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Abstract

Regulation of immune response is marked by complex interactions among the cells that recognize and present antigens. Antigen presenting
cells (APCs), the antigen presenting cell component of the innate immune response plays an important role in effector CD4+ T cell response.
Thermal injury and/or superimposed sepsis in rats’ leads to suppressed CD4+ T cell functions. We investigated modulations of CD4+ T cell
function by APCs (purified non-T cells) from thermally injured and/or septic rats. Rats were subjected to 30% total body surface area scald burn or
exposed to 37 °C water (Sham burn) and sepsis was induced by cecal-ligation and puncture (CLP) method. At day 3 post-injury animals were
sacrificed and CD4+ T cells and APCs from mesenteric lymph nodes (MLN) were obtained using magnetic microbead isolation procedure. APCs
from injured rats were co-cultured with sham rat MLN CD4+ T cells and proliferative responses (thymidine incorporation), phenotypic changes
(Flow cytometry), IL-2 production (ELISA) and CTLA-4 mRNA (RT-PCR) were determined in naive rat CD4+ T cells. The data indicate that
APCs from thermally injured and/or septic rats when co-cultured with CD4+ T cells suppressed CD4+ T cell effector functions. This lack of CD4+
T cell activation was accompanied with altered co-stimulatory molecules, i.e., CD28 and/or CTLA-4 (CD152). In conclusion, our studies indicated
that defective APCs from thermally injured and/or septic rats modulate CD4+ T cell functions via changes in co-stimulatory molecules expressed

on naive CD4+ T cells. This altered APC: CD4+ T cell interaction leads to suppressed CD4+ T cell activation of healthy animals.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Burn injury-induced T cell effector responses modulate both
CD4+ T cells and antigen presenting cells [1]. Immunosuppres-
sion after burns has been associated with imbalanced T-helper
immune response, altered cytokine response and decreased
resistance to infection [2]. Severe injury through their interac-
tions with T lymphocytes induces adaptive immune response to
pathogens, tolerance to self-antigens and the induction of auto-
immunity [3-5]. At lymph nodes draining mucosal surfaces
such as mesenteric lymph nodes, APCs constantly survey and
process commensal bacteria and pathogens and by their
morphology attract and interact with naive T cells [6]. The
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ligands presented by APCs include a proper MHC—antigen
peptide complex, as well as a requisite set of co-stimulatory
molecules [7,8]. Three cell types expressing MHC class II
complexes (macrophages, dendritic cells and B cells) have the
potential to activate CD4 T cell. Although much circumstantial
evidence shows that dendritic cells are the professional antigen
presenting cells, and various subsets of dendritic cells (DCs)
have been identified in the intestinal lymphoid organs, it is still
not certain which cells first present MHC complexes to naive
CD4+ T cells [8,9]. APCs in the lymph nodes undergo
phenotypic and functional changes, including up-regulation of
cell surface expression of co-stimulatory and adhesion mole-
cules and production of cytokines [9—11].

T-cell responses predict the adaptive immune response after
injury. Naive T cells generally reside in the lymph node whereas
effector and memory T cells migrate preferentially to peripheral
tissues [12—14]. The lack of ability of an APC to precisely
regulate naive T cell activation may provide an explanation for
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the burn-induced derangements found in T cell activation
observed in our previous studies [15]. The attenuated prolifer-
ative responses by T lymphocytes in burn/sepsis injured hosts
may also arise as a result of their inappropriate interaction with
dysfunctional APCs. In this study, we have evaluated the
capacity of APCs isolated from burn and/or septic rats to
activate naive CD4+ T cells. Activation of resting CD4+ T cells
is organized through interaction of co-stimulatory molecules,
both stimulatory (CD28) and inhibitory (CTLA-4) expressed on
surface of CD4+ T cells and their corresponding ligands
presented on antigen presenting cells. These APCs likely
represent the population of cells draining to the node from
peripheral intestinal mucosal sites where they would have
encountered injury related non-self antigen including intestinal
bacteria/bacterial products. The use of T cells also from
uninjured animals’ MLN that represent a significant population
of naive T cells has allowed us to evaluate relatively specifically
how naive T cells may be affected by interactions with injured
animals APCs in the MLN habitat.

In the present study, we utilized clinically relevant rat model
of burn plus sepsis to examine the impact of such individual
conditions as well as that of a combined burn injury plus sepsis
on function of APCs during their interaction with naive CD4+ T
cells. We hypothesized that injury causes modulation of APCs
and alter their ability to prime T cell for an effective immune
response. Thus, burn plus sepsis causes a more profound defect
in APCs in their ability to stimulate naive CD4+ T cells than
individual burn or sepsis injuries. Such an APC defect may be
attributed to altered co-stimulatory molecules expressed on
CD4+ T cells leading to a more profound immunosuppression
found in burn plus septic condition.

