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Abstract

The most critical step in the production of diphtheria vaccines is the inactivation of the toxin by formaldehyde. Diphtheria toxoid
(DTx) is produced during this inactivation process through partly unknown, chemical modifications of the toxin. Consequently, diphtheria
vaccines are difficult to characterise completely and the quality of the toxoids is routinely determined with potency and safety tests.
This article describes the possibility of monitoring the quality in diphtheria vaccine production with a selection of physicochemical and
immunochemical tests as an alternative to established in vivo tests. To this end, diphtheria toxin was treated with increasing formaldehyde
concentrations resulting in toxoid products varying in potency and residual toxicity. Differences in the quality of the experimental toxoids
were also assessed with physicochemical and immunochemical techniques. The results obtained with several of these analyses, including
SDS-PAGE, primary amino group determination, fluorescence spectroscopy. circular dichroism (CD) and biosensor analysis, showed a clear
correlation with the potency and safety tests. A set of criteria is proposed that a diphtheria toxoid must comply with, i.e. an apparent shift of
the B-fragment on SDS-PAGE, a reduction of primary amino groups in a diphtheria molecule, an increased resistance to denaturation, an
increased circular dichroism signal in the near-UV region and a reduced binding to selected monoclonal antibodies. In principle, a selected
set of in vitro analyses can replace the classical in vivo tests to evaluate the quality of diphtheria toxoid vaccines, provided that the validity
of these tests is demonstrated in extensive validation studies and regulatory acceptance is obtained.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Diphtheria toxoid (DTx) is one of the most successful
vaccines and has eliminated diphtheria in many countries.
It is prepared from diphtheria toxin, which causes the clin-
ical manifestations of the disease in man [1]. The toxin is
converted by formaldehyde into a non-toxic but still im-
munogenic diphtheria toxoid. This method has already been
described by Ramon [2] and, Glenny and Hopkins [3] and
in the 1920s. The classical vaccine is produced via a num-
ber of steps: cultivation of Corynebacterium diphtheriae
and clarification of the toxin-containing medium, followed
by concentration and inactivation of the toxin, purification
of the toxoid through diafiltration, and adsorption to an
aluminium salt. The quality of diphtheria toxoid depends
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mainly on the detoxification process, in which reaction
conditions are very important such as formaldehyde con-
centration, reaction time and temperature, and composition
of the matrix. In many cases, the matrix is not chemically
defined and is essentially the same as the culture super-
natant, which contains non-specified amino acids, peptides
and proteins. Some producers use a defined matrix, which
consist of a glycine or a lysine solution. During inactivation,
formaldehyde reacts first with amino groups; in a second
step, cross-links are formed between the reaction product
and several other amino acids [4—6]. Thereby, formaldehyde
forms intramolecular and intermolecular cross-links. How-
ever, the nature of the modifications in the toxoid as well
as the location of the modification sites is largely unknown.

The present quality control of diphtheria toxoid is based
on an immunogenicity and safety test in animals [7-10].
However, most international regulations allow the use of al-
ternative test methods for the quality control of vaccines
[11]. Importantly, the alternative assay should not pass a
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product that fails in the routine quality test. Currently, no Table 1

functional in vitro tests exist as an alternative for the po- List of experimental toxoidsprepared by adding various concentrations
tency determination of diphtheria toxoids, because it is very omaldenyde and glycine to diphtheria toxin.

difficult to mimic a complex immune respon$&2]. An- Name Formaldehyde and glycine (mM)
other concept for batch release is based on a consistent propTy

duction process where the vaccine batches predominantlypTdi 1
have identical propertield 3—15] This is common practise  DTd2 2
for well-defined biologicals, e.g. hepatitis B vacc[ié]. In DTd3 4
principle, also the potency of a newly produced toxoid can DTd4 12
be predicted, if it can be demonstrated that the new productprqe 32
is indistinguishable from a reference toxoid with a proven pTd7 48
potency. Immunochemical and physicochemical techniquesDTd8 64
are instruments to study vaccine properties, such as identity,gigio 1‘;%

size, structure, purity, amino acid modifications and anti-
genicity. The combination of results can verify that vaccines ~ #Toxoids were prepared from diphtheria toxin DTx with a final con-
have identical properties and are consistently produced. centration of 2.6 mg/ml (ca. 785 Lf/ml). S&ection 2for further details.

