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Research article

Macrophages suppress T cell responses
and arthritis development in mice by
producing reactive oxygen species
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Reduced capacity to produce ROS increases the severity of T cell-dependent arthritis in both mice and rats
with polymorphisms in neutrophil cytosolic factor 1 (Nc¢f1) (p47phox). Since T cells cannot exert oxidative
burst, we hypothesized that T cell responsiveness is downregulated by ROS produced by APCs. Macrophages
have the highest burst capacity among APCs, so to study the effect of macrophage ROS on T cell activation,
we developed transgenic mice expressing functional Ncf1 restricted to macrophages. Macrophage-restricted
expression of functional Ncfl restored arthritis resistance to the level of that of wild-type mice in a collagen-
induced arthritis model but not in a T cell-independent anti-collagen antibody-induced arthritis model. T
cell activation was downregulated and skewed toward Th2 in transgenic mice. In vitro, IL-2 production and
T cell proliferation were suppressed by macrophage ROS, irrespective of T cell origin. IFN-y production,
however, was independent of macrophage ROS but dependent on T cell origin. These effects were antigen
dependent but not restricted to collagen type II. In conclusion, macrophage-derived ROS play a role in T cell
selection, maturation, and differentiation, and also a suppressive role in T cell activation, and thereby medi-

ate protection against autoimmune diseases like arthritis.

Introduction

RA is an autoimmune disease with a prevalence of around 1% (1).
In spite of this high incidence and its severe phenotype, RA cannot
be cured yet. The cause of RA is unknown although it has been esti-
mated that it is influenced by genetic factors in up to 60% of cases
(2). Therefore, identification of genes that predispose for RA will
shed light on immunological pathways that play a role in disease
initiation and might help to develop more effective therapeutics
(3). One such genetic polymorphism that we previously identi-
fied in congenic rats is located in the neutrophil cytosolic factor
1 (Nefl) gene, a finding confirmed in mice (4, 5). N¢fI (p47phox)
encodes one of the activating proteins in the phagocytic NADPH
oxidase complex, and the genetic variants found in rats and mice
lead to a lower capacity to exert oxidative burst. Interestingly, col-
lagen-induced arthritis (CIA) in mice and rats and pristane-induced
arthritis (PIA) in rats were shown to be more severe and of higher
incidence in animals with N¢fI variants associated with lower burst
capacity. Also, in a model for multiple sclerosis in mice (experi-
mental autoimmune encephalomyelitis), it was observed that N¢f1
mutant mice developed more severe disease, suggesting that ROS
have a general immune suppressive effect (4).

The NADPH oxidase complex produces ROS and is mainly
expressed in phagocytic cells. The ability to release ROS via oxidative
burst represents an important component of antimicrobial defense
mechanisms in the host (6). Mice and humans deficient in one of the
protein members of this complex develop chronic granulomatous
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drorhodamine 123; lathCII, lathyritic CIT; MN, macrophage Ncf1; Ncf1, neutrophil
cytosolic factor 1; PIA, pristane-induced arthritis; p-macrophage, peritoneal macro-
phage; PPD, purified protein derivative; -SH, thiol group.
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disease (CGD) (7, 8). Although required to combat infections, ROS
can be harmful in the effector phase of inflammatory diseases, like
RA. Many studies have addressed the role of ROS in arthritis, but they
mostly investigated ROS production in the joints (9). These reports
conclude that the ability of neutrophils in the joints of RA patients to
produce ROS is higher as compared with healthy controls, probably
as a result of the local inflammatory reaction. Increased ROS levels
may subsequently mediate local damage and further immune activa-
tion (9). It is, however, important to discriminate between harmful
massive burst induced by pathogens or during the effector phase
of inflammatory responses and the ROS produced as mediators
of immune regulation. ROS may also regulate intracellular signal-
ing and lymphocyte activity in the initiation phase of the immune
response (10, 11). We showed that the mutations in NcfI exert their
effect already in the priming phase of the immune response and
provided evidence that the reduced capacity to produce ROS leads
to enhanced arthritis via activation of autoreactive T cells (4, 5, 12).
Since we could not detect oxidative burst or Ncf1 expression in T cells
(12,13), itis likely that other cells act as regulators of T cell activation
by producing ROS. T cells have close contact with APCs that are able
to produce ROS via the NADPH oxidase complex. We hypothesized
that T cell responses in animals with arthritis-associated Ncf1 alleles
are increased because of defective ROS production in APCs (14, 15).
To test this hypothesis, we have investigated the role of ROS
produced by macrophages, being the APCs with the highest burst
capacity. The mice with mutated NcfI provided an optimal model
to address this issue, especially since they are genetically clean and
have only 1 nucleotide difference compared with the wild type. We
show that expression of functional N¢fI restricted to macrophages
suppressed arthritis development via diminishing T cell activation,
which was mediated in an antigen-dependent fashion. These data
indicate a new role for macrophage-derived ROS in suppressing
immune activation and preventing autoimmunity.
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Figure 1

Macrophages are the APCs with the highest Ncf1 expression and oxi-
dative burst capacity. Expression levels of Ncf1 in APCs (A) and their
ability to exert oxidative burst (B) were determined in cells from naive
B10.Q mice. Macrophages (M¢: F4/80+CD11c-) showed significantly
higher levels of Ncf1 expression and oxidative burst induced by PMA
as compared with DCs (F4/80-CD11c*) and B cells (B220*CD11b") in
blood, spleen, and inguinal LNs. Means + SEM are shown of 6 animals
per group. Asterisks indicate significantly lower expression or burst
as compared with macrophages: #P < 0.05; ##P < 0.01. Ncf1 expres-
sion and burst of blood neutrophils (N¢: Gr1+F4/80-) and T cells (T:
CD4+CD3) are shown as positive and negative controls, respectively.

