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ABSTRACT

Allergic eye disease, as in most forms of atopy, ranges in

severity among individuals from immediate hypersensi-

tivity to a severe and debilitating chronic disease.

Dendritic cells play a key role in stimulating pathogenic

T cells in allergen re-exposure, or secondary responses.

However, molecular cues by dendritic cells underpinning

allergic T cell response levels and the impact that this

control has on consequent severity of allergic disease

are poorly understood. Here, we show that a deficiency

in thrombospondin-1, a matricellular protein known to

affect immune function, has subsequent effects on

downstream T cell responses during allergy, as revealed

in an established mouse model of allergic eye

disease. More specifically, we demonstrate that a

thrombospondin-1 deficiency specific to dendritic cells

leads to heightened secondary T cell responses and

consequent clinical disease. Interestingly, whereas

thrombospondin-1-deficient dendritic cells augmented

activity of allergen-primed T cells, this increase was not

recapitulated with naı̈ve T cells in vitro. The role of

dendritic cell-derived thrombospondin-1 in regulating

secondary allergic T cell responses was confirmed in

vivo, as local transfer of thrombospondin-1-sufficient

dendritic cells to the ocular mucosa of thrombospondin-1

null hosts prevented the development of augmented

secondary T cell responses and heightened allergic eye

disease clinical responses. Finally, we demonstrate that

topical instillation of thrombospondin-1-derived peptide

reduces T cell activity and clinical progression of allergic

eye disease. Taken together, this study reveals an

important modulatory role of dendritic cell-derived

thrombospondin-1 on secondary allergic T cell re-

sponses and suggests the possible dysregulation of

dendritic cell-derived thrombospondin-1 expression as a

factor in allergic eye disease severity. J. Leukoc. Biol.

100: 000–000; 2016.

Introduction

Allergy, or atopy, comprises a plethora of IgE-associated
conditions that affect a considerable percentage of the popula-
tion in industrialized nations [1, 2]. Many of these atopic patients
suffer from ocular allergy, which can range from mild allergic
conjunctivitis (i.e., seasonal and perennial allergic conjunctivitis)
to severe AED (i.e., atopic and vernal keratoconjunctivitis) [1–4].
Allergy affecting the eye is characterized by inflammation of the
ocular mucosa (i.e., conjunctiva) and eyelid, tearing, mucosal
discharge, and in severe cases, corneal damage [1–4]. As in most
forms of allergy, AED is comprised of an immediate hypersen-
sitivity reaction that occurs after the allergen has cross-linked IgE
on the surface of mast cells, resulting in their degranulation
[5–7]. This is followed by a late-phase reaction involving Th2
responses that lead to the recruitment and activation of
eosinophils at the level of the conjunctiva [8–13]. Th1 cells also
play an appreciable role in AED pathogenesis [12, 14–16].
As a result of the critical role Th cells play in mediating chronic

allergic diseases, considerable focus has been placed on better
understanding the mechanism of their activation by DCs, the
most potent APC population [9, 11, 17, 18]. In the ocular
mucosa, as in other sites, cDCs are characterized by their

1. These authors contributed equally to the study.

2. Current affiliation: University of Cologne, Cologne, Germany.

3. Current affiliation: Catholic University of Korea, College of Medicine, and
Seoul St. Mary’s Hospital, Seoul, Korea.

4. Correspondence: Depts. of Ophthalmology and Immunology, Duke
University School of Medicine, 2351 Erwin Rd., Durham, NC 27705, USA.
E-mail: daniel.saban@duke.edu

Abbreviations: AED = allergic eye disease, BMDC = bone marrow-derived

dendritic cell, cDC = classical dendritic cell, DC = dendritic cell, dLN = draining

lymph node, I = ionomycin, LN = lymph node, MHC II = MHC class II, TSP-1 =

thrombospondin-1, WT = wild-type

The online version of this paper, found at www.jleukbio.org, includes
supplemental information.

