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Abstract

Background: Heart transplantation (HT) remains the primary treatment for end-stage heart failure, but graft rejection—including acute
cellular rejection (ACR), antibody-mediated rejection (AMR), and chronic rejection such as cardiac allograft vasculopathy (CAV)—
significantly impacts long-term patient outcomes. This study investigates the role of circulating plasma extracellular vesicle profiles
as potential biomarkers for distinguishing between different rejection types following HT. Methods: We enrolled 85 HT patients with
post-transplant follow-up ranging from 2 to 140 months. The cohort included patients diagnosed with AMR (n = 23), ACR (n = 11),
CAV (n = 20), and those without rejection (R0, n = 31). Extracellular vesicle profiles were analyzed using the MACSPlex Exosome
Kit, and associated cytokine profiles were assessed using the MILLIPLEX Human Cytokine Panel A. Statistical analysis involved the
Kruskal Wallis test followed by Dunn’s post-hoc test for multiple comparisons and discriminant analysis. Results: Circulating plasma
extracellular vesicle profiles demonstrated significant differences across post-transplantation time strata and varied according to the type
of transplant rejection. During the first year post-HT, the main discriminant factors were extracellular vesicles (EVs) characterized by
tetraspanins (CD9+, CD63+) and platelet markers (CD62P+, CD42a+). Five years post-transplantation, significant differences emerged
in patients with AMR and ACR (both compared to each other and to the CAV/RO groups). This difference corresponded with an increase
in EV markers associated with immune cell activity (CD3+, CD4+, CD49¢e+, CD86+, CD20+, CD14+, CD209+, CDl1c+, CD29+).
Levels of prominent EV subpopulations correlated with IL-22 in CAV patients, whereas in AMR patients, they correlated with IL-17 and
IL-25. Conclusions: These findings support the hypothesis that extracellular vesicles may participate in both direct and indirect antigen
presentation and in the regulation of immune responses leading to allograft rejection after HT. Plasma extracellular vesicle profiles hold
promise as non-invasive biomarkers for monitoring and differentiating rejection types in heart transplant recipients.
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1. Introduction trast, chronic graft injury—most notably cardiac allograft
vasculopathy (CAV), a form of chronic rejection—becomes
more prevalent in the long term, affecting about 3.2% of
) ) o - i : patients in the first year and rising to roughly 12.5% sub-
tion for many patients and is included in international guide- sequently. Overall, graft dysfunction accounts for 17-26%

lines for the management of chronic heart failure [1.]. More of deaths from 30 days up to 15 years after transplantation
than 5500 heart transplants are performed worldwide each 3]

year, while the number of patients on transplant waiting lists

End-stage heart failure is ultimately treated by heart
transplantation (HT), which remains the only effective op-

CAV is an immune-mediated pathological remodel-

continues to grow [2].

Improvements in immunosuppressive regimens and
optimized post-transplant management have significantly
increased recipient survival [3]. Nevertheless, graft rejec-
tion remains an important cause of morbidity and mortal-
ity. During the first three years after transplantation, fatal
episodes of acute rejection account for approximately 3.9—
9.8% of deaths; their incidence declines over time and falls
to below 1% beyond ten years post-transplant [3]. By con-

ing of the coronary vasculature in the transplanted heart.
In response to injury, the vessel wall undergoes concen-
tric intimal hyperplasia and fibrosis, resulting in altered
wall thickness, reduced luminal diameter and changes in
vessel circumference; these lesions differ morphologically
and distributionally from atherosclerotic plaques [4]. Im-
mune mechanisms are central to CAV pathogenesis: graft
alloantigens (HLA class I and II) expressed on endothe-
lial cells trigger host T- and B-cell responses. Activated
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T-cell subsets produce key cytokines—notably IFN-y and
TGF-—that drive both cellular and humoral components
of the response in CAV [4,5]. Donor-specific antibodies
(DSA) have also been implicated as active mediators of ar-
terial injury in CAV [6].

Transplant rejection occurs as either acute cellular
rejection (ACR) or antibody-mediated rejection (AMR).
ACR is driven primarily by donor-reactive T lymphocytes:
CD4+ helper and CD8+ cytotoxic T cells are activated
against donor antigens, with effector CD8+ T cells act-
ing as principal mediators of graft destruction [7,8]. Cen-
tral to T-cell-mediated alloimmunity is antigen presenta-
tion in the context of major histocompatibility complex
(MHC) molecules. Antigen presentation can occur via the
direct pathway, in which donor antigen-presenting cells
(APCs) display donor MHC—peptide complexes to recip-
ient T cells, or via the indirect pathway, where recipient
dendritic cells process donor antigens and present derived
peptides on recipient MHC molecules. A semi-direct path-
way has also been described, whereby recipient APCs ac-
quire intact donor MHC—peptide complexes and activate T
cells, a process that can be facilitated by EVs and exosomes
[9].

