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MIF modulates p38/ERK phosphorylation
via MKP-1 induction in sarcoidosis

Jaya Talreja,1,3 Changya Peng,1 and Lobelia Samavati1,2,*
SUMMARY

Macrophage migration inhibitory factor (MIF) is a versatile cytokine that influences a variety of cellular
processes important for immune regulation and tissue homeostasis. Sarcoidosis is a granulomatous dis-
ease characterized by extensive local inflammation and increased T helper cell mediated cytokines. We
have shown thatMIF has amodulatory role in cytokine networks in sarcoidosis.We investigated the effect
of exogenous MIF on sarcoidosis alveolar macrophages (AMs), CD14+ monocytes and peripheral blood
mononuclear cells (PBMCs). Our results showed that MIF negatively regulates the increased MAPKs
(pp38 and pERK1/2) activation by inducing Mitogen-activated protein kinase phosphatase (MKP)-1. We
found that MIF decreased IL-6 and IL-1b production, increased the percentage of regulatory T-cells
(Tregs), and induced IL-1R antagonist (IL-1RA) and IL-10 production. Thus, the results of our study suggest
that exogenousMIF modulates MAPK activation by inducingMKP-1and Tregs as well as IL-10 and IL-1RA,
and hence plays a modulatory role in immune activation in sarcoidosis.

INTRODUCTION

Macrophage migration inhibitory factor (MIF) is a pleiotropic cytokine with multiple roles in pathology, tissue homeostasis, and in regulation

of cellular activities.1–3 It is produced by variety of cells including immune cells (macrophages, T cells, dendritic cells, eosinophils, and neu-

trophils), non-immune cells (epithelial and endothelial cells) and is a pituitary-derived hormone.1,4,5 Preformed MIF protein is stored in the

intracellular vesicles and secreted by a non-conventional pathway upon stimulation. Stimuli such as inflammatory cytokines, microbial prod-

ucts, oxidized lipids, mitogens, hypoxia, necrotic cells and corticosteroids have been demonstrated to trigger the MIF secretion.6–9 MIF has

pro-inflammatory, protective and antiapoptotic properties depending on the cellular context.3,10–12 MIF has been implicated in the patho-

genesis of various autoimmune and chronic inflammatory diseases.13–15 Recent studies have shown that MIF plays a key role in the mainte-

nance of hemostasis by promoting cell survival, antioxidant signaling, angiogenesis and tissue repair.16 The protective role of MIF has been

reported in the immunity against various infections and oxidative stress-mediated DNA damage.3,11,12,17 MIF exerts its effect either through

its cognate receptor (CD74) or through a non-classical endocytic pathway.18 Upon MIF engagement, CD74 recruits CD44 and subsequently

mediates downstream signal transduction through PI3K/Akt and MAPK pathways among others.19–21 The chemokine receptors CXCR2,

CXCR4, and CXCR7 are also able to form complexes with CD74/- MIF heterodimer.22 Depending on the cellular context and stimulation sta-

tus, MIF can bind to these receptors and trigger several signaling pathways23 and modulate innate and adaptive immune responses.

Sarcoidosis is a systemic granulomatous disease characterized by extensive local or systemic inflammation associated with an increase in

activatedmacrophages andCD4T cells. A paradoxically decreasedCD8T cells in sarcoidosis is associatedwith T cell exhaustion and elevated

PD-1 expression.24,25 The T cell exhaustions occur in cancers, chronic infection and various autoimmune conditions and attributed to antigen

persistence and loss of T cell effector function.26 Variousmechanisms contribute to the T cell exhaustion including, elevated PD-1,MAP kinase

activation and p38 phosphorylation.26,27

Previously, we have shown that sarcoidosis alveolar macrophages (AMs) exhibit higher levels of activated p38 MAPK and a decreased

expression of dual specificity phosphatase (DUSP1 or MKP-1).28–30 Recently, we have shown that MIF has a modulatory role in cytokine net-

works in sarcoidosis and not necessarily has a detrimental effect.31 Our study showed that the serum MIF levels in sarcoidosis patients posi-

tively correlate with IFNg and IL-10 and improved pulmonary function testing. In current study, first, we assessed which cells producedMIF in

sarcoidosis. Additionally, we evaluated the effects of exogenous MIF and TCR activation of peripheral blood mononuclear cells (PBMCs) iso-

lated from sarcoidosis and healthy controls. In addition, we elucidated the potential pathways associated with MIF regulatory functions in

sarcoidosis AMs. We found that at baseline despite increased number of CD4 cells in sarcoidosis, the intracellular MIF was lower compared

to healthy controls and that TCR activation did not lead to further increase of intracellular MIF, neither in CD4 nor CD8 cells in sarcoidosis.
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Table 1. Subject demographics

Characteristics Patient Subjects, n = 60 Healthy subjects = 12

Age, years (mean G SD) 45 G 9 42 G 5

Sex (female) 24 (40) 5(41)

BMI, kg.m-2 (mean G SD) 31 G 5 28 G 6

Race (n, %)

African American 58 (96) 6 (60)

White 1 (1) 2 (20)

Asian 1 (1) 2 (20)

Organ involvements (n, %)

Pulmonary involvement 59 (98) NA

Extra pulmonary involvement 48 (80) NA

Skin 20 (33) NA

Eye 15 (25) NA

Heart 6 (10) NA

CNSa 3 (5) NA

Other 4 (6) NA

Initial chest radiograph stages (n, %)

Stage 0 2 (3) NA

Stage 1 9 (16) NA

Stage 2 31 (56) NA

Stage 3 10 (10) NA

aCNS, central nervous system
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Furthermore, we found that exogenous MIF modulates cytokine production in sarcoidosis AMs and PBMCs by dampening the activation of

p38 and ERK MAPK through MKP-1 and Tregs induction.
RESULTS

Activation of PBMCs increased the percentage of CD8+MIF+ cells

Sarcoidosis is characterized by an increased number of CD4+ T lymphocytes.24,29,30 The ratio CD4/CD8 in PBMCs samples was confirmed by

flow cytometry. Sarcoidosis PBMCs exhibit an increased CD4 cells (mean = 53%) as compared to CD8 cells (mean = 18%). Healthy controls

(HC) PBMCs showed an average of 46%of CD4+ cells and 32%of CD8+ cells (Figure S1A). The CD4/CD8 ratio in sarcoidosis PBMCswas about

2.9 and in healthy controls was 1.5. Subjects’ characteristics (n = 70) are demonstrated in Table 1.

