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Structured Abstract/Summary
Background—The cytokine network theory for psoriasis postulates a key role for TNFa in
mediating inflammation and altered epidermal differentiation.

Objective—This study defines responses following administration of adalimumab, a TNFα
inhibitor, in pre-psoriatic skin (PN) and lesional psoriatic plaques (PP) skin.

Methods—PN and PP skin before and after treatment were biopsied at days 2, 7, 28 and 84 (n=6
different patients). Cryosections were immunohistochemically stained to detect TNFα and other
relevant markers in epidermal and dermal compartments. Detection of apoptosis utilized antibody
specific for activated caspase 3. Semiquantitative assessments and statistical analysis was performed
for each staining profile.

Results—TNFa+ cells were increased in PP skin. PP skin was also characterized by a 4-fold increase
in number of CD68+ macrophages as well as 8-fold increase in CD11c+ dermal dendritic cells (DCs)
compared to PN skin. By two-color immunofluorescence staining, both CD68+ cells as well as
CD11c+ cells expressed TNFa. Following initiation of adalimumab therapy, CD11c+ cells,
significantly decreased in PP skin at days 7, 28, and 84, while CD68+ and CD14+ cells decreased at
days 28 and 84. Other markers for DCs (CD83, CD86) showed decreases at days 7, 28, and 84.
Reduction in DCs, macrophages or T cells was not accompanied by increased activated caspase 3
positive cells. When a keratinocyte terminal differentiation marker was examined, adalimumab
triggered rapid restoration of loricrin expression (beginning on day 2), with loss of aberrant
differentiation marker, keratin 17 (K17).

Conclusion—Adalimumab impacts dermal-based immunocytes, and the epidermal compartment
also responds by restoration of normal differentiation without detectable apoptosis.
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Introduction
Psoriasis is a common, chronic inflammatory skin disease characterized by erythematous scaly
plaques [1]. Within a psoriatic plaque (PP skin), there are complex alterations in epidermal
keratinocyte growth and differentiation [2], accompanied by an inflammatory cell infiltrate
consisting of T lymphocytes, dendritic cells and macrophages [3–6]. A cytokine network model
for the immunopathogenesis of psoriasis was proposed in 1991 in which TNFα producing
mononuclear cells were given center stage in orchestrating multi-cellular interactions by which
pre-psoriatic (PN) skin was converted to PP skin [7].

Numerous clinical trials have demonstrated targeting TNFα produces significant improvement
in the majority of patients suffering from psoriasis [8–10]. Despite clinical success in psoriasis,
the mechanism by which targeting TNFα produces a reversion of PP skin to PN skin is unclear.
Previous studies using the soluble receptor for TNF blockade (etanercept) found a rapid down-
modulation of multiple pro-inflammatory pathways in PP skin [11], and apoptosis of dermal
dendritic cells after 1 month of therapy [12]. In another study, a 48 hr time interval post
TNFα blockade using infliximab revealed a decrease in macrophages in skin and joints of
psoriatic patients without evidence of apoptosis [13]. However, the precise effect of anti-
TNFα therapy on distinct immunocyte subsets using a broader panel of markers and numerous
time points has not been previously reported; nor has a link between the presence of TNFα
positive immunocytes and the aberrant epidermal differentiation program within PP skin been
established. It should be noted that PP skin is not only a site of intense chronic inflammation,
but there are also many alterations in the epidermal keratinocyte differentiation program within
lesional skin.

As regards epidermal differentiation programs and PP skin, Mansbridge and colleagues
originally proposed that an aberrant keratinocyte differentiation pathway was triggered in PP
skin [14–17]. Furthermore, certain proteins that play a key role in terminal differentiation and
barrier function such as loricrin are reduced in PP skin [18,19]. It is possible that the altered
barrier function of PP skin actually perpetuates the chronic inflammation, leading to a vicious
cycle such that immunocytes produce cytokines (including TNFα), which in turn produce
aberrant epidermal differentiation, leading to barrier function abnormalities that also contribute
to the inflammatory process [20,21].

