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Introduction Chronic rejection, a prototypical chronic inflammatory disease,

is an optimal situation to address this question since tertiary
The progression towards chronic inflammation is characterizedymphoid tissues have systematically been detected in chronically

by a gradual shift in the type of immune effectors present at the siteejected grafts [7,8,9], and the antigens targeted by the immune

of inflammation i.e. an enrichment in cells from the adaptive system are known (recipient-mismatched HLA antigens of the

immune system [1]. Besides this change in the composition of thgansplanted tissues). The aortic orthotopic transplantation

inflammatory infiltrate, the organization of infiltrated cells is alsobetween histoincompatible rat strains is a reliable model for

modified. Indeed, it has long been observed that the inflammatorychronic rejection [10] and a previous study has documented the

cells can organize themselves into structures displaying the sardevelopment of TLT in the adventitia of chronically rejected

microarchitecture as secondary lymphoid organs [2]. The procesallogenic aorta one month post-transplantation [9].

by which a highly organized tertiary lymphoid tissue (TLT) adse We therefore compared the characteristics of the immune

novaluring chronic inflammation has been referred to as lymphoidresponses elicited in the spleen, the draining lymph node, and the

neogenesis [3]. adventitial TLT during the chronic rejection of rat aortic

Immune response elicited in TLT develops in a microenviron- allografts.

ment that differs from canonical secondary lymphoid organs

because: i) surrounding inflammatory cells produce huge amounResults

of cytokines [4] and growth factors [5], ii) injured tissue constantly

releases neoantigens, iii) defective lymphatic drainage traps neoantl-T develops in the adventitia of chronically rejected

gens and immune effectors [6], and iv) absence of prepositioneabrtic allograft

regulatory subsets in TLT. We therefore hypothesized that immune Kinetic analysis of aortic allograft rejection corroborated our

response elicited in TLT could display distinctive features. previous observations [9,11]: infiltration of the adventitia by
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(recipient) fibroblast cell line (LEW-F; negative control) and the same cell line transfected with the RT1.A1" (LEW-F+A1") or the RT1.A2" (LEW-F+A2")
donor MHC | molecules. Cells were incubated with 100 n of each supernatant. The binding of antibodies on the cell surface was determined with a FITC-
conjugated anti-rat Ig K light chain antibody by measuring the mean fluorescence intensity in a flow cytometer. Cell suspensions from the spleen, the
draining lymph nodes and the adventitia of chronically rejected aortic graft were obtained from 10 recipient rats 1 month post-transplantation and
analyzed by flow cytometry. Adventitia vsspleen: {{{ p<<0.001; adventitia vsdraining lymph node: *** p<<0.001.
doi:10.1371/journal.pone.0011398.g001

