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Abstract
DPP2 (dipeptidyl peptidase 2) is an N-terminal dipeptidase, required for maintaining lymphocytes
in a resting state. Mutant mice with T cell-specific knock-down (kd) of DPP2 (lck-DPP2 kd) were
generated and analyzed for their phenotype. Normal thymocyte development and a modest
increase in the proportions of peripheral T cells were observed in these mice compared to
littermate controls. Interestingly, the peripheral T cells were hyperactive upon TCR stimulation in
vitro, although they did not express any activation markers. Furthermore, CD3-crosslinking in the
naive CD4+ and CD8+ T cells of lck-DPP2 kd mice resulted mainly in IL-17 production.
Similarly, the mutant T cells secreted primarily IL-17 after in vivo priming and in vitro antigen-
specific restimulation. These data suggest that IL-17 production is the default program for T cell
differentiation in the absence of DPP2. Thus, DPP2 seems to impose a threshold for quiescent T
cells, preventing them from drifting into cell cycle.

DPP2, a member of the serine dipeptidyl peptidase family, is an N-terminal protease that is
ubiquitously transcribed in most tissues 1. It is localized in intracellular vesicles and is also
secreted upon cellular activation 2. The DPP2 expression level is particularly high in
quiescent T cells and fibroblasts, but is significantly down-regulated upon activation of these
cells 3. We previously demonstrated that DPP2 inhibition in vitro causes apoptosis in
quiescent, but not activated, T cells 4 and fibroblasts due to a deregulated entry into the cell
cycle 5. In order to analyze the role of DPP2 in quiescent T lymphocytes in vivo, we
generated mutant mice where DPP2 is specifically down-regulated in the T cell lineage.

The majority of T cells in the body are in a resting state until encounter with a pathogen. In
the presence of exogenous cytokines, TCR-stimulation of naïve CD4+ and CD8+ T cells
leads to their maturation into various TH cell subsets and CTL effector cells. CD4+ cells can
differentiate into the classical TH1 or TH2 subsets6 or one of the more recently discovered
lineages, TH17 7 and inducible T regulatory (iTreg) cells 8. Differentiation into TH1 and TH2
cells depends on exogenous IL-12 and IL-4, respectively. In contrast, TH17 differentiation
can be achieved with TGF-β and IL-6, two cytokines with opposing effects, while TGF-β
alone induces iTreg cells 8. Ghoreschi et al. recently demonstrated that IL-1 and /or TGF- β
in conjuction with IL-6, IL-21 and IL-23 promote Th17 development 9. Thus, the cytokine
environment determines TH effector differentiation, a mechanism mediated through
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selective signal transducer and activator of transcription (STAT) proteins 10, 11. These
master regulators include T-bet and Stat4 for TH1 cells 12-14, GATA-3 and Stat6 for TH2
cells 10, 11, RORγt and Stat3 for TH17 cells15, 16 and Foxp3 and Stat5 for Treg cells 17, 18.
In the absence of exogenous factors, however, CD3-crosslinking in primary T cells results in
proliferation without development of effector function, although the activated CD4+ and
CD8+ T cells produce IL-2 and IFN-γ, respectively.

TH1 cells mediate responses against intracellular pathogens and secrete their signature
cytokine, IFN-γ. IL-4 is the signature cytokine of TH2 cells, which are involved in
immunity against extracellular parasites, including helminthes. TH17 cells, as its name
implies, secrete IL-17 and are important for immunity against extracellular bacteria and
fungi 19. In addition, these cells have been implicated in various autoimmune diseases, such
as experimental autoimmune encephalomyelitis (EAE), collagen induced arthritis (CIA) 7

and systemic lupus erythematosus (SLE) 20, although recent reports have described a
protective role for IL-17A in inflammatory bowel disease (IBD) 21-23.

Here we report that in the absence of DPP2 T0 cells respond to CD3 crosslinking by hyper-
proliferation and secretion of IL-17, in the absence of any exogenous factors. The same
profile was observed after in vivo priming and in vitro antigen-specific restimulation of the
T cells. These data suggest that IL-17 production is the default program for T cell
differentiation in the absence of DPP2. Thus, DPP2 seems to prevent quiescent T cells from
spontaneously drifting into cell cycle by imposing a threshold.

