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Tertiary lymphoid structures (TLS) accumulate at sites of chronic injury where they 
function as an ectopic germinal center, fostering local autoimmune responses. 
Vascular injury leads to the release of endothelial-derived apoptotic exosome-like 
vesicles (ApoExo) that contribute to rejection in transplanted organs. The purpose 
of the study was to evaluate the impact of ApoExo on TLS formation in a model of 
vascular allograft rejection. Mice transplanted with an allogeneic aortic transplant 
were injected with ApoExo. The formation of TLS was significantly increased by 
ApoExo injection along with vascular remodeling and increased levels of antinuclear 
antibodies and anti-perlecan/LG3 autoantibodies. ApoExo also enhanced allograft 
infiltration by γδT17 cells. Recipients deficient in γδT cells showed reduced TLS for-
mation and lower autoantibodies levels following ApoExo injection. ApoExo are char-
acterized by proteasome activity, which can be blocked by bortezomib. Bortezomib 
treated ApoExo reduced the recruitment of γδT17 cells to the allograft, lowered TLS 
formation, and reduced autoantibody production. This study identifies vascular in-
jury-derived extracellular vesicles (ApoExo), as initiators of TLS formation and dem-
onstrates the pivotal role of γδT17 in coordinating TLS formation and autoantibody 
production. Finally, our results suggest proteasome inhibition with bortezomib as a 
potential option for controlling TLS formation in rejected allografts.
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1  | INTRODUC TION

Tertiary lymphoid structures (TLS) are associated with chronic in-
fections, chronically rejected organ transplants and autoimmune 
conditions.1 TLS are nodular structures comprised of segregated 
T and B cells reminiscent of secondary lymphoid organs. They 
function as an ectopic germinal center, allowing local antigen pre-
sentation and maturation of B cells into memory B cells and anti-
body-secreting plasma cells. The production of antibodies within 
TLS, whether autoantibodies in autoimmune conditions or allo- 
and autoantibodies in the case of transplanted organs, fuels local 
inflammation, complement activation, and further tissue destruc-
tion. The presence of TLS in heart, kidney, and lung allografts has 
been associated with severe and/or chronic forms of rejection.2 
TLS formation has also been reported in the adventitia of epicar-
dial coronary arteries with coronary artery vasculopathy follow-
ing heart transplantation.3 Yet, the specific pathways and immune 
cells that trigger the formation of TLS in organ transplants and 
control their organization at sites of chronic inflammation remain 
ill defined.

Tissue injury, including ischemia reperfusion at time of 
transplantation, can trigger autoantibody production. In turn, 
various types of autoantibodies have been shown to induce or 
accelerate rejection of allogeneic organs, either on their own 
or in association with allogeneic donor-specific antibodies. 
Autoantibodies against vimentin, angiotensin II type 1 recep-
tors (AT1R), collagen V, fibronectin and perlecan/LG3 as well 
as natural autoantibodies targeting constituents of apoptotic 
cells have been associated with severe rejection episodes 
and reduced survival of heart, lung, and kidney allografts.4-14 
Most of these autoantibodies increase vascular inflammation 
and complement deposition within the allograft. Recently, 
our group identified a novel type of membrane vesicles re-
leased at the time of ischemia reperfusion by dying endothelial 
cells as a trigger for autoantibody production and accelera-
tion of rejection. We showed that vascular injury resulting in 
caspase-3-dependent death of endothelial cells fuels the re-
lease of apoptotic exosome-like vesicles (ApoExo) that in turn 
can foster the production of autoantibodies such as anti-per-
lecan/LG3.15 ApoExo differ from classical apoptotic bodies 
in size, protein content, and function. They are characterized 
by the presence of a functionally active 20S proteasome core 
complex and perlecan/LG3 autoantigen and aggravate vas-
cular allograft rejection.15 Bearing in mind the association 
between TLS, autoimmunity, and vascular inflammation we 
evaluated whether ApoExo regulate the formation of TLS in 
rejecting allografts.

Here, we identify extracellular vesicles derived from vascu-
lar injury, ApoExo, as novel inducers of tertiary lymphoid struc-
ture formation. We also identify their proteasome activity as 
a pivotal mediator of TLS formation, attracting IL-17-producing 
gamma delta T cells to the allograft that in turn control TLS 
formation.