0741-5400/16/0100-0001 © Society for Leukocyte Biology Volume 100, August 2016 Journal of Leukocyte Biology 1

 Epub ahead of print February 8, 2016 - doi:10.1189/jlb.3A0815-357RR

 Copyright 2016 by The Society for Leukocyte Biology.

mailto:daniel.saban@duke.edu
http://www.jleukbio.org


expression of CD11b or CD103, with some exception in the gut
[19]. DCs function by acquiring antigen from peripheral sites
and mobilizing to the regional LN through CCR7 [20]. Our lab
has shown this process to be relevant in AED [19, 20], where
ocular mucosal CD11b+, but not CD103+, cDCs are necessary to
stimulate potent allergen-specific T cell responses [17, 19–21].
Thus, elucidating the molecular cues that mediate DC activity in
the context of allergic T cell stimulation may be pertinent to
identifying novel targets for effective treatments in allergic
diseases, such as in AED.
The matricellular protein TSP-1 is one such molecular

component, which is involved in regulating immune responses.
Seminal work by Crawford et al. [22] showed that TSP-1 is a
potent activator of latent TGF-b and that TSP-1 null mice
succumb to multiorgan inflammation. A subsequent study by
Doyen et al. [23] showed that autocrine expression of TSP-1 and
ligation via CD47 by DCs derived from human peripheral blood
monocytes caused these cells to become refractory in the
presence of microbial products in vitro. Relatedly, our group has
previously shown that expression of TSP-1 by mouse DCs
prevented their phenotypic maturation (i.e., up-regulation of
MHC II and costimulatory factors, such as CD80/86) and
resultant ability to stimulate T cells [24]. In a separate study,
Turpie et al. [25] demonstrated that TSP-1 null mice develop
spontaneous Sjögren’s syndrome-like autoimmunity, affecting
the eye clinically at 24 wk of age. Thus, not only does TSP-1 affect
immune function, but this activity also appears to be highly
relevant in inflammatory diseases of the ocular mucosa.
This understanding prompted us to examine further the

potential role of TSP-1 in the immunopathogenesis of AED. Our
data revealed that a TSP-1 deficiency, specifically in DCs, results in
a remarkably more severe form of AED clinical disease and that
this effect was a consequence of augmented secondary allergic
T cell responses. Furthermore, with the use of a TSP-1-derived
peptide, we demonstrated that topical application of TSP-1
effectively reduces T cell responses and markedly inhibits AED
progression. Therefore, our findings demonstrate the contribu-
tion of TSP-1, or the lack thereof, in the pathobiology of AED.

MATERIALS AND METHODS

Animals and anesthesia
Eight-week-old C57BL/6 mice were purchased from Charles River Laboratories
(Wilmington, MA, USA). TSP-1 null mice, congenic mice (CD45.1), and OT-II
mice (all on a C57BL/6 background), 8 wk old, were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA). Mice were housed and bred at the Duke
University Eye Research Institute Animal Facility (Durham, NC, USA). Anesthesia
was used for subconjunctival injections with intraperitoneally administered
ketamine/xylazine suspensions (120 and 20 mg/kg, respectively). Euthanasia was
performed according to the American Veterinary Medical Association Guidelines
for Euthanasia of Animals: CO2 asphyxiation, followed by bilateral thoracotomy to
ensure nonrecovery. The Institutional Animal Care and Use Committee approved
all procedures, and all animals were treated according to guidelines established by
the Association for Research in Vision and Ophthalmology Statement for the Use
of Animals in Ophthalmic and Vision Research.

Induction of ocular allergy by active immunization
This procedure was performed as described previously [14, 19, 20]. In brief, mice
were immunized with an intraperitoneal injection of 10 mg OVA (Sigma-Aldrich,

St. Louis, MO, USA) in 300 ng pertussis toxin (Sigma-Aldrich) and 1 mg
aluminum hydroxide (Thermo Fisher Scientific, Waltham, MA, USA) in PBS.
After a 14-d rest period, mice were given topical application of 250 mg OVA
solution once/day to the right eye for at least 7 d after the immunization rest
period.

Clinical scoring of AED
The immediate hypersensitivity and late-phase reaction were scored clinically, as
described previously [14, 19, 20]. In brief, each of the following parameters—lid
swelling, tearing, conjunctival chemosis, and conjunctival redness—were scored
on a scale of 1–3 and summed [4]. Scoring was done twice/day, at 20 min
and at 6 h after challenge. When specified, mice were treated with 10 mg TSP-1-
derived peptide, referred to as 4N1K (KRFYVVMWKK) [26, 27], or control
peptide, referred to as 4NGG (KRFYGGMWKK; Sigma-Aldrich) [26], which was
added to the topical OVA solution.

Adoptive transfer
As described previously [20], purified OVA-sensitized (primed) T cells were
isolated from the spleens of immunized WT mice by negative selection [non-
T cells were removed with biotin-conjugated antibodies against CD11b,
CD11c, CD19, CD45R (B220), CD49b (DX5), CD105, MHC II, and Ter-119]
via a MACS magnetic sorting kit (Miltenyi Biotec, San Diego, CA, USA). Cells
(5 3 106) were injected intravenously into the tails of naı̈ve WT or naı̈ve TSP-1
null recipient mice.

