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High iodine promotes
autoimmune thyroid disease by
activating hexokinase 3 and
inducing polarization of
macrophages towards M1
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Autoimmune thyroid disease (AITD), the most common autoimmune disease,

includes Graves’ disease (GD) and Hashimoto’s thyroiditis (HT). Currently, the

pathogenesis of AITD is not fully understood. Our study aimed to examine the

presence ofmacrophage polarization imbalance in AITD patients, to investigate

whether high iodine can cause macrophage polarization imbalance, and to

investigate the role of key genes of metabolic reprogramming in macrophage

polarization imbalance caused by high iodine. We synergistically used various

research strategies such as systems biology, clinical studies, cell culture and

mouse disease models. Gene set enrichment analysis (GSEA) revealed that M1

macrophage hyperpolarization was involved in the pathogenesis of AITD. In

vitro and in vivo experiments showed that high iodine can affect the

polarization of M1 or M2 macrophages and their related cytokines. Robust

rank aggregation (RRA) method revealed that hexokinase 3 (HK3) was the most

aberrantly expressed metabolic gene in autoimmune diseases. In vitro and in

vivo studies revealed HK3 could mediate macrophage polarization induced by

high iodine. In summary, hyperpolarization of M1-type macrophages is closely

related to the pathogenesis of AITD. High iodine can increase HK3 expression

in macrophages and promote macrophage polarization towards M1. Targeting

HK3 can inhibit M1 polarization induced by high iodine.
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Introduction

Autoimmune thyroid disease (AITD) is an organ-specific

autoimmune disease and the most common autoimmune

disease in the world. Both Graves’ disease (GD) and

Hashimoto’s thyroiditis (HT) are its common types (1, 2).

Although the clinical symptoms of GD and HT are obviously

different, they share some common pathogenic mechanisms,

such as large amounts of lymphocyte infiltration in thyroid

accompanied by thyroid tissue destruction. At present, the

treatment of AITD is still mainly symptomatic therapy, and

there is still no effective immunotargeted therapy for the etiology

of AITD, so it is necessary to search for effective immunotherapy

strategies through in-depth study on the pathogenesis of

the disease.

In vivo immune homeostasis is a necessary condition for

maintaining autoimmune tolerance and inhibiting autoimmune

injury (3, 4). Immune cells such as antigen presenting cells

(APCs), T cells and B cells all play key regulatory roles in the

maintenance of immune homeostasis in vivo (5, 6). Excessive

activation or abnormal function of macrophages, T cells, and B

cells can cause imbalance of immune homeostasis in vivo and

further trigger autoimmune diseases (7, 8). Current studies have

proved that adaptive immune cells such as T cells and B cells

play an important role in the pathogenesis of AITD, and the

overactivation of these cells is closely related to the occurrence of

AITD (9, 10). However, there is no systematic study on the role

of macrophage in the pathogenesis of AITD. Macrophages are

important phagocytes and APCs in the body. The main function

of macrophages is to phagocytose danger signals such as cell

fragments and pathogens in the body, present antigens to

adaptive immune cells, and further activate T cells and B cells

to produce subsequent immune responses (11, 12). Macrophage

polarization refers to the differentiation of macrophages in

phenotype and function induced by various factors such as

microenvironment and inflammatory factors. Macrophages

can be divided into two types according to their function and

cytokines secreted, namely, M1 macrophages with pro-

inflammatory and pro-immune response functions and M2

macrophages with anti-inflammatory and repair functions

(13). Current studies believe that the overactivation of M1

macrophages can mistakenly present autoantigens to T cells

and B cells, causing the body to produce autoantibodies or

autoreactive lymphocytes, thus triggering autoimmune diseases.

At the same time, M1 macrophages can also mediate the

occurrence of autoimmune diseases by producing various

proinflammatory factors (14). Several studies have shown that

abnormal polarization of macrophages is closely related to the

occurrence and progression of various autoimmune diseases,

including rheumatoid arthritis (RA), inflammatory bowel

disease (IBD), systemic lupus erythematosus (SLE), type 1

diabetes mellitus (T1DM), and other autoimmune diseases

(15–17).
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Iodine is the most important environmental factor affecting

the occurrence of thyroid diseases. In our previous population-

based and cross-sectional study, we found a U-shaped

relationship between adult iodine intake and thyroid

autoimmunity. Iodine deficiency, especially excess iodine, is a

risk factor for AITD in adults (18). Existing studies believe that

high iodine may trigger AITD through various mechanisms (19,

20). Recent studies have found that iodine can directly promote

the secretion of cytokines in human peripheral blood

lymphocytes (21), and iodine transmembrane transporters

such as sodium iodide symporter (NIS) transporters are also

expressed in monocyte-macrophages to a certain extent. These

findings suggest that iodine may directly activate or regulate the

immune function of monocyte-macrophages. Metabolic

reprogramming is changes in energy metabolism of immune

cells during differentiation or activation (22). Up to now, many

studies have found that metabolic reprogramming of the

macrophages is closely related to the occurrence of

autoimmune diseases and cancers, and the key molecules

associated with metabolic reprogramming are expected to

become the novel targets in the treatment of these diseases

(23–27). Changes in the internal environment, such as hypoxia,

nutrition, danger signals, and cytokines, can regulate the

phenotype and function of macrophages by influencing the

metabolic reprogramming (28–30).

Therefore, based on the above findings, we hypothesize that

high iodine intake may cause an imbalance in the polarization of

macrophages through their metabolic reprogramming, which

leads to AITD. Our study aims to examine the presence of

macrophage polarization imbalance in thyroid tissue and

peripheral blood of AITD patients, to investigate whether high

iodine can cause macrophage polarization imbalance, and to

investigate the role of key genes of metabolic reprogramming in

macrophage polarization imbalance caused by high iodine

through various research strategies.
Materials and methods

Transcriptome profiling datasets of AITD
thyroid tissue and peripheral CD14+

monocyte-macrophages

Four GD thyroid tissue and three normal thyroid specimens

were obtained from patients undergoing surgical treatment in

Shanghai University of Medicine & Health Sciences Affiliated

Zhoupu Hospital. RNA extracted from tissue was used for

NimbleGen Human Microarray Chip (Roche, USA) to detect

transcriptome data from each sample. The gene expression

values were extracted and standardized using NimbleScan v2.5

software. In addition, two AITD thyroid tissue transcriptome

microarray data series (GSE29315 and GSE6339) in Gene

Expression Omnibus (GEO) database were downloaded and
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annotated as the gene expression matrix using the corresponding

annotation document of the platform. GSE29315 was used for

HT research, while GD microarray data of our study was used

for GD research. GSE6339 was used for AITD research (that is,

HT and GD were taken as a whole object).

