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Abstract: Mature dendritic cells (DCs) are known to activate effector immune responses,
whereas steady state immature DCs can induce tolerance. Several studies have targeted
immature murine quiescent DCs in vivo with antigen, including donor alloantigens, for
the induction of tolerance. Receptors expressed by specific DC subsets have been also tar-
geted with antibodies linked with antigens to induce tolerance; for instance, in vivo tar-
geting of the DCIR2* DC subset with donor alloantigen resulted in long-term survival of
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prior to B6Kd skin transplantation, by binding to Batf3 dependent DCs, resulted in pro-
longed skin graft survival and an increase in CD4*CD62L*Foxp3+* Tregs. Targeting Siglecs
on DC subsets in vivo represents a novel way of improving transplant survival.
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In the context of transplantation, DCs are the main cell type responsible for the recog-
nition of alloantigen by recipient T cells. Donor DCs, present in the graft at the time of
transplantation, present alloantigens directly to recipient T cells [4,5], while recipient DCs
present alloantigens indirectly [6,7], as a peptide in the context of recipient MHC mole-
cules, or as intact alloantigens directly following acquisition [8-11]. Given the key role of
recipient DCs in shaping the immune response during transplantation, several strategies
utilising these cells to induce transplant tolerance have been assessed. The in vitro manip-
ulation of recipients/autologous DCs, either by genetic modification [12] or following
treatment with drugs (e.g., rapamycin [13], dexamethasone [14,15], retinoic acid [16],
aspirin [17], and vitamin D3 [15]) or cytokines (e.g., IL-4, IL-10, low dose GM-CSF [18-
20]), led to the generation of DCs with “tolerogenic’ functions. The adoptive transfer of
these ‘tolerogenic’ autologous DCs in vivo resulted in tolerance induction in animal
models and improved disease outcome in the clinic [21,22]. For example, bone marrow
(BM)-derived recipient DCs (BMDCs) rendered ‘tolerogenic’ in vitro have been successful
in prolonging allograft survival in animal models [22,23]. Recipient-derived ‘tolerogenic’
DCs have also been injected into kidney recipient patients as a phase I clinical trial, as part
of the One Study [24], and recently Moreau et al. (2023) also published the outcome of a
phase I/Ila study of kidney transplant recipient treated with autologous tolerogenic cells.
These authors highlighted that autologous tolerogenic DCs were safe, with 100% graft
survival observed during the three-year follow up period. Additionally, they observed
reduced CD8* T cell activation markers and increased Foxp3 expression in their DC
treated patients [25]. However, adoptive cell therapy is not without its limitations,
including expensive large-scale DC production and the wuse of standard
immunosuppression, so alternative methods to create tolerogenic recipient DCs are
attractive.

Strategies aiming to promote the tolerogenic programming of in vivo quiescent,
immature, recipient DCs directly have proved successful and represent one such
alternative. Specific receptors on conventional (classical) DCs (cDCs), consisting of Batf3
dependent type 1 (cDC1; CD103* and CD8a*) and Batf3 independent/IRF4 dependent type
2 (cDC2; CD11b*) ¢DCs, monocyte-derived DCs (moDCs), plasmacytoid DCs (pDCs),
dermal and Langerhans cells (LCs), have all been targeted with antigen to induce
tolerance [26]. In a solid organ setting, we observed that targeting an alloantigen, either
an MHC class I peptide or monomer, to DC immunoreceptor (DCIR2*) expressing
CD8a~cDC2 using an anti-33D1 antibody led to the depletion of alloantigen-specific CD4*
T cells and reduced levels of IgG alloreactive antibodies [27]. Although this tolerance
approach was successful, leading to prolonged skin transplant survival, in the absence of
CD8*T cells, it was limited as the mechanism of action appeared to be solely deletional.
Previous studies have also highlighted that in vivo targeting of different DC subsets in
their steady state can lead to the expansion of natural Foxp3* T cells, as was the case with
CD8aDCIR2* DCs, or the induction of Foxp3* T cells by CD8a*DEC205* DCs [28].
Therefore, targeting alloantigen to a set of receptors expressed on several DC subsets may
favour transplant survival by ensuring a plethora of tolerance mechanisms.

Human and mouse immune cells, including DCs, express Siglecs [29,30]. These
inhibitory receptors are type 1 transmembrane proteins, which consist of an extracellular
N-terminal V-set immunoglobulin domain designated to bind a2,3, a2,6 and 2,8 linked
sialic acids [30,31], with binding affinity varying between Siglecs. Siglecs E and F, present
on DCs and macrophages [32], have specificity for a2,3 and/or a2,6 sialic acids, whereas
a2,6-linked sialic acids are mostly recognised by Siglec CD22 expressed by B cells [33].
Recently, Borges et al. (2025) highlighted the importance of Siglecs in a transplant setting,
reporting enhanced allograft rejection in Siglec E deficient mice. These authors showed
accelerated T cell-mediated cardiac allograft rejection in Siglec E-deficient mice through
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enhanced innate cell activation. This paper also highlighted that the expression of the
inhibitory Siglec E receptor on DCs controlled their responses to DAMPS and limited their
ability to activate alloreactive T cell responses in vitro. These authors also showed that the
human homology Siglec 9 also played a similar role [34].

The antibody-mediated targeting of antigen (Ovalbumin (OVA) or myelin
oligiodendrocyte glycoprotein (MOG)) to pDCs via Siglec H [35] or the uptake of a2,3-,
a2,6-, or a2,8-linked sialyl-lactose (Sia) antigen (OVA or MOG) by different Siglec
receptors, such as Siglec E on BM derived moDCs and cDCs, created a "tolerogenic’ DC
phenotype [36,37] capable of dampening effector T cell responses, with or without
increasing the frequency of Foxp3+ regulatory T cells. Here, we extended this strategy to
determine whether targeting Siglecs present on multiple subsets of DCs with a Sia
alloantigen leads to prolonged skin transplant survival.

2. Results

2.1. Sialyated Alloantigen Binds Siglecs Expressed on DC Subsets, Leading to a
Tolerogenic Phenotype

Two sialylated alloantigen peptides, a2,3 Sia-Kdses and 2,6 Sia-Kdsees were
constructed to assess whether targeting Siglec receptors in vivo prolonged K¢ skin
transplant survival in B6 recipients. Initial experiments were set up to assess the in vitro
tolerogenic capacity of these constructs using BMDCs and/or SPLN-DCs. Siglecs E, F, G,
and H as well as CD169 expression [Supplementary Figure Sla,b] were observed in the
aforementioned DC populations, as was the binding of Sia-Kd peptides to B6 BMDCs
[Supplementary Figure S2a] and 2,3 Sia-Kd to SPLN-DCs [Supplementary Figure S2b].

Antigen-specific effector T cell responses were impaired in the presence of the
siaylated peptides. Kd-specific CD4+* T cells, isolated from the TCR75 Rag-transgenic mice
(TCR75 T cells) [38], co-cultured in the presence of BMDCs treated with either 10 pug/mL
of 02,3 or a2,6 Sia-Kd had significantly impaired proliferation compared to the same T
cells co-cultured with Kd peptide pulsed DCs [Figure 1a]. In addition, and complementary
to the T cell proliferation, reduced IL-2 and IFN-y production was also observed [Figure
1b]. Like our previously published data, albeit using Sia-OVA pulsed DCs and OVA-
specific T cells [36], a significant increase in CD4* Foxp3* Tregs was observed in the
presence of BMDCs pulsed with a2,3 Sia-K< peptides compared to K9 peptide [Figure 1c].
Taken together, we concluded that the siaylated allopeptides induced a ‘tolerogenic’ phe-
notype in BMDCs in vitro.