2. Methods
2.1. Animal models

Male Sprague—Dawley rats (250-300 g) were housed and used in
compliance with the regulation of the Animal Care Facility of Chicago State
University, Chicago. Burn injury: This rat model has been previously described
as a suitable model demonstrating the response associated with burn injury [15].
Rats were anesthetized with sodium pentobarbital [40—50 mg/kg intraperitoneal
(i.p)]; their dorsal body surface hair shaved off, and placed in an appropriately
sized template device such that the shaved area of the skin on the animals’ back
was exposed. Adequacy of anesthesia was tested by the absence of withdrawal
response to toe pinching. The template device was then lowered into a hot water
bath (95-97 °C) to immerse the exposed skin area in hot water for 10 s. With
this technique, full thickness 3rd degree burns comprising 30% of the total body
surface were obtained. Sham rats were subjected to identical anesthesia and
other treatments, except that they were immersed in 37 °C water. The animals
were dried immediately, and given fluid resuscitation with 0.9% saline (3 cc/kg/
total body surface area) to maintain urine output. 10 animals were included in
each group. The animals were sacrificed at day 3 post-injury. Untreated and un-
operated rats were controls.

2.2. Cecal-Ligation-Puncture (CLP)

A mid-line laparotomy was performed on anesthetized rats in the lower
abdomen, and abdominal cavity was opened along striae alba. The cecum was
identified and ligated with 2-0 sutures silk at §—10 mm from the tip of the
cecum. The tip of the ligated cecum pouch was punctured with 22G needle
once. When the needle was pulled back, small amounts of cecum content were

expressed, and cecum pouch returned to the abdominal cavity. Muscle layers
were sutured and skin closed. Animals were given fluid resuscitation with
0.9% saline (3-cc/kg/total body surface area). The animals were sacrificed at
day 3 post-injury. CLP only rats were given Cecal-Ligation-Puncture without
burn.

2.3. Magnetic microbead T cell isolation method

MLN were aseptically isolated from rats and crushed under sterile stainless
steel sieve. The crushed tissues were passed through cell strainer (35 um pore
size) to remove clumps. The filtered cell suspension was spun at 300xg for 10
min and pellet suspended in 1 ml RPMI-1640 media. Cell population counted
with a trypan blue exclusion method to determine cell viability. Cells were
adjusted to 107 cells in 80 pl and incubated with 20 pul of CD+ T cell Magnetic
Micro-beads (Miltenyi Inc.) at 4 °C for 15 min. The cells were washed with
elution buffer (Miltenyi, Inc.) by centrifugation at 300xg for 10 min. The
micro-beads and cell mixture was passed through pre-wet columns. The
columns were flushed with 0.5 ml of elution buffer 3 times. The cells passed
through the columns (negative selection) were discarded. Columns were
removed from magnetic field; the cells (positive selection) were eluted by
running 0.5 ml of elution buffer 2 times with gentle pressure from plunger. The
eluted cells were washed with elution buffer by centrifugation at 300xg for 10
min. Positive selection cells (10°) were taken and incubated with FITC-labeled
anti-CD4+ antibody Biosource Inc, CA. (1 ul/10° Cells) at 4 °C for 10 min to
determine positive yield by FACS analysis. This method repeatedly yielded
99% purity of CD4+ T cells.

2.4. Isolation of antigen presenting cells (APC)

Rats mesenteric lymph nodes (MLN) were crushed under stainless sieve
and single-cell suspensions were prepared. Total T cells were depleted using
Pan T cell magnetic micro-beads as described by the manufacturers
(Miltenyi Inc.). The details are given above in Methods. Briefly, total T
cells were positively selected and discarded while the negative selection of
cells was used as potential antigen presenting cells. The cell were suspended
in complete RPMI-1640 medium with 10% FCS and incubated at 37 °C in
tissue culture Petri dishes (Fibrinogen-treated) for 2 h to allow adherence to
dishes. The supernatants containing non-adherent cells were discarded and
adherent cell population was obtained by repeated pipetting with warm
RPMI-1640 medium. The adherent cell population (total T-cell free) was
used as (APC) in the subsequent experiments.

