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Abstract
Tissue trauma in the peritoneal and pelvic cavities following surgery or bacterial infection results
in adhesions that are a debilitating cause of intestinal obstruction, chronic pelvic pain, and
infertility in women. We recently demonstrated that CD4+ αβ T cells are essential for development
of this process. Using a murine model of experimental adhesion formation, we now demonstrate
that adhesion formation is characterized by the selective recruitment of Tim-3+, CCR5+, CXCR3+,
IFN-γ+ cells, indicating the presence of a Th1 phenotype. We further demonstrate that adhesion
formation is critically dependent on the function of Th1 cells because mice genetically deficient
for IFN-γ, T-bet, or treated with Abs to the Th1-selective chemoattractant IL-16 show
significantly less adhesion formation than wild-type mice. In addition, disrupting the interaction of
the Th1-specific regulatory molecule Tim-3, with its ligand, significantly exacerbates adhesion
formation. This enhanced response is associated with increases in the level of neutrophil-attracting
chemokines KC and MIP-2, known to play a role in adhesiogenesis. These data demonstrate that
the CD4+ T cells orchestrating adhesion formation are of the Th1 phenotype and delineate the
central role of T-bet, Tim-3, IFN-γ, and IL-16 in mediating this pathogenic tissue response.

Timely resolution of the inflammatory response to tissue trauma is necessary to avoid
unchecked adhesion formation that is a hallmark of chronic infectious, allergic, and
autoimmune tissue disorders. During the response to surgical trauma, unchecked fibrosis
leads to the development of fibrous adhesions that bind apposing tissues together in an
inappropriate manner. Surgical adhesions are a major complication of gynecologic and
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abdominal surgery, with an incidence as high as 50–90% (1–3). Adhesions that develop after
gynecologic surgery are a source of chronic pelvic pain and infertility (3). In addition, when
most severe, adhesions in the abdominal cavity can cause potentially fatal small bowel
obstruction and organ failure (4–6). Current treatments to prevent or reduce the severity of
adhesions rely on the use of barrier devices or bioresorbable gels, but the mechanisms
involved in the development of adhesions are not fully understood.

Little is known about the cellular host response that leads to adhesion formation. A few
reports describe a role for neutrophils and macrophages in this process (7–9); however,
information on the role of T cells in this process is lacking. We have shown that CD4+ αβ T
cells are required for surgical and postinfectious adhesion formation because following cecal
abrasion, activated CD4+ T cells enter the peritoneal cavity, orchestrate chemokine
production and leukocyte trafficking, and then home to the site of developing adhesions (10,
11). Modulating the activity of these T cells by blockade of costimulatory and coinhibitory
molecules significantly affects the severity of adhesions that eventually develop.

Our initial experiments suggested that the CD4+ T cells mediating adhesion formation are of
the Th1 phenotype (10). In this study, we confirm that the Th1 cell is central to adhesion
development and, furthermore, identify the requirement of two key regulators of Th1 cell
differentiation and activation, T-bet and Tim-3, in this process (12–17). Our studies further
demonstrate the requirement for IFN-γ, a prototypical Th1 cytokine, and IL-16 (18), a
chemoattractant for Th1 cells (19), in this host response. Importantly, CD4+ T cells that
home to sites of adhesion formation express Tim-3 and IFN-γ, as well as CCR5 and
CXCR3, chemokine receptors preferentially associated with Th1 cells. Our data strongly
suggest that the CD4+ T cells associated with surgical adhesions are Th1 effector cells and
identify chronic adhesion formation as a dysregulated type I immune response.

Materials and Methods
Animals

IFN-γ-deficient (B6.129S7-Ifngtm1Ts/J), CCR5-deficient (B6;129P2-Ccr5tm1Kuz/J), C57BL/
6J, and DO11.10 mice were purchased from The Jackson Laboratory. T-bet-deficient mice
(16) on the C57BL/6J background (backcrossed >10 generations) were bred at the Channing
Laboratory Animal Facility. All animals were provided with food and water ad libitum and
housed under specific pathogen-free conditions. The mice were maintained according to the
Harvard Medical School animal management program, which is accredited by the American
Association for the Accreditation of Laboratory Animal Care.