Generation of BMDC culture and local transfer
This procedure was performed as described previously [19]. In brief, bone
marrow cells were collected from WT congenic or TSP-1 null mice and
cultured with GM-CSF (BioLegend, San Diego, CA, USA) for 7 d to generate
CD11b+ DCs. DCs (1 3 105), cultured from WT or TSP-1 null mice, were
injected subconjunctivally into naı̈ve TSP-1 null mice.

DC pulsing and T cell coculture
BMDCs from TSP-1 null mice and WT or OT-II mice were plated at a
concentration of 1 3 106 cells/ml and cultured overnight with 1 mg/ml OVA.
Separately, T cells were collected from the spleens of naı̈ve WT (or OT-II) and
OVA-immunized WT (or OT-II) mice, as described above, and stained with
CFSE (CellTrace CFSE cell proliferation kit; Life Technologies, Thermo
Fisher Scientific). DCs were washed and then cocultured with the naı̈ve or
OVA-sensitized T cells for 4 h at a 1:4 ratio with 0.2% PMA + I + Golgi block
(eBioscience, San Diego, CA, USA).

In vitro stimulation of T cells
This procedure was performed as described previously [19]. In brief, dLNs
were collected from euthanized mice, tissue pressed, and run through a 70 m

cell strainer. Cells were washed and resuspended in complete media and
then plated at a concentration of 2 3 106 cells/ml. Cells were stimulated
24–48 h with 1 mg/ml OVA, followed by a 4 h culture with 0.2% PMA + I +
Golgi block for flow analysis or 0.2% PMA + I for ELISA analysis, or
stimulated directly with PMA + I + Golgi block/PMA + I. For flow cytometry,
cells were stained for CD4, IL-4, IL-5, IL-13, and/or IFN-g. For ELISA, the
supernatant was collected from the culture and analyzed for the same
cytokines using ELISA Ready-SET-Go! kits (eBioscience).

Digestion of conjunctiva
As described previously [20], conjunctival tissue was collected after the final
day of challenge and placed in digestion buffer consisting of HBSS with 0.2%
collagenase D (Roche Diagnostics, Indianapolis, IN, USA) and 0.01% DNase
(Roche Diagnostics). Samples were placed in a 37°C water bath and subjected
to quick dissociation periods using the GentleMACS dissociator at 20 min
intervals over 1 h. EDTA disodium salt solution (75 ml ; Sigma-Aldrich) was
added to stop the digestion reaction.
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Figure 1. Active immunization leads to only marginal differences in AED clinical disease and allergic T cell responses in TSP-1 null mice compared
with WT counterparts. (A and B) Only marginal increases in AED clinical disease were observed in actively immunized TSP-1 null versus WT mice.
Mice were immunized with OVA and adjuvant and 14 d later, were challenged once/day for 7 consecutive d with topical OVA instillation. On each
challenge day, mice were clinically scored in a masked fashion for tearing/discharge, eyelid edema, and conjunctival redness and swelling. Scoring
was performed at 20 min after challenge (i.e., for the immediate hypersensitivity), and again at 6 h after challenge (i.e., for the late-phase reaction).

(continued on next page)

Smith et al. Dendritic cell-derived thrombospondin-1 regulates Th2

www.jleukbio.org Volume 100, August 2016 Journal of Leukocyte Biology 3

http://www.jleukbio.org


Antibodies for flow cytometry
The following antibodies were used: CD4 (clone RM4-5, PE-CF594, BD
Horizon/BD Biosciences, San Jose, CA, USA), IL-4 (clone 11B11, PE-Cy7;
BioLegend), IL-5 (clone TRFK5, PE; BioLegend), IL-13 (clone eBio13A, PE,
or clone eBio13A, AF660; eBioscience), IFN-g (clone XMG1.2, Alexa 488, or
clone XMG1.2, Alexa 700; BD PharMingen, San Diego, CA, USA), CD45.1
(clone A20, BV650; BioLegend), CD45.2 (clone 104, BV785; BioLegend),
CD11b (clone M1/70, BV510, BD Horizon/BD Biosciences), CD11c (clone
HL3, BV711, BD Horizon/BD Biosciences), Siglec F (clone E50-2440, AF647;
BD PharMingen), Ly6C (clone HK1.4, Alexa 488; BioLegend), Ly6G (clone
1A8, Alexa 700; BioLegend), F4/80 (clone BM8, PE; BioLegend), and CFSE
(CellTrace CFSE cell proliferation kit; Life Technologies, Thermo Fisher
Scientific).

