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Downregulated cytotoxic CD8+ T-cell identifies with
the NKG2A-soluble HLA-E axis as a predictive biomarker
and potential therapeutic target in keloids
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Keloids are an abnormal fibroproliferative wound-healing disease with a poorly understood pathogenesis, making it difficult to
predict and prevent this disease in clinical settings. Identifying disease-specific signatures at the molecular and cellular levels in
both the blood circulation and primary lesions is urgently needed to develop novel biomarkers for risk assessment and therapeutic
targets for recurrence-free treatment. There is mounting evidence of immune cell dysregulation in keloid scarring. In this study, we
aimed to profile keloid scar tissues and blood cells and found that downregulation of cytotoxic CD8+ T cells is a keloid signature in
the peripheral blood and keloid lesions. Single-cell RNA sequencing revealed that the NKG2A/CD94 complex was specifically
upregulated, which might contribute to the significant reduction in CTLs within the scar tissue boundary. In addition, the NKG2A/
CD94 complex was associated with high serum levels of soluble human leukocyte antigen-E (sHLA-E). We subsequently measured
sHLA-E in our hospital-based study cohort, consisting of 104 keloid patients, 512 healthy donors, and 100 patients with an
interfering disease. The sensitivity and specificity of sHLA-E were 83.69% (87/104) and 92.16% (564/612), respectively, and
hypertrophic scars and other unrelated diseases exhibited minimal interference with the test results. Furthermore, intralesional
therapy with triamcinolone combined with 5-fluorouracil drastically decreased the sHLA-E levels in keloid patients with better
prognostic outcomes, while an incomplete reduction in the sHLA-E levels in patient serum was associated with higher recurrence.
sHLA-E may effectively serve as a diagnostic marker for assessing the risk of keloid formation and a prognostic marker for the
clinical outcomes of intralesional treatment.
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INTRODUCTION
Keloids are a dermal fibroproliferative disease affecting 4.5–16% of
the human population [1–3]. They continue to grow for many
years and rarely regress spontaneously [4, 5]. Keloids are
associated with cosmetic disfigurement, itching, pain, and
considerable psychological distress [6, 7]. However, accurate
prediction, reliable prevention, and effective treatment of keloids
are difficult to achieve [8]. Only 81% of clinically diagnosed keloid
cases have been proven to be accurately diagnosed [9]. Surgical
excision alone has a recurrence rate from 70 to 100% [10]. To date,
no diagnostic biomarker or targeted therapeutic agent for keloids
has been proven to be effective [11]. This limitation is probably
attributable to the substantial heterogeneity of this disease due to
variable racial susceptibilities, local tissue tension or infection, and

various endocrine factors, among other factors [3, 12, 13]. Equally,
there is limited insight into the cellular and molecular basis of
keloid lesion-related abnormalities and systemic dysregulation
[14, 15]. Published host gene expression profiling studies relying
on whole white blood cells to characterize predisposing genes
have not revealed the underlying mechanism and, hence, cannot
be used for targeted therapy development [11, 16]. Therefore,
identifying disease-specific signatures at the molecular and
cellular levels in both the blood circulation and primary lesions
is urgently needed to develop novel biomarkers for risk
assessment and therapeutic targets for recurrence-free treatment.
Strong genetic factors underlie the disease susceptibility of

individuals to keloids [17]. Genome-wide association studies in
sporadic keloid populations have identified single-nucleotide
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polymorphisms in multiple chromosomal regions [16, 18]. In
addition, a pedigree analysis of keloid patients demonstrated
possible autosomal dominant inheritance with incomplete pene-
trance [19]. Several candidate genes have been proposed using
linkage analysis, including TNFAIP6 at 2q23, EGFR at 7p11, and the
SMAD genes and PIAS at 18q21, but none of these genes have
been determined to be true predisposition genes [20, 21]. Since
inflammation plays a critical role in keloid pathogenesis, large-
scale case–control studies have been performed to identify
human leukocyte antigen (HLA) polymorphisms associated with
keloid risk [22, 23]. The alleles found in keloid disease in ethnic
Han Chinese individuals include HLA-DQA1*0104 and HLA-
DQB1*0501, which were associated with increased risk, and
HLA-DQA1*0501, HLA-DQB1*0201, and HLA-DQB1*0402, which
were associated with decreased risk. These data suggest that the
associations of HLA alleles with keloids underlie a potential
mechanism of MHC-related abnormal fibrosis. However, the exact
mechanism by which these alleles affect keloid pathogenesis and
their potential clinical utility in risk prediction remains to be
elucidated.
The mechanisms underlying keloid formation and pathogenesis

are poorly defined and understood. However, keloid formation can
be attributed to fibroblast abnormalities. Recent lineage tracing
and single-cell transcriptome sequencing have revealed that skin
fibroblasts consist of distinct subpopulations arising from different
lineages with different roles in determining the dermal architecture
in skin development and repair [24–26]. Another study combining
site-specific in situ microdissection and gene expression profiling
of keloid tissues found distinct gene signatures in clear keloid
regions, highlighting the morphological heterogeneity within the
keloid scar [27]. That study demonstrated keloid dermal gene
signatures and supported the roles of dermal fibroblasts in
extracellular matrix deposition and all phases of wound healing.
In contrast, there is mounting evidence showing immune cell
dysregulation in keloid scarring; several T cells, B cells, and mast
cells infiltrate the lesion site compared with normal skin [28, 29].
Highly potent macrophages were also found in keloid tissue,
promoting the differentiation of FoxP3+ Treg cells [30]. Upregula-
tion of proinflammatory genes in fibroblasts, as revealed by
microarray data, may cause keloid formation and recurrence after
surgical resection [31, 32]. These genes include interleukin-1,
interleukin-6, tumor necrosis factor, and transforming growth
factor-β, which are activated by the hyperactive nuclear factor-κB
signaling pathway in keloid tissues and fibroblasts [33]. Altogether,
the dysregulated immune microenvironment of keloid lesions
warrants further in-depth investigation.
In this study, we aimed to examine T cell subtypes in tissue

specimens from keloid patients and normal scar and skin samples
from healthy donors and to further survey granzyme B+CD8+

cytotoxic T cells (CTLs) using single-cell RNA sequencing (scRNA-
seq). We uncovered a novel signaling mechanism involved in
keloid pathogenesis and recurrence by detailed analysis of the
lineages of CTLs in keloid tissues and defined a new pathogenic
factor in the circulation via intralesional therapy. We present a
novel biomarker and simple assay method to reliably predict
keloid risk and monitor disease recurrence.

