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Antibody-Mediated Targeting of a Hybrid Insulin Peptide
Toward Neonatal Thymic Langerin-Positive Cells
Enhances T-Cell Central Tolerance and Delays

Autoimmune Diabetes
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Thymic presentation of self-antigens is critical for es-
tablishing a functional yet self-tolerant T-cell popula-
tion. Hybrid peptides formed through transpeptidation
within pancreatic B-cell lysosomes have been proposed
as a new class of autoantigens in type 1 diabetes (T1D).
While the production of hybrid peptides in the thymus
has not been explored, due to the nature of their genera-
tion, it is thought to be highly unlikely. Therefore, hybrid
peptide-reactive thymocytes may preferentially escape
thymic selection and contribute significantly to T1D pro-
gression. Using an antibody-peptide conjugation sys-
tem, we targeted the hybrid insulin peptide (HIP) 2.5HIP
toward thymic resident Langerin-positive dendritic cells
to enhance thymic presentation during the early neonatal
period. Our results indicated that anti-Langerin-2.5HIP
delivery can enhance T-cell central tolerance toward
cognate thymocytes in NOD.BDC2.5 mice. Strikingly, a
single dose treatment with anti-Langerin-2.5HIP during
the neonatal period delayed diabetes onset in NOD mice,
indicating the potential of antibody-mediated delivery of
autoimmune neoantigens during early stages of life as
a therapeutic option in the prevention of autoimmune
diseases.

Type 1 diabetes (T1D) is an autoimmune disease resulting
from T cell-mediated destruction of pancreatic B-cells (1).
Early studies on the variable number tandem repeat
sequence in the insulin gene promoter suggested an

association between {3-cell antigen expression in the thy-
mus and risk of developing T1D (2,3). This observation
led to the hypothesis that decreased thymic presentation
of B-cell antigens weakens T-cell central tolerance of the
diabetogenic T-cell population, increasing risk for T1D.
Hybrid peptides are a novel class of diabetogenic autoan-
tigens (4,5). The search for self-antigens targeted by blood
dendritic cell (BDC) diabetogenic T-cell clones in a NOD
mouse model of T1D led to the identification of highly
stimulatory hybrid peptides formed by peptide fusion
within B-cell granules (6). These hybrid epitopes have
since been identified in both mice and humans (6,7). Im-
portantly, T cells reactive to hybrid peptides are indica-
tive of disease activity in the NOD model (4,8). Owing
to the nature of hybrid peptide generation, it is unlikely
that the source peptide fragments from two different
B-cell proteins are available in sufficient quantity in the
thymus for the reaction to proceed. Therefore, it is hy-
pothesized that hybrid peptide-reactive thymocytes are
more likely to escape thymic selection and contribute
significantly to T1D progression.

To elucidate the contribution of altered thymic tolerance
to hybrid peptides in autoimmune diabetes, we devised a
strategy to enhance the thymic presentation of the hybrid
insulin peptide (HIP) 2.5HIP at an early neonatal stage of
NOD mouse development, before significant thymic egress
of afy T cells. 2.5HIP (LQTLALWSRMD) is identified as the
target antigen for the diabetogenic T-cell clone BDC2.5 (6).
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The epitope is formed through the fusion of peptide frag-
ments from proinsulin and chromogranin-A (ChgA), two
B-cell autoantigens critical for diabetes development in the
NOD mouse (9,10). However, the contribution of their hy-
brid, 2.5HIP, to diabetes progression is unclear. Here, we
conjugated 2.5HIP to an anti-Langerin antibody, which can
then target the peptide to the Langerin-expressing thymic
resident dendritic cells (DCs) for presentation to thymo-
cytes. Ectopic expression of an autoimmune regulator
(AIRE)-dependent [-cell antigen in thymic antigen-
presenting cells (APCs) was shown to enhance T-cell cen-
tral tolerance of the responsive thymocytes, resulting in
protection from T1D (11). Additionally, a previous
study targeting peptides to peripheral Langerin-positive
DCs induced a robust increase in antigen-specific Foxp3™*
cells, suggesting potentially similar role for Langerin-posi-
tive DCs in thymic regulatory T cell (tTreg) development
(12). We hypothesized that anti-Langerin antibody-medi-
ated delivery of 2.5HIP to neonatal thymic Langerin-posi-
tive DCs can enhance T-cell central tolerance of 2.5HIP-
reactive thymocytes, resulting in delayed diabetes onset.
In the NOD.BDC2.5 model, our results indicate peptide
delivery into the neonatal thymus can enhance negative
selection and Foxp3™ tTreg development. Similarly, in
the wild-type polyclonal setting, we observed a consistent
enhancement in the negative selection of cognate thymo-
cytes associated with partial protection against diabetes
development.