Rodent model of surgical adhesion formation
Abdominal surgery was performed following guidelines approved by the Harvard Medical
School animal management program. Mice were anesthetized with a single injection i.p. of
0.2 ml of pentobarbital sodium (50 mg/ml; Abbott Laboratories) diluted 1/5 v/v in PBS (10
mg/ml). Abdominal adhesions were induced by abrasion of the cecum and the abdominal
wall as described previously (10). Briefly, sterile surgical gauze was used to abrade the
cecum with seven to eight strokes of a consistent medium pressure. This resulted in the
development of petechiae on the surface of the cecum. Using this technique, the resultant
adhesions were predominately classified as low to moderate according to the adhesion
classification score described below. Where indicated, the degree of abrasion was modified
to induce adhesions of increased severity. Severe abrasions were induced with 15 strokes of
medium pressure. The procedures used induced adhesions that were reproducible in terms of
number and intensity in control animals and found to be similar in reproducibility as those
obtained using a regulated mechanical device. Animals were euthanized and examined for
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adhesion formation 6 days later by an observer blinded to the identity of the experimental
groups. The severity of adhesions in each animal was evaluated according to the following
scoring system: 0, no adhesions; 1, one thin filmy adhesion; 2, more than one thin adhesion;
3, thick adhesion with focal point; 4, thick adhesion with planar attachment, or more than
one thick adhesion with focal point; and 5, very thick vascularized adhesion or more than
one planar adhesion. To ensure reproducibility, all experiments were conducted on at least
two different groups of mice on separate occasions. The median adhesion scores for the
various experimental groups were compared by the Mann-Whitney U test. Differences
between groups were considered significant at p < 0.05.

For the Tim-3Ig Ab studies, the mice received s.c. injections of either Tim-3Ig or control
human IgG1 (250 μg each) at −24, 0, and +24 h relative to cecal abrasion surgery. For in
vivo neutralization of IL-16, mice were injected i.p. with 100 μg of anti-IL-16 mAb (clone
14.1, IgG2a) or isotype control (R&D Systems) at 6 h, 24 h, 3 days, and 5 days following
surgery.

Antibodies
Anti-Tim-3 mAb 8B.2C12, anti-IL-16 mAb (clone 14.1), and Tim-3Ig, a chimeric protein in
which the extracellular portion of Tim-3 is fused to the Fc portion of human IgG1, have
been described previously (12, 14, 18, 31). Control human IgG1 and mouse IgG were
purchased from Sigma-Aldrich. Polyclonal goat Abs specific for mouse CCR5 and CXCR3,
as well as control goat IgG, were purchased from Santa Cruz Biotechnology. For the
confocal microscopy studies, Abs were conjugated with Alexa Fluor 488, Alexa Fluor 594,
or Alexa Fluor 647 using Alexa Fluor mAb Labeling Kits (Molecular Probes). The anti-
mouse CD4 mAb RM4-5 and control rat IgG2a Ab conjugated with Alexa Fluor 488 were
purchased from Caltag Laboratories.

Measurement of chemokines and cytokines by ELISA or ELISPOT assay
Levels of MIP-2, KC, and IL-16 in peritoneal lavage fluid and IL-16 production in Th1/Th2
cell cultures were determined by specific ELISA kits purchased from R&D Systems. IFN-γ
production by purified CD4+ T cells was determined by ELISPOT assay. Briefly, single-cell
suspensions from mesenteric lymph nodes (LN)4 or peritoneal lavage fluid were depleted of
RBC by centrifugation on Histopaque (ρ = 1.119) at 700 × g (Sigma-Aldrich). The buoyant
leukocyte populations were passed over CD4 Cell Enrichment Columns (R&D Systems).
Purified CD4+ T cells were cultured in polyvinylidene difluoride-backed 96-well
microplates at either 0.5 or 1 × 105 cells/well, with or without 1 × 105 syngeneic 3000 rad
irradiated spleen cells as a source of APCs, and with or without 2 μg/ml Con A. Culture
medium consisted of RPMI 1640 containing 10% FBS, 1 mM sodium pyruvate, 100 μM
nonessential amino acids, 2 mM L-glutamine, 100 U/ml penicillin plus 100 μg/ml
streptomycin, and 10 mM HEPES buffer (Invitrogen Life Technologies). After a 36-h
incubation, the number of IFN-γ-producing cells was determined by a specific ELISPOT
assay kit (MabTech). The values are expressed as the averages ± SDs and the asterisk
denotes significantly different from control wells at the 5% confidence level.