MATERIALS AND METHODS
This study was conducted according to the tenets of the Declaration of
Helsinki (1964) and its successive modifications and was approved by the
institutional review board of the Ninth People’s Hospital (Shanghai Jiao
Tong University School of Medicine). Informed consent was obtained from
the participants before sample collection and analysis.

Sample collection
In this study, peripheral blood and tissue samples were collected from
various cohorts for a plethora of analyses. A flow chart was drawn to

better elucidate the study design and designate the various cohorts
(Fig. S1). Normal skin, normal scar/hypertrophic scar, and keloid tissues
were collected from patients who underwent blepharoplasty and scar
revision surgeries. In addition, blood samples were collected from
healthy donors and patients into EDTA-containing and coagulation-
promoting tubes.
This study comprised two healthy donor cohorts and an interference

case cohort that were used for blood sample collection. The first healthy
donor cohort (n= 36) included subjects who underwent cosmetic surgery.
The exclusion criteria for this cohort were as follows: (1) a history of
hypertension, diabetes, tuberculosis, hepatitis, asthma, or allergic rhinitis;
(2) a history of drug therapy; (3) no incidence of influenza, trauma,
surgery, or toothache within 1 year; and (4) normal scars within 2 years.
The second healthy donor cohort (n= 512) included subjects who
underwent physical examinations and had no organic disease diagnosed.
The interference case cohort (n= 100), as listed in Table 2, was from the
Department of Plastic and Reconstructive Surgery and the Department of
General Surgery.
Three patient cohorts were included for blood sample collection. The

first keloid cohort (n= 34) included patients who underwent intralesional
treatments three times; blood samples were collected from these patients
before (n= 34) and after (n= 16) treatments [34]. Patients were excluded if
(1) they had previously received any kind of treatment; (2) they had no
incidence of influenza, trauma, surgery history, or toothache within 1 year;
or (3) their keloid lesions had any kind of complication, such as infection or
ulceration.
The second keloid patient cohort comprised blood samples collected

from 10 patients before intralesional treatment: three of the patients had
influenza within 1 month, and the remaining seven had infections in their
keloid lesions. Blood samples were also collected from the third keloid
patient cohort (n= 106) before intralesional treatment. Patients who had
received any kind of prior treatment were excluded from these two
cohorts. A total of 61 out of 102 patients whose lesions had a flat
appearance after treatment or no obvious remission (patients requested
therapy suspension) agreed to donate blood samples immediately before
intralesional therapy suspension. These 61 patients were then followed up
for 12 months to monitor the status of their lesions. The diagnostic criteria
for keloid relapse were as follows: (1) >2.0 mm growth in any axis, as
shown in photographs sent to doctors after in-home measurement of the
major and minor lesion axes using a ruler and (2) obvious lesion regrowth
noticed by the patients. All keloid patients were diagnosed by Dr. H.X. and
reassessed by Dr. Y.Z. based on the following criteria: scar-like structures
resulting from wound healing and a protruding skin surface that had
infiltrated beyond the original damaged area, accompanied by itching,
pain, and other discomfort symptoms.

Intralesional treatment
Five hundred milliliters of 2.5% 5-fluorouracil (FU) was added to 1mL of 1%
triamcinolone and then mixed with 4 mL of 2% lidocaine. The total
mixture, at a dose of 0.2 mL/cm, was injected intralesionally three times for
each keloid at an interval of 4 weeks [3, 34].
The Vancouver Scar Scale (VSS) [35, 36] was used to evaluate the

therapeutic effects of keloid intralesional treatment. Before the first
treatment and 1 month after each therapy, keloid lesions were assessed
using the VSS.

PBMC isolation for flow cytometry
Human peripheral blood mononuclear cells (PBMCs) were isolated using a
Ficoll-Hypaque (GE17-1440-02; GE Healthcare) gradient. Cryopreserved
PBMCs were rested overnight at 37 °C and 5% CO2 (RPMI-1640 medium
supplemented with 10% fetal bovine serum and 1% penicillin/streptomy-
cin), washed, and stained for flow cytometric analysis.
Fluorochrome-conjugated mAbs directed against CD3 (HIT3a), CD4 (SK3),

CD8 (SK1), CD94 (HP-3D9), CD56 (B159), granzyme B (GB11), LAG3
(T47–530), CD161 (DX12), PD-1 (MIH4), T-bet (O4–46), NKG2A (131411),
IFN-γ (B27), Ki-67 (B56), and Bcl-2 (Bcl-2/100) were purchased from BD
Pharmingen. Anti-FoxP3 (PCH101), anti-granulysin (DH2), and anti-KLRG1
(13F12F2) were purchased from Thermo Fisher. A mAb against homeobox
only protein (HOPX) (aa39–67) was purchased from Lifespan. Sequential
staining steps were performed using a fixable live/dead reagent,
FC blocking controls, surface marker-specific antibodies, fixation/permea-
bilization reagents, and intranuclear/intracellular marker-specific antibodies;
staining was assessed on an LSRFortessa flow cytometer (BD Biosciences)
and analyzed using FlowJo 10 software (FlowJo LLC) [37–39].
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Immunohistochemistry (IHC)
To detect the tissue expression of the HLA-E and HLA-G proteins in the
skin, normal scars, and keloids, IHC was performed with anti–HLA-E (SC-
51621) (1:200) (Santa Cruz) and anti–HLA-G (ab283260) (1:200) (Abcam)
[40].

