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SHORT COMMUNICATION ..

IPV-Vero Vaccine Induces a Strong Booster
Reaction and is Well Tolerated in Adults

HANS RUMKE!, JERRY LABADIE!, NASRIN ELZINGA-GHOLIZADEA? and

TIEERT MENSINGA?

From the 'Laboratory for Clinieal Vaceine Research, the 2Laboratory for Control of Biologicals, RIVM (National
Institute of Publie Health and the Environment), Bilthovert, and *Department of Ditensive Cave } and Clintcal

Toxicology, University Hospital Utrecht, The Netherlands

A phuse 1=3 trial was conducted in 48 adults to study safety and immunogenicity of an Innetivated poliovitus vaecine
produced using Vero cells (IPV-Yero). Pariicipants received 2 intramoscular njectfons with TPV=Vero (40-8-32 D-Ag unltx)
4 weeks apart. TPV-Vero was well toletated, and indueed strong antibody responses in all participants. At least an 8-fold titre
tise agninst all 3 types of poliovirus way found within 1 week of the first vaccination, indienting a strong secondary response
in prlined individunis, Two days after the Arst vaceination, there was no indicatton for such 4 booster resction. The second
vaecination 4 weeks after the flest dose did not further increase sntibody levels, Indicating that an immume plateay had beex
achieved after the first vaceination. The second viccination was not resctogente despite the presence of these high
presyaccination untibody Jevels, We conclude that IPV-Vero is well tolerated and strongly immunogenic In aduits. in
pre-immune adults 1 dose Is enough to induce an impressive booster reactlon,

Hans €, Rimke MD, RIVM (National Institute of Public Health and the Environment), Laboratory for Clinlcal Vactine

Research LVO, P.O. Box 1, NL3720 BA Biithoven, The Nothevlandy

INTRODUCTION

Inuctivated poliovirus vacelne {IPV) has an excallent and
long-standing record of sulety and efficacy. Its persistent
immunogenicity correlates with excellent individual protec-
tion against poliomyelitis, as shown in several Buropean
countries, including The Netherlands and Sweden. Endemic
poliomyelitls disappeared after introduction of trivalent
IPV in national immunization programmes and more than
95% of the vaceinated population have high and persistent
levels of poliovirus (PV) neutralizing antibodies (1-3). In
The Nethetlands, the most recent epidemics (in 1978 and
1992-93) occurred in small communities of people who had
rejected vagginations for religious reasons and are at-
tributed to their choice not to vaccinate tather than to
vaccine failure (4).

For the Netherlands vaccination programime, our nsti-
fute (RIVM) supplies quadruple DPT-1PV and triple DT-
IPY vaceine, Currently, the IPV component is produced
using monkey kidney (MK) cells for virus culture (5).
RIVM exploted another cell substrate in which PV can be
propagated effectively on a large scale. Vero cells, also
derived from monkey kidneys, have advantages over MK
cells. They are reliable and cheap, better standardized, have
a smaller risk of being contaminated than monkeys and
their kidney celis and further use of primates for virus
propagation is unnecessary. Yero cells are widely used by
others for production of live und killed viral vaccines (OPY,
1PV and rabies) (6). IPV produced on Vero cells (IPV-
Vero) is considered safe and potent, ns reviewed by Vidor
et al, (7).

The present study in adufts was the first in a series to
investigate the safety nid antibody response to IPV-Vere,
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Futthet studies I mfinis to comparte the immunogenigity
of IPV=Vero und IPV-MK are ongaing

MATERIALS AND METHODS

Vaccine

1PV-Vero (lot 94338} was produced using standard methods (%),
and contained per dose of 0.5 mit formalin-inactivated poliovirus
(strains Mahotiey, MEF-1 und Saukett), type 1, 2 and 3; 40-8.32
D-antigen units respectively, and formaldehyde: 0,025 mg in phos-
phate buffer. The vaccine was injected in the deltoid or triceps
nuscle,

Study

This combined phase 1-2 study was descriptive and without
conteol vaccine. The study hus been approved by the Medicul
Ethical Review Boatd of the University Hospital Utrecht, and was
perforted between November 1994 and Februaty 1993, at the
Department of Intetisive Care and Clinical Toxicolagy of the
Usiversity Hospital Utrecht, The Nethetlands,

Voluntteers were rectuited by advertisements in the “Ulrecht
University Weekly” mapazine on Universily bulletin boards end by
mailing volunteers from fortmer clinical teals, Thus, most volun-
teers were students, Aftet screening for inclusion and exclusion
criteria, participan{s gave written informed consent.

Yaccinations were given at day 0 and 28, Venous blood samples
for antibody determinations wets taken at day 0, 2, 7, 28 and 36
from the first vaccination. Reactogenicity was assessed ut days 0, 2,
7, 28, 30 and 36,

Antibody response
Serutn neutralizing (SN) antlbody lovels were determinsd with
Vero cells uy indicator cells, and wild PY strains for challengs (8),
the samie straing as used for vaccine production. After inuctivation,
sern were investigated in 4 2-fold dilution geries up to 17 dilution
gteps. SN activity 18 expressed as 2 log reciprocal titres (e §
meatts 1/32 = 2%, For statistical corpatison of satibody levais
the Kruskall-Wallis test wes used, wit i
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AdUprse gvenly

Alter vaceinnijon, volunteers were observed for 1 h lor heart rate,
blood pressure and temperature. Temperatures were messured
orally ut days 0, 2, 28, und 30. Logal and systsmic symploms werg
stugdied by observalion and questionnaires. The Injection site was
examined for inflammatory symptoms.

Participanty kept a disry about their well-being and possible
adveree experiences, for discussion at subsequen( visits, at which
the participant was asked for general well-being, inability to per-
form normal daily activities, headaghe, gastrointestinal complaints,
Joint complaints and skin ubnormalities.

Reactions were graded according to severity, A mild reaction
wik perceived by the participant but was easily toleraled. A
motesate reaction was giving enough discomfort to interfere with
normal daily sctivities, :

RESULTS

Sudy papulation

A tolal of 48 voluntears were enrolled and 47 completed the
siudy {18 males und 30 females; mean age 23.3 y, range
18-39 v). One participant was eacluded during the study
due 1¢ prolecol viclation, from another the 2 last blood
samples were excluded due to an insufficient interval be-
tween vacclnations,

Antibody response
The results of immunogenicity are summarised in Table 1.
Cumulative distributions of SN titres are shown in Fig, 1.
Not unexpectedly, all participants had detectable antibodies
before vaccination, A titre of = 3 (1/8 or higher) is consid-
ered to be protective, To PV type 3 (PV3) an 8N titre below
3 was found in only 3 individuals and to PY1 and PV2 all
had initial titrez = 3.

Two days after the first vaccination there was little
difference from pre-vaccination titres, However, after 7
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Fig. 1. Poliovirns neutralizing antibody response to IPV-Yero vac-
cine. The percentage reverse cumulative frequency of serum ngu-
tralizing titres is given per poliovirus serotype. Vaccinations weve
given on days 0 and 28 and blood samples were taken on days 0,
2, 7, 28 and 356,

Table 1. Summary of serwm neuiralizing antibody response (v IPV-Vero in adults, vaccinated on day 0 and day 28

Day 0 Day 2 Day 7 Day 28 Day 36

PYi

Y zifB 10 ] 100 100 100 160

gmt 9.3 ns 9.3 ¥ 12,5 ns 134 ns 133

SD 1.8 17 1.7 1.9 1.8
BY2

Ve 21/8 100 100 100 100 109

gmi 15 ng 1.6 ¥ 11.6 ng 124 n& 12.5

80 2 24 1.8 2.0 1.7
Y3

Y =1/8 93.8 958 100 100 100

gmi 7.0 ng 13 ¥ 1.7 ns 12.4 ng T8

8D 27 23 2,0 1.6 1.8

H= 43 48 48 47 46

gmi, geametrical mean titre and 8D, standard deviation are expressed as u 2 log reciproeal titre {e.g. § means /32 = 27%), Titre differences

for supcessive examination days (day 2 vs day 0, etc.) were evaluated for statistical significance using the Kruskall-Wallis test.

T p«0,00000],
ug, p=0,0,



o e e mmeeg e

P G e e gy

Scand J Infect Dis 30

Tabte I1. Adverse events after 1PV-Vero at duy 0 and day 28 I odults (n= 47

(#) Ceneral symptoms #1i
Day of examination 0 2

#12
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General well-being

Notmal daily activities
Headache

Gastrointestinal complaints
Joint complaints

Skin abtormilities
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Any genetal symptom
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() Local symptoms
Day of examination

Redness
Swelling
Itehing
Warmth

Pain

Muscle stiffness
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All local symptotris were of mitd intensity, All general symptoms were mild except in ane particlpant (iadetlined) who had 1 modesate

headache.

" All occutting it one volunteer, and regarded as not sausally related to vaccination,

" Some particlpants had more than one symptom,

duys all partieipants showed at least an 8.fold (3 titre steps)
increase for PV antibodies, and a more than 16-fold (=4
titre steps) increase for PV 2 and 3. This was also found in
the 3 individuals with ‘non-protective’ pra-titres: they showed
in 7 days sirong booster reactions, from 1-10, 2-13 and
114, respectively. Apparently, these individuals had excel-
lent immunological memory.

The second vaccination added little to the SN titres which
had been reinforced by the first vaccination in these pre-im-
mune participants, Maximal immunity has alteady been
achieved within 1 week of the first vaccination.

Adverse events

The results regarding safety are summarised in Table 11
Severe und acute reactions did not occur. The highest
tecorded temperature was 37.6°C, recorded twice out of 564
medsurerients, Genetal symptoms were reporied by 3 sub-
jects (11%) and local reactions {mainly muscle stiffness) by
42 (89%4), The reactions encountered were mild in intensity.
Only 1 participant complained of headache with modetate
intensity,

Notably, reactions were also very mild after the second
vaccination, if they occurred at all, even while all participants
had high antibody titres at that time, Arthus resctions did
not occur,

DISCUSSION

In this evaluation of the effects of IPV-Vero vaccination very
strong antibody responses were observed in all patticipants.

