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ABSTRACT

Injury initiates local and systemic host responses and is
known to increase CD4 Treg activity in mice and hu-
mans. This study uses a TCR transgenic T cell adoptive
transfer approach and in vivo Treg depletion to deter-
mine specifically the in vivo influence of Tregs on anti-
gen-driven CD4 T cell reactivity following burn injury in
mice. We report here that injury in the absence of re-
cipient and donor Tregs promotes high antigen-driven
CD4 T cell expansion and increases the level of CD4 T
cell reactivity. In contrast, CD4 T cell expansion and re-
activity were suppressed significantly in injured Treg-
replete mice. In additional experiments, we found that
APCs prepared from burn- or sham-injured, Treg-de-
pleted mice displayed significantly higher antigen-pre-
senting activity than APCs prepared from normal mice,
suggesting that Tregs may suppress injury responses
by controlling the intensity of APC activity. Taken to-
gether, these findings demonstrate that Tregs can ac-
tively control the in vivo expansion and reactivity of anti-
gen-stimulated, naive CD4 T cells following severe
injury. J. Leukoc. Biol. 89: 137-147; 2011.

Introduction

A primary task of the immune system is to protect the host
from infection and disease. However, the immune system also
plays a vital role in controlling the host response to the tissue
damage and cell death that occurs during burn and traumatic
injuries, infections, cancer, and autoimmune responses. In the
case of injury caused by major trauma or burns, the host im-
mune response is triggered by extensive tissue damage rather
than a pathogen or tumor cells. Consequently, we believe that
injury may evoke a unique type of an immune response to spe-
cifically help protect the injured host from excessive inflamma-
tion and continued tissue destruction. In support of this hy-
pothesis, it is generally agreed that injury promotes a dynamic
shift in innate and adaptive immune system phenotypes,

Abbreviations: C5=complete 5, CD62L.=CD62 ligand, DAMP=danger-as-
sociated molecular pattern, FoxP3=forkhead box protein P3 transcription
factor, OVA323-339=0VA 323-339 aa peptide, PCC=pigeon cyto-
chrome C, SEB=Staphylococcal enterotoxin B, Treg=regulatory T cell
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whereby the innate system displays a proinflammatory pheno-
type, and the adaptive system displays a counter-inflammatory
phenotype [1-4].

These conclusions concerning the host response to injury
are drawn from clinical observational studies and controlled
animal experiments, which clearly indicate that cells and medi-
ators of the innate and adaptive immune systems respond to
severe injury [5-13]. Innate immune cells show a progressive
increase in inflammatory behavior characterized by enhanced
cellular reactivity to TLR agonists and increased host respon-
siveness to infectious challenge [14, 15]. We and others have
described this heightened innate system response that occurs
after injury as the “two-hit” response [1, 16]. This inflamma-
tory condition that arises post-injury is also referred to as the
systemic inflammatory response syndrome [17]. In marked
contrast to the innate response to injury, the adaptive immune
system displays a counter-inflammatory phenotype character-
ized as increased Th2-type cytokine production, enhanced
Treg activity, and reduced Thl-type reactivity [18—-23]. We be-
lieve that it is this injury-induced imbalance between innate
and adaptive immune function that predisposes the injured
patient to developing infections and inflammation-mediated
complications following severe injury or major surgery.

As enhanced CD4"CD25" Treg potency has been docu-
mented to occur in burn-injured mice and in trauma patients,
the influence of injury on Treg activation and function has
become a central focus of our research efforts [18, 23]. Sev-
eral fundamental observations concerning the effects of injury
on Tregs suggested to us that Tregs might be an injury-respon-
sive immune cell subset. First, we found that the enhanced
Treg activity of CD25"CD4 T cells from burn-injured, as com-
pared with sham-injured, mice was restricted to the LNs drain-
ing the injury site [23]. This implies that Tregs might be acti-
vated locally, rather than systemically, by burn injury. Second,
we found that the injury-induced increase in Treg potency was
significant at Day 7 but not Day 1 after injury, suggesting that
the Treg response may be a developed immune response simi-
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lar to what occurs following immunization [23]. Third, we re-
ported that a subset of CD4 T cells with phenotypic similarity
to Tregs—CD25" and CD152"—was detected as undergoing
an early activation and proliferative response in the LNs but
not spleen of burn-injured mice at 12 h post-injury [24].
Taken together, these observations form the foundation for
the hypothesis that Tregs are activated by injury and may act
to suppress CD4 T cell responses in an injury-specific manner.

This study uses DO-11 TCR transgenic mice and an adoptive
transfer approach to determine if Tregs control antigen-driven
CD4 T cell reactivity following burn injury [25]. DO-11 TCR
transgenic mice were used as a source of donor CD4 T cells
for this study, as in addition to having a high percentage of
CD4 T cells expressing TCR with specificity to OVA323-339,
~10% of the transgenic CD4 T cells expresses phenotypic
markers indicative of natural Tregs, cell surface CD25, and the
FoxP3 [26]. This provided us the opportunity to investigate
whether the presence or absence of DO-11 Tregs in an adop-
tive transfer mouse injury model might influence the activa-
tion and proliferation of conventional (non-Treg) DO-11 T
cells. The findings reported here indicate that Tregs can effi-
ciently limit the in vivo expansion and activation of antigen-
specific CD4 T cells following injury. Although this study uses
the transgenic CD4 T cells as a way to study Treg effects on
naive CD4 T cell reactivity, we believe the findings reported
here have wider implications and suggest that Treg activation
might be a fundamental feature of the natural host response
to severe injury.