EVs are membrane-bound nanoparticles naturally re-
leased by cells, serving as key mediators of intercellular
communication by transferring diverse biomolecules, in-
cluding RNA, DNA, proteins, lipids, metabolites, and cy-
tokines [10,11]. Found in various biological fluids (e.g.,
blood, urine, saliva, cerebrospinal fluid), they underscore
systemic relevance [12,13]. Donor-derived EVs carrying
MHC molecules are capable of “cross-dressing” host APCs
and thereby initiating semi-direct alloimmune responses
[14,15,16,17]. Importantly, EVs can exit the graft before
it is fully vascularized, providing a mechanism for initiat-
ing immune activation at very early stages after transplanta-
tion. Unlike donor APCs, which generally require vascular
access to enter the systemic circulation, EVs have the poten-
tial to act from the outset and may therefore serve as early
drivers of graft injury [14,18].

Antibody-mediated rejection may arise from preexist-
ing memory B cells in sensitized recipients or from de novo
production of donor-specific antibodies (DSA) in nonsensi-
tized patients [19]. B cells thus contribute to graft rejection
through both cellular and humoral mechanisms. In the in-
direct pathway of alloantigen presentation, primed CD4+
helper T cells recognize donor-derived peptides presented
by MHC class II molecules expressed on B cells, promot-
ing B-cell activation and antibody production [20]. B-cell-
derived EVs can also participate in these processes: they
are capable of carrying MHC class II and associated anti-
gens that may contribute to antigen presentation [21], and
they frequently express co-stimulatory molecules such as
CDS86 as well as tetraspanins (CD37, CD53, CD63, CD81
and CD82), features that underscore their immunomodula-
tory potential [22].

Thus, rejection and CAV remain priorities for research
into pathogenesis and for the development of rapid, non-
invasive diagnostic approaches. In this context, EVs are
increasingly considered potential regulators of alloimmune
responses and promising biomarkers for liquid-biopsy-
based detection of rejection.

2. Materials and Methods

Eighty-five samples from patients who underwent HT
between January 2012 and December 2024 were included
in the study (57 men and 28 women). These dates in the
manuscript refer to the dates of the HTs (i.e., the dates when
the patients underwent HT), not to the dates of sample col-
lection. Ethical approval for collection and analysis of sam-
ples was granted by the Institutional Ethics Committee of
V.A. Almazov National Medical Research Centre, proto-
col no. Ne4101-22, dated 24 January 2022. All biologi-
cal samples used in this study were collected after this ap-
proval date. Therefore, no samples were collected prior to
24 January 2022, and no separate prior ethical approval was
required. All enrolled patients provided written informed
consent. At each visit, patients underwent a clinical eval-
uation, routine biochemical tests, endomyocardial biopsy
(EMB), and blood sampling. The blood was collected im-
mediately before the biopsy to exclude procedure-related
artifacts.

Heart transplant rejection was diagnosed through mor-
phological examination of endomyocardial biopsy (EMB)
using the current grading criteria of the International Soci-
ety for Heart and Lung Transplantation (ISHLT). Twenty-
three patients were diagnosed with AMR (AMR II and
AMR 1II), 11 with ACR (grade R2 and grade R3), 20 with
CAV (CAV2, CAV3), and 31 without signs of rejection (RO,
R1). Thus, the post-transplantation duration in patients in-
cluded in the study was from 2 to 140 months. The distri-
bution of patients according to transplantation duration is
presented in Table 1.

All patients underwent induction of immunosuppres-
sion with basiliximab at the time of transplantation. During
the first year, heart recipients received triple immunosup-
pressive therapy: calcineurin inhibitors (tacrolimus), my-
cophenolic acid, and glucocorticosteroids (GCS). Follow-
ing HT, patients underwent a planned reduction in immuno-
suppressive therapy over the first year, according to the
regimen (withdrawal of GCS and reduction in calcineurin
inhibitor concentrations). Prophylactic medications were
also discontinued: antiviral (valganciclovir, discontinued
at 12 months post-HT), antifungal (nystatin, discontinued
within 2 weeks post-HT), and antibacterial (sulfamethoxa-
zole + trimethoprim for Pneumocystis carinii prophylaxis,
discontinued at 6 months post-HT). After one year post-
transplantation, maintenance therapy included calcineurin
inhibitors (tacrolimus) and mycophenolic acid or mTOR
inhibitors (everolimus). Glucocorticosteroid therapy was
administered to treat rejection crises. There were no dif-
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Table 1. Distribution of patients by type of heart transplant rejection and post-transplantation duration.