At least 8-Told titre rises against all 3 types of poliovirus
occutted within 1 week of the first vaceination, intdicating a
strong secondary redponse in already primed individuals.
Two days after the first vaceination there was not yet any
indication of the booster reaction. The second vaccination
after 4 weeks did not further increase the level of antibodies,
indicating that &n immune plateau had been reached already
after the first dose, The strang antibody teaction is not
surprising because participants were from the generation of
the Dutch population in which more than 90% have received
at least 3 childhood vaccinations against poliomyelitis, which
is reflected by a high antibody prevalence in this age group
{2) and high prevaccination antibody levels among the
participants, Therefore, adults are not suitable to investigate
a primary antibody response; studies in infants are ongoing.

The vaceing under study is vety similag to the IPV-MEK
currently used in the Netherlands, The only difference is the
cell substrate for virus propagation, Biochemical and im-
munochemical parameters, and i vive potency in rats
indicate immuncgenic properties equivalent to IPV-MEK, It
hus been clearly demonstrated that lmmunogenicity in hu-
mans correlates with the coneentration of D-antigen in the
vaceine (10, 11), The optimal dose of trivalent IPV contains
40-8-32 D-Ag units of the 3 types of poliovirus, respectively,
which has beeti determined with IPV-MK in extensive
Investigations in several countries, both as IPY and as
combined DPT-IPV (10-16). The serological response to
IPV-Vero was expected to be simiiar, In this study, the
curreni 40-8-32 D-Ag content peedgse appeared very sirong
indeed. Although a formal coryparisan with immunogenicity
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of RIVM 1PV-MK was not done, we regard the 40-8.32
3-Ag content, similar to Yero-produced IPV from another
manufacturer (7), apprapriate for use in adults. Studies
comparing IPY-Yero and IPY-MK are ongoing,

The 2-dose schedule used here is mainly chosen (o study
sulely aspeots. The presence of high pre-vaccination anti-
body titres did not augment the prevalence of adverse
reaviions afler the second dose. Arthus reactions may gcour
it hyper-immune persons after vaceination with diphtheria
gnd OF ietanus toxolds, but may be also assaciated with
impurities of sueh vacoines given repeatedly (17). Such
reactiont arg caused by immune-complex formation be-
iween the vaccine antigen and high levels of the corre-
sponding antibodies, but we did not encounter them.
Compared with toxoids, the ameunt of protein in 1PV is
much lower, and its purity better. The vaccing is therelore
wseful for the rapid induction of immunity, with a low
occurrence of side-effects and without the possibility of
spreading vaccine virus (as oral polio vaccine does), This
makes IPV suitable for use during epidemics, e.g. in hospi-
tals, both for personnel and polio-non-immune patients.

We conclude that IPV-Vero is a weli-tolerated and po-
fent immunogenic vaccine in adults. In pre-immune adults
1 dose is enough io induce an impressive booster reaction,
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A CONCEPT OF THE MECHANISM OF IMMUNITY I'OR
PREVENTING PARALYSIS IN POLIOMYELITIS*

By Jonas E, Salk
Virus Research Laboralory, School of Medicine, Universily of Piltsburgh, Pilisburgh, Pa.

The principles of immunization, as they appear to apply to the problem of
poliomyelitis, have been discussed previously. Tt is the purpose of this com-
munication to elaborate upon a concept of the dynamics of immunity to paraly-
sis as it has been deduced from certain epidemiologic observations and from
studies with noninfectious vaccines. By way of summary, the essential fea-
tures of the immunologic reaction, in man, following an injection of formalde-
hyde-treated poliomyelitis virus vaccine, are shown in rioures 1, 2, and 3.
Ficure 1 illustrates the level of the antibody response elicited by three doses
of vaccine given in a five-week period with the second dose having been admin-
istered two weeks after the first. A distinction between the primary vacci-
nation effect, and the secondary, or booster, effect is seen in the comparison of
the left-hand and the right-hand frames in ricure 1. Persons who have de-
monstrable antibody from a previous natural infection respond with higher
levels of antibody than do those who glve no evidence of having had a prlor
immunologic experience with Lhe respecuve virus types.

In studies with poliomyelitis vaccines, the same phenomenon has been
observed as with other vaccines, where a two-stage procedure is required to
raise the concentration of serum-antibody to the very high levels that can be
achieved. It has been observed also that a relatively long interval is required
between primary and secondary stimulation before the full booster effect can
be elicited in man. The minimal interval in man appears to be a number of
months, In monkeys, the effect seems to be fully developed in about four
weeks, In the mouse, the optimal interval can be measured in days. The
relative ineffectiveness of multiple inoculations, when the several doses are
given at intervals too short to produce a maximal effect, is illustrated in F1oURE
2. If, however, primary immunization had been adequate, and if a sufficient
inlerval had eiapsed between primary and secondary stimulation, then merely
a single dose appears to be sufficient to produce s maximal response, as is
shown in FIGURE 3.

Present evidence indicates that antibody induced with a noninfectious anti-
gen is not evanescent and, also, that the effects of primary immunization are
such that subsequent revaccination, at intervals of up to at leasi two years,
results in sharp rises of antibody to heights comparable to, or beyond, those
observed in persons who have had a natural infection. Thus it would appear
that man reacts to the poliomyelitis antigen in accordance with the same laws
that appear 1o govern the reaction to other antigens.

The Significance of the Immunologic Complexily of the Poliomyelitis Viruses

In the past several years, many investigalors have reported evidences sug-
gesting the existence, in viruses of one type, of antigenic ponents that
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Figure 2. Primacry vaccination sffect, Influence upor antibody level of each of three dose ced at |
tervals of \wo and five weeks after the first dose. PO Y # Spacec at tns

characterize the predominant antigen of one or both of the other two types.
Further evidence for this has been obtained in the course of our studies in man,
These observations have furnished clues to the probable mechanism whereby,
under natural circumstances, paralytic poliomyelitis is controlled by immuno-
logic means, I should like to summarize the essential features of the obser-
vations that have been made as they bear on this question,

Firet, T should like to show the extent to which the immunologic response is
different in persons who have no antlbody to any of the three types prior to
vaccination, as compared with individuals who possess antibody for one or
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Fioure 4, Type | antibody response to first dose of vaccine in persons with different antibody nalterns of
prevaccination,

more of the three known types. A comparison of the different degrees of re-
sponse to the type 1 component of the vaccine, as observed in groups of such
persons, all of whom, prior to vaccination, had no demonstrable type 1 anti-
body, is shown in FIGURE 4. It is to be emphasized that the antibody responses
here recorded are those observed after the firs! dose of vaccine. It wouid

appear from these data that persons who had a previous type 2 infection (as
indicated by the presence in their blood serum, at the time of vaccination, of
antibody for the type 2 virus) responded with much higher levels than did
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prior type 3 infection did not react to the same degree as did those who had a
prior type 2 infection, The group with type 3 antibody before vaccination
reacted not too differently from individuals whe had no previous immunologic
experience whatever, Those who, prior to vaccination, had antxbody for both
types 2 and 3 virus seemed to react as if they had either s prior type 2 or type
3 infection. Persons who had a measurable amount of type 1 antibody before
vaccination responded with a full hooster effect.

It would seem from the data in PIGURE 4 that the naturally occurring type 2
viruses that were the cause of the infection in these ihdividuals must have
possessed a sufficient amount of type 1 antigen to have produced the degtee of
immunologic hyperreactivity that was revealed by the effect of vaccination.
Infection with the type 3 viruses, on the other hand, seemed to have produced
a barely perceptible sensitizing effect.

When a comparison is made of the response to the first dose of vaccine in
persons who do, or do not, possess type 1 antibody before vaccination, one can
recognize four grades of reactivity, depending upon the nature of the previous
immunologic experience. These observations suggest that the different influ-
ences probably depend upon quantitative factors—i.e,, the amount of type 1
antigen invalved in the previous immunologic experience,

Similer data on the type 2 antibody response, in persons with different pre-
vious immunologic experiences, are summarized in FIcURE 5. From the degree
of antibody response to the first dose of vaccine in persons with no prevacci-
nation antibody to any of the three types, as compared with the response among
those who had a prior type 1 infection, it is clear that the earlier type 1 expe-
rience had induced a significant degree of heightened reactivity to the type 2
component of the vaccine, This suggests that the naturally occurring type 1
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Frouwy 5. Type 2 antibody response to first dose of vaccine in pergons with different antibody patterns of
prevaccingtion,
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viruses must have possessed some of the antigenic configurations that distin-
guish the type 2 virus, A comparison with the data in PIGURE 4 suggests that
a prior type 2 infection may have exerted & somewhat more marked effect on
type 1 responses as compared with the effect of type 1 infection upon type 2
vaccine response. In contirast to the absence of any influence of a previous
type 3 infection upon the subsequent type 1 response (FIGURE 4), there is
observed in FIGURE 3 a significant influence of the ptior type 3 infection on
type 2 responsiveness. In terms of degree, it would appear that the influence
of the prior type 3 infection was only slightly less than was the effect of the
prior type 1 infection. The presence of antlbody for both type 1 and type 3
viruses seems to have caused a heightened reactivity to type 2 equal to, or
greater than, the effect of either a type 2 or type 3 infection alone.

FIcuRre 6 illustrates the type 3 response and, since the type 3 component of
the vaccine employed in this particular study was less potent than the types 1
and 2 components, the height of the primary response reflects this difference.
'The amount of antigen present, however, was still sufficient to induce the sharp

- booster effect in persons who possessed type 3 antibody from a natural infection.
The absence of any appreciable effect, of a previous type 1 infection, on type 3
reactivity is clearly evident. A previous type 2 infection, however, did meas-
urably influence type 3 responsiveness.