MATERIALS AND METHODS

Mice

Five-week-old BALB/c mice were purchased from the Jackson Laboratory
(Bar Harbor, ME, USA). DO-11 transgenic mice, originally obtained from
Dr. Kenneth Murphy (Washington University, St. Louis, MO, USA), were
maintained as a breeding colony in our animal facility [27]. Transgene-
positive mice were identified by staining 0.1 ml tail blood samples with
anti-CD4 Ab and the DO-11 TCR-specific mAb (clone KJ-126.1) [28]. All
mice were maintained in our accredited virus-Ab-free animal facility in ac-
cordance with the guidelines of the Harvard Medical School Standing
Committee on Animal Research (Boston, MA, USA). The BALB/c mice
used in these studies were acclimated for at least 1 week before being used
for experiments at 6-9 weeks of age.

Reagents

Fluorescently labeled Abs for flow cytometry, including anti-CD4, -CD80,
and -CD86, were purchased from BioLegend (San Diego, CA, USA). The
FcR-blocking reagent, TruStain fcX™ anti-CD16/32 Ab, was also purchased
from BioLegend. Biotin-labeled anti-CD25 Ab was purchased from Invitro-
gen (Carlsbad, CA, USA). The anti-DO-11 TCR mAb, clone KJ-126.1, and
the anti-FoxP3 mAb, clone FkJ-16 s, were purchased from eBioscience (San
Diego, CA, USA). The OVA323-339 ISQAVHAAHAEINEAGR used in these
studies was custom-made for us by New England Peptide (Gardner, MA,
USA). Mouse pan T magnetic beads used to prepare T cell-depleted spleen
cells and the Vybrant CFDA cell tracer kit to label purified CD4* DO-11 T
cells were purchased from Invitrogen. Culture medium referred to as C5
was prepared by supplementing RPMI 1640 with 5% heat-inactivated FCS, 1
mM glutamine, 1 mM sodium pyruvate, 100 uM nonessential amino acids,
10 mM HEPES, penicillin/streptomycin/fungizone, and 2.5 X 107° B-ME,
all purchased from Life Technologies (Grand Island, NY, USA).
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Mouse injury model

The mouse burn injury protocol, approved by the Harvard Medical School
Standing Committee on Animal Research, was performed as described pre-
viously [29]. In brief, mice were anesthetized by i.p. injection with keta-
mine (175 mg/kg; Fort Dodge Animal Health, Fort Dodge, IA, USA) and
xylazine (20 mg/kg; Lloyd Laboratories, Shenandoah, IA, USA). The dor-
sal fur was shaved, and the mouse was placed in an insulated plastic mold
to expose 25% of its total body surface area. The exposed dorsum was then
exposed to 90°C water for 9 s. This treatment causes full-thickness injury to
the skin and is, therefore, considered to be an anesthetic injury as a result
of complete damage of the nerve cells at the injury site. Thus, mice do not
require post-burn analgesic treatment. The mortality of this injury protocol
is routinely <5%. Sham (control) mice were treated exactly as burn mice,
except mice were exposed to isothermic water. Immediately after the pro-
cedure, mice were resuscitated by an i.p. injection of 1 ml pyrogen-free
normal saline.

Purification of DO-11 TCR transgenic CD4- and
CD25-depleted CD4 T cells

Male DO-11 transgenic mice were killed to harvest LNs—inguinal, axillary,
brachial, and cervical—and spleens. Following mincing to prepare single
cell suspensions, RBCs were lysed using RBC lysis buffer, and cell suspen-
sions were washed once in C5 medium by centrifugation (250 g for 10
min). We purified CD4" T cells by a negative-selection approach using
Miltenyi MACS CD4 T cell isolation kits (Miltenyi Biotec, Auburn, CA,
USA). CD25-depleted DO-11 CD4 T cells were prepared by positive deple-
tion using biotin-labeled anti-CD25 mAb (clone PC-61), anti-biotin Ab-cou-
pled Miltenyi MACS beads, and MACS column depletion. For adoptive
transfer, anesthetized mice were given 5 X 10° cells by intracardiac injec-
tion.

Anti-CD25 Ab treatment for in vivo Treg depletion/
deactivation

The mAb, clone PC-61, which is specific for mouse CD25, was used to de-
plete and deactivate Tregs in mice [30], and mice were treated with anti-
CD25 mAb by i.p. injection in 0.25 ml pyrogen-free saline 3 days prior to
performing experiments. Preliminary studies were performed to determine
the minimal, optimal dose for Treg depletion and deactivation. We deter-
mined 1 mg/kg to be the minimal effective dose for efficient in vivo
CD25" T cell depletion for at least 10 days without having measureable ef-
fects on normal T cell activation (see Fig. 2).

