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Introduction

Despite major advances, we still only have an incomplete

Summary

Cytotoxic T-lymphocyte antigen 4 (CTLA-4) -mediated regulation of
already tolerized autoreactive T cells is critical for understanding autoim-
mune responses. Although defects in CTLA-4 contribute to abnormal
FOXP3" regulatory T (Treg) cell function in rheumatoid arthritis, its
role in autoreactive T cells remains elusive. We studied immunity
towards the dominant collagen type II (CII) T-cell epitope in collagen-
induced arthritis both in the heterologous setting and in the autologous
setting where CII is mutated at position E266D in mouse cartilage.
CTLA-4 regulated all stages of arthritis, including the chronic phase, and
affected the priming of autologous but not heterologous ClI-reactive T
cells. CTLA-4 expression by both conventional T (Tconv) cells and Treg
cells was required but while Tconv cell expression was needed to control
the priming of naive autoreactive T cells, CTLA-4 on Treg cells pre-
vented the inflammatory tissue attack. This identifies a cell-type-specific
time window when CTLA-4-mediated tolerance is most powerful, which
has important implications for clinical therapy with immune modulatory
drugs.

Keywords: arthritis; autoimmunity; cytotoxic T-lymphocyte antigen 4;
regulatory T cell; tolerance.

Since their discovery, FOXP3" regulatory T (Treg)
cells have been attractive targets to restore tolerance in
autoimmune diseases. In collagen-induced arthritis

understanding of the origin, cause and regulation of
rheumatoid arthritis (RA), a chronic multifactorial disease
that leads to severe inflammation and destruction of
articular joints and affects up to 0-5% of the human pop-
ulation. The disease process leading to RA is believed to
be initiated many years before clinical onset by the loss of
tolerance to self antigens.' Collagen type-II (CII), the pre-
dominant component of articular joint cartilage, has been
identified as an interesting target for the inflammatory
attack on joints as both T and B cells reactive to glycosy-
lated CII can be found in patients with RA.*>°

(CIA), a commonly used model for RA that relies on
immunization of mice with heterologous CIL® Treg cells
have been shown to modulate disease.” ® In patients
with RA, however, the role of Treg cells has not been
as clear. Although there is no consensus on frequencies
of peripheral blood Treg cells in patients with RA, most
studies report increased frequencies in synovial fluid.'®
Yet it remains controversial whether Treg cells at the
site of inflammation are fully functional''™ or if it is
the synovial effector T cells that have become
resistant.'®

Abbreviations: APC, antigen-presenting cell; CIA, collagen-induced arthritis; CII, collagen type II; CTLA-4, cytotoxic T-lympho-
cyte antigen 4; GalHy264, galactosylated form of immunodominant T-cell epitope on CII; iCKO, inducible conditional CTLA-4
knockout mice; ICOS, inducible T-cell costimulator; IFN-7, interferon-y; iKO, inducible CTLA-4 knockout mice; IL-17, inter-
leukin-17; K264, native form of immunodominant T-cell epitope on CII; MMC, mouse-mutated collagen; PD-1, programmed
death T; RA, rheumatoid arthritis; Tconv, conventional T cells; Treg, FOXP3" regulatory T cell; WT, wild-type
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A crucial mechanism of suppression by Treg cells
involves cytotoxic T-lymphocyte antigen-4 (CTLA-4).
CTLA-4, a co-inhibitory member of the CD28 family, is
up-regulated on activated conventional T (Tconv) cells
but constitutively expressed on Treg cells.'” CTLA-4 has a
vital function in immune regulation and is critical for
Treg cells, as shown by the development of lethal autoim-
munity in full CTLA-4 knockout (KO) mice,'®" as well
as in Treg-specific CTLA-4 KO mice.”” CTLA-4 has been
suggested to function either cell autonomously, directly
suppressing T-cell effector functions, or non-autono-
mously by for example down-regulation of co-stimulatory
molecules CD80/86 on antigen-presenting cells (APC).”!
Defects in CTLA-4 regulation have been reported to con-
tribute to the abnormal Treg cell function observed in the
synovial fluid of patients with RA**** and certain poly-
morphisms in Ctla-4 are associated with an increased risk
of developing RA.** Its importance in RA is further
underlined by successful therapeutic treatment with
CTLA-4-immunoglobulin fusion proteins (abatacept,
belatacept).”*® Despite the widespread use of CTLA-4—
immunoglobulin in the treatment of autoimmunity and
the use of anti-CTLA-4 antibodies (ipilimumab) in the
treatment of cancer,””*® the underlying mechanisms have
not been fully clarified. For example, it remains unclear
whether Tconv or Treg cell-specific CTLA-4 is involved
and at which time-point during disease CTLA-4-mediated
regulation is most important.

