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The Adaptor Molecule Signaling Lymphocytic Activation
Molecule (SLAM)-associated Protein (SAP) Is Essential in
Mechanisms Involving the Fyn Tyrosine Kinase for Induction
and Progression of Collagen-induced Arthritis
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Background: SAP is an adaptor recruiting Fyn and is involved in immunity.

Results: SAP is critical for induction and progression of collagen-induced arthritis, an antibody-mediated autoimmune disease.
Fyn-independent and Fyn-dependent effects of SAP in T cells mediate this function.

Conclusion: SAP promotes antibody-mediated autoimmunity by Fyn-independent and Fyn-dependent effects in T cells.
Significance: SAP is critical for antibody-mediated autoimmune diseases.

Signaling lymphocytic activation molecule-associated pro-
tein (SAP) is an Src homology 2 domain-only adaptor involved
in multiple immune cell functions. It has also been linked to
immunodeficiencies and autoimmune diseases, such as sys-
temic lupus erythematosus. Here, we examined the role and
mechanism of action of SAP in autoimmunity using a mouse
model of autoimmune arthritis, collagen-induced arthritis
(CIA). We found that SAP was essential for development of CIA
in response to collagen immunization. It was also required for
production of collagen-specific antibodies, which play a key role
in disease pathogenesis. These effects required SAP expression
in T cells, not in B cells. In mice immunized with a high dose of
collagen, the activity of SAP was nearly independent of its ability
to bind the protein tyrosine kinase Fyn and correlated with the
capacity of SAP to promote full differentiation of follicular T
helper (Tgy) cells. However, with a lower dose of collagen, the
role of SAP was more dependent on Fyn binding, suggesting that
additional mechanisms other than Ty cell differentiation were
involved. Further studies suggested that this might be due to a
role of the SAP-Fyn interaction in natural killer T cell develop-
ment through the ability of SAP-Fyn to promote Vav-1 activa-
tion. We also found that removal of SAP expression during pro-
gression of CIA attenuated disease severity. However, it had no
effect on disease when CIA was clinically established. Together,
these results indicate that SAP plays an essential role in CIA
because of Fyn-independent and Fyn-dependent effects on Ty
cells and, possibly, other T cell types.

Signaling lymphocytic activation molecule (SLAM)-associ-
ated® protein (SAP, also known as SH2D1A) is a small intracel-
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lular adaptor molecule made up almost exclusively of an Src
homology 2 (SH2) domain (1—-4). It is expressed in T cells, nat-
ural killer (NK) cells, NK-T cells, and some B cells. SAP is
mutated and inactivated in X-linked lymphoproliferative
disease, a human immunodeficiency characterized by an
uncontrolled immune response to Epstein-Barr virus infec-
tion. Previous analyses showed that SAP plays a pivotal role
in several immune cell functions, including T helper 2 (T,;2)
cytokine production, T cell-dependent antibody production,
follicular T helper (Ty,;) cell differentiation, NK-T cell
development, CD8* T cell-mediated cytotoxicity, and NK
cell-mediated cytotoxicity (1-4).

The various biological activities attributed to SAP result
from its ability to regulate the signals triggered by the SLAM
family of receptors (1-4). This property is mediated through a
dual signaling mechanism (5-8). On one hand, SAP couples
SLAM family receptors to protein tyrosine phosphorylation
signals because of its capacity to bind and activate the Src-re-
lated protein tyrosine kinase Fyn (9, 10). This ability is mediated
by direct binding of SAP to Fyn via the arginine 78-based motif
of SAP and the Src homology 3 domain of Fyn. On the other
hand, SAP is able to prevent coupling of SLAM-related recep-
tors to inhibitory effectors such as the Src homology 2 domain-
containing phosphatases SHIP-1 and SHP-1 (6-8, 11). Most
SAP functions are strongly dependent on the capacity to bind
Fyn (9, 10, 12-15). However, this is not the case for T cell-
dependent antibody production and Ty, cell differentiation,
which are reportedly Fyn-independent processes (15-17).

T cell-dependent B cell immunity leads to generation of
high-affinity antibodies and B cell memory against protein anti-
gens (18). When excessive, it can also be implicated in autoim-
mune diseases such as systemic lupus erythematosus, rheuma-
toid arthritis (RA), and myasthenia gravis. Accumulating
evidence indicates that T cell-dependent B cell responses are
critically dependent on the ability of a subset of CD4™ T cells,
the Ty cells, to initiate germinal center (GC) reaction (19 —24).
When contacted by antigen-specific T, cells, GC B cells shar-
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ing the same antigen specificity undergo differentiation, isotype
switching, and somatic hypermutation. SAP promotes initia-
tion and progression of the GC reaction, at least in part by
stabilizing conjugate formation between antigen-specific T¢y
cellsand GC B cells (5, 16, 25, 26). This function necessitates the
expression of SAP in T cells, not in B cells (15, 27). Although
SAP is not needed for early T, cell differentiation (also called
“polarization”), it is required for completion of this process by
enabling up-regulated expression of the T, cell lineage com-
mitment factor Bcl-6 (28).

SAP has been implicated in autoimmune diseases, in partic-
ular diseases associated with autoantibodies such as lupus
(1-3). Constitutive SAP deficiency dramatically reduced the
susceptibility of mice to pristane-induced lupus (29). This effect
was associated with a pronounced reduction of autoantibody
production. Likewise, a spontaneous germ line mutation in the
SAP-encoding gene reduced the severity of lupus-associated
glomerulonephritis and vasculitis in mice carrying a mutation
of Fas (30). Lastly, lack of SAP attenuated enhanced GC forma-
tion, high levels of autoantibodies, and lupus-like renal pathol-
ogy in mice carrying the Sanroque mutation (31). Transfer of
Ty cells from Sanroque mice was sufficient to yield spontane-
ous GC formation in wild-type mice, suggesting that the auto-
immunity in Sanroque mice was due, at least in part, to dereg-
ulated T, cell functions. However, lack of SAP did not
eliminate all signs of autoimmunity in these lupus models. This
could be because other cell types, like T;;1 cells or T1;17 cells,
were also involved in disease pathogenesis.