2.5. Proliferation assays

APC and CD4+ T cells at 1:10 effector target ratios were cultured in 96
well flat-bottomed microtiter plates (Falcon, Lincoln Park, NJ) for 72 h/37
°C in 5% CO,. Anti-CD3 antibody (1 pg/ml), rIL-2 (1 pg/ml), anti-CD28 (5
pg/ml) purchased from Biosource Inc. were used in the subsequent
experiments as activators. T cell proliferation was assessed by adding
Tritiated Thymidine 1 pCi (37Bq) to the growing cultures in the last 16—18
h. Cells were then harvested at the end of culture period onto filtermats
(Skatron, Sterling, VA) with a semi-automatic PHD cell harvester (Cam-
bridge Technology Inc). The counts per minute (cpm) of the filter membrane
were measured in scintillation liquid on a Beckman LS 6500 liquid
scintillation counter (Fullerton, CA).

2.6. IL-2 Measurement (ELISA)

The supernatants were harvested from APC: CD4+ T cells co-cultures
after 24 h and IL-2 content determined by using Enzyme-Linked Immuno-
sorbent Assay (ELISA) kits (Biosource Inc, CA).

2.7. Reverse-transcription polymerase chain reaction (RT-PCR)
Determination of CTLA-4 mRNA was performed by isolation of total RNA

aseptically from CD4+ T cell co-cultures using RNA Easy kit (QIAGEN, Inc,
Valencia, CA) as per manufacturers protocol. High quality RNA was eluted in
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RNAse-free water. The concentration and purity of RNA was determined by
measuring the absorbance at 260 nm (A260) and 280 nm (A280) in a
spectrophotometer. PCR amplification was performed using the Gene-Amp
RNA PCR kit obtained from Perkin-Elmer (Roche, NJ). In brief, 1 pg of total
RNA was reverse transcribed in a total volume of 20 pl containing 25 mM MgCl,,
50 nM KCl, 10 mM Tris—HCI (pH 8.3), 2.5 pM oligo dT primers, 1 pM
deoxynucleotide triphosphate, 1 p1/ul RNase inhibitor and 2.5 U/ml MLV reverse
transcriptase. Samples were incubated for 15 min at 42 °C, 5 min at 99 °C and 5
min at 5 °C. The cDNA products obtained were incubated with a specific pairs of
primers designated to amplify cDNA coding for HPRT (sense 5-GCG AAG
TGG AAA AGC CAA GT-3, antisense 5'-GCC ACA TCA ACA GGA CTC
TTG TAG-3'), CTLA-4 (sense 5'-GGC AGA CAA ATG ACC AAG TGA C-3
antisense, 5-TCT GAA TCT GGG CAT GGT TCT-3'). All primers were
obtained from Integrated DNA Technology Inc. (IDT, Coralville, IA). Ampli-
fication was carried out in 80 pl reaction mixture containing 25 mM MgCl,, 2.5
U/100 pl ampli-Taq DNA polymerase and 1 uM of each sense and antisense
primers. cDNA were amplified in a Perkin-Elmer thermocycler (GeneAmp, PCR
System 2400). Cycle conditions: one cycle at 94 °C for 5 min followed by 32/36
cycles at 94 °C for 30 s, 55 °C for 60 s and 72 °C for 60 s. After amplification, the
PCR products were electrophoresed in 1.0% agarose gel (GIBCO-BRL), stained
with ethidium bromide and photographed on Polaroid 667 film. The individual
specific mRNA bands were identified using a standard DNA marker of 100—
1500 base pair (bp). After complete electrophoresis, the PCR gels image were
captured and analyzed using NIH image software with a multi scan Sony
computer. Experiments were repeated following treatment of mRNA with
DNAse to exclude DNA contamination.

2.8. Statistical analysis

All statistical analyses were carried out using the Statistical Package, Social
Sciences Software Program (SPSS, Sigma Stat version 2.0, Chicago, IL). The
statistical analysis of the different experimental groups included the comparison
of sham-burned, day 3-postburn, CLP and Burn plus CLP rats in #» =number of
animals. Statistical significance was assigned at P values<0.05.

