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Aims

 

We aim to modulate the renin–angiotensin system (RAS) by active immuni-
zation against angiotensin I hormone (AI), potentially providing a novel conjugate
vaccine treatment for hypertension in man.

 

Methods

 

Immunization studies in rat and human subjects compare the effectiveness
of tetanus toxoid (TT) and keyhole limpet haemocyanin (KLH) vaccines for immu-
notherapy following conjugation with an AI peptide analogue (

 

AI

 

). Cardiovascular
responses were assessed in immunized rats and human subjects (two-dose trial only),
following increasing i.v. infusions of either AI or angiotensin II hormone (AII).

 

Results

 

The 

 

AI

 

–TT and 

 

AI

 

–KLH conjugate vaccines induced an equivalent
immune response, and inhibition of the pressor effects to exogenous AI in rats.
Single-dose clinical trials with both conjugate vaccines only resulted in an immune
response to the KLH carrier protein. A two-dose clinical trial of 

 

AI

 

–KLH conjugate
vaccine resulted in a significant immune response to 

 

AI

 

. A shift in diastolic blood
pressure (DBP) dose–response was demonstrated following challenge with AI and
AII for the study volunteer showing the largest anti-

 

AI

 

 IgG induction.

 

Conclusion

 

KLH was shown to be a suitable alternative to TT as a carrier protein
for 

 

AI

 

, thus supporting continued evaluation of our 

 

AI

 

–KLH conjugate vaccine for
treatment of hypertension in man.
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Introduction

 

The renin–angiotensin system (RAS) commands an
important physiological role, influencing normal cardio-
vascular status and contributing to diseases such as hyper-
tension and heart failure [1]. Consequently, the RAS has
been a target for clinical control, either by angiotensin-
converting enzyme (ACE) inhibitors [2], or angiotensin
II hormone (AII)-receptor antagonists [3]. Due to unde-
sirable side-effects resulting from these treatment forms
such as dry cough, first dose hypotension, diuretic inter-
actions and angioneurotic oedema [4, 5] as well as poor
oral drug compliance, immunization against angiotensins
has been suggested as an attractive alternative for RAS-
targeted control of hypertension [6]. Besides these clinical

advantages over ACE inhibitors and AII-receptor antag-
onists, there are other potential benefits to a vaccine
treatment for controlling hypertension. Potential benefits
include improvements in compliance management (espe-
cially mild/moderate hypertension), smooth and progres-
sive onset of action for patients with mild hypertension
or left ventricular dysfunction, improved diurnal control
of blood pressure and reduction in drug interactions
associated with conventional drug polypharmacy. These
advantages are due to the vaccine mode of action, where
infrequent doses induce a biological response, overcom-
ing the need for one or more daily tablets. Therefore,
vaccination could provide a treatment for controlling
hypertension having improved patient acceptability and
compliance, with a smooth onset of action.

The vaccines evaluated in this paper induce blocking
immunoglobulins against angiotensin I hormone (AI),
the ACE substrate, preventing generation of AII and
subsequent increase of blood pressure. The immunoglo-
bulins are raised to a peptide analogue (

 

AI

 

) having pro-
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jected structural similarity to the native AI hormone. To
increase immunogenicity the 

 

AI

 

 is conjugated to a carrier
protein and adjuvanted with aluminium hydroxide gel.
Similar methods of inducing immunoglobulins for a
number of biological and clinical applications have been
documented previously [7–16]. Described are the design
considerations [7–11] and use [12–16] of small molecules
to elicit induction of immunoglobulins to a range of
targets including hormones, coenzymes, drugs, toxins,
protein fragments, carbohydrates, cholesterol and nucleic
acids.

We have shown that rats treated with a conjugate
vaccine containing 

 

AI

 

, tetanus toxoid (TT) carrier pro-
tein and aluminium hydroxide adjuvant, demonstrated
highly significant reductions in the pressor response to
challenge with exogenous AI [17]. Similar earlier studies
but in spontaneously hypertensive rats (SHRs), demon-
strated that blood pressure-lowering effects of AI-receptor
antagonists (valsartan and frusemide) were comparable to
the 

 

AI

 

–TT conjugate vaccine immunized SHRs [18].
However, successful clinical use of such a conjugate vac-
cine may have limited application, due to the potential
for epitopic suppression: a phenomenon demonstrated in
rodents [19–21] and man [22, 23]. Epitopic suppression
results when a subject is vaccinated with a compound to
which they have been previously exposed. So this is
important to question, since TT is a common immuno-
gen in man. Epitopic suppression is due to antigenic
competition between an expanded population of carrier
specific B-cell clones, and the unexpanded population of
naive, peptide analogue-specific B-cell clones [24, 25].
Thus, the possibility of epitopic suppression limits the
use of common immunogens as peptide carriers for novel
conjugate vaccines, due to the difficulty of predicting the
effectiveness of a response following vaccination.