RESEARCH DESIGN AND METHODS

Mice

NOD/ShiLtJ (NOD), NOD.BDC2.5, B6.Rag2GFP, NOD.scid,
and NOD.CD45.2 mice were purchased from The Jackson
Laboratory and maintained at the Baylor College of Medi-
cine and University of Utah animal facility under specific
pathogen-free conditions. All experimental protocols were
approved by The University of Utah’s Institutional
Animal Care and Use Committee.

Antibody-Peptide Conjugation and Intraperitoneal
Injection

The anti-Langerin antibody (clone 4C7) containing the
dockerin domain (Ab-dockerin) and cohesin-CG-thiopyridine
were provided by the Zurawski laboratory (Baylor Institute
for Immunology Research). The addition of the dockerin
domain to an antibody and modifications to abrogate Fc
receptor interactions were described previously (13). The
2.5HIP peptide, LQTLALWSRMD, with a C-terminal cys-
teine (2.5HIP-cysteine) was purchased from GenScript. To
generate the complete anti-Langerin-dockerin:cohesin-2.5HIP
conjugate (Ab-2.5HIP), the cohesin-2.5HIP conjugate was
first made by incubating the 2.5HIP-cysteine peptide with
cohesin-CG-thiopyridine overnight at room temperature.
Ab-dockerin was then added to the cohesin-2.5HIP conju-
gate mixture and incubated for 30 min at room tempera-
ture in the presence of calcium-containing 1x Dulbecco’s
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PBS (DPBS). After 30 min, the mixture was flowed through
a 40-kD-MWCO Zeba Spin column (Thermo Fisher Sci-
entific) to remove the unconjugated components. In all
experiments, 2.5 pug of Ab-2.5HIP in 30 pL of 1x DPBS
was injected intraperitoneally into 1- to 2-day-old neo-
nates. The control (CTRL) groups were injected with DPBS,
anti-Langerin antibody without the peptide (Ab-alone), or
conjugated to OVA 323-339 peptide (Ab-OVA).

Diabetes Monitoring

Urine glucose level was evaluated by Diastix (Ascensia
Diabetes Care). Hyperglycemia was confirmed by blood
glucose level using a FreeStyle Lite glucometer (Abbott).
Blood glucose level of >400 mg/dL or >300 mg/dL over
2 consecutive days was considered diabetic. Female mice
were used for all NOD wild-type diabetes-monitoring
experiments.

Analysis of Recent Thymic Immigrants

NOD.BDC2.5 and B6.Rag2GFP mice were crossed, and
neonatal male and female F2 NOD/B6.BDC2.5.RagGFP
hybrids homozygous for I-Ag7 were used for the experiment.

Flow Cytometry Analysis

Single-cell suspensions of tissue samples were prepared by
mechanically dissociating the organs between microscope
slides and being resuspended in staining buffer (PBS,
3% v/v ECS, 0.05% w/v sodium azide). Single-cell suspen-
sion of pancreatic islets was prepared by enzymatic diges-
tion of the pancreas. Briefly, the pancreas was perfused
with 3 mL of a 600 units/mL collagenase IV (Worthington
Biochemical) solution via the pancreatic duct. The pancreas
was then extracted and placed into 3 mL of a 600 units/mL
collagenase IV solution and incubated for 30 min at 37°C.
Individual islets were picked under a microscope and
further dissociated using the enzyme-free cell dissocia-
tion buffer (Gibco). Ghost V510 (TONBO) and FcBlock
(BioLegend) were used to exclude dead cells and block
nonspecific staining, respectively. Flow cytometry data
were acquired on a BD LSRFortessa (Becton Dickinson)
flow cytometer and analyzed using the FlowJo 10 software
(FlowJo LLC). The following antibodies were used in this
study: CD4 (GK1.5), CD8a (53-6.7), T-cell receptor (TCR)
v (H57-597), CD3¢ (145-2C11), cleaved caspase 3 (D3E9),
Foxp3 (FJK-16s), CD73 (TY/11.8), CD25 (PC61), CD11c
(N418), Langerin (4C7), and MHCII molecule I-Ag7 (39-10-8).
2.5HIP/I-Ag7 tetramer was supplied by the National Insti-
tutes of Health Tetramer Core Facility.