3. Results

3.1. The effects of co-cultures of sham animal APCs on the
proliferation of sham animal (naive) CD4+ T cells

These control studies were carried out using APCs and
CD4+ T cells from uninjured sham rats to determine naive T
cell activation through TCR and costimulatory signals as
affected by APCs from naive rats. Purified CD4+ T cells were
obtained from sham rats by magnetic microbead isolation
procedure and stimulated with «CD3 alone or in the presence
of aCD3 and APCs, ex vivo. Fig. 1 shows proliferative
responses by naive rat MLN T cells stimulated with the
combination of aCD3 and APCs also harvested from
uninjured rat MLN. Activation of CD4+ T cells by aCD3
alone failed to demonstrate an effective proliferative response
in the absence of co-stimulation. The additional signal for co-
stimulation was efficiently provided by APCs. Hence, CD4+
T cells proliferated following stimulation with «CD3 and
interaction with APC. In these experiments APC to CD4+ T
cell ratio (1:10) was found to have an optimum proliferative
response such that addition of exogenous stimulatory anti-
CD28 antibody did not further increase proliferation of CD4+
T cells. The IL-2 signaling pathway was checked by addition
of exogenous IL-2 that provided maximal proliferation
response in these APC: CD4+ T cell co-culture assays
(P<0.05).
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Fig. 1. Proliferation of sham rat CD4+ T cells following co-culture with sham
rat APCs over 72 h as assessed by *H Thymidine incorporation expressed in
counts per minute (cpm). Control un-stimulated (U), stimulated with «CD3,
and/or incubation with APCs from sham rats with and without exogenous IL-2
or anti-CD28. Data represent Mean+S.E. (n=6) from 3 experiments. Effector
to target ratio was 1:10 (1 APC for 10 CD4+ T cell).

3.2. The effects of co-cultures of sham animal APCs on IL-2
production of sham animal (naive) CD4+ T cells

Fig. 2 shows IL-2 release in the supernatants of APC: CD4+ T
cell co-culture assays over 24 h in the presence of aCD3.
Detectable levels of IL-2 were obtained following aCD3
stimulation of purified CD4+ T cells (Fig. 2). Interaction of
APCs in the presence of aCD3 provided the requisite co-
stimulatory signal to activate CD4+ T cells for an enhanced IL-2
production (P<0.05). APCs caused IL-2 production to 3—4x
higher level than with aCD3 stimulus alone. Supplement of
additional co-stimulatory signal like anti-CD28 antibody to APC:
CD4+ T cells could not significantly elevate IL-2 levels (P>0.05)
to any further than combination of «CD3 and APCs. These data
show effectiveness of allogeneic interaction between naive rat
CD4+ T cell and APCs for the optimum production of IL-2.

3.3. Proliferative responses of naive CD4+ T cells following
co-culture with injured-APC obtained from Burn, CLP or
Burn+ CLP

To explore the effect of injured rat APCs (day-3 post-injury)
on naive CD4+ T cells, experiments were performed where
APCs were obtained from burn, CLP or burn+CLP animals and
then cocultured with naive CD4+ T cells for 72 h in the presence
of aCD3. Results in Fig. 3 show when the naive CD4+ T cell
were co-cultured with APCs from burn, CLP or burn+CLP,
proliferation of CD4+ T cells was significantly reduced
(P<0.05) as compared to sham APC: CD4+ T cell co-cultures.
The magnitude of suppression was ~50% for burn APCs, ~40%
for CLP APCs and ~75% for burn plus CLP APCs, as compared
to sham APC co-cultured with sham CD4+ T cells. These
findings clearly show that injured APCs are less effective at
inducing CD4+ T cell proliferation. Interestingly, when burn
injury was super-imposed with septic injury (naive rat CD4+ T
cells co-cultured with APCs from burn+CLP animals) the
suppressive effect was found to be most significant (P <0.05). In
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Fig. 2. IL-2 production of sham rat CD4+ T cells following co-culture with
sham rat APCs over 24 h as assessed by rat-specific IL-2 ELISA. Concentration
of IL-2 in the culture supernatants expressed as pg/ml in the experimental
groups of un-stimulated, stimulated with aCD3, aCD3+anti-CD28 and/or
APC from sham rats. Data represent Mean£S.E. (n=6) from 3 experiments.

