Microneedle-based local delivery of CCL22 and IL-2 enriches T,.; homing to the skin allograft and
enables temporal monitoring of immunotherapy efficacy
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Skin all serve as temporary dressing for patients suffering major burns due to their high

{

immunoge d rejection by the immune system, requiring systemic immunosuppressive

therapies that leads to deleterious side effects. Alternative treatments using systemic adoptive therapy

with reg@ qﬁ T cells are limited by their short half-life and by the need to continuously deliver
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exogenous cytokines to maintain their immunosuppressive function. We show that microneedle arrays
composed of hyaluronic acid and placed on skin allografts can locally deliver immunomodulators and
simultamme immune cells in interstitial fluid to monitor the response to the therapy. The
cells can b @ ed from the microneedles for downstream analysis by degrading the hyaluronic
acid usimgmammedmeing agent. Using an allogeneic skin transplantation model, we show that the
microneed‘hed local delivery of the chemokine CCL22 (to attract T,,) and the cytokine IL-2

(to promof€ their 8xpansion) increases the local immune suppression in the allograft. Moreover,

G

immune celdgp tion in the allograft correlates with that seen in the microneedles. The delivery-
and samplin@tufiCtions of the microneedle arrays can help regulate the immune system locally,

without inducing gystemic immune suppression, and facilitate the monitoring of the response to the

Y

therapy fol in transplantation.

dll

1. Introduction

The skin is ex organ that has evolved to protect the host from external insults. An intricate

)1

network of immune cells residing in the skin is crucial for host defense, wound healing, as well as for

maintaininBitissue homeostasis.™ In the event of a challenge such as burn, autoimmune disease, or

[

foreign or splantation, dermal immune cells can detect danger signals and resolve

0O

inflammatio *CD25'FoxP3" regulatory T cells (T,egs) are a subtype of T cells that suppress other

activated iRamune cells and control the body’s response to self- and foreign-antigens, in order to

h

L

. . . . 2
prevent ed immune responses such as in the case of autoimmune disorders.” Tregs

account for one ofithe largest subsets of immune cells in the skin, promoting local immunological

Ul

homeostasis a storing normal function after a threat.”¥ The increased proportion of Ty in

skin-res 4" T cell population compared to other organs (20% in skin vs 5% in peripheral

A
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blood) also suggest an integral role for immune regulation in a tissue-specific manner.>® Indeed,

disruption in skin T., homeostasis — due to dysregulated T,; number or function — triggers

disorders stich_as psoriasis,m alopecia areata,[8'9] diffuse systemic scleroderma, atopic dermatitis, or

t

P

cutaneous ematosus. Hence, pharmacologic T, augmentation and adoptive T

transfer haxe emerged as means to manage autoimmune disorders and skin transplantation.

§

Skin allogrdft traR8plantation (from a genetically different individual) is the first-line therapy for

G

severe burn patients and victims of traumatic injuries when autograft transplantation (from self) is

S

not viable, te@hsufficient healthy tissue for excision, donor site morbidity, or poor tolerability to

additional surgeri®s.">*? However, skin rejection following skin allotransplantation—the most

U

immunoge known allografts—is inevitable,“s] arising from the intense immunogenicity of

It

transplant afts harboring immunogenic antigens presented to the recipient’s immune

nt gold-standard therapy for the management of skin rejection is systemic

. (%)
<
(%)
=
[0}
3
S

, Which partially suppresses rejection, at the cost of increasing the risk of

opportunistic_j ions and incidence of malignancy."*"' Since T, mediate specific functions
depending entirely upon their residing tissues,'® tissue-specific therapeutic approaches should be
favored to(@aximize their efficacy. Hence, skin allograft provides a unique opportunity for direct and

easy acces issue that we leveraged by transcutaneously delivering an immunotherapy using

a micronee ed platform.

F

Adoptive T, transfer aiming to expand skin-resident T,y within the skin allograft has shown

t

potential in restoring immunological homeostasis at the site of alloimmunity.™**™ However,

)

widespread translation of this therapy into clinical settings has been limited due to the premature
4

|
clearance of Tris from serum and their need for a favorable immune environment, including IL-2, to

ensure their survival and phenotypic stability.[lg] Post-transplant immunosuppressive therapies are
|
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known to generate a hostile IL-2 depleted milieu for T proliferation,”®? but attempting to

counteract the levels of IL-2 via systemic administration has been constrained by risks of infection,!??!

[

[23]

vascular leak syndrome'”™, and the expansion of other proinflammatory cell counterparts such as

)

natural killer (NK) cells.” Previous studies have also shown increase in T, proliferation and

population size in the spleen in response to systemic IL-2 delivery, while its effect on allograft

[

survival has been limited compared to its broad range of side effects.!>2® Recently, CCL22 has been

proposed as a powerful candidate to mediate migration of T to the site of inflammation and

a A
reestablish donor-specific tolerance in different transplant models including pancreatic islets

A4 4

allografts and vascularized allograft composites.'?’ "

In parallel, prompt recognition of rejection episodes is as critical as their management, particularly at

)

early stages.’ ™ However, current strategies to monitor skin transplant failure rely on gross

observation and skin biopsies, which in addition to being invasive and biased due to the limited area

C

that is being analyzed, becomes apparent late in the process, when intervention can no longer be

effective.

[

[33,34]

MN-based delivery allows precise tissue localization within the skin, enhancing the efficacy and

)

tolerability of the therapy by directly exposing it to the intended molecular targets and reducing the

off-target effects associated with systemic approaches. The non-invasive and pain-free nature of

f

MNs facilitate high patient compliance, while minimizing the risk of infections.®® MNs have also

1

been proposed as a non-invasive tool for skin interstitial fluid (ISF) sampling. ISF is an accessible

source of biomarkers that can inform on tissue physiology by monitoring soluble biomarkers and

\

cellular fractions and in turn report on patient physiological state.®**” previous attempts have

/
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mainly focused on the extraction of soluble biomarkers from ISF, designing MNs for in situ detection

[36,38]

of metabolites, or necessitating downstream processing that involved physical methods such as

[

[39,40]

high-speed centrifugation or heat treatments™" to collect biomarkers in ISF. Hence, digestible

)

platforms are needed in order to retrieve and analyze cells while preserving their viability.[“] In the

context of transplantation, we hypothesized that ISF retrieval using MNs could be potentially utilized

[

as a mode of tissue surveillance to study the response to the therapy.