Given the interplay between inflammation and aberrant epidermal differentiation in PP skin
[22], we designed this study to probe not only how a TNFα inhibitor such as adalimumab
influences immunocyte subsets, but also to determine the effects of a TNFα inhibitor on
epidermal keratinocyte differentiation [23]. We were particularly interested in this epidermal
response, as we previously had observed that adalimumab rapidly restored epidermal
Langerhans cell density within PP skin [24]. To address a potential mechanistic link to changes
in the number of viable cells in both epidermal and dermal compartments following
adalimumab therapy, an assessment of cells induced to undergo apoptosis was performed by
immunostaining to detect activated caspase 3. While some investigators attempt to detect
apoptosis in tissue sections by the use of transferase-mediated uridine nick-end labeling
(TUNEL) assays, we and others have previously noted significant limitations in the use of this
technique for rapidly proliferating tissues such as psoriatic lesions [25–28]. Thus, we have
relied on detection of activated caspase 3 that has been identified as a newer and more sensitive
and specific marker for detecting apoptotic events in human skin samples [29].

We defined three primary aims for the present study: to carefully determine temporal effects
of adalimumab on various subsets of immunocytes, including DCs, macrophages, and T cells;
to evaluate the epidermal keratinocyte response to adalimumab; and to define a role for the
induction of apoptosis in both immunocytes and keratinocytes within PP skin following
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adalimumab therapy. Based on the data presented, targeting TNFα using adalimumab produces
rapid reductions in the numbers of DCs and macrophages (followed by lowered T cell counts)
infiltrating PP skin; accompanied by rapid restoration of terminal differentiation by lesional
epidermal keratinocytes; and both prominent cellular and molecular events in the epidermis
and dermis do not reflect a conspicuous induction of apoptosis. These results reveal a very
consistent and rapid series of events following adalimumab therapy that contribute to our
understanding of the mechanism of action by which adalimumab reverses the many and diverse
clinical and pathological features contributing to the maintenance of PP skin.

Materials and Methods
Patient study

Adalimumab was studied in a phase II, 12-week, randomized, double-blind, placebo-
controlled, multicenter efficacy and safety study designed to demonstrate its effectiveness
following repeated subcutaneous injections in the treatment of moderate to severe psoriasis.
Adalimumab (Humira®, D2E7; Abbott Laboratories, Abbott Park, IL, U.S.A.) was
administered as previously described (with IRB approval and informed consent) [24], and the
same tissue samples were used for cryostaining followed by new analysis of different markers.
The focus of this study was the procurement of sequential punch biopsies obtained from
patients before and during treatment. Thirteen different individuals completed the treatment
protocol with all biopsies performed by the investigators, comprised of seven individuals who
received adalimumab and six who served as controls, receiving placebo injections as described
in the following section. Subjects were randomly assigned to one of three study arms: two
active treatment groups and one placebo group. Subjects assigned to the first treatment arm
(n=4) received adalimumab 80 mg at week 0, followed by 40 mg every alternate week starting
at week 3. Subjects assigned to the second arm (n=3) received adalimumab 80 mg at week 0
and at week 1, followed by 40 mg weekly starting at week 2. The third control arm included
placebo injections.

Tissue samples
As described above, patients from two different enrollment sites participated in a biopsy sub
study. Two punch biopsies (6 mm) each of psoriatic lesions (PP) and symptomless skin (PN)
were taken at baseline. Two biopsies of PP skin only were also obtained at 48 hrs following
the first dose, and at day 7, day 28 and day 84. Biopsies of PP skin were taken within a lesion,
1 cm from the edge of the plaque border. Biopsies of PN skin were taken 2 cm beyond the
plaque border. Because of tissue shortages, only 6 out of the 7 clinical responders were analyzed
during this current investigation compared to the previous study [23]. All patients in this
treatment group were considered to be clinical responders (>75% improvement in Psoriasis
Area and Severity Index (PASI) compared with baseline), irrespective of the dose of
adalimumab administered, and hence subjects were pooled providing a sample size of six (n=6)
for treated patients. None of the placebo control subjects experienced significant clinical
improvement [23]. One of each pair of biopsies were either cryopreserved by immediate
immersion in Optimal Cutting Temperature (OCT®, Sakura Finetek, Torrance, CA, U.S.A.)
mounting medium with freezing in a slurry of methanol and dry ice, or snap-frozen using
isopropanol in liquid nitrogen. Tissues were sectioned at 5 μm thickness. Both tissues and
sections were stored at − 80°C.