Furthermore, we collected CD14+ monocyte-macrophages

samples from 19 GD, 10 HT and 11 sex- and age-matched

healthy controls. After peripheral blood mononuclear cells

(PBMCs) were separated by density gradient centrifugation,

CD14+ monocyte-macrophages were sorted by human CD14

magnetic beads (Miltenyi Biotec, No.130-050-201). Total RNA

of these cells was extracted for mRNA-sequencing (mRNA-seq)

using BGISEQ-500 sequencing platform. The obtained raw

sequencing data were aligned to human reference genome and

the gene expression values were calculated.
Establishment of macrophage
polarization characteristic gene set and
Gene Set Enrichment Analysis

In this study, the transcriptome datasets related tomacrophage

polarization were integrated by Robust rank aggregation (RRA)

method (31) to establish a set of characteristic genes for

macrophage polarization. First, we searched the GEO database

for genome-wide transcriptome data related to macrophage

polarization. In order to obtain objective and accurate results,

only M1 macrophage polarization data series induced by IFN-g or
lipopolysaccharide (LPS) and M2 macrophage polarization data

series induced by IL-4 were included in this study. Moreover, the

included array data series had at least 3 replicates in each group,

and the sequencing data series had at least 2 replicates in each

group. Then, we made a RRA analysis to establish a characteristic

gene set of macrophage polarization. We first calculated the

differentially expressed genes (DEGs) of each dataset using

“limma” or “DESeq2” package, and then generated the gene

ranking matrix according to Fold change (FC), and finally used

“Robust Rank Aggregation” package to complete integration

analysis. After that, we selected the top 500 up-ranked genes in

the RRA integration analysis as preliminary characteristic genes

for M1 or M2 polarization. After further excluding the intersection

of the two gene sets, the remaining genes were selected as the final

M1 polarization or M2 polarization characteristic gene set. In

order to verify the reliability of the above macrophage polarization

characteristic gene set, we adopted other data series (GSE82227,

GSE123603 and GSE123180) related to macrophage polarization

for verification by Gene Set Enrichment Analysis (GSEA) (32, 33).

We also used GSEA to study the enrichment of M1 and M2

polarization characteristic gene sets in AITD thyroid tissue and

peripheral CD14+ monocyte-macrophages and to evaluate

whether the imbalance of macrophage polarization was closely

related to AITD.
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Immunohistochemical analysis

Immunohistochemistry was used to analyze the infiltration of

macrophages and the expression of hexokinase 3 (HK3) in AITD

thyroid tissue. CD68 antibody (NB100-683, Novusbio), secondary

antibody (K4001, DAKO), HK3 antibody (13333-1-AP,

Proteintech) and secondary antibody (K4003, DAKO) were

used for immunohistochemical analysis of CD68 and HK3

expression in the thyroid tissue sections of AITD and controls.

After antigen retrieval and removal of the blocking solution, each

section was incubated for 1 h with 100 mL of diluted primary

antibodies and then with 100 mL of secondary antibody for 30 min

at room temperature. The positive cells were revealed by

incubating with 100 mL of freshly prepared chromogenic solution.
Cell culture

RAW264.7 cells (murine monocyte-macrophages line) and

human PBMCs were used to investigate in vitro whether high

iodine could cause macrophage polarization imbalance.

RAW264.7 cells were cultured in Roswell Park Memorial

Institute (RPMI) 1640 medium containing 10% fetal bovine

serum (FBS) and 1% penicillin and streptomycin. RAW264.7

cells were inoculated into 6-well plates at 2×105/mL, with three

replicates in each group. The high iodine solution was prepared

by sodium iodide (NaI, No.7681-82-5, Adamas). To evaluate the

effect of high iodine on the polarization of macrophages,

RAW264.7 cells were stimulated with NaI at 0 mM, 0.1 mM, 1

mM and 10 mM concentrations. Supernatant and cells were

collected after 48 h of stimulation.

A total of 20 mL of heparin sodium anticoagulant peripheral

blood samples were collected from a healthy control. PBMCs

were divided into 9 equal portions and cultured in RPMI 1640

complete medium for 48 h under the intervention conditions of

0 mM, 1 mM and 10 mM of NaI (3 replicates per group).

Supernatant and cells were also collected after stimulation.

In subsequent studies, to dynamically observe the effect of

HK3 on macrophage polarization, RAW264.7 cells were

transfected with HK3-specific short hairpin RNA (shRNA)

lentivirus and negative lentivirus vector and stimulated with 0

mM and 10 mM NaI. After 48 h of intervention, cells were

collected for flow cytometry.
Cytokine detection of supernatant

Supernatant of RAW264.7 cells and PBMCs was used for

cytokine detection. The protein expression levels of IL-6 and IL-

1b in the supernatant of RAW264.7 cell culture were determined

by Enzyme-Linked immunosorbent assay (ELISA) kits (IL-6:

M6000B, R&D and IL-1b: DY401, R&D). The protein
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expression levels of IL-6 and IL-1b in the supernatant of human

PBMCs culture were measured using Cytometric Bead Array

(CBA) method. The magnetic beads were used to detect IL-6

(No. 558276, BD) and IL-1b (No. 558279, BD).
Quantitative real-time PCR

RNA was extracted from cells by Trizol method and reverse

transcribed into a cDNA library. Quantitative real-time PCR (qRT-

PCR) was performed using SYBR Green PCR Master Mix with a

total reaction volume of 15 mL on the Applied Biosystems

QuantStudio 7 Flex system. The PCR procedure was as follows:

one cycle at 95°C for 15 seconds, followed by 45 two-step cycles,

specifically 95°C for 5 seconds and 63°C for 34 seconds. The internal

reference of mouse samples was Gapdh, and that of human samples

was ACTB. Primer sequences are shown in Table S1.
Preparation of thyroiditis model in mice

In this study, a mouse thyroiditis model was constructed by

high iodine water feeding and thyroglobulin immuno-injection,

which was described in our previous study in detail (34). Female

6–8 weeks old C57BL/6 mice from Shanghai Model Organisms

Center were kept at the SPF level and free to eat and drink.

