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The targeted delivery of therapeutic drugs to lymph nodes (LNs) provides an unprecedented opportunity to improve the
outcomes of transplantation and immune-mediated diseases. The high endothelial venule is a specialized segment of LN
vasculature that uniquely expresses peripheral node addressin (PNAd) molecules. PNAd is recognized by MECA79 mAb.

We previously generated a MECA79 mAb-coated microparticle (MP) that carries tacrolimus. Although this MP trafficked to
LNs, it demonstrated limited therapeutic efficacy in our transplant model. Here, we have synthesized a nanoparticle (NP)

as a carrier of anti-CD3, and optimized the conjugation strategy to coat the NP surface with MECA79 mAb (MECA79-anti-
CD3-NP) to enhance LN accumulation. As compared with nonconjugated NPs, a significantly higher quantity of MECA79-
NPs accumulated in the draining lymph node (DLN). Many MECA79-NPs underwent internalization by T cells and dendritic
cells within the LNs. Short-term treatment of murine cardiac allograft recipients with MECA79-anti-CD3-NP resulted in
significantly prolonged allograft survival in comparison with the control groups. Prolonged graft survival following treatment
with MECA79-anti-CD3-NP was characterized by a significant increase in intragraft and DLN Treg populations. Treg depletion
abrogated the prolongation of heart allograft survival. We believe this targeted approach of drug delivery could redefine the
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Introduction

Organ transplantation has become a standard therapeutic strategy
and has saved the lives of thousands of patients with irreversible
end-stage organ failure. The key to its success has been the devel-
opment of potent immunosuppressive agents (ISAs). However,
the use of ISAs is associated with significant toxicity (1). Nano-
technology offers a unique opportunity to improve the therapeutic
index of ISAs. A promising clinical application of nanotechnology
is the targeted delivery of ISAs to the lymph nodes (LNs) following
systemic administration, for more efficient suppression of allo-
immunity (2). The rationale for devising this particular delivery
platform arises from studies identifying the LN as a critical site
of alloimmune regulation (3, 4). LNs are extremely compart-
mentalized secondary lymphoid organs that provide an optimal
environment for freshly recruited lymphocytes to interact with
antigen-presenting cells. The LN is a critical site for the priming
and activation of alloreactive T cells, but it also plays an important
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methods of administering immune therapeutics in transplantation.

role in the manipulation of the immune response toward regula-
tion and tolerance (2, 5-7). The latter is highlighted by studies that
detail the importance of the LN in promoting the activity of reg-
ulatory T cells (Tregs) (8, 9). Therefore, the ability to manipulate
the microenvironment of LNs would provide a unique opportunity
to control the direction of the immune response by directing it
toward either a proinflammatory effector or an antiinflammatory
tolerance response (10).

The vast majority of current LN-targeted delivery platforms
rely on the administration of drugs to lymphatic vessels through
the skin, but administration of therapeutics targeted to the LN
systemically, via an intravascular route, expands their application
to a broader spectrum of systemic diseases (11). The process of
active targeting relies on the highly selective interaction of particle
ligands with the site of interest, leading to intracellular drug release
(12, 13). To ensure precise targeting, the surface of nanoparticles
(NPs) can be coated with a number of materials (such as antibod-
ies) to bind to a receptor of interest (12-16). In this manner, active
nanodelivery significantly increases the drug payload at its specific
target site (14-16). One of the key aspects of targeted delivery is
the exclusiveness of the vasculature to which the NP localizes.
The LN possesses a unique segment of vasculature known as the
high endothelial venule (HEV), which exclusively expresses a fam-
ily of sugar-coated membrane proteins referred to as peripheral
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node addressin (PNAd), which binds specifically to lymphocyte-
expressed L-selectin (17). This binding initiates the rolling and
tethering of lymphocytes, which precedes their migration through
the HEV into the LN, where lymphocytes can encounter antigens
and undergo activation. PNAd molecules are recognized by
MECA79 monoclonal antibody (mAb) (18, 19). We have previously
synthesized a MECA79 mAb-coated microparticle (MP) with the
ability to carry tacrolimus and demonstrated the efficiency of this
platform in targeting the draining lymph node (DLN), but many of
these MPs became trapped inside the lungs. Reducing the size of
a particle to nano-size (~100 nm) decreases its entrapment in the
lungs and thereby increases its circulatory time (20-22).

In this study, we have optimized our novel conjugation strat-
egy to develop a nanoparticle (NP) coated with MECA79 mAb,
which has the capacity to bind PNAd with improved efficiency,
and also carries anti-CD3 as a payload (MECA79-anti-CD3-NP).
The application of these substantial changes to our delivery plat-
form was found to markedly enhance its efficacy in the prolonga-
tion of heart allograft survival.

Results

HEVs proliferate and expand in the DLN. The HEV is the target of
our delivery platform, and as a proof of concept for its utility in this
model, we compared the quantity and expansion of HEVs in a naive
LN and a DLN following transplantation. A skin allograft (from
BALB/c) was placed near the spine, behind the shoulder blade, of
the recipient mice (C57BL/6), and allograft-draining axillary LNs
(DLNs) were removed at day 8 after transplant. In comparison with
the naive LN, the DLN was larger in size, and contained a higher
quantity of HEVs (Supplemental Figure 1A, top panel; supplemental
material available online with this article; https://doi.org/10.1172/
JCI120923DS1). Sections of naive LN and DLN were imaged by an
EVOS Auto Imaging System to assess the number and size of the
HEVs (bar graphs, ***P < 0.001, n = 3 mice per group; Supplemen-
tal Figure 1B). To visualize the HEV unit more precisely, the naive
LN and DLN underwent 3D imaging of solvent-cleared organs
(iDISCO), followed by MECA79 staining, which demonstrated a
marked increase in the size of HEVs in the DLN, as compared with
a naive LN (Supplemental Figure 1A, bottom panel). Blood flow is
an important determinant of the delivery of particles to the DLN,
and in keeping with HEV expansion, color Doppler echocardiog-
raphy demonstrated much higher blood flow to the DLN, as com-
pared with naive LN (Supplemental Figure 1C).

Synthesis and characterization of MECA79-IR800-NPs. To
achieve targeted delivery to the LN, we have engineered NPs that
bind to HEV-expressed PNAd and can mimic the footsteps of lym-
phocyte migration across the HEV. The PNAd molecules are a
series of glycoproteins, coated with Sialyl-Lewis, and are bound
by MECA79 mADb (18). We have previously demonstrated that
MECA79-coated MPs accumulate in LNs, but we wished to ensure
that NPs accumulate in a similar fashion. We therefore initially syn-
thesized a PLGA-based NP loaded with IR800 dye (IR800-NP) via
a single-step nanoprecipitation self-assembly method. MECA79
was then conjugated to the surface of the NP by pretreatment of
MECA79 mAb with tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) to reduce the disulfide bonds and thereby create free thiol
groups that could attach to maleimide groups on the surface of the
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NP (Figure 1A). The hydrodynamic diameters of the nonconjugated
(IR800-NP) and MECA79-conjugated (MECA79-IR800-NP) NPs
were measured by dynamic light scattering as follows: IR800-NPs,
62.85+0.97 nm; MECA79-IR800-NPs, 103.5+ 1.16 nm. The surface
charge of NPs was measured as-16.2+ 0.67 mV and -8.86 + 0.43mYV,
respectively (***P < 0.001, n = 4-24 per group) (Figure 1B). The NPs
appeared uniformly spherical (Figure 1C).

Trafficking of MECA79-conjugated NPs to LNs. MECA79-
conjugated and nonconjugated NPs (each loaded with IR800 dye)
were injected iv. 7 days after transplantation of skin allografts.
Live fluorescence imaging of the recipient performed at 24 hours
after injection showed a higher fluorescent signal in the DLNs —
the axillary LNs (Axi LNs) and brachial LNs (Bra LNs) — of mice
injected with MECA79-IR800-NPs, as compared with those
injected with nonconjugated IR800-NPs (Figure 1D). The mean
fluorescence intensity (MFI) of the DLN was significantly higher
in MECA79-IR800-NP-injected mice than in the control group
(noninjected) and IR800-NP-injected mice (control vs. IR800-
NP vs. MECA79-IR800-NP: 6,179 * 2,307 vs. 12,033 + 766.1 vs.
33,779 £ 3,096, ***P < 0.001, n = 3 mice per group, 1-2 LNs from
each mouse) (Figure 1E). We also examined the biodistribution of
MECA79-conjugated and nonconjugated NPs into various organs
following i.v. injection. No difference was noted in the trafficking
of MECA79-conjugated and nonconjugated NP to the lung and
spleen. However, a higher MFI was observed in the liver of animals
treated with MECA79-IR800-NP, as compared with the control
and IR800-NP (Figure 1E). MECA79-IR800-NPs localized to
the DLNs at a much higher rate in comparison with the nondrain-
ing popliteal and para-aortic LNs (NDLNs), as measured by MFI
(NDLN vs. DLN: 11,536 * 732.1 vs. 33,264 * 2,046, ***P < 0.001,
n = 4-6 mice per group, 2 LNs from each mouse) (Figure 1F).

