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SFRP4+IGFBP5hi NKT cells
induced neural-like cell
differentiation to contribute to
adenomyosis pain

Yichen Chen, Jue Zhu, Liang Chen, Yuanyuan Shen,
Jing Zhang* and Qiming Wang*

Department of Gynaecology, Ningbo Women & Children's Hospital, Ningbo University,
Ningbo, China
Background: Adenomyosis is an estrogen-dependent gynecological disease.

The pathogenesis of chronic pain, the main clinical symptom of adenomyosis,

remains undefined. As a combination lymphocyte with both T-cell and natural

killer (NK)–cell properties, NK T (NKT) cells play a role in immune defense

against numerous diseases and modulate cell differentiation.

Method: This study analyzed the tissue-cell samples from adenomyosis with or

without pain by single-cell sequencing.

Result: We found a specific population of secreted frizzled-related protein 4

(SFRP4)+NKT cells and a large amount of undifferentiated multipotent stem

cells in the adenomyosis pain group. We discovered that a high expression of

IGFBP5 in SFRP4+NKT cells could promote the differentiation of multipotent

stem cells into neural-like cells via the single-cell trajectory. Through

verification by the sample, we found that the degree of the expression of the

neuronal marker NEFM was correlated with the duration of pain in

adenomyosis patients. The expression of IGFBP5 was positively correlated

with the pain scores of adenomyosis patients.

Conclusion:Collectively, these findings suggest that SFRP4+IGFBP5hi NKT cells

were capable of converting part of the stem cells into neurogenic cells and

inducing adenomyosis pain.

KEYWORDS

adenomyosis pain, single-cell sequencing, neural-like cells, NKT cells, IGFBP5, SFRP4,
neural-like cells
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Introduction

Adenomyosis is a gynecological condition characterized by

the presence of endometrial glands and stroma within the

myometrial layer of the uterus (1–3). In the last decade, the

advancements in imaging techniques have allowed us to detect

adenomyosis in young fertile women as well. As a matter of fact,

one-third of patients with adenomyosis do not experience

symptoms. An estimated 20%–25% of women who undergo

assisted reproductive technologies (ARTs) are likely to develop

adenomyosis (4), whereas this percentage varies widely among

those who have a history of endometriosis (5, 6). According to

the data from ultrasound units, there is a prevalence of the

sonographic signs of adenomyosis in the general population of

20.9% (7). The clinical symptoms of adenomyosis are diverse,

but the majority of patients have painful menstruation and

excessive menstrual bleeding, with a minor proportion

additionally experiencing pelvic discomfort and dyspareunia

(8, 9). There is no doubt that adenomyosis pain has a

significant impact on the quality of life of female patients (10).

As a result, adenomyosis pain elimination is a crucial

clinical concern.

Pain is commonly associated with inflammation and injury

(11). There is accumulating evidence that immune cells interact

with nociceptor sensory neurons during inflammation to

regulate the levels of pain, host defense, and the progression of

inflammation (11, 12). Immune cells around the peripheral

nerve terminals release a variety of cytokines, lipids, proteases,

and growth factors to elicit nociceptor neuron– expressed

receptors, leading to pain sensitivity (11, 13, 14). However, an

issue remains unresolved—where do the elicit nociceptor

neurons in adenomyosis lesions come from? Who is

promoting the growth of the nerve terminals?

Despite the fact that the pathophysiology and molecular

pathways of adenomyosis remain unsolved, several theories have

been offered to account for the development of the disease,

including metaplastic myometrial stem cells (15). This stem cell

hypothesis has been divided into two scenarios: one in which the

ectopic endometrium is thought to have developed de novo from

embryonic epithelial progenitor cells (16) and another in which

adult endometrial stem cells have been able to enter the

myometrium and differentiated for unknown reasons (17, 18).

The majority of current research, however, has focused on two

distinct types of stem cells: endometrial epithelial progenitor

cells and mesenchymal stem cells (eMSCs) (19). Little research

has been conducted to determine if these stem cells can

differentiate into neural progenitor cells or even neurons.

The advent of single-cell sequencing technology now solves

this problem considerably that previous studies have focused

limitedly on one or a couple of dysfunctional cells in

adenomyosis, resulting in a lack of unbiased investigations to

explore the impact of heterogeneous cells on the neural

development of adenomyosis. Single-cell sequencing
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technology has gained widespread application in numerous

fields (20, 21). In the present study, in order to explore the

mechanisms of adenomyosis pain, we applied single-cell

sequencing technology to comprehensively analyze the

characteristics of cells within the lesions of adenomyosis. Here,

we identified a novel type of NTK cells in the foci of patients with

adenomyosis pain that regulates cell differentiation and even

induces stem cells to differentiate into neural-like cells.

Natural killer cells (NKT cells) were identified as a distinct

lymphocyte lineage defined by the expression of a single invariant

T-cell receptor (TCR) chain encoded by V24J18 in humans, which

is predominantly associated with a restricted repertoire of TCR

chains, primarily V11 in humans (22–24). Type I and type II NKT

cells have been identified as the subpopulations of NKT cells, and

both of these subpopulations recognize CD1d-presented lipid

antigens, respectively (25, 26). Despite the fact that NKT cells

constitute a small fraction of lymphocytes, they play an essential

role in the immunomodulation of a wide range of diseases,

including infections, autoimmune diseases, tumors, and even

neurologically associated disorders (27, 28). NKT cells are

widely accepted to be capable of secreting significant amounts

of cytokines such as interferon-gamma (IFN-gamma),

interleukin-17 (IL-17), interleukin-4 (IL-4), and interleukin-10

(IL-10), all of which are required for the initiation and modulation

of diverse immune responses (29), but it has been shown in

research that invariant (type I) NKT cells may block Th17

differentiation in the absence of cytokines (30). It is

unsurprising that the cytokines released by NKT cells are also

capable of regulating cell differentiation in addition to inducing an

immune response.