Preparation of immune cell suspensions from LNs
and spleen

Recipient mice were killed at 7 days after sham or burn injury. Their
LNs—inguinal, axillary, and brachial—and spleens were harvested and
minced in C5 medium on sterile, stainless-steel mesh to disperse the tissue
and to prepare single cell suspensions. After sieve-filtering to remove debris
(cell strainer, BD Falcon, Bedford, MA, USA), cell suspensions were
washed twice in C5 medium. Cells were then plated at a density of 1 X 10°
cells/well in a 96-well round-bottom cell culture plate (Costar, Corning,
NY, USA). LNs and spleen cell suspensions were stained for cell surface
markers by flow cytometry using FITC, PE, PE-Cy5.5, or allophycocyanin-
labeled Abs specific for CD4, the DO-11 transgenic TCR (KJ-126.1), CD25,
CDl1lc, F4/80, CD80, or CD86. Intracellular staining for the FoxP3 tran-
scription factor was performed using anti-FoxP3-specific mAb (clone FJK-
16, eBioscience) and the fix/perm buffer reagents (BioLegend) to stain
cells for intracellular antigen detection.

Costimulatory molecule expression on macrophages
and DCs

At 1 or 7 days after sham or burn injury, LNs or spleen cells from individ-
ual mice were stained with FITC-labeled Abs specific for F4/80 or CD11c
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to identify macrophages or DCs and counterstained with PE-labeled Abs
specific for CD80 or CD86. Changes in costimulatory molecule expression
were judged by FACS analysis using the CellQuest Pro software program
(BD Biosciences, San Jose, CA, USA).

Ex vivo cell cultures

LNs or spleen cell suspensions prepared from recipient sham or burn
mice were cultured at a density of 5 X 10° cells/well of a 96-well round-
bottom plate (Costar) in a final volume of 0.2 ml. Differing concentra-
tions of OVA323-339 peptide (0, 0.01, 0.1, or 1 pg/ml final concentra-
tion) were added to individual wells. Supernatants were harvested 48 h
later and tested for IL-2, IFN-vy, IL-4, IL-5, IL-6, IL-10, and IL-13 by our
custom-made Luminex multiplex cytokine-detection bead assay platform
using a Luminex 200 instrument (Luminex Corp., Austin, TX, USA).
These Luminex bead multiplex cytokine assays had a detection sensitiv-
ity range of 5-25,000 pg/ml. For in vitro antigen-presentation assay,
DO-11 T cells were mixed with T cell-depleted spleen cells, prepared by
magnetic bead-mediated depletion, which was accomplished by incubat-
ing spleen cells with pan T cell-specific magnetic beads for 45 min at
4°C, followed by magnet exposure for 4 min. Specifically, purified
CD47CD25™ T cells (2X10° cells) were cultured with T cell-depleted
spleen cells (5X10* cells) and increasing doses of OVA323-339 peptide
(0, 0.01, 0.1, and 1 pg/ml) in wells of a 96-well round-bottom plate. Af-
ter 48 h, supernatants were harvested and tested for cytokine levels by
Luminex multiplex cytokine assays.

Statistical analysis

The results presented in the study were analyzed by two-way ANOVA
and Tukey multiple comparison tests using Prism 4.0 software (Graph-
Pad Software, Inc., San Diego, CA, USA). P < 0.05 was considered sig-
nificant.

RESULTS

MacConmara et al.

Optimization of a Treg-deficient mouse adoptive
transfer model
Prior to performing these CD4 T cell adoptive transfers, we
carried out preliminary experiments to validate our CD4 T cell
purification and CD25"CD4 T cell depletion procedures. We
also wished to optimize an in vivo method for generating
Treg-deficient mice by anti-CD25 Ab treatment. To prepare T
cells for adoptive transfer, we used a magnetic bead-sorting
approach with the objective to purify total “untouched” CD4 "
DO-11 T cells and CD25-depleted CD4" DO-11 T cells. These
two CD4 T cell populations were prepared for adoptive trans-
fer studies as a result of concern over the effect of cotransfer-
ring DO-11 Tregs. DO-11 CD4 T cells were sorted by negative
selection, and CD25" T cells were removed from total CD4 T
cells by a positive-selection approach. As shown in Fig. 1A, this
purification scheme allowed us to obtain highly purified CD4*
and CD47CD25™ T cells from DO-11 mice to be used in adop-
tive-transfer studies. As anticipated, 82% of the CD25" DO-11
transgenic CD4 T cells expressed FoxP3, the most robust
marker for Tregs (Fig. 1B). This finding confirmed that DO-11
mice do have a significant population of DO-11 TCR-express-
ing Tregs, which could influence the OVA323-339 peptide
immunization response when cotransferred into Treg-depleted
mice.

We next sought to determine the effectiveness of using
anti-CD25 Ab treatment to deplete mice of CD25" T cells.
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Figure 1. DO-11 CD4 T cell purification for adoptive transfer experi-
ments and identification of CD4*CD25" FoxP3* DO-11 T cells. LNs
and spleen CD4 T cells were purified from DO-11 TCR transgenic
mice by negative selection using Miltenyi MACS CD4 isolation Kits.
Purified CD4 T cells were depleted of CD25" cells by biotinylated anti-
CD25 mAb and anti-biotin-coupled Miltenyi MACS beads. (A) The
FACS plots illustrate the purity of DO-11 TCR transgenic CD4" T cells
and CD25-depleted CD4 T cells that were prepared for the adoptive
transfer studies described in this report. Purified CD4 T cells were
stained with anti-DO-11 TCR mAb (clone KJ-126.1) and counter-
stained with anti-CD25 mAb. The percentages indicate the percent of
CD257CD4* DO-117 T cells in the indicated purified CD4 T cell
preparations. FSC-H, Forward-scatter-height. (B) The FACS plots are
included to demonstrate that a majority of the DO-11 CD4"CD25" T
cells expresses FoxP3 (82%). Purified DO-11 CD4 T cells were surface-
stained with anti-DO-11 TCR mAb and anti-CD25 mAb and then
stained to detect intracellular FoxP3 using anti-FoxP3 mAb (clone
FKJ-16 s).