MIF is produced and secreted by the activated lymphocytes.1 It is not known which lymphocytes population in sarcoidosis predominantly

produce MIF. We assessed and compared the percentage of MIF+ CD3+ T-cells and MIF+CD19+ B-cells in PBMCs of healthy controls (HC)

and sarcoid by flow cytometry. The percentage of CD19+MIF+ B-cells (5%) was comparable in both groups (Figures S1B and S1C). Figures 1A

and 1B show that the percentage of CD3+ MIF+ T-cells in HC is 69% and higher mean fluorescent intensity (MFI) for intracellular MIF as

compared to sarcoid CD3+MIF+ cells. Due to an increase in CD4/CD8 ratio in sarcoidosis, we evaluated the percentage of double-positive

CD4+MIF+ andCD8+MIF+ cells and how anti-CD3 challenge impacts onMIF+ cells. PBMCswere challengedwith anti-CD3 for 96 h and then

surface stained for CD4 and CD8 followed by intracellular staining to detect the intracellular MIF. As shown in Figures 1C and 1D, at the un-

stimulated condition, HC had a lower percentage of CD4+MIF+cells (about 50%) as compared to sarcoidosis PBMCs (75%). HC PBMCs ex-

hibited a higher percentage of CD8+MIF+ cells (about 23%), while less than 1% CD8 cells were MIF+ in sarcoidosis PBMCs (Figures 1E

and 1F). Anti-CD3 activation of HC PBMCs led to 30% increase in the MFI for intracellular MIF in CD4+ cells without further augmentation

of the percentage of CD4+MIF+ cells (compare Figures 1C and 1G). In contrast, anti-CD3 activation of sarcoidosis PBMC did not significantly

increase theMFI for intracellularMIF or the percentageof CD4+MIF+ cells (compare Figures 1D–1H). The overlay of CD4+MIF+ subset for HC

and sarcoid is shown in Figure 1I. In contrast, anti-CD3 activation of HC PBMCs led to a significant increase in the percentage of double-pos-

itive CD8+ MIF+ (bright) cells from 24% to 32%, and additionally, enhanced the MFI by 40% for the intracellular MIF staining of CD8+MIF+

(bright) (compare Figures 1E and 1J). In sarcoidosis PBMCs, at baseline CD8+MIF+ were only 0.7%, which increased upon anti-CD3 activation

to 6% (compare Figures 1F and 1K), but this activation led to only a marginal increase (11%) in the MFI for intracellular MIF. The overlay of

CD8+MIF+ subset for HC and sarcoid is shown in Figure 1L. We determined the secreted MIF levels in the culture supernatants and results

showed that anti-CD3 challenge significantly increased the release of MIF in both sarcoid and HC PBMCs (Figure S1D). This result shows that
2 iScience 27, 108746, January 19, 2024



Figure 1. Activation of PBMCs increased the percentage of CD8+MIF+ cells

PBMCs of HC and sarcoid subjects were cultured with or without stimulation with anti-CD3 (1 mg/mL) for 96 h. For intracellular MIF staining, cells were cultured

with 3 mm monensin for 2 h before staining. Cells were harvested after 96 h of culture and immunostained with fluorescein conjugated antibodies CD3, CD19,

CD4, and CD8 and then permeabilized with 0.5% saponin and stained for MIF and analyzed by flow cytometry using Flow-jo software. Representative scatterplots

show FACS analysis of both HC and sarcoidosis PBMCs. The percentage of CD3+ MIF+ T-cells (70%) at baseline in HC.

(A) The percentage of CD3+ MIF+ T-cells (78%) at baseline in sarcoidosis.

(B) The percentage of CD4+MIF+ cells at baseline in HC was 50%.

(C) The percentage of CD4+MIF+ cells in sarcoid was 76% at baseline.

(D) The percentage of CD8+MIF+ cells was 24% at baseline in HC.

(E) The percentage of CD8+MIF+ cells was 0.5% at baseline.

(F) Stimulation of PBMCs with anti-CD3 did not increase the percentage of CD4+MIF+ cells in both HC (G) and sarcoidosis.

(H) The overlay of baseline and anti-CD3 activated, CD4+MIF+ subsets in HC and sarcoid. The histogram depicts HC baseline CD4+MIF+ subset (pink), anti-CD3

activated CD4+MIF+ subset (turquoise blue), sarcoid baseline CD4+MIF+ subset (dark pink), anti-CD3 activated CD4+MIF+ cells (blue).

(I) Stimulation of PBMCs with anti-CD3 increased the percentage of CD8+MIF+ cells in HC from 24% to 32% (J) and 0.5%–6.24% in sarcoidosis.

(K) The overlay of baseline and anti-CD3 activated, CD8+MIF+ subsets in HC and sarcoid. The histogram depicts HC baseline CD8+MIF+ subset (pink), anti-CD3

activated CD8+MIF+ subset (turquoise blue), sarcoid baseline CD8+MIF+ subset (dark pink), anti-CD3 activated CD8+MIF+ subset (blue).

(L) The presented data is the representative of 5 independent experiments.
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in contrast to sarcoidosis, CD4 andCD8 cells in HCexhibit higher levels of intracellularMIF and the TCR activation led to an even higherMFI as

well as higher level of released MIF compared to baseline.
Exogenous MIF increases the percentage of regulatory T-cells

MIF is produced by activated T-cells and regulates T cell mediated immune responses and neutralization of MIF inhibits T cell proliferation

and IL-2 production in vitro, suppresses antigen-driven T cell activation and antibody production in vivo.1,12 To elucidate the effect of exog-

enous MIF on the T cells markers (CD25, CD69 and Tregs) and antigen-presenting cells markers (CD80, CD86), sarcoidosis PBMCs were

cultured in the presence and absence of anti-CD3 (1 ug/mL) alone or the combination of anti-CD3 and rMIF (60 ng/mL). After 96 h cells

were surface stained for CD80, CD86, CD69, CD4, CD25 followed by intracellular staining for the forkhead/winged helix transcription factor

(FoxP3) and analyzed by flow cytometry. The gating strategies and controls are shown in Figure S2. The rMIF had no significant effects on the

expression of APC activation markers CD80, CD86 and CD69 (Figure S3). The baseline expression of CD4+CD25+ was 3% in sarcoidosis

PBMCs (Figure 2A). The rMIF treatment did not change the percentage of CD4+CD25+ cells (Figure 2B). In contrast, the challenge of sarcoid-

osis PBMCs with anti-CD3 increased the percentage of CD4+CD25+ cells to 25% (Figure 2C), but when the exogeneous MIF was added no

further increase was observed (Figure 2D). Similarly, we evaluated the effect of rMIF on markers of T regulatory cells (Tregs,