Group

Months post-transplantation Median (Q1; Q3)

AMR ACR CAV RO

<1 year

1-5 years
>5 years

5(2:7) 7 2 0 10
31 (21; 40) 11 6 8 10
84 (76; 108) 5 3 12 11

AMR, antibody-mediated rejection; ACR, acute cellular rejection; CAV, cardiac allograft vas-

culopathy; RO, without rejection.

Table 2. Characteristics of heart transplant recipients, Median (Q1; Q3).

AMR

ACR

Hemoglobin, g/L
RBC, x10'2/L
Hematocrit

Platelets, x 109/L
WBC, x109/L
Lymphocytes, x109/L
Monocytes, x 109/L
Eosinophils, x 109/L

C-reactive protein, mg/L

Creatinine, pmol/L

Glucose, mmol/L
Triglycerides, mmol/L
Cholesterol, mmol/L
HDL, mmol/L

LDL, mmol/L

VLDL, mmol/L
Atherogenicity index

130 (110; 154.5)
4.59 (4.21; 5.05)
37.9 (32.5; 43.8)
211 (166; 243)
8.0 (4.4;9.5)
1.31 (0.97; 2.21)
0.63 (0.38; 0.79)
0.07 (0; 0.16)

8.4 (4.3;39.8)

95.8 (75.6; 110.5)

6.1(5.1;7.6)
2.0 (1.4;2.4)
4.8 (4.0;5.2)
1.31 (1.12; 1.54)
2.29 (2.09; 2.87)
0.76 (0.65; 1.08)
2.7(1.9;3.9)

CAV RO p
136 (107; 138) 129 (123; 145) 133 (124; 141)
4.66(3.59;5.81)  474(441;501) 470 (4.28; 4.87)
403 (313:43.1)  393(37.2:412)  39.0(35.6; 41.8)
241 (215; 336) 212 (146; 248) 217 (192; 237)
7.1 (6.3;7.6) 6.6 (5.1;7.4) 6.2 (4.2; 8.8)
1.78 (0.88; 2.28) 1.86 (0.97; 2.18) 1.76 (1.22; 2.16)
0.76 (0.38; 0.78) 0.61 (0.52; 0.74) 0.56 (0.35; 0.71)
0.26 (0.06; 0.38) 0.05 (0; 0.14) 0.08 (0.02; 0.15)
P12 <001
3.0 (1.3; 4.6) 3.5(2.1;6.7) 26(13;3.0) pl3 <001
pla <001
pl,2 <001
181.0 (89.6:235.9)  107.1 (85.2; 141.4)  85.7(73.7;116.5)  p2,3 < 0.01
2,4 <0.01
6.1(5.9;7.2) 5.4(5.0; 6.8) 5.5(4.8;6.2)
1.3(0.9; 1.7) 1.4 (1.0; 2.0) 1.3(1.2; 1.6)
4.0 (3.9;4.0) 4.4 (3.6; 4.6) 3.8(3.6;4.7)

1.25 (1.11; 1.39)

2.13 (2.03; 2.45)

0.58 (0.40; 0.77)
2.2(1.8;2.6)

1.14 (0.92; 1.46)

2.21 (1.80; 2.74)

0.66 (0.46; 0.93)
2.7(1.4;3.4)

1.26 (0.96; 1.78)

2.10 (1.67; 2.60)

0.59 (0.55; 0.74)
2.1(1.7;3.0)

WBC, white blood cells; HDL, high density lipoproteins; LDL, low density lipoproteins; VLDL, very low density lipoproteins.

ferences in the therapy administered between the groups
(Supplementary Table 1).

The median age in the AMR group was 55 (43; 59)
years, in the ACR group 50 (38; 60) years, in the CAV
group 60.5 (48; 64.5) years, and in the RO group 51 (44;
64) years. Diabetes mellitus was present as a comorbidity
in 5 (22%) of the AMR patients, 1 (9%) of the ACR pa-
tients, 10 (50%) of the CAV patients, and 6 (19%) of the
RO patients. The laboratory characteristics of the patients
are presented in Table 2. Patients with ACR had a higher
level of CRP than patients in all other groups. Furthermore,
the creatinine level in patients with ACR was higher than in
patients in all other groups.

2.1 Extracellular Vesicles

Plasma was isolated from whole blood collected in
K3EDTA vacuum tubes. To prevent residual cellular con-
tamination, each sample was processed by sequential cen-
trifugation, as was previously shown by our group [23,24,
25]. First, the blood tubes were centrifuged twice suc-
cessively at 1500 xg for 10 min at +18 °C, followed by
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one centrifugation at 3000 xg for 20 min at +4 °C. Af-
ter each centrifugation step, the supernatant was carefully
transferred to a new conical tube. The resulting plasma was
aliquoted and stored at —80 °C until further use. Plasma-
derived EVs were analyzed using the MACSPlex Exo-
some Kit IO, human (cat. 130-108-813) (Miltenyi Biotec,
Gaithersburg, MD, USA), following the manufacturer’s in-
structions. Briefly, plasma samples were thawed and cen-
trifuged at 3000 g for 10 minutes at +4 °C to remove any
debris. All collected plasma samples were thawed and an-
alyzed in a single batch to minimize technical variability.
The clarified plasma was then diluted 1:2 (40 pL plasma +
80 uL sample dilution buffer) and incubated with 15 pL of
MACSPIlex EV capture beads. The resulting mixture was
transferred to the wells of a 96-well filter plate and incu-
bated overnight in the dark at room temperature on a plate
shaker (450 rpm).

