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Figure S1.  Structures of benzoxaborole and catechol PDE4 inhibitors and their IC50s for PDE4B2 catalytic domain. 

 

    X-ray crystallography.  The human recombinant PDE4B catalytic domain (amino acids 152– 
484) was used in the crystallization process as described previously (Freund et al., 2012).  The 
protein was 95% pure as evaluated by SDS-PAGE with Coomassie blue staining.  Crystals of 
compd4 complexed with PDE4 were obtained from the protein-ligand solution (14 mg/mL 
PDE4, 1 mM MgCl2, and 2 mM compd4).  Crystals were cryoprotected with 100% well solution 
before flash freezing.  The phase information used to analyze the structure was obtained by 
molecular replacement with a previously solved structure of PDE4B (Freund et al., 2012) as the 
search model.  The crystals belong to space group P 43 21 2.  The model included residues 
Asn162 to Ile484 and was 99% complete with a resolution of 1.86 Å.  The final structure showed 
r.m.s. deviation from ideal geometry of 0.007 Å for bond length, 0.97˚ for bond angle, an Rcryst 
of 20.5%, and an Rfree of 23.5%.  The Ramachandran plot of the final model showed 93.5% of 
all residues in the most favored region, 6.5% in the additionally allowed region, and no residues 
in the disallowed region.  Notably, based on refined temperature factors, 80% occupancy of the 
ligand was chosen.  The electron density in the boron-containing heterocyclic ring was weaker 
than that in the rest of the ligand. This structure is available in the Protein Data Bank under code 
5K6J. 
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    Inhibition of cytokines from human monocytes, monocyte-derived dendritic cells and 
CD4+ T cells.  The inhibitory effect of benzoxaborole PDE4 inhibitors on LPS-induced TNF-α 
secretion was further examined using purified human monocytes and monocyte-derived dendritic 
cells (MDDCs) for comparison to the effects of these compounds on TNF-α secretion from 
human PBMCs.  Crisaborole showed similar activity on LPS/IFN-γ-induced TNF-α secretion 
from human MDDCs, and compd3 displayed a similar IC50 against LPS-induced TNF-α release 
from human primary monocytes (Table S1A).  Purified human CD4+ T cells stimulated with 
anti-CD3/CD28 produced significant amounts of IL-2, IFN-γ, IL-4 and IL-5, and compd3 and 
compd4 inhibited the secretion of these cytokines (Table S1B), indicating that PDE4 plays an 
important role in TCR-mediated cytokine production in human T cells.  
 
Table S1.  Inhibition of cytokine production from human monocytes, MDDCs and CD4+ T cells. 

A. Inhibition of TNF-α secretion from different types of cells in vitro 

 IC50 (nM) 

Compound PBMCa N monocyteb N MDDCc N 

crisaborole 170 14 NT  890 10 

compd3 3.4 8 8 1 NT  

 B. Inhibition of IL-2, IFN-γ, IL-4 and IL-5 secretion from anti-CD3/CD28-stimulated human 
CD4+ T cellsd 

 IC50 (nM) 

 IL-2 N IFN-γ N IL-4 N IL-5 N 

compd3 90 3 320 2 3,000 4 150 4 

compd4 <0.1 4 19 3 280 5 30 4 
 

a: human PBMCs were stimulated with LPS for 24 h; b: purified human monocytes were stimulated with LPS and IFN-γ for 24 h; c: human 
monocytes were differentiated with GM-CSF and IL-4 for 6 days, and the generated MDDCs were stimulated with LPS and IFN-γ for 24 h; d: 
human CD4+ T cells were stimulated with anti-CD3/CD28 for 48 h.  
 

    Relationship between PDE4 inhibition and suppression of cytokine secretion.  Up to 183 
PDE4 inhibitors, including benzoxaboroles and non-benzoxaboroles such as rolipram, apremilast 
and roflumilast, were analyzed to determine the correlation of their affinities for PDE4 with their 
effects on cytokine production from human PBMCs.  A plot of the Log(IC50 cytokine) and 
Log(IC50 PDE4) was well fit by a linear model.  The strength of this relationship was measured 
by calculating the slope of the linear function, and the statistical merit of the linear model was 
judged based on the correlation coefficient.  A slope close to 1 indicates a very tight association 
of PDE4 inhibition with cytokine suppression.  As presented in Table S2, inhibition of PDE4 
correlated well with the suppression of LPS-induced TNF-α and IL-23 release and PHA-induced 
IFN-γ, IL-2, IL-5 secretion, as indicated by the slopes of 0.70-0.80 and R2 of 0.52-0.70.  In 
contrast, inhibition of PDE4 showed weak connection with the ConA-induced IL-4, IL-13 and 
IL-17 production, with slopes of 0.043-0.33 and R2 of 0.011-0.10.    
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Table S2.  Correlation between suppression of cytokine secretion and PDE4 inhibition. 