Next, we assessed whether NP egresses from the LN to the
lymph fluid of the thoracic duct. We collected lymph from the tho-
racic duct at 1, 3, and 7 days following the injection of MECA79-
IR800-NPs (n = 3 mice). However, we were unable to detect
MECA79-IR800-NPs in the lymph by fluorescence microscopy,
indicating a lack of trafficking of NPs within the lymphatic system.

The accumulation of MECA79-NPs in LNs is dependent on its
binding to PNAd-expressing HEV. Next, we examined the histolog-
ical distribution of NPs within the DLN at 2, 6, and 24 hours after
injection. Sections were stained for PNAd with MECA79 mAb
(green), cell nuclei were stained with DAPI, and MECA79-NPs
were visualized in red (Figure 2A). MECA79-NPs localized initially
to the HEV (2 hours), then to the areas adjacent to the HEV (6
hours), and subsequently progressed into the interstitium of
the DLN by 24 hours (Figure 2A). Significantly fewer NPs were
detected in the DLNs of mice injected with nonconjugated NPs
(Figure 2B). Given that MECA79 is an IgM antibody, we also used
a nonspecific isotype IgM antibody as a control and tested the
trafficking of IgM-conjugated NPs (IgM-NPs). Significantly fewer
IgM-NPs trafficked to the LNs than MECA79-NPs, highlighting
the specificity of MECA79 mAb in directing NPs effectively to the
LNs (Supplemental Figure 2A).

We further tested the specificity of the trafficking of MECA79-
NPs through the use of a double-knockout (DKO) mouse, which
lacks two N-acetylglucosamine-6-O-sulfotransferase enzymes
(GlcNAc6ST-1 and GlcNAc6ST-2) that are responsible for the
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Figure 1. Targeted delivery of NPs to DLNs. (A) Schematic of IR800-NP
synthesis and conjugation with MECA79 mAb. (B) Hydrodynamic size
distribution and {-potential of the IR800-NPs and MECA79-IR800-NPs
(mean = SEM, Student’s t test, **P < 0.01, ***P < 0.001). (C) Represen-
tative transmission electron microscopy image of IR800-NPs. (D) Skin
allograft recipients were injected i.v. with either IRB00-NPs or MECA79-
IR800-NPs at day 7 after transplantation. Live fluorescence imaging at
24 hours after administration (i.v.) showed greater fluorescence signal
in the DLNs (Axi LN and Bra LN) of mice injected with MECA79-IR800-
NPs. (E) Biodistribution of MECA79-conjugated and nonconjugated NPs,
in addition to uninjected control, assessed via fluorescence imaging

at 24 hours after injection (i.v.) of NPs (DLN: control vs. IR800-NP vs.
MECA79-IR800-NP: 6,179 + 2,307 vs. 12,033 + 766.1 vs. 33,779 + 3,096,
mean + SEM, ANOVA test, *P < 0.05, ***P < 0.001, n = 3 mice per group,
1-2 LNs from each mouse). (F) Trafficking of MECA79-conjugated NPs
into DLNs and NDLNs (NDLN vs. DLN: 11,536 + 732.1vs. 33,264 + 2,046,
mean + SEM, Student’s t test, ***P < 0.001, n = 4-6 mice per group, 2
LNs from each mouse).

biosynthesis of L-selectin ligands in the HEV (23). Twenty-four
hours after the injection of MECA79-IR800-NPs into naive DKO
mice, their axillary LNs were harvested and stained for PNAd
and CD31. No PNAd expression or MECA79-IR800-NPs were
detected in the LNs of the DKO mice (Figure 2C). Sialyl-Lewis®, a
sugar moiety of PNAd, is also expressed on lymphocytes (17). We
injected MECA79-NPs into NOD-scid mice, in order to exclude
the possibility that NPs accumulate in the LNs by binding to lym-
phocytes that shuttle them into the LNs. Imaging performed at 24
hours after injection revealed that the MECA79-NPs accumulated
to a similar extent in the LNs of NOD-scid mice versus WT mice
(34,356 * 837.7 vs. 31,918 + 2,515, P = NS, n = 3 mice per group, 2
LNs from each mouse), indicating that this process is independent
of the presence of lymphocytes (Figure 2D).

Next, we examined whether leukocytes in the LN internalized
NPs. At 24 hours after injection, LNs were harvested and stained
for CD11c, CD11b, B220, and CD3. The majority of MECA79-NPs
costained with CD11c and CD3 (Figure 2E). To further examine
the capacity of CD11c* dendritic cells (DCs) to internalize our
NPs, we isolated and cultured murine DCs in vitro with IR800-
NPs, which confirmed that these NPs are internalized by DCs
(Supplemental Figure 2B).

Characterization and optimization of the conjugation of MECA79
mAb to NPs. The process of antibody conjugation often creates
heterogeneous antibody products (24, 25). We used a native (non-
denaturing) gel to assess the molecular weight (MW) of the antibody
products formed following the reduction of MECA79 mAb with
TCEP. Intact MECA79 mAb appears to be a mixture of a pentamer
and a hexamer (Figure 3A). Decreasing the ratio of MECA79 mAb
to TCEP created by-products with MWs of approximately 400 and
200 kDa, and maximizing this ratio created a monomer with MW
of approximately 200 kDa (Figure 3A). Then, we tested the efficacy
of each conjugation protocol by examining the effect of the various
antibody by-products on the in vivo trafficking of the NPs. The MFI
of LNs isolated from animals 24 hours after i.v. injection of NPs was
compared and is shown in Figure 3B. Reduction of MECA79 mAb
into a monomer-only product of approximately 200 MW resulted in
the most robust trafficking of NPs to the LNs (Figure 3B).

Development of immunotherapeutic MECA79-NPs for the effec-
tive suppression of transplant rejection. Short-course induction
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therapy using highly potent and selective agents in the initial
phase after transplantation has reduced the incidence of acute
rejection (26, 27) and emerged as the standard of care for trans-
plant patients (28, 29). Anti-CD3 mAbs are some of the most well-
studied immunotherapeutic agents used in transplantation and
autoimmune diseases (30, 31). Anti-CD3 mAbs promote Tregs but
suppress pathogenic T cells (32-34).

We encapsulated anti-CD3 mAb in NPs (anti-CD3-NPs) using
a double-emulsion/solvent evaporation method. The conjugation
of MECA79 mADb to the surface of NPs (MECA79-anti-CD3-NPs)
was carried out using the optimal reduction protocol described
above. The average diameter of NPs was 80.9 + 2.88 nm before
MECA79 mAb conjugation and 123.7 + 8.3 nm after conjugation,
as determined by dynamic light scattering (**P < 0.01, n = 3 per
group) (Figure 3C). The loading efficiency for anti-CD3 was 30%
* 5%. We validated the controlled release of anti-CD3 mAb from
NPs, by studying the release profile of anti-CD3 for 2 weeks in
vitro. The results confirmed the gradual release profile of anti-
CD3 over time (Figure 3D).

The use of organic solvents during the fabrication of NPs may
affect the function of the antibodies. We therefore next tested the
activity of anti-CD3 mAD after encapsulation, by testing its ability
to stimulate T cell proliferation in an in vitro assay. A similar level
of T cell proliferation was observed in both free anti-CD3-treated
and anti-CD3-NP-treated cells (percentage T cells proliferating:
free anti-CD3 and anti-CD3-NP vs. negative control, ***P < 0.01,
n =3 mice per group) (Supplemental Figure 3A).

Importantly, we were interested in the specific delivery of
anti-CD3 mAD to the DLN. Skin-transplanted mice were inject-
ed with 1 dose of MECA79-anti-CD3-NPs (5 pg of anti-CD3)
versus free anti-CD3 (5 pg of anti-CD3) at 7 days after trans-
plantation. The DLNs from treated mice were removed 24 hours
later. Protein was extracted and analyzed by Western blot, and
these data were compared with data from DLNs from uninjected
control mice (Figure 3E). Markedly higher levels of anti-CD3
were detected in the DLNs of mice treated with MECA79-
anti-CD3-NP as compared with the free anti-CD3 and control
groups, respectively (control vs. free anti-CD3 vs. MECA79-
anti-CD3-NP: Ovs. 0.87+0.09vs.1.43+0.14, ***P<0.001,n=4
mice per group) (Figure 3E).