Critical questions remain to be addressed regarding the role
and mechanism of action of SAP in antibody-mediated autoim-
munity. First, whether SAP is critical for autoimmune condi-
tions other than lupus requires evaluation. Second, the role of
Fyn in the ability of SAP to mediate these processes needs to be
clarified. Third, the relative contribution of SAP expression in
Ty cells and, possibly, other T cell subsets should be examined.
Fourth, the possibility that blockade of the SAP pathway could
be used to delay or revert antibody-mediated autoimmune dis-
eases in humans deserves to be assessed.

Here we addressed these issues using a broad range of
approaches and genetically modified mouse models. Our data
showed that SAP was absolutely required for induction of col-
lagen-induced arthritis (CIA), a model of antibody-mediated
autoimmunity. This effect required expression of SAP in T
cells, not in B cells. The ability of SAP to bind Fyn was largely
dispensable for the capacity to induce CIA and anti-collagen
antibodies when a high dose of collagen was used for immuni-
zation. This correlated with a lack of requirement of the SAP-
Fyn interaction for full differentiation of Ty cells. However,
when a lower dose of collagen was utilized, the capacity of SAP
to bind Fyn was critical for full disease induction and anti-col-
lagen antibody production. This finding suggested that addi-
tional effects in Tg;; cells or in other T cell types might be
involved in disease pathogenesis. Because the only other T cell
defect observed in collagen-immunized mice lacking the SAP-
Fyn interaction was reduced NK-T cell numbers, it is possible
that this cell type was implicated. Such an effect possibly related
to the ability of SAP-associated Fyn to promote activation of
Vav-1, which is needed for NK-T cell development (32). Lastly,
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studies using an inducible SAP-deficient mouse showed that
sustained SAP expression was needed for progression of CIA
during the early phases of disease development. However, it was
not required for maintenance of CIA when the disease was clin-
ically established.

EXPERIMENTAL PROCEDURES

Mice—C57BL/6 and DBA/1] mice were from Harlan Sprague-
Dawley (Montreal, Québec, Canada) and The Jackson Labora-
tory (Bar Harbor, ME), respectively. SAP-deficient (Sh2d1a"’),
SAP R78A (Sh2d1a%"), conditional SAP-deficient (Sh2d14),
Fyn-deficient (Fyn '), Cd4-Cre, Mb1-Cre, and Ubc-CreERT2
mice were described previously (13, 27, 33—-36). These animals
were maintained in the C57BL/6 background. For all experi-
ments, littermates were used as controls. Tamoxifen (TAM)-
induced deletion of SAP was performed as detailed elsewhere
(26). Animal experimentation was performed in agreement
with the guidelines from the Canadian Council of Animal Care
and was approved by the Animal Care Committee of the Clin-
ical Research Institute of Montréal.

Collagen-induced Arthritis—To study CIA, mice were back-
crossed for at least 12 generations to the DBA/1] background.
To study the effect of tissue-specific or inducible deletion of
SAP on CIA, Sh2d1a™" females in the DBA/1] background
were crossed with Cre-expressing males in the C57BL/6 mice.
F1 mice were used for experimentation. This was made possible
by the observation that the F1 progeny of a cross between WT
C57BL/6 mice and WT DBA/1] mice was susceptible to CIA.
To trigger CIA, mice were injected intradermally at the base of
the tail with 100 ug of bovine type II collagen (CII, catalog no.
20021, Chondrex, Redmond, WA) supplemented with com-
plete Freund adjuvant (catalog no. 7001, Chondrex) and 200 ug
of Mycobacterium tuberculosis in a final volume of 0.1 ml. In
some experiments, mice received a second immunization 15
weeks after the first immunization. Arthritis development was
monitored clinically twice a week and scored using a scale of
0-4 (37): 0, no erythema and swelling; 1, erythema and mild
swelling confined to the mid-foot (tarsals) or ankle joint; 2,
erythema and mild swelling extending from the ankle to mid-
foot; 3, erythema and moderate swelling extending from the
ankle to the metatarsal joints; and 4, erythema and severe swell-
ing encompassing the ankle, foot, and digits. The clinical score
was the sum of the scores for the four extremities. Mice were
also bled at the indicated times after immunization to measure
collagen-specific antibodies in serum using ELISA (see below).

Hapten Immunization—Mice were injected with equal vol-
umes of hapten (at 20 pg/ml) and alum (catalog no. 77161,
Thermo Scientific, Rockford, IL) in a final volume of 200 wl.
The haptens were nitrophenyl (NP)(13)-ovalbumin (OVA)
(catalog no. N-5051-100, Biosearch Technology) and phospho-
rylcholine (PC)(3)-OVA (catalog no. PC-5051-10, Biosearch
Technology).

T Cell Responses and Intracellular Staining for Cytokines—
Spleen cells were isolated 14 days after immunization with col-
lagen and adjuvant. Cells were then reactivated for 4 h in vitro
using phorbol myristate acetate (50 ng/ml) and ionomycin (100
ng/ml). Cytokine production in CD4™ T cells was examined by
intracellular staining as outlined below.
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ELISA— Antigen-specific antibody levels were measured by
ELISA as described previously (27). To detect anti-collagen
antibodies, ELISA-grade bovine CII (catalog no. 2012, Chon-
drex) or the CB11 fragment of bovine CII (catalog no. 9007,
Chondrex) was used as coating antigen. To detect CII-specific
IgE, 30 pl of protein A-Sepharose was added first to 300 ul of
1:100 diluted serum and incubated overnight to adsorb and
eliminate IgG. The supernatants were then processed for
ELISA. To detect hapten-specific Ig, NP(4)-BSA (catalog no.
N-5050-10, Biosearch Technology) or PC(5)-BSA (catalog
no.PC-1011-10, Biosearch Technology) was utilized as coat-
ing antigen. High-affinity collagen-specific antibodies were
detected using the chaotropic agent NaSCN (1.0-2.0 M) as
described (38).