Int. ]. Mol. Sci. 2025, 26, 6168 4 of 19

B IFNy
T cell Proliferation IL-2
a b P=00824 P=00845
P =0.0087 P=0.0324 p=0.0005 p=0.0027
—_— ) P =00766 P =0.0831
50 p=0.0086 P=0.0445 2500 p=00005 P =0.0033 1500

40 . 2000
1000

IFNy (pg/ml)

% Proliferation of
TCR75 CD4+ T cells
o
=]
-]

ﬁmrﬁn Lol e

< >
& & 5

A A > > > 0 ag T ¥ [ & 1)
oF + i ks Py > x + * *
< & & * Y & &
y) ) Q 8 4 Q< < <"
¥ & B r N
A2 48 PR
c & &
Foxp3+ Tregs

p=0019 p=0.0332

5 P=00173 P =0.1648

ki i ik ik cid il
‘?’»

ol cad cuod cod cond od cad

Sl s bl il i cstal il

% CD4+ Foxp3+ T cells

Figure 1. Targeting BM-DC Siglecs with Sia-K9 led to impaired TCR75 CD4* T activation and Foxp3*
Tregs induced/expanded in vitro. B6 BMDCs were pulsed with 10 pg/mL of sialyated or non-sial-
yated peptide and co-cultured with CFSE-labelled TCR75 CD4* T cells at a 1:10 ratio. After 3 days,
supernatants were collected for cytokine analysis, and cells were surface stained with anti-CD4 an-
tibody, followed by analysis of CFSE dilution. (a) Cells were gated via FSC and SSC, doublets were
excluded, and CD4* T cell proliferation was measured by CFSE dilution. Data shown is representa-
tive of four independent experiments. Bars represent mean percentages + SEM. (b) IL-2 and IFNy
cytokine present in the 3-day culture supernatants were determined using an IL-2 and IFNy sand-
wich ELISA, respectively. Data is representative of three independent experiments, with each bar
representing the mean IL-2 or IFNy concentration (pg/mL) + SEM. (c) B6 BM-DCs were pulsed with
10 pg/mL of sialyated or non-sialyated peptide and co-cultured with TCR75 CD4* T cells at a 1:10
ratio with subsequent addition of 5U IL-2 at day 0. Controls included T cells cultured alone, and T
cells cultured with unpulsed DCs. After 3 days, Foxp3 expression in CD4* T cells was measured
following intracellular staining and subsequent flow cytometry. Cells were gated on live cells (FSC
vs. SSC), and doublets were excluded followed by gating on CD4* versus Foxp3*. Each bar repre-
sents the percentage of Foxp3* Tregs from four independent experiments for all conditions except
a2,6 Sia-K¢ where the data represents two independent experiments. Data expressed as mean + SEM
with each experiment mean represented as an individual point. Statistical comparisons performed

using one-way ANOVA and Tukey’s multiple comparisons test.

2.2. Skin Allograft Rejection Is Impaired Following Targeting Siglecs on Recipient DCs with
2,3 Sig-Kd

Next, we tested the effect of targeting Siglecs, with a2,3 or a2,6 Sia-K¢, in vivo using
an MHC Class 1 mismatched skin transplant model. To focus on the regulation of the
indirect T cell response, mice were treated with an anti-CD8 antibody to deplete CD8* T
cells with direct allospecificity [27]. Recipient B6 mice received either Kd peptide, a2,3 Sia-
K4, or a2,6 Sia-K9¢ complex one day before being transplanted with a full-thickness tail
skin from B6 mice expressing the K¢ transgene (B6.K?). We observed that a2,3 Sia-K9 ad-
ministration significantly prolonged B6.K¢ skin graft survival (MST: 16 days, p = 0.0028)
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compared to a2,6 Sia-K¢ (MST: 13 days), K¢ (MST: 13 days), or saline-treated (MST: 11
days) recipient B6 mice [Figure 2].
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Figure 2. Skin transplant survival is prolonged in B6 recipient mice targeted with a2,3 Sia-K9 pep-
tide. B6 mice were injected intravenously (iv) with either a2,3 Sia-K? (10 pg/200 uL saline), a2,6 Sia-
K4 (10 ug/200 uL saline), or K¢ (10 ug/200 uL saline). Control mice received 200 pL saline only. One
day later, the mice received a B6.Kd skin transplant (day 0). The mice received 250 ug of anti-CD8
antibody (clone YTS169) on days —1 and 0 and weekly thereafter. Skin survival was monitored daily.
Experimental design (top panel). A survival graph of skin allografts (days) is shown in the bottom
panel. The mean survival time (MST) for 5-7 mice groups from two independent experiments is

shown. N=number of mice per group. Statistics were calculated using a log-rank (Mantel-Cox) test.

We next determined whether targeting Sia-K¢ alloantigen to endogenous DCs con-
tributed to the skin graft survival observed. Recipient B6.Rag 2~ mice that lack B and T
cells, but not DCs [39], received either Kd peptide, a2,6 Sia-Kd¢ or a2,3 Sia-K¢ complex in
conjunction with B6 CD4* T cells. A BALB/c skin transplant was given one day later. In
comparison to saline-treated control mice (MST: 11 days), both 2,3 Sia-Kd (MST: 25, p =
0.0005) and K¢ peptide (MST: 13.5, p = 0.1805) treatments prolonged a fully mismatched
skin graft survival, with the a2,3 Sia-K< peptide showing the greatest efficacy [Figure 3].
This data suggests that targeting Siglecs expressed on DC in a quiescent state contributes
to the reduced indirect CD4* T cell-mediated skin graft rejection, as seen in our MHC I
mismatched model.
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Figure 3. Allogeneic graft survival was prolonged in B6.Rag 27/~ mice following 2,3 Sia-K¢ treat-
ment. Diagrammatic representation of the targeting and transplant strategy (top panel). B6.Rag 27~
mice (3-6 mice/ group) received 0.5 x 10° B6 CD4* T cells (i.v.) and either K¢ (10 pg/200 pL saline),
a2,3 Sia-Kd (10 pg/200 pL saline) or a2,6 Sia-K9 (10 pg/200 pL saline) i.v. Control mice received 200
uL saline i.v. only. One day following peptide treatment, the mice received BALB/c skin transplant.
Data are shown as percentage of mice with surviving grafts (days), and MST is shown. n = number

of mice per group. Statistics were calculated using a log-rank (Mantel-Cox) test.

2.3. Engaging Siglecs Expressed by Batf3-Dependent DCs with a2,3 Sia-K? Prolonged
Allograft Survival

We, and others, have previously reported that endogenous DCs express Siglecs. Sig-
lecs E and F are expressed by splenic cDC1 and ¢cDC2 [36,40,41], with Siglec G and Siglec
H being reported on CD8a* DCs [42] and pDCs [35], respectively. Therefore, to determine
the contribution of the different Siglec-expressing DC subsets in the prolongation of skin
graft survival, B6.Batf37- mice were used as B6.Kdskin transplant recipients. Like our pre-
vious study, B6.Kd skin transplanted onto B6.Batf3~- mice was rejected with the same ki-
netics as a B6.Kd skin transplanted onto B6 mice treated with anti-CD8 antibody (rejection
times 12 and 11 days for B6.Baft3+- and B6 recipient mice, respectively), suggesting that
alloreactive CD8* T cells in these mice do not contribute to rejection [15]. In contrast to the
B6 recipient mice, no evidence of B6.K¢ skin graft survival following a2,3 Sia-K¢ treatment
was observed in B6.Batf3- recipient mice [Figure 4]. This result suggests that the subtype
of DCs, to which a2,3 Sia-Kd binds to in vivo, may affect skin transplant outcome as
B6.Batf37-mice lack cDC1 DCs, both the CD8a* and the CD103+ subsets, but they possess
the cDC2s and pDCs in their lymphoid tissue [43].
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Figure 4. Targeting Siglecs expressed on Batf3 independent DCs with a2,3 Sia-K9 does not prolong
allograft survival. B6.Batf37~ mice (n = 5 per group) received either a2,3 Sia-K9 or K¢ (10 ug/200 uL
saline) iv; control mice received 200 pL saline. One day following peptide treatment, the mice re-
ceived a B6.Kd skin transplant. Skin survival was monitored daily. Experimental design (top panel).
A survival graph of skin allografts (days) is shown in the bottom panel. MST for 5 mice per group
from one independent experiment is shown. Statistics were calculated using a log-rank (Mantel-
Cox) test.