To elaborate further on the cellular delivery of anti-CD3, we syn-
thesized an NP carrying Alexa Fluor 488-labeled (AF488-labeled)
anti-CD3 (*anti-CD3). We then injected skin-transplanted mice with
either MECA79-*anti-CD3-NPs or *anti-CD3-NPs. The DLNs from
these mice were assessed for the percentage of fluorescently labeled
T cells 24 hours after injection. We observed a significantly great-
er number of fluorescently labeled CD4*, CD8*, and CD4*CD69*
T cells, Tregs, and CD11c" cells in the DLNs of mice treated with
MECA79-*anti-CD3-NP as compared with *anti-CD3-NP (Figure
3F). In contrast, there was no difference between the 2 groups in the
frequency of fluorescently labeled B cells in the DLNs (Figure 3F).

DCs could also potentially release *anti-CD3 following the
uptake of NPs. To assess this, we incubated isolated splenic DCs
with either *anti-CD3 or *anti-CD3-NPs for 1 hour. DCs were
washed and then cultured with T cells for 6 hours, and then
T cells were analyzed by flow cytometry to assess for AF488-
labeled T cells. A significantly higher percentage of labeled CD4*
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and CD8* T cells were observed in the group incubated with DCs
precultured with *anti-CD3-NPs compared with those incubated
with *anti-CD3 (*anti-CD3 vs. *anti-CD3-NP: 2.08% * 0.35% vs.
39.5% * 2.01% for CD4", 2.52% *+ 0.23% vs. 26.2% * 1.97% for
CD8*,****P < 0.0001, n = 4 per group) (Figure 3G), suggesting that
DC uptake and release of anti-CD3 may occur more frequently
after exposure to anti-CD3-loaded NPs.

Finally, we examined the effect of free anti-CD3 and MECA79-
anti-CD3-NPs on the cytokine profile of donor-reactive T cells
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Figure 2. Histological characterization of MECA79-NP trafficking in the
DLN. (A) MECA79-IR800-NPs (in red) can be detected in the HEV (in green)
at early time points and infiltrate to adjacent areas in parenchyma of LNs
at later time points. (B) Nontargeted IR800-NPs were not detected in the
DLN. (C) Lack of PNAd expression and impaired trafficking of MECA79-
IR800-NPs to the LNs of double-knockout mice. (B) MFI quantification of
axillary LNs showing no difference between C57BL/6 mice and NOD-scid
mice at 24 hours after injection of MECA79-1R800-NPs (34,356 + 837.7 vs.
31,918 + 2,515, mean + SEM, Student’s t test, P = NS, n = 3 mice per group,
2 LNs from each mouse). (E) Immunofluorescence analysis of the DLN
showed colocalization of MECA73-IR800-NPs with CD11c* and CD3* cells
(scale bar: 100 pm).

within the LNs. DLNs were harvested from recipient mice on day
7 after skin transplant, and isolated T cells were stimulated with
irradiated donor cells. Cytokine levels were measured by Luminex
assay (MilliporeSigma) of culture supernatant at 48 hours. Treat-
ment with free anti-CD3 and MECA79-anti-CD3-NP led to marked
and similar suppression of IFN-y, TNF-a, and IL-6 production in
comparison with untreated controls (Supplemental Figure 3B).
Treatment with MECA79-anti-CD3-NP prolongs heart allograft
survival. Next, we examined the efficacy of MECA79-anti-CD3-


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/11
https://www.jci.org/articles/view/120923#sd

The Journal of Clinical Investigation

NPs in the suppression of transplant rejection using a murine
heart transplant model. BALB/c hearts were transplanted into
C57BL/6 recipient mice. First, we tested the therapeutic efficacy
of 2 different conjugation conditions for the synthesis of MECA79-
anti-CD3-NP — MECA79/TCEP ratios of 10:2 and 30:30 — with
respect to the postponement of transplant rejection. To compare
the efficacy of these NPs in preventing rejection, cardiac allograft
recipient mice were injected i.v. with MECA79-anti-CD3-NPs on
days -1, 0, 1, 2, and 3 (5 pg of anti-CD3 per day) following trans-
plantation. Consistent with the trafficking data (see Figure 3B),
heart graft survival was significantly longer following MECA79
mAb conjugation using the 30:30 ratio as opposed to the 10:2 ratio
(mean survival time [MST] 117.5 days vs. 22 days, respectively, **P
< 0.01, n = 3-5 mice per group).

Having identified the optimal formulation for MECA79-anti-
CD3-NPs, we then investigated their efficacy in prolonging heart
allograft survival, when compared with other forms of delivery of
anti-CD3. Mice with transplants were treated with unconjugated
NP, MECA79-NP, free anti-CD3, anti-CD3-NP, or MECA79-
anti-CD3-NP from days -1 to 3 post-transplantation (all anti-CD3
dosing was 5 pg/d). We observed a highly significant prolongation
of cardiac transplant survival following treatment with MECA79-
anti-CD3-NP (MST of untreated control recipient, NP-alone,
MECA79-NP, free anti-CD3, anti-CD3-NP, and MECA79-anti-
CD3-NP heart allografts was 7, 7, 7, 30, 35, and 117.5 days, respec-
tively, n = 5-9 mice per group) (Figure 4A). These data indicate
that targeted delivery of anti-CD3 to LNs dramatically increases
its efficacy in inducing long-term allograft survival.

We next sought to confirm the specific role of MECA79 bind-
ing to PNAd in targeted anti-CD3 delivery, and the greater effi-
cacy of MECA79-anti-CD3-NPs. We generated NPs loaded with
anti-CD3, and then conjugated with a control isotype IgM anti-
body. Heart allograft survival following treatment with IgM-anti-
CD3-NP was comparable to that the groups treated with free anti-
CD3 or non-conjugated anti-CD3-NP (MST 37 vs. 30 vs. 35 days,
respectively, P= NS, n = 4-9 mice per group; Figure 4A). This indi-
cates the essential role of MECA79 conjugation in MECA79-anti-
CD3-NPs to target anti-CD3 to LNs and maximize its efficacy.

We next sought to clarify the importance of various second-
ary lymphoid tissues as sites of action of MECA79-anti-CD3-NPs.
BALB/c heart allografts were transplanted into lymphotoxin-
o-knockout recipients (LTa-KO, C57BL/6 background), which
lack LNs. We observed markedly decreased allograft survival
in LTo-KO recipients as compared with WT following treatment
with MECA79-anti-CD3-NP (MST of 45 days vs. 117.5 days, n =
5 mice per group). We next transplanted fully mismatched car-
diac allografts into splenectomized C57BL/6 mice. The lack of a
spleen did not alter transplant survival following treatment with
MECA79-anti-CD3-NP (MST >100 days, n = 5 mice per group).
These data indicate that the capacity of MECA79-anti-CD3-NPs
to prolong cardiac transplant survival is dependent on the pres-
ence of LNs, but independent of the spleen.

We next assessed the importance of timing of administra-
tion of NPs for maximal therapeutic efficacy. We assessed 3
alternative dosing regimens: treatment of transplant recipients
on day -1 alone, on days 0-3, or on days 3-5 post-transplant.
Compared with our standard dosing regimen, there was little
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therapeutic effect, with MSTs of 12, 18, and 12 days, respectively
(n =3-5mice per group). These data indicate that maximal benefit
is achieved with dosing beginning prior to transplantation on day
-1 and continuing through to day 3 to prevent alloimmune activa-
tion within the DLN.

Despite long-term survival, allografts can sustain significant
subclinical immune-mediated damage. To assess this, BALB/c
cardiac allografts were transplanted into C57BL/6 recipients,
treated with free anti-CD3 versus MECA79-anti-CD3-NP on day
-1 to day 3 post-transplant (5 pg of anti-CD3 per mouse each day),
and harvested at day 40 after transplant. Hearts were examined
histologically, using a score modified from the International Society
for Heart and Lung Transplantation (35, 36). Grafts from recipients
treated with free anti-CD3 showed moderate cellular infiltration in
myocytes and perivascular regions, thickened vascular walls, and
occluded arteries. However, those treated with MECA79-anti-CD3-
NP showed significantly less cellular infiltration, with healthy myo-
cytes and lower vascular injury score (free anti-CD3 vs. MECA79-
anti-CD3-NP: 2.209 * 0.34 vs. 0.979 1 0.31 for cellular infiltration
score, respectively, *P < 0.05;3.954 + 0.67 vs. 1.738 + 0.38 for vascu-
lar score, respectively, *P < 0.05; n = 4 mice per group) (Figure 4B).
On immunofluorescence staining, fewer T cells and macrophages
were present in the heart allografts treated with MECA79-anti-CD3-
NP, as compared with free anti-CD3 (Figure 4C). We also examined
long-term surviving heart allografts of MECA79-anti-CD3-NP-
treated mice at the time of rejection (125 days after transplan-
tation). Heart allografts showed myocyte necrosis, fibrosis, and
cellular infiltrates (Supplemental Figure 3C), indicating that treat-
ment with NP at the time of transplant is insufficient to control
long-term alloimmune responses.

