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the N terminus is also important to limit 
proteolysis. After proteasomal digestion, 
MHC class I peptides often have a defini-
tive C terminal residue but not a final N ter-
minus (10). The latter will be produced by 
aminopeptidases present in the cytoplasm 
and/or the ER, such as ERAP (11). The sec-
ond important function of the termini of 
a peptide is for its translocation from the 
cytoplasm to the ER and preferential bind-
ing  to  the  TAP  transporter.  Indeed,  the 
three N terminal positions and the C termi-
nal residue of cytoplasmic peptides are criti-
cal in the selection of substrates by TAP and 
their efficient transport (12). The final role 
of the termini of a peptide is in the process 
of its binding to MHC class I molecules. At 
8, 9, and even 10 residues in length, peptide 
binding to MHC class I can be optimal and 
satisfy anchoring to pockets (13). Beyond 
this length, MHC does not exclude binding 
altogether, but binding becomes subopti-
mal by allowing only the extremities of the 
peptide to be associated with the MHC mol-
ecule. The peptide–MHC class I complexes 
that are produced by 12-, 13-, or even 14-
mer peptides (14) are structurally unique 
with a central bulge that will be recognized 
and flattened by the T cell receptor upon 
binding (15). Thus, the flanking residues of 
an MHC class I epitope can influence pro-
cessing, transport, MHC binding, and T cell 
recognition. These considerations are criti-
cal for the design of peptide-based vaccines, 

but their prediction is often difficult and 
requires in vivo models to be confirmed.

It is clear from the studies by Wahlström 
et al. (3) and Le Gall et al. (7) that appear 
in this issue of the JCI that the lessons we 
can learn from antigen presentation are 
some of the most challenging to translate 
into therapeutic approaches, but nobody 
should be afraid of a challenge that might 
bring huge returns.
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In	this	issue	of	the	JCI,	Aberg	and	colleagues	report	that	psychological	stress	
disrupts	the	skin’s	antimicrobial	barrier	and	increases	the	severity	of	cutane-
ous	infections	(see	the	related	article	beginning	on	page	3339).	This	effect	
is	mediated	by	endogenous	glucocorticoids	produced	secondarily	to	stress-
related	activation	of	the	hypothalamic-pituitary-adrenal	axis.	Thus,	this	study	
provides	what	I	believe	to	be	the	first	mechanistic	link	between	psychological	
stress	and	increased	susceptibility	to	microbial	infection.

Skin changes during systemic stress
The main function of the epidermis is to 
regulate epidermal permeability and to act 
as a physical, chemical, and antimicrobial 
defense system via the actions of the outer-
most layer of the epidermis, the stratum cor-
neum (1). The natural antimicrobial defenses 

of the skin also involve elements of the innate 
immune response such as the production of 
antimicrobial peptides, lipids, Toll-like recep-
tors, proinflammatory cytokines, and che-
mokines (1). During periods of psychological 
stress the cutaneous homeostatic permeabil-
ity barrier is disturbed, as is the integrity and 
protective function of the stratum corneum 
(1). Furthermore, a large number of skin dis-
eases, including atopic dermatitis and psoria-
sis, appear to be precipitated or exacerbated 
by psychological stress (2). Nevertheless, the 
underlying mechanism of a specific patho-
genic role for psychological stress  in skin 
pathology has remained unclear.

Nonstandard	abbreviations	used: CRF, corticotro-
pin-releasing factor; CRF1, CRF receptor type 1; HPA, 
hypothalamic-pituitary-adrenal; MSH, melanocyte-
stimulating hormone; POMC, proopiomelanocortin.
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Hypothalamic-pituitary-adrenal axis
The main adaptive response to sustained 
systemic stress is mediated by the hypo-
thalamic-pituitary-adrenal  (HPA)  axis 
(Figure 1). This response begins with the 
stress-induced hypothalamic production 
of corticotropin-releasing factor  (CRF), 
which, in the anterior pituitary, activates 
CRF receptor type 1 (CRF1) and induces 
the production and release of the proopi-
omelanocortin-derived (POMC-derived) 
adrenocorticotropic  hormone  (ACTH) 
(3–5). Psychological stress can also acti-
vate the HPA axis and many of the adverse 
effects  of  psychological  stress  on  the 

body’s  functions  are  secondary  to  sus-
tained HPA activity (3, 4). The expression 
of CRF and POMC can also be stimulated 
by proinflammatory cytokines (6), thus 
involving the immune system in the cen-
tral regulation of the HPA axis. Pituitary-
derived ACTH stimulates adrenocortical 
production and secretion of glucocorti-
coids such as  the steroid hormone cor-
tisol (in humans) and corticosterone (in 
rodents) (4). These glucocorticoids coun-
teract the effects of stressors, suppress the 
immune system, and attenuate the func-
tional activity of the HPA axis via feedback 
inhibition of CRF and POMC expression.

