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Dendritic cells (DCs) capture and process antigens in peripheral tissues, migrate to lymphoid tissues, and present the antigens to
T cells. PTPN12, also known as PTP-PEST, is an intracellular protein tyrosine phosphatase (PTP) involved in cell-cell and cell-
substratum interactions. Herein, we examined the role of PTPN12 in DCs, using a genetically engineered mouse lacking PTPN12
in DCs. Our data indicated that PTPN12 was not necessary for DC differentiation, DC maturation, or cytokine production in
response to inflammatory stimuli. However, it was needed for full induction of T cell-dependent immune responses in vivo. This
function largely correlated with the need of PTPN12 for DC migration from peripheral sites to secondary lymphoid tissues. Loss
of PTPN12 in DCs resulted in hyperphosphorylation of the protein tyrosine kinase Pyk2 and its substrate, the adaptor paxillin.
Pharmacological inhibition of Pyk2 or downregulation of Pyk2 expression also compromised DC migration, suggesting that
Pyk2 deregulation played a pivotal role in the migration defect caused by PTPN12 deficiency. Together, these findings identified

PTPN12 as a key regulator in the ability of DCs to induce antigen-induced T cell responses. This is due primarily to the role of
PTPN12 in DC migration from peripheral sites to secondary lymphoid organs through regulation of Pyk2.

D endritic cells (DCs) play a critical role in initiation of immune
responses against pathogens and cancer cells (1). They also
have a key role in inflammation and autoimmune diseases (2).
These effects relate in part to the fact that DCs are the most effi-
cient antigen-presenting cells (APCs). DCs are broadly distributed
atareas of contact between the body and the environment, includ-
ing skin. From these sites, DCs circulate in lymph and blood and
reach secondary lymphoid tissues, where they can interact with
other immune cells, including T cells. The ability of DCs to mi-
grate in and out of these various compartments is critical for their
functions.

In peripheral tissues, DCs primarily exist in an “immature”
state (1). In response to pathogens or cytokines like interleukin
1 (IL-1) and tumor necrosis factor alpha (TNF-a), DCs un-
dergo “maturation.” The best-studied receptors triggering DC
maturation are Toll-like receptors (TLRs), which recognize
pathogen-associated constituents, such as lipopolysaccharide
(LPS) or viral DNA. DC maturation leads to increased expres-
sion of major histocompatibility complex class I (MHC-I) and
class II (MHC-II) molecules, costimulatory molecules, such as
CD80 and CD86, and cytokines. It also promotes migration of
DCs to secondary lymphoid tissues, where DCs present anti-
gens to T cells.

PTPN12, also referred to as PTP-PEST (protein tyrosine phos-
phatase, proline-, glutamic acid-, serine-, and threonine-rich), isa
nonreceptor PTP expressed broadly, particularly in hematopoi-
etic cells (3-5). It belongs to the PEST family, with PTPN22 and
PTPNS (3). PTPNI12 can dephosphorylate several proteins, such
as Cas, focal adhesion kinase (FAK), Pyk2, paxillin, Shc, and re-
ceptor protein tyrosine kinases (PTKs), and can regulate multiple
cellular processes, including migration, adhesion, and receptor-
triggered proliferation (6-12).
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Genetic evidence supports the idea that PTPN12 carries out
key functions in several cell types. It is critical for embryonic de-
velopment and viability (10). Analysis of a conditional PTPN12-
deficient mouse (Ptpn12"") indicated that this requirement re-
lates to a role of PTPN12 in endothelial cells (11). PTPN12 is also
critical for secondary T cell activation responses as a result of the
capacity to promote adhesion between activated T cells (7). More-
over, it is essential for fusion of macrophages into multinucleated
giant cells and osteoclasts (13). Last, there is evidence that
PTPNI12 is a tumor suppressor (12).

Here we examined the role of PTPN12 in DCs by specifically
eliminating expression of PTPN12 in DCs from the mouse. We
found that PTPN12 was not critical for DC differentiation,
maturation, and cytokine production. It also had little or no
role in antigen presentation to T cells in vitro. However,
PTPN12 expression in DCs was required for T cell-dependent
responses in vivo, including induction of T cell-mediated au-
toimmune disease. This function correlated with the capacity
of PTPN12 to promote DC migration and to dephosphorylate
the substrates Pyk2 and paxillin.
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MATERIALS AND METHODS

Mice. Mice with a conditional allele of Ptpni2 (Ptpn12™%) have been
described (7). They were backcrossed for >12 generations to a C57BL/6
background. To produce mice lacking PTPN12 in DCs, Ptpn12"" mice
were crossed with Cdllc-Cre mice (14). OT-II T cell receptor (TCR)
transgenic mice were from The Jackson Laboratory (Bar Harbor, ME)
(15). All experimentation was given approval by the IRCM Animal Care
Committee and was done according to the rules of the Canadian Council
for Animal Care.

Cells. To generate bone marrow-derived DCs (BMDCs), tibiae and
femora were flushed with culture medium and grown for ~9 days in petri
dishes, using culture medium containing 10% (vol/vol) X63Ag8 condi-
tioned medium (which contains granulocyte macrophage colony-stimu-
lating factor [GM-CSF]) or recombinant Flt-3L. To isolate splenic DCs,
splenic tissue was digested with DNase I and Liberase (Roche, Missis-
sauga, ON, Canada), and DCs were identified by staining for CD11c and
MHC-IL To ascertain the ability of DCs to mature in response to inflam-
matory stimuli, BMDCs were incubated for 24 h with lipopolysaccharide
(LPS) (InvivoGen, Burlington, Ontario, Canada) or CpG DNA (Invivo-
gen). CD4™ T cells, B cells and neutrophils were isolated from spleen or
bone marrow, using kits from Stem Cell Technologies (Vancouver, BC,
Canada). Cell purity was >90% (data not shown). Bone marrow-derived
macrophages were produced as described elsewhere (13).