Statistics
Statistical significance for the clinical scores and ELISA assays were de-
termined using the Student’s t test, and for flow cytometry, the x2 test was
used. With the x2 test, the event numbers of populations of interest of both
groups (A and C, respectively) and the event numbers of populations of
noninterest of both groups (B and D, respectively) from the FACS data were
compared as follows: {[(AD 2 BC)2] × (A + B + C + D)}/[(A + B) × (C + D) ×
(A + C) × (B + D)]. The x2 value was then compared with a corresponding
probability of significance (P) using a degree of freedom of 1. Statistical
significance is described in figure legends.

RESULTS

Assessing the severity of allergic eye disease in TSP-1
null mice
Given that TSP-1 has been established as an immunoregulatory
factor [22, 23, 26, 28–30], we wanted to first determine whether
the absence of TSP-1 would result in increased severity of AED.
We addressed this question by using an established model in
which WT and TSP-1 null mice were immunized with OVA and
14 d later, followed by a once/day topical instillation of OVA for
7 d [14, 19, 20]. The mice were scored, as described previously
for clinical disease (i.e., tearing, lid swelling, conjunctival
chemosis, and conjunctival redness), at 20 min after challenge to
assess the immediate hypersensitivity reaction and at 6 h after
challenge to assess the late-phase response [4, 6, 10, 20, 31–33].
Interestingly, results indicated that AED severity in TSP-1 null
mice was only marginally increased compared with WT mice
(Fig. 1A and B), with only 1 time point reaching statistical
significance (challenge d 4, 20 min after challenge).
These findings prompted us to further examine if the marginal

increase in the clinical score was reflected in the T cell responses.
To do so, dLNs were collected after the final day of challenge in
WT and TSP-1 null mice with AED. After a 4 h culture, T cells
were analyzed by flow cytometry for IL-4- and IL-13-producing
Th2 cells, as well as IFN-g-producing Th1 cells. As has been
reported [9, 11–13], Th1 and Th2 responses were increased in
AED mice in WT and TSP-1 null mice compared with naı̈ve mice
(Fig. 1C). Regarding TSP-1 null mice, data showed small, but
statistical, increases in CD4+IL-4+ and CD4+IL-13+ T cells from
TSP-1 null mice compared with WT in the AED setting. However,
no difference was observed in CD4+IFN-g+ T cells between TSP-1

null and WT mice (Fig. 1C). Taken together, these data show
that with a global TSP-1 deficiency, there is only a marginal
increase in allergen-reactive T cell responses and consequent
clinical disease in AED compared with their WT counterparts. As
differences in T cell responses were observed in the dLN,
differences in the 20 min clinical responses (i.e., immediate
hypersensitivity) were relatively marginal, and no notable differ-
ences were shown in the percentages of eosinophils between the
2 groups (data not shown), the subsequent experiments focused
on the DC–T cell relationship instead of immediate responders,
such as mast cells, or downstream effecters, such as eosino-
phils [34].

TSP-1-deficient DCs directly stimulate heightened
secondary T cell responses in vitro
Our lab has shown previously that TSP-1 null DCs differ from WT
DCs phenotypically, in that TSP-1 null DCs have heightened
surface expression of MHC II, B7 costimulatory molecules, and
CCR7 [24]. Thus, the presence of only marginally increased
allergic T cell responses in the TSP-1 null mice was somewhat in
conflict with the established role of TSP-1, as it has been shown to
suppress DC maturation in a manner that leads to reduced T cell
stimulation [17, 19–21]. This potential discrepancy led us to
examine further the role of DC-derived TSP-1 on allergic T cell
responses using a more isolated in vitro system. To accomplish
this aim, OVA-pulsed BMDCs, generated from WT or TSP-1 null
mice, were cocultured with WT T cells from naı̈ve or OVA-
sensitized mice. This approach would isolate the direct role of
DC-derived TSP-1 on consequent T cell responses. The
frequency of IL-13+ and IFN-g+CD4+ T cells from OVA-sensitized
mice cultured with TSP-1 null DCs was increased significantly
compared with the same T cells cultured with WT DCs (Fig. 2A).
This same increased frequency of Th2 and Th1 cytokine-
expressing cells was confirmed using OVA-sensitized T cells from
OT-II mice (Fig. 2B). Interestingly, results using naı̈ve T cells did
not yield similar trends, as resultant frequencies of such cytokine-
expressing T cells did not differ significantly between WT and
TSP-1 null DC stimulation (Fig. 2A). These data indicate that
whereas TSP-1-deficient DCs increase the response of primed
(i.e., secondary) T cells, the deficiency had no significant effect
on naı̈ve T cells in vitro. These findings highlight the possibility
that TSP-1 expressed by DCs is relevant for the regulation of
secondary T cell responses in AED.