To address these questions we have used inducible
CTLA-4 KO (iKO) mice in which CTLA-4 can be
depleted at will to investigate the role of CTLA-4 at vari-
ous stages during CIA induced with heterologous rat
CIL*® To also study the role of CTLA-4 in the response
towards an autologous antigen, we use mouse mutated
collagen (MMC) mice that express CII with a mutation
replacing aspartic acid with glutamic acid at position 266
in joints, thereby mimicking the heterologous rat CII
used for immunization.’® The mutation leads to a stron-
ger binding of the immunodominant CII256-270 epitope
to the MHC class IT molecule.”® This leads to a strong T-
cell tolerance, similar to the situation in human RA, and
MMC mice are therefore more resistant to CIA induced
with heterologous CIL>* A previous study has shown this
tolerance to be partly dependent on CTLA-4 but not on
CD4" CD25" T cells.”* To further investigate the origin
of protective CTLA-4 expression in the tolerization
towards an auto-antigen we generated MMC mice that
either could be depleted of CTLA-4 on all cells (iKO
mice) or only on Treg cells through tamoxifen-inducible
Foxp3-driven Cre expression in CTLA-4"" mice. Collec-
tively, our data identify a time window during autoim-
mune disease in which CTLA-4-mediated tolerance is
most powerful and this could have important
implications for the treatment of patients with CTLA-
4-modifying drugs.
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Materials and methods

Mice

CTLA-4"" 2% and Rosa26°"/"®™? mice (Jackson Labora-
tory, Bar Harbor, ME) were backcrossed to C57BL/10Q
for at least six generations. Offspring of these colonies
were intercrossed to obtain Cre"™’"* CTLA-4"% (WT)
and Cre"™" CTLA-4"" (iKO) genotypes. To generate indu-
cible Treg-specific loss of CTLA-4, CTLA-4"" mice were
intercrossed with Foxp3tm9(EGFP/“E/ERT2>AY” T mice (Jackson
Laboratory) to obtain Foxp3™™" CTLA-4Vf or /Wt
and Foxp3“™“™ CTLA-4"" (iCKO) genotypes. MMC
mice have been described previously.’®*® All mice were
maintained under specific pathogen-free conditions. All
experimental animal procedures were approved by the local
ethics committee.

CTLA-4 depletion

To induce CTLA-4 depletion, mice were intraperitoneally
injected with 4 mg Tamoxifen in corn oil (+ 5% ethanol) on
days 0, 1 and 5. Complete depletion was achieved by day 6.

Antibodies

The following reagents were purchased from Biolegend
(San Diego, CA) or BD Biosciences (San Jose, CA): anti-
CD3 (145-2C11), anti-CD4 (H129.19), anti-CTLA-4
(UC10-4B9), anti CD62L (MEL-14), anti-CD44 (Ly24),
anti-inducible T-cell co-stimulator (anti-ICOS; C398.4A),
anti-programmed death 1 (anti-PD-1; RMPI-30), anti-
Ki67 (B56), anti-CD8 (53-6.7), anti-B220 (RA3-6B2),
anti-interferon-y (anti-IFN-y; R46A2), anti-interleukin-17
(anti-IL-17; TC1118H10.1). FOXP3 (FJK-16s), anti-CD73
(eBioTY/11.8) and anti-FR4 (eBlo12A5) were purchased
from eBioscience (San Diego, CA).

Intracellular cytokine staining

Spleen and lymph node cell suspensions were stimulated
with 50 ng/ml PMA, 250 ng/ml ionomycin and 10 pg/ml
brefeldin A for 4 hr in vitro. Then, surface antigens were
stained, and cells were fixed and permeabilized according
to the manufacturer’s instructions (eBioscience) and
stained for FOXP3, Ki67 and intracellular cytokines.

Serology

Serum antibody titres against rat CII were determined
by coating ELISA plates (NUNC, Roskilde, Denmark)
with 10 pg rat CII and serum diluted 1 : 20 000. Bound
antibodies were detected with horseradish-peroxidase-
conjugated rat anti-mouse immunoglobulin x antibody
(Southern Biotech, Birmingham, AL) and ABTS substrate
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(Roche, Basel, Switzerland). The absorbance was read at
405 nm (Synergy-2). Pooled serum from immunized mice
with known concentration was used as a standard.

ELISPOT

Either 5 x 10> draining lymph node cells/well or 1 x 10°
mixed draining lymph node and spleen cells/well were pla-
ted in ELISPOT plates (#MSIPS4W10; Millipore, Billerica,
MA) coated with anti-IL-17 (TC11-18H10, 5 pg/ml)
or anti-IFN-y (AN18, 10 pg/ml) and stimulated with
20 pg/ml K264 or GalHyK264 peptide or 3 pg/ml con-
canavalin A for 24 hr. Bound cytokines were detected with
either biotinylated anti-IL-17 (TC11-8H4.1, 1 pg/ml) or
biotinylated anti-IFN-y (R46A2, 2 ng/ml) and alkaline
phosphatase-conjugated streptavidin. Plates were developed
with BCIP/NBT (Sigma-Aldrich, St Louis, MO) and wells
were scanned and analysed with immuNospoT software (Cel-
lular Technology Ltd, Shaker Heights, OH). Spots appear-
ing in non-stimulated wells were taken as background and
substracted from all other wells within the same sample.

