IgG2a-specific and IgG2b-specific
anti-HA titres, which indicates a major contribution from
a Thl-type response (Fig. 6b,c). These findings suggest
that, although humoral immune responses to HA seemed
comparable in 2F8 and IFA, the type of response is quite
different, as IFA induces a predominately Th2-type
response. In contrast, 2F8 shifts the immune response
toward a Thl-type response.

238

Anti-mGITR enhances the cellular immune response
against influenza HA

The anti-HA-specific antibody isotype data suggest that
2F8 induced a predominately Thl-type humoral response.
To explore the role of 2F8 in cellular immunity, we analy-
sed the number of IFN-y-producing cells by ELISPOT
assays using day 21 splenocytes from mice in each group.
2F8-treated mice had on average 4-3 times as many
IFN-y-producing cells as antigen-only mice and 9-9 times
more than IFA-treated mice (Fig. 7). The ranges for
2F8-treated mice were 132-276 spots versus 5-97 and
3-40 spots for antigen-only-treated and IFA-treated mice,
respectively. The effect was specific for HA, because
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Figure 7. 2F8 augments cellular immunity. Total splenocytes from
mice treated with saline, incomplete Freund’s adjuvant (IFA), or 2F8
were prepared on day 21, cultured with or without haemagglutinin
(HA), and assessed for the number of interferon-y-secreting cells.
Results represent at least two independent experiments with three to
five mice per group. *P < 0-001.
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Figure 8. 2F8 administration augments neutralizing antibodies to
haemagglutinin (HA). Serum samples from day 21 bleeds were anal-
ysed for neutralizing antibodies to HA. Results represent at least two
independent experiments with three to five mice per group. 2F8 is
compared with antigen-only and isotype control groups. *P < 0-001.

neither naive mice administered 2F8 without antigen
(data not shown) nor 2F8-plus-antigen-treated mice
splenocytes stimulated with medium alone (2F8 No HA)
(Fig. 7) produced HA-specific IFN-y-producing cells.
Hence, in contrast to IFA, which augments only humoral
IgGl1 responses to HA, these data demonstrated that 2F8
enhances both humoral (IgG1, IgG2a, 1gG2b) and cellular
immune responses.

2F8-treated mice produce more neutralizing
antibodies to HA than control mice

To assess whether anti-HA titres produced neutralizing
antibodies to HA, we analysed day 21 sera using both an HI
and a microneutralization assay. Serum samples from mice
treated with 0-4 mg 2F8 inhibited haemagglutination at
dilutions ranging from 1 : 640 to 1 : 5120 (Fig. 8). Serum
samples from mice that were administered antigen only
were effective at dilutions ranging from 1 : 20 to 1: 120
(Fig. 8). Interpretation of the microneutralization assay
results confirmed conclusions from the HI assay (data not
shown). Hence, not only do 2F8-treated mice have aug-
mented anti-HA titres, but the anti-HA immunoglobulin
repertoire consists of more neutralizing antibodies than in
isotype control antibody and antigen-only mice.

Discussion

The adjuvant potential of co-stimulatory molecules, includ-
ing TNFRSF members, has received increased attention as a
possible route to augmentation of cellular and humoral
immune responses. Agonist antibodies and soluble ligands
to 4-1BB, OX40 and GITR, among others, have shown effi-

Adjuvant properties of anti-GITR

cacy in a number of anti-tumour and anti-virus preclinical
models.**> However, the same molecular agonists have
been reported to induce widely differing, and even oppos-
ing, functions in other readout systems.®***¢’

To better understand what adjuvant opportunities exist
for anti-GITR antibodies, we generated an agonistic rat
anti-mGITR mAb, 2F8, and evaluated its effect on
immune responses to a set of model antigens using a sim-
ple prime boost protocol. 2F8 induced a robust and dura-
ble augmentation of humoral immunity against OVA and
HA antigens, with elevated antibody titres for up to
2 months after the primary immunization.

In contrast to the whole antibody, ‘blocking’ (Fab)
fragments of the anti-mGITR mAb DTA-1 were unable to
attenuate CD4" CD25"-mediated suppression of respon-
der T-cell proliferation in vitro,* confirming that GITR
signalling, rather than blockade of GITR-GITRL interac-
tions, is essential for abrogation of Treg-cell suppression.
However, these experiments did not address the impor-
tance of FcR-mediated cross-linking of the antibody.
Although we did not test Fab fragments of 2F8, mice
treated with 2F8 F(ab’), fragments not only showed aug-
mented serum titres to antigen, but their humoral
responses were similar to those of mice treated with intact
2F8 antibody. These results were confirmed using a differ-
ent anti-mGITR mAb, YT765, with an intact but func-
tionally disabled Fc. This finding — that FcR-mediated
cross-linking of the anti-mGITR antibody is not required
for efficacy — has significant implications for the clinical
development of anti-GITR antibodies. Indeed, from a
safety perspective, the data indicate that it is possible, and
may be preferable, to develop an anti-GITR mAb that is
genetically modified to minimize Fc—FcR interactions that
have potential for eliciting cytokine release and mediating
immune effector functions such as antibody-dependent
cellular cytotoxicity and complement-mediated lysis.*®
Additionally, from a manufacturing perspective, genera-
tion of F(ab’,) fragments for clinical use is more labori-
ous and more costly because of the chemical
modifications needed to extend the half-life of antibody
fragments. In contrast, large-scale mammalian cell culture
fermentation and down-stream processing are well-estab-
lished, safe methods for the production of therapeutic
antibodies. Furthermore, the removal of the N-linked gly-
cosylation site prevents the heterogeneity of carbohydrates
often observed with glycosylated antibodies, thereby elim-
inating the glycoform variability within the Fc region that
may be introduced during manufacturing development.
We did not address the effect of other amino acid substi-
tutions to glycosylated antibodies that have been demon-
strated to reduce Fc—FcR interactions, but we assume that
anti-GITR antibodies designed with such mutated Fc
regions would also act as adjuvants, although the issue of
carbohydrate heterogeneity in manufacturing the antibody
would still apply.
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The timing of anti-GITR exposure relative to antigen
presentation was demonstrated to be an important vari-
able for capturing its adjuvant effect in other studies.**™*®
In our studies, 2F8 was found to be equally efficacious
when administered at the time of induction or at chal-
lenge. These findings suggest that GITR-GITRL interac-
tions can modulate both primary and secondary immune
responses and are consistent with reports demonstrating
that anti-GITR is able to co-stimulate naive and memory
T cells. The results support the potential versatility of
anti-GITR as an adjuvant and highlight a difference
between targeting GITR versus other TNFSFR family
members, such as OX40 and 4-1BB, which have been
implicated predominantly in memory responses.