CD4+CD25+FoxP3+) in presence and absence of anti-CD3 challenge. Exogenous MIF alone did not change the percentage of Tregs as

compared to the vehicle treated cells (Figures 2E and 2F). Activation of sarcoidosis PBMCs with anti-CD3 increased the percentage of Tregs

from 0.3% to 7% (Figure 2G) and the combination of anti-CD3 and rMIF led to a further increase in the percentage of anti-CD3 induced Tregs

from 7 to 10% (Figure 2H). We found a higher percentage of Tregs (1.4%) in HC PBMCs as compared to sarcoid patients (Tregs,0.68%). The
iScience 27, 108746, January 19, 2024 3



Figure 2. MIF increases the percentage of Tregs

PBMCs of sarcoid subjects were treated with rMIF (60 ng/mL) alone or were stimulated with anti-CD3 (1 mg/mL) in the presence or absence of rMIF for 96 h. Cells

were harvested after 96 h of culture and immunostained with fluorescein conjugated antibodies CD4 and CD25 and then permeabilized with 0.5% saponin and

stained for FoXP3 and analyzed by flow cytometry using Flow-jo software. The gating strategy is shown in Figure S2. Representative scatterplots show FACS

analysis of CD4 and CD25 expression of sarcoidosis PBMCs.

(A–D). The percentage of CD4 and CD25 double-positive, representing activated T-cells, were 3% in untreated PBMCs (A). Treatment with rMIF did not increase

the percentage of CD4+CD25+ cells (3%) (B). PBMCs stimulated with anti-CD3 the percentage of CD4+CD25+ double-positive T-cells increased to 25% (C).

Sarcoidosis PBMCs were stimulated with anti-CD3 in the presence of rMIF. The percentage of CD4+CD25+ double-positive cells did not increase in the

presence of rMIF (D). CD4+CD25+ double-positive cells were gated and analyzed for FoxP3 representing Tregs. The percentage of Tregs in untreated

PBMCs was 0.38 (E), rMIF increased the percentage of Tregs from 0.38 to 0.52.

(F). Activation of PBMCs with anti-CD3 increased the percentage of Tregs from 0.38 to 6.5 (G), rMIF increased the percentage of anti-CD3 induced Tregs from 6.5

to 10%.

(H) Data presented is a representative of 3 independent experiments.
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activation of HCPBMCswith anti-CD3 increased the percentage of Tregs from1.4% to 4% and the combination of anti-CD3 and rMIF led to an

increase in the percentage of Tregs from 4 to 7% (Figures S4E–S4H). We concluded that rMIF potentiates the Treg development.

Exogenous MIF modulates the cytokine production in sarcoidosis

Because our recent study showed that in sarcoidosis MIF has a potential modulatory role in cytokines networks,23 we assessed the effect of

exogenous MIF on cytokines relevant to sarcoidosis. Previously, we have shown that sarcoidosis patients PBMCs exhibit significantly higher

production of inflammatory cytokines IL-6 and IL-1b.29,30 To determine the effect of exogenous MIF on cytokine production, sarcoidosis or

HC PBMCs were challenged with anti-CD3 in presence or absence of rMIF for 96 h. The conditioned media were assessed for IL-6, IL-1b,

IFN-g and IL-10 production via ELISA. The challenge of PBMCs with anti-CD3 led to a significant increased IL-6 production in sarcoid.

Sarcoid PBMCs exhibited significantly higher production of IL-6 as compared to HC. The exogenous MIF significantly decreased the

anti-CD3 induced IL-6 in sarcoid PBMCs. Anti-CD3 challenge of HC PBMCs led to a moderate increase in IL-6 production and the addition

of rMIF had no significant effect on IL-6 production in HC (Figure 3A). Similarly, the challenge of PBMCs with anti-CD3 led to significant

increased production of IL-1b in both sarcoid and HC. However, sarcoid PBMCs exhibited significantly higher production of IL-1b as

compared to HC. The rMIF significantly decreased the anti-CD3 induced IL-1b in sarcoid PBMCs (Figure 3B), whereas it did not impact

anti-CD3 induced IL-1b in HC PBMCs. Next, we assessed the IFN-g production in response to anti-CD3 and rMIF. IFN-g production

was significantly induced in both HC and sarcoid PBMCs in response to anti-CD3 challenge. However, in contrast to IL-6 and IL-1b,

rMIF potentiated the production of anti-CD3 induced IFN-g in sarcoid PBMCs. The exogenous rMIF had no significant effect on the

upregulation of anti-CD3 induced IFN-g in HC (Figure 3C). Anti-CD3 challenge significantly induced IL-10 in both HC and sarcoid
4 iScience 27, 108746, January 19, 2024



Figure 3. MIF modulates the cytokine production in PBMCs

PBMCs from healthy (n = 4) or sarcoidosis subjects (n = 10) were cultured in absence (vehicle treated) or presence of rMIF (60 ng/mL) and activated with anti-CD3

(1 mg/mL). Conditionedmedia were collected after 96 h and were assessed for IL-6, IL-1b, IFNg and IL-10 via ELISA. Anti-CD3 induced IL-6 in both HC and sarcoid

PBMCs. The range of IL-6 production in HC was 43–447 pg/mL and in sarcoid was 125–8500 pg/mL rMIF significantly (p = 0.02) dampened the anti-CD3 induced

IL-6 in sarcoid (range:24–1089 pg/mL) but had no effect on IL-6 production in HC.

(A) Anti-CD3 induced IL-1b in both HC (range: 2–73 pg/mL) and sarcoid PBMCs (range: 70–3641 pg/mL). rMIF significantly (p = 0.007) reduced anti-CD3 induced

IL-1b in sarcoid ranging from 2 to 3065 pg/mL but had no effect in HC.

(B) Anti-CD3 induced IFNg in both HC (range: 3973-4446 pg/mL) and sarcoid PBMCs (range:1238–5800 pg/mL). rMIF significantly (p = 0.0004) increased the anti-

CD3 induced IFNg in sarcoid (range:1800–6995 pg/mL) but did not potentiate the anti-CD3 induced IFNg in HC (range: 3940–5990 pg/mL).

(C) Anti-CD3 induced IL-10 in both HC (range:230-373 pg/mL) and sarcoid PBMCs (range: 5–3804 pg/mL). rMIF significantly (p = 0.004) increased the anti-CD3

induced IL-10 production in sarcoid (range:15–4507 pg/mL) but did not potentiate the anti-CD3 induced IL-10 in HC (range: 281–330 pg/mL) (D).
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PBMCs. IL-10 production in sarcoid was significantly higher than HC. The exogenous MIF significantly potentiated the production of anti-

CD3 induced IL-10 in sarcoid PBMCs (Figure 3D). rMIF alone did not induce the production of any cytokine in PBMCs, but it modulated the

anti-CD3 induced cytokine production in sarcoid PBMCs.