Immunohistochemistry and Two-Color Immunofluorescence
Sections stored at − 80°C were equilibrated to room temperature for 10 min and immediately
fixed in 100% acetone, − 20°C for 10 min Primary antibodies were diluted in 0.1% BSA in
DPBS with Mg and Ca as follows: CD11c 1:50 (BD Biosciences, San Diego, CA), CD68 1:80
(Dako USA, Carpenteria, CA), TNFα 1:10 (R&D Systems, Minneapolis, MN), CD14 1:100
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(Biomeda, Foster City, CA), CD83 1:20 (Santa Cruz Biotechnology, Santa Cruz, CA), CD86
1:80 (BD Biosciences), and CD3 1:10 (BD Biosciences). Primary antibodies were incubated
at room temperature for 1 hour, followed by wash with FA buffer. Immunostaining was
accomplished using appropriate ABC Vectastain Kit (Vector Laboratories, Burlingame, CA)
per manufacturer’s instructions. Slides were then exposed to 3-amino-4-ethylcarbazole to
produce a positive red reaction product, and counterstained with hematoxylin (Gill III Formula,
Surgipath, Richmond, IL). Positive cells were counted by independent observers in three high
power fields (40x magnification), and the mean values were calculated for each tissue sample.

Two-color immunofluorescence procedure was performed the same as immunohistochemical
staining protocol up to the secondary antibody, with mixing of the two primary antibodies at
the above stated dilutions. After a 5 minute wash, sections were incubated with secondary
antibodies: Alexa Fluor® 488 donkey anti-goat 1:400 and Alexa Fluor® 568 rabbit anti-mouse
1:1000 (Molecular Probes, Eugene, OR) for 30 mins. Samples were washed in FA buffer 5
mins and mounted with Slowfade® (Molecular Probes, Carlsbad, CA).

Detection of Epidermal Response
Tissue sections were immunohistochemically stained for loricrin 1:1750 (Convance, Berkeley,
CA) and K17 1:20 (Vector Laboratories) using above protocol. Percent of loricrin was
measured as linear horizontal positive expression over 400 μm of skin surface. K17 expression
was graded according to the following scale: 0=no staining, 1=focal area <5% total, 2=skip
areas between positive staining, 3=confluent horizontally plus <40% epidermis positive,
4=confluent horizontally plus >40% epidermis positive.

Detection of Apoptosis
The presence of cells undergoing apoptosis was determined by immunohistochemical detection
of activated caspase 3 (R&D Systems, Minneapolis, MN). Activation of caspase 3 occurs at
the intersection of both extrinsic as well as intrinsic apoptotic pathways, and we have previously
utilized this approach to define apoptotic events in human skin samples, including psoriatic
plaques. As a positive control, cultured human keratinocytes derived from neonatal foreskins
were grown in 8-well Lab Tek chamber slides, exposed to UV-light (30mJ/cm2), and after 18
hrs were fixed and immunostained to detect activated caspase 3 as previously described [29].

Statistical Analysis
Differences in the number of various mononuclear cell subsets; and extent of keratin 17 and
loricrin expression between baseline levels and at each treatment interval, were analyzed for
significance using a one-tailed student’s t test. Differences were considered significant with p
≤ 0.05. An asterisk has been added to the relevant figures at the earliest time points at which
statistically significant differences were noted compared to the untreated lesional skin sample.
The data points presented represent mean ± standard error of mean (SEM).

Results
Clinical Response of PP Skin and PN Skin to Adalimumab Treatment

As previously noted [24], all patients receiving adalimumab were considered responders
(reduction in PASI ≥ 75), whilst none of the placebo treated patients showed a clinical response.
Figure 1 depicts a representative clinical series of a patient before and after adalimumab
treatment. Note the only change in PN skin (red circle) was resolution of the biopsy site, but
the thick, scaly, erythematous plaque on day 0 (Figure 1a) became less thick and scaly with
diminished erythema on day 7 (Figure 1b), and was nearly normal in its appearance (only slight
residual erythema) on days 28 and 84 (Figure 1c and d). While the PP skin healed without
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scarring following adalimumab treatment, note the residual erythema at the sides of the punch
biopsies as highlighted on day 84 (Figure d). These clinical results are entirely consistent with
a rapid and significant clinical response to adalimumab therapy, so we sought to probe potential
cellular and molecular events to illuminate a potential mechanism of action for adalimumab
in PP skin.