Opal multicolor IHC (mIHC) analysis of a tissue microarray
Tissue microarrays were produced based on the pathology reports of each
tissue [41]. For multicolor immunohistochemistry (mIHC) staining, multi-
plex IHC antibodies against CD3, CD4, CD8, CD56, granzyme B, vimentin,
NKG2A, and HLA-E were optimized and applied sequentially. In contrast,
the spectral library was built based on single-stained slides [42].
Subsequent multiplex immunofluorescence staining and multispectral
imaging of the proteins of interest were performed on one tissue
microarray slide each using the PANO 7-plex IHC Kit (cat. 0004100100,
Panovue, Beijing, China). Briefly, the slide was deparaffinized for 10min in
xylene three times, followed by dehydration in 100% ethanol, 95% ethanol,
85% ethanol, and 75% ethanol for 5 min each. After a 5-min rinse in
distilled water, the slide was pretreated with 100mL of antigen retrieval
solution (citric acid solution, pH 6.0/pH 9.0) in a microwave oven (45 s at
100% power, then 15min on 20% power) and washed with 1× TBST buffer.
The slide was then blocked in 10% blocking solution for 10min and
stained with a primary antibody for 1 h at room temperature. After
washing the slide with 1× TBST for 3 min twice, the slide was incubated
with a polymer HRP–anti-mouse/rabbit IgG secondary antibody for 10min
at RT. The slide was then incubated with a tyramide (TSA)-conjugated
fluorophore (TSA Fluorescence Kits, Panovue, Beijing, China) at a 1:100
dilution for 10min at RT. Finally, the TSA was aspirated, and the slide was
washed with 1× TBST for 3 min twice for staining with the next primary
antibody. For every additional marker in the multiplex immunofluores-
cence assay [43], the aforementioned procedure was repeated. After
staining for all antigens, nuclei were counterstained with 4-6-diamidino-2-
phenylindole (DAPI; Sigma–Aldrich, D9542). Detailed information on the
primary antibodies used for mIHC is summarized in Table S1.
To obtain multispectral images, each slide was scanned using the Polaris

System (PerkinElmer, Waltham, MA), which captures the fluorescence
spectra at 20-nm wavelength intervals from 420 to 720 nm with identical
exposure times, and the scanned images were combined to build a single-
stack image with high contrast and accuracy.

Single-cell RNA-seq and analysis
scRNA-seq was performed on a chromium platform using single-cell
expression 5′ v2 profiling chemistry (10× Genomics) combined with cell
hashing [44]. HTO-labeled cells from donors were pooled equally and then
washed twice with RPMI-1640 medium immediately before loading on a
10x controller. Complementary DNA amplification and library construction
were conducted according to the manufacturer’s protocol, supplemented
with additional steps for HTO barcode amplification. Libraries were
sequenced to a depth of ~50,000 reads per cell using a NovaSeq S2
(Illumina). Reads were aligned to the GRCh38 reference genome using
Cellranger v2.1 (10× Genomics), and hashed cells were demultiplexed
using the CITE-seq count tool (https://github.com/Hoohm/CITE-seq-Count).
Single-cell data were preprocessed using the Scanpy package (https://

github.com/theislab/scanpy) [45]. First, cells with fewer than 100 nonzero
expression genes were filtered out. MT genes, ERCC genes, and genes
expressed in less than ten cells were removed. Gene expression values
were normalized in two steps. Then, cell-level normalization was
performed, during which each gene’s expression level in each cell was
divided by the total gene expression level in the cell, multiplied by 10,000,
and then transformed to an add-one natural logarithm scale. Furthermore,
gene-level normalization was performed, during which the cell-level
normalized values for each gene were standardized by subtracting the
mean and dividing by the standard deviation across all cells expressing the
gene. Then, highly variable genes were selected using the filter_genes_-
dispersion function of the Scanpy package. Clustering was performed
using the top 1000 highly variable genes using the DESC [46] algorithm
with the resolution set at 0.2.
Clustering results were visualized using t-distributed stochastic neighbor

embedding (t-SNE) projections on the latent embeddings provided by the
DESC. To further identify the cell type composition of each cluster,
differential expression analysis of each cluster was performed using the
Wilcoxon rank-sum test. Genes with a false discovery rate (FDR)–adjusted p
value less than 0.05 were selected as differentially expressed genes. To
specifically identify genes that distinguished the ICU-SEP and ICU-NoSEP

populations, differentially expressed genes were filtered for those with an
in-group fraction >0.4 and outgroup fraction <0.6. Consensus nonnegative
matrix factorization analysis was performed as previously described [47].
To ensure that no subject-specific or batch-specific modules were
analyzed, only gene programs with a mean usage of >50 across all
subjects were included for further analysis.

Western blotting
Briefly, cells were lysed in 1× SDS–PAGE loading buffer (50mM Tris-HCl at
pH 6.8, 2% [w/v] SDS, 0.1% [w/v] BPB, and 10% [v/v] glycerol) containing
50mM β-glycerophosphate, and the lysates were subjected to SDS–PAGE.
The separated proteins were transferred to polyvinylidene difluoride
membranes for western blotting using enhanced chemiluminescence
detection reagents (Merck Millipore, Billerica, MA, USA). Antibodies
recognizing HLA-E (ab2216) (1:1000), HLA-G (ab283260) (1:1000), and β-
actin (ab8226) (1:2000) were purchased from Abcam. Antibodies against
the matrix metalloproteinase proteins (MMPs) MMP1 (DF6325) (1:1000),
MMP2 (AF0577) (1:1000), MMP3 (DF6334) (1:1000), MMP7 (AF0218)
(1:1000), MMP8 (AF5446) (1:1000), MMP9 (AF5228) (1:1000), and MMP13
(AF5355) (1:1000) were purchased from Affinity. An antibody recognizing
the FLAG epitope (F1804) (1:2000) was purchased from Sigma–Aldrich.