Flow cytometry and antibodies. Flow cytometry was performed using
anti-CD11c¢ (N418), anti-MHC-II (M5/114.11.2), anti-CD11b (M1/70),
anti-CD40 (1C10), anti-CD80 (16-10A1), anti-CD86 (GL1), anti-TLR2
(T2.5), anti-TLR4 (MTS-510), anti-PDCA-1 (eBi0927), anti-CXCR4
(2B11), and anti-CCR7 (4B12). These antibodies were bought from BD
Biosciences (Mississauga, Ontario, Canada) or eBioscience (San Diego,
CA). Data acquisition was done on a BD BioSciences FACSCalibur cy-
tometer using CellQuest software (BD BioSciences), and data were ana-
lyzed using the Flow]Jo software program (Trees Star Inc., Ashland, OH).
Rabbit antibodies against PTPN12, Pyk2, Csk, signal regulatory protein
alpha (SIRPa), proline-serine-threonine phosphatase-interacting protein
1 (PSTPIP-1), and Syk have been described (7, 13, 16, 17). Antiphospho-
tyrosine monoclonal antibody (MAb) 4G10 was purchased from Milli-
pore (Billerica, CA). Antibodies recognizing FAK (catalog no. sc-558),
Cas (sc-860), paxillin (catalog no. 610569), and activated Src (catalog no.
2010) were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA), BD Transduction Laboratories, or Cell Signaling Technology (Dan-
vers, MA).

Cytokine production. BMDCs (1 X 10 cells per well) were stimu-
lated in 96-well plates for 24 h in the presence of LPS or CpG. Cytokines
were quantitated by enzyme-linked immunosorbent assay (ELISA), as
specified by the manufacturer (R&D Systems, Burlington, Ontario, Can-
ada). Assays were performed in triplicate.

Antigen presentation. Mice were immunized in the footpad with
ovalbumin protein (OVA) (100 pg in 25 pl of phosphate-buffered saline
[PBS]; Sigma-Aldrich, St. Louis, MO) plus an equal volume of complete
Freund adjuvant (CFA) (Sigma-Aldrich). After 9 days, CD4™ T cells were
purified from popliteal lymph nodes and restimulated in vitro for 4 to 5
days in the presence of OVA and irradiated splenocytes from wild-type
C57BL/6 mice or for 2 to 3 days with phorbol myristate acetate (PMA) and
ionomycin (Sigma-Aldrich). Proliferation and cytokine production were
assayed. For in vitro antigen presentation, BMDCs were preincubated
with OVA protein or OVA peptide (amino acids 323 to 339 [OVA5,5_350])
and used to activate OVA-specific CD4™ T cells from OT-II transgenic
mice. After 4 to 5 days, proliferation and cytokine production were exam-
ined.

Experimental autoimmune encephalomyelitis. Mice were immu-
nized subcutaneously with 200 pg of myelin oligodendrocyte glycopro-
tein (MOG) amino acids 35 to 55 (MOGs;5_55) in CFA plus 300 pg of
Mycobacterium tuberculosis H37Ra (Difco Laboratories, Detroit, MI).
Twenty-four and seventy-two hours after immunization, mice were in-
jected intraperitoneally with pertussis toxin (300 ng in 500 wl of PBS).
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They were scored daily for neurological deficits, as follows: 0, no clinical
signs; 1, loss of tail tonicity; 2, flaccid tail; 3, hind leg paralysis; 4, hind leg
and hind body paresis; 5, hind and fore leg paralysis; 6, death.

Conjugation assays. Bone-marrow-derived DCs and purified CD4*
T cells from OT-II mice were labeled with 2.5 puM 5- and 6-carboxy-
fluorescein diacetate succinimidyl ester (CFSE) and 10 pM 5- and
6-(((4-chloromethyl)benzoyl)amino)tetramethylrhodamine (CMTMR),
respectively, as specified by the manufacturer (Invitrogen) (18). CFSE-
labeled DCs were first incubated or not with various concentrations of
OVA peptide (OVA;,5 330). Then, DCs (10%/well) were incubated with
CD4™ T cells (5 X 10°/well) for 30 min at 37°C. Conjugates were enumer-
ated by flow cytometry.

Migration assays. BMDCs (10° cells) were loaded in serum-free RPMI
in the upper chamber of a Transwell apparatus (5-m pore size; Cornings,
Lowell, MA), while serum-free RPMI (600 wl) with or without chemo-
kines (stromal cell-derived factor la [SDF-1a], 200 ng/ml; macrophage
inflammatory protein 33 [MIP-33], 200 ng/ml; Peprotech, Burlington,
ON, Canada) was added in the lower chamber. After 1.5 h at 37°C, mi-
grated cells were harvested from the lower chamber and counted by flow
cytometry, using Flow Cytometry Absolute Count Standard (Bangs Lab-
oratories Inc., Fishers, IN). For in vivo migration, LPS-matured BMDCs
were labeled with CESE or CMTMR. Then, equal numbers of CFSE- and
CMTMR-labeled BMDCs (10° each) were injected subcutaneously into
the footpads of syngeneic mice. On day 2, lymph nodes were isolated and
numbers of CFSE* or CMTMR™ cells were determined by flow cytom-
etry.

Replating assays. Petri dishes were precoated overnight at 4°C with
fibronectin (10 pg/ml; Roche), dissolved in PBS. They were subsequently
rinsed with PBS and prewarmed before use. BMDC:s at day 9 of culture
were harvested, and replated or not for 30 min at 37°C onto fibronectin-
coated dishes. Cells were lysed and analyzed by immunoprecipitation.

Pyk2 inhibition. BMDCs were incubated for 24 h with the specified
concentrations of the Pyk2/FAK-specific inhibitor (Synkinase, Mel-
bourne, Australia) (19, 20). Migration was then evaluated.