Following incubation, each well was washed with 200
pL of wash buffer. The buffer was then removed by vac-
uum filtration using a vacuum manifold, retaining the cap-
ture beads with bound EVs. Next, 135 uL of wash buffer


https://www.imrpress.com

and 15 pL of the detection antibody cocktail (containing
antibodies against CD9, CD63, and CD81) were added to
each well. The plate was incubated for 1 hour in the dark at
room temperature on a plate shaker.

After incubation, each well was washed again with
200 pL of wash buffer, and the buffer was removed by vac-
uum filtration as described above. A final wash step was
performed by adding 200 pL of wash buffer to each well,
incubating for 15 minutes in the dark at room temperature
on a plate shaker, and then removing the liquid by vacuum
filtration. Finally, 150 uL of wash buffer was added to each
well, and the plate was transferred to the autosampler of
a CytoFLEX S (Beckman Coulter, West Sacramento, CA,
USA) flow cytometer.

Instrument settings and flow cytometry acquisition
were performed according to the manufacturer’s recom-
mendations. The cytometry protocol was configured as fol-
lows: Three two-parameter dot plots were created: (1) For-
ward scatter (FSC) vs. side scatter (SSC); (2) Fluorescein
isothiocyanate (FITC) vs. phycoerythrin (PE); and (3) PE
vs. allophycocyanin (APC). The first plot (FSC vs. SSC)
was used to gate on the capture beads. The second plot
(FITC vs. PE) was used to define 39 distinct gates of beads
positive for the corresponding EV marker. The third plot
(PE vs. APC) was used to assess the fluorescence signal
from each gated population of beads, indicating the pres-
ence and level of the specified marker on EVs within that
population. For each EV population, we calculated the me-
dian of the mean intensity fluorescence (MIF) as measured
in the APC channel. The panel of investigated EV markers
is presented in Supplementary Table 2.

2.2 Nanoparticle Tracking Analysis (NTA)

For sizing and quantifying EVs, we employed a
NanoSight particle tracking analyzer equipped with a 488
nm blue laser (NanoSight Ltd., Amesbury, United King-
dom). To achieve the optimal particle concentration our
samples underwent a 1:10,000 dilution in 1 mL of ultrapure
MiliPore water (Merck Milipore, Burlington, MA, USA).
Video recordings were captured for 30 seconds in contin-
uous infusion mode with 5 technical replicates. All proce-
dures were performed as previously described [25].

We visually evaluated the acquired images and uti-
lized NTA 3.4 NanoSight software (NanoSight Ltd., Ames-
bury, UK) for data processing. Background noise from all
video data was automatically subtracted prior to particle
tracking. Size distribution diagrams, mean values, and stan-
dard deviations were calculated using NTA 3.4 (NanoSight
Ltd., Amesbury, UK) software and subsequently utilized
for further analysis.

2.3 Cytokines

Plasma cytokine levels were assessed using a multi-
plex analysis platform and the MILLIPLEX® MAP Human
Cytokine/Chemokine/Growth Factor Panel A (HCYTA-

60K-PX48, MilliporeSigma, Burlington, MA, USA), as
previously described [24,26]. In brief, the assay involved
combining 25 pL of plasma samples with fluorescently la-
beled magnetic microsphere beads in the appropriate plate
wells. This mixture was incubated overnight at +6 °C with
agitation on a plate shaker. Detection antibodies were sub-
sequently added and incubated for one hour at room temper-
ature in the dark, followed by incubation with streptavidin-
phycoerythrin under the same conditions. Standard sam-
ples were prepared according to the manufacturer’s rec-
ommendations, and a calibration curve was generated for
each detected cytokine. Results were acquired using the
Luminex MAGPIX® (RUO) Instrument (Luminex, Austin,
TX, USA). Data acquisition was performed using xPO-
NENT software (v. 4.2) (Luminex Corporation, Austin,
TX, USA) and analyzed with Milliplex Analyst 5.1 Flex
software (Merck Milipore, Burlington, MA, USA). The
panel of investigated cytokines is presented in Supplemen-
tary Table 3.