This same approach had been used by others to study Treg
function in vivo, but as we wished to examine the influence
of Tregs on antigen-driven T cell activation and expansion
in vivo, we felt it necessary to carefully titrate the Ab treat-
ment dose to the lowest possible level that causes
CD25"CD4 T cell depletion without affecting the T cell ac-
tivation process in immunized mice [30-32]. Therefore, the
level of CD4"CD25" T cell depletion, as well as the capacity
to stimulate in vivo CD4 T cell responses, was evaluated in
anti-CD25 mAb-treated mice. To test for in vivo T cell reac-
tivity, mice were challenged with SEB superantigen, and T
cell activation markers were measured 48 h later. We found
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that 1 mg/kg or 10 mg/kg anti-CD25 Ab treatment caused
significant CD4"CD25" T cell depletion. Mice that were
treated with 1 mg/kg anti-CD25 mAb showed near-normal
reactivity to challenge with SEB, as measured by the conver-
sion of cell surface CD62L from high- to low-density flow
cytometry staining (Fig. 2A). In contrast, mice that were
given the higher dose of anti-CD25 Ab (10 mg/kg) re-
sponded poorly to SEB, which suggests that residual anti-
CD25 Ab interfered with CD4 T cell activation or deleted,
newly activated CD4"CD25" T cells. We also found that giv-
ing mice higher than 1 mg/kg anti-CD25 Ab suppressed
SEB-induced T cell activation (2.5 mg/kg or 5 mg/kg), and
treatment with <1 mg/kg anti-CD25 Ab did not effectively
deplete CD4"CD25" T cells (data not shown). Thus, in all
subsequent experiments, we used 1 mg/kg anti-CD25 Ab to
generate Treg-deficient mice to minimize influencing the
normal CD4 T cell activation process in vivo. The FACS
plots shown in Fig. 2B illustrate the level of CD4"CD25" T
cell depletion achieved in the spleen and LNs (axillary, bra-
chial, inguinal) at 10 days following anti-CD25 Ab treatment

Control Ig Anti-CD25 Anti-CD25

10 mg/Kg 1 mg/Kg 10 mg/Kg
l s » i.p. Saline
- i.p. 25 pg SEB
=B
O E

CD25 >
Sham Burn
Sham/Ig Anti-CD25 Burn/Ig Anti-CD25
Spleen

CD4 >

Lymph Nodes

cCD2s ——m

Figure 2. Optimization of an in vivo Treg-depletion protocol. Mice
were treated by i.p. injection with a low (1 mg/kg) or high (10 mg/
kg) dose of anti-CD25 mAb (clone PC-61) or control rat IgG. Three
days later, mice were challenged by i.p. injection with 25 ug SEB supe-
rantigen or saline to test for in vivo CD4 T cell activation capacity.

(A) The FACS plots illustrate the level of CD25 and CD62L expression
on CD4 T cells prepared from the LNs and spleen of mice at 48 h
after SEB treatment. Activated CD4 T cells are identified by low
CD62L and induced CD25 expression. These FACS plots are represen-
tative of two experiments; n = 3 mice/group. (B) The FACS plots il-
lustrate the extent of CD25"CD4" T cell depletion in the spleen and
LNs of sham and burn mice at 10 days after i.p. treatment with 1
mg/kg anti-CD25 mAb or control rat IgG. These FACS plots are repre-
sentative of three experiments; n = 4 mice/group.
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of sham- and burn-injured mice. These results indicate that
Treg depletion by this method lasts for at least 10 days, the
duration of our burn injury and immunization studies.

Tregs influence the expansion of antigen-specific CD4
T cells in injured mice

We reported previously that CD4"CD25" T cells isolated from
the LNs, but not spleen, of burn-injured mice showed higher
Treg activity than those prepared from sham control mice

[23]. This suggested to us that Tregs might actively control the
activation and expansion of antigen-stimulated CD4 T cells fol-
lowing burn injury, especially in the LNs that drain the injury
site. To test this possibility, groups of mice were treated with anti-
CD25 mAD to deplete and inactivate Tregs or were given control
rat IgG Ab. Three days later, mice received DO-11 CD4 T cells by
adoptive transfer and were immunized s.c. with OVA323-339
peptide mixed 1:1 with IFA. The effect of injury and Treg deple-
tion on antigen-specific CD4 T cell expansion in the LNs and
spleen was then judged 7 days later by flow cytometry using a
mADb (clone KJ-126.1) that specifically recognizes the DO-11 TCR.
An additional variable was to transfer CD25-depleted DO-11 CD4
T cells into recipient Treg-depleted or control mice to determine
whether the cotransfer of DO-11 Tregs might affect antigen-in-
duced CD4 T cell expansion in vivo. As shown in Fig. 3, DO-11 T
cells expanded by 7 days after OVA323-339 peptide immuniza-
tion, and Treg-depleted mice showed a higher level of antigen-
induced CD4 T cell expansion than control, IgG-treated mice.
We did not observe a significant difference in expansion between
sham and burn groups when mice were given purified, total
DO-11 CD4 T cells. In contrast, we observed a large burn injury-
induced increase in DO-11 CD4 T cell expansion in the LNs of
mice that were given Treg-depleted DO-11 CD4 T cells. These
data indicate that DO-11 T cells expanded to a significantly
higher percentage in injured mice that received Treg-depleted
DO-11 T cells and suggest that the cotransfer of DO-11 CD25" T
cells suppressed the antigen-induced expansion of CD4" T cells
following injury.

