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Microneedle-Mediated Delivery of Immunomodulators
Restores Immune Privilege in Hair Follicles and Reverses
Immune-Mediated Alopecia

Nour Younis, Núria Puigmal, Abdallah El Kurdi, Andrew Badaoui, Dongliang Zhang,
Claudia Morales-Garay, Anis Saad, Diane Cruz, Nadim Al Rahy, Andrea Daccache,
Triana Huerta, Christa Deban, Ahmad Halawi, John Choi, Pere Dosta, Christine Guo Lian,
Natalie Artzi,* and Jamil R. Azzi*

Disorders in the regulatory arm of the adaptive immune system result in
autoimmune-mediated diseases. While systemic immunosuppression is the
prevailing approach to manage them, it fails to achieve long-lasting remission
due to concomitant suppression of the regulatory arm and carries the risk of
heightened susceptibility to infections and malignancies. Alopecia areata is a
condition characterized by localized hair loss due to autoimmunity. The
accessibility of the skin allows local rather than systemic intervention to avoid
broad immunosuppression. It is hypothesized that the expansion of
endogenous regulatory T cells (Tregs) at the site of antigen encounter can
restore the immune balance and generate a long-lasting tolerogenic response.
A hydrogel microneedle (MN) patch is therefore utilized for delivery of CCL22,
a Treg-chemoattractant, and IL-2, a Treg survival factor to amplify them. In an
immune-mediated murine model of alopecia, local bolstering of Treg numbers
is shown, leading to sustained hair regrowth and attenuation of inflammatory
pathways. In a humanized skin transplant mouse model, expansion of Tregs

within human skin is confirmed without engendering peripheral
immunosuppression. The patch offers high-loading capacity and shelf-life
stability for prospective clinical translation. By harmonizing immune
responses locally, the aim is to reshape the landscape of autoimmune skin
disease management.
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1. Introduction

Impairment of self-tolerance in the skin
is the driving factor of most cutaneous
autoimmune diseases including vitiligo,
alopecia areata (AA), pemphigoid and pem-
phigus, psoriasis, and systemic sclerosis.[1]

Regulatory T cells (Tregs) are a subset of
T cells responsible for maintaining im-
mune homeostasis and immune toler-
ance to both self and non-self-antigens.[2,3]

Changes in their number and/or function
are key contributors to the pathogenesis of
these skin diseases.[4] AA is a T-cell me-
diated autoimmune disease that provokes
hair loss in hair-bearing areas with a relaps-
ing/remitting chronic course.[5,6] It affects
all sex and ethnic subgroups and inflicts
devastating social and psychological impli-
cations on the affected population (around
3% of the general population) since there
is no cure for it.[7–9] AA manifests in the
hair follicles (HFs) during the anagen phase
of hair growth and emanates from the dis-
ruption of the HF immune privilege, in
which the bulge region downward to the
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hair bulb loses protection against undesired immune responses
such as the disruption of Treg homeostasis.[10] Many studies
have noted a deficiency of Tregs in AA lesions[11] and more
recently, the crucial role of Tregs in disease progression was
demonstrated as impairment of skin-specific Tregs sufficed to
trigger alopecia and HF inflammation.[12] Along with Treg dis-
ruption, HF-associated peptides lead to the chemoattraction
and stimulation of autoreactive T cells including T-helper 1
lymphocytes, cytotoxic CD8 T cells, and natural killer (NK)
cells that infiltrate into the HF that disrupt the immune
privilege.

The first line-of-defense for managing AA involves off-label
use of corticosteroids or prescription of Janus Kinase (JAK) in-
hibitors, the only FDA-approved therapy for severe AA cases.
While JAK inhibition can suppress autoreactive T cells, it also
suppresses Tregs by inhibiting the phosphorylation and activa-
tion of the transcription factor STAT5, which is essential for Treg
function.[13,14] potentially disrupting the ability for long-term gen-
eration of immune tolerance. This may also explain the high
recurrence rates seen after treatment withdrawal (>50%).[15,16]

Also their immunosuppressive nature leads lead to heteroge-
nous risks of infection, cardiovascular events, and malignan-
cies, deterring its use for patients with mild-to-moderate symp-
toms (up to 90% of all AA patients)[9] as the risk outweighs the
benefit.[17,18]

We and others have hypothesized that long-lasting remission
of immune-mediated diseases will occur only if the treatment can
concomitantly control inflammation and restore Treg function
and count.[19] Here, we sought to study the extent by which Treg-
tropic immunomodulators can suppress cytotoxic T cells while
amplifying Tregs in the lesion to reinstate HF immune privilege.
We therefore used a hydrogel-based microneedle (MN) patch,
composed of hyaluronic acid (HA) to deliver CCL22 and IL-2 for
Treg recruitment and expansion, respectively. We show that our
engineered polymeric microneedle platform supports local de-
livery of the immunomodulators in the affected skin lesions of
an immune-mediated alopecia model and results in remodeling
of the local milieu. This results in the restoration of HF immune
privilege and therefore hair regrowth, without inducing systemic
immunosuppression. We also found that our MNs induce Treg
expansion in a humanized skin transplant murine model, con-
firming the translational potential of our platform into clinical
settings.

Furthermore, we and others have demonstrated the diagnos-
tic potential of MNs as means to sample interstitial skin fluid
(ISF), a unique biofluid offering insights into disease-specific
biomarkers.[20] The HA matrix of our MN platform has been en-
gineered to contain disulfide bonds, enabling us to dissolve the
needles following retrieval and isolate cellular biomarkers that
can be used to report on the disease state.[21–23] Here, we show
that the T cell immune profile in ISF when extracted with the
MNs correlates with that in the skin. Our immunoregulatory,
rather than immunosuppressive, approach through the use of
MNs has the potential to overcome the pitfalls of current AA
treatments and other autoimmune skin diseases, while enabling
non-invasive monitoring of therapy efficacy via longitudinal ISF
sampling.