the explantation of certain chronically rejected renal grafts, weof circulating anti-HLA alloantibodies (assuming that the latter
performed tissue culture experiments and compared the repertoireeflects the repertoire of the humoral responses elicited in the
of intragraft-produced anti-HLA alloantibodies with the repertoire spleen and the lymph nodes).
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Figure 2. Characteristics of the T helper response in the various lymphoid organs participating in chronic rejection. A. B. The
percentage of activated T lymphocytes was evaluated by: A. the expression of the a chain of the IL2 receptor (CD25), and B. the costimulatory
molecule OX40 (CD134). Adventitia vsspleen: { p<<0.05, {{ p<<0.01; adventitia vsdraining lymph node: * p<<0.05, ** p<<0.01. C. D. The TCR repertoire
perturbations induced by chronic rejection in the spleen, the draining lymph nodes and the adventitial TLT were analyzed using the immunoscope
method. Immunoscope divides T cell population into 180 “groups” defined upon the rearranged variable B (V) gene segment used, and the length
of the TCR CDR-3. In baseline conditions, the distribution profile of CDR3 lengths for each VB family displays a Gaussian distribution. An increase in
the height of a size peak signals an oligoclonal or a monoclonal expansion of this group that can be reliably quantified by the percentage of
difference between the measured value the expected normal value. C. The mean percentage of perturbation for the 180 groups is shown for each
lymphoid organ. Adventitia vs spleen: {{{ p<0.001; adventitia vs draining lymph node: *** p<<0.001. D. The set of data was computed to group
samples according to their pattern of TCR repertoire perturbation (Ward hierarchical clustering). Individual samples are listed in raw (ADV: adventitia;
LN: draining lymph node; SPL: spleen), the 180 groups constituting the T cell population are in column. Perturbations are encoded from light green to
bright red. On the right of the color map, a dendrogram list each observation, and shows which cluster it is in and when it entered its cluster.
doi:10.1371/journal.pone.0011398.9g002
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Figure 3. Clues for a defective immune regulation in TLT. A. The percentage of CD86-expressing mature dendritic cells (OX62+ MHC I1+) was
measured in the three lymphoid organs (left panel). The ratio: number of CD4+ T cells/number of mature dendritic cells was also calculated (right
panel). Adventitia vsspleen: { p<<0.05; adventitia vsdraining lymph node: ** p<<0.01. B. The percentage of IL10-producing CD4+ T cells (Tr1) dropped
in TLT between 10 days and 1 month post-transplantation, an evolution inverted as compared with spleen and draining lymph node (left panel). The
ratio: number of activated (CD25+ Foxp3—) CD4+ T cells/number of Tr1 cells was increased in TLT at each time points (right panel). Adventitia vs
spleen: { p<<0.05; adventitia vsdraining lymph node: * p<<0.05. C. The percentage of regulatory T cells (CD4+ CD25+ Foxp3+) tended to decrease in
TLT between 10 days and 1 month post-transplantation (left panel). The ratio: number of activated (CD25+ Foxp3—) CD4+ T cells/number of T reg
was increased in TLT at each time points (right panel). Adventitia vs spleen: { p<0.05; adventitia vs draining lymph node: * p<0.05.
doi:10.1371/journal.pone.0011398.9003

Fourteen chronically rejected human renal grafts were analyzeimmune compartments. Accordingly, we observed a drastic
(Figure 4A). No anti-HLA antibody was detected, (neither in the increase in the percentage of activated GD®cell in intragraft
circulation, nor in tissue culture supernatants) in 3 samples. In th&LT, in both murine experimental model and human samples.
remaining 11, the diversity of the repertoire of intragraft-producedThe comparative analysis of the TCR repertoires of the three
alloantibodies was- to the diversity of circulating alloantibodies lymphoid tissues showed that during experimental chronic
in 9 (82%). Strikingly, a consistent trend (p =0.088) for a positiveejection, the TCR repertoire in intragraft TLT was at least two
correlation between intragraft humoral response diversity and théold more perturbed than in canonical secondary lymphoid
percentage of CD25-expressing activated €D4cells infiltrating ~ organs. At this stage, two hypotheses could be proposed to explain

these 9 grafts was observ@igure 4B). our results: i) an increased expansion of the alloreactive T cell
clones in TLT but of the same specificities as those of the spleen
Discussion and the draining LN, or ii) a broader activation of T lymphocytes

in TLT resulting in the activation of additional T cell clones that

In the present study we compared the immune responsegere found resting in the draining LN and the spleen. To test these
elicited in intragraft TLT, spleen and draining lymph nodes two hypotheses the ward's clustering method was applied to the
during chronic rejection of a rat aortic allograft. We observed andataset in order to group the samples together that shared similar
increased production of alloantibodies in TLT as compared withTCR repertoire perturbation profiles. All the canonical secondary
canonical secondary lymphoid organs. Not only were the humoralymphoid organs were grouped in a single cluster. Surprisingly,
alloimmune responses elicited in TLT quantitatively enhanced,none but one adventitial TLT was distributed in this cluster.
but they also displayed a more diverse repertoire, a finding that w&loreover, the adventitial TLT were not assembled in a cluster but
have validated in the clinical setting by the analysis of chronicallyather split apart, suggesting that each of the adventitial TLT
rejected human kidney allografts. displayed original, “stochastic”, perturbations of the TCR

