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Introduction

Summary

In this paper we provide a detailed description of an experimental method
for investigating the induction and resolution of recall immune response to
antigen in humans in vivo. This involves the injection of tuberculin purified
protein derivative (PPD) into the skin, followed by inducing suction blisters
at the site of injection, from which leucocytes and cytokines that are involved
in the response can be isolated and characterized. Using this technique we
found that although the majority of CD4* T cells in the skin that are present
early in the response express cutaneous lymphocyte antigen (CLA), the
expression of this marker is reduced significantly in later phases. This may
enable these cells to leave the skin during immune resolution. Furthermore,
interleukin (IL)-2 production can be detected both in CD4" T cells and also
in the blister fluid at the peak of the response at day 7, indicating that media-
tors found in the blister fluid are representative of the cytokine microenvi-
ronment in vivo. Finally, we found that older humans have defective ability
to respond to cutaneous PPD challenge, but this does not reflect a global
immune deficit as they have similar numbers of circulating functional PPD-
specific CD4" T cells as young subjects. The use of the blister technology
enables further characterization of the skin specific defect in older humans
and also general mechanisms that govern immune regulation in vivo.
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resolution in vivo, and most studies rely upon investigating
snapshot changes of leucocyte phenotype or function after a

Animal models have provided important insight into
immune mechanisms in health and disease; however, the
results obtained are often not reproducible in humans due
to species-specific differences [1,2]. It is therefore essential
to develop new technology and experimental systems for
investigating immunity in humans in vivo. Obvious barriers
to this ambition are ethical constraints relating to in vivo
manipulation of leucocytes, which dictates that most
human studies are dependent upon the use of leucocytes
isolated from the peripheral blood. However, investigation
of the function of these cells in vitro loses the tissue-specific
context within which immune responses operate. This,
together with the possibility that leucocytes that are acti-
vated in cell culture, may behave differently to those that are
activated in vivo, limits the relevance of data that are gener-
ated. Furthermore, it has been very difficult to investigate
the kinetics of a human immune response from initiation to

response has been initiated [3].

The lack of a robust human experimental system
prompted us to develop technology that allowed the study
of the initiation and resolution phases of an antigen-specific
CD4" memory T cell recall response in vivo [4-7]. To
achieve this we injected intradermally one of three different
clinical-grade antigens, namely tuberculin purified protein
derivative (PPD), Candida albicans antigens (Candin) or
varicella zoster virus (VZV) antigens [5-7]. The kinetics of
cellular infiltration is assessed by performing punch biop-
sies at the site of the cutaneous immune response at differ-
ent times after antigenic challenge that are analysed
subsequently by immunohistology [4-6]. Furthermore, to
analyse the function of the cells and cytokines that were
present during the course of the response, we created
suction blisters at the site of antigen injection, from which
leucocytes and soluble mediators that were involved could
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be isolated and analysed [4,5,8]. This experimental system
has provided data on the kinetics of specific effector and
regulatory T cell (T.,) infiltration into the skin and how
this is altered during ageing [4,5,7,8].

In this paper we present a detailed critique of the suction
blister technique, including the relationship between size of
the response and the number of cells that are recovered and
the assessment of possible contamination with blood leuco-
cyte populations. We also demonstrate that the previously
described decreased cutaneous immune response to PPD in
older subjects is not representative of a global defect of
immunity during ageing, as there are comparable numbers
of interferon (IFN)-y-secreting antigen-specific CD4" T
cells in the blood in both young and older subjects. This
skin-specific decrease in immunity during ageing may, in
part, explain the increased incidence of cutaneous malig-
nancy and infection in older subjects [9,10]. The methods
for investigating skin immunity that we describe in this
paper will facilitate understanding of the age-associated
defect in immunity in humans in vivo.

Materials and methods

Human volunteers

This work was approved by the Ethics Committee of the
Royal Free Hospital. Healthy young individuals below the
age of 40 years and older individuals aged more than 70
years were recruited for the study. Exclusion criteria based
on a modified version of the SENIEUR (SENIorEURopean)
protocol were employed to recruit older people in order to
reduce confounding factors due to associated significant
co-morbidity [11]. All volunteers provided written
informed consent and study procedures were performed
in accordance with the principles of the Declaration of
Helsinki.