Histology

Fixed (4% PFA) organs were dehydrated, mounted in
paraffin, sectioned (5 pm) and stained with haematoxylin
& eosin. Joints were first decalcified in either EDTA or
50% formic acid for 2-5 days.

CIA induction and evaluation

Collagen-induced arthritis was induced as previously
described. In short, animals (both female and male) were
intradermally injected with an emulsion of 100 pg rat CII
(purified from the Swarm rat chondrosarcoma, as
described previously,” in 50 pl complete Freund’s adju-
vant. After 35 days, mice received a booster injection of
50 pg CII in 25 pl incomplete Freund’s adjuvant. Arthri-
tis was monitored macroscopically, i.e. each red and swol-
len toe or knuckle equals 1 point and each red and
swollen ankle or wrist equals 5 points, resulting in a max-
imum score of 60 points/mouse.”* All experiments were
scored blind.

Statistical analysis

GRAPHPAD PRISM software was used for statistical analysis.
For pairwise comparisons either Student’s unpaired two-
tailed -test or Mann—Whitney U-test was used depending
on whether the data followed a Gaussian distribution or
not. For more than two groups, one-way analysis of vari-
ance or Kruskal-Wallis test was used. Fisher’s exact test
was used to compare CIA incidences. Error bars represent
mean = SEM. Differences were considered statistically
significant with a P-value of <0-05.
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Results

CTLA-4 regulates CIA severity

To study the impact of CTLA-4 on CIA, we crossed mice
with a floxed Ctla-4 gene (i.e. CTLA-4ﬂ/ﬂ)20 to mice
expressing the tamoxifen-inducible Cre recombinase gene
at the Rosa26 locus (i.e. Rosa26“"ERT?") on the CIA-
susceptible C57BL/10.Q background. These Rosa26~"""**/
= CTLA-4" mice, hereafter called inducible CTLA-4
knockout (iKO) mice, express CTLA-4 levels comparable
with WT (Cre '~ CTLA-4"") littermates but injection of
tamoxifen will lead to complete and permanent depletion
within 6 days. These iKO mice were previously shown to
have increased CIA susceptibility and severity compared
with WT littermates if CTLA-4 depletion occurred before
the immunization with heterologous rat CIL.*’ To investi-
gate if loss of CTLA-4 enhances the priming or effector
mechanisms of CllI-reactive T cells or both, a new set of
experiments was conducted where mice were depleted of
CTLA-4 either before immunization or at the time of the
secondary booster immunization, which correlates with
arthritis onset (Fig. la). As expected, iKO mice depleted
before immunization (denoted iKO Prime), developed
more severe disease compared with WT controls
(Fig. 1b), which was also evident in histological analysis
of articular joints (Fig. 1c). Interestingly, iKO mice
depleted of CTLA-4 day 35 after immunization, around
the onset of arthritis (denoted iKO Onset), showed the
same profound effect on arthritis development (Fig. la—
¢). Hence, loss of CTLA-4 around the onset of arthritis
was enough, indicating that the main effect of CTLA-4 is
to dampen autoreactive T cells and to prevent the inflam-
matory attack on the joints.

Deletion of CTLA-4 induces a lymphoproliferative dis-
order” and as expected both groups of iKO mice pre-
sented with marked lymphadenopathy and splenomegaly,
caused by an increase in CD4" T cells including FOXP3*
Treg cells (Fig. 1d). Upon termination, day 87 after
immunization, CD4" FOXP3~ Tconv cells of both deple-
tion groups were more proliferative and showed an
increase in effector memory T cells (CD62I°Y CD44")
compared with WT controls. A small but significant
increase in Tconv cells with an anergic phenotype
(CD73™ FR4M) was also seen. In addition, CTLA-4 dele-
tion induced increased ICOS but not PD-1 expression
(Fig. 1d and data not shown). Similarly, FOXP3" Treg
cells in both CTLA-4 depletion groups had increased fre-
quencies of ICOS" cells, CD73" FR4™ anergic cells and
were also actively proliferating (Ki67") compared with
immunized WT controls (Fig. 1d). The increased general
activation of Tconv cells in iKO mice of both groups was
also apparent in their increased production of
pro-inflammatory cytokines IFN-y and IL-17 (Fig. 1d).
Notably, no difference in either activation or cytokine
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production could be detected between mice that lacked
CTLA-4 for the duration of the entire disease course and
those that only lacked it from the arthritis onset and
onwards. Since total T cells and not only the antigen-
specific population were analysed it is likely that the
major impact is due to loss of CTLA-4 and not the
immunization.