RNA interference. Small interfering RNAs (siRNAs) against Pyk2
(catalog no. GS14083) were obtained from Qiagen (Toronto, Ontario,
Canada). They were a pool of four target-specific siRNAs. Control siRNAs
(catalog no. 1027280) were also obtained from Qiagen. Transfection of
BMDCs was performed using a mouse dendritic cell Nucleofector kit
(catalog no. VPA-1011; Lonza [Amaxa], Burlington, Ontario, Canada),
according to the manufacturer’s protocol. In brief, BMDCs were resus-
pended in Nucleofector solution at a final concentration of 2.5 X 10°
cells/100 pl. They were then transfected with a total of 40 pmol of the
indicated siRNAs, using the program Y-001. Cells transfected using
nucleofection (nucleofected) were grown at 37°C for 24 to 36 h and pro-
cessed for experimentation.

Immunoprecipitations and immunoblotting. Immunoprecipita-
tions and immunoblotting were done as outlined previously (21).

Statistical analyses and quantitation. Unpaired Student’s ¢ tests
(two-tailed) were executed using the Prism software program. Bands in
autoradiograms were quantified with the Gel-Pro Analyzer 6.0 software
program (Media Cybernetics, L.P.).

RESULTS
Dendritic cell-targeted PTPN12-deficient mouse. To address the
role of PTPN12 in DCs, Ptpanﬂ/ I mice were bred with a trans-
genic mice expressing Cre under the control of the CdIIc pro-
moter (CdIIc-Cre; also known as Itgax-Cre) (Fig. 1A) (14). This
Cd11c-Cre mouse enables efficient Cre-mediated deletion in most
conventional DCs (¢cDCs) and plasmacytoid DCs (pDCs) but not
in other cells, including T cells, and has been extensively used to
delete conditional alleles in DCs (2).

To ascertain the efficiency of PTPN12 deletion in DCs, BMDCs
and CD11c" splenic DCs were obtained from Ptpn12"" X Cdl1c-
Cre* mice (henceforth termed PTPN12-deficient mice) and con-
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FIG 1 Generation of dendritic cell-targeted PTPN12-deficient mouse. (A) A diagram of the wild-type Ptpn12 allele is shown at the top. The targeting construct,
including loxP and frt sites, is represented below. The floxed allele (Ptpn12"") was generated by removal of a neo-tk cassette with Flpe recombinase. The
expression of PTPN12 in dendritic cells was eliminated by breeding Ptpn 12" mice with mice expressing the Cre recombinase in dendritic cells (DCs), using the
CdlIc (Itgax) promoter. (B) Expression of PTPN12 was analyzed by immunoblotting of lysates from bone marrow-derived DCs (BMDCs) from control
(wild-type [WT]) mice or mice lacking PTPN12 in DCs (knockout [KO]). Expression of Csk was analyzed as the control. (C) Expression of PTPN12 in purified
splenic DCs was tested as detailed for panel B. (D) Expression of PTPN12 was analyzed in purified naive CD4 ™ T cells, activated CD4 * T cells, B cells, neutrophils,
bone marrow-derived macrophages (BMMds), and BMDCs from Ptpn12*'*; Cdl1c-Cre™ (WT) mice and Ptpn12™" Cd11-Cre* (KO) mice. Quantitation of the
levels of PTPN12 expression in KO cells, relative to that in WT cells for several independent experiments is shown at the bottom. Average values with standard

deviations are depicted. Results are representative of three (left panels) or two (right panels) independent experiments.

trol mice (Ptpn12*'* X Cdllc-Cre™ or Ptpn12"" X Cdllc-Cre~
mice). Immunoblotting with anti-PTPN12 antibodies demon-
strated that PTPN12 expression was reduced by ~70 to 90% in
BMDCs from PTPN12-deficient mice (Fig. 1B). Similarly, it was
diminished by ~90% in CD11c” splenic DCs (Fig. 1C). To verify
that Cdl1c-Cre did not cause deletion of PTPN12 in other cells,
PTPN12 expression was also analyzed in other immune cells (Fig.
D). Cd11c-Crehad no impact on PTPN12 expression in CD4" T
cells, B cells, or macrophages. Little or no expression of PTPN12
was detected in neutrophils, either from control or from PTPN12-
deficient mice. Hence, Cd11c-Cre caused efficient and specific de-
letion of PTPN12 in DCs.

PTPN12 has no influence on DC differentiation, maturation,
and cytokine production. We next studied the impact of PTPN12
deficiency in DCs on the ability of hematopoietic cell precursors to
differentiate into DCs in vitro. This was done by growing bone
marrow cells in the presence of GM-CSF or Flt-3 ligand (Flt-3L),
which favors differentiation into cDCs or pDCs, respectively (data
not shown) (22). Lack of PTPN12 had no influence on the gener-
ation of either DC population. We also examined whether loss of
PTPN12 had any impact of DC differentiation in vivo (Fig. 2).
Lack of PTPN12 had no impact on the abundance of CD11c”"
MHC-TI" cells in lymph nodes or spleen (Fig. 2A). These cells
represent lymphoid tissue-resident migratory ¢cDCs (22). There
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was also no difference in the numbers of B220" CDIlc*
PDCA-17 cells, which represent pDCs (Fig. 2B) (22).