To investigate this further, TCR75 CD4+ T cells (CD90.1*) were adoptively transferred
to B6.Batf3~~ and B6 control mice 24 h prior to administration of either a2,3 Sia-K9 or K¢
peptide, and the presence of CD4*CD90.1* cells was analysed 10 days later. Control mice
received saline only. The percentage and number of CD4* CD90.1* cells were reduced in
both strains of mice following K¢ peptide or a2,3 Sia-K¢ complex treatment, compared to
controls [Figure 5], suggesting that the recognition of this antigen by TCR75 T cells pre-
sented by DCs, including the cDC2, or pDCs, present in the B6.Batf3-- mice in vivo led to
either T cell depletion, impaired proliferation, or enhanced apoptosis.
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Figure 5. Targeting Siglec with a2,3 Sia- K9 leads to reduced alloreactive CD4* T cells. A total of 2 x
106 TCR75 T cells (CD90.1*) were adoptively transferred to B6 or B6.Batf37~ mice (n = 3 mice per
group, data from three independent experiments) one day prior to the iv administration of 10 g of
either K¢ or a2,3 Sia-Kd. Controls received saline. Ten days later spleens and lymph nodes were
harvested and stained for CD4 and CD90.1. The dot plots panels shown are representation data; the
top and lower bar charts show bar charts of pooled data. Each data point represents the percentage
of CD4* CD90.1* T cells (top panel) or the number of CD4* CD90.1* T cells (lower panel) from each
individual B6 and B6.Batf37~ mouse following the treatment shown. The graph indicates the mean
+ SEM. Statistical comparisons performed using one-way ANOVA and Tukey’s multiple compari-

sons test.

The observations so far suggest that Siglecs E and F, expressed by Batf3-dependent
DCs, may promote transplant survival following the a2,3 Sia targeting regime.

2.4. Reduced Indirect CD4+ T Cell Responses and Treg Expansion Following In Vitro Activation
with a2,3 Sia-K?* Pulsed Batf3-Dependent CD103 DCs

Next, to understand the possible role of Batf3-dependent DCs, we expanded BM pro-
genitors in the presence of FLT3L, with GMCSF to induce CD103* DCs (iCD103 DCs) [44]
or without GMCSF to isolate sufficient CD8«* [45] for our analysis. Firstly, we confirmed
Siglec expression by these cells. In contrast to the CD8a* DCs only the iCD103* DCs ex-
pressed Siglecs E, F, H, and CD169 [Supplementary Figure S3a]. iCD103* DCs also ac-
quired the FAM5/6-conjugated a2,3 Sia-K¢ [Supplementary Figure S3b]. Given these re-
sults, supported further by skin transplant survival obtained with the use of anti-CD8
antibody, which depletes the CD8a* DCs, only the iCD103* DCs were tested in functional
assays.

B6 iCD103 DCs were pulsed with a2,3 Sia-Kd peptide and cultured with TCR75 T
cells. In comparison to T cells co-cultured in the presence of Kd peptide pulsed DCs, a lack
of TCR75 proliferation was observed following stimulation with a2,3 Sia-K¢ pulsed
iCD103 [Figure 6a]. Additionally, the percentage of CD4* Foxp3* Tregs was significantly
increased in the presence of the a2,3 Sia-Kd pulsed iCD103 DCs [Figure 6b].
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Figure 6. Targeting Siglecs expressed on iCD103 BMDCs with a2,3 Sia-Kd leads to Foxp3* Tregs
induced/expanded in vitro. B6 iCD103 BMDCs were pulsed with 10 pg/mL of sialyated or non-
sialyated K9 peptide and co-cultured with CFSE-labelled CD4* TCR75 T cells at a 1:10 DC: T ratio in
the absence (a) or presence (b) of 5U IL-2. Controls included T cells cultured with unpulsed DCs (no
antigen). After 3 days, CFSE dilution was measured by flow cytometry in the CD4* T cells, and
Foxp3 expression in CD4* T cells was measured following intracellular staining. Cells were gated
on live cells (FSC vs. SSC), and doublets were excluded followed by gating on CD4* versus Foxp3*.
(a) Representative histogram data from one experiment out of two performed, whilst the bar chart
shows the mean + SEM of the pooled data. (b) Data shows the fold increase of CD4* Foxp3* T cells
in comparison to the control unpulsed DC:T cultures, which were set to a value of 1. Each data point
represents data from two independent experiments. The graph indicates the mean + SEM. Statistical

comparisons performed using a t-test.

Taken together, the data suggests that the binding of a2,3 Sia-Kd to CD103 DCs ex-
pands Tregs and that this increase in Treg numbers may be responsible for the prolonga-
tion survival of skin transplant seen; however, additional experiments are required to con-
firm these findings and to increase the reproducibility of the data.

2.5. Targeting Siglecs on Batf3-Dependent DCs with a2,3 Sia-K¢ Increased CD4+ CD62L*
Foxp3+ Tregs Following Transplantation

We have previously shown that Sia-OVA treatment one week before sensitization
with OVA/poly(I:C)/anti-CD40 led to an increase in the percentage of splenic CD4* Foxp3+
T cells [36]. Here, we assess whether, following sensitization with a mismatched trans-
plant, an increase in CD4*Foxp3* Tregs was observed. To this end, treated B6 mice were
bled on day 14 following B6.Kd skin transplantation, and the percentage of CD4*FoxP3*
Tregs measured. Given that the a2,6 Sia-Kd peptide did not induce skin prolongation in
B6 mice, we included this construct to assess whether this correlated with the lack of Treg
induction in vivo. In comparison to this construct, a2,3 Sia-K¢ treatment increased the
percentage of CD4* FoxP3* Tregs observed compared to untreated mice [Figure 7a, left
panel, and Supplementary Figure 54]. Although the TCR75 mice are on a Rag~- back-
ground, they have detectable CD4* Foxp3* T cells, so the observed changes in CD4* Foxp3*
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seen may reflect the expansion of natural Tregs as well as the induction of Tregs from the
CD4+ T cell pool. The finding that the combination of anti-CD8 antibody and K¢ peptide
treatment did not prolong graft survival but did increase the percentage of Tregs [Figure
7b, left panel] suggests that these K peptide-specific Tregs are either not capable of
suppressing CD4* effector T cells that are specific for other K¢ epitopes or do not home to
the LN where alloreactive T cells reside. However, we observed that the percentage of
CD4*CD62L*Foxp3* cells was increased in transplanted B6 recipient mice receiving the
a2,3 Sia-K¢9 construct [Figure 7b, right panel; Supplementary Figure S4]. No increase was
noted following K¢ peptide or a2,6 Sia-Kd treatment, as compared to untreated mice.

b
CD4+ Foxp3+ CD62L+
P =0.7158
CD4+ Foxp3+ CD62L+
P =0.7228 CD4+ Foxp3+ p =04517
= = 0.6255
P =0.0135 P p = 0.4598
= = 0.8743 —
p =0.0081 P P =0.9983
8, P =0.9999 p=0.0013 15 p =0.3809 8 °
°e .j: 290 6 o o
10 . ]
EY . z = ° =2 4 ' 00
. e ot
1R s 11 °
v
0 s T T '; 0 v . 0+ T T N
> > A ) Y
< * i ¢ + e + +
& T 3 e & &®
) © ) )
& & I &

Figure 7. Targeting a2,3 Sia-K¢ to Siglecs on Batf3-dependent DCs increased CD4* CD62L* Foxp3*
Tregs in transplant recipients. B6 and Batf37~ mice (n =4-5 per group) received either K9 or a2,3 Sia-
Kd or a2,6 Sia-K9 (10 pg/200 pL saline), iv. Control mice received saline. One day later the mice
received a B6.K? skin allograft. B6 mice received 250 ug of anti-CD8 antibody on days -1, +1, and
+7. (a) B6 and (b) B6.Batf37- mice were bled 14 days after transplantation, and the percentage of
CD4*CD62L*Foxp3* expressing Tregs was assessed by flow cytometry. CD4* T cells were gated, and
the percentage of Foxp3* cells (left panel) and CD62L*Foxp3* was measured. The mean + SEM per-
centages of CD4* Foxp3* (left panel) CD4*CD62L*Foxp3* Tregs (right panel) are shown; each point
represents the data from an individual mouse from one independent experiment. Statistical com-

parison was performed using one-way ANOVA and Tukey’s multiple comparisons test.

To confirm the requirement of Batf3-dependent DCs for Treg expansion in vivo, the
experiment was repeated in B6.Batf37~ recipient mice. As expected, no increase in
CD4Foxp3+ or CD4*CD62L*Foxp3* cells was observed in a2,3 Sia-Kd-treated B6.Batf3--
transplant recipients [Figure 7b].

These results further support that the targeting of alloantigen to Siglecs expressing
endogenous DCs, particularly the Batf3-dependent CD103 DCs, may be responsible for
the prolongation of allograft survival.