Adoptive transfer of OVA-sensitized T cells into
TSP-1-deficient mice leads to increased severity of
allergic immune responses
We next sought to determine in vivo whether DC-derived TSP-1 is
relevant in regulating secondary allergic T cell responses in AED,
which would potentially support our in vitro findings. We chose
to move to the adoptive transfer model of allergy induction to
address this question, as global TSP-1 deficiency affects several
cell types, including B [35, 36] and T cells [37], and eosinophils
[34]. Therefore, our approach was to adoptively transfer T cells

(C) Active immunization led to slight increases in allergic T cell responses in TSP-1 null versus WT mice. dLNs were collected after the last challenge and
restimulated in vitro. Flow cytometric analysis enumerated frequencies of cytokine-expressing CD4+ T cells. This experiment is representative of 3
independent experiments. *P # 0.05 was determined to be statistically significant.
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from OVA-sensitized WT mice into naı̈ve WT or TSP-1 null
recipient mice [38]. Recipient mice were then challenged topically
with OVA instillation and scored for AED. At 20 min after
challenge, TSP-1 null mice displayed marginally exacerbated AED
compared with WT mice, with only 1 time point (challenge d 4)
reaching significance (Fig. 3A). Interestingly, however, at 6 h after
challenge, TSP-1 null mice displayed significantly worsened AED
compared with the WT mice (Fig. 3B). Thus, adoptive transfer of
OVA-sensitized T cells into TSP-1 null mice leads to exacerbated
late-phase responses and thereby, suggests a regulatory role for
TSP-1 in secondary T cell responses during AED.
As allergic late-phase responses are largely T cell mediated, the

previous results prompted us to examine T cell cytokine
production directly in this same model system. Thus, at the end
of the challenge period of WT or TSP-1 null mice that received
OVA-sensitized T cells, dLNs were collected and assayed for
T cell responses. Results showed that TSP-1 null recipient mice
had significantly higher frequencies of IL-4+, IL-5+, IL-13+, and
IFN-g+CD4+ T cells compared with WT recipient mice (Fig. 3C).
This same trend was reflected in ELISA assays (Fig. 3D). Taken
together, our data suggest that TSP-1 regulates secondary T cell
responses and consequent late-phase clinical disease in AED.

DC-derived TSP-1 deficiency leads to exacerbated
allergic eye disease
We next reasoned that if our finding of augmented T cell
responses and worsened disease seen with adoptive transfer to

TSP-1 null mice was indeed caused by the absence of DC-
derived TSP-1, then such exacerbated responses may be able to
be rescued by addition of TSP-1-sufficient (i.e., WT) DCs to the
conjunctiva of these mice. We addressed this possibility
through adoptive transfer of T cells from OVA-sensitized WT
mice and subconjunctival injection of WT versus TSP-1 null
BMDCs into TSP-1 null mice [14, 19]. Our lab has shown
previously that CD11b+ BMDCs are phenotypically and func-
tionally similar to conjunctival and lung cDCs in the AED
setting [19, 20]. Thus, BMDCs adequately reflect conjunctival
DC biology. In our experiments here, DC-injected mice were
challenged with OVA, and AED was scored clinically. Results
showed that TSP-1 null mice, which received TSP-1 null DCs,
displayed significantly worsened clinical AED compared with
mice that received WT DCs at both 20 min and 6 h after
challenge—albeit, the largest differences were seen during late-
phase responses (Fig. 4A and B). Consistent with this finding,
TSP-1 null mice that received subconjunctival TSP-1 null DCs
had a remarkable increase in recruited T cells to their
conjunctivae (Supplemental Fig. 1).
Analysis of the T cell responses in the dLNs revealed that mice

that received TSP-1 null DCs showed a significant increase in the
frequency of IL-4+, IL-5+, IL-13+, and IFN-g+CD4+ T cells
compared with mice that received WT DCs (Fig. 4C). The
corresponding ELISA data were consistent with this trend (Fig.
4D). Taken together, these data led us to conclude that the
absence of TSP-1 expression by DCs in the conjunctiva triggers

Figure 2. In vitro stimulation with TSP-1 null DCs leads to increased responses with secondary allergic T cells but not naı̈ve T cells. Splenic T cells
from naı̈ve or OVA-sensitized WT (or OT-II) mice were purified and CFSE stained. BMDCs were prepared from WT versus TSP-1 null bone marrow
and then pulsed with OVA. DC and T cell cocultures were incubated for 3 d. (A) Total WT T cell proliferation and cytokine-expressing CD4+ T cell
proliferation were assessed via flow cytometry. (B) Total OT-II T cell proliferation and cytokine-expressing CD4+ T cell proliferation were assessed
via flow cytometry. This experiment is representative of 3 independent experiments. *P # 0.05 was determined to be statistically significant. FSC,
Forward-scatter.
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heightened responses of T cells and in turn, leads to exacerbated
clinical responses in AED.

