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INTRODUCTION
Aside from its recognized role in the regulation of fluid 
balance, lipid metabolism, and immune cell trafficking to 
lymph nodes (LN), the lymphatic system plays an active role 
in modulating inflammation in autoimmune diseases and 
organ rejection.1-3 Lymphangiogenesis specifically describes 
the formation of new lymphatic vessels from preexisting ves-
sels and occurs in many experimental and clinical conditions 

including transplantation. This process is primarily medi-
ated by the signaling of the vascular endothelial growth 
factor (VEGF)-C through its receptor VEGFR3 that is 
mainly expressed in lymphatic endothelial cells (LECs) after 
embryogenesis.4-6 Other mediators include VEGF-D, which 
also bind to VEGFR3, fibroblast growth factors, ephrin-B2, 
and hyaluronic acid.5 Studies in solid organ transplantation 
have shown that lymphangiogenesis plays an organ-specific, 
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Background. The lymphatic system plays an active role in modulating inflammation in autoimmune diseases and organ 
rejection. In this work, we hypothesized that the transfer of donor lymph node (LN) might be used to promote lymphangi-
ogenesis and influence rejection in vascularized composite allotransplantation (VCA). Methods. Hindlimb transplanta-
tions were performed in which (1) recipient rats received VCA containing donor LN (D:LN+), (2) recipient rats received VCA 
depleted of all donor LN (D:LN−), and (3) D:LN+ transplantations were followed by lymphangiogenesis inhibition using a 
vascular endothelial growth factor receptor-3 (VEGFR3) blocker. Results. Our data show that graft rejection started signifi-
cantly later in D:LN+ transplanted rats as compared to the D:LN− group. Moreover, we observed a higher level of VEGF-C 
and a quicker and more efficient lymphangiogenesis in the D:LN+ group as compared to the D:LN− group. The presence 
of donor LN within the graft was associated with reduced immunoactivation in the draining LN and increased frequency of 
circulating and skin-resident donor T regulatory cells. Blocking of the VEGF-C pathway using a VEGFR3 blocker disrupts 
the lymphangiogenesis process, accelerates rejection onset, and interferes with donor T-cell migration. Conclusions. This 
study demonstrates that VCA LNs play a pivotal role in the regulation of graft rejection and underlines the potential of specifi-
cally targeting the LN component of a VCA to control graft rejection.
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heterogeneous role in graft rejection, driving immunity ver-
sus tolerance according to demand.5,7,8 Lymphangiogenesis 
may propagate the detrimental immune response toward 
the graft as shown in heart, cornea, and pancreatic islet 
transplantations.9-11 Alternatively, it may contribute to the 
removal of hyaluronic acid and inflammatory cells through 
improved graft drainage, preventing rejection of lung trans-
plants or chronic skin inflammation.12,13 Recent studies 
have given rise to the idea that LN may work as a “periph-
eral tolerance hub” owing to the functional organization 
of LN stromal cells (LNSCs) and LECs.13,14 Indeed, these 
cells may promote tolerance in 2 ways: indirectly by guid-
ing cellular localization and directly through the expression 
of genes encoding peripheral tissue antigens and through 
presentation of these on major histocompatibility com-
plex (MHC I) and II molecules (reviewed in Hirosue and 
Dubrot15). Accordingly, it has been shown that peripheral 
tissue antigen presentation mediated by LEC and LNSCs 
may induce antigen-specific tolerance and regulatory T cells 
(Treg) expansion in mouse models.15,16 This makes the lym-
phatic system an attractive target for immunotherapeutic 
interventions aiming to eradicate tumors, reestablish toler-
ance in autoimmune disease, promote better vaccination 
responses, and induce tolerance of transplanted grafts.1,17,18

Notably, little is known about the process of lymphatic 
reconstitution and how this process influences graft rejec-
tion in vascularized composite allotransplantation (VCA), 
and more importantly, the possibility of using lymphatic-
targeted therapies to promote VCA tolerance is completely 
unexplored. VCA, including hand and face transplantation, 
is emerging as a treatment option for complex functional 
deficiency and extensive tissue loss or destruction not ame-
nable to conventional reconstruction.19,20 Different thera-
pies are currently under investigation for immune regulation 
and tolerance induction in VCA: costimulatory blockade, 
promotion of mixed chimerism, and regulatory cell trans-
fer.21,22 However, due to the specific immunobiological chal-
lenges associated with VCA, we believe there is little chance 
that single pieces of the tolerance puzzle taken in isolation 
can be successful in the clinical management of VCA. A 
vascularized composite allograft comprises different tis-
sue types such as skin, bone, bone marrow, muscle, nerves, 
blood vessels, and others. In this graft, antigens are trans-
ferred through the lymphatic circulation from the different 
graft tissues to the specific draining LN. These LNs may be 
either of donor or recipient origin depending on the tissue 
and the modalities of the surgical operation.23 In this work, 
we hypothesized that lymphangiogenesis and the transfer 
of donor LN may be used to influence the immunobiology 
of the VCA rejection process. Moreover, we characterized 
lymphatic reconstitution in VCA and identified a relevant 
pathway in the lymphangiogenic process of VCA recipients.