Results

Macrophages are the APCs with the highest ROS production. First, we identi-
fied which APC type had the highest level of Ncf1 expression and the
highest capacity to exert oxidative burst. Different lymphoid organs
were taken from naive B10.Q mice and analyzed for Ncf1 expression
and burst in different APCs by flow cytometry. Ncf1 was expressed
at higher levels in monocytes/macrophages (referred to as macro-
phages; F4/80*CD11c") as compared with DCs (CD11¢*F4/80°) and
B cells (B220*CD11b") in blood, spleen, and inguinal LNs (Figure 1A)
and also in bone marrow and thymus (not shown). Upon stimulation
with PMA, macrophages were most efficient in producing ROS com-
pared with the other cell types, as measured with dihydrorhodamine
123 (DHR123) (Figure 1B). The same was observed in bone marrow
(not shown). Blood neutrophils and T cells are shown as positive and
negative controls, respectively. Levels of DHR and Ncf1 staining in
CD3*'CD4" cells were similar to control conditions without PMA or
without antibodies to Ncf1, respectively.

Transgenic mice have higher Ncf1 expression and oxidative burst in macro-
phages only. Since macrophages had the highest capacity to burst as
compared with DCs and B cells, macrophages might be important
APCs in regulating T cell responses via ROS. To investigate the role
of Ncf1 in macrophages specifically, a transgenic mouse was devel-
oped, expressing functional Ncf1 restricted to macrophages on an
Nefl mutant B10.Q background using a human CD68 promoter
(B10.QMN transgenic mice; MN, macrophage Ncf1) (16). The NcfI
mutation, originally on a C57BL/6J-m*/*Leprd® background, was
backcrossed to B10.Q for more than 12 generations, and we could
not identify any remaining B6-specific fragments through informa-
tive microsatellites in the congenic mouse (4, 17). The mutation in
Ncfl affects splicing and leads to expression of low levels of trun-
cated forms of Ncf1 protein that were not detectable with the FACS
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staining used (17). To confirm functional expression of Ncfl due
to the transgene, Ncfl expression was determined by flow cytom-
etry in mice with all genotypes for NefI and positive or negative for
the transgene. In the Nefl mutated transgenic mice (NcfI”/"MN*),
significantly higher levels of Ncfl were detected in macrophages
(F4/80*CD11c") from spleen as compared with transgene-nega-
tive mice (Nc¢fI"/"MN"), reaching levels comparable to those in Ncf1
heterozygous (Nc¢f1*/") mice. This difference in expression was nei-
ther observed in other spleen APCs (DCs [CD11c*F4/807] and B
cells [B220*CD11b7]) nor in T cells, indicating macrophage-specific
expression (Figure 2A). In neutrophils (Gr1*F4/80-), no differences
in Ncfl expression or burst between transgenic and nontransgenic
mice were observed either, indicating that the CD68 promoter did
not act in neutrophils (not shown). Functionality of Ncfl in mac-
rophages from N¢fI”" transgenic mice was confirmed by measur-
ing ROS production in spleen macrophages after stimulation with
PMA, showing that macrophages from mice expressing the trans-
gene (MN") were indeed able to exert oxidative burst in contrast to
those from transgene-negative mice (MN-) (Figure 2B). In N¢f1*/*
mice, a significant difference in Ncfl expression between MN- and
MN" mice was observed as well, although this did not translate into
a significant difference in burst, which might be due to differences
in sensitivity or variation in the assays used. In other organs and in
blood, similar results were obtained (not shown).

ROS produced by macrophages protect against arthritis. To determine
whether expression of functional Ncf1 restricted to macrophages
had an ameliorating effect on arthritis development, arthritis was
induced in littermates representing the 6 groups by immunization
with collagen type II (CII) to induce CIA. N¢fl mutant transgenic
mice (Nc¢f17"MN¥) expressing functional Ncfl on macrophages
only developed significantly less severe arthritis than the NcfI
mutant, nontransgenic controls (N¢f1/*MN-) (Figure 3A). This
protective effect was not only observed in the homozygous mutant
mice but also in the heterozygous (NcfI1*/*) mice, arguing for a
dose-dependent effect of ROS produced by macrophages on T cell
activation. The disease pattern in N¢fI/"MN" mice was similar to
that in N¢f1¥/"MN- mice and only increased in severity after boost
at day 35 whereas Ncfl”"MN- mice developed severe arthritis soon
after immunization, before boost. The difference in severity due to
transgenic expression of Ncf1 in macrophages was not observed in
the NcfI wild-type (Nc¢f1*) mice, indicating that the effect of the
transgene was not dependent on interference with other genes.