MIF decreased the p38 and ERK1/2 phosphorylation and induced MKP-1 expression in sarcoidosis AMs

Previously, we have identified that sarcoidosis AMs exhibit heightened p38 activation, in part due to the lack of MKP-1expression and the

inhibition of p38 phosphorylation or MKP-1 induction decrease the cytokine production in sarcoidosis AMs and PBMCs.28–30 Because MIF

regulates the macrophage responses, and we observed that exogeneous MIF decreased the IL-1 b and IL-6 (Figure 3), we hypothesized

that rMIFmight modulateMAPK activation. To test this, AMs were cultured in the presence or absence of rMIF (60 ng/mL) for 30min.Western

blot was performed using the cell lysates to evaluate the levels of phosphorylated form of p38 MAPK (pp38). Figures 4A and 4B show that

sarcoid AMs exhibit increased expression of pp38 at the baseline and additional rMIF treatment significantly reduced the expression of

pp38. We also determined the effect of rMIF on the phosphorylation of ERK1/2. Similarly, rMIF significantly reduced the phosphorylation

of ERK1/2 (Figure C and D). To assess the effect of rMIF on p38 phosphorylation in sarcoidosis AMs, AMs were cultured in chamber slides

and treated with rMIF alone, LPS (100 ng/mL) in presence or absence of rMIF for 30 min, and then stained with antibody against pp38. As

shown, sarcoid AMs exhibit enhanced pp38 levels at the baseline confirming our previous results28,29 (Figure 4E). Challenge with rMIF

decreased baseline levels of pp38 fluorescence staining in sarcoidosis AMs (Figure 4F). As expected LPS challenge led to an increase in levels

of the pp38 staining (Figure 4G). rMIF treatment in the presence of LPS led to a decrease in the LPS-mediated pp38 staining (Figure 4H). The

secondary antibody control is shown in Figure 4I. The quantification of fluorescence intensity and indicator for p38 activation showed that rMIF

significantly decreased the activation of p38 (Figure 4J).

MKP-1 is a dual specificity MAPK phosphatase that is considered as an important feedback control of MAPK activation.32 MKP-1 reg-

ulates the immune response by dephosphorylating the Thr-Xaa-Tyr motifs on the activated MAPKs.28,32–34 MKP-1is highly expressed by

innate immune cells and belongs to the immediate-early gene family.35 Many immunomodulatory compounds, like corticosteroid and ra-

pamycin are positive regulators of MKP-1 expression.34,36 Because exogenous MIF decreased the phosphorylation of p38 and ERK1/2

MAPKs, we determined the effect of rMIF on MKP-1 expression in sarcoid AMs. AMs were cultured in the presence or absence of rMIF

(60 ng/mL) for 30 min. Western blot was performed using the AMs cell lysates to evaluate the levels of MKP-1 protein. rMIF treatment
iScience 27, 108746, January 19, 2024 5



Figure 4. Exogenous MIF decreases the activation of p38 and ERK1/2 MAPKs and induces the MKP-1 expression

Sarcoidosis AMs were treated with rMIF (60 ng/mL) for 30 min. Whole cell lysates were subjected to immunoblotting to assess the p38 and ERK1/2 activation.

Values were normalized to total p38 or total ERK1/2 and are shown as relative expression to untreated cells. Densitometry analysis is expressed as fold increase of

the ratio of specific phosphorylated protein/total protein. Sarcoid AMs (n = 3 patients) showed the enhanced p38 activation at baseline and treatment with rMIF

significantly decreased the activation of p38 (A) Densitometry analysis of blot.

(B)Western blot of pERK1/2 (C) and densitometry analysis of immunoblot (D) shows that treatment of sarcoid AMs with rMIF significantly decreased the activation

of ERK1/2. Sarcoidosis AMs (1 3 105) were allowed to adhere overnight on chamber slides. Next day cells were treated with rMIF or LPS (100 ng/mL) in the

presence or absence of rMIF (60 ng/mL) for 30 min and then were washed briefly with PBST and fixed with 4% paraformaldehyde. Cells were permeabilized

with 0.1% saponin, blocked (10% FCS), and then incubated with anti-pp38 antibody overnight at 4�C. The secondary antibody was Alexa Fluor 488 -

conjugated goat anti-rabbit antibody (green). Nuclei were stained with DAPI (blue). Images were analyzed by Confocal laser scanning microscopy (CLSM-

310, Zeiss). Images show enhanced baseline activation of p38 (E), rMIF decreased the p38 activation.

(F) LPS treatment increased the activation of p38 (G) and rMIF decreased the LPS-induced p38 activation.

(H) Secondary antibody control.

(I) The quantification of fluorescence intensity showed that rMIF significantly decreased the activation of p38.

(J) Treatment of AMs (n = 3 patients) with rMIF increased the expression ofMKP-1 (upper panel, K), densitometry analysis of blot (lower panel, K). Sarcoidosis AMs

(n = 5) were treated with rMIF (60 ng/mL) for 1 h and cells were harvested to isolate the RNA. Total RNA was extracted using TRIzol reagent and reverse

transcribed. The MKP-1 and a reference gene, GAPDH primers were used to amplify the corresponding cDNA by using iQ SYBR Green Supermix. PCR

amplification was performed in a total volume of 20 mL containing 2 mL each cDNA preparation and 20 pg primers. Relative mRNA levels were calculated

after normalizing to GAPDH. rMIF significantly induced the expression of MKP-1 mRNA.

(L) Sarcoid CD14+ monocytes isolated from PBMCs were treated with rMIF (60 ng/mL) for 30 min. Whole cell lysates were subjected to immunoblotting to assess

the p38 activation and MKP-1expression. Values were normalized to total p38 or�-actin and are shown as relative expression to untreated cells. Sarcoid CD14+

monocytes (n = 3 patients) showed the enhanced p38 activation at baseline and treatment with rMIF significantly decreased the activation of p38 (upper panel,

M), and densitometry analysis of blot (lower panel, M). Treatment of sarcoid CD14+ monocytes (n = 3 patients) with rMIF increased the expression of MKP-1

(upper panel, N), densitometry analysis of blot (lower panel.