Flow Cytometry—Anti-CD3 (mAb 145-2C11), anti-CD4
(mAb RM4.5), anti-PD-1 (mAb J43), anti-FoxP3 (mAb FJK-16s),
anti-IL-17A (mAb eBio 17B7), anti-IFN-y (mAb XMG1.2), anti-
IL-4 (mAb BVD6-24@G2), streptavidin-eFluor 450, and isotype-
matched control antibodies were from eBiosciences (San Diego,
CA). Anti-T and anti-B cell activation antigen (mAb GL-7), anti-
CXCR5 (mAb 2G8), and anti-Bcl-6 (mAb K112-91) were from
BD Biosciences. Phycoerythrin-conjugated mCD1d/PBS57
was obtained from the National Institutes of Health Tetramer
Facility at Emory University (Atlanta, GA). Monoclonal antibody
directed against SAP (mAb 1A9) was generated in our laboratory
(27). Flow cytometry was performed using the CyAn ADP ana-
lyzer (Beckman Coulter, Mississauga, Ontario, Canada), fol-
lowed by data analysis with Flow]Jo (Ashland, OR). Intracellular
staining for cytokines or FoxP3 was performed using a BD
Cytofix/Cytoperm Plus fixation/permeabilization kit (BD Bio-
sciences) as outlined by the manufacturer. Bcl-6 expression was
analyzed as outlined elsewhere (28).

Transfections, Immunoprecipitations, and Immunoblot Analyses—
BI-141 is an antigen-specific mouse T cell line (39). Derivatives
stably expressing full-length Ly108 with or without SAP or with
mutant SAP R78A were generated by transfection using a
c¢DNA encoding mouse Ly108. To study Vav-1 tyrosine phos-
phorylation induced by self-ligation of Ly108, BI-141 transfec-
tants were seeded at the same concentration and cultured over-
night. Then they were quickly collected, washed, and lysed with
1X TNE buffer (50 mm Tris (pH 8.0), 1% Nonidet P-40, and 2
mMm EDTA) supplemented with protease and phosphatase
inhibitors. Lysates were then processed for immunoprecipita-
tion with anti-Vav-1 antibodies and immunoblot analyses as
described elsewhere (40).

Statistical Analyses—Data were analyzed with Student’s ¢
test. p = 0.05 or p < 0.05 were viewed as statistically significant.

RESULTS

Critical Role of SAP in Collagen-induced Arthritis—CIA is
induced by immunization of susceptible mouse strains with
type II collagen. It recreates many of the clinical features of
human RA, including some of its systemic inflammatory signs.
It depends on production of anti-collagen antibodies, which
lead to tissue damage. Recent evidence indicated that Ty cells
and, to a lesser extent, T};17 cells are also critical for disease
pathogenesis. To better understand the role of SAP in autoim-
mune disorders, the involvement of SAP in CIA was examined
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(Fig. 1) (37, 41). For this purpose, we first backcrossed a consti-
tutive SAP-deficient mouse (Sh2dla ') for > 12 generations to
the DBA/1] background, which is susceptible to CIA. Given
that the SAP-encoding gene is X-linked, hemizygous SAP-de-
ficient males, as well as WT control male littermates, were used
for experimentation.

To trigger CIA, mice were immunized with a standard dose
(100 ug) of bovine CII in complete Freund adjuvant containing
M. tuberculosis. Disease development was then monitored clin-
ically (Fig. 1A4). Although 100% of WT mice developed CIA by
~60 days, none of the SAP-deficient mice developed the dis-
ease. This was true whether disease incidence or mean clinical
score was examined. It was also noted when the maximal clin-
ical score of individual paws was analyzed (Fig. 1B). The lack of
disease in SAP-deficient mice correlated with a marked reduc-
tion of the abundance of anti-collagen antibodies (Fig. 1, C and
D, and data not shown). This was especially true for high-affin-
ity IgG,, and IgG,, directed against a fragment of collagen,
CB11 (Fig. 1D). Such antibodies were reduced by > 95% in
SAP-deficient animals and are known to have a key role in dis-
ease pathogenesis (42). High-affinity antibodies were measured
by adding the chaotropic agent NaSCN during ELISA. A pro-
nounced diminution (by nearly 100%) in collagen-specific IgE
was also seen (Fig. 1E). The resistance of SAP-deficient mice to
CIA was also observed when mice were immunized a second
time with collagen (Fig. 1, E-H). Hence, SAP was absolutely
necessary for the pathogenesis of CIA. It was also critical for
induction of anti-collagen antibodies.

Expression of SAP in T Cells, Not in B Cells, Is Required for
CIA—To ascertain in which cell type(s) expression of SAP was
needed to induce CIA, mice carrying a conditional (floxed)
allele of the SAP-encoding gene (Sh2d1a™) were also back-
crossed to DBA/1J (27) (Fig. 2). The resulting mice were then
bred with mice expressing the Cre recombinase under the con-
trol of the Cd4 promoter or the MbI promoter. These two pro-
moters are efficient at deleting floxed alleles in T cells and B
cells, respectively (33, 36). Note that the F1 progeny of a cross
between WT C57BL/6 and WT DBA/1] was highly susceptible
to CIA and produced anti-collagen antibodies of all Ig subsets
(Fig. 2, A-D, and data not shown). Consequently, F1 males born
from crosses between Sh2dla® mice (in the DBA/1] back-
ground) and Cre-expressing mice (in the C57BL/6 background)
were used for these experiments.

Breeding of Sh2d1a" mice with Cd4-Cre dramatically reduced
the susceptibility to CIA (Fig. 2, E-G). In the experiment depicted,
only one of five mice developed disease, and this disease was
milder than that observed in control mice. The disease occur-
ring in this mouse was presumably because of incomplete dele-
tion of the floxed allele. Expression of Cd4-Cre also dramati-
cally reduced production of anti-collagen antibodies (Fig. 2H).
Efficient deletion of SAP in T cells was confirmed by intracel-
lular staining with anti-SAP antibodies, as reported elsewhere
(27) (data not shown). In comparison, breeding of Sh2dla"
mice with Mb1-Cre had no impact on disease development or
production of antibodies against collagen (Fig. 2, [-L). These
data implied that SAP expression in T cells, not in B cells, was
required for development of CIA and production of anti-colla-
gen antibodies.
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FIGURE 1. SAP deficiency fully protects against collagen-induced arthritis. A-E, mice (males, 8-to 10 weeks old) in the DBA/1J background were immunized
with Cll in complete Freund adjuvant containing M. tuberculosis as detailed under “Experimental Procedures.” The incidence of RA and the mean clinical score
over time were determined by clinical examination (A). The number (n) of mice studied is shown in brackets. Error bars represent mean = S.E. of the clinical score.
Clinical scores were as follows: 0, no erythema and swelling; 1, erythema and mild swelling confined to the mid-foot (tarsals) or ankle joint; 2, erythema and mild
swelling extending from the ankle to mid-foot; 3, erythema and moderate swelling extending from the ankle to the metatarsal joints; and 4, erythema and
severe swelling encompassing the ankle, foot, and digits. The clinical score was the sum of the scores for the four paws. Photographs of representative animals
(RA score of 3 for the control mouse and 0 for the SAP-deficient mouse) are shown on the right. B, maximal clinical score for each paw observed during the
experiment period. Levels of antibodies against ClI (C), high-affinity antibodies against the collagen fragment CB11 (measured by addition of 1.5 m NaSCN
during ELISA (D), and IgE antibodies against ClI (E) were measured 105 days afterimmunization as detailed under “Experimental Procedures.” Individual mice
are depicted by individual symbols, and the horizontal line shows mean values. p values are also shown. F-H, mice were immunized a second time (boost) with
Cll 105 days after the first immunization. RA incidence and mean clinical score (F) and maximal clinical score for each paw (G) were determined. H, levels of
antibodies against Cll were measured 70 days after the boost. CTL, control mice; SAP KO, SAP-deficient mice.