We showed before that NefI*/* and NcfI*/* mice produced lower
levels of anti-CII Ab as compared with the Nc¢fI*/* mice (4). To
determine whether this difference was also present between
Ncf1"/"MN- and N¢fI"/"MN* mice, serum was obtained at days 10,
42,and 89 after immunization and assayed for presence of antibod-
ies of different isotypes reactive with CII. As shown in Figure 3B,
the levels of total anti-CII IgG were significantly lower in Nc¢f1"
“MN* mice as compared with the Nefl””"MN- mice at day 42 and
day 89. Already at day 10, N¢fI”* mice had produced more anti-CII
IgG as compared with Nefl”" or Nefl1/* mice, coinciding with the
earlier disease onset, although total levels were low compared with
the other days. Comparable patterns were observed for the specific
subclasses IgG1, IgG2a, and IgG2b, with higher levels of IgG sub-
classes in Ncf1"/"MN- mice at day 43 and less pronounced differ-
ences on day 89 (Supplemental Figure 1, A-C; supplemental mate-
rial available online with this article; doi:10.1172/JCI31935DS1).
The levels of total IgG in serum did not differ between the differ-
ent genotypes, excluding a direct effect of the mutation in Nc¢fI on
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Transgenic mice show increased Ncf1 expression and
burst by macrophages only. (A) Expression levels of Ncf1
were determined in B10.Q"N transgenic mice, expressing
functional Ncf1 under control of the human CD68 promot-
eron an Ncf1 mutant (*/*), heterozygous (+/*), or wild-type
(+/+) background. Spleen macrophages (F4/80+*CD11c-)
express significantly higher levels of Ncf1 when positive
for the transgene (black bars: MN*) as compared with
transgene-negative mice (white bars: MN-). This dif-
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B cell function (Supplemental Figure 1D). These results suggest
differences in T cell help to B cells as a result of a lower ROS pro-
duction in macrophages.

Ncf1 in macrophages is not important during the effector phase of arthritis.
The observed difference in anti-CII Ab levels might be responsible for
the observed difference in arthritis severity in transgenic versus non-
transgenic mice. Although we have previously shown that arthritis
in both N¢fl mutant mice and rats is T cell mediated, we wanted to
exclude the possibility that functional Ncf1 on macrophages medi-
ated its arthritis-ameliorating effect in the joint during the effector
phase, via, e.g., increased levels of anti-CII mAb and

subsequent complement activation and FcR inter- A Ncfi**

shown. #P < 0.05.

to avoid a response against pepsin, and IL-2 production was deter-
mined as a measure for T cell activation. As shown in Figure S5A,
IL-2 production was highest in N¢fI/"MN- mice and almost absent
in N¢fI”/"MN* mice. This difference was also observed between
Ncf1”" mice with or without the transgene. In most experiments,
Ncf1*/"MN* mice even had a tendency to produce lower levels of
IL-2 as compared with the other groups, which might be due to dif-
ferences in ClI-specific T cell numbers in the spleens. In the absence
of ROS, T cells thus react vigorously on restimulation whereas func-
tional Ncf1 in macrophages significantly diminishes activation. To

Ncf1++

Ncf1+*

actions. The general belief is that ROS are harmful
in the effector phase of arthritis and enhance joint
destruction; therefore, one would expect increased
disease severity in mice expressing functional Nefl.
To investigate this in a T cell-independent model,
arthritis was induced with a cocktail of antibodies
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tendency to develop less severe CAIA (Figure 4A) with
lower incidence (Figure 4B) after LPS injection at day
7, opposite to the pattern observed in CIA. Presence
or absence of functional Ncfl in macrophages did
not result in different disease patterns, severity, or
incidence. This indicates that Ncf1 in macrophages
does not have its major regulatory effect on the effec-
tor phase of arthritis in the joints but rather operates
through modifying the initiation phase.

Mutated Ncfl in macrophages increases T cell reactivity.
ROS as produced by macrophages might influence
T cell response, resulting in the observed difference
in arthritis severity and anti-CII IgG levels. To inves-
tigate the role of macrophage-derived ROS on T cell
activation, we determined T cell responses just after
the priming phase but before disease onset. Spleen
cells were isolated from mice with the different
genotypes 10 days after immunization with pep-
sin-digested CII (CII) in CFA. Cell suspensions were
restimulated in vitro with lathyritic CII (lathCII)

Anti-Cll 1gG (ug/ml)
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ROS production by macrophages decreases arthritis severity. (A) Mice expressing
functional Ncf1 on macrophages only (Ncf1"MN*: filled squares; n = 23) developed
significantly less severe CIA as compared with Ncf7”"MN- (open circles; n = 15)
mice. After boost at day 35, a similar difference was also observed between Ncf1
heterozygous (+/*) mice with (n = 34) or without (n = 29) the transgene. No differences
were observed in Ncf1 wild-type (+/+; n =21 and 27) mice. All groups were included in
each experiment. Mean + SEM are shown of all mice, run in 2 different experiments with
exactly the same setup, with the indicated total number of mice per group. #P < 0.05;
TP < 0.005; ¥P < 0.0005. (B) Anti-ClI IgG levels were determined at 10, 42, and 89 days
after immunization and were significantly lower in transgene-positive (MN*+) Ncf1" mice
as compared with transgene-negative (MN-) Ncf1”" mice. Sera from the CIA experi-
ments as shown in A were used, with similar numbers of mice as indicated there.
Means + SEM are shown.
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Figure 4

ROS produced by macrophages do not affect the inflammatory
phase. CAIA was induced by injecting 4 mg of a 4 mAb cocktail reac-
tive with Cll i.v. into B10.QMN mice. LPS was injected 7 days later
(day 7). Arthritis severity and incidence were determined over time.
Mean + SEM are shown. No significant differences between trans-
gene-positive or -negative mice were observed for either Ncf1 geno-
type (Ncf1” MN-, n = 7; MN*, n = 6; Ncf1*" MN-, n = 9; MN*, n = 8;
Ncf1++ MN-, n = 6; MN*, n = 3).

determine whether this was dependent on increased activation or
a higher frequency of activated T cells, IFN-y ELISPOT assays were
conducted. It was shown that fewer T cells from Ncfl”"MN* mice
produced IFN-y as compared with N¢fI"/*"MN- mice when restimu-
lated with lathCII (Figure SB), indicative of decreased responsiveness
of the T cells to CII as a result of ROS production by macrophages.
In addition, the spot size was significantly smaller in Nefl*”/"MN*
mice as compared with NefI /*“MN- mice, indicating that the amount
of IFN-y produced was also lower (not shown). Similar results were
obtained when inguinal LN cells were used (not shown).