(N) The Western blot and densitometric results are representative from three patients out of total of 6 patients. *, p < 0.05 and was considered significant.

ll
OPEN ACCESS

iScience
Article
of sarcoidosis AMs led to a significant MKP-1 induction at the protein level (Figure 4K). MKP-1 expression is tightly regulated both at tran-

scriptional and post transcriptional levels.37 As shown, the treatment of AMs with rMIF significantly upregulated the MKP-1 transcript (Fig-

ure 4L). Previously, we have shown that sarcoid patients exhibit higher percentage of double-positive CD14+ phospho p38 positive mono-

cytes,29 therefore, we determined the effect of rMIF on the circulating CD14+ monocytes isolated from sarcoid PBMCs. Purified CD14+

monocytes were cultured in the presence or absence of rMIF (60 ng/mL) for 30 min. Western blot was performed using the monocytes

cell lysates to evaluate the levels of pp38 and MKP-1 protein. The results showed that sarcoid monocytes at baseline exhibit enhanced

pp38 levels and treatment with rMIF decreased the phosphorylation of p38 MAPK (Figure 4M). The rMIF treatment of CD14+ monocytes

significantly enhanced the MKP-1 expression (Figure 4N).
6 iScience 27, 108746, January 19, 2024



Figure 5. Exogenous MIF decreases the pro-IL-1b protein and gene expression and induces IL-1RA

Sarcoidosis AMs were treated with rMIF (60 ng/mL) for 30 min. Whole cell lysates obtained after 30 min of treatment were subjected to immunoblotting to assess

the pro-IL-1b expression. Values were normalized to b-actin and are shown as relative expression to untreated cells. Densitometry analysis is expressed as fold

increase of the ratio of specific protein/b-actin. Sarcoid AMs showed the enhanced pro-IL-1� expression at baseline and treatment with rMIF significantly

decreased the pro-IL-1b expression.

(A) Densitometry analysis of blot.

(B) TheWestern blot and densitometric results are representative from three patients out of total of 6 patients. *, p < 0.05 and was considered significant. The IL-

1b and a reference gene, GAPDH primers were used to amplify the corresponding cDNA by using iQ SYBR Green Supermix. Relative mRNA levels were

calculated after normalizing to GAPDH. rMIF significantly reduced the expression of IL-1b mRNA.

(C) Sarcoid or HC PBMCs were activated with anti-CD3 (1 mg/mL) in the presence or absence of rMIF (60 ng/mL). Conditionedmedia were collected after 96 h and

were assessed for IL-1RA via ELISA. The range of baseline IL-1RA in HC was 73–316 pg/mL and in sarcoid 25–10000 pg/mL rMIF significantly increased the IL-1RA

production in sarcoid PBMCs (range: 545–18526 pg/mL) but did not significantly increase the IL-1RA levels in HC (range:79–642 pg/mL.

(D) ELISA results represent mean G SEM from 10 independent experiments. *, p < 0.05 and was considered significant.
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MIF decreased the pro-IL-1b and induced the production of IL-1 receptor antagonist (IL-1RA)

Previously, we have shown that ex vivo sarcoidosis AMs exhibit elevated levels of pro-IL-1b and IL-1 receptor antagonist (IL-1RA).28–30 IL-1 RA is

considered as a decoy receptor for IL-1b and thought that IL-1RA competitively binds to IL-1b and forms a nonsignaling complex that acts as a

molecular trap by inhibiting IL-1beta activity on cells.38 Thus, we explored the effect of exogeneous MIF on pro-IL1b and IL1b in cultured

sarcoidosis AMs. As previously reported, sarcoidosis AMs exhibit increased levels of pro-IL-1b at baseline, which significantly decreased in

response to the rMIF treatment (Figures 5A and 5B). We also determined the effect of rMIF on the IL-1b mRNA expression in sarcoidosis

AMs in response to rMIF treatment. The exogenous MIF led to a significant downregulation of IL-1b transcripts (Figure 5C). These data in-

dicates that exogenous MIF decreases IL-1b both at transcript and protein levels. Next, we asked if exogenous MIF has any effect on the pro-

duction of IL-1RA. Sarcoidosis or HC PBMCs were cultured in the presence of rMIF alone or challenged with anti-CD3 in presence or absence

of rMIF (60 ng/mL) for 96 h and IL-1RA levels weremeasured in the conditionedmedia via ELISA. The baseline IL-1RAmean value (194 pg/mL)

in HC was significantly lower than the sarcoid patients (2061 pg/mL). ExogenousMIF led to increased IL-1RA in HC (from 194 to 360 pg/mL) as

well as in sarcoidosis PBMCs (from 2061 to 5500 pg/mL). The challenge of PBMCs with anti-CD3 significantly induced IL-1RA in both HC and

sarcoid PBMCs but rMIF had no significant additive effects on anti-CD3 mediated IL-1RA induction (Figure 5D).

DISCUSSION

MIF is a highly conserved ubiquitously present protein that exhibits multiple properties of lymphokine, hormone, enzyme, chaperone, oxidore-

ductase, and a growth factor.39–41 It is constitutively expressed in most tissues and is stored in the intracellular vesicles.42 MIF secretion occurs

throughanoncanonical pathwayas it lacks anN-terminal signal sequence for translocation into theendoplasmic reticulum (ER)/Golgi.43Released

MIFhasbothautocrineandparacrineeffects, henceplaysanessential role in themaintenanceofcellularhomeostasis, tissue repair and is involved

in the regulation of both innate and adaptive immune responses. MIF is a multifaceted protein interacting with multiple binding partners and

regulating fundamental cellular functions. Exogenous MIF exerts its biological effects either through the cell surface receptors/co-receptors

CD74/CD44 axis or by non-receptor mediated endocytosis.5 It has been shown that the intracellular MIF or endocytosed exogenous MIF can

interact with the intracellular proteins/transcriptional coactivator and modulate signaling pathways.16,44 Intracellular MIF activities are linked
iScience 27, 108746, January 19, 2024 7
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to the thiol protein oxidoreductase activity ofMIF, the tumor suppressor protein p53, and c-Jun activation domain binding protein-1 (JAB1).16,45

Recent experimental evidence indicates that MIF plays a beneficial role by protecting from tissue senescence and DNA damage.37,46,47 For

instance, MIF binds to superoxide dismutase 1 (SOD1) and inhibits the accumulation of misfolded SOD1 in neurodegenerative disease.48

Sarcoidosis is characterized as a systemic and local disease affecting barrier organs like lung, skin, and eyes with aberrant immune

response to undefined environmental or infectious triggers.49 In sarcoidosis, CD4 cells are highly represented in the lungs but there is a rela-

tive lower representation of CD8 cells and Tregs.28,49 The excessive amount of activation signals often leads to a decreased CD8+ T cells,

gradual deterioration of T cell function and inefficient control of persisting antigens.26,27 Several mechanisms are associated with T cell

exhaustion, including elevated PD-1 levels and sustained p38 activation.27,50 Inhibition of p38 has been shown to enhance the anti-tumor ef-

ficacy of T-cells and T cell cytotoxicity through the increased production of IFN-g.27 Another study showed that PD-1 or p38 blockade can

reverse the proliferation and effector function of memory CD8+ T cells.50 Our results show that exogenous MIF decreased the p38 phosphor-

ylation andpotentiated the IFN-g production. Interestingly, TCR activation of sarcoidosis PBMCs did not lead to a significant augmentation of

intracellular MIF in CD4 and CD8 cells. In contrast, TCR activation of healthy control PBMCs enhanced the MFI for intracellular MIF in CD4 as

well as CD8 cells. Whether the lack of accumulation of intracellular MIF in sarcoidosis in response to TCR activation is associated with T cell

exhaustion needs further investigation.