Cytokine Cell Stimulation 
Slope (Log 

(IC50(cytokine)/ Log 
(IC50(PDE4)) 

Correlation 
(R2) 

Number of 
compounds 

TNF-α PBMC LPS, 24 h 0.76 0.70 183 

IL-2 PBMC PHA, 24 h 0.70 0.65 86 

IFN-γ PBMC PHA, 24 h 0.77 0.63 85 

IL-5 PBMC PHA, 48 h 0.80 0.52 68 

IL-23 Monocyte LPS/ IFN-γ, 24h 0.77 0.40 28 

IL-17 PBMC ConA, 48 h 0.33 0.10 32 

IL-4 PBMC ConA, 48 h 0.12 0.045 39 

IL-13 PBMC ConA, 48 h 0.043 0.011 36 

  

    Compd3 dose-dependently inhibited PMA-induced IL-22 and IL-23 transcription in 
mouse skin.  Twenty microliters of 0.25 mg/mL PMA dissolved in 95% ethanol were topically 
applied to mouse ears.  Compd3 dissolved in glycofurol:acetone:ethanol (1:2:2) was applied to 
the same areas 30 min before and 15 min after PMA challenge.  After 6 h, the mouse ears were 
collected, and the mRNA levels of IL-22 and IL-23 in the ear samples was quantified by RT-
PCR.  Six mice were included in the PMA-only group, and 13 mice were included in each of the 
compd3 treated groups.  Statistical significance of the results was analyzed based on comparison 
to the untreated controls using the Kruskal-Wallis non-parametric rank test followed by Dunn’s 
multiple comparison test to calculate multiplicity-adjusted p-values. 

 
Figure S2.  Compd3 dose-dependently inhibited PMA-induced IL-22 and IL-23 transcription in mouse skin.  *P < 
0.05; ***P < 0.001; ****P < 0.0001. 
 

    Time- and dose-dependent induction of TSLP by calcipotriol in mouse ear skin.  This 
experiment was modified from the protocol described by Li et al. (2006, 2007), with only 1-2 
days of treatment with calcipotriol.  The ears of CD-1 mice, 6 per group, were treated with 0.4 
nmol or 4 nmol of calcipotriol in ethanol once a day for either 1 or 2 days.  At 24 h after the final 
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calcipotriol application, the ears were collected, and the TSLP mRNA and protein levels were 
measured by RT-PCR and ELISA, respectively.  In comparison to the untreated mice, the mice 
treated with 0.4 nmol of calcipotriol for 1 day displayed a 9.2-fold increase in TSLP mRNA 
expression and a 4.3-fold increase in TSLP protein expression; the mice that received 4 nmol of 
calcipotriol for 1 day displayed a 63-fold increase in TSLP mRNA expression and a 210-fold 
increase in TSLP protein expression.  Treatment with 0.4 nmol or 4 nmol of calcipotriol for 2 
days resulted in even higher induction of TSLP: 17-fold and 540-fold increases in mRNA 
expression, respectively, and 51-fold and 1600-fold increases in protein expression, respectively.  
Based on these results, a single application of 4 nmol of calcipotriol was selected for subsequent 
experiments evaluating the effect of compd3 on TSLP expression.  Statistical significance of the 
results was analyzed based on comparison to the untreated controls using the Kruskal-Wallis 
non-parametric rank test followed by Dunn’s multiple comparison test to determine multiplicity-
adjusted p-values. 

 
Figure S3.  Time- and dose-dependent induction of TSLP by calcipotriol in mouse ear skin.  TSLP mRNA (A) and 
protein (B) expression in mouse ear skin.  *P < 0.05; **P <0.01; ***P < 0.001; ****P < 0.0001. 
 

    Effect of PDE4 inhibitors on cAMP/PKA-mediated intracellular signaling pathways that 
lead to cytokine production in human monocytes and T cells.  Inhibition of PDE4 increases 
the intracellular levels of cAMP, which further activates PKA (Giembycz, et al., 1996; Torphy, 
1998).  PKA activation leads to the phosphorylation of target proteins such as CREB (Gonzalez 
and Montminy, 1989) and NFAT (Chow and Davis, 2000).  Phospho-CREB reduces the activity 
of NF-κB by competing with NF-κB for CBP/p300 (Parry and Mackman, 1997; Wen et al., 
2010).  NF-κB is a transcriptional regulator of TNF-α, IL-23 and other inflammatory cytokines, 
and inhibition of NF-κB results in the reduction of LPS-induced TNF-α and IL-23 secretion 
from human monocytes.  
 

    Ras/Raf-1 activates the downstream effector MEK, which then phosphorylates ERK (Stork 
and Dillon, 2005).  Active ERK phosphorylates several proteins, including Elk-l, a transcription 
factor involved in c-Fos transcription (Karin, 1995; Schade and Levine, 2004).  c-Fos is a 
component of the transcription factor complex AP-1, which regulates the TCR-mediated 
transcription of cytokines such as IL-2 and IFN-γ.  Increasing the level of cAMP (Stork and 
Dillon, 2005; Grader-Beck et al., 2003) via PDE4 inhibition activates PKA, and PKA further 
phosphorylates Rap-1 and subsequently inhibits the association of Ras with Raf-1 and reduces 
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MEK/ERK activation.  Decreasing ERK activity reduces AP-1-mediated transcription of 
cytokines such as IL-2 and IFN-γ in human T cells.    
 

    PKA can also directly phosphorylate NFAT, which promotes the translocation of NFAT from 
the nucleus to the cytosol (Chow and Davis, 2000), therefore, blocks NFAT-mediated cytokine 
production in T cells. 
 

 
Figure S4.  Scheme of the signaling pathways by which a PDE4 inhibitor (PDE4i) suppresses cytokine production 
in monocytes and T cells.   
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