Histology
Samples of the abdominal wall comprising the skin, muscle mass, peritoneum, and any
tissue associated by adhesions were harvested and flash frozen in Tissue-Tek OCT
compound (Sakura). Sections (6- to 10-μm thick) were cut and one representative section
was stained with H&E (Richard-Allan Scientific) to confirm the integrity of the adhesions.

4Abbreviations used in this paper; LN, lymph node; WT, wild type.
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For analysis by confocal microscopy, samples were fixed in ice-cold acetone for 10 min,
followed by extensive washing in PBS. For analysis of cytokines, the samples were
incubated in 0.05% saponin in PBS for 30 min, followed by washing in PBS. The samples
were blocked with 10% goat or rat serum for 20 min, followed by incubation with primary
Ab (directly conjugated with Alexa Fluor dyes; see above) for 1 h at room temperature.
Samples were then washed in PBS and mounted with SlowFade Antifade mounting reagent
(Molecular Probes) and analyzed with a Zeiss Axiovert 200M microscope equipped with
helium/neon and argon lasers. The images were generated and analyzed with Pascal
software (Borland).

T cell skewing and peritoneal macrophage isolation
To generate Th1 and Th2 cell populations, DO11.10 CD4+ T cells were isolated from LN
and positively selected using a density gradient centrifugation technique (Stem Cell
Technologies) as previously described (19). CD4+ T cell purity was assessed by flow
cytometry. APCs were generated from syngeneic T cell-depleted splenocytes prepared by
positive selection using a magnetic bead pan-T cell Ab to Thy-1.2 (Dynal). Ag-presenting
splenocytes were treated with mitomycin C (50 μg/ml; Sigma Aldrich) for 20 min on ice
before washing twice in PBS. Th1 and Th2 cells were generated by adding 2 × 106 CD4+ T
cells/ml with 2 × 106 APCs/ml and 1 μg/ml pOVA323–339 (Invitrogen). The Th1 or Th2 cell
skewing mixture was then added to the cell cultures. Th1 cell mixture included IL-12 (5 ng/
ml) and anti-IL-4 (2.5 μg/ml; both R&D Systems). The Th2 cell mixture included IL-4 (5
ng/ml), anti-IL-12 (10 μg/ml; R&D Systems), and anti-IFN-γ (2.5 μg/ml) (Sigma Aldrich).
Purity of the skewed populations were determined by assessing IL-4, IL-5, and IFN-γ
production in an aliquot from each cell culture following Con A (5 μg/ml) stimulation.

Peritoneal macrophages were obtained from C57BL/6 mice following peritoneal lavage with
1 ml of PBS. The macrophages were isolated using plastic adherence and purity assessed by
labeling with a fluorescently conjugated anti-CD14 Ab as detected by flow cytometry.

Results
CD4+ T Th1 cells are present at the site of surgical adhesion formation

Histological analysis was performed on tissue 6 days after low to moderate cecal abrasion in
C57BL/6J mice. Fig. 1 shows a representative adhesion that developed distal to the site of
abrasion and that involved the small intestine. H&E staining of a section of this adhesion
revealed a marked inflammatory cell infiltrate surrounded by a matrix of collagen-like fibrils
binding the smooth muscle of the small intestine to the remains of the abdominal wall (Fig.
1). As reported previously, these infiltrates consist largely of macrophages, some
neutrophils, and, CD4+ T cells (11). To further investigate the phenotype of the recruited T
cells to adhesion sites, histological sections were stained with Abs to CD4 as well as
counterstained with Abs to Tim-3, CCR5, and CXCR3, all specific for Th1 cells, or with the
Th2 marker CCR3. Tim-3 is a recently characterized marker for differentiated Th1 cells, up-
regulated on Th1-polarized CD4+ T cells (13). When adhesions were stained with
fluorescence-labeled Abs and examined by confocal microscopy, CD4+ cells expressing
Tim-3, CCR5, and CXCR3 were detected (Fig. 2). Cells expressing these markers were not
detected in surrounding tissue, indicating selective recruitment to the inflamed site. CCR3+

cells were not detected at the sites of adhesions nor in surrounding tissue, suggesting that
Th2 cells are not involved in the inflammatory precess (Fig. 2).