The SAP-Fyn Interaction Is Not Critical for Induction of CIA
at Standard Dose of Collagen—To understand the molecular
mechanism by which SAP promoted CIA, disease susceptibility
was also examined using a “knock-in” mouse strain in which
SAP is expressed in normal amounts but cannot recruit Fyn
(SAP arginine 78-to-alanine 78 (R78A) mouse) (13) (Fig. 3). The
capacity of SAP to bind Fyn is critical for T};2 cytokine produc-
tion and NK-T development but not Ty, cell differentiation (9,
10, 12—17). SAP R78A mice were backcrossed to DBA/1]J, and
mice were immunized with the standard dose of collagen (100
pg). Strikingly, the SAP R78A mutation (Fig. 3, A and B) had no
impact on disease incidence. 100% of SAP R78A mice devel-
oped CIA. However, these animals exhibited a small reduction of
disease severity. SAP R78A mice also had no defect in the ability to
develop anti-collagen IgG,,, although IgG,,, was slightly reduced
(by ~40%) (Fig. 3C). A more pronounced reduction (by ~80%) of
anti-collagen IgE was seen (Fig. 3D).

Although the R78A mutation abolishes the ability of SAP to
bind Fyn in in vitro binding studies (9, 10), it remains possible
that a small amount of residual binding persists. Therefore, to
ensure that lack of a pronounced effect of the SAP R78A muta-
tion on CIA incidence was not due to residual Fyn-binding,
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similar experiments were conducted with Fyn-deficient mice
(35) (Fig. 3, E-@G). Like the SAP R78A mutation, lack of Fyn had
little or no impact on CIA incidence or induction of anti-colla-
gen antibodies. However, as was the case for the SAP R78A
mutation, a small decrease in disease severity was seen.

These observations indicated that the SAP-Fyn interaction
was largely dispensable for induction of CIA by the standard
dose of collagen. However, it was required for maximal induc-
tion of some subsets of anti-collagen antibodies, in particular
IgE.

The SAP-Fyn Association Is More Critical for CIA Induction
at a Low Dose of Collagen—Even though the susceptibility to
CIA was nearly preserved in SAP R78A mice, a small decrease
in disease severity was observed. To address the possibility that
the high dose of antigen (100 wg) used for immunization
masked more pronounced differences, mice were also immu-
nized with a lower dose of collagen. Thus, WT mice and SAP
R78A mice were immunized with 2 ug of collagen and were
monitored for disease development and production of anti-col-
lagen antibodies as detailed above (Fig. 4). This antigen dose is
likely closer to the amounts of endogenous antigens leading to
autoimmunity in humans.
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FIGURE 2. SAP expression in T cells, not in B cells, is required for collagen-induced arthritis. A-D, F1 mice were generated from a cross between WT
C57BL/6 and WT DBA/1J (B6.DBA, A) mice. Induction of RA (B and C) and anti-collagen (Cll) antibodies (D) was monitored as detailed in Fig. 1. Antibody levels
were measured 110 days after immunization. Individual mice are depicted by individual symbols, and the horizontal line shows mean values. p values are
shown. E-H, mice expressing a conditional allele of the SAP-encoding gene (Sh2d1a™, SAP cKO) were bred with mice expressing the Cre recombinase under the
control of the CD4 promoter (Cd4-cre) (E). Induction of RA (F and G) and anti-Cll antibodies (H) was monitored. Antibody levels were measured 28 days after
immunization. I-L, Sh2d1a" mice were bred with mice expressing the Cre recombinase under the control of the MB1 promoter (Mb1-cre) (/). Induction of RA (J
and K) and anti-Cll antibodies (L) was monitored. Antibody levels were measured 28 days after immunization. CTL, control mice.
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FIGURE 3. SAP-Fyn interaction is not required for CIA induction at the standard dose of collagen. A-D, SAP R78A mice. A, SAP R78A mice in DBA/1J background
wereimmunized with 100 p.g of Cll. RA development was monitored as detailed in Fig. 1. B, the maximal clinical score for each paw is shown. Cll-specificIgG,, and IgG,,,
(O and IgE (D) were assayed 56 days after immunization. Individual mice are depicted by individual symbols, and the horizontal line shows mean values. p values are
also shown. E-G, Fyn-deficient mice. Fyn-deficient mice in the DBA/1J background were immunized with 100 g of Cll. RA development (£) and maximal clinical score
for each paw (F) were monitored. G, ClI-specific IgG,, and IgG,,, were measured 56 days after immunization. CTL, control mice.

Under these conditions, fewer WT mice developed CIA (Fig.
4, A and B). Indeed, only ~50% of WT animals developed dis-
ease in comparison to 100% when the standard dose of collagen
was used (Fig. 1). In addition, in WT mice, onset of disease was
slower, and disease intensity was lower (Fig. 44). More impor-
tantly, when the lower dose of collagen was used, SAP R78A

mice displayed a clearly diminished disease incidence (~10%),
in comparison to WT animals. Furthermore, although SAP
R78A mice did not exhibit compromised production of anti-
collagen IgG,, and IgG,, at day 28 after immunization, they
displayed a significant reduction of these antibodies at days 56
(by ~45-60%) and 105 (by ~55-70%) (Fig. 4, Cand D). A more
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pronounced decrease in anti-collagen IgE (by ~80-90%) was
also seen (Fig. 4E). These data implied that the SAP-Fyn inter-
action was more critical for induction of CIA and production of
anti-collagen antibodies when a low dose of collagen was used
for immunization.