To exclude the possibility that the transgene affected antigen pre-
sentation by DCs, DCs were grown from bone marrow from naive
mice under GM-CSF stimulation, and DC phenotype was confirmed
by FACS (19). DCs were mixed with CII to allow uptake and process-
ing and subsequently stimulated with LPS to induce maturation
and upregulation of MHC class II and costimulatory molecules. In
Figure SA, it is shown that T cell responses did not differ between
Ncf1*/"MN- and NefI*/"MN* or Nc¢f1*/*MN- mice. For this reason,
we only show N¢fT*/*MN- mice as controls in this and subsequent
experiments. Mature DCs were coincubated with HCQ10 hybrid-
oma T cells, specific for the glycosylated CII epitope 259-270 bound
to H2-A9, and IL-2 production was determined as a measure of T
cell activation (20). It was shown that DCs from these mice induced
comparable levels of T cell activation, regardless of presence or
absence of the transgene (Figure 5C). As a control, macrophages were
isolated from the peritoneum from naive mice and exposed to CII
and HCQ10 T cells. Peritoneal macrophages (p-macrophages) from
Nef1"/"MN- mice induced higher levels of IL-2 production as com-
pared with those from Nc¢fI"/"MN* mice, which were comparable to
IL-2 production induced by N¢fI*/*MN- macrophages (Figure 5D).
No differences in IL-2 production were observed between genotypes
in absence of CII (not shown). These data indicate that the transgene
only acts in macrophages and excludes a role in DCs.
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To determine whether the observed increased T cell response in
Ncf1”/"MN- mice was restricted to a specific antigen, mice were
immunized with OVA instead of CII, and after 10 days, spleens
and LNs were harvested. Single-cell suspensions were restimulated
with OVA, and subsequently IL-2 (Figure SE) and IFN-y (Figure SF)
production was determined by ELISA and ELISPOT, respectively.
Similar patterns were observed as with CII. For spleen, the differ-
ences between Ncf1/"MN- and Ncf1*/"MN* mice were not as big as
in the CII experiments but were more pronounced when LNs were
used. These data indicate that T cell responses against different
antigens are lower when macrophages can produce ROS and are
thus not restricted to CII.

Macrophages expressing functional Ncfl suppress T cell responses in an
antigen-dependent way. To confirm dependence on antigen presenta-
tion and to determine whether the increased T cell activation as
shown in Figure 5 was dependent on an increased activation status
of the T cells or rather on an increased ability of macrophages to
present antigen, the following experiments were performed. CD4*
T cells were isolated from spleens from NcfI”/"MN-, N¢f1"/"MN",
and N¢fI*/*MN- mice, 10 days after immunization with CII. Mac-
rophages were isolated from the peritoneum of naive mice with the
same genotypes. Macrophages and T cells were coincubated in the 9
possible combinations while stimulated with CII, purified protein
derivative (PPD), or no antigen. PPD is the immunogenic myco-
bacterial compound in CFA and is here used as a positive control.
This setup allowed us to conclusively state whether the effect of
macrophage ROS on T cell activation was mediated via antigen
presentation or not. The results confirmed that T cells from mice
lacking oxidative burst (due to mutated NcfI) responded more vig-
orously in vitro than T cells from mice with functional burst only in
macrophages or in all APC types (Figure 6A). This was independent
of how activation was measured (by proliferation, IL-2, or IFN-y
production). This indicates the processes of T cell selection, matu-
ration, and differentiation in mice with mutated Ncf1 in macro-
phages are different in comparison to those in mice with functional
Ncf1 in macrophages. However, when the effect of macrophages
with functional burst on these T cells was addressed, it became clear
that these macrophages suppressed the T cell response in vitro, as
measured by proliferation and IL-2 but not IFN-y production. This
shows that ROS produced by macrophages also affect antigen pre-
sentation in vitro and confirms that macrophages suppress immune
responses in vivo by producing ROS. That the IFN-y production
was increased in all conditions with N¢fI"/"MN- T cells, regardless
of the origin of the macrophages, indicates that IFN-y production
during presentation was not influenced by macrophages but only
dependent on the origin of the T cells. Since the only difference
between the mice from which the T cells originated was functional
Ncfl in macrophages, this argues for an educational effect of mac-
rophage ROS earlier than during peripheral antigen presentation,
e.g., in the spleen or thymus. Conditions stimulated with PPD as a
positive control showed similar patterns but with higher responses
(Figure 6B) whereas all conditions without antigen showed similar
low levels of IL-2, proliferation, and IFN-y production (Figure 6C).
This indicates that the observed increased response to CII and PPD
was antigen dependent, but not restricted to CIL

These experiments were performed in parallel with experiments
on naive mouse spleen cells depleted for T cells, allowing both mac-
rophages and DCs to be present in a ratio as occurring in vivo. This
setup allowed us to determine whether the suppressive effect of
macrophages overshadows the activating potential of DCs as pro-
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Figure 5