2. Results

2.1. AA Is Characterized by Treg Deficiency That Can Be Restored
via an Immunoregulatory Approach

We hypothesized that Treg expansion in AA lesions will improve
the therapeutic outcomes given their crucial role in the pathogen-
esis of the disease. Hence, we analyzed publicly-available single-
cell RNA sequencing data of immune cells in human and murine
AA to understand the Treg fingerprint in AA.[24] We found the
IL-2/STAT5 signaling pathway to be the most upregulated path-
way in AA-infiltrating Tregs compared to the rest of the immune
cells, in both human and murine AA lesions (Figure 1a–d). We,
therefore, proposed to harness this pathway using MNs deliv-
ering IL-2, which will preferentially promote Treg proliferation,
along with CCL22, a potent Treg chemoattractant, to attract and
expand Tregs locally in the HF milieu and restore self-tolerance
in the context of AA (Figure 1e). Our MN patch with a matrix
of HA crosslinked to an 8-arm-PEG.[24] and consisting of an ar-
ray of 121 needle projections sizing 600 μm in length (Figure 1f)
was used to evaluate the effect of IL-2 delivery on Treg stability
and survival when compared to the standard-of-care for adults
with severe AA, the JAK inhibitor baricitinib. Briefly, MNs loaded
with either IL-2 or baricitinib were incubated in vitro with Tregs
purified from the splenocytes of C57BL/6 mice, and the survival
(Figure 1g) and stability (Figure 1h) of Tregs, reflected by the per-
centage of CD4+CD25+Foxp3+, were measured by flow cytometry
at 72 h post-incubation. We found that Tregs incubated with empty
MNs (negative control) displayed reduced survival and low levels
of Foxp3 expression. Instead, IL-2-loaded MNs were capable of in-
ducing superior Treg stability and survival, similar to the levels in-
duced by an equal concentration of soluble IL-2, confirming that
the biological activity of the immunomodulators is maintained
when loaded into the MNs. Additionally, we tested the effect of
baricitinib on Tregs, in particular, on their stability and survival
by incubating the Tregs with baricitinib-loaded MNs or with solu-
ble baricitinib. In both cases, we found that Treg homeostasis was
impaired, which was hypothesized to be caused by the inhibitory
effect of baricitinib on STAT5—a key mediator of Treg prolifera-
tion. Moreover, we confirmed that the detrimental effects of baric-
itinib on Treg survival and stability could not be salvaged by the
addition of soluble IL-2 as the percentage of live and stable Tregs
was significantly lower (<50%) than those reported when using
IL-2-loaded MNs or its soluble homologous (Figure 1g,h). These
findings along with the RNA-sequencing analysis prompted us
to pursue the delivery of IL-2, along with CCL22, to promote Treg
expansion.

We next characterized the MN platform with a focus on clini-
cal translation. Assessment of the mechanical properties of the
HA-MNs when loaded with increasing concentrations of IL-2
confirmed that the mechanical strength of the MN patch was
not impacted by the drug loading, as tested by compression
test (Figure S1a, Supporting Information). We also assessed
the biological activity of the immunomodulators loaded in the
MNs when stored under different temperatures and over dif-
ferent periods of time (from 1 week to 1 year). We confirmed
that when loaded in the MN patch, IL-2 remains stable and

Adv. Mater. 2024, 36, 2312088 © 2024 Wiley-VCH GmbH2312088 (2 of 14)

 15214095, 2024, 31, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202312088 by M
assachusetts Institute of T

echnolo, W
iley O

nline L
ibrary on [17/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 1. a) UMAP depicting the different clusters of immune cells infiltrating human AA lesions, and b) table highlighting the pathways upregulated
in human AA-infiltrating Tregs versus all other immune cells (non-Tregs). c) UMAP showing the different clusters of immune cells infiltrating murine AA
lesions, and d) table showing the pathways upregulated in murine AA-infiltrating Tregs versus non-Tregs. e) Schematic representation of Treg-amplifying
MNs to restore the immune privilege in the HFs. f) Scanning Electron Microscopy (SEM) image depicting HA-derived MNs. Scale bar = 200 μm.
Quantification of g) survival and h) stability of Tregs isolated from C57BL/6 mice incubated with soluble IL-2, soluble baricitinib, empty MNs, IL-2-loaded
MNs, and baricitinib-loaded MNs. i) Functional activity of IL-2 when loaded into the HA-MNs was gauged by comparing Treg stability after incubation
with MNs stored at different temperatures (20, 4, −20 °C) for increasing periods of time (1 week up to 1 year). Multiple comparisons among groups
were determined using one-way ANOVA. A p-value less than 0.0001 was noted between the empty MNs group and all other groups. No statistically
significant differences were observed between the different temperatures and/or time points.
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therefore retains its biological activity regardless of the storage
temperature and time (Figure 1i). When stored at room temper-
ature and shielded from humidity, the performance of 1-week
and 1-year-old MNs was comparable (Figure 1i). Moreover, stor-
age temperature did not appear to impact the biological activ-
ity of IL-2, since Treg stability was maintained (Figure 1i), con-
firming the clinical relevance of the platform. We also aimed
to study the changes in the protein structure upon elution
from the MNs by using Liquid chromatography-mass spectrom-
etry (LC-MS), further confirming that the protein remained in-
tact upon release as no differences in the sequence were ob-
served when compared to soluble IL-2 (Figure S1b, Supporting
Information).

2.2. MN-Mediated Delivery of IL-2 and CCL22 Results in Local
Expansion of Tregs Only in the Immune-Mediated Alopecia
Lesions but Not Peripherally

Next, we evaluated the therapeutic potential of our immunomod-
ulatory platform in vivo, in particular, its effect on Treg expan-
sion, using an immune-mediated AA-like phenotype in a murine
model as described by others[25] which manifests in patchy hair
loss. The therapeutic regimen consisted of serial applications, ev-
ery other day (ten times), of 1 MN patch into the affected lesion
loaded with both CCL22 (100 ng patch−1) and IL-2 (10 ng patch−1)
to mediate the recruitment and proliferation of Tregs, respectively.
The other experimental groups were administered with empty
MNs following the same regimen or were left untreated, serving
as control groups.

Briefly, we harvested the AA-like skin lesions of all mice at
week 3 (right after treatment discontinuation) of the untreated
mice, mice administered with empty MNs, and mice adminis-
tered with IL-2+CCL22-loaded MNs and characterized the im-
mune profile by flow cytometry. A significant reduction in im-
mune infiltration was noted in mice treated with loaded MNs
compared to those treated with empty MNs and the untreated
group, as reflected by both percentage (4.6% versus 7.335% (p =
0.17) and 9.27% (p = 0.01)) and absolute counts of CD45+ cells
infiltrating into the skin lesions (6772 versus 11 698 (p = 0.2) and
14 204 cells (p = 0.04)) (Figure 2a,b). Next, the percentage and
count of live Tregs in the AA-like lesions were used to examine the
effect of our platform on Treg recruitment and proliferation. Mice
treated with IL-2+CCL22-loaded MNs showed significantly in-
creased percentages of Tregs (gated as CD4+CD25+Foxp3+) com-
pared to those treated with empty MNs and the group left un-
treated respectively (5.9%, 1.36% (p = 0.02), and 0.47% (p =
0.007)) and count (312, 139 (p = 0.04), and 68 cells (p = 0.004))
(Figure 2a,b), confirming the ability of our platform to expand
Tregs in the treated lesions. Additionally, mice treated with IL-
2+CCL22-loaded MNs displayed a significant decrease in the
count of cytotoxic effector CD8+ T cells and their cytotoxicity as
gauged by the expression of pro-inflammatory cytokines such as
TNF𝛼 and IFN𝛾 (Figure S2, Supporting Information). To exam-
ine the systemic immune effect of our platform, we isolated pe-
ripheral lymphoid organs including spleen and draining lymph
nodes of AA lesions and quantified Treg proliferation. Remark-
ably, we did not observe significant differences between the Treg
percentage in the untreated and the treated groups with loaded

MNs at any time point (Figure S3, Supporting Information), con-
firming that local delivery of IL-2 does not promote peripheral
Tregs expansion.