order to test if this suppression induced by injured APCs was due
to alteration in CD28 co-stimulatory signal, we supplemented
these co-cultures with a stimulatory anti-CD28 antibody. Our
results showed that addition of stimulatory anti-CD28 antibody
failed to reverse the inhibition demonstrated by APCs from burn,
and CLP-injured animals (Fig. 3). The partial restoration
observed in burn plus CLP APC co-cultured with sham CD4+
T cell was found to be statistically insignificant (P <0.05),
whereas the effect of addition of anti-CD28 in case of sham APC
plus CD4+ T cells co-cultures was statistically non-significant
(P>0.05). We then tested if addition of exogenous IL-2 could
restore this CD4+ T cell proliferative response. Our data
confirmed that suppressed T cell activation was reversed by
addition of IL-2 to injured APCs co-cultures obtained from burn
and CLP such that comparable levels of T cell activation to the
sham APC co-cultures were achieved. However, in combined
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Fig. 3. Proliferation of sham rat CD4+ T cells following co-culture with injured
rat APCs over 72 h as assessed by *H Thymidine incorporation assay. Results
are expressed in counts per minute (cpm). CD4+ T cells and APCs were
immunomagnetically isolated from rat MLN of sham and experimental groups.
APCs were obtained from MLN of the following experimental groups; Sham
(S), Burn (B), CLP (sepsis) or Burn+CLP rats. Data represent Mean+S.E.
(n=6) from 3 separate experiments. APC: CD4+ T cell (1:10 effector target
ratio) co-cultures were stimulated with «CD3, or anti-CD28, and/or incubation
with IL-2. Sham APCs and sham CD4+ T cell were used as controls. Data
represent Mean+S.E. (n=6) from 3 experiments. P<0.05 was considered
significant while P>0.05 as non-significant.
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injury model (burn+CLP) addition of IL-2 to CD4+ T cells plus
burn+CLP co-cultures failed to restore proliferative responses
(P>0.05). The effect of addition of IL-2 to sham APCs plus
naive CD4+ T cells was significant (P <0.05) in these experi-
ments similar to results obtained in the initial experiments
documented in Fig. 1.

3.4. IL-2 production by naive CD4+ T cells following
co-culture with injured APC obtained from Burn, CLP
or Burn+ CLP

To explore the effect of injured rat APC (day-3 post-
injury) on IL-2 production capability by naive CD4+ T cells,
experiments were performed where APCs were isolated from
sham, burn, CLP or burn+CLP animals and then co-cultured
with sham CD4+ T cells for 24 h in the presence of aCD3.
When the naive CD4+ T cells were co-cultured with APCs
from burn, CLP or burn+CLP, IL-2 production by sham
CD4+ T cells was significantly reduced (P<0.05). The
present results demonstrated a ~3—-4x decrease in IL-2
production in burn and CLP groups of APC co-cultures, and
~7x inhibition in APC co-cultures of burn plus CLP animals
(Fig. 4). Our findings showed that the combined burn and
burn/sepsis injury lead to maximal suppression of IL-2
production (P <0.05) as compared to IL-2 production in any
other experimental groups. Addition of anti-CD28 to the
APC: CD4+ T cell co-cultures from injured animals’ groups
were unable to reverse the down-regulation of IL-2 produc-
tion in burn and CLP experimental groups. However, addition
of anti-CD28 to APC co-culture obtained from burn plus CLP
animals, documented a 3-fold increase in IL-2 production,
which was found to be statistically significant (P<0.05), yet
it did not bring it to the sham IL-2 levels. When sham rat
APCs were co-cultured with naive CD4+ T cells, maximum
IL-2 production was observed (Fig. 4). Addition of stimula-
tory anti-CD28 failed to significantly enhance this maximal
IL-2 production (P>0.05).
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Fig. 4. IL-2 production of sham rat CD4+ T cells following co-culture with
injured rat APCs over 24 h as assessed by rat-specific IL-2 ELISA and
expressed as pg/ml in the culture supernatants. Co-cultures were stimulated
with aCD3, and/or «CD3 +aCD28 and/or incubated with APC from Sham (S),
Burn (B), CLP (sepsis), or Burn+CLP rats. Data represent Mean+S.E. (n=06)
from 3 separate experiments. P <0.05 was considered significant while 7>0.05
as non-significant.
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3.5. Surface expression of co-stimulatory molecule (CD28) on
naive CD4+ T cells following co-culture with APCs from
injured rats

Flow cytometry analysis was performed to explore altera-
tions in the expression of co-stimulatory molecule (CD28) on
naive CD4+ T cells following incubation with APCs from
sham, burn, CLP and burn+CLP. In the following experiments
APC: CD4+ T cells co-cultures were stimulated with «CD3 for
72 h. Results represented as a histogram in Fig. 5 showed that
surface expressions of CD28 receptor on naive CD4+ T cells
following co-incubation with sham (Fig. 5a) and burn (Fig. 5¢)
injured APCs remained unchanged, i.e. same as observed with
aCD3 alone. APCs from burn+CLP (Fig. 5d) significantly
(P<0.05) and CLP (Fig. 5b) to a non-significant degree
(P>0.05) down-regulated the surface expression of CD28
receptor as evidenced by a remarkable shift to left in the flow
plots. This pattern of down-regulation of CD28 receptor
expression on CD4+ cells caused by interaction with injured
APCs was noticed to be consistent in repeat experiments.
Statistical analyses in these experiments were performed after
gating out dead cells (10—12%).