2  | MATERIAL S AND METHODS

2.1 | Endothelial cell (EC) culture and preparation of 
conditioned media

Murine ECs (mEC) were isolated from the aorta of C57BL/6 or 
BALB/c mice grown in Dulbecco's modified eagle medium (DMEM) 
low-glucose culture media supplemented with endothelial cell 
growth supplements (ECGS; Alfa Aesar, Haverhill, MA), 10% fetal 
bovine serum (FBS; Invitrogen, Carlsbad, CA), 10% newborn calf 
serum (Invitrogen), heparin (12.6  U/mL, Sandoz, Holzkirchen, 
Germany), 1% penicillin-streptomycin, and 1% amphotericin B. To 
generate conditioned media, cells were exposed for 9 hours (mEC) 
to serum-free media RPMI-1640 (Invitrogen) alone or in the pres-
ence of either the proteasome inhibitor bortezomib (100 µg/mL; 
Stressmarq, Victoria, BC, Canada) or its vehicle, dimethyl sulfox-
ide (DMSO). In previous work, we demonstrated that this system 
leads to the release of active mediators by apoptotic ECs down-
stream of caspase-3 activation without cell membrane permeabi-
lization (Figure S1).

2.2 | Animal studies

Adult C57BL/6, BALB/c (20-22 g; Charles River, Kingston, NY), and T 
cell receptor (TCR) delta−/− (20-22 g; B6.129P2-Tcrdtm1Mom/J; JAX 
stock #002120; Jackson Laboratory, Bar Harbor, ME) mice were housed 
in sterilized, ventilated cages in a specific pathogen-free animal facility 
under a standard 12-hour light/12-hour dark cycle and fed a normal diet 
ad libitum. All animal experiments and methods were performed in ac-
cordance with the relevant guidelines and regulations approved by the 
CRCHUM’s Comité Institutionnel de Protection des Animaux (CIPA).

2.3 | Aortic transplantation procedures

Mice were anesthetized with isoflurane (2%) by inhalation. Aortic 
transplantation was performed as described previously.16 Briefly, 
1  mL of heparinized saline (50  μL/mL) was injected into the vena 
cava to flush the aorta. A 6-mm segment of abdominal aorta meas-
ured from below the renal arteries to just above the aortic bifurca-
tion was excised and soaked in ice-cold 0.9% normal saline. When 
mentioned, warm ischemia was induced by clamping the aorta for 
15 minutes before excision from the donor. The grafts were then ex-
cised and sutured orthotopically with end-to-end anastomoses using 
11-0 nylon interrupted sutures.

2.4 | Injection of murine apoptotic endothelial 
membrane vesicles

Serum-free media conditioned by 1 × 104 mECs from C57 C57BL/6 
or BALB/c mice were fractionated using sequential centrifugation: a 
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first centrifugation 1200g for 15 minutes at 4°C to pellet cell debris; 
a second centrifugation at 50  000g for 15  minutes at 4°C to pel-
let apoptotic bodies; and a final ultracentrifugation at 200 000g for 
18 hours at 4°C to pellet exosome-like vesicles. Pellets containing ei-
ther apoptotic bodies or exosome-like vesicles were resuspended in 
half of the initial volume of conditioned medium. Transplanted mice 
received tail vein (150  µL) intravenous injections of resuspended 
apoptotic bodies or ApoExo preparations every other day during 
3 weeks, for a total of eight doses.

2.5 | Assessment of circulating levels of antinuclear 
antibodies (ANA), total IgGs, anti-double stranded 
DNA (dsDNA), anti-AT1R, anti-perlecan/LG3, anti-
vimentin, and anti-fibronectin

ANA, total IgG, anti-dsDNA, and anti-AT1R levels were assessed 
using ANA mouse bioassay kits (US Biologicals, Salem, MA), Mouse 
IgG Total Ready-SET-Go kits (Affymetrix, Santa Clara, CA), Anti-
dsDNA mouse ELISA kits (BioVendor, Asheville, NC), and Angiotensin 
1 Receptor Antibody (Anti AT1R) BioAssay™ ELISA Kit (Mouse; US 
Biological), respectively, in accordance with the manufacturers’ in-
structions. Anti-LG3, anti-vimentin, and anti-fibronectin titers were 
measured with locally developed ELISAs. Recombinant perlecan 
fragment LG3 was produced and purified as previously described.17 
The purity of the recovered LG3 protein was assessed by reducing 
SDS-PAGE and Coomassie Blue R-250 staining. Recombinant mouse 
LG3 (5 ng/µL), vimentin (5 ng/µL, Cloud-Clone Corp., Katy, TX) or 
fibronectin (5 ng/µL, MyBioSource, San Diego, CA) was first coated 
onto 96-well Immulon II HB plates (Thermo Electron, Waltham, MA), 
for a total of 0.5 µg per well. Notably, mouse and human LG3 frag-
ments are highly homologous at the amino acid level (87%). The 
sera were diluted (1:100), and 100 µL were added to each well. The 
plates were washed, and bound IgG was detected using horseradish 
peroxidase coupled with anti-mouse IgG (Amersham, Piscataway, 
NJ). Reactions were revealed with 100  µL of tetramethylbenzi-
dine substrate (BD Biosciences, San Jose, CA) and stopped with 
50 µL of sulfuric acid (1 mol/L H2SO4). Spectrophotometric analy-
sis was taken at 450 nm, and the results were expressed as optical 
density × 1000.