C

Here, we designed a MN platform that would enable for simultaneous therapy delivery and tissue

>

cell sampling to enhance immune tolerogenic environment and potentially monitor changes in the

tissue inflammatory state. We hypothesized that the local delivery of CCL22 together with IL-2 could

l

induce substantial recruitment and localized expansion of T in skin allografts, tilting the effector-

)

to- T cell ratio at the site of alloimmunity in favor of immunological homeostasis. Thus, we have

developed a MN platform derived from Hyaluronic Acid with high swelling capacity for non-invasive

N S

delivery of immunomodulators (IL-2 and CCL22) to recruit endogenous and adoptively transferred

Tregs tO restore the tolerogenic environment at the transplant site. The MN platform will enable

\

simultaneous sampling of ISF to study the T,.; homing process into the allograft as a response to the

therapy and the presence of proinflammatory biomarkers (Figure 1A). While delivery of immune
Sl

[43-45]

therapies using MNs has been achieved for the treatment of various diseases , our approach

aims to induce immunoregulation in the allograft microenvironment, rather than

l

immunosuppression, to avoid the deleterious side effect on the regulatory arm of the immune

system and to allow for the patient’s own immune system to clear the disease. The mechanical
|

properties of our hydrogel-based MNs were engineered to ensure skin transplant penetration, high

L

swelling capacity, and cell retrieval for adequate monitoring of the response to the therapy. The

\

MNs were engineered to enable on-demand degradation (in less than 5 minutes) to recover the

/
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migrated immune cells while maintaining their viability, as a non-invasive mode of evaluation of the

allograft inflammatory state.

pt

2. Results and Discussion

[

2.1. Design of a highly swellable microneedle platform with on-demand degradation

C

In this study we aimed to develop hyaluronic acid (HA)-based MNs to deliver immunomodulators

(71

while enabling simultaneous sampling of the cellular fraction in the skin interstitial fluid (ISF). HA is a

[46]

biocompatible, non-immunogenic, and FDA-approved linear polysaccharide,”™ which has been

extensively used in the past for MN fabrication.?>***”! HA natural ability to absorb a large volume of

water makes it an ideal candidate for rapid ISF extraction. In addition, HA can function as a natural

|

ligand of the ubiquitous CD44 receptor,*® providing a binding motif for the cells present in ISF. Here,

‘
(

we chemically modified the HA polymer backbone to allow the formation of a digestible HA hydrogel

/

capable of extracting both cellular and soluble biomarkers that are present in ISF upon patch

retrieval. HA was modified with cysteamine dihydrochloride molecule, harboring both a primary

amine group (for hydrogel formation) and a disulfide bond (for hydrogel degradation) (Figure 1B)
|

whose structure was confirmed by -NMR (Figure S1, S2, Supporting information). To form the HA-

based hydrogel, HA primary amines were reacted with the 8-arm-PEG-NHS crosslinker containing a

succinimidyl functional group (Figure 1B), allowing for spontaneous hydrogel formation without the

- -
use of external triggers. For MN fabrication (top scheme of Figure 1B), the HA-derived polymer was

cast into a mold, centrifuged at high speed and freeze-dried, creating a porous matrix that provided

|

the scaffold to which subsequent components would be added. Next, a PEG crosslinker was added,

\

followed by the addition of an aqueous solution containing the immunomodulators IL-2 and CCL22.

|
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Finally, a backing-layer was deposited, serving as an anchor for MN administration and retrieval. The

disulfide bond in the modified HA backbone allowed for on-demand cleavage to release the

[

migrated cells following ISF sampling upon the addition of a reducing agent, tris (2-carboxyethil)

)

phosphine (TCEP—a water-soluble and non-toxic reducing agent widely used for biochemical

applicati_ons.”g]). The addition of TCEP facilitated the collapse of the tri-dimensional structure of the

[

hydrogel MNs and in turn, the release of the entrapped cells (Figure 1C).

Author Manusc
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Figure 1: Design of a HA-based MN platform for non-invasive immunoregulation in skin transplants
e, AL

and immunosurveillance. (A) Use of a novel HA-based MN platform that allows for: (1) delivery of

A

immunomodulators for the recruitment of endogenous and adoptively transferred regulatory T cells,

T

and (2) in situ cell sampling for monitoring the T, homing process. (B) HA-based MN fabrication

=
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process. HA-based MNs were fabricated by casting an aqueous amine-modified HA (HA-SS-NH,)

solution into the PDMS mold by centrifugation and crosslinked using the NHS-terminated 8-arm PEG

[

crosslinker. Chemokines were loaded and a PLGA back layer was added (top scheme). Chemical

)

structure of the HA-SS-NH, crosslinked with NHS-terminated 8-arm PEG forming a digestible HA

hydroge_lthrough a disulfide bond (bottom scheme). (C) Degradation of the MNs under reducing
conditions enables facile recovery of retrieved cells. Disulfide bonds of the HA-based MNs are

cleaved with 10 mM TCEP.

lanus

2.2. Biophysical characterization of the HA-based MNs

\

To asse “Pased MNs performance, the MNs swelling capacity, mechanical strength, and on-

demand dijgestion were studied. We first investigated the influence of the crosslinking agent in