Cell transfection
Human dermal fibroblasts were isolated from healthy donors and cultured
in 24-well plates. At 75% to 90% confluency, the cells were transiently
transfected with an MMP9-3×FLAG expression vector (Genomeditech
(Shanghai) Co., Ltd.) using Lipofectamine 3000 reagent (Invitrogen)
according to the manufacturer’s instructions. Recombinant MMP9 was
evaluated by western blotting at 72 h after transfection.

Sandwich ELISA for the detection of soluble human
histocompatibility leukocyte antigen (sHLA)-E and sHLA-G
ELISA kits for detecting human major histocompatibility complex class I
(MHCE/HLA-E) and major histocompatibility complex class I G (MHCG/HLA-
G) were purchased from Elabscience Biotechnology Co., Ltd. (China) and
used in accordance with the manufacturer’s instructions. Briefly, purified
anti-human HLA-E or HLA-G antibodies were used to coat the wells of
microtiter plates. Standard and serum samples with HLA-E or HLA-G (in
duplicate) were added to the wells. The plates were subsequently
incubated at 37 °C for 30min. After three rounds of washing, an HRP-
labeled anti-HLA-E or anti-HLA-G antibody was added and incubated for
another 15min at 37 °C. The addition of a sulfuric acid solution terminated
the reaction, and the absorbance was measured at 450 nm. The
concentration of human HLA-E or HLA-G was then determined by
comparing the OD of the samples to the corresponding standard curve.
Standard wells were also set up in the ELISA plates, and the concentrations
of the HLA-E or HLA-G antigen were 20, 10, 5, 2.5, 1.25, 0.63, and 0.31 ng/
mL. Blank wells without any sample or the HRP-conjugate reagent were
established separately [48].

Statistical analysis
Data were analyzed using GraphPad Prism 8.0 software (GraphPad Prism
Software Inc., San Diego, CA) and are presented as the mean ± SD unless
otherwise specified. The correlation between time duration and flow
cytometry data was assessed using linear regression analyses. Comparisons
between two groups were performed with a 2-tailed Student’s t test if the
data were normally distributed or with the Mann–Whitney U unpaired test
if the populations were not normally distributed. For three or more groups,
one-way ANOVA with the corresponding Tukey test for multiple
comparisons was used for data with a normal distribution, and the
Kruskal–Wallis test with Dunn’s test was used for multiple comparisons of
data with a nonnormal distribution. Statistical significance was set at P <
0.05 [39, 49].

RESULTS
Downregulation ofdisease-specific CTLs and subtypes in
keloid scar tissue
We performed opal mIHC staining to delineate different T cell
subtypes in healthy skin, normal scar, and keloid tissues. Notably,
the number of CD3+ T cells was much lower in the keloid tissues
than in the skin and normal scar tissues (Fig. 1A–C) due to
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inefficient infiltration by CD3+ T cells. The ratios of CD3+CD4+/
CD3+, CD3+CD8+/CD3+, and granzyme B+CD4+/CD4+ T cells
exhibited no statistically significant differences among the skin,
normal scar, and keloid tissues (Fig. 1D–F). However, compared to
the skin and normal scar tissues, the keloid tissues exhibited a
significantly lower ratio of granzyme B+CD8+/CD8+ T cells
(Fig. 1G), suggesting a diminished CTL level in the scar tissues.
To determine whether the number of CTLs is also altered in

patient blood, we assessed the levels of various cytokines and
functional markers using PBMCs from 34 keloid patients without
any therapeutic treatment and 36 healthy donors. As expected, the
percentage of CD3+CD8+ T cells was not significantly different
between the healthy donors and keloid patients (Fig. 2A). However,
the proportions of granzyme B-, granulysin-, and IFN-γ-producing
CTLs were significantly decreased in the keloid patients (P < 0.0001)
(Fig. 2B), as corroborated by the downregulated T-bet expression
shown in Fig. 2C (P= 0.0002). No significant differences were
found for the other cell types assessed, namely, CD3+CD4+ T cells,
CD3+CD4+FoxP3-granzyme B+ effector T cells, and CD3+CD4+

FoxP3+ regulatory T cells (Fig. S2A–C). Other protein markers of
CTLs, such as Ki67 and KLRG1, were decreased in the CD3+

CD8+granzyme B+ CTL fraction (P < 0.0001), while Bcl-2 remained
virtually unchanged (Fig. 2D).
To clarify whether inhibitory receptors [50] are involved in the

CTL reduction, PD-1 and LAG3 expression were analyzed, and
their expression displayed no significant changes (Fig. 2E, F). To
enhance our understanding of the CTL reduction, 10 keloid
patients, among whom three had influenza within 1 month and
seven had infections in their keloid lesions, were further
evaluated. Granzyme B expression was markedly elevated in
these 10 patients (Fig. S2D). Hence, downregulation of CTLs, both
in the circulatory system and in local scar tissue, emerged as a
keloid-specific cellular signature. However, CTLs in keloid patients
could still respond to immune stimuli, similar to those in normal
patients.