Location of TNFα Positive Cells in PP Skin and PN Skin
In 1991, using a polyclonal rabbit antisera, we demonstrated the localization of TNFα within
mononuclear cells in PP skin [7], but did not specifically identify the immunocyte subset by
two-color immunohistochemical analysis. Subsequently, several groups confirmed our original
observation describing increased immunoreactivity and bioactivity of TNFα in PP skin [30,
31], which appears to be regulated by a post-transcriptional mechanism [31]. In the current
study we decided to utilize a commercially available antibody to localize TNFα in a cohort of
tissue samples derived from patients before and after adalimumab therapy; and to complement
this immunostaining profile by two-color staining in order to better define the type of
mononuclear cell containing TNFα in both PN and PP skin. In addition, we were interested in
determining what would happen to the tissue density of these mononuclear cells within PP skin
when patients were treated with adalimumab, since it was unknown whether a change in
TNFα positive cells would occur as an early or late event following administration of an
effective biological agent. Thus, tissue sections were immunostained before and after therapy.
Compared to only rare and focal immunostaining for TNFα in dermal and epidermal
mononuclear cells in PN skin (Figure 2a arrows), there were easily identifiable and strongly
TNFα+ cells within PP skin (ranging around 50 positive cells per HPF Figure 2f). PP skin
(Figure 2b) was characterized by confluent parakeratotic scale, loss of the granular cell layer,
and elongation of rete ridges accompanied by mononuclear cell infiltrates. In PP skin, TNFα
positive cells were primarily clustered around the dermal-epidermal junction, and within the
papillary dermis in and around the superficial vascular plexus (Figures 2b–d with circles to
highlight specific immunopositively stained cells). There were some scattered positive
immunocytes in the epidermis. Epidermal keratinocytes were not shown to be immunoreactive
with the anti-TNFα antibody when compared with the aforementioned immunocytes. The cells
displaying immunoreactivity for TNFα (e.g. TNFα+ cells) appeared by light microscopy to
exhibit both macrophage and dendritic cell morphological characteristics as can be appreciated
particularly in Figure 2, panels d and e). To further define the type of mononuclear cell
expressing TNFα, we performed additional studies as described in the next section.

Immunophenotypic Characterization of TNFα Positive Cells in Psoriatic Lesions
Since TNFα positive cells exhibited the aforementioned macrophage and dendritic
morphology, we stained for macrophage lineage using CD68, and DC lineage using CD11c,
as markers [32]. Using two-color immunofluorescence CD68+ and CD11c+ cells were shown
to be the major producers of TNFα in PP skin (Figure 3). Strongly staining CD68+ cells were
more often larger and centered in the papillary dermis, while strongly CD11c+ cell numbers
were higher lining the dermal-epidermal junction. There was significant overlap between the
populations, since there were very few TNF+/CD11c− and TNF+/CD68− cells.

Adalimumab Treatment Reduces Density of TNFα Positive Immunocytes
Immunohistochemical staining of sequential PP skin biopsies revealed decreases in TNFα+
mononuclear cells in all six different patients following adalimumab therapy that resembled
PN skin by day 84 (Figure 4a–f). TNFα+ cells were counted and revealed a statistically
significant decline at days 7, 28, and 84 when compared with untreated plaques. Below each
immunostained profile of skin samples are panels depicting data points as follows: Left side
panel displays individual values for each patient at each tissue sampling revealing relatively
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consistent trends amongst the treated individuals: Right side panel displays the overall values
(mean ± SEM) for the treated group with the asterisk signifying the earliest time point at which
a significant decrease (P<0.05) was noted following the onset of adalimumab treatment.

Immunohistochemical staining of patient tissue samples also revealed decreased numbers of
DCs (Figure 4g–l) using CD11c as a cell marker, as well as decreased numbers of macrophages
using CD68 as a cell marker (Figure 4m–r). Immunohistological analysis and cell counts
revealed a return to near baseline cell numbers within the treatment group for both DCs and
macrophages by day 84 resembling PN skin (Figure 4k, l, and q, r). CD11c + cells were counted
and revealed a statistically significant decline at days 7, 28, and 84 when compared with
untreated plaques. Below each immunostained profile of skin samples are panels depicting
data points as follows: Left side panel displays individual values for each patient at each tissue
sampling revealing relatively consistent trends amongst the treated individuals: Right side
panel displays the overall values (mean ± SEM) for the treated group with the asterisk
signifying the earliest time point at which a significant decrease (p<0.05) was noted following
the onset of adalimumab treatment.