3.6. Surface expression of co-stimulatory molecule (CTLA-4)
on naive CD4+ T cells following co-culture with APCs from
injured rats

Flow cytometry data as depicted by representative quadrant
analyses (Fig. 6) was performed to explore alterations in the
expression of CDI52/CTLA-4 on naive CD4+ T cells
following incubation with APCs obtained from sham, burn,
CLP and burn+CLP experimental animals. APC: CD4+ T cells
co-cultures were stimulated with «CD3 for 72 h and dually
labeled with PE-labeled CTLA-4 and FITC-labeled CD4+ T
cell. When naive CD4+ T cells were co-cultured with burn
APCs, 11% of CD4+ T cells were CTLA-4 positive (Fig. 6b),
15% in case of sepsis APCs (Fig. 6c¢), and 25% following co-
culture with APCs obtained from burn plus CLP animals (Fig.
6d). CTLA-4 (CD152) surface expressions on naive CD4+ T
cells when co-cultured with sham APCs expressed 5% CTLA-4
positive T cells (Fig. 6a), the significance of which was not
found. Owing to a long co-culture assay conditions (72 h) we
did encounter an increased percentage of dead cells (10—12%).
However, by labeling with ethidium bromide, we gated dead
cells out and were not included in statistical analyses.
Furthermore, the number of dead cells excluded remained
quite similar among different experimental groups which again
emphasize the effect of lengthy co-culture conditions.

3.7. Determination of mRNA CTLA-4 on naive CD4+ T cells by
RT-PCR

Up-regulation of receptor expression of CTLA-4 (CD152)
on naive CD4+ T cells following co-culture with APCs
obtained from injured animals, lead to investigation of
CTLA-4 mRNA status of naive CD4+ T cells. Since these
cell-mixing studies contained populations of both APC and

CD4+ T cells in a 1:10 effector target ratio, no attempt was
made to separate CD4+ T cells from APCs in experimental co-
cultures. However, our data suggested that no CTLA-4
(CD152) mRNA was detected in lysates of either CD4+ T
cells or APC alone. RT-PCR data indicated an up-regulation of
CTLA-4 mRNA in CD4+ T cells co-cultured (24 h in the
presence of aCD3) with injured APCs obtained from burn,
CLP and burn+CLP groups (Fig. 7). In the control experi-
ments, there was no detection of mMRNA CTLA-4 when naive
CD4+ T cells were co-cultured with APCs from sham rats in
the presence of aCD3 or sham CD4+ T cells alone.
Experiments were repeated twice with similar results.

4. Discussion

The present series of experiments was performed to test the
effects of burn injury or burn injury combined with experimental
sepsis on changes in mesenteric lymph node antigen presenting
cells functional capacity. Following TCR/CD3-mediated
signaling, CD4+ T cell responses were compared in the
presence of APCs from burn, CLP and Burn+CLP
experimental animals. Allogenic T-cell effector responses
measured T-cell activation by APCs. Our findings clearly
showed that injured APCs are less effective at inducing
CD4+ T cell proliferation and IL-2 production. Combined
burn and sepsis lead to higher suppression in T cell
responses than burn or sepsis alone. Addition of exogenous
IL-2 reversed the suppression induced by injured APCs from
burn or CLP but not burn plus CLP experimental animals.
Our studies linked CD4+ T cell dysfunctions to alterations
in the co-stimulatory molecules (CD28 and CTLA-4)
induced by injured animals’ APC.

The rat injury model had limitations due to paucity of rat-
specific reagents. This co-culture system allowed us a model
whereby we could assess the role of APCs based on their
functional capacity to activate T cells. Mesenteric lymph node
APCs located at the portals of antigen entry in intestine sample,
process, display MHC complex and migrate to the T cells areas
of secondary lymphoid organs [8,9]. Although much circum-
stantial evidence shows that dendritic cells are the professional
antigen presenting cells, it is still not certain which cells first
present MHC complexes to naive CD4+ T cells [8]. Mucosal
APCs sample antigen in the intestinal mucosa and migrate to
MLN to prime naive T cells [16]. Furthermore, commensal
bacteria colonize the gastrointestinal tract, therefore, MLN
(APC/CD4+ T cell system) regularly encounter gut micro flora
as well as food antigen load and hence provide a microenvi-
ronment for host immune responses [17]. In this study, CD4+ T
cells and APC were isolated from mesenteric lymph nodes,
which mimic a microenvironment of APC: CD4 T cell cross-
talk in a lymph node.