In the present study, we identified NKT cells in the foci of

patients with adenomyosis pain by single-cell sequencing and

deduced the relationship between novel NKT cells and neuronal

cell differentiation at the adenomyosis lesion.
Methods

Sample collection and ethics

Tissue samples were collected from 10 adenomyosis

patients with dysmenorrhea (AM_Pain group) [visual analog

scale (VAS) ≥4] and 12 adenomyosis patients without

dysmenorrhea (AM_Painfree group) as controls undergoing

hysterectomy (details in Table 1). The MRI images of all

patients indicated that the entire myometrium was affected

by adenomyosis. The visual analog scale (VAS) was used to

assess the level of dysmenorrhea. The left end of the VAS was

scored as 0 to represent “no pain,” while the right end was

scored as 10, meaning the “most severe pain imagined” (31,

32). All enrolled patients did not receive hormone treatment in

6 months. Among them, the tissues from two adenomyosis

patients with painful menstruation and two control patients
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were subjected to single cell RNA-sequences (scRNA-seq) and

the other 36 samples were utilized for the validation using

quantitative real-time polymerase chain reaction (qRT-PCR)

or multiplex immunofluorescence. This project was approved

by Ethics Committee of Ningbo Women and Children’s

Hospital (NO. EC2022-M012).
Cell preparation

Adenomyosis tissues were digested into a single-cell

suspension by collagenase IV(17104019, Gibco, USA) in 37°C

for 2 h. The undigested tissue pieces were removed by a 100 mm
cell filter. Cells were collected with centrifuge and washed three

times. Samples were next diluted with PBS (phosphate buffered

saline) containing 0.04% Bovine Serum Albumin (BSA, BBI,

Shanghai, China) to the density of approximately 1 × 106 cells/

ml. The density of live cells was counted by an automated cell

counter (Thermo Fisher, USA). The cell viability of samples used

for scRNA sequencing was 92% for adenomyosis with

dysmenorrhea sample and 91% for the control sample.
scRNA-seq using 10×genomics

The density of the single-cell suspension was adjusted to

1,100 cells/ml. The cell suspension was mixed with gel beads

including barcodes and the reaction solution. The mixture

was loaded into chromium chip B via the microfluidic
Frontiers in Immunology 03
“double-cross” system to the formation of gel bead in

emulsion (GEM). The remaining procedures including

reverse transcription and the library construction were

performed according to the standard manufacturer ’s

instructions. The DNA library was sequenced on NovaSeq

with approximately 50,000–100,000 reads per cells. Single-

cell analyses were performed using the lC-bio cloud platform.

For quality control, low-quality cells (<3 cells/gene, <200

cells/gene, >6,500 genes/cell, >5% hemoglobin genes, and

>30% mitochondrial genes) were removed. The number of

reads, valid barcodes, sequencing saturation, and the Q30

base in Unique Molecular Identifiers (UMI) were similar

among the four samples.
Identification of cell cluster by uniform
manifold approximation and projection
analysis of scRNA-seq datasets

To identify major cell types, we performed uniform manifold

approximation and projection (UMAP) using the Serat package of R

software. To distinguish the cell types, we screened the marker genes

through web-based CellMarker databases (http://biocc.hrbmu.edu.

cn/CellMarker/). The detailed marker genes were listed below:

IGHG1, IGKC, and IGLC2 for B cells; ITGAM, CD1C, and

ITGAX for dendritic cells; CD68, TLR2, and CD163 for

macrophage cells; KIT, FCER2, and TPSB2 for mast cells; KLRF1,

KLRD1, and TRDC for NK cells; TM4SF1, PECAM1, and CDH5 for

endothelial cells; CD3G and CD3E for T cells; GYPA for red blood
TABLE 1 Subject's Characteristics in women with and without AM pain.

Parameters AM painfree
(n=10)

AM pain
(n=8)

P value

Age 38±5.9 37±4.17 0.6913

Menstrual cycle phase

Proliferative 3(30%) 3(37.5%)

Secretory 7(70%) 5(62.5%)

Pain-related information

Duration of chronic pain(y)

≤2 years 1(12.5%)

>2 years ≤5 years 4(50%)

>5 years 3(37.5%)

VSA score

>4 ≤6 3(37.5%)

>6 5(62.5%)

Administration of pain medication

Yes 2(25%)

NO 6(75%)

Size of Cyst(cm3)

<100cm3 4(40%) 3(37.5%)

<500cm3, ≥100cm3 4(40%) 4(50%)

≥500cm3 2(20%) 1(12.5%)
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cells; MMP11, SFRP1, and CD24 for multipotent stem cells; CDH1,

KRT18, and EPCAM for epithelial cells; and CCL2, TWIST1, and

ZEB2 for mesenchymal cells (more details in Supplementary File 1).

The heat map and violin plots were generated from R package using

the default complete-linkage clustering algorithm.
Bioinformatics analysis of biological
process enrichment, pathway
enrichment prediction, and single-cell
trajectories

We used the DAVID server to perform biological process

enrichment analysis with significant differentially expressed genes

in each cluster. We applied the gene sets of the Gene Ontology

(GO) pathway to predict the downstream pathways of differential

genes for each cell type. The monocle package of R software was

used to analyze the single-cell trajectory in multipotent stem cells

subtypes for discovering the developmental transition of

multipotent stem cells.
RNA extraction and quantitative real-
time polymerase chain reaction

Total RNA was extracted from adenomyosis tissues using a

TRIzol™ reagent (Life Technologies, Waltham, MA, USA),

following the manufacturer’s instructions. Extracted RNA was

resuspended in 20–30 ml RNase-free DEPC (diethypyrocarbonate)

water and stored at −80°C. cDNA was synthesized using a

transcription kit as per the manufacturer’s instructions (Vazyme

Biotech, Nanjing, China). qRT-PCR analysis was conducted using

the ChamQ SYBR qPCR Master Mix (Vazyme Biotech, Nanjing,

China) on an Applied Biosystems 7500 Real-Time PCR System and

associated software (Applied Biosystems, Waltham, MA, USA).

After the initial denaturation step at 95°C for 15 s, three-step

amplification was performed (95°C for 10 s, 60°C for 35 s) for 40

cycles. The relative expression levels ofmRNAswere calculated with

2–DCt. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was

used as an internal control. The specific mRNA primers used for

qRT-PCR are presented in Table 2.
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Multiple immunofluorescence staining

Formalin-fixed paraffin-embedded adenomyosis tissues

were sectioned into 4-mM-thick tissue slices. Slices were

deparaffinized in xylene, rehydrated through graded

ethanol, and boiled for 10 min in a citrate buffer (pH 6.0)

for antigen retrieval. Endogenous peroxidase activity was

suppressed by exposure to 3% hydrogen peroxide for

10 min at RT (room temperature). Tissue sections were

then permeabilized by 0.1% TritonX-100 (Sigma-Aldrich,

Darmstadt, Germany) for 10 min. Unspecific bindings were

blocked by using PBS + 5% normal goat serum for 1 h at RT.