Therefore, we next investigated the specific T- and
B-cell responses to CII. The T-cell response after CII
immunization in normal WT mice is restricted to the
heterologous CI1256-270 epitope.”® This epitope is either
galactosylated (GalHyK264) or present in its native form
(K264) and tolerance is typically more easily broken to
the post-translationally modified GalHyK264 peptide than
to K264.”> However, despite an exacerbated disease and
an overall activated T-cell compartment, neither of the
iKO groups showed increased T-cell recall responses to
the dominant T-cell epitope GalHyK264, or its native
form as determined by IFN-y and IL-17 ELISPOT analysis
(Fig. 1le). Moreover, the antibody response against CII
was also not significantly different between iKO and WT
mice (Fig. 1f). In summary, loss of CTLA-4 led to an
overall immune activation resulting in increased suscepti-
bility to and severity of CIA, independent of whether
CTLA-4 was absent during the primary T-cell activation
(i.e. depletion before immunization) or during the sec-
ondary antigen response (i.e. depletion at arthritis onset).
This disease exacerbation was not apparent in the mea-
surable antigen-specific heteroreactive T-cell response to
CII nor the anti-CII antibody response, again indicating
that CTLA-4 did not influence antigen priming but rather
the immune activation preceding the arthritis onset.

CTLA-4 regulates the spreading of joint inflammation
in the chronic phase of CIA

As these results indicate that CTLA-4 in CIA may predom-
inantly have a regulatory role on lymphocytes that prevent
the onset of arthritis rather than affecting T-cell priming,
we went further to elucidate whether CTLA-4 was also
involved in the chronic phase of disease. Hence, mice were

CTLA-4 controls tissue attack in arthritis

depleted of CTLA-4 starting from day 65 after immuniza-
tion when the disease has passed its peak and a healing
response rather than active inflammation predominates.
Interestingly, the incidence of newly affected limbs
increased in iKO mice (Fig. 2a). So, although no impact
could be seen on clinical disease score or incidence (data
not shown), CTLA-4 was shown to have an apparent role
when it came to the spreading of joint inflammation to
previously unaffected limbs, i.e. the role of CTLA-4 expres-
sion on T cells is to prohibit inflammatory flares. Consis-
tent with the earlier depletion time-points, loss of CTLA-4
did not impact on serum anti-CII antibody titres (Fig. 2b),
which was expected as the level of B-cell response is largely
determined from the immune priming. In summary, loss
of CTLA-4 appears to play its critical role in T cells that
regulate the inflammatory attack on the tissue, both the
initial attack and new relapses.

Loss of CTLA-4 before immune priming breaks
established tolerance of autoreactive T cells

As CIA is induced with heterologous CII it will not reflect
all aspects of tolerance to a true self-antigen, which could
impact on the role of CTLA-4. To circumvent this limita-
tion, we chose to study the effect of CTLA-4 depletion in
the MMC model. MMC mice transgenically express CII
with a single nucleotide mutation leading to reversal of
the aspartic acid at amino acid position 266 to glutamic
acid. This minimal change of one methyl group leads to a
stronger binding to the MHC class II molecule and mim-
ics heterologous (i.e. rat, bovine, chicken or human)
CIL>' Hence, the rat CII256-270 T-cell epitope is now
expressed as a self antigen in a cartilage-specific fashion
mimicking self CII*® and T cells are naturally tolerized
towards this specific epitope.”® Depending on the genetic
background this leads to more or less complete protec-
tion of MMC mice from CIA induced with rat CIL.>**>%

In a first set of experiments, CTLA-4 was depleted
before immunization in iKO MMC" or MMC™ mice.
Loss of CTLA-4 broke tolerance and led to arthritis in
iKO MMC" mice, which confirms previous work using

Figure 1. Cytotoxic T-lymphocyte antigen-4 (CTLA-4) regulates collagen-induced arthritis (CIA) severity. (a) Representative examples of CTLA-
4 levels in draining lymph nodes (dLN) of wild-type (WT) and inducible knockout (iKO) mice 87 days after CIA. Mice were treated with tamox-
ifen either before immunization (iKO Prime; treated day —6, —5, —1) or at the onset (iKO Onset, treated day 35, 36, 40). (b) Mean arthritis score
and incidence of WT and iKO mice that were CTLA-4 depleted either before CIA immunization or at disease onset. # Mann—Whitney U-test
WT versus iKO Prime; *Mann—Whitney (Score) or Fisher’s exact test (Incidence) WT versus iKO Onset. (c) Representative images of WT, iKO
Prime and iKO Onset joint sections stained with haematoxylin & eosin, 25x magnification. (d) Absolut number of T-cell subsets (far left), acti-
vation markers of CD4" FOXP3~ conventional T (Tconv) cells (middle left), and CD4" FOXP3" regulatory T (Treg) cells (middle right) and fre-
quencies of cytokine-producing CD4" T cells stimulated with PMA and ionomycin (far right) in mixed spleen/dLN cells 87 days after CIA.
Kruskal-Wallis test with Dunn’s multiple comparison. (e) Interferon-y (IFN-y) (left) and interleukin-17 (IL-17) (right) T-cell responses against
unmodified (K264) or galactosylated (GalHy264) collagen type-I1I (CII) peptides, after deduction of the response to RPMI medium, determined
by ELISPOT from pooled dLN and spleen cells 87 days after immunization. (f) Total anti-CII antibody titres in serum of WT and iKO mice
depleted before immunization or at onset. Error bars represent mean £+ SEM. Differences were considered statistically significant with *P < 0-05,
**P < 0-01, or ***P < 0-001. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 2. Cytotoxic T-lymphocyte antigen-4 (CTLA-4) regulates the spreading of joint inflammation in the chronic phase of collagen-induced

arthritis (CIA). (a) Incidence of newly affected limbs in inducible knockout (iKO) mice depleted of CTLA-4 from day 65 after immunization,
and wild-type (WT) littermate controls. (b) Total anti-CII antibody titres in serum of iKO mice depleted at day 65 after immunization, and WT

littermates. Error bars represent mean 4+ SEM.