2.6 | Measurement of murine antidonor IgG

Sera were diluted 1:100 in FACS buffer and incubated with 1 × 106 
BALB/c splenocyte targets for 30 minutes at 4°C. The samples were 
then washed three times and stained with phycoerythrin (PE) goat 
anti-mouse IgG and Alexa 488 anti-mouse CD3e (BD Biosciences) in 
FACS buffer for 30 minutes in the dark at 4°C. Samples were run on 
a flow cytometer (FACScan, BD) and analyzed using the computer 
software FACS DIVA (Becton Dickinson, Franklin Lakes, NJ). A CD3+ 
parent gate was used to avoid nonspecific background signals from 
Fc receptor–expressing cells.

2.7 | Immunohistochemistry

Transplanted aortas were harvested 3  weeks posttransplanta-
tion. Tissues were fixed with 10% neutral-buffered formalin and 
paraffin-embedded according to established methods. Samples 
were cut into 4-μm slices. Immunohistochemical staining against 
CD20 epitope was carried out using the automated Discovery XT 
staining platform from Ventana Medical Systems (Roche Group, 
Tucson, AZ) and with the automated Bond RX staining platform 
(Leica Biosystems, Wetzlar, Germany) for CD3, IL-17, and activa-
tion-induced cytidine deaminase (AID) stainings. Sections were 
deparaffinized inside immunostainer. For the CD20, staining anti-
gen recovery was conducted using heat-induced epitope retrieval 
with citrate buffer. For CD3 staining, antigen recovery was con-
ducted using protease-induced epitope retrieval with Enzyme 1 
(Leica Biosystems) and with heat-induced epitope retrieval with 
ER1 (Leica Biosystems) for IL-17 and AID stainings. Sections were 
then incubated with anti-CD20 antibody (Acris, Rockville, MD, 
1/50 dilution), anti-CD3 (BIO-RAD, Hercules, CA, 1/100), anti-
IL-17 (Abcam, Cambridge, UK, 1/400), or AID antibody (LSBio, 
Seattle, WA, 1/100). Detection of specific signal for CD20 stain-
ing was acquired by using DABmap detection kit (#760-124, 
Ventana Medical Systems - Roche, Oro Valley, AZ) followed by 
Biotin-SP-conjugated Affinipure Donkey Anti-Rabbit IgG (Jackson 
ImmunoResearch, West Grove, PA, 1/100) and slides were coun-
terstained manually with hematoxylin and eosin (H&E). Detection 
of specific signal was acquired by using Bond Intense R Detection 
System (#DS9263, Leica Biosystems) for CD3 staining and with 
Bond Polymer DAB Refine kit (#DS9800, Leica Biosystems) for 
Il-17 and AID stainings. Slides were counterstained automatically 
with H&E included in the Polymer DAB kit.

Digital images of tissues were captured using a Leica DMLS 
microscope and Leica DFC420C camera (Leica Microsystems) for 
H/E, CD20 and CD3 stainings and an Olympus VS110 slide scan-
ner microscope (Model BX61VSF) was used to capture IL-7 and AID 
stainings. Grafts intimal- and medial-area were outlined and quan-
tified using a digital image analysis program (ImageJ 1.42q, NIH). 
The numbers of T cells and B cells in the tissue were measured by 
quantification of the number of CD3+ and CD20+ cells, respec-
tively, per 6 high-power fields per allograft IL-17, and AID depo-
sition was quantified using VisiomorphTM VIS Histoinformatics 
Software (Olympus). For each graft, the number of TLS was re-
corded by counting the number of TLS on 3 standardized uncon-
nected sections set X µmol/L apart.

2.8 | Flow cytometry analyses of aortic graft 
infiltrates

Transplanted aortas were harvested 3  weeks posttransplantation. 
Leukocytes were retrieved from the aorta as previously described.18 
Briefly, harvested aortas were digested in a phosphate-buffered saline 
solution with 450 U/mL collagenase type I, 125 U/mL collagenase type 
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XI, 60 U/mL hyaluronidase type I-S, and 60 U/mL deoxyribonuclease 
I for an hour at 37°C. After passing through a 70 µm cell strainer, cell 
suspension was stimulated O/N with Phorbol 12-myristate 13-ace-
tate (Sigma, St. Louis, MO) 10 ng/mL and Ionomycine (EMD Millipore, 
Burlington, MA) 1  µg/mL O/N at 37°C followed by Brefeldine A 
(Sigma) 5  µg/mL treatment for 3  hours at 37°C. Infiltrating T cells 
subsets were characterized using CD3 APC/Fire750 (Biolegend, San 
Diego, CA), anti-TCR gamma delta (TCRγδ) (clone GL3), BV421 (BD 
Biosciences), TCR beta (TCRβ) chain (clone: H57-597), Alexa Fluor 488 
(BD Biosciences), transcription factor retinoic acid receptor-related 
orphan receptor gamma (RORγ) PerCP-efluor 710 (eBioscience, San 
Diego, CA), IL-17A BV711 (Biolegend), and IL-17F Alexa fluor 647 
(Biolegend) antibody staining. Samples were run on a flow cytometer 
(FACScan, Becton Dickinson) and analyzed on the computer software 
FlowJo.