Thirty-five mice were randomly divided into two groups. One

was the thyroiditis model group (n=20) and the other was the

control group (n=15). The model group was fed with high iodine

water (0.05%NaI), and the control group was fed with ordinary

drinking water. The whole animal model preparation time was 6

weeks. At the end of the experiment, the mice were sacrificed

and their spleens were ground into cell suspension, which was

used for flow cytometry to analyze the proportion of

spleen macrophages.

In the subsequent study, to further study the mechanism of

HK3 in vivo, ten female wild-type mice and ten female HK3-

knockout homozygous mice were used for preparation of

thyroidit is models (named as WH and KH group,

respectively). Their spleens tissue was taken for flow cytometry

and thyroid tissue were used for mRNA-seq.
Flow cytometry analysis

The proportion of M1 (CD45+CD11b+Ly6G-F4/80+CD206-)

and M2 (CD45+CD11b+Ly6G-F4/80+CD206+) in RAW264.7 cells

and mouse spleen macrophages were analyzed by flow cytometry.

In brief, cells samples were labeled with surface antibodies CD45

(APC-Cy7, 565853, BD), CD11b (PE-Cy7, 101216, Biolegend),

Ly6G (BV421, 562737, BD) and F4/80(Alexa Fluor, 565853, BD)

and incubated at 4°C for 20 min away from light. After that, the

cells were incubated with lysis buffer at 4°C for 20 min away from
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light and then with antibody CD206 (PE, 141706, Biolegend) for

30 min in the dark for intracellular staining. The major subsets of

monocyte-macrophages in human circulation (CD14++CD16-,

CD14+CD16+, CD14+CD68+CCR2+, and CD14+CD163+

CX3CR1+) were also detected by flow cytometry. Similarly,

PBMCs were collected after the primary culture and then

incubated with surface antibodies CD14 (APC-Cy7, 557831,

BD), CD16 (PerCP-Cy5.5, 560717, BD), CCR2 (Alexa Fluor-

647, 8018933, BD), CD163 (PE-Cy7, 556018, BD), and CX3CR1

(PE, 565796, BD), as well as intracellular staining antibody CD68

(FITC, IC20401F, RD) in sequence. These cells were resuspended

with 200 mL of stain buffer, and then detected by CytoFLEX LX

flow cytometer (Beckman Coulter).
Autoimmune disease transcriptome
datasets and RRA analysis

In order to screen for abnormal expressions of key genes of

metabolic reprogramming in autoimmune diseases, we used

RRA method to systematically study the expressions of 402

key metabolic genes in peripheral blood of patients with

autoimmune diseases (Table S2). We searched the peripheral

blood genome-wide expression profile datasets for autoimmune

diseases from GEO database. The inclusion criteria for the

datasets were as follows: 1) The diseases studied were common

autoimmune diseases; 2) The tissue used were whole blood or

PBMCs; 3) Genome-wide mRNA expression levels were

analyzed by microarray or mRNA-seq; 4) More than 50 DEGs

were found; and 5) more than 90% of the 402 key metabolic

genes were studied in this study.
The role of HK3 in GD by systems
biology analyses

We used systems biology tools to further analyze the role of

HK3 in the pathogenesis of GD. First, CIBERSORT was used to

analyze the proportion of M1 and M2 macrophages in 18 cases

of thyroid tissue in GSE9340 (35), and to analyze their

correlations with HK3. Secondly, we studied whether HK3 was

related to the imbalance of macrophage polarization in GD

tissue by using GSEA method. Finally, weighted gene co-

expression network analysis (WGCNA) was used to analyze

the key HK3-related co-expression gene modules in GD thyroid

tissue, and gene ontology (GO) was used to analyze the

molecular function of co-expression modules (36).
Statistical analysis

Continuous variables were expressed as mean ± SE. The

Mann-Whitney U test or t test was used to compare differences
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between groups. Statistical analysis was performed using STATA

(12.0, StataCorp, USA), and a two-sided P value <0.05 indicated

a statistically significant difference. The GSEA software 3.0

(http://software.broadinstitute.org/gsea/index.jsp) was used in

the analysis. Enrichment score (ES), nominal P value, and false

discovery rate (FDR) q value were calculated. Conventionally, a

gene set with an ES value greater than 0.5 and FDR q value less

than 0.25 was deemed as a significantly enriched gene set. Data

of microarray and mRNA-seq were analyzed using R software

(version 3.5.1).
Results

M1 polarization gene set was
significantly enriched in thyroid tissue
and peripheral blood CD14+ monocyte-
macrophages of AITD patients

By searching the GEO database and assessing quality, 118

transcriptome microarray or sequencing datasets on

macrophage polarization were included in this study. We

completed the integrated analysis of the DEGs in the above

datasets using the RRA tool. Tables S3–S6 show datasets related

to M1 and M2 macrophage polarization in human and mouse,

respectively. Table S7 and Table S8 respectively shows the M1

polarization and M2 polarization characteristic gene sets of

human and mouse macrophages established in this study. To

investigate the representativeness of the above gene sets, we

analyzed M1 or M2 polarization in GSE82227, GSE123603, and

GSE123180 by GSEA method, and found that the gene sets of

macrophage polarization established in our study had significant

reliability (Figure S1).