3. Discussion
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This study demonstrated that targeting a2,3 sialylated alloantigen to Siglec-express-
ing recipient DCs modified the alloresponse and reduced CD4+* T cell-mediated skin trans-
plant rejection in an MHC class 1 mismatched model. Given our findings we conclude
that this targeting regimen is effective at modifying recipient DCs in vivo, promoting the
expansion of Tregs.

The in vitro data presented here compliments our previous study [36], suggesting
that this treatment led to impaired DC function (in specific DCs subsets), very similar to
what has been observed with tolerogenic DCs [15,22,46], strengthening the appeal of us-
ing sialylated alloantigen as a DC tolerance-inducing strategy. Surprisingly, our in vivo
data showed that prolonged transplant survival only occurred following a2,3 and not the
a2,6 Sia-K¢ peptide administration. This may reflect the dose used; the induction of Tregs
following 2,6 Sia OVA treatment has been shown to be dose-dependent [36], with differ-
ent expression levels of Siglec receptors on DC subsets or cell types acquiring each con-
struct in vivo. With respect to the latter points, we observed that BMDCs expressed more
Siglec F than E whilst splenic-derived CD11c* DCs have equivalent levels of both. The
expression of Siglec F on CD11c* SPLN-DCs has been shown histologically [41], and re-
cently, Siglecs F and E expression on splenic cDC1 and cCD2 DCs, isolated from B6 mice,
was observed by flow cytometry, albeit at a low frequency/percentage. Interestingly, the
highest expression (as measured by MFI) of Siglec E was found on the cDC2s [40]. As a
way of confirmation, few FLT3L expanded CD8a* BMDCs (equivalent to the cDC1 cells)
expressed Siglec E. Our data adds to this information, showing that the CD103* iDCs,
equivalent to the migratory cDC1 cells, also express high levels of Siglec F. Siglec F has
been identified as a marker for the small intestine’s lamina propria (LP) CD103*CD11b*
DC lineage [47] using transcriptional profiling. However, this subset is still present in
B6.Batf37-mice, so it is not involved in the tolerance seen here. Authors of this paper also
observed Siglec E at the transcriptional level in the small intestine LP CD103*CD11b-but
did not report Siglec F [47]. However, we showed that iCD103s, which are equivalent to
the CD103* CD11b- DC lineage, do express Siglec F, suggesting that discrepancies in ex-
pression may depend on the tissue assessed. Siglec F is induced by GMCSF [48]. M-CSEF-
expanded BM-derived macrophages express low levels of Siglec F, which was signifi-
cantly enhanced after 24 h exposure to GMCSF [48], which may explain the high expres-
sion found on GMCSF-induced BMDCs. Therefore, caution on interpreting the iCD103
data is required.

Siglec F preferentially binds a2,3 in comparison to «a2,6-sialylated molecules
[30,31,41]. As the internalisation of sialyated antigen leads to DCs becoming tolerogenic
[36], this observation suggests that the uptake of the a2,3 constructs by Siglec F, as well as
other Siglecs, including Siglec E, which has a high affinity for a2,3-sialylated molecules,
on the DCs, may contribute to our observed in vitro and in vivo data. Recently, the role of
Siglec E in allorecognition has been elucidated. This receptor plays a key role in inhibiting
DC maturation in the presence of DAMPs, which limits the ability of these cells to drive
alloreactive T cell proliferation and activation [34]. This needs to be tested further, espe-
cially as our previous studies have shown a role for Siglec E in sialyated antigen induced
DC tolerance, using Siglec E#-mice [36].

Our findings highlight that targeting Siglecs on ¢DC1 and cDC2s using a2,3 Sia-al-
loantigen may lead to different outcomes for alloreactive T cells. Targeting a sialylated
allopeptide to steady-state Batf3-independent cDC2 (CD11b* DCs) led to the deletion/in-
hibition of indirect allospecific CD4* T cells, in part via Siglec E shown to be expressed on
cDC2. These findings agree with our previous publication showing antigen-specific T cell
deletion and reduced alloantibodies following targeting DCIR2* on endogenous murine
cDC2 (CD8a- DCs) with an MHC I peptide conjugated to a 33D1-crosslinking antibody
[27]. Despite this, targeting Kd peptide to cDC2s via Siglec engagement did not lead to
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skin transplant survival, and this outcome complements what we had seen previously
when K¢ peptide was targeted to these cells via the DCIR2* receptor. However, we have
yet to confirm the exact mechanism behind the reduction of alloreactive T cells nor have
we assessed whether the remaining cells are anergic.

In contrast, interaction with steady state cDCls presenting alloantigen acquired via
Siglec targeting may lead to increased CD62L*Foxp3* Tregs, following transplantation,
which may contribute to the transplant survival observed. Receptors expressed on resi-
dent CD8a* cDC1 and in LNs and XCR1*CD8x*DEC205* in SPLN or migratory ¢cDCls
(CD103*) have been targeted with antigen in vivo to promote antigen-specific T cell toler-
ance via Treg induction [28,49]. Indeed, Idoyaga et al. (2013) elegantly showed that tar-
geting migratory skin and lung Langerin® CD103* DCs rather than lymphoid resident
cDCs was required for Treg induction/expansion [49]. Here we confirmed that targeting
antigens to iCD103* BMDCs, with properties aligned to the migratory CD103* DCs, in-
cluding high levels of LNs homing receptor CCR7 after maturation, via Siglecs led to Treg
induction [44].

Several limitations of our study should also be highlighted. The exact mechanism(s)
behind graft survival following the targeting of Siglecs in vivo is still to be fully elucidated,
as is whether the use of costimulatory blockage or drugs such as Rapamycin yields en-
hancements with this targeting regime. Although our data suggests that
CD4Foxp3+*CD62L* T cells are increased in a2,3 Sia-K9B6 transplanted mice, we have not
tested the antigen specificity capacity of these cells. Lastly, in vitro CD103* targeting was
only performed twice. Although in both experiments, we observed that a2,3 Sia-Kd
pulsed CD103+ cells did not activate TCR75 T cells, caution should be applied when inter-
preting the data.

The current study provides an insight into the possibility of targeting sialylated al-
loantigens to Siglec-expressing recipient DCs to promote allograft survival. However, the
role of Siglecs on other myeloid cells still requires further investigation. Given our find-
ings in mice, targeting Siglecs in humans to promote allograft survival may be advanta-
geous given their expression on human DCs. Recently, Li et al. (2021) [50] and Lubbers et
al. (2021) [51] showed that incubating human monocyte-derived human DCs with «2,3
Sia conjugated to a dendrimeric core led to tolerogenic DCs, capable of promoting Treg
induction and/or expansion of natural Tregs, suggesting that this methodology is trans-
latable to a human transplant setting. The findings highlighted here inform on a novel
therapeutic strategy to help in preventing graft rejection without the use of prolonged
immunosuppressive therapy.

4. Materials and Methods
4.1. Mice

Female C57BL/6] (B6, H-2b) mice (aged 6-8 weeks) were purchased from Charles
River Laboratories (Margate, UK). B6.Batf3~~ mice: lacking exons 1 and 2 of the basic leu-
cine zipper transcription factor, ATF-like 3 gene (Batf3) [43], were a kind gift from Dr
Kenneth Murphy (Washington University School of Medicine). B6-Tg(TcraT-
crP)TCR75Rpb mice, which are Rag”- and CD90.1* (TCR75 Rag~-) [38] and B6.Kd mice, B6
expressing a transgene encoding BALB/c MHC I (H-2K¢), were generated and gifted by
Dr Pat Bucy (University of Alabama, Tuscaloosa, AL, USA), and they have been described
previously [38]. CD4* T cells from the TCR75 mice have indirect specificity for Kdsses pep-
tide presented by I-Ab. The mice were bred and housed at the Biological Services Unit,
King’s College London (KCL), under specific pathogen-free conditions. The mice were
randomly selected for control and experimental groups. All procedures involving mice
were carried out in accordance with the institutional and Home Office Animals Scientific
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Procedures Act (1986) under the Home Office Project Licence: PPL70/7302 and with insti-
tutional approval from King’s College London.

4.2. Peptide Conjugates

The Kdsses peptide: (QEGPEYWEEQTQRAK), an immunodominant epitope of the
al-chain of the class 1 molecule K¢, was a2,3 and a2,6 siaylated using our recently pub-
lished protocol [36]. In addition, peptides were conjugated with FAMb5-6 as previously
described [36].