The relationships observed in FIGURES 4, 5, and 6 are summarized in FICURES
7 and 8. They indicate that there is little sharing of specific antigenic config-
urations in the constituents of types 1 and 3 virus, but there must be a sub-
stantial amount of type 1 antigen in the type 2 virus, and a definite, but lesser
amount, of the type 2 antigen in the type 1 virus. The quantlty of type 2
antigen in the type 3 viruses, and of type 3 antigen in the typg 2 viruses, is
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similar, but it appears that the amounts are less than the amount of type 1
antigen present in the type 2 virus,

The Significance of the Relalive Frequency of Paralylic Infections Due o
the Three Virus Types -

The foregoing observations led to a further inquiry into the possible role of
the occult immunologic effects of a prior infection upon the outcore of a sub-
sequent encounter with a heterotypic poliomyelitis virus under natural cir-
cumstances, The search for an answer to this question was made through
analyses of data obtained in the course of other studies,

The purpose of the other studies to which I refer was to determine the fre-
quency with which types 1, 2, and 3 infections occur under natural circum-
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who possess antibody only for a single type, 42.have type 1 antibody only,
25 have type 2 antibody only, and 33:have type 3 antibody only. This is in
striking contrast to the far greater predominance. of persons with only type 1
antibody mn the paralyzed group. In the paralyzed group, and among those
with antibody for one type only, 77 per cent had antibody for type 1, 11 per
cent for type 2, and 12 per cent for type 3. Thus, it appears that the frequency
with which antxbody for only one of the respective types is found in paralyzed
persons is about the same as is the frequency with which the respective types
of virus have been isolated from paralytic cases that have occurred in the past
several years. The fact that paralysis due to the type 1 virus occurs about
seven times more frequently than does paralysis due to types 2 or 3 seems to be
a function not of the frequency of distribution of these viruses in nature, but
rather of the greater paralylogenic potential of the type 1 virus. It appears,
too, that there may be a slight difference between types 2 and 3, with the type
3 virus being more innocuous in this respect,

Data on the frequency of occurrence of antibody for two virus types, in
different combinations, among nonparalyzed and paralyzed persons is shown
in rroURE 10. It is clear that in both the nonparalyzed and in the paralyzed,
combinations of types 1 4 3 antibody occurred more frequently than did
cotnbinations of types 1 <4~ 2 or combinations of types 2 4+ 3. The combi-
nation 1 == 3, however, occurred more frequently in the paralyzed group than
in the. nonparalyzed, while the combination 1 - 2and 2 <~ 3 occurred less fre-
quently in the paralyzed than in the nonparalyzed. The greater frequency,
in the paralyzed group, of individuals who have only type 1 anubody suggests
that the type 1 virus is most lkely 1o have been the reason for paralysis when
the first encounter was with this virus. 1t is conceivable, therefore, that when
the type 1 virus {s one of the two viruses {or which antibody was present, it,
tao, was the more likely cause of paralysis: That this is merely & statement
of probubilily and not always true is, of course, indicated by the fact that some
individuals, within the paralyzed population, have lype 2 or 3 antibody only,
or the combination 2 + 3. From these comparisons of the frequency of occur-
rence of the combinations of antibody for types 1 4~ 3,1 4 2, and 2 4 3 in
paralyzed and nonparalyzed individuals, it would seem that a prior type 2
infection must have a different meaning than does a prior type 3 infection, in
terms of whether ot not paralysis will ensue upon subsequent contact wiih the
type 1 virus, From these data, it would appear that the experience of the
previous type 2 infection reduced the probability that the subsequent type 1
infection would be a paralyzing experience or, alternatively, that the prior
type 3 infection did not influence significantly—or if it did se, certainly to a
much less degree-—the probabilily of paralysis ensuing upon subsequent contact
with the type 1 virus.

An analysis in further support of this interpretation is presented in TABLE 2,
which shows that the probability of experiencing a nonparalytic infection due
to type 1, 2, or 3 virus is essentially the same upon first or second exposure {0
a poliomyelitis virus. ‘This is not the case in paralyzed individuals,
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wo types of poliomyelitls

A Concept of the Immune Mechanism in Poliomyelitis

If the observations presented in the two previous sections of this paper are
linked in a relationship of cause and effect, then these two observations—
namely (1) the evidence for the sensitizing effect of a prior type 2 infection,
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TasLe 2

FrequeNncy or OCCURRENCE o Srrum ANTiBODY FOR Eacn Type OF
PorLtomyenirs Virus

Demtnateable Nonparalyzed Paralyzed -
antibody jor
1 2 3 H 2 3
One type 42%, 25% 33%, 80% 109, 10%,
"
P
Two types 40%, 279%, 339%, 459, 15% 4097,
n.p.—448 '
p—380

Nups~nonparalytie
pre=paralytia

as revealed by the response to the type 1 virus in a killed vaccine, and (2) the
apparent influence of a prior type 2 infection in reducing the probability of the
occurrence of paralysis upon subsequent contact with a type 1 virus—make it
appear that the presence of a demonstrable level of circulating antibody for
the type 1 virus was not necessarily required for the prevention of paralysis.
It would appear that paralysis may have been prevented because of the exist-
ence of a hyperreactive immunologic mechanism engendered by the type 1
antigen present in the type 2 virus that had caused the first infection. If this
be 80, then it would appear that the prerequisite for persistence of immunity
may not necessarily be the continued presence of antibody in the blood stream
but rather a persistence of the state of immunologic hyperreactivity.

The observations presented bear not only on the practical problem of im-
munization of man against this disease but on many aspects of the theoretical
question of the dynamics of the immune process, If we undersiood fully the
dynamics of immunity in this disease then, theoretically, we could, by artificial
means, reproduce the sequence of events that will lead to the immune state.

Many assumptions bave been made in support of the selection of one ap-
proach or another to the solution of the practical problem. Those who think
that only a live-virus vaccine will produce the necessary changes required for
lifelong immunity must believe that the infectious process contributes some-
thing that cannot be conferred by any olher form of antigenic stimulation.
Then there are those who, whether they think that a live- or a killed-virus
vaccine is necessary, are of the opinion that the aclual presence of antibody in
the circulating blood provides the sine qua non for effective immunity. It
would follow that the required level of antibody in the blood would depend
upon whether pathogenesis is via the blood stream or along nerve pathways.
If the latter, then a higher level of antibody would be required than if the virus
is always transmitted to the central nervous system (CNS) #ia the blood
stream. But then, the possibility must be considered that the blocking effect
against virus invasion of the CNS could conceivably take place before entrance
of virus into the blood stream, and that this could be effected by a hyperreac-
tive immunologic state which would be triggered by virus as it multiplies at
the primary site of infection and, thereby, result in the prompt praduction of
immune substances. If the hyperreactive state is adequate
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sufficient concentration of specific antibody, and if this effect would occur prior
to the end of the multiplication period when the virus might normally enter
the blood stream, then one can visualize & situation in which a state of immu.
nity would exist even though there is no demonstrable antibody in the circu-
lating blood at the time of virus exposure (FIGURE 11). Such immunity, how-
ever, would be dependent upen the capacity of the organism to respond to
infection with the immediate production of antibody, sufficient either to pre-
vent further multiplication, or to reduce the length of the period of active in-
fection, The quantitative relationship between the rate of virus multiplication
and the rate of antibody formation would determine the extent to which this
barrier was effective, A highly reactive immune mechanism might be able to
block the most actively multiplying virus, whereas a less reactive immune
mechanism could conceivably be ineffective. Therefore, we must consider the
guantitative concept of level of antibody required to prevent central nervous
system invasion, and the guan/i/afive concept as applied to measurements of
degroe of sensitization that would be required for immunity to be eflective
even in the absence of & measurable amount of circulating antibody.

The data presented suggest that a naturally acquired type 2 infection sensi-
tizes the immune mechanism to a subsequent contact with a type 1 virus, It
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TaAsLE 3
SerOLOGIC RESPONSE TO NATURAL INFECTION IN VACCINATED CHILDREN
Prevaccination 10 Day3 after 3rd dose § Months later
May 4, 1954 June 18, 1954 Nov. 19, 1954
Subject Ne. Ape Type 1 Type 2 Type 3
May | June | Nowv. | May | June Nov. May | June Nov
C-7930 s | o | 16 8| 0 | 128 igto24+ | o 32 4
C.7948 7 0 16 16 0 128 ! 81924~ 0] 104 128
C.8033 12 0 16 81 0 8 | 8162+ 0 128 32
C.7983 8 0 4 1024 | 0 4 32 0| 128 32
C-7987 6 0 32 (2048 O 32 128 | 256 | 81924- | 81034-

0 Vaceinated on May 4, 1954; blood tested 10 days after third dose, June (8, and five montha later, Novembes

TABLE

4

Two-YeAR Forrow-Upr v First Grour of Sunseors v WhoM Vacoination
Stupizs Wmu; UNDERTAKEN

“Type 7 antibody Liter vs. 100 1Dy viriis
A ; t t[ i L ¥ L] . =
ofgﬁer:t “T; Identification No. Belore Booster ot
vace,? 2 Mos. 20 mos.} 22 Mos,
yedrs
2 W-44 0 32 8 2048
4 W31 0 64 8 1024
5 W-18 0 16 8 512
0 Ww-27 0 8 2 512
B W20 0 128 04 256
9 W-33 0 B 0 256
10 W-8 0 - 4 g 512
10 W-26 0 16 8 256
11 W-74 0 32 4 512
14 W-34 0 16 8 2586
17 w-1 0 32 16 128
17 W-32 0 32 16 N.T.t
31 W-3 0 16 8 256

i sy

* 1 Doses LD, of 0.1 ml, each 6 weeks upart monovalent MEF! 1:250 HCO—~1° C.
{ Dose LM, of 1 ml trivalent vaccine,

I Not tested.

would follow from this that the amount of type 1 antigen required to produce
the sensitizing effect must be very small indeed. Since a measurable amount
of type 1 antibody either does not develop, or does not persist for any length
of time after a type 2 infection, it wotld follow that the resistance to the de-
velopment of type 1 paralysis, which is engendered by the prior type 2 infection,
is mediated by some means other than type 1 antibody present in the circu-
lating blood a! the time of exposure Lo the type 1 virus. On the assumption
that antibody is the agent that effects immunity, this must mean, then, that
type 1 antibody is produced sufficiently rapidly after exposure, and in sufficient
concentration, to exert a blocking effect upon virus produced at the primary
site of infection.

