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Developing Human Skin Contains Lymphocytes
Demonstrating a Memory Signature
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e CyTOF reveals a complex lymphocyte landscape in
developing human skin

e Developing skin contains CD45RO™ conventional T cells with

propensity to produce IFNy

e Regulatory T cells (Tregs) in skin before birth display effector

memory properties

e Skin Tregs increase in conjunction with initial hair follicle
morphogenesis
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In Brief

Dhariwala et al. utilize mass and flow
cytometry to elucidate distinguishing
features of lymphocytes in developing
fetal skin. The early presence of memory-
like subsets among conventional and
regulatory T cells may have key
implications for understanding nascent
cutaneous immune function.
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SUMMARY

Lymphocytes in barrier tissues play critical roles in host defense and homeostasis. These cells take up resi-
dence in tissues during defined developmental windows, when they may demonstrate distinct phenotypes
and functions. Here, we utilized mass and flow cytometry to elucidate early features of human skin immunity.
Although most conventional o3 T (Tconv) cells in fetal skin have a naive, proliferative phenotype, a subset of
CD4* Tconv and CD8" cells demonstrate memory-like features and a propensity for interferon (IFN)y produc-
tion. Skin regulatory T cells dynamically accumulate over the second trimester in temporal and regional as-
sociation with hair follicle development. These fetal skin regulatory T cells (Tregs) demonstrate an effector
memory phenotype while differing from their adult counterparts in expression of key effector molecules.
Thus, we identify features of prenatal skin lymphocytes that may have key implications for understanding an-

tigen and allergen encounters in utero and in infancy.

INTRODUCTION

Each square centimeter of adult human skin contains approxi-
mately one million lymphocytes, comprised predominantly of
CD4* and CD8" alpha beta (a.f) T cells.” These cells help defend
us against cutaneous pathogens and malignancy and also facil-
itate key homeostatic tissue functions, such as wound healing
and hair follicle cycling.”® Conversely, they can play a central
pathogenic role in common inflammatory and allergic skin dis-
eases. As compared to our relatively nuanced understanding
of lymphocytes in adult human skin, little is known about the
phenotype or functional capacity of these cells during early life.
Deciphering this initial immune landscape has the potential to
critically inform our understanding of the role of lymphocytes in
normal human skin development as well as in immune-mediated
skin diseases that begin early in life.

Human skin begins as a single-cell epithelium during embryo-
genesis and evolves over the first trimester of fetal life into a
stratified epidermis with an overlying periderm. Epidermal differ-
entiation and development of skin appendages occur from 15—
20 weeks gestation, followed by acquisition of a functional stra-
tum corneum between 20-24 weeks.* In utero maturation of
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skin architecture is accompanied by parallel seeding of the tis-
sue by immune cells. Antigen-presenting cells, found in the skin
of 9-week-old embryos, are perhaps the first skin-resident pop-
ulation.® These are followed by T cells, which exit the fetal
thymus around 11-14 weeks,®” and are detectable in skin by
the second trimester (i.e., around 17-18 weeks).®° For many
years, studies of human fetal tissues had largely employed im-
muno-histochemistry or flow cytometry to examine particular
immune cell types of interest.®° More recently, “human cell
atlas” studies have used single-cell RNA sequencing to broadly
assess cells in human tissues, including skin, across various
ages.'®"" However, we still lack a holistic understanding of
the immune landscape in developing fetal skin, especially as re-
lates to the specific identities and phenotypes of fetal skin
lymphocytes.

The fetal immune system is not merely a miniature version of
that in adults. Rather, it exhibits cellular phenotypes and func-
tions specifically adapted to the needs of the developing fetus
and future neonate.'? Perhaps most striking is a propensity to-
ward adaptive immune tolerance, attributable to both lympho-
cyte-intrinsic and myeloid cell-dependent features,®'* which
help limit excess inflammation to maternal, self, or other in utero
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antigens. Recent studies of the fetal intestine have identified
unique populations of cytokine-producing classical and innate-
like effector T cells. These are thought to promote healthy gut
development in utero, but may also modulate risk of inflamma-
tory diseases in neonates.’*'®

Here, we use a combination of flow and mass cytometry to
elucidate the composition and phenotype of lymphocytes in hu-
man fetal skin with a focus on the second trimester as a particu-
larly dynamic period. Our findings offer insight into features of
fetal skin immunity, including the in utero presence of memory-
like conventional T cells and an intimate relationship between
accumulation of Tregs and skin morphogenesis. These findings
may have important implications for cutaneous immune re-
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Figure 1. Mass Cytometry Reveals Immune
Cell Heterogeneity between Fetal and Adult
Skin

Twenty-three weeks gestational age (g.a.) fetal
torso skin along with healthy adult skin torso
samples were analyzed in parallel for 22 markers
using mass cytometry.

(A) Uniform manifold approximation and projection
(UMAP) plots of viable CD45" cells in fetal versus
adult skin, cells colored by cluster identity, and
plots annotated with cluster numbers and as-
signed identities.

(B) Heatmap demonstrating relative expression by
cluster of 22 markers in panel, inclusive of both
fetal and adult cells.
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RESULTS

Mass Cytometry Elucidates Major
Immune Cell Subsets in Human
Fetal Skin
To obtain a broad understanding of the
immune cells residing in human fetal
skin, we performed mass cytometry (Cy-
TOF) using a 22-antibody panel designed
to include major lymphocyte and myeloid
markers. 23 weeks gestation was chosen
as a mature late second trimester fetal
time point, and 5 fetal torso skin samples
were processed alongside 5 site-
matched adult skin controls. Unbiased
1 clustering of live-CD45"* cells was per-
0.8 formed based on relative expression of
0.6 all markers, and iterative analyses
04 demonstrated that binning into 17 clus-

. 0 ters captured the major phenotypic differ-

O e ences present (Figure 1A). Identity as-

age signments for each cluster on uniform
U W << . . . . .

>~ manifold approximation and projection

(UMAP) plots was performed based on

relative expression of key markers as

described below (Figures 1B, S1A, and

S1B). Although most clusters were present in both fetal and adult
skin, a few were found only in fetal tissue (Figures S1A and S1B).
CD4* (clusters 1 and 2) and CD8" (cluster 4) T cells repre-
sented the bulk of lymphocytes present in fetal skin and were
further expanded at the adult time point. Cluster 3 was CD3*
but negative for CD8 and only marginally positive for CD4. These
might represent T cells for which lineage-defining markers were
cleaved during tissue digestion, but could also include double-
negative mucosal-associated invariant T cells (MAIT).'” Because
MAIT markers such as CD161, TRAV1-2, or MR1 tetramer bind-
ing were not assessed, a more definitive assignment could not
be made. Two of the five fetal skin samples contained a popula-
tion of CD3™ cells co-expressing both CD4* and CD8* (cluster 5).
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However, flow cytometry performed on an additional 21 fetal
skin samples failed to corroborate this as a consistent fetal
skin T cell population (Figures S1C and S1D). Cluster 6 ex-
pressed CD3, CD56, and y3dTCR, likely representing a mixed
population containing both yd T cells and natural killer (NK)
T cells, possibly also NK cells or innate lymphoid cells, with the
latter being less likely given the positive CD3 expression. These
innate type T cells constituted a small fraction of lymphocytes at
either age, as has been shown previously for adult skin.'®'®

CD19*HLA-DR™ (cluster 7) and CD19*HLA-DR" (cluster 8) B
cells were found at low frequency irrespective of age. In 3 fetal
skin samples, however, a third CD19*HLA-DR'™ subset was de-
tected that co-expressed CD24* (cluster 9), a marker typically
seen on immature B cells and their precursors.?° Flow cytometry
on an additional 4 fetal samples confirmed the presence of this
population in the range of 3%-7% of live-CD45 cells (Figures
S1E and S1F).