RESULTS
Generation of constitutive DPP2 kd and lck-DPP2 kd mice

To examine the role of DPP2 in vivo, we generated genetically deficient DPP2 mice, using
two lentiviral vectors for conditional, Cre-lox-regulated, RNA interference (RNAi) 24. One
vector allows for conditional activation (pSico), whereas the other permits conditional
inactivation (pSicoR) of short hairpin RNA (shRNA) expression (Fig. 1A&B). Various
shRNA sequences designed against mouse DPP2 were cloned into the pSicoR and pSico
lentiviral vectors and tested for their effectiveness in reducing DPP2 expression (Suppl. Fig.
1). The shRNA sequence with the most significant DPP2 knock-down (kd) was selected and
used to infect embryonic stem (ES) cells and ultimately generate chimeric DPP2 kd mice.
The constitutive DPP2 kd mouse (Fig. 1A), which expresses the shRNA against DPP2 in all
tissues, was embryonic lethal, because only three chimeric mice were generated with
extremely low chimerism (5-15%), based on coat color and GFP expression. These results
were anticipated due to the fact that several previous attempts to generate a traditional DPP2
knock-out (ko) mouse had failed. In contrast, numerous, highly chimeric (90-95%)
conditional DPP2 kd mice were generated (Fig. 1B). These mice were crossed to lck-Cre
transgenic (tg) mice 25, resulting in T cell specific DPP2 kd, originating at the double
negative stage in thymocyte development, termed lck-DPP2 kd mice. The GFP- Cre+ and
GFP+ Cre- littermates served as negative controls to ensure that neither the lck-Cre
transgene, nor the shDPP2 lentivirus, integration sites had adverse effects.

The lck-DPP kd mice were analyzed for the level and specificity of DPP2 kd. dpp2
transcript levels were measured, because an antibody against murine DPP2 is currently
unavailable. dpp2 mRNA was reduced by about 50% in whole splenocytes (Fig.1C) and by
over 90% in isolated peripheral T cells (Fig.1D) from lck-DPP2 kd mice compared to
littermate controls. Thymic development was indistinguishable in lck-DPP2-kd and control
mice, as evidenced by normal absolute numbers (data not shown) and percentages of
thymocyte subsets (Fig.2). Similarly, the absolute numbers of lymphocytes in the peripheral
lymphoid organs were identical to those of littermate controls; however, the proportions of
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CD4+ and CD8+ T cells were increased about 40% in the spleen and, to a lesser extent, in
the lymph nodes of the lck-DPP kd mice, and the proportion of B cells was decreased (Fig.
2). No difference in activation marker expression, CD4+CD44hiCD62L,
CD8+CD33hiCD122+, CD25+ and CD69+, was observed in the peripheral T cells of lck-
DPP kd compared to control mice (Suppl. Fig. 3 and data not shown).

lck-DPP kd T cells are hyper-proliferative when stimulated in vitro
DPP2 has been shown to maintain cells in a quiescent state, and its inhibition in vitro results
in cells drifting into G1 of the cell cycle 5. Thus, we reasoned that the loss of DPP2 may
cause T cells to proliferate faster than normal cells. To test this hypothesis, splenocytes and
lymph node cells from lck-DPP kd mice and littermate controls were stimulated with various
concentrations of anti-CD3 alone or in combination with anti-CD28, followed by an 8 h 3H-
thymidine pulse at various time points. As shown in Fig. 3A, more T cells from lck-DPP kd
mice entered S-phase compared to those of control mice. Even after just two days of
stimulation, lck-DPP kd T cells incorporated more 3H-thymidine into newly synthesized
DNA than control T cells, suggesting that DPP2 inhibition causes T cells to proliferate
faster. To analyze the proliferative phenotypes of the individual T cell subpopulations, CD4+

and CD8+ T cells were isolated from the spleen and lymph nodes by negative selection.
Similarly to what we had observed in unseparated lymphocytes, both CD4+ and CD8+ T
cells from lck-DPP kd mice proliferated more than those of littermate controls (Fig. 3B&C),
thus, confirming our initial results.