2.9 | Statistical analyses

All data are expressed as means ± SEM derived from at least three 
independent experiments, unless otherwise specified. Biological and 
histological data were compared using a Student's t test. Statistical 
analyses were performed using Prism 4 (Prism-GraphPad Software, 
Inc). P values of <.05 were considered significant.

2.10 | Study approval

All experiments were performed according to the animal experimen-
tal guidelines upon the approval CRCHUM’s Comité Institutionnel 
de Protection des Animaux .

3  | RESULTS

3.1 | Apoptotic exosome-like vesicles trigger the 
formation of lymphoid-like structures within vascular 
allografts in association with the production of 
autoantibodies

We previously showed that ApoExo, extracellular vesicles remi-
niscent of exosomes produced by apoptotic endothelial cells, but 
not classical apoptotic bodies, foster the production of autoanti-
bodies and enhance vascular inflammation.15 This prompted us to 
consider the possibility that ApoExo could trigger the formation 
of TLS, which in turn favors the development of autoimmune re-
sponses and allograft inflammation. C57Bl/6 mice transplanted 
with a major histocompatibility complex (MHC) mismatched allo-
geneic aortic transplant from BALB/c donor mice were injected in-
travenously every other day for 3 weeks posttransplantation with 
ApoExo produced by serum starved apoptotic ECs in vitro as pre-
viously described.15 In this system, ApoExo are released through 
caspase-3–dependent pathways in the early phases of endothelial 

apoptosis (Figure S1).15 ApoExo injection increased allograft vascu-
lar remodelling with enhanced neointima formation (Figure 1A,B) as 
reported previously.15 It also led to a significant increase in the num-
ber of infiltrating CD20+ B cells and CD3+ T cells. Increased CD20+ B 
cell infiltration was found throughout the vessel wall whereas CD3+ 
T cell infiltration was significantly enhanced only in the adventitial 
perivascular area. Perivascular infiltration was highly organized re-
sulting in the formation of nodular structures (Figure 1A,D,E) remi-
niscent of TLS. These structures were characterized by polarized 
clusters of CD20+ B cell and CD3+ T cell aggregates (Figure 1A,C). 
The expression of AID, a key enzyme that controls class switch re-
combination and somatic hypermutation, was detected in the B cell 
region of the TLS, indicating germinal centre activity (Figure 1A,F). 
Staining for IL-17, a cytokine associated with autoimmunity and TLS 
formation, was enhanced throughout the vessel wall in allograft re-
cipients injected with ApoExo (Figure 1A,G). Of note, vascular in-
flammation, TLS formation, and neointima formation were specific 
to the allogeneic graft, as the native aorta adjacent to the allograft 
did not show leukocyte infiltration, TLS formation, or neointima for-
mation (Figure S2).

We also evaluated the autoimmune and alloimmune antibody 
responses developing in allograft recipients injected in ApoExo. 
Injection of ApoExo significantly increased the production of an-
ti-perlecan/LG3 IgG antibodies (Figure 2A) and ANA (Figure 2B), 
compared to mice injected with apoptotic bodies or the vehicle. 
However, endothelial ApoExo did not induce a generalized auto-
immune response as levels of anti-dsDNA, anti-fibronectin, anti-vi-
mentin, and anti-AT1R, were not affected by the injection of ApoExo, 
apoptotic bodies, or the vehicle (Figure 2C-F, respectively). Injection 
of ApoExo did not affect levels of donor-specific antibodies (DSA), 
a finding that was expected since injections were performed with 
autologous ApoExo (Figure 2G,H).

To evaluate the importance of the source of ApoExo (donor vs 
recipient), ApoExo from syngeneic (C56Bl/6) or from allogeneic 
(BALB/c) endothelial cells were injected to allografted mice using 
previously described protocol. Our results demonstrate that the 
syngeneic or allogeneic origin of ApoExo does not change their im-
pact on vascular remodeling, TLS formation, and autoantibody pro-
duction (Figure S3).

Additionally, to characterize the impact of ApoExo in a context 
exempt of alloimmune dependent vascular injury, we performed 
syngeneic aortic transplantations and injected the recipients with 
syngeneic ApoExo. ApoExo injection in the syngeneic graft model 
did not trigger DSAs but prompted the production of similar levels of 
anti-LG3 autoantibodies and ANA to levels similar to as the ones ob-
served in the allografted model (Figure S2). However, and contrary 
to allogeneic grafts, aortic graft from the syngeneic model injected 
with ApoExo did not show signs of enhanced vascular remodeling 
and TLS formation observed in the allografted model (Figure S2). 
These results demonstrate that ApoExo trigger autoantibody pro-
duction independently of alloimmunity but that their pathophysi-
ological impact is optimal develops only in the context of ongoing 
alloimmune-dependent vascular injury.
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Collectively, these results identify ApoExo as novel triggers of 
TLS formation in vascular allografts.