The SAP-Fyn Interaction Is Dispensable for Full Differentia-
tion of Ty Cells—Adoptive transfer studies using SAP-defi-
cient T cells retrovirally transduced by a SAP R78A-encoding
c¢DNA suggested that the SAP-Fyn interaction is not critical for
Ty cell-dependent GC reaction and antibody production (15, 16).
To examine whether this is also the case in SAP R78A mice, we
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quantitated Tg; cells in spleens of WT, SAP-deficient, and SAP
R78A mice immunized with collagen (Fig. 5). This was done 10
days after immunization at a time when the GC reaction was peak-
ing. Ty, cells were defined as CD4"CXCR5"PD-1" cells (21, 43).
There was no difference in the total number of Tr;; cells between
any of these mice (Fig. 54). There was also no significant differ-
ence in the number of “GC Tg;; cells,” which additionally
express high levels of the activation marker GL-7 (17, 26) (Fig.
5B). In contrast, SAP-deficient mice exhibited a pronounced
reduction (by ~75%) of GC Ty, cells expressing high levels of
Bcl-6, the T cell lineage commitment factor (Fig. 5, Cand D).
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These cells represent the most differentiated form of Ty, cells
and are significantly reduced in numbers in SAP-deficient ani-
mals (26, 28). However, the abundance of these cells was not
compromised in SAP R78A mice. Similar results were obtained
whether mice were immunized with the standard dose (Fig. 5,
A-D) or the lower dose (E) of collagen.

We also examined the impact of the SAP R78A mutation on
the generation of GC B cells (Fig. 5, F and G). GC B cells are
CD19" and correspond to the CD4-negative subpopulation of
GL-7"Bcl-6" cells (26). The number of GC B cells was mark-
edly reduced (by ~80%) in SAP-deficient mice in comparison
to WT mice, as reported (15, 17, 26, 28). Nevertheless, the
abundance of these cells was not diminished in SAP R78A mice.

These findings indicated that the SAP-Fyn association was
not crucial for induction of full Ty, cell differentiation and GC
reaction following immunization with collagen. This likely
explained the preserved susceptibility of SAP R78A mice, but
not SAP-deficient mice, to CIA. Furthermore, it supported the
idea that T, cells played a critical role in CIA pathogenesis.

The SAP-Fyn Interaction Is Not Required for Maintenance or
Reactivation of Tgy; Cell-dependent Antibody Responses—Al-
though SAP R78A mice were prone to develop CIA, their dis-
ease susceptibility was clearly diminished compared with WT
mice, particularly at the low dose of collagen. This observation
raised the possibility that additional cellular mechanisms that
depend on the SAP-Fyn interaction were also implicated in CIA
pathogenesis. These mechanisms could implicate either Ty
cells when these cells are fully differentiated or T cell types
other than T cells.
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In the case of Ty cells, the SAP-Fyn interaction could be
needed for maintenance of T, cell-dependent B cell responses
after the initial induction phase is completed. Alternatively, it
could be required for reactivation of T, cell-dependent B cell
responses by endogenous collagen released through tissue
damage during disease progression. To address these possibil-
ities, we switched to a hapten immunization protocol where T
cell-dependent antibody responses and GC reaction are SAP-
dependent (15, 26) (Fig. 6). SAP R78A mice and SAP-deficient
mice were first immunized with a low dose (2 pug) of NP-OVA
in the presence of alum (Fig. 6A4). The ability of B cells to
respond to the hapten, NP, is dependent on a T, cell response
against OVA. After 156 days, mice were immunized again with
NP-OVA in addition to a second hapten, PC, also coupled to
OVA. Production of antibodies against NP and PC was then
examined. Production of anti-PC antibodies is facilitated by
previous generation of OVA-specific memory Ty, cells in
response to primary immunization with NP-OVA.

As expected, SAP R78A mice displayed no significant reduc-
tion of production of anti-NP antibodies, either IgM or IgG;,
after primary immunization with NP-OVA (Fig. 6, B and C).
This was also the case for high-affinity IgG, against NP, which
was detected using NaSCN in ELISA (Fig. 6D). It was seen up
to 154 days after primary immunization. In contrast, SAP-
deficient mice exhibited a pronounced compromise in these
responses (Fig. 6, B—D). More importantly, SAP R78A mice also
exhibited no defect in the ability to increase levels of anti-NP
antibodies or produce anti-PC antibodies after secondary
immunization (Fig. 6, E and F). Once again, SAP-deficient mice
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FIGURE 7. SAP is not needed for T,;17 cytokine production. Mice in the
DBA/1J background were immunized with 100 ug of collagen Il. On day 14,
splenocytes were isolated and reactivated at 37 °C for 4 h in the presence of
Golgi Plug, phorbol myristate acetate, and ionomycin. Relative numbers of
CD4™ T cells producing IL-17A (A) and IFN-y (B) were determined by intracel-
lular staining. Isolated splenocytes were also analyzed by flow cytometry for
detection of regulatory T cells (C), which are CD4 " FoxP3™", and NK-T cells (D),
which are CD3"CD1d/PBS-57*.In all cases, the gating strategy is depicted on
the left. On the right, values for individual mice are depicted by individual
symbols, and the horizontal line shows mean values. p values are also shown.
SPC, spleen cells; CTL, control mice; KO, SAP-deficient mice; R78A, SAP R78A
mice.

had a severe reduction of these responses. These findings
implied that the ability of SAP to interact with Fyn was not
needed to maintain or reactivate Ty cell-dependent B cell
responses to an antigen.

SAP-Fyn Interaction Is Not Needed for T, ;17 or T,;;2 Cytokine
Production but Is Required for NK-T Cell Development—An-
other possible explanation for the reduced susceptibility of SAP
R78A mice to CIA was that another T cell subset, in which the
SAP-Fyn interaction plays a critical role, was implicated in dis-
ease pathogenesis. Along these lines, a recent report provided
evidence that T;;17 cells carry out an important function, albeit
not as central as that of Ty cells, in CIA induction (44). Fur-
thermore, previous studies showed that SAP expression and its
ability to recruit Fyn are necessary for NK-T cell development
and T2 cell-mediated IL-4 production in vitro (1-4). These
cell types can also affect the course of autoimmune diseases.