2.4 Statistics

Statistical analyses were performed using Statistica
7.0 (StatSoft, Oklahoma, OK, USA) and GraphPad Prism 8
(GraphPad Software Inc., San Diego, CA, USA). Data are
presented as median and interquartile range (IQR). Group
comparisons were conducted using ANOVA or Kruskal-
Wallis tests, as appropriate, followed by Dunn’s post-hoc
test for pairwise comparisons. Mann-Whitney U tests were
used to compare each group of patients with rejection to RO
recipients at corresponding time points. Statistical signifi-
cance was defined as p < 0.05.

The LASSO (Least Absolute Shrinkage and Selec-
tion Operator) method, renowned for its ability to per-
form embedded feature selection via L1-regularization, was
employed as a core filter to identify the most informa-
tive predictors from high-dimensional datasets [27]. Al-
though LASSO is foundational to regression analysis, its
core principle—imposing a penalty on the absolute magni-
tude of model coefficients—is directly applicable to linear
models for classification when combined with an appropri-
ate loss function (e.g., logistic loss). In this study, we lever-
aged this property for a multi-class classification task.

A defining characteristic of L1-regularization is its
tendency to produce sparse solutions, driving the coeffi-
cients of less influential features to exactly zero. Thus, the
model simultaneously performs classification and feature
selection: features with non-zero coefficients are retained
as relevant, while those with zero coefficients are effec-
tively excluded. This provides an interpretable and parsi-
monious model.

All analyses were implemented in Python 3 using the
scikit-learn library (v1.7.1) Python Software Foundation
(Wilmington, DE, USA) [28]. To ensure simplicity and re-
producibility in this initial feature screening phase, the reg-
ularization hyperparameter (A, controlling the strength of
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Fig. 1. Results of nanoparticle tracking analysis of samples within each time stratum (pooled sample results, <1 year, 1-5 years
and >S5 years post-transplantation). (A) Size. (B) Concentration. (C) Histogram of size distribution of representative sample. (D) 3D
graph of size distribution (size vs. intensity vs. concentration) of representative sample.

the penalty) was fixed at 1.0, and all other parameters were
kept at their library defaults.

The selection pipeline was applied independently to
two biomarker categories: (1) a panel of unique patients
for EVs, and (2) a panel of unique patients for cytokines.
For each category, LASSO was run twice: once to discrim-
inate by group and once by type of rejection. From each
run, the top 15 features with the largest absolute coefficient
magnitudes were selected. To ensure robustness and focus

&% IMR Press

on consistently important biomarkers, only those features
that appeared in both selection lists within their respective
category (markers or cytokines) were retained for the sub-
sequent stage of mutual Spearman correlation analysis.

3. Results

NTA revealed no differences in either the size or con-
centration of EVs in plasma of patients after HT within each
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Fig. 2. Significant alterations in plasma extracellular vesicle (EV) populations observed 1-5 years following heart transplantation
(HT). (A) Relative abundance of HLA A,B,C-positive EVs. (B) Relative abundance of CD41b-positive EVs. (C) Relative abundance
of CD81-positive EVs. Note. Data were analyzed using the Kruskal-Wallis test, and Dunn’s multiple comparisons test was performed to

assess pairwise differences between groups.

time stratum (Fig. 1). Additionally, no differences accord-
ing to the type of rejection were observed.

Analysis of EV phenotype in patients with and with-
out heart transplant rejection revealed no significant dif-
ferences when the transplantation time was not considered.
Moreover, no differences in the EV profile were observed
among patients without rejection within each stratum exam-
ined (less than 1 year, 1-5 years, and more than 5 years).

EV profiles showed no significant differences in the
first year after transplantation in patients experiencing
AMR, ACR, or in those without rejection (R0). A broader
picture emerged between 1 and 5 years post-transplantation,
with significant differences observed in all aforementioned
groups and in recipients diagnosed with CAV (Fig. 2). In-
terestingly, this trend reversed after 5 years, with differ-
ences largely disappearing except for SSEA-4+ EVs, which
exhibited significantly altered levels (p = 0.028) between
groups at this later time point.

A critical observation is the time-dependent evolution
of EV profiles in relation to the type of rejection experi-
enced by the recipient. The dynamic changes observed
in EVs from patients with AMR were particularly pro-
nounced, revealing significant differences both across dif-
ferent time points post-transplantation and when compared
to the relatively stable EV profiles of RO recipients (Fig. 3).

Given the small number of patients with ACR and the
uneven distribution of these patients across the different
time points analyzed (n =2, <1 year; n =6, 1-5 years; n =
3, >5 years post-transplantation), we determined that any
results derived from an analysis of temporal changes in EV
profiles within this group would not be reliable or relevant.

Given the absence of CAV diagnoses in the first year
post-transplantation, we focused our analysis on the 1-5
year and >5 year periods, comparing CAV patients to RO

controls at corresponding time points. These analyses re-
vealed no significant differences in the temporal dynamics
of EV profiles, nor were differences observed in direct com-
parisons to RO patients.