According to this concept, 4 critical index of immunity would
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a test for the presence of the hyperreactive state rather than by a test that
would determine the presence or absence of antibody in the serum, Even if
an individual does not possess circulating antibody, he might well be immune
if he does possess a hyperreactive immune mechanism, Therefore, an indicator
of the degree of duration of persistence of immunity following vaccination would
be provided by testing for the degree of hyperreactivity at intervals after
vaccination, If the hyperreactive state persists either for long periods, or
throughout life, then it is conceivable that immunity to the development of
paralytic poliomyelitis would persist similarly (TABLES 3 and 4).

Although the presence of unequivocal concentrations of antibody in the
circulating blood is a good indicator of the existence of a hyperreactive immuno-
logic state (TABLE 4), it is suggested that the hyperreactive mechanism, even
in the absence of demonstrable circulating antibody, is the minimum require-
ment for effective immunity. For this reason, tests are being devised {0 meas-
ure degree of immunologic hyperreactivity, Such a test could be based upon
the booster phenomenon, gince the persistence of the hyperreactive state is
reflected in the hooster response. Thus, the booster phenomenon would be
usefu} not only to reinforce the leve} of circulating antibody, but as a test that
would reflect the degree of persistence of immunologic hyperreactivity,

Discussion of lhe Paper

Docror ALBERT Mirzer (Depariment of Microbiology, Michael Reese Hos-
pital, Chicago, IlL.): Doctor Salk’s results parallel those which we have obtained
with & noninfectious vaccine similar to his but inactivated by uitraviclet irra-
diation' instead of formalin, I have been asked to present recent results
obtained by our group* in the immunization of children in Morgan County,
Illinois, with an aqueous trivalent tissue culture poliomyelitis vaccine inac-
tivated by ultraviolet irradiation. The vaccine used in these studies was
prepared as described previously,! but no preservative wasg added because we
found that the irradiated vaccine containing no preservative still showed anti-
genicity in animal potency tests after six months' storage in the refrigerator,
The strains of virus selected to represent the three types of poliomyelitis were
the same as those used previously, except that the Brunhilde strain was sub-
stituted for the Mahoney strain for type 1. The MEF, strain was used for
type 2, and the Saukett strain for type 3.

. One hundred and twenty normal children ranging in age from two to seven
years were given three injections of the irradiated vaccine during the late
winter and spring of 1954, All of the chiidren were bled prior to inoculation
and received two injections intramuscularly one week apart. The third inocu-
lation was given three to four weeks after the second, All the children were
bled two weeks after the third inoculation. Antibody titrations were carried
out in roller-tube cultures of trypsinated monkey kidney tissue cells, Since
we were interested In determining whether primary immunization could be
stimulated by the irradiated vaccine, all prevaccination serum antibody titra-

* Ineluding the Jate Doctor 3, §. Levingon of the Micheel Raese Reaearch Foundation, Chicego, J1i,; Dactor

H. J. Shaughpessy, Doctor Ruth Church, and Dector Leonard Schuman of the Illinols Department of Public

Ee:,lth: Doctor A. M. Waoll, Dactor F, Oppenheimer, and Mertha Janots of the Michael Reege Regoarch Foun-
ation, .
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Fraune 1. Antibody response to three types of poliomyelitls virux in 41 children with no detectable polis
antibody prior o vaceination with aquecus pollomyelitia trivalent tissue culture irradiated vactine,

tion were carried out initially with 10 IDg of each of the 3 virus type compo-
nents in neutralization tests with undiluted serum (1/1), including serial twofold
dilutions starting with 1/4, It was found that 41 children had no detectable
antibodies (<1/1) to 10 IDy of the three virus types. Results obtained are
shown in FIGURE 1. Thirty-eight or 92 per cent developed a postvaccination
antibody titer of 1/4 or greater to type 1 virus; 41 or 100 per cent to type 2
virus, and 13 or 31 per cent to type 3 virus. The majority of the remaining 79
children who had a prevaccination serum titer of 1/1 or greater to 10 IDy
to one or more of the 3 virus type components subsequently developed a signifi-
cant (fourfold or greater) antibody response in their postvaccination serums
to 100 IDg of the 3 virus types.

No significant local or generalized reactions were encountered in the 120
children vaccinated with the irradiated vaccine. Urinalysis of all of the chil-
dren was normal when tested at the time of the last blood specimen. Further-
more, we were unable to detect Rh or Hr antibodies or sensitization in 32 Rh
negative children in our series of immunized children.

We have found a correlation between antibody response to the irradiated
vaccine in man, the mouse,? the monkey, and the rabbit? More recently, we
have prepared an improved irradiated vaccine from tissue cul virug sus-

wies A kg
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pensiong with TDw titers of 10-7 to 10-% compared to earlier relatively low
titered preparations and have also made modifications in the technique of in-
activation, These improvements in vaccine preparation are reflected in su-
perior antihody responses that have been obtained recently in both immunized
mice and monkeys.
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ANTIGEN CONTENT OF INACTIVATED POLIOVIRUS VACCINE
FOR USE IN A ONE- OR TWO-DOSE REGIMEN
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J. SALK, P. STOECKEL, A. L. VAN WEZEL, K. LAPINLEIMU and G. VAN STEEN1S

FROM THE SALK INSTITUTE FOR BIOLOGICAL STUDIES, 8AN DIEQO, CALIFORNIA, USA, ASSOCIATION
POUR LA PROMOTION LA MEDECINE PREVENTIVE, PARIS, FRANCE, RIJKS INSTITUUT VOGR DR

VOLKEGEZONDHEID, RILTHOVEN, THE NETHERLANDS,

HELSINKI, FINLAND

" ABSTRACT

AND CENTRAL PUBLIC MBALTH LABOHATORY,

The immunolegle response to innetivaled pollovirus vaceing followinig one and two doses has boas siie«
led in infants In developing and daveloped countries using vaceine prepared ad the Rijks Instiluug
voor de Volksgazondhelt, The Nelherlands, Yirus was grown in mioroearrler oullures of mankey kidnay
tells, purified, concentraied, and lnactivated with formalin. ‘The veosines used contalned different
auantitics of D-anligen unils for ench of tha {hree lypes. The data revenl thut both anilbody ang I#ri=
mitnologle memory (boosier-type responsiveness) were induced in virtually all individuals following »
single dose of a sufflcient quanilly of antigen. Immunologic memory was rendily revealed by {he
booster-lyge response fullowing a second dose glven six months afier the first. The degree of bosters
{ype response lo a second dose is linked primarliy fo the quantity of anligen used for primary im-
munization, and secondarily {o the quantily of aniigen used for ilie Loosier dose.

The data base is presenied for formulaling {he anligen content of an inaclivaled poliovirus vaceina
that can be relied upon lo be protective afler the first dose when glven alone or when incorpornied
with combinations of other antlgens (diphiheria-per fussia-felanus) that may requlre two or more doses.

KEY WORDS: INACTIVATED POLIOVIRUS VACCINE: ANTIGEN CQONTENT

There Is a need, especially in doveloping

countries, for a vaceine ngainst poliomyelitis
“Tthat can be relied upon to be protective after
the first dose, either when given alone or
when combined with other anligens (e.g.,
DPT) that may require two or more doses (1),
For the purpose of establishing the quantity
of inactivated poliovirus antigens for a tri-
valent vaccine that would produce such an
effect, a sarias of serologleal studies in infants
was initiated in 1977 in developing and de-
veloped countries (2).

Experimantal inaetivated peliovirus vacel-
nes (IPV) for this purpose eontaining different

¢ Tprosanted at the European Associnlion Against
Virug Disesses, 18th Symposium, 31 August —~ 4
Seplembar 1881, Slirling, Scatland.

quantities of poliovirus D-antigen units for
gach of the three types, were prepared at the
Rijks Instituut veor de Volksgezondheld
(RIV), The Netherlands, using virus propagat-
ed In microcarrier cultures of monkey kidney
cells, purified, concentrated, and inactivated
with formalin (3).. In some of the studles vac-
cings prepared in other laboratories were
included for comparison. .

A summary of the results of the first study
(%), which was carried out in Mali In 1977~
78, I8 shown in Fig. 1. This figure reveals the
pereent of Infants (4=7 months of age In
groups of 25=«34), with antibody titers aof 1 !4
or greater one month following a single dose
of vaccines containing the different quantls
tles of D-antigen units indicded) on the ab-
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Fig, 2. hlall [nactlvaled poliovirus vacelne study. Cumulalive percent distribution of type 1 pollovirug

antibedy tifers one month afler one dose of vaecines with different D-antigen unit content per doge. Vac-

cines prepared by Rljks Instiluut voor de Volksgezondheid., (Reprinted courtasy of 8, Karger, Basel)
(4. ‘ :

00
D-Antigen Number
Lnitg Subjects
8o . 80 20
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Q === Telanus
Toxoid 17
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Fig, 3. Upper Volta inactivaled pollovirus vaccine study. Cumulative percent distribution of lype 1

poliovirus antibody titers one month after one dose of vaecines with different D-anligen unit econtent

per dose, Yaccines prepaved by Rijks Instituut veor de Vollisgezondheld. (Raprinied courtesy of 8, Kare
ger, Basel) (4},

group was divided inte two parts. The first
(appreximately 50—80 %) received a uniform
dose of the RIV vaccine containing 40-4-16 D~
antigen units for types 1, 2, and 3, raspec-
iively, The second group received the same
vaceine for the second dase as fop the first,
Iy aill groups 8 bloed sample wag collecied
one meonth after the second doge,

~ Fig. 4a shows the distribution of type 1
antibody prevaceination, one month post
first, and one month post the second dose in

the groups given the three different RIV vac-
cines containing 80, 40, and 20 D-antigen
units, respectively, for both the first and the
second doses,

It is clear that more than 90°% have de-
tectable antibedy to tvpe 1 after the f{irst
dose and the levels of antibody attained are
in proportion to the D-antigen eontent of the
vaecines, It is alse clear that after the second
dose @ striking booster effect is observed, The
same pattern I8 seen for type 2 in Flg. 4b
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Fia 1. Relatlonship between D-antigen units and antibody response to 2 single dase of inactivated po~
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Basel) (2},

vpe 1| D-antigen units per dose, 32 to 0.5
ivpe 2, and 64 to 1 type 3), The data reveal
un essentially linear relationship between the
amount of antigen contained in the vaceine
wiel percent seropositivity following a single
: ge, The frequency with which residual ma-
wrnal antibady or antibedy acquired by na-
turai infection was observed is indicated by
ihe peints for the control group shown on
thie right of the chart,

Fig. 2 reveals the percent distribution of
\wvpe 1 peliovirus antibody titers one month
fullewing 8 single dose of the vaccines used
in the Mall study., By comparison with a
droup given letanus toxold for cantrel, the

sage response effect is revealed by the
velutive positions of the distribution curves in
the groups given 320, 80, 20, and § D-antigen
units for type 1, respectively,

In view of these results a further study
was careied out in Upper Volta in 1978--70
(1) using two-fold differences in antigen
toneentration over the midportion of the
runge studied in Mali, Fig, 3 shews the re-
‘nense Lo the type 1 component after a single
a6 uf 80, 40, and 20 D-antigen units. These
4sia reveal the presence, ene menth later, of
bitibody titers of 1:4 or greafer in more
than 90%s of vacelnees, as compared to about
19" in the control group given tetanus tox-
eidi the differences seen in the relative posi-

tion of the antibody titer distribution curves
reflect the differences in the guantity of an-
tigen contained in each of the three vaccines
tested in this study.