MATERIALS AND METHODS

Experimental Design
The Brown-Norway to Lewis rat hindlimb transplanta-

tion model was used to test whether the transfer of donor 
LN within the VCA may influence the rejection process. 
Lewis rats received either grafts with intact, vascularized 
inguinal and popliteal LN, or fully lymphadenectomized 
grafts.24 After transplantation, rats were observed and 
rejection was graded macroscopically until full rejection 
occurred (experiment endpoint, Figure  1A). To assess the 

lymphangiogenic process, rats underwent daily lymphog-
raphy with near-infrared imaging starting from postopera-
tive day 2 (POD2). Whole blood was sampled and analyzed 
on POD7. At the endpoint, tissue analysis (eg, LN, skin, 
blood) was performed using flow cytometry, histology, 
and immunofluorescence. All the experimental procedures 
were approved by the Veterinary Office of the Canton Bern 
(approval number: BE52/16), and the animals were treated 
according to the Animal Welfare Act and Ordinance of the 
Swiss Animal Welfare Legislation during the entire experi-
ment. Detailed material and methods are available in the 
Supplemental Material (SDC, http://links.lww.com/TP/C93) 
that may be found in the online version of this article.

Statistical Analysis
Statistical analysis was performed using the GraphPad 

Prism version 8. Unless noted otherwise, the results are 
expressed as means ± SD. Onset of rejection, allograft sur-
vival, indocyanine green (ICG) suture line crossing, and 
track appearance were examined using Kaplan-Meier 
analysis, and groups were compared using the log-rank 
test. A 2-tailed t test was used to compare 2 groups; 1-way 
analysis of variance with Tukey’s multiple comparisons 
test was used to compare means of >2 groups; paired t 
tests and Fisher exact test were used when appropriate as 
reported in the text and figure legends. Statistical signifi-
cance was defined as P < 0.05.

RESULTS

Donor Lymph Node Transfer Delays Graft Rejection
To evaluate the effects of donor LN transfer on VCA 

rejection, 2 kinds of hindlimb transplantations were per-
formed (n = 8/group): (1) recipient rats receiving VCA con-
taining native donor LN (D:LN+) and (2) recipient rats 
receiving VCA depleted of all donor LN (D:LN−). Two 
blinded investigators graded clinical rejection macroscopi-
cally (Figure 1A). As shown in Figure 1B, acute rejection 
onset (ie, time before the appearance of the first signs of 
rejection in the graft, with rats reaching grade 1) was sig-
nificantly delayed in rats that received grafts containing 
donor LN (D:LN+) as compared to D:LN− (median rejec-
tion onset time 5.0 and 4.5 d, respectively; P = 0.033). 
Overall graft survival did not change significantly between 
the groups (median survival time 8 and 8.5 d in D:LN+ 
versus D:LN−, respectively; P = 0.499) (Figure  1C). 
Histopathological rejection grading based on Banff work-
ing classification, including analysis of the vascular dam-
age,25 confirmed rejection and the end points for all the 
groups without significant differences in histopathology 
(Figure S1, SDC, http://links.lww.com/TP/C93).

Donor Lymph Node Transfer Promotes 
Lymphangiogenesis

Lymphography analysis showed that on POD2, the lym-
phatic drainage was almost absent with a strong lymphos-
tasis of the ICG dye at the injection site for the 2 groups 
(Figure 2A). Interestingly, in rats receiving grafts contain-
ing donor LN (D:LN+), we observed drainage of the dye 
into the recipient draining basins on POD3. Moreover, in 
this group, we could visualize the appearance of segmental 
drainage with visible lymphatic tracks on the following day. 
However, lymphatic drainage was disrupted by the rejec-
tion process and the lymphatic tracks were lost after POD6 

Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

http://links.lww.com/TP/C93
http://links.lww.com/TP/C93


© 2021 Wolters Kluwer	 Olariu et al	 1749

(Figure 2A). Accordingly, lymphatic track score increased 
only transiently between POD3 and POD6 (Figure  2B). 
In rats receiving grafts depleted of donor LN (D:LN−), we 
observed crossing of the suture line significantly later than 
in the D:LN+ group (median crossing day: POD6 in D:LN− 
and POD3 in D:LN+, P = 0.0253) and a later appearance of 
draining lymphatic tracks (median appearance: POD7 in 

D:LN− and POD4 in D:LN+, P = 0.0253). Notably, despite 
lymphatic reconstitution, all grafts demonstrated persis-
tent slow lymphatic egress and ICG patterning did not 
return to that found in the native limbs (Figure 2A and 
Figure S2, SDC, http://links.lww.com/TP/C93).

