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FIGURE 3. Incomplete recapitulation of the program impedes local B cell maturation. Tissue samples were processed to isolate the inflammatory in-
filtrate which was then analyzed by polychromatic flow cytometry. A, The percentage of CD197*° B cells among lymphocytes (identified on the FSC/SSC
morphology gating) is provided for each cluster. Note that the inflammatory infiltrate in the samples from the C1 cluster was minimal and B cells were
barely detectable (mean * SD). B, B cell maturation stages were identified on the basis of the IgD/CD38 staining of CD197® cells in the C2 (left), C3
(middle), and C4 (right) clusters (dot plots from three representative samples). The Bm1 and Bm2 naive cells are IgDP**CD38™¢ and IgDP**CD38%™,
respectively. The Bm2’ and Bm3348 pregerminal center B cells are IgDP*CD38¢™; the Bm3 and Bm4 germinal center B cells are IgD"*2CD38"2"", The
early and late BmS5 are, respectively, IgD"2CD38%™ and IgD"*2CD38"¢. The gating that was used excluded the CD38""*"€" from the present analysis.
The bubble graphs below the dot plots represents the average percentage of each type of B cell (mean = SD). C, The percentage of CD27° cells among
CD19P* cells was used to quantify memory B cells. In the samples from the C1 cluster, the paucity of the infiltrate made the assessment of memory B cells

unreliable. nd, not determined.

a small amount of IgG was detected in the C1 cluster samples
(Fig. 40), in which plasmacells were absent (Fig. 4B). We therefore
performed an ELISPOT assay on representative samples from the
C3 and C4 clusters that demonstrated the presence of IgG-pro-
ducing cells among the inflammatory infiltrate (Fig. 4E). The in-
creased number of spots observed on mitogen stimulation in the C4,
as compared with the C3 cluster (Fig. 4E), indicated that the
number of memory B cells was higher in the C4 samples, in ac-
cordance with the results of flow cytometric analysis (Fig. 3B, 3C).

Clusters correlate with the aggressiveness of the local
alloimmune response

For 18 of 26 of the explanted kidneys, 24 randomly selected cortical
fragments per kidney were tissue cultured and the supernatants

were collected after 5 d. The quantification of anti-HLA Abs in
these supernatants by luminex assays allowed us to characterize the
local alloimmune response as follows: 1) the density of the re-
sponse was defined as the percentage of wells that were positive for
either HLA I or HLA II; 2) the diversity was the ratio of the number
of specificities over the number of HLA mismatches for each
donor/recipient couple; and 3) the intensity was the highest mean
fluorescence intensity (MFI).

As expected, there were no alloantibodies in the tissue super-
natants from the C1 cluster. In contrast, a local production of
antidonor Abs was detected in the tissues of the three remaining
clusters. The density, diversity, and intensity of the local humoral
response against the target Ags (Table III) were maximal in the
C4 cluster and minimal in the C2 cluster (Student ¢ test = 4.62;
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FIGURE 4. Complete recapitulation of the program
leads to development of fully functional eGCs. A,
Plasmacells were evidenced in the periphery of eGC by
the expression of CD138 (left panel) and the presence
in their cytoplasm of large pathognomonic, eosino-
philic, homogenous inclusions, known as Russell
bodies, on H&E staining (right panel) (original mag-
nification X200). B, The percentage of CD3g"!trabright
CD138P° plasmacells infiltrating the graft analyzed by
flow cytometry is represented. C and D, For each ex-
planted kidney, tissue cultures of 24 cortical fragments B
were performed in 24-well plates in 1 ml serum-free 14
RPMI 1640. Supernatants were collected after 5 d. The
content of total IgG was measured in duplicate in two
randomly selected supernatants by ELISA (C) (mean
=+ SD). The subclasses of IgG were quantified in du-
plicate in the same supernatants by ELISA (D). The
values are expressed as the percentage of the total
amount of IgG. E, Quantification of IgG-producing
cells (plasmacells and stimulated memory B cells) was
carried out by an ELISPOT assay on two randomly o0
selected samples from the C3 and C4 clusters. Given c1
that CD38""*rg"CD138P° cells were not detected
by flow cytometry in the samples from the C1 and C2 D
clusters, ELISPOT assays were not run on cells from
these samples. Representative findings are shown.
Cells extracted from explanted kidneys were cultured
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p < 0.001). The diversity and intensity of the local alloimmune
response in the C2 and C3 clusters were similar. This is consistent
with the close relation between of these two clusters, as demon-
strated by the principal component analysis (Fig. 2F). These two
clusters only differed in density.