Mantoux test

Mantoux tests were performed on the volar aspect of each
forearm by the intradermal injection of tuberculin PPD
(Evans Vaccines Ltd, Liverpool, UK) 0-1 ml 100 units/ml
[5]. Baseline skin erythema was measured using a Der-
maSpectrometer (Cortex Technology, Hadsund, Denmark)
(Fig. S1). The mean of three measurements was recorded.

Table 1. Assessment of the Mantoux test (MT) clinical score.

Skin erythema index (EI), size of induration and palpabil-
ity were also recorded 3 days after MT induction and at the
time of sampling (if different). The change in skin EI was
calculated by subtracting the baseline from the MT meas-
urement. The induration size was determined by calculat-
ing the mean of two measured perpendicular planes. The
change in erythema index, size of induration and palpabil-
ity were scored and the sum of these scores were then used
to give an overall clinical score at 3 days and the time of
sampling (example shown in Table 1). Non-responding
individuals were defined as having a clinical score of less
than 1 at 3 days. The experimental protocol involved either
raising a skin suction blister over the Mantoux test or
taking a 5-mm punch biopsy. Samples were collected
between 2 and 19 days after Mantoux test induction during
the induction, peak or resolution phases of the immune
response. Each volunteer was allotted to a specific sample
time-point.

Suction blister induction

Skin suction blister induction involves separating the epi-
dermis from the dermis at the lamina lucida by the applica-
tion of prolonged negative pressure using a VP25 Eschmann
suction pump (Fig. S2a) that is attached to a suction cup
that is placed on the site of injection (Fig.S2b). These
suction chambers were constructed by the Medical Engi-
neering Department of the Royal Free Hospital, UK as
described (Fig. S2¢). Suction blisters were raised over
normal or PPD-injected skin 18-24 h prior to sampling
(Fig. 1a,b). The MT induration size determined the aper-
ture of the suction cup template used, i.e. 15-mm diameter
template if >15 mm induration, 12-5-mm diameter tem-
plate if 10-15mm and 10-mm diameter template
if <l0mm. A negative pressure of 25-40kPa (200-
300 mmHg) below atmospheric pressure was applied to the
skin for 2-4h wusing a clinical suction pump (VP25;
Eschmann, Lancing, UK; Fig. S1). The procedure was per-
formed at warm room temperature (~22°C) until a single
unilocular blister was formed (Fig. 1¢c). The blister was then
protected overnight with a rigid adhesive dressing assem-
bled using Comfeel Plus Ulcer Dressing (Coloplast Ltd,
Peterborough, UK; Fig. 1d), a Universal top (Sterilin, Fisher
Scientific UK Ltd, Loughborough, UK; Fig. 1e), Micropore
tape (3M Healthcare, Loughborough, UK; Fig. 1f,g) and

Clinical score 0 1 3 4 5 MT score
Erythema index (EI) 0 1-5 11-15 >16 2
Size of induration (mm) 0 1-5 6-10 16-20 >21 3
Palpability Nil Just palpable Easily palpable Marked Very marked 4
Total 9

An example showing how induration diameter, change in erythema index and palpability were scored and added together to give an overall clinical

score on day 3 post-MT induction.
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Fig. 1. Practical aspects of skin suction blister induction. (a) Skin

suction blisters were raised on Mantoux tests or normal skin 18-24 h
prior to sampling. (b) A suction cup was centred on the Mantoux
test and a negative pressure of 25-40 kPa (200-300 mmHg) below
atmospheric pressure was applied to the skin until (c) a unilocular
blister was formed. The blister was dressed with (d) a 5 x 5-cm piece
of Comfeel Plus ulcer dressing, (e) a trimmed universal container top,
(f,g) Micropore tape and (h) a Tubigrip bandage. (i—j) Blister fluid
was aspirated the following day using a sterile 23-G needle and 2-ml
syringe.

