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Molecular pathogenesis of 
acneiform reactions
While antineoplastic targeted therapies 
have revolutionized treatment of oncolog-
ic patients, the high incidence of cutaneous 
adverse reactions requires oncologists and 
dermatologists to understand the mecha-
nisms, implications, and appropriate man-
agement of these reactions to guide med-
ical decision-making because alterations 
to therapy may have dire consequences for 
patient survival. EGFR and MEK inhibitors 
(EGFR/MEKis) notoriously cause acne-
iform eruptions, characterized by gener-
ally sterile pustules centered around hair 
follicles and primarily arising in skin areas 
with high sebum production, such as the 
face and upper trunk. The morphological 
similarity between EGFRi/MEKi-induced 
acneiform eruptions and common acne, 
or acne vulgaris, has motivated use of top-
ical and oral antibiotics for management 
of this rash, with generally good response 
(1). Nonetheless, severe reactions may 
still result in modifications to therapy and 
negatively affect patient quality of life. 
Additionally, in the age of antibiotic stew-

ardship, the use of antimicrobials for man-
agement of what has been called a sterile 
form of pustular/suppurative folliculitis (2) 
should inspire scrutiny.

In this issue of the JCI, Satoh et al. 
uncover the molecular pathogenesis of 
EGFRi/MEKi-induced acneiform reac-
tions, implicating the skin commensal 
Cutibacterium acnes (C. acnes, formerly 
Propionibacterium acnes) in driving IL-36γ 
production by follicular keratinocytes, 
while providing insights into fundamen-
tal cell signaling pathways and pustular 
eruptions (3). Satoh et al. began their 
investigation with transcriptomic analy-
sis of lesional skin biopsies from patients 
with EGFRi-induced rashes, identify-
ing elevated IL-36γ, a proinflammato-
ry cytokine known to drive expression 
of the neutrophil chemoattractant IL-8 
(3, 4), also upregulated in the biopsies. 
They traced the IL-36γ source to kerati-
nocytes, particularly those located in the 
hair follicles, where EGFR is also highly 
expressed. Based on the co-occurrence of 
acne vulgaris and EGFRi-induced acnei-
form eruptions on skin highly populated 

by pilosebaceous units, the authors specu-
lated that EGFRis may work cooperatively 
with C. acnes, which abundantly colonizes 
sebum-rich skin and plays a pathogenic 
role in acne via TLR2 signaling, which in 
turn activates NF-κB (5). Exposing primary 
human keratinocytes to C. acnes and EGFR 
inhibition via drug or siRNA resulted in 
robust induction of IL-36γ that was sev-
eral fold higher than induction by EGFRi 
alone. The effect of C. acnes is mediated 
by TLR2, because combining EGFRi and 
TLR2 agonist treatment yielded a compa-
rable effect, and TLR2 siRNA abrogated 
it. Further, this combinatorial treatment 
of normal human skin explants induced 
expression of IL-8 in an IL-36γ–dependent 
manner, thus showing that simultane-
ous EGFR inhibition and TLR2 agonism 
synergistically stimulate keratinocytes 
to express IL-36γ and consequently IL-8, 
driving neutrophil recruitment to follicles 
and manifesting as an acneiform eruption 
(Figure 1) (3).