2.3. Hallmark Inflammatory Pathways Are Inhibited in AA-Like
Lesions Following MN Treatment as Confirmed by Unbiased
RNA Sequencing Analysis

We next evaluated the effect of our platform on the immune
hallmarks of the disease at the gene level using an unbiased
approach, RNA-seq analysis. Briefly, we harvested the AA-like
skin lesions from the three different experimental groups (un-
treated, treated with empty MNs, and treated with IL-2+CCL22
loaded MNs) at week 3 and isolated the genetic material for suc-
cessive analysis. We first analyzed the inflammatory gene ex-
pression signatures of the AA Disease Severity Index (ALADIN
index.),[26,27] a 3D quantitative score that can be used to gauge
disease severity and response to treatment.[27] The ALADIN sig-
nature genes including CD8a, GZMB, ICOS, PRF1, CXCL9,
CXCL10, CXCL11, and STAT1 were significantly downregulated
in the groups treated with IL-2+CCL22 and empty MNs com-
pared to untreated (Figures 2c and S2, Supporting Information).
Next, gene set enrichment analysis was conducted to identify the
molecular pathways that are differentially expressed among the
different experimental groups. Four key AA inflammatory path-
ways (IL6-JAK-STAT3 signaling, inflammatory response, IFN𝛾

response, and antigen processing and presentation) were sig-
nificantly downregulated in the immune-mediated alopecia le-
sions treated with IL-2+CCL22-loaded MNs (Figure 2e). For in-
stance, IFN𝛾 response was 2.33-fold and 1.79-fold more up-
regulated in the untreated group, and the group treated with
empty MNs, respectively, compared to the group treated with
IL-2+CCL22 MNs. These results confirm that the IFN𝛾 signa-
ture, essential for AA development and persistence, was sig-
nificantly suppressed in the group treated with IL-2+CCL22-
loaded MNs, highlighting the therapeutic benefit of Tregs hom-
ing to the affected skin. Additionally, the antigen processing
and presentation pathways were downregulated in mice ad-
ministered with IL2+CCL22-loaded MNs, confirming that our
MNs were mitigating crucial inflammatory roles contributing
to the pathogenesis of AA. Another imperative inflammatory
pathway, the IL-6-JAK-STAT3 signaling pathway, was also down-
regulated in the lesions treated with IL2+CCL22-loaded-MNs,
when compared to untreated and group treated with empty
MNs (Figure 2e). These findings align with the abovemen-
tioned immune phenotyping data that suggested a significant
decrease in infiltrating immune cells in the lesions treated with
loaded MNs.

2.4. IL-2+CCL22 MNs Reduce Long-Term Inflammation and
Restore HF Structures in AA-Like Lesions

We next gauged the immunomodulatory effect of the platform
on week 6 post-treatment initiation by quantitative PCR (RT-
PCR) where Foxp3 was used as the differential transcription fac-
tor of Tregs and IFN𝛾 as a pro-inflammatory biomarker. Foxp3 ex-
pression was significantly upregulated in immune-mediated AA
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lesions treated with IL-2+CCL22-loaded MNs whereas IFN𝛾 ex-
pression was significantly reduced in the lesions treated with
IL-2+CCL22-loaded MNs compared to untreated lesions and
to those treated with empty MNs (Figure S4a,b, Supporting
Information).

To further confirm our findings, we analyzed the changes in
the immune signature at the tissue level by histology. Affected
skin lesions harvested for mechanistic analysis (6 weeks post-
treatment-initiation) were sectioned and stained as described
in the Experimental Section. H&E staining confirmed rever-
sal of the histological biomarkers of the disease in those mice
treated with IL-2+CCL22-loaded MNs and to a lesser extent, in
those administered empty MNs. Specifically, a higher number
of healthy HF structures were observed; instead, they appeared
to be damaged in untreated mice. Additionally, the epidermis
of the affected untreated lesions was significantly thicker than
the epidermal layer of IL-2+CCL-2 MNs treated lesions high-
lighting an attenuation of the chronic inflammation induced
by IFNɣ and polyinosinic:polycytidylic acid (poly[I:C]), as sug-
gested by others (Figure S4c, Supporting Information).[25] More-
over, FoxP3 staining revealed a higher Treg infiltrate in the le-
sions treated with CCL22 and IL-2, whereas fewer Tregs were ob-
served in the control groups. Finally, CD8+ T cell infiltrates ap-
peared to be reduced in treated lesions as opposed to the control
groups that received empty MNs or were left untreated, where
higher presence of lymphocytic infiltrates was observed, and in
some instances surrounding the HF shaft in agreement with the
literature.[25]

2.5. IL-2+CCL22 MNs Induce More Immune Regulation Than
IL-2 Only MNs and Baricitinib-Loaded MNs

Based on our in vitro findings, we next compared the effect of IL-
2+CCL22 MNs on the immune signature of the AA-like lesions
to the standard-of-care for severe cases, baricitinib. Following the
same treatment regimen as before, mice were administered ei-
ther IL-2+CCL22-loaded MNs, baricitinib-loaded MNs, or IL-2-
loaded MNs without CCL22. Flow cytometry analysis revealed a
statistically significant reduction in cells that serve as hallmark of
the disease, IFN𝛾+ cytotoxic CD8+ cells, in all mice treated with
MNs compared to the untreated group (8.3%, 1.8% (p = 0.004),
1.7% (p = 0.003), and 2.6% (p = 0.007) for untreated, IL-2 MNs,
IL-2+CCL22 MNs and baricitinib MNs respectively). However,
Tregs were exclusively enriched in the AA-like lesions treated with
IL-2+CCL22 MNs (Figure 3a,b). Together, these findings support
our in vitro data suggesting that JAK inhibition is detrimental
for the Tregs, bolstering the therapeutic merit of our combined
IL-2 and CCL22 therapy which is superior to IL-2 alone. Finally,
these data were supported by the histological analysis of the af-
fected lesions confirming that mice treated with MNs had an ab-
sence of infiltrating lymphocytes including CD3+ and CD8+ cells
(Figures 3c and S5, Supporting Information).