blocking anti-CTLA-4 antibodies.”> The iKO MMC™ mice
developed more severe disease than iKO MMC" litter-
mates but as the latter had indistinguishable disease from
WT MMC™ mice (Fig. 3a,b), this aggravated disease in
iKO MMC™ mice did not appear to be the result of a
direct CTLA-4-mediated T-cell response.

On the T-cell level, MMC-mediated tolerance in WT
animals resulted in decreased T-cell recall responses
against the immunodominant GalHy264 epitope as well
as its native form K264 (Fig. 3¢). CTLA-4-dependent loss
of tolerance in iKO MMC" mice was established shortly
after priming and persisted as shown by an increased IL-
17 T-cell recall response against the GalHy264 epitope
10 days (Fig. 3c left) after priming and at day 78 (Fig. 3c
right). Interestingly, the loss of tolerance seemed to be
specific for the galactosylated rather than the native form
of the epitope (Fig. 3c).

Disease protection in WT MMC" mice could also be
seen on the B-cell level, as serum anti-CII antibody titres
were decreased compared with WT MMC™ littermates.
Loss of CTLA-4 led to significantly increased anti-CII
titres late in disease, in iIKO MMC™ compared with WT
MMC™ mice (Fig. 3d). However, since anti-CII titres in
individual mice did not correlate with disease scores
(Fig. 3e) it is doubtful whether higher anti-CII titres in
iKO MMC™ mice could fully explain their aggravated dis-
ease compared with MMC" littermates. In fact very simi-
lar antibody titres were detected in protected WT MMC*
mice and non-protected iKO MMC" mice (Fig. 3d).

Taken together, loss of CTLA-4 before immunization
broke self-antigen-specific T-cell tolerance and enhanced
autoreactive T-cell responses against CII.

Loss of CTLA-4 at arthritis onset also breaks
tolerance in autoreactive T cells

Next, we addressed whether tolerance could also be bro-
ken after the priming of autoreactive T cells in a tolero-
genic environment. Hence, CTLA-4 was depleted starting

130

from day 35, which is during disease onset in MMC™
mice or from day 49, which is during established arthritis.
This means that depletion was complete on day 41 or 55
after immunization, respectively. From the time of com-
plete loss of CTLA-4, both groups of iKO MMC" mice
developed arthritis (Fig. 4a). As already seen with deple-
tion at priming, loss of CTLA-4 in MMC" mice resulted
in a dramatic increase of disease similar to that observed
in WT MMC™ animals (Figs 3a and 4a). Loss of tolerance
in CTLA-4-depleted mice could also be seen at the T-cell
level by increased IFN-y as well as IL-17 recall responses
to CII (Fig. 4b). As this was observed in MMC" but not
MMC ™ mice this indicates that CTLA-4 has an impact
on the priming of autoreactive but not heteroreactive T
cells (Figs 3¢ and 4b). However, in both the heterologous
and the autologous settings, CTLA-4 seems to have
important regulatory functions during the secondary
encounter with antigen at the onset of arthritis.

Contrary to depletion before immunization, the B-cell
response was also affected by loss of CTLA-4 at disease
onset in MMC" mice. At day 35 post immunization both
iKO MMC" groups had virtually identical anti-CII anti-
body titres (Fig. 4c), which was expected as both iKO
groups were still CTLA-4 sufficient at this time-point. At
day 90, however, antibody titres in iKO MMC" mice
depleted at day 35 were significantly increased compared
with WT MMC" mice, whereas there was only a trend
towards increased titres in mice depleted at day 49
(Fig. 4c). In summary, loss of CTLA-4 after T-cell prim-
ing was sufficient to break tolerance in self-antigen-speci-
fic T cells, resulting in increased adaptive responses to
CIL

CTLA-4 expression on both Tconv and Treg cells
regulates tolerance to CII but at different stages

To analyse the specific role of CTLA-4 expressed on
Tconv cells or on Treg cells in CIA, we introduced
tamoxifen inducible Foxp3-Cre with floxed CTLA-4 on