Discriminant analysis effectively distinguished be-
tween different types of complications occurring within the
first year after transplantation, based on the EV profiles
(Fig. 4A). The most important variables in the model were
EVs characterized by the presence of tetraspanins (CD9+
and CD63+) and platelet markers (CD62P+ and CD42a+),
suggesting a role for these EVs in the early development
of complications. Interestingly, the model also included
EVs carrying markers associated with immune cell activ-
ity (CD49e+, CD25+, CD19+, CDlc+), indicating the in-
volvement of immune-related processes.

The discriminant ability of the EV profile decreased
over time, as indicated by an increase in Wilks’ lambda
to 0.15202 (Fig. 4B), suggesting a decline in the initial
differences. However, this trend reversed after 5 years
post-transplantation, with the increasing prevalence of CAV
correlating with a renewed ability to discriminate between
groups based on the EV profile (Fig. 4C). Despite the sim-
ilarity between EV profiles in CAV and RO patients, sig-
nificant differences emerged in patients with AMR and
ACR, both in comparison to each other and to the CAV/R0
groups. This corresponded with an increase in the num-
ber of EV markers associated with immune cell activ-
ity (CD3+, CD4+, CD49e+, CD86+, CD20+, CDI4+,
CD209+, CDl1c+, CD29+).

We employed LASSO regression analysis as a feature
selection step to identify the most relevant EVs and cy-
tokines for subsequent correlation analysis. The relation-
ships between these selected analytes were then assessed
and are presented according to post-transplantation period
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Fig. 3. Time-dependent alterations in plasma EV populations in AMR and RO recipients. Relative abundance of: (A) CD1c+ EVs.
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tests were used for paired comparisons with RO recipients.

duration (Fig. 5A,D) and the type of rejection (Fig. 5B,E).
Based on this analysis, we identified 10 cytokines and 11
EVs (Fig. 5C,F) that are most valuable in characterizing
changes in cytokine and EV profiles according to post-
transplantation duration and type of heart transplant rejec-
tion.

Taking into account the previously performed LASSO
regression modeling, we then performed correlation analy-
sis, identifying the most valuable associations between spe-
cific cytokines and EVs that are potentially specific for dif-
ferent types of heart transplant rejection. Correlation anal-
ysis of AMR patients (Fig. 6A) revealed distinct patterns
in EV and cytokine relationships. Strong positive correla-
tions were evident among EV's associated with immune cell
activity (CD20+, CD19+, CD25+, CD86+), while cytokine
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correlations were less pronounced, primarily involving IL-
22 and IL-17/IL-25. Notably, only correlations involving
the latter cytokines extended to some EV populations.

Unlike the interconnected network observed in AMR
patients, the correlation matrix for patients with ACR re-
vealed a striking lack of significant associations between
cytokine and EV levels (Fig. 6B). The correlation matrix
for CAV patients (Fig. 6C) revealed a complex network of
EV interactions, characterized by a high number of mostly
weak correlations. Examining the cytokine compartment
revealed that only IL-22 exhibited significant, albeit weak,
correlations with specific EV populations. Interestingly,
the remaining cytokines showed a striking lack of inter-
correlations.
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tion. AMR, antibody mediated rejection; ACR, acute cellular rejection; CAYV, cardiac allograft vasculopathy; RO, without rejection.
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Fig. 6. Results of correlation analysis of cytokines and EVs, involved in predicting model by LASSO analysis. (A) Patients with
AMR. (B) Patients with ACR. (C) Patients with CAV. (D) Patients with RO.

Unlike the patterns observed in AMR and CAV pa-
tients, RO patients showed numerous positive correlations
within the EV compartment but an almost complete absence
of correlations between cytokines and EVs (Fig. 6D). Fur-
thermore, cytokine levels were positively correlated with
each other.

4. Discussion

Based on the obtained results, we propose that the EV
profile in patients after HT varies according to the type of
rejection and post-surgery duration. While we did not ob-
serve significant differences in individual EV types after the
first year post-transplantation, we identified unique EV pro-
files (combinations of markers) characterizing AMR, ACR,
and RO. The limited number of patients with ACR (n = 2)
might limit the applicability of this finding to this specific
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type of rejection at this per

iod. In contrast, Castellani et

al. [29] investigated patients for 14 months post-HT and
concluded that several EV subsets were significantly ele-

vated in patients with both
RO (HLA-I, CD41b, ROR1

ACR and AMR compared to
, and SSEA-4). Furthermore,

the expression levels of CD2+ and CD3+ EVs differed sig-
nificantly between patients with ACR and R0O. Moreover,
EV expression of five well-established immunologic mark-

ers was significantly higher

in patients with AMR than RO

[29]. Moreover, in a longitudinal study involving patients
during the first year after HT, Burrello et al. [30] identified
14 differentially expressed EV antigens (CD2, CD3, CD4,
CDg, CD19, CD20, CD24, CD25, CD45, CD49¢, CD62P,
CD142, CD209, HLA-I) that progressively increased in pa-

tients experiencing ACR fro

m grade 1A/B to 3A [30]. The

longitudinal design, with its valuable advantages, allowed
the authors to reveal observations that led to the develop-
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ment of a predictive model for non-invasive diagnosis of
ACR in patients during the first year after HT [30].