4.3. Flow Cytometry

For the characterisation of the different APCs and T cells, as well as the evaluation of
the Siglec expression, the following fluorochrome-conjugated monoclonal antibodies pur-
chased from ThermoFisher Scientific (Paisley, UK) were used, unless otherwise specified:
CD11c APC (clone N418,), B220 APC (RA3 6B2) CD22 PE (Cy34.1, Miltenyi Biotech,
Bergisch Gladback, Germany), Siglec H PE (clone 551.3D3, Miltenyi Biotech), CD169 PE
(clone RAE197, Miltenyi Biotec) Siglec G PE (clone SH2.1, Miltenyi Biotech), Siglec F PE
(clone ES22-10D8, Miltenyi Biotech), Siglec E FITC (clone 8D2, Miltenyi Biotech). MHC
Class II I-E/APFITC (AF6-120.1), MHC Class 1 FITC (clone 28-14-8), CD80 FITC (16-10A1),
CD86 FITC (GL1), and CD103 APC (2E7). For T cells the following antibodies were used:
CD90.1 PE (clone HIS51,), CD4 PE or FITC (clone RM4-5), CD62L PE (clone MEL-14), and
Foxp3 APC (clones FJK-16s).

For flow cytometry analysis, 2 x 10° cells in 100 pLs of PBS containing 2% FCS and
2mM EDTA (FACs Buffer) were incubated for 20 min at 4 °C with anti-CD16/CD32 anti-
body (clone 93) in 96-well U-bottomed plates before being stained with the appropriate
fluorochrome-conjugated antibodies using the manufacturer’s recommendations for 30
min (4 °C). Labelled cells were then washed twice with FACs Buffer. A fluorescence minus
1 control were prepared for each cell marker and used for gating. Stained samples were
analysed using either an LSR Fortessa™, BD FACSCelesta™, or BD Accuri C6™ flow cy-
tometer (BD Biosciences, Franklin Lakes, NJ, USA). Acquired data was analysed using
Flow]Jo (version 10.6.1) (FlowJo LLC , Ashland, Oregan, USA) or BD Accuri C6 software
(BD Biosciences, Franklin Lakes, NJ, USA).

4.4. Preparation of Mouse Bone Marrow (BM) DCs (BMDCs) and iCD103 DCs

GM-CSF expanded BMDCs were prepared according to the protocol by Smyth et al.
(2013) [15]. Briefly, erythrocytes were lysed using RBC lysis solution (ThermoFisher Sci-
entific), and RBC depleted bone marrow (BM) cells were incubated with the following
hydridoma cultures: YTS 191 (anti-CD4; American Type Culture Collection (ATCC), Ma-
nassas, Virginia, USA), YTS 169 (anti-CD8, ATCC), M5/114 (anti-Class II. ATCC), and
RA3-3A1 (anti-B220, ATCC). The incubation was performed for 30 min at 4 °C before the
cultures were washed and incubated with polyclonal sheep anti-rat IgG Dynabeads®
(ThermoFisher Scientific). DC progenitors were isolated by negative selection using a Dy-
naMag™-15 magnet (ThermoFisher Scientific), before being cultured in complete media
(RPMI 1640 medium (ThermoFisher Scientific) supplemented with 100 IU/mL penicillin,
100 pg/mL streptomycin, 2 mM L-glutamine, 0.01 M HEPES, 50 mM (32-mercaptoethanol
(all from ThermoFisher Scientific), 10% heat-inactivated FCS (PAA, Biopath stores, Cam-
bridge, UK)) supplemented with 4 ng/mL GM-CSF for 7 days at 37 °C in 5% COz. The
media were replaced on days 2 and 4 of culture. The purity of the DCs was assessed by
CD11c* antibody staining and flow cytometry (>80%).

GM-CSF and FLT3L (RD Systems, Abingdon, UK) expanded iCD103 DCs were pre-
pared according to Mayer et al. (2014) [44]. Briefly, 15 x 10¢ B6 BM cells were expanded in
10mls of complete media supplemented with 200 ng/mL recombinant murine FLT3L
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(Thermofisher Scientific) and 4 ng/mL GM-CSF for 9 days; non-adherent cells were har-
vested, counted, and replated at 3 x 10¢ cells in 10mls of complete media containing the
aforementioned growth factors, and the iCD103 cells were harvested on day 16 of culture.
CD8a DCs were expanded from B6 BM progenitors using 50 ng/mL FLT3L with a media
change on day 5 and cells harvested on day 8 following the protocol of Naik et al. (2005)
[45]. iCD103 DC subsets were analysed via flow cytometry for the expression of CD11c
and CD103. CD8a* DC subsets were analysed for expression of CD11¢c, CD11b, B220, and
CD24.

4.5. Preparation of DCs from Mouse Spleen and Lymph Nodes

Spleens isolated from either B6 or B6.Batf3-- mice were diced into small sections us-
ing a Swann-Morton sterile blade (Appleton Wood, Birmingham, UK), and a single cell
suspension was made by digesting the aforementioned in PBS supplemented with 0.5%
collagenase (Merck, Dorset, UK) and 10 uM/mL DN Aase (Merck) for 30 min at 37 °C. RBC-
free splenocytes were passed through a 70 um cell strainer (Merck) to obtain a single-cell
suspension before DCs were incubated with anti-CD11c microbeads and isolated using
MS/LS columns and an OctoMACs magnet (Miltenyi Biotech) according to the manufac-
turer’s protocol.

4.6. In Vitro Peptide-DC Binding

A total of 0.5-1 x 106 B6 and B6.Batf3--derived BMDCs, iCD103*DCs, or SPLN-DCs,
in 100 uL of complete culture media, were incubated with 10 pg/mL of either K¢, 2,3 Sia-
K4, or a2,6 Sia-Kd4 FAM5/6 peptides for 4 h at 37 °C before excess peptide was removed by
washing with RPMI The cells were counted, and 0.5 x 10°¢ cells were stained with APC
conjugated antibodies to CD11c (DCs) or CD103 (iCD103* DC). The cells were assessed
using flow cytometry.

4.7. CD4+ T Cell Proliferation Assays

Responder CD4* T cells were isolated from TCR75 Rag~- mice. A single cell suspen-
sion was obtained by passing the spleens through a 70 um cell strainer (Fisher Scientific,
Loughborough, UK), and erythrocytes were lysed using RBC lysis solution (ThermoFisher
Scientific). The remaining T cells were labelled with 1 uM Vybrant™ CFDA SE (CFSE (5)
and-6)-Carboxyfluorescein Diacetate, Succinimidyl Ester), following the manufacturer’s
protocols (ThermoFisher Scientific). B6 BMDCs, B cells, and iCD103 DCs were pulsed with
10 pg/mL of either K9 or a2,3 Sia-Kd or a2,6 Sia-Kd peptides for 4 h at 37 °C before being
co-cultured with CFSE labelled TCR75 CD4* T cells at a ratio of 1:10 DC:T cell or 1:10 B:T
cell for 3 days. Non-pulsed DCs served as controls. Proliferation of TCR75 CD4* was meas-
ured as the CFSE dilution on days specified using flow cytometry. The gating strategy is
shown in Supplementary Figure S5.

4.8. Cytokine Specific ELISAs

To measure IL-2 and IFN-y, culture supernatants taken from the above cultures were
measured using an IL-2- or IFN-y-specific sandwich enzyme-linked immunosorbent as-
say (ELISA) kit, following the manufacturer’s instructions (ThermoFisher Scientific). All
supernatants were diluted at 1:10 with an ELISA diluent before use. Each sample was
tested as a technical replicate, and the mean (pg/mL) +/— SEM for multiple experiments is
shown. Absorbance was read using a Multi-Mode Reader (Synergy HTX, BioTek, Winoo-
ski, Vermont, US).

4.9. In Vitro Treg Induction Assay
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B6 BMDCs and iCD103 DCs were treated with either 10 ug/mL «2,3 Sia-K9, a2,6 Sia-
K4, or K¢ as previously mentioned. CFSE labelled TCR75 CD4* T cells were co-cultured
with the aforementioned APCs at a 1:10 ratio in the presence of 5U/mL recombinant hu-
man IL-2 (Proleukin-Novrtis, Surrey, UK) in a 96 U-bottomed plate at 37 °C/5%CO: for 3
days. For intracellular staining, with an anti-Foxp3 APC antibody (clone FJK-16s, Ther-
mofisher Scientific), the cells were fixed and permeabilised using a Foxp3/Transcription
Factor Staining Buffer kit according to the manufacturer’s protocol (ThermoFisher Scien-
tific). The cells were stained with anti-CD4* PE labelled antibody Foxp3 expression on
CD4+ T cells, assessed by flow cytometry analysis.