NKG2A/CD94-induced downregulation of CTLs
To understand the mechanism underlying the CTL reduction, we
performed scRNA-seq analysis of PBMCs from two keloid patients
and two normal controls using a 5′ tag RNA-seq approach
(Fig. 3A). After filtering and normalization, we performed
unsupervised deep embedding clustering [46] and visualized 11
cell clusters with t-SNE (Fig. 3B). Based on lineage marker gene
expression (Fig. 3C), we defined the 11 clusters as CD4+ T cells
(CD3E and CD4), CTLs (CD3E, CD8A, CD8B, GZMB, GNLY, and
TBX21), CD8+ naive T cells (CD3E, CD8A, and CD8B), CD14+

monocytes (CD14 and FCGR3A), CD56+ NK cells (NCAM1, NKG7,
and FCGR3A), B cells (CD19, MS4A1, and CD79A), FCGR3A+

monocytes (FCGR3A), CD38+ B cells (CD19, CD38, and CD79A),
dendritic cells (FCER1A), erythrocytes (HBB), and megakaryocytes
(ITGA2B). Importantly, the number of Cluster 1-CTLs was lower in
the keloid patients than in the healthy donors (Fig. 3D, E). The
expression levels of lineage markers, namely, CD3E, CD8A, CD8B,
GZMB, IFNG, and TBX21, were visualized on the 2D t-SNE space to
further verify the Cluster 1-CTL identity (Fig. 3F). Although the
scRNA-seq data were obtained from a limited number of samples,
the results of the scRNA-seq analysis were generally consistent
with the aforementioned findings.
To investigate the mechanisms underlying the CTL reduction,

Cluster 1-CTL was split into five subclusters (subclusters 0–4) and
visualized using t-SNE (Fig. 4A). The distribution pattern in the
t-SNE plot and the bar plot demonstrated a collapsed subcluster 0
in the four keloid samples (Fig. 4B). Subsequently, we examined 12
functionally related genes including GZMB, IFNG, TBX21, KLRG1,
EOMES, PDCD1, LAG3, HAVCR2, SLAMF6, MKI67, BCL2, and
BCL2L11 (Fig. 4C). Subcluster 0 was strongly enriched with marker
genes such as GZMB, TBX21, and KLRG1, which represented
decreasing CTLs. Then, we analyzed the top 10 differentially
expressed genes (either higher in healthy donors or keloid
patients, 20 genes in total; Fig. 4D) between 34 keloid patients
and 36 healthy donors. In addition to specific markers for CTLs,

Fig. 1 Characterization of infiltrating T cells in keloid tissues. Opal multicolor immunohistochemistry (IHC) analysis of CD3, CD8, CD4, and
granzyme B revealed the infiltration patterns of different types of T cells in A skin, B normal scar, and C keloid tissues. The ratios of
D CD3+CD4+/CD3+, E CD3+CD8+/CD3+, and F Granzyme B+CD4+/CD4+ T cells were not significantly different. G A smaller ratio of Granzyme
B+CD8+/CD8+ T cells was observed in keloid tissues. Genomic DNA was stained with DAPI. GZMB: granzyme B; ns: no significant difference;
*P < 0.05; **P < 0.01
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such as CD8A, CD8B, CSTB, and GNLY, the numbers of
CD3+CD8+HOPX+ T (HOPX encoded by the HOPX gene) and
CD3+CD8+T-bet+CD94+NKG2A+ T (CD94 and NKG2A encoded by
KLRD1 and KLRC1, respectively) cells were found to be significantly
higher in PBMCs from the keloid patients (Fig. 4E). The pattern of
mIHC staining for DAPI, CD8, granzyme B, and NKG2A revealed
that in keloid tissue, the number of CD8+ granzyme B+ cells was
decreased and more CD8+NKG2A+ cells were observed (Fig. S3).
After regrouping the keloid samples according to disease duration
(Fig. S4A), with 2 years as the cutoff, NKG2A/CD94 complex
expression increased as the disease progressed (Fig. S4A, B); a
weak correlation was identified by regression analysis (R2 < 0.4;
Fig. S4C). In conclusion, the observed CTL downregulation might
be attributed to the upregulation of HOPX, particularly NKG2A/
CD94, in specific subtypes of T cells in keloid patients.

Restoration of CTLs in keloid patients by intralesional therapy
To further investigate how the NKG2A/CD94 complex is
regulated, we followed 16 keloid patients without any prior
treatments or complications after treatment to evaluate the
profiles of CTLs before and after three rounds of combined
intralesional therapy with triamcinolone+5-FU (Fig. 5A). The
treatment was highly effective, as assessed based on VSS scores
recorded monthly pre- and post-intralesional therapy adminis-
tration (Fig. 5B). As expected, the number of CD3+CD8+ T cells
was significantly decreased post-treatment due to triamcinolone
inhibition (Fig. 5C). Interestingly, the proportion of CTLs
was restored to normal levels (Fig. 5D), as the fractions of both
CD3+CD8+T-bet+ T cells and Ki67+ CTLs recovered from
the pretreatment levels (Fig. 5E, F). The upregulation of CTLs
as a positive response to intralesional injection of triamcinolone

Fig. 2 Profiles of peripheral cytotoxic CD8+ T cells in keloid patients. Peripheral blood mononuclear cells (PBMCs) from 36 healthy donors and
34 keloid patients without any treatments or other diseases were analyzed by flow cytometry. A The proportions of CD3+CD8+ T cells showed
no significant difference, while the relative frequencies of B Granzyme B-, Granulysin- and IFN-γ-producing CTLs were significantly decreased
in the keloid patients. These reductions were associated with C downregulated T-bet expression. D Ki67 and KLRG1 were lower in the CTL
fraction, while Bcl-2 remained virtually the same. E, F The expression levels of PD-1 and LAG3 showed no differences. HD: health donor; NTK:
nontreated keloid; ns: no significant difference; ****P < 0.001
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and 5-FU supported the critical role for CTLs in keloid
pathogenesis. However, the expression level of HOPX,
particularly NKG2A/CD94, remained unchanged post-treatment
(Fig. 5G, H). Thus, the mechanism underlying CTL regulation
remains unclear.
Given that the NKG2A/CD94 complex is typically expressed on

the surface of NK cells, we analyzed CD3−CD56+CD94+ NK cells
and found that the number of this particular subtype was
increased in keloid patients, which could not be reversed by
intralesional injection therapy (Fig. S5A–C). In addition, the
expression levels of the NKG2A/CD94 complex in NK cells
(Fig. S5D) in nontreated keloid patients did not differ significantly
from those in treated keloid patients (Fig. S5E, F). These results
imply that the exact role of NKG2A/CD94 in the CTL reduction and
restoration observed remains unknown.