Mechanisms of suppression of alloimmune responses by MECA79-
anti-CD3-NP. We next assessed the effect of treatment with
MECA79-anti-CD3-NP on the T cell response in the DLN and
allograft. C57BL/6 recipients of BALB/c hearts were treated with
free anti-CD3 or MECA79-anti-CD3-NP, and on day 17, DLNs (para-
aortic LNs) and hearts were harvested for analysis by flow cytometry.

Overall, CD3* T cells were not depleted significantly in the
DLN, and we did not observe any significant impact on the T cell
repertoire (TCR Vo2, B, and y/c chains) in the DLNs from mice
treated with either free anti-CD3 or MECA79-anti-CD3-NP
(data not shown). Furthermore, no significant differences were
observed in the percentages of CD4'CD44"CD62L"° T cells,
Tregs, and IFN-y-producing CD4" T cells in DLNs of the 2 treat-
ment groups (free anti-CD3 vs. MECA79-anti-CD3-NP: 14.6%
+2.6% vs. 15.6% * 1.8%, P = NS, for CD4*CD44MCD62L" cells;
12.4% +1.9% vs. 12.1% + 1.1%, P = NS, for Tregs; 4.5% * 0.9% vs.
3.2% * 0.3%, P = NS, for IFN-y-producing CD4" cells; n = 4 mice
per group) (Supplemental Figure 4A). The lack of observed effect
of either treatment on T cell population within the DLN could
relate to the timing of LN harvest in relation to treatment.

Given the lack of changes in DLN T cell populations to explain
the observed prolonged graft survival, we next phenotyped the
intragraft T cell populations by flow cytometry. We noted a marked
reduction in the total number of graft-infiltrating CD3"* cells fol-
lowing treatment with MECA79-anti-CD3-NP (free anti-CD3 vs.
MECA79-anti-CD3-NP: 4.761 x 10+ 0.9 x 10°vs. 1.728 x 10 £ 0.9
x 10¢, *P < 0.05, n = 4 mice per group) (Figure 5A). We then ana-
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Figure 3. Optimization of conjugation of MECA79 mAb to the NPs. (A)
Native (nonreducing) 3%-12% gel showed the effect of the reduction of
MECA79 mAb with various MECA79/TCEP ratios on its molecular weight. (B)
Corresponding trafficking of MECA79-NPs to LNs, as assessed by fluores-
cence imaging (mean + SEM, Student’s t test, ***P < 0.001, n = 3-5 mice per
group, 2-4 LNs from each mouse). (C) Hydrodynamic diameter of anti-CD3-
NPs versus MECA79-anti-CD3-NPs (mean + SEM, Student's t test, **P <
0.01, n = 3 per group). (D) Sustained release profile of anti-CD3 from NPs over
a duration of 14 days (n = 3 per group). (E) Western blot analysis of DLNs
showed a significant increase in anti-CD3 expression in the MECA79-anti-
CD3-NP-treated group (5 pg of anti-CD3) in comparison with the no-treat-
ment and free anti-CD3 groups (5 ug of anti-CD3). B-Actin was used as a
loading control. The fold change over the syngeneic sample was calculated
after densitometric analysis and correction for B actin (control vs. free anti-
CD3 vs. MECA79-anti-CD3-NP: 0 vs. 0.87 + 0.09 vs. 143 + 0.14, mean + SEM,
Student’s t test, ***P < 0.001, n = 4 mice per group). (F) *anti-CD3-NPs with
or without MECA79 antibody conjugation were injected into skin-transplanted
mice. The DLNs from MECA79-*anti-CD3-NP-treated mice contained a signifi-
cantly greater percentage of *anti-CD3-labeled T cells and DCs than controls.
No differences were seen in *anti-CD3-labeled B cells (mean + SEM, Student's
t test, ***P < 0.001, ****P < 0.0001, n = 4 mice per group). (G) DCs were
cultured in vitro with *anti-CD3 or *anti-CD3-NPs, washed, and reincubated
with CD4* and CD8* T cells, and the degree of T cell labeling was analyzed.
Significantly greater labeling with *anti-CD3 was observed in both CD4* and
CD8* T cells incubated with *anti-CD3 NP cultured DCs as compared with
those cultured with *anti-CD3 alone (*anti-CD3 vs. *anti-CD3-NP: 2.08 +
0.35vs. 39.5 + 2.01 for CD4+, 2.52 + 0.23 vs. 26.2 + 1.97 for CD8*, mean + SEM,
Student’s t test, ****P < 0.0001, n = 4 per group).

lyzed the T cell infiltrate, and observed a more pro-tolerogenic T
cell profile in MECA79-anti-CD3-NP-treated recipients. While the
absolute number of intragraft Tregs was similar (data not shown),
the percentage of intragraft Tregs was significantly higher after
treatment with MECA79-anti-CD3-NP as compared with free anti-
CD3 (21.38% * 2.65% vs. 13.23% * 2.10%, *P < 0.05, n = 4 mice
per group) (Figure 5A). Similarly, the ratio of CD8 effector T cells
(CD44"CD62L") to Tregs was significantly lower in MECA79-anti-
CD3-NP-treated grafts as compared with the free anti-CD3 group
(Figure 5A), indicating a shift toward a more Treg-dense infiltrate.

Since we observed a significant increase in the percentage
of intragraft Tregs in MECA79-anti-CD3-NP-treated mice, we
investigated the importance of Tregs in long-term allograft sur-
vival. C57BL/6 mice underwent transplantation, were treated
with MECA79-anti-CD3-NP, and underwent Treg depletion by
Lv. injection of anti-CD25 antibody (200 pg i.v. per mouse) at 25
days after transplantation. Treatment with anti-CD25 antibody
led to accelerated rejection (MST of 59 days after transplant [34
days after anti-CD25 injection] vs. 117.5 days in non-Treg-depleted
controls, = 5 mice per group), which suggests that Tregs may play
an important role in prolongation of heart graft survival following
treatment with MECA79-anti-CD3-NP.

To dissect the process of immune activation and regulation
in the LNs in greater detail, we then used an OVA-based mouse
model of transplantation, in which immune activation in the DLN
occurs during a narrower window of time. Hearts from OVA-
transgenic mice were transplanted into Rag”~mice into which CD4*.
OTII T cells and CD8*.OTI T cells had been adoptively transferred.
The mice received no treatment, free anti-CD3, or MECA79-
anti-CD3-NP and were sacrificed on day 5 after transplant, when
DLNs and heart were harvested. The DLNs of the MECA79-anti-
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CD3-NP-treated group contained a significantly higher proportion
of Tregs (61.7% *+ 4.9%) in comparison with untreated (27.9% *
4.8%) and free anti-CD3 treatment groups (36.2% + 9.7%, *P < 0.05,
n = 3 mice per group) (Figure 5B). The higher proportion of CD4*
CD69'CD95* T cells in DLNs of MECA79-anti-CD3-NP-treated
mice suggested a higher rate of activation-induced cellular apoptosis
(no treatment vs. free anti-CD3 vs. MECA79-anti-CD3-NP: 38.9% +
5.5% vs. 35.4% *10.2% vs. 64.7% * 3.3%, *P < 0.05, n = 3 mice per
group) (Figure 5C). Hearts recovered from the MECA79-anti-CD3-
NP group contained a significantly lower frequency of CD4* and
CD4'CD69* (activated) graft-infiltrating T cells in comparison with
the other groups (no treatment vs. free anti-CD3 vs. MECA79-anti-
CD3-NP:36.1 x10*+7.3 x 10*vs. 21.6 x 10* + 3.8 x 10* vs. 11.5 x 10*
+2.6 x10* for CD4" T cells, 33.8 x 10* £ 7.3 x 10* vs. 21.5 x 10 £ 3.8 x
10%vs. 13.8 x 10* + 3.9 x 10* for CD4*CD69* T cells, *P < 0.05,n =3
mice per group) (Figure 5D). No difference was noted in the percent-
ages of CD8".OTI T cells among the treatment groups.