Formation of severe adhesions requires the presence of IFN-γ-producing Th1 cells
Having shown that Th1 cells are selectively recruited to sites of adhesions, we next wanted
to determine whether these cells were required for adhesion formation. Th1 cells are positive
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for the transcription factor T-bet and produce IFN-γ. We predicted that, if surgical adhesion
formation is mediated by CD4+ Th1 cells, T-bet-deficient mice should develop significantly
reduced adhesions in response to cecal abrasion. As shown in Fig. 3A, mice subjected to a
moderate cecal abrasion protocol developed adhesions with a median score of 2.5. In
contrast, the majority of T-bet-deficient mice developed very few detectable adhesions,
resulting in a median score of 0 ( p = 0.0422; Mann-Whitney U test).

To begin to establish a potential mechanism by which T-bet+ cells contributed to adhesion
formation, we used an ELISPOT assay to quantitate the number of IFN-γ-producing CD4+ T
cells in T-bet−/− and wild-type (WT) mice. Following cecal abrasion surgery, there was a
marked increase in the number of IFN-γ-producing CD4+ T cells in the draining mesenteric
LN of WT mice at the 6-day time point ( p = 0.0068; unpaired t test) (Fig. 3B). In contrast,
there was no significant increase in the number of these cells in the T-bet-deficient mice.
More important, the number of IFN-γ-producing CD4+ T cells in abraded WT mice was
considerably higher than in abraded T-bet−/− mice, whether purified from mesenteric LN ( p
= 0.0120; Fig. 3B) or from peritoneal lavage cells ( p = 0.0012; Fig. 3C). Thus, the reduced
adhesion formation observed in T-bet−/− mice correlated with fewer IFN-γ-producing CD4+

T cells in the draining mesenteric LN and peritoneal cavity, an indication that trafficking of
Th1 cells to the site of injury and to the draining LN was profoundly reduced in these mice,
consistent with other reports indicating reduced T cells at inflammatory sites in T-bet-
deficient mice (20–22). It is interesting to note that in T-bet−/− mice a low number of IFN-γ-
producing cells are present and that this correlates with detectable, but less severe, adhesion
formation, suggesting a role of IFN-γ in adhesion formation.

IFN-γ is required for adhesion formation
To investigate the requirement of IFN-γ for adhesion formation, we subjected IFN-γ-
deficient mice to the cecal abration model. As shown in Fig. 4, these mice had no evidence
of adhesions following moderate cecal abrasion surgery since their peritoneal cavities
appeared indistinguishable from those of sham-treated mice. WT C57BL/6J mice, in
contrast, had a median adhesion score of 3 ( p < 0.0025; Mann-Whitney U test). Taken
together, these data indicate that adhesion formation requires the presence of IFN-γ-
producing CD4+ Th1 cells.

Blockade of the Th1-associated protein Tim-3 exacerbates adhesion formation
We have demonstrated that IFN-γ production by Th1 cells recruited to sites of adhesion
formations function as a proinflammatory mediator. The presence of Tim-3+ cells at these
sites presents the possibility that the Th1 cells are regulating the inflammatory process.
Because Tim-3 has been shown to inhibit effector (Th1) cells during immune responses, we
hypothesized that blockade of Tim-3, by Tim-3 Ig, should lead to exacerbation of adhesion
formation. To investigate this, we subjected C57BL/6J mice to the cecal abrasion model and
treated them with Tim-3Ig. To determine alteration of adhesion formation following Tim-3
Ig treatment, the surgical protocol was moderated to generate low adhesion scores in the
control group (seven strokes per site). As shown in Fig. 5, mice treated with a control human
IgG1 Ab (250 μg at −24, 0, and 24 h) had a median adhesion score of 1.5. In contrast,
treatment with Tim-3 Ig (250 μg at −24, 0, and 24 h) markedly exacerbated adhesion
formation, median score of 5 ( p < 0.0001; Mann-Whitney U test).