To better evaluate lymphangiogenesis, we performed 
immunostaining of lymphatic vessels in VCA skin at 

FIGURE 1.  Donor LN transfer delay rejection of vascularized composite allotransplants. A, Schematic representation of the experimental 
design with recipients receiving either graft containing donor LNs (D:LN+, n = 8) or grafts depleted of donor LN (D:LN−, n = 8) and 
timeline of the analyses performed. Rejection was graded macroscopically as follows: 0 = no rejection, 1 = erythema and edema, 
2 = epidermolysis and exudation, and 3 = desquamation, necrosis, and mummification. The rats were euthanized once grade 3 was 
reached. B, Representative pictures of graft rejection at POD3 in D:LN+ and D:LN− recipients and onset of acute rejection (ie, time before 
showing signs of rejection, reaching grade 1) represented with Kaplan-Meier survival curves or rejection grading. C, Representative 
pictures of graft rejection at POD8 in D:LN+ and D:LN− and overall graft survival (ie, time to grade 3 rejection) represented with Kaplan-
Meier survival curves. *P < 0.05 calculated by the Mantel-Cox test. LN, lymph node; POD, postoperative day.
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FIGURE 2.  Donor lymph node transfer promotes lymphangiogenesis. Evaluation of lymphatic reconstitution after hindlimb transplantation 
by Visionsense VS3 Iridium analysis. A, Black/white near-infrared signal visualization after ICG injection in D:LN+ (upper row) and D:LN– 
rats (lower row). Yellow circles represent the draining basins across the suture line and yellow arrows the appearance of lymphatic tracks. 
B, Analysis of the lymphatic reconstitution was performed and the day of suture line crossing or appearance of lymphatic track was 
indicated and the difference was analyzed by the Mantel-Cox test *P < 0.05. Density score of the lymphatic tracks was assessed in all the 
rats at the different time points as 0 = no visible tracks, 1 = low-density tracks, 2 = medium-density tracks, 3 = high-density tracks. Error 
bars report SE. C, Evaluation of lymphatic vessel by podoplanin expression in the VCA skin at the end point. Representative pictures in the 
D:LN+ (left, n = 6) and D:LN– (right, n = 6) groups (podoplanin—red, DAPI—blue) and quantification raw integrated density of podoplanin 
expression (lower plot) are shown. Data are presented as mean and SD, **P < 0.01 by 1-way ANOVA with Tukey’s multicomparisons test. 
ANOVA, analysis of variance; D:LN, donor lymph node; ICG, indocyanine green; VCA, vascularized composite allotransplantation.
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rejection using the lymphatic endothelium-specific marker 
podoplanin. As shown in Figure  2C, podoplanin expres-
sion was significantly higher in the D:LN+ group as com-
pared to the D:LN− group (signal raw integrated density 
1 238 984 ± 304 965 and 744 519 ± 161 922, respectively; 
P = 0.006). In normal skin retrieved from the contralateral 
recipient limb, podoplanin expression did not differ between 
the 2 groups, but in both groups, it was significantly lower 
as compared to matched transplanted skin, consistently 
with the elevated inflammatory status at rejection in VCA 
skin (Figure S3, SDC, http://links.lww.com/TP/C93).

Donor Lymph Node Presence Increases VEGF-C 
Levels in VCA Skin

Considering the importance of the VEGF-C pathway in 
the lymphangiogenic process, we quantified the amount of 
this cytokine in VCA skin at rejection. VEGF-C was lower 
than the detection range in plasma at POD7 in both groups 
(data not shown). However, it was found at significantly 
higher concentrations in the VCA skin of the D:LN+ group 
as compared to that of the D:LN− group (24.51 ± 6.81 and 
14.09 ± 5.73 pg/mg tissue, respectively; Figure 3A).

To evaluate the inflammatory response following 
LN transfer, we measured the levels of 15 inflammatory 
cytokines in plasma at POD7 and in VCA skin at rejection. 
In the plasma collected on POD7, 8 out of the 15 meas-
ured cytokines (ie, interleukin [IL]1β, IL2, IL6, MIP-1α, 
RANTES, sRANKL, tumor necrosis factor-α, and VEGF-A) 

were present in significantly lower levels in rats receiving 
donor LN-containing grafts (D:LN+) as compared to the 
group without donor LN (D:LN+) (Figure 3B). This is in 
line with the finding that the transfer of donor LN delays 
graft rejection and thus inflammatory reaction. There was 
no difference in the amount of cytokines in the skin when 
comparing the 2 groups at rejection (Figure 3C), support-
ing the idea that at the endpoint (grade 3 rejection), inflam-
mation was comparable between the 2 groups.

VEGFR3 Blockade Resets the Effect of Donor Lymph 
Node Transfer

VEGF-C is an essential stimulator of lymphangiogenesis 
due to its ability to activate VEGFR3 expressed on LECs.4 
Therefore, a selective blocker of the receptor VEGFR3 that 
inhibits VEGF-C-induced activation of VEGFR326 was 
injected intradermally in the transplanted limb daily from 
POD0 to verify the importance of this cytokine in delayed 
rejection onset and improved lymphangiogenesis observed 
following donor LN transfer (Figure 4A). Blocking the lym-
phangiogenesis process using the VEGFR3 blocker accel-
erated graft rejection as compared to the matched D:LN+ 
untreated grafts (median rejection onset time 3, 5.0, and 4.5, 
respectively; P = 0.021; Figure  4B), making the rejection-
free period similar to that of the D:LN− group (P = 0.453). 
Overall, graft survival and histopathological score did not 
change among the groups (Figures S4 and S1, respectively, 
SDC, http://links.lww.com/TP/C93). As expected, VEGFR3 