© 2017 John Wiley & Sons Ltd, Immunology, 152, 125-137
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Figure 3. Loss of cytotoxic T-lymphocyte antigen-4 (CTLA-4) before immune priming breaks the established tolerance of autoreactive T cells. (a)
Mean arthritis score (left) and incidence (right) of wild-type (WT) MMC" or MMC™ and inducible knockout (iKO) MMC" or MMC™ mice that
were depleted of CTLA-4 before immunization. The graphs depict pooled data from two independent experiments. *Mann—Whitney or Fisher’s
exact test WT MMC™ versus MMC"; #Mann-Whitney or Fisher’s exact test iKO MMC™ versus iKO MMC". (b) Representative images of WT
MMC™, iKO MMC™, WT MMC" and iKO MMC" joint sections stained with haematoxylin & eosin, 25x magnification. (c) Interleukin-17 (IL-
17) T-cell recall responses against unmodified (K264) or galactosylated (GalHy264) collagen type-II (CII) peptides after deduction of the response
to RPMI medium, determined by ELISPOT from pooled draining lymph node (dLN) and spleen cells 10 days (left) and 78 days (right) after
immunization. (d) Total anti-CII antibody titres in serum of WT and iKO mice depleted before immunization. (e) Spearman correlation of colla-
gen-induced arthritis (CIA) Score and anti-CII antibody titres in serum 78 days after CIA. Statistical analysis: Mann—-Whitney WT MMC™ versus
iKO MMC™ and WT MMC" versus iKO MMC" if not depicted otherwise. Error bars represent mean + SEM. Differences were considered statis-
tically significant with *P < 0-05, **P < 0-01. [Colour figure can be viewed at wileyonlinelibrary.com]
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the MMC background, denoted iCKO mice. Following
the same tamoxifen treatment protocol as before, CTLA-4
was specifically depleted in FOXP3" Treg cells before
immunization with CII (Fig. 5a). Similar to iKO mice,
the loss of CTLA-4 on Treg cells only, led to a general
immune cell activation and proliferation (Fig. 5b). Both
iCKO MMC™ and MMC" mice suffered from comparable
lymphoproliferation mainly caused by an expansion of
CD4" T cells, of which 40% were FOXP3" Treg cells. Fre-
quencies but not absolute numbers of CD8" T cells were
decreased in iCKO mice whereas CD19" B-cell numbers

but not frequencies were increased (Fig. 5b). With regard
to the general T-cell activation, immunized iCKO MMC™
and MMC" mice were also similar. Both Tconv and Treg
cells were more proliferative and activated than WT con-
trols, as seen in the up-regulation of Ki67, ICOS and PD-
1 and here was also a significant increase in CD73" FR4"
anergic T cells (Fig. 5¢). Interestingly, iCKO MMC" mice
immunized with CII remained protected from CIA, as
were WT (Foxp3Cre™~ or Foxp3Cre ~/~) MMC" controls
(Fig. 5d). This confirms the lack of a regulatory effect
mediated by CTLA-4 expressed on Treg cells on the

Figure 5. Cytotoxic T-lymphocyte antigen-4 (CTLA-4) expression on both conventional T (Tconv) and regulatory T (Treg) cells regulates toler-
ance to collagen type-II (CII) but at different stages. (a) Dot plots of CTLA-4 expression levels in wild-type (WT) and inducible conditional
knockout (iCKO) mice depleted before immunization, day 84 after collagen-induced arthritis (CIA). (b) Absolute number (left) of mixed spleen
and draining lymph node (dLN) cells and frequencies (middle) as well as total numbers (right) of lymphocyte subsets 84 days after CIA and
CTLA-4 depleted before immunization. (c) Activation markers of CD4" FOXP3~ Tconv cells (left) and CD4" FOXP3" Treg cells (right) 84 days
after CIA. (d) Arthritis score (left) and incidence (right) of WT MMC" or MMC™ and iCKO MMC" or MMC ™ mice that were CTLA-4 depleted
before immunization. (e) Representative images of WT MMC" or MMC™ and iCKO MMC" or MMC" joint sections stained with haematoxylin
& eosin, 25x magnification. (f) Interferon-y (IFN-y) T-cell response against unmodified (K264) or galactosylated (GalHy264) CII peptides, minus
response to RPMI medium, determined by ELISPOT from pooled draining lymph node and spleen cells 84 days after immunization. (g) Total
anti-CII antibody titres in serum of WT MMC" or MMC™ and iCKO MMC" or MMC™ mice depleted before immunization. Statistical analysis:
(b,c) Kruskal-Wallis with Dunn’s multiple comparison test, (f,g) Mann—Whitney comparing WT MMC™~ with iCKO MMC~ and WT MMC"
with iCKO MMC". Error bars represent mean & SEM. Differences were considered statistically significant with *P < 0-05, **P < 0-01, or
*#%Pp < 0-001. [Colour figure can be viewed at wileyonlinelibrary.com]
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priming of autoreactive T cells.”> MMC™~ mice, on the
other hand developed a mild yet histologically evident
arthritis that was not significantly influenced by loss of
CTLA-4 expression (Fig. 5d,e). Evaluation of the T-cell
recall response 84 days after immunization revealed that
both WT and iCKO T cells responded predominantly to
the GalHy264 peptide with no influence by the removal
of CTLA-4 (Fig 5f). Sustained tolerance to CII was also
seen at the B-cell level in iCKO MMC" mice compared
with WT MMC" littermates (Fig. 5g).