3.2 | Apoptotic exosome-like vesicles trigger the 
recruitment of gamma delta T helper 17 (γδTh17) cells 
to the allograft

Having shown increased allograft IL-17 expression in allograft 
recipients injected with ApoExo, and taking into consideration 

previous work suggesting a central role for T helper 17 (Th17) cells 
in TLS neogenesis,1 we used flow cytometry analysis to evaluate 
the presence of Th17 cells within the allograft infiltrate. Although 
immunohistochemistry demonstrated a significant enhancement 
of infiltrating CD3+ T cells in allografts from mice injected with 
ApoExo compared to those injected with the vehicle (Figure 1E), 
flow cytometry analysis showed that the number of allograft infil-
trating CD3+TCRβ+ T cells remained low upon injection of ApoExo 
compared to mice injected with vehicle (Figure 3A). Furthermore, 
the percentage of TCRβ+ cells from the overall CD3+ infiltrate 

F I G U R E  1   Apoptotic exosome-like vesicles (ApoExo) are novel triggers of IL-17 production and tertiary lymphoid structure (TLS) 
formation in vascular allografts. Mice were injected with the vehicle (n = 13) or ApoExo (n = 16) for 3 weeks posttransplantation: (A) Aortic 
allograft sections stained with H&E, CD20, CD3, AID, and IL-17 (magnification: 5×; magnification of right inset panels: 20×). (B) Ratio intima/
media in the allografts. (C) Mean number of TLS per allograft. Neointima-media and perivascular quantification of CD20+ B cells (D), CD3+ 
T cells (E), AID (F), and IL-17 (G) staining in each high-power field of the allografts. Data were pooled from 3 independent experiments and 
expressed as means ± SEM. Comparison with the vehicle was done with a Student's t test
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dramatically decreased in the same conditions (Figure 3B). In addi-
tion, IL-17 and RORγ, which are characteristic of Th17 cells, were 
not expressed by infiltrating CD3+TCRβ+ T cells (Figure S4). These 
results suggest a subset of CD3+ cells, other than Th17 cells, is 
responsible for the production of IL-17 within the allograft of mice 
injected with ApoExo.

We then considered the role of alternative T cell subsets. 
Gamma delta T (γδT) cells are unconventional T cells operating at 
the interface of innate and adaptive immunity, and are known to 
produce high levels of IL-17.19 They have also been implicated in 
the generation of TLS.1 The number of allograft-infiltrating CD3+ 
TCR gamma (TCRγ) + T cells was significantly higher in mice in-
jected with ApoExo compared to those injected with the vehi-
cle (Figure 3D). ApoExo injection also increased the percentage 
of γδT cells within the CD3+ allograft infiltrate (Figure 3E,F). 
Furthermore, a significant increase in the expression of IL-17 and 
RORγ were found in infiltrating CD3+TCRγ+ T cells from mice in-
jected with ApoExo (Figure 3F,G,H) hinting at a potential role for 

gamma delta T helper 17 (γδTh17) cells in the production of IL-17 
and in TLS neogenesis.

3.3 | Apoptotic exosome-like vesicles favor γδT 
dependent tertiary lymphoid structure formation

To test the importance of γδT cells in TLS neogenesis, we per-
formed aortic transplantation in γδT cell–knockout (γδKO) mice, 
followed by injection of ApoExo or the vehicle. γδKO mice injected 
with ApoExo showed similar levels of neointima formation as con-
trols (Figure 4A,B). However, the number of adventitial TLS was 
significantly lower in γδKO mice injected with ApoExo (Figure 4C). 
This dramatic reduction in TLS formation was associated with 
significantly reduced numbers of CD3+ cells and AID+ cells in the 
perivascular area (Figure 4A,E,F). The number of CD20+ cells in-
filtrating the allograft either in the perivascular space or in the 
vessel wall was not modified in γδKO (Figure 4A,D). However, 

F I G U R E  2   Apoptotic exosome-like 
vesicles (ApoExo) trigger the production 
of anti-LG3 IgG and ANA in allografted 
mice. Anti-LG3 (A), ANA (B), anti-dsDNA 
(C), anti-fibronectin (D), anti-vimentin (E), 
anti- AT1R (F), total IgG (G), and DSA (H) 
IgG levels in sera from allografted mice 
after 3 weeks of intravenous injections 
with vehicle (n = 13), ApoExo (n = 16), or 
apoptotic bodies (n = 17)
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perivascular infiltration by CD20+ cells was less organized and did 
not result in the formation of nodular structures. CD3 and AID 
expression in the intima and media were similar in γδKO mice and 
wild-type mice injected with ApoExo (Figure 4A,E,F). Importantly, 
γδKO mice showed reduced staining for IL-17 throughout the ves-
sel wall and in the perivascular area (Figure 4A,G). In addition, 
allografted γδKO mice injected with ApoExo showed reduced anti-
perlecan/LG3 and ANA levels when compared to allografted wild-
type mice injected with ApoExo (Figure 4H,I). Collectively, these 
results identify γδT cells as pivotal regulators of TLS neogenesis, 
coordinating the recruitment of T and B cells and their organiza-
tion within TLS.