Clusters 10-15, found in both fetal and adult skin demon-
strated moderate to high expression of HLA-DR, CD11b, or
CD11c, consistent with a myeloid origin. Among these, Langer-
hans cells (cluster 10) were identifiable based on their expression
of CD207. Clusters 11-13 expressed CD11c indicative of clas-
sical or monocyte-derived dendritic cells.?"?* Clusters 14 and
15 were low or negative for CD11c but expressed moderate to
high HLA-DR and CD11b, suggestive of macrophages.*>°
Definitive assignment of clusters 16 and 17, which were enriched
in fetal as compared to adult skin, was precluded by the absence
of subset-defining markers. Staining of separate fetal samples
with a myeloid-focused antibody panel (Figure S1G) revealed
that, consistent with previous reports,'® macrophages are rela-
tively overrepresented among CD45" cells in fetal versus adult
skin. We did not see significant differences in the prevalence
other myeloid populations in the limited number of samples we
were able to examine (Figures STH-S1J).

Fetal Skin Preferentially Contains CD4* and CD8* Tconv
with a Naive, Proliferative Phenotype

As CD4* and CD8* o T cells represented the largest lymphocyte
population in utero, we next sought a more in-depth understand-
ing of features that might distinguish these populations in fetal
versus adult skin. To ensure all CD4* and CD8* single-positive
T cells were captured in this analysis, we returned to the raw Cy-
TOF data and identified these populations based on a traditional
gating strategy with minimum cut-offs for lineage marker expres-
sion (Figure S2A). UMAP analysis of CD4* and CD8™ T cells each
demonstrated significant age-dependent clustering (Figures 2A
and 2B), which was also reflected in accompanying principal-
component analysis (PCA) (Figures 2C and 2D).

Sub-clustering of fetal and adult CD4* T cells revealed three
major populations (Figures 2E-2G). Cluster C expressed
Foxp3, CD25, and CTLA4 consistent with a regulatory T cell
(Treg) phenotype, whereas clusters A and B were identifiable
as two subsets of conventional CD4* T cells (Tconv) (Figures
2H and S2B-S2D). CD4* Tconv cluster A, which was much
more prevalent in adult skin, had greater expression of CD25
and CD45RO0. In contrast, CD4* Tconv cluster B, found exclu-
sively in fetal skin, demonstrated comparatively higher levels of
Ki-67, a marker of recent cell cycling, CD3, CD4, Foxp3, and

¢ CellP’ress

CD27, which is expressed often on naive T cells (Figures 2H,
S2E, and S2F).%°

For CD8" T cells, 6 clusters were readily distinguishable (Fig-
ures 2|-2K). Clusters A and B, the two largest CD8" subsets in
adult skin, were consistently enriched in adult as compared to
fetal samples. Cluster A was denoted by high CD25 and moder-
ate CD45R0O expression, and cluster B by high CD45RO and
PD1. Cluster C, notable for expression of CD25 and CD127,
and cluster D, which expressed high CD127, PD1, and moderate
CD25, were each enriched in only one adult skin sample. Cluster
E, second only to cluster B in its expression of CD45R0O, was a
minor population found in equal proportion between fetal and
adult skin. Finally, cluster F, the most abundant subset in fetal
skin, demonstrated heightened expression of Ki-67, CD3,
CD27, and Foxp3 (Figures 2L, S2G, and S2H).

Thus, the largest subsets of both CD4* Tconv and CD8* T cells
in fetal skin demonstrated a largely naive, proliferative status,
whereas those dominating in adult skin were enriched for
markers of memory and activation. This general dichotomy
was also reflected in statistically significant differences in the
mean expression intensity of key markers, especially CD25,
CD45R0, and Ki-67, between CD4* Tconv and CD8* T cells in
fetal and adult skin (Figures 2M-2R and S2).

Subsets of Fetal Skin CD4* and CD8* Tconv Are
CD45RO* and Demonstrate Enriched Capacity for IFNy
Production

Notably, our CyTOF analysis did reveal cells in fetal skin
belonging to subsets of CD4" Tconv (cluster A) and CD8*
T cells (clusters A, B, and E) with a more activated or memory-
like phenotype (Figures 2H, 2L, and S2E-S2H). To corroborate
this observation and better quantify the proportion of fetal
CD4* Tconv and CD8* cells with a naive versus memory pheno-
type, we performed flow cytometry on a larger number of fetal
skin samples including staining for CD45RA and CD45RO0,
markers respectively found on antigen-naive and antigen-expe-
rienced lymphocytes. Strikingly, up to 30% of CD4* Tconv and
slightly fewer CD8" T cells in fetal skin were CD45RO™" (Figures
3A-3C). Higher levels of Nur77, a specific reporter of T cell re-
ceptor (TCR) signaling,”’2° were detected in fetal CD45RO*
versus CD45RA™ cells, further suggesting antigen stimulation
in this putative memory population (Figures 3D-3F).

To further characterize the functional potential of fetal skin
T cells, we performed ex vivo re-stimulation with PMA and ion-
omycin followed by intracellular cytokine staining. Memory as
compared to naive T cells are known to preferentially produce
tumor necrosis factor alpha (TNF-0).°C Consistent with their
largely naive status, CD4" Tconv and CD8" T cells in fetal
skin expressed substantially less TNF-a than those in adult
skin (Figures S3A and S3B). Production of interleukin (IL)-22,
IL-17a, and IL-13 by fetal versus adult CD4* Tconv was like-
wise reduced (Figures 3G, 3H, and S3C). In contrast, the per-
centage of IL-2 producing CD4* Tconv and IFNy producing
CD4* Tconv or CD8" T cells did not differ statistically by age
when evaluating these populations as a whole (Figures 3l, 3J,
and S3D). To try to account for the different proportions of
CD45RO" versus CD45RA* cells found in fetal versus adult
skin, we normalized production of each cytokine to that of
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Figure 2. Conventional o3 T Cells in Fetal Skin Largely Demonstrate a Naive, Proliferative Phenotype

Live, CD4*, and CD8" single-positive cells from 23 weeks fetal skin and adult skin processed for CyTOF were identified by surface markers and analyzed as
follows.

(A-D) UMAP plots of combined fetal and adult (A) CD4* and (B) CD8* T cells colored by skin age. Principal component analysis (PCA) plots demonstrating the
distribution of all (C) CD4* and (D) CD8" T cells from each individual sample by age.

(E) UMAP plots of CD4* T cells from fetal and adult skin, combined. Cells are labeled and colored by cluster, with clusters A and B constituting conventional CD4*
T cells and cluster C representing Tregs.