{

determinin elling capacity of the HA-NH,-derived hydrogels as a function of weight gain over

time. Thre

9

nt crosslinking agents were screened, differing in their molecular weight: (1) 40

kDa-8-armfPEG-NHS (40 kDa-PEG), (2) 10 kDa-8-arm-PEG-NHS (10 kDa- PEG) and (3) their

§

combinatidn 70: t% of 40 kDa:10 kDa-PEG. Here, we opted for utilizing hydrogel disks rather than

{

MNs that 3 with about 30-fold increase in volume, to effectively screen for the best

crosslinking agent. We found that the crosslinker type did not affect the initial swelling phase — an

o ratio of about 800% in less than an hour was observed for all hydrogels (Figure 2A).
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However, the crosslinker type had a marked influence on swelling at later time points with ratios of
1073% * 58% and 1592% + 36% for hydrogels derived from the 10 kDa-PEG and the 40 kDa-PEG,
respectihected, when the mixture of both crosslinkers was used, the swelling ratio was in
between t : 1191% * 59%. Our results show that the choice of crosslinker —specifically,
its molegulqgwmgt— allowed tailoring of the swelling capacity of the HA-derived hydrogels without

the need of addipg osmolytes such as sucrose or maltose to increase the osmotic pressure.[4°] Similar

swelling p na were observed in stability studies where hydrogels were incubated in
physiologically®reldvant conditions. The PEG-40 kDa-derived-hydrogels dissolved after 48 hours of
incubation e volume of the other hydrogels remained unchanged for extended periods of

U

time (Tabl , SUpporting information). Next, the capacity of the MN patch to penetrate the skin

was evaludied both ex vivo and in vivo using a murine model. Fine-tuning the crosslinking agent,

[

both in ter, lecular weight and relative ratio, served as a powerful strategy to enhance the

a

mechanical Stre of our MNs, avoiding the use of solid core/shells and irreversible crosslinking

strategies. ility to form the entire needles from the hydrogels provides with higher volume for

entrap iomarkers, and thus permits better immune cell sampling and drug loading. Our

ex vivo studies revealed that MNs containing 10 kDa-PEG (alone or when mixed with the 40 kDa-

r

PEG) could efficiently disrupt the stratum corneum as confirmed by the accumulation of blue tissue-

marking d @ he micro conduits (Figure 2B), while those that were solely crosslinked with the

PEG-40 kD ot penetrate the viable skin. Similar results were observed in vivo (Figure 2C).

n

t

Additionally, we canfirmed via compression testing that the chemokine-loaded MNs did not modify

the mecha ngth of the patch compared to empty needles nor their ability to penetrate the

U

skin allogr re S3, Supplementary information). Thus, we chose to proceed with the 70:30

40kDa: -arm-PEG-NHS that provided with both high swelling capacity and adequate

A
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mechanical properties to effectively pierce the mouse skin. We also characterized the ability to

induce on-demand digestion of the MNs using TCEP, which we found was highly biocompatible and

t

¥

did not affect_cell viability (Figure S4, Supporting Information), in agreement with our previous
data.P”” st igestion kinetics of the HA-derived hydrogels confirmed a linear correlation

betweelt concentration and the time needed for full hydrogel digestion (Figure 2D). High

¥

concentratigns of TCEP (>10 mM) ensured complete digestion in half an hour whereas hydrogel

C

digestion ccomplished, or was far too long, when TCEP concentration was lower than 1

mM. Consi@erifig these findings, our working concentration for further studies was 10 mM TCEP. We

$

then studi igestion kinetics of these hydrogels when in a MN form and we were able to

U

confirm ¢ digestion of the MN array in less than 5 minutes (Figure 2E). The MNs high

surface-arégto-volume ratio and low overall volume (~3 pL) (compared to the hydrogel disks)

f

facilitated ration of the reducing agent and accelerated their digestion.

d

Author M
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Figure 2. HA-m ed hydrogel MNs present high swelling capacity, robust mechanical properties

and on-

N

radation. (A) Swelling rate of the HA-based hydrogels composed of amine-

modified polymer crosslinked with NHS-terminated 8-arm PEG crosslinkers differing in molecular

[

weight. (B) skin graft following ex vivo HA-SS-NH,-derived MN application confirms skin

O

penetration? ar =2mm. (C) Detail of mouse skin after in vivo administration of hydrogel MNs.

Scale bar =s2mm. (D) On-demand digestion of hydrogel disks using varying concentrations of the

g

reducin P. (E) Optical microscopy images of hydrogel-based MNs before (top) and after

{

(bottom) d under reducing conditions. Scale bar = 500um. Data are represented as mean *

U

s.d. (n=3).

A
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2.3. HA-based MNs for simultaneous drug delivery and ISF sampling
_

We initiall @ the release kinetics of cytokines from the MNs using fluorescently labelled IL-2.

P

Interestimgiymaenis? was released (Figure 3A), which was attributed to the interaction between the
IL2-amine hfvith unreacted free-NHS groups in the crosslinker, impeding its release. To
validate thi§ hypotHiesis, we blocked the interaction with the cytokines by treating the hydrogel with

an end-ca ent—the amino acid glycine—whose amino-end groups would preferentially

SC

interact with the crosslinker’s non-reacted NHS-terminal groups. Indeed, end-capping the hydrogel

U

resulted in n 80% of the cytokine being released within the first 30 minutes, which we then

used in f er studies. Next, the loading efficiency of IL-2 was investigated by fluorescence

N

guantification, revealing a linear correlation between the loaded concentration and the retrieved

one after of the MN patch (Figure 3B), confirming the potential of our loading method to

a

deliver cally relevant dosages in the nanogram range.