2.6. MN-Mediated Immunomodulation Promotes Sustained Hair
Regrowth in a Model of Immune-Mediated Alopecia and Is
Superior to Subcutaneous Injection

Next, we compared the effect on hair growth when delivering
our immunomodulators (CCL22+IL2) or baricitinib via our MN
patch, versus conventional subcutaneous injection (SubQ) with a
hypodermic needle. The same treatment regimen as before was
performed and mice were treated with MN patches loaded with
both CCL22 (100 ng patch−1) and IL-2 (10 ng patch−1), baricitinib
(1 ug patch−1) or were administered empty MNs (Figure 4a). For
the SubQ group, we used therapeutically equivalent dosages of
IL-2+CCL22. Mice were monitored weekly, and a scoring system
was used to gauge hair regrowth, as described by others.[28–30]

Briefly, a score of 1 corresponds to uneven growth, poor hair
density, and evident skin, whereas a score of 4 corresponds to
complete restoration of highly dense hair growth. We confirmed
that mice administered with IL-2+CCL22-loaded MNs displayed
significant hair regrowth as early as 3 weeks post-treatment ini-
tiation compared to the untreated group (Figure 4b,c). Similarly,
mice administered baricitinib MNs also displayed hair growth al-
though the onset of action was slower compared to those admin-
istered CCL22+IL-2 MNs. Interestingly, administration of empty
MNs resulted in moderate improvement in the first weeks of the
treatment but plateaued at week 5 as hair regrowth was not fully
prepared. Finally, no therapeutic benefit was induced by SubQ
IL-2+CCL22 as evident by the lack of hair growth (Figure 4b,c).
Analysis of the long-term efficacy at week 8 post-treatment ini-
tiation confirmed was no difference between empty MNs ver-
sus untreated (p-value = 0.1), but there were differences between
empty versus IL-2+CCL22-loaded MNs (p-value = 0.001) and IL-
2+CCL22-loaded MNs versus untreated (p-value < 0.0001). Sim-
ilarly, there was no statistically significant difference between IL-
2+CCL22-loaded MNs and baricitinib MNs (p-value = 0.9988).
However, baricitinib MNs were superior to empty MNs (p-value
< 0.0001).

2.7. ISF Sampling Using MNs Informs on Treg Homing into
Immune-Mediated Alopecia Lesions Following MN Treatment

To further understand the immune remodeling in the HF fol-
lowing treatment, we leveraged the ability of our MN platform
to retrieve cellular biomarkers from ISF, which we and oth-
ers have demonstrated can inform on the physiological state
in the context of allo-immunity, cancer immunotherapy, and
vaccination.[22,23,31] Upon removal of the patch, the hydrogel ma-
trix of the MNs can be digested on-demand by incubating them
with a reducing agent (tris (2-carboxyethil) phosphine; TCEP),
which prompts the cleavage of the disulfide bonds present in the
HA matrix and, ultimately leading to its dissolution (Figure 5a).
After dissolving the MNs, the entrapped cells were isolated and

Figure 2. MN-mediated delivery of CCL22 and IL-2 promotes specific expansion of Tregs in AA lesions and restores immune privilege. a,b) Representative
dot plot (left) and quantification by flow cytometry of immune infiltrates (gated as CD45+ cells) and Tregs (gated as CD25+Foxp3+ cells) in AA-like skin
harvested at week 3 post-treatment initiation. Multiple comparisons among groups were determined using one-way ANOVA. p-value: ns= not significant,
*p< 0.05, **p< 0.01, ***p< 0.001. c) Heat map showing the top 50 genes expressed differentially between the experimental groups. d) PCA plot showing
distinctive clustering of the different experimental groups. e) Gene set enrichment analysis showing negative enrichment of IL6-JAK-STAT3 signaling,
inflammatory response, interferon-gamma response, and antigen processing and presentation in the lesions treated with loaded MNs.
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Figure 3. IL-2+CCL22 MNs induce more immune regulation than IL-2 only MNs and Baricitinib-MNs. a,b) Representative flow cytometry plots and
graph of immune infiltrates (gated as CD45+ cells), CD8 cells (gated as CD45+CD8+), IFNg+CD8 cells (gated as CD45+CD8+IFNg+), and Tregs (gated
as CD4+CD25+Foxp3+ cells) in AA-like skin harvested at week 3 post-treatment initiation. Multiple comparisons among groups were determined using
one-way ANOVA. p-value: ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001. c) Histological analysis of the HF structures (red arrows) by H&E
staining. HF-infiltrating lymphocytes were significantly lower in IL-2 MNs and Baricitinib MNs compared to untreated, and almost no lymphocytes were
infiltrating IL-2+CCL22 MNs treated HF.

analyzed by flow cytometry to enumerate the immune cells
present in the lesions. Briefly, the same MNs used to deliver
the immunomodulators were removed on days 1, 5, 9, and 11
post-treatment initiation and were incubated in a 10 mm solu-
tion of TCEP to dissolve them and recover the immune cells in
less than 5 min. Next, Treg frequencies and counts were analyzed
by flow cytometry which we hypothesized would increase follow-
ing the delivery of CCL22 and IL-2 as we previously confirmed in
agreement with the findings in the skin. Analysis of ISF-retrieved
cells from early timepoints (days 1 and 5 post-treatment initia-
tion) revealed no significant differences between Treg frequen-
cies in mice administered with loaded MNs and those treated
with empty MNs. However, Treg homing into AA-like lesions
treated with IL2+CCL22-loaded MNs increased significantly over
time, reaching more than fivefold increase by days 9 and 11
(Figure 5b,c).

2.8. IL-2+CCL22 Delivery Using MNs Promotes Local Tregs
Expansion in a Humanized Skin Transplant Model

Building on the findings in the AA-like model, we finally were
interested in studying the therapeutic potential of our MN in a
more clinically relevant setting. We first performed a penetration
assay on skin from healthy donor patients undergoing cosmetic
surgery, confirming that the MNs could effectively disrupt the
stratum corneum as evidenced by the presence of micro-conduits
that could be easily observed pre- and post-staining (Figure 6a).
Next, we generated a humanized model by grafting healthy hu-
man skin onto the dorsal trunks of non-obese diabetic—severe
combined immunodeficient (scid) IL-2 receptor-𝛾null (NSG)
mice, as described by us before (Figure 6b).[32] We delivered 4
× 106 human peripheral blood mononuclear cells (PBMCs) and
1 × 106 Tregs to the mice 7 days post-transplantation (Figure 6b).

Adv. Mater. 2024, 36, 2312088 © 2024 Wiley-VCH GmbH2312088 (7 of 14)
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Figure 4. Delivery of immunomodulators with MNs promotes hair regrowth in an immune-mediated alopecia areata model, and is superior to sub-
cutaneous injections. a) Schematic timeline of therapeutic regimen. C3H/HeJ mice displaying an AA-like phenotype received the following therapeutic
regimen: serial application of 10 MNs patches (1 patch per lesion) for 24 h of either empty MNs, CCL22 (100 ng)+IL-2 (10 ng)-loaded MNs, or baric-
itinib (1 μg)-loaded MNs. b) Macroscopic assessment of hair regrowth following MN-based treatment. c) Hair regrowth scores following treatment.
Mice were monitored weekly, and each lesion was blindly scored from 1 to 4 based on hair regrowth status (1 = uneven hair growth; 2 = low hair density;
3 = moderate hair density; 4 = high hair density). Statistical significance was determined using two-way Anova.