Mice with mutated Ncf7 in macrophages have more and more active anti-
CII T cells. Spleen cells from B10.QMN mice immunized 10 days earlier with
Cll were restimulated with lathCll, and levels of IL-2 present in the super-
natant were measured by ELISA. (A) Ncf1 mutant (*/*) and heterozygous
(+/*) transgene-negative mice (MN-) produced significantly more IL-2 com-
pared with transgene-positive (MN*) mice. (B) Cells from the same spleens
were subjected to IFN-y ELISPOT. The number of spots after restimulation
with lathCll was significantly lower in transgenic mice. (C) DCs grown from
bone marrow with GM-CSF and matured with LPS induced similar amounts
of IL-2 production by HCQ10 hybridoma T cells, irrespective of transgene or
Ncf1 genotype. (D) In contrast, p-macrophages (pM¢) from Ncf7”"MN* and
Ncf1++MN- mice induced lower levels of IL-2 production by HCQ10 compared
with Ncf7”"MN- mice. IL-2 (E) and IFN-y (F) production after immunization
and in vitro restimulation with OVA was higher in Ncf1”"MN- mice compared
with Ncf1”"MN+ and Ncf1++ mice in both spleen and LNs. For A, B, E, and F,
means + SEM of 2 experiments with 3 mice per group are shown. C and D
show the results of 1 out of 2 representative experiments each with 4 mice per
group. #P < 0.05; #P < 0.01.

fessional APCs. We observed patterns similar to those in Figure 6 for
IL-2 and IFN-y production as well as for proliferative responses, sug-
gesting that the suppressive effect of N¢fI-sufficient macrophages is
dominant over the T cell-activating effect of N¢fI mutant DCs.

T cell number and phenotype do not differ between genotypes. The
results as shown in Figures 5 and 6 leave room for the possibility
that T cells from Ncf1"/*“MN- mice have higher basal activation
3024
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levels as compared with Ncf1”/"MN* or Ncf1*/*MN- mice.
To investigate this, we measured T cell numbers (CD3*CD4*
and CD3'CD8") and expression of activation markers
(CD44 and CD69) on T cells from naive mice or mice immu-
nized 10 days previously. This was done for blood, spleen,
thymus, and LNs (the latter only from immunized mice).
No differences were found in CD4 or CD8 T cell numbers
(shown as CD4/CD8 ratio; Figure 7A) nor in expression lev-
els of CD44 and CD69 in naive or immunized mice (Supple-
mental Figure 2A). To determine whether there was a dif-
ference in activation threshold of T cells from the different
genotypes, spleen cells were stimulated with platebound
anti-CD3, anti-CD3 plus soluble anti-CD28, concanavalin
A (ConA), or PMA in decreasing concentrations. Results
from the highest concentrations are shown (anti-CD3,
10 ug/ml;anti-CD28,2 ug/ml; ConA, 3 ug/ml; PMA, 50 ng/ml).
We measured T cell-specific cytokines IL-2 and IFN-y and
proliferation after 24 hours and 3 days, respectively. No dif-
ferences in IL-2 production were observed between geno-
types (Figure 7). However, IFN-y production was signifi-
cantly higher in spleens from Ncf1"/"MN- mice as compared
with the other genotypes (Figure 7C), similar to the results
shown in Figure 5, indicating differences in education. The
relatively low levels of IFN-y upon stimulation with ConA
or PMA might be due to the fact that total spleen cells were
used in contrast with anti-CD3 stimulation, which is T cell
specific. The contrasting high levels of proliferation due to
ConA and PMA might be due to proliferation of other cell
types as well. The low level of proliferation of Ncf1*/*“MN-
splenocytes upon anti-CD3/28 stimulation might be due to
exhaustion of medium due to exaggerated proliferation or
another unknown parameter; IL-2 levels are high, as expect-
ed, and normally we observe that proliferation follows IL-2
levels. In lower concentrations of anti-CD28 this difference
was not as pronounced.

When spleen cells from naive mice were analyzed for IL-2
or IFN-y production upon stimulation with CII, only back-
ground levels of these cytokines were observed, and no dif-
ferences between groups were present (not shown). This
confirms that the increased activity of T cells in N¢fI"/"MN-
mice is only detectable after antigenic stimulation and not
a general phenomenon.

In addition, differences in expression levels of MHC class I
and costimulatory molecules on macrophages from the dif-
ferent mice might affect T cell activation. Expression levels of
MHC class II, ICOSL (CD275), CD80, and CD86 were deter-
mined by flow cytometry on macrophages (F4/80°CD11c¢")
from different immune compartments from naive mice or
mice immunized 10 days previously, but no differences were
observed (Supplemental Figure 2B).

ROS production by macrophages reduces the Th1 response. The
high IFN-y and IL-2 responses suggest a predominant Th1
phenotype in the NcfI/"MN- mice. To investigate this in fur-

ther detail, production of other cytokines was determined as well.
Spleen cells from Nc¢fI"/"MN-, N¢fI/"MN*, and Nc¢fI*/*MN- mice
immunized 10 days previously were incubated with lathCII, and
cytokines were measured in the supernatants after 48 hours. It was
observed that levels of IL-2 and IFN-y as well as TNF-a were higher in
Ncf1""MN- mice as compared with the other groups (Figure 8). Inter-
estingly, when measuring IL-4 levels, it was found that IL-4 was high-
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er in spleen cultures from N¢f1*/* mice as compared with NefI™/"MN-
mice but also compared with N¢fI"/"MN* mice. Apparently, cells
other than macrophages determined the IL-4 response although it
was influenced by the N¢fI mutation, which was confirmed when
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measuring IL-4 in the supernatants of the experiments as shown
in Figure 6; no differences between genotypes were observed (not
shown). For IL-5, no differences between the groups were observed
(Figure 8). For IL-10, there was a tendency for N¢fI”/" mice, irrespec-
tive of being transgenic, to produce higher levels of IL-10 as compared
with N¢fI*/* mice, although this was not significant with the number
of mice used. IL-17 has been shown to play a proinflammatory role
in arthritis (21) and might thus be higher in N¢fI/"MN- mice, but
we could not detect IL-17 in any of the supernatants. These results
indicate that mice that lack ROS production in macrophages have a
more pronounced Th1 response as compared with mice expressing
functional N¢fI in macrophages, although no obvious Th2 skewing
was observed in mice with NcfI-sufficient macrophages.