Cytokine profile of in vitro activated naïve T cells from lck-DPP kd mice
The hyper-proliferative phenotype of the activated T cells from lck-DPP kd mice prompted
the analysis of the cytokines secreted by these cells. Whole splenocytes and lymph node
cells or isolated CD4+ and CD8+ T cells were simulated with anti-CD3 plus anti-CD28, and
supernatants were collected 24, 48 and 72 h later and tested by ELISA for the level of IL-2,
IFN-γ, IL-4 and IL-17 cytokines. Very little IL-2 was observed in the supernatant of
unseparated lymphocytes (Fig. 4A), probably due to the rapid use of this cytokine by the
activated CD8+ T cells. This was verified in isolated CD4+ T cells from normal mice, which
produced significant levels of IL-2. Surprisingly however, the CD4+ T cells from lck-DPP
kd mice secreted virtually no IL-2 (Fig. 4A). As expected, the activation of isolated CD8+ T
cells resulted in accumulation of only small amounts IL-2, and no difference between
mutant and wild type cells was observed (Fig. 4A). IFN-γ is secreted mainly by activated
CD8+ cells and differentiated TH1 cells. DPP2 kd CD8+ T cells produced slightly more IFN-
γ than controls at 24 h of stimulation, but no significant difference was observed at the other
time points tested (Fig. 4B). Of special significance is the observation that IL-17 production,
a cytokine secreted exclusively by differentiated TH17 cells, was upregulated in unseparated
lymphocytes, as well as in isolated CD4+ and CD8+ T cells from lck-DPP-kd mice, most
notably at 72 h (Fig. 4C). Lck-DPP2-kd mice have a higher level of intracellular staining of
IL-17A compared to littermate controls (Suppl. Fig. 4) which supports this data. IL-4, the
signature TH2 cytokine, was produced at extremely low levels by both DPP2 kd and control
cells, and no difference was discernable (data not shown).

To determine whether CD4+ T cells from lck-DPP2 kd mice indeed produced less IL-2, as
opposed to increased usage of this cytokine by the highly proliferating DPP2 kd T cells, il-2
transcripts were quantified by qRT-PCR. As shown in Fig. 5A left panel, il-2 steady state
mRNA levels were significantly decreased in activated CD4+ T cells from lck-DPP kd
versus control mice, suggesting that DPP2 kd CD4+ T cells indeed have a defect in IL-2
production. In parallel, ifn-γ mRNA levels were measured by qRT-PCR in activated CD8+

T cells and were found to be significantly lower in the lck-DPP2 kd versus control cells
(Fig. 5A, right panel). On the other hand, il-17 transcript levels were significantly
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upregulated in both CD4+ and CD8+ T cells from lck-DPP2 kd compared to control mice
(Fig. 5B). RORγt is a transcription factor required for Th17 cell differentiation. Stimulated
T cells from lck-DPP kd mice were analyzed for RORγt transcript levels by qRT-PCR, they
were upregulated in CD4+, but not CD8+ (data not shown), (Fig. 5C).

Immunization of lck-DPP2 kd mice leads to Th17 memory cells that are hyper-proliferative
when restimulated in vitro

Mice were immunized with OVA in CFA intradermally (i.d.) and boosted with OVA in IFA
i.d. two weeks later. Ten days after boosting, the draining lymph nodes were harvested,
restimulated in vitro with OVA and pulsed for 8 h with 3H-thymidine at various time points
(Fig. 6A). Consistent with the anti-CD3 plus anti-CD28 stimulation results obtained with
naïve T cells, OVA-immune DPP2 kd T cells were hyper-proliferative and responded to
lower doses of OVA compared to those from littermate controls. These data demonstrate
that immune T cells from lck-DPP2 kd mice have a lower threshold of activation, when
restimulated in vitro with specific antigen. To examine whether these T cells had a similar
cytokine profile as those of naïve mice, the respective supernatants were tested for the
various cytokines by ELISA. We found that IL-2, IL-4 and IFN-γ levels were extremely low
in both DPP2 kd and control mice (data not shown). This is most likely due to the low
percentage of OVA-specific T cells responding to antigen restimulation in vitro. In contrast,
the level of IL-17 was significantly increased in DPP2 kd lymphocytes (Fig. 6B). Thus, in
the absence of DPP2, the in vivo immunization led to the generation of TH17 memory cells,
although the adjuvants CFA and IFA had presumably induced the full set of exogenous
cytokines, necessary for TH1 and TH2 differentiation in vivo. Consistent with the higher
level of IL-17 production, DPP2 kd T cells also upregulated il-17a (Fig. 6C) and rorγt (Fig.
6D) transcript levels.