DCs regulate several facets of T cell biology (1). The latter in-
clude not only antigen-induced T cell activation but also tonic
TCR triggering required for T cell survival. They are also needed
for accumulation and persistence of regulatory T cells (Tge)-
Thus, to test the impact of PTPN12 expression in DCs on T cell
homeostasis, T cell subsets in spleen, lymph nodes, and thymus
were analyzed (Fig. 2C and D; Table 1; also data not shown). Loss
of PTPN12 had no impact on the proportions of CD4™ T cells and
CD8™ T cells in these tissues. Likewise, it had no effect on the
proportions of CD44' CD62L" and CD44™ CD62L' CD4™ T
cells, which represent naive and effector-memory CD4™ T cells,
respectively. There was also no influence on the accumulation of
CD4" Foxp3™ T cells, which identify Ty,

To address the impact of PTPN12 deficiency on DC matura-
tion and cytokine production, BMDCs were stimulated or not
with LPS or CpG DNA, two TLR ligands (Fig. 3). Expression of
markers of DC maturation was analyzed by flow cytometry (Fig.
3A). Exposure of BMDCs to LPS or CpG DNA resulted in in-
creased expression of CD80, CD86, CD40, and MHC-II. No dif-
ference was noted between PTPN12-deficient and control DCs.
Secretion of IL-6 and IL-12 was also analyzed by ELISA (Fig. 3B).
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FIG 2 Effects of PTPN12 deficiency in dendritic cells on development of dendritic cells and T cells. Cells were isolated from lymph nodes (LN) and spleens of
control (“wild-type” [WT]) mice or mice lacking PTPN12 in DCs (“knockout” [KO]). They were then analyzed by flow cytometry, using antibodies against the
indicated markers. (A) Conventional DCs (cDCs) were identified as CD11c™ MHC-II™ cells. Two major populations of cDCs (circled) were identified in LN.
Cells expressing larger amounts of MHC-II correspond to migratory cDCs, whereas cells with smaller amounts of MHC-II are lymphoid tissue-resident cDCs.
Only lymphoid tissue-resident cDCs (boxed) are found in the spleen. (B) Plasmacytoid DCs (pDCs) (boxed) were identified as CD11c* B220" PDCA-1" cells.
(C) Regulatory T cells (Tg,g,) were identified as CD3 " CD4 ™ Foxp3™ cells. (D) Total T cells were identified by staining spleen cells for CD3 and CD4 (first set of
panels), CD3 and CD8 (second set of panels), or CD4 and CDS$ (third set of panels). CD4 " cells were also gated and stained for CD44 and CD62L (fourth set of
panels). Naive CD4™ T cells are CD44'> CD62L™, whereas effector memory CD4™ T cells are CD44" CD62L". All data are representative of four experiments.

PTPN12 deficiency had no impact on the ability of DCs to secrete  vivo. It was also not needed for the capacity of DCs to mature and
either cytokine in the absence or in the presence of TLR ligands. ~ produce cytokines in response to TLR ligands.

Therefore, expression of PTPN12 in DCs was not needed for PTPN12 expression in DCs is required for antigen-induced T
DC differentiation in vitro and in vivo or for T cell homeostasis in  cell responses in vivo. We next tested the influence of PTPN12

TABLE 1 Impact of PTPN12 deficiency on T cell populations”

% of cell population or P value

CD4™" T cells

Source Mouse group CD4™" T cells CD8™" T cells Naive Effector/memory
Spleen WT 31.90 = 1.53 31.58 +2.73 71.69 * 5.36 10.05 £ 0.75

KO 32.00 = 1.81 26.35 * 5.66 73.36 * 4.45 9.36 = 0.22

P value 0.94 0.15 0.70 0.88
LN WT 16.45 £ 2.01 12.31 £ 0.74 61.80 = 9.01 11.66 * 3.61

KO 15.65 £ 1.01 9.85 *+ 3.58 59.90 * 5.40 13.63 £ 7.21

P value 0.50 0.23 0.77 0.69

“ Relative T cell numbers (in percentages) in spleen or lymph nodes (LN) were analyzed in control (wild-type [WT]) mice or mice lacking PTPN12 in DCs (knockout [KO]). Total
CD4* and CD8™ T cells were quantitated relative to all cells. Naive and effector memory CD4™ T cells were quantitated relative to total CD4™ T cells. Naive cells are CD44'°
CDG62LM, whereas effector memory cells are CD44" CD62L'°. Average values, standard deviations, and P values for three independent mice of each type are shown.
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FIG 3 Impact of PTPN12 deficiency on dendritic cell maturation and cytokine production. (A) Bone marrow-derived DCs from control (WT) mice or mice
lacking PTPN12 in DCs (KO) were stimulated with lipopolysaccharide (LPS) (1,000 ng/ml) or CpG (100 nM) for 24 h. Then, cells were harvested and the
indicated surface markers were analyzed by flow cytometry. Staining with isotype control antibodies is shown by the shaded gray curves. (B) The experiment was
performed as for panel A, except that the indicated concentrations of LPS and CpG were used. Also, production of IL-6 and IL-12 by the different ranges of LPS
or CpG was measured by ELISA. Standard deviations of triplicate values are shown. Data are representative of three experiments.

deficiency in DCs on the ability to induce CD4™ T cell responsesin T cells were isolated from draining popliteal lymph nodes and
vivo (Fig. 4). We focused our studies on T cell responses initiated — restimulated in vitro with OVA in the presence of irradiated
via the subcutaneous route. Therefore, mice were immunized in  splenocytes from wild-type mice. Thymidine incorporation and
the footpad with OVA in the presence of CFA. After 9 days, CD4"  gamma interferon (IFN-vy) secretion were monitored. In this as-
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FIG 4 Compromised CD4™" T cell-dependent responses in vivo in mice lacking PTPN12 in dendritic cells. (A and B) Control (WT) mice or mice lacking PTPN12 in DCs
(KO) were immunized with ovalbumin (OVA) and complete Freund adjuvant (CFA) in the footpad. After 9 days, popliteal lymph nodes were isolated and CD4* T cells
were purified. CD4™ T cells were then restimulated in vitro in the presence of irradiated splenocytes from nonimmunized normal C57BL/6 mice and the indicated
concentration of OVA protein. After 3 to 5 days, cell proliferation was examined by measuring thymidine incorporation (A), and production of gamma interferon
(IFN-y) was measured by ELISA. Standard deviations of triplicate values are shown. (C) Various isotypes of Ig directed against OVA mice were measured by ELISA. The
dilutions of serum used in the ELISA are indicated. Standard deviations of triplicate values are shown. Data are representative of four experiments.
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ically every day for the development of signs of experimental autoimmune
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are shown. Clinical scores are as follows: 0, no clinical signs; 1, loss of tail
tonicity; 2, flaccid tail; 3, hind leg paralysis; 4, hind leg paralysis with hind body
paresis; 5, hind and fore leg paralysis; 6, death. Data are representative of three
experiments.