Adoptive transfer studies using CFSE-labeled DO-11
CD4*CD25™ T cells were also performed to test whether we
could detect a difference in antigen-induced proliferation by
DO-11 T cells in Treg-depleted or Tregreplete sham and burn
mice. In these experiments, we examined the percentage of
transferred DO-11 T cells that proliferated in the LNs and spleen
of mice by 36 h after OVA323-339 peptide immunization. The
FACS plots shown in Fig. 4 illustrate that a relatively high per-
centage of DO-11 T cells proliferated in the LNs and spleens of
immunized mice. The transferred DO-11 CD4 T cells proliferated
multiple times (greater than two rounds of proliferation) by 36 h
after immunization, and their proliferative response appeared to
be synchronous. However, we did not detect significant differ-
ences in proliferation between Treg-depleted or control IgG-
treated sham and burn mice. These findings suggest that Tregs
suppress antigen-induced expansion but do not suppress the
early proliferative response of antigen-stimulated CD4 T cells in
burn-injured mice.

www jleukbio.org



MacConmara et al.

A Lymph Nodes

CD4+ DO-11 T cells Transferred

Injury-specific effects on regulatory T cells

CD4+CD25- DO-11 T-Cells Transferred

12.59 12.59
#
2 10,04 2 10.04
8 8
Eo75 Eo7s %
o 5] & 50 —L
a o -
* 25 ® 25 Figure 3. Injury enhances antigen-driven DO-11 CD4 T cell
0.0 0.0 expansion in the LNs of Treg-deficient mice. Mice re-
O 3 N Q"I?" ceived DO-11 CD4 T cells or CD25-depleted DO-11 CD4 T
& & 5 lls by adoptive transfer. Mice und sham or b
o ° ?S\\\ N ?S\\\ cells by adoptive transfer. Mice underwent sham or burn
{b@\ 0@\ injury and were immunized s.c. with 10 pg OVA323-339
2 Q@ peptide mixed 1:1 in IFA. Seven days later, LNs (A) and
spleens (B) were harvested from individual mice to pre-
B Spleen pare cell suspensions to detect the in vivo expansion of
DO-11 T cells (CD4 ", KJ-126.1"). The results shown are
g CD4F DO-T1 T Cells Transferred g CDHHCD25-DO-TT T Cells Transferred o e gentative of three experiments; n = 4 mice/group.
*P < 0.05 sham or burn IgG-treated versus anti-CD25 Ab-
12} (%] . . .
3 3 treated mice. *P < 0.05 sham anti-CD25 versus burn anti-
o4 4 CD25 mAb-treated mice.
Ny % Y ——
8 21 — * 8 21
ol (ml
° N2l Nl ° Na) Nl
¢ & ¢
S S $ Y S © & %Y
¢ & @ RO R
S\ \a KN\ \a
& S & N
= Q & Q

Tregs control the level of CD4 T cell activation and
reactivity following injury

The increased DO-11 CD4 T cell expansion seen in burn-injured,
Treg-deficient mice suggests that Tregs might govern the extent
of CD4 T cell activation that occurs after injury. To address this
possibility, we tested the ex vivo antigen response of adoptively
transferred DO-11 T cells from groups of immunized sham and
burn mice to test the effect of Treg depletion on antigen reactiv-
ity. LNs or spleen cells from recipient mice harvested at 7 days
after sham or burn injury were cultured with titrated concentra-
tions of OVA323-339 peptide (0.01, 0.1, 1 pug/ml), and cytokine
production levels were measured. As shown in Fig. 5, LNs and
spleen cells from burn-injured mice that received DO-11 CD4" T
cells or CD25-depleted DO-11 T cells produced significantly
lower levels of IL-2 and IFN-y than OVA323-339 peptide-stimu-
lated cells from sham mice. In marked contrast, OVA323-339
peptide-stimulated LNs and spleen cells from Treg-depleted burn
mice produced much higher levels of IL-2 and IFN-y than cells
from control burn mice. This enhanced OVA peptide response
from Treg-depleted mice was evident at low peptide concentra-
tions, indicating that Treg deficiency also led to an increase in
antigen reactivity by the transferred DO-11 T cells. Mice given
Treg-depleted DO-11 CD4 T cells, as compared with total CD4 T
cells, showed a similar burn-injury enhancement of OVA323-339
peptide reactivity. Interestingly, antigen-specific CD4 T cell re-
sponses were not markedly affected by Treg depletion in sham
mice. Thus, Tregs appear to control CD4 T cell-dependent im-
mune responses following injury and play a lesser role in modu-
lating CD4 T cell responses in uninjured, immunized mice.
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The effects of Treg depletion on APC function
As we found that Treg depletion reversed the injury-in-
duced suppression of IL-2 and IFN-y production, we next
wanted to determine if Tregs might control CD4 T cell acti-
vation by influencing APC function. To address this ques-
tion, spleen cells were harvested from normal or Treg-de-
pleted sham and burn mice at 7 days post-injury. We pre-
pared T cell-depleted splenic APCs, which were mixed with
naive, CD25-depleted DO-11 CD4 T cells and OVA323-339
peptide. Supernatants were then tested for IL-2 and IFN-y
levels after 48 h in culture. We observed that splenic APCs
prepared from anti-CD25 Ab-treated sham and burn mice
were able to stimulate higher levels of IL-2 and IFN-vy at
lower OVA peptide concentrations than splenic APCs from
sham or burn control mice at 7 days after injury (Fig. 6).
We also observed that APCs prepared from Treg-depleted
burn mice stimulated significantly higher IL-2 production
from OVA323-339 peptide-stimulated cells than APCs from
Treg-depleted sham mice. These findings indicate that Treg
deficiency caused a systemic increase in APC function. We
noticed that these results from unimmunized mice con-
trasted with what we found in experiments where LNs or
spleen cells from immunized, burn-injured mice showed
markedly reduced IL-2 and IFN-y production (Fig. 5).
These opposing findings provide evidence to suggest that
the suppressed Thl reactivity following burn injury may
happen by an antigen-dependent mechanism.