Given the critical role of CD4 T cells in the generation of the repertoire. These results were unexpected since the TCR
humoral alloimmune response [13,14,15], we hypothesized thatepertoire analysis was conducted at the same time point during
the difference in the production of alloantibodies could reflectthe course of a chronic rejection in genetically identical couples of
disparities between the T cell responses elicited in the varioudonors and recipients.
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Figure 4. Analysis of chronically rejected human renal grafts. A. Fourteen human renal grafts, explanted for terminal chronic rejection, were
analyzed. Anti-HLA antibodies were sought by luminex in tissue-culture supernatants and in the sera obtained immediately before detransplantation.
Delta alloantibody repertoire diversity was calculated as the difference between the number of specificities identified in the tissue-culture
supernatants and in the serum. No alloantibody was detected for 3 samples (0), among the remaining 11, the diversity of the repertoire of intragraft-
produced alloantibodies was > to the diversity of circulating alloantibodies in 9 (82%). B. The percentage of activated (CD25+) CD4+ T cells
infiltrating these 9 chronically rejected renal grafts was measured by flow cytometry. The linear regression model showed a trend for a positive
correlation between the percentage of activated CD4+ T cells and the delta alloantibody repertoire diversity. The formula of the linear regression is
provided, as well as R% the coefficient of determination, and the p value of the regression.

doi:10.1371/journal.pone.0011398.g004
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The activation of a CD4 T lymphocyte requires the |mmunohistological analysis
presentation of the adequate MHC class ll-peptide complex Ten micrometer-thick transversal cryosections of aortic allo-
(specifically recognized by the TCR of the T cell) by a maturegrafts were air dried and fixed in acetone. Endogenous biotin and
recipient antigen presenting cells (APC) expressing costimulatogyidin were blocked (Biotin-avidin Block, Dako, France). B
molecules [25]. The proportion of mature DC was not increasedlymphocytes were stained using the mouse anti-pan rat B cell
in TLT. However, the finding that the TCR perturbations are antibody (RLN-9D3; 1/100; Serotec). We used a biotin-conjugat-
broad and stochastic suggests that the library of the comple¥d horse anti-mouse secondary antibody (Vector Laboratories,
MHC lI-peptide presented by DC in TLT is more diverse. This USA). Immunohistochemical staining was revealed using alkaline
is not surprising since i) TLT lay within the targeted tissues anthbhosphatase anti-alkaline phosphatase (APAAP) complexes.
all the neoantigens generated by the rejection process are Sections were counterstained with hematoxylin. Negative
therefore immediately accessible for the DC, and ii) chronicallycontrol slides were performed with the primary antibody omitted.
rejected organs feature a defective lymphatic drainage [6,26]
leading to the sequestration of the antigens and the APC at thejssue cultures
rejection site. Lymphoid tissue cultures were performed as previously
A plausible explanation for the abnormal activation of GDR described [9].
cells in TLT could be relative to a defect in the mechanisms Briefly, draining lymph nodes, spleen, and adventitia were
controlling the T cell response in this “non-professional”recovered from 6 Lewis recipients 1 month post-transplantation.
inflammatory-induced lymphoid tissue. One of such mechanism Tissues were weighted, washed three times and cultured 5 days

is dependent upon the regulatory subsets of €Dells [21,22].  jn 2 m| sterile X-VIVO 15 serum-free medium (Cambrex,
Interestingly, the amount of IL10-producing Trl cells, shown to walkersville,MD) at 3iC.

be critical for the control of “determinant spreading” during
chronic immune responses [27], was found drastically reduced ifyq|ation of adventitial cells
TLT. The same observation was made for the T reg subset. Cells within the adventitia of the graft were isolated by

We conclude that during chronic rejection, the local alloim- mjcrodissection, digestion in a collagenase | solution (Gibco/

mune response elicited in intragraft TLT differs from the one |nyitrogen, France), and filtration through 18 nylon meshes as
taking place in the spleen and the draining lymph nodes. Inyeviously described [9].