Psychological stress disrupts  
the natural antimicrobial defenses  
of the epidermis
In this context, the study reported by Aberg 
and colleagues in this issue of the JCI (7) rep-
resents a timely contribution to our under-
standing of the deleterious effect of psycho-
logical stress on epidermal function. These 
authors demonstrate psychological stress–
induced  alterations  in  the  structure  and 
function of the stratum corneum, causing 
the downregulation of epidermal and adnex-
al expression of antimicrobial peptides and 
an increased severity of cutaneous infection 
in mice. These effects were accompanied by 

Figure 1
Evolution of the HPA axis. The primordial HPA axis (left) may have developed first in the integument for the regulation of its defensive activ-
ity against the hostile environment and pathogens. At its center are the CRF-related peptide(s) that through CRF1 (an integrating receptor) 
coordinate innate immune activity and protective barrier formation directly or indirectly via the expression of the proinflammatory cytokines 
IL-1, IL-6, and TNF-α. An inhibitory feedback loop begins with CRF1-activated POMC-derived ACTH production/secretion and culminates 
with production/secretion of cortisol or corticosterone (COR) that “shuts off” HPA axis activity and inhibits the antimicrobial and protective 
functions of the skin barrier. The intermediate signaling molecules (POMC peptides) can both weaken the skin protective barrier via their 
immunosuppressive action, and strengthen it through stimulation of melanogenesis or direct antimicrobial effects. Thus, the antimicrobial 
and protective barrier functions were regulated and fine-tuned by the primordial HPA, because of the close association of all of its elements. 
During evolution, the main signaling elements of the primordial HPA axis (CRF→CRF1→POMC→ACTH→cortisol or corticosterone) may 
have been adapted and perfected by the central neuroendocrine system to form the HPA axis (right panel), which has separated in space 
and overall function from the immune system and skin. The immune system retains its stimulatory activity via cytokines. However, as Aberg 
et al. show in this issue of the JCI, the skin antimicrobial protective barrier is weakened by psychological stress–induced production of 
systemic corticosteroids (7), an unintended side effect. In this context, the cutaneous HPA axis has only low local activity and serves as an 
evolutionary record of the parental system.
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increased glucocorticoid production, could 
be  mimicked  by  systemic  glucocorticoid 
administration, and attenuated by adminis-
tration of the CRF1 antagonist antalarmin 
and also by administration of the glucocor-
ticoid receptor antagonist RU-486. Further-
more, antalarmin, RU-486, and adrenalecto-
my were shown to enhance the otherwise low 
constitutive expression of antimicrobial pep-
tides in these animals. Because homeostasis 
of the permeability barrier was restored by 
the use of CRF1 or glucocorticoid receptor 
antagonists, the authors concluded that psy-
chological stress inhibits the antimicrobial 
action of the epidermal and adnexal com-
partments via glucocorticoid-induced HPA 
axis activation. They also propose what they 
believe to be a novel therapeutic approach to 
the treatment of psychological stress disrup-
tion of the cutaneous and extracutaneous 
epithelial barrier defense mechanisms: phar-
macological blockade of CRF1 or glucocorti-
coid receptors in order to attenuate the activ-
ity of the regulatory and/or functional arms 
of the HPA axis.