CD68+ cells were counted and revealed a statistically significant decline at days 28 and 84
when compared with untreated plaques. Below each immunostained profile of skin samples
are panels depicting data points as follows: Left side panel displays individual values for each
patient at each tissue sampling revealing relatively consistent trends amongst the treated
individuals: Right side panel displays the overall values (mean ± SEM) for the treated group
with the asterisk signifying the earliest time point at which a significant decrease (p<0.05) was
noted following the onset of adalimumab treatment.

To further characterize the effect of adalimumab on mononuclear subsets, additional
immunostaining was performed using CD14 to detect predominantly macrophage-like cells
(Figure 5a–f), CD83 to detect DCs (Figure 5g–l), and CD86 to assess those DCs expressing a
critically important co-stimulatory molecule CD86 (Figure 5m–r). CD86 was of particular
relevance because a reagent that blocks engagement of CD28 with its ligands CD80 and CD86
(e.g. CTLA4Ig) has been observed to improve PP skin in a clinical trial. [33] The adalimumab
therapy induced reduction in CD14+ mononuclear cells which first became statistically
significant at day 7 (Figure 5, panels beneath immunostaining profiles depicting individual
patient values as well as pooled data summation); accompanied by a very consistent decrease
in the number of CD83+ DCs, also becoming significant at day 7 (Figure 5, panels beneath
immunostaining profiles depicting individual patient values as well as pooled data summation).
Simultaneously, the number of mature DCs expressing C86 following adalimumab therapy
also became significant at day 7 (Figure 5, panels beneath immunostaining profiles depicting
individual patient values as well as pooled data summation).

Besides an effect on the number of mononuclear cells including DCs and macrophages,
adalimumab treatment also produced a reduction in the number of CD3+ T cells in the six
treated patients (Figure 6). In untreated PP skin, T cells are predominantly located around the
superficial vascular plexus with focal infiltration of the epidermis (Figure 6a). Following
initiation of adalimumab treatment, the number of T cells present declined on days 2 and 7
(Figure 6b, c), but did not achieve statistical significance until day 28 of therapy, at which time
both day 28 and 84 biopsies resembled the distribution seen in PN skin (Figure 6d–f).

Lack of Apoptosis in Immunocytes within Psoriatic Plaques Following Adalimumab
No cells were detected undergoing apoptosis (e.g. activated caspase 3 positive) in PN or
untreated PP skin (Figure 7a, f), consistent with a previous report [13]. Moreover, there was
no detection of a large number of cells expressing activated caspase 3 in any of the treated
tissue samples in either epidermal or dermal compartments at days 2, 7, 28, 84, for any of the
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patients treated with adalimumab (Figure 7b–e). While normal cultured KCs do not
spontaneously express activated caspase 3 (Figure 7g), following UV-light exposure strong
cytoplasmic immunoreactivity was identified verifying our staining procedures (Figure 7h).
Occasional activated caspase 3 positive cells were identified by their bright red appearance in
scattered tissue sections of PP skin including rare epidermal KCs, lymphocytes, and
macrophages (Figure 7g–l). These rare but intensely activated caspase 3 cells served as internal
staining controls. It should also be noted that the nucleus within these positive cells displayed
condensed chromatin, consistent with cells undergoing apoptosis. Thus, the mechanism by
which reduction in the number of immunocytes located within the dermis does not appear to
involve induction of apoptosis. In line with this conclusion, no cellular debris or other
morphological evidence for apoptosis, or other forms of cell death, were visible by light
microscopy in any of the treated tissue samples examined. In the next section, we move from
the dermal compartment to explore molecular events within the epidermal compartment.

Epidermal Response to Adalimumab
Untreated psoriatic plaques are characterized by strong and diffuse aberrant epidermal
keratinocyte expression of keratin 17 (K17), accompanied by near complete loss of the terminal
differentiation marker, loricrin (Figure 8a, g). As early as 2 days following initiation of
adalimumab treatment, there was significant diminution in aberrant expression of K17 in six
treated patients (Figure 8b), accompanied by enhanced upper level epidermal keratinocyte
loricrin expression (Figure 8h). These molecular events in the epidermis continued to change
over time and by day 28, minimal to absent K17 expression was present and normalization of
loricrin expression was also observed in treated plaques, resembling PN skin (Figure 8c–f, i–
l). Note the quantitative assessments for epidermal keratinocyte expression revealed
statistically significant reductions in K17 as well as statistically significant increases in loricrin
expression at day 2 (Figure 8m and n, respectively).