Tubigrip bandaging (Seton Healthcare Group PLC,
Oldham, UK; Fig. 1h).

Blister fluid was aspirated using a sterile 23-G needle
and 2-ml syringe (Tyco Healthcare UK Ltd, Gosport, UK;
Fig. 1i,j). The volume of fluid recovered was recorded and
suspended in 1-5-ml conical microtubes (Alpha Laborato-
ries Ltd, Eastleigh, UK). The aspirated blister was dressed
with Betadine dry powder spray (Seton Healthcare Group
PLC) and a Mepore dressing (Molnlycke Health Care Ltd,
Dunstable, UK). Volunteers were advised to keep this
covered and dry for 24-48 h before leaving open to the air.
Suction cups were dismantled and disinfected in Barrycidal
36 for at least 24 h after use (Heraeus Instruments Ltd,
Brentwood, Essex, UK).

Human antigen specific responses in vivo

Suction blister cell isolation

The blister fluid was microcentrifuged at 650 g for 4 min
(MicroCentaur, MSE Sanyo, London, UK) to pellet the cel-
lular contents. The supernatant was removed and stored in
cryogenic tubes (Nalge Europe Ltd, Hereford, UK) at
—70°C. The blister cell pellet was then resuspended in 1 ml
RPMI-1640 (Gisco, BRL Life Technologies, Paisley, UK)
containing 10% human serum supplemented with
100 U/ml penicillin, 100 pg/ml streptomycin and 2 mM
L-glutamine (all from Sigma-Aldrich, Gillingham, Dorset,
UK) until analysed.

Estimation of blister cell peripheral
blood contamination

Optimization of the skin suction blister technique was
carried out on normal non-inflamed skin. Data relating to
parameters measured during the collection of blister fluid
from these experiments are shown in Table 2. Blister red
and white blood cell numbers were quantified using a
haemocytometer and viability was assessed by trypan blue
exclusion. An estimation of the percentage of peripheral
blood (PB) white cells that were contaminating the blister
leucocytes was performed. The skin suction blister tech-
nique causes relatively little trauma, especially with small
blisters on non-inflamed skin that are harvested immedi-
ately [12,13]. Our intention was to induce suction blisters
on inflamed skin to obtain as many skin leucocytes as pos-
sible, and this meant delaying the aspiration of the blister
fluid for up to 24 h. The presence of red blood cells (RBC)
in blister fluid points to haemorrhage from the underlying
dermal blood vessels. This may allow peripheral blood leu-
cocytes to enter the suction blister directly, independent of
the selective recruitment of leucocytes across cutaneous
post-capillary venules. Previous studies that examined
lymphocytes isolated from delayed-type hypersensitivity
responses using skin suction blisters have not monitored
RBC contamination routinely [14-17]. The total number
of red and white cells in the aspirated fluid of each blister
was quantified using a haemocytometer and the absolute
number of PB RBC and white blood cell (WBC) counts
were measured by the Department of Haematology, Royal
Free Hospital. Because there are 1000-fold more RBC than
WBC in the peripheral blood of healthy volunteers, for
every 1000 RBC in the blister fluid we can estimate that
there would be one contaminating peripheral blood WBC
that was not part of the underlying cutaneous inflamma-
tory infiltrate. The estimate was calculated as follows:

Blister red cell count
x (PB white cell count+ PB red cell count)x 100
Blister white cell count
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Table 2. Parameters measured on skin suction blisters induced on normal control skin

Blister Volume blister Number Number RBC/ul blister WBC/ul blister % PB WBC
diameter (mm) fluid (ul) of RBC of WBC fluid fluid contaminated
1 75 50 3000 12 600 60 252 0-02
2 10 150 16 800 31200 112 208 0-05
3 11 200 8000 217 500 40 1088 0-004
4 11-5 350 14 400 40 800 41 117 0-04
5 11-5 250 20 800 134 400 83 538 0-02
6 12 400 0 3600 0 9 0
7 13-5 700 17 500 51 300 25 73 0-03
8 12-5 350 4200 21 600 12 62 0-02
9 155 750 46 200 98 400 62 131 0-05
10 10 250 11 000 13 000 44 52 0-09
11 14-5 750 57 000 72 000 76 96 0-08
12 12 250 600 10 200 2 41 0-006
13 13 500 0 5500 0 11 0
Mean 11-88 380-77 15 346 54 777 42 206 0-03
s.d. 2-07 231 17 707 62 876 35 300 0-03