Finally, we observed no evidence of either the presence
of ectopic HEVs or the infiltration of MECA-NPs in the heart
allografts around the time of acute rejection.

A surge of inflammatory cytokines, or cytokine storm, is a major
limiting factor in the use of biologic agents, including anti-CD3
mADb (37). Here, we compared the levels of cytokines in the plasma
2hours after administration of free anti-CD3 versus MECA79-anti-
CD3-NP. Our analysis revealed higher levels of inflammatory cyto-
kines, such as IFN-y and IL-2, in the free anti-CD3-treated group in
comparison with the MECA79-anti-CD3-NP-treated mice (control
vs. free anti-CD3 vs. MECA79-anti-CD3-NP: 3.5+ 0.4 vs. 304.7 +
54.7 vs. 112.8 + 31.5 for IFN-y, 3.7 + 0.9 vs. 70.5 + 16.5 vs. 24.5 +
4.2 for IL-2, *P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001, n
= 4 mice per group, duplicate sample) (Supplemental Figure 4B).
No difference was noted in the levels of TNF-o between the free
anti-CD3 and MECA79-anti-CD3-NP groups (control vs. free anti-
CD3 vs. MECA79-anti-CD3-NP: 5.2+ 0.9 vs. 32.6 + 4.3 vs. 43.4 £
3.1for TNF-a, P = NS, n =4 mice per group, duplicate sample). This
suggests that MECA79-anti-CD3-NP may be better tolerated than
free anti-CD3 treatment.

Translating targeted HEV/LN delivery to large animals. Virtu-
ally all mammals share similar PNAd molecules expressed by
the HEV. To assess the potential of this drug delivery platform
to be applied to large mammals, we assessed the efficacy of
MECA79-NP in trafficking to the DLN and NDLN in a pig model
of vascularized composite allotransplantation. Heterotopic hind-
limb transplantation was performed across a full swine leuko-
cyte antigen (SLA) mismatch in MGH miniature swine (ref. 38
and Figure 6A). We injected MECA79-IR800-NPs i.v. into the
animal at the time of rejection, and the DLNs and NDLNs were
removed 24 hours later. NPs were observed within the vicini-
ty of HEVs in the DLN (Figure 6B). A significantly higher quan-
tity of NPs was observed in the DLN in comparison with the
NDLN (NDLN vs. DLN: 0.12% * 0.03% vs. 2.28% *+ 0.21%,
P < 0.0001, n = 5 LNs per group) (Figure 6C). We next
assessed trapping of NP in other organs. While DLN showed the
greatest density of MECA79-IR800-NPs, there was also some
accumulation in pig liver, and to a lesser extent in the spleen.
No MECA79-IR800-NPs were observed in studied sections of
lung tissue (Figure 6D).
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Figure 4. Treatment with MECA79-anti-CD3-NP suppresses
acute rejection. BALB/c hearts were transplanted into
C57BL/6 recipients. (A) Survival of heart grafts in recipients
of MECA79-anti-CD3-NP treatment (117.5 days) significantly
exceeded that in recipients that received no treatment (7
days), NP alone (7 days), MECA79-NP (7 days), free anti-CD3
(30 days), anti-CD3-NP (35 days), and IgM-anti-CD3-NP (37
days) (n = 4-9 mice per group). (B) Representative images
of H&E-stained heart allografts revealed dense cellular
infiltrates in the free anti-CD3 group. The allografts in the
MECA79-anti-CD3-NP treatment group showed signifi-
cantly lower cellular infiltration and lower average vascular
scores than those in the free anti-CD3 treatment group
(cellular infiltration score: free anti-CD3 vs. MECA79-anti-
CD3-NP: 2.209 + 0.34 vs. 0.979 + 0.31, mean + SEM,
Student’s t test, *P < 0.05; vascular score: 3.954 + 0.67
vs.1.738 + 0.38, mean + SEM, Student’s t test, *P < 0.05;

n = 4 mice per group; bar graphs). (C) Heart grafts treated
with MECA79-anti-CD3-NP contained markedly fewer
graft-infiltrating CD3* T cells and F4/80* macrophages in
comparison with the free anti-CD3 group, as analyzed using
immunofluorescence staining.

Discussion diseases, embodying the potential to either enhance (e.g., condi-
In recent years, research studies have focused intently on the  tions such as malignancy/vaccination) or suppress effector activ-
concept of LN-targeted drug delivery (11). Targeted delivery of ity (e.g., transplantation or autoimmunity) as required (39-46).
therapeutics allows for the modulation of immune responses and ~ While the vast majority of these efforts have relied on transmis-
has applications across the entire spectrum of immune-mediated  sion via absorption through the skin, targeted delivery to HEVs via
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Figure 5. Treatment with MECA79-anti-CD3-NP leads to increased proportion of Tregs in the DLN. (A) BALB/c hearts were transplanted into C57BL/6
recipients and treated with either MECA79-anti-CD3-NP or free anti-CD3. The bar graphs represent the absolute number of CD3* cells, percentage of Tregs,
and ratio of absolute number of CD8* effector T cells to Tregs within heart grafts, harvested at 17 days after transplantation (CD3* cells: free anti-CD3

vs. MECA79-anti-CD3-NP: 4.761 x 10° + 0.9 x 10° vs. 1.728 x 10° + 88,263, mean + SEM, Student’s t test, *P < 0.05; frequency of Tregs: 13.23% + 2.10% vs.
21.38% + 2.65%, mean + SEM, Student’s t test, *P < 0.05; ratio of absolute number of CD8* eff/Tregs: 23,97.0 + 422.4 vs. 764.6 + 153.8, mean + SEM,
Student’s t test, **P < 0.01; n = 4 mice per group). (B) OTII CD4* T cells and OTI CD8* T cells were adoptively transferred into Rag~- mice before OVA heart
transplant. DLNs were harvested for analysis at day 5. Flow cytometric analysis shows a significantly higher proportion of Tregs in those treated with
MECA79-anti-CD3-NP as compared with the other groups (no treatment vs. free anti-CD3 vs. MECA79-anti-CD3-NP: 27.9% + 4.8% vs. 36.2% + 9.7% vs.
61.7% + 4.9%, mean + SEM, ANOVA test, *P < 0.05, n = 3 mice per group). Representative flow plots shown. (C) Percentage of CD4*CD69*CD95* T cells in
the DLN (no treatment vs. free anti-CD3 vs. MECA79-anti-CD3-NP: 38.9% + 5.5% vs. 35.4% + 10.2% vs. 64.7% + 3.3%, mean + SEM, ANOVA test, *P <
0.05, n = 3 mice per group). (D) Number of CD4* and CD4*CD69* T cells in the heart allografts (no treatment vs. free anti-CD3 vs. MECA79-anti-CD3-NP:

361 x10%+ 7.3 x 10%vs. 21.6 x 10% + 3.8 x 10 vs. 11.5 x 10* + 2.6 x 10 for CD4* T cells, 33.8 x 104 + 7.3 x 10% vs. 21.5 x 10* + 3.8 x 10% vs. 13.8 x 10* + 3.9 x 10* for
CD4+*CD6Y* T cells, mean + SEM, ANOVA test, *P < 0.05, n = 3 mice per group).

systemic administration provides an unprecedented opportunity =~ PNAd by HEVs marks them as exquisite targets for drug delivery,
to significantly broaden the clinical applications of targeted LN especially with respect to the limitation of off-target toxicity.

therapies, particularly for conditions in which the LN is not easily We have previously used MPs for delivery of tacrolimus to
accessible from the skin (39, 45, 47, 48). The unique expression of  the LNs. For our current studies, we have engineered a formula-
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Figure 6. MECA79-NP traffic to the DLN of a pig with a vascu-
larized allogeneic limb transplant. (A) Representative figures of
vascularized composite allotransplant (VCA) in swine leukocyte
antigen-defined (SLA-defined) MGH miniature swine. Top left:
Dissection of VCA containing skin, muscle, and bone from the
donor hind limb. Bottom left: Inset of the VCA into the groin and
lateral abdominal wall of the recipient animal. Top right: Final
skin inset in the lateral abdominal wall. Bottom right: Long-term
follow-up by visual monitoring of the donor skin component

in the lateral abdominal wall of the recipient. (B-D) MECA79-
IR800-NP was injected i.v. 147 days after VCA. DLN, NDLN, liver,
spleen, and lung were harvested at 24 hours after injection.