Our studies suggested that APCs present in the mesenteric
lymph nodes control proliferation and differentiation of naive
or resting CD4+ T cells of MLN. CD3/TCR system was
maximally stimulated in our proposed APC: CD4+ T cell co-
culture system since our data showed that sham APCs interact
with naive CD4+ T cells in the presence of anti-CD3 in such a



N. Fazal et al. / Biochimica et Biophysica Acta 1762 (2006) 46—53 51

200 - 200
]la ib
160 160 4
% 120 ,2 120_;
3 g0 3 804
@3 o %
40 40 3
0 _: 0_:
100 10 102 103 104 100 10 102 103 104
CD28 - FITC CD28 - FITC
200 -+ 200
1¢C 1d
160 160
£ 120 £ 120 -
3 ] =]
Q 804 O g0
&) ] Q ]
40 4 40
o 0
100 10 102 103 104 100 101 102 103 104
CD28 - FITC CD28 - FITC

Fig. 5. Representative flow cytometry plots of CD28 surface expression on sham rat CD4+ T cells following 72 h co-culture with rat APCs from Sham (a), CLP (b), Burn
(c) or Burn+CLP (d). x axis (log scale) represents FITC-CD28 labeled CD4+ T cells while y axis show fluorescence counts. Closed lines (filled/purple) indicate (a¢CD3-
stimulated), open lines (empty/green) indicate aCD3-stimulated plus APCs from different experimental groups. Shift towards left was considered significant. Similar
results were obtained in 3 separate experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Representative FACS quadrant plots of MLN CD4+ T cell illustrating CTLA-4 expression on sham rat CD4+ T cells following 72 h co-culture with rat APCs from
Sham (a), Bumn (b), CLP (c), or Burn+CLP (d). All the co-cultures were aCD3-stimulated. x axis (log scale) represents FITC-labeled CD4+ T cells while y axis shows
PE-labeled CTLA-4 (CD152) positive cells. Cells in the right upper quadrant of all the quadrant plots represent dually labeled CD4+ (FITC) and CTLA-4 (PE) positive
cells. Similar results were obtained in 3 separate experiments.
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Fig. 7. CTLA-4 mRNA of sham rat CD4+ T cell lysates as determined by RT-
PCR. CD4+ T cells were co-cultured for 24 h with injured APCs obtained from
MLN of the following experimental groups; Sham (S), Burn (B), CLP (sepsis)
or Burn+CLP rats. Co-cultures were maintained in the presence of «CD3. Lane
1 (molecular marker), lanes 2—3 (CD4+ T cell only), lanes 4—5 (CD4+ T cell
plus burn APCs), lanes 6—7 (CD4+ T cell plus sepsis APCs), lanes 8—9 (CD4+
T cell plus sham APCs), lanes 10—12 (CD4+ T cell plus burn/sepsis APCs).
HPRT was used as a housekeeping gene. Results were verified in 2 separate
experiments.

way that no further activation could be demonstrated by the
addition of anti-CD28. Interestingly, APC: CD4+ T cell co-
cultures remained significantly responsive to supplemental IL-
2 as evidenced by addition of IL-2 which further enhanced
proliferation of naive CD4+ T cells. Thus, APC: T cell co-
culture system provided a model to study functional responses
of CD4+ T cells following interaction with APCs obtained
from injured animals. Injured APCs variably effected activation
of naive CD4+ T cells as judged by proliferation and IL-2
production. Burn and sepsis APCs suppressed CD4+ T cells
proliferation without a significant restorative effect by the
addition of anti-CD28. Maximal inhibition of proliferation was
produced by burn plus sepsis APCs; however anti-CD28
antibody reversed this suppressive effect. On the contrary,
addition of supplemental IL-2 though reversed CD4+ T cell
suppression following interaction with sham, burn and sepsis-
injured APCs yet failed to reverse suppression induced by burn
plus sepsis APCs. Our studies of septic animals support
previous observations where modulation of antigen presenting
cells and CD4+ T cells have been documented in immunosup-
pressive septic patients [18,19].

Further experiments were performed to judge the status of co-
stimulatory molecules, stimulatory (CD28) and inhibitory
(CTLA-4), on CD4+ T cells. The results verified that the
interaction of CD4+ T cells with injured APCs altered co-
stimulatory molecules. Flow cytometry analysis confirmed that
burn plus sepsis APCs significantly down-regulated surface
expression of CD28, while it remained unchanged in other
injuries. The alteration of CD28 receptor expression following
burn plus septic injury may explain suppression seen in this
combined injury module. We then determined CTLA-4 status of
CD4+ T cells as this negative co-stimulatory molecule is known
to compete for the same receptor on corresponding APCs.
Interestingly, an increased CTLA-4 mRNA activity with an up-
regulation of CTLA-4 surface receptor expression with burn plus
sepsis injured APCs was observed. The signaling pathways
leading to CTLA-4 up-regulation in CD4+ T cells are not
completely understood, however, it is known that following
TCR/CD3-mediated signaling, the transcription of CTLA-4 gene
increases and is further enhanced by either CD28-mediated co-
stimulation or IL-2 [11,19]. Our data showed although naive
CD4+ T cells expressed resting CTLA-4 levels, the surface
levels were increased upon activation by anti-CD3 and APC co-
culture, probably due to both redistribution of an intracellular