The diameter and volume of fluid recovered from each blister (numbered 1-13) were measured. The total blister leucocyte and red cell count was
determined using a haemocytometer. Peripheral blood red blood cell (RBC) and white blood cell (WBC) counts were also measured. This allowed an

estimate of the percentage of peripheral blood leucocytes contaminating the blister due to micro-haemorrhages to be made. PB: peripheral blood; s.d.:

standard deviation.

The mean number of leucocytes isolated per blister raised
on normal skin was 54 777 s.d. = 62 876 (range 3600—
217 500) (Table 2). The number of red blood cells isolated
per blister was consistently lower than the number of leuco-
cytes [mean 15346s.d. = 17707 (range 0-57 000)].
Overall, this meant that the estimated percentage of con-
taminating PB WBC in the blister leucocytes was very low
in suction blisters raised on normal non-inflamed skin
[mean 0-03% s.d. = 0-03 (range 0-0-09)] (Table 2). Addi-
tionally, leucocyte viability as assessed by trypan blue exclu-
sion was greater than 95%.

We also analysed the effect of clinical responsiveness to
the MT on cell recovery. The data obtained from the day 7
MT volunteers are presented as a representative example.
Larger clinical responses generally allowed bigger suction
blisters to be induced (Fig. 2a) (r = 0-44, P=0-015). Against
this background, a trend of increasing numbers of leuco-
cytes isolated from suction blisters was observed with
increasing clinical responsiveness (r=0-49, P =0-0056,
Fig. 2b). Despite this trend, a larger clinical response did not
necessarily ensure the isolation of a large number of leuco-
cytes. When the number of leucocytes isolated per microli-
tre of blister fluid was analysed to control for blister size the
correlation with clinical response was less predictive
(r=0-27, P=0-16, Fig.2c). Overall, however, larger MT
responses generally resulted in more leucocytes being
isolated.

PBMC preparation and proliferation experiments

Heparinized blood was collected from young and old vol-
unteers at the time of blister aspiration or as specified.
Peripheral blood mononuclear cells (PBMCs) were pre-

pared by density centrifugation on Ficoll-Paque (Amersham
Biosciences UK Ltd, Chalfont St Giles, UK) and resus-
pended in complete medium. For the measurement of
cellular proliferation by [*H]-thymidine incorporation,
PBMCs were added to 96-well round-bottomed tissue
culture plates (Falcon; Becton Dickinson Labware, Oxford,
UK) at a concentration of 10° cells/well. The cells were incu-
bated at 37°C in a humidified 5% CO, atmosphere for 5
days before adding [*H]-thymidine (Amersham Biosciences
UK Ltd). The mean of triplicate wells was calculated and
used for the purpose of data analysis.

Flow cytometric analysis

Four-parameter analysis of blister and blood T cell pheno-
types was performed on a fluorescence activated cell sorter
(FACS)Calibur™ (Becton Dickinson). PBMCs and blister
cells were stained with antibodies to CD3, CD4, CLA,
CD45RA, CD69 or Ki67 (all from BD Pharmingen). Appro-
priate isotype controls were used. For Ki67 staining, cells
were first fixed and permeabilized using the Caltag Fix &
Perm® Cell Permeabilization Kit (Caltag Laboratories, Burl-
ingame, CA, USA). To compare CD4 cell numbers in the
suction blisters we used Trucount tubes (Becton Dickinson)
in combination with staining for CD3, CD4 and CD8 (Mul-
titest; Becton Dickinson).