lck-DPP2 kd mice have elevated autoantibodies
TH17 cells are potent inducers of autoimmunity. Since activation of T cells from lck-DPP kd
mice leads to differentiate into Th17 cells, these mice were examined for signs of
autoimmunity. Interestingly, we observed that the level of circulating anti-nuclear antibodies
(ANA) was increased in 6 months old lck-DPP2 kd compared to control littermates (Fig.7).
ANA were detected on HEp-2 cells at serum dilutions of 1:50 and 1:100, but not 1:300,
indicating that DPP2 kd mice have relatively low titers of circulating autoantibodies. The
localization of the ANA to the nucleolar of the HEp-2 cells suggests the presence of anti-
RNA, rather than anti-DNA, autoantibodies. Total Ig and IgM serum levels were quantified
by ELISA, but no differences were observed between DPP2 kd and control mice (Suppl.
Fig. 2). Furthermore, pathological studies performed on these mice revealed no
inflammation, lesions or cellular infiltrates. It is possibly, therefore, that the full
development of autoimmunity takes 12-15 months.

DISCUSSION
Our data indicate that DPP2 is a quiescence factor that is required for the maintenance of T
cells in G0 in vivo. In the presence of this dipeptidase, T cell differentiation into effector
cells depends on TCR signals, as well as exogenous factors. In lck-DPP2 kd mice, however,
the threshold of TCR-mediated activation is lowered, resulting in increased proliferation and
differentiation into IL-17 secreting cells, independently of exogenous cytokines. Thus, IL-17
production seems to be the default pathway for T cell differentiation, a process that is
actively prevented by DPP2, providing a new model for the control of T cell activation and
differentiation.
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In our previous work we observed that in vitro inhibition of DPP2 enzyme activity or down-
regulation of its expression in quiescent T cells and fibroblasts leads to deregulated entry
into the cell cycle, resulting in apoptosis of these cells 3-5. To further elucidate the function
of DPP2, development of an in vivo model was essential. For this purpose, we constructed
two lentiviral vectors for conditional, Cre-lox-regulated, RNAi 23, infected ES cells and
generated chimeric mice.

The constitutive DPP2 kd approach, where the DPP2-specific shRNA is expressed in all
tissues, appeared to be embryonic lethal. This was surmised from the fact that only three
chimeric mice were obtained which had extremely low chimerism (5-15%), based on coat
color and GFP expression. These results were anticipated due to the earlier observation that
the traditional DPP2 ko mouse was embryonic lethal (Huber lab, unpublished observation),
suggesting that DPP2 plays an essential role during development. Further experiments are
required to determine the stage of embryonic lethality and the defects associated with loss of
DPP2.

On the other hand, numerous, highly chimeric conditional DPP2 kd founder mice were
generated. These mice were crossed to lck-Cre tg mice 25 to produce lck-DPP2 kd mice,
where DPP2 kd is restricted to the T cell lineage, beginning at the double negative stage in
thymocyte development. T lymphocytes were chosen for this in vivo analysis, because
DPP2 was initially discovered in T cells and the majority of in vitro data had been
performed in T cells. Upon further breeding, we observed expected ratios and normal
maturation of lck-DPP2 kd mice. Contrary to our expectations from the in vitro data
however, thymocyte development was normal in the mutant mice in terms of overall
cellularity and proportions of specific subsets. Furthermore, the peripheral T cell pool was
increased by about 40% in these mice, and no apoptosis was observed. Thus, in the absence
of DPP2 in vivo, the T cells appeared to be rescued from cell death.

It is possible that the increased peripheral T cell number in lck-DPP2 kd mice is a result of
defective homeostatic proliferation. In the absence of DPP2, T cells would drift into early
G1 and enter the cell cycle, as observed in vitro 5. However, these cells could be rescued
from apoptosis due to environmental signals provided by stromal cells, which secrete
numerous cytokines and chemokines. These factors are not present in in vitro cultures and
could account for the discrepancy in the in vitro and in vivo results obtained by down-
regulation of DPP2. One such factor is IL-7, which is required for the development of
peripheral T cells 26-29 and is produced by many cell types, including stromal cells, B-cells,
monocytes/macrophages, follicular dendritic cells, keratinocytes, and gut epithelial cells 26.
IL-7 promotes survival in part through expression of target genes, such as pro-survival
bcl-2 30 and the stabilization of p27kip130. The importance of TCR-MHC interactions has
also been established as a key factor in T cell survival in vivo 31, 32. Brocker et al.
demonstrated that continued survival of mature T lymphocytes is dependent on MHC class
II-expressing dendritic cells 33.