Tissue sections were incubated overnight at 4°C with the

following anti-IGFBP5(1:200, CST, Danvers, Massachusetts,

USA), anti-PGP5.5 (1:200, abcam, Danvers, Massachusetts,

USA), anti-CD8 APC (1:250, thermo, Waltham, MA, USA),

anti-NKG7 (1:200, affinity, Suzhou, China), and anti-SFRP4

(1:200, abcam, Waltham, MA, USA). On the second day,

slides were washed three times in PBS and incubated with the

secondary antibody: goat anti-rabbit antibody 488 (1:500,

abcam, Waltham, MA, USA), anti-mouse antibody 564

(1:500, abcam, Waltham, MA, USA) and anti-rat antibody

405(1:500, abcam, Waltham, MA, USA) for 1 h at RT in the

dark. Finally, sections were mounted using a fluorescent

mounting medium and visualized under a fluorescent

microscope (Leica, Germany) and a confocal laser scanning

microscope (FV3000, Olympus, Japan).
Statistical analysis

Statistical analysis was performed using GraphPad Prism

version 8.0 (GraphPad) and SPSS software (version 20.0; IBM

Corp., Armonk, NY, United States). Comparisons between two

group experiments were performed using a two-tailed Student’s

t-test, while multiple comparisons between the groups were

analyzed using a one-way analysis of variance (ANOVA),

followed by the Student–Newman–Keuls test. All experiments

were performed in triplicate, and the quantification of results

was presented as the mean ± standard deviation. p < 0.05 was

considered statistically significant.
TABLE 2 Primer sequences.

Primer Name Sequence

NEFM homo F: 5’- AGGCCCTGACAGCCATTAC - 3’
R: 5’- CTCTTCGGCTTGGTCTGACTT - 3’

IGBP6 homo F: 5’- GAGGGGCTCAAACACTCTACG - 3’
R: 5’- CCATCCGATCCACACACCA - 3’

GATA2 homo F: 5’ - ACTGACGGAGAGCATGAAGAT - 3’
R: 5’ - CCGGCACATAGGAGGGGTA - 3’

HMGA1 homo F: 5’ - GCTGGTAGGGAGTCAGAAGGA -3’
R: 5’ - TGGTGGTTTTCCGGGTCTTG - 3’
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Results

Single-cell analysis of ectopic lesion of
Adenomyosis with pain and pain-free

To understand the potential molecular mechanisms of the

hypersensitivity of neuroreceptors of AM, we analyzed lesion

samples by scRNA-seq (Figure 1A). The scRNA-seq data were

analyzed after initial quality control (QC) for filtering cells. A

total of 15,658.5 ± 383.959 cells from AM-pain and 12,266 ±

4,414.761 cells from the AM-pain free group were sequenced

and an average of approximately 32,332 reads per cell

(Supplementary File 2). The cell transcriptomes from the four

samples were combined and analyzed to detect the presence of
Frontiers in Immunology 05
potentially rare cell subtypes. UMAP analysis was performed,

and 24 cell clusters were obtained. All of the cell clusters from

the AM_Pain group and AM_Painfree group are shown in

Figure 1B. The top differentially expressed genes of each

cluster are shown in the heat map (Supplementary File 3). The

24 clusters were identified into 10 different cell types according

to well-known marker genes (Supplementary File 4), including

macrophages, dendritic cells, NK/T cells, epithelial cells,

mesenchymal cells, myofibroblasts, B cells, mast cells,

endothelial cells, red blood cells, and multipotent stem cells

(Figures 1B, C). The proportion of each cell type in the tissue is

shown in Figure 1D. An issue of interest is that the proportion of

multipotent stem cells (including cluster 3 and 13) in the

AM_Pain group was 30% compared to only 1% in the
A

B

D

E

C

FIGURE 1

Identification of adenomyosis populations with single-cell transcriptomic analysis. (A) The workflow shows the collection and processing of
obtained endometrium samples of AM_Painfree and AM_Pain for scRNA-seq. (B) Uniform manifold approximation and projection visualization
of all cells displayed with different colors for samples. (C) For violin plots, x-axes stand for the numbers of clusters, and y-axes stand for the
relative expression level of corresponding genes. (D) Percentage of the number of cells of each type. (E) Difference in clusters between AM_Pain
and AM_Painfree groups. AM, adenomyosis.
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AM_Painfree group (Figure 1D). Additionally, cluster 24 was a

unique cell group in the AM_Pain group (Figure 1E).
SFRP4+ natural killer T cells were
explicitly present in the tissues of
patients with adenomyosis pain

We discovered that cluster 24 was specifically present in the

foci of patients with adenomyosis pain compared to the pain-

free group by attributing the composition of cell subpopulations

in the two groups. We screened cluster 24 for marker genes and

observed that this cell population was ubiquitously expressed in

the marker genes of natural killer T cells (NKT cells), CD8A,

NKG7 (Figure 2A). We performed differential gene analysis on
Frontiers in Immunology 06
cluster 24 cell populations from both groups and found that the

differential genes that were remarkably overexpressed in the

adenomyosis pain group were SFRP4 andMMP11 (log2(FC)>2).