Local humoral response is uncoupled from the systemic response

Alloantibodies produced in “canonical” secondary lymphoid organs
(i.e., the spleen and the lymph nodes) reach the graft through the
circulation. Analysis of the serum therefore offers a unique oppor-
tunity to compare the local (i.e., intragraft) and the systemic (i.e.,
elicited in the secondary lymphoid organs) humoral alloimmune
responses. The luminex assays performed on the sera collected at
the time of the explantation demonstrated a disconnection between
systemic and local humoral responses. Indeed, Ab specificities found
in tissue-culture supernatants were almost systematically distinct
from those detected in the sera (Fig. 5A, Table III). Also, the local
response appeared more diverse, especially in the C4 samples
(Fig. 5A, Table III).

Functionality of intragraft lymphoid tissue and graft survival

Because we observed that grafts of the C2 cluster had functioned
7.8 y on average and those of the C4 cluster had lasted only half that
time (3.5 y; Fig. 5B); whereas we found no statistically significant
difference between the clusters for the clinical characteristics that

Dilution factor 0.25

could explain this difference (Table I), we put forward the hy-
pothesis that the functionality of intragraft lymphoid tissue could
negatively impact graft survival. A first analysis documented
a statistical difference in graft survival between the four clusters
(X2 = 30.08; p < 0.0001). However, this difference was likely
related to the very short survival of samples from the C1 cluster
(three samples of this group were explanted for primary surgical
failure). Therefore, in an attempt to more specifically explore the
influence of gene expression-based clusterization on chronic re-
jection kinetic, we performed a subgroup analysis on chronically
rejected grafts only (samples from C1 cluster were excluded).
Interestingly, this subgroup analysis (x> = 5.96; p = 0.0507) almost
reached the statistical significance despite the very low number of
patients of the study.

Discussion

In the current study, we have performed a comprehensive analysis
of the molecular and cellular events that take place in human
chronically rejected grafts in which lymphoid neogenesis is in-
variably observed (11, 12).

We observed that the expression of lymphoid organogenesis genes
was heterogeneous in chronically rejected allografts. Hierarchical
clusterization of the QRT-PCR dataset was used to sort the samples
into four clusters according to their pattern of expression for lym-
phoid organogenesis genes. The C1 cluster contained all the control
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FIGURE 5. Local and systemic humoral alloimmune responses are uncoupled. A, Anticlass I and anticlass I HLA Abs were identified by the luminex
single Ag kit (see Table III legend) in the supernatants of tissue cultures (grey bars) and in the sera obtained immediately before detransplantation (white
bars). The black bars represents the specificities detected simultaneously in the serum and the supernatants of tissue cultures. Because this part of the study
was initiated after DTRS, data concerning DTR1 to DTRS are lacking. B, The duration of graft function, set as the number of days between transplantation
and the return to dialysis, was plotted for the four clusters of DTRs (mean = SD).

tissues (six normal kidneys, three grafts explanted due to primary
surgical failure, and three grafts explanted due to nonimmune
mediated failure). Rejected grafts were distributed among three
additional clusters of expression patterns (C2—C4). These three
different clusters could either reflect distinct biological programs
or, alternatively, they might identify different stages of the same
program. Although the design of the current study does not allow us
to draw a definitive conclusion regarding these two hypotheses,
several findings point toward the latter possibility. Indeed, gene
expression is not randomly distributed: C2 differs from C1 by
switching on a limited number of genes, C3 is characterized by the
expression of additional genes compared with C2, and finally C4
contains the samples that express all the genes involved in lym-
phoid organogenesis. This suggests that the development of
a functional ectopic tertiary lymphoid tissue during chronic in-
flammation has to go through three checkpoints. The C1-C2
checkpoint involves the expression of CXCLI3 and CXCR4. The
progression from C2 to C3 requires the additional expression of
CCL19, CCL21, CCR7, LTa, LTB, and CXCR5. Complete re-
capitulation of the lymphoid organogenesis program is finally
achieved with the supplementary expression of CXCLI2 and LT3R,
which characterizes the transition from C3 to C4. The complete
recapitulation of this program results in the generation of fully
functional eGCs, which allows for the efficient maturation of B
cells up to memory B cells and plasmacells. In contrast, when this
recapitulation was incomplete, local B cell maturation was im-
peded. Statistical analysis on this small cohort found no influence
of immunosuppressive treatments on lymphoid neogenesis. Indeed,
neither the administration of an induction therapy, nor the nature of
the immunosuppressive regimen (anticalcineurin-based versus
mammalian target of rapamycin-inhibitor based) showed any in-
fluence on the distribution of the patients across the four clusters.