Antigen-specific CD4* T cells were identified by intracel-
lular accumulation of effector cytokines following short-
term in-vitro stimulation with antigen in the presence of
brefeldin A, as described [8]. Following surface staining,
cells were fixed and permeabilized using a modified proto-
col of the Caltag Fix & Perm® Cell Permeabilization Kit
(Caltag Laboratories), as described [5,7]. Unstimulated
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Fig. 2. Blister volumes and leucocyte numbers isolated from skin
suction blisters raised over Mantoux tests (MT) 7 days after induction.
Figures show data collected from 30 skin suction blisters raised on

day 7 following MT induction. (a) Blister fluid volume aspirated
compared to MT induration diameter (mm) at day 7. (b) Number of
leucocytes isolated from skin suction blisters at day 7 compared to the
clinical response measured at day 3. (c) Number of leucocytes isolated
per microlitre (ul) of skin suction blister fluid at day 7 compared to
the clinical response measured at day 3. The Spearman’s rank
correlation (r) and P-values are shown for each graph.

PBMC and blister cell controls were undertaken to deter-
mine background staining. Isotype-matched negative con-
trols in conjunction with the unstimulated controls were
used to verify the staining specificity and as a guide for
setting markers to delineate positive and negative popula-
tions. Purified tetanus toxoid (Aventis Pasteur MSD Ltd,
Maidenhead, UK) was used as a control antigen at a final
dilution of 1:1000. Gating was set on the live lymphocyte
population using forward- and side-scatter profiles to
include lymphocytic blasts.

Human antigen specific responses in vivo

Multiple cytokine assay by multiplex
bead immunoassay

The multiplex assay of cytokines and chemokines in blister
fluid was performed using Luminex 100 and cytokine Bead-
lyte assay kit (both from Upstate Biotechnology, Lake
Placid, NY, USA), as described previously [7].

Statistics

Statistical analysis was performed using GraphPad Prism
version 5.00 for Windows (GraphPad Software, San Diego,
CA, USA). Dr Richard Morris, Department of General
Practice and Population Sciences, Royal Free and University
College Medical School provided statistical advice. Non-
parametric tests were used predominantly. The Kruskal—
Wallis test was used to compare three or more unpaired
groups and the Mann—Whitney U-test was used when com-
paring only two unpaired groups. The Wilcoxon matched-
pairs test was used when comparing two groups of paired
data. The use of parametric tests, such as one-way analysis
of variance, unpaired and paired t-tests, were used only if
the data passed a normality test.

Results

CLA expression of CD4" T cells isolated from skin
during the Mantoux reaction

CLA is expressed on a subset of memory T cells that home
to the skin [16,18,19]. We have shown previously that CD4*
T cells proliferate at the site of the Mantoux reaction [5];
however, it was not clear if this cellular expansion affected
CLA expression. In Fig. 3a we show a representative staining
profile of CD4" memory T cells in the PBMC and skin, iso-
lated by suction blisters, that were positive for CLA expres-
sion at the peak of the clinical response on day 3 after PPD
injection. No significant change in the percentage of CLA
positivity was observed on PB CD4* memory T cells during
the course of the MT (Fig. 3b; Kruskal-Wallis test, P =0-3).
Intriguingly, in suction blisters the percentage of CLA
expression on CD4" memory T cells in the skin decreased
from 76-04% at 3 days to 27-06% by 14 days post-injection
(Kruskal-Wallis test, P=0-03). In addition, the median
fluorescence intensity (MFI) of CLA on CD4* T cells in skin
decreased during the MT (544-2 and 233-7 on days 3 and
19, respectively). In contrast, there was no significant
change in CLA expression by CD8" (CD4 CD3*) T cells that
were found in the PB or skin during the MT (Kruskal-
Wallis test, P=0-88 and 0-86, respectively). The data are
consistent with the recruitment of skin-homing CLA* T
cells into the skin during the induction phase of the
immune response. This is followed subsequently by the pro-
gressive loss of CLA expression on CD4" T cells coinciding
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Fig. 3. Characteristics of skin-infiltrating T