The follicular predilection of lesions 
in EGFRi/MEKi-induced eruptions is not 
unexpected given the major role EGFR 
plays in hair follicle morphogenesis (EGF 
dependency), first established in 1995 via a 
series of knockout mouse (6–8) and epider-
mal dominant-negative (9) studies. Mice 
showed curly, rudimentary whiskers and 
variably decreased and disoriented folli-
cles with little to no hair outgrowth, even-
tuating in alopecia (9); these defects have 
since been shown to be largely cell auton-
omous rather than secondary to inflamma-
tion (10). Early conjecture regarding the 
etiology of the EGFRi-induced acneiform 
rash focused on dysmaturation of follicu-
lar keratinocytes and other components of 
the pilosebaceous unit, leading to follicu-
lar occlusion and consequently inflamma-
tion (11). However, this new connection to 
C. acnes Satoh et al. (3) identified provokes 
an alternative hypothesis, namely, that 
the lesions are folliculocentric because 
the lipophilic bacteria congregate in the 
sebum-laden environment of the follicle.
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Therapy with antineoplastic agents that inhibit EGFR and MEK is frequently 
limited by cutaneous adverse reactions, most commonly acne-like 
eruptions. In this issue of the JCI, Satoh et al. define a mechanism for 
acneiform skin toxicity wherein EGFR/MEK inhibitors cooperate with the 
skin commensal Cutibacterium acnes to induce IL-36γ in keratinocytes via 
the combined actions of Krüppel-like factor 4 and NF-κB transcription 
factors at the IL-36γ promoter, resulting in neutrophil recruitment. In 
addition to elucidating why EGFR/MEK inhibitor–induced rashes are often 
pustular and folliculocentric, this mechanism provides justification for the 
long-standing practice of management with antibiotic therapy.
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20), resulting in reduced bactericidal activ-
ity against Staphylococcus aureus that likely 
contributes to increased colonization of 
patients undergoing EGFRi therapy (20).

Further, the epidermal EGFR–knock-
out mice (19, 20) as well as mice treated 
with EGFRis (21) were found to show ele-
vated IL-1β and TNF-α expression in skin, 
motivating the testing of an IL-1 receptor 
antagonist (anakinra) in mice undergoing 
antineoplastic treatment with EGFRis; 
however, anakinra appeared to reduce 
EGFRi antitumor activity (21). Because 
IL-36 is a member of the IL-1 superfamily 
and developing acneiform eruption during 
EGFRi therapy is a positive prognostic sign 
(22), assessing the impact of emerging 
therapies that inhibit IL-36 signaling (23) 
on EGFRi efficacy may be of interest. If 
EGFRi therapy represents a legitimate con-
cern, it may be reasonable to target IL-36γ 
via topical therapies such as the vitamin D3 
derivative calcipotriol, which was shown in 
a murine psoriasis model to inhibit IL-36α 
and IL-36γ expression in keratinocytes via 
the vitamin D receptor (24).

Clinical implications
Finally, in light of this new link to the 
commensal microorganism C. acnes, reac-
tive and even preemptive treatment with 
the current mainstay — an oral tetracy-
cline-class antibiotic such as doxycycline, 
alone or in combination with a topical 
antibiotic, corticosteroid, or retinoid — is 

tions and pustular psoriasis, in which IL-36 
factors critically (16), suggests that KLF4 
may contribute to psoriasis pathogenesis 
through this previously unknown role in 
promoting IL-36γ expression.

Murine models
Mouse models have been indispensable for 
characterization of the EGFR/MEK/ERK 
pathway and as such continue to facilitate 
the exploration of EGFRi-induced adverse 
effects. However, Satoh et al. determined 
that mice lack the critical KLF4 binding 
site found in the human IL-36γ promot-
er, and thus mouse keratinocytes fail to 
synergistically induce IL-36γ in response 
to EGFR inhibition and NF-κB activation 
(3). Additionally, others have found that, 
possibly because of in vivo compensation, 
adult EGFR-deficient mice showed ERK 
phosphorylation remains unchanged in 
keratinocytes (17, 18). These findings cau-
tion against the use of murine models for 
dissecting the mechanisms that under-
lie EGFRi-induced acneiform eruptions. 
Nonetheless, mice with EGFR ablation 
specific to epidermal keratinocytes have 
been described in several studies to exhibit 
enhanced and aberrant chemokine pro-
duction and recruit mixed inflammato-
ry infiltrate composed of macrophages, 
mast cells, neutrophils, and T cells (19, 
20). These mice also showed abnormal 
epidermal differentiation with alteration 
in microbial defense gene expression (19, 