In addition, MDK, CRABP2, ESR1. IGFBP5, and PEMPA1 were

presented high expression in the adenomyosis pain group (log2

(FC)>1)(Figure 2B). The GO enrichment analysis of these

differential genes indicates that they could influence cell

differentiation and development, including neuronal and

immune cells, via protein binding and might even affect

neurotransmitter transmission in biological processes

(Figure 2C). The SFRP family proteins have been widely

documented to suppress cell differentiation via inhibiting the

Wnt/-catenin signaling pathway (33, 34). This might explain the

presence of large numbers of undifferentiated cells in the

adenomyosis pain group. We used immunofluorescence and
A

B

D

C

FIGURE 2

SFRP4+ NKT cells are specifically present in the AM_Pain group. (A) CD8, NKG7, and SFRP4 define the cluster 24 cell population. (B)
Comparison of differential genes in cluster 24 cell groups (AM_Painfree group vs. AM_Pain group). (C) GO analysis of cluster 24 cell populations.
(D) SFRP4-specific expression in NKT cells in the AM_Pain group.****<0.0001.
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flow cytometry to clarify that SFRP4+NKT cells are abundantly

present in the tissues of the AM_Pain group (Figure 2D).
Multipotential stem cells possess the
potential to differentiate into neural
progenitor cells

Because of the aberrant expression of SFRP4, we found that the

number of cells in the multipotent stem cell population (i.e., cluster

3 and cluster 13) was substantially higher in the AM_Pain group

compared to the AM_Painfree group (Figure 3A). In order to

explore into what type of cells this large population of

multipotential stem cells would eventually differentiate into,
Frontiers in Immunology 07
we performed the single-cell trajectory analysis on this cell

population. The results of the pseudotimeline analysis implied

that, as time progressed, there were statistically significant

differences between the AM_Pain group compared to the

AM_Painfree group in two directions, namely, the U1 cell

population and the U2 cell population (Figure 3B). We identified

two unknown cell populations of cell markers and discovered that

the developmental direction of U1 progressively overexpressed

NEFM, CD24, and B2M, which were associated with neural

progenitors over time, while the developmental direction of U2

progressively overexpressed ACTA2 and TAGLN, which were

related to smooth muscle cells (Figure 3C). Therefore, we assume

that this cluster of stem-like multipotent progenitor cells has the

potential to differentiate into neural progenitor cells.
A B

C

FIGURE 3

Differentiation of multipotent stem cells into neural-like cells in the single-cell trajectory analysis. (A) Comparison of cluster 3 and 13 cell
numbers between AM_Painfree and AM_Pain groups. (B) Multipotent stem cells differentiated into two main cell populations in the AM_Pain
group with the pseudotimeline, U1 and U2. (C) The U1 region cells mainly expressed nerve-associated markers, NEFM, CD24, and B2M, while
the U2 region cells primarily expressed smooth muscle cell–associated markers, ACTA2 and TAGLN.
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SFRP4+IGFBP5hi NKT cells might be a
crucial factor in the induction of neural-
like cell differentiation

A further challenge is what enables these multipotent stem

cells to ultimately differentiate into neural-like cells. According

to the previous genetic analysis of cluster 24, it was observed that

IGFBP5 was highly expressed in the AM_Pain group. The gene

IGFBP5, which has been linked to neuropathic differentiation

(35). Therefore, we suspected IGFBP5 might play a vital role in

the process of multipotent stem cells differentiating into

neurogenic cells. To investigate the origin of IGFBP5, we

simultaneously labeled SFRP4+NKT cells, IGFBP5 protein, and

nerve fibers (PGP5.5) by multicolor immunofluorescence. The
Frontiers in Immunology 08
immunofluorescence results indicated that the number of nerve

fibers was significantly increased in the AM pain group

compared to the AM non-pain group. Meanwhile ,

SFRP4+NKT cells were highly IGFBP5-expressing and secreted

IGFBP5 was expressed in and around the nerve fibers

themselves. (Figure 4A). Furthermore, the genetic heat map of

the single-cell trajectory indicated that several genes related to

nerve growth and neuroinflammatory factors, such as IGFBP6,

NEFM, GATA2 and HMGA1, appeared to be highly expressed

in multipotent stem cells at the end stage of differentiation

(Figure 4B). In contrast, IGFBP5 expression remained

consistently high throughout the differentiation process

(Supplementary File 4). We verified that these genes indeed

appeared highly expressed in AM_Pain group by RT-PCR
A

B

C

FIGURE 4

SFRP4+IGFBP5hiNKT cells induced neural-like cell differentiation and pain-related factor expression. (A) Immunofluorescence revealed a
considerable number of nerve fibers in the AM pain group, as well as elevated IGFBP5 production by SFRP4+NKT cells. PGP5.5 stands for nerve
fibers. NKG7 and SFRP4 stand for NKT cells. (B) Based on pseudotime analysis, a gene heat map displaying the expression of nerve development
and pain-related components was under development. Validation of RT-PCR for associated mRNA expression in AM tissues. (C) The IGFBP5
protein expression level was correlated positively with the VAS score, while the NEFM mRNA expression level was correlated positively with the
duration of discomfort. The data were distributed normally.
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(Figure 4B). To clarify whether these genes were associated with

the duration of pain and VAS scores, we performed a correlation

analysis, and first we identified that there was a positive

correlation between the protein expression intensity of

IGFBP5 and VAS scores(spearman:0.875, p=0.004). More

importantly, there was also a positive correlation between the

gene expression of NEFM and the duration of pain in AM_Pain

patients (spearman:0.994, p=0.000)(Figure 4C).
Discussion

Adenomyosis is a sex hormone–dependent condition

induced by increased inflammation, which has an influence on

apoptosis and neurovascular development (36, 37). Although

more advanced diagnostic methods permit the majority of

women with adenomyosis to be recognized sooner, there is

mounting evidence that the onset of adenomyosis has gotten

more youth (7, 38). According to statistics, 30% of patients

diagnosed with adenomyosis are young women who experience

peritoneal pain, irregular uterine bleeding, and infertility (39).

As a consequence, a conservative strategy targeted at

maintaining or restoring fertility while simultaneously

controlling clinical symptoms should be investigated.

However, existing care approaches are unsuccessful in

reducing adenomyosis pain. Therefore, understanding the

processes underlying adenomyosis pain is crucial for designing

more effective treatment regimens.

Although only two samples were sequenced in both the

adenomyosis pain group and the adenomyosis non-pain group

in this single-cell sequencing, laboratory tests were performed on

each group (n = 10 for AM_Painfree group and n = 8 for

AM_Pain group) to confirm the presence of NKT cells and the

increase in neural progenitor cells in the adenomyosis pain

group in order to increase the feasibility of the results.