To avoid this potential problem, we have assessed key-
hole limpet haemocyanin (KLH) as an alternative peptide
carrier protein to TT for a novel conjugate vaccine treat-
ment. KLH is a potent immunogen that is prepared from
the mollusc, 

 

Megathura crenulata

 

, in a form suitable for
use as peptide carrier in a conjugate vaccine. This large,
respiratory glycoprotein has been characterized for bio-
chemical [26, 27] and immunological function [28–31].
KLH has been used in a range of immunotherapeutic
studies, both unconjugated [32–34], and as a carrier con-
jugated with peptide analogues [35–37]. The commercial
availability, and its use as a carrier for a range of peptide
immunotherapeutics, supports the suitability of KLH for
development of our antihypertensive conjugate vaccine.

In this paper we describe a series of studies with 

 

AI

 

,
conjugated with either TT or KLH carrier protein, coded
PMD2850 and PMD3117, respectively. These conjugates
were mixed with adjuvant to form vaccines and used to
immunize rats, and, subsequently, healthy human volun-

teers (single-dose clinical trial). The degree of inhibition
of the pressor response to either AI or AII was assessed
in the rats. These studies compared each peptide–carrier
protein conjugate vaccine with respect to the effect on
the anti-

 

AI

 

 immune response, and any subsequent control
of experimentally induced hypertension. Thereafter, a
two-dose clinical trial was initiated using an 

 

AI

 

–KLH
conjugate vaccine. The degree of inhibition of the pressor
response to either AI or AII was assessed as part of this
second clinical trial. The results indicated that it might
be possible to produce a peptide–carrier protein conju-
gate vaccine with a potential to control hypertension in
man. Some of the results herein have been presented to
the British Pharmacological Society [38].

 

Methods

 

Angiotensin vaccine preparation

 

The AI peptide analogue (

 

AI

 

), was purchased from Cam-
bridge Research Biochemicals (Zeneca, Alderly Park,
UK). The appropriate amount of peptide was weighed
out, dissolved in phosphate buffered saline (PBS buffer),
and mixed with either of the two activated carrier pro-
teins. The carrier proteins, purchased in solution, were
TT (Chiron Behring, Marburg, Germany) and KLH
(Biosyn Arzneimittel, Fellbach, Germany). To activate for
conjugation, an appropriate amount of each carrier pro-
tein was mixed with an excess of 

 

m

 

-maleimidobenzoyl-

 

N

 

-hydroxysulphosuccinimide ester, a bivalent linker
(Pierce, Rockford, IL, USA). Following activation, the
carrier proteins were separated from the remaining reac-
tion components by size exclusion chromatography on
Sephadex G-25 matrix columns (Pharmacia, Uppsala,
Sweden). The level of maleimide activation of each car-
rier protein was determined using an assay developed in-
house (PMD, Runcorn, UK), before being mixed with
an excess of 

 

AI

 

 to conjugate. Following the reaction,
conjugates were separated from the remaining free pep-
tide by size exclusion chromatography on Sephadex G-
25 matrix columns (Pharmacia). The conjugates were
sterilized using 0.2-

 

m

 

m filters (Millipore, Watford, UK)
and the 

 

AI

 

–carrier protein components identified using
an ELISA developed in-house (PMD). The peptide con-
centration of each was determined following protein
concentration analysis using a bicinchoninic acid (BCA)
kit (Pierce) and utilizing the level of maleimide activation
determined for each carrier protein. The conjugates were
then formulated into vaccines, yielding the appropriate

 

AI

 

 concentration, using Alhydrogel

 

®

 

 (Superfos, Elsen-
bakken, Denmark) as adjuvant and 0.9% w/v saline
(Flowfusor

 

®

 

, Fresenius, Warrington, UK) as the conjugate
vaccine vehicle. The conjugate vaccines were formulated
to dose recipients with 

 

AI

 

 equivalents (

 

m

 

g).
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Ethical considerations

 

The clinical trials described were performed at good
clinical practice (GCP) compliant clinical research orga-
nizations (DDS and GDRU) in the UK with approval of
the local ethics committee at each study centre. Written
consent was obtained from all study subjects following a
full explanation of what was involved in the study. Mate-
rials for the clinical trials were produced to current good
manufacturing practice (GMP) under international con-
ference on harmonization (ICH) guidelines.