say, DCs capture and process OVA in the skin while undergoing
maturation in response to CFA. They then migrate to lymph
nodes, where they present processed antigen to CD4" T cells.
Restimulation with OVA in vitro enables detection of OVA-spe-
cific CD4™" T cells generated in vivo.

CD4™" T cells isolated from mice lacking PTPN12 in DCs ex-
hibited no defect in thymidine incorporation when restimulated
with OVA in vitro (Fig. 4A). However, they had a reduction of
IFN-vy production (Fig. 4B). This was seen in several independent
experiments (data not shown). To confirm that CD4™ T cell func-
tions were compromised in vivo, we also measured production of
OVA-specific antibodies. OVA-specific antibodies are produced
as a result of the ability of OVA-specific CD4™ T cells to trigger B
cell differentiation, isotype switching, and affinity maturation.

Peptide (nM) : 0 0.01
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Whereas mice lacking PTPN12 in DCs had no defect in produc-
tion of immunoglobulin M (Ig M), IgG1, and IgG,,, against OVA,
they displayed a decrease in OVA-specific IgG,. (Fig. 4C). In
C57BL/6 mice, IFN-y production by T cells stimulates secretion of
IgG,. but not of other Ig isotypes (1).

Thus, expression of PTPN12 in DCs was required for full in-
duction of antigen-specific CD4™ T cell responses in vivo.

Compromised T cell-dependent pathology in mice lacking
PTPN12 in DCs. The finding that Ptpn12"" X Cd11c-Cre™ mice
had a compromised CD4™ T cell response to OVA suggested that
these mice might be less susceptible to immune pathologies me-
diated by CD4" T cells. To address this possibility, mice were
tested for susceptibility to experimental autoimmune encephalo-
myelitis (EAE), a model of multiple sclerosis (Fig. 5) (23). They
were immunized subcutaneously with a MOG-derived peptide in
the presence of CFA. Under these conditions, the MOG peptide is
taken up by local DCs, which mature and migrate to draining
lymph nodes, where they present antigen to CD4™ T cells. Acti-
vated MOG-specific CD4™ T cells then migrate to the nervous
system, where they react with endogenous MOG and provoke
neurological defects. In comparison with control mice, mice lack-
ing PTPN12 in DCs had a lower propensity to develop EAE.
Hence, expression of PTPN12 in DCs was needed for mice to
develop a CD4™ T cell-dependent immune pathology.

Influence of PTPN12 on antigen presentation in vitro. To
understand how PTPN12 deficiency in DCs led to defects in CD4 ™"
T cell-dependent responses in vivo, we first evaluated the possibil-
ity that PTPN12 was critical for the ability of DCs to form stable
conjugates with T cells (Fig. 6). This step is critical for initiating
antigen-specific T cell responses (6, 7, 11). In a conjugate forma-
tion assay using DCs and OVA-specific CD4™ T cells from OT-II
TCR transgenic mice (15), loss of PTPN12 had no impact on con-
jugate formation between DCs and CD4™ T cells. This was seen at
different concentrations of the OVA peptide OVAs,5 359, which is
recognized by the OT-II TCR.

Next, we tested the role of PTPN12 in antigen presentation in
vitro (Fig. 7). BMDCs were used to present antigens to CD4" T
cells from OT-II mice (15). Either the OVA peptide OVA;,5 339
(which does not require processing by DCs) or the OVA protein
(which requires processing by DCs) was used for stimulation.
When OVA;,;_ 55, was utilized for stimulation, there was no defect
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T 30 O KO
WT ;\?
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kel
=
2
27 E 10
o)
ko O
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0
0.00 0.05 0.10
Peptide (nM)

FIG 6 Impact of loss of PTPN12 on the capacity of dendritic cells to form conjugates with T cells. Bone marrow-derived dendritic cells (BMDCs) from control
(WT) mice or mice lacking PTPN12 in DCs (KO) were labeled with carboxyfluorescein succinimidyl ester (CFSE), while CD4" T cells from ovalbumin
(OVA)-specific T cell receptor (TCR) transgenic OT-II mice were labeled with 5- (and 6-)(((4-chloromethyl)benzoyl)amino)tetramethylrhodamine (CMTMR).
Cells were then mixed and incubated for 30 min at 37°C in the absence or presence of the indicated concentrations of OVA peptide. Conjugate formation was
analyzed by flow cytometry (left). Average values with standard deviations are shown on the right and are representative of two independent experiments.
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FIG 7 Influence of PTPN12 deficiency on the ability of dendritic cells to activate T cells in vitro. (A and B) Purified CD4 ™ T cells from ovalbumin (OVA)-specific
T cell receptor (TCR) transgenic OT-II mice expressing PTPN12 were activated with bone marrow-derived dendritic cells (BMDCs) from control (WT) mice or
mice lacking PTPN12 in DCs (KO) in the absence or presence of OVA peptide (OVA pep.) (A) or OVA protein (OVA pro.) (B). After 3 to 5 days, cell proliferation
and IFN-vy production were measured by thymidine incorporation and ELISA, respectively, as described for Fig. 4. Standard deviations of triplicate values are

shown. Data are representative of four experiments.

in the ability of PTPN12-deficient DCs to trigger thymidine incor-
poration or IFN-y secretion by OT-II CD4™ T cells (Fig. 7A).
When the full OVA protein was used for triggering, there also was
no difference in thymidine incorporation (Fig. 7B). However, a
moderate decrease (by ~50%) in IFN-vy secretion was seen (Fig.
7B). This defect was observed in several experiments (data not
shown).