Recently, we have shown that based on serumMIF levels there were two distinct classes of sarcoidosis patients: (1) a group with high levels

of MIF, and (2) a group with low MIF levels.31 The high MIF group was associated with elevated IL-10 and IFN-g, whereas the low MIF group

exhibited a lower IL-10 and IFN-g level. Our current experimental data support our clinical observation, as exogenousMIF dampened the IL-6

and IL-1b production but upregulated IL-10 and IFN-g production. IFN-g has been shown to have both inflammatory and regulatory activ-

ities.51 IL-10 is an anti-inflammatory cytokine that negatively regulates the activity of Th1, NK cells and macrophages.52 One study showed

that when MIF produced at the higher physiological levels acts as an inhibitor of the T cell immune responses.53 Our data indicate that

the MIF regulates the cytokine production in activated sarcoidosis PBMCs by modulating the balance between pro and anti-inflammatory

cytokines. Evaluating the MIF effects on the activation markers in sarcoidosis PBMCs, we found that exogenous MIF had no significant effect

on the activation markers of T-cells and antigen-presenting cells. In contrast, the ex vivo rMIF in anti-CD3 stimulated PBMCs increased the

percentage of Tregs from 6 to 10%. CD4+CD25+FoxP3+ Tregs are a subpopulation of T cells that modulates the enhanced immune re-

sponses through immunosuppressive cytokines (e.g., IL-10, TGF-b).54 Our study shows that exogenous MIF influences the immune cell acti-

vation in sarcoidosis by promoting IL-10 production and Tregs induction.

Persistent granulomatous inflammation in sarcoidosis is associated with increased p38, RIP2 activation, and an increased in HIF-1a expres-

sion in sarcoidosis granuloma.28–30 Activated AMs play a central role in granuloma formation and their activation is associated with distinct

signaling, including sustained p38 activation, lack of MKP-1 expression, abundance of HIF1-a in association with metabolic derangement,

elevated proinflammatory cytokine production and activated T cells.28–30,55 Activation of MAPKs is required for production of various cyto-

kines, including the pro-IL-1b. Our current results show that exogenous MIF inhibits phosphorylation of both p38 and ERK1/2 in sarcoidosis

AMs, CD14+ monocytes and PBMCs. Similarly, rMIF decreased the baseline levels of pro-IL-1b in sarcoidosis AMs and IL1-b production in

PBMCs. MAPKs are primarily deactivated through dephosphorylation of the regulatory residues (threonine and tyrosine) of their targeted

MAPKs by dual specific phosphatases (DUSPs or MKPs). MKP-1 is the key molecule responsible for immune modulatory effects of various

drugs, including corticosteroid (GC) and rapamycin.34,35,56,57 Many chronic inflammatory diseases including asthma, and sarcoidosis have

been associated with dysregulation of MKP-1 expression.28,56 In fact, the immune suppressive effect of GC attributed, at least in part, to

MKP-1induction.58,59 One of the mechanisms in GC resistant asthma is attributed to the lack of MKP-1 induction in response to GC.60,61 Inter-

estingly, our results demonstrated that exogenous MIF induces MKP-1 in sarcoidosis AMs both at the transcript and protein levels. This ex-

plains mechanistically that exogenous MIF induces MKP-1, which in turn decreased the p38/ERK phosphorylation in sarcoidosis AMs and

reduced the production of proinflammatory cytokines. CD14+ monocytes are elevated in sarcoidosis patients and have been shown to be

involved in the sarcoidosis pathology. Our results showed that CD14+ monocytes expressed higher levels of pp38 and exogenous MIF

induced MKP-1 and decreased the phosphorylation of p38 in the isolated monocytes. Interestingly, we found that p38 inhibitor

(SB203580) while suppressing several pro-inflammatory cytokines, induced the secretion of MIF in sarcoid PBMCs (data not shown), suggest-

ing positiveMIF regulation through p38 inhibition. Numerous studies have shown that GCs in dose dependentmanner increases MIF expres-

sion and secretion, in contrast to other pro-inflammatory cytokines that are generally suppressed by GC.4,15,62 In several experimental animal

models of sepsis or transformed macrophage cell lines (RAW 264.7), several groups have shown that exogenous MIF abrogates the GC im-

mune suppressive effect on LPS induced proinflammatory cytokines.62,63 In similar experimental sepsis, it has been shown that MIF inhibit the

GCs mediatedMKP-1 induction through inhibitory effects on GC-induced leucine zipper (GILZ).63,64 This evidence is the basis for the hypoth-

esis that MIF functions as an endogenous counter regulator of GCs effects.62 However, it has been shown that exogenousMIF does not act as

a mitogen and MIF is required for T cell activation.1,62 Important to note that our experimental design completely differs from the experi-

mental endotoxin models, as we did not study the concomitant effect of MIF and GCs.

One of our novel findings is the upregulation of IL-1RA in response to exogenous MIF both in sarcoidosis and healthy control PBMCs.

Elevated IL-1RA has been reported in human autoimmune/inflammatory diseases, including rheumatoid arthritis and sarcoidosis.30,65

Although it is shown that IL-1RA acts as a decoy receptor and binds in vitro to IL-1b,38,66 the mechanism by which it is upregulated is not fully

elucidated. Further studies are required to delineate the cellular mechanisms involved in the modulation of IL-1RA production by MIF.

Thus, the results of our study suggest the immunomodulatory role of MIF in sarcoidosis that suppresses the p38 activation, induces the

MKP-1, decreases the proinflammatory cytokines (IL-6 and IL-1b) but induces Tregs, IFN-g, IL-10 and IL-1RA. In conclusion, MIF has apparently
8 iScience 27, 108746, January 19, 2024
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paradoxical functions, responding in different ways depending on physiological concentration, cell types, underlying stimulation context and

the timing of and the stage at which it is produced.