The mice were then administered serially with MNs loaded with
recombinant human CCL22 (100 ng) and IL-2 (10 ng) every other
day (7 patches in total) or left untreated. Following treatment,
mice were sacrificed at day 21 post-transplantation for mecha-
nistic analysis, where the immune cell populations in the hu-
man skin allografts and the spleen were enumerated by flow
cytometry. Mice treated with IL2+CCL22-loaded MNs showed
a significantly higher percentage of Tregs in the skin allografts
compared to the untreated ones, demonstrating that the MNs
were capable of mediating Treg expansion locally. Higher per-
centage of Tregs was confirmed when gating Tregs within CD45+

and CD4+ cells as well as by mean fluorescence intensity (MFI)
(Figure 6d–f). Also, we confirmed an increase in the ratio of Tregs
to Effector (CD45RO+ cells) CD8 and CD4 cells (Figure 6g,h).
On the day of mechanistic analysis, we also sampled the ISF
from the allograft using the MNs as described before and com-
pared the immune signature between treated and untreated
mice by flow cytometry. A significant increase in the percent-
age of Tregs was reported in the ISF sampled from MN-treated
mice compared to the control group in accordance with the
findings from the skin allograft analysis, supporting the po-
tential of the MNs for minimally invasive immunosurveillance
(Figure 6i).

3. Discussion

AA is an autoimmune disease driven by the disruption of im-
mune regulation in the HFs, mainly orchestrated by autoreac-
tive cytotoxic CD8+ and CD4+ effector cells that promote AA de-
velopment and persistence. It has been shown that transferring
CD8+ cells isolated from AA-affected mice into healthy mice in-
duces patchy AA and similarly, that transferring CD4+CD25−

cells promotes systemic AA.[33] Instead, the AA phenotype in-
duced by both CD8+ and CD4+CD25− cells could be abolished
when co-transferred with regulatory CD4 cells,[33] supporting the
immune-protective role of Tregs in AA and their key contribu-
tion to maintaining self-tolerance.[26,33,34] Along with the consti-
tutive expression of the transcription factor Foxp3, which reg-
ulates their suppressive function, Tregs also express the high-
affinity IL-2 receptor alpha CD25[35–37] at higher levels than any
other immune cell.[38–41] IL-2 is indispensable for Treg survival,
stability, and proliferation.[37,42] yet they cannot self-produce it
and rely on exogenous sources.[43–45] It has been shown in dif-
ferent autoimmunity and alloimmunity studies that systemic de-
livery of low-dose IL-2 promotes peripheral Tregs expansion but
cannot effectively reach the local areas of antigen encounter.[38,41]

Moreover, even when given at low-dose, systemic IL-2 stimulates

Adv. Mater. 2024, 36, 2312088 © 2024 Wiley-VCH GmbH2312088 (8 of 14)
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Figure 5. MNs can sample ISF from the AA-like lesions to longitudinally monitor the Treg homing process. a) Schematic representation of the diagnostic
compartment of the MN patch; following patch retrieval, the hydrogel matrix can be digested on-demand for facile recovery of cellular biomarkers and
successive analysis. The same MNs used for treatment were recovered 24 h post-administration and digested with a 10 mm solution of TCEP to dissolve
the HA matrix and recover the immune infiltrates for analysis by flow cytometry. b,c) Representative dot plot and quantification of the fold change
in Treg counts over time. Data are represented as mean ± s.e.m. Statistical significance was determined by one-way ANOVA. **P ≤ 0.01, *P ≤ 0.05,
ns = non-significant.

concomitantly cytotoxic T cells inducing pro-inflammatory
activity.[38,41]

Using single-cell transcriptomic data from public repositories,
we confirmed that Tregs infiltrating the AA lesions (in both hu-
mans and mice) have significant upregulation of the IL-2/STAT5
signaling pathway. Since IL-2/STAT5 signaling is essential for
Treg homeostasis,[14,37,46,47] we hypothesized that boosting this
pathway via local delivery of IL-2 could promote specific ampli-
fication of skin-resident Tregs, which could abolish and reverse
immune-mediated alopecia and improve hair regrowth. Given its
direct and exclusive application to the affected areas, our MN-
based therapy would overcome the limitations of systemic de-
livery of IL-2 by favoring local Treg proliferation at the sites of
antigen encounter and prevent peripheral Treg expansion. In a re-
cent study by Cohen et al., skin-specific Tregs were shown to have
a distinct role in preventing HF inflammation and alopecia.[12]

Notably, their immune regulatory function was found to be pri-
marily mediated by the expression of the high-affinity IL-2 re-
ceptor. Hence, localized delivery of IL-2 presents greater promise
over systemic administration, as it can precisely target these skin-
specific Tregs.

Additionally, we studied the effect of co-delivery of CCL22,
a potent Treg chemoattractant that we and others have demon-
strated to promote migration of Tregs together with IL2. We
proved that a combination therapy of IL-2 and CCL22, deliv-
ered locally into immune-mediated AA-like alopecia lesions us-
ing an MN patch, ensures Treg recruitment to the affected skin
while promoting Treg proliferation, stability, and survival. Our

overarching hypothesis is that chronic AA remission can only
be achieved by an immunomodulatory treatment capable of sup-
pressing the effector T cell compartment without compromis-
ing the regulatory arm of the immune system. Our in vitro data
confirm that JAK inhibitors are not Treg-tropic since they inhibit
STAT5 signaling,[13,14] which could explain the AA relapse seen
in patients after JAK inhibitor withdrawal.[15,16] This is further
supported by our in vivo data, demonstrating that local JAK in-
hibition with Baricitinib-MNs does not enhance the number of
Tregs that are important to generating immune tolerance. Fur-
thermore, we demonstrated that the combination of IL-2 and
CCL22 is superior to IL-2 alone, as it led to higher levels of le-
sional Tregs. Hence, we believe that our Treg-centric therapy using
MN-mediated delivery of IL2+CCL22 could promote long-term
tolerance and reversal of the symptoms.