(@) PBMC isotype PBMC Blister
cells following Mantoux test (MT) induction. 10% 10% 10%
(a) Cutaneous lymphocyte antigen (CLA) 08 206 77.7
expression on peripheral blood and normal o 10°E .
skin blister CD3" T cells. Peripheral blood 5 0 *
mononuclear cells (PBMC) and blister cells (8) g
were isolated and stained with anti-CD3, 10!
anti-CD4- and anti-CLA antibodies and cD3
analysed by flow cytometry. Samples were 1001 0% 10 162 163 10* 1001 0° 10 1(32 12)3 10* 1001 0° 10 1(.>2 163 10*
analysed by gating on the CD3*CD4* CD45RA™ CLA CLA CLA
subset of cells within the live lymphocyte/ CLA >
lymphoblast gate. Gating strategy was used to
exclude cell debris, but include lymphocyte (®) 100
blasts. Dot-plots showing CLA expression on % 80 |
CD3" T cells isolated from the peripheral blood f_"
(PB) and a suction blister raised on day 3 t 60r
following MT induction (b) PBMC (0) and 8
suction blister (SB) (H) cells isolated from skin 3 40 ¢
following MT induction were analysed using O oot
flow cytometry for the percentage of CD4" B
memory T cells positive for CLA expression. OO 1'0 1'5 2'0

The mean * standard error of the mean of
three experiments per time-point is shown.

with the proliferation and clonal expansion of PPD-specific
CD4" T cells. The loss of CLA expression could be a mecha-
nism to allow emigration of antigen-specific cells from the
skin during the resolution phase of the response.

Comparison of cytokine responses identified by
histology and in suction blisters

Previous studies have shown that the leucocytes that are
found in the suction blisters after PPD injection are repre-
sentative of the cells identified by histology in skin sections
[5]. However, it is not clear if the cytokines in the blister
fluid are representative of those that are present during the
response in sifu. In a previous study, maximum cellular
expression of interleukin (IL)-2 in histological sections was
observed 7 days after intradermal PPD injection [6]. We
now show that cutaneous CD4" T cells isolated from MTs
can produce IL-2 following restimulation with PPD ex vivo,
while minimal interferon (IFN)-y or IL-2 was produced in
the absence of PPD restimulation (Fig. 4a). We found that
maximal numbers of IL-2-secreting cells in the skin were
found 7 days after PPD injection, coinciding with the time
of maximal expression of this cytokine by histological
analysis [6]. The proportion of PPD-specific CD4" T cells
capable of producing IL-2 was low during the clinical
peak at day 3 (0-3%), but showed a marked increase at
day 7 (8:8%) that was maintained during resolution at
day 19 (9-8%) (Kruskal-Wallis test, P=0-01). Virtually
all IL-2-producing CD4" T cells also expressed IFN-y
(Fig. 4a). We next investigated the presence of IL-2 in the
blisters that were induced at different times after PPD

168

Days post-MT induction

injection. We found detectable levels of this cytokine at day
7 after PPD challenge, but not at the other time-points
investigated (Fig. 4b). Collectively, this indicates that
cytokine production during the Mantoux reaction can
be assessed irrespective of whether histological, intracellular
cytokine analysis or blister fluid assays were used for
detection.

Decreased Mantoux response in older humans

We investigated whether old and young subjects responded
equally to PPD injection. None of our volunteers had a pre-
vious history evidence of tuberculosis infection. We found
that 72 h after injection with the antigen, older subjects had
a significantly decreased clinical score (Fig. 5a). However,
when we investigated the proportions of PPD-specific CD4*
T cells in the blood that were identified by IFN-y secretion
after PPD stimulation in vitro there were similar numbers in
both groups (Fig. 5b). Furthermore, the ability of T cells
from blood to proliferate after PPD stimulation was the
same between both groups (Fig.5c). This indicates that
decreased responsiveness of older subjects to PPD in the
skin does not reflect a universal reduction of numbers or
function of PPD-specific CD4" T cells in these individuals.
In addition, as vaccination with bacille Calmette—Guérin
(BCG) only began in the 1950s, it is possible that the differ-
ences observed in the skin response were due to the differ-
ent vaccination history of both groups of subjects. However,
in a previous study, when Candida albicans or varicella
zoster skin-test antigens were used, we found a similar
defect in older subjects [7]. This suggests that the defect in
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cutaneous response to antigen challenge is likely to be
age-related, and not to whether they had had previous BCG
vaccination.