Thymus Transplant Surgery

NOD.scid and NOD.CD45.2 were bred to generate the
NOD.scid.CD45.2 female recipients for the experiment.
Female NOD.BDC2.5 neonates were used as donors. Two-
day-old NOD.BDC2.5 neonates were injected intraperitone-
ally with Ab-alone or Ab-2.5HIP. The thymus was extracted
the next day and immediately transplanted under the
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kidney capsule, as previously described (14). Briefly, the
recipient mouse was anesthetized, and the incision site
was disinfected with topical antiseptics. An incision was
made on the left flank to expose the kidney. Once the
kidney was exposed, an incision was made in the kidney
capsule, and half of a lobe of the thymus was inserted
below the capsule. The incision openings were closed
with an absorbable suture and wound clips for the peri-
toneum and skin, respectively. The mice were given an-
algesics and antibiotics postsurgery to minimize pain
and infection.

Insulitis Scoring by Hematoxylin and Eosin

Pancreas was harvested from mice and immediately placed
in 4% paraformaldehyde (Santa Cruz Biotechnology) for
36-48 h at 4°C. The tissues were then transferred into
70% ethanol and sent to the histology core for process-
ing, embedding, and sectioning into 6-pm sections. For
insulitis scoring, three tissue sections, separated by 150 pm
between each section, were taken from each pancreas. The
paraffin was dissolved by xylene and the tissue hydrated
through graded ethanol solutions. The sections were then
stained with Harris Hematoxylin (Poly Scientific R&D) and
counterstained with eosin (Poly Scientific R&D) before
dehydrating, clearing, and mounting the slides with Per-
mount (Fisher Scientific). Microscopy images were acquired
with the Axio Scan.Z1 Slide Scanner (Zeiss). Each pancreas
sample was assigned randomized identification numbers
prior to scoring and unmasked for the final aggregate analy-
sis between treatment groups. Scoring criteria: 0 = no infil-
trates, 1 = peri-islet infiltrates, 2 = intraislet infiltrates to
=50%, and 3 = intraislet infiltrates to =50%.

Single-Cell RNA Sequencing Analysis

Three-day-old NOD.BDC2.5 neonates were treated with
Ab-alone or Ab-2.5HIP. CD4SP and CD4"CD8™ interme-
diate thymocytes were sorted 72 h later for single-cell
RNA sequencing (scRNAseq) analysis. Sequences from the
chromium platform were demultiplexed and aligned using
Cell Ranger 3.1 software (10x Genomics) with default param-
eters to mouse genome mm10 from Ensembl GRCm38.
Clustering, filtering, variable gene selection, and dimen-
sionality reduction were performed using Seurat 4.0.2 (15),
according to the following workflow:

1. Cells with <200 and >4,000 detected genes were ex-
cluded from further analysis.

2. Cells with <10% unique molecular identifiers map-
ping to mitochondrial genes were retained for down-
stream analysis.

3. The unique molecular identifier counts per 10,000 were
log-normalized for each cell using the natural logarithm.

4. Variable genes (2,000 features) were selected using the
function FindVariableFeatures.
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5. Common anchors between the treatment and CTRL
condition were identified using the FindIntegration-
Anchors function that was further used to integrate
these sets.

6. The expression level of genes in the integrated set was
scaled along each gene, and linear dimensional reduc-
tion was performed. The number of principle compo-
nent analyses was decided through the assessment of
statistical plots (JackStrawPlot and ElbowPlot).

7. Cells were clustered using a shared nearest neighbor
modularity optimization-based clustering algorithm
and visualized using two-dimensional uniform mani-
fold approximation and projection.

Differential gene expression analysis between the treatment
and CTRL clusters was performed using FindMarkers. Genes
with adjusted P values of <0.05 and avg log2FC >0.2 and
<—0.2 were marked red on scatter plots.

Pseudotime trajectory analysis of scRNAseq was per-
formed using Monocle3 v0.2.1 to determine the develop-
mental relationship between the cell clusters based on
known thymocyte maturation markers identified in each
cluster (16). Treatment and CTRL sets were filtered, inte-
grated, and clustered using Seurat. Clusters containing the
most immature (cluster 6) and the most mature thymocytes
(cluster 1) were identified based on differentially expressed
genes. Setting cluster 6 (Seurat; integrated set) as the
root_group, the pseudotime algorithm generated the devel-
opmental pathway from the most immature cells to the
most mature cells and overlayed the path onto the uniform
manifold approximation and projection plot. Cells were
plotted using plot_cells function using color_cells_by =
pseudotime.