The design of our patch was carefully curated to enable clin-
ical translation using a crosslinked HA matrix that is amenable
for repetitive administration and offers high-loading capacity and
thermal stability of embedded proteins. Here, we confirm that
our MNs allow encapsulation of clinically-relevant doses of im-
munomodulators without impacting their mechanical proper-
ties. Others have demonstrated that dissolvable MNs can also de-
liver high amounts of drugs, yet in the context of AA and its remit-
tent/relapsing course, dissolvable MNs that may need to be ap-
plied repeatedly are not desirable due to the deposition of needle-
tip materials and the safety concerns associated with foreign body
response. Instead, the crosslinked matrix of our proposed MN
platform can effectively penetrate the stratum corneum barrier

Adv. Mater. 2024, 36, 2312088 © 2024 Wiley-VCH GmbH2312088 (9 of 14)
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Figure 6. IL-2+CCL22-loaded MNs can recruit Tregs and promote their proliferation in the allografts of humanized skin transplant murine models.
a) Optical microscopy demonstrating successful ex vivo penetration of a human skin explants (microconduits were left unstained (left image) or stained
with Shandon Tissue-Marking Dye to facilitate visualization (right). b) Schematic representation of the humanized mouse model of skin transplantation
and the experimental timeline. NSG mice were transplanted with skin grafts from healthy donors 7 days before the adoptive transfer of PBMCs enriched
with Tregs. 24 h post-adoptive transfer, mice were administered serially with IL-2+CCL22-loaded MNs (7 applications) and euthanized at day 14 post-
cell transfer and treatment initiation for mechanistic analysis (n = 3 for untreated and n = 4 for IL-2+CCL-22 Loaded MN group). c) Representative
flow cytometry dot plots and quantification of Tregs gated as CD4+CD25+Foxp3+, d) as% of CD45+ cells e) and as% of CD4+ cells, or f) displayed by
their mean fluorescence intensity (MFI) in the human skin allografts. g,h), Quantification of the ratio of Tregs to Effector CD4 and CD8 cells (gated as
CD4+CD45RO+ and CD8+CD45RO+) in the human skin allograft. i) ISF analysis using flow cytometry, MNs were digested and analyzed using flow
cytometry as described before. Pairwise comparisons were performed using Student t-tests. **P ≤ 0.01, *P ≤ 0.05, ns = non-significant.
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and upon insertion rapidly swell, forming micro-conduits to re-
lease drugs transdermally in a targeted way to the site of the im-
mune insult, the HF, without residue deposition.

Another consideration for clinical translation is the cold chain
requirements of biologics, from production to end use, to prevent
aggregation, cargo denaturation, and oxidative degradation that
otherwise may render them ineffective.[48] Our crosslinked HA
hydrogel appears to shield the entrapped immunomodulators
and prevents protein conformational changes, conferring long-
term maintenance of its biological activity. We demonstrated that
the biological activity of IL-2 is maintained for over 1 year when
loaded into the MNs (manufacturer’s guidelines confirm that
protein activity once reconstituted is lost after a week if stored at
room temperature). We hypothesized that multiple elements of
our platform may be at play to enable the preservation of biologi-
cal activity including the stabilizing effect that polyanions such as
sodium hyaluronate have on cytokines via electrostatic complex-
ation and the removal of water from the MN formulation.[49–51]

Moreover, protein immobilization within the hydrogel mesh may
prevent protein aggregation and ensure bioactivity upon elution
from the MN patch, supporting that cold-chain requirements
could be eliminated when using the patch. We further demon-
strate the translational potential of our platform by virtue of its
drug-agnostic properties, which allowed us to encapsulate and
deliver multiple functional drugs including proteins and small
molecules such as baricitinib.

Microneedling, a procedural therapy by which micro punc-
tures are repetitively induced with derma-rollers or micronee-
dles, has been demonstrated to promote hair regrowth in small-
sized human clinical trials for patients suffering androgenetic
alopecia, showing on-par efficacy to the standard-of-care treat-
ments such as topical minoxidil or improving the outcome of
those who had been therapy-resistant.[52] In the context of AA,
data are scarce, and transient benefit has been only observed
in specific cases when microneedling was combined with topi-
cal corticosteroids.[53,54] Yet, sustained hair regrowth in AA pa-
tients has never been reported with local approaches as none of
the therapies used in combination with microneedling targeted
the molecular mechanisms driving the disease. Here, our studies
in an AA-like murine model displaying classic patchy areas with
hair loss demonstrated that delivering the combination of Treg
amplifying therapeutics via our MN platform promotes superior
hair regrowth than microneedling alone, or delivery of the same
agents with hypodermic needles. Indeed, it has been hypothe-
sized that the microtrauma caused by the MNs can alter the HF
microenvironment as it stimulates the release of growth factors,
such as platelet-derived growth factors and vascular endothelial
growth factors among others.[55,56] These growth factors enhance
blood flow to the HF which is vital for hair growth.[56] Further-
more, the MNs enable homogenous drug delivery into the dermal
milieu, supporting our findings that delivery of immunomodu-
lators mediated by the MNs is more effective than using a hy-
podermic needle in promoting hair growth. Also, our data show
that only the recruitment and proliferation of Tregs can restore the
immune equilibrium and provide a long-term benefit.

Mechanistic studies confirmed that CCL22 and IL-2 delivery
resulted in skin restoration of Tregs and was accompanied by a re-
duction of the autoreactive T cell infiltrates RNA-seq of AA-like
skin lesions confirmed attenuation of hallmark AA inflammatory

pathways, and a significant decrease in the signature of IFNɣ and
IL6-JAK-STAT3 was noted in the lesions treated with IL-2+CCL-
22 MNs. Similarly, the ALADIN gene signature defining AA, was
downregulated in these lesions. We also used a humanized skin
transplant model to interrogate the therapeutic potential of our
platform, confirming that our MNs can effectively disrupt the hu-
man stratum corneum and release the drugs for local remodeling
of the skin immune signature, resulting in increased frequencies
of Tregs ultimately supporting the translation of our platform into
clinical settings.

Finally, we and others have demonstrated the diagnostic value
of ISF to interrogate the immune signature in the skin which cor-
relates with the physiological state of the patient.[22,23,31,57] In the
context of skin autoimmune diseases, MNs have been recently
proposed to sample miRNA for psoriasis diagnosis, with more
applications expected to arise to enable multiplex biomarker
analysis.[58] Here, we focused on the ISF cellular compartment,
demonstrating that analysis of the Treg homing process into the
skin lesions enables longitudinal monitoring of the dynamics of
Treg migration and proliferation which may ultimately offer pre-
cision therapy.

In this work, we demonstrate the therapeutic merit of im-
munoregulation, rather than immunosuppression, in reversing
immune-mediated alopecia using MNs capable of delivering
therapeutics in a targeted and non-invasive manner into the af-
fected lesions. Using immune-mediated alopecia as a model of
skin autoimmunity, we foresee that amplifying Tregs using our
MN platform will be translated into other skin conditions with
the same origin, while providing patients with non-invasive treat-
ment and diagnosis.

4. Experimental Section
Materials: All reagents and solvents were purchased from Sigma

Aldrich unless stated otherwise. Sodium hyaluronate (60 kDa) was
obtained from LifeCore Medical with a purity of at least 95%. N-
hydroxysuccinimide (NHS)-terminated 8-arm PEG (40 and 10 kDa) was
purchased from Creative PEG Works. Microneedle molds were obtained
from Blueacre Technology (11 × 11 needles with a height of 600 μm, base
width of 300 μm, and tip to tip spacing of 600 μm). Recombinant murine
CCL22, recombinant human IL-2, and recombinant murine IFN𝛾 were ac-
quired from PeproTech. poly[I:C] was purchased from InvivoGen.