Next CTLA-4 was depleted only from the boost
onwards to specifically study the role of CTLA-4
expressed by Treg cells around disease onset. Interest-
ingly, Treg-specific loss of CTLA-4 at disease onset com-
pletely broke tolerance in iCKO MMC" mice, rendering
them as susceptible as iCKO MMC" littermates (Fig. 6a).
This loss of tolerance was, however, not visible at the
antigen-specific T- or B-cell level ex vivo (Fig. 6b,c). In
summary, expression of CTLA-4 on Treg cells in a truly
autoreactive setting critically controls T-cell-mediated
autoimmune attacks on joint tissue leading to the devel-
opment of arthritis.

Discussion

In this study, we found that the major impact of CTLA-4
was not to control the immune priming but rather to
regulate the autoimmune inflammatory response as
induced CTLA-4 deficiency enhanced disease independent
of the expression at priming. This is based on a model
where CII, a tissue-specific autoantigen of relevance for
arthritis, was available in two variants. One that mimics
heterologous CII used for immunization, which allows
high-affinity peptide binding to MHC class II and the
induction of tolerance in autoreactive T cells (i.e. MMC
mice). And its natural variant with lower affinity for
MHC class II, which is subsequently ignored in the
immune response to heterologous rat CII. Using these
models, we performed tamoxifen-inducible deletion of
CTLA-4 in specific T-cell populations. This allowed us to
address at which stage and by which type of T cells the
development of autoimmune arthritis is regulated. Inter-
estingly, the results suggest that the immune priming of
naive heteroreactive T cells may not be the most impor-
tant stage for CTLA-4 regulation. Instead the critical time
for CTLA-4 to control autoreactive T cells is after prim-
ing and in connection with the secondary exposure to
antigen. Hence, preventing an antigen-specific attack on
target tissue, i.e. the development of arthritis. Moreover,
CTLA-4 had an impact on disease spreading even during
chronic stages in which previously unaffected, healthy
joints were subjected to an inflammatory attack.

Despite the general immune activation and aggravated
disease due to loss of CTLA-4, we could not detect a
major impact on specific T- and B-cell responses to the

134

heterologous CII immunization. This strongly suggests
that CTLA-4 is not involved in the priming of heterolo-
gous, naive, ClI-reactive T cells but instead has important
regulatory functions at the onset of disease. A similar
conclusion was drawn in a study on diabetes®® and it is
fully compliant with the notion that CTLA-4 regulation is
not effective in situations where co-stimulatory signals are
in abundance.”® CTLA-4 regulation is most likely redun-
dant when naive T cells are activated with a heterologous
antigen presented by fully stimulating professional APC,
as is the case after immunization with heterologous CII.
The situation is different in a fully autologous setting, in
which already tolerized autoreactive T cells are involved.
Indeed, deletion of CTLA-4 fully broke T-cell tolerance in
mice with the relevant peptide expressed in cartilage CII,
i.e. MMC" mice, irrespective of whether depletion
occurred before immunization or at the onset of disease.
In this setting, loss of CTLA-4 resulted in increased CII-
specific T-cell responses. This clearly shows that CTLA-4
regulates the priming of autoreactive but not heteroreac-
tive T cells and confirms a previous study demonstrating
that CTLA-4 limits the proliferation of T cells to an anti-
gen if it is expressed as a tissue-restricted self antigen but
not if the same antigen is supplied exogenously.””

CTLA-4-mediated regulation of already tolerized
autoreactive T cells is a critical issue for understanding
not only its protective role in autoimmune diseases but
also its role in tumour escape from immune surveillance.
A vital step in the development of arthritis, both CIA and
RA, is the autoimmune inflammatory attack on joints. T
cells involved in the development of arthritis probably
need to receive additional stimulation with antigen
derived from the cartilage. At this stage, germinal centres
leading to the production of autoantibodies are already
formed and it is unclear whether the initiation of arthritis
is dependent on both antibodies targeting joints and
autoreactive T cells activating synovial cells and
osteoclasts.'

Our findings indicate that CTLA-4-deficient T cells, in
particular FOXP3" Treg cells, facilitate initiation of
arthritis. T cells predominantly recognize the galactosy-
lated form of the immunodominant CII peptide and
obviously, not all autoreactive T cells have been centrally
deleted in MMC mice. It is also known that the dominat-
ing post-translational form of the epitope expressed in
cartilage is the galactosylated form that is most likely not
presented in the thymus. Hence, the tolerization of these
T cells is likely to take place in the periphery by exposure
to galactosylated CII presented by APCs in the draining
lymph nodes. The expression of CTLA-4 may dampen T-
cell activation by decreased APC function or by intrinsic
mechanisms of the responding T cells.*>*!