In the next observation period, we identified notable
variations in the levels of HLA-A,B,C+-, CD41b+-, and
CD81+-expressing EVs among patients experiencing ACR,
AMR, CAV, and those with RO (Fig. 2). Interestingly, be-
yond the fifth year following transplantation, only the lev-
els of EVs expressing SSEA-4 exhibited significant inter-
group differences. These findings potentially indicate that
the underlying pathogenic mechanisms of these rejection
types diverge beyond the initial year post-transplant. Con-
sequently, EVs displaying HLA class I molecules may con-
tribute to the semi-direct presentation of donor antigens to
T-cells by dendritic cells [7,17], thereby implicating EVs
in the pathogenesis of ACR [31,32]. Besides, tetraspanins
(CD37,CD53, CD63, CD81, and CD82) expressed on EVs
released by B lymphocytes have also been suggested to par-
ticipate in antigen presentation and pathogenesis of AMR
[7,22]. Furthermore, vesicles from platelets, endothelial
cells, monocytes, and leukocytes are involved in regula-
tion of immune responses, inflammation, and coagulation
that explains significant reaction of such EVs fractions as
CD41b+ (platelet derived) [33,34].

In our study, EV profiles were compared only be-
tween AMR patients and the corresponding RO group at
each post-transplantation time stratum. All mentioned in
Fig. 3 EVs showed significant differences across the three
post-transplantation time strata in patients with AMR. El-
evation of such types of EVs as HLA I+, CD45+, CD3+,
and CD19+, associated with T- and B-cells, may cor-
respond to participation of EVs in direct and in-direct
antigen allorecognition increasing over the duration of
post-transplantation period [7,35,36]. Moreover, levels of
CD3+, CD20+, CD45+, and CD56+ EVs were increased in
patients with AMR after 5 and more years after transplan-
tation compared to recipients without rejection.

In contrast to prior reports, which showed reduced
plasma levels of B-cell (CD19+) and T-cell (CD3+)-derived
EVs in kidney transplant (KT) recipients experiencing
AMR or allograft dysfunction (AD) compared to those with
renal recovery [37], our study revealed an opposite pat-
tern. We observed differences in the level of T- and B-
cell-derived EVs across post-transplantation time strata.
Notably, CD3+ EV levels in AMR patients more than 5
years post-transplant were significantly elevated compared
to those without rejection (p = 0.041).

Prior studies analyzing the overall EV profile, rather
than focusing on individual exosome populations, in heart
transplant recipients have identified potential associations.
Specifically, EVs expressing CD3, CD2, ROR1, SSEA-
4, HLA-I, and CD41b distinguished RO from ACR, while
RORI1, SSEA-4, HLA-I, CD41b, HLA-II, CD326, CD19,
CD25, and CD20 differentiated RO from AMR patients
[29]. However, this study did not investigate how these pro-
files change over time post-transplantation. Our hypothesis
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is that the interplay between the immune system and the
transplanted organ is a dynamic process that unfolds differ-
ently at various stages post-transplant, with EVs serving as
critical mediators of this temporal immune modulation.

Discriminant analysis revealed distinct EV pro-
files in patients with different types of transplanted
heart rejection (ACR, AMR, CAV) and those with RO
(Fig. 3). Tetraspanins and platelet-derived EVs emerged
as key discriminating factors during the first year post-
transplantation, suggesting that inflammation and coagula-
tion regulated by EVs are potentially leading factors in re-
jection pathogenesis. At later post-transplantation stages,
the EV profile indicates an increased role for immune cells,
as well as direct and indirect mechanisms of antigen pre-
sentation and immunity activation in the development of
AMR and ACR. Notably, the EV profile of patients with
CAV closely resembled that of patients with RO. This corre-
sponds to previously published results indicating the role of
EVs from B-cells in antigen presentation and donor-specific
antibodies production [7]. Indeed, B-cells release high lev-
els of EVs that carry MHC class I, MHC class II, CD45RA,
components of the B-cell receptor (BCR), and tetraspanins,
which are molecular features consistent with these func-
tions [38]