Topical administration of TSP-1-derived peptide has a
therapeutic effect in allergic eye disease
Our data strongly suggest that TSP-1 expression by DCs in the
conjunctiva plays an important role in regulating allergic T cell
responses and consequent clinical disease in AED. Therefore, we

asked whether topical administration of exogenous TSP-1-
derived peptide [28, 39] could augment the in vivo modulatory
effect of this factor on DC-mediated T cell responses and
consequent allergy. WT mice were actively immunized with OVA,
as TSP-1-sufficient (WT) DCs can still mature and stimulate
T cells in response to allergen [19, 20]. Our approach in the
current experiment was to apply TSP-1 peptide (4N1K) topically
[26] during the subsequent OVA-challenge period to target the

Figure 3. Adoptive transfer of WT OVA-sensitized
T cells into TSP-1 null mice leads to increases in
allergic immune responses. (A and B) AED clinical
disease is consistently more severe at 6 h after
challenge in TSP-1 null versus WT mice adoptively
transferred with WT OVA-sensitized T cells. OVA-
sensitized T cells were purified from WT mice and
adoptively transferred into naı̈ve WT versus TSP-1
null mice. Recipient mice were challenged with
OVA for 7 d, and the clinical scores were assessed
at (A) 20 min after and (B) 6 h after challenge. (C
and D) Augmented secondary T cell responses in
TSP-1 null versus WT mice adoptively transferred
with WT OVA-sensitized T cells. dLNs were col-
lected after the last challenge and restimulated in
vitro for subsequent (C) flow cytometric analysis of
cytokine-expressing CD4+ T cells and (D) ELISA
analysis of culture supernatants. This experiment is
representative of 3 independent experiments. *P #

0.05 was determined to be statistically significant.
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DC population before migration to the dLNs, as DCs are
activated and begin to migrate to the dLNs within several hours
of allergen challenge [20]. In addition, we included a group that
was treated with a control peptide (4NGG), as well as another
control group that received no peptide during the OVA-
challenge period. Strikingly, our data showed that mice treated
topically with TSP-1 peptide displayed a significant reduction in
the clinical AED response compared with mice that received
control or no peptide (Fig. 5A and B). Furthermore, flow analysis
of the dLNs showed that the TSP-1 peptide-treated group had
reduced production of IL-4 and IL-5 cytokines by CD4+ T cells to
levels compared with naı̈ve mice (data not shown). In addition,
there was marked reduction of IL-13 and IFN-g cytokines by

CD4+ T cells compared with control peptide- and no peptide-
treated mice (Supplemental Fig. 2). Thus, our data suggest that
topical administration of exogenous TSP-1-derived peptide can
augment the in vivo modulatory effect of this factor on T cell
responses and consequent allergy.

DISCUSSION

Secondary responses by allergen-reactive T cells contribute to the
pathobiology of AED and other forms of allergy by promoting
persistent IgE production relevant in immediate hypersensitivity,
secreting proinflammatory cytokines, and by mediating

Figure 4. DC-derived TSP-1 deficiency is responsi-
ble for augmented secondary T cell responses and
increased AED severity. (A and B) TSP-1-deficient
DCs in the conjunctiva lead to exacerbated AED
clinical disease. OVA-sensitized T cells were puri-
fied from WT mice and adoptively transferred into
TSP-1 null mice. Recipients were subconjunctivally
injected with TSP-1 null or WT BMDCs and
subsequently challenged with OVA for 7 d. Clinical
scores were assessed at (A) 20 min after and (B)
6 h after challenge. (C) TSP-1-deficient DCs in the
conjunctiva trigger augmented secondary T cell
responses that exacerbated AED clinical disease.
dLNs were collected after the last challenge and
restimulated in vitro for subsequent (C) flow
cytometric analysis of cytokine-expressing CD4+