Statistics

GraphPad Prism 8 was used for all statistical analyses of
experiments except the scRNAseq data set. Data are rep-
resented as mean + SD. Unless otherwise specified in the
figure legend, P values were calculated using the Mann-
Whitney U test for comparisons between two groups or
Kruskal-Wallis and Dunn test for comparisons of more
than two groups. Diabetes incidence was compared using
the Gehan-Breslow-Wilcoxon test. A P value of <0.05 is
considered significant.

Data and Resource Availability
The data sets generated during and/or analyzed during
the current study are available from the corresponding
author upon reasonable request.

RESULTS

Demonstrating Feasibility and Duration of Approach
Langerin is expressed by ~50% of the MHCIT*CD11c*
thymic population in young NOD neonates but is not ex-
pressed on thymic epithelial cells (Fig. 1A and Supplementary
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Figure 1—Anti-Langerin-fluorophore conjugate demonstrates feasibility and duration of approach. A: Representative flow plot and quan-
tification of thymic Langerin-positive DC frequency in 2-day-old NOD neonates (n = 9). B: In vivo targeting of thymic Langerin-positive
DCs by anti-Langerin antibody conjugated to the fluorophore APC. NOD neonates (2 days old) of both sexes were given 3 g of anti-Lan-
gerin antibody conjugated to the fluorophore APC. Thymi were harvested at 24, 48, and 72 hours posttreatment. Data were pooled from
three independent experiments; gated on MHCII*CD11c™; Ctrl = untreated; n = 5-7 per group). Data are mean + SD. Mann-Whitney U

test. **P < 0.01.

Fig. 1). To examine the feasibility of antibody-mediated
peptide targeting toward thymic Langerin-positive DCs, we
injected 3 pg of anti-Langerin antibody conjugated to the
fluorophore allophycocyanin (Langerin-AlloPC) intraperito-
neally into 2-day-old NOD mice. Thymi were harvested at
the indicated time points and costained with the anti-
Langerin antibody conjugated to the fluorophore phycoer-
ythrin (Langerin-PE). The percentage of Langerin-positive
DCs targeted by the injected antibody (Langerin-AlloPC™)
was calculated as a percentage of the total Langerin-positive
DCs (Langerin-PE"). The results suggest that the antibody
can target nearly all of the thymic Langerin-positive DCs
within 24-72 h (Fig. 1B). To evaluate the duration of pep-
tide presentation, we treated 1- to 2-day old NOD mice
with 2.5 pg of Ab-2.5HIP, Ab-alone, or DPBS. At 1, 5, and
10 days posttreatment, we isolated thymic CD11c* DCs
and cocultured with BDC2.5 T cells for 48 h. Assessing
T-cell activation as an indication of peptide presentation,
the data indicate minimal peptide presentation 5 days
postinjection (Supplementary Fig. 2A). While peripheral
Langerin-positive DCs were also targeted by the antibody
(Supplementary Fig. 2B), the low number of peripheral T
cells at the time of treatment (Supplementary Fig. 2C)
and the rarity of antigen-specific T-cell clones suggest
that it is unlikely that any observed tolerogenic effects

result from enhanced peripheral tolerance, although it
cannot be completely ruled out.

Targeting 2.5HIP to Thymic Langerin-positive DCs
Enhances T-Cell Central Tolerance in the NOD.BDC2.5
Mouse

To evaluate thymocyte development, we treated 2-day-old
NOD.BDC2.5 neonates with 2.5 pg of Ab-2.5HIP, Ab-alone,
or DPBS and assessed thymocyte response 72 h later. Com-
pared with CTRL, the Ab-2.5HIP group showed reduced thy-
mic cellularity (Fig. 24). A decrease in frequency and total
number of CD4"CD8" double-positive (DP) thymocytes as
well as an increase in CD69 expression at this stage were
observed (Fig. 2B and Supplementary Fig. 3A4), suggesting
enhanced negative selection at the DP stage. The increase
in the percentage of CD4 single-positive (CD4SP) thymo-
cytes is likely due to the decrease in the DP cells and not
to an increase in the cellularity of the CD4SP population
(Fig. 2B, top right). We also assessed T-cell central tolerance
by quantifying Foxp3 (tTreg development) and cleaved
caspase 3 (cCasp3; negative selection) expression in
CD4SP thymocytes. We observed an antigen-specific in-
crease of both the Foxp3™ (Fig. 2C and Supplementary
Fig. 44) and cCasp3 " cells (Fig. 2D and Supplementary
Fig. 4B) within the CD4SP thymocytes after Ab-2.5HIP
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Figure 2—Anti-Langerin-2.5HIP alters thymocyte development, increasing thymocyte apoptosis and Foxp3™* thymocyte population in
BDC2.5 neonatal thymus. A: Total thymus cell count (n = 4-8 mice per group). B: Frequency and total number of thymocytes in the
CD4 CD8™ (DN), CD4"CD8" (DP), and CD4"CD8~ (CD4SP) stages of thymocyte development 72 h posttreatment. C: Representative flow
plot and quantification of Foxp3™ cell percentage and number within CD4SP TCRB* thymocytes (n = 4—7 mice per group). SSC-A, side scatter
area. D: Representative flow plot of apoptotic cell percentage within CD4SP TCRB™ Foxp3™~ thymocytes (n = 5-6 mice per group). Data were
pooled from at least two independent experiments and are reported as mean + SD. Kruskal-Wallis and Dunn tests. *P < 0.05, **P < 0.01.