(F and G) Analogous UMAP plots containing only (F) fetal or (G) adult CD4* T cells.

(H) Heatmap demonstrating relative expression of key markers by CD4™" clusters A, B, and C.

(I-K) combined and separated UMAP plots of fetal and adult skin CD8" T cells, colored by cluster.

(L) Heatmap demonstrating relative expression of key markers by each CD8* cluster.
(M-R) Median expression intensity (m.e.i.) of Ki-67 (M and P), CD45RO (N and Q), and CD25 (O and R) for fetal versus adult CD4* Tconv and CD8" T cells

as revealed by mass cytometric analyses. Each point in (C), (D), and (M)-(R) represents data from an individual donor. *p < 0.05; **p < 0.01; **p <
0.001; ***p < 0.0001.
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TNF-a on a per-sample basis. This revealed enriched IFNy pro-
duction among fetal versus adult skin T cells (Figures S3E and
S3F), whereas production of IL-2, IL-13, IL-17, and IL-22 was
equivalent or reduced (Figures S3G-S3J). For samples on
which such information was available, we also normalized the
percentage of IFNy producing CD4* and CD8* T cells to
CD45RO* frequency in these populations and compared IFNy
production by fetal CD45RA"* versus CD45RO™ cells directly
(Figures S3K-S3N). This further supported our observation
that fetal skin Tconv cells with a memory-like phenotype
demonstrate enhanced propensity for IFNy production.

Fetal Skin Tregs Display Properties of Effector Memory
Tregs

The fetal immune system is poised for immune regulation.®’ We
therefore returned to our CyTOF analysis to carefully examine

cells but lagged slightly behind that of adult

Tregs (Figures S4D and S4E). Notably,
fetal skin Tregs demonstrated higher levels of the lineage-
defining transcription factor, Foxp3 (Figure 4B) and equivalent
amounts of the high-affinity IL-2 receptor alpha chain, CD25 (Fig-
ure 4C) as compared to adult skin Tregs. With regard to other
important Treg activation markers, fetal skin Tregs demon-
strated a non-significant trend toward higher PD-1 levels (Fig-
ure 4D), but lower amounts of total CTLA4 (Figure 4E). Thus,
while differing somewhat in their relative expression of certain
markers, Tregs in fetal skin largely demonstrate an effector
memory Treg phenotype, akin to Tregs in adult skin.

Tregs leaving the fetal thymus are CD45R0"®9.%2 Thus, we hy-
pothesized these cells were acquiring their memory phenotype
in skin following exposure to self-antigen. To examine this pos-
sibility, we performed flow cytometry on additional samples,
now including earlier second trimester fetal skin for comparison.
In contrast to CD4* Tconv and CD8" cells that demonstrated a
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Figure 4. Tregs in Human Fetal Skin Demon-
strate an Effector Memory Phenotype
Twenty-three weeks g.a. fetal torso skin and healthy
adult torso skin samples were analyzed for 22
markers using mass cytometry.

(A) PCA plot of Tregs (cluster C, Figure 2) and CD4*
Tconv (clusters A& B, Figure 2) from 23 week fetal skin
versus adult skin based on relative expression of key
markers as assessed by mass cytometry.

(B-E) Graphs showing median expression intensity
(m.e.i.) of (B) Foxp3, (C) CD25, (D) PD-1, and (E)
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(F and G) Cells were isolated from 17-23 weeks g.a.
fetal skin (scalp and/or torso) as well as adult (torso)
skin and analyzed by flow cytometry. (F) Percent-
age of CD45RO* Tregs in skin by age and (G)
accompanying representative flow plots.

(H) Representative histogram and (i) quantification
of Nur77 MFI on fetal skin CD45RO* versus
CD45RA" Tregs.

(J) Nur77 in fetal skin CD45RA* CD8*, CD4"* Tconv,
and Tregs.
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consistently low percentage of CD45RO™ cells independent of
fetal age (Figures S4E and S4F), the proportion of CD45RO*
Tregs progressively increased during the second trimester
(Figures 4F-4G). Analogous to conventional T cell subsets,
CD45R0O" fetal skin Tregs demonstrated higher Nur77 levels
than CD45RA* Tregs (Figures 4H and 4l). Among all CD45RA*
cells, however, Nur77 expression trended highest among Tregs
as compared to CD4* Tconv or CD8* counterparts (Figure 4J).
Thus, the population of fetal skin Tregs evolves over the second
trimester with progressive acquisition of a memory phenotype,
perhaps in part driven by detection of cognate antigens.
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Having delineated features of late second
trimester fetal skin lymphocytes, we next
sought to better define dynamics of their
tissue accumulation. Although CD3*
T cells represented a comparatively small
percentage of total events in fetal versus
adult skin, they were readily identifiable
by flow cytometry in fetal samples as
young as 17 weeks and substantially
expanded by 23 weeks (Figures 5A and
S5A). Although the proportion of CD4*
T cells within the CD3* T cell compartment
was stable across both fetal and adult time
points (Figure 5B and S5B), the average
percentage of Foxp3* regulatory T cells (Tregs) among CD4*
cells increased significantly between 17 and 23 weeks gestation
and was higher at this later fetal time point than in adult skin (Fig-
ures 5C and S5C).

To elucidate the contribution of ongoing cellular influx on pro-
gressive T cell accumulation in fetal skin, we examined expres-
sion of CD31, a cell surface adhesion molecule found in high
levels on recent thymic emigrants.®®> As compared to adult
skin, CD31" T cells were substantially enriched in fetal skin at
both 17-18 and 23 weeks (Figure S5D). Whereas less than
10% of adult CD4" Tconv cells were CD31*, this marker was
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seen on up to 60% of fetal skin CD4" Tconv cells (Figures 5D and
5E). As reported previously, CD8" cells demonstrated compara-
tive higher CD31 expression at all fetal ages relative to adult (Fig-
ure 5F).>* Of note, CD31 expression was significantly higher on
CD45R0"*9 versus CD45RO* CD4* Tconv and CD8" cells in fetal
skin, but CD45R0 status did not correlate with CD31 expression
among fetal skin Tregs (Figures S5F-S5H).

To determine the extent to which in situ proliferation also
contributes to rising numbers of fetal skin T cells during the
second trimester, we examined Ki-67 expression by flow cy-
tometry (Figure S5E). Corroborating our CyTOF data, Ki-67
was expressed by less than 5% of adult skin T cells. In
contrast, it was found on up to 40% of T cells in fetal skin at
17-18 weeks and slightly fewer at 23 weeks (Figures 5G-5I).
Whereas CD45R0O expression was associated with only slightly
higher Ki-67 levels among fetal skin CD4* Tconv and CD8*
cells, CD45RO" fetal skin Tregs expressed twice as much Ki-
67 compared to their CD45R0"® counterparts (Figures S5I-
S5K). The proportion of Ki-67* cells among skin Tregs was
also higher at both fetal time points as compared to CD4*
Tconv or CD8™ T cells (Figure 5H). Thus, although recent thymic
emigrants constitute a substantial fraction of T cells in second
trimester fetal skin, cell proliferation also contributes to their
progressive increase during this period, especially among
CD45R0O" cells.