When tested in vitro by TCR activation, the T cells of the lck-DPP2 kd mice demonstrated a
lower activation threshold and higher proliferation than those of the control littermates.
Similarly, T cells from in vivo immunized mice responded to a lower antigen dose and
increased proliferation when restimulated in vitro. This may possibly be due to a shortened
G1 phase caused by DPP2 kd, an observation that we made in DPP2 kd fibroblasts, which
proliferate faster than wild type cells in the presence of serum (unpublished result).
Similarly, it has been reported that T cells lacking transactivator of ErbB2 (TOB1) have a
reduced threshold of activation 34. Furthermore, loss of Lung-Kruppel-like factor 2 (KLF2)
leads to a loss of quiescence defined by proliferation, increased metabolism and altered
expression of activation markers 35. Interestingly, we previously demonstrated that DPP2 is
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transcriptionally activated by KLF2 and TOB1, linking them in a program that maintains
lymphocyte quiescence, which is regulated by quiescence-specific transcription 3.
Collectively, these data support the role of DPP2 in preventing proliferation and promoting
quiescence.

Of particular interest is the finding that naïve T cells from lck-DPP2 kd mice mainly
produce IL-17, the signature cytokine of TH17 cells 36, upon TCR-mediated activation in
vitro. In addition, these cells significantly upregulate rorγt mRNA, the master regulator of
TH17 differentiation 15. In agreement with this observation, we found that IL-2 and IFN-γ
production was down-regulated in the activated mutant T cells. CD4+ and CD8+ T cells,
respectively, produce these cytokines after TCR activation in the absence of exogenous
factors. Furthermore, IL-2 has been shown to induce Foxp3 expression and inhibit TH17 cell
differentiation 37. Collectively, our data support the notion that loss of DPP2 causes T cells
to differentiate into TH17 cells and IL-17 producing CD8+ T cells upon TCR stimulation.

It can be surmised from these results that the production of the inflammatory cytokine IL-17
is the default pathway in T cell differentiation and is actively suppressed by DPP2. Such
control may be important to prevent expansion of autoreactive T cells. In agreement with
this hypothesis, we observed increased levels of ANA in the lck-DPP2 kd mice, indicative
of augmented autoantibody production in these mice. TH17 cells have been implicated in
numerous human diseases, such as psoriasis, rheumatoid arthritis, multiple sclerosis, asthma
and some bacterial and fungal infections 38. A recent report on the effects of the loss of early
growth response gene-2 (Egr-2) in T cells suggests that autoimmune disorders can result
from a loss of effector T cell expansion and inflammatory activation 39. This is consistent
with the observations made in lck-DPP2 kd mice, where T cells are hyper-proliferative and
differentiate into IL-17-producing cells. Several other reports have also shown examples of
proteins that act to prevent abnormal T cell proliferation and autoimmunity associated with
the production of IL-17. Similar to the role of DPP2 demonstrated in this report, proprotein
convertase, furin, which regulates proteolytic maturation of proproteins, has been implicated
in central tolerance, and break of tolerance leads to autoimmunity and IBD 40. However,
recent reports have described a protective role of IL-17A in IBD 21-23. In this regard, it is of
interest that the lck-DPP2 kd mice showed no signs of IBD (results not shown).

In summary, the data presented here on the activation phenotype of T cells from lck-DPP2
kd mice point to a model in which DPP2 lifts the threshold of T cell activation, preventing
spontaneous cell division. Upon kd of DPP2, cells may drift into early G1 of the cell cycle
and may proliferate faster upon stimulation, because they have an advantage by being poised
to enter S phase sooner. This would provide an explanation for the hyper-proliferative
behavior of DPP2 kd T cells upon stimulation. Activated DPP2 kd CD4+ cells differentiate
into TH17 cells through a default pathway bypassing the required cytokines, IL-6, IL-1 and/
or TGF-β, for Th17 cell differentiation. Interestingly, DPP2 kd CD8+ T cells also generate
increased amounts of IL-17A, suggesting that IL-17 production is the default pathway for all
T0 cells. In the presence of DPP2, exogenous factors are required to overcome this threshold
of activation, allowing differentiation into effector cells. Collectively, these results imply
that DPP2 is an essential protease that is intricately involved in the G0/G1 transition in T
cells, preventing their differentiation into IL-17-producing effector cells.