In addition to CD4+ Th1 cells, the other major immune cell recruited to sites of adhesion
formation are neutrophils, which generate oxygen free radicals (23). We have reported
previously that the neutrophil-attracting chemokines MIP-2 and KC play a critical role in the
acute inflammatory response that leads to adhesion formation (10). Therefore, peritoneal
lavage fluid taken from IgG1-and Tim-3 Ig-treated mice was assessed for MIP-2 and KC
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levels (Fig. 6). We have previously reported that following surgery neutrophilic infiltrates
can be detected as early as 6 h, peak at 24 h, and are significantly diminished by 72 h (10).
Therefore, we assessed MIP-2 and KC levels at both 6 and 24 h. Tim-3 Ig treatment
significantly increased expression of MIP-2 at both 6 and 24 h after surgery and KC at 24 h
after surgery. These data suggest that treatment with Tim-3 Ig affects adhesion formation at
the earliest stages of this host response by increasing expression of these inflammatory
mediators. Neither MIP-2 nor KC were detected in peritoneal lavage fluid from nonabraded
mice (data not shown).

The peritoneal fluid was also assessed for the presence of the Th1 cell chemoattractant IL-16
(19). Mice receiving Tim-3 Ig treatment demonstrated an increase in IL-16 expression at the
24-h time point, which was 3-fold greater than that detected in the isotype control-treated
mice (Fig. 7). Our previous work (10) also demonstrated that following surgery, unlike
neutrophils, T cell numbers continued to increase beyond 48 h; therefore, IL-16 levels were
also assessed on days 3 and 6. By day 3, the amount of detectable IL-16 in the peritoneal
fluid was 106 ± 14 pg/ml, with the day 6 measurement indicating a further rise to 125 ± 19
pg/ml (four mice per group were used for the 3- and 6-day time points). IL-16 was not
detected in mice that were nonabraded (data not shown).

To investigate the potential cell source for the IL-16, skewed murine Th1 or Th2 cells, as
well as freshly isolated peritoneal macrophages, were cultured with 5 μg of Tim-3 Ig,
control Ab or positive control stimulants anti-CD3 Ab (1 μg/ml plate bound) for T cells or 1
μg of LPS for the macrophage culture. The supernatants were assessed for IL-16 production
following a 24-h culture period. Tim-3 Ig stimulation induced IL-16 production only in
supernatants from the Th1 cells, although all cell types were capable of producing IL-16
when stimulated with the positive control stimulants (Fig. 7).

Surgical adhesion formation requires the activity of the Th1 chemoattractant cytokine
IL-16

Based on our findings that Th1 cell recruitment and activation are required for adhesion
formation and that Th1 cells can secrete a Th1-specific chemoattractant, IL-16, we
hypothesized that neutralization of IL-16 would reduce adhesion formation in mice by
inhibiting the trafficking of CD4+ Th1 cells to the site of tissue damage. Accordingly, we
subjected C57BL/6J mice to severe cecal abrasion surgery, treating them with a control Ab
or a neutralizing Ab to IL-16. Anti-IL-16 treatment markedly reduced adhesion formation in
these mice (median adhesion score of 0), compared with mice receiving a control Ab
(median adhesion score of 4; p = 0.0022) (Fig. 8). Taken together, these data indicate that
Th1 cell-generated IL-16 may function as a positive feedback mechanism for further
recruitment of Th1 cells to sites of adhesion formation.

Discussion
Inappropriately regulated inflammation leading to unchecked fibrosis is a hallmark of
infectious, allergic, and autoimmune disorders. In the case of abdominal and gynecologic
surgical procedures, unresolved fibrosis leads to the formation of adhesions. Little is known
about the cellular mechanisms by which adhesions form, but the fact that they regenerate
after secondary surgical lysis and form distally to the initial sites of tissue trauma (5, 24)
underscores their dynamic character and suggests that they could result from a chronic
inflammatory response.

Using a rodent model of experimental adhesion formation, we have investigated cellular and
molecular regulators that could potentially mediate the inflammatory response to abdominal
surgery. Using a cecal abrasion model, we have previously shown that CD4+ T cells home to
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the site of adhesion formation and function to control chemokine expression (10).
Furthermore, mice genetically deficient for Stat4, which mediates IL-12 signaling, have
significantly less adhesion formation than WT mice, while Stat6−/− mice deficient in IL-4
signaling developed adhesions as severe as those of WT mice (10). These results indicated
that IL-12 signaling and development of a Th1 response is important for adhesion formation.