Signaling transduction of the NKG2A/CD94-HLA-E axis for CTL
regulation
The NKG2A/CD94 complex binds specifically to the nonclassical
MHC I molecule HLA-E in humans [51]. Therefore, opal mIHC was
performed on skin, normal scar, and keloid tissue specimens to
evaluate HLA-E expression in keloid patients. Consistent with the
previous findings, we observed a decreased number of CD3+

T cells and an increased number of CD3−CD56+ NK cells in the
keloid tissue compared to that in the skin and normal scar tissues
(Fig. 6A–C), resulting in a significantly higher ratio of CD3−CD56+

NK cells/CD3+ T cells (Fig. 6D). Intriguingly, HLA-E was expressed
mainly on vimentin+ fibroblasts in normal skin and scar tissues,
but fibroblast-enriched keloid tissue did not show any HLA-E
signal (Fig. 6A–C). However, higher HLA-E expression was
observed in keloid tissues by western blot analysis (Fig. 6E, F). In

Fig. 3 Single-cell RNA-sequencing (scRNA-seq) analysis of PBMCs from keloid patients and healthy individuals. A Processing pipeline for blood
samples used for scRNA-seq analysis (healthy donors: n= 2; keloid patients: n= 2). B After filtering and normalization, t-distributed stochastic
neighbor embedding (t-SNE) analysis revealed 11 cell clusters (Clusters 0–10). C Trackplot showing the expression of lineage marker genes to
define the clusters in (E). D t-SNE analysis and E a bar plot showing the distribution patterns of different cell clusters in the 4 samples. F Lineage
markers including CD3E, CD8A, CD8B, GZMB, IFNG, and TBX21 are visualized in the 2D t-SNE space to confirm the Cluster 1-CTL identity
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Fig. 4 Identification of subtypes in Cluster 1-CTL based on scRNA-seq data. A Cluster 1-CTL could be further clustered into 5 subclusters
(Subclusters 0–4) and visualized using t-SNE. B Merged t-SNE and bar plots showing the distributions of derived cell types from the four
samples. C t-SNE revealed 12 functionally related genes (GZMB, IFNG, TBX21, KLRG1, EOMES, PDCD1, LAG3, HAVCR2, SLAMF6, MKI67, BCL2, and
BCL2L11). D Top 10 differentially expressed genes between health donors and keloid patients (either higher in healthy donors or vice versa, 20
genes in total). E Based on analysis of PBMCs from 36 healthy donors and 34 keloid patients without any treatment or disease, the fractions of
CD3+CD8+HOPX+ T cells (HOPX encoded by the HOPX gene) and CD3+CD8+T-bet+CD94+NKG2A+ T cells (CD94 and NKG2A encoded by
KLRD1 and KLRC1, respectively) were significantly elevated in the keloid patients. HD: healthy donor; NTK: nontreated keloid; ****P < 0.001
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contrast, HLA-G expression was significantly upregulated in keloid
fibroblasts, as revealed by immunofluorescence staining and
western blotting (Figs. S6 and S7). Since HLA-E and HLA-G can
exist as soluble moieties (soluble HLA-E [sHLA-E] and soluble HLA-
G [sHLA-G]) in biological fluids [52], we further investigated the

amounts of sHLA-E and sHLA-G in serum samples and observed a
dramatically increased level of sHLA-E in keloid patients (36
healthy donors and 34 keloid patients, Fig. 6H, P < 0.0001) but no
significant changes in sHLA-G (13 healthy donors and 12 keloid
patients, Fig. S9). Concomitantly, we examined the expression of

Fig. 5 Effects of triamcinolone+5-fluorouracil intralesional therapy on peripheral cytotoxic CD8+ T cells. A We analyzed PBMCs isolated from
16 keloid patients without any treatment or disease to profile the peripheral cytotoxic CD8+ T cell population pre- and post-treatment with 3
rounds of triamcinolone+5-FU intralesional treatment. B Vancouver Scar Scale (VSS) scores measured pre- and post-intralesional therapy with
triamcinolone+5-FU. C Compared to 36 healthy donors, keloid patients showed significantly decreased numbers of CD3+CD8+ T cells after
intralesional therapy. D The proportion of CTLs returned to a normal level, as demonstrated by the recovered fractions of both
E CD3+CD8+T-bet+ T cells and F Ki67+ CTLs. G The HOPX and H NKG2A/CD94 expression levels remained unchanged before and after
treatment. HD: healthy donor; NTK: nontreated keloid; TK: treated keloid; ns: no significant difference; ***P < 0.005; ****P < 0.001
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Fig. 6 Abnormal expression of human leucocyte antigen-E (HLA-E) is involved in keloids. A–C By using opal multicolor immunohistochemistry
(IHC), nuclei (DAPI), CD56, CD3, HLA-E, and vimentin were stained to identify NK cells and HLA-E expression in A skin, B normal scar, and
C keloid tissues. The ratio of D CD3−CD56+/CD3 cells was significantly higher in keloids. E Western blot analysis (MMP9 and HLA-E) of
fibroblasts from skin, normal scar and keloid tissues, and the expression was analyzed (F, G). H Serum samples (36 healthy donors vs. 34 keloid
patients without any treatments or diseases) showed increased soluble HLA-E (sHLA-E) levels in the keloid patients. I The serum samples of 16
keloid patients followed over time showed that sHLA-E was significantly decreased after 3 rounds of triamcinolone+5-FU intralesional
therapy. HD: healthy donor; NTK: nontreated keloid; TK: treated keloid; ns: no significant difference; **P < 0.01; ****P < 0.001
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mediator MMPs [53] and found that MMP1, MMP3, MMP8, MMP9,
and MMP1,3 but not MMP2 or MMP7 were upregulated in keloid
tissues (Figs. 6E, G, S7). Furthermore, a slight increase in HLA-E
expression was observed due to ectopic expression of MMP9, a
well-known mediator of HLA-E solubilization in human dermal
fibroblasts (Fig. S8) [54]. Hence, we suggest that sHLA-E is the
major form secreted by local keloid fibroblasts and then released
into the circulatory system.
After three intralesional injections, sHLA-E was decreased to a