To ascertain whether SAP was needed for T,;17 cell func-
tions, SAP-deficient mice and SAP R78A mice in the DBA/1]
background were immunized with collagen and adjuvant. After
14 days, splenic CD4™" T cells were restimulated with phorbol
12-myristate 13-acetate and ionomycin, and IL-17 production
was detected by intracellular staining for IL-17A (Fig. 7A).
There was no decrease in the number of IL-17A-producing
CD4™ T cells in either SAP-deficient mice or SAP R78A mice in
comparison to WT mice. There was also no reduction of the
number of IFN-y-producing cells in these mice (Fig. 7B). Like-
wise, the number of FoxP3-positive regulatory T cells, an
immunosuppressive subset of CD4" T cells, was not altered
(Fig. 7C). In contrast, SAP-deficient mice and SAP R78A mice
exhibited severe and partial decreases in NK-T cell numbers,
respectively (Fig. 7D). This confirmed previous findings that
SAP and the ability of SAP to bind Fyn are needed for NK-T cell
development (12, 45—47).

We also tested whether the SAP-Fyn interaction was needed
for the ability of T cells to produce the T2 cytokine IL-4 in vivo
(Fig. 8). To this end, mice were immunized with the low or high
dose of collagen in the presence of adjuvant, and production of
IL-4 was analyzed as detailed for Fig. 7. No defect in IL-4 pro-
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FIGURE 8. SAP-Fyn interaction is not needed for IL-4 production. Mice in the DBA/1J background were immunized with either a low dose (2 ug) or high dose
(100 p.g) of Cll supplemented with 200 g of M. tuberculosis in the hind footpads. On day 18, draining lymph node T cells were isolated and reactivated for 8 h
at 37 °Ciin the presence of phorbol myristate acetate and ionomycin, followed by intracellular staining for cytokines. Golgi Stop was added during the last 6 h
of stimulation. A, low dose of Cll. Relative numbers of CD4" T cells producing IL-4, IL-17A, and IFN-y were determined by intracellular staining. B, high dose of
CIl. Relative numbers of CD4™ T cells producing IL-4 were determined by intracellular staining. Values for individual mice are depicted by individual symbols,
and the horizontal line shows mean values. p values are also shown. CTL, control mice; R78A, SAP R78A mice.
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FIGURE 9. SAP-Fyn association is required for Vav-1 tyrosine phosphory-
lation during homotypic cell-cell interactions. BI-141 T cell transfectants
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duction was observed when mice were immunized with the low
dose of collagen (Fig. 84). This was also the case for IL-17 and
IFN-v. Similar results were obtained when mice were injected
with the high dose of collagen (Fig. 8B).

Together, these findings revealed that the SAP-Fyn interac-
tion was not needed for T;;17 or T;2 cytokine production in
response to collagen immunization. However, it was needed for
NK-T cell development.

SAP-Fyn Interaction Promotes Tyrosine Phosphorylation of
Vav-1 during Homotypic Cell-Cell Interactions—SAP and asso-
ciated Fyn promote NK-T cell development by mediating acti-
vating signals that are triggered during homotypic T cell-T cell
interactions in the thymus (12, 45—47). Ly108 appears to be the
predominant SLAM family receptor triggering the function of
SAP in this setting. Ly108 is a self-ligand.

To identify the downstream effector(s) of SAP-Fyn in this
setting, we switched to a T cell line system (Fig. 9). This was
necessary given that only a small fraction of thymocytes repre-
sents precursors of NK-T cells and that these cells cannot be
isolated in sufficient numbers to allow signaling studies.

Hence, full-length Ly108 was expressed in the T cell line
BI-141 in the absence of SAP or in the presence of either wild-
type SAP or SAP R78A. Cells were then incubated at a fixed
density overnight to enable homotypic cell-cell interactions
and Ly108 self-ligation. Analyses of total cell lysates showed
that wild-type SAP, but not SAP R78A, triggered a prominent
increase in protein tyrosine phosphorylation (Fig. 94). This
increase implicated two predominant substrates: a p55, which
represented Ly108 itself, and a p100.

The molecular mass of pl00 was consistent with that of
Vav-1, an exchange factor activated by tyrosine phosphoryla-
tion (48). To determine whether this was the case, Vav-1 was
recovered by immunoprecipitation and probed by anti-phospho-
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tyrosine immunoblotting (Fig. 9B). This experiment showed that
tyrosine phosphorylation of Vav-1 was indeed markedly enhanced
in cells expressing wild-type SAP but not SAP R78A. Because
Vav-1 is required for NK-T cell development (32), these data sug-
gested that the SAP-Fyn pathway was promoting NK-T cell devel-
opment, at least in part, by activating Vav-1 during homotypic
cell-cell interactions.

SAP Is Required for Progression, but Not for Maintenance, of
CIA—TIt has been proposed that pharmacological blockade of
the SAP pathway may be useful to treat ongoing antibody-me-
diated autoimmune diseases in humans (1-4). To test this idea,
we ascertained the role of SAP in progression and maintenance
of CIA after initiation of the disease (Figs. 10 and 11). For this
purpose, conditional SAP-deficient mice (Sh2d1a™) were bred
with mice expressing a TAM-inducible Cre (UBC-Cre-ERT2)
(34) (Fig. 10A). In the absence of TAM, this mutant Cre is cyto-
solic and inactive. However, in the presence of TAM, it trans-
locates to the nucleus and triggers Cre-mediated deletion.
Although SAP expression was normal in the absence of TAM
treatment, it was reproducibly eliminated in > 90-95% of
CD4™ T cells after a 5 day-treatment with TAM (Fig. 10, B and
C, and data not shown). Ablation of SAP was stable for up to 100
days after TAM treatment (Fig. 10, B and C, and data not
shown).

The role of SAP in the various phases of CIA was examined
by feeding mice with TAM at different times after collagen
immunization. In the first group of mice, TAM was supplied 56
days after collagen injection when all mice had established clin-
ical disease (Fig. 10, D and E). Under these conditions, there was
no appreciable difference in disease incidence or severity
between control mice, in which SAP was not deleted, and SAP-
deficient mice. There was also no significant effect on the levels
of anti-collagen antibodies (Fig. 10F).