To address the role of Th1 cells in adhesion formation, we first identified whether there was
preferential recruitment of a CD4+ T cell subset. Using relatively specific Th1 surface
markers, Tim-3, CCR5, and CXCR3, it was noted that these cells were present, while
CCR3+ Th2 cells were not detected. Interestingly, Th1+ cells were not detected in tissue
adjacent to adhesion formation, suggesting a selective recruitment of Th1 cells to those sites.

We next investigated functional contributions of Th1 cells to the formation of surgical
adhesions. Studies have identified the transcription factor T-bet as a key regulator of CD4+

Th1 cell differentiation (15–17). T-bet is up-regulated in CD4+ T cells by IFN-γ produced
by APCs. T-bet then stimulates IFN-γ production by the T cell, thus completing a positive
feedback loop. The central role played by T-bet in the development of Th1-mediated
autoimmune diseases strongly suggested that it could also be a key regulator of adhesion
formation. As predicted, T-bet-deficient mice showed significantly reduced adhesion
formation following cecal abrasion surgery, which correlated with fewer IFN-γ-producing
CD4+ T cells in the peritoneal cavity and draining mesenteric LN. Along those lines, Lord et
al. (25) have recently shown that T-bet-deficient CD4+ T cells have reduced binding to P-
selectin, as well as markedly reduced expression of CXCR3 and responsiveness to two of its
cognate chemokines, CXCL10 (IFN-γ-inducible protein 10) and CXCL11 (IFN-inducible T
cell α chemoattractant). Because we observed CXCR3 expression on CD4+ T cells at the
site of adhesions, as well as CXCL10 expression in the peritoneal cavity of WT mice
following cecal abrasion (11), the results of Lord et al. (25) suggest a plausible mechanism
for the reduced trafficking of CD4+ T cells observed in our experiments. The ability of T-
bet-deficient mice to develop mild adhesions could be attributed to residual IFN-γ-
producing CD4+ T cells in these animals, a concept supported by our observation that
adhesion development was undetectable in IFN-γ-deficient mice. It is important to note that
both T-bet and IFN-γ are expressed by a variety of cell types. Thus, the effects we observed
in T-bet−/− and IFN-γ−/− mice must be interpreted in light of the fact that both T cells and
critical APCs are affected in these mice.

Tim-3+ cells were also detected at adhesion sites. Tim-3 is a discrete cell surface marker for
differentiated Th1 cells, which regulates Th1 immune responses and induction of peripheral
tolerance. Treatment of mice with Tim-3Ig, a chimeric recombinant protein comprising the
extracellular portion of mouse Tim-3 fused to a human IgG1 Fc tail, accelerates the
development of experimental autoimmune encephalitis and is accompanied by
hyperproliferation of T cells producing Th1 cytokines (14). Therefore, Tim-3 along with its
ligand galectin-9, is involved in negative regulation of effector function in Th1 cells (26,
27). Our data indicate that treatment of mice with Tim-3Ig markedly exacerbated adhesion
formation, which correlated with increased production of neutrophil-attracting chemokines.
The specific attraction of neutrophils by MIP-2 and KC implies that blockade of Tim-3 with
its ligand affects trafficking of leukocytes to the peritoneal cavity. This appears to be a rapid
event as both cytokines were produced within 24 h and is consistent with an early
neutrophilic infiltrate (10). Expression of both Tim-3 and galectin-9 is restricted mostly to T
cells, suggesting that Tim-3Ig inhibits a critical T cell-T cell interaction (12, 14).