(B) Immunofluorescence staining of DLN. Arrows point to the
MECA73-IR800-NPs in the proximity of the HEVs in the DLN.
Scale bars: 100 pum. (€) Immunofluorescence staining of DLN and
NDLN. The bar graph shows percentage area per each image pos-
itive for MECA79-IR800-NPs, quantified using Image] software
(NIH). A significantly higher quantity of NPs was observed in

the DLN as compared with the NDLN (NDLN vs. DLN: 0.12% +
0.03% vs. 2.28% + 0.21%, mean + SEM, Student’s t test, ***P

< 0.001, n = 3 images per section, total 5 sections per LN). (D)
Immunofluorescence staining of liver, spleen, and lung displays
the preferential accumulation of MECA79-IR800-NPs in the liver
and spleen, as demonstrated by asterisks.
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tion of NPs with particular physicochemical properties that serve
to increase circulation time. These NPs are slightly negatively
charged and uniformly spherical with an average size of approx-
imately 100 nm, which leads to a reduced rate of clearance by the
mononuclear phagocyte system. In contrast, positively charged
NPs undergo more rapid uptake by macrophages in the lung,
spleen, and liver (49), and nonspherical NPs are sequestered more
readily by the mononuclear phagocyte system. In terms of size,
while the lungs entrap large particles such as MPs, the kidneys
clear very small (<10 nm) particles readily. Therefore, NPs with
characteristics such as ours have a prolonged circulation time.
Furthermore, we previously used protein G to conjugate MECA79
to our MP, which is a noncovalent molecule and has reversible
binding. However, protein G may bind nonspecifically and induce
an immune reaction in vivo (50). The new antibody conjugation
method used in this study uses covalent bonding, confers site
specificity, and provides control over the orientation of the anti-
body conjugated to the NP (11).

Our conjugation technique relies on cleaving the thiols of
MECA79 mADb (51). In contrast to IgG, which has disulfide bonds
at the hinge region, most of the disulfide bonds of the intrachain
region of IgM are more distal, a position that is responsible for
its pentamer shape and yields more intact antibodies following
reduction (52-57). The finding that conjugation strategies result in
heterogeneous groups of antibody products is well recognized (24,
25, 58). In the setting of heterogeneity, the nonrelevant products
may compete with the monomer at the time they are incorporated
on the surface of the NP. They could also impact the orientation
of monomers or compete with the binding sites at the level of the
HEV. Future studies using cryo-electron microscopy could more
clearly delineate the physical orientation of antibody products on
the surface of the NP (59). However, using our conjugation tech-
nique, we found efficient trafficking of MECA79-NPs to LNs,
indicating that by choosing monomers, our method may result in
higher loading and more controlled orientation of MECA79 mAb
on the surface of the NP. Other strategies target the lysine residue
of the antibody; however, the abundance of lysine residues on the
surface of many proteins can result in random conjugation and a
heterogeneous product profile (60). Other site-specific conjuga-
tion techniques require multistep purification, which complicates
the preparation of the drug (61). The simplicity of our conjugation
methodology enhances its clinical translatability.

Another novel aspect of our current delivery platform cen-
ters on the importance of anti-CD3 as an induction therapy.
This platform is especially suited to increase the efficacy of
transplantation induction therapy and to reduce the toxicity
of immunosuppressive drugs. In contrast to tacrolimus, which
requires long-term therapy after transplantation, the application
of nanomedicine to short-course induction therapy is clinically
more feasible. Using highly potent and selective agents in the
initial phase of transplantation has reduced the incidence of
acute rejection (26, 27) and emerged as the standard of care for
transplant patients (28, 29). However, the use of induction reg-
imens is associated with an increased risk of serious infection,
malignancy (62-64), diabetes, and dyslipidemia (65). Our strat-
egy may greatly improve the safety profile of induction immu-
nosuppression by enabling significantly lower systemic dosing,
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while maintaining clinical efficacy. Notably, similar induction
therapies are used for a wide variety of life-threatening immune-
mediated diseases, in which the LN occupies an important role
as a primary site of immune activation, indicating a broad range
of potential applications for this treatment approach.

Our trafficking studies have demonstrated the targeted accu-
mulation of MECA79-NPs in the DLN, which contains expanded
HEVs and receives increased blood flow following transplantation.
We observed sequential migration of NPs into the LN interstitium
over time. DCs and T cells within the DLN internalized the vast
majority of NPs. While the total amount of anti-CD3 present in
the DLN was increased in mice treated with MECA79-anti-CD3-
NP, a much higher percentage of T cells bound with fluorescently
labeled anti-CD3 was also found, indicating successful targeting
within the LN. As DCs and T cells reside within the vicinity of
the HEV, these cells may internalize the NPs along their pathway
of migration into the parenchyma of the LN and subsequently
release anti-CD3. Anti-CD3 released from NPs taken up by DCs
within the LN may also bind to the dense population of locally resi-
dent T cells. Therefore, we believe this delivery platform increases
the accessibility of anti-CD3 to T cells.

We noted a robust augmentation of Tregs within the heart
allografts of mice treated with MECA79-anti-CD3-NP, but were
unable to demonstrate augmentation of Tregs within the DLN
in a polyclonal transplant model. This negative finding could
be due to the presence of transient immune regulation a priori
during the formation of Tregs, which migrate later to the
allografts. The kinetics of the effect of anti-CD3 on immune cells
has been reported to be heavily dependent on the timing of anti-
CD3 dosing, so the immunoregulatory effects of anti-CD3 could
shift with time (66). Nonetheless, Wood and colleagues noted
that the augmentation of intragraft Tregs accounted for much of
the immunosuppressive effect they attributed to anti-CD3 (66).
The promotion of Tregs by anti-CD3 mAbs through the actions
of IL-2, TGF-B, and IL-7 has been examined extensively and
described in detail (32-34). Resident Tregs have been reported
to survey the environment of the tissue (66), and indeed in our
model we observed a marked increase in apoptosis among acti-
vated T cells within the heart, likely reflecting the action of Tregs
in the allograft. Depletion of Tregs with anti-CD25 in our study
abrogated the prolongation of heart graft survival. Similarly,
Kendal et al. have demonstrated that when the intragraft FoxP3*
Tregs were depleted from allografts, they were rejected without
the need for effector T cells (67). In our model, MECA79-anti-
CD3-NP likely had a transient intra-LN effect leading to induc-
tion of Tregs, which then migrated to the allograft. The small
amount of anti-CD3 used in these models could explain our find-
ings that the T cells were not depleted significantly, and the T cell
repertoire did not change between the treatment groups.

The survival of the heart allografts in LTo-KO recipients
demonstrated the importance of the LN as a site of immune regula-
tion following treatment with MECA79-anti-CD3-NP. Our kinetic
data showed comparable trafficking of MECA79-conjugated as
well as nonconjugated NPs to the spleen. However, splenectomy
did not abrogate the therapeutic effects of MECA79-anti-CD3-NP.
These findings suggest that the spleen does not play a predominant
role in the prolongation of heart allograft survival in these mice.
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One important complication of anti-CD3 is the release of
cytokines that lead to the generation of Fc-modified anti-CD3
(68). Examination of the early release of cytokines revealed evi-
dence of a higher surge of inflammatory cytokines, such as [FN-y
and IL-2, in the blood of the mice treated with free anti-CD3, as
compared with MECA79-anti-CD3-NP (37, 69-71). No difference
was observed with respect to the level of TNF-a, which could be
attributed to the typical timing surrounding the release of TNF-a
release (72). This finding suggests that along with increased effi-
cacy of anti-CD3 using this delivery platform, the slow release
from MECA79-anti-CD3-NP may also be better tolerated than
standard anti-CD3 dosing.

An important aspect of these studies is that HEV vasculature
expresses PNAd constitutively in virtually all LNs (73). Therefore,
targeting this molecule may deliver immunomodulatory molecules
to all LNs, which could result potentially in generalized immuno-
suppression. In our model, the density of HEVs increased in the
DLN following transplantation, which resulted in local accumula-
tion of MECA79-anti-CD3-NPs at the site of immune activation.
Furthermore, while this possibility requires full investigation,
we believe that the significant reduction in the overall dosing of
immunosuppressive agents reduces the likelihood of systemic tox-
icity related to immunosuppression, including the risk of opportu-
nistic infections.

Finally, the power in this platform lies in its specificity of LN
targeting and the capacity to load NPs with varied immunosup-
pressive agents, opening up the possibility of targeting a wide
range of diseases. The potential applications of an HEV-targeted
drug delivery platform include immunotherapy for diseases such
as autoimmune diabetes — in which the pancreatic lymph node
is the primary site of autoreactivity — and malignances such as
primary lymphomas, as well as the creation of an HEV-targeted
paradigm of molecular imaging.