In GSEA analysis of AITD, the results showed that M1

polarization gene set was enriched in AITD thyroid tissue but

without significance (ES=0.47, P=0.02, FDR q=0.02). In GSEA

analysis of GD and HT, the results showed that M1 polarization

gene set was significantly enriched in GD thyroid tissue

(ES=0.54, P<0.001, FDR q=0.12) and HT thyroid tissue

(ES=0.70, P=0.04, FDR q=0.13), but not for M2 polarization

gene set (Figures 1A–C). In GSEA analysis of peripheral CD14+

monocyte-macrophages of AITD patients, M1 polarization gene

set was significantly enriched in CD14+ monocyte-macrophages

of patients with AITD and GD (AITD: ES=0.52, P<0.001, FDR

q<0.001; GD: ES=0.55, P<0.001, FDR q<0.001), but not for M2

polarization gene set. HT patients showed a moderate

enrichment of M1 polarization gene set in the CD14+

monocyte-macrophages (ES=0.40, P <0.001, FDR q <0.001)

(Figures 1D–F). In addition, immunohistochemical results

indicated that macrophage marker molecule CD68 was

significantly expressed in both GD and HT thyroid tissue, but

not in normal thyroid tissue (Figure 1G).
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High iodine could cause an imbalance of
macrophage polarization in vitro and
in vivo studies

After high iodine stimulation of RAW264.7, ELISA results

confirmed that the expression levels of M1 characteristic

molecules IL-1 b and IL-6 increased after high iodine (10mM

of NaI) stimulation (P=0.026 and 0.021, respectively)

(Figure 2A). qRT-PCR further showed that the mRNA

expression levels of IL-1b and IL-6 increased after high iodine

(10mM of NaI) stimulation (P=0.01 and 0.005, respectively),

while the expression levels of M2 characteristic molecule IL-10

decreased (P=0.04) (Figure 2B). Results of flow cytometry

showed that high iodine (10 mM of NaI) induced excessive

polarization of macrophages to M1 and increased the proportion

of M1 macrophages (14.7% vs 18.4%, P=0.012). There was no

significant effect on the proportion of M2 macrophages (0.4% vs

1.0%, P=0.31) (Figures 2C, D). Human PBMCs were also

stimulated by high iodine. It was found that high iodine (10

mM of NaI) could induce the transformation of monocytes into

the pro-inflammatory type (CD14++CD16-) (41.8% vs 61.0%,

P=0.002) and significantly reduce the proportion of M2

macrophages (CD14+CD163+CX3CR1+) (84.4% vs 68.9%,

P=0.0007). However, high iodine stimulation had no effect on

the proportion of M1 macrophages (CD14+CD68+CCR2+) and

M1/M2 ratio (Figures 3A, B). Results of PCR and CBA also

confirmed that high iodine could promote the expressions of IL-

6 and IL1-b in PBMCs (P<0.05, Figures 3C, D).

To further study the effect of high iodine on the polarization of

macrophages, we systematically studied the transcriptome profile

of RAW264.7 cells stimulated by high iodine. The mRNA-seq

results showed that 10 mM of NaI could significantly promote the

polarization of macrophages and increase the expression levels of

pro-inflammatory and pro-immune response molecules. NaI of 1

mM had a certain activation effect on macrophages and increased

the expression levels of some key immunemolecules, but the effect

was weaker than 10 mM of NaI (Figure 4A), while 0.1 mM of NaI

had no significant effect on the activation of macrophages. GO

analysis found that high iodine could activate several immune

response-related pathways in macrophages, such as immune

response, innate immune response, IFN-g pathway, and other

signaling pathways (Figure 4B). GSEA further showed that 0.1

mM and 1 mM of NaI did not significantly affect macrophage

polarization, while 10 mM of NaI significantly promoted M1

polarization of macrophages (ES=0.71, P<0.001, FDR q<0.001),

and had no remarkable effect on M2 polarization of

macrophages. (Figure 4C).

In the experiment of mouse thyroiditis model, we analyzed

the effect of high iodine on the polarization of mouse spleen

macrophages by flow cytometry. It was found that the

proportion of M2 macrophages (CD45+CD11b+Ly6G-F4/

80+CD206+) in the model group was significantly decreased
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when compared with control group (4.6% vs 3.4%, P=0.021).

There was no significant effect on M1 macrophages

(CD45+CD11b+Ly6G-F4/80+CD206-) (6.1% vs 6.2%, P=0.89).

High iodine had a certain promotion in M1/M2 ratio, but there

was no statistically significant difference (1.4 vs 2.2, P=0.08)

(Figures 5A, B). Besides, we also performed GSEA analysis of

macrophage polarization in mouse thyroid tissue. mRNA-seq

data were obtained from our previous study (34), including

normal controls (n=3) and thyroiditis model group (n=5). GSEA

results showed that M1 polarization characteristic gene set was

significantly enriched in the thyroiditis group (ES=0.63, P<0.001,
Frontiers in Immunology 06
FDR q<0.001), while M2 was not (ES=0.38, P<0.001, FDR

q<0.001) (Figure 5C).
HK3 was highly expressed in PBMCs and
thyroid tissue of AITD

By searching GEO database, we found 15 datasets of

peripheral blood transcriptome profiles of patients with

autoimmune diseases that met the inclusion criteria of our

study (Table S9). We used RRA analysis to evaluate the
G

A B

D

E F

C

FIGURE 1

GSEA of macrophage polarization and immunohistochemical analysis in AITD patients. (A) In AITD thyroid tissue (From left to right: M1 and M2);
(B) In GD thyroid tissue (From left to right: M1 and M2); (C) In HT thyroid tissue (From left to right: M1 and M2); (D) In CD14+ monocyte-
macrophages of AITD patients (From left to right: M1 and M2); (E) In CD14+ monocyte-macrophages of GD patients (From left to right: M1 and
M2); (F) In CD14+ monocyte-macrophages of HT patients (From left to right: M1 and M2); (G) Immunohistochemical results of CD68 in controls,
HT and GD patients in sequence.
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A B

D

C

FIGURE 2

High iodine stimulation of RAW264.7. (A) ELISA results of supernatants; (B) qRT-PCR results; (C) Flow cytometry of macrophage proportions.
a: 0 mM of NaI control group; b:10 mM of NaI intervention group; (D) Statistics of macrophage proportions.
A B