The increase in APC function observed in Treg-depleted
sham and burn mice prompted us to determine if in vivo Treg
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depletion might affect the expression of the major costimula-
tory molecules, CD80 or CD86, on APCs. To test this possibil-
ity, LNs and spleens were prepared from anti-CD25 mAb or
IgG-treated mice at 1 and 7 days after sham or burn injury
and stained to measure CD80 or CD86 expression levels on
macrophages and DCs. To our surprise, we found that Treg
depletion did not markedly change the expression of CD80 or
CD86 on macrophages or DCs in these immune tissues at Days
1 or 7 after burn injury (Fig. 7). Thus, the increased antigen-
presenting activity and subsequent increase in CD4 T cell reac-
tivity seen in Treg-depleted mice cannot be explained easily by
changes in CD80 or CD86 expression levels on macrophages
or DCs.

DISCUSSION

200 400 600 8001000
FSC-H

It is now well established that Tregs regulate the development
of autoimmune reactions and inflammatory diseases by defus-
ing inflammation, deactivating APCs, and blocking CD4 and
CD8 T cell reactivity [33-35]. These features of Treg biology
were best-demonstrated in Treg-deficient mouse models [36,
37]. In general, Treg-deficient mice showed exacerbated, in-
flammatory-type reactions and heightened CD4 or CD8 T cell-
mediated immune pathology [38]. These fundamental features
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of Tregs initially sparked our interest in testing whether they
might be involved in controlling the host response to severe
injury.

Our initial studies addressing the influence of injury on
Tregs showed that burn injury could dramatically increase the
potency of Tregs as determined by suppressing CD4 T cell
proliferation in a standard Treg function assay [23]. In an-
other study, we reported that burn-injured, CD4-deficient mice
developed a higher inflammatory response phenotype, which
could be reversed by the adoptive transfer of CD4"CD25" T
cells into CD4-deficient mice prior to burn injury [39]. Subse-
quently, other groups have reported and confirmed that other
sorts of injuries to the eyes, kidney, liver, brain, heart, and skin
could also activate Tregs and that Tregs appeared to limit the
extent of tissue damage and inflammation [40-46]. These ob-
servations support the hypothesis that Tregs might represent
an injury-responsive immune cell that functions to control the
host response to tissue injury.

The work performed in this report centers on using a TCR
transgenic mouse adoptive transfer experimental system to in-
vestigate how Tregs control antigen-specific CD4 T cell re-
sponses in injured mice. The advantage of performing adop-
tive transfer studies with CD4 T cells from TCR transgenic
mice is that it allows for specific tracking of antigen-driven
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CD4 T cell responses in vivo [47]. Moreover, this CD4 T cell
adoptive transfer approach used in combination with a Treg-
depletion protocol allowed us to test whether Tregs can influ-
ence antigen immunization responses in sham- versus burn-
injured, Treg-deficient and -replete mice. We report here sev-
eral basic observations. First, we found that Treg-deficient,
burn-injured mice showed an injury-dependent expansion of
transferred CD4"CD25™ DO-11 T cells in the LNs draining the
injury site, whereas this did not occur in mice given total
CD4" DO-11 T cells by adoptive transfer. Second, we show
that Treg depletion restored Thl-type cytokine responses in
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OVA323-339 (ug/ml)

burn-injured mice, as characterized by normal and super-nor-
mal production of IFN-y by OVA323-339 peptide-stimulated
LNs or spleen cells. Third, we demonstrate that the suppressive
effect of injury on antigen-specific CD4 T cell responses is depen-
dent on the presence of functional Tregs at the time of injury.
These findings are novel and provide new mechanistic insights
into how injury suppresses CD4 T cell-mediated immune re-
sponses. These data also suggest that tissue injury and stress may
act as physiological triggers for Treg activation and function.