pool and increased synthesis of CTLA-4 as noticed by others
[20]. We found CTLA-4 mRNA levels increased within 24 h of
co-culture with injured APCs; however no signal was detected in
CD4+ T cells following interaction with sham APCs. We
confirmed that injured APC could up-regulate CTLA-4 in naive
CD4+ T cells in an ex vivo environment. Thus CTLA-4 could
then compete with CD28 for interaction with CD80/86
molecules present on APCs as CTLA-4 is known to bind to
these ligands with greater affinity (~20x) than CD28 [20],
which may account for the abrogation of the co-stimulatory
effects of CD28 in the face of expression of CTLA-4 on
activated T cells. CTLA-4 could also interfere with IL-2
production of T cells and cause arrest of T cell cycle in the
G1 phase. Unlike CD28, which is constitutively expressed and is
stable, CTLA-4 is induced in activated T cells and is relatively
unstable with a much shorter half-life [19]. We have not looked
into other potential effects of injured APCs causing alteration of
CD4+ T cell function, i.e., anergy, apoptosis, generation of T
regulatory activity, and cytokine response, etc. Our results are in
line with studies showing the role of co-stimulatory-ligand
binding, i.e., CD28/B7 in the regulation of immunosuppression
observed in these studies [21].

Our simplistic approach to study the functional ability of
injured APCs to modulate naive CD4+ T cells also tested their
ability to regulate IL-2 as a potential growth factor. Naive T
cells produced IL-2 in the presence of APCs from sham rats
and aCD3/anti-CD28, while presence of injured APCs
hampered this capacity of CD4+ T cells. These findings
suggested that IL-2 signaling pathway (IL-2 transcription/
translation) was down-regulated by injured APCs while IL-2
receptor activation remained intact as presence of injured APCs
allowed the effect of exogenous IL-2 on restoring proliferation
of CD4+ T cells. Disturbance in signaling pathway downstream
to CD3-plus co-stimulatory molecules, or IL-2 transcription/
translation could thus be considered. We recently demonstrated
immunosuppression of T cell in burn injury due to down-
regulation of signaling pathways (MAPKSs, Erk 1/2 and p38).
The role of calcium signaling was proposed as MAPK-
signaling and effector functions of T cells were restored by
activation of T cells with PMA plus ionomycin [15]. Similar
observations were made in resting CD4+ T cells where cyclic
AMP- and calcium-mediated induction led to up-regulation of
CTLA-4 [19].

There is overwhelming evidence that injury causes sup-
pressed T-cell activation, especially thermal injury that leaves
burn patients susceptible to infection with opportunistic
bacteria. Data from burned patients and animal models of burn
injury show immunological alterations linked to decreased T-
cell proliferation [22-25]. We conclude that APCs from
injured animals failed to support T cell activation from healthy
rats following an increase of CTLA-4 on naive CD4+ T cells
and a relative decrease of CD28 co-stimulatory molecule in
burn plus sepsis injury. Although we have linked T-cell
suppression in injury states with altered APC function, vice
versa, T cell causing modulation of healthy APCs could occur.
One study provided evidence for sepsis induced deletion of
CD4+ T cell to account for immunosuppression [19]. Thus,
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increased susceptibility of burn and sepsis hosts could be due to
APC dysfunction and T cell-dependent cell mediated immunity,
as there could be a compromise of not only the T cell-
dependent cell-mediated immunity (against viral/intracellular
infections) but also a linked weakening of APC mediated
defense against extracellular bacterial invasions. Recently, burn
injury-induced changes in T cell responses have documented
changes in both CD4+ T cells as well as antigen presenting
cells [1]. Although APCs could be the major contributor to
prime naive CD4+ T cells in lymph nodes, there remain more
subtle ways for the host to mount an effective immune response
to burn injury [10,21]. This study has addressed the role of
antigen presenting cells ex-vivo, however, in vivo conditions;
soluble factors like cytokines, other professional antigen
presenting cells like dendritic cells, NK cells and yet unknown
factors direct an effective CD4+ T cell response. More studies
in rat are needed to further characterize functional responses
that these injured APCs may provoke in the naive CD4+ T cells
and vice versa [26].
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