A second dose was given six months later
in accordance with the protocol for this study.
While persistence of antibody was demon-
strated after six months and a sharp bogster
response observed, the prevalence of natural
infections In Mali and Upper Volta inter-
fered with the interpretation of the data on
dose response effects and antibody persist-
ence, To avold this complication a further in-
vestigation was carried out in Finland and
in Sweden, since balh are free of naturally
oceurring poliomyelitis virug infections and
in both only IPVs have been In continuous
use, The data {o be reported at this time are
only from the Finland study {4).

The hkasic design of the Finland study is
shown in Table 1, Flve vaccine preparatlons
were used, Throe were prepared at the RIV;
and ane each was from two different manu-
facturers of 1PV, one of these (manufacturer
C) is the vacelne in general use in Finland,
Approximately 100 Infants were in each
group and received their first dose at five
months of age. A blood sample was cellected
by venipuncture prior te the first dose, one
month later, and again six months later just
prior 10 a booster dose, For the booster the
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Pollevirus vaceines studied in Finland {2 doses at
E~month intervai},

D-antigen units for lypes 1.2-3
Part 1 Part 2

First and
booster doses

Plrst dose Booster dose

Rijks Institute: Rijks Institule: Rijka Institute;

80-8-33 40-4-18 80-8-32
40«4-18 40-4-18 40-4-18
20-2- B 40-4-18 20-2- 8
Manufaecturer B: Manufacturer B
36-1.5-1 40=4-16 35-1.5-7
Manufacturer &' : Manufacturer Q:
20=2.2.4 40-4-16 30-2.2-4

and for type 3 in Fig. de. Although the
antibody response to the first dose is not as
- \uniformly as high as for types 1 and 2, ne«
vertheless, after the second dose all responded
 with antibody levels of 1:4 or greater and
more than 90 % with antibody Jevels of 1: 84
or greater,

The degree of persistence of type 2 antibo-
dy six months after the first dose is indicated
In Fig. Ba. This figure also reveals antibody
levels one month after the second dose fol-
lowing & uniform second dose ¢onsisting of
40 D-antigen units of the RIV vaceine, Similar
persistence was observed for type 2 antibody
as seen In Fig, 5b. Fig. 5c indicates a distinet
decline in type 8 antibody levels in the six
months post first dose in contrast to the con-
stancy observed for types 1 and 2, For all
three types there is a tendency for the dif-
ferences observed post first dose to be re-
duced after the second dose.

Fig. 6 shows the antibedy distribution pre
“nd post booster dose comparing the RIV
vaceines and those of manufacturers B and
Ci the type 1 D-antigen components of the
latter correspond to that of the RIV 40 and
20 D-antigen unit vaccines. However the type
1 primary antibody response to the manu-
facturers’ vaccines was distinetly less than
to the RIV vaccines; there was also a lesser
response to a uniform booster dose, An expla-
nation Is proposed below for the dissoci-
atlon seen here between D-antigen unit con-
tent’ and antigenie potency in the RIV and
the other vaccines. This figure also reveals
that the antigenle potency of the vaccine used
for the primary dese influences the degree of
antibody response to a booster dosa,

Fig. 7 shows the superior ef. of higher
potency vactine used for the booster dosa
when low poteney vaceine is used for primary
immunization, as compared to Fig. 8 which
shows the inferior effect when the same low
potency vaccine is used for bolh booster and
primary doses.

Fig. 8 shows more clearly the dissociation
between D-antigen unit measurement apd
antibody response in humans for the type I
component of the commercial vaccines when
compared with the performance of the vac-
cines prepared by the RIV methods. It is he-
lieved that these differences are atiributable
to technical factors. The RIV vaccines are
made from virus purified and concentrated
before inactivation with formalin; how-
ever, vaccines prepared by manufacturers
B and C are inactivated with formalin
and either not further treated or are
purified and econcentrated thereafter. This
question s currently under investigatlon, The
shaded area of IMig. 9 shows the geometric
mean antibody response to a single dose of
IPV containing the 40-8-32 D-antigen unit
formuia which {s new under study ia several
countries,

Fig., 10 shows the antlbody distribution
curves post first and post second dose for
types 1, 2, and 8 of the RIV 40-8-32 D
antigen unit vaceine, It is to ba noted that the
IPV used in The Netherlands for many years
has contained the 20-2-7.5 D-antigen units,
respectively, in association with diphteria-
pertussis-tetanus antigens (DPT).

By comparison with the vaceines currently
used in Finland (Fig. 8), where poliomyelitis
has been brought under complete control and
where virus has been eliminated from circula-
tion, the more potent vaccine referred to in
Fig. 10 can be expected to be protective after
one or two doses,

A delailed report will be made at a Jater
time of early favorable ohservations in pro-
gressively expanding field studies in endemlie
areas in West Africa where such poliovirus
vaccines compined with DPT are being used
in routine immunization programs — which
also include immunization against BCG, mea-
sles and vellow fever (8). C

Further and more exiensive studies are now
being planned using IPV of the potency here
proposed, prepared aceording to the RIV
methods, In a more & t development, the
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Fig, 8 Fintand inactlvaled potlovirus vaccine study, Cumulative percent distribulion of pallavirus anli-

bady diera six months after & first dosa and one menth afler o sscond dosg (adminisiered glx months

aligr the first dose) of vaceings gontaining; (a) type | - 20, 40, or 80 D-antigen units for the lirst doss,

and 40 P-uanligen unils for Iha second dose: (b type 2—2, 4, or 8 D-antigen unils for the firs! dase, and

4 D=satigen units for the second dosa (o) (ype 3 = 8, 14, or 32 D-antigen units for the first dose, and

10 G-aptigen unile for the second dose, Vaccines prepared by Rijks Instituul voor de Volksgezondheld,
Numbars in pareniheses = number of subiwcts per group,
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Geomefric mean antibody titers induced by a flrst

dose of vaccines of different D-antigen unit con-

teni! comparison of vaceines prepared by Rijks

Instiluut voor de Volksgezondheld and by Mmanu-

facturers B und . (Reprinted courtesy of §. Kar-
ger, Basel) (4)

Cumulative percent distribution of Type | pallavirus
month atter a second dose (adtninistered six months
{containing 20 gnd 33 D-antigen units per dose) eupa
of subjects par group,
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ABSTRACT

Recent advances in the technology of vaccine manufacture

aned ﬁtaﬂdardizatfbn afiow production of large &uantitias of
killed poligvirus vaceine of uniform potency. Vaccines
preduced by the Fijksinstituut voor Volksgezondbeid en
Milisumyvgiene in The Netherlands werE‘chara:teri:ed in humans

in & seriez of studies etarted in 1977, Monovalent podls

of poliovirus types 1, 2, and ¥ have been siored for use as
reference standards. A single dose of vaccinme that contains 4Q,
g, and Z2 D~antigen units of fypes 1, 2, and J policvirus,
respestively, can be eixpected to induce life~long immunity e
parslytic poliomyelitie when administered to six month old
infants, and preliminary resﬁlts indicate the same for itws month

side, Studies are underway to determine the guantity of antigen

needed to immumize newborn infants with a single dose.

Key words: poliomyelitis, peliovirus, poliovirus vaccing,
immurization, immunization schedule, vaccination,

viral vaccines
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INTRODUGTION

e ek ek e e il e b G 9

During the,guligpyelitis epidemic in the United States in
1959, there was an inverse linear relationship between the
logarithm of the paralytic attack rate and the numbe? of doses of
killed poliovirus vaccineg administeresd (i), This relationship
suggested that the induction of immunity to paralytic
poliomyelitis was & threshold phenomenon that resulted from a
gimgle immunizing event: immunity te paralysie was induced by the
first dose pr the second dose gr the third dose, ets., POt ag &

cumulative result of multiple doses.

On the average, killed poliovirus vaccine used in the Umited
tates from 1955 to 1959 wae orily 55 percent effective folleowing
pach individual dose (1,2). Eome lots of vaccine ware oFf greater

notency amd vatcines used at the time in some other countries
were B0 to 90 percent pffective following each dose (). Ii was
apparen® that the use of higher potency vaccines would be more
e##icien£ bercause it would reduce the number of doses needed to
emsure immumity. In 1940 it was suggested that immunity e
paralysis could be induced with a single dose pf suitably potent

killed poliovirus vaceine (1!, . .