In the second group of mice, TAM was given 29 days after
collagen immunization (Fig. 114). At that time, clinical mani-
festations of CIA had not yet developed or were minimal. How-
ever, anti-collagen antibodies were already detectable (Fig. 11,
B-D). Indeed, anti-collagen IgM, IgG,,, or IgG,, were already
detectable at day 10 (Fig. 11B). However, high-affinity anti-
bodies were only detectable after day 28 (Fig. 11, C and D).
Under these conditions, SAP deletion had a small impact on
disease incidence (Fig. 11, E and F). However, disease
severity was more significantly reduced, implying that CIA
progression was compromised. Although there was no sig-
nificant reduction of anti-collagen antibody levels in SAP-
deleted mice, a subset of these animals exhibited lower levels
of anti-collagen antibodies at day 106 (Fig. 11G). We also
examined the impact of SAP deletion on the affinity of anti-
collagen antibodies using progressively higher concentra-
tions of NaSCN during the ELISA (Fig. 11H). Although there
was a significant increase in the abundance of high-affinity
antibodies between days 28 and 106 in control mice, this was
not the case for SAP-deleted mice.

Thus, SAP was required for progression, but not for main-
tenance, of CIA. This requirement correlated with a role of
SAP in the augmentation of high-affinity antibodies against
collagen.
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FIGURE 10. SAP is not required for maintenance of collagen-induced arthritis. A, mice expressing the conditional (“inducible”) allele of the SAP-encoding
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They were then immunized with Cll and complete Freund adjuvant (CFA). After 56 days, SAP was deleted by treatment of mice with TAM. B, expression of SAP
in representative mice was examined by intracellular staining and flow cytometry using peripheral blood lymphocytes gated on CD3*CD4* cells. Green line,
SAP-deficient mouse; red line, SAP iKO mouse; blue line, control (CTL) mouse. The percentage of SAP-negative cells in the SAP iKO mouse is indicated. C,
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DISCUSSION

SAP plays a critical role in initiation and progression of anti-
body production as well as in generation of memory B cells and
long-lived antibody-secreting cells in response to T cell-depen-
dent protein antigens (1—4). It is also critical for development
of autoimmunity in mouse models of lupus (29 -31). These two
activities were postulated to reflect the ability of SAP to pro-
mote full differentiation of Tt cells, which are required for GC
reaction. However, SAP also carries out important functions in
other T cell types, including T ;2 cells and NK-T cells, which
can also regulate B cell responses.

Here we examined further the role and mechanism of action
of SAP in antibody-mediated autoimmunity. To this end, we
studied CIA, a well established mouse model of T cell-depen-
dent antibody-mediated autoimmunity. Our studies showed
that constitutive SAP deficiency fully prevented the ability of
DBA/1] mice to develop CIA. This was seen whether mice were
immunized once or twice with collagen. This effect correlated
with a marked defect in production of anti-collagen antibodies,
including high-affinity IgG,, and IgG,,, which play a key role in
CIA pathogenesis (37, 41). An even greater reduction of colla-
gen-specific IgE was seen.

To identify the cell type in which SAP expression was
required for CIA, we utilized a cell type-specific SAP-deficient
mouse in which the Sh2d1a gene was deleted either in T cells or
B cells. Removal of SAP in T cells, but not in B cells, compro-
mised development of CIA and induction of anti-collagen anti-
bodies. These findings were consistent with previous data
obtained with hapten immunization protocols in which loss of
SAP in T cells, but not in B cells, resulted in compromised
antibody production and GC reaction (15, 27). Thus, the role of
SAP in T cell-dependent B cell-mediated immunity and auto-
immunity is consistently due to the function of SAP in T cells.

Subsequent studies with mice expressing a SAP mutant
unable to recruit Fyn (SAP R78 A mice) or with mice lacking Fyn
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showed that, at the dose of collagen typically used to induce
CIA (100 pg), the role of SAP in CIA was largely Fyn-indepen-
dent. Indeed, unlike SAP-deficient mice, all SAP R78A mice
developed disease. This finding suggested that T cells, which
require SAP but not the SAP-Fyn interaction for full differen-
tiation (1—4), were critical to induce CIA. Other T cell subsets
in which SAP plays a critical role, namely T};2 cells and NK-T
cells, are much more dependent on the SAP-Fyn interaction for
their function or development, respectively (1—4). This notion
was further supported by the observation that SAP deficiency,
but not the SAP R78A mutation, prevented the generation of
Bcl-6"GL-7" Ty cells, the most differentiated subset of Ty
cells.

Combined with earlier findings with mouse lupus models
(29-31), these data support the idea that SAP has a central role
in autoimmune diseases mediated by T, cells and antibodies.
Given that SAP is required for human Ty cell differentiation
and that increased numbers of T, cells and autoantibodies are
seen in RA, systemic lupus erythematosus, thyroiditis, dermat-
omyositis, and Sjogren syndrome in humans (49 —54), it is rea-
sonable to propose that SAP also has a critical role in the patho-
genesis of human autoimmune diseases. In mice, SAP may also
have an important contribution in another recently described
model of RA (55). This model was induced by transfer of primed
OVA-specific CD4™" T cells and heat-aggregated OVA and was
seemingly mediated by T, cells. It should be pointed out, how-
ever, that some mouse RA models do not appear to be primarily
caused by Tg;; cells. Models such as SKG and K/BxN seem
largely mediated by other T cell subsets such as T};17 cells and,
thus, could be much less dependent on SAP (56, 57).