level much lower than the pretreatment state (Fig. 6I), although
this level was still higher than that of healthy donors. We
subsequently expanded the study cohort to 104 keloid patients
without prior treatment, 512 healthy donors, and 100 patients
with an interfering disease. The level of serum sHLA-E was 6.34 ±
2.58 ng/mL in the keloid patients, significantly higher than the
levels of 1.26 ± 1.00 ng/mL in the healthy donors and 2.05 ± 2.41
ng/mL in the patients with an interfering disease (Tables 1, 2).
When the cutoff value was set at 3 ng/mL for use of sHLA-E as a
marker to distinguish among the keloid patient, healthy control,
and interference groups, the sensitivity was 83.69%, and the
specificity was 93.36%, 94.73%, and 79.00% for keloid patients vs.
healthy donors and interference patients, keloid patients vs.
healthy donors, and keloid patients vs. interference patients,
respectively (Table 1). Furthermore, we followed 61 keloid patients
who received treatment >3 times in 12 months (triamcinolone
combined with 5-FU). After therapy was suspended, 13 patients
(21.31%) had keloid recurrence within 6 months. Their serum level
of sHLA-E was 4.06 ± 1.70 ng/mL after the last therapy session,
which was significantly higher than that of the other patients who
did not experience recurrence within 6 months (1.73 ± 1.07 ng/mL,
P < 0.0002; Table 1). Interestingly, recurrence occurred preferen-
tially in female patients (62.50% vs. 30.77%; P= 0.02), indicating
that sex differences may play a role in treatment response.
Additionally, sHLA-E was capable of distinguishing keloids from
hypertrophic scars (1.37 ± 1.38; P < 0.0001), malignant dermatofi-
brosarcoma protuberans (1.24 ± 0.59; P < 0.0001), basal cell
carcinoma (0.50 ± 0.46; P < 0.0001), and a host of other interfering
diseases (Table 2). These data suggested that the level of sHLA-E
was inversely correlated with the numbers of CTLs in keloid

patients in both the peripheral blood and keloid lesions. As the
pathogenic process or remission phase proceeded, the level of
sHLA-E was either upregulated or downregulated in lockstep with
CTL downregulation or restoration.

DISCUSSION
Our work identified the downregulation of CTLs in the target
tissue and blood circulation as a cellular signature of keloid

Table 1. Soluble human leucocyte antigen-E level in health donor, cases of interference and keloid patients

Not Keloid Keloid (No treat) (n= 104)

Health Donor (n= 512) Cases of Interference (n= 100)

Age (years, mean ± SD) 42.64 ± 13.87 (21.00–89.00) 59.63 ± 18.00 (23.00–95.00) 33.67 ± 12.44 (15.00–73.00)

Male sex (No.) 42.77% (219) 62.00% (62) 40.38% (42)

Serum sHLA-E (ng/ml, mean ± SD) 1.26 ± 1.00 (0.02–4.83) 2.05 ± 2.41 (0.06–14.09) 6.34 ± 2.58 (2.63–16.14)

Serum sHLA-E > 3 (ng/ml) Not Keloid Keloid

Health Donor Cases of Interference

True 27 21 86

False 485 79 18

Not Keloid vs Keloid
(No treat)

Health Donor vs Keloid
(No treat)

Cases of Interference vs Keloid
(No treat)

Sensitivity 83.69% n.a. n.a.

Specificity 92.16% 94.73% 79.00%

Keloid (Treated) (n= 61) p value

Recurrence post-intralesional therapy
suspended <6 months?

Yes (n= 13, 21.31%) No (n= 48, 78.69%)

Age (years, mean ± SD) 32.92 ± 13.01 (20.00–62.00) 37.13 ± 11.90 (18.00–68.00) 0.27

Male sex (No.) 30.77% (4) 62.50% (30) 0.02

Serum sHLA-E (ng/ml, mean ± SD)post last
therapy

4.06 ± 1.70 (1.81–6.97) 1.73 ± 1.07 (0.46–4.51) <0.0001

Table 2. Detailed soluble human leucocyte antigen-E level in cases of
interference

Cases of Interference (n= 100)

Disease (No.) Serum sHLA-E (ng/
ml, mean ± SD)

Malignant dermatofibrosarcoma
protuberans (n= 4)