Synthesis of Amino-Modified Hyaluronic Acid (HA-SS-NH2) Polymer:
The HA-SS-NH2 polymer was synthesized as previously described. Briefly,
60 kDa-sodium hyaluronate (1% w/v in MES buffer) was activated with
N-(3-(dimethylamino)propyl)carbodiimide and NHS at a 1:4:2 molar ra-
tio and reacted at room temperature for 30 min under magnetic stirring.
Next, the activated hyaluronic acid (HA) was mixed under vigorous stir-
ring with cysteamine dihydrochloride (1:10 molar ratio) and allowed to re-
act at room temperature for 12 h. The resulting HA-SS-NH2 polymer was
purified by dialysis against deionized water for 5 days, freeze-dried, and
stored at −20 °C protected from humidity until use. Structural analysis of
the polymer was performed by 1H-NMR using D2O as a solvent (400 MHz
Varian NMR spectrometer).

Fabrication HA-Based MNs: MNs were synthesized as described by the
authors.[22] Briefly, an initial layer of HA-SS-NH2 (10% w/v in phosphate
buffer, pH = 7.4) was deposited on top of the MN molds and these were
centrifuged at 4200 rpm for 5 min followed by a freeze-drying step. Next,
a second layer of 8-arm-PEG-NHS crosslinker (70:30 volume ratio of 40
kDa: 10 kDa crosslinker, 10% w/v in phosphate buffer, pH = 7.4) was de-
posited on the mold, centrifuged again at 4200 rpm for 5 min followed
and freeze-dried. An aqueous solution containing glycine (10 ng mL−1)
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and the therapeutic agents CCL22 (10 ng mL−1) and IL-2 (10 ng mL−1) or
baricitnib (1 μg mL−1) was then deposited drop-wise on top of the molds
and briefly spun for 1 min to concentrate the drug in the needle-like projec-
tions. Finally, a layer of PLGA (Resomer RG 858 S, Sigma Aldrich, USA) at
15% (w/v) serving as the backing layer of the patch was deposited on top
of the molds dropwise until covering the whole area (200 μL). MNs were
allowed to dry at room temperature for 12 h, peeled off the molds, and
stored until use. Empty MNs were fabricated in a similar manner; follow-
ing the addition of the crosslinking layer, the backing layer was deposited
immediately after and allowed to dry as described.

Assessment of the Structure and Mechanical Strength of the HA-Based
MNs: MNs were imaged by scanning electron microscopy (SEM) using a
JSM-6610 LV SEM microscope. Mechanical strength as a function of drug
loading was determined using a micro-force test station with a mechani-
cal sensor (3400 Series, Instron, USA). Briefly, MNs loaded with increas-
ing amounts of CCL22 and IL-2 were mounted on the surface of the plat-
form with the projections facing up, and increasing forces were applied.
The displacement and forces were recorded from the moment the sensors
touched the uppermost tip of the MNs until a maximum force of ≈100 N
was reached. Force–travel curves of MNs arrays were obtained by corre-
lating the compressive strain or displacement (%) with the compressive
stress (kPa). Young’s modulus was calculated from the slope in the elastic
(or linear) portion of the physical stress–strain curve (GPa).

Mass Spectrum Analysis of Protein Structure: The structure of released
proteins from the MNs was compared to the native ones by mass spec-
trometry. Briefly, IL-2-loaded MNs were incubated in PBS for 24 h under
physiological conditions (37 °C, pH = 7.4) and the supernatants were re-
covered. The spectra of released and native IL-2 were detected using a 6100
Series Single Quadrupole LC/MS with a ZORBAX 300StableBond column.

In Vitro Characterization of Cytokine Activity as a Function of Storage Tem-
perature and Time: MNs loaded with 10 ng of IL-2 were fabricated and
stored at different temperatures (room temperature, 4 and −20 °C) and
for increasing durations (1 week, 1, 4, 10 months, and 1 year old). To as-
sess cytokine activity, MNs were incubated with 75 K Tregs at 37 °C in a
96-well plate. Treg stability and survival were assessed using flow cytom-
etry. The following antibodies were used: CD4 V500 (Biolegend 560782),
CD25 PE (Biolegend 101904), Foxp3 APC (eBioscience17-5773-82), Fixed
Viability Dye (FVD) eFluor780 (eBioscience).

Induction of AA-Like Phenotype in C3H/HeJ Mice: C3H/HeJ mice
were purchased from The Jackson Laboratory (Bar Harbour, ME, USA)
and housed under specific-pathogen-free conditions at the Brigham and
Women’s Hospital animal facility. All animal work was performed in com-
pliance with ethical regulations and was approved by the Institutional An-
imal Care and Use Committee of Brigham and Women’s Hospital. AA-like
phenotype in mice was induced as described by Shin and colleagues.[25]

Briefly, 15-week-old female mice were injected subcutaneously with a mix-
ture of IFN𝛾 (2 × 104 units mice−1) and poly (I:C) (100 μg mice−1). Mice
were injected in two spots in the dorsal area twice per week for 8 weeks
and the development of patchy AA lesions was monitored until treatment
completion.

Animal Studies: 4 weeks post phenotype induction, all lesions were
delineated to consistently apply the MNs in the same spot throughout the
experiment. Briefly, mice were left untreated (control group) or adminis-
tered ten times every other day with either empty MNs, MNs loaded with
CCL22 and IL-2 (100 ng and 10 ng respectively), MNs loaded with IL-2
(10 ng) or MNs loaded with baricitnib (1 μg). Briefly, MNs were admin-
istered on top of the lesions by thumb-pressing the patch for 30 s and
secured with medical-grade tape (FlexCon, USA) for 24 h. Hair growth fol-
lowing treatment was evaluated weekly using a scoring system proposed
by others where each lesion was ranked based on its hair density and de-
gree of visible skin.[28–30] Additionally, mechanistic analysis studies were
performed at week 3 (n = 6 or 7 mice per experimental group) and week 6
post-treatment initiation (n = 4 or 5 per experimental group).

Analysis of Treg and Effector T Cell Distribution by Immunohistochemistry:
Skin tissue sections from AA lesions were processed by the Hope Ba-
bette Tang Histology facility at the Koch Institute of Integrative Cancer
Research at MIT (Cambridge, USA) and analyzed using the Aperio Im-
ageScope 12.3.3 software (Leica). Briefly, 0.5 cm2 skin sections harvested

on the day of mechanistic analysis were embedded in OCT, flash-frozen,
and preserved at −80 °C until sectioning. Skins were cryosectioned into
5 μm-wide tissue sections and FOXP3, CD8, and CD3 expression was con-
firmed via indirect staining using HRP-conjugated antibodies and visual-
ized using DAB substrate. Last, slides were counterstained with Hema-
toxylin (coloring nuclei in blue).