The aim of the present study was to investigate the ) ) ) )
applicability of physicochemical and immunochemical solut|or_1 of 2.0 M was added to dialysed toxin to a final con-
techniques as quality predictors of diphtheria toxoid. In par- centration of 1, 2, 4, 8, 16, 32, 48, 64, 80 or 128 mM. To
ticular, SDS-PAGE, a primary amino group assay, fluores- start the inactivation reaction, a diluted formaldehyde solu-
cence spectroscopy, circular dichroism (CD) spectroscopyt'on_(Meer) of 2.0M was added to a final goncentratlon
and biosensor analysis were used to characterise similaritie€duimolar to that of glycmg (Merck). A certain amount of
and differences between a set of experimental diphtheria PBS was added to the toxoids to obtain a protein concentra-
toxoids. Based on the results, we propose to use a selectiorfion of 2.6 mg/ml. The mixtures were incubated for 6 weeks

of these assays to predict the quality of diphtheria toxoid &t 35°C. Diphtheria toxin DTx (2.6 mg/ml) was also incu-
vaccines. bated for 6 weeks at 3% and used as a control. The floc-

culation titre of the toxin and toxoids was measured and
ranged between 750 and 825 Lf/ml. The toxoids were stored
2. Materials and methods at 4°C prior to analysis.

2.1. Biochemical and immunochemicals 2.3. SDS-PAGE and immunoblotting

Diphtheria toxin-containing culture fluid (clarified and SDS-PAGE under reducing conditions and subsequent im-
concentrated) was obtained from the production departmentmunoblot analyses were performed as descrid®jl For
of The Netherlands Vaccine Institute (NVI). Monoclonal reduction of the disulphide bridgesu? protein was diluted
anti-diphtheria toxin antibodies Dim 5, Dim 25, Dim 27 and  in the sample buffer (60 mM Tris, 70 mM SDS, 0.1 M dithio-
Dim 33 were obtained from the Laboratory for Clinical Vac-  threitol, 0.1 mM tetrabromophenol blue and 35% glycerol
cines of the NVI. Horse anti-diphtheria toxoid serum, horse diluted in water) to a volume of 2@l and boiled for 10 min.
anti-diphtheria peroxidase conjugate, diphtheria toxin DTa The samples of 2@l were loaded onto 10% SDS-PAGE
79/1 and diphtheria toxoid DTa 93/1 were obtained from gels and electrophoretically separated. SDS-PAGE molecu-
the Laboratory for the Control of Biological Products of the |ar weight (broad range; Bio-Rad) were used for calibration.

NVI. Protein bands were visualised by using Coomassie brilliant
blue or via immunoblotting. The gels were scanned and the
2.2. Preparation of diphtheria toxoids intensity of protein bands was quantified by using the pro-
gram Phoretix 1D quantifier (Phoretix International, UK).
Before the inactivation of diphtheria toxin, the toxin- For immunoblotting, proteins were transferred to a

containing culture fluid was extensively dialysed (MWCO: 0.45um nitrocellulose membrane (Bio-Rad) by using a
10-12 kDa) against phosphate buffered saline (PBS); 0.15 Msemi-dry electroblot system (Ancos). The protein blots
NaCl, 7.7mM NaHPQ; and 2.3mM NaHPOy, pH 7.2) were incubated by shaking for 1h with anti-diphtheria
to remove medium components of low-molecular weight, toxin antibodies Dim 5 or Dim 25 (1:1000) dissolved
such as amino acids and peptides. After dialysis, the toxinin buffer (0.15M NaCl and 10mM tris(hydroxymethyl)
was filter sterilised (0.2@m) and the protein concentration aminomethane), blocked by incubation for 5 min with 0.5%
was determined to be 3.0 mg/ml by the BCA protein assay Protifar (Nutricia) diluted in buffer, and treated for 1 h with
(Pierce)[17]. The antigenicity was 900 Lf/ml as measured horse anti-mouse peroxidase conjugate (1:2000; Organon)
by the Ramon flocculation tefl8]. For the production of a  dissolved in buffer with 0.5% Protifar. After each incubation
series of experimental diphtheria toxoidable 1), a glycine step, the blot was thoroughly washed with buffer. Antibody
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reactive proteins were visualised on the blot by using a ria toxin and experimental toxoids. Monoclonal antibodies
substrate solution (10mM 3,3,5-tetramethylbenzidine, Dim 5 and Dim 33 are directed against A-fragment of
18 mM dioctyl sulphosuccinate, 82.5 mM Na acetate-buffer, diphtheria toxin, while Dim 25 and Dim 27 can bind the
pH 5.5, 25% ethanol and 0.0625% (v/v) hydrogen peroxide B-fragment. The binding of the experimental toxoids to
(30%)). After the peroxidase-catalysed colour reaction, the each antibody was measured. Fc-specific antibodies (Rabbit