METHODS
shRNAs

The shRNAs against mouse DPP2 were generated using the pSicoOligomaker1.5 which can
be found at http://web.mit.edu/jackslab/protocols/pSico.html and were verified on the
Dharmacon website http://www.dharmacon.com/DesignCenter/DesignCenterPage.aspx.
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The selected oligos were cloned in pSicoR and pSico vectors 24 according to the protocol
described on the Tyler Jacks Website. Double-stranded RNA was synthesized by
Dharmacon (Lafayette, CO). All DNA sequencing was done at the Tufts University Core
Facility. shRNA sequences that had the most significant knock down of mouse DPP2
measured by qRT-PCR was selected to infect 129/SVEV ES cells (#CMT1-1, Chemicon).
The empty lentiviral vector was used as a control.

Sense strand against mouse DPP2 (shDPP2): 5’-TGG TTC CTA GTG TCA GAT AA-3

Virus Generation and Infection
Lentiviruses were generated essentially as described 41. Briefly, 10 μg of lentiviral vector
and 4 μg of each packaging vector were cotransfected in 293T cells by using the calcium
phosphate method (Current Protocols in Molecular Biology). Supernatants were collected
36–40 h after transfection, filtered through a 0.45-μm filter, followed by centrifugation of
the viral supernatant at 25,000rpm in a Bechman SW28 rotor for 1.5 h to concentrate the
virus. The viral pellet was resuspended in 200ul ES cell media and added to 10,000-20,000
ES cells that were plated on a feeder layer of irradiated MEFs and incubated for 6 h at 37°C.
Sequabrene (Sigma) was added (8 μg/μl) to the ES cell media during leniviral infection to
increase infection efficiency. GFP positive colonies were isolated 3–4 days after infection.
On average, 15–30% of ES colonies were GFP positive.

ES Cell Manipulation and Generation of Chimeras
129/SVEV ES cells were cultivated on irradiated MEFs in DMEM containing 15% FCS,
leukemia-inhibiting factor, penicillin/streptomycin, l-glutamine, and nonessential amino
acids. As described above, ES cells were infected with pSico or pSicoR, GFP+ clones were
isolated and tested for kd DPP2 by qRT-PCR. The clone that suppressed DPP2 expression
by 90% was selected to inject into the blastocysts of pregnant mice. Only two pSicoR
chimeric mice were obtained with extremely low chimerism (5%-15%). Fourteen male
pSico chimeric mice were obtained that differed in GFP expression. The two male mice with
highest GFP expression were chosen to mate with transgenic mice that express Cre in tissue-
restricted manner. lck-Cre mice (C57BL/6, cat#004197) 25 were purchased from Taconic
Farms, Inc. (Hudson, NY).

Flow Cytometry
Lymphocytes from thymus, spleen and LN were stained with αCD4-APC and αCD8-PEcy5
(BD Biosciences) in PBS for 15min at room temperature followed by FACS calibur (BD
Biosciences) analysis to determine the percentage of T cell populations in these tissues.

qRT-PCR
qRT-PCR were performed on total RNA isolated from cells (RNeasy mini kit, Qiagen) using
mouse Dpp2 (primer pair: GGAGGCCCTGCTTGTCTTT and
CACCGAACGGAAGCGATTTC; TaqMan MGB probe: 6-FAM-
CTGAGCACCGGTACTATG-NFQMGB) and RT-PCR reagents (#4304971) (Applied
Biosystems), were run and analyzed on ABI 7200 sequence detection system. The probe for
18S RNA (#4308329, Applied Biosystems) was used to normalize individual samples. The
calculation is based on the relative differences ddC(t) method as described.3 Transcript
levels were similarly quantitated using the murine IL-17A (Mm004369619), IFN-γ
(Mm00801788), RORγt, and IL-2 ABI probes.
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T cell separation and stimulation
Lymphocyte single cell suspensions were generated from thymus, spleen or lymph nodes of
sacrificed mice using mesh filters. CD4+ or CD8+ cells were isolated from splenocytes and
LN cell populations using negative selection magnetic beads CD8 enrichment and CD4
enrichment sets (#558131 and #558131, BD Biosciences) according to the manufacturer's
protocol. Cells were cultured in RPMI-1640 (Gibco, Grand Island, NY), supplemented with
Hepes pH7.4, Penicillin-Streptomycin, L-glutamine, beta-Mercaptoethanol (all Gibco) and
10% fetal calf serum (Atlanta Biologicals, Norcross, GA). Lymphocytes were stimulated
with plate bound αCD3 alone or αCD3 and αCD28 antibody (#553238, BD Biosciences).
96-well round bottom plates were coated with protein A for 1h at 37°C, washed 2Xs with
1XPBS, followed by addition of αCD3 alone or αCD3 and αCD28 antibody.