Limitations of the study

Our data indicates that MIF does not have mitogenic capacity or potentiate the T or macrophages activation. However, it is still unclear if the

modulatory role of MIF is entirely due to upregulation of MKP-1 or though IL-1RA and Tregs. Further experiments are required to address the

mechanisms by which MIF induces MKP-1.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Human MIF Antibody R&D Cat# MAB289, RRID:AB_2281975

Anti-p38 MAPK Antibody Cell Signaling Cat# 9212, RRID:AB_330713

Phospho-p38 MAPK (Thr180/Tyr182) Antibody Cell Signaling Cat# 9211, RRID:AB_331641

ERK 1/2 Cell Signaling Cat# 9102, RRID:AB_330744

pERK1/2 Cell Signaling Cat# 9101, RRID:AB_331646

Anti-rabbit IgG HRP-linked Antibody Cell Signaling Cat# 7074, RRID:AB_2099233

Anti-mouse IgG HRP-linked Antibody Cell Signaling Cat# 7076, RRID:AB_330924

MKP-1 Santa Cruz Cat# sc-1102, RRID:AB_2094224

Beta Actin Abcam Cat# ab8227, RRID:AB_2305186

FITC Mouse Anti-Human CD4 BD Biosciences Cat# 340133, RRID: AB_400007

PE-Cy�7 Mouse Anti-Human CD8 BD Biosciences Cat# 566858, RRID:AB_2869912

FITC Mouse Anti-Human CD19 BD Biosciences Cat# 555412, RRID:AB_395812

PE Mouse Anti-Human CD25 BD Biosciences Cat# 341009, RRID: AB_400203

Alexa Fluor� 647 Mouse anti-Human FoxP3 BD Biosciences Cat# 561184, RRID:AB_10584328

Purified Mouse Anti-Human CD3 BD Biosciences Cat# 550367, RRID:AB_393638

FITC Mouse Anti-Human CD86 BD Biosciences Cat# 557343, RRID: AB_396651

PE Mouse Anti-Human CD80 BD Biosciences Cat# 557227, RRID: AB_396606

APC anti-human CD74 Antibody Biolegend Cat# 326812, RRID:AB_2564389

Goat anti-Rabbit IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor� 488

Thermofisher Cat # A-11008

Biological samples

Human Blood samples WSU, Detroit

Human bronchoalveolar lavage (BAL) samples WSU, Detroit

Chemicals, peptides, and recombinant proteins

Recombinant Human MIF Protein R&D Cat# 289-MF

UltraComp eBeads� Compensation Beads Thermofisher Cat# 01-2222-42

Lipopolysaccharide (LPS) Invivogen Cat# vac-3pelps

Cytiva Amersham� ECL� Western Blotting Detection Reagents Fisherscientific Cat# 45-000-878

ProLong� Gold Antifade Mountant with DNA Stain DAPI Thermofisher Cat# P36931

TRIzol reagent Thermofisher Cat# 15596026

Ficoll-Histopaque 1077 Sigma-Aldrich Cat# 1077

Critical commercial assays

Human IL-1 beta/IL-1F2 DuoSet ELISA R&D Cat# DY201

Human IL-6 DuoSet ELISA R&D Cat# DY206

Human IL-10 DuoSet ELISA R&D Cat# DY217B

Human IFN-gamma DuoSet ELISA R&D Cat# DY285B

Oligonucleotides

GAPDH forward:GTCTCCTCTGACTTCAACAGCG IDT

GAPDH reverse:ACCACCCTGTTGCTGTAGCCAA IDT

MKP-1 forward: CAACCACAAGGCAGACATCAGC IDT

MKP-1 Reverse: GTAAGCAAGGCAGATGGTGGCT IDT

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

IL-1beta forward: CTTCGACACATGGGATAACG IDT

IL-1beta reverse: ATGGACCAGACATCACCAAG IDT

Software and algorithms

ImageJ NIH

Flow Jo BD Biosciences

Other

LIVE/DEAD� Fixable Near-IR Dead Cell Stain Kit Thermofisher Cat# L34976

iScript� Reverse Transcription Supermix for RT-qPCR Bio-rad Cat# 1708841

Fast SYBR Green Master Mix Thermofisher Cat# A46109
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact: Jaya Talreja

(jtalreja@.med.wayne.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Data presented in this manuscript is available.

� Code availability: Code will be shared by the lead contact upon request.
� Other item availability: Microscopy data, flow cytometry and any additional information reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study participant details

The Committee for Investigations Involving Human Subjects at Wayne State University approved the protocol for obtaining bronchoalveolar

lavage (BAL) and blood samples from patients with sarcoidosis (n = 60). The IRB number for this study is 055208MP4E. All methods were per-

formed in accordance with the relevant guidelines and regulations. Informed consent was obtained from all subjects enrolled in the study.

Sarcoidosis diagnosis was based on the ATS/ERS/WASOG statement.67 The enrollment criteria for sarcoidosis patients were as previously

described.28–30

METHOD DETAILS

BAL and the isolation of alveolar macrophages (AMs)

BAL was collected during bronchoscopy after administration of local anesthesia and before tissue biopsies.28–30 Briefly, a total of 150–200 mL

of sterile saline solution was injected via fiberoptic bronchoscopy; the BAL fluid was retrieved, measured, and centrifuged. Cells recovered

from the BAL fluid were filtered through a sterile gauze pad and washed three times with phosphate-buffered saline (PBS), resuspended in

endotoxin-free RPMI 1640 medium (HyClone) supplemented with L-glutamine (Life Technologies), penicillin/streptomycin (Life Technolo-

gies), and 1% fetal calf serum (HyClone), and then counted. BAL cells were cultured on adherent plates for 1 h at 37�C in air containing

5% CO2. Non-adherent cells were removed by aspiration; adherent cells were washed three times and used as AMs. Viability of these pop-

ulations was routinely about 97% and by morphologic criteria 99% of cells were AMs.20,28–31

Isolation of PBMCs and purification of CD14+ monocytes

PBMCswere isolated fromheparinized blood using Ficoll-Histopaque (Sigma, St. Louis,MO) density gradient separation followedbywashing

twice with PBS. Cell suspension was made in endotoxin-free RPMI 1640 medium (HyClone) supplemented with L-glutamine (Life Technolo-

gies), penicillin/streptomycin (Life Technologies), and 10% fetal calf serum (HyClone). Cells were cultured in 12-well plates for further exper-

iments.28–30 CD14 + monocytes were purified from PBMCs by using the MACS monocyte isolation kit (Miltenyi Biotech, San Diego, CA)

according to the manufacturer’s instructions. The purity of enriched monocytes was evaluated by flow cytometry using fluorochrome-conju-

gated CD14 antibody; the purity of monocytes was about 95%.
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Enzyme- linked immunosorbent assay (ELISA)

The levels of, IL-6, IFN-ª, IL-10 and IL-1� andMIF in the conditionedmedia weremeasured by ELISA according to themanufacturer’s instruc-

tions (ELISA DuoKits; R and D Systems, Minneapolis, MN).