blots were washed with water. anti-mouse; Biacore AB) were coupled to a CM5 sensor
chip by using an amine coupling kit (Biacore AB) and
2.4. TNBS assay gave a response of about 5000 resonance units (RU). Sub-

sequently, 500-650 RU of anti-diphtheria toxin monoclonal

The reaction of formaldehyde with diphtheria toxin results (Dim 5, Dim 25, Dim 27 or Dim 33) diluted in HBS-P
in a reduction of the number of primary amino groups in the buffer (Biacore AB) was bound by the Fc-specific antibody.
molecule. The toxoid samples were dialysed against PBS toThe experimental toxoids were diluted in HBS-P buffer to a
remove unreacted glycine. After the dialysis, the protein con- concentration of 300 nM. Finally, the real-time binding and
centrations and the primary amino group concentration of the release of the toxoids to the individual monoclonal antibod-

toxoids were determined by the BCA protein assay and by ies were analysed at flow rates of 2@min and for 2.5 and
a colourimetric assay using 2,4,6-trinitrobenzenesulphonic 5 min, respectively. For kinetic analysis, the Fc-specific anti-

acid (TNBS)[20], respectively. bodies bound 200-400 RU of an individual monoclonal. The

. ) binding and release of the toxoid samples were measured
2.5. Denaturation experiment and fluorescence for 3 and 5 min, respectively. The flow rate was@min
spectroscopy and the toxin DTx and toxoids DTd4 and DTd5 were di-

luted to concentrations of 20, 40, 60, 80 and 100 nM. The

The sensitivity of the experimental toxoids to denaturation kinetic data were calculated with BIA evaluation software.
by guanidine—HCIl was studied by fluorescence spectroscopy

[21,22] Toxoid samples of 2.pg/ml were incubated for 2 2.8. Specific toxicity

h with various guanidine—HCI concentrations from 0 to 4 M

in steps of 0.2 M. The spectra of the toxoids and toxin were  The sensitivity of Vero cells to diphtheria toxin provides
recorded at 25C with a Perkin-Elmer LS50B fluorescence an opportunity to determine residual toxicity of toxoids
spectrometer. The excitation wavelength was 295 nm (band[23]. Two-fold dilution series (between 0.11 and 220 pM) of
width 2.5nm) and the emission wavelength was measuredtoxoids were prepared with complete medium 199 (medium
between 330 and 360 nm (band width 5nm). For each sam-199 (Gibco-BRL) with 10% fetal calf serum, 10,000 E/I
ple, the emission maximum was determined from five aver- penicillin and 0.1 mg/l streptomycin), so that each well of

aged scans (corrected for background). the microtitre plate contained a mixture of 100 Subse-
quently, 501l medium with 5x 10° Vero cells per ml was
2.6. Circular dichroism added to each well. The plates were covered with a plate

sealer and incubated for 6 days at°®and 5% CQ. To

Circular dichroism spectra were recorded at°@5 determine the viability of the cel[24], 10l MTT-solution
with a dual-beam DSM 1000 CD spectrophotometer (5mg/ml tetrazolium salt in PBS) was added to each well.
(On-Line Instrument Systems, Bogart, GA). The subtractive The plates were incubated for a further 4 h in the incubator.
double-grating monochromator was equipped with a fixed Then, the medium was removed, J@0extraction buffer
disk, holographic gratings (2400 lines per mm, blaze wave- (100 g/l SDS, 50% (v/v) dimethyl formamide in water and
length 230nm) and 1.24mm slits. Far-UV and near-UV a pH of 4.7, adjusted with acetic acid) was added, the plates
spectra were taken from 260 to 190 nm (path length 0.2 mm) were covered again and incubated overnight in the incuba-
and from 320 to 250 nm (path length 10 mm), respectively. tor. Finally, the absorbance of the blue-coloured samples
The protein concentration was 0.5 mg/ml for far-UV mea- was recorded at 570 nm with a plate reader (Bio-kinetics
surements and 1mg/ml for near-UV measurements. Forreader EL312e, Bio-tec instruments).
each measurement, six repeated scans (step resolution 1 nm)
were averaged and the corresponding buffer spectrum (alsa2.9. Vaccine preparation
six averaged scans) was subtracted. The near-UV CD spec-
tra were smoothed by using a smoothing factor 13. The Diphtheria toxoids were diluted to 3@/ml (16.6 Lf/ml)

measured CD signals were converted to molar Q3)( in an adsorption mixture (1.5 mg/ml AIQC(Adju-Pho@;

based on a mean residual weight of 109. Brenntag Biosector, Denmark) and 0.15M NaCl). The sam-
ples were mixed by rotating for 24 h at@. The adsorption

2.7. Biosensor analysis of diphtheria toxoid onto aluminium phosphate was indi-

rectly checked after centrifugation of the samples by a sand-
Biosensor analyses were performed on a Biacore 1000 towich ELISA on the supernatant, using horse anti-diphtheria
measure the affinity of monoclonal antibodies for diphthe- toxoid serum and a horse anti-diphtheria peroxidase
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conjugate[22]. The adsorption was between 50 and 80%. 3. Results
Before vaccination of mice, the vaccines were diluted in

physiological saline solution to a toxoid concentration of 3.1. SDS-PAGE
20p.g/ml (ca. 6.2 Lf/ml).