4.10. Skin Transplantation

A total of 10 pg (in 200 pL saline) of K4, a2,3 Sia-Kd, or a2,6 Sia-K¢ peptides was
administered intravenously (i.v) to either B6, BoRag~-, or B6.Batf37- recipient mice 1 day
(day-1) prior to receiving either a B6.Kd¢ or BALB/c skin transplant. Skin transplants were
performed as previously described [15]. In brief, mice were anesthetized using IsoFlo
isoflurane (Zoetis, Kalamazoo, Michigan), and a full-thickness B6.K¢ donor tail skin was
mounted onto the dorsal thorax of recipient mice via suturing using 45 mm polyamide
sutures, 18 (Ethilon, Georgia, US), and secured with a waterproof Elastoplast plaster for 7
days. Grafts were observed daily, and rejection was considered as greater than 90% ne-
crosis of donor tissue, assessed by visual inspection. B6 recipient mice received 250 g of
anti-CD8 antibody (YTS169, ATCC) in 100 pL of saline via intraperitoneal (ip) to depleted
CD8" cells one day prior and after skin transplant and weekly post-transplant date. Graft
survival between groups was compared using the log-rank test.

4.11. Treg Analysis in Transplant Recipients

Recipient mice were bled from the tail vein using a 262G needle into a Microvette
CB 300 tube lined with EDTA (Sarstedt, Numbrecht, Germany) 14 days post transplanta-
tion. RBC-free cells were stained with fluorescently labelled anti-CD4 and CD62L anti-
bodies and subsequently intracellularly stained for Foxp3 using an anti-FoxP3 antibod-
ies/kit following the manufacturer’s protocol (ThermoFisher Scientific). Foxp3 and CD62L
expression on CD4* T cells was assessed by flow cytometry analysis.

4.12. CD4* T Cell Adoptive Transfer

T cells were isolated from the spleens of TCR75 Rag~-mice as described above.
Recipient mice received 2 x 106 TCR75 CD4* T cells (CD90.1*)) via i.v. injection, and 24 h
later, the mice were injected i.v with either 10 pg/mL of a2,3 Sia-Kd4, a2,6 Sia-Kd, or Kd
peptide. Ten days later, the mice were culled, and their lymph nodes (LN) and spleens
(SPLN) were removed. RBC-free single cells were isolated from these tissues as described
and stained with fluorescently labelled anti-CD90.1 and anti-CD4 antibodies, before being
assessed via flow cytometry.

For adoptive transfer to B6.Rag- recipients, CD4* T cells were isolated from B6
spleens using a CD4* Untouched Isolation Kit (Thermofisher Scientific), following the
manufacturer’s instructions. Recipient B6.Rag- mice received 0.5 x 106 B6 CD4-* cells in
200 uLs saline via i.v injection one day before skin transplantation.
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4.13. Statistical Analysis

Statistical analysis was performed using an unpaired Student’s ¢ test for the meas-
urement of two data sets; one-way ANOVA with Tukey’s multiple comparisons test was
used for the measurement of two or more data sets with one independent variable using
GraphPad Prism (version 10.3.1) (GraphPad Software, CA, USA). The median survival
time (MST) of the skin grafts was calculated using Mantel Cox and log-rank test using
GraphPad Prism. The data shown is mean + standard error of the mean (SEM).

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms26136168/s1.

Author Contributions: Conceptualization, M.S., L.A.S., and G.L.; Methodology, M.S., Q.P., KR,
J.B, KE.A, N.EO, MA, HK, Y.vK, and ]J.B.; Formal Analysis, M.S.; Investigation, M.S., Q.P.,
KR, J.B., and K.E.A.; Resources, Y.v.K., M.A., HK,, J.I.S,, A.A., and D.B.G.; Data Curation, M.S.,
L.A.S, and G.L.; Writing—Original Draft Preparation, L.A.S. and M.S.; Writing—Review and Edit-
ing, M.S., L.A.S,, and G.L.; Visualization, M.S.; Supervision, L.A.S., G.L,, J.LS,, A.A., and D.B.G;
Project Administration, L.A.S. and G.L.; Funding Acquisition, L.A.S. and G.L. All authors have read

and agreed to the published version of the manuscript.

Funding: This research was funded by the British Heart Foundation, grant number
PG/17/53/33079), and the APC received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Ethics Committee of King’s Col-
lege London. All procedures involving mice were carried out in accordance with the institutional
and Home Office Animals Scientific Procedures Act (1986) under the Home Office Project Licence:
PPL70/7302. This study is reported in accordance with ARRIVE guidelines 2.0.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data sets generated during and/or analysed during the current

study are available from the corresponding author on reasonable request.

Acknowledgments: The authors would like to acknowledge Azizillo Karimov, Baiba Nimane,
Denesse Nebiar, Imad Mourafik, and Fatima Noor, School of Health, Sports and Biosciences, Uni-
versity of East London, for their early contributions to the project. The research was supported by
the National Institute for Health Research (NIHR) Biomedical Research Centre based at Guy’s and
St. Thomas” NHS Foundation Trust and King’s College London. The views expressed are those of
the author(s) and not necessarily those of the NHS, NIHR, or Department of Health and Social Care.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Segura, E. Human dendritic cell subsets: An updated view of their ontogeny and functional specialization. Eur. J. Immunol. 2022,
52, 1759-1767. https://doi.org/10.1002/eji.202149632.

2. Giza, HM,; Bozzacco, L. Unboxing dendritic cells: Tales of multi-faceted biology and function. Immunology 2021, 164, 433—-449.
https://doi.org/10.1111/imm.13394.

3. Eisenbarth, S.C. Dendritic cell subsets in T cell programming: Location dictates function. Nat. Rev. Immunol. 2019, 19, 89-103.
https://doi.org/10.1038/s41577-018-0088-1.

4. Boardman, D.A; Jacob, J.; Smyth, L.A.; Lombardi, G.; Lechler, R.I. What Is Direct Allorecognition? Curr. Transplant. Rep. 2016,
3, 275-283. https://doi.org/10.1007/s40472-016-0115-8.

5. Lechler, R.I; Batchelor, ].R. Restoration of immunogenicity to passenger cell-depleted kidney allografts by the addition of donor
strain dendritic cells. J. Exp. Med. 1982, 155, 31-41. https://doi.org/10.1084/jem.155.1.31.

6. Liu, Z.; Braunstein, N.S.; Suciu-Foca, N. T cell recognition of allopeptides in context of syngeneic MHC. J. Immunol. 1992, 148,
35-40.



Int. . Mol. Sci. 2025, 26, 6168 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Benichou, G.; Takizawa, P.A.; Olson, C.A.; McMillan, M.; Sercarz, E.E. Donor major histocompatibility complex (MHC) peptides
are presented by recipient MHC molecules during graft rejection. J. Exp. Med. 1992, 175, 305-308.
https://doi.org/10.1084/jem.175.1.305.

Smyth, L.A.; Lechler, R.I,; Lombardi, G. Continuous Acquisition of MHC:Peptide Complexes by Recipient Cells Contributes to
the Generation of Anti-Graft CD8+ T Cell Immunity. Am. |. Transplant. 2017, 17, 60-68. https://doi.org/10.1111/ajt.13996.
Benichou, G.; Wang, M.; Ahrens, K.; Madsen, J.C. Extracellular vesicles in allograft rejection and tolerance. Cell. Immunol. 2020,
349, 104063. https://doi.org/10.1016/j.cellimm.2020.104063.

Li, B;; Lu, C.; Oveissi, S.; Song, J.; Xiao, K.; Zanker, D.; Duan, M.; Chen, J.; Xu, H.; Zou, Q.; et al. Host CD8a+ and CD103+
dendritic cells prime transplant antigen-specific CD8+ T cells via cross-dressing. Immunol. Cell Biol. 2020, 98, 563-576.
https://doi.org/10.1111/imcb.12342.