Discussion

Our previous finding that a decreased capacity to exert oxidative
burst due to mutations in NcfI enhances activation of autoreac-
tive T cells and the development of arthritis suggests a role for
ROS in antigen presentation, especially since we could not find
NADPH oxidase-dependent ROS production in T cells (4, 12, 13).
We now show that Ncfl-expressing macrophages mediate protec-
tion against arthritis by producing ROS that downregulate T cell
activation. We show that this effect is antigen dependent but not
CII specific and is mediated during antigen presentation.
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Figure 6

Macrophage ROS suppress IL-2 but not IFN-y production by Ncf1
mutant T cells. Purified CD4+ T cells from Cll immunized Ncf1”"MN-
(white bars), Ncf1"MN* (gray bars), and Ncf1++MN- (black bars) were
incubated with purified p-macrophages from naive mice from the same
genotypes (depicted on the x axes) in all 9 combinations and restimu-
lated with lathClII (A), PPD (B), or nothing (Ctr) (C). IFN-y production,
IL-2 production, and the proliferative response were determined. IFN-y
production was increased in all conditions with Ncf1”MN- T cells
whereas IL-2 production and proliferation were suppressed by macro-
phages originating from Ncf17”"MN+ or Ncf1+#+*MN-mice. Means + SEM
of 6-8 mice per group obtained from 3 different experiments are shown.
#P < 0.05, #P < 0.01.

These findings add a new and important clue to the emerging view
that ROS are instrumental in regulating cellular functions (22, 23).
The production of ROS has most commonly been associated with
oxidative stress, which is characterized by a major shift in the cellu-
lar redox balance and usually accompanied by ROS-mediated dam-
age (24). However, ROS can also induce changes in the redox balance
to regulate cellular activity (25). Redox regulation involves subtle
oxidations that might involve modifications in proteins by, for
example, modifying cysteine cross-linking and thereby regulate pro-
tein function (26-29). T cells are known targets for redox regulation
(14, 15). It has been reported that exposure of T cells to ROS down-
regulates T cell activity (12, 30, 31), indicating that T cells require a
reducing milieu for optimal proliferation and activation (15, 30).
In addition to the extracellular redox level, intracellular redox levels
also influence T cells; a decrease in the intracellular redox balance
(oxidation) impairs T cell function (22, 30). In contrast with previ-
ous findings (32, 33), we did not observe Ncf1 expression or evidence
for an induced oxidative burst in T cells from mice or rats with or
without the N¢fI mutation (12, 13). Although we do not exclude
production of constitutive low levels of ROS in T cells (34), the very
low background DHR123 staining levels did not differ between T
cells derived from either strain and thus are N¢fI independent. This
led to the hypothesis that T cell activation as mediated by ROS is
determined by other cells that do produce ROS, like APCs (35). In
agreement with established dogma, we found that Ncf1 is not only
expressed in neutrophilic granulocytes but also in phagocytic APCs,
with the highest expression in macrophages (31).

ROS and the ROS-regulated redox status have been suggested to
play a role in antigen presentation; antigen processing by DCs is
affected by the number of cysteines and thus disulfide bridges in the
antigen (36), and the DC redox status dictates cytokine production
(37).In addition, it has been shown that cross-presentation of antigen
by NADPH oxidase-deficient DCs is impaired because of decreased
pH in the endosomes, indicating a direct role of ROS in antigen pro-
cessing (38). Macrophages have been suggested as being more acti-
vated in the absence of ROS, as shown in mice with a deficiency of
the NADPH oxidase complex (39-41). This was confirmed by a study
showing that matrix metalloprotease activity of macrophages was
lower in the presence of NADPH oxidase-derived ROS (42). Taken
together, it is likely that a change in the redox balance regulated by
NADPH oxidase functionality in APCs affects proteins important for
T cell function or uptake and processing of antigen in APCs (36, 38).
Indeed, we show here that T cell activation is determined by levels of
ROS produced by macrophages during antigen presentation. Inter-
estingly, Ncfl expression restricted to macrophages restores T cell
function and arthritis resistance to the level of wild type, suggest-
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Figure 7
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ing that macrophages are dominant cells in mediating the oxidative
burst effects on T cell regulation. DCs, in spite of being known as
the most professional APCs, did not alter levels of IL-2 production
when expressing different NcfI genotypes different NcfI genotypes, in
contrast to macrophages, and we showed that the macrophage-sup-
pressive effect via ROS was dominant over DC-mediated T cell activa-
tion. A possible explanation for this difference is that macrophages
are effective in downregulating T cell responses via ROS whereas DCs
that hardly produce ROS rather induce an immune response.