Satoh and colleagues further found 
that IL-36γ induction is the result of pro-
moter binding by both NF-κB activated 
by C. acnes and KLF4, whose expression 
is stimulated by inhibition of the EGFR/
MEK/ERK pathway (3). Under ordinary cir-
cumstances, activity of the EGFR/MEK/ 
ERK pathway maintains ERK1 and ERK2 
in a phosphorylated and thus activat-
ed state, which, Satoh et al. determined, 
enables ERK1/2 to physically associate 
with KLF4 and direct its polyubiquitina-
tion and subsequent proteasomal degrada-
tion (3). Inhibition at any point along this 
EGFR/MEK/ERK pathway enables KLF4 
accumulation and subsequent adverse 
skin reactions. This mechanism may be 
relevant in the context not only of adverse 
effects of chemotherapeutics but also of 
genetic disorders: one patient found to be 
homozygous for an inherited loss-of-func-
tion mutation in EGFR also exhibited epi-
thelial inflammation, including numerous 
pustules, in addition to alopecia (12).

Identification of KLF4 as the key tran-
scription factor regulating inflammatory 
responses in the context of IL-36γ in EGFRi/
MEKi-induced rashes is perhaps surprising 
given the established role for KLF4 in pro-
moting barrier function of the skin (13) and 
driving terminal epidermal differentiation 
(14). However, gene coexpression network 
analyses have also implicated KLF4 in 
psoriasis (15); the intriguing resemblance 
between EGFRi-induced acneiform erup-

Figure 1. A model for folliculocentric pustular 
drug eruption. (A) EGFR signaling is critical 
to hair follicle development and maintenance 
(EGF dependency). MEK and ERK1/2 signaling 
promotes degradation of transcription factor 
Krüppel-like factor 4 (KLF4). (B) During treatment 
with EGFR or MEK inhibitors, KLF4 accumulates 
and binds the IL36G promoter in cooperation with 
NF-κB activated by Cutibacterium acnes  
(C. acnes) via TLR2 to drive IL-36γ expression. 
This in turn promotes IL-8 expression and conse-
quent neutrophil recruitment and presents as a 
folliculocentric pustular drug eruption. 
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now well justified. On the same note, the 
work by Satoh et al. (3) provides clarity 
regarding the superior benefit reported 
for full antimicrobial dosing of tetracy-
clines in treating EGFRi-induced pustular 
eruptions when compared with the lower 
doses often recommended nowadays for 
treatment of acne vulgaris and rosacea 
(25). Although subantimicrobial dosing 
in acne and rosacea patients still capital-
izes on the pleiotropic antiinflammatory 
effects of tetracyclines with less selective 
pressure and thus lower risk of develop-
ing resistant organisms, the bacteriostatic 
effects of tetracyclines on C. acnes, rather 
than the antiinflammatory effects, may 
indeed truly benefit patients undergoing 
EGFRi therapy.

Acknowledgments
This work was supported by the Nation-
al Institute of Arthritis and Musculo-
skeletal and Skin Diseases of the NIH 
(5T32AR007197-40 to ACB and R01-
AR069071 to JEG) as well as the A. Alfred 
Taubman Medical Research Institute’s 
Taubman Institute Innovation Projects 
program, the Frances and Kenneth Eisen-
berg Emerging Scholar Award, and the 
University of Michigan Babcock Endow-
ment Fund (to JEG).

Address correspondence to: Johann E. Gud-
jonsson, 1500 E. Medical Center Drive, Ann 
Arbor, Michigan, USA. Phone: 734.353.0091; 
Email: johanng@med.umich.edu.

 1. Agero AL, Dusza SW, Benvenuto-Andrade C, 
Busam KJ, Myskowski P, Halpern AC. Dermato-
logic side effects associated with the epidermal 
growth factor receptor inhibitors. J Am Acad 