In comparison to the adenomyosis non-pain group, the

adenomyosis pain group had a greater proportion of

undifferentiated cell populations, including cluster 3 and

cluster 13, and, even within the NKT (cluster 24) cell

population, there was still a high level of expression of

progenitor-related genes such as SFRP1 and MDK4. This

phenomenon might be characterized by excessive SFRP4

expression in the cluster 24 cell population. Secreted frizzled-

related protein 4 (SFRP4) is a member of the SFRP family that

acts as a soluble regulator of Wnt signaling (40). Various studies

have shown that SFRP4 has the ability to modulate a variety of

biological processes. SFRP4 has been demonstrated in several

studies to have dual functions, not only increasing apoptosis and

negatively regulating differentiation (41–43) but also modulating

cardiomyocyte (44) and skin keratinocyte differentiation in a
Frontiers in Immunology 09
targeted way (45). IF confirmed that SFRP4+ NKT cells were

present in the lesions of patients with adenomyosis pain and

produced a significant quantity of SFRP4 into the extracellular

tissue space. According to the GO analysis, it was noticeable that

SFRP4+ NKT cells might govern the differentiation of a range of

cells, including myofibroblasts and immune cells, which

explained the existence of a significant number of

undifferentiated progenitor cells in the lesions of the

adenomyosis pain group.

Despite the identification of cell populations, we observed a

substantial population of undifferentiated cells with a stem-like

origin in the adenomyosis pain group, but this could not explain

the incidence of adenomyosis pain. Therefore, we performed the

single-cell trajectory analysis of cluster 3 and 13 in the

adenomyosis pain group to investigate which cell type would

develop in the pseudotimeline. It was shown that, over time, one

of the populations would express neurogenic markers, NEFM,

CD24, and B2M. We also did qPCR on the adenomyosis pain

group and the non-pain group and discovered that several

mRNAs associated with nerve growth and neuroinflammatory

factors, NEFM, GATA2, HMGA1, and IGFBP6, were

considerably more strongly expressed in the adenomyosis pain

group than in the non-pain group. More notably, we discovered

that the NEFM mRNA of these neurogenic markers in the

adenomyosis pain group exhibited a positive association with

the duration of pain. The NEFM (neruofilament medium) is the

main component that makes up the neurofilament. The function

of neurofilaments forming the axonal skeleton is to maintain the

caliber of neurons and to participate in intracellular transport to

axons and dendrites (46, 47). Not only is NEFM considered as a

positive signal for the successful differentiation of mature

neurons (48), but it has also been defined as one of the

possible candidates contributing to the fear of pain (49).

More importantly, we have bioinformatically predicted a

gene that might stimulate the differentiation of this population

of stem cells into neural-like cells. During the process of cluster 3

and cluster 13 evolution, cells consistently overexpressed

IGFBP5, a gene that was similarly aberrantly expressed in

SFRP4+ NKT cells. Insulin-like growth factor binding proteins

(IGFBPs) are carrier proteins for insulin-like growth factors and

may modulate the activity of IGFs. IGFBPs have been previously

demonstrated to influence the development of mesenchymal

stem cells; for example, IGFBP2 regulates lipogenic cell

differentiation. IGFBP5 is also a member of the IGFBP family

of proteins. Yang (2019) reported that IGFBP5 not only induces

differentiation of MSCs to dentinal cells but also, more

surprisingly, induces the differentiation of stem cells from the

dental pulp (DPSCs) into vascular and neural cells (50). We

found a high expression of IGFBP5 in both nerve fibers labeled

by neurogenic proteins and surrounding SFRP4+ NKT cells in
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tissue slides from the adenomyosis pain group, which indicates

that the IGFBP5 that induces the differentiation of stem cell

clusters into neurogenic cells might be derived from SFRP4+

NKT cells. In addition, it was well known that IGFBP5 not only

induces cell differentiation (51) but may also modulate the

hypersensitivity of nociceptive neurons in a peripheral nerve

injury mouse model (52). In the present study, the protein

expression levels of IGFBP5 were also found to be positively

correlated with pain scores (VSA).

In the present study, we performed a comprehensive

investigation of foci from patients with adenomyosis pain by single-

cell sequencing and identified the existence of a high number of stem

cells that can be turned into neurogenic cells, offering a new proof for

the stem cell hypothesis of adenomyosis. Meanwhile, the recently

found SFRP4+IGFBP5hi NKT cells may provide a novel therapeutic

target for controlling adenomyosis pain. We will continue our study

on the mechanism of SFRP4+IGFBP5hi NKT cell presence and

provide a laboratory basis for neurogenic stem cell transformation.

However, in the present experiment, although we confirmed the

presence of a large number of undifferentiated cells in the

adenomyosis pain group, there was no further evidence on the

biological functions of SFRP4 and IGFBP5. The origin and future

direction of the differentiation of this population of stem cells still

need to be demonstrated in a great amount of follow-up assays, and

these will be the focus of our future research.
Conclusion

In the current investigation, we discovered a novel cluster of

NKT cells, SFRP4+IGFBP5hiNKT cells, in the foci of patients with

adenomyosis pain by single-cell sequencing. More critically, we

observed that these SFRP4+IGFBP5hiNKT cells were connected

with a substantial number of undifferentiated stem cells in the foci.

Furthermore, this cluster of cells was capable of converting part of

the stem cells into neurogenic cells and inducing pain.
Data availability statement

The data presented in the study are deposited in the GEO

databease, accession number GSE218044.
Ethics statement

The studies involving human participants were reviewed and

approved by the ethical committee of the Ethics Committee of

Ningbo Women and Children Hospital (NO. EC2022-M012).
Frontiers in Immunology 10
The patients/participants provided their written informed

consent to participate in this study.
Author contributions

YC and JingZ: Designed the study, conducted experiments,

analyzed the data, performed the statistical analysis, and wrote the

manuscript. JuZ and YS: Conducted experiments and analyzed

the data. LC: Provided scientific support and discussion. QW:

Critically reviewed the manuscript and provided scientific support

for experiments. All authors read and approved the final version

of the manuscript.
Funding

This work is supported by a Project supported by the

National Science Foundation for Young Scientists of China

(Grant No. 81901459), Public Welfare Projects in Zhejiang

Province (Grant No. LGF19H040003) and First Municipal

Medical and Health Brand Foundation of Ningbo(Grant No.