17-19 23 Adult

localize preferentially around hair follicles
and are more abundant in hair-dense
skin sites,®>*° we investigated the rela-
tionship between the appearance of fetal Tregs and hair follicle
development. We first examined histologic sections from our
fetal skin torso samples and scored them by stage of hair follicle
development.®”*® Consistent with published reports,®® we found
that hair follicle development progressed significantly between
20 and 23 weeks gestation (Figures 6A and 6B), which coincided
with the increased percentage of Tregs (Figure 6C). Next, we
took advantage of the fact that fetal hair follicles mature in a
cephalocaudal pattern.®® Using paired skin samples from the
scalp and torso of fetuses aged 20 weeks or less, when torso
hair follicles are still relatively immature versus those on the
scalp, we assessed the density of Tregs irrespective of fetal
age. Indeed, for a given fetus, Treg percentages were higher in
scalp as compared to torso skin (Figure 6D). Immunohistochem-
ical staining of fetal skin for Foxp3 and CD4 further confirmed the
presence of Tregs in close proximity to hair follicles (Figures 6E
and 6F). These results demonstrate that skin Tregs increase
contemporaneously with fetal hair follicle development in utero.

DISCUSSION
Here, we provide a holistic view of the cellularimmune composi-
tion of human fetal skin, with a specific focus on how lymphocyte

subsets differ from those present in the adult tissue. Conven-
tional Foxp3"°9CD4* and CD8* T cells in fetal skin are largely
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Figure 6. Treg Accumulation in Human Fetal Skin Coincides
Spatiotemporally with Second Trimester Hair Follicle Development
Fetal skin samples ranging from 17-23 weeks g.a. were processed for his-
tology.

(A) Representative images of tissue sections stained with H&E from 18 and
23 weeks g.a. skin. %, developing fetal hair peg with beginning inner root
sheath; *, dermal papilla; arrows, hair shafts; arrowhead, outer root sheath.
Scale bar, 50 pm.

(B) Hair follicles were scored and graphed with each data point representing
cumulative scores from an individual donor.

(C) Percentage Tregs in fetal skin at gestational age 17-20 weeks versus
23 weeks as assessed by flow cytometry.

(D) Percentage Tregs in paired torso versus scalp skin from fetal donors of less
than 20 weeks g.a. Each matched set of data points originates from a different
fetal skin donor.

(E) Multiplex immunohistochemistry for CD4 (red chromogen, membranous
staining) and Foxp3 (brown chromogen, nuclear staining) of human fetal skin.
Tregs are indicated by positive brown nuclear and red membranous staining
(arrows). Tconv are indicated by negative nuclear staining and positive red
membranous staining (arrowheads). Images to the right of the main image
represent high-power views of the corresponding dashed boxes. Epi,
epidermis; HF, hair follicle. Scale bar, 50 um.

(F) Graphical results of quantitative image analysis of the distance of Treg or
Tconv to the nearest hair follicle epithelial surface. Data represent enumeration
of 20 high-power fields (400x) per slide. *p < 0.05; **p < 0.01; *p <
0.001; ***p < 0.0001.

distinguished from their adult counterparts by high expression of
Ki-67 and CD27 and low expression of CD25 and CD45RO,
indicative of a naive phenotype. A subset of CD45RO" fetal

8 Cell Reports Medicine 7, 100132, November 17, 2020

Cell Reports Medicine

Tconv cells, however, display heightened TCR signaling and
IFNy production consistent with a memory phenotype. Although
differing in expression of certain activation molecules, fetal skin
Tregs closely resemble their adult counterparts and express
markers identifying them as effector memory Tregs. All fetal
skin T lymphocytes, but especially CD45R0O"° Tconv, are
marked by elevated CD31 expression suggesting enrichment
for recent thymic emigrants. Local proliferation suggested by
Ki-67 is preferentially seen among CD45RO™" cells, in particular
Tregs, which also express more Nur77 expression consistent
with antigen-dependent TCR signaling. Accumulation of Tregs
in fetal skin occurs contemporaneously with hair follicle develop-
ment, and preferentially at sites of higher hair follicle density
within a given fetus, suggesting an early role for hair follicle
biology in skin Treg residency. Together, these results illuminate
a memory signature among lymphocytes in human fetal skin,
which has implications for our understanding of late prenatal
and early postnatal immune responses and their role in skin
health and disease.

Here, we leveraged CyTOF to simultaneously capture the
broad phenotype and prevalence of immune cells within fetal
skin. Although differing somewhat in relative abundance, the ma-
jor leukocyte clusters found in adult skin were also present dur-
ing early development. We were intrigued to note that certain
populations were significantly enriched in or unique to the fetal
period. A population of CD24*CD19" cells, possibly representing
B cell precursors as described in human bone marrow,'® were
consistently found in fetal specimens. Although B cells have
been previously shown to reside in human fetal skin,'
CD24*CD19" cells were found in even greater abundance.
CD4*CD8* T cells were a minor population in the majority of fetal
samples we examined, but constituted a substantial lymphocyte
subset in two. Double-positive T cells represent an immature
precursor state during lymphocyte thymic development. Howev-
er, they can be found in blood during lymphocytosis and in skin
lesions of atopic dermatitis, systemic sclerosis, and graft versus
host disease.”” Analogous to reports of increased double-
positive cells T cells in the peripheral lymphoid organs of fetal
rodents,”’ we speculate that heightened lymphopoiesis during
human fetal development may somehow facilitate sporadic
escape of these cells to the periphery where they either die or
further differentiate into the subsets we see in mature skin.
Further work is needed to explore the extent to which these cells
are consistently found in other human fetal tissues and at what
point during development they “disappear.”

In these studies, we chose to more carefully elucidate the
phenotype of lymphocytes, specifically T cells, residing in human
fetal skin. Non-conventional T cells represented a small propor-
tion at either age, unfortunately limited cell numbers prevented
us from further sub-setting cluster 6 that expressed yd as well
as NK T cell markers. Among CD4* Tconv and CD8"* T cells,
wide segregation by age was primarily driven by differential
expression of Ki-67, CD45R0O, CD25, and CD27. Preferential
Ki-67 expression by fetal T cells indicates a heightened prolifer-
ative activity, perhaps influenced by the relatively lymphopenic
fetal environment or by recognition of self, maternal, or microbial
antigens, as indicated by their Nur77 expression. Reduced pro-
portions of CD45R0O* cells among fetal CD4* Tconv and CD8*
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T cells is consistent with a relative dearth of foreign antigens in
utero and corroborates earlier reports of CD45RA expression
by most fetal skin CD3* cells.> Low CD25 and high CD27
expression by fetal cells likely reflects their naive status.® How-
ever, CD25 levels might also indicate limiting IL-2 conditions in
fetal tissue.*” Surprisingly, we found that up to 20% of CD4*
Tconv or CD8" T cells in second trimester fetal skin do express
CD45R0. CD45RO™ T cells have also been found in the fetal in-
testines'® and constitute up to 5% of CD4* T cells in cord blood
from healthy term deliveries.®*® It is still debated whether the
“memory” phenotype of these cells reflects priming to in utero
antigens***° or acquisition of memory markers secondary to
cytokine exposure in the lymphopenic fetal environment.*®
Further work is clearly required to define the ontogeny of the
CD45R0O* CD4* Tconv and CD8* subsets in fetal skin.