3.4 | The proteasome activity within ApoExo 
is required for induction of tertiary lymphoid 
structure formation

Because we previously showed that acceleration of rejection by 
ApoExo requires proteasome activity,15 we investigated whether 
ApoExo proteasome activity was required for induction of TLS 
neogenesis. We generated ApoExo in vitro from mECs treated with 
the proteasome inhibitor bortezomib. Bortezomib treatment of ECs 
does not reduce the production of ApoExo but prompts the produc-
tion of proteasome-inactive ApoExo (Figure S5).15 Allografted mice 
were injected with an equal number of either proteasome-inactive 

F I G U R E  3   Apoptotic exosome-like vesicles (ApoExo) triggers the recruitment of IL-17+ RORγ+ γδT cells to vascular allografts. CD3+ T 
cell infiltrates in aortic allografts from allografted mice that underwent 3 weeks of injections with the vehicle (n = 7) or ApoExo (n = 8) were 
analyzed by flow cytometry for TCRβ, IL-17, and RORγ expression. (A) Number of allograft infiltrating CD3+TCRβ+ cells for each condition. 
(B) Histogram showing detection of TCRβ+ cells. (C) Percentage of TCRβ+ cells in CD3+ allograft infiltrate for each condition. (D) Number 
of allograft infiltrating CD3+TCRγ+ cells for each condition. (E) Histogram showing detection of TCRγ+ cells. (F) Percentage of TCRγ+ cells in 
CD3+ allograft infiltrate for each condition. (G) Density plot for the detection of CD3+TCRγ+ cells that also express RORγ and/or IL-17. (H) 
Percentage of RORγ+ cells in CD3+TCRγ+ allograft infiltrate for each condition. (I) Percentage of Il-17+RORγ+ cells in CD3+TCRγ+ allograft 
infiltrate for each condition
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F I G U R E  4   Absence of γδT cells reduces allograft CD3+ T cell infiltration and IL-17 expression, abrogates tertiary lymphoid structure (TLS) 
formation and reduces the formation of anti-perlecan/LG3 and ANA. γδKO (n = 4) or wild-type (n = 4) mice were injected with apoptotic 
exosome-like vesicles (ApoExo) for 3 weeks posttransplantation: (A) Aortic allograft sections stained with H&E, CD20, CD3, AID, and IL-17 
(magnification: 5×; magnification of right inset panels: 20×). (B) Ratio intima/media in the allografts. (C) Mean number of TLS per allograft. 
Neointima-media and perivascular quantification of CD20+ B cells (D), CD3+ T cells (E), AID (f), and IL-17 (g) staining in each high-power field 
of the allografts. Anti-LG3 (h) and ANA (i) IgG levels in sera from γδKO or wild-type allografted mice after 3 weeks of intravenous injections 
with ApoExo. Data were pooled from two independent experiments and expressed as means ± SEM. Comparison with the vehicle was done 
with a Student's t test
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ApoExo or control proteasome-active ApoExo. Although neointima 
formation was similar in mice injected with proteasome-inactive 
or proteasome-active ApoExo (Figure 5A,B), TLS formation was 
significantly reduced in allograft recipients injected with protea-
some-inactive ApoExo (Figure 5A,C). This was associated with re-
duced perivascular allograft infiltration by CD3+ T cells and CD20+ 
B cells (Figure 5A,D,E). Similarly, perivascular IL-17 and AID stain-
ing were significantly reduced in allograft recipients injected with 
proteasome-inactive ApoExo (Figure 5A,F,G). Allograft recipients in-
jected with proteasome-inactive ApoExo also showed reduced anti-
perlecan/LG3, when compared to allograft recipients injected with 
control proteasome-active ApoExo (Figure 5H). In addition, flow cy-
tometry analysis of the T cell infiltrate showed reduced CD3+TCRγ+ 
T cell infiltration in allograft recipients injected with proteasome-
inactive ApoExo whereas CD3+TCRαβ infiltrate remained low in 
both conditions (Figure 6A). Again, IL-17 and RORγ expression were 
identified only in infiltrating TCRγ+ T cells in allografts recipients in-
jected with proteasome active ApoExo. Allografts of mice injected 
with proteasome inactive ApoExo were largely devoid of IL-17+ and 
RORγ+T cells (Figure 6B,C).