Interestingly, we observed a trend (p = 0.0507) for a shorter
survival for the grafts of the C4 cluster, which lasted 3.5 y in
average as compared with 7.8 y for the C2 cluster. These pre-
liminary results, in line with previous experimental studies (27),
suggest a detrimental role of lymphoid neogenesis that could
hasten chronic destruction of the graft. However, given the small
number of grafts analyzed and the limitations inherent to statis-

tical subgroup analysis, additional work is required to definitively
validate this hypothesis.

We found that the specificities of circulating Abs were different
from those of locally produced Abs. This implies that there are two
compartmentalized immune responses that each target distinct Ags.
The higher diversity of the local response points to a laxer selection
process of B cell clones in eGCs. These observations provide
interesting clues regarding the reasons why evolution have kept in
mammals the ancestral capacity to mount a local immune response
in the presence of secondary lymphoid organs, the canonic place for
the elicitation of adaptive immune responses. Because lymphoid
neogenesis generates effectors close to their targets and displaying
original specificities, it may provide selective advantage to prevent
dissemination of pathogens resistant to “classical” responses. In
contrast, the higher aggressiveness of the local response implies that
it may be more difficult to control by standard therapeutic strategies.
In line with this hypothesis, we (28) and others (29) have recently
shown that tertiary lymphoid tissues B cells could survive anti-CD20
Ab (rituximab) therapy when circulating B cells were efficiently
depleted. The current study paves the way for innovative therapeutic
strategies aimed at blocking the maturation of local adaptive im-
mune response. Indeed, among the molecular checkpoints, critical
for the completion of the lymphoid neogenesis program, that we
have identified, LTBR represents an attractive therapeutic target.
LTBR signaling primes the expression of homeostatic chemokines in
stromal cells (30), and therefore plays a critical role in the re-
cruitment and subsequent organization of inflammatory effectors
within the diseased tissue (6, 31-35). Our findings, which demon-
strate that LT3R expression is characteristic of samples from the C4
cluster, indicate that its role is not restricted to the early stages of the
ontogeny of lymphoid organs; it also extends to the maintenance of
lymphoid-tissue architecture as proposed by Browning et al. (36). In
addition, LTBR has been shown to orchestrate lymphangiogenesis
(37) that could fuel lymphoid neogenesis by carrying the antigenic
information to the neoformed eGCs (38).

The current study was performed on explanted organs, namely,
on grafts that had failed. This choice constitutes a limitation of the
current study that precluded a kinetic analysis of the process. In
contrast, the large amount of tissue allowed simultaneous analyzes
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at both the molecular and cellular levels that provided valuable and
novel information about maturation stages of the intragraft immune
response. Further, our results obtained on grafts with terminal
failure indicate a detrimental role of lymphoid neogenesis during
chronic inflammation, a conclusion not reached by biopsy-based
studies (39-41). Two explanations can be proposed to reconcile
these apparently conflicting results. First, not only are the data
provided by the biopsies limited to a small area of tissue, but this
small amount of tissue does not allow for functional analysis of
the ectopic lymphoid organs. In our experience, histological
analysis (even on a large area) was of limited value for discrim-
inating samples of the C4 cluster from those of the C2 cluster. For
example, despite the fact that histological analysis was performed
on 10 fields from four different blocks, it failed to document
lymphoid nodules in the interstitium of DTR17. It is, however,
likely that a low number of functional eGCs were present in this
chronically rejected graft because: 1) CD19" B cells were detected
by flow cytometry, 2) QRT-PCR demonstrated a low but signifi-
cant AICD expression, and 3) tissue-culture experiments evi-
denced a local production of Abs in 38% of the tissue-culture
supernatants for this sample. Therefore, although irreplaceable to
obtain topological information regarding ectopic lymphoid nod-
ules, histology is not accurate to quantify lymphoid neogenesis.

An alternative, though not entirely exclusive, hypothesis is that in
some situations, lymphoid neogenesis could generate a regulatory
and protective immune response. This theory, which arose from the
clinical observations of lymphoid aggregates in allografts devoid of
rejection lesion (42), has been further substantiated by recent ex-
perimental findings. Indeed, Katakai et al. (43) have shown that the
development of tertiary lymphoid tissue correlated with a marked
limitation of tissue damage in a murine model of autoimmune gas-
tritis. Finally, a number of recent publications point to the immune
regulatory role of certain B cell subsets (44, 45). If such a protective
response is able to prevent terminal failure of grafts, then such
samples with “tolerogenic” lymphoid neogenesis would be absent
from our study. Developing future therapeutic strategies targeting
lymphoid neogenesis to prevent chronic inflammation will therefore
require prior determination of whether it is desirable to block or to
deviate the local immune response.
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