To elucidate the distinct functional capacity of fetal versus
adult skin Tconv cells, we performed ex vivo re-stimulation and
found relatively enriched capacity for IFNy production as
compared to IL-13, IL-17A, and IL-22. Based on higher CD27
levels among fetal T cells and reports that this TNF superfamily
co-stimulatory receptor has a cell-intrinsic capacity to promote
Th1 at the expense of Th17 responses,”’ it is tempting to
speculate that CD27 expression might influence the functional
capacity of fetal skin T cells. IFNy- and TNF-a-producing
CD45R0O*CD4" Tconv cells have also been identified in the fetal
intestine, where they are generally thought to reflect and support
healthy gut development.'**®“° However, they have also been
implicated in heightened risk of necrotizing enterocolitis and
gastroschisis.'®'® Premature infants also demonstrate different
propensities toward diseases in which skin immune cells play a
central role, including increased susceptibility to infections by
coagulase-negative staphylococci®® and reduced risk of atopic
dermatitis (AD).>' Th17 cells are critical players in the normal
response to these commensals.>? Our finding of reduced IL-17
production by T cells in second trimester fetal skin may be
another key factor, alongside skin barrier immaturity, contrib-
uting to prematurity-associated infection risk. Conversely, it is
intriguing to consider that heightened propensity toward IFNy
in skin may contribute to the lower incidence of AD in preterm in-
fants. Pediatric AD is characterized by Th2- and Th17-mediated
inflammation,®*>* and T cells from the blood of term infants and
young children have been shown to display a propensity toward
production of type 2 cytokines.”>° IFNy levels in cord blood
have also been shown to be conversely associated with atopy
at 1 year of age.”” If early life exposure to microbial and environ-
mental antigens takes place in an IFNy-rich environment, this
may steer the response away from an atopic diathesis.

Tregs are relatively well-studied in the fetal immune system
but have not been carefully examined in skin. We found Tregs
in fetal skin to be quite similar to their adult counterparts in
demonstrating an effector memory profile.”® Modest age-related
differences in key markers, however, may indicate distinct func-
tional capacity of skin Tregs by age. As has been shown for Tregs
in pediatric tissues such as the spleen and gut,*® fetal skin Tregs
demonstrate higher expression of the master transcriptional
regulator Foxp3. PD-1, a co-inhibitory receptor that can mark
Tregs with heightened suppressive function as well as stability,
was also elevated early.°>®" Conversely, CTLA-4, another key
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Treg effector molecule, was reduced in fetal Tregs. Although
these data provide some early clues, additional work is merited
to tease apart the relative suppressive capacity and regulatory
mechanisms used by Tregs in young versus mature human
tissues.

Treg enrichment in the fetal immune system is thought to be
critical for promoting tolerance to self and maternal antigens®°
and is supported by multiple mechanisms.'®°2:%2 This penchant
for tolerance extends beyond the fetal period into early child-
hood, as indicated by enrichment of Tregs in pediatric versus
adult tissues®®®® and clinical studies supporting a time-limited
early window to promote oral tolerance to food allergens.®
Here, we demonstrate that Tregs progressively increase as a
proportion of T cells in fetal skin during the second trimester.
More specifically, skin Tregs increase in parallel with terminal
hair follicle development, and a relationship between follicle
stage and tissue Treg density is preserved at different skin sites
within a given fetus. This differs from intestinal Tregs that consti-
tute no more than 10% of CD4* T cells at all fetal time points
studied'® and suggests that tissue-intrinsic factors, not just pro-
gressive thymic output, help mediate Treg accumulation. Hair
follicle-derived chemokines have been implicated in recruitment
of various T cell subsets.® In neonatal mice, Ccl20 production by
hair follicles facilitates postnatal skin Treg accumulation.®® Anal-
ogous chemokine-dependent processes in human fetal skin may
help recruit recent thymic emigrants. Alternatively, or in addition,
an increasing burden of self-antigens contained in terminally
differentiated hair follicles may stimulate local Treg induction or
proliferation.

In summary, our findings provide insight into cutaneous im-
mune development during the second trimester of fetal life.
This marks the start of a critical window extending into early
childhood during which specific exposures are thought to influ-
ence predisposition to allergic disease. Understanding the
developmental trajectory of the skin immune system is of partic-
ular relevance given that percutaneous allergen exposure is
considered an early catalyst of the atopic march. If barriers to tis-
sue access can be surmounted, an important next step will be to
define how skin immune cell populations evolve following the
transition out of the womb and how this compares between pre-
mature and term neonates. Pairing this with investigations to
define the immunologic impact of relevant environmental expo-
sures (i.e., commensal microbes or cutaneous allergens) will
inform our understanding of healthy development and hopefully
better position us to prevent or treat immune-mediated disease
in early life.

Limitations of Study

This study has focused in particular on features of o3 T lympho-
cytes in fetal versus adult skin. Although a broad survey of other
leukocytes was performed, our CyTOF panel did not have suffi-
cient markers to enable deep phenotyping of all cell subsets. For
example, measuring expression of CD38 on CD24*CD19" cells
in fetal skin would help in evaluating whether this population re-
flects a transitional B cell population with regulatory potential.®”
Similarly, several subsets of myeloid cells were identified in fetal
and adult skin, however, future deeper characterization of den-
dritic cell, monocyte, and macrophage subsets in developing
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skin is warranted. Our ability to comment on innate-type T cells
(i.e., MAIT, v, and NK T cells) in fetal skin was also limited by ex-
isting hurdles in combining tetramers with CyTOF and by the to-
tal number of fetal skin leukocytes we had to analyze. Based on
the lower overall leukocyte abundance in fetal as compared to
adult skin, increased numbers of total cells from fetal tissue
should be processed to ensure optimal fetal leukocyte numbers
for downstream analysis.

Although our data demonstrate robust differences in Treg,
CD4* Tconv, and CD8* T cell phenotypes between fetal and
adult human skin, other functional studies remain to be pursued.
Potential differences in the suppressive capacity of fetal versus
adult skin Tregs, suggested by their different activation marker
profile, could be tested in vitro using traditional suppression as-
says or in vivo, using humanized mice. Similarly, antigen-speci-
ficity of CD45RO* T cells in human skin might be explicitly tested
to look for reactivity to microbial, self, or other antigens. Finally,
we were able to demonstrate that Treg accumulation in human
skin is synchronous with hair follicle development. However,
the functional basis for this temporal association remains to be
elucidated, namely is there a specific chemokine signature that
drives this enrichment or do other factors contribute. Several
of these questions are currently under investigation and have
benefitted from the data reported in this manuscript.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Flow Cytometry Antibodies

Anti-human CD3-BV711 (clone: SK7)-80ug/ml Biolegend Cati# 344838;

Anti-human CD4-PE -Texas Red(clone: MHCD0417)

Anti-human CD8-BV650 (clone: SK1) 100ug/ml

Anti-human CD25-PECy7 (clone: M-A251)