EVs, including exosomes and microvesicles, play a
crucial role in intercellular communication by transport-
ing bioactive molecules, including cytokines [39]. Sev-
eral studies highlight that EVs derived from different cell
types carry distinct cytokine profiles, influencing immune
responses and disease progression [ 14,40,41]. For instance,
macrophage-derived exosomes contain IL-6 and IL-8 [42].
Recent studies demonstrate that immune cells secrete cy-
tokines both in free-soluble forms and associated with EVs,
with the distribution pattern depending primarily on the
cellular origin rather than the cytokine type. For exam-
ple, placental villous explants predominantly release cy-
tokines like IL-2 and IL-4 in soluble form, while T-cells
and monocytes secrete these same cytokines (along with
CCL11, TGF-p, and TNF-«) primarily in EV-associated
states—either encapsulated or surface-tethered. Cellular
activation further modulates this balance, as stimuli such as
LPS or poly(I:C) differentially alter EV sorting, shifting cy-
tokines between soluble and EV-bound pools. I vitro stud-
ies demonstrated that cytokine-stimulated T-cells release
IL-15 and TNF-« predominantly in EV-associated forms,
with minimal free cytokine secretion [43]. Notably, EV-
associated cytokines remain functional, though their mech-
anistic distinctions from free cytokines are increasingly ex-
plored [39,43,44,45].

Beyond simply carrying cytokines, EVs also actively
modulate the production and release of cytokines by recip-
ient cells, profoundly impacting immune responses [46].
One significant mechanism through which EVs regulate
cytokine release involves their critical role in cell matura-
tion. For instance, specific EVs have been demonstrated
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to be essential for the maturation of plasmacytoid den-
dritic cells (pDCs). Upon stimulation by these EVs, ma-
ture pDCs were shown to upregulate the expression of pro-
inflammatory cytokines such as IL-6 and IL-8, alongside
co-stimulatory molecules. Extending this influence, these
EV-stimulated pDCs subsequently exhibited the capacity
to initiate the proliferation of allogeneic naive CD4+ T-
cells, consequently triggering the secretion of key effec-
tor cytokines, including TNF-« and IFN-v, from these T-
cells. Importantly, this EV-dependent pDC maturation and
its downstream effects were found to be specific to endothe-
lial cell-derived EVs, highlighting the precise cellular ori-
gin requirement for such immunomodulatory roles, as EVs
from platelets or lymphocytes failed to elicit comparable
responses [47]. Human B cell exosomes can directly tar-
get T cells by delivery of specific antigens (i.e., allergens),
thereby inducing T cell proliferation accompanied with Th2
cytokine synthesis (i.e., IL-5, IL-13) [48].

These diverse roles underscore the critical importance
of simultaneously investigating EVs and cytokine levels
(Fig. 6). The clinical relevance of EV-mediated cytokine
modulation is further highlighted in conditions such as re-
jection following HT [49]. In such patients, distinct cy-
tokine profiles were observed depending on the type of re-
jection. Significant, multiple correlations between cytokine
levels were only noted in patients without rejection (R0). In
contrast, patients with CAV and AMR exhibited only iso-
lated correlational links in their cytokine levels. Interest-
ingly, in patients with CAV, IL-22 levels significantly cor-
related with the levels of various relevant EV populations,
suggesting a potential role for Th22 cells in this specific
complication.

Furthermore, patients with AMR exhibited the most
numerous and robust positive correlations in EVs levels.
Conversely, in those with CAV, the strength of these as-
sociations was diminished, and in some instances, even
negative. Specifically, the correlations between levels of
various relevant EV populations were weaker compared to
AMR, indicating differences in EVs involvement. In con-
trast, patients with ACR showed an absence of coordinated
responses; no significant correlations were found between
cytokine levels and EV levels, nor among the different EV
populations themselves.

5. Limitations

The study employed a cross-sectional design. Al-
though we analyzed patients across a broad range of post-
transplantation time intervals (from 1 to 140 months)
and included histologically verified rejection types (AMR,
ACR, CAV), the absence of longitudinal follow-up with
repeated measurements in the same individuals limits our
ability to distinguish true temporal dynamics from inter-
individual variability.

The study included patients with different types of re-
jection (AMR, ACR, CAV) and a control group without re-
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jection (RO0), but the sample sizes within certain subgroups,
particularly when stratified by time post-transplantation,
were relatively small. This may have limited statistical
power for some comparisons.

6. Conclusions

Thus, circulating plasma EV profiles change over time
in patients after HT. These profiles differ according to the
type of transplant rejection, with the most pronounced dif-
ferences observed one year or more after transplantation.
EV levels were intercorrelated in the AMR, CAV and RO
groups, with the strongest positive correlations observed in
AMR. Levels of the most prominent EV subpopulations
correlated with IL-22 in patients with CAV, whereas in
AMR they correlated with IL-17 and IL-25. These findings
support the hypothesis that EVs may participate in both di-
rect and indirect antigen presentation and in the regulation
of immune responses leading to allograft rejection after HT.
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