M

Next, the biological activity of chemokines when loaded in the MNs. Specifically, we

studied the, ability of CCL22 to mediate T, recruitment when delivered using the MN platform

£

through a trans-well migration assay (Figure 3C). Briefly, ranging concentrations of CCL22, either

MN-doped le, were incubated with CD3" T cells and the number of migrated Tregs Was

O

analyzed afiter ours of incubation by flow cytometry. Our results indicated a dose-dependent

§

increase ofgl ., migration for both soluble and MN-loaded CCL22 wells (P= 0.02 and 0.04 for soluble

t

and MN r y). Recruitment of T,z by CCL22-containing MNs was comparable to that when

U

adding sol 2 at the same dose (p= 0.9, 0.2, 0.2 for 0, 10 and 100 ng/ml), suggesting that the

chemo tionality was not affected by the fabrication method. A trend of higher T,

A
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recruitment in wells with CCL22-loaded MNs was seen compared to soluble CCL22. This could stem
from the maintenance of higher gradient of CCL22 when released from the MNs compared to
soluble Mitionally, MN-loaded chemokines could be stored at 4°C for up to one month
without u jgnificant deterioration, as confirmed by ELISA (Figure S5, Supplementary

InformaHo .

In parallel,fWe stl@lied the diagnostic capacity of the platform and its ability to extract ISF in the

Gl

absence of chemagtactic agents. Sampling of soluble biomarkers using MNs was investigated using a
mimetic sk ogfl.[***!. Briefly, agarose gels with comparable mechanical properties to that of the

epidermis/ISF w covered with astretched layer of parafilm that emulated the water-

U

impermeab, m corneum. Hydrogel-based MNs were applied to the skin model containing a

I

model ana amine B (RhoB), which was recovered after digestion of the patches. Differences

in RhoB ca@hc ion could be easily detected by gross observation as evidenced by the color

©

change matrix after administration (Figure 3D, top). Quantification of the analyte

absorbance c ed a linear correlation between the concentration of RhoB in the skin-mimetic

W

hydrogel and the concentration of the retrieved ISF when sampled using the PEG-40 kDa:10 kDa-

derived MN§ (Figure 3D). Extraction of the cellular component of ISF was assessed by incubating the

[

arrays of onocyte-like cell suspensions followed by their digestion to collect and measure

O

the infiltrat lar fraction. Arrays of solid MNs were also incorporated to the analysis as controls

to discern Whether recovered cells were embedded within the hydrogel matrix or originated from

h

unspeci ons with the MN walls. Quantification of the digested suspension by flow

{

cytometry depicté@ that cells were diffusing into the hydrogel MNs and remained inside the matrix

U

(Figure 3E). A xpected, the number of cells recovered from the solid arrays was

practic ible. Results also pointed at a correlation between the swelling ability of the

A
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hydrogel and its permissiveness to cell infiltration. We found that higher number of cells appeared

to be infiltrated within MNs formulated with the 40 kDa-crosslinker compared to the other

formulatiols.
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Figure 3: Ch ization of MN-based platform for chemokine delivery and immune cell sampling

in vitro. (A of IL-2 from the HA-based hydrogels was quantified by tracking the fluorescence

This article is protected by copyright. All rights reserved.



WILEY-VCH

signal of the labeled IL-2 over time. (B) Analysis of the MNs loading capacity by means of
fluorescence quantification (plotted as initially loaded mass of IL-2 versus recovered mass of IL-2, R’
= 0.9987). {C)_Comparison of T., migration as a function of CCL22 concentration when soluble or

MN-loade

Dt

recovery (RhoB) from mimetic skins with HA-derived MNs. Detected RhoB

concentration compared to the real RhoB concentration in HA-based MNs, R®> = 0.9929. (E)

]

Recovered ignmupe cells from digested HA-based MNs as quantified by flow cytometry. Data is

C

represente an * s.d. (n = 3). Multiple comparisons among groups were determined using

either onefivagf ANDVA followed by a post-hoc test or non-parametric t test (Mann-Whitney) when

S

applicable. i ns = not significant, *p < 0.05, **p < 0.01.

2.5 Deliver 22 and IL-2 to skin allografts via MNs results in increased T,.; recruitment and

reduced in on in vivo

alU

After explorin bility of our MNs to rapidly release chemokines in vitro, we studied the MN local

\

immun

y function in vivo using a fully mismatched major histocompatibility complex

(MHC) skingtransplant model, which is a highly immunogenic model of rejection (Figure 4A). We

I

synthesized loaded with CCL22 and IL-2, at two different concentrations (100 ng CCL22+10 ng

IL-2 or 100 +100 ng IL-2), with the rationale being for CCL22 to enhance the recruitment of

9,

Tregs,» and f@F IL-2 to maintain T.,, homeostasis in vivo.?*?Y We then grafted a 10 mm x 15 mm skin

£

patch recogered fgom BALB/c) mouse onto the dorsal trunk of a immunodeficient recombination

t

activation nockout (Rag’/’) mouse on C57BL/6 background, which lacks both T and B cells.

U

Skin graft ssed and left to heal for 5 days. On day 6 post-transplant, 7x10° magnetically

isolate ocytes were adoptively transferred to induce rejection in the allograft recipients as

A
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previously described by us.*" One day post adoptive transfer, MNs (100 ng CCL22+10 ng IL-2 or 100
ng CCL22+100 ng IL-2) were applied daily on the skin allograft for five consecutive days, with one
group omwng empty MNs as a control. Recipient mice were euthanized at day 7 post T,
adoptive t kin grafts harvested and studied by quantitative PCR to measure tissue T
infiltratﬁn*!ingene expression. We saw indentations on the mouse allografts, which reflect

successful pEnetjtion of the MNs to the epidermis layer, and without causing any major injury or

bleeding. ntitative PCR technique, we studied differential expression of CD3 as universal T

cell markef(cell infiltrates inducing allograft rejection), FoxP3 as a transcription factor differentiating