C

D

FIGURE 3

High iodine stimulation of human PBMCs. (A) Flow cytometry of macrophage proportions. a: 0 mM of NaI control group; b:1mM of NaI
intervention group; c: 10mM of NaI intervention group; (B) Statistics of macrophage proportions (10mM NaI could significantly reduce the
proportion of M2 macrophages and increase the proportion of pro-inflammatory monocytes); (C) qRT-PCR results; (D) CBA results of
supernatants.
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FIGURE 4

mRNA-seq of RAW264.7 cells stimulated by high iodine. (A) Differences in the mRNA transcriptome of various groups (NaI of 0 mM, 1mM and
10mM); (B) GO analysis; (C) GSEA of macrophage polarization in transcriptome of RAW264.7 cells stimulated by 10 mM of NaI (From left to
right: M1 and M2).
A B

C

FIGURE 5

Effect of high iodine on mouse macrophage polarization. (A) Flow cytometry of macrophage proportions in spleen tissue. a: control group;
b: model group; (B) Statistics of macrophage proportions; (C) GSEA of macrophage polarization in transcriptome of thyroid tissue from model
group (From left to right: M1 and M2).
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expressions of 402 key metabolic genes in these patients with

autoimmune diseases, and found that HK3 was the most

significant key metabolic gene with abnormal expression in

autoimmune diseases (adjusted P=1.2×10-9, Figure 6A). We

further verified the expression of HK3 in PBMCs and thyroid

tissue of AITD patients. qRT-PCR results showed that the

expression level of HK3 in PBMCs of GD (n=30) and HT

patients (n=30) was significantly higher than that of controls

(n=30) (P=0.019 and 0.045, respectively), while there was no

abnormal expression of HK1 and HK2 in PBMCs of AITD

patients (P>0.05) (Figures 6B, C). Immunohistochemical studies

showed that HK3 was significantly expressed in both GD and

HT thyroid tissue, but not in normal thyroid tissue (Figure 6D).
High iodine could promote HK3
expression in macrophages and
knockdown of HK3 could significantly
inhibit the degree of M1 polarization

In vitro cell culture, it was found that high iodine (10 mM of

NaI) stimulation could increase the expression level of HK3 in

RAW264.7 cells (P=0.01), but had no significant effect on HK1

and HK2 (P>0.05) (Figure 7A). We further transfected
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RAW264.7 cells with HK3 shRNA lentivirus to knock down

HK3 expression level. The proportion of M1 macrophages in the

HK3 shRNA lentivirus-transfected group was increased by 1.26-

fold after high iodine (10 Mm of NaI) stimulation (4.8% vs 6.0%,

P=0.005). The proportion of M1 macrophages was also

significantly increased by 1.77-fold (11.6% vs 20.6%, P<0.001)

in the negative lentivirus transfection group after high iodine (10

mM of NaI) stimulation. Compared with the negative lentivirus

group, the M1 macrophages increment ratio decreased

significantly in the HK3 shRNA lentivirus transfected group

(1.77-fold vs 1.26-fold, P<0.001), indicating that targeted

knockdown of HK3 expression level in macrophages can

significantly inhibit the degree of M1 polarization of

macrophages induced by high iodine (Figures 7B, C).
HK3 gene knockout could cause an
imbalance of macrophage polarization in
spleen and thyroid tissue

A total of 20 female C57BL/6 mice were used in this study.

Mouse spleens fromWH and KH group were ground and the cells

were examined by flow cytometry. The results showed that

compared with WH group, the proportion of M1 macrophages
A B

D

C

FIGURE 6

HK3 was highly expressed in PBMCs and thyroid tissue of AITD. (A) RRA analysis (HK3 was the most significant key metabolic gene); (B) mRNA
expression of HK1, HK2 and HK3 in PBMCs of GD patients; (C) mRNA expression of HK1, HK2 and HK3 in PBMCs of HT patients; (D)
Immunohistochemical results of HK3 in controls, HT and GD patients in sequence.
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and the ratio of M1/M2 were significantly decreased (5.74% vs

3.93%, P=0.024; 1.48 vs 0.65, P=0.007, respectively), suggesting that

HK3 knockout inhibited M1 polarization of macrophages in mouse

spleen (Figures 8A, B). mRNA-seq of thyroid tissue was used to

screen out DEGs between the two groups (5 mice per group). GO

analysis revealed that DEGs were involved in biological processes

such as response to bacterium, innate immune response, humoral

immune response and positive regulation of cell activation

(Figure 8C). KEGG analysis found that DEGs were enriched in a

variety of immune-related pathways, including natural killer cell-

mediated cytotoxicity pathway, B cell receptor signaling pathway,

Fcg R-mediated phagocytosis, and AITD (Figure 8D). GSEA results

showed that both M1 and M2 polarization signature gene sets were

significantly enriched in the thyroid tissue of WH group (M1:

ES=0.60, P<0.001, FDR q<0.001; M2: ES=0.61, P<0.001, FDR

q<0.001). In other words, M1 and M2 were significantly

polarized in the wild-type thyroiditis group compared with the

HK3- knockout thyroiditis group (Figure 8E).
Systems biology revealed the role of HK3
in the pathogenesis of GD

According to the data of The Human Protein Atlas (www.

proteinatlas.org), HK3 is mainly expressed in immune-related

tissue, especially in monocyte-macrophages. In addition,

according to the mRNA-seq data of CD14+ monocyte-
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macrophages, the expression abundance of HK3 in CD14+

monocyte-macrophages were also significantly higher than that

of HK1 and HK2 (Figure S2A), suggesting that HK3 may be the

main glycolysis enzyme playing a role in monocyte-macrophages.