Diphtheria toxin normally appears in two structural
2.10. Potency determination forms: as a single chain of 58.3kDa and in the nicked form
as two fragments of 21.0kDa (A-fragment) and 37.3kDa
Mice were used to determine the potency of experimen- (B-fragment), which are connected by a disulphide bridge
tal diphtheria toxoid vaccines. An amount of 2bl0vaccine [25,26] Diphtheria toxin and 10 experimental toxoids
(5g toxoid) was subcutaneously injected in the groin of (DTd1-DTd10; se€Table 1) were analysed on an acry-
each mouse (eight mice per vaccine, NIH, female, weight lamide gel after reduction of the disulphide bridges. The
10-14 g). Beside the experimental toxoids, a reference vac-diphtheria toxin used in this study was almost completely
cine DTa 93/1 with a potency of 4.151U/Lf was used for nicked (lane 1). The bands of A- and B-fragment appeared
vaccination. Five groups were injected with 28MTa 93/1 in acrylamide gel at higher apparent masses (27 and 43 kDa,
dilutions (containing 18, 9, 4.5, 2.3 and 1.1Lf/ml, respec- respectively) than expected. A number of differences were
tively). After 35 days animals were bled and the blood was found between the toxoid€ig. 1). Firstly, the intensity of
individually collected in tubes. The blood was incubated for the 58 kDa band increased with higher formaldehyde con-
2h at 37°C and subsequently for 2h af@. The samples  centrations (lanes 1-11). Secondly, formaldehyde induced
were centrifuged for 20 min at 802 g. The supernatants a number of shifts of the B-fragment on the gel, which was
were transferred into new tubes and centrifuged once againverified by immunoblotting and by using a B-fragment spe-
to obtain cell-free sera. Then, sera were again transferredcific monoclonal Dim 25 (data not shown). The intensity
into new tubes and complement was inactivated by heat- of the apparent 43kDa band was reduced with increasing
ing at 56°C for 45 min and stored at20°C. The amount  formaldehyde/glycine concentrations, whereas the intensity
of protecting antibodies was measured by a toxin neutrali- of an apparent 39 kDa band was increased. The B-fragment
sation test using Vero cells. Two-fold dilution series of in- was maximally shifted when formaldehyde concentrations
dividual sera were prepared with complete medium 199 so above 32mM were used (lanes 7-11). A similar effect
that each well of the microtitre plate contained80Then, was observed for the 58 kDa band and the band of the
50l toxin DTa 79/1 (0.0005 Lf/ml) in complete medium  A-fragment, albeit less pronounced. Finally, increasing
199 was added to the wells. The plates were incubated forconcentrations of formaldehyde result in broader and more
2h at 37C. Subsequently, 50 complete medium 199 with  diffuse protein bands.
5x 10° Vero cells per ml was added to each well. The plates
were covered with a plate sealer and incubated for 6 days at3.2. Primary amino groups
37°C and 5% CQ. The scores (the number of wells con-
taining living cells) of each vaccine was determined by using  The diphtheria toxin molecule has 40 primary amino
the microscope. The living cells form an intact monolayer groups[25]. It is expected that formaldehyde causes a re-
within 6 days. A reference curve was calculated from the duction in the number of primary amino groups, because it
scores of reference vaccine DTa93/1 and used to determingeacts in the first step with primary amino groups and forms
the potency of the experimental toxoids. in the second step cross-links with other amino acids. The

1 2 3 4 5 6 7 8 9 10 11

ssioa — | o S St s s B

43 KDa — |W————

e ——— G regment

27 kDa — | m— - - [—

Fig. 1. SDS-PAGE of diphtheria toxin DTx (lane 1) and experimental toxoids DTd1-10 (lanes 2-11, respectively). Diphtheria toxoids DTd1-10 were
prepared with increasing formaldehyde concentrations Taddée J).
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Fig. 2. The relative number of primary amino groups in diphtheria toxin and experimental toxoids determined by the TNBS assay and corrected for
differences in protein concentration (me&ar8.D.; n = 6).