treatment. Overall, these data suggest that delivery of
antigen, in this targeted manner can enhance T-cell
central tolerance of the responsive thymocytes.

Ab-2.5HIP-Induced Tregs Are Thymically Derived and
Are of the CD25 Lineage
It has been reported that T cells from the periphery can
recirculate back into the thymus (17). Therefore, we eval-
uated whether Ab-2.5HIP-induced Tregs were derived from
thymocytes or from recirculating T cells by CD73 ex-
pression, where CD73" indicates thymocytes (18). The
results indicate that ~95% of the Ab-2.5HIP-induced
tTregs are CD73™ (Fig. 34), indicating a thymocyte origin.
tTregs arise from two progenitor populations, one ex-
pressing the a-chain of the high-affinity interleukin 2 (IL-2)
receptor (CD25) but not Foxp3, and the other express-
ing Foxp3 but not CD25 (18). Interestingly, Ab-2.5HIP
induced tTregs that lacked CD25 expression, suggesting
Foxp3+CD25_ developmental lineage (Fig. 3B). The ac-
cumulation of Foxp3"CD25~ thymocytes was perplexing,
given that tTreg precursors depend on the common

y-chain-mediated cytokine signaling for survival (19). To
determine whether the Ab-2.5HIP-induced tTregs are prone
to apoptosis, we evaluated the frequency of cCasp3™ cells
within the Treg population. Although lacking CD25 ex-
pression, we did not detect an increased frequency of
apoptotic cells within the Ab-2.5HIP group (Fig. 3C), sug-
gesting Ab-2.5HIP-induced tTregs can survive and exit
the thymus. It is possible that higher expression of the
IL-2 receptor B-chain (CD122) may compensate and sup-
port the survival of tTregs in the absence of CD25. How-
ever, Ab-2.5HIP-induced CD25 tTregs did not express
elevated levels of CD122 (Supplementary Fig. 5), suggest-
ing an alternate survival mechanism.

Using scRNAseq, we examined the Ab-2.5HIP-induced
tTregs within the CD4SP thymocytes for possible mecha-
nisms of survival (Supplementary Fig. 6A). Assessment of
Foxp3 expression indicated that the majority of Ab-2.5HIP-
induced Foxp3" cells are localized in clusters 1 and 5
(Supplementary Fig. 6B and C). To understand the
developmental relationship among the clusters, we per-
formed a pseudotime analysis (Supplementary Fig. 6D).
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Figure 3—Ab-2.5HIP-induced BDC2.5 Tregs are thymically derived and are of the CD25— lineage. A: Representative flow plot and quanti-
fication of CD73 expression in Ab-2.5HIP-induced Foxp3* thymocytes 72 h posttreatment (n = 5-6 per group). B: Representative flow
plot and quantification of Foxp3"CD25* and Foxp3*CD25~ thymocytes (n = 7-10 per group). C: Representative flow plot and quantifica-
tion of apoptotic cell frequency (gated on CD4SP Foxp3™ cells; n = 8-9 per group). D: Representative flow plot and quantification of
Foxp3™ T cells within recent thymic emigrants (Rag2GFP™" cells) 6 days after Ab-2.5HIP treatment in BDC2.5.Rag2GFP neonates (n = 5-7 per
group). SSC-A, side scatter area. Data represent three independent experiments (A—C) and two independent experiments (D) and are reported
as mean + SD. Kruskal-Wallis and Dunn Tests (A-C), and Mann-Whitney U test (D). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