We next investigated how the decreased clinical response
to PPD in older subjects was reflected in changes in the leu-
cocytes in the skin that were isolated from the site of injec-
tion using the suction blister technology. We found that the
number of CD4" T cells on day 7 after injection of PPD, at
the peak of the response, was significantly lower in old com-
pared to young subjects (Fig. 6a). Furthermore, when we
investigated the activation (CD69 expression) and prolifera-
tive activity (Ki67 expression) of CD4" T cells that were iso-
lated from the skin we found that there were significantly
reduced levels of both molecules in older compared to
younger subjects (Fig. 6b,c). Importantly, the percentage of
Ki67" cells we observed in blisters by flow cytometry was
always well matched with the percentage observed by histo-
logical analysis [4,5]. Finally when we investigated the
kinetics of infiltration of PPD-specific CD4* T cells, identi-
fied by IFN-y stimulation after 16 h PPD rechallenge of
blister-isolated cells in vitro, we found that older subjects
had significantly lower numbers of specific cells present at
all the time-points tested (Fig. 6d). This supports the data
shown in Fig. 5, indicating that older individuals have a
deficient ability to mount an optimal response to PPD in
the skin, despite the fact that they have similar numbers of
PPD-responsive T cells in the blood. This may indicate a
lack of early inflammatory signals, defects in antigen pres-
entation or impairment of antigen-specific T cell function.

Discussion

The importance of the skin immune system, including the
large number of T cells resident in the skin, in responses to
both non-pathogenic and pathogenic organisms as well as
chemical and physical challenges, is now accepted widely
[20-23]. In this study we have used skin suction blister
technology coupled to challenge with the recall antigen
PPD to probe a human memory T cell response in vivo.
This has enabled investigation of the functionality of the
responsive CD4* T cells in the skin at different times after
the initial antigen challenge. These methods enable the
assessment of human immunity in vivo, in the context of
the tissue where the immune response is taking place. An
important observation was that the activation, proliferative
activity and cytokine production that was seen in CD4" T
cells in the site of antigenic challenge was not observed in
CD4" T cells from the blood of the same individuals when
investigated directly ex vivo. This highlights the fact that we
are able to study multiple parameters at the local site of an
immune response at different times after the reaction is ini-
tiated that are not reflected in the blood of the same donors.
Apart from investigating the effects of ageing, this method
could be used to investigate the status of immune respon-
siveness in the uninvolved skin of patients with skin dis-
eases such as psoriasis, and also those with skin
malignancies such as melanoma, which is the main impetus
for presenting the extensive technological detail in this

paper.
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Fig. 5. Old individuals do not mount a good clinical response to
Mantoux test despite showing equivalent responses in circulating CD4
T cells. (a) Comparison of clinical scores between young and old.
Twenty-five young (under 40) and 32 old (aged more than 70 years)
individuals had a Mantoux test. Induration diameter, erythema index
and palpability of the lesion were assessed and graded at day 3 and a
clinical score assigned based on these parameters. (b) Comparison of
the proportion of PPD-specific cells in peripheral blood of old and
young individuals. PBMCs were collected from 35 young and 40 old
individuals and stimulated with PPD ex vivo for 15 h in the presence
of brefeldin A. CD4" T cells were then examined for intracellular
interferon (IFN)-y. Representative fluorescence activated cell sorter
(FACS) plots are shown on the left. The percentage of CD4* T cells
expressing IFN-y in young and old individuals is shown in the graph
(n=18 young, 31 old). (c) PBMC from young and old individuals
were stimulated ex vivo with PPD (1 pg/ml) for 6 days. Proliferation
was assessed by [*H]-thymidine incorporation.