Ncfl forms a complex with Ncf4 (p40phox) and Nef2 (p67phox),
leading to formation of the NADPH oxidase complex bound to Cybb
(gp91phox) and Cyba (p22phox) in the cell membrane. Interestingly,
the NADPH oxidase complex is formed in the endosomal/lysosomal
membrane and is together with MHC/peptide complexes transported
to the lipid rafts to form the synapse where contacts with the T cell
will be made (6). ROS will thus be secreted directly upon the T cell
membrane during antigen presentation. APC-derived ROS may not
be able to change the intracellular redox balance of T cells because of
their short half-life. However, ROS might affect signal transduction
proteins such as LAT or ZAP70 that are located closely beneath the cell
membrane (30, 43, 44) or decrease the number of thiol (-SH) groups
on the cell surface and thereby render the T cells in a less activated
state by, e.g., modifying cysteines in the T cell receptor or costimu-
latory molecule complex (12, 26). This hypothesis is underscored by
our observation that naive Nc¢fl mutant nontransgenic mice have
significantly higher levels of T cell surface -SH groups as compared
with N¢fI mutant transgenic mice (not shown). T cells from wild-type
rats treated with reduced glutathione to increase the number of cell
surface -SH groups transferred PIA in rats (12), but unlike PIA, CIA in
mice is not readily transferable by T cells. However, one can speculate
that in mice, macrophage-derived ROS might decrease T cell activa-
tion via this mechanism, which is underscored by the difference in T
cell surface -SH groups that we observed. It is likely that this is deter-
mined before immune priming, since the difference was observed in
naive mice. Future research should address which proteins are influ-
enced by ROS, resulting in the observed decrease in T cell activation.

We hypothesize that, by producing ROS, macrophages in central
or peripheral lymphoid organs educate T cells to render them less
activated in an antigen-dependent fashion in order to prevent (auto-
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)immune responses in the periphery or to downregulate an ongoing
immune response. Indeed, macrophages that could produce ROS
suppressed IL-2 production and T cell proliferation in vitro. How-
ever, we observed in the crisscross antigen presentation experiments
that the IFN-y production by T cells, was dependent on the origin of
the T cell and independent of the genotype of the macrophage. This
suggests that the IFN-y response, reflecting the activation status of
the T cells, is imprinted in vivo and not determined by macrophages
during antigen presentation in vitro. Interestingly, stimulation with
anti-CD3 or mitogens did not show differences in activation thresh-
olds, suggesting that this imprinting in vivo is antigen dependent.
Apart from the observation that ROS influence activation of T cells,
it has been shown that the type of T cell response is also influenced
by ROS. As confirmed by our findings, King et al. found that when
human T cells were stimulated in vitro with anti-CD3 and anti-CD28
in presence of ROS, a clear Th2 phenotype was observed in spite of
the presence of Th1 cytokines (45). In line with this, it was shown that
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Ncf1 mutated nontransgenic mice have a more pronounced Th1
response. Spleen cells from mice immunized with CIl were restimu-
lated with lathCll in vitro, and levels of IL-2, IFN-y, TNF-a, IL-4, IL-5,
and IL-10 were determined in the supernatant. Mean + SEM of 5-6
mice per group are shown. #P < 0.05.
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oxidation by depletion of intracellular GSH led to a shift to a Th2
response, characterized by increased IL-4 production and inhibition
of IFN-y and IL-12 production (46, 47). We now show in vivo that
this less pronounced Th1 response in the presence of ROS is medi-
ated via macrophages and that it results in decreased arthritis sever-
ity. We could not detect IL-17 in these experiments, but that might be
due to a different disease pathogenesis compared with other mouse
strains, where IL-17 is the dominant effector cytokine and IFN-y is
protective, although this possibility needs further investigation.

Macrophages do not only operate as APCs but are also prominent
inflammatory cells in the arthritic joints as has been demonstrated
in both CAIA and CIA (46). Interestingly, the N¢fI mutation did not
significantly increase susceptibility to CAIA, excluding an important
role for Ncf1 in macrophages operating in the inflammatory phase.

In conclusion, we have shown that macrophages downregulate T
cell responses by producing ROS, which is mediated during inter-
action in an antigen-specific way. We provide evidence that T cells
in N¢fl mutant mice are educated differently and therefore have
a different activation status. Nc¢fI-sufficient macrophages sup-
press activation of CII T cells in the periphery, which fails in Ncf1
mutant mice, resulting in increased arthritis severity. Based on
these findings, we have recently shown that agents activating the
NADPH oxidase complex have a therapeutic effect on arthritis in
experimental models. These results should lead to reconsideration
of the common belief that antioxidants are antiinflammatory.

Methods

Animals. All mice were genetically controlled and shared the C57BL/10 back-
ground in B10.Q mice (originally from J. Klein, Ttibingen University, Tiibingen,
Germany, and maintained in our laboratory for more than 70 generations)
expressing the H2-Ad haplotype. Mice with a relative deficiency of Ncf1 caused
by a point mutation (4, 17) originated from The Jackson Laboratory and were
backcrossed to B10.Q for more than 12 generations. To develop the trans-
genic mice, the NefI coding sequence was amplified from first-strand cDNA,
modified to contain cloning sites in the 5’ and 3’ ends. DNA was ligated down-
stream of the promoter and splice site in a vector containing the human CD68
promoter; the splice signal flanked the first intron and a polyA addition site
(16). This construct containing NefI was named MN. Bacterial sequences were
excised and the transgene was introduced into pronuclei from B10.Q. The
transgene was crossed to N¢fl mutant B10.Q, creating the B10.QMV strain; in
all experiments, littermates were used. Screening for NefI and the MN trans-
gene was performed by PCR, followed by pyrosequence analysis for N¢f1, and
agarose gel analysis for MN. All animal experiments were approved by the
Malmé/Lund ethical committee, Lund, Sweden (license no. M70/04).