 

Preclinical toxicology

 

Preclinical toxicological safety was demonstrated follow-
ing evaluation based on regulatory (ICH) guidelines for
a new chemical entity, adapted to incorporate specific
issues applicable to a peptide linked to a conjugate and
formulated with an adjuvant. Both TT and KLH conju-
gate vaccine formulations were assessed in the toxicology
studies which included: acute (for systemic indications),
subchronic (including clinical chemistry, haematology,
macroscopic and histopathological assays), mutagenic
(including bacterial-AMES, mouse lymphoma and
micronucleus assays), local tolerance and safety pharma-
cology (Irwin behavioural screen) protocols. The toxicol-
ogy studies were carried out at recognized contract
research organizations (CTL, Alderley Park, UK and IRI,
Tranent, UK) according to the principles of Good Lab-
oratory Practice (GLP).

 

Immunization protocol

 

The four studies described are referred to as Study A, B,
C or D having treatment, vaccine formulation, and
experimental regimes as indicated in Table 1. Each of the

study subjects was injected with either a placebo control
(saline or Alhydrogel), or a conjugate vaccine in volumes
as indicated. In Study A, male, Sprague-Dawley rats
(Harlan Olac, Blackthorn, UK), with a body weight of
200–250 g were used. The sample number (

 

n

 

) for all
treatment groups and saline control was 

 

n

 

 

 

=

 

 6; the injec-
tion volume for all treatment groups, and the saline
control group was 0.5 ml. In Studies B, C and D, healthy,
male, human volunteers of body weight 65–90 kg, body
mass index 18–28 kg m

 

-

 

2

 

 and aged 18–45 years were
chosen. In Study B, for all treatment groups 

 

n

 

 

 

=

 

 2, and
for the saline control 

 

n

 

 

 

=

 

 8. The injection volumes for all
treatment groups and the saline control group were
between 1 and 2 ml. In Study C, for all treatment groups

 

n

 

 

 

=

 

 4, and for the saline control 

 

n

 

 

 

=

 

 6. The injection
volumes for all treatment groups and the saline control
group were between 0.5 and 2 ml. In Study D, for the
treatment group and Alhydrogel control, 

 

n

 

 

 

=

 

 8. The
injection volume for the treatment group and the adju-
vant (Alhydrogel

 

®

 

) control group was 1 ml.

 

Study A: rat immunoglobulin class and subclass response

 

To measure immunoglobulin class and subclass response,
sera collected 42 days after three immunizations with
either 

 

AI

 

–TT (25 

 

m

 

g) or 

 

AI

 

–KLH (10 

 

m

 

g) conjugate vac-
cine was used (see Table 1). Sera samples were diluted
with 0.9% w/v saline (Flowfusor

 

®

 

; Fresenius) and mea-
sured for three immunoglobulin classes (IgA, IgM and
IgG) and four IgG subclasses (IgG1, IgG2a, IgG2b,
IgG2c), by ELISA at the National Institute for Biological
Standards and Control (Potters Bar, UK). Whole IgG was
measured using an antirat IgG–horseradish peroxidase
conjugate. All other immunoglobulins were measured
using biotinylated IgG conjugates and a streptavidin-
based amplification system.

 

Table 1

 

Study treatment groups, their respective conjugate vaccine formulation, 

 

AI

 

 equivalent dose and experimental regime.