Discussion
To investigate the mechanisms of action by which anti-TNF therapy improves psoriatic lesions,
a sequential series of skin biopsies obtained from six different individuals were procured for
immunohistochemical analysis including PN skin and PP skin, before and after 2, 7, 28, and
84 days of treatment [3,8–10]. Compared to PN skin, the pre-treatment PP skin biopsies
contained significantly increased numbers of TNFα positive cells including CD11c+ DCs, as
well as CD68+ and CD14+ macrophages. The PP skin was also characterized by aberrant
differentiation program (loss of loricrin and appearance of keratin 17) in which terminal
differentiation was incomplete and accompanied by confluent parakeratosis. The large number
of TNFα+ mononuclear cells, including both CD68+ and CD14+ macrophages, as well as
CD11c+ DCs, did not significantly change after 2 days of treatment, but by 7 days following
a single injection of adalimumab, there was statistically significant reduction in the DC subset
of mononuclear cells. By day 28, the number of TNFα, CD68+, and CD14+ mononuclear cells
became significant and approached levels seen in PN skin, which became even closer to PN
skin levels by day 84. The maturation markers for DCs (e.g. CD83 and CD86) became less
apparent in the PP skin as early as day 2, and followed a downward trend parallel with the
overall CD11c DC marker at subsequent time points. Similarly, the number of CD3+ T cells
was reduced over the time course of study in PP skin by adalimumab; thereby resembling the
tissue response to infliximab [34]. Taken together, these results clearly indicate that the
elevated number of DCs, macrophages, and T cells in PP skin requires a continuous presence
of TNFα, and once a TNFα inhibitor is administered, the PP skin becomes characterized by a
rapid decrease in not only the total number of immunocytes, but also those immunocytes
expressing TNFα.
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Compared to lack of consistent reductions in the number of TNF+, CD11c+, CD68+, and CD14
+ mononuclear cells located predominantly in the dermis after 2 days of adalimumab therapy,
the epidermal keratinocyte responses were surprisingly rapid and included significant
reduction in keratin 17 expression in mid and upper epidermal layers, accompanied by
prominent increases in loricrin expression in upper epidermal keratinocytes. Indeed, while
untreated PP skin samples were characterized by absence of a granular cell layer and confluent
parakeratosis, the day 2 post adalimumab biopsies were conspicuous for rapid re-appearance
of a granular cell layer and orthokeratosis. Thus, it appeared the epidermal keratinocyte
activation of a normal terminal differentiation program preceded actual reductions in the
number of infiltrating mononuclear cells in the dermis.

As regards mechanistic implications, this study provides several insights into the dynamic role
for TNFα in the maintenance of psoriatic lesions. First, the predominant source of TNFα is
localized to DCs and macrophages. Second, upon administration of a biological agent capable
of targeting and neutralizing TNFα, the large number of inflammatory mononuclear cells and
T cells are rapidly reduced, indicating a key role for TNFα in the maintenance of high tissue
infiltration by immunocytes. The self-reinforcing role for TNFα in sustaining TNFα expression
by immunocytes was reflected by reduction in TNFα expressing DCs and macrophages. Third,
the aberrant epidermal differentiation program was also found to be dependent on TNFα.
Exactly how TNFα perturbs epidermal keratinocyte differentiation in this disease setting
requires further study. Previously, we and others had noted barrier perturbation in normal skin
itself triggers TNFα production [35,36], and the current results indicate dysregulated TNFα
levels in PP skin can also contribute to altered terminal differentiation and barrier
abnormalities. Fourth, the mechanism by which targeting TNFα produces reduction in the cell
number of DCs, macrophages, and T cells in the dermis does not appear to involve a prominent
induction of apoptosis. This lack of prominent apoptosis induction (only rare, scattered
activated caspase 3+ cells on days 2, 7, 28, or 84) following TNF blockade was also previously
observed by others, albeit at a single time point assessment (e.g. 48 hrs) in both skin and joints
of psoriasis patients [13]. Another study found no induction of apoptosis in circulating
monocytes after TNF blockade, but approximately 4–6% of dermal dendritic cells were
activated caspase 3 positive after 1 month of treatment in responding patients [13]. It is possible
that etanercept differentially influences skin cells compared to adalimumab.