Tregs from;onal T cells (T.eg suppress rejection) and IL-6 as a major pro-inflammatory

cytokine i n promoting graft rejection, normalized to the expression of the house keeping

gene GAPI%. Ratio of fold change in FoxP3 to CD3 expression was then used as an indicator of the

effect of t red therapy on T, recruitment and proliferation compared to no treatment
(Figure 4B).*Ski ografts treated with CCL22+10 ng IL-2 and CCL22+100 ng IL-2 showed significantly
increased § FoxP3 to CD3 compared to allografts treated with empty MNs, confirming the
therap itmof MNs to induce on-target T, proliferation. Significant differences in T,

proliferation among treatments were not observed. In agreement with RT-PCR analysis, intragraft

Treg Presence was aemonstrated in those mice administered CCL22 and IL-2 using HA-derived MNs

(Figure 4C®rast, infiltration of T, into skin allografts administered empty MNs was not
observft of the allografts with combination of CCL22 and IL2 resulted in significant
reduced expression of IL-6, with grafts treated with CCL22+100 ng IL-2 showing more than ten times
reduction iﬁdicating reduced inflammation at the allograft site (Figure 4D).
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2.7 Delive' of CC’Z and IL-2 with MNs did not induce T, expansion in peripheral organs

To study teffects of MN-mediated local delivery of IL-2, T, populations were evaluated

in splenacytesshamwested from allograft recipients on day 7 post adoptive transfer. Our data showed

comparabl*ﬂbers for all the groups and no significant T, expansion in the spleens (Figure

4E). Our preyious Work showed that systemic administration of IL-2 promoted T, proliferationin the

spleen but#fai o do so in the skin allografts which aggravated their outcomes.®™ Here, we

SC

confirmed minimal systemic effects following MN-based delivery of IL-2 suggesting the enhanced

3

safety of rm when compared to systemic routes and the potential to modulate immune

cell composition and reduce inflammatory state locally.

N

Author Ma
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Figure 4: of HA-based MNs loaded with CCL22 and IL-2 to skin allografts results in

increased T, itment. (A) Study design of skin allograft transplant model. 10 mm x15 mm skin

193 [ 3 18.4

Treg count/10° splenocytes m

patch J was transplanted onto the dorsal trunk of a Rag'/' mouse on C57BL/6
backgromy 6 post-transplant, T lymphocytes were adoptively transferred and MNs were
next applied consSutiver for 5 days. At day 7 post adoptive transfer, allografts were harvested and
analyzed b . (n = 4 to 6 biological replicates per condition, 2 separate experiments) (B)

Quantificati OXP3 to CD3 gene expression by RT-PCR (C) Intragraft T., proliferation was
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assessed by IHC using FoxP3 as T, differential biomarker. Scale bar = 100 pm. (D) Quantification of
the fold change in IL-6 gene expression by RT-PCR (E) Quantification and representative flow-
cytometryonof the number of T, (FOXP3"; CD4") per million of splenocytes. Multiple
compariso oups were determined using either one-way ANOVA followed by a post-hoc
or non—gar*ciienc test (Mann- Whitney) when applicable. P-value: ns = not significant, *p < 0.05,

**p < 0.01, **p<Q,001

SC

2.8 Cells captured by MNs can be continuously monitored following retrieval and rapid MN

U

digestion

1

Next, we a§sessed the MNs potential in sampling cells from the skin allograft tissue to report on

transplant owing therapy. We applied the MNs and retrieved them from the skin after 24

d

hours of application. MNs were then digested with 10 mM TCEP, centrifuged and resuspended in full

media and s with fluorochrome-labeled antibodies for flow cytometry phenotyping (Figure

\'l

5A). In hat delivered CCL22 and IL-2 had higher number of T, entrapped in them

compared to empty needles (Figure 5B). To validate that this reflected the immune state in the skin

f

allograft, th sence of T in the allograft skin biopsy was tested by flow cytometry. Flow

cytometry roborated the presence of higher percentage of T, in the skin allograft treated

O

with CCL2 -2 (10 ng) MNs compared to Empty MN controls, in agreement with the T,

£

distributionyobseryed from retrieved ISF following microneedle sampling (Figure 5C).

{

AU
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Figure 5: Moaitering the T, homing process using HA-based MNs. (A) Scheme of immune cell
sampling u ased MNs or whole allograft biopsy. On day 7 post adoptive T cell transfer, MNs

were harv‘ted along with skin allografts (n = 4 to 6 biological replicates per condition, 2 separate

experimenig. MN'were digested under reducing conditions and allografts enzymatically. Cells were

next stain alyzed by flow cytometry. CD8", CD4", and FOXP3" representative flow cytometry

dot plots f r:Ftrieved ISF and (C) skin allografts.
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3. Conclusions

In the current study, we have synthetized a new HA-based MN, allowing for rapid chemokines

1

release and skin interstitial fluid (ISF) extraction, to recruit and sample T.. Our MN platform is
composed of amine-modified HA hydrogel crosslinked with 8-arm NHS PEG, providing high swelling
I I

capacity for drug release and enhanced cell infiltration. In addition, the presence of disulfide bonds
I

in the amine-modified HA structure allows for its degradation — in less than 5 minutes — for

(

of immune cells. /n vivo studies showed that CCL22 and IL-2 loaded HA-based

(%]

subsequent analysi

>

MNss induced T, recruitment and expansion in the skin transplant site without inducing significant

systemic effects. Moreover, the HA-based MNs platform allowed for sampling of the T..; homing

l

process, which opens up numerous potential avenues for the early detection of rejection episodes,

)

increasing the prospects of graft survival.

la

4. Experimental Section

\

Materials: All reagents and solvents were purchased from Sigma Aldrich unless otherwise stated.