For comparison, we included two widely used commer-
cial adjuvants, IFA and alum, in our studies. The IFA is a
potent inducer of TH2 and B-cell responses in mice and
alum is a component of several vaccines licensed for human
use. Like IFA, alum skews the immune response to a pre-
dominantly Th2 response and is a poor inducer of Th1 cell-
mediated immunity.” 2F8-treated mice injected with OVA
had humoral responses that were two-fold higher than mice
treated with a mixture of antigen and IFA and three-fold
higher than antigen-treated and alum-treated mice (0-4 mg
2F8 versus IFA or alum, Fig. 1). Our studies using HA also
demonstrated a significant increase in humoral immunity
in mice treated with 2F8 when compared with alum-treated
mice (Fig 3b); however, the response was comparable to
that in IFA-treated mice. Analysis of specific antibody iso-
type responses to HA in mice treated with IFA or 2F8
revealed that the humoral IgG response in the IFA-treated
mice was predominantly 1gG1. 2F8-treated mice produced
statistically significant increases in IgG2a- and IgG2b-
specific anti-HA antibodies (Fig. 6), which is indicative of a
Thl-type immune response.”” The enhanced Thl immu-
nity is of particular importance because 1gG2a antibodies
have high affinities for complement” and activating Fc
receptors when compared with IgG1 antibodies.”’ The lat-
ter interaction has been demonstrated to activate Fc effec-
tor functions such as antibody-dependent cellular
cytotoxicity’> and opsonophagocytosis by macrophages’”,
which contribute to viral clearance of influenza-infected
hosts* and enhance tumour immunity.”>”® Anti-GITR
administration not only produced IgG2a- and IgG2b-
specific titres that were higher than those observed in
IFA-treated mice, but the anti-GITR-treated mice also gen-
erated a specific and prolific cellular immune response,
whereas the IFA-treated mice did not. The exact mecha-
nism(s) by which anti-GITR enhances both humoral and
cellular responses are currently under investigation. How-
ever, these findings agree with literature demonstrating that
anti-GITR ligation can significantly induce Thl and Th2
cytokine production by naive CD4" CD25~ T cells and
up-regulate T-bet and GATA3, key transcription factors for
Th1 and Th2 responses, respectively.””

In addition, serum from 2F8-treated mice had
enhanced anti-HA neutralizing antibodies as determined
by HI and microneutralization assays. These observa-
tions are particularly meaningful given the fact that
protection against influenza viruses is enhanced by a
robust neutralizing response to HA.'® H5NI HA is
reported to be a poorly immunogenic antigen,”® whereas
OVA induces robust humoral immunity. Varying the
dose of anti-GITR with a constant dose of antigen
demonstrated that the more potent the antigen, the
lower the dose of adjuvant antibody needed to augment
that immunity. These data reveal the importance of
antigen immunogenicity in harnessing the full benefit of
the adjuvant antibody and suggest that in oncological
indications with weak tumour antigens, higher levels of
adjuvant antibody may be required. Alternatively, indi-
cations with stronger tumour-specific antigens such as
mutated self or viral antigens should be targeted. The
data also suggest that combination therapy with vac-
cines in oncology may be an appropriate path of devel-
opment.

Some studies using the DTA-1 (anti-GITR) antibody in
mice have found that the mice developed colitis, gastritis,
vitiligo, and had increased anti-double-stranded DNA au-
toantibodies,  indicative of  autoimmunity.***>***
Although we have not performed full toxicology studies
with 2F8, we have administered 2F8 to over 500 mice in
numerous studies and did not observe any overt auto-
immunity, morbidity, or mortality attributable to the
antibody (data not shown). This safety profile, coupled
with the ability of anti-GITR to augment both humoral
and cellular immunity, supports the development of anti-
GITR in indications such as virology and oncology, as
well as a vaccine adjuvant. Our findings show that careful
consideration must be paid to the amount and timing of
mAb administration and that the immunogenicity of the
antigen(s) being targeted is important when optimizing
mAb dosing. Additional studies to determine the lowest
effective dose, optimal dosing schedule, and mecha-
nism(s) of action are ongoing.
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