Hughes, A.D.; Zhao, D.; Dai, H.; Abou-Daya, K.L; Tieu, R.; Rammal, R.; Williams, A.L.; Landsittel, D.P.; Shlomchik, W.D.; Mo-
relli, A.E.; et al. Cross-dressed dendritic cells sustain effector T cell responses in islet and kidney allografts. J. Clin. Investig. 2020,
130, 287-294. https://doi.org/10.1172/JCI125773.

Henry, E.; Desmet, C.J.; Garzé, V.; Fiévez, L.; Bedoret, D.; Heirman, C.; Faisca, P.; Jaspar, F.].; Gosset, P.; Jacquet, A.P.A_; et al.
Dendritic cells genetically engineered to express IL-10 induce long-lasting antigen-specific tolerance in experimental asthma. J.
Immunol. 2008, 181, 7230-7242. https://doi.org/10.4049/jimmunol.181.10.7230.

Taner, T.; Hackstein, H.; Wang, Z.; Morelli, A.E.; Thomson, A.W. Rapamycin-treated, alloantigen-pulsed host dendritic cells
induce ag-specific T cell regulation and prolong graft survival. Am. ]. Transplant. 2005, 5, 228-236. https://doi.org/10.1046/j.1600-
6143.2004.00673.x.

Lee, J.-H,; Park, C.-S; Jang, S.; Kim, J.-W.; Kim, S.-H.; Song, S.; Kim, K.; Lee, C.-K. Tolerogenic dendritic cells are efficiently
generated using minocycline and dexamethasone. Sci. Rep. 2017, 7, 15087. https://doi.org/10.1038/s41598-017-15569-1.

Smyth, L.A.; Ratnasothy, K.; Moreau, A.; Alcock, S.; Sagoo, P.; Meader, L.; Tanriver, Y.; Buckland, M.; Lechler, R.; Lombardi, G.
Tolerogenic Donor-Derived Dendritic Cells Risk Sensitization In Vivo owing to Processing and Presentation by Recipient APCs.
J. Immunol. 2013, 190, 4848-4860. https://doi.org/10.4049/jimmunol.1200870.

Bhatt, S.; Qin, J.; Bennett, C.; Qian, S.; Fung, J.].; Hamilton, T.A.; Lu, L. All-trans retinoic acid induces arginase-1 and inducible
nitric oxide synthase-producing dendritic cells with T cell inhibitory function. ]. Immunol. 2014, 192, 5098-5108.
https://doi.org/10.4049/jimmunol.1303073.

Buckland, M.; Jago, C.B.; Fazekasova, H.; Scott, K.; Tan, P.H.; George, A.].T,; Lechler, R.; Lombardi, G. Aspirin-treated human
DCs up-regulate ILT-3 and induce hyporesponsiveness and regulatory activity in responder T cells. Am. ]. Transplant. 2006, 6,
2046-2059. https://doi.org/10.1111/j.1600-6143.2006.01450.x.

Song, S.-S.; Yuan, P.-F.; Chen, J.-Y,; Fu, J.-J.; Wu, H.-X,; Lu, J.T.; Wei, W. TGF-3 favors bone marrow-derived dendritic cells to
acquire tolerogenic properties. Immunol. Investig. 2014, 43, 360-369. https://doi.org/10.3109/08820139.2013.879172.

Moreau, A.; Vandamme, C.; Segovia, M.; Devaux, M.; Guilbaud, M,; Tilly, G.; Jaulin, N.; Le Duff, J.; Cherel, Y.; Deschamps, J.-
Y.; et al. Generation and in vivo evaluation of IL10-treated dendritic cells in a nonhuman primate model of AAV-based gene
transfer. Mol. Ther. Methods Clin. Dev. 2014, 1, 14028. https://doi.org/10.1038/mtm.2014.28.

Liu, X,; Sun, Y.; Zheng, Y.; Zhang, M.; Jin, X,; Kang, K.; Wang, Y.; Li, S.; Zhang, H.; Zhao, Q.; et al. Administration of Interleukin-
35-Conditioned Autologous Tolerogenic Dendritic Cells Prolong Allograft Survival After Heart Transplantation. Cell. Physiol.
Biochem. 2018, 49, 1180-1196. https://doi.org/10.1159/000493298.

Morante-Palacios, O.; Fondelli, F.; Ballestar, E.; Martinez-Caceres, E.M. Tolerogenic Dendritic Cells in Autoimmunity and In-
flammatory Diseases. Trends Immunol. 2021, 42, 59-75. https://doi.org/10.1016/j.it.2020.11.001.

Suuring, M.; Moreau, A. Regulatory Macrophages and Tolerogenic Dendritic Cells in Myeloid Regulatory Cell-Based Therapies.
Int. ]. Mol. Sci. 2021, 22, 7970. https://doi.org/10.3390/ijms22157970.

Hill, M.; Thebault, P.; Segovia, M.; Louvet, C.; Bériou, G.; Tilly, G.; Merieau, E.; Anegon, L.; Chiffoleau, E.; Cuturi, M.-C. Cell
therapy with autologous tolerogenic dendritic cells induces allograft tolerance through interferon-gamma and epstein-barr vi-
rus-induced gene 3. Am. J. Transplant. 2011, 11, 2036-2045. https://doi.org/10.1111/j.1600-6143.2011.03651.x.

Sawitzki, B.; Harden, P.N.; Reinke, P.; Moreau, A.; Hutchinson, ].A.; Game, D.S.; Tang, Q.; Guinan, E.C.; Battaglia, M.; Burling-
ham, W.].; et al. Regulatory cell therapy in kidney transplantation (The ONE Study): A harmonised design and analysis of seven
non-randomised, single-arm, phase 1/2A trials. Lancet 2020, 395, 1627-1639. https://doi.org/10.1016/50140-6736(20)30167-7.
Moreau, A.; Kervella, D.; Bouchet-Delbos, L.; Braudeau, C.; Saiagh, S.; Guérif, P.; Limou, S.; Moreau, A.; Bercegeay, S.; Streitz,
M.; et al. A Phase I/Ila study of autologous tolerogenic dendritic cells immunotherapy in kidney transplant recipients. Kidney
Int. 2023, 103, 627-637. https://doi.org/10.1016/j.kint.2022.08.037.



Int. . Mol. Sci. 2025, 26, 6168 18 of 19

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Castenmiller, C.; Keumatio-Doungtsop, B.-C.; van Ree, R.; de Jong, E.C.; van Kooyk, Y. Tolerogenic Immunotherapy: Targeting
DC  Surface Receptors to Induce  Antigen-Specific = Tolerance.  Front.  Immunol. 2021, 12,  643240.
https://doi.org/10.3389/fimmu.2021.643240.

Tanriver, Y.; Ratnasothy, K.; Bucy, R.P.; Lombardi, G.; Lechler, R. Targeting MHC class I monomers to dendritic cells inhibits
the indirect pathway of allorecognition and the production of IgG alloantibodies leading to long-term allograft survival. J. Im-
munol. 2010, 184, 1757-1764. https://doi.org/10.4049/jimmunol.0902987.

Yamazaki, S.; Dudziak, D.; Heidkamp, G.F.; Fiorese, C.; Bonito, A.]J.; Inaba, K.; Nussenzweig, M.C.; Steinman, R.M. CD8+
CD205+ splenic dendritic cells are specialized to induce Foxp3+ regulatory T cells. ]. Immunol. 2008, 181, 6923-6933.
https://doi.org/10.4049/jimmunol.181.10.6923.

Liibbers, J.; Rodriguez, E.; van Kooyk, Y. Modulation of Immune Tolerance via Siglec-Sialic Acid Interactions. Front. Immunol.
2018, 9, 2807. https://doi.org/10.3389/fimmu.2018.02807.

Crocker, P.R.; Paulson, ]J.C.; Varki, A. Siglecs and their roles in the immune system. Nat. Rev. Immunol. 2007, 7, 255-266.
https://doi.org/10.1038/n1i2056.

Macauley, M.S.; Crocker, P.R.; Paulson, ].C. Siglec-mediated regulation of immune cell function in disease. Nat. Rev. Immunol.
2014, 14, 653-666. https://doi.org/10.1038/nri3737.