Furthermore, we analyzed the proportion of major immune

cells in the GSE9340 dataset using CIBERSORT (Figure S2B). It

was found that HK3 was significantly correlated with the M1

macrophages proportion and M1/M2 ratio in GD thyroid tissue

(Figure S2C). In WGCNA analysis of GD thyroid tissue, the

Darkredmodule was most correlated with HK3, with a correlation

coefficient of 0.85 (P=1.0×10-5) (Figures S2D, E). Key genes in the

co-expression module of Darkred mainly included CXCL9,

CXCL10, CD84, IFNG, TNF, IFI30, TYROBP, TLR8 and other

genes (Figure S2F). GO enrichment analysis found that the

function of this module was mainly enriched in various

immune pathways (Figure S2G). GSEA analysis showed that

HK3 in GD thyroid tissue was significantly related to the M1

macrophage polarization (ES=0.66, P=0.002, FDR q=0.002), but

not to M2 polarization (ES=0.42, P=0.02, FDR q=0.09) (Figure

S2H). These results suggest that HK3 may be involved in the

pathogenesis of GD by affecting the polarization of macrophages.
Discussion

Macrophage polarization is one of the research hotspots in

recent years, and it plays a key role in the pathogenesis of many
A B

C

FIGURE 7

High iodine can promote HK3 expression in RAW264.7 cells. (A) mRNA expression of HK1, HK2 and HK3 after high iodine stimulation; (B) Flow
cytometry of macrophage proportions. a: HK3 shRNA lentivirus-control group; b: HK3 shRNA lentivirus-high iodine stimulation group;
c: negative lentivirus-control group; d: negative lentivirus high-iodine stimulation group; (C) Statistics of macrophage proportions.
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diseases (37–39). By studying the role of macrophage

polarization and its key regulatory factors in the pathogenesis

of some diseases, it is expected to provide new therapeutic

strategies or targets for those diseases (15). Currently, there is

little research on the role of macrophage polarization in the

pathogenesis of AITD. Therefore, in order to study the role of

macrophage polarization in AITD, it is imperative to conduct an

in-depth analysis from a holistic and systematic perspective (40–

42). In this study, a set of characteristic genes for macrophage

polarization was established using systems biology methods. In

addition, we further studied the role of macrophage polarization

in AITD by GSEA analysis. The results showed that M1

polarization gene set were significantly enriched in thyroid

tissue and peripheral blood CD14+ monocyte-macrophages of

patients with GD and HT, suggesting that M1 polarization is

closely related to the occurrence and progression of AITD.

Immunohistochemical study also showed that macrophage

infiltration was evident in both GD and HT thyroid tissue.

These results demonstrated the important role of innate immune

pathways in the pathogenesis of AITD from the perspective of

macrophage polarization. In consequence, the targeted

regulation of macrophage polarization is expected to become a

new strategy for the treatment of AITD.

Current studies have found that genetic, environmental,

immune and other factors can affect the function of
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macrophages, induce their polarization imbalance, and further

trigger a variety of immune-related diseases (43–46). A range of

environmental factors, such as high-salt diet and vitamin D

deficiency, can promote the transformation of macrophages into

the pro-inflammatory type, thus affecting the balance of

macrophage polarization and promoting the occurrence of

immune-related diseases (47–50). Binger et al. showed that

high salt could inhibit the polarization of M2 macrophages,

leading to the imbalance of M1/M2 ratio and increasing the risk

of autoimmune diseases (48). Another study showed that a high-

salt diet could activate macrophages in mice and increase the

expression of pro-inflammatory and immune-related genes (47).

In this study, we proposed the hypothesis that high iodine, as an

important environmental risk factor for AITD, could induce the

imbalance of macrophage polarization and promote the

occurrence of AITD. In the present study, we have confirmed

that high iodine can promote the unbalanced polarization of

macrophages through various methods. First, we stimulated

mouse monocyte-macrophages with high iodine in vitro and

found that high iodine could significantly promote M1

polarization of macrophages. Then, we conducted primary

culture of human PBMCs in vitro and found that high iodine

could inhibit M2 macrophage polarization and induce the

transformation of monocytes into the pro-inflammatory type.

Finally, we used the thyroiditis model to further confirm that
A
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E
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FIGURE 8

In vivo experiment of HK3 gene knockout mice. (A) Flow cytometry of macrophage proportions in spleen tissue. a: WH group; b:KH group;
(B) Statistics of macrophage proportions; (C) GO analysis; (D) KEGG analysis; (E) GSEA of macrophage polarization in transcriptome of thyroid
tissue from WH group (From left to right: M1 and M2).
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high iodine caused imbalance of macrophage polarization in

vivo. From multiple perspectives, our study established that

iodine could induce M1 polarization or inhibit M2

polarization, resulting in the imbalance of macrophage

polarization and ultimately promoting the occurrence of

AITD. Besides, in order to further study the molecular

mechanism involved in the high-iodine-mediated imbalance of

macrophage polarization, we studied the transcriptome

expression profile of macrophages stimulated by high iodine

through mRNA-seq, and found that DEGs were associated with

several immune response-related pathways. These results

suggest that high iodine may affect macrophage polarization

through a variety of immunological mechanisms, and more

studies are needed for further investigations.

It is important to note that despite the above findings, several

issues need to be highlighted in the study of the effects of high

iodine on macrophage polarization. 1) Although a concentration

gradient of NaI was set to stimulate RAW264.7 cells and PBMCs

in vitro, the results showed that only 10mM of NaI significantly

induced macrophage polarization. Based on the studies of others

(21), we hypothesized that under the stimulation of low

concentration of NaI, macrophages could balance the iodine

concentration inside and outside the cells through the down-

regulation of NIS expression, and maintain their own

homeostasis without leading to obvious polarization. However,

in response to high iodine stimulation, this homeostasis may be

broken and macrophage polarization occurs. 2) Although the

qPCR and CBA results of human PBMCs stimulated by high

iodine in vitro showed that IL-6 and IL-1b were significantly

upregulated, these two cytokines, which may be derived from

lymphocytes, could not directly explain the effect of high iodine

on macrophage polarization and cytokine production, but only

as indirect evidence. 3) The polarization of macrophages seemed

to be different in RAW264.7 cells, PBMCs, and tissue of

thyroiditis model mice. In our study, hyperpolarization of M1

mainly occurred in RAW264.7 cells in vitro and thyroid tissue in

vivo, while in PBMCs in vitro and spleen tissue in vivo,

unbalanced polarization of macrophages was triggered mainly

by inhibiting M2 polarization. However, these two effects

ultimately lead to the same outcome, that is, a relative increase

in M1 macrophage polarization and enhanced pro-

inflammatory and pro-immune effects. There are several

possible explanations for the inconsistent regulation of

macrophage polarization by high iodine. First of all, the

immune microenvironment of macrophages in vivo and in

vitro is completely different. Similarly, monocyte-macrophages

from RAW264.7 cells and PBMCs, as well as macrophages in

thyroid and spleen tissue, were also exposed to different immune

microenvironments, which may have impact on macrophage

polarization state. Secondly, the time and concentration of high

iodine stimulation differed in vivo and in vitro experiments;