Analysis of AA Skin Lesions and Lymphoid Tissues by Flow Cytometry:
On the day of mechanistic analysis, skin lesions, draining lymph nodes,
and spleens were harvested and processed accordingly. Immune infil-
trates from the skin lesions were isolated as follows: 0.5 cm2 skin sections
were thoroughly minced and processed as described by Sakamoto and
colleagues.[59] Spleens and LNs were mechanically dissociated, filtered
through a 40 μm nylon cell strainer, and spleen suspensions were further
treated with ACK lysing buffer (Gibco) for 1 min. Isolated cells from all
tissues were reconstituted at a maximum concentration of 1 × 106 cells in
100 μL FACS staining buffer (1× DPBS, 1% Bovine Serum Albumin, 0.02%
sodium azide (Sigma Aldrich)) for flow cytometry analysis. For cytokines
analysis, Skin cells were stimulated with PMA (100 ng mL−1, Millipore-
Sigma), ionomycin (1 ug mL−1, MilliporeSigma), and Brefeldin A (10 ug
mL−1, MilliporeSigma) at 37 °C for 4 h prior to flow cytometry staining.
The following anti-mouse antibodies were purchased from eBioscience:
CD45 PE-Cy7(clone 30-F11), FOXP3 APC (clone FJK-16S), CD4 PE (clone
RM4-5), and BD Biosciences: CD8 BUV805 (Cat# 612898), TNFa BV785
(Cat# 506341), IFNg FITC (Cat# 505806) CD44 BV711 (Cat# 103057).
Dead cells were stained using FVD eFluor780 (eBioscience). Stained cells
were analyzed by flow cytometry using a BD FACS Canto II cytometer
(BD Biosciences) and all data were analyzed using FlowJo version 10
(Flowjo LLC).

Analysis of MN-Sampled ISF from AA Lesions: ISF was sampled from
AA lesions using MNs as described by the authors. Following retrieval
from mice, MNs were immersed in a solution of 10 mm TCEP in PBS (pH
= 7.4) and incubated at 37 °C for 10 min to allow digestion of the poly-
meric matrix. Next, samples were centrifuged at 1200 rpm to pellet the
cells and the recovered cellular suspension was filtered with a 70 μm cell
strainer (BD bioscience) prior to staining and analysis by flow cytometry.

Gene Expression Analysis in AA Lesions by Quantitative Real-Time Poly-
merase Chain Reaction (qPCR): On the day of mechanistic analysis, a 0.5
cm2 piece of skin was excised from the AA lesion and kept in RNAprotect
tissue reagent (Qiagen, Cat. #76104) at −80 °C until processing. Briefly,
skin sections were partially thawed and cut into 0.5 mm2 pieces for RNA
isolation (Qiagen RNeasy plus Mini Kit, Cat.# 4136) following the manu-
facturer’s protocol. The concentration of eluted RNA was measured with
a NanoDrop 2000 Spectrophotometer (Thermofisher Scientific, Waltham,
MA, United States) and the complementary DNA strands were reverse
transcribed with iScript Reverse Transcription Supermix (#1708841, Bio-
Rad Laboratories) as per the manufacturer’s protocol and preserved at
−20 °C till further use. Quantitative real-time PCR was performed in
0.1 mL MicroAmp Fast Optical 96-Well Reaction Plates (Applied Biosys-
tems, #4346906) with 30 ng of ds-RNA per mRNA target, 500 nm for-
ward and 500 nm reverse primers, and SsoAdvanced Universal SYBR
Green Supermix (#1725274, Bio-Rad Laboratories) diluted to 1×with PCR-
grade water (#W4502, Sigma Aldrich) in 10-μL reaction volumes. Primer
pairs were based on OriGene’s qSTAR qPCR Primer Pairs (Rockville,
MD, United States) and synthesized through Integrated DNA Technolo-
gies (Coralville, IA, United States). Cycle threshold (Ct) values were mea-
sured with QuantStudio 3 (Thermofisher Scientific, Waltham, MA, United
States). Ct values were then corrected with GAPDH housekeeping gene ex-
pression per replicate, per run, log2 normalized, averaged for the control
replicates, and deviation from the average was calculated per condition,
per replicate. Fold change of FOXP3 to GAPDH was calculated by dividing
fold change of FOXP3 to fold change of GAPDH and fold change of IFNɣ

was presented after normalization to GAPDH.
Gene Expression Analysis by Bulk RNA Sequencing: Quality checks of

the raw reads in FASTQ format were performed using FastQC and Mul-
tiQC (FastQC citation: Andrews S. 2010. FastQC A Quality Control Tool for
High Throughput Sequence Data. https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/, MultiQC.[60]). Then, The reads were aligned to the
mouse reference genome (mm39) using HISAT2 v2.2.1.[61] The aligned
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reads in SAM format were then sorted and a BAM file for each sample
was generated using SAMtools v1.12.[62] Post alignments checks were
performed using Deeptools version 3.5.1[63] and RSeQC version 5.0.1.[64]

Counting raw reads over the genomic features was performed using fea-
tureCounts version 1.6.5[65] in the presence of an annotation reference
in GTF format obtained from GENCODE vM29 with parameters -t gene
-g gene_name -s 2 -p -B. Genes with raw read counts sum less than 10
across all the samples were excluded. DESeq2 version 1.34.0 was used
to perform the differential expression analysis.[66] Genes with an absolute
log2 fold change greater than 1 and p-adjusted value less than 0.05 were
considered differentially expressed. Gene set enrichment analysis for both
the up- and down-regulated genes was done using GSEA v4.3.2 from Broad
Institute.[67,68]

Analysis of Publicly Available Single-Cell RNA-Seq Data: AA and con-
trol human and mouse single-cell RNA-seq data (PRJNA606026) were
analyzed separately for each species. “NormalizeData,” “FindVariable-
Features,” and “ScaleData” functions were applied for each sample
from the Seurat R package version 4.0.5.[69] Then, the integration and
batch effect correction step was performed using the “FindIntegratio-
nAnchors” followed by “IntegrateData” functions. After that, “RunPCA”
and “RunUMAP” were applied to reduce the dimensionality of the data
by setting the “dims” parameter to 35, and cells were clustered with
resolution 0.5.

Statistical Analysis: Statistical analyses were carried out using Graph-
Pad Prism 8 (GraphPad Software). A minimum of n = 4 biological repli-
cates were used per condition in in vitro experiments. Pairwise compar-
isons were performed using Student t-tests. Multiple comparisons among
groups were determined using one-way ANOVA followed by a post-hoc
test. For in vivo experiments, a minimum of n = 4 biological replicates
were used per condition in each experiment. AA mice were randomly as-
signed to the different experiment groups, and a blinded investigator per-
formed hair growth scoring. Multiple comparisons among groups were
determined using one-way ANOVA. Two-way ANOVA was used to com-
pare hair growth at the different time points. No specific pre-processing
of data was performed prior to statistical analyses. Data were analyzed by
Grubbs’ test for statistical outliers, which were pre-defined using an alpha
value of 0.01. Differences between groups were considered significant at
p-values below 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001).
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