Anti-human CD27- PerCP-e710 (clone: 0323)
Anti-human CD31- APC-e780 (clone: WM59)

Anti-human CD45-APC (clone: HI30)

Anti-human CD45RA-BV605(clone: HI100) 25ug/ml

Anti-human CD45RO-FITC (clone: UCHL1)

Anti-human IL2-PE 25ug/ml (MQ1-17H12)

Anti-human CD152/CTLA4-PE (clone: 14D3)
Anti-human CD278/ICOS-APC (clone: ISA-3)
Anti-human FoxP3-e450 (clone: PCH101)

Anti-human IFNy— A700(clone: 4S.B3)

Anti-human IL-13 —FITC (clone: 85BRD)

Anti-human IL-17A-APC ef-780 (clone: eBio64CAP17)

Anti-human CD141-APC (Clone:BDCA-3)

Anti-human EpCAM-BV711 (9CY)

Anti-human CD11c-BV605 (B-Ly6)

Anti-human Ki-67- PerCyp Cy5.5 (clone: B56)

Anti-human IL-22-PE (clone: 142928)
Anti-human TNFa—PE-Cy7 (clone: Mab11)
Anti-human CD14-PE-200ug/ml (MFE2)

Anti-human CD16-BV421 (3G8)

Anti-human CD1c-PECy7 100ug/ml (clone: L161)

Anti-human CD19-APC (SJ25C1)

Life Technologies/ Thermo
Fisher Scientific
Biolegend

BD Biosciences

eBioscience
eBioscience

eBioscience

Biolegend

eBioscience

Biolegend

Thermo Fisher Scientific
eBiosceince
eBioscience

Biolegend

Thermo Fisher Scientific

eBioscience

Milteny Biotech

Biolegend

BD BioSciences

BD Biosciences

R & D Systems
BD BioSciences
Biolegend

Biolegend

Biolegend

Tonbo Bioscience

RRID:AB_2565827

Cat# MHCDO0414;
RRID: 10371766

Cat# 344730;
RRID:AB_2564510

Cat# 557741;
RRID:AB_396847

Cat# 46-0279-42; RRID:AB_1834391

Cat# 47-0319-42;
RRID:AB_10730582

Cati# 47-0459-41;
RRID:AB_1944369

Cat# 304134;
RRID:AB_2563814

Cat# 11045742;
RRID:AB_10596999

Cat# 500307;
RRID:AB_315094

Cat# 12-1529-42; RRID:AB_10805626
Cat# 17-9948-42; RRID:AB_10598209

Cat# 48477642;
RRID:AB_1834364

Cat# 502520;
RRID:AB_528921

Cat# 11-7136-42;
RRID: 2572515

Cat# 47-7179-41;
RRID:AB_11043274

Cat# 130-113-314;
RRID:AB_2733313

Cat# 324240;
RRID:AB_2734307

Cat# 563929;
RRID:AB_2744276

Cat# 561284;
RRID:AB_10611574

Cat#1C7821P; RRID:AB_495011
Cat#557647; RRID: AB_396764

Cati# 301806;
RRID:AB_314188

Cati# 302038;
RRID:AB_2561578

Cat# 331516;
RRID:AB_2275574

Cat# 20-0198-T100;
RRID: 2621683

(Continued on next page)
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Anti-human CD24-BV711 (ML5) BD Biosciences Cat# 563371;
RRID:AB_2738164
Anti-human HLA-DR —PercP Cy5.5(clone: Tu36) Biolegend Cat# 361608;
Anti-human HLA-DR-BV 650 (L243) Biolegend RRID:AB_2563198
Cat# 307649;
RRID:AB_2562544
Anti-human CD1a-AF700 (H1149) Biolegend Cat# 300120;
RRID:AB_528764
Anti-mouse Nur77-PE (12.14) eBioscience Cat# 12-5965-82;

RRID:AB_1257210

Mass Cytometry Antibodies

Anti-human CD45 (clone: H130, Metal: 89Y) Fluidigm Cat# 3089003B; RRID: AB_2661851
Anti-human CD19 (clone: HIB19, Metal: 142Nd) Fluidigm Cat# 3142001B; RRID: AB_2651155
Anti-human CD11b (clone: ICRF44, Metal: 144Nd) Fluidigm Cat# 3144001B; RRID: AB_2714152
Anti-human CD4 (clone: IRPA-T4, Metal: 145Nd) Fluidigm Cat# 3145001B; RRID: AB_2661789
Anti-human CD11c (clone: BU15, Metal: 147Sm) Fluidigm Cat# 3147008B; RRID: AB_2687850
Anti-human CD25 (clone: 2A3, Metal: 149Sm) Fluidigm Cat# 3149010B; RRID: AB_2756416
Anti-human y3TCR (clone: 11F2, Metal: 152Sm) Fluidigm Cat# 3152008B; RRID: AB_2687643
Anti-human CD8a (clone: RPA-T8, Metal: 53Eu) Biolegend Cat# 301002; RRID: AB_2661818
Anti-human CD24 (clone: ML5, Metal: 154Sm) Biolegend Cat# 311102; RRID:AB_10580644
Anti-human CD56 (clone: B159, Metal: 155Gd) Fluidigm Cat# 3155008B; RRID: AB_2861412
Anti-human CD27 (clone: L128, Metal: 158Gd) Fluidigm Cat# 3158010B; RRID: AB_2858231
Anti-human PDL1 (clone: 29E.2A3, Metal: 159Tb) Fluidigm Cat# 3159029B; RRID:AB_2861413
Anti-human CD152/CTLA4 (clone: 14D3, Metal: 161Dy) Fluidigm Cat# 3161004B; RRID: AB_2687649
Anti-human FoxP3 (clone: PCH101, Metal: 162Dy) Fluidigm Cat# 3162011A; RRID: AB_2687650
Anti-human CD1c-PECy7 (clone: L161, Metal: 164Dy) Biolegend Cat# 331502; RRID: AB_2661820
Anti-human PD1 (clone: EH12.2H7, Metal: 166Er) Biolegend Cat# 329902; RRID: AB_940488
Anti-human Ki-67 (clone: Ki67, Metal: 168Er) Biolegend Cat# 3168001B; RRID: AB_2810856
Anti-human CD3 (clone: UCHT1, Metal: 170Er) Fluidigm Cat# 3170001B; RRID: AB_2811085
Anti-human CD45RO (clone: UCHL1, Metal: 173Yb) Fluidigm Cat# 3173016D; RRID: AB_2811052
Anti-human CD207/Langerin (clone: 4C7, Metal: 175Lu) Fluidigm Cat# 3175016B; RRID:AB_2861414
Anti-human CD127 (clone: AO19D5, Metal: 176Yb) Fluidigm Cat# 3176004B; RRID: AB_2687863
Immunohistochemistry Antibodies

Anti-human CD4 (clone: 41B2) Agilent Cat# 1S64930-2; RRID:AB_2861415
Anti-human FoxP3 (clone: 236A/E7) Abcam Cat# ab20034; RRID: AB_445284
Biological Samples