 

Days
Days

 

 

 

Injection Blood sample Challenge

 

AI/AII

 

Study PMD code Formulation AI dose (

 

m

 

g) 0 21 42 0 7 14 21 28 42 49

 

A None Saline control 0

 

� � � � � �

 

63
PMD2850

 

AI

 

–TT, Al(OH)

 

3

 

25

 

� � � � � �

 

63
PMD3117

 

AI

 

–KLH, Al(OH)

 

3

 

10, 50

 

� � � � � �

 

63
B None Saline control 0

 

� � � � � �

 

PMD2850

 

AI

 

–TT, Al(OH)

 

3

 

10, 20, 50, 100

 

� � � � � �

 

C None Saline control 0

 

� � � � � �

 

PMD3117

 

AI

 

–KLH, Al(OH)

 

3

 

25, 50, 100

 

� � � � � � �

 

D None Al(OH)

 

3

 

0

 

� � � � �

 

- 

 

1 & 49
PMD3117

 

AI

 

–KLH, Al(OH)

 

3

 

50

 

� � � � �

 

- 1 & 49

AI/AII, Angiotensin I or II hormone; AI, peptide analogue of AI; PMD, Protherics plc.; TT, tetanus toxoid peptide carrier protein;
Al(OH)3, Alhydrogel® gel adjuvant; KLH, keyhole limpet haemocyanin peptide carrier protein; �, treatment.
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Study A: in vivo angiotensin pressor testing

Sixty-two days after the first immunization, rats were
anaesthetized using sodium methohexitone (40–60 mg
kg-1 i.p. supplemented as required) and catheters were
implanted in the abdominal aorta (via the ventral caudal
artery) and the right jugular vein. Catheters ran subcu-
taneously to exit at the back of the neck, and then through
a flexible spring (for protection) attached to a harness
fitted to the rat. The spring was supported by a freely
moving, counterbalanced lever. The arterial catheter was
connected to a swivel system to allow continuous infusion
of saline to maintain patency [39]. The following day,
when animals were conscious, unrestrained and with free
access to food and water, cardiovascular responses were
assessed. Increasing i.v. bolus (0.1 ml) doses of either AI
(3, 6, 18, 30 and 60 pmol/rat) or AII (0.5, 5 and 25 pmol/
rat) were given with sufficient intervals (at least 15 min)
between doses to allow the acute pressor effects to wane.
Measurements of mean arterial blood pressure (MBP)
were made immediately before, and 0.25, 0.5, 0.75, 1,
2, 3, 4 and 5 min after each injection of AI or AII. In
each animal, the peak pressor response to AI and AII
occurred within the first minute after injection, and this
value was used in the assessment of response. Animals
were randomized to receive AI or AII as the first challenge.
At the end of the experiment rats were terminally anaes-
thetized (sodium pentobarbitone, 100 mg i.v.) and a blood
sample was taken by cardiac puncture for the measurement
of anti-AI IgG by ELISA.

Study D: in vivo angiotensin pressor testing

On days -1 and 49 of the protocol, a series of ascending
i.v. infusions lasting 5 min each were administered to the
supine volunteers via an indwelling cannula. The doses
were AI (4, 20, 40, 60 and 80 ng min-1 kg-1) followed by
AII (1, 5, 10, 15 and 30 ng min-1 kg-1), until an increase
of at least 25 mmHg in diastolic blood pressure (DBP)
was achieved. There was a wash-out period of at least
30 min between the end of the last AI infusion and the
first infusion of AII. A single blood pressure measurement
was made during the final 2 min of each infusion using
a Datascope Accutorr 2A monitor (Datascope, Montvak,
NJ, USA). This methodology is based on that of Erb et al.
[40] and Essig et al. [41].

ELISA analysis of the sera

ELISA plate wells (Nunc, Hereford, UK) were coated
for 1 h at 20–22 ∞C with either TT, KLH, or AI which
had been conjugated to bovine serum albumin (BSA;
Sigma, Poole, UK), as a carrier; control wells were coated
with BSA. The coated wells were washed throughout
with PBS buffer containing 0.2% v/v Tween 20 (Sigma).