1.24 ± 0.59

Basal cell carcioma (n= 4) 0.50 ± 0.46

Hypertrophic scar (n= 26) 1.37 ± 1.38

Hemorrhoidal bleeding (n= 6) 2.30 ± 1.88

Bile duct/Gallbladder carcinoma (n= 4) 1.03 ± 0.66

Gaslrointestinal perforation (n= 19) 2.37 ± 1.79

Hepatoma (n= 1) 8.88

Anal canal carcinoma (n= 1) 0.39

Anal fistula (n= 2) 1.98 ± 2.04

Crissum abscess (n= 4) 4.46 ± 6.51

Obstructive jaundice (n= 3) 0.71 ± 0.29

Mixed hemorrhoids (n= 14) 2.16 ± 2.10

Crohn disease (n= 4) 1.62 ± 1.22

Appendicular abscess (n= 1) 12.06

Pelvic tumor (n= 3) 5.15 ± 1.72

Pancreatic carcinoma (n= 1) 0.07

Colorectal carcinoma (n= 3) 0.86 ± 1.15
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patients. This signature raises the novel understanding that
keloids are a systemic disease. The abnormal tissue microenviron-
ment is likely driven by systemic dysfunction. Therefore,
peripheral blood samples can potentially be used to comprehen-
sively survey the host immune landscape. This study showed that
CTLs and sHLA-E, in particular, can be used as biomarkers for the
diagnosis and prediction of keloid risk. Measurement of serum
sHLA-E levels can also help distinguish between keloid and early-
stage hypertrophic scars, as well as certain types of carcinomas.
For instance, the level of sHLA-E in malignant dermatofibrosar-
coma protuberans, which appears to resemble keloids and often
leads to misdiagnosis [55], is significantly lower than that in
keloids. In addition, the sHLA-E level is correlated with keloid
recurrence after intralesional therapy. Based on the post-
treatment level of serum sHLA-E, keloids can be classified into
N-type, in which the level of sHLA-E returns completely to normal,
and H-type, in which the sHLA-E level remains stubbornly high.
Hence, physicians can classify keloid patients as N- or H-type by
measuring the serum level of sHLA-E to guide intralesional
treatment. Furthermore, the sHLA-E signature can guide the use of
a systemic therapeutic approach to improve disease prognosis
when combined with topical therapy. For instance, a systemic
approach can be used in future clinical trials for keloid treatment
using monalizumab, a monoclonal antibody that has been
reported to be a novel checkpoint inhibitor targeting the
NKG2A/CD94 complex in cancer immunotherapy [56].
HOPX, a transcription cofactor, is induced by T-bet and

upregulated in terminally differentiated effector/memory
Th1 cells [57]. In addition, induced regulatory T cells (Tregs)
require HOPX expression to suppress peripheral T cell function
[58]. Therefore, the higher percentage of CD3+CD8+HOPX+ T cells
in keloid patients than in healthy donors indicates that HOPX may
drive CTLs to differentiate into abnormal lineages. NKG2A forms a
heterodimer with CD94, known as the NKG2A/CD94 receptor
complex, and is expressed on the surface of CD8+ T cells [59]. In
addition, the NKG2A/CD94 complex acts as an immune check-
point capable of suppressing immunoreactive NK and CD8+ T cell
activity [59]. Van Montfoort et al. demonstrated that antibody
blockade of NKG2A/CD94 on CD8+ T cells improved survival in
certain solid tumor models [60]. The ligand of NKG2A/CD94 is
HLA-E, which can be upregulated in cancer cells to transduce
inhibitory signals to immunoreactive T cells, leading to poor
outcomes [61]. In keloids, we found that HLA-E was secreted into
the tissue microenvironment and circulation by enriched fibro-
blasts rather than remaining membrane-bound. We speculated
that sHLA-E binds to NKG2A/CD94 to inhibit the functions of NK
cells and CTLs and decrease the number of immunoreactive CTLs.
Circulating sHLA-E molecules act as a reservoir of pathogenic
stimuli, causing keloid regeneration after surgical resection.
Monthly intralesional triamcinolone injection is considered the

first-line treatment for keloid lesions, with a response rate of
50–100% [8, 62]. Combination therapy with 5-FU results in a 92%
reduction in lesion size compared to the 73% reduction in lesions
treated with triamcinolone alone [63]. We observed that effective
intralesional therapy (triamcinolone+5-FU) was mediated, at least
in part, by restoring CTLs. Evidence suggests that triamcinolone
can inhibit CD3+CD8+ T cells, which are abundant in keloid scars
[64]. The overlapping cytolytic capabilities of CTLs and NK cells
warrant closely regulated collaboration, but they also antagonize
each other under certain conditions [65]. One important notion is
that the upregulated NK cells in keloids might mediate CTL
elimination [66]. Increased HLA-E expression has also been
observed in the development of multiple sclerosis, an auto-
immune disease [67]. HLA-E and HLA-G belong to the HLA-1b
family and play roles in immune cell modulation through
membrane-bound or soluble isoforms [53]. Our data indicate that
HLA-E and HLA-G expression is enhanced in keloid tissues. HLA-E
exists predominantly as sHLA-E, while HLA-G is found as the

membrane-bound isoform due to the relatively low expression of
MMP2, which mediates the membrane shedding of HLA-G [68],
and enhanced HLA-E secretion is mediated by increased expres-
sion of MMP9 [54]. This may explain the significant CTL reduction
and high recurrence rate, approximately 9–50%, after post-
intralesional therapy [69]. Hence, selective and specific blockade
of sHLA-E might be an effective therapy for keloids. However, HLA-
E-restricted CD8+ T cells can also kill infected fibroblasts and may
play a role complementary to that of conventional CTLs [70–72] in
addition to transducing inhibitory signals via NKG2A/CD94 on
immunoreactive T cells [61]; hence, sHLA-E might exert immunor-
egulatory or immunostimulatory activities under different circum-
stances. Thus, additional studies are required to address this
question and gain further insight into keloid pathogenesis.
Keloid risk is difficult to predict, and a long time after surgery is

often needed to recognize that a patient is susceptible to scar
formation. Genome-wide association studies have identified
several single-nucleotide polymorphisms associated with keloid
risk [16, 18]. However, these genetic variants confer an increased
risk to only a very small proportion of the population [18].
In this study, we provided, for the first time, a reliable

immunoassay using sHLA-E in the serum as a single biomarker
to diagnose patients with keloids and monitor keloid recurrence.
In a hospital-based cohort, the single-target test showed robust
performance characteristics with excellent accuracy; moreover,
interfering diseases did not significantly affect the test outcome.
The assay could also predict whether recurrence occurred after
intraepithelial injections, assessing treatment efficacy. However,
we could not validate test performance in an independent
prospective cohort. This limitation remains to be addressed in the
future by using powerful multicenter cross-validation studies in
real-world clinical settings.
In conclusion, our findings suggest that sHLA-E may effectively

serve as a diagnostic marker for assessing the risk of keloid
formation and a prognostic marker for the clinical outcomes of
intralesional treatment.
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