De-identified healthy adult and fetal skin tissue UCSF-affiliated hospitals N/A

Chemicals, Peptides, and Recombinant Proteins

Collagenase from Clostridium histolyticum, Type IV Sigma-Aldrich Cat# 1IS00418

DNase Sigma-Aldrich Cat# DN25

Fetal bovine serum Fisher scientific Cat# SH3054103

Ghost Dye™ Violet 510 Live/Dead Stain Tonbo Biosciences Cat#13-0870-T100

FoxP3-staining buffer kit Invitrogen by Thermofisher Cat# 00-5523

TONBO cell stimulation cocktail Tonbo Biosciences Cat# TNB-4975

Cisplatin Sigma-Aldrich Cat# P4394

Intercalator-IR Fluidigm Cat# P4394

Cell-ID 20-Plex Pd Barcoding Kit Fluidigm Cat# 201060

BOND Polymer Refine Detection Kit Leica Biosystems Cat# DS9800

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

Raw data This paper Flow repository: ID# FR-FCM-Z3YD

(url: https://flowrepository.org/)

Software and Algorithms

GraphPad Prism GraphPad Software, Inc https://www.graphpad.com:443/scientific-
software/prism/

FlowdJo v10.5.0 FlowdJo, LLC https://www.flowjo.com/solutions/flowjo

R Statistical Computing Software The R Foundation; https://www.r-project.org/

https://www.r-project.org/

CyTOF Workflow Nowicka et al., 2017 https://www.bioconductor.org/packages/
release/workflows/html/cytofWorkflow.html

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Tiffany
Scharschmidt (Tiffany.Scharschmidt@ucsf.edu).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The mass cytometry dataset generated in this study is deposited and publicly available at Flow repository: ID# FR-FCM-Z3YD
(url: https://flowrepository.org/).

METHOD DETAILS

Human skin specimens

Human fetal tissues (17-23 weeks gestational age) were obtained from Zuckerberg San Francisco General Hospital from terminations
of pregnancy after maternal written informed consent with approval from the UCSF Research Protection program (Data S1). Samples
were excluded in the case of (1) known maternal infection, (2) intrauterine fetal demise, and/or (3) known or suspected chromosomal
abnormality. Normal adult human skin was obtained from patients at UCSF undergoing surgeries in which healthy skin was discarded
as a routine procedure (Data S2). Skin from both genders was included for fetal and adult tissue. In all instances, samples were ob-
tained in de-identified manner and constituted non-human subjects research. The study was conducted in accordance with the
Declaration of Helsinki principles.

Skin tissue processing

Skin samples were stored at 4°C in a sterile container with PBS and gauze until the time of digestion. Subcutaneous fat was removed,
and skin was minced finely with dissection scissors and mixed in a 6-well plate with 3 mL of digestion buffer consisting of 0.8 mg/ml
Collagenase Type 4 (4188; Worthington), 0.02 mg/ml DNase (DN25-1G; Sigma-Aldrich), 10% FBS, 1% HEPES, and 1% penicillin/
streptavidin in RPMI medium. Samples were incubated overnight in 5% CO, and harvested with wash buffer (2% FBS, 1% peni-
cillin/streptavidin in RPMI medium), then filtered twice through a 100-um filter, centrifuged, and counted.

Flow cytometry

Single cell suspensions were stained for surface antigens and a live/dead marker (Ghost Dye Violet 510, Tonbo Biosciences) in FACS
buffer (PBS with 2% fetal bovine serum) for 30 min at 4°C. They were then fixed and permeabilized using the FOXP3-staining buffer kit
(eBioscience) before staining for intracellular markers. To measure intracellular cytokine production, cells suspensions were stimu-
lated for 4 hours ex vivo using a commercial cell stimulation cocktail (Tonbo Biosciences, catalog no. TNB-4975) prior to staining for
flow cytometry as above. Antibodies were purchased from Biolegend, BD Biosciences, eBiosciences and R&D as listed in the Key
Resources Table. For longitudinal experiments comparing mean fluorescent intensities, voltages were standardized using SPHERO
Rainbow calibration particles (BD Biosciences). Samples were run on a Fortessa (BD Biosciences) in the UCSF Flow Cytometry Core.
FlowJo software (FlowJo LLC) was used to analyze flow cytometry data.
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Mass Cytometry (CyTOF)

Single cell suspensions were incubated for 1 minute with 25 uM Cisplatin (Sigma-Aldrich, P4394) to allow subsequent cell viability
measurement, then fixed in 1.5% paraformaldehyde (Electron Microscopy Sciences) and frozen down in the presence of 10% di-
methyl sulfoxide (DMSO) and 10% bovine serum albumin (BSA) at stored at —80°C for subsequent staining. Individual vials were
thawed and 2x108 cells were barcoded using the Cell-ID 20-Plex Pd Barcoding Kit (Fluidigm, product number 201060) for 15 minutes
at room temperature. Palladium based barcoding was used as this has been reported to not only enable simultaneous staining of up
to 20 different samples but also enable doublet discrimination.®® All the barcoded samples were then combined into a single tube and
cells were stained with metal conjugated antibodies, purchased either from BD Biosciences or Fluidigm as listed in the Key Re-
sources Table. Surface antigens were stained in cell staining media (0.5% BSA, 0.02% Sodium azide in PBS) for 30 minutes at
room temperature with gentle agitation. For intracellular staining, cells were permeabilized using the FOXP3-staining buffer kit
(eBioscience) and then incubated for another 30 minutes at room temperature with intracellular antibodies in the presence of the
FOXP3-staining kit permeabilization buffer. Cells were stored overnight at 4°C in a buffer containing iridium and then run on a Helios
CyTOF system (Fluidigm) in the UCSF, Parnassus flow cytometry core facility. FCS files were first processed in FlowJo (FlowJO
LLC) to gate on populations of interest, e.g., CD45* (singlet live-CD45%), CD4* T cells (CD3*CD4*CD8"*® CD56"9), CD8*
(CD3*CD8*CD4"°9CD56™9). Further analysis was performed in R using the HDCyto and CATALYST packages found on Bio-
conductor. Generation of graphs was drawn from the CytofWorkflow pipeline similarly found on Bioconductor.®® Multidimensional
Scaling analogous to PCA analysis based on median expression intensity of antibody markers was used as a first pass at dimension-
ality reduction and visualization of relatedness of samples. Uniform Manifold Approximation and Projection (UMAP), an improved
method of dimensionality reduction based on greater mathematical rigor than t-SNE, was used to visualize relationships among
the single cells on a 2-D plane.”® Unlike t-SNE, distances between groups on UMAP plots reflect their degree of relatedness capturing
the global relations. Clustering into subpopulations of T cells was performed’” taking into account all markers in the panel except
CD207, CD56, CD1c, CD11c, y3TCR, CD11b, and HLA-DR. Clustering was performed using FlowSOM’? and CosnensusClustering-
Plus’® for metaclustering. Cluster C in the CD4* T cells (Figure 2), identified as Tregs based on their expression profile, was separated
from the Tconv groups using R scripts to filter data points by cluster.