Any remaining well space was blocked using PBS buffer
containing 3% w/v dried milk powder (Study A sera
analysis only). Diluted sera from the vaccinated subjects
were then incubated in their respective wells. For detec-
tion of the AI–BSA conjugates, the rat sera (Study A)
were diluted over a range from 1000- to 10 000-fold in
PBS buffer (Sigma). The human sera (Studies B, C and
D) were diluted over a range from 1000- to 5000-fold
in PBS buffer containing 0.2% v/v Tween 20. For detec-
tion of TT and KLH, the human sera (Studies B, C and
D) were diluted over a range from 1000- to 25 000-fold
in PBS buffer containing 0.2% v/v Tween 20. Following
incubation (1 h at 20–22 ∞C) and subsequent plate wash-
ing, immobilized IgG were detected using either rabbit
antirat IgG–horseradish peroxidase (Sigma) or sheep anti-
human IgG–horseradish peroxidase conjugate (Sigma)
diluted in PBS buffer containing 0.2% v/v Tween 20.
The peroxidase chromogenic substrate, 3,3¢-5,5¢-tetram-
ethyl benzidine (TMB; Sigma), was mixed with 0.5% v/
v hydrogen peroxide (Sigma) in a sodium acetate buffer
and incubated in the ELISA plate wells. The reaction was
terminated by the addition of 10% v/v sulphuric acid
(Sigma). Colour generated following reaction between
the peroxidase and TMB substrate was determined by
absorbency at 450 nm, using a Packard plate reader (Pack-
ard, Downers Grove, IL, USA). Test A450-nm readings
were adjusted for background IgG interactions by deduct-
ing the control BSA absorbency reading for each study
sera. For Studies A and D the adjusted absorbency readings
were then analysed by a statistical package (SAS Institute,
Cary, NC, USA) to determine the sera anti-AI IgG titre
resulting from each conjugate vaccine treatment. A titre
being the estimated serum dilution corresponding to an
increase of 0.1 nm in the adjusted absorbency reading.

Study A and D: blood pressure data analysis

The maximum change in MBP relative to the value
immediately prechallenge was calculated for each conju-
gate vaccine-treated subject and each AI or AII challenge
dose. The AI and AII dose–response for each subject was
modelled by fitting a three-parameter logistic:

In this model, the maximum response, ymax, and slope
parameter, a, are assumed to be the same for all subjects,
and d50,ij is the estimated median effective dose, ED50 (i.e.
challenge dose giving a half-maximal increase in MBP)
for subject j in treatment group i; yijk  is the peak change
in MBP following challenge with dose dk of AI and AII.
Log(d50,ij) values were analysed by ANOVA to test for
significant differences between study groups. This model
is similar to one used by Belz et al. [42].

y
y

d d
Nijk

k ij

ijk ijk=
+ ( )

+ ( )-
max

,

~ ,
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0
50

2
a e e s
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Results

In Study A, active immunization produced anti-AI IgG
titres and shifts in the pressor responses to AI and AII, as
shown in Table 2. The IgG titres were similar for the
groups actively immunized with AI–TT (PMD2850,
25 mg) and AI–KLH (PMD3117, 10 or 50 mg) conjugate
vaccines, irrespective of the AI dose. There was a signif-
icant reduction in MBP response to AI for the actively
immunized groups compared with the saline control
group (P < 0.05). However, there were no significant
decreases in MBP responses to AII for any of the active
treatment groups in this study.

Classifying the anti-AI immunoglobulin subclasses in
rat sera following active immunization demonstrated a
similar response profile to both AI–TT and AI–KLH
conjugate vaccines (see Table 3). The highest immuno-
globulin titre was shown for whole IgG. Dividing the
IgG response into four subclasses showed that IgG2a,
followed by IgG1, had the highest titres. A similar low

titre was detected for IgM, whilst no IgA resulted for
either conjugate vaccine.

No anti-AI IgG induction was detected in humans
given single doses of AI–TT or AI–KLH conjugate vaccine
in Studies B or C, respectively (data not shown). The
ELISA optical densities neither increased nor differed
greatly for any of the actively immunized treatments,
compared with the saline control group (0 mg AI dose).
Immunoglobulins were only generated against TT (see
Figure 1) at the highest conjugate vaccine dose of 100 mg
AI. However, immunoglobulins were generated against
KLH (see Figure 2) for all actively immunized treatment
groups. The two highest dose groups showed maximum
IgG induction against KLH at 21 days after the single
conjugate vaccine dose. The largest increase in IgG against
KLH resulted with the conjugate vaccine dose of 50 mg AI.