Collectively, these results identify the proteasome activity 
within ApoExo as a novel trigger for recruitment of γδT cells to the 
vascular allograft, therefore setting in motion IL-17 overexpression 
and TLS neogenesis.

4  | DISCUSSION

Although significant progress has been made over the last decades 
in understanding the molecular mechanisms responsible for the or-
ganization and maintenance of secondary lymphoid organs, the pro-
cesses regulating TLS formation in allogeneic organs remain to be 
elucidated. Here we identify ApoExo, extracellular vesicles derived 
from injured vascular tissue, as initiators of allograft TLS neogenesis. 
The proteasome activity of endothelial ApoExo favors the recruit-
ment of γδTh17 cells to the allograft, which in turn orchestrates the 
organization of infiltrating T and B cells into polarized structures 
positive for germinal center activity. TLS are organized accumula-
tions of T and B cells at nonlymphoid sites within structures reminis-
cent of secondary lymphoid organs. They are thought to play a role in 
governing local immune responses against self-antigens.20,21 When 
developing within the vasculature, TLS have been associated with 
persistent inflammation and abnormal vascular remodelling.2,22,23

Our results shed new light on the molecular and cellular pathways 
supporting TLS formation. Previous reports have suggested a critical 
role for IL-17 in driving lymphoid neogenesis.22,24-27 Here we show 
that γδTh17 cells play a critical role in IL-17 overexpression, which in 
turn drives lymphoid neogenesis. IL-17–producing T cells, including 
Th17 cells and γδT cells, were found to be necessary for TLS for-
mation in models of pulmonary infections.24,28 In the experimental 
autoimmune encephalomyelitis model, TLS formation in the central 
nervous system was also shown to require IL-17 production.29 The 
importance of IL-17 in the activation of autoimmune responses in the 

context of transplantation appears to stem from its capacity to initi-
ate recruitment of immune cells to sites of injury and promote mat-
uration of antigen-presenting cells. For example, in lung transplant 
recipients, IL-17 expression has been associated with autoimmune 
collagen V–specific responses and increased incidence and severity 
of bronchiolitis obliterans syndrome (BOS), a form of chronic rejec-
tion of lung transplants.30,31 In addition, peripheral blood mononu-
clear cells from lung transplant recipients with BOS contain lower 
numbers of cells producing IL-10 and higher numbers of cells pro-
ducing IL-17 and interferon gamma in response to K-alpha-1 tubu-
lin and collagen V self-antigens.32 In turn, immunoreactivity toward 
K-alpha-1 tubulin and collagen V self-antigens has been closely 
associated with the development of BOS.33 Furthermore, in a mu-
rine model of lung chronic rejection, anti–IL-17 therapy reduced 
autoantibody levels and lesions associated with chronic rejection.34 
Similarly, heart transplant recipients with cardiac allograft vasculop-
athy demonstrate increased frequency of T cells producing IL-17 and 
decreased frequency of T cells producing IL-10 specific to myosin, 
vimentin, collagen V, and K-alpha-1 tubulin.35

As Th17 cells are the classic producers of IL-17, they are sug-
gested to play a pivotal role in autoimmune pathways triggered 
following transplantation. Intriguingly, our findings demonstrate 
the importance of γδT cells, rather than Th17 cells, in coordinating 
the IL-17 response triggered by ApoExo. Although ApoExo robustly 
induced prominent allograft IL-17 overexpression in transplanted 
mice, Th17 cell allograft infiltration was not elevated in allografted 
mice injected with ApoExo. Instead, allograft leukocyte infiltrates 
were dramatically enriched with γδT cells. γδT cell invalidation abro-
gated TLS formation triggered by ApoExo, demonstrating the pivotal 
role of γδT cells in sensing ApoExo-dependent autoimmune signals. 
Indeed, γδKO allograft recipients formed fewer autoantibodies upon 
ApoExo injection and showed lower expression of IL-17 within vas-
cular allografts and reduced TLS formation. These observations are 
in line with previous studies showing that human IL-17-producing 
γδT cells are generated in the periphery and can be recruited to in-
flamed tissues where they accumulate.36,37 This process takes place 
more rapidly compared to the activation of conventional T lympho-
cytes38 as γδT cells can be activated in the absence of a cognate 
TCR ligand.38 The mechanism by which ApoExo activate γδT cells 
is still ill defined, but our results identify the proteasome activity of 
ApoExo as a pivotal signal regulating trafficking of γδT cells to sites 
of vascular injury. The scope of future investigations will be to iden-
tify whether activation of γδT cells by ApoExo is antigen specific or 
derives from innate signaling triggered by Toll-like receptor ligands 
or nonprotein mediators.