In the last twenty years advances have been made in methods
of cell culture, virus purification and concentration, and
" wacecine standardization. Killed polibvirus vaccine of high
potency can now be produced reliably in large guantities. In

1077 a spries of studies was undertaken to establish the antigen

itieg with a

content that would protect against paralytic pglio

I o et
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gingle dose,

The trivalent poliovirue vaccines studied were prepared in
The Netharlande at the Rijhsinstituut voor Volhsgezondheid en
Miljeuhygiene (RIVM) from monovalent vaccine pools that have been
stored for future use as reference standarde (). Btudigs were
cerformed both in goumtrieg with warm climatez where
peliamyelitis ig endemic and in countries with temperate climates
where poliomyelitis has been controlled; the results of some of
the garlier studies have been described pravinusly‘(4—8>. The
purpose of this paper is to present all the results to date and
to discués strategies for use of high potency killed poliavirus
vaccine. We report the characteristics of a vaccine that may be
used as & reference standard, a vac:iﬁe that reliably induces

immunity following a single dose,

Wi g s e e Y e 2 e g i T Ty e e W e R W T ST T o i et

The first study in this series was performed in Mall irm
1977=1978 (4)., Five vaccines were tested that contained
differant guantities of the three poliovirus types: figure !
showg the response'o+'infantshta glgingfe dose of these vaceines.
There i§ a direct relationship between the antigen content of the
vagcines and' the percentage of infants with an antibody response
2314 ene menth after vaccination., Bimilar results wers ébtained
in Upper Volta in 1978~1979 using vaccines that differed in
antigen cencentration by two-fold steps over the mid-portion of

the range studied in Mali (3).

EEEE
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In the Upper Volta study, a challenge dose pf vaccine was
also administered six ponths aftter the single primary dose of
vacecine (95). Th;vpur;;se of this challengé_dc;e was to test for
the presence of immunologic memory as revealed by a secondary=~
type antibody response. The prevalence of natu:al polievirug
infection in the population made the interpretation of these daie
difficult, Further investigations to characterize the reference
vaccineg were tharefore carried out in Finland and Sweden wheré
neither wild nor live-vaccine polioviruses are circulating. Both
of these Bcandinavian gountries are free of domestically arisinag

wild poliovirue infections and neither uses live, oral polisvirus

vaceing (%),

In six momth old infants in Finland., & direct relationship
was again demonstrated beiween the antigen content of the varcine
and the antibody response following a single dose (fig. 2). The
relationship ig linear over the range studied. Two-folg

differences in antigen content can be distinguished.

1

The response to challemge with vaccine is shown for type &
poliovirus in figure 3: similar results ware obtained for types o
and 2 (&). The, {figure shows the percentage gf iﬁ+ants‘with type
¢ antibody titers at or above the indicated levels. As expected,
antibody titers one month after immunization with one dose of
vaccine are proportionate to the antégen conternt of the vaccine.
Following a challenge dose of vaccine six months. after
immunization, all children had very high levels of antibody.

pnoe indicates

This secondary=type response after antigenic chal
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rhat immunplogic memory was present, The fact that even those

emildren who had little or npo detectable antibody fcl:o;iné the
first dose demonstrated a secondary-type response indicates that
gensitization of the immune system can occur even in the absence

of a detectable primary antibody response (10),

We studied the progressive development of immunologic memory
in infarte in Finland by administering a single immunizing dose
of killed paliovirus vaccine fpllowed by a single challenge dose
of vaccine at different intervals: 1, 2, 4, &, or 12 monthe
later (fig. 4). By two months after immunization, all children
respond to antigenic challenge with titers of 1:32 or greater.
The magnitude of the secondary-type response increases wntil six
moriths after primary immunization, after which no further
augmentation is observed: geometric mean antibody titers one
moath after antigenic challenge were 115, 356. BO%E, 1219, and
1949 in the 1, 2, 4, &, and 12 month-interval groups,

rezpectively.,

The effect of one- and two~dose primary immunization
schedul #s was tested ip Sweden. Infants were immunized starting
at seven to nine months of age, ejither with a Qingle dose of
killed poliovirus vagciné‘bF with twé‘doses one month abart. A
:hgllenge dose of vaccine was administered six months after the
first dose. All children in both groups had serum antibody
eiters 21;54 one month after antigenic challenge (fig. ). One
dose for primary immunization in this age Qroup was sufficient

for induction of immunologic memory in all children,

T
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The response of infants immunized starting at two months of
age has been studied in Israesl. In 1979-1980, a combined
diphtheria-tetanhs-pe?tussis-polio vaccine (DTP-polio) was tested
that contained 40, 4, and 14 D-antigen units (DU) of poliovirus
types 1, 2, and 3%, respectively (7). One hundred fifteen infamts
wire vactinated at two and at three—-and=a-hal+ months of age.

One month after the sezond dose, 100 percemt of children had
Circulating antibody titers 21110 for all three poliovirus types
{geometric mean titers of 247, 1958, and 413 for types i, 2, and
3. respectively). Six months later approximately half of the
children received a challenge dose of DTP-polic vaccine and all
ot ther demonstrated a secondary=type responset the peometric
mean antibody titers were 2285, 1701, and 1949 against poliovirus

types 1, 2, and 3, respectivelvy.

This group of children in Israel has been followed for two

vears after the challenge dose of vaccineg (B). All of the Be

gchildren tested have maintained antibody titers »1:10., Geometric
mean titers declined three- to eight«fold during the two year

follow-up period, but these titers (approximately 200, 100, and

N DR

340 +4or poliovirus types i, 2, and 3, respectively) are
.approximately two~ to five~fold greater than those among a

parallel group of 33 children followed for two years after the "

i EEE

last of five doses of oral live poliovirus vaccime that were
.administered during the first year of life (four doses of

trivalent and one dose of monovalent type 1 vaccine).

In more recent trials in Israel, killed po

Dvirus vaccine

hag besn usad that contains 40, B, and 22 DU o
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1, 2, andg 3, respectively, This is twice the amount of types 2
and I antigen Iin the vaccine used in the earlier trials; as
disgussed below, #O—E?ﬁs DU ig the formulstiem now proposed for

raodtine use.

In a ¢rial performed in 1P82-1983, %4.6 percent of infants

hed deterntable circulatinmg antibody to all three poliovirus tyoes

k]

ome month after a single dose at two months of age (table 1).
These initial titere could represent elther respomse 4o

vaceination or residual maternal antibody. A second dose was

given at three-and-a-half to four months pf age: within one weal

811 children had high antibody titers for all three peoliovirus
types., GeomeLtric mean antibody titers rose slightly from one
week tn one month after the second dose. The rapidity and
magnitude of the antibody response following the second dose i#
ronsistent with a secondary-type respense following immunolegic
meimimg by the firet dose. (As shown in figure 4, the magnituds
of & secpndary response is reiapively small sarly after priming,
zompared with later.!) Immunclogic memory was tested apain s}n
months later by administering a challenge dose of killed

poliovirus vaszgine at nine~and-a~half to ten monthe of age: all

thildren rapidly responded with very high titers.

3

FORMULATION RF EQLIQYIRUS VACCINE FOR ONE-DOSE EEFECTIVENES

We have avaluated trivalent peoliovirus vaccines, prepared
{rpm the RIVM monovalent ppols, that ranged in antigen content

from S te 320 DU, 0.5 to 32 DU, and } to &4 DU of poliovirue

TR T T

T
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types 1, 2, and 3, respectively. To induce immunity to paralysis
reliably with a single dose, we propose poliovirus vaccine
formulated to contain 40 DU of type &, 8 DU of type 2, and 32 DU

of type I poliovirus.

When administered to six month old infants, a simgle dose of
such vaccine induces circulating antibody titers,nf i1td o
greater in 90 pmrcent, 100 percent, and S0 parcent of gubjeste
agaihst poliovirus types |, 2, and I, respectively (fig, &J,
Eerum antibody titers reach a manimum twe weeis folloewing
immunization, after which thay persist at the sama level or
decline to a lower plateau (10)1 six months .after a single dose
of 40-8-32 DU polievirus vaccine, antibody titers »1:4 against
types 1, 2, and 3 poliovirus are present in 95 percent, 9%
per:eni, and 51 percent of subjects, respectively (&). Despite
the decline in geometric mean antibody titers against type 3,
immunologic memory has been induced in all children: one month
after challenge with vaccine all subjects have antibody titers

of 1:32 or greater for all three poliovirus types {(fig. &).

Immunclogic memory can be demonstrated in essentially all
children one to two months after a single dose of potent vaccine
at six months of age (fig. 4). When administered at two months
of age, a single dose of 40-B-32 DU vaccine may also induce
immunologic memory in all infants (table 1)3 certainly one dose
" at two months and one dose at three-and-a-half to fnur.mcnths

induces both circulating antibody and immunologic memory in all.

The presence of immunslogic memory, with

CAIF & A,

Marla Bermar

by
3

.f\Q ,3 ;

ki

T




SALY, 8t al, == Page 10

detertable cirgulating antibody, provides long-term protection
against paralytic peliomyelitis (10), A single dose of killed
nelievirus vaccine cortaining antigen equivalent to the AO=B=32
DU reference vaccine can therefore be expected to induce lifelong
immunity when administered after six months of age. Available
data also suggest that one dose of 40-B-3Z DU vaccine may be
sffective in younger infants: the RIVM reference vaccines &re now
being titrated in newborns tm=determine uneguivacally the antigen
content needed to ensure pne-dose immunization early in life.

PiEGUSEION

foa

Veinmg modern methods of vaccine production and
standardization (I, 1i, 12), the antigen content of killed
pplinvirus vaccine can be adjusted to achieve any desired
respanse, In this paper, we describe the performance of a
vagccine that may be used as a reference standard against which
killed peliovirds va::inés can be measured. This reference
vaccine could also be used to standardize noninfectious vaccines
produced by technologies now under development: splitting virFuses
intg subunits, chemical synthesis of viral peptides, and

srodustion of viral protein by recombinant DNA techniques.

Killed poliovirus vaccine distributed in the United States
between 1955 and 1959 was approximately 5% percent effective in
" protecting against paralysis fnllﬁwing a single dose. Killed
vaceine produced both before and after this pericd wae of greater
potency (i, 2, 13-1%). Vaccine that is 100 percent effective

with & single dose can now be formulated reliably (fig. 7

i}

T
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Killed poliovirus vaccine available for mary years has been
fully effective iollowing twe or three doses. . This scheduls can
be conveniently used in developed countries with establishecd
programg of immunization becauge poliinrus vaccine is
administered in parallel with DTP vaccine, either as a separatas
Qaccini or in #» combingd DTF-polic vaceine., The availability a4
high potency killed poliovirus vaccine allows 4or a choice of
immunization program. Killed vaccine tould be administered by
itself in a single dose at a convenmient age, or it could be used
in a two- or three-dose schedule tombined with DTF, if this is

{ndicated tor practical reasons in & specific seiting.