CIA and CAIA. CIA was induced by injecting 100 ug of rat CII emulsified in
CFA intradermally at the base of the tail (4). After 35 days, mice were boosted
with 50 ug of CII in incomplete Freund’s adjuvant. Arthritis development was
scored using a macroscopic scoring system: 1 point was given for each swollen
or red toe or joint and 5 points for a swollen ankle, adding up to a maximum
score of 60 points per mouse. Serum was taken at day 10, day 42, and when
sacrificed. CAIA was induced by i.v. injection of 4 mAD directed against differ-
ent epitopes on CII (C1,J1,D3,and U1) with a total amount of 4 mg. At day 7,
25 ug of LPS was injected i.p., and disease was followed over time (18).

Antibodies and antigens. The following antibodies were used: F4/80-bio
directed against macrophages, N4.18-APCs against CD11c, RA3-6B2-
cychrome directed against CD45R/B220, M1/70-FITC directed against
CD11b, Rb6-bio against Gr-1, 145-2C11-bio against CD3, H129.9-APCs
against CD4, IM7-APCs against CD44, and H1.2F3-APCs against CD69 (all
from BD Biosciences — Pharmingen). CII was isolated from Lewis rat chon-
drosarcoma by pepsin or lathyritic digestion as described before (48, 49).
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Chicken egg albumin (OVA) was obtained from Sigma-Aldrich, and PPD
was obtained from Statens Serum Institut.

Flow cytometry. We stained 15 ul of blood or cell suspension for Ncf1 or
burst as described before (12, 13). FcR interaction was blocked by incuba-
tion in 5% serum before and during the first antibody incubation. We ana-
lyzed 1 x 105-5 x 108 cells with a FACSort, and fluorescence was expressed
as GeoMeanX (BD). Mouse anti-human Ncf1 cross-reacting with mouse
Ncf1 (clone D-10; Santa Cruz Biotechnology Inc.) or an isotype-matched
irrelevant control antibody was used. Cell surface -SH groups were detect-
ed with Alexa Fluor 488 or 633 coupled to maleimide (Invitrogen) as
described previously (12, 22).

T cell activation assays. Spleens and LNs from naive mice or mice immunized
10 days previously were conferred to cell suspensions. Cells from immunized
mice were incubated with lathCII or OVA at different concentrations of anti-
gen or cells. We isolated p-macrophages by injecting 5 ml of ice-cold DMEM
into the peritoneal cavity of naive mice; no thioglycollate was used. We
depleted p-macrophages from B cells and neutrophils by MACS (Miltenyi);
purity was higher than 98%. DCs were grown from bone marrow by stimula-
tion with GM-CSF, as described before (19). DCs were matured with LPS for
the last 24 hours. CII was provided for 48 hours, adding 3H-thymidine to
allow phagocytosis. APCs were coincubated with HCQ10 hybridoma T cells,
recognizing CII in H2-Aq and CII. After 24 hours, supernatant was assayed
for IL-2 by sandwich ELISA. For the crisscross experiments (Figure 6), T
cells were isolated from spleens by negative selection by MACS; spleen cells
were — after lysing erythrocytes — incubated with biotinylated Ab directed
against DCs, macrophages, granulocytes, NK cells, B cells, and CD8. After
incubation with streptavidin-magnetic beads (Miltenyi Biotec), cells were
separated twice on a magnetic column. The cell suspensions consisted of
over 90% CD4" T cells and less than 0.4% of CD11b" cells. The remaining
10% were negative for all markers and seemed to represent erythrocytes on
FSC/SSC. Spleen APCs were obtained by depleting for T cells by MACS
(anti-CD3/4/8). Twenty-four-hour supernatants were assayed for IL-2;
after 72 hours, cells were pulsed with 3H-thymidine for 15-18 hours. Super-
natants were then tested for IFN-y production. For experiments shown in
Figure 7, anti-CD3 was used platebound (2 hours at 37°C) with or without
soluble anti-CD28 (BD Biosciences — Pharmingen).

ELISAs. Serum levels of anti-CII IgG were detected by ELISA as described
before (4). As a standard, purified anti-CII Ab from immunized DBA/1
mice was used with known concentration. ELISAs to detect TNF-o and
IFN-y were performed in a similar way, using mAb from BD Biosciences —
Pharmingen or a kit from Pierce Biotechnology (Endogen; TNF-a). ELISAs
to detect IL-4, IL-2, IL-5, IL-10, and IL-17 were developed using streptavi-
din-europium and enhancement buffer (PerkinElmer). Ab and standards
were obtained from BD Biosciences — Pharmingen.

ELISPOT assays. After prewetting with ethanol, ELISPOT plates were
coated with anti-IFN-y Ab, and spleen or LN cells from immunized mice
were divided over the plates in different cell concentrations or at 1 cell con-
centration of 10° cells, with different concentrations of lathCII. After 24
hours, cells were decanted and IFN-y was detected with biotinylated anti-
IFN-y, which was detected with streptavidin-labeled alkaline phosphatase.
Spots were developed with BCIP/NBT (Sigma-Aldrich). Number of spots
was determined with an ImmunoScan ELISPOT reader and analyzed with
ImmunoSpot software (Cellular Technology Ltd).

Statistics. For all statistical testing, Mann-Whitney U test was used. P < 0.05
was regarded as significant. Mean values + SEM are shown in all figures.
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