Methods
Self-assembly, single-step synthesis of IR800-NPs. The PLGA copoly-
mers were purchased from PolySciTech, Akina. For each NP synthe-
sis, methoxy poly(ethylene glycol)-b-poly(p,L-lactic-co-glycolic) acid
copolymer (mPEG-PLGA; MW 5,000:30,000 Da, 50:50 LA/GA [wt/
wt]) and poly(lactide-co-glycolide)-b-poly(ethylene glycol)-maleimide
(maleimide-PEG-PLGA; MW ~30,000:5,000 Da, 50:50 LA/GA) were
used as the core polymers. NPs were engineered using self-assembly
single-step nanoprecipitation. PEG-PLGA and maleimide-PEG-PLGA
were dissolved in acetone. The IRDye 800CW (LI-COR; dissolved in
methanol, 2.5 mg/ml) was added to the polymer mixture, vortexed, and
then added dropwise to 20 ml of distilled water. The NP suspension was
stirred for 2 hours and was concentrated by centrifugation using Amicon
Ultra-15 centrifugal filter units (MW cutoff [MWCO] 100 kDa; Sigma-
Aldrich) at 1,800 g in intervals of 5 minutes. The resulting NPs were
washed with deionized water and resuspended in 1 ml of distilled water.
Synthesis of anti-CD3-NPs. Anti-CD3-NPs were synthesized using
a double-emulsion/solvent evaporation method. PEG-PLGA and
maleimide-PEG-PLGA were dissolved in ethyl acetate. The anti-CD3
mAD (rat monoclonal anti-mouse CD3, clone 17A2, catalog 14-0032-
82, Thermo Fisher Scientific) was diluted in PBS and added to the
polymer mixture, vortexed on high speed for 1 minute, and sonicated
for 1 minute in a bath sonicator. The first emulsion was then added
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dropwise to 3 ml of distilled water while being vortexed on high speed,
followed by 1 minute of sonication in bath sonicator. The resulting sus-
pension of NPs was added dropwise to 20 ml of distilled water and
stirred for 2 hours to evaporate the organic phase. Anti-CD3-NPs were
concentrated by centrifugation using Amicon Ultra-15 centrifugal
filter units (MWCO 100 kDa; Sigma-Aldrich) at 3,750 rpm in intervals
of 5 minutes. The resulting NPs were washed with deionized water
and resuspended in 1 ml of distilled water.

Conjugation of MECA79. The MECA79 mAb (NB100-77673,
NOVUS Biologicals) was conjugated to the functional surface of
NPs using thiol-maleimide chemistry. Thirty microliters of MECA79
mADb (1.0 mg/ml) was pretreated with 30 ul TCEP (0.5 M, 15 minutes,
room temperature) to cleave thiol groups and was mixed immediately
with the suspension of NPs. Maleimide groups on NPs bind covalently
to the cleaved thiol of the MECA79 antibody. The MECA79-NPs
were stored at 4°C before use.

Characterization of NPs. The size and surface charge of NPs were
measured using dynamic light scattering. The NPs were diluted 100-
fold for characterization tests. The morphology of NPs was observed
using transmission electron microscopy. Freshly prepared NPs were
deposited on 200-mesh Formvar/carbon-coated copper grids, washed
with distilled water, and negatively stained with 0.75% uranyl for-
mate stain. The samples were imaged immediately with a Tecnai G2
Spirit BioTWIN electron microscope equipped with an AMT 2k CCD
camera and low-dose software (80 kV, direct magnification x98,000).
A calibration curve of various concentrations of the anti-CD3 mAb was
prepared using an ultraviolet-visible (UV-VIS) spectrophotometer to
quantify the amount of antibody loaded in the NPs. The absorbance
of the samples measured at 275 nm was compared with the calibration
curve, in order to determine the loading efficiency of anti-CD3 mAb.

Release kinetics of anti-CD3. To quantify the release profile of
anti-CD3 mAb from the NPs, anti-CD3-NPs were incubated at 37°C
in triplicate. At defined durations of incubation (2 hours, 6 hours,
and 1, 2, 3, 4, 7, and 14 days), the NPs were removed, transferred
to Amicon Ultra-15 centrifugal filter units (MWCO 10 kDa; Sigma-
Aldrich), and centrifuged at 3,750 rpm for 5 minutes. The filtrate (10
ul) was analyzed with a UV-VIS spectrophotometer, and absorbance
was measured at 275 nm to determine the amount of released anti-
body at each time point.

Optimization of MECA79 conjugation. To study the effect of the
reducing agent on the structural integrity and activity of MECA79
antibody, we varied the ratio of TCEP to MECA79 over a wide range
(10:2, 30:2, 30:6, and 30:30) and studied the trafficking of MECA79-
IR800-NPs to the LNs in vivo. A nonreducing gel was used to analyze
the MW of reduced MECA79 mAb. MECA79 mAb was incubated with
various concentrations of TCEP for 15 minutes and was loaded imme-
diately into the gel before running. Nonreduced MECA79 mAb and
isotype IgM were used as controls.

Mice. C57BL/6] (H-2"), BALB/c (H-29), C57BL/6.129S7-Ragl™™om
(Rag”), C57BL/6-Tg(CAG-OVA)916Jen (OVA), C57BL/6-Tg(TcraTcrb)
1100Mjb (OTI), C57BL/6-Tg(TcraTerb)425Cbn (OTII), and B6.129S2-
Lta™P<h/T (LTa-KO) mice were obtained from The Jackson Laboratory.
Male or female mice were used at 8-10 weeks of age and were housed
in sterilized, ventilated cages in a specific pathogen-free animal facility
under a standard 12-hour light/12-hour dark cycle. Each experiment was
performed using 3-9 mice per group. All animal experiments and methods
were performed in accordance with the relevant guidelines and regulations
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approved by the Institutional Animal Care and Use Committee of Brigham
and Women’s Hospital, Harvard Medical School.

Mouse heart transplantation. Vascularized intra-abdominal hetero-
topic transplantation of heart allografts was performed using micro-
surgical techniques, as described previously (74). The heart was har-
vested following the ligation/dissection of superior vena cava and
inferior vena cava, and dissection of ascending aorta and pulmonary
artery from the donor mouse. The harvested donor heart was stored
at 4°C and immersed in UW (University of Wisconsin) solution until
transplantation (within 30 minutes). Following abdominal incision of
the recipient mouse, the abdominal aorta and inferior vena cava were
clamped. The ascending aorta and pulmonary artery of the donor
heart were sutured to the abdominal aorta and inferior vena cava of
the recipient mouse, respectively, using a 10-0 suture. Contractions
of transplanted heart were observed upon removal of the cross-clamp,
and the abdominal incision was closed in 2 layers with a 6-0 silk run-
ning suture. For splenectomy, the splenic artery and vein were tied
with a 6-0 silk suture and removed at the time of heart transplanta-
tion. The survival of cardiac allografts was assessed by daily palpation.
Rejection was defined as complete cessation of cardiac contractility,
as determined by direct visualization.

Skin transplantation. BALB/c donor trunk skin graft (1 cm?
was transplanted onto the left upper back of a C57BL/6 recipient
mouse. Skin allografts were sutured with 6-0 silk and secured with
a bandage for 7 days.

In vivo biodistribution studies of NP. C57BL/6 mice were used
for biodistribution studies. The mice were prepared for imaging by
shaving of the abdominal area and underarms. The samples were
administered i.v. via retro-orbital injection. Trafficking of fluorescent
MECA79-IR800-NPs was studied using a UVP iBox Explorer Imag-
ing Microscope equipped with a 750-to-780-nm excitation filter and
an 800-nm long-pass emission filter. The mice were anesthetized
before imaging and placed in the dark box in a supine position. LNs
and organs, such as heart, lung, liver, and spleen, were collected and
analyzed for the evaluation of the biodistribution of the NP.

Color Doppler echocardiography of LNs. Naive and C57BL/6] mice
at 8 days after allogeneic skin transplant were anesthetized using
1%-3% isoflurane and 100% oxygen, and placed on a heating pad.
Hair was removed before imaging. The mouse was monitored by echo-
cardiogram and rectal thermometer. Color Doppler echo (Vevo 2100,
Fujifilm) was used to observe the axillary LN, and a video recording
was taken. The volumetric flow rate was analyzed in each frame of the
recording, and the mean flow volume was obtained.