A two-dose immunization with AI–KLH conjugate
vaccine (Study D) of healthy, male, human volunteers
caused production of anti-AI IgG molecules. At 21 days
after the second AI–KLH conjugate vaccination (50 mg)
the range of anti-AI IgG titres obtained was 2381–18 651,
with a mean value of 6777 ± 1822 SEM. No statistically
significant effect of treatment was found with either AI
or AII challenge on MBP, the combined mean of systolic
blood pressure (SBP) and DBP (data not shown). None
of the AI or AII challenge-treatment effects reach con-
ventional levels of statistical significance (P £ 0.05) for
either mean change in SBP or DBP (see Table 4). How-

Table 2 Effects of immunization on both the anti-(AI ) IgG titres 
and mean arterial blood pressure (MBP) response to AI or AII 
challenge in Study A rats.

Peak change in MBP 
(mmHg) over all doses of 

agonist
Treatment and AI dose Anti-AI IgG titre AI AII

Saline control (0 mg) 0 25.5 ± 2.8 24.3 ± 1.6
PMD2850 (25 mg) 55629 ± 14414 15.4 ± 1.7* 22.1 ± 1.5
PMD3117 (10 mg) 66121 ± 13264 13.3 ± 2.4* 15.7 ± 3.0
PMD3117 (50 mg) 67410 ± 7393 13.8 ± 2.8* 19.0 ± 3.3

Significance probabilities (P) were adjusted for the multiple MBP
comparisons by Dunnett’s method, *P < 0.05 vs. the saline control
treatment. Values are mean ± SEM, n = 6.

Table 3 Immunoglobulin class response to (AI ) in sera from Study 
A rats treated with either AI–tetanus toxoid (TT) or AI–keyhole 
limpet haemocyanin (KLH) conjugate vaccine.

Class or subclass
AI–TT conjugate

vaccine Ig titre
AI–KLH conjugate

vaccine Ig titre

IgG (whole molecule) 10 000 12 000
IgG1  900  700
IgG2a 1 600 2 500
IgG2b  800  200
IgG2c  400  300
IgA  0  0
IgM  120  100

Immunoglobulin (Ig) titres shown are the mid-point values from dupli-
cate analysis.

Figure 1 Results from ELISA showing the binding to tetanus 
toxoid (TT) carrier protein of human antiserum IgG raised against 
(AI )–TT conjugate vaccine encoded PMD2850 (see Table 1; Study 
B). The AI dose was 10 mg (�), 20 mg (�), 50 mg (�), 100 mg (�) 
and 0 mg (�). Values are mean for each group and error bars show 
standard error of the mean (n = 8), for the 0-mg AI dose only.
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ever, it was encouraging that for the study subject showing
the largest anti-AI IgG induction there was a shift of up
to two-fold in the challenge dose of exogenous AI and
AII required to cause a 15-mmHg rise in DBP.

Discussion

Active immunization of rats with a novel immunogen
consisting of AI conjugated with either TT or KLH (Study

A) demonstrated equivalent anti-AI IgG titres and shift
in the dose–response to exogenous AI challenge. Con-
versely, no shift in the dose–response to exogenous AII
challenge was observed with either AI–carrier protein
conjugate vaccine treatment in rats. The results observed
with the AI–TT conjugate vaccine are consistent with a
previously study [18]. Similar immunoglobulin classifica-
tion profiles were observed for both AI–carrier protein
conjugate vaccine treatments. The highest immunoglob-
ulin titre was observed for whole IgG, whilst subclassifi-
cation demonstrated the same response profiles for both
AI–TT and AI–KLH conjugate treatments. These results
show that AI–TT and AI–KLH conjugate vaccines had
the same effect on the generation of anti-AI immuno-
globulins in rats, and caused similar inhibition of the
pressor effects of AI. Therefore, KLH provides a suitable
alternative to TT as a peptide carrier protein in a novel
conjugate vaccine for suppressing AI responses, in rats.

A single treatment dose in a Phase Ia clinical study of
healthy, male, human volunteers with both AI–carrier
protein conjugate vaccines (Studies B and C) did not
cause an anti-AI IgG response. However, an anti-carrier
protein IgG response resulted with the highest AI–TT
conjugate vaccine dose (100 mg AI ) and each of the AI–
KLH conjugate vaccine doses investigated. The poor
anti-carrier protein response observed after a single dose
of AI–TT conjugate vaccine in volunteers potentially
demonstrates epitopic suppression resulting from a previ-
ous exposure to TT. Hence, subjects immunized with
AI–TT conjugate vaccine may not be expected to have
any anti-AI IgG molecules in their sera samples. In con-
trast, the anticarrier protein response observed in Study
C volunteers demonstrated their immune naivety to
KLH. The poor anti-AI IgG levels generated in volun-
teers vaccinated with AI–KLH conjugate vaccine may
have been due to the single dose administered.