Sodium hy@luronate (60kDa) was obtained from LifeCore Medical with a purity of at least 95%. NHS-

[

terminate EG was purchased from Creative PEG Works. MN PDMS custom-made molds (11

0

X 11 needle eight 600um, base width 300 um and tip to tip spacing of 600 um) were obtained

from Blued@re Technology. CCL22 and IL-2 chemokines were purchased from Peprotech.

h

It

Synthesis of Amino-modified hyaluronic acid (HA-SS-NH,) polymer: 60 kDa-sodium hyaluronate (1%

\

w/v in MES buffer) was activated with N-(3-(dimethylamino)propyl)carbodiimide (EDC) and N-

/
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hydroxysuccinimide (NHS) at a 1:4:2 molar ratio and reacted at room temperature for 30 minutes.

The activated hyaluronic acid (HA) was then mixed with Cysteamine Dihydrochloride at 1:10 molar

[

ratio and reacted at room temperature for 12 hours. HA-SS-NH, was purified by dialysis against

)

deionized water for 6 days at room temperature, freeze dried, and stored at -20°C protected from

humidit?until use. For structural analysis, modified HA-SS-NH, was dissolved in D,0 and analyzed by

[

'H-NMR, recorded using a 400 MHz Varian NMR spectrometer (NMR Instruments, Clarendon Hills,

IL).

1SC

Fluorescent labelling of HA-SS-NH, polymer: HA-SS-NH, polymer was fluorescently tagged with

AlexaFluor® 647 carboxylic acid succinimidyl ester (AF647) at 1:0.1 molar ratio (HA-SS-NH,: AF647).

[

HA-SS-NH, polymer in 0.1 M bicarbonate buffer (pH 8.5) was mixed with AF647 and reacted for 1h at

)

room temperature in the dark. HA-SS-NH,-AF647 polymer was washed with PBS and recovered by

centrifugal filtration (10 kDa MWCO, Millipore) at 14000 rpm for 15 min at 4 °C.

I\

HA hydrogel disks fabrication: 100 uL of hydrogel disks for streamlined screening were prepared by
|
mixing equalmumes of HA-SS-NH, polymer (10% w/v) and the 8-arm-PEG-NHS crosslinker (10%

w/v). Solutions were dissolved separately with phosphate buffer (pH=7.4) and vigorously mixed

]

together for 10 seconds inside cylindrical plastic molds (diameter: 5.00 mm; height: 2.50 mm).

Hydrogel disks were allowed to react for 5 minutes to ensure full gelation, freeze-dried, and stored

at room temperature protected from humidity until use.

Al
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HA-based MN fabrication: MNs were produced using custom-made molds consisting in a 11 x 11

array of negative MNs projections, each one with a height of 600 um and a radius of 150 um. First,

[

HA-SS-NH, polymer (10% w/v in phosphate buffer, pH=7.4) was casted on top of the molds and

)

centrifuged at 4200 rpm for 5 minutes. Excess polymer was removed, and molds were freeze-dried.

Then, 8-arm-PEG-NHS crosslinker (10% w/v in phosphate buffer, pH=7.4) was casted and forced by

[

centrifugation through the mold under the same conditions. This approach, together with the

gradual gelation of hydrogel, ensured a successful polymerization of the matrix from “tip-to-top” of

a A
the MNs and a homogenous composition. Excess polymer was carefully removed, and molds were

A4 4

freeze-dried. Next, an aqueous solution containing chemokines and glycine (10 ng mL™) was

deposited and briefly spined for 15 seconds. Immediately after, a polymeric backing layer of PLGA

l

(Resomer® RG 858 S, Sigma-Aldrich, USA) at 15% (w/v) dissolved in acetonitrile was added dropwise
i

until covering the whole area of the mold. Finally, HA-based MNs were allowed to dry at room

(il

temperature for 12 hours, peeled off the molds carefully, and stored at room temperature

preserved from humidity.

[ §
Swelling studies with HA-based hydrogel disks: HA-based hydrogels disks were incubated with PBS at

)

37°C and their weight was recorded over time (W;) and normalized to their respective dry weight

(

(Wo). Swelling percentage was assessed as a function of mass increase over time and calculated as:

W, x 100/ W,.

ut

Skin penetration studies: Penetration capacity of the HA-based MNs was tested ex vivo and in vivo in

\

shaved C57BL/6 and in Ragl-/- mice with skin allografts. HA-based MNs were applied and kept in
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place using medical-grade tape (FLEXcon, USA) for 1 hour. Skin penetration was confirmed
by surface staining with blue Shandon™ Tissue-Marking Dye (ThermoFisher) and further imaged by

H

optical microscopy.

On-demand digestion of HA-derived hydrogel matrices: HA-based MNs or HA-based hydrogels were

s N\

incubated with 10 mM Tris (2-carboxyethil) phosphine (TCEP) solution in supplemented cell culture
-

media or PBS atApH 7.4 (depending on whether cells were collected). HA-based MNs or HA-based

JJ

hydrogels were incubated under rotation at 37°C for 10 minutes and the recovered suspension was

J

filtered with a 70 um cell strainer (BD bioscience) to remove any impurities.

Cell Lines: #u onocyte THP-1 cells (ATTC) were maintained in RPMI 1640 supplemented with

all

10% FB lutamine, 25 mM HEPES, 100 pg/mL Normocin™n(InvivoGen) and 100 U/mL

penicillin a g/mL streptomycin. Cell lines were maintained in a humidified incubator at 37 °C,

5% CO,.

Author
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Cytotoxicity studies: THP-1 cells were incubated with different concentrations of digestion media

(TCEP solution in supplemented media), ranging from 0.1 mM to 100 mM, for 10 minutes.

[

Thereafter, digestion media was removed, and cells were stained using the LIVE/DEAD fixable Violet

)

Dead Cell Stain Kit (ThermoFisher Scientific, USA) following the manufacturer’s guidelines. Dead cells

were an_alyzed by flow cytometry using a BD LSRFortessa' flow cytometer.