The most immature cells (expression of Cd8b1 and Rag2)
were identified in cluster 6. The most mature cells were
localized in cluster 1 (expression of Sell and SIpr). The
data suggest the generation of Ab-2.5HIP-induced tTregs
in cluster 5, followed by maturation within cluster 1.
Among the differentially expressed genes in cluster 5 of
the treatment group is Tnfrsf4 (OX40) (Supplementary
Fig. 6E), which has been reported to promote the survival
and expansion of Tregs (20,21). Costimulation by OX40L

in tTreg progenitors was shown to enhance their sensitiv-
ity to IL-2 signaling (22). Therefore, Ab-2.5HIP-induced
tTregs may be more sensitive to IL-2 despite low levels of
CD25 expression.

To verify Ab-2.5HIP-induced tTregs survive and egress
from the thymus, we assessed Treg frequency within
BDC2.5 recent thymic emigrants (RTEs) in the spleen
6 days after Ab-2.5HIP treatment, as they are the least
likely to be influenced by the peripheral environment at
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this early time point. To assess RTEs, we crossed the
B6.Rag2EGFP transgenic mouse with the NOD.BDC2.5
strain. Gating on green fluorescent protein (GFP)-positive
RTEs, we detected an increase in Foxp3™ cells in response
to Ab-2.5HIP treatment (Fig. 3D), further indicating that
Ab-2.5HIP-induced tTregs can survive and exit the thymus.
While Ab-2.5HIP-induced tTregs in the thymus were
CD25, we observed an increase in both the Foxp3*CD25"
and Foxp3"CD25  Tregs within the RTE population
(Supplementary Fig. 7A). It is possible that Ab-2.5HIP-
induced tTregs upregulate CD25 upon thymic egress or
that CD25" Tregs selectively expand in the periphery.
Similar to the RTEs, an increase in Foxp3 " cells was also
detected in the non-RTEs within the spleen (Supplementary
Fig. 7C), suggesting potential induction of Tregs by pe-
ripheral Langerin-positive DCs, although we cannot ex-
clude the loss of GFP through proliferation and GFP
degradation.

Ab-2.5HIP-Enhanced Central Tolerance Delays
Diabetes in an Accelerated Diabetes Model

To address whether Ab-2.5HIP-induced thymic changes
have any effect on diabetes incidence, we adapted an ac-
celerated diabetes induction model, mediated by BDC2.5
T-cell transfer into NOD.scid recipients (23). In our modi-
fied protocol, we transplanted NOD.BDC2.5 thymi from
3-day-old neonates that were treated with Ab-2.5HIP or
Ab-alone (Fig. 4A). We observed a delay in diabetes onset
of ~5-6 weeks within the Ab-2.5HIP group, indicating
delayed destruction of B-cells (Fig. 4B). This delay was
consistent with the observed higher islet counts and re-
duced insulitis severity in the Ab-2.5HIP group 2 weeks
posttransplant (Fig. 4C). To account for the delayed de-
struction of B-cells, we assessed changes in donor T-cell
phenotype in the periphery posttransplant. At 2 weeks
posttransplant, we observed a decrease in the donor T-cell
frequency in the spleens and the axillary lymph nodes
(aLNs) in the Ab-2.5HIP group (Fig. 4D), indicating de-
layed accumulation of donor T cells due to enhanced thy-
mic deletion and/or delayed thymic emigration. However,
Ab-2.5HIP did not upregulate CD69 in CD4SP thymocytes
(Supplementary Fig. 3B), suggesting Ab-2.5HIP did not
impede thymocyte migration via the SIPR1-CD69 interac-
tion (24,25). In contrast, no difference in donor T-cell fre-
quency was observed in the pancreatic lymph node (pLN),
likely due to the presence of antigen in all groups driving
T-cell accumulation.

Analysis of donor Tregs showed higher Treg frequen-
cies across all organs within the Ab-2.5HIP group (Fig.
4E). However, an increase in Treg numbers was observed
only in the pLN (Supplementary Fig. 84, bottom). While
the Treg numbers do appear to increase at 6 weeks post-
transplant (Supplementary Fig. 8B), the Treg frequency is
mostly unchanged except for a nonsignificant decrease in
the spleen (Supplementary Fig. 8C). Therefore, the even-
tual onset of diabetes in this model is not due to a lack of
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persistence of Ab-2.5HIP Tregs but is perhaps due to the
increased activation of BDC2.5 Teff (CD62L~ CD44%) by
6 weeks posttransplant (Supplementary Fig. 8D). Low
CD25 expression on Tregs was not correlated with even-
tual disease development, as CD25 was upregulated by
6 weeks (Supplementary Fig. 8E). While the relative con-
tribution of Ab-2.5HIP-enhanced thymic deletion and
tTreg generation cannot be distinguished in this trans-
plant model, both processes likely contributed to the de-
layed disease onset through reduced donor T-cell
accumulation and activation in the periphery.