FIGURE 3.  Donor LN transfer increased the levels of VEGF-C in the graft and reduced inflammatory response. A, VEGF-C concentration 
(pg/mg tissue) in the skin retrieved from the graft at the endpoint in rats receiving VCA containing native donor LN (D:LN+, n = 6) or rats 
receiving VCA depleted of all donor LN (D:LN–, n = 7). Data are presented as individual values with mean and SD. *P < 0.05 calculated 
by the Student t test. B, Heatmap showing changes in abundances of 15 absolutely quantified cytokines in plasma collected at POD7 
from rats receiving VCA containing donor LN (D:LN+, n = 6) and rats depleted of all the donor LN (D:LN–, n = 6). Individual protein levels 
measured as fluorescence intensity were log2 transformed. White boxes correlate with lower protein concentration and black boxes 
with higher protein concentration. Numbers represent the P value of 2-sample t tests with the Holm-Sidak correction to compare the 2 
groups. C, Heatmap showing changes in abundances of 15 absolutely quantified cytokines in skin retrieved at grade 3 rejection from 
rats of the D:LN+ (n = 6) or D:LN– (n = 6) groups. Individual protein pictogram abundance per milligram of tissue was log2 transformed. 
Statistically significant changes were not observed. D:LN, donor lymph node; ICG, indocyanine green; POD, postoperative day; VCA, 
vascularized composite allotransplantation; VEGF-C, vascular endothelial growth factor-C.
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blockade impaired the lymphangiogenesis process induc-
ing a prolonged lymphostasis (Figure 4C). As compared to 
the D:LN+ untreated group, VEGFR3 blockade decreased 
the speed and the quality of lymphatic reconstitution with 
a significant delay in crossing of the suture line (“unde-
fined day of crossing” in VEGFR3 blocker versus POD3 in 
D:LN+; P = 0.0253) and time of appearance of lymphatic 
tracks (P = 0.0047), making the VEGFR3 blocker group 
similar to the D:LN− group (Figure 4D).

As expected, daily treatment with the VEGFR3 blocker 
that inhibits VEGF-C-induced activation of the receptor 
without blocking its ligand was not associated with signifi-
cant changes in VEGF-C levels that remained comparable 
to the D:LN+ group in the graft skin and in the contralat-
eral skin (Figure S5, SDC, http://links.lww.com/TP/C93) 
and undetectable in plasma (data not shown).

Recipient Lymph Node Characterization After Donor 
Lymph Node Transfer

To understand how the presence of donor LN affected 
the graft draining LN, we analyzed LN retrieved from 
VCA recipients by histology and flow cytometry. All 

transplant draining LN retrieved from recipients receiving 
LN-containing grafts (D:LN+, n = 4) showed minimal and 
nonspecific reactive changes at rejection with mild histo-
pathological stigmata of immune stimulation. Conversely, 
draining LN from the D:LN− group (n = 3) showed a 
prominent increase in the presence of follicular plasma 
cells (Figure 5A) with a significant difference as compared 
to the D:LN+ group (Figure  5B; P = 0.029 by the Fisher 
exact test). Draining LN from the VEGFR3 blocker group 
showed both the patterns with 5 LNs having only minimal 
changes and 2 LNs with increased presence of follicular 
plasma cells (Figure 5B).

To characterize the cell dynamics within the LN after 
donor LN transfer or VEGFR3 blockade, we analyzed the 
differences in the cellular composition of the draining LN 
from the transplanted side and of the ones collected from 
the contralateral side at the endpoint (ie, grade 3 rejection). 
As shown in Figure 5C and D, VEGFR3 blockade was 
associated with a significant decrease of the frequencies of 
donor T cells in the draining LN as compared to untreated 
recipient receiving LN-containing grafts (0.45 ± 0.28 and 
2.94% ± 2.56% of CD3 cells, respectively). There were no 