Based on the current results using psoriatic skin samples examined at multiple time points, the
neutralization of TNFα by adalimumab appears to reduce the number of immunocytes
predominantly by a non-apoptotic mechanism. As trafficking of immunocytes in the skin is
best regarded as a dynamic process including recruitment, retention, and return to recirculation
[37], further studies are required to more precisely define the non-apoptotic mechanism
underlying the rapid and dramatic reductions observed for DCs, macrophages, and T cells. As
regards remodeling of the epidermal compartment following adalimumab treatment, the rapid
induction of terminal differentiation (e.g. loricrin) and loss of aberrant keratinocyte maturation
markers (e.g. K17) which is accompanied by a thinning of the epidermal layer, is reminiscent
of the rapid non-apoptotic events observed when Myc induced changes are abruptly interrupted
in a transgenic mouse model [38]. Given the apoptotic resistance of keratinocytes within
psoriatic plaques [28,39], it is perhaps not too surprising that the normalization of epidermal
thickness occurs in a non-apoptotic dependent fashion involving terminal differentiation and
shedding. In the gut, mucosal barrier defects were also found to respond rapidly to anti-
TNFα therapy [40].

In conclusion, this study demonstrates for the first time a series of rapidly occurring molecular
and cellular events by which adalimumab can reverse pathological events in both the epidermis
and dermis of psoriatic plaques. The mechanism of action for adalimumab in psoriatic skin
involves reduction in the inflammatory cell infiltration by TNFα positive DCs and

Marble et al. Page 8

J Dermatol Sci. Author manuscript; available in PMC 2009 June 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



macrophages, followed by T cells predominantly involving a non-apoptotic sequence of events.
Similarly in the epidermis, adalimumab rapidly restores epidermal homeostasis without a
significantly detectible apoptotic series of events. Targeting TNFα clearly impacts a multitude
of cellular responses at the morphological and cellular level; and these results clearly highlight
the dynamic and reversible interplay between immunocytes and keratinocytes that contribute
to the maintenance of psoriatic plaques [41].
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Figure 1. Clinical perspective of skin lesions on a psoriatic patient before and after adalimumab
therapy
Compared to adjacent symptomless (PN) skin, designated by red circle, the baseline appearance
for untreated psoriatic plaques (PP skin) revealed well demarcated, erythematous, and scaly
lesions (a). On day 7 after delivery of a single loading dose of adalimumab (80 mg,
subcutaneous) the lesional skin is characterized by reduced thickness, erythema, and scaling
(b; the sutures represent biopsy sites for PN and PP skin). On day 28 after continuation of
adalimumab therapy, the target plaque is almost completely resolved with only slight residual
erythema; a clinical trend continued on day 84 of therapy (c, d). Note the resolution of the
inflammation and tissue remodeling of PP skin by adalimumab was not accompanied by any
scar formation.