T cells and (D) ELISA analysis of culture superna-
tants. This experiment is representative of 3 in-
dependent experiments. *P # 0.05 and **P # 0.01
were determined to be statistically significant.
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eosinophil activity significant in late-phase and chronic disease.
Allergic reactions in humans vary in severity among individuals,
ranging from self-limiting immediate hypersensitivity to chronic
and debilitating allergic disease. It is conceivable that by
controlling the level of secondary T cell responses, DCs play
some role in dictating such disease severity. However, whereas it
is known that DCs are central to activating secondary T cell
responses [40], how DCs modulate their ability to stimulate such
T cells in ocular allergy is poorly understood. Data from the
current study have allowed us to conclude that DC-derived TSP-1
reduces the level of secondary allergic T cell responses in AED
and that this process can be augmented therapeutically by topical
application of the TSP-1-derived peptide 4N1K [26].
We present 3 distinct lines of evidence, allowing us to conclude

that DC-derived TSP-1 regulates secondary allergic T cell
responses and subsequent clinical disease in AED. First, we show
that TSP-1 null DCs lead to increased stimulation of OVA-primed
T cells in vitro, as indicated by heightened proliferation of
allergen-reactive IL-13 and IFN-g T (CD4+) cells. This observa-
tion was made with OVA-sensitized T cells but not naı̈ve T cells.
Second, we show in vivo that adoptive transfer of OVA-primed
WT T cells into TSP-1 null mice results in increased responses of
allergen-reactive IL-13 and IFN-g+ (CD4+) T cells, as well as
increased consequent clinical disease in AED, compared with
adoptive transfer of OVA-primed WT T cells into WT mice. This
in vivo setting corroborates the in vitro data, as conjunctival
CD11b+ cDCs migrate (via CCR7 [20]) to dLNs for stimulation of
secondary T cell responses in AED [19, 20]. Thus, in TSP-1 null
mice, increased responses of adoptively transferred T cells would
be caused by TSP-1-deficient conjunctival cDCs. Indeed, and
thirdly, we were able to show that the progression of this
exacerbated T cell response and clinical disease following
adoptive transfer into TSP-1 null mice can be reversed through
the local conjunctival administration of TSP-1-sufficient DCs.
The relevance of DC-derived TSP-1 suppression of adoptively

transferred T cells and diminution of clinical disease in AED are

linked with the understanding that secondary T cell activity is
central to late-phase clinical responses in allergy. Whereas onset
of immediate hypersensitivity/mast cell degranulation (i.e., 20 min
time point) is largely dependent on immunization-induced IgE
production [14, 19], late-phase clinical onset (i.e., 6 h time
point) is triggered by secondary Th2 cell responses that mediate
recruitment/activation of eosinophils. Notably, as in other forms
of allergy [41], Th1 cells also contribute pathologically to AED
[12, 14–16], which is corroborated here with the presence of
CD4+ IFN-g+ T cells. Examination of the isolated contribution by
secondary T cell activity to certain aspects of AED pathology,
namely late-phase clinical disease, was facilitated here by our use
of adoptive transfer assays. This approach permits isolation of
T cell responses, as it is devoid of immunization-induced IgE
production and consequent mast cell degranulation. This
concept can be appreciated here by a reduced/delayed onset of
fulminant clinical responses at 20 min after challenge in the
adoptive transfer mice compared with actively immunized mice.
Indeed, resultant T cell responses and clinical disease at the 6 h
time point are also somewhat diminished in the adoptive transfer
setting relative to the active immunization setting. This may likely
be a result of reduced T cell responses that are otherwise
promoted by mast cell degranulation [42]. In addition, the
adoptive transfer model circumvents a contribution that TSP-1
deficiency on T cells may have on the allergic response, as T cells
also express TSP-1 [37, 43, 44].
We can conclude that the effects of TSP-1-deficient DCs on

augmenting allergic T cell responses and clinical disease
observed here are independent of autoimmunity. The latter is
important, as Turpie et al. [25] demonstrated that TSP-1 null
mice develop spontaneous Sjögren’s syndrome-like autoimmu-
nity, which has clinical onset affecting the eye at 24 wk of age. For
this reason, TSP-1 null mice used in our study were 8 wk of age,
i.e., far before the onset of clinical autoimmune disease.
Furthermore, TSP-1 null mice responded to allergen challenge
in a manner consistent with clinical allergy responses in WT
mice, suggesting that pre-onset of Sjögren syndrome-like disease
is not likely contributing to our clinical findings. Regarding T cell
responses, OVA-primed T cells from WT mice were used for
adoptive transfer into TSP-1 null hosts. Furthermore, antigen-
recall assays were used that involved stimulating T cells with OVA,
thereby stimulating allergy-specific T cell responses. Likewise,
these data from adoptive transfer and recall assays match our in
vitro experiments, wherein BMDCs (from WT vs. TSP-1 null
mice) were cocultured with OVA-primed WT T cells. Lastly, in
another experiment, we demonstrated that the addition of
exogenous TSP-1 to WT mice led to reduced T cells responses in
an allergy model (AED). Thus, collectively, our approach in
these various experiments allows us to conclude that the
observed role of DC-derived TSP-1 on allergic T cell responses is
not dependent on autoimmune disease.
The prevention of DC maturation by TSP-1 may be playing the