particular, TLT CD4+ T cell activation i) is quantitatively

increased, ii) is characterized by the activation of a broader rangg|ow Cytometry

of T cell clones, iii) is stochasti@.characterized by the absence of Antibodies. The following ant-rat antibodies were used: anti-

shared pattern of TCR perturbation in genetically identical 53 (1F4), anti-CD4 (OX35), anti-CD25 (OX-39), anti-CD86

couples of donors and recipients. This abnormal activation of(24F) anti-CD103 (OX-62; dendritic cells), anti-CD134 (OX-40;

CD4+ T lymphocytes correlates with a more intense and moreSerotéC), anti-Foxp3 (FJK-16s; eBioscience), anti-RT1B (OX-6:

diverse production of alloantibodies in TLT than in canonical \1iic class | molecule), and anti-TC&b (R73; Serotec). Unless

secondary Iymphoid organs. Our prelimingry findings suggest thaitndicated otherwise, reagents were from BD Biosciences.

the oversized immune response in TLT is the consequence of & pecection of cell surface antigens. Single cell suspensions

defect in the regulatory mechanisms. of spleen cells, lymph nodes and adventitia from recipient rats
were prepared. Cells (0.1 million) were stained with FITC-, PE-,

Materials and Methods Percp, PECy5-, or biotin-conjugated mAbs. Biotinylated mAbs
. were revealed with streptavidin-PE or -APCCy7 (BD Biosciences,
Animals France).

Age-matched male Brown-Norway (BN; RYland Lewis rats — apsolute number of each cell population was determined by

. | H ;
(LEW; RT1) were obtained from Charles River (France). LEW pgition of Flow-courf” fluorospheres from Beckman Coulter

rats were used as recipients and syngeneic donors, BN rats asy pefore data acquisition on a LSRII using the DIVA Software
allogeneic donors. All animal experimentation was undertaken iryg Biosciences).

cpmpliance with the Eurgpean Community standards (authpriza— Quantification of T regulatory cells. FOXp3 staining was
tion nu 75-214) and with the approval of the local Animal herformed, after staining of CD3, CD4 and CD25 surface
Experimentation Committee. Animals were kept under conven-gnigens, using the Foxp3 buffer set from eBioscience according
tional conditions and fed a standard diet. to the manufacturer instructions.
Detection of intracellular IL10. The quantification of

Aorta transplantation IL10-producing T cells was performed by combined surface and

Rats were anesthetized with 50mg/Kg of pentobarbital injectedintracellular staining with mAbs and subsequent flow cytometric
intraperitoneally. Two animals were operated simultaneously, on@nalysis. Adventitial lymphocytes were stimulated with PMA
as the donor of aortic graft and the other as the recipient, with the(50 ng/ml; Sigma-Aldrich, France) and ionomycin rd/ml;
aid of an operating microscope. A 1 cm long segment of the donoCalbiochem, CA) for 6 hours and cytokine secretion inhibited
abdominal aorta was excised, perfused with normal saline anédy treatment with 1Qvg/ml brefeldin A (Alexis Biochemical,
small collateral arteries that originated from the graft were ligatedSwitzerland) the last 2 hours of incubation. Stimulated cells were
The donor aorta was transplanted in orthotopic position by end-washed and stained with anti-TGR and anti-CD4. Labeled cells
to-end anastomosis in the recipient aorta below the renal arteriewere fixed and permeabilized with a 0.1% saponin solution
and above the iliac bifurcation. No immunosuppressive or(Sigma-Aldrich). Intracellular staining was performed with a PE-
anticoagulant treatment was used. One month post-transplantagonjugated anti-rat IL10 antibody (A5-4; BD Biosciences). Cells
tion, aortic grafts were removed from the Lewis recipients undemvere washed twice in a 0.1% saponin solution and re-suspended in
anesthesia and perfused with saline. A total of fifty aorticPBS for flow cytometry analysis.
allotransplantations and six aortic isotransplantations were per- Analysis of the specificity of alloantibodies. The analysis
formed. of the specificity of the alloantibodies present in the tissue culture
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