FIGURE 4.  Blockage of the VEGF-C pathway resets the effects of D:LN transfer. A, Schematic description of the VEGFR3 blocker 
group. B, Representative pictures of graft rejection at POD 3 in rats receiving grafts containing D:LN treated with VEGFR3 blocker and 
onset of acute rejection (ie, time before showing signs of rejection, reaching grade 1) represented with Kaplan-Meier survival curves or 
rejection grading in VEGFR3 blocker group (red line) as compared to the D:LN+ and D:LN– groups (from Figure 1). *P < 0.05 calculated 
by the Mantel-Cox test. C, Black/white near-infrared signal visualization after ICG injection in the VEGFR3 blocker group. D, Analysis 
of the lymphatic reconstitution with evaluation of suture line crossing, appearance of, and density score of the lymphatic tracks. Error 
bars report SE, *P < 0.05 by the Mantel-Cox test. D:LN, donor lymph node; ICG, indocyanine green; POD, postoperative day; VEGF-C, 
vascular endothelial growth factor-C; VEGFR3, vascular endothelial growth factor receptor-3.
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FIGURE 5.  Recipients LNs characterization. A and B, Histological evaluation of draining (LN) in rats receiving VCA grafts contain donor 
LN (D:LN+), depleted of donor LN (D:LN–), or treated with VEGFR3 blocker (Blocker). A, Representative microphotographs of the histology 
sections of the draining LN stained with H&E showing a preserved lymph node architecture with minimal, nonspecific reactive changes 
in the D:LN+ group (upper-left panel), prominent interfollicular plasmacytic reactive changes/plasmacytic hyperplasia in the D:LN– group 
(upper-right panel), and minimal reactive changes, with preserved LN architecture in the blocker group (lower-left panel). B, Summary 
and analysis of the findings in the 3 groups. *P < 0.05 by the Fisher exact test. C and D, Evaluation of the cellular composition of the 
draining and the contralateral LN by flow cytometry. C, Representative flow cytometry for the characterization of the draining LN (upper 
row) or contralateral LN (lower row) in the 3 groups. Donor leukocytes were identified as RT1Ac+ cells in the CD45+ gate; donor T cells 
as CD45+CD3+RT1Ac+, Treg as CD45+CD3+FoxP3+ cells, and donor Treg as CD45+CD3+FoxP3+RT1Ac+ cells. D, Quantitative summaries 
of LN characterizations in the 3 groups. Data are presented as mean and SD, *P < 0.05 by 1-way ANOVA with Tukey’s multicomparisons 
test. ANOVA, analysis of variance; D:LN, donor lymph node; H&E, hematoxylin and eosin; POD, postoperative day; SSC, side-scatter; 
Treg, T regulatory cell; VCA, vascularized composite allotransplantation; VEGFR3, vascular endothelial growth factor receptor-3.

Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



1754	 Transplantation  ■  August 2021  ■ Volume 105  ■  Number 8	 www.transplantjournal.com

differences in the frequency of Treg or donor Treg among 
the 3 groups. When we analyzed the inguinal LN retrieved 
from the contralateral side, we did not observe any signifi-
cant change among the 3 groups (Figure 5D).

Presence of Graft Donor Lymph Node Impacted 
Chimerism Levels

Chimerism and the numbers of Treg were analyzed in 
blood at POD7 (ie, before full rejection) and in blood and 
spleen at grade 3 rejection (endpoint). At POD7, we did not 
observe differences in the absolute number of donor leu-
kocytes, monocytes, granulocytes, T helper, or T cytotoxic 
cells in the blood (Figure 6A). The D:LN+ group showed an 
increase in the absolute number of circulating Treg of donor 
origin as compared to the D:LN− group (0.799 ± 0.512 and 
0.202 ± 0.331 cells/µL of blood, respectively; P = 0.021), 
and this effect was reverted by VEGFR3 blockade 
(0.213 ± 0.213 cells/µL of blood, P = 0.047 versus D:LN+) 
(Figure 6A and B). When rats reached grade 3 rejection, the 
number of donor Treg dropped significantly in the D:LN+ 
group (Figure 6C) but did not change in the other 2 groups 
(Figure S6, SDC, http://links.lww.com/TP/C93).

Chimerism level was also analyzed in the spleen at the 
endpoint. As shown in Figure 6D and E, we observed 
an increased frequency of donor B cells in rats receiving 
VCA containing LN as compared to the D:LN− group 
(0.528 ± 0.121 and 0.240% ± 0.113 % of CD45+ cells, 
respectively; P = 0.009). No other differences were observed 
in the frequencies of the cell populations analyzed.

Total Treg numbers (ie, from donor and recipient) were 
not significantly different among the groups in blood at 
POD7 and in the spleen and blood at the endpoint (Figure 
S7, SDC, http://links.lww.com/TP/C93).

Tertiary Lymphoid Organ Formation at Rejection Is 
Not Affected by LN Transfer.

Tertiary lymphoid organs (TLOs) are tissue structures 
that resemble secondary lymphoid tissue in their organiza-
tion and that are formed following inflammation. TLOs are 
characterized by the presence of high endothelial venules 
surrounded by a cluster of B cells.27 To investigate where 
TLO structures are present during VCA rejection and the 
effects of donor LN transfer and lymphangiogenesis block-
ing on TLO formation, we performed immunofluorescence 
analysis of the VCA skin at rejection in the 3 study groups. 
Consistent with the presence of inflammatory status due 
to VCA rejection, we identified the structure of B220+ B 
cells organized around cells expressing a specific marker of 
high endothelial venule: peripheral lymph node addressin 
(PNAd), a cellular organization typical of TLO (Figure 7A). 
Quantification of TLO formation at rejection as well as 
quantification of the expression of the PNAd marker did not 
show significant differences among the 3 groups (number 
of TLO per section 2.0 ± 1.4, 2.6 ± 0.8, and 3.5 ± 2.4, mean 
gray values of PNAd expression 54.7 ± 13.3, 86.0 ± 19.5, 
and 92.5 ± 52.0 in D:LN+, D:LN− and VEGFR3 blocker, 
respectively; Figure 7B and C). Accordingly, flow cytomet-
ric analysis of the VCA skin revealed that B-cell infiltration 
in the skin was comparable in the 3 groups (Figure 7D). 
However, we observed an increased frequency of donor T 
cells in the skin of grafts containing donor LN at rejec-
tion as compared to the D:LN− group (0.347 ± 0.293 and 

0.001% ± 0.002% of CD45+ cells, respectively; P = 0.03; 
Figure 8). Also, Treg frequencies were higher in D:LN+ as 
compared to both D:LN− and VEGFR3 blocker groups 
(0.729 ± 0.492, 0.000 ± 0.000, and 0.574% ± 0.387 % of 
CD45, respectively). Of these Treg, a significantly higher 
portion was of donor origin in the D:LN+ as compared to 
the D:LN− (24.73 ± 23.34 and 0.00% ± 0.00% of total Treg, 
respectively; Figure 8).