Thus, PTPN12 was not required for the abilities of DCs to form
conjugates with CD4™ T cells and to present antigenic peptides to
CD4™ T cells in vitro. However, it had a partial role in the aptitude
of DCs to present unprocessed antigens.

Loss of PTPN12 results in compromised DC migration. The
finding that loss of PTPN12 in DCs seemed to have a greater im-
pact on CD4™ T cell-dependent responses in vivo than in vitro
suggested that PTPN12 was necessary for an additional DC func-
tion involved in initiation of T cell responses. One possibility was
that PTPN12 was required for the ability of DCs to traffic to sec-
ondary lymphoid tissues, where they encounter T cells. To exam-
ine this notion, DC migration was first tested in vitro, using a
Transwell migration assay (Fig. 8A). BMDCs, lacking or not lack-
ing PTPN12, were loaded in the upper chamber of the Transwell
apparatus. The lower chamber contained (or not) the chemokine
SDF-1a or MIP-38. Loss of PTPN12 in DCs resulted in a reduc-
tion of the ability of DCs to migrate in response to either chemo-
kine. Importantly, it had no effect on the expression levels of
CXCR4 and CCR7, which are the receptors for SDF-1a and MIP-
3B, respectively (data not shown).

The effect of PTPN12 deficiency on DC migration was also
tested in vivo, using a competitive migration assay (Fig. 8B) (18).
In brief, BMDCs from PTPNI12-deficient or control mice were
labeled with CFSE (green fluorescence) or CMTMR (red fluores-
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cence), respectively. They were subsequently combined in equal
numbers and injected into the footpads of normal mice. After 24
h, DC migration to draining lymph nodes was quantitated by flow
cytometry. The recovery of PTPN12-deficient DCs in popliteal
lymph nodes, which represent the immediate draining site, was
significantly reduced (by ~50%) in comparison to that of control
DCs. No labeled DCs were detected in inguinal or axillary lymph
nodes, which are not the immediate draining sites for the footpad
(data not shown). The latter finding confirmed that DC migration
occurred through lymphatic channels and not through blood ves-
sels.

Therefore, expression of PTPN12 was critical for DC migration
in vitro and in vivo.

Altered tyrosine phosphorylation of Pyk2 and paxillin in
PTPN12-deficient DCs. To identify the deregulated tyrosine
phosphorylation substrates responsible for the defects in
PTPN12-deficient DCs, protein tyrosine phosphorylation was ex-
amined (Fig. 9A). Immunoblotting of total cell lysates with anti-
phosphotyrosine antibodies showed that loss of PTPN12 had
minimal effects on global protein tyrosine phosphorylation, with
the exception of an ~110-kDa substrate (pp110). This product
was more phosphorylated in PTPN12-deficient DCs and was rem-
iniscent of the PTK Pyk2. Immunoprecipitation of known
PTPN12 substrates showed that tyrosine phosphorylation of Pyk2
was indeed increased 3- to 5-fold in PTPN12-deficient DCs. Sim-
ilar changes were seen for paxillin, an adaptor molecule bound
and phosphorylated by Pyk2 (24-27). In contrast, there was no
alteration in tyrosine phosphorylation of PSTPIP-1, another
adaptor that can be regulated by PTPN12 (28). There was also no
impact on tyrosine phosphorylation of SIRPa, Syk, or Src family
kinases. Little or no expression of FAK, a PTK closely related to
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FIG 8 Reduced migration by PTPN12-deficient dendritic cells. (A) Migration of bone marrow-derived dendritic cells (BMDCs) was assessed in vitro, using a
Transwell migration assay. BMDCs (1 X 10° cells) from control (WT) mice or mice lacking PTPN12 in DCs (KO) were loaded in the upper chamber, while
chemoattractants (stromal cell-derived factor lae [SDF-1a] [200 ng/ml] or macrophage inflammatory protein 33 [MIP-33] [200 ng/ml]) were placed in the
lower chamber. After 1.5 h of incubation at 37°C, migrated cells in the lower chamber were harvested and counted by flow cytometry. Standard deviations of
triplicate values and P values are shown. Data are representative of three experiments. (B) For in vivo migration, equal numbers of lipolysaccharide (LPS)-
matured BMDCs from WT or KO mice (1 X 10° cells each), labeled either with carboxyfluorescein succinimidyl ester (CFSE) or 5- (and 6-)(((4-chlorometh-
yl)benzoyl)amino)tetramethylrhodamine (CMTMR), were coinjected subcutaneously into the footpad of normal C57BL/6 mice. After 48 h, popliteal lymph
nodes were isolated and the total number of CFSE™ or CMTMR™ cells was measured by flow cytometry. A representative experiment is shown at the top.
Migrated BMDCs are boxed. Data from multiple independent mice are shown at the bottom. Mean values are represented by horizontal lines, and the P value is
shown. Similar results were obtained whether WT and KO BMDCs were labeled with CFSE and CMTMR, respectively, or CMTMR and CFSE, respectively. Data

are representative of three experiments.

Pyk2, or Cas was noted in these cells. The difference in tyrosine
phosphorylation of Pyk2 between PTPN12-deficient and control
DCs was not appreciably enhanced by treatment of cells with
SDF-1a or MIP-3(3 (Fig. 9B) or by replating cells on fibronectin
(Fig. 9C).