PPXK2018-06). Ningbo Natural Science Foundation Project

(Grant No. 2022JCGY010631)
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fimmu.2022.945504/full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.945504/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.945504/full#supplementary-material
https://doi.org/10.3389/fimmu.2022.945504
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chen et al. 10.3389/fimmu.2022.945504
References

1. Brosens JJ, de Souza NM, Barker FG. Uterine junctional zone: Function and

disease. Lancet (1995) 346:558–60. doi: 10.1016/S0140-6736(95)91387-4

2. Zhang Y, Zhou L, Li TC, Duan H, Yu P, Wang HY. Ultrastructural features of
endometrial-myometrial interface and its alteration in adenomyosis. Int J Clin Exp
Pathol (2014) 7:1469–77.

3. Just PA, Moret S, Borghese B, Chapron C. [Endometriosis and adenomyosis].
Ann Pathol (2021) 41:521–34. doi: 10.1016/j.annpat.2021.03.012

4. Puente JM, Fabris A, Patel J, Patel A, Cerrillo M, Requena A, et al.
Adenomyosis in infertile women: Prevalence and the role of 3D ultrasound as a
marker of severity of the disease. Reprod Biol Endocrinol (2016) 14:60. doi: 10.1186/
s12958-016-0185-6

5. Di Donato N, Montanari G, Benfenati A, Leonardi D, Bertoldo V, Monti G,
et al. Prevalence of adenomyosis in women undergoing surgery for endometriosis.
Eur J obstetrics gynecol Reprod Biol (2014) 181:289–93. doi: 10.1016/
j.ejogrb.2014.08.016

6. Eisenberg VH, Arbib N, Schiff E, Goldenberg M, Seidman DS, Soriano D.
Sonographic signs of adenomyosis are prevalent in women undergoing surgery for
endometriosis and may suggest a higher risk of infertility. BioMed Res Int (2017)
2017:8967803. doi: 10.1155/2017/8967803

7. Naftalin J, HooW, PatemanK,Mavrelos D, Holland T, Jurkovic D.How common
is adenomyosis? a prospective study of prevalence using transvaginal ultrasound in a
gynaecology clinic. Hum Reprod (2012) 27:3432–9. doi: 10.1093/humrep/des332

8. Habiba M, Benagiano G. Classifying adenomyosis: Progress and challenges.
Int J Environ Res Public Health (2021) 18:e1–16. doi: 10.3390/ijerph182312386

9. Garcia L, Isaacson K. Adenomyosis: review of the literature. J Minim Invasive
Gynecol (2011) 18:428–37. doi: 10.1016/j.jmig.2011.04.004

10. Bourdon M, Santulli P, Marcellin L, Maignien C, Maitrot-Mantelet L,
Chapron C. [Adenomyosis pathophysiology: An unresolved enigma]. Gynecol
Obstet Fertil Senol (2022) 50:182–8. doi: 10.1016/j.gofs.2021.10.005

11. Orazov MR, Nosenko EN, Radzinsky VE, Khamoshina MB, Lebedeva MG,
Sounov MA. Proangiogenic features in chronic pelvic pain caused by adenomyosis.
Gynecol Endocrinol (2016) 32:7–10. doi: 10.1080/09513590.2016.1232902

12. Radzinsky VE, Khamoshina MB, Nosenko EN, Dukhin AO, Sojunov MA,
Orazmuradov AA, et al. Treatment strategies for pelvic pain associated with
adenomyosis.Gynecol Endocrinol (2016) 32:19–22. doi: 10.1080/09513590.2016.1232673

13. Che X, Wang J, He J, Guo X, Li T, Zhang X. The new application of
mifepristone in the relief of adenomyosis-caused dysmenorrhea. Int J Med Sci
(2020) 17:224–33. doi: 10.7150/ijms.39252

14. Orazov MR, Radzinskiy VE, Nosenko OM. [The role of inflammatory and
immune reactivity in developing pain in adenomyosis ]. Patol Fiziol Eksp Ter
(2016) 60:40–4.

15. Burney RO, Giudice LC. Pathogenesis and pathophysiology of
endometriosis. Fertil steril (2012) 98:511–9. doi: 10.1016/j.fertnstert.2012.06.029

16. Hoo PS, Norhaslinda AR, Reza JN. Rare case of leiomyoma and
adenomyosis in Mayer-Rokitansky-Kuster-Hauser syndrome. Case Rep Obstet
Gynecol (2016) 2016:3725043. doi: 10.1155/2016/3725043

17. Gotte M, Wolf M, Staebler A, Buchweitz O, Kelsch R, Schuring AN, et al.
Increased expression of the adult stem cell marker musashi-1 in endometriosis and
endometrial carcinoma. J Pathol (2008) 215:317–29. doi: 10.1002/path.2364

18. Masuda H, Anwar SS, Buhring HJ, Rao JR, Gargett CE. A novel marker of
human endometrial mesenchymal stem-like cells. Cell Transplant (2012) 21:2201–
14. doi: 10.3727/096368911X637362

19. Schwab KE, Gargett CE. Co-Expression of two perivascular cell markers
isolates mesenchymal stem-like cells from human endometrium. Hum Reprod
(2007) 22:2903–11. doi: 10.1093/humrep/dem265

20. Kulkarni A, Anderson AG, Merullo DP, Konopka G. Beyond bulk: a review
of single cell transcriptomics methodologies and applications. Curr Opin Biotechnol
(2019) 58:129–36. doi: 10.1016/j.copbio.2019.03.001

21. Sklavenitis-Pistofidis R, Getz G, Ghobrial I. Single-cell RNA sequencing: One
step closer to the clinic. Nat Med (2021) 27:375–6. doi: 10.1038/s41591-021-01276-y

22. Taniguchi M, Harada M, Kojo S, Nakayama T, Wakao H. The
regulatory role of Valpha14 NKT cells in innate and acquired immune
response . Annu Rev Immunol (2003) 21 :483–513 . doi : 10 .1146/
annurev.immunol.21.120601.141057

23. Godfrey DI, MacDonald HR, Kronenberg M, Smyth MJ, Van Kaer L. NKT
cells: what's in a name? Nat Rev Immunol (2004) 4:231–7. doi: 10.1038/nri1309