The major strength of the current work 
is represented by its conceptual and clini-
cal implications (7). However, data on the 
functional parameters of the HPA axis are 
limited, since neither plasma nor skin cor-
ticosterone, POMC, ACTH, or CRF levels 
were measured or correlated with circadian 
rhythm (under physiological conditions, 
plasma  ACTH  and  glucocorticoid  levels 
fluctuate  in a circadian fashion). Future 
studies, including experiments in geneti-
cally  modified  mice  in  which  the  genes 
encoding CRF1, POMC, or glucocorticoid-
regulating enzymes and their receptors are 
altered, will hopefully provide proof of con-
cept of this proposed mechanism. It must 
also be acknowledged that the use of animal 
models (rodents) to test the proposed con-
nection between protective barrier function, 
psychological stress, and HPA axis activity 
is limited because of the fundamental dif-
ferences in skin physiology and pathology 
between rodents and humans. For example, 
mice are nocturnal species, while human 
skin is continuously exposed to solar radia-
tion during the daytime (8). These differ-
ences are strikingly associated with specific 
anatomic  and  histologic  characteristics 
of epidermal and adnexal compartments 
and their biological activities. For instance, 
dramatic changes in skin morphology and 
physiologic function have been previously 
shown to synchronize with alterations in 
the hair follicle cycle in mice, an effect not 
seen in human skin (8, 9). Thus, the dynam-

ic interactions between the brain and skin 
(by way of psychological stress) should opti-
mally be confirmed in humans.

The cutaneous HPA system
Throughout evolution, the skin — being 
continuously exposed to hostile biological, 
chemical, or physical (i.e., solar or thermal 
energy) factors — had to develop efficient 
sensory and signaling capabilities to dif-
ferentially react to changes in the external 
environment in order to protect, restore, or 
maintain the local and global homeostasis 
that is critical for survival. We have previ-
ously proposed that the precise coordina-
tion and execution of  local homeostatic 
responses are mediated by a cutaneous neu-
roendocrine system, able to reset adaptation 
mechanisms through rapid (neural) or slow 
(humoral) pathways acting at the local or 
systemic level (8). The impact of psychologi-
cal stress must be considered in the context 
of this bidirectional pathway of communi-
cation between the brain and skin (10).

Human skin  indeed expresses elements 
of the HPA axis including CRF, CRF1, and 
POMC as well as the processing machinery 
that  generates  ACTH, β-endorphin,  and 
melanocyte-stimulating  hormone  (MSH) 
peptides (in a regulated and spatiotemporal-
ly restricted manner) and their correspond-
ing receptors (11, 12). Skin cells also express 
the enzymatic machinery  involved  in  the 
sequential metabolism of cholesterol to the 
steroid hormone pregnenolone and to corti-
costeroids, and produce endogenous cortisol 
and corticosterone (8, 13), albeit at very low 
levels (14). These elements may be organized 
in functional, cell type–specific regulatory 
loops within the structural hierarchy of the 
HPA  axis,  (e.g.,  CRF→CRF1→POMC→
ACTH→cortisol and/or corticosterone), in 
which CRF-induced production of cortico-
steroids is dependent on both CRF1 activity 
and expression of POMC (8, 12, 13). Environ-
mental stressors such as ultraviolet radiation 
stimulate expression of CRF, POMC, and 
their corresponding receptors (11, 12, 15, 16), 
while negative feedback regulation of cutane-
ous CRF expression by cortisol has also been 
demonstrated (17). Thus, differential, CRF1-
driven responses in the skin reproduce key 
features of the central HPA axis at both the 
whole-tissue and single-cell levels (12, 13).

Merging of the central and peripheral 
stress response systems
Because the HPA axis coordinates an adap-
tive response to counteract the actions of 
stressors,  stabilize  organ  function,  and 

restore general homeostasis, one is faced with 
an intellectual dilemma. How can a system 
designed to protect whole-body homeostasis 
(via the HPA axis) endanger the organism’s 
survival through disruption of epidermal 
barrier function on multiple levels? I pro-
pose that during evolution the fundamental 
mechanism of the stress response, the HPA 
axis, developed first in the integument to pro-
mote species survival and was then adapted 
and perfected by the CNS and endocrine sys-
tem (Figure 1). This primordial HPA in the 
integument was composed of CRF, POMC, 
and steroid signaling pathways that act in 
concert with the innate immune system in 
order to create the optimal response against 
pathogens and other stressors and protect 
internal homeostasis. In this system, CRF, 
acting directly  through CRF1, stimulates 
skin immune responses through the stimula-
tion of NF-κB to increase production of IL-1, 
IL-6, and TNF-α (12). This system can also 
be activated by pathogens in the form of lipo-
polysaccharides and bacterial antigens. CRF 
production is induced, which in turn stimu-
lates proinflammatory cytokines through 
activation of CRF1 (18). This self-amplifying 
innate immune response is then interrupted 
by an inhibitory loop mediated by CRF1-acti-
vated production of POMC peptides (ACTH, 
α-MSH, and β-endorphin, which have anti-
inflammatory properties; ref. 19) and finally 
via corticosteroids induced by ACTH (Figure 
1). In the context of epidermal barrier forma-
tion, it is significant that activation of CRF1 
stimulates keratinocyte survival  (perhaps 
through activation of NF-κB) and increases 
keratinocyte differentiation (through Ca2+ 
signaling) (12), and POMC-derived melano-
cortins stimulate production of protective 
melanin pigment (15), increase melanocyte 
survival, and decrease ultraviolet radiation–
induced DNA damage (20). The latter integu-
mental protective properties would counter-
balance the potent immunoinhibitory action 
of α-MSH (11, 19). Throughout evolution, 
this autoregulatory circuitry founded by the 
primordial  integumental HPA axis  could 
have undergone specialization and separa-
tion of its functional components in space 
and time (Figure 1). In becoming detached 
from its point of origin the HPA axis lost its 
original purpose (i.e., forming of a protective 
barrier), while retaining its cutaneous inhibi-
tory activities through the action of cortisol 
or corticosterone.