number of primary amino groups has been determined for Substantial differences between the experimental toxoids
the experimental toxoids by the TNBS assay. The results were observed in the near-UV CD spectireg( 4A). Firstly,

are shown irFig. 2 With increasing formaldehyde concen- a shift in the maximal intensity was observed in the toxoids
tration, the number of Nptgroups was gradually reduced DTd5-DTd10 from 275 to 280 nm, respectively. Secondly, a

to a minimum level of 40% for DTd6-DTd10. sharp transition was observed at a formaldehyde concentra-
tion of around 16 MM Kig. 5). These changes indicate that
3.3. Conformational stability the reaction of diphtheria toxin with formaldehyde-induced

perturbations of the tertiary structure. In contrast, the far-Uv

The effect of formaldehyde concentration on the con- CD spectra of toxin and toxoids were essentially the same,
formational stability was studied by denaturing the toxoids indicating that the secondary structure was unaffected by the
by guanidine-HCI, which was monitored by fluorescence detoxification processHg. 4B).
spectroscopy. It has been demonstrated that the toxoid is
more resistant to denaturation than the td@h,22] Under
physiological conditions, the six tryptophans of diphtheria
toxin and toxoids showed an average fluorescence emission —~ 355 -
maximum around 335 nm. Denaturation causes an increased g
exposure of Trp residues to the aqueous surroundings, result- = 3501
ing in a shift of the maximal emission to higher wavelengths, © 345 |
in this case to about 353 nrRig. 3 shows the denaturation @
curves of diphtheria toxin and the experimental toxoids. In- £ 340 1
creasing formaldehyde concentrations yielded toxoids that 2
were more resistant to unfolding. However, the resistance to
denaturation slightly declined and the denaturation curves 330 4 , , , , , , , ,

360 -

n

became less steep when formaldehyde concentrations were 00 05 10 15 20 25 30 35 40
used above 64 mM, e.g. in toxoids DTd9 and DTd10. [guanidine] (M)
3.4. Circular dichroism Fig. 3. Denaturation of diphtheria toxin DTx (x) and experimental toxoids

DTd1-10 O, +, — A, <, @, A, ¢, W, [, respectively) monitored

. by fluorescence. Denaturation causes a shift in the emission maximum
Far-UV and near-UV CD spectra were taken from diph- from 335 to 353nm. The denaturation midpoints are 1.0M for DTX,

theria toxin and toxoids to compare their secondary and ter-ang 1.3, 1.5, 1.8, 2.1, 2.5, 2.8, 2.8, 2.8, 2.7 and 2.7 M, DTd1-DTd10,
tiary structure. Representative spectra are showridgn 4. respectively.
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Fig. 4. (A) Circular dichroism spectra in the near-UV region obtained for D¥x gnd experimental toxoids DTd1, 4, 5 and 10,(A, <, @ and [,
respectively). (B) Far-UV CD spectra obtained for DTx)(and experimental toxoids DTd1 and 1@,(and[], respectively).

3.5. Biosensor analysis were largely preserved for each of the toxoids. On the other
hand, Dim 27 and Dim 33Hig. 6C and D showed a de-
Four anti-diphtheria toxin monoclonal antibodies (Dim5, crease of maximal binding for toxoids that were prepared
Dim 25, Dim 27 and Dim 33) were used in biosensor anal- with increasing formaldehyde concentrations. The toxoids
ysis to measure real-time binding of the experimental tox- DTd6—DTd10 were not bound at all by these monoclonals.
oids. Each of these monoclonal antibodies has a different There are at least two explanations for reduction of the max-
specificity. Dim 5 and Dim 33 bind to the A-fragment of imal binding: (i) the absolute epitope concentrations were
diphtheria toxin, whereas Dim 25 and Dim 27 recognise decreased and/or (ii) the epitopes were modified in such a
the B-fragment. Competition studies with biosensor anal- way that they were still recognised by the antibodies, but
ysis have shown that none of the antibodies mutually in- with a lower affinity. To investigate these options, binding
fluence their binding to diphtheria toxin, which means that experiments with toxin and toxoids were performed with the
they recognise a different epitope (unpublished results). In four monoclonals to obtain the association and dissociation
the binding studies, toxin DTx and toxoids DTd1-DTd10 constantsK,; andky, Table 2. There were no large differ-
showed nearly the same binding for monoclonal Dim 5 ences between these constants of the toxin DTx and the tox-
(Fig. 6A). The same holds true for Dim 2%i@. 6B). This oids DTd4 and DTd5, which have a lower maximal binding
indicates that the epitopes, recognised by these antibodiego the antibodies Dim 27 and Dim 33. This indicates that
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Fig. 5. The molar extinction differenceA¢) of the experimental toxoids DTd1-10 measured by CD analysis at 275 nm. Diphtheria toxin (DTx) had a
molar extinction difference of 0.019.