therefore, dissimilar effects might be caused. Finally, the data of

flow cytometry and GSEA could only reflect the proportion of
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macrophages, but could not accurately reflect the function of

macrophages. In subsequent studies, more research methods

could be used to accurately assess the polarization state

of macrophages.

In recent years, studies have found that energy metabolism

in immune cells is closely related to the function of them, which

mainly includes glycolysis, tricarboxylic acid cycle,

phosphopentose pathway (PPP), fatty acid oxidation, fatty acid

synthesis, and amino acid metabolism (51). Metabolic

reprogramming is changes in energy metabolism of immune

cells during differentiation or activation (22). It has been

confirmed that M1 macrophages are mainly powered by

glycolysis, while M2 macrophages are mainly powered by

mitochondrial oxidative phosphorylation. During M1

polarization, macrophages switch energy metabolism to

glycolysis through metabolic reprogramming. ATP can be

efficiently supplied to macrophages when glycolysis levels are

significantly elevated. This is called the Warburg effect (also

known as aerobic glycolysis). This transformation can

significantly increase proliferation and pro-inflammatory and

pro-immune response effects of macrophages (52). Aerobic

glycolysis in macrophages can generate ribose through PPP for

nucleotide synthesis, and the synthesis of NAPDH can further

generate reactive oxygen species (ROS) to participate in the

immune response. Key glycolytic enzymes of macrophages are

important in regulating metabolic reprogramming, such as

fructose-6-phosphate kinase (PFKFB3) and pyruvate kinase

isoenzyme (PKM2). Dysfunction of these key enzyme can

cause imbalance of macrophage polarization, and the effects of

metabolic reprogramming on immune cells function mediated

by different isozyme are significantly different (53–57). In

addition to PFKFB3 and PKM2, hexokinase (HK) is a key

enzyme in glycolysis and plays an important role in regulating

energy metabolism of immune cells (58–60). Unlike the first two

key enzymes of glycolysis, HK catalyzes the first step of glycolysis

metabolism, and the catalyzed production of glucose 6-

phosphate (G-6-P) can not only be used for glycolysis, but

also enter multiple alternative pathways such as PPP pathway.

Thus HK-mediated metabolic reprogramming is significantly

different from PFKFB3 and PKM2 (61). There are mainly four

isoenzymes of HK in humans, namely, HK1, HK2, HK3 and

glucokinase (GCK, also known as HK4). At present, the research

on regulation of energy metabolism by HK in cells mostly

involves tumors. Targeted inhibition of HK1 or HK2 can

inhibit the aerobic glycolysis of tumor cells, promote

mitochondrial oxidative phosphorylation, and inhibit the

proliferation and growth of tumor cells, which is a new

strategy for tumor treatment (62–64). That HK3 is mainly

expressed in monocyte-macrophages of the immune system

proves that HK3 may play a key role in the activation or

polarization of macrophages. In this study, we explored the

mechanisms of macrophage polarization induced by high iodine

from the perspective of HK3 through integrating systems
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biology, clinical studies, cell culture and animal studies. Results

showed that HK3 was significantly overexpressed in thyroid

tissue and peripheral PBMCs of AITD. In vitro studies also

showed increased HK3 expression in macrophages stimulated by

high iodine. In addition, both in vivo and in vitro experiments

confirmed that the proportion of M1 macrophages decreased

after HK3 knockdown and knockout. mRNA-seq of thyroid

tissue also revealed that HK3 was involved in multiple immunity

events. Meanwhile, GSEA analysis of thyroid tissue showed that

M1 and M2 in the wild-type model group were significantly

polarized compared with the HK3 knockout model group. These

results suggest that HK3 knockout affects macrophage

polarization in thyroid tissue. However, it is not clear whether

the effect is greater for M1 or M2, and therefore the M1/M2 ratio

cannot be derived. Taken together, as a key enzyme in glycolysis,

HK3 overexpression induced by high iodine may cause

hyperpolarization of macrophages to pro-inflammatory M1

type through metabolic reprogramming, which may over-

activate the immune system and break the immune

homeostasis in the microenvironment of organ tissue, and

finally trigger AITD. The targeted regulation of HK3 to

control macrophage polarization is expected to be a new

approach to effective treatment of autoimmune diseases such

as AITD.

There are deficiencies in this study. Due to the difficulty of

collecting thyroid tissue from AITD patients and the small

amount of thyroid tissue from animal models, flow cytometry

cannot be used for detecting the proportion of macrophage in

thyroid tissue. At the same time, the currently available high-

throughput data on thyroid tissue are relatively limited, and it

is not possible to use more systems biology tools to

systematically and comprehensively study the pathogenesis

of AITD. Subsequent in-depth studies can be conducted by

collecting large samples of thyroid tissue in AITD patients,

which is expected to fully reveal the pathogenesis of

this disease and find effective targets for prevention

and treatment.
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SUPPLEMENTARY FIGURE 1

GSEA validation of human andmousemacrophage polarization gene sets.
(A) Enrichment plots of human macrophage polarization gene sets in the

GSEA analysis of human M1 polarization induced by IFN-g in GSE82227
(From left to right: M1 and M2; M1: ES=0.92 (P<0.001, FDR q <0.001; M2:

ES=0.40, P=0.91, FDR q=0.91); (B) Enrichment plots of human

macrophage polarization gene sets in the GSEA analysis of human M2
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polarization induced by IL-4 in GSE123603(From left to right: M1 and M2;
M1: ES=0.31, P=0.67, FDR q=0.68; M2: ES=0.93, P<0.001, FDR q <0.001);

(C) Enrichment plots of mice macrophage polarization gene sets in the
GSEA analysis of mice M1 polarization induced by LPS in GSE123180(From

left to right: M1 and M2; M1:ES=0.89,P<0.001, FDR q <0.001; M2:
ES=0.35, P=0.36, FDR q=0.37); (D) Enrichment plots of mice

macrophage polarization gene sets in the GSEA analysis of mice M2
polarization induced by IL-4 in GSE123180 (From left to right: M1 and

M2; M1: ES= -0.62, P<0.001, FDR q <0.001;M2: ES=0.92,P<0.001, FDR

q <0.001).
SUPPLEMENTARY FIGURE 2

Systems biology revealed the role of HK3 in the pathogenesis of GD. (A)
HK3 expression abundance in CD14+ monocyte-macrophages; (B) The
proportion of major immune cells in 18 thyroid tissue in the GSE9340

dataset; (C) The relationship between HK3 and the proportion of M1
macrophages and M1/M2 ratio; (D) HK3-related co-expression gene

modules by WGCNA analysis; (E) Darkred module was most correlated

with HK3; (F) Heatmap of key genes of Darkred module; (G) GO analysis;
(H) GSEA analysis.
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Toll-like receptor 4-induced glycolytic burst in human monocyte-derived dendritic
cells results from p38-dependent stabilization of HIF-1a and increased hexokinase
II expression. J Immunol (2018) 201:1510–21. doi: 10.4049/jimmunol.1701522

61. Blagih J, Jones RG. Polarizing macrophages through reprogramming of
glucose metabolism. Cell Metab (2012) 15:793–5. doi: 10.1016/j.cmet.2012.05.008

62. Zhang J, Wang S, Jiang B, Huang L, Ji Z, Li X, et al. C-src phosphorylation
and activation of hexokinase promotes tumorigenesis and metastasis. Nat Commun
(2017) 8:13732. doi: 10.1038/ncomms13732

63. Woldetsadik AD, Vogel MC, Rabeh WM, Magzoub M. Hexokinase II-
derived cell-penetrating peptide targets mitochondria and triggers apoptosis in
cancer cells. FASEB J (2017) 31:2168–84. doi: 10.1096/fj.201601173R

64. Gao Y, Yang Y, Yuan F, Huang J, Xu W, Mao B, et al. TNFa-YAP/p65-HK2
axis mediates breast cancer cell migration. Oncogenesis (2017) 6:e383. doi: 10.1038/
oncsis.2017.83
frontiersin.org

https://doi.org/10.1016/j.ebiom.2018.02.009
https://doi.org/10.3389/fimmu.2018.00053
https://doi.org/10.1093/bioinformatics/btr709
https://doi.org/10.1093/bioinformatics/btr709
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1093/bib/bbr049
https://doi.org/10.3389/fcell.2021.685522
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1016/j.immuni.2019.01.014
https://doi.org/10.1073/pnas.1806908115
https://doi.org/10.3389/fimmu.2018.01930
https://doi.org/10.1016/j.immuni.2015.02.005
https://doi.org/10.1016/j.cmet.2017.06.001
https://doi.org/10.1126/science.aat7554
https://doi.org/10.4049/jimmunol.1402431
https://doi.org/10.1186/s12931-017-0522-0
https://doi.org/10.4049/jimmunol.1203363
https://doi.org/10.1016/j.jaut.2017.01.009
https://doi.org/10.1038/cr.2015.87
https://doi.org/10.1172/JCI80919
https://doi.org/10.1177/1753425917721965
https://doi.org/10.1016/j.intimp.2018.12.015
https://doi.org/10.1038/nri.2016.70
https://doi.org/10.1038/s41590-018-0113-3
https://doi.org/10.1016/j.celrep.2017.05.065
https://doi.org/10.1016/j.celrep.2017.05.065
https://doi.org/10.1038/ncomms13280
https://doi.org/10.1016/j.cmet.2014.12.005
https://doi.org/10.1038/s41598-019-40619-1
https://doi.org/10.4049/jimmunol.1600474
https://doi.org/10.1016/j.celrep.2015.05.046
https://doi.org/10.1136/annrheumdis-2018-213103
https://doi.org/10.4049/jimmunol.1701522
https://doi.org/10.1016/j.cmet.2012.05.008
https://doi.org/10.1038/ncomms13732
https://doi.org/10.1096/fj.201601173R
https://doi.org/10.1038/oncsis.2017.83
https://doi.org/10.1038/oncsis.2017.83
https://doi.org/10.3389/fimmu.2022.1009932
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	High iodine promotes autoimmune thyroid disease by activating hexokinase 3 and inducing polarization of macrophages towards M1
	Introduction
	Materials and methods
	Transcriptome profiling datasets of AITD thyroid tissue and peripheral CD14+ monocyte-macrophages
	Establishment of macrophage polarization characteristic gene set and Gene Set Enrichment Analysis
	Immunohistochemical analysis
	Cell culture
	Cytokine detection of supernatant
	Quantitative real-time PCR
	Preparation of thyroiditis model in mice
	Flow cytometry analysis
	Autoimmune disease transcriptome datasets and RRA analysis
	The role of HK3 in GD by systems biology analyses
	Statistical analysis

	Results
	M1 polarization gene set was significantly enriched in thyroid tissue and peripheral blood CD14+ monocyte-macrophages of AITD patients
	High iodine could cause an imbalance of macrophage polarization in vitro and in vivo studies
	HK3 was highly expressed in PBMCs and thyroid tissue of AITD
	High iodine could promote HK3 expression in macrophages and knockdown of HK3 could significantly inhibit the degree of M1 polarization
	HK3 gene knockout could cause an imbalance of macrophage polarization in spleen and thyroid tissue
	Systems biology revealed the role of HK3 in the pathogenesis of GD

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	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 1.6
  /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