Cl

Study of chemokine release kinetics: Recombinant human IL-2 was fluorescently labeled with the
Lightning-Link® Rapid Alexa Fluor®594 kit (Novus Biologicals, USA) following the manufacturer’s

instructions. Release studies were conducted with HA-based MNs loaded with labeled IL-2. IL-2

loaded HA-based MNs were placed in Eppendorf tubes, immersed with PBS (1 mL), and incubated

[

under rotation at 37°C. 100 pyL of PBS was replaced at predetermined time point, and IL-2

)

fluorescence was assessed by checking the fluorescence at 650-665 nm using a Microplate Reader.

S

HA-based MNs loading capacity: HA-based MNs were loaded with labeled IL-2 concentrations. IL-2

loaded MNs were digested as we previously described and IL-2 loading capacity was assessed by

checking the IL-2 fluorescence at 650-665 nm using a Microplate Reader.

NC

Analysis h ine stability by ELISA: HA-derived MNs loaded with 100 ng of CCL22 were

{

fabricated d for 2, 15 or 30 days at (1) room temperature, (2) 4°C or (3) -80°C protected

U

from humidity. xt, MNs were digested under reducing conditions using TCEP (10mM) and

A
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supernatants were analyzed by Cytokine ELISA using the R&D Mouse CCL22/MDC Quantikine ELISA

Kit following the manufacturer’s guidelines.

pt

Recovema ofsimmune cells from HA-based MNs: HA-based MN patches were incubated with 1-10°
THP-1 cellhll for 24 hours. Then, MNs were washed with PBS to minimize unspecific

interaction§ between cells and the MN backing layer and digested as we previously described. After

C

digestion, gell e pelleted and stained with the CellTrace CFSE Cell Proliferation Kit Protocol

S

(ThermoFisher Scientific, USA) following the manufacturer’s instructions. Total number of infiltrated

cells was q igdl by flow cytometry using a BD™ LSR II.

Nu

Recovery af s analytes in a mimetic skin model: Analyte recovery capacity of hydrogel-based

d

MNs ed as detailed elsewhere using a skin model attempting to mimic the

mechanical ies of the epidermis/ISF interface."**" 1.4% w/v agarose hydrogels containing

1

increasing amounts of the model metabolite Rhodamine B were polymerized in 30mm x 15mm petri

dishes and€€overed and with an stretched layer of parafilm aiming to emulate the properties of the

1

water-imp stratum corneum. MN patches were left inserted in the agarose gels for two

O

hours to re a swelling plateau and subsequently digested as previously described. Finally,

3

absorbancéyof the recovered analytes was measured in a plate reader (A = 553 nm) and correlated

with th ass.

Aut
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Animal Experiments: C57BL/6) (B6 wild type; #000664), BALB/cJ (BALB/c wild type; #000651) and
B6.12957-Ragltm1Mom (B6 Ragl-/-, #002216) mice were purchased from The Jackson Laboratory
(Bar HaMUSA) and housed under specific-pathogen-free conditions at the Brigham and
Women’s imal facility. All mouse work was performed in compliance with ethical
regulatigni.*inwas approved by the Institutional Animal Care and Use Committee of Brigham and
Women'’s Hgspital. Age and sex-matched mice (6-8 weeks, male and female) were randomized into

experimen ontrol groups for all experiments.

2,

Murine skizlantation: We used a fully MHC-mismatched murine skin transplant model as
previouslygesaned.[Sl] Briefly, full-thickness trunk skin grafts (1.0 cm by 1.5 cm) from BALB/c
donors were harvested and connective, adipose, and panniculus carnosus tissues were cleared using

blunt-tippeh,f s. The fur of each anesthetized recipient Ragl-/- mouse was shaven at the

dorsal .0 cm by 1.5 cm of the recipient mouse’s skin was excised, and an equally sized skin

graft w ed onto the graft bed with 6-0 prolene suture (Ethicon, #8695G). Skin transplants

were secured with dry gauze and bandaged for 7 days before adoptive cell transfer and MN

applicatiorL

O

Analysis o&mune infiltrate by Flow Cytometry: A single cell suspension of skin grafts was obtained

as prevhbed.[“] In brief, skin grafts were harvested, minced into 0.5mm fragments and

digested in a soIiion of RPMI supplemented with 10% Fetal Bovine Serum, 1% Penicillin and
Streptomycin U/ml Penn, 100 ug/ml Strep) and collagenase P (stock concentration 1mg/ml; Cat
no: 112 1, Roche) for 3 h at 37 °C. Afterwards, skin grafts were re-incubated for 15 min at
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room temperature after adding 200 Kunitz Units/ml of recombinant DNase | (Cat no:10104159001 ,

Roche) to reduce DNA fragments and clumping. The solution was then filtered through 70 uM mesh

{

P

filters and Cepntrifuged at 800 g for 8 min, then resuspended in Full media supplemented with 20%
FBS and i 37°C overnight to recover from enzymatic treatment. Then cells were

resuspeﬁd in FACS staining buffer (1x DPBS,1.0% Bovine Serum Albumin,0.02% sodium azide

[

(Sigma-Aldrigh))

r flow cytometry analysis. Cells were counted manually using a hemocytometer

C

and staine orescent antibodies at a maximum concentration of 1 x 10°cells in 100 uL FACS

staining bufifedBidl.egend). The following anti-mouse antibodies were purchased from eBioscience:

$

CD45 PE-C 30-F11), Foxp3 APC (clone FJK-16S), CD4 PE (clone RM4-5) and BD Biosciences:

U

CD3 PerCP “5"(clone 500A2), CD8 Alexa Flour 488 (clone 53-6.7). Dead cells were stained using

Fixed ViabHity Dye eFluor780 (eBioscience). Stained cells were analyzed by flow cytometry using a

)

BD FACS C tometer (BD Biosciences) and all data were analyzed using FlowJo version 10

d

(Flowjo LLC):

M

CCL22- dependent trans-well migration assay: Recruitment of T, as a function of CCL22 is assessed

r

in a 24-w ontaining a 5 um-pore polycarbonate transwell filter system (Costar transwell

permeablefs #3421). MNs loaded with incremental amounts of CCL22 (0,10 and100 ng) or

equivalent oluble CCL22 were added in the receiver wells and incubated at 37 °C for 1 hour.

n

5x10° were magnetically isolated from C57BL/6 mice using mouse T cell isolation kit

t

(EasySep, #19851) and resuspended in full culture media and added to the top wells. Cells were

then incubated atd7°C and 5% CO2 for 3 hours. Cells in the receiver well were then harvested and

t

stained wi viability dye, anti-CD3, CD4, CD25, and Foxp3 antibodies and analyzed by flow

cytometry.