Tissue Processing for Histopathology

For histologic analysis of fetal skin, the tissue was fixed in 10% formalin for 24 hours and submitted as research specimens to the
UCSF Dermatopathology service, where they were embedded in paraffin, cut into 4 uM sections, and stained with stained with he-
matoxylin and eosin to reveal endogenous cellular structures. Staging of hair follicle morphogenesis was performed by the investi-
gators in consultation with a dermatopathologist according to previously published criteria,®” which grade developing hair follicles on
a 0 to 8 scale based on histopathologic features of the developing hair germ, hair peg and eventual hair follicle.

Immunohistochemistry
Formalin-fixed paraffin-embedded sections of 4 um thickness underwent multiplex staining with antibodies specific for Foxp3 (1:800,
Abcam), and CD4 (predilute, Dako) on an automated immunostainer (Bond, Leica Biosystems).

Whole Slide Scanning and Digital Image Analysis

Slides were scanned at 400x resolution with an Aperio AT2 scanner (Leica Biosystems) using a 20x/0.75NA Plan Apo objective with a
2x optical mag changer to generate digital images. Image resolution was 400x: 0.25 uM/pixel. Quantitative analysis was performed
on images generated from sections stained with the dual antibody combination of CD4 (red chromogen) and Foxp3 (brown
chromogen). Image files were viewed with Aperio ImageScope software (Leica Biosystems). The “ruler” tool was used to manually
quantify the distance from the leading edge of either Treg (brown nuclear positive/red membrane positive) or Tconv (brown nuclear
negative/red membrane positive) to the nearest hair follicle epithelial surface. Twenty random high-power fields (400x) were analyzed
per slide.

QUANTIFICATION AND STATISTICAL ANALYSIS
Significance was determined using either two-tailed unpaired Student’s t test (for measuring differences between separate groups),
or one-way analysis of variance (ANOVA) (for multiple comparisons) in GraphPad Prism Software. Data points in all graphs represent

individual skin samples. P values correlate with symbols as follows: ns, not significant (p > 0.05); *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001.

e4 Cell Reports Medicine 7, 100132, November 17, 2020
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Figure S1: Relative frequency of major immune cells subsets in fetal vs. adult human skin. (Related to Figure 1) 23 week g.a.
fetal and adult skin torso samples were analyzed in parallel for 22 markers using mass cytometry. Heatmap for (a) fetal and (b) adult
skin demonstrating relative expression of 22 markers by cluster as well as cluster frequency on a group and individual sample basis. In
confirmatory studies cells were isolated from 20-23 week g.a. fetal skin (scalp and/or torso), as well as adult skin where noted, and
analyzed by flow cytometry. (c) Representative flow plots of CD4 and CD8 expression by live CD3- lymphocytes in fetal skin. (d)
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Percentage of double-positive CD4CD8: lymphocytes across 21 fetal skin samples. (¢) Representative flow plots of CD19-CD24-
double positive cells in fetal vs. adult skin (gated on live CD45: cells). (f) Percentage of CD19-CD24- double positive cells among live
CD45: cells across 4 fetal skin samples. (g) Flow cytometry gating strategy for skin myeloid subsets (fetal skin example shown). (h-j)
Relative amounts of various major subsets in fetal vs. adult torso skin, shown as (h) % of live CD45- cells for CD3- T cells, HLA-DR-
APCs and CD16' monocytes and (i-j) and as % of HLA-DR:- for APC types including macrophages, Langerhans cells (LHC) and
classical DC (¢cDC) subsets.
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Figure S2: Age-based expression of key markers on skin aff T cell subsets. (Related to Figure 2) (a) Gating strategy used to
identify CD4 and CD8:- single-positive cells by CyTOF. (b-d) UMAP plots of single positive CD4- cells from combined fetal and adult
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skin, colored by intensity of (b) Foxp3, (c) CD25, and (d) CTLA4 expression. (¢) Histograms depicting relative expression of key
markers on CD#4 clusters. (f) Heatmap of relative CD4 cluster frequency in individual fetal and adult samples. (g) Histograms
depicting relative expression of key markers on CD&: clusters. (h) Heatmap of relative CD8- cluster frequency in individual fetal and
adult samples. (i-n) Median expression of CD3 (i-j), Foxp3 (k-1) and CD27 (m-n) on skin CD4- Tconv and CD8- T cells by age. Each

point represents data from an individual donor.
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Figure S3: Fetal skin T cells have heightened capacity for IFNy production. (Related to Figure 3) Cells were isolated from 23
week g.a. fetal skin (scalp and/or torso) as well as adult (torso) skin and analyzed by flow cytometry following PMA/ionomycin re-
stimulation. Percentage TNFa-producing (a) CD8- T cells and (b) CD4- Tconv in skin by age. Percentage (c) IL-22 and (d) IL-2
producing CD4 Tconv by age. (e-j) Cytokine expression in fetal vs. adult skin was normalized on a per sample basis to the percentage
of TNFa cells. Normalized IFNy production by (e) CD8- T cells and (f) CD4- Tconv in fetal vs. adult skin. Normalized (g) IL-17A,
(h) IL-13, (i) IL-22 and (j) IL-2 by CD4- Tconv. IFNy production normalized to the percentage of CD45RO: cells for (k) CD4- Tconv
and (1) CD8- T cells. IFNy production by CD45RO- vs. CD45RA- cells among fetal (m) CD4- Tconv and (n) CD8: T cells. Each point
in represents data from an individual tissue sample; for some fetal samples data from scalp and torso skin from the same fetal donor

are included as separate points.
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Figure S4: Expression of key markers by fetal vs. adult skin Tregs and of CD45RO by skin CD4 Tconv and CD8' T cells.
(Related to Figure 4) (a-c) 23 week g.a. fetal torso skin along with healthy adult skin torso samples were analyzed in parallel for 22
markers using mass cytometry. Median expression of (a) Ki-67, (b) CD27, (c) CD3 and (d) CD45RO on skin Tregs by age. Each point
represents data from an individual donor. (e-f) Cells were isolated from 17 to 23 week g.a. fetal skin (scalp and/or torso) as well as
adult (torso) skin and analyzed by flow cytometry. Percentage of CD45RO- (e) CD4- Tconv cells and (f) CD8: T cells by age. Points
represent data from an individual tissue sample; for some fetal samples data from scalp and torso skin from the same fetal donor are

included as separate points.
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Figure S5: Abundance of aff T cell subsets and their expression of CD31 and Ki-67 vary by age in human skin. (Related to
Figure 5) Cells were isolated from 17 to 23 week g.a. fetal skin (scalp and/or torso) as well as adult (torso) skin and analyzed by flow
cytometry. Representative flow cytometry plots by age demonstrating (a) live CD3- T cells (pre-gated on singlets), (b) CD4- and CDS8-
expression by T cells (pre-gated on live CD3-) and (c) Tregs (pre-gated CD3-CD8-CD4-). Representative flow plots by age showing
(d) CD31 and (e) Ki-67 expression by skin aff T cell subsets. Percentage of CD31- cells among CD45RA- vs. CD45RO- (f) CD8-T
cells, (g) CD4- Tconv cells, and (h) Tregs in fetal skin. Percentage of Ki-67- cells among CD45RA- vs. CD45RO- (i) CD8T cells, (j)
CD4- Tconv cells, and (k) Tregs in fetal skin. (f-k) Paired data points represent CD45RA- vs CD45RO- subsets from the same tissue

sample.
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