24. Bendelac A, Savage PB, Teyton L. The biology of NKT cells. Annu Rev
Immunol (2007) 25:297–336. doi: 10.1146/annurev.immunol.25.022106.141711

25. Godfrey DI, Stankovic S, Baxter AG. Raising the NKT cell family. Nat
Immunol (2010) 11:197–206. doi: 10.1038/ni.1841
Frontiers in Immunology 11
26. Nishioka Y, Masuda S, Tomaru U, Ishizu A. CD1d-restricted type II NKT
cells reactive with endogenous hydrophobic peptides. Front Immunol (2018) 9:548.
doi: 10.3389/fimmu.2018.00548

27. Brettschneider EES, Terabe M. The role of NKT cells in glioblastoma. Cells
(2021) 10:1641–64. doi: 10.3390/cells10071641

28. Liu X, Li L, Si F, Huang L, Zhao Y, Zhang C, et al. NK and NKT cells have
distinct properties and functions in cancer. Oncogene (2021) 40:4521–37. doi:
10.1038/s41388-021-01880-9

29. Brennan PJ, Brigl M, Brenner MB. Invariant natural killer T cells: an innate
activation scheme linked to diverse effector functions. Nat Rev Immunol (2013)
13:101–17. doi: 10.1038/nri3369

30. Oh K, Byoun OJ, Ham DI, Kim YS, Lee DS. Invariant NKT cells regulate
experimental autoimmune uveitis through inhibition of Th17 differentiation. Eur J
Immunol (2011) 41:392–402. doi: 10.1002/eji.201040569

31. Williams JWJr., Holleman DRJr., Simel DL. Measuring shoulder function
with the shoulder pain and disability index. J Rheumatol (1995) 22:727–32.

32. Beaton DE, Richards RR. Measuring function of the shoulder. a cross-
sectional comparison of five questionnaires. J Bone Joint Surg Am (1996) 78:882–
90. doi: 10.2106/00004623-199606000-00011

33. Li H, Zhao J, Sun J, Tian C, Jiang Q, Ding C, et al. Demethylation of the
SFRP4 promoter drives gastric cancer progression via the wnt pathway.Mol Cancer
Res (2021) 19:1454–64. doi: 10.1158/1541-7786.MCR-20-0933

34. Guan H, Zhang Y, Gao S, Bai L, Zhao S, Cheng XW, et al. Differential
patterns of secreted frizzled-related protein 4 (SFRP4) in adipocyte differentiation:
Adipose depot specificity. Cell Physiol Biochem (2018) 46:2149–64. doi: 10.1159/
000489545

35. Wang T, Wang CJ, Tian S, Song HB. Overexpressed IGFBP5 promotes cell
proliferation and inhibits apoptosis of nucleus pulposus derived from rats with disc
degeneration through inactivating the ERK/MAPK axis. J Cell Biochem (2019)
120:18782–92. doi: 10.1002/jcb.29191

36. Vannuccini S, Tosti C, Carmona F, Huang SJ, Chapron C, Guo SW, et al.
Pathogenesis of adenomyosis: An update on molecular mechanisms. Reprod
BioMed Online (2017) 35:592–601. doi: 10.1016/j.rbmo.2017.06.016

37. Van den Bosch T, Dueholm M, Leone FP, Valentin L, Rasmussen CK,
Votino A, et al. Terms, definitions and measurements to describe sonographic
features of myometrium and uterine masses: a consensus opinion from the
morphological uterus sonographic assessment (MUSA) group. Ultrasound Obstet
Gynecol (2015) 46:284–98. doi: 10.1002/uog.14806

38. Chapron C, Tosti C, Marcellin L, Bourdon M, Lafay-Pillet MC, Millischer
AE, et al. Relationship between the magnetic resonance imaging appearance of
adenomyosis and endometriosis phenotypes. Hum Reprod (2017) 32:1393–401.
doi: 10.1093/humrep/dex088

39. Pinzauti S, Lazzeri L, Tosti C, Centini G, Orlandini C, Luisi S, et al.
Transvaginal sonographic features of diffuse adenomyosis in 18-30-year-old
nulligravid women without endometriosis: association with symptoms.
Ultrasound Obstet Gynecol (2015) 46:730–6. doi: 10.1002/uog.14834

40. Zamberlam G, Lapointe E, Abedini A, Rico C, Godin P, Paquet M, et al.
SFRP4 is a negative regulator of ovarian follicle development and female fertility.
Endocrinology (2019) 160:1561–72. doi: 10.1210/en.2019-00212

41. Wu Q, Xu C, Zeng X, Zhang Z, Yang B, Rao Z. Tumor suppressor role of
sFRP4 in hepatocellular carcinoma via the wnt/betacatenin signaling pathway.Mol
Med Rep (2021) 23:336–47. doi: 10.3892/mmr.2021.11975

42. Xie Y, Wang F, Yu J, Zhang J, Liu Y, Li M, et al. Silencing of MBD2
and EZH2 inhibits the proliferation of colorectal carcinoma cells by
rescuing the expression of SFRP. Oncol Rep (2021) 46:250–63. doi:
10.3892/or.2021.8201

43. Yasmin IA, Mohana Sundaram S, Banerjee A, Varier L, Dharmarajan A,
Warrier S. Netrin-like domain of sFRP4, a wnt antagonist inhibits stemness,
metastatic and invasive properties by specifically blocking MMP-2 in cancer
stem cells from human glioma cell line U87MG. Exp Cell Res (2021) 409:112912.
doi: 10.1016/j.yexcr.2021.112912

44. Li N, Zhang T, He M, Mu Y. MeCP2 attenuates cardiomyocyte hypoxia/
reperfusion-induced injury via regulation of the SFRP4/Wnt/beta-catenin axis.
Biomarkers (2021) 26:363–70. doi: 10.1080/1354750X.2021.1903999

45. Maganga R, Giles N, Adcroft K, Unni A, Keeney D, Wood F, et al. Secreted
frizzled related protein-4 (sFRP4) promotes epidermal differentiation and
apoptosis. Biochem Biophys Res Commun (2008) 377:606–11. doi: 10.1016/
j.bbrc.2008.10.050