DISCUSSION
In this study, we investigated the potential of manipulat-

ing the lymphatic system to influence acute VCA rejection. 
Using a surgical model in which we transplanted donor 
LN within vascularized allografts, we demonstrated that 
donor LN transfer delays the onset of graft rejection by 
improving lymphatic drainage through the secretion of 
VEGF-C. This is accompanied by milder immunoactivation 
with cues of a potential switch toward immunoregulation.

Disruption of lymphatic channels is a natural conse-
quence of transplantation. Because surgical reconnection is 
not performed in most of the cases, regeneration of the sev-
ered lymphatic vessels must occur spontaneously. Studies 
have shown that regrowth dynamics of lymphatic vessels 
differ among organ transplants and models with evidence 
of small/superficial lymphatic reconstitution as early as 3 
days after kidney and lung transplantation.5 In line with 
our observation, it has been reported that a superficial lym-
phatic donor/recipient network is established at POD5 in 
animal models of VCA.28 Here, we show that the presence of 
donor LN within the graft hastens the establishment of the 
superficial donor/recipient network to POD3 as compared 
to POD4 in rats receiving LN-depleted graft. Moreover, LN 
transfer improves lymphatic track appearance and increases 
the expression of the lymphatic marker podoplanin in 
the skin. Improved lymphangiogenesis is associated with 
increased concentration of VEGF-C in the skin, reduced 
systemic inflammation at POD7, and delayed onset of graft 
rejection. This observation is in apparent contrast to pub-
lished studies on heart, cornea, and islet transplantations 
where it has been shown that lymphatic circulation is pri-
marily harmful to allografts.9-11 However, recent literature 
has started to uncover a protective role of lymphangiogen-
esis after solid organ transplantation. Pedersen et al29 have 
shown that induced expression of VEGF-C in kidney allo-
grafts induced lymphangiogenesis and attenuated rejection 
prolonging recipient survival. Cui et al12 have shown that 
lymphatic vessels may serve a beneficial role in lung trans-
plantation, contributing to reduction of inflammation, in 
part, through facilitating pulmonary drainage and immune 
cell transport early after transplantation. An important 
consideration is that in VCA grafts, acute rejection may be 
initiated in situ. Indeed, unlike hearts, lungs and VCA do 
not strictly require lymphatic flow to draining LN to trig-
ger rejection because they may provide a suitable environ-
ment for the activation of alloimmune responses within the 
graft,30 as demonstrated by the appearance of TLOs in graft 
skin in the recipients of all the groups. Therefore, in these 
organs, lymphatic drainage seems to facilitate postsurgical 
edema resolution and debris clearance, reducing inflamma-
tion. In line with this hypothesis, rats of the D:LN+ groups 
showed reduced levels of inflammatory cytokines at POD7 
in plasma and reduced immune activation in the draining 
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FIGURE 6.  Effects of D:LN transfer on chimerism levels. A, Absolute number (expressed as cell/µL of blood) of donor leukocytes (identified 
as CD45+RT1Ac+ cells), donor monocytes (CD45+CD4+CD3–RT1Ac+), donor granulocytes (CD45+CD4+CD3–FSChighSSChighRT1Ac+),  
donor B cells (CD45+CD3–CD4–FSClowSSClowRT1Ac+), donor T helper cells (CD45+CD3+CD4+RT1Ac+), T cytotoxic cells (CD45+CD3+CD4–