Ab-2.5HIP Treatment in NOD Wild-Type Neonates
Decreases 2.5HIP-Reactive Thymocyte Number and
Delays Diabetes Onset

To assess the impact of Ab-2.5HIP treatment on the de-
velopment of polyclonal T cells, we treated 1-day-old
NOD wild-type mice with Ab-2.5HIP. Thymocyte response
was assessed 3 days later by 2.5HIP tetramers. Compared
with the CTRL group, we observed a significant decrease
in the number of 2.5HIP-specific CD4SP thymocytes in
the Ab-2.5HIP group (Fig. 5A), indicating enhanced nega-
tive selection. In contrast to thymocyte response in the
NOD.BDC2.5 mouse, we did not detect a consistent in-
crease in the Foxp3 " frequency within the tetramer-posi-
tive population, possibly due to the overall low tetramer-
positive cell number (Fig. 5B).

We next evaluated the long-term cumulative tolero-
genic effect of Ab-2.5HIP treatment in neonates and its
impact on diabetes development. To observe diabetes inci-
dence, we injected Ab-2.5HIP into 1-day-old NOD wild-
type females and monitored diabetes for 30 weeks. The
single Ab-2.5HIP injection imparted an overall 20% reduc-
tion in diabetes incidence, which was associated with a
delay in diabetes onset of ~5 weeks (Fig. 5C). To address
the mechanism of protection, we examined 2.5HIP tetra-
mer-positive cells in the periphery of NOD wild-type mice
10 weeks after treatment with Ab-2.5HIP. There was not
a significant difference in the frequency of tetramer-posi-
tive cells among the groups in the pLN, but there was a
slight decrease in the total number of tetramer-positive
cells after treatment (Fig. 5D). Importantly, we detected a
significant increase in the frequency of Foxp3™ cells
within the tetramer-positive population in the pLNs of
Ab-2.5HIP-treated mice, suggesting a change in cellular
composition of tetramer-positive population rather than
reduction of cell numbers (Fig. 5E). Within the pancreatic
islets, we observed a significant decrease in the frequency
of CD47CD3™ T cells in the Ab-2.5HIP group (Fig. 5F,
left), which is associated with a decrease in total number
of 2.5HIP tetramer-positive cells in the islets (Fig. SF,
right). However, only a few mice showed an increase in
2.5HIP tetramer-positive Foxp3™ cell frequency in the is-
lets (Fig. 5G, left). These results suggest enhanced immu-
nosuppression due to increased 2.5HIP tetramer-positive
Foxp3™ cell frequency within the pLN led to a decrease in
CD4 T-cell infiltration into the pancreatic islets.
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Figure 4—Ab-2.5HIP treatment leads to reduced diabetes incidence in a BDC2.5 thymus transplant model. A: Thymus transplant experi-
mental design. B: Diabetes incidence of the thymus transplant recipients (n = 9 per group). C: Insulitis evaluation of thymus transplant re-
cipients at 2 weeks posttransplant (insulitis score: 0 = no infiltrates, 1 = peri-islet infiltrates, 2 = intraislet infiltrates to =<50%, 3 = intraislet
infiltrates to =50%; n = 5-6 per group; data from two independent experiments). D: Quantification of donor CD4 T-cell percentage in the
spleen, aLN, and pLN 2 weeks after thymus transplant (n = 6 per group). E: Representative flow plot and quantification of Foxp3* cell per-
centage in the spleen, aLN, and pLN 2 weeks after thymus transplant (n = 5-6 per group). Data are reported as mean + SD. Mann-Whitney
U test (C-E) and Gehan-Breslow-Wilcoxon test (E). *P < 0.05, **P < 0.01, ***P < 0.001.