Cannulation of thoracic duct and collection of lymph fluid. Seven
hundred microliters of olive oil was administered to mice orally 30
minutes before the operation. The left abdomen was opened through
a left-sided incision, and a self-retractor was placed. The lymph duct
was dissected carefully from the abdominal aorta and the surrounding
tissue, as described previously (75). A silastic silicone tube was tun-
neled subcutaneously and exteriorized through the back of the neck
by an 18-gauge needle. The lymph duct was transversely opened by
microscissors, and a silicone tube was inserted into the thoracic duct
caudally and fixed by wound glue. The abdominal wall was closed in
2 layers with a 6-0 silk running suture. The lymph fluid was collected
in an Eppendorftube via the silicone tube for up to 5 hours. The lymph
fluid was smeared on the glass slide and fixed with formalin for obser-
vation by light microscopy.
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Extraction of lymphocytes from transplanted heart grafis. Heart
grafts were procured and flushed with PBS to remove any remaining
clot. They were then minced in RPMI 1640 medium containing 0.1%
collagenase and incubated for 1 hour at 37°C with 5% CO,, followed
by addition of 0.1 M EDTA in PBS. After 5 additional minutes of incu-
bation at 37°C, 5 mM EDTA in PBS with 1% of FBS buffer was added.
Cells were then filtered through a 70-um cell strainer, counted, and
stained for flow cytometry.

Invivo depletion of Tregs. To assess the role of Tregs in heart trans-
plant survival, Tregs were depleted with anti-CD25 antibody (200
ug iv. per mouse; LEAF Purified anti-mouse CD25, 102031, clone
PC61, BioLegend) at 25 days after heart transplant (BALB/c heart into
C57BL/6 recipient, treated with MECA79-anti-CD3-NP).

Staining for T cell repertoire. PE anti-mouse TCR Vo2 antibody
(127807, BioLegend), APC/Cy7 anti-mouse TCR P chain antibody
(129219, BioLegend), and PerCP/Cy5.5 anti-mouse TCR y/3 antibody
(118117, BioLegend) were used to analyze T cell repertoire.

Histological and immunohistochemical assessments. Five-micrometer-
thick formalin-fixed, paraffin-embedded heart sections were stained
with standard H&E stain. Histological evaluation was done using a score
modified from the International Society for Heart and Lung Transplan-
tation (35, 36). Lymphocyte cellular infiltration was graded blindly from
0 to 5 in 6 random fields of each H&E section (5 sections per heart,
4 mice per group). The grades were defined as follows: grade 0, no
cellular infiltration; grade 1, less than 25% cellular infiltration; grade 2,
25%-50% cellular infiltration; grade 3, 50%-75% cellular infiltration;
grade 4, greater than 75% cellular infiltration; and grade 5, myocyte
hemorrhage or scar. The vascular score is determined by a combination
of the vascular occlusion score and perivascular cellular infiltration.
Vascular occlusion is scored from grade O to 4 for every vessel (5 sections
per heart, 4 mice per group). The grades are defined as follows: grade 0,
no occlusion; grade 1, less than 50% occlusion; grade 2,50%-75% occlu-
sion; grade 3, 75%-95% occlusion; and grade 4, more than 95% occlu-
sion. The perivascular cellular infiltration is scored as follows: grade O,
no cellular infiltration; grade 1, less than 25% cellular infiltration; grade
2,25%-50% cellular infiltration; grade 3, 50%-75% cellular infiltration;
and grade 4, greater than 75% cellular infiltration. Then, the vascular
occlusion score and perivascular cellular infiltration score were totaled
as the vascular score.

Immunofluorescence staining of tissues. Frozen OCT blocks of tissues
were cut using a cryotome into 8-pum-thick sections and stained using
MECA79 (NOVUS Laboratories), CD31 (390, eBioscience), CD3 (SP7,
Abcam; or 17A2, eBioscience), CD11b (M1/70, BioLegend), CDl1lc
(N418, eBioscience), B220 (RA3-6B2, eBioscience), and F4/80 (BMS,
eBioscience) antibodies. The stained tissue sections were imaged
using a fluorescent confocal microscope and an EVOS FL Auto 2 Imag-
ing System (Thermo Fisher Scientific). DAPI (VECTASHIELD, Vector
Laboratories) was used to stain the cell nuclei.

Flow cytometry. Flow cytometric analysis of graft-infiltrating cells,
DLN, and spleen was performed, and each leukocyte population was
quantified. The spleen was placed onto a 70-um cell strainer (BD Falcon)
attached to a 50-ml conical tube. The spleen was mashed in sterile Dul-
becco’s Phosphate-Buffered Saline (DPBS) through the strainer using
the plunger end of a syringe. The single-cell suspension was centrifuged
at 340 g for 5 minutes. The pellet was resuspended in 1 ml ACK lysis
buffer (Lonza) and incubated for 2 minutes. The lysing reaction was
stopped by addition of 30 ml DPBS, and the cell suspension was cen-
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trifuged at 1,600 rpm for 5 minutes. The pellet was resuspended in
complete RPMI 1640 at 1 x 107 cells/ml. The same protocol was used to
prepare a single-cell suspension from LNs, omitting the lysing step. All
antibodies were purchased from BD (Becton Dickinson). Cells were run
on a FACSCanto II (BD Biosciences) instrument. Data were analyzed
using Flow]Jo software.

Western blot assay. Whole LN cell lysates were measured using
the Bradford assay. Equal amounts of protein were separated by SDS-
PAGE and transferred to a PVDF membrane. The membranes were
immunoblotted with the following specific antibodies: anti-rat IgG-
HRP (Sigma-Aldrich) and anti-B-actin (Sigma-Aldrich), using standard
protocols. The blots were developed with West Dura chemilumines-
cent substrates using a Bio-Rad ChemiDoc imaging system.

T cell assay. Splenocytes were isolated from the spleen of a C57BL/6
mouse and labeled with a CellTrace Violet kit (catalog C34557, Thermo
Fisher Scientific). Next, cells were seeded at 1 million cells per well in a
round-bottom 96-well plate. Free anti-CD3 (10 pg) and anti-CD3 NPs
(dose equivalent to 10 pg anti-CD3) were added to the cells. Splenocytes
that were not treated with any reagent were considered as the negative
control. The plate was placed in a humidified 37°C, 5% CO, incubator
for 3 days. Cells were analyzed using a FACSCanto-II flow cytometer
(BD Biosciences) and Flow]o software version 9.3.2 (Tree Star).

Incubation of DCs and T cells with “*anti-CD3. CD11lc* DCs and
CD3* T cells were isolated from spleens of C57BL/6 mice using the
EasySep Mouse CDllc Positive Selection Kit II and the EasySep
Mouse T Cell Isolation Kit (STEMCELL Technologies), respectively.
CD11c* DCs (150,000 cells per well) were cultured in complete
RPMI 1640 medium (Lonza), supplemented with 10% FBS (Gem-
ini Bio-Products), 1% penicillin/streptomycin (Corning), and 1%
L-glutamine (Corning), and treated with Alexa Fluor 488 anti-mouse
CD3 (*anti-CD3) or Alexa Fluor 488 anti-mouse CD3-NPs (*anti-
CD3-NPs). After 1 hour of incubation, CD11c* DCs were washed twice
with DPBS, and CD3* T cells (450,000 cells per well) were added to
these cells. The cells were incubated together for 6 hours at 37°C in
a humidified atmosphere containing 5% CO,. Then, the T cells were
examined by flow cytometric analysis.

Swine heterotopic limb transplantation. Swine heterotopic hind-
limb transplant procedure was performed as reported previously (38).
Briefly, the donor hind-limb allograft was placed into a pocket in the
abdominal wall of the recipient animal, and end-to-end femoral artery
and vein anastomosis was performed, rendering the ipsilateral exter-
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nal iliac LNs as the DLNs of the allograft. At the time of clinically visi-
ble rejection of the skin component of the allograft, we intravenously
injected MECA79-IR800-NPs, and DLNs (ipsilateral external iliac
LNs) and non-DLNs (contralateral external iliac LNs) were removed
24 hours later to assess localization of NPs.

Statistics. Kaplan-Meier survival graphs were constructed, and
a log-rank comparison of the groups was used to calculate P values.
Two-way ANOVA and 1-way ANOVA with Tukey’s or Dunnett’s mul-
tiple-comparisons post-test analysis and unpaired 2-tailed ¢ test were
used for comparison of experimental groups. Differences were consid-
ered to be significant for *P < 0.05, **P < 0.01, and ***P < 0.001. Prism
software was used for data analysis and to prepare graphs (GraphPad).
Data represent mean * SEM.

Study approval. All experiments were performed according to the
animal experimental guidelines upon the approval of the Institutional
Animal Care and Use Committee at Brigham and Women’s Hospital
(Boston, Massachusetts, USA).
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