Flow cytometry and cell surface immunostaining

PBMCs from subjects with sarcoidosis were isolated, cultured, and after appropriate treatment for 96 h, cells were stained for cell surface

markers using fluorescent labeled antibodies for CD4-FITC, CD8-PE-cy7, CD25-PE CD80-PE, CD86-FITC, CD69-PerCP, CD3-PE-cy7,

CD19-FITC. Intracellular staining of PBMCs was done for MIF and FoxP3. Briefly, PBMCs were first surface stained for CD4, CD8, CD3,

CD19 (for MIF) or stained for CD4, CD25 (for FoxP3+ Tregs) and then fixed using 100 mL of 1% paraformaldehyde for 30 min and then per-

meabilized with permeabilization buffer (0.5% saponin) for 15 min at room temperature. Cells were centrifuged and resuspended in 100 mL of

permeabilization buffer and stained with FoxP3-AF647 antibody for 30 min. Cells were washed and resuspended in staining buffer. For MIF

staining, PBMCs were cultured for 96 h and 3 mM monensin for 2 h. PBMCs were first surface stained for CD4, CD8 and then fixed and per-

meabilized with permeabilization buffer (0.5% saponin) and stained with MIF antibody followed by the Alexa 488 secondary antibody

(#A11070, Molecular Probes). After 30 min cells were washed twice, resuspended in staining buffer, and analyzed for CD3+MIF+, CD19+-

MIF+, CD4+MIF+ and CD8+MIF+ cells or CD4+CD25+FoxP3+ (Tregs) cells by flow cytometry. Flow cytometry was performed on a BD

LSR II SORP and data analysis was performed using FlowJo software (FlowJo, LLC, Ashland, OR).29,30 Samples were gated on cells using

FSC/SSC and doublet discrimination was performed to identify singlets using SSC-W vs. SSC-A. Exclusion of dead cells was done using

Live/DeadNear IR dye. Ultracomp beads were stained with each single-color fluorophore conjugated antibodies used in the immunostaining

to set voltage and gating parameters. The flow cytometry work was done at the Microscopy, Imaging and Cytometry Resources (MICR) Core

at the Karmanos Cancer Institute, Wayne State University.

Protein extraction and immunoblotting

Total cellular proteins were extracted by addition of RIPA buffer containing a protease inhibitor cocktail and antiphosphatase I and II (Sigma

Chemicals). Protein concentration was measured with the BCA assay (Thermo Scientific, CA). Equal amounts of proteins (10 mg) were mixed

1/1 (v/v) with 2x sample buffer (20% glycerol, 4% sodium dodecyl sulfate, 10% 2-bME, 0.05% bromophenol blue, and 1.25 M Tris-HCl, pH 6.8),

and fractionated on a 10% sodium dodecyl sulfate–polyacrylamide gel. Proteins were transferred onto a polyvinylidene difluoridemembrane

(Bio-Rad) for 60 min at 18 V using a SemiDry Transfer Cell (Bio-Rad). The polyvinylidene difluoride membrane was blocked with 5% nonfat dry

milk in TBST (Tris-buffered saline with 0.1% Tween 20) for 1 h, washed, and incubated with primary Abs (1/1000) overnight at 4�C. The blots

were washed with TBST and then incubated for 1 h with horseradish peroxidase–conjugated secondary anti-IgG Ab using a dilution of

1/10,000 in 5% nonfat dry milk in TBST. Membranes were washed four times in TBST. Immuno-reactive bands were visualized with a chemi-

luminescent reagent (Amersham GE, PA). Images were captured on Hyblot CL film (Denville; Scientific, Inc; Metuchen, NJ) using a JPI auto-

matic X-ray film processor model JP-33. Optical density analysis of signals was performed using ImageJ software.28,30,34

Immunofluorescent staining

The expression of pp38 in sarcoidosis AMs was visualized by immunofluorescence staining. AMs (13 105) were allowed to adhere overnight

on chamber slides. Next day cells were activated with rMIF for 30 min and then were washed briefly with PBST and fixed with 4% paraformal-

dehyde. Cells were washed and permeabilized with 0.1% saponin, blocked (10% FCS), and then incubated with anti-pp38 overnight at 4�C.
The next day cells were washed three times with PBS for 5 min and stained with Alexa-fluor 488- conjugated goat anti-rabbit secondary anti-

body for 45min. The secondary antibody control well was not incubatedwith the primary antibody (pp38) but stainedwith secondary antibody

only. Then the cells were washed with PBS and the slide was mounted with a drop of ProLong Gold antifade reagent with DAPI (Invitrogen).

The slide was examined using an Axiovert 40 CFL fluorescence microscope (Carl Zeiss MicroImaging, Inc).30

RNA extraction and quantitative real-time RT-PCR

Total RNA was extracted using TRIzol reagent (Life Technologies) and reverse transcribed using the ABI Reverse Transcription System (Life

Technologies). The primers (targetingMKP-1 and a reference gene, GAPDH) were used to amplify the corresponding cDNAby using iQ SYBR

Green Supermix (Life Technologies). Quantitative analysis of mRNA expression was performed using the ABI instrument (Life Technologies).

PCR amplification was performed in a total volume of 20 mL containing 2 mL each cDNA preparation and 20 pg primers (Invitrogen). The PCR

amplification protocol was performed as described previously.29,34 Relative mRNA levels were calculated after normalizing to GAPDH.

Data were analyzed using the unpaired, two-tailed Student’s t test, and the results were expressed as relative fold of change. The following

primers were used in the PCR reactions: GAPDH forward, 50- GTCTCCTCTGACTTCAACAGCG -30 and reverse, 50- ACCACCCTGTTG

CTGTAGCCAA -30; MKP-1, forward, 50-CAACCACAAGGCAGACATCAGC-30and reverse, 50-GTAAGCAAGGCAGATGGTGGCT-30, IL-1�
forward, 50-CTTCGACACATGGGATAACG-30 and reverse, 50-ATGGACCAGACATCACCAAG-3’.

QUANTIFICATION AND STATISTICAL ANALYSIS

ELISA results were expressed as mean G SEM. For all analyses, a two-way ANOVA was used to compare independent variables among

groups and treatments. A p values of less than 0.05 were considered to be significant.
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