The central biological paradigm — that 
regulatory mechanisms, which provide sig-
nificant selective advantages, are reused in 
multiple tissues throughout evolution — is 
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clearly illustrated by the redundancy in orga-
nizational structure of the stress response 
systems in the CNS and the skin (8, 13). This 
redundancy has its functional consequences 
when psychological stress–mediated activa-
tion of central HPA axis signaling negatively 
affects protective and antimicrobial skin 
barrier function, as is demonstrated in this 
issue by Aberg et al. (7). These findings will 
hopefully have clinical impact by stimulat-
ing the development of systemic and topical 
selective receptor antagonists for peptide 
and steroidal messengers of the HPA axis, 
as well as topical use of stimulators of cor-
tisol metabolic  inactivation, and the use 
of inhibitors of steroidogenesis in order to 
improve the antimicrobial and protective 
barrier activity of the skin. This may also be 
the dawn of a new clinical approach for the 
treatment of psychological stress–induced 
inflammatory dermatoses via the use of sys-
temic or topical CRF1 antagonists.
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OX40 signaling directly triggers  
the antitumor effects of NKT cells

Dapeng Zhou
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Pathways	involving	the	costimulatory	molecule	OX40	and	OX40	ligand	
(OX40L)	enhance	tumor	rejection.	It	was	presumed	that	this	effect	was	medi-
ated	by	changes	in	DCs	and/or	T	cells.	In	this	issue	of	the	JCI,	Zaini	et	al.	
report	that,	in	mice,	intratumoral	injection	of	DCs	genetically	modified	to	
express	OX40L	suppressed	the	growth	of	a	preexisting	melanoma	by	directly	
triggering	an	antitumor	NKT	cell	response	(see	the	related	article	beginning	
on	page	3330).	This	work	suggests	that	the	intratumoral	NKT	cell	popula-
tion	may	be	harnessed	for	cancer	immunotherapy	and	that	OX40	costimula-
tion	may	be	used	as	a	unique	trigger	of	the	antitumor	activity	of	these	cells.

The effective T cell response to a tumor 
antigen requires not only stimulation by 

Nonstandard	abbreviations	used: α-GalCer, α-
galactosylceramide; OX40L, OX40 ligand; OX40L-DC, 
OX40L gene–transduced DC.
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the tumor antigen itself via the TCR signal-
ing pathway, but also costimulatory mol-
ecules (1). In the early stage of T cell stimu-
lation, the costimulatory molecule CD28 
is required for T cell proliferation and sur-
vival through recognition of B7 molecules 
expressed by DCs. “Second-wave” costim-
ulatory  molecules,  represented  by  TNF 
receptor family members, are required by 

activated T cells for completion of their dif-
ferentiation programs and exertion of their 
antitumor functions such as the release of 
cytokines and cytotoxic granules. The TNF 
receptor family of costimulatory molecules 
continues to be of interest in an effort to 
identify candidate targets for the develop-
ment of immunotherapeutics. Activation 
of many of these signaling pathways has 
caused tumor rejection in preclinical and 
clinical studies (2).

OX40 and OX40 ligand in antitumor 
immunity
The  OX40  costimulatory  molecule  is  a 
member of the TNF receptor family and 
is expressed on activated CD4+ T cells and 
CD8+  T  cells  (1).  OX40  ligand  (OX40L) 
belongs  to  the  TNF  superfamily  and  is 