To assess if Pyk2 deregulation contributed to the migration
defect of PTPN12-deficient DCs, BMDCs were first treated
with PF-431396, a pharmacological inhibitor of Pyk2 (Fig. 10)
(19, 20). Treatment of PTPN12-deficient DCs with PF-431396
resulted in dose-dependent inhibition of tyrosine phosphory-
lation of Pyk2 and its substrate, paxillin (Fig. 10A). In a Trans-
well migration assay, it significantly interfered with the ability
of control DCs to migrate in response to SDF-1a and MIP-3(3
(Fig. 10B). However, it caused no further reduction of the com-
promised ability of PTPN12-deficient DCs to migrate. More-
over, it did not rescue the migration defect observed in
PTPN12-deficient DCs (Fig. 10C). These results implied that
proper enzymatic activity of Pyk2 was needed for migration of
normal DCs in response to chemokines.

To confirm the involvement of Pyk2 in DC migration, expres-
sion of Pyk2 was also downregulated in control DCs using small
interfering RNAs (siRNAs) (Fig. 11). In comparison to control
siRNAs, Pyk2-specific siRNAs caused an ~50% reduction of Pyk2
expression (Fig. 11A). Importantly, they also triggered a diminu-
tion of migration in response to SDF-1a and MIP-3f3 (Fig. 11B).

Hence, PTPN12 was necessary for dephosphorylation of Pyk2
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and paxillin. Moreover, Pyk2 activity and expression were re-
quired for migration of DCs.

DISCUSSION

To determine the role of PTPN12 in DCs, Ptpn12ﬂ/ T mice were
crossed with mice expressing Cre under the control of the CdI1c
promoter (14). Cdl1c-Cre resulted in ~70 to 90% reduction of
PTPN12 expression in splenic DCs and BMDCs. No reduction
was seen in other immune cell types, including CD4" T cells.
Hence, Cdl1c-Cre enabled efficient deletion of PTPN12 in DCs
but not in other immune cell types. These findings were in keeping
with data obtained for other conditional alleles deleted by Cd11c-
Cre (2).

Loss of PTPN12 in DCs had no appreciable impact on the
proportions of cDCs and pDCs in spleen and skin draining lymph
nodes. Moreover, it had no influence on expression of differenti-
ation markers on DCs. PTPN12 deficiency also had no effect on
the proportions of mature T cells and Ty, in lymphoid tissues.
DCs are required to maintain these cell populations under ho-
meostatic conditions (1). There was also no impact on the ability
of bone marrow cells to differentiate into cDCs or pDCs in vitro in
the presence of GM-CSF or Flt3-L, respectively. Furthermore,
there was no effect on the capacity of BMDCs to mature and se-
crete cytokines in response to TLR ligands in vitro. Thus, PTPN12
was not needed for DC differentiation and maturation in vivo and
in vitro.
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FIG 9 Increased tyrosine phosphorylation of Pyk2 and paxillin in PTPN12-deficient dendritic cells. (A) Bone marrow-derived dendritic cells (BMDCs) from control
(WT) mice or mice lacking PTPN12 in DCs (KO) were lysed. Tyrosine phosphorylation was analyzed by immunoblotting with antiphosphotyrosine (pTyr) antibodies
or antibodies against the activating tyrosine of Src family kinases. The loading was verified by reprobing the immunoblot membranes with substrate-specific antibodies.
Little or no Cas and FAK was detected in these cells. Data are representative of at least four experiments. IP, immunoprecipitates. (B) BMDCs were stimulated for 5 min
with the indicated chemokines, and tyrosine phosphorylation on Pyk2 was assessed as detailed for panel A. Data are representative of three experiments. (C) BMDCs were
harvested and replated for 30 min at 37°C on fibronectin (FN)-coated dishes (+). Control cells (-) were kept in suspension. Tyrosine phosphorylation of Pyk2 and
paxillin was ascertained as detailed for panel A. Results are representative of three independent experiments.

To examine if PTPN12 expression in DCs was critical for ini-
tiating antigen-specific immune responses, mice were immunized
with the OVA protein in the presence of CFA. CD4™ T cells were
then isolated from draining lymph nodes and restimulated in vitro
with OVA in the presence of normal APCs. Expression of PTPN12
in DCs was crucial for the ability to CD4™ T cells to produce ITFN-y
upon antigenic restimulation. It was also needed for production of
OVA-specific IgG,, which is controlled by IFN-v. By opposition,
there was no effect on thymidine incorporation. We also exam-
ined the impact of PTPN12 deficiency in DCs on the capacity to
trigger EAE, a CD4" T cell-mediated immune pathology (23).
PTPN12 deficiency resulted in reduced severity of EAE. Coupled
with the findings of the OVA immunization experiments, these
data indicated that PTPN12 expression in DCs was necessary for
antigen-specific CD4™ T cell responses in vivo.

Subsequent experiments were aimed at elucidating why ex-
pression of PTPN12 in DCs was required for antigen-evoked T
cell responses. When processed OVA peptides (OVAj,5_330)
were used for stimulation, PTPN12 deficiency had no conse-
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quence for the capacity of DCs to form conjugates with OVA-
specific CD4™ T cells or induce thymidine incorporation or
IFN-v secretion by OVA-specific CD4* T cells. However, when
unprocessed OVA was utilized, a small (~50%) albeit repro-
ducible decrease in IFN-v release was noted, although no effect
on thymidine incorporation was seen. These observations sug-
gested that PTPN12 expression in DCs was needed for optimal
capture, processing, or presentation of intact protein antigens
but not antigenic peptides. Additional studies will be needed to
clarify this matter.