A
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Quantitative Real-time Polymerase Chain Reaction: Quantitative real-time polymerase chain reaction

t

0

(qPCR) was'u to assess the differential expression of mRNA transcripts between control (Empty

MN) and 10 or 100 ng) groups. A small piece of each allograft was kept in RNAprotect

]

tissue re-a n lagen, Cat. #76104) on the same day skin allografts were harvested for digestion

and flow cytgmetry analysis. Later, the skin grafts were partially thawed and 1mm? pieces were cut

C

to finer pi A was then isolated using RNA isolation kit (Qiagen RNeasy plus Mini Kit, Cat.#

4136) following the manufacturer’s protocol. Eluted RNA concentration was measured. The RNA

S

concentrat measured with a NanoDropTM 2000 Spectrophotometer (Thermofisher

U

Scientific, , MA, United States) and complementary DNA strands were reverse transcribed

with iScrigt Reverse Transcription Supermix (#1708841, Bio-Rad Laboratories) as per the

A

manufactu ocol and the product was stored at -20°C till further use. Quantitative real-time

d

PCR was peffor in 0.1 mL MicroAmp™ Fast Optical 96-Well Reaction Plates (Applied Biosystems,

#4346906 ng of ds-RNA per mRNA target, 500 nM forward and 500 nM reverse primers, and

M

SsoAdv

rsal SYBR Green Supermix (#1725274, Bio-Rad Laboratories) diluted to 1x with

PCR-grade water (#W4502, Sigma-Aldrich) in 10-pL reaction volumes. Primer pairs were based on

{

OriGene’s q gPCR Primer Pairs (Rockville, MD, United States) and synthesized through

Integrated M 2chnologies (Coralville, IA, United States). Cycle threshold (Ct) values were

measured ntStudio 3 (Thermofisher Scientific, Waltham, MA, United States). Ct values were

then corrected with GAPDH housekeeping gene expression per replicate, per run, log2 normalized,

th

averaged f ntrol replicates, and deviation from the average was calculated per condition,

U

per replica change of Foxp3 to CD3 was calculated by dividing fold change of Foxp3 to fold

A
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change of CD3 (each separately normalized to GAPDH) and fold change of IL-6 was presented after

normalization to GAPDH.

T

Analysis of @ ft Trq proliferation by immunohistochemistry: Skin tissue sections were processed
and imaﬁed b¥ the Hope Babette Tang Histology facility at the Koch Institute of Integrative Cancer

Research ambridge, USA). Briefly, 0.5 cm?” allograft sections harvested on the day of

3

mechanist" analy’s were embedded in OCT. Samples were flash frozen in a bath of dry ice and

preserved mntil sectioning. Allografts were cryosectioned into 5 um-wide tissue sections and
(o}

FoxP3 expr as confirmed via indirect staining using HRP-conjugated antibodies and visualized

using DAB substrafe. Slides were counterstained with Hematoxylin (coloring nuclei in blue) to help

orient wit)-g:o the FoxP3 staining. Processing of the microscopic images was performed using

the Aperio pe 12.3.3 software (Leica).

(O

Analysis o chanical strength of the HA-derived MNs: Mechanical properties of the MNs when
empty or chemokine-loaded were measured using a micro-force test station with a mechanical
sensor (34%, Instron, USA). Briefly, MN patches were placed on the surface of the platform
with the ﬁ e projections facing up. Then, the MN patch was compressed by the moving

sensors at a constant rate of 0.6 mm/min. The displacement and force applied on the MNs were

ho

record moment the sensors touched the uppermost tip of the MNs until a maximum

1

force o s reached. After the test, the force-travel curves of MNs arrays were obtained

accordingly by corfelating the compressive strain or displacement (%) with the compressive stress

U

(kPa). Finally ung’s modulus or modulus of elasticity in tension was calculated from the slope

in the ela inear) portion of the physical stress-strain curve (GPa).

A
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Statistical ‘nalnsi' Statistical analyses were carried out using Graph-Pad Prism 8 (GraphPad

Software)ﬁexperiments, a minimum of n=3 biological replicates were used per condition

in each .. Pairwise comparisons were performed using Student t-tests. Multiple
I I

comparisoR§ among groups were determined using one-way ANOVA followed by a post-hoc test. For

in vivo ex@s, a minimum of n=4 biological replicates were used per condition in each
experiment. iple comparisons among groups were determined using non-parametric t test
(Mann-Wh )g#No specific pre-processing of data was performed prior to statistical analyses.

Differences betw§n groups were considered significant at p-values below 0.05 (* p < 0.05, ** p <

o pﬂ'

(O
=
-
O
L
e
-
<
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In situ Delivery of
surveillance . immunomodulators
F o el =L
@ L S . . -
g [~ Tregs - ¥y .
- A /@ recruitment %\ /% -, CCL-22
D 'a S
Microneed@ composed of hyaluronic acid and placed on skin allografts can locally deliver
immun and simultaneously sample immune cells in interstitial fluid to monitor the
response t erapy. Using an allogeneic skin transplantation model, we show that the

microneedle-mediated local delivery of the chemokine CCL22 and the cytokine IL-2 increases the

local immufie suppression in the allograft.
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