A two-dose treatment (Phase Ib clinical study) of
healthy, male, human volunteers, with AI–KLH conju-
gate vaccine using a 50-mg AI equivalent dose, resulted
in active immunization to AI. However the anti-AI IgG
titres (£ 18 700) that resulted with the Study D subjects
were lower than in the three-dose rat studies (Study A).
This may explain the lack of effect of immunization on
responses to exogenous AI throughout the treatment
group. It is encouraging that, for the subject with the
largest anti-AI IgG titre, a shift in the DBP response to
exogenous AI and AII was observed. Presumably, suffi-
cient anti-AI IgG molecules are required to have a func-
tional effect upon AI-induced blood pressure changes.
However, the shift in AI and AII dose–response required
to cause a rise in DBP for this subject could have been
the result of random variability.

In summary, KLH has been demonstrated to be a
suitable alternative to TT as a carrier protein for AI in a

Figure 2 Results from ELISA showing the binding to keyhole 
limpet haemocyanin (KLH) carrier protein of human antiserum 
IgG raised against (AI )–KLH conjugate vaccine encoded 
PMD3117 (see Table 1; Study C). The AI dose was 25 mg (�), 
50 mg (�), 100 mg (�) and 0 mg (�). Values are mean for each 
group and error bars show standard error of the mean (n = 6), for 
the 0-mg AI dose only.
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Table 4 Effects of immunization on the systolic blood pressure 
(SBP) and diastolic blood pressure (DBP) response to angiotensin 
I hormone (AI) or angiotensin II hormone (AII) challenge in 
humans (Study D).

AI or AII challenge
Change in SBP and DBP (mmHg) 

at each dose of agonist
& dose SBP DBP

AI (4 ng min-1 kg-1) -5.7 ± 3.4 (P = 0.12) -1.1 ± 3.7 (P = 0.76)
AI (20 ng min-1 kg-1) -7.4 ± 4.3 (P = 0.11) -2.4 ± 2.7 (P = 0.39)
AII (1 ng min-1 kg-1) -1.3 ± 4.3 (P = 0.76) -0.8 ± 1.8 (P = 0.67)
AII (5 ng min-1 kg-1) -1.8 ± 4.8 (P = 0.72) -2.3 ± 2.0 (P = 0.29)

Results shown are from analyses with mean change in SBP and DBP
seen in the study subjects to the infused AI or AII doses. Significance
probabilities (P) were adjusted for the multiple blood pressure compar-
isons by a two-sided t-test method vs. the Al(OH)3 control treatment
using day -1 response as covariant. Values are mean ± SEM, n = 8.



Evaluation of two angiotensin I conjugate vaccines

© 2003 Blackwell Publishing Ltd Br J Clin Pharmacol, 56, 505–512 511

potential conjugate vaccine treatment for control of
hypertension in man. Rats immunized with both conju-
gate vaccines demonstrated similar immunoglobulin class
profiles and anti-AI immunoglobulin titres. Additionally,
the anti-AI immunoglobulins appeared to cause a shift in
the MBP response following challenge with exogenous
AI. The single-dose clinical study failed to show statisti-
cally significant evidence of anti-AI IgG generation.
However, the AI–KLH conjugate vaccine demonstrated
a qualitative anti-carrier protein response that identified
it to be of preference to the AI–TT conjugate vaccine
for further studies. The two-dose clinical study yielded
anti-AI IgG titres of 2381–18 651, but this response
appeared to be insufficient to cause a statistically signifi-
cant shift in either the SBP or DBP response, following
either an AI or AII challenge of the study volunteers.

However, the clear anti-AI IgG response observed
with the two-dose trial indicates that further clinical
studies to consider other treatment regimes are worth-
while. Future studies with AI–KLH conjugate vaccine
aim to improve the anti-AI IgG titres and evaluate the
blood pressure-lowering effect in patients with essential
hypertension. Further clinical trials were initiated in
2001 under a UK clinical trials certificate exemption
(CTX).
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