DISCUSSION

We sought to determine whether enhanced thymic pre-
sentation of a single neoantigen can alter autoimmunity
later in life. We enhanced thymic presentation of 2.5HIP
in NOD neonates through an anti-Langerin Ab-mediated
targeting of 2.5HIP to thymic Langerin-positive DCs. Af-
ter a single dose of Ab-2.5HIP, we observed a reduction
of 2.5HIP-reactive thymocytes, which correlated with an
increase in 2.5HIP-reactive Treg frequency in the periph-
ery at 10 weeks of age and a 5-week delay in the age of dia-
betes onset (Fig. 5). Considering the difference in disease

protection between our results and in the ChgA-knockout
mouse, 2.5HIP reactivity may not fully explain the nearly
complete protection from diabetes seen in the ChgA-knock-
out mouse. Indeed, while 2.5HIP is the only ChgA-derived
HIP identified in vivo thus far, other ChgA-derived hybrid
peptides were also shown to stimulate diabetogenic T-cell
clones in vitro (26). Further, prior work revealed a role for
ChgA in granule formation within endocrine cells (27,28).
In B-cells, ChgA were shown to affect insulin secretion
(29,30). A reduction in insulin-derived peptide presentation
was also reported in the ChgA-knockout mouse, potentially
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Figure 5—Ab-2.5HIP treatment in NOD wild-type neonates enhances T-cell central tolerance and delays diabetes onset. A: 2.5HIP tetra-
mer analysis of CD4SP thymocytes 72 h after treatment of 1-day-old NOD wild-type neonates with Ab-alone or Ab-2.5HIP (n = 5 per
group). Each data point represents three to five pooled thymi enriched for 2.5HIP-reactive cells by tetramer; data represent 5 independent
experiments. B: Frequency of Foxp3™ cells within tetramer-positive cells. SSC-A, side scatter area. C: Diabetes incidence of NOD wild-
type female mice treated with a single 2.5-.g dose of Ab-alone or Ab-2.5HIP at 1 day old (n = 18-20 per group). D: Quantification of CD4
T cells and 2.5HIP tetramer-positive T cells in the pLN at 10 weeks after treatment. E: Quantification of Foxp3™ cells within 2.5HIP tetra-
mer-positive T cells in the pLN at 10 weeks after treatment. F: Quantification of CD4 T cells and 2.5HIP tetramer-positive T cells in the pan-
creatic islets 10 weeks after treatment. G: Quantification of Foxp3™ cells within 2.5HIP tetramer-positive T cells in the pancreatic islets at
10 weeks after treatment. (D-G: n = 5-7 per group; data from two independent experiments). Data are reported as mean + SD. Paired
t test (A and B), Gehan-Breslow-Wilcoxon Test (C), and Kruskal-Wallis and Dunn test (D-G). *P < 0.05, **P < 0.01.

affecting T-cell response against other B-cell autoantigens
(31). Therefore, it is not unexpected to observe a difference
in disease protection between our study and what was
seen in the ChgA-knockout mouse. On the other hand, it
is possible that we did not capture the full contribution of
2.5HIP reactivity to diabetes progression given the short
treatment duration. Nevertheless, significant protection
due to a single injection in neonates adds support to the
idea of a critical neonatal window for establishing tolerance
(32). Longer treatment duration may enhance the tol-
erogenic effect. However, how T cells response to 2.5HIP
targeted to peripheral Langerin-positive DCs will need to
be assessed. Mutating the 2.5HIP peptide to prevent its

presentation may be necessary to determine the full con-
tribution of 2.5HIP reactivity to disease progression.

In this study we targeted 2.5HIP toward Langerin-posi-
tive thymic DCs. Targeting peptides to other thymic
APCs, such as the migratory DCs (Sirpa” and plasmacy-
toid DC antigen-1-positive [PDCA-1*] DCs), may lead to
different thymocyte fates. The thymocyte response is
likely to be influenced by a variety of factors: differential
expression of endocytic receptors between thymic DC sub-
sets, relative proportion of thymic DC subsets, localiza-
tion of the DC subsets within the thymus, and the DC
subsets’ propensity to promote negative selection versus
tTreg development. Differential expression of endocytic
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receptors will influence the choice of antibody targets and
may affect the efficiency of antigen presentation (33).
Thymic DC subset frequencies change with age (34), which
may affect the amount and duration of peptide presenta-
tion. Unlike the resident and PDCA-1" DC subsets, the
Sirpa” subset can also be found in the thymic cortex (35).
Targeting peptides to the Sirpa ™ subset may preferentially
result in the deletion of antigen-specific thymocytes at
the DP stage. In vivo studies suggest that both the Sirpa "
and PDCA-1" subsets were capable of inducing negative
selection, but only the Sirpa” subset of DCs has been re-
ported to participate in tTreg generation (36,37). These
and other factors may be helpful in guiding the design of
antibody-mediated peptide-targeting approaches to achieve
a desired thymocyte response for therapeutic aims.
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