Although the numbers of cells that can be isolated from
suction blisters are relatively low, we have been able to
investigate T cell receptor clonality using the heteroduplex
method [5], telomere length, telomerase activity and also
cytokine production in the isolated T cells [4,5,8]. It is also
possible to use T cells recovered from skin blisters for long-
term culture and cloning of antigen-specific cells [4]. In
addition, by investigating the characteristics of the isolated
cells in parallel with histological analyses of the context of
cellular infiltration, a picture of the functional cellular
interactions that are taking place in the immune response in
this tissue can be constructed.

The data we present in this paper extend our previous
observations that older humans have a localized inability to
respond to antigens in the skin, while the numbers of func-
tional antigen-specific T cells in the blood of the same indi-
viduals are similar to those of younger subjects. These data
question the utility of the clinical use of the Mantoux test in
older humans, as the cutaneous response does not appear to
reflect overall global immune responsiveness in these indi-
viduals. Although not investigated in this study, our previ-
ous data using Candida skin-test antigens suggests that the
defect lies in the inability of older humans to amplify the
response to antigen in the skin, resulting in the lack of local
endothelial cell activation that prevents the recruitment of
circulating T cells to the response [7]. One hypothesis that
is currently under investigation is that forkhead box protein
3 (FoxP3)* regulatory T (T.,) cells that are increased in the
skin of older humans [7] may inhibit the initial cascade of
immune stimulatory events in the skin and therefore the
amplification phase of the response does not occur. It is of
interest that increased numbers of T, are also found in the
skin as well as other tissues of mice during ageing [24].
While older humans also have increased numbers of circu-
lating Ty [3], it is not known if there is also an over-
representation of these cells in tissues other than skin.
Another unanswered question is why these Ty are
increased in the first place. One possibility is that damage to
skin by sun exposure or changes in the skin integrity during
ageing predisposes this tissue to excessive non-specific
inflammation, and that the T, are increased in this tissue
to control this inflammation. This hypothesis remains to be
tested. Ultraviolet B (UVB) exposure has been shown to
induce T, cells and immunosuppression [25,26]. However,
using the methods described, questions such as the antigen
specificity of T, that are found in the skin during a recall
response to antigen can now be addressed in humans in
vivo [3,4,8].

The technology we have developed will allow the investi-
gation of how specific vaccination in older humans, e.g.
using Zostavax alters VZV-specific CD4" T cell infiltration
into the skin after challenge with varicella zoster skin test
antigens. Previous studies have shown that skin responses to
this virus are decreased during ageing [7,27,28] and are
boosted after vaccination in some, but not all, subjects
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[28-30], but it is not known which component of defective
immunity is reconstituted and how this correlates with
vaccine efficacy in these individuals. Finally, these methods
can also be applied to the study of other situations where
altered cutaneous immunity occurs in humans in vivo.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Fig. S1. Clinical measurement of the Mantoux test (MT).
(a) The Mantoux test is characterized clinically by the pres-
ence of a localized area of erythematous indurated oedema-
tous skin. MTs were induced on the volar aspect of the
forearm. The MT peaks clinically 2-3 days after induration.
(b) The erythema index was measured at baseline, on day 3
and at the time of sampling using a DermaSpectrometer.
The mean of three measurements was recorded.

Fig. S2. Suction blister equipment. (a) A clinical grade
suction pump was used for skin suction blister induction.
The pump has a gauge allowing a consistent negative pres-
sure to be applied to the skin. The VP25 Eschmann suction
pump has sterile disposable tubing and liners that can be
changed between volunteers. (b) The suction cup is applied
to the skin and connected to the pump using a cut-down
pipette tip. (c) Suction cups consisted of three main compo-
nents: a template and cup made of nylon plus a see-through
Perspex lid. Rubber O-rings fit around the lid and template
so that the three components fit together, forming airtight
seals. The size of template used can be changed according to
the size of Mantoux test (MT) induration, i.e. 15-mm diam-
eter template if >15 mm induration, 12-5-mm diameter
template if 10-15 mm and 10-mm diameter template if
<10 mm. The template apertures have bevelled edges. This
is to ensure that skin is drawn comfortably into the suction
cup during blister induction. The see-through lid allows the
induction process to be observed and monitored.
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