Table 2
Apparent associatiork§) and dissociation constantky] for complexes between monoclonal antibodies and diphtheria toxin (DTx) and toxoids (DTd4
and DTd5)

Antibody Samplé ka (1Ms 1P kg (Lshyb Ka (1M~1)P
Dim 5 DTx 1.6+ 0.4 x 10° 7.7+ 0.4 x 103 2.1+ 0.5 x 107
DTd4 1.4+ 0.3 x 10° 5.6+ 0.7 x 1073 2.4+ 0.6 x 107
DTd5 1.5+ 0.4 x 10° 55+ 0.3 x 1073 2.7+ 0.8 x 10
Dim 25 DTx 2.9+ 0.4 x 10° 1.7+ 0.1x 104 1.7+ 0.3 x 10°
DTd4 3.0+ 0.5 x 10° 2.0+ 0.1x 104 154+ 0.3 x 10°
DTd5 3.3+ 09 x 10° 1.8+ 0.2x 104 1.8+ 0.5 x 10°
Dim 27 DTx 1.6+ 0.1 x 10° 82+ 08x 1074 2.0+ 0.6 x 108
DTd4 0.9+ 0.2 x 10° 9.2+ 0.8 x 1074 1.0+ 0.1 x 108
DTd5 1.0+ 0.4 x 10° 105+ 0.5 x 104 1.0+ 0.2 x 10°
Dim 33 DTx 57+ 2.2 x 10 24+ 1.1x 104 24+ 1.4 x 108
DTd4 3.6+ 2.3 x 104 40+ 22x 104 9.0+ 0.7 x 10’
DTd5 1.2+ 1.6 x 10* 7.7+55x%x 104 1.6+ 0.2 x 107

aDescribed inTable 1
bMean valuest S.D. (@ = 5).

the epitope concentration was reduced, but not the affinity tency test. Remarkably, diphtheria toxin (0.7 IU/Lf) had a

for the remaining epitopes. much lower potency than the reference toxoid DTa 93/1
(4.11U/Lf). When increasing the formaldehyde concentra-
3.6. Cytotoxicity tion, the potency of the toxoids was gradually enhanced up

to a plateau level (ca. 11 IU/Lf) for formaldehyde concen-

The residual toxicity was measured with the Vero cell trations higher than 32 mM.

assay. Toxin DTx and toxoids DTd1-DTd4 showed a mea- Table 3
.. . . . apnle
_Surable, cytotoxicity, the extent of \,NhICh dec“ned Wlth, The cytotoxic concentration of diphtheria toxin (DTx) and experimental
increasing formaldehyde concentration. No residual toXi- ygids (DTd1-DTd10)
city was detected for toxoids prepared with formaldehyde

concentrations above 16 mM (DTd5-DTdIGble 3. Name Cytotoxic concentration (pft)
DTx 0.3
DTd1 0.87
3.7. Potency DTd2 1.7
DTd3 7
The neutralising capacity of sera obtained from mice im- DTd4 55
DTd5-DT10 >220

munised with an experimental toxoid vaccine was used to
determine the potenc¥ig. 7 shows the results of the po- aDetermined with the Vero cell assay (sBection 2.
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4. Discussion that these experimental toxoids varied in immunogenicity
and residual toxicity Kig. 7 and Table 3 respectively).
Routine quality testing of diphtheria toxoid vaccines is Most of the individual analytical methods that were applied
required by the regulatory authorities, including potency could discriminate between these toxoids.
and safety tests. These tests rely mainly on the use of ani- Electrophoretic analysis revealed three types of differ-
mals. The question has been raised if physicochemical andences that are caused by the reaction with formaldehyde
immunochemical tests can be used for the quality control (Fig. 1): (i) a shift of the toxin bands; (ii) change in the ratio
of diphtheria toxoid vaccingd 5]. These techniques can be of nicked toxoid (21 and 37 kDa fragments) to apparently in-
used to investigate the characteristics of protein antigens,tact toxoid (58 kDa protein); and (iii) protein bands becom-
such as identity, size, structure, purity and amino acid mod- ing diffuse. The effects arose successively: first the shifts,
ifications. A set of methods has been selected that may bethen the increased amount of apparently intact toxoid, and
useful to monitor variation between toxoid batches. The finally the broader protein bands. These effects have been at-
value of each technique has been assessed in this study byributed to cross-links, which can be formed within the toxin
using a series of toxoids, prepared with varying formalde- and between amino acids present in the toxoidation medium
hyde and glycine concentrationBple ). This study shows  and the toxir{1,5,6,27] Presumably, the toxin contains some
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sensitive sites that react very easily with formaldehyde, even
at low concentrations. The cross-links that were formed may
give the toxin a more compact structure, which would re-
sult in a faster migration through the gel [21]. An increased
amount of intact protein band means that cross-links were
formed between the A- and B-fragment. The formation of
diffuse protein bands is likely to be a result of heterogeneity
of reaction products caused by variable numbers and sites
of intramolecular cross-links in the toxoid molecules.