Tim-3 also appears to be involved in regulating recruitment of Th1 T cells. Tim-3Ig
stimulation of Th1 cells, but not Th2 or peritoneal macrophages, resulted in the production
of IL-16. These studies required that the T cells undergo artificial skewing into either a Th1
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or Th2 subset; however, since neither the Th2 subset nor the macrophage population
produced IL-16 in response to Tim-3 Ig, it is likely that the Th1 subset also represents the
major source in vivo. Recruitment of Th1 cells to sites of inflammation requires either a
selective expression of chemoattractant receptors or selective responsiveness by the Th1
cells to certain chemoattractants (28–30). The CD4 ligand-specific chemoattractant IL-16
has previously been reported to have a preferential migratory effect for Th1 cells, likely
involving cosignaling through CCR5 (19). In models of Th1-mediated inflammation,
experimental autoimmune encephalitis (31), inflammatory bowel disease (32), and contact
hypersensitivity (33), treatment with anti-IL-16 results in a reduction of Th1+ cells and
attenuation of inflammation. We now demonstrate that neutralization of IL-16 significantly
reduced the formation of adhesions, demonstrating that it plays a major role in this process.
These findings also suggest a positive regulatory mechanism whereby activated Th1 cells at
sites of cecal abration can selectively recruit additional Th1 cells for development of
adhesion formation. As with most inflammatory models, the number of cells required to
regulate the response is difficult to assess. Additional studies are needed to more fully
elucidate the numbers, and location relative to adhesion formation, of Th1 cells that are
required for initiation and perpetuation of the inflammatory response.

The obvious goal in adhesion prevention is to decrease newly forming postoperative
adhesions in the abdominal cavity without compromising dermal or peritoneal wound
healing. However, despite reducing adhesion formation, many experimental adhesion
prevention modalities have failed due to their negative impact on wound healing. A good
example is the systemic or i.p. administration of corticosteroids, which reduced adhesion
formation but severely compromised wound healing and caused immunosuppression in
postsurgical patients. In our studies, there was no gross evidence of a loss of wound integrity
or dermal wound dehiscence in any of the groups. Interestingly, similar adhesion studies
(34) have shown that colonic anastomotic healing correlates well with dermal wound
healing, further suggesting that monitoring the healing of the primary incision is a good
indicator of overall wound healing. It was evident from our study that the lack of functional
Th-1 cells did not interfere with the healing of the primary incision. Although there are
mixed reports linking IFN-γ deficiency to impaired wound healing (35), a recent study by
Ishida et al. (36) showed that compared with WT mice, IFN-γ −/− mice show signs of
accelerated wound healing.

In summary, we have demonstrated that CD4+ T cells, instrumental in controlling
experimental postsurgical adhesion formations, are under the control of the Th1 master
switch T-bet and the Th1 cell regulator Tim-3. Tim-3 activation appears to be critical for
induction of neutrophil and Th1-specific cell recruitment, by IL-16, with subsequent
elaboration of IFN-γ. Our data illustrate for the first time the regulatory role of Th1 cells in
adhesion formation. And, more specifically, that Tim-3, a newly described surface marker of
Th1 cells, is expressed on T cells during an active inflammatory process in vivo. The
formation of abdominal surgical adhesions is the result of the accumulative effect of many
contributory factors and cell types. We have previously identified the involvement of IL-17
and CXCL8 in adhesion formation and found that neutralization of these cytokines partially
attenuates adhesion formation (10). In further delineation of the model, we now report a
central role for Th1 cells in the pathogenesis and identify that specifically targeting the
activity of either Tim-3 or IL-16 could have significant therapeutic effects following
abdominal surgery in humans.
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FIGURE 1.
Histologic examination of a representative surgical adhesion in which a portion of the small
intestine has become attached to the abdominal wall. A, H&E staining. Original
magnification, ×100. The adhesion (Ad) comprises the small intestine (SI), inflammatory
infiltrate (I), and the remains of the abdominal wall (AW), which are indicated. The box
indicates the field under higher magnification in B. B, The same adhesion under higher
magnification. Bar, 100 μm. Original magnification, ×400. The smooth muscle (SM) of the
intestine and the inflammatory infiltrate (I) are indicated. These results are representative of
surgical adhesions obtained from the intestine, cecum, and intestinal wall, examined for each
animal, from 10 different C57BL/6J mice.
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FIGURE 2.
CD4+ T cells expressing Tim-3, CCR5, and CXCR3 are present at the site of surgical
adhesions. Sections were stained with anti-CD4 conjugated with Alexa Fluor 488 (green)
and anti-CCR5 (A), anti-CXCR3 (B), anti-Tim-3 (C), and anti-CCR3 (D), all conjugated
with Alexa Fluor 594 (red). Adhesions were examined under confocal microscopy. Bars, 20
μm. Original magnification, ×670. Cells costaining green and red are evident when the two
channels are merged. These are representative images from five different mice for each
receptor.
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FIGURE 3.
Mice deficient in T-bet expression have reduced adhesion formation due to reduced homing
of IFN-γ-producing CD4+ T cells. A, C57BL/6J and T-bet-deficient mice were subjected to
cecal abrasion surgery and adhesion formation was assessed 6 days later. *, p = 0.0422;
Mann-Whitney U test. The data are combined from three independent experiments. The bars
indicate median adhesion scores. B and C, CD4+ T cells were purified from mesenteric LN
(B) or peritoneal lavage cells (C) of T-bet−/− or C57BL/6J mice 6 days after cecal abrasion
surgery, and the number of IFN-γ-producing cells was determined by ELISPOT assay. The
number of IFN-γ-producing cells per 1 × 105 (B) or 5 × 104 (C) input CD4+ T cells is
indicated. No CD4+ T cells were present in peritoneal lavage samples of control mice and
therefore could not be tested. The data were generated using 10 T-bet−/− mice and 13 control
mice.
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FIGURE 4.
IFN-γ-deficient mice do not form detectable adhesions. C57BL/6J mice and IFN-γ-deficient
mice were subjected to cecal abrasion surgery and examined and scored 6 days later for
adhesions. *, p < 0.0025; Mann-Whitney U test. The bars indicate median adhesion scores.
The data were generated from seven IFN-γ−/− and control mice, respectively.