Marble et al. Page 12

J Dermatol Sci. Author manuscript; available in PMC 2009 June 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. TNFα expression in PN and PP skin
Cryopreserved sections of PN skin (panel a) and PP skin (panels b–e) were immunostained to
detect TNFα. Note the markedly increased number of TNFα + cells in PP skin (b) compared
to PN skin (a). The majority of TNFα + cells in PP skin are located in the papillary dermis
(b–e). Note that progressively increased magnification is provided in panels b–d using a black
circle for orientation. Many of the TNFα + cells had a dendritic morphology (e), whereas others
had a plump macrophage-like appearance (d). No epidermal keratinocyte immunoreactivity
for TNFα was observed.
Quantitation of TNFα immunoreactive cells involving six different subjects (n=6) for PN skin
(17±2 cells/HPF) and PP skin (57±7 cells/HPF) revealed significant differences between PN
and PP skin (p<0.05) as depicted in (f).
These results indicate PP skin is characterized by an increased density of TNFα + mononuclear
cells that infiltrate the papillary dermis and focally extend into the epidermal compartment.
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Figure 3. Co-localization of TNFα expressing cells within CD11c+ dendritic cells and CD68+
macrophages
Cryopreserved sections of PP skin were subjected to two-color immunofluorescence staining
in which TNFα expressing cells were labeled green (FITC; a, d), and the CD11c+ (b) or CD68
+ (e) mononuclear cells labeled red (rhodamine). Note the similar distribution patterns and
morphological profiles, as well as dual fluorescence imaging that highlight the co-expression
of TNFα in both CD11c+ (c) as well as CD68+ (f) cell subsets.
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Figure 4. Expression and kinetic profile highlighting temporal reductions in density of TNFα +,
CD11c+, and CD68+ cells in psoriatic patients before and after treatment with adalimumab
Untreated PP skin (PP day 0) is characterized by an increased number of mononuclear cells
expressing TNFα compared to PN skin (a and f), as well as increased number of CD11c+ cells
(g and l), and CD68+ cells (m and r). Beneath each representative staining profile of untreated
and treated PP skin and PN skin are panels depicting individual data points for each of the six
treated subjects (left side), as well as a summary panel depicting mean +/− SEM for the group
(n=6). For each treated subject, a color and symbol are provided to delineate a specific patient
in figures 4 and 5.
Note the consistent and rapid reduction in TNFα expressing cells (panels b–e, s) which first
became statistically significant at day 7 (asterisk; p<0.05), as does the reduction in density of
CD11c+ cells (panels h–k, t); whereas the reduction in CD68+ cells does not achieve
significance until day 28 (panels n–q; u). Note the parallel reduction in epidermal thickness
that accompanies the diminution in the density of mononuclear cells at the indicated time
points, consistent with our previous report [24].
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Figure 5. Expression and kinetic profile highlighting temporal reductions in density of CD14+,
CD83+, and CD86+ cells in psoriatic patients before and after treatment with adalimumab
Untreated PP skin (PP day 0) is characterized by an increased number of mononuclear cells
expressing CD14+ compared to PN skin (a and f), as well as increased number of DCs
expressing maturation markers CD83 (g and l) and CD86 (m and r). Beneath each
representative staining profile of untreated and treated PP skin and PN skin are panels depicting
individual data points for each of the six treated subjects (left side), as well as a summary panel
depicting mean +/− SEM for the group (n=6). The reduction in these markers initially became
statistically significant at day 7 (asterisk; p<0.05 comparing untreated to treated samples).
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Figure 6. Expression and kinetic profile highlighting temporal reductions in density of CD3+ T
cells in psoriatic patients before and after treatment with adalimumab
Untreated PP skin is characterized by influx of CD3+ T cells, located both in the upper dermis
with focal extension into the epidermis. Following treatment with adalimumab, the number of
T cells begins to decline on days 2 and 7 (b, c), with a more pronounced reduction on days 28
and 84 (d, e) where they resemble the density in PN skin (f). The earliest time point with
statistically significant reduction in CD3+ cell counts compared to untreated samples is day
28 (g; n=6; asterisk, p<0.05).
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Figure 7. Detection of activated caspase 3 as a marker for cells undergoing apoptosis in psoriatic
patients before and after treatment with adalimumab
Untreated PP and PN skin are characterized by the absence of cells in either the epidermis or
dermis undergoing apoptosis because no activated caspase 3 positive cells are present in the
tissue samples (a, f). Moreover, following treatment with adalimumab, the reduction in
epidermal thickness as well as the decreased density of immunocytes (dendritic cells,
macrophages, T cells) was also not accompanied by and prominent increase in detectible cells
expressing activated caspase 3 (b–e). As a positive control, cultured human keratinocytes were
immunostained before (g), and after, (h) UV-light to confirm detection of activated caspase 3.
Note the strong cytoplasmic immunostaining for activated caspase 3 in keratinocytes
undergoing apoptosis following UV-light (h).
In skin tissue sections, occasional, rare scattered cells expressing bright red anti-activated
caspase 3 reaction product was detected in epidermal keratinocytes (i, j; arrows depict basal
layer keratinocyte undergoing apoptosis in PP skin 2 days after adalimumab treatment. A rare
dermal lymphocyte expressing activated caspase 3 was also identified at day 2 in treated PP
skin (k, l; arrows depict apoptotic lymphocyte). A rare macrophage-like cell expressing
activated caspase 3 is shown in (m, n) on day 7 in treated PP skin.
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Figure 8. Expression and kinetic profile highlighting epidermal response in psoriatic patients before
and after treatment with adalimumab focusing on aberrant keratin 17 and loricrin expression
Untreated PP skin is characterized by strong and diffuse epidermal keratinocyte expression of
the aberrant differentiation marker, keratin 17 (K17; a), accompanied by reduced expression
of the terminal differentiation marker, loricrin (g). As early as 2 days following a single
injection of adalimumab (n=6), there is significant reduction in K17 expression (b) with
restoration of strong diffuse loricrin expression (h). By day 7, there is almost complete loss of
K17 expression (c) with continued normalization of loricrin expression and orthokeratosis
(h). Biopsies on day 28 and 84 revealed near complete healing of PP skin resembling PN skin
as depicted (d–f, j–l).
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