The reaction with formaldehyde reduces the number
of primary amino groups per toxin molecule. The num-
ber has been determined for all experimental toxoids in
a colourimetic assay with TNBS (Fig. 2). This reagent
reacts with primary amino groups as formaldehyde does.
Therefore, the number of primary amino groups per protein
molecule is a measure for the extent to which formalde-
hyde has reacted with the toxin. The primary amino groups
were maximally reduced to 40% of the original number in
toxoids prepared with high formaldehyde concentrations.

Intramolecular cross-links rigidify the protein conforma-
tion, thereby making it more resistant to denaturation [21].
Indeed, the more formaldehyde was used for preparation,
the more difficult it became to denature the toxoid by guani-
dine (Fig. 3). However, the toxoids DTd9 and DTd 10 started
earlier to denature at slightly lower guanidine-HCI concen-
trations and the slopes of these denaturation curves were
less steep than those of DTd6—DTd8. This suggests that less
internal cross-links were formed. The relatively high con-
centration of glycine in these preparations may be responsi-
ble for this effect. If glycine first reacts with formaldehyde,
the reaction product can be covalently attached to reactive
sites in diphtheria toxin. Thereby, it can inactivate these
reactive sites in the toxin that otherwise would react with
formaldehyde to form intramolecular cross-links.

The far-UV CD spectra of the toxin DTx and the toxoids
DTd1-DTd10 were the same, indicating that detoxification
did not disrupt the secondary structure (Fig. 4). An unaf-
fected secondary structure is probably important for the
immunogenicity of the toxoids. However, far-UV CD is not
suitable for monitoring the detoxification process. In contrast
to far-UV CD, differences were found in the tertiary structure
as detected by near-UV CD measurements. It demonstrated
an increase of the molar extinction differences for toxoids
DTd5-DTd10, suggesting that the aromatic amino acid
residues in these toxoids had become less flexible [28]. This
may be explained by the formation of internal cross-links
and is in the line with the results of the denaturation study.
An opposite effect is usually observed when protein samples
are denatured: this increases the local mobility of amino
acid residues, which results in disappearance of the extinc-
tion difference [28]. Another explanation of the increased
extinction difference could be that the aromatic residues
were chemically modified by formaldehyde [29], which
could result in an intrinsic change of their CD spectrum.

The detoxification of diphtheria toxin has an influence
on the antigenicity. This was demonstrated by an increased

flocculation time and an underestimation of the toxoid
concentration in an ELISA assay compared to the toxin
concentration (unpublished data). A difference in antigenic-
ity was also found with monoclonal antibodies as shown
in biosensor analysis by measuring the interaction between
monoclonal antibodies and toxoids (Fig. 6). Some epitopes
remained unaffected during the inactivation, while others
disappeared. The disappearance of epitopes is most prob-
ably caused by chemical modifications of amino acid side
chains, although loss of conformational epitopes cannot be
excluded on the basis of near-UV CD data. Monoclonals
that bind to these sensitive epitopes, such as Dim 27 and
Dim 33, can be used to follow the detoxification process.
Loss of the epitopes clearly seems to correlate with estab-
lished potency and absence of toxicity. Dim 5 and Dim
25 bound as strongly to toxin as to the toxoid series. This
makes them unsuitable for prediction of vaccine quality,
but makes them perfectly suited to determine the antigen
concentration, For the determination of the vaccine quality
two monoclonals are needed: one that binds with the toxin
but not with the toxoid (Dim 27 or Dim 33) and a positive
control that binds well to the toxin and the toxoid (Dim 5
or Dim 25). The formation of new, irrelevant epitopes may
also be expected. However, monoclonal antibodies directed
to such sites were not available for this study.