important role mechanistically, as our data showed that DC-
derived TSP-1 diminishes secondary T cell responses in AED.
Phenotypic maturation endows DCs with the optimal machinery
to stimulate T cells via increased expression of costimulatory
molecules and MHC II [45]. Our group has shown previously
that TSP-1 inhibits DC maturation and the ability to stimulate

Figure 5. Topical administration of TSP-1-derived peptide prevents
clinical disease progression in AED. WT mice were immunized and
14 d later, were challenged once/day for 7 consecutive d. In conjunction
with the OVA challenge, mice were administered topically with TSP-1-
derived peptide (4N1K [26]) or control peptide (4NGG [26]) or left
untreated. Mice were scored in a masked fashion at (A) 20 min after
challenge and (B) 6 h after challenge. This experiment is representative
of 3 independent experiments. *P # 0.05 was determined to be
statistically significant.
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T cells in the setting of transplantation [24]. The inhibition of
maturation in this study may have occurred via TSP-1 interaction
with CD47 on DCs, an autocrine mechanism that has been
demonstrated previously to suppress activation of these cells [23].
Relatedly, we show that the down-regulation of T cell responses
and marked decrease in AED clinical disease in the active
immunization setting of WT mice were achieved via administra-
tion of 4N1K, the C-terminal domain peptide fragment derived
from the of TSP-1 known to interact with CD47 [26]. Consistent
with such a regulatory pathway, Sarfati and colleagues [46]
showed that administration of signal regulatory protein a Fc,
which also interacts with CD47, led to reduced allergic immune
responses in the airway hyper-reactivity model. An alternative,
but not mutually exclusive manner by which DC-derived TSP-1
may have inhibited maturation in our experiments, is via
activation of TGF-b [30, 47, 48]. Although we did not assess TGF-
b in the current study, TSP-1 is a potent activator of this
immunomodulatory cytokine [22].
Taken together, we show that DC-derived TSP-1 plays a central

role in modulating secondary responses by allergen-reactive
T cells, which results in a reduced severity of clinical disease in a
mouse model of AED. Future work is required to determine
whether DC-derived TSP-1 dysregulation is involved during initial
allergy sensitization (i.e., naı̈ve T cell responses). Our data have
also revealed that this modulatory activity can be augmented via
eye-drop instillation of TSP-1-derived peptide 4N1K to the ocular
surface, which leads to reduced T cell responses and marked
diminution of clinical disease. The reasons for why this approach
worked may likely be a result of reduced DC maturation at the
level of the conjunctiva. Our work highlights the potential for use
of the TSP-1-derived peptide as a therapeutic in AED. To this
end, the challenge for future studies is to verify the relevance of
this regulatory system in humans, i.e., whether TSP-1 expression
by conjunctival DCs is inversely correlated with disease severity in
human AED. Indeed, a role for TSP-1 in human ocular surface
immunity and inflammation is supported by Contreras-Ruiz et al.
[49] and others [50].
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Figure S1. Recruitment of adoptively transferred T cells to the conjunctiva.  

a, b) OVA-sensitized T cells were purified from congenic CD45.1 mice and 

adoptively transferred into TSP-1 null mice (CD45.2). Recipients were 

subconjunctivally injected with TSP-1 null or WT BMDCs, and subsequently 

challenged with OVA for 7 days. Conjunctivae were collected after the last 

challenge and analyzed by flow cytometry for enumeration of a) CD45.1+ CD45.2- 

cells, which further verified as b) T cells (i.e. CD4+ LY6C- Ly6G- F4/80- Siglec F-, 

CD11b-, and CD11c-).  
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Figure S2. Topical administration of TSP-1 derived peptide 

reduced Th1 and Th2 cytokine production. WT mice were 

immunized and 14 d later were challenged once daily for 7 

consecutive days. Along with OVA challenge, mice were 

administered with daily topical instillation of TSP-1 derived peptide 

(4N1K [26]), control peptide (4NGG [26]), or left untreated. LNs 

were collected after the last challenge and restimulated in vitro for 

subsequent flow cytometric analysis of cytokine expressing CD4+ T 

cells. 
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