To maintain a robust tolerance to self it is usually
important that both Tconv and Treg cells express CTLA-
4. However, a previous study had indicated that CTLA-4
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Figure 6. Cytotoxic T-lymphocyte antigen-4 (CTLA-4) expression on regulatory T (Treg) cells prevents autoimmune attack on tissue. (a)
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MMC™ mice that were CTLA-4 depleted at the boost, days 35, 36, 40. (b) interferon-y (IFN-y) T-cell response against unmodified
(K264) or galactosylated (GalHy264) collagen type-II (CII) peptides, after deduction of RPMI medium response, determined by ELISPOT
from pooled draining lymph node and spleen cells on day 77 after immunization. (c) Total anti-CII antibody titres in serum of WT
MMC" or MMC™ and iCKO MMC" or MMC™ mice depleted at the boost. (d) Visual summary of the role of CTLA-4 expression on
conventional T (Tconv) and Treg cells towards heterologous and autologous ClI-peptides in collagen-induced arthritis. Error bars repre-
sent mean £ SEM.

expression on Tconv cells was enough to maintain toler- tolerance we used inducible CTLA-4 deletion specifically
ance to rat CII in MMC" mice.”® To further sort out in FOXP3" Treg cells. Intriguingly, iCKO MMC" mice
which cell types are important in MMC-mediated remained protected from CIA if depletion occurred
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before immunization, confirming previous results,”> but
they were no longer protected if depletion occurred dur-
ing the secondary encounter with antigen at disease
onset. This indicates by deduction, that the initial activa-
tion of autoreactive T cells is critically dependent on the
ability of Tconv cells to express CTLA-4 themselves. The
notion that CTLA-4 on Tconv cells can regulate T-cell
responses in a cell extrinsic manner is supported by sev-
eral studies that show that CTLA-4-sufficient Tconv cells
are sufficient to limit the excessive proliferation of
CTLA-4 KO T cells in trans but are unable to control
the development of systemic autoimmunity, which
requires CTLA-4-sufficient Treg cells.?®*>* Nonetheless,
the ultimate proof that CTLA-4 on Tconv cells is mediat-
ing disease protection during priming would require a
model that allows for the specific depletion of CTLA-4
on Tconv cells without affecting Treg cells, which so far
is unfortunately not feasible. CTLA-4-mediated Treg cell
suppression was, however, important for tolerance main-
tenance at disease onset (Fig. 6d), although absence of
CTLA-4 on Tconv might enhance this effect as iKO mice
develop more severe disease than iCKO mice. It is there-
fore tempting to speculate that CTLA-4 is highly up-
regulated on tolerized ClI-specific Tconv cells, which
would keep them immunologically inert even in the pres-
ence of their antigen in adjuvant. It should be noted that
no effect was detected on the adaptive response to CII in
iCKO mice and that disease severity in WT littermates
was lower than would be expected. This is likely linked
with the overall genetic makeup of the iCKO mice and
the Foxp3 transgene.”** Also, the fact that only iCKO
MMC+H mice depleted at the boost and not before immu-
nization became ill, even though both groups were lack-
ing CTLA-4 at the onset of disease, is difficult to
understand. However, one can speculate that the progres-
sive general autoimmunity caused by loss of Treg-specific
CTLA-4 might overrule any effect on CIA if CTLA-4 has
been absent for prolonged periods. In fact C57BL/10.Q
mice with congenital CTLA-4 deficiency in Treg cells
only, are inert to CIA, which is probably due to a dis-
turbed immune homeostasis (unpublished observation,
K. Klocke et al.). In any event, this reduces the chance to
see significant changes in T- and B-cell responses. It is
therefore hard to say if the absence of CTLA-4 on Treg
cells affects antigen-specific responses directly or has to
do with a more general immune activation. Another the-
oretical possibility is that the response to CII is skewed
from the immunodominant CII256-270 epitope in the
WT setting to other CII epitopes, although we have
never seen any evidence for alternative epitopes that
could both bind the MHC class II A% molecule and acti-
vate T cells. It is likely that the downstream effects of
loss of CTLA-4 on autoreactive T cells are affecting syn-
ovial cells expressing MHC class II, but also other cells
of importance for development of arthritis such as
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neutrophils, macrophages and osteoclasts. For example it
has been shown that CTLA-4 directly inhibits osteoclast
formation*>*® and thereby limits bone erosion in CIA.*
CTLA-4 has also been implicated in the induction of
indoleamine 2,3-dioxygenase (IDO) production by
APCs.*® Recently it was suggested that human B cells
could be triggered by CTLA-4-expressing T cells to
become regulatory B cells that produce IDO, IL-10 and
transforming growth factor-f.** Indeed synovial T cells
from patients with RA have been reported to have a
methylated CTLA-4 promotor and as a consequence
reduced CTLA-4 expression and IDO induction.”? More
studies are clearly needed to decipher the intricate net-
work of CTLA-4 interactions and cross talk between not
only adaptive cells but also innate cells. In summary, our
data show that CTLA-4 expressed on Tconv cells controls
priming of naive autoreactive T cells whereas CTLA-4 on
Treg cells critically protects the joints from being
attacked by a destructive inflammatory response
(Fig. 6d).
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