As it is known that DO-11 TCR transgenic mice have a pop-
ulation of CD25"CD4 T cells with specificity for the OVA323-
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Figure 6. Treg depletion augments APC activity for naive CD4 T cells.
Mice were treated with anti-CD25 mAb (clone PC-61) or control rat
IgG. Three days later, mice underwent sham or burn injury, and then
at 7 days post-injury, T cell-depleted spleen cells were prepared from
the indicated groups of mice. These cells were tested for APC activity
by mixing 5 X 10* T cell-depleted spleen cells with 2 X 10° CD25-de-
pleted DO-11 CD4 T cells and OVA323-339 peptide (0.01, 0.1, or 1
ng/ml). Supernatants were collected 48 h later and tested for IL-2
and IFN-vy levels. *Significant differences between IgG and anti-CD25
mAb groups, P < 0.05; *significant differences between sham and
burn anti-CD25 mAb-treated groups, P < 0.05. The results represent
the mean * sem of three individual mice.

339 peptide, we reasoned that the cotransfer of contaminating
DO-11 or non-TCR transgenic donor CD4"CD25" would
make the results of our adoptive transfer experiments difficult
to interpret [26, 48]. We demonstrate here that Treg-depleted
recipient burn mice given total CD4 T cells by adoptive trans-
fer showed no significant burn increase in DO-11 T cell expan-
sion at 7 days after injury and immunization. In contrast, Treg-
depleted recipient burn mice given CD25-depleted DO-11 CD4
T cells displayed a remarkable increase in DO-11 T cell expan-
sion in the LNs as compared with similarly treated sham mice.
These results provide new evidence to indicate that antigen-
driven CD4 T cell activation and proliferation are augmented
following injury in the absence of endogenous (recipient) and
transferred DO-11 Tregs. Moreover, the effect of Treg deple-
tion on DO-11 T cell expansion appears to be injury-specific
and localized to those LNs that drain the injury site. Taken
together, these data are consistent with the idea that Tregs
may be activated by an injury-specific mechanism, which makes
them more effective at blocking antigen-driven CD4 T cell ac-
tivation and expansion. As Tregs control the development of
self-antigen-driven autoimmune pathology, we speculate that
the enhanced ability of Tregs to control CD4 T cell prolifera-
tion following injury may have evolved to protect the host
from responding to endogenous antigens or factors that may
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be released by the extensive tissue damage. Antigen-indepen-
dent factors could also influence Treg activity [49]. A signifi-
cant future research challenge will be to determine if Tregs
are activated by injury by antigen-dependent or -independent
mechanisms.

In addition to testing for differences in DO-11 CD4 T cell
expansion in immunized groups of sham or burn Treg-defi-
cient or -replete mice, we tested whether Tregs might influ-
ence the early antigen-driven T cell activation and prolifera-
tion process. This was accomplished by performing adoptive
transfer experiments using CFSE-labeled, CD25-depleted
DO-11 CD4 T cells transferred into anti-CD25 Ab or control
IgG-treated sham or burn mice and measuring changes in the
CFSE fluorescence in DO-11 CD4 T cells in the LNs or spleens
of OVA323-339 peptide-immunized mice. This approach is a
popular method to determine antigen-driven CD4 T cell pro-
liferation in vivo. Nevertheless, the major limitation of using
this method to measure in vivo CD4 T cell proliferation is that
the studies can only be conducted at early time-points postim-
munization. This is because the assay measures the dilution of
CFSE fluorescence in proliferated cells, and after multiple
rounds of proliferation, the fluorescence CFSE label is low.
Accordingly, these studies were performed at 36 h after adop-
tive transfer and immunization, as we found that CFSE stain-
ing was of too low intensity at later time-points after immuniza-
tion. In contrast to what we found at 7 days after immuniza-
tion, we observed that DO-11 T cell proliferation was not
significantly different between sham- and burn-injured mice.
Surprisingly, we also found that Treg deficiency did not influ-
ence the early proliferative response to immunization in sham
or burn mice. We interpret these findings to suggest that the
early proliferative response to immunization is not affected by
burn injury or Tregs. Instead, Tregs have a greater influence
on antigen-driven CD4 T cell expansion.

We also found that burn injury caused a significant reduc-
tion in antigen-induced cytokine production. This was evident
in experiments where DO-11 T cells from burn mice produced
significantly lower IFN-y in response to OVA323-339 peptide
stimulation than those prepared from sham mice. This finding
agrees with the results of prior studies addressing the pheno-
typic effects of injury on Th1 versus Th2 responses in vivo [19,
50]. However, the novel feature of this study is the observation
that eliminating Tregs in mice significantly enhanced the anti-
gen reactivity of CD4 T cells. This is supported by the observa-
tion that ex vivo OVA323-339 peptide-stimulated LNs and
spleen cells from burn-injured, Treg-deficient mice produced
markedly higher levels of IFN-y than similarly prepared cells
from control, Treg-replete mice. Taken together, these find-
ings suggest that Tregs play an important role in controlling
the intensity of conventional antigen-driven CD4 T cell re-
sponses following severe injury.

One aspect of this study that was difficult to test fully was
the influence of injury on DO-11 T cells in unimmunized
mice. This is because without OVA323-339 peptide immuniza-
tion following adoptive transfer of DO-11 T cells, there are few
DO-11 T cells left in the LNs and spleen of recipient mice at 7
days post-transfer (data not shown). However, we have re-
ported in a prior study that unimmunized, burn-injured TCR

www jleukbio.org



A Day 1

Macrophages - LN

=

=)

t=1
]

% Cell-Surface Expression
3
1

% Cell-Surface Expression

100+

=

~
o
1

N
o
1

o

CD80 cD86

Macrophages - Spleen

gl T Al

CD80 CD86

B Day 7

100+

754

N
C
1

% Cell-Surface Expression
° g
% Cell-Surface Expression

MacConmara et al.