Keumatio Doungtsop, B.-C.; Nardini, E.; Kalay, H.; Versteeg, S.A ; Liibbers, ].; van Barneveld, G.; Li, E.R],; van Vliet, S.J.; van
Ree, R; de Jong, E.C.; et al. Sialic acid-modified der p 2 allergen exerts immunomodulatory effects on human PBMCs. |. Allergy
Clin. Immunol. Glob. 2024, 3, 100193. https://doi.org/10.1016/j.jacig.2023.100193.

Pillai, S.; Netravali, .A.; Cariappa, A.; Mattoo, H. Siglecs and immune regulation. Annu. Rev. Immunol. 2012, 30, 357-392.
https://doi.org/10.1146/annurev-immunol-020711-075018.

Borges, T.J.; Lima, K.; Gassen, R.B.; Liu, K.; Ganchiku, Y.; Ribas, G.T.; Liao, M.; Goncalves, ].LB.; Lape, L.T.; Rosales, L. A ; et al.
The inhibitory receptor Siglec-E controls antigen-presenting cell activation and T cell-mediated transplant rejection. Sci. Transl.
Med. 2025, 17, eads2694. https://doi.org/10.1126/scitranslmed.ads2694.

Loschko, J.; Heink, S.; Hackl, D.; Dudziak, D.; Reindl, W.; Korn, T.; Krug, A.B. Antigen targeting to plasmacytoid dendritic cells
via Siglec-H inhibits Th cell-dependent autoimmunity. |. Immunol. 2011, 187, 6346-6356. https://doi.org/10.4049/jim-
munol.1102307.

Perdicchio, M.; llarregui, ] M.; Verstege, M.1.; Cornelissen, L.A.M.; Schetters, S.T.T.; Engels, S.; Ambrosini, M.; Kalay, H.; Ven-
inga, H.; den Haan, ] M.M,; et al. Sialic acid-modified antigens impose tolerance via inhibition of T-cell proliferation and de
novo induction of regulatory T cells. Proc. Natl. Acad. Sci. USA 2016, 113, 3329-3334. https://doi.org/10.1073/pnas.1507706113.
Bax, M.; Unger, W.; Kaur Singh, S.; McKenzie, E.J.; Litjens, M.; Garcia-Vallejo, ].J.; Saeland, E.; van Vliet, S.J.; Crocker, P.R.; van
Kooyk, Y. Targeting siglec-E on murine dendritic cells inhibits antigen presentation and CD4 and CD8 t cell responses. Ann.
Rheum. Dis. 2010, 69, A42. https://doi.org/10.1136/ard.2010.129627s.

Honjo, K.; Yan Xu, X.; Kapp, J.A.; Bucy, R.P. Evidence for cooperativity in the rejection of cardiac grafts mediated by CD4 TCR
Tg T cells specific for a defined allopeptide. Am. ]. Transplant. 2004, 4, 1762-1768. https://doi.org/10.1046/j.1600-
6143.2004.00596.x.

Brennan, T.V,; Jaigirdar, A.; Hoang, V.; Hayden, T.; Liu, F.-C.; Zaid, H.; Chang, C.K,; Bucy, R.P.; Tang, Q.; Kang, S.-M. Prefer-
ential priming of alloreactive T cells with indirect reactivity. Am. J. Transplant. 2009, 9, 709-718. https://doi.org/10.1111/j.1600-
6143.2009.02578.x.

Wang, J.; Manni, M.; Barenwaldt, A.; Wieboldt, R.; Kirchhammer, N.; Ivanek, R.; Stanczak, M.; Zippelius, A.; Konig, D.; Ro-
drigues Manutano, N.; et al. Siglec Receptors Modulate Dendritic Cell Activation and Antigen Presentation to T Cells in Cancer.
Front. Cell Dev. Biol. 2022, 10, 828916. https://doi.org/10.3389/fcell.2022.828916.

Angata, T.; Hingorani, R.; Varki, N.M.; Varki, A. Cloning and characterization of a novel mouse Siglec, mSiglec-F: Differential
evolution of the mouse and human (CD33) Siglec-3-related gene clusters. ]. Biol. Chem. 2001, 276, 45128-45136.
https://doi.org/10.1074/jbc.M108573200.

Ding, Y.; Guo, Z,; Liu, Y.; Li, X,; Zhang, Q.; Xu, X.; Gu, Y.; Zhang, Y.; Zhao, D.; Cao, X. The lectin Siglec-G inhibits dendritic cell
cross-presentation by impairing MHC class I-peptide complex formation. Nat. Immunol. 2016, 17, 1167-1175.
https://doi.org/10.1038/ni.3535.

Hildner, K.; Edelson, B.T.; Purtha, W.E.; Diamond, M.; Matsushita, H.; Kohyama, M.; Calderon, B.; Schraml, B.U.; Unanue, E.R.;
Diamond, M.S.; et al. Batf3 deficiency reveals a critical role for CD8a+ dendritic cells in cytotoxic T cell immunity. Science 2008,
322, 1097-1100. https://doi.org/10.1126/science.1164206.



Int. . Mol. Sci. 2025, 26, 6168 19 of 19

44.

45.

46.

47.

48.

49.

50.

51.

Mayer, C.T.; Ghorbani, P.; Nandan, A.; Dudek, M.; Arnold-Schrauf, C.; Hesse, C.; Berod, L.; Stiive, P.; Puttur, F.; Merad, M.; et
al. Selective and efficient generation of functional Batf3-dependent CD103+ dendritic cells from mouse bone marrow. Blood 2014,
124, 3081-3091. https://doi.org/10.1182/blood-2013-12-545772.

Naik, S.H.; Sathe, P.; Park, H.-Y.; Metcalf, D.; Proietto, A.I; Dakic, A.; Carotta, S.; O’Keeffe, M.; Bahlo, M.; Papenfuss, A.; et al.
Development of plasmacytoid and conventional dendritic cell subtypes from single precursor cells derived in vitro and in vivo.
Nat. Immunol. 2007, 8, 1217-1226. https://doi.org/10.1038/ni1522.

Marin, E.; Cuturi, M.C.; Moreau, A. Tolerogenic Dendritic Cells in Solid Organ Transplantation: Where Do We Stand? Front.
Immunol. 2018, 9, 274. https://doi.org/10.3389/fimmu.2018.00274.

Bain, C.C.; Montgomery, J.; Scott, C.L.; Kel, ].M.; Girard-Madoux, M.].H.; Martens, L.; Zangerle-Murray, T.F.P.; Ober-Blobaum,
J.; Lindenbergh-Kortleve, D.; Samsom, J.N.; et al. TGFR signalling controls CD103+CD11b+ dendritic cell development in the
intestine. Nat. Commun. 2017, 8, 620. https://doi.org/10.1038/s41467-017-00658-6.

Tateyama, H.; Murase, Y.; Higuchi, H.; Inasaka, Y.; Kaneoka, H.; Iijima, S.; Nishijima, K. Siglec-F is induced by granulocyte—
macrophage colony-stimulating factor and enhances interleukin-4-induced expression of arginase-1 in mouse macrophages.
Immunology 2019, 158, 340-352. https://doi.org/10.1111/imm.13121.

Idoyaga, J.; Fiorese, C.; Zbytnuik, L.; Lubkin, A.; Miller, J.; Malissen, B.; Mucida, D.; Merad, M.; Steinman, R.M. Specialized role
of migratory dendritic cells in peripheral tolerance induction. J. Clin. Investig. 2013, 123, 844-854.
https://doi.org/10.1172/JC165260.

Li, R.-J.E;; de Haas, A.; Rodriguez, E.; Kalay, H.; Zaal, A.; Jimenez, C.R.; Piersma, S.R.; Pham, T.V.; Henneman, A.A.; de Goeij-
de Haas, R.R.; et al. Quantitative Phosphoproteomic Analysis Reveals Dendritic Cell- Specific STAT Signaling After a2-3-Linked
Sialic Acid Ligand Binding. Front. Immunol. 2021, 12, 673454. https://doi.org/10.3389/fimmu.2021.673454.

Liibbers, J.; Eveline Li, R.-].; Gorki, F.S.; Bruijns, S.C.M.; Gallagher, A.; Kalay, H.; Ambrosini, M.; Molenaar, D.; Van den Bossche,
J.; van Vliet, S.J.; et al. a2-3 Sialic acid binding and uptake by human monocyte-derived dendritic cells alters metabolism and
cytokine release and initiates tolerizing T cell programming. Immunother. Adv. 2021, 1, 1tab012. https://doi.org/10.1093/im-
madv/ltab012.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.