RT1Ac+), and donor Treg (CD45+CD3+CD4+CD25+FoxP3+RT1Ac+) in the peripheral blood at POD7. Data are presented as single values 
and SD. *P < 0.05, by 1-way ANOVA with Tukey’s multiple comparisons test. B, Representative flow cytometry plots showing the 
quantification of donor Treg in blood at POD7 in the D:LN+ (upper plot, n = 7), D:LN– (middle plot, n = 8), and VEGFR3 blocker (lower plot, 
n = 5) groups. C, Comparison of the absolute number of donor Treg in the peripheral blood of rats receiving LN-containing grafts (n = 5) 
measured at POD7 and at grade 3 rejection (endpoint). Data are presented as single values. **P < 0.01 by paired t test. D, Frequency 
(expressed as % of CD45+ cells) of donor leukocytes, donor monocytes, donor granulocytes, donor B cells, donor T helper cells, T 
cytotoxic cells, and donor Treg in the spleen retrieved at the endpoint. Data are presented as single values and SD. **P < 0.01, by 1-way 
ANOVA with Tukey’s multiple comparisons test. E, Representative flow cytometry plots showing the quantification of donor B cells in 
spleen at rejection in the D:LN+ (upper plot, n = 6), D:LN– (middle plot, n = 5), and VEGFR3 blocker (lower plot, n = 6) groups. ANOVA, 
analysis of variance; D:LN, donor lymph node; FSC, forward scatter; POD, postoperative day; SSC, side-scatter; Treg, T regulatory cell; 
VEGFR3, vascular endothelial growth factor receptor-3.
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LN. Importantly, VEGFR3 blockade resets the effect of 
donor LN transfer in terms of lymphatic reconstitution 
and onset of rejection. Previous studies have revealed the 
potential of targeting the lymphatic system to control 
inflammation by administering the prolymphangiogenic 
factor VEGF-C.31 Transgenic or virus-mediated delivery 
of VEGF-C potently alleviated chronic skin inflamma-
tion, rheumatoid arthritis, and inflammatory bowel disease 
(reviewed in Schwager and Detmar31). Here we show that 
endogenous VEGF-C production by donor LN may also 
be used to activate the lymphatic vasculature in VCA. In 
addition to endogenous production of VEGF-C from trans-
ferred LN, exogenous treatment may be applied to further 
increase lymphangiogenesis. To this aim, it will be impor-
tant to carefully select VEGF-C delivery strategies. Indeed, 
in a preliminary experiment, we tried to use a recombinant 
VEGF-C. However, daily intradermal injection of a recom-
binant protein (125 μg/kg) did not show improvement of 
the lymphangiogenic process and, most importantly, we 
could not find an increased VEGF-C concentration in the 
skin of rats receiving the recombinant protein (data not 
shown). The lack of effectiveness of recombinant growth 
factors has already been reported, and it may be due to 
the widespread expression of cognate receptors and to the 
short half-life of unmodified growth factors.13 Therefore, 
the use of specifically designed fusion proteins that are able 

to stabilize and implement the effect of VEGF-C13 or trans-
genic or viral overexpression of VEGF-C31 may be better 
delivery strategies.

Notably, in transplanted rats, tissue distribution of the 
ICG dye as well as its clearance was never comparable to 
naive rats, also in the D:LN+ group. Therefore, although 
our lymphography analysis focused only on the superficial 
network, it is likely that deep-channel reconnection did not 
occur or was greatly impaired as demonstrated in other 
VCA models and patients.32,33 Further studies are war-
ranted to evaluate strategies aimed at improving lymphatic 
functions in VCA. Besides LN transfer and exogenous 
delivery of VEGF-C, direct lymphatic vessel anastomosis 
at the time of the transplant has been suggested to improve 
fluid drainage in patients, albeit technically difficult.33 A 
more practical approach is the use of topical tacrolimus. 
This treatment has been shown to significantly increase 
collateral lymphatic formation, decreased inflammation, 
and decreased fibrosis in preclinical mouse lymphedema.34 
Combining the advantage of site-specific immunosuppres-
sion and lymphangiogenesis and LN targeting is a promis-
ing approach in VCA.35 Notably, our previous work on 
site-specific immunosuppression with localized delivery 
of tacrolimus was performed in recipient rats receiving 
LN-containing grafts.36-39 This underlines the importance 
of investigating the role of the lymphatic system and the 

FIGURE 7.  TLOs are present in VCA skin at rejection. A, Representative pictures of PNAd (green), B220 (CD45R, red), and DAPI (blue) 
staining in the D:LN+ (n = 6), D:LN– (n = 7), and blocker (n = 4) groups. Yellow circles identify TLO. B, Quantification of TLO in a single skin 
section. C, Quantification of PNAd expression in the D:LN+ (n = 6), D:LN– (n = 6), and blocker (n = 3) groups expressed as mean gray 
value. D, Frequency of skin-infiltrating B cells (identified as CD45+CD3–FSClowSSClow) quantified by flow cytometry after tissue digestion. 
Data are presented as mean and SD. D:LN, donor lymph node; FSC, forward scatter; PNAd, peripheral lymph node addressin; SSC, 
side-scatter; TLO, tertiary lymphoid organs; VCA, vascularized composite allotransplantation.
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possibility of modulating LN response with localized, tar-
geted therapies. Notably, beside topical tacrolimus, other 
immunosuppressive drugs may influence the lymphatic 
system, with systemic rapamycin treatment showing inhi-
bition of lymphangiogenesis in preclinical and clinical 
models (reviewed in Wong5). However, further studies are 
warranted to define the primary effects of immunosup-
pression on lymphangiogenesis and its secondary effects 
on LECs and LNSCs. These studies will not only define 
how immunosuppression may influence the lymphatic pro-
cess in transplantation but may also provide new pharma-
cological approaches for lymphangiogenesis induction.