Dendritic Cells - Spleen

Dendritic Cells - LN

Injury-specific effects on regulatory T cells

Dendritic Cells - LN

C1Sham/IgG

1 Sham/Anti-CD25
B Bum/IgG

I Burn/Anti-CD25

Figure 7. The effect of Treg deple-
tion on CD80 and CD86 expres-
sion by LNs and spleen macro-
phages and DCs. Mice were treated
with anti-CD25 mAb (clone PC-61)
or control rat IgG Ab. Three days
later, mice underwent sham or
burn injury, and at 1 or 7 days af-
ter injuries, LNs and spleen cells
were prepared from the indicated
groups of mice. Cells were surface-
stained using FITC-labeled Abs spe-
cific for macrophages, anti-F4,/80
mAb, or DCs and CD11c mAb and
then counterstained with PE-la-

< 100 Macrophages -LN c 100 beled Abs specific for CD80 or
] 0 [ISham/IgG ~ .
@ * a gk CD86. The data represent the
£ 75 £ 75 EShar}:/Agtl-CDZS mean * SEM percent expression of
= X -BE:E/ Agnti_CD% CD80 or CD86 on live-gated F4/
8 501 8 50 80" or CD11c™ cells. *Significant
"g “g differences between sham- and
@ 254 @ 251 burn-injured groups; P < 0.05 for
3 g three mice/group.
B X 0
CD80 CD86 CD80 CD86
g 100- Macrophages - Spleen g 1001 Dendritic Cells - Spleen
2 2
S 754 2 754
o o
o d
S 504 8 504
£ £
5 5
@ 254 @ 25
° ©
o o
N T T N T T
CD80 CD86 CD80 CD86

transgenic mice showed no apparent signs of suppressed Thl
responses [51]. In that study, immunized or unimmunized
DO-11 and/or TCR transgenic mice underwent sham or burn
injury, and 7 days later, LNs and spleen cells were tested for
their ability to produce Thl versus Th2 cytokines in response
to OVA323-339 or PCC peptide stimulation, respectively. We
found that cells from unimmunized DO-11 and/or mice pro-
duced higher levels of IL-2 and IFN-y in response to peptide
stimulation than similarly prepared cells from immunized TCR
transgenic mice. At the time that those studies were per-
formed, we reasoned that injury did not suppress CD4 T cell
responses in vivo in the absence of endogenous antigen stimu-
lation. As mice do not have endogenous OVA or PCC, we also
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concluded that self-antigens may be central to driving the phe-
notypic changes in CD4 T cells seen after injury. The data pre-
sented here also suggest that antigen stimulation may be re-
quired for Treg activation, as we failed to see increased DO-11
CD4 T cell expansion in the LNs of burn mice given DO-11
CD4 T cells as opposed to Treg-depleted DO-11 CD4 T cells.
The results of a related study also showed that DO-11 Tregs
had the capacity to control the development of oral tolerance
against T cell-mediated colitis by an antigen-specific mecha-
nism [48]. Thus, further exploitation of TCR transgenic
mouse models will help us better define the antigen depen-
dence of injury-induced changes in Treg function. This work
presented in this report does not contrast with the idea that
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burn injury results in the release of molecules from damaged
cells, which can be immunostimulatory [52, 53]. As discussed
by Seong and Matzinger [54], these molecules, which are re-
leased from damaged cells and tend to be hydrophobic, could
act as danger or alarm signals to alert the immune system.
These molecules were given the name DAMPs, in keeping with
the terminology first proposed by Medzhitov and Janeway
[55], who coined the term PAMPs as molecules from patho-
gens that are recognized by innate immune receptors. Al-
though most investigators believe that innate immune cells are
the primary cell types that recognize and respond to DAMPs,
Tregs may also be activated by DAMPs. As Tregs have been
shown to express TLRs, which are PRRs for DAMPs and
PAMPs, TLR signaling might play a contributory role in driv-
ing the Treg-mediated Thl suppression, which we describe in
this report [56, 57]. We intend to devote future research ef-
forts toward identifying danger or alarm signals that might in-
fluence the activation and function of Tregs.

In summary, we report that Tregs can control the develop-
ment of antigen-specific CD4 T cell responses in mice. Injured
mice with normal levels of Tregs showed a marked suppression
of CD4 T cell expansion and Thl-type cytokine production,
and Treg-deficient mice demonstrated higher in vivo CD4 T
cell expansion and augmented cytokine responses to ex vivo
antigen stimulation. We interpret these findings to indicate
that Tregs respond to injury and that they act to suppress con-
ventional/naive CD4 T cell activation. We speculate that tissue
antigens that are released by injury may drive this injury-in-
duced Treg activation. An increased understanding of what
factors initiate the activation of Tregs will provide us with a
better understanding of the how injury influences the mamma-
lian immune system. Thus, a future challenge will be to define
whether injury-specific Treg activation is a result of self-antigen
recognition or antigen-independent mechanisms, such as T
cell costimulatory pathways, cytokines, stress-induced factors,
or DAMPs.
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