46. Kudo LC, Parfenova L, Vi N, Lau K, Pomakian J, Valdmanis P, et al.
Integrative gene-tissue microarray-based approach for identification of human
disease biomarkers: Application to amyotrophic lateral sclerosis. Hum Mol Genet
(2010) 19:3233–53. doi: 10.1093/hmg/ddq232
frontiersin.org

https://doi.org/10.1016/S0140-6736(95)91387-4
https://doi.org/10.1016/j.annpat.2021.03.012
https://doi.org/10.1186/s12958-016-0185-6
https://doi.org/10.1186/s12958-016-0185-6
https://doi.org/10.1016/j.ejogrb.2014.08.016
https://doi.org/10.1016/j.ejogrb.2014.08.016
https://doi.org/10.1155/2017/8967803
https://doi.org/10.1093/humrep/des332
https://doi.org/10.3390/ijerph182312386
https://doi.org/10.1016/j.jmig.2011.04.004
https://doi.org/10.1016/j.gofs.2021.10.005
https://doi.org/10.1080/09513590.2016.1232902
https://doi.org/10.1080/09513590.2016.1232673
https://doi.org/10.7150/ijms.39252
https://doi.org/10.1016/j.fertnstert.2012.06.029
https://doi.org/10.1155/2016/3725043
https://doi.org/10.1002/path.2364
https://doi.org/10.3727/096368911X637362
https://doi.org/10.1093/humrep/dem265
https://doi.org/10.1016/j.copbio.2019.03.001
https://doi.org/10.1038/s41591-021-01276-y
https://doi.org/10.1146/annurev.immunol.21.120601.141057
https://doi.org/10.1146/annurev.immunol.21.120601.141057
https://doi.org/10.1038/nri1309
https://doi.org/10.1146/annurev.immunol.25.022106.141711
https://doi.org/10.1038/ni.1841
https://doi.org/10.3389/fimmu.2018.00548
https://doi.org/10.3390/cells10071641
https://doi.org/10.1038/s41388-021-01880-9
https://doi.org/10.1038/nri3369
https://doi.org/10.1002/eji.201040569
https://doi.org/10.2106/00004623-199606000-00011
https://doi.org/10.1158/1541-7786.MCR-20-0933
https://doi.org/10.1159/000489545
https://doi.org/10.1159/000489545
https://doi.org/10.1002/jcb.29191
https://doi.org/10.1016/j.rbmo.2017.06.016
https://doi.org/10.1002/uog.14806
https://doi.org/10.1093/humrep/dex088
https://doi.org/10.1002/uog.14834
https://doi.org/10.1210/en.2019-00212
https://doi.org/10.3892/mmr.2021.11975
https://doi.org/10.3892/or.2021.8201
https://doi.org/10.1016/j.yexcr.2021.112912
https://doi.org/10.1080/1354750X.2021.1903999
https://doi.org/10.1016/j.bbrc.2008.10.050
https://doi.org/10.1016/j.bbrc.2008.10.050
https://doi.org/10.1093/hmg/ddq232
https://doi.org/10.3389/fimmu.2022.945504
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chen et al. 10.3389/fimmu.2022.945504
47. Skvortsova V, Shadrina M, Slominsky P, Levitsky G, Kondratieva E,
Zherebtsova A, et al. Analysis of heavy neurofilament subunit gene polymorphism
in Russian patients with sporadic motor neuron disease (MND). Eur J Hum Genet
(2004) 12:241–4. doi: 10.1038/sj.ejhg.5201144

48. Okubo T, Hayashi D, Yaguchi T, Fujita Y, SakaueM, Suzuki T, et al. Differentiation
of rat adipose tissue-derived stem cells into neuron-like cells by valproic acid, a histone
deacetylase inhibitor. Exp Anim (2016) 65:45–51. doi: 10.1538/expanim.15-0038

49. Randall CL, Wright CD, Chernus JM, McNeil DW, Feingold E, Crout RJ, et al.
A preliminary genome-wide association study of pain-related fear: Implications for
orofacial pain. Pain Res Manag (2017) 2017:7375468. doi: 10.1155/2017/7375468
Frontiers in Immunology 12
50. Li J, Diao S, Yang H, Cao Y, Du J, Yang D. IGFBP5 promotes angiogenic and
neurogenic differentiation potential of dental pulp stem cells. Dev Growth Differ
(2019) 61:457–65. doi: 10.1111/dgd.12632

51. Aizawa C, Saito K, Ohshima H. Regulation of IGF-I by IGFBP3 and IGFBP5
during odontoblast differentiation in mice. J Oral Biosci (2019) 61:157–62. doi:
10.1016/j.job.2019.07.001

52. Slavin BR, Sarhane KA, von Guionneau N, Hanwright PJ, Qiu C, Mao HQ,
et al. Insulin-like growth factor-1: A promising therapeutic target for peripheral
nerve injury. Front Bioeng Biotechnol (2021) 9:695850. doi: 10.3389/
fbioe.2021.695850
frontiersin.org

https://doi.org/10.1038/sj.ejhg.5201144
https://doi.org/10.1538/expanim.15-0038
https://doi.org/10.1155/2017/7375468
https://doi.org/10.1111/dgd.12632
https://doi.org/10.1016/j.job.2019.07.001
https://doi.org/10.3389/fbioe.2021.695850
https://doi.org/10.3389/fbioe.2021.695850
https://doi.org/10.3389/fimmu.2022.945504
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	SFRP4+IGFBP5hi NKT cells induced neural-like cell differentiation to contribute to adenomyosis pain
	Introduction
	Methods
	Sample collection and ethics
	Cell preparation
	scRNA-seq using 10&times;genomics
	Identification of cell cluster by uniform manifold approximation and projection analysis of scRNA-seq datasets
	Bioinformatics analysis of biological process enrichment, pathway enrichment prediction, and single-cell trajectories
	RNA extraction and quantitative real-time polymerase chain reaction
	Multiple immunofluorescence staining
	Statistical analysis

	Results
	Single-cell analysis of ectopic lesion of Adenomyosis with pain and pain-free
	SFRP4+ natural killer T cells were explicitly present in the tissues of patients with adenomyosis pain
	Multipotential stem cells possess the potential to differentiate into neural progenitor cells
	SFRP4+IGFBP5hi NKT cells might be a crucial factor in the induction of neural-like cell differentiation

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