The reference ppliovirus vaceine we describe here has
already been used to standardize a commercially produted 40=B=32
DU poliovirus vaceine (12, 14). This commercial vaccine is
licensed and used in a multidose schedule in combination with DTF
vaccine in France, The Netherlands, and elsewhere; application.

for licemse has been made in the United States.

Fleuibility of schedule and reliable prcte:t}on after the
first dose are special advaﬁtagas in developin§ cbuntries where
reduction of the number ‘of doses required for full immunmization
leads to more e#%ician£ use of limited health care resources.
Even though it is presently more expensive than oral live
'palioviéus véccine, uge of killed poliovirus vaccine can be
expacted to reduce the cost and {ncrease the coverage achieved by
doses

immunization programs in developing countries bec 2 fews

are nepded for effective immunization (17).

HE
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Combined DTP=polio vaecines are now belng used in routine
vaceination programs{in Senegal (18) and PPPEf Volta, where the
first of two do;;s i; administered by mobile teams at three to
#ight months of age, and the second is administered approximately
six months later., Good coverage has baen achieved with thesa
simple, rouvtine programs. In Upper Volta, the World Health
Prganization recently sponsored an evaluation of the prﬁgram. Im
two rural area%, after only two visits by a vaccination team, 77
percent and &3 percent of children had received one and two doses
of vaccine, respectively, In an urban area, after three teanm
vislts, 92 percent and 80 percent of children had received one
ang two dposes, respectively, The diphtheria, tetanus, and even

the pertussis components are gratifyingly effective in such 4

tro-dose schedule (B, 19).

Transmission of poliovirus is reduced with use of killed
poliovirus vaccine: a herd effect has been demonstrated in many
{ield studies in the United States and Eurbpe even when as little
as 1J percent of & population has been immunizéd (20-23) . Use of
killed vaccime has eradicated disease aﬁd eliminated circulating
polioviruses from large geograﬁhical areas in the developed world
{20, 24). " Although it has not yat been applied as widely in any
developing country, similar control of poliovirus transmission
can be expected because administration of potent killed
=pglimvirus vaccine reguces both fecal and pharyngealxtransmissinn

of peliovirus (20, 23-28),

 Lin
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Table 1. Geometric mean antibody titers among infants whe

received killed:pnligyirus vaccine in Israel in 1982—1983. Dne

month after the first vaccimation, 94.6 percent of subjecte had

antibedy titers >1:

times, 100 percent
vereine contained

types 1, 2, and I,

at 3=1/2 to 4, and

Time after
vaccination:

No. subjects:

Foliovirus
Tvype 1

Foliovirus
Tvpe

]

Polipvirus
Type &

2 for each poliovirus type; at all other

of subjects had detectable antibodv. The

40, B. and 32 D-antigen unite of peliovirus
respectively, Yaccine was administered at I,

at 9~1/2 to 10 mcnths of age.

First CSecond Thirg
Vaccination Vacecination Vacecination
1 month 1 week ! month 1 week
29 36 7¢& pdn
L 152 208 1172
g 102 145 70
G 445 751 1xpE

3 Técmca
PR 148
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antibody titers 21:4 one month afier receiving one dose of
killed poliovirus vaccines containing different quantities
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Salk e~ al. [43: results for nonadsorbed
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Figurg 2 Geometric mean antibody titers (reciprocal of serum

dilution) in Finland one montq afgqrhone dosa pf killed ‘

peliovirug vaccines comntaining different auantitiess of

antigen. Approximately 100 subjects six months old were

gach of the three vaccime Qroups. (Adapted from Salk et al,

[, with permission,)
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One hundred f‘orty-gne healthy newboms were immunized 24 hours aﬁer' birth with one dose
of inactivated polio vaccing (IPV) of enhanced potency. Following the administration of & second

vaccine dose six roonths later, a considerable

antibody (NA) to the three poliovirus types. The

propottion of bables responded with neutraijzing
very rapid occurrence and high antibody titer were

indicative of an anamnestic response, Twenty-one | ants who still had NA < L4 to one-more
poliovirus types after the second vaccine dose responded with vety high NA vaiues 7-10 days afiera
supplementary dose of IPV. It appears that IPV of enhanced potehcy administered at birth is apt to

induce immunologic memory,

which should provide the basis for protection against paralytic

poliomyelitis in case of exposure to wild poliovirus later in lifa.

INTRODUCTION

Paralytic poliomyelitis in the first year of life is
still a disease of importance to the developing
countries (3, 5), where the conventional use of oral
polio vaccine (OPV) has brought about only a partial
answer (1, 2, 4). Successful control of paralytic
poliomyelitis in the developing countries depends on
the use of a potent antigen that requires few doses in
very young children, and which is capable of

! Cortesponding authot. o
% Produced at The Natlonal Institute of Public Health,
Blithaven, The Nethetlands, '
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inducing immunologic memory. We report results
obtained from the administration of one dose of a
highly potent inactivated polio vaccine (IPV) at birth
followed by a second dose given in the second half of
the first year of life.

MATERIALS AND METHODS

Three groups of heaithy newborns (A, B and C)
from an atea where wild polig®ys type 1 is present
were immunized 24 hours af}éy birth wi ¢ of three
IPV* of different antigenic gotencyt
64 and 40-8-32 D-antigen u g
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TABLE 1, - Immune Status in Neonates Immunized with LP.V. - Isracl, 1985-1986

On the day of 3, months &figr

Ay halvidhon At day of booster One week after One month after
the firg injection the first injection ,
Group (Ags: 24 H) (Age. 34 ) (Age! 2 6 mo) booster booster
§ 2 3 1 2 3 1 2 3 ! 1 3 l 2 3

A 48 neonates

% seropositives* 100, 100, 1N, 643 B0Y9 857
(eometric mean 1218 1995 905 38 g6 160
B: 50 neonates

% saropogitives 100, 100, 100  T&T 766 T4S
Geomeuie mean 1529 2663 951 &7 70 10J
{1 49 neanates

% serppositives 100, 100,  100. 666 755 666

Gsemeiric mean 9.5 1941 1016 42 8.6 34

0.0 300 425 B892 865 946 8L 896 T
21 27 39 181 758 4167 419 587 659

298 340 33 887 971 94 TR0 100, 900
6 32 34383 SO 1306 B4 614 TS

25 73 WS R4 T4 4L TG 97RO
13 34 18 TS 426 664 M 1065 2

™

* Saropositve: Polin nauiralizing antidady titer & 1:4

and 3, respectively. After the age of 6 months, the
infants were given a uniform dose of vaccine with 40+
8-32 D-antigen units for each of the three poliovirus
types, respectively. Neutralizing antibody (NA) was
measured in the umbilical cord blood and in capillary
blood at the age of 3 ¥ months, on the day of the
second dose, and one week and one month later by
neuiralization assay in microtitration plates (7).

RESULTS

The data in Table 1 show a decline in the
provertion of children with NA & 14 and in the
geometric mean values (GMV) from birth to the age
ol six months, at which time oniy one third or fewer of
the infants still had circulating antibodies, One week
after the second dose of vaccine the percent of
seroresponders and the increase in the GMV were
considerable. One month afier the second dose of
vaccine there was a small decrease in the proportion of
infants with demonsirable antibodies to types 1 and 3,
and there was a decrease in the GMYV to all three
types, although still much above the level needed for
protection. There was no apparent difference in the

TABLE 2. = Immune Status of 21 Infants with Polio
Neutralizing Antibody < L4 to One or More
Poliovirus Types, Given a Second IPY* Booster

Bofora the 7.10 days after the
second boosler second. hooster
1 2 3 1 2

Paroend of seroposivive 236 661 524 104, 100, 100
Geomatrie mean level 27 131 101 9586 18549 25303

¥ 46-3-32 D ag. unilg

immune response following the use of antigens of
different potency.

All 21 infants with NA < 14 to one or more
antigenic type after the second dose of vaccine were
given a supplementary dose of IPV with 40-8-32 D-
antigen uni(s. As siiown in Table 2, seven to ten days
later an antibody response was present in all children,
mostly with high titers, characteristic of an anamnestic
168PONSE,

DISCUSSION

The high proportion of infants responding with
high ant{body titers one week after administration of a
second dose of TPV, as well as the rapid, high level
response alter a supplementary dose of vaccine, point
to the presence of immunologic memory that had
been induced at birth with one dose of potent killed
poliovirus vaccine (6), Such a rapid and high response
would provide protection against paralytic disease in
case of exposure t0 & wild virus later in life, Thus, a
single dose of potent IPV administered at birth could
reduce the incidence of paralytic poliomyelitis in
developing countries, even if subsequent doses of
poliovirus vaccine fail to be administered because of
economic, social, or other practical considerations,

REFERENCES

i, Assaad F. (1981); Reassessment of the place of
inactivated pollomyelitis vaccine in national
immunization programmes, - Develop. Biol.
Standard, 47 275-282,

3. Editorial (1978); Poliomyalitls vaccines; killed or live?
- Br. Med. J, 2 345-846.

144



Vol. 3, 1989

Horstman D.M. (1982} Control of poliomyelitis: &
gontinuing paradox, - . Infect. Dis. 146: 540-551

Krishnan R., Jahdav M., Satvakumar R. and Jacob
John T, (1982): Immune response of infants in tropics
to injectable poiio vaceine, - Bt. Med, J. 284: 164,

Laforce FM,, Lichnevsid M.S., Keja J. and Henderson
R.H. (1980): Clinical survey techniques to estimate
prevalence and annual incidencs of pollomyelitis in

145

.

7.

iy, i
Inactivated poliv vaccine given at bixl'iﬁ}f-:'?

developing countries. - Bull. World Hith, Organiz.
38 6_09-620.
Salk J. (1984): One dose immunization against

paralytic poliomyelitis. - Rev. Infect, Dis. 6 (Supp! 2):
54445450,

Swartz T.A., Ben Porath E., Ben Yshai Z, ef al, (1981}
A conifolled trial with inactivated pofio vaccine. -
Develop. Biol. Standard. 47 199208,







IMAUNE RESPONSE TO INACTIVATED POLIO VACCINE
ADMINISTERED IN A TWO DOSE SCHEDULE

Tiberio A. Swartz!, Rachel Handsher?, Philip Stoeckel®, Anton L. van Wezel®,

Hans Cohen", Jonas Salk?