Intracellular Staining
CD4+ T cells were isolated and stimulated with αCD3 and αCD28 for 3 days followed by
stimulation with PMA/Ionomycin in the presence of GolgiPlug (BD Biosciences) for 5h.
Cells were fixed and stained with αIL-17A-PE according to the manufacturer's protocol
(#555028 BD Biosciences) and analyzed on the FACS calibur.

T cell Proliferation Assay
Forty hours and sixty-four hours poststimulation, 1 μCi of [3H]thymidine (ICN
Biochemicals) was added to each well containing 50,000 of unseparated splenocytes and LN
cells, for CD4+ and CD8+ cells 25,000 cells were used, followed by additional 8h
incubation. Plates were harvested with the TOMTEC cell harvester and 3H incorporation
was measured by TRILUX Microbeta counter (PerkinElmer Life Science). Data were
obtained from triplicate samples for each treatment.

ELISAs
Flat bottom Immulon 2HB plates (Fisher Scientific) were coated overnight with 3 ug/ml of
capture anti-mouse IL-17 antibody (R&D Systems, Minneapolis, MN) in 1× phosphate
buffered saline (PBS). Plates were blocked with 2% bovine serum albumin and 5% sucrose
in 1× PBS at room temperature for 1 hour. Recombinant mouse IL-17 (standard curve) and
the supernatant from the in vitro stimulation were diluted 1:2 then added in duplicate to the
ELISA plates and incubated for 2 hrs at room temperature. Plates were washed and
incubated with biotinylated anti-mouse IL-17 (R&D Systems) for 1 hour at 37°C, followed
by additional washes and incubation with neutravidin-alkaline phosphatase for 30 minutes at
room temperature. Plates were then developed with the AP substrate, para-nitrophenyl
phosphate (Pierce), in 0.2% diethanolamine substrate buffer (Pierce) and were read at 405
nm in a SpectraMax spectrophotometer (Molecular Devices). Similar procedures were used
for IFNγ, IL-2 and IL-4 ELISAs according to the manufacturer's protocol.

Immunizations
lck-DPP2 kd and littermate controls were immunized with 100ug of OVA and complete
Freud's adjuvant (Sigma) by subcutaneous injection. Ten to fourteen days later mice were
boosted with 100ug of OVA and incomplete Freud's adjuvant (Sigma) by subcutaneous
injection. Ten to fourteen days after boosting the mice were sacrificed and the draining
lymph nodes were harvested for in vitro stimulation with OVA.