Whereas the action of formaldehyde had destroyed at
least some of the epitopes, the potency of the vaccine had
increased about 15-fold for toxoids DTd6-DTd10 compared
to the toxin. Two explanations can be given for this improved
immunogenicity: (i) toxicity of the samples DTd1-DTd4
impairs antigen-presenting cells and thereby it reduces the
immunogenicity. However, this would be in contrast with
the findings of Porro et al. [30], who demonstrated that
diphtheria toxin and a non-toxic analogue, CRM197, have
the same immunogenicity; (ii) an increased stability of tox-
oid improves the immune response compared to toxin. The
internal cross-links in the protein protect against proteolytic
degradation, which has an effect on the antigen processing
[31] and thereby alters the immune response. For pertussis
toxin, it has been shown that low formaldehyde concentra-
tions (12.5 mM) slightly improved the immunogenicity, but
at higher concentrations (>37.5mM) the immunogenicity
was reduced [32-34]. In contrast, in our study diphtheria
toxoids prepared with fairly high formaldehyde concen-
trations (32—-128 mM) remained very immunogenic. This
indicates that formaldehyde did not destroy the important
epitopes that are necessary to induce a protective immune
response against diphtheria.

The aim of the study was to investigate which in vitro tech-
niques are suitable to analyse the quality of diphtheria toxoid
vaccines as a possible substitute for the immunogenicity and
toxicity tests. Characteristic properties of the physicochem-
ical and immunochemical techniques have to be determined
that might predict the quality of vaccine batches. Hence,
we defined the following criteria: the B-fragment should be
shifted for =80% from ca. 43 to 39 kDa on SDS-PAGE gels;
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the number of primary amino groups in the toxoids should which are safe and highly immunogenic. These three groups
be reduced te<40% relative to the number for diphtheria of vaccines were used to establish the minimum criteria the

toxin; the denaturation midpoint should be&2.5M guani- toxoids should fulfil for passing a quality control teBig. 8
dine; the molar extinction difference at 275 nm determined gives a visual impression of the quality of the experimental
by CD analysis should be0.025 M1 cm~1; and the bind- diphtheria vaccines based on the analytical parameters listed

ing of the toxoid by anti-diphtheria antibodies Dim 27 and above. If the toxoids have residual toxicity and/or a low im-
Dim 33 should be reduced unt#30% of the original in- munogenicity, their pentagonal plots are located within the
tensity. These criteria represent the borderline values, all of black borderline. Otherwise, the plots cross all the borders
which should be met by approved toxoids based on the de-and the quality of the toxoids is satisfactory.
scribed parameters. In conclusion, the combined application of physicochem-
Based on the immunogenicity and toxicity test, the exper- ical and immunochemical techniques results in a fingerprint
imental toxoids could be divided in three categories: (i) tox- of the antigen. The quality of diphtheria toxoid can be pre-
oids with residual toxicity and low immunogenicity (toxoids dicted on the basis of values determined with the in vitro tests
DTd1-DTd4); (ii) borderline products such as toxoid DTd5, used. The reliability of the prediction increases as more in
having no residual toxicity and inducing a relatively low pro- vitro methods are applied, because no single analytical tech-
tecting immune response; (iii) a group of approved toxoids, nique can completely characterise an antigen. Furthermore,

SDS-PAGE DTx DTd1
Biosensor TNBS
analysis assay
Circular Denaturation
dichroism assay
Insufficient quality Satisfactory quality
DTd2 DTd3 DTd4

DTdS

DTd9 DTd10

Fig. 8. Visual representation of the quality of Diphtheria toxin and experimental toxoids, as characterised by five physicochemical and immainochemi
parameters (see text). If grey pentagonal plots are located within the black borderline, the quality of the toxoids is insufficient, e.g. DTx,d#Td1-DT
DTd5 is a borderline product. The grey plots of DTd6—DTd10 cross the black borderlines, indicating satisfactory quality of these toxoids.oBtales (fr
midpoint to limit) are for: SDS-PAGE, the intensity of the apparent 43kDa band against the 39 kDa band (0-100%); TNBS assay, the relative amount
of primary amino groups in the toxin molecule (100-40%); denaturation assay, denaturation midpoint (1.0-3.1 M guanidine); circular dichratism,
275nm (0.018-0.043 M cm1); biosensor analysis, relative binding intensity to Dim 33 (110-26 RU).
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extensive validation studies have to confirm the capability [14] Gupta RK, Siber GR. Reappraisal of existing methods for potency
of these tests for quality control. In conclusion, this study testing of vaccines against tetanus and diphtheria. Vaccine 1995;13:
demonstrates that the quality of diphtheria toxoid vaccines ___ 9656

b teed with phvsi hemical and i h [15] Metz B, Hendriksen C, Jiskoot W, Kersten G. Reduction of animal
Can be guaranteed with pnysicochemical and iImmunochem- use in human vaccine quality control: opportunities and problems.

ical techniques. We expect that similar fingerprint strategies  vaccine 2002:20:2411-30.
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supplement 2001. Strasbourg: Counsil of Europe; 2001. p. 104.
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