Considering the emerging role of the lymphatic system 
in modulating immunity and tolerance,2,15 we also ana-
lyzed the immunological outcomes of donor LN transfer. 
Donor LN transfer is associated with an increased fre-
quency of (1) donor T cells in the draining LN, (2) donor 
Treg in the peripheral blood at POD7, and (3) donor B cells 
in the spleen. Moreover, improved lymphatic reconnection 

secondary to donor LN transfer seems to play a role in 
the migration of the donor T cells and donor Treg, because 
the inhibition of lymphangiogenesis by VEGFR3 blockade 
prevents the accumulation of these cells in the draining LN 
and the peripheral blood, respectively. This is not surpris-
ing, and it is likely due to the increased number of donor 
lymphocytes transferred within the LN and to the traffick-
ing of T cell through the lymphatic system. Although the 
clinical and immunological consequences of this observa-
tion seem to be limited in this acute rejection model, it 
must be noted that following transplantation, passenger 
donor Treg can inhibit host adaptive immune responses 
and prolong allograft survival.40 Moreover, donor T-cell 
chimerism is considered integral in the establishment of 
graft tolerance.41 Therefore, the capacity of LN transfer to 
increase donor T-cell recirculation and mixed chimerism 
may be an important asset in the development of therapeu-
tic protocols aimed to prolong graft survival and induce 
tolerance.

FIGURE 8.  D:LN transfer increases Treg infiltration in VCA skin at rejection. Flow cytometry analysis of the T-cell populations in VCA skin at 
rejection. A, Representative flow cytometry for the characterization of T-cell populations in the 3 groups. All plots are gated on CD45+CD3+ 
cells. Donor T cells were identified as CD45+CD3+RT1Ac+, Treg as CD45+CD3+FoxP3+ cells, and donor Treg as CD45+CD3+FoxP3+RT1Ac+ 
cells. B, Quantitative summaries of T-cell analysis in the 3 groups. Data are presented as mean and SD, *P < 0.05, **P < 0.01 by 1-way 
ANOVA with Tukey’s multicomparisons test. ANOVA, analysis of variance; D:LN, donor lymph node; Treg, T regulatory cells; VCA, 
vascularized composite allotransplantation.
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We did not observe any difference in TLO formation 
and frequencies of B cells within the graft in the 3 groups. 
TLO presence has been associated with both promotion 
of graft rejection and establishment of immunoregula-
tion depending on the type of graft and the composition 
of these TLO.7 Our data are in agreement with another 
report showing that TLO can be uniformly found in exper-
imental and human VCA.42 Notably, lymphangiogenesis 
inhibition using VEGFR3 blockade does not affect TLO 
formation and B-cell skin infiltration. This finding is also 
supported by a recent report revealing that an inflamma-
tory state characterized by TLO formation is present, and 
even promoted, after the loss of lymphatic function,43 and 
underlines the capacity of VCA and lung grafts to promote 
in situ alloresponse.

Interestingly, the presence of donor LN within the grafts 
was associated with an increased number of Treg also of 
donor origin in the VCA skin, independently of VEGF-C 
(ie, D:LN+ and VEGFR3 blocker groups). One potential 
explanation for this observation is that the preservation of 
the lymphoid tissue in grafts of the D:LN+ group may help 
to maintain the skin-resident Treg population. However, 
only 20% of the skin Treg were of donor origin, suggesting 
that other mechanisms should be implicated. It has been 
shown in mice that LECs and LNSCs may induce antigen-
specific tolerance and Treg expansion.15,16 Similar mecha-
nisms have been described in humans.44 Therefore, we 
speculate that the presence of donor LNSC in the D:LN+ 
groups may induce Treg formation by providing an ideal 
environment for Treg expansion. Accordingly, in an LN 
transplantation model, it has been shown that major his-
tocompatibility complex (MHC) II expression on LNSC 
is responsible for homeostatic maintenance of self-reac-
tive Treg and immune quiescence and is able to promote 
skin-graft survival.45 More studies are warranted to verify 
this hypothesis and to evaluate whether LN transfer can 
be exploited for the generation of allospecific Treg. In this 
direction, delivery of rapamycin and IL2 may be comple-
mented by LN transfer to shift the LN microenvironment 
toward a regulatory function.46-48

This study has several limitations. First, we used an 
acute model of rejection without the use of any condi-
tional immunosuppressive therapy. This has the advantage 
of avoiding any confounding effect of immunosuppressive 
drugs on the lymphangiogenic process (reviewed in Wong5). 
However, in this setting, surgical trauma is directly related 
to initiation of the rejection process. Follow-up studies 
for the characterization of the role of the lymphatics in 
VCA rejection should plan a conditioning regime that may 
amplify the effect of LN transfer without directly affecting 
the lymphatic system. Moreover, considering the emerging 
importance of chronic rejection in VCA,49 the role of lym-
phatics in a chronic rejection model should be more closely 
investigated. Second, our tissue analysis was limited to the 
rejection point. This may mask some of the effects of LN 
transfer. Tissue analysis at earlier time points should be 
performed to better compare immunological parameters, 
also by analyzing immune cells composition, lymphangi-
ogenesis, and microscopic histopathological signs of rejec-
tion in skin biopsies.

Overall, our results underline the potential of specifi-
cally targeting the LN component to influence VCA rejec-
tion, opening the way to new investigations in this direction. 

However, although significant, we showed that solely LN 
transfer has limited clinical and immunological effects. In our 
opinion. the administration of VEGF-C, ideally in a targeted 
and effective fashion, and the use of immunosuppressive 
regimens known to induce lymphangiogenesis represent the 
most promising approaches to implement lymphatic drain-
age and delay graft rejection in VCA. These 2 approaches 
may also be combined to increase their clinical potential.
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