Immunofluorescence Staining of Hep-2 Cells
Fixed human HEp-2 cells (Antibodies, Inc.) were stained with mouse serum according to the
manufacturer's instructions, except the secondary antibody was FITC-conjugated F(ab)2
goat antimouse IgG (Jackson Immunoresearch). The slides were mounted with ProLong
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Gold antifade reagent (Invitrogen) and digitally photographed with a Nikon E400
fluorescence microscope.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of shRNA expressing lentiviral vectors
A. Schematic of the generation of constitutive lck-DPP2 kd mice before and after Cre-
mediated recombination. B. Schematic generation of conditional lck-DPP2 kd mice before
and after Cre-mediated recombination. SIN-LTR, self-inactivating long terminal repeats;
Psi, required for viral RNA packaging; cPPT, central polypurine tract; EGFP: enhanced
GFP; WRE, woodchuck regulatory element (Adapted from 23). C. Splenocytes were
harvested from lck-DPP2 kd mice and control littermates, followed by RNA isolation; qRT-
PCR was used to quantify DPP2 transcript levels. D. T cells were sorted for CD8 and CD4
expression from splenocytes of lck-DPP2 kd mice and control littermates, followed by RNA
isolation, and qRT-PCR was used to determine DPP2 transcript levels. Student's two-tailed t
test was used to determine the statistical differences in C. and D. *, p=0.02.
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Figure 2. Lymphocyte profile of lck-DPP2 kd mice
Thymocytes, splenocytes and lymph node cells were stained for CD4 and CD8, followed by
FACS analysis. The presented data are representative of the analysis of at least 4 mice per
group.
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Figure 3. lck-DPP2 kd T cells are hyper-proliferative
A. Unseparated splenocytes and lymph node cells from lck-DPP2 kd mice (black bars) and
control littermates (white bars) were cultured with various concentrations (1.0 μg/ml, 0.1μg/
ml, 0.01μg/ml) of plate-bound anti-CD3 alone or anti-CD3 & anti-CD28 or were left
unstimulated. Lymphocytes were pulsed with 3H-thymidine for 8 h at the various time
points and harvested. *, p<0.007; **, p<0.014. B. CD4+ T cells were isolated by negative
selection from lymph node cells and splenocytes from lck-DPP2 kd (black bars) and control
mice (white bars) and were cultured as in A. *, p=0.001; **, p=0.001. C. CD8+ T cells were
isolated and cultured, following the same procedure as B. *, p=0.004; **, p=0.005. Student's
two-tailed t test was used to determine the statistical significance.
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Figure 4. Cytokine profile of lck-DPP2 kd T cells
Unseparated lymphocytes, or either CD4+ or CD8+ T cells from lck-DPP2 kd (black bars)
and control mice (white bars) were stimulated with 0.1 μg/ml of plate-bound anti-CD3, anti-
CD3 and anti-CD28 or left unstimulated. Cell supernatants were analyzed by ELISA at 24,
48 and 72 h for IL-2 (A.), IFN-γ (B.), IL-17 (C.) The presented data are representative of
four independent experiments. Student's two-tailed t test was used to determine the
statistical significance in A. *, p<0.05; B. **, p=0.04, p= C. *, p<0.05; **, p=0.03.
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Figure 5. Cytokine and transcription factor mRNA levels in lck-DPP2 kd mice
Isolated CD4+ or CD8+ T cells from lck-DPP2 kd and control mice were stimulated with 0.1
μg/ml of plate-bound anti-CD3 & anti-CD28, as described in Fig. 4, and RNA was isolated
2 d later. A. il-2 and ifn-γ transcript levels were quantified by qRT-PCR and normalized to
18S in isolated CD4 and CD8 T cells, respectively. B. il-17 transcript levels were quantified
by qRT-PCR and normalized to 18S in isolated CD4 and CD8 T cells. C. rorγt transcript
levels were compared in isolated CD4+ cells by qRT-PCR and normalized to 18S. Student's
two-tailed t test was used to determine the statistical differences in A. *, p=0.03; B. *,
p=0.003 and C. *, p=0.0015
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Figure 6. OVA- immune T cells from lck-DPP2 kd mice are hyper-proliferative and differentiate
into Th17 cells when restimulated in vitro
The draining lymph nodes were harvested from OVA-immunized lck-DPP2 kd and control
littermates, single cell suspensions were prepared and cultured in vitro with 0.01μg/ml,
0.1μg/ml, 1.0 μg/ml of OVA. A. Cultures were then pulsed with 3H-thymidine for 8h at
various time points after stimulation and harvested. These data are representative of 4
independent experiments. Paired student's t test was used to determine the statistical
differences *, p=0.005; **, p=0.009. B. The supernatant from these cells was analyzed for
IL-17 by ELISA on day 3 of stimulation. These data represent the average of 6 mice per
group. Non-paired t test was used to determine the statistical differences *,p<0.05; **,
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p<0.065. C., D., E. RNA was prepared from these cells on day 3 of stimulation and tested by
qRT-PCR for the following transcript levels and normalized to 18S: il-17 (C.), rorγt (D.)
and dpp2 (E.) Paired student's two-tailed t test was used to determine the statistical
differences, ***, p=0.005.
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Figure 7. lck-DPP2 kd mice have elevated ANA autoantibodies
Sera (diluted 1:50) from naïve control littermates and lck-DPP2 kd mice were used to stain
fixed HEp-2 cells. The nucleolar staining of the HEp-2 cells by the serum of lck-DPP2 kd,
but not control mice, indicates that these Abs recognize RNA, rather than DNA. Results are
representative of 3 independent experiments.
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