Tzianabos et al. Page 14

J Immunol. Author manuscript; available in PMC 2013 November 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 5.
Tim-3 blockade exacerbates adhesion formation in the peritoneal cavity of WT mice.
C57BL/6J mice were treated with Tim-3Ig or a control human IgG1, 250 μg s.c. at −24, 0,
and 24 h relative to cecal abrasion surgery. Six days after surgery, the mice were euthanized
and scored for adhesions. *, p < 0.0001; Mann-Whitney U test. The bars indicate median
adhesion scores. For these experiments, 10 mice received Tim-3 Ig and 12 mice received
IgG control Ab.
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FIGURE 6.
Tim-3 blockade increases chemokine production in the peritoneal cavity of mice following
cecal abrasion. C57BL/6J mice were treated with Tim-3Ig or a control human IgG1, 250 μg
s.c., once at −24 h and once at the time of cecal abrasion surgery. The mice were euthanized
6 or 24 h after surgery. MIP-2 (A) and KC (B) levels in peritoneal lavage fluid were
assessed by ELISAs specific for these chemokines. The data are expressed as average values
± SD and **, p < 0.05; Student’s unpaired t test; *, p < 0.10. The averages were obtained
from four different mice for each group.
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FIGURE 7.
Tim-3 blockade increases IL-16 production in the peritoneal cavity of mice following cecal
abrasion. A, Ten C57BL/6J mice were treated with either Tim-3Ig or a control human IgG1,
250 μg s.c., once at −24 h and once at the time of cecal abrasion surgery. The mice were
euthanized 24 h after surgery and IL-16 levels were assessed in the peritoneal lavage fluid
by ELISA. B, Skewed murine Th1 or Th2 cells along with isolated peritoneal macrophages
were cultured at 1 × 106 cells/ml for 24 h in the absence or presence of 5 μg of Tim-3 Ig, 1
μg of immobilized anti-CD3 Ab, or 1 μg of LPS (for the macrophage cultures only), at
which time the cell supernatants were assessed for IL-16 protein by ELISA. The data are
expressed as average values ± SD and *, p < 0.05; Student’s unpaired t test.
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FIGURE 8.
Adhesion formation requires expression of IL-16. Sixteen C57BL/6 mice were subjected to
cecal abrasion surgery and treated with 100 μg of either anti-IL-16 or control Ab at 6 h, 24
h, 3 days, and 5 days after surgery. Six days after surgery, the mice were euthanized and
scored for adhesions. *, p = 0.0022; Mann-Whitney U test. The bars indicate the median
adhesion score.
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