Department of Epldemiology and Preventive Medicine, Tel Aviv Universlty

Sackler School of Medicine, Teal Aviv, Isreel; 2Central Virology Laboratcry,

.Sheba Medical Center, Tel Hashomer, Israel; *Ferum for the Advancenent of

Tmmunization Research, Paris, France; “Rijksinstituut voor da Volksgésondu
heid, Bilthoven, The Netherlands; 5Salk Institute for Biological Studies,

Sen Diego, California, USA

aris Beandd Be
Egrms um f




Developments in the technology of inactivated poliovirus vaccine (IPV)
produgtion which:have ;ade it possible to increase'ils efficacy (1) have led
to the use of s modified vaccine schedule consisting of a primary immuni=
zation based on the administration of two successive doses early infancy,
foliewed by a reinforcing dose giveé 6-12 months later (2,3)., On thie
occasion, 1t was repeatedly observed that after the second IPV dose, in &
high proportion of children en immune responss of anamnestic type was
present, Further studies have shown that infants whose age ranged between
2-24 months, given one dose of IPV of enhanced potency, responded in a high
proportion with production of neutralizing antibody to a second dose of IPV
(4-8). ’

Sinece in several aress of the world, infants are gtill vulnerable to
paralytic policmyelitis, mainly because of logistic obstacles to completing
theivaccination schedule, and because of immunization failures feollowing the
use of oral polio vaceine (OPV), it was considered worthwhile to evaluate
the immune rasponse Lo a simpliﬁied IPV schedule by using & potent polis

antigen which, administefed in early infancy, would sensitize the immune .

gystam for an snamnestic response to a second antigenic dose given six

menths later,

Material and Methods

Two groups of 61 and 65 healthy infants were primed at the age of 2
months with one dose of either 160-32-128 or 80-16-64 D antigen units, cor=
reaﬁonding_to the three poliovirus types, respectively, 8Six months later
both the groups were boostered with one dose of the standard 40-8-32 D ag

units, As a control group, 79 infants were administered tvo doses of 40-8-32

i



D ag u at the age of 2 and 3% months and boostered at 9 menths, which is the
routine polic immunization schedule in-a limited area of Israel.

The vaccine.in th;ee different toncentrations 5} D éﬁtigen units;
160-32—124, 80-16-64 and 40-8-32 for each of the three polio virus types,
respectively was prepared at the DutchrNational Institute of Pubiic Health
at Bilthoven.

Bloods were collected on the day of the first injection, one month

later, at the date of the booster, and one week, one month and one year

pfter it.

Polio neutralizing antibody (NA) were measured by neutralization assay
in microtitration plates - microneutralization test. Antibody were con-

sidered present when a titer of 2 1:4 was found,

As shown in Table 1, a considerable proportion of infants in_the study

and control groups carried low titers of maternal antibody.

Results

One month after priming, NA were present in a considerably higher per-

cent of infants given 160-32-124 and 80-16-64 D ag.u. vaccine, respectively,

than in the control group immunized with the standard 40-8-32 D ag.u. vac~.
cine (see Fig. 1). In contrast, geometric mean (GM)IQalues were uniformly |
low in the three groups.

At the éate of the secﬁnd v§ccine dose admiﬂistration, the‘percentage
distribution of NA & 1:4 and the GM values 4in childrén primed with ons dose

of 160-32-124 and 80-16-64 D ag.u. were clearly lower that at the date of

start of immunization,

antibody response,

One month after second dose of vacecine, an very hi

in parallel with considerable GM values, waa observefl in\the tRxee groups.
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A dose effect (highest values In the control group, lowest values in the
study group given BO-16-64 D ag.u. vaccine) was noted, particularly in
response to type 1 and type 2, and less for type 3.

Fpllow-up to one yeasr after the second dose of vaccine revealed prace
rizally no change in the percent distribution of NA g lid. Simultaneously,
there wes a considerable drep in GM levels, particularly for types 1 and 3,
in the study group, as compared with a more sttenvated decline observed in
ghe contrel group. Nevertheless, GM levels of protective value against the
three types of polio virus wvere found.

The booster response to the administration of an antigen of lower
potenﬁy was demonstrable, as seen in Figure 2, by the cumulative percent

distribution of polio NA antibody to type 1: one week after the reinfbrcing

dose, the considerable proportion of high titers of NA antibody observed was

- very similar to the percent distribution of antibody observed one month

after the booster dose.

A éimilar pattern was observed for NA to type 3 poliovirus, as shown in

Figure 3, which indicated the occurrence of an intense and rapid antibody

response of anamnestic type.

Comment,
The very high proportion of babies in the study group with NA 2 1:4 one

month after the first vaccine dose administration, in spite of the high per-

centage of infants covered by maternal antibedy st the date of priming,

demonstrates again that a primary immune effect can be accomplished when

impunization is started at the age of 2 months.

o —— ————
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The evident decrease in the percentage distribution of polio NA to the
three poliovirus types six months after priming, observed elsewhere algo
(2,3) supports the probability of absence of exposure of the study group te
natural infectien up to the date of booster,

After the second dose of antigen, high titers of NA antibedy to the
three types of poliovirus were present in 100Z7 of immunized babies, es
reported in several previous trials with IPV of enhanced potency (3~8)
administered in a two dose schedule or following the second dose if more
than two IPV doses were used. fn mbst of these studies, in which the
standard 40~8~32 D ag.u. vaccine was mostly used for both p}iming and
booster, the age at first veccine administration as well as the interval
until the booster date varied considerably, as shown in Table 2. 5

In the present trial, antigens of higher than usual potéﬁcy were used

]
|
i
t
‘

for priming with the purpose of stimulating the immune system with an amount
.of ahtigen adeguate to induce an immuniziﬁé effect, as it is agreed that

the immunclogical memory and the degree of humoral antibody response to a
booster are determined, among others, by the antigenic content of the | -
vacéine employed (9,10) in the primary immunization. There is a dose

response relationship between the quantity of antigen used in the primary S
stimulatiog and the 1evei of both primary and secondary antibody response

(10}, 4 éingle dose of IPV with a sufficiently high quantity of mntigen was

capable of uniformly seneitizing the immune system to respond adequately and

T

consequently the 40-8-32 D ag.u. IPY concentration in the booster dose was
enough to induce an immune response in 1007 of the infants, On the other

hand, by comparing the percentage distribution of NA and the GM values after

ptiming with 160~32-128 and 80-16~64 D ag.u; vaccine, it was evidgnt that

over the Eriticai range of 80-16-64 D ag.u. concentration, th is a linear

e



relationship between the antibody response and the quantity of antigen
admipnisterad, as snatgd elsevhere (10), In this respect, one should mention
thaet a 40-8-32 D:ag.ui concentraticon in a two ﬁose:;chedule proved to be
effective in producing a satisfactory antibody response (5,8).

Similarity of humoral antibody levels at one month and one week after
booster indicates the preséhce of immunological memory, revealed by the
rapid and high level of antibody response of anamnestic type.

Since larger doses of antigen induce a degree of immunological memory
equivalent to that following a homotypie infection, the high content of the
three pelio antigen types in the vaccine used for priming is also supposed
to produce a solid immunological memory to each of the three homotypic
infections (11), As the degree of immunological memory varies with the size
of the first dqge of TPV (10,12), it appears that the use in this study of
polio antigens of enhanced potency would contribute to a persistent immuno-—
logi?ai memory &nd ensure a durable immunity.

It could be gquestioned ss to whether presence of protective velues of
polio NA in all the children in the study group one year after booster qon;
stitutes definite proof of a persistent immunclogical memory. On the other
hand, the field ﬁonitoring.of routine TPV programs has indicated long‘term
pergistence of seroimmunity (13) and recent personal 6bservations show that
following immunization in Infancy with a 40-8~32 D eg.u. vaccine in two
besic doses and & booster, a protective level of N4 antibody,was.maintained
in all children up to 7 years aftér completion of immunization,

Ag protection-against paralytic disease is associated with presence of-
either type specific serum antibody or type specific immunological meméry,
which once induced is irreversible (12), the anamnastic response following

thy second dese of vaccine observed in this study may be an indicator of

B BEE




what would occur after-a challenge with natural infection (113, It s very
probablg that on exposure to infection later in 1ife the immunological
menory would recall sufficiently quickly in a case where the humorzl anti-
body level has declined below the protective level,

The results of this study indicate that a two dose immunization schedule
based on friming'with & potent antigen at 2 months of life followed by a
booster six months later is a simple and advantageous formula: ‘it ig pro=
tective after the first dose administered early in life, before effective
immunity can be induced by immunization regimens with oral polio vaccine re-
quiring repeated déses of antigen; it requires a lowest number of immunizing
doses; it allows the association of polio antigen with other inactivated
vaccines. Furthermore, with a 100% effectivity in terms of induced i&muno—

logical memory produced after the first dose of vaccine, the program could f
|

be especially useful in endemic areas.
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INACTIVATED POLIQ VACCINE STUDY DESIGN
ISRAEL 1985-1986

Number Antigenie content¥® of vaccine

Greup of at date of immunization
children i
2 mo, 3% mo, 9 mo.
Study
A .61 . 160-32-128 - 40~8=32
B 68 80-16-64 - 40-8-32
Control 79 40=8--32 40-8-32 40~8~32

* D antigen.units for types 1, 2 and 3 respectively
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Table 1

POLIO IMMUNE STATUS OF INFANTS AT THE DATE
OF FIRST IPV ADMINISTRATTON®

Percent of infants
Lroup with antibody** to type Geometric mean titer
1 2 3 1 2 3
Study
A 71.4 85.7 38,1 4,3 13,2 4,7
B 86.6 87.1 60.0 7.3 10.1 4.4
Control 86,7 80,0  30.0 39 10,1 1.9

* Age of 2 months
** Neutralizing antibody & 1.4
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‘Figure 2

Cumulative Percentage Bistribution of Type 1 Polio Neutralizing