Although induction of CIA at the standard dose of collagen
was largely maintained in SAP R78A mice, a prominent defect
in disease triggering was observed when a lower dose of colla-
gen (2 pg) was utilized. In this situation, ~50% of WT animals
developed CIA, whereas only ~10% of SAP R78A mice exhib-
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FIGURE 11.SAP is required for progression of collagen-induced arthritis. A, this experiment was performed as detailed in Fig. 10, except that TAM treatment
was initiated 29 days after immunization. B, anti-Cll antibodies were measured 10 days (D10) after immunization of wild-type mice with Cll when the clinical
symptoms were not yet observed. C, high-affinity 1gG,, antibodies against Cll were measured on day 14 after Cll injection using the chaotropic agent NaSCN.
D, high-affinity 19G,, and IgG,,, antibodies against Cll were measured on the indicated days after Cll injection. Induction of RA (E and F) and anti-Cll antibodies
(G) was monitored as detailed in Fig. 1. Time of TAM treatment is shown by a red arrow. Values for individual mice are depicted by individual symbols, and the
horizontal line shows mean values. p values are also shown. H, the abundance of high-affinity anti-Cll IgG2a was determined by performing ELISA in presence
of progressively higher concentrations of NaSCN. CTL, control mice; iKO, inducible KO mice; CFA, complete Freund adjuvant.

ited the disease. SAP R78A animals also showed reduced levels
of anti-collagen IgG,,, IgG,,, and IgE in comparison to WT
mice. The latter effects became more marked as the time inter-
val after immunization increased. Thus, the ability of SAP to
recruit Fyn was more critical for induction of CIA and anti-
collagen antibodies when a lower dose of antigen was utilized.
This dose of collagen is likely more akin to the amounts of
self-antigens triggering autoimmune diseases in humans.

To explain the requirement of the SAP-Fyn interaction at the
lower dose of collagen, several possibilities were considered.
First, we found no indication that the association between SAP
and Fyn was critical for full Tp;; cell differentiation, as mea-
sured by production of Bcl-6™GL-7" Ty, cells and GC B cells,
even at the low dose of antigen. Second, with sequential immu-
nization by two distinct haptens coupled to the same antigen,
there was also no evidence that the SAP-Fyn interaction was
needed for maintenance or reactivation of antigen-specific Ty
cells. Third, there was no indication that SAP was necessary for
the function of T1;17 or T2 cells, which are also implicated in
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the autoimmunity (18, 44). Although it is possible that loss of
the SAP-Fyn interaction interfered with the physiology of T,
cells, T(;17 cells, or T};2 cells in an as yet unappreciated wayj, it
is also plausible that the SAP R78A mutation affected the func-
tion of one or more other T cell types implicated in disease
pathogenesis. Future studies in which SAP is selectively elimi-
nated in individual T cells subsets such as Tg;; cells, T;;17 cells,
T2 cells, or other T cells are needed to resolve adequately this
issue. Unfortunately, the Cre transgenic mice available at this
time do not allow such refined analyses.

One possibility is that the defect in NK-T cell development
caused by loss of the SAP-Fyn interaction was responsible for
the reduced CIA severity at the low dose of collagen. NK-T cells
are activated by endogenous or exogenous lipid antigens (18).
There are contradictory data regarding their involvement in
CIA. Although initial reports suggested that NK-T cells have a
pathogenicrole in the disease (58), a more recent study in which
the genetic background of mice was carefully controlled indi-
cated that these cells have a protective role (59). Nonetheless,
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there is also published evidence that lipid-activated NK-T cells
can provide help to protein antigen-specific B cells and aug-
ment B cell proliferation and antibody production (43). More-
over, activated NK-T cells were found to stimulate B cell pro-
liferation outside GCs (60). Therefore, partial loss of NK-T cells
in SAP R78A mice could result in compromised B cell
responses outside GCs, thereby leading to reduced CIA induc-
tion. The impact of this defect could be more obvious when
limiting doses of antigen are used for immunization.

Our data also suggest that the SAP-Fyn pathway promotes
NK-T cell development, at least in part, by augmenting tyrosine
phosphorylation and activation of Vav-1. In support of this, we
found that self-engagement of the SLAM family receptor Ly108
in the context of homotypic cell-cell interactions, as occurs
during NK-T cell development in the thymus, resulted in pro-
nounced Vav-1 tyrosine phosphorylation. This effect was depen-
dent on the ability of SAP to bind Fyn. Vav-1 is an exchange factor
involved in Rac activation and plays a key role in NK-T cell devel-
opment (32, 48). Hence, as was reported for NK cells (6), Vav-1
may be a key effector of the SAP-Fyn pathway in thymocyte pre-
cursors, leading to NK-T cell development.

Lastly, we used the CIA model to elucidate whether SAP was
needed for progression and maintenance of autoimmune dis-
eases mediated by antibodies. Using TAM-induced deletion of
the SAP-encoding gene, it was observed that removal of SAP
when CIA was clinically established (at day 56) had no effect on
disease. However, when SAP was eliminated soon after collagen
immunization (at day 29), at a time when anti-collagen antibod-
ies were detectable but arthritis was clinically absent or mini-
mal, there was attenuated disease progression. These data indi-
cated that SAP was required not only for initiation but also for
progression of CIA. Nonetheless, it had no appreciable role in
disease maintenance. Such observations were consistent with
our previous findings in hapten immunization experiments
that SAP is required for initiation and progression, but not
maintenance, of full Ty cell differentiation, T cell-dependent
antibody production, and GC reaction (26). In all likelihood,
when pathogenic long-lived antibody-secreting cells and mem-
ory B cells are established, Ty cells (and possibly other T cell
subsets) are no longer critical for autoimmunity.

In summary, our data showed that SAP was critical for induc-
tion and progression, but not maintenance, of CIA. This func-
tion was the result of the action of SAP in T cells, not in B cells.
Our findings also revealed that the ability of SAP to bind Fyn
was largely dispensable for triggering of CIA when a standard
dose of collagen was used. This correlated with a lack of
requirement of the SAP-Fyn interaction for full Ty, cell differ-
entiation and GC reaction. However, the SAP-Fyn association
was needed for maximal induction of CIA when a low dose of
collagen was utilized. This influence could reflect a role of the
SAP-Fyn association in as yet unappreciated aspects of T cell
functions. Alternatively, it could result from the involvement of
the SAP-Fyn interaction in other T cell types, such as NK-T
cells. These findings also suggested the existence of qualitative,
rather than purely quantitative, differences in the requirements
for disease induction between the high and low doses of
collagen.
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Altogether, these findings further cemented the notion that
the SAP pathway plays a pivotal role in the pathogenesis of
antibody-mediated autoimmune conditions. Importantly, they
also indicated that blockade of the SAP pathway may be a useful
therapeutic modality against antibody-mediated autoimmu-
nity during the early progression of autoimmunity. Indeed, in
humans, the period of exposure to autoantibodies prior to onset
of clinical manifestations, or between clinical episodes of auto-
immune disease, may be quite long, perhaps months to years.
Such patients may benefit from blockade of the SAP pathway.
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