In the present work, we show that ApoExo injection in trans-
planted mice triggered perlecan/LG3 and ANA autoantibodies 
production but did not increase the production of other types of au-
toantibodies implicated in allograft dysfunction, such as anti-AT1R, 
anti-vimentin, and anti-fibronectin. This is not surprising given that 
the protein content of endothelial ApoExo, as characterized by un-
biased large-scale proteomics, contains LG3 but does not include 
fibronectin, vimentin, and AT1R.15 These results are also consistent 
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F I G U R E  5   The proteasome activity within apoptotic exosome-like vesicles (ApoExo) is required for induction of tertiary lymphoid 
structure (TLS) formation and for anti-perlecan/LG3 production. Allografted mice were injected with ApoExo that were generated from 
serum-starved murine epithelial cells (mECs) treated with bortezomib (n = 11) or the vehicle (n = 10) for 3 weeks posttransplantation: (A) 
Aortic allograft sections stained with H&E, CD20, CD3, AID, and IL-17 (magnification: 5×, magnification of right inset panels: 20×). (B) Ratio 
intima/media ratio in the allografts. (C) Mean number of TLS per allograft. Neointima-media and perivascular quantification of CD20+ B cells 
(D), CD3+ T cells (E), AID (F), and IL-17 (G) staining in each high-power field of the murine allografts. Anti-LG3 (H) and ANA (I) IgG levels in 
sera from wild-type allografted mice after 3 weeks of intravenous injections with ApoExo generated from serum-starved mECs treated with 
bortezomib or the vehicle. Data were pooled from three independent experiments and expressed as means ± SEM. Comparison with the 
vehicle was done using a Student's t test
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with the lack of correlation between anti-AT1R, anti-vimentin, and 
anti-perlecan/LG3 antibody levels observed in human trials.39,40 
Also our results are in line with previous reports suggesting that au-
toimmune pathways contributing to rejection are rather innocuous 
in the normal context. Indeed, our results further demonstrate that 
ApoExo trigger anti-LG3 and ANA production independently of al-
loimmunity but that their pathophysiological impact (TLS formation 
and vascular remodeling) is optimal develops only in the context of 
ongoing alloimmune-dependent vascular injury.

Recent findings suggest that the protein content of ApoExo may 
differ depending on the type of dying parental cells. For example, 
lung epithelial cells release exosome-like vesicles bearing the auto-
antigens collagen V and K-alpha-1 tubulin.41 These vesicles released 
from stressed and/or dying lung epithelial cells were also found to be 
associated with occurrence of bronchiolitis obliterans and negative 

long-term outcomes in lung transplant patients.41,42 Whether exo-
some-like vesicles that stem from cell types other than endothelial 
cells can trigger TLS neogenesis remains to be determined and will 
be the scope of further investigation.

Our results are consistent with findings highlighting a dual 
role for apoptosis in dampening inflammation while concomitantly 
promoting different types of immune responses. The importance 
of apoptosis in the release of calreticulin, heat shock protein 90, 
type-I interferon, and adenosine triphosphate has been shown 
to play an important role in cancer immunogenicity through the 
activation of infiltrating dendritic cells.43 In the present work, 
the injection of ApoExo recapitulates the secretion of circulating 
ApoEXo as a result of ischemia reperfusion injury as previously 
demonstrated using two ischemia reperfusion injury models.15 
Hence, our results add to this emerging field of research and 

F I G U R E  6   The proteasome activity within apoptotic exosome-like vesicles (ApoExo) is required for the recruitment of RORγ+IL-17+γδT 
cells to the allograft. Allografted mice were injected with ApoExo that were generated from serum-starved murine epothelial cels treated 
with bortezomib (n = 10) or the vehicle (n = 9) for 3 weeks posttransplantation: CD3+TCRγ+ T cell aortic allograft infiltrates were analyzed 
by flow cytometry for IL-17 and RORγ expression. (A) Number of allograft infiltrating of CD3+ expressing TCRβ or γ for each condition. (B) 
Density plot of CD3TCRβ+ and CD3+TCRγ+ cells expression of RORγ and IL-17. (C) Percentage of CD3+TCRγ+ infiltrate expressing RORγ and 
or IL-17 for each condition. Data were pooled from three independent experiments and expressed as means ± SEM
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suggest that, following transplantation, ApoExo, released by the 
graft at the time of ischemia reperfusion or released by the re-
cipient's own vasculature if injured, can contribute to alerting the 
immune system. Chronic vascular damage leading to prolonged 
release of ApoExo would foster TLS formation, vascular inflamma-
tion, and autoimmunity.

In conclusion, our results identify ApoExo, extracellular vesicles 
derived from injured vascular tissue, as initiators of TLS formation 
and provide novel insights into the cellular and molecular pathways 
regulating TLS formation after transplantation. They demonstrate 
the pivotal role of γδTh17 cells in coordinating TLS formation and au-
toantibody production. Finally, they identify proteasome inhibition 
with bortezomib as a potential option for controlling TLS formation 
in rejected allografts.
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