The defects in OVA-specific responses in vivo appeared to be
more severe than those noted in vitro. Considering this obser-
vation, we tested the involvement of PTPN12 in DC migration,
which is needed to bring antigen-loaded DCs from peripheral
sites to lymphoid tissues (1). Using a Transwell migration as-
say, we observed that PTPN12-deficient DCs had compro-
mised migration in response to SDF-1a or MIP-38. Likewise,
in a competitive in vivo migration assay, the capacity of
PTPN12-deficient DCs to migrate from subcutaneous tissues
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FIG 10 Influence of pharmacological inhibition of Pyk2 on dendritic cell migration. Bone marrow-derived dendritic cells (BMDCs) from control (WT) mice or
mice lacking PTPN12 in DCs (KO) were pretreated for 24 h without or with the indicated concentrations of PF-431396, a pharmacological inhibitor of Pyk2. (A)
Tyrosine phosphorylation of Pyk2 or paxillin was analyzed as detailed for Fig. 9A. Quantitation of relative tyrosine phosphorylation is shown at the bottom of
each lane. (B and C) Migration was analyzed using a Transwell migration assay, as described for Fig. 8A. Standard deviations of triplicate values are shown. Data

are representative of three experiments.
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FIG 11 Impact of downregulated expression of Pyk2 on dendritic cell migra-
tion. Bone marrow-derived dendritic cells (BMDCs) from wild-type mice
were transfected with small interfering RNAs (siRNAs) against Pyk2 or control
siRNAs, using nucleofection. (A) After 24 to 36 h, cells were lysed and analyzed
for Pyk2 expression. Two different quantities of lysates were used for each cell
population. Quantitation of relative abundance of Pyk2 is shown at the bot-
tom. (B) After 24 to 36 h, migration was analyzed as detailed for Fig. 8A. Data
are representative of three experiments.
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to draining lymph nodes was reduced. Hence, PTPN12 had a
critical role in DC migration.

In order to elucidate the molecular mechanism by which
PTPN12 controlled DC migration, the extent of tyrosine phos-
phorylation of known PTPN12 substrates was ascertained. Loss of
PTPN12 resulted in augmented phosphorylation of Pyk2 and pax-
illin (24, 27). Pyk2 hyperphosphorylation was constitutive and
was not significantly altered by exposure to chemokines or replat-
ing on fibronectin. Inhibition of Pyk2 by a pharmacological inhib-
itor or downregulation of Pyk2 expression by siRNAs also resulted
in a reduction of DC migration by normal DCs, confirming pre-
vious findings that Pyk2 is critical for migration in other cell types
(24).Ttis also likely that deregulation of paxillin contributed to the
defect of DC migration caused by PTPN12 deficiency. Paxillin is a
substrate of Pyk2, and its tyrosine phosphorylation influences mi-
gration through regulation of actin reorganization (27).

It may seem paradoxical that either enhanced tyrosine phos-
phorylation or inactivation of Pyk2 was accompanied by compro-
mised DC migration. One possibility is that either alteration led to
a similar deregulation of the migration machinery. In order to
function properly, migration-regulating substrates need to be ty-
rosine phosphorylated in the right amount at the right time. Al-
ternatively, it is possible that the two alterations of Pyk2 had dis-
tinct effects on the migration machinery. For example, one
alteration may interfere with membrane protrusion at the leading
edge, whereas the other may impede membrane retraction at the
uropod. Since membrane protrusion and subsequent membrane
retraction are needed for migration, either alteration might yield
compromised migration. Future studies will be needed to distin-
guish these possibilities.

Depending on the cell type involved, loss of PTPN12 augments
tyrosine phosphorylation of different substrates. In mouse em-
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bryo fibroblasts, it resulted in hyperphosphorylation of Cas, FAK,
and PSTPIP-1 (6, 28). In endothelial cells, it yielded enhanced
tyrosine phosphorylation of Cas, paxillin, and Pyk2 (11). Hence,
in nonimmune cells, it seems that Cas is a preferential target of
PTPN12. In contrast, in T cells, absence of PTPN12 caused hyper-
phosphorylation of Pyk2 (7). In macrophages, it led to increased
tyrosine phosphorylation of Pyk2 and paxillin (13). A similar ef-
fect is reported herein for DCs. Thus, in immune cells, it appears
that Pyk2 is a privileged target of PTPN12. Although the basis for
this distinction between nonimmune and immune cells is not
known, it may reflect the types of pathways that are preferentially
utilized in the functioning of these cell types. This notion may also
be consistent with the finding that Cas was not detectably ex-
pressed in macrophages and DCs, whereas Pyk2 is primarily ex-
pressed in immune cells.

Based on our findings, we propose the following model. Upon
exposure to foreign elements, such as pathogens, DCs located in
peripheral tissues capture and process foreign antigens. They also
undergo maturation, which renders them more competent at pre-
senting antigens to T cells. These processes are largely indepen-
dent of PTPN12, although a small role for PTPN12 may exist in
capture, processing, or presentation of intact antigens but not of
antigenic peptides. Then, in order to contact T cells, antigen-
loaded DCs migrate to secondary lymphoid tissues where T cells
are located. This migration is highly dependent on PTPN12.

In summary, PTPN12 is a key component of the machinery
controlling DC migration from peripheral subcutaneous sites to
secondary lymphoid tissues. As a result, it is critical for initiation
of antigen-induced T cell responses. The machinery regulating
DC migration also includes SDF-1a and MIP-33, which interact
with their receptors CXCR4 and CCR7 (29), as well as intracellular
effectors, such as Src kinases, Pyk2, and the small G protein Rac-1
(30, 31). It should be pointed out, though, that DCs are located
not only in the skin but also in other tissues, including the intes-
tinal tract, thymus, and bone marrow (1). DCs need to migrate in
and out of these tissues for their functions, and this process is
regulated by chemokines. Although no difference in the numbers
of DCs in lymphoid tissues was seen under steady-state conditions
in our study, it is tempting to speculate that PTPN12 may also play
a key role in trafficking of DCs at and from these sites during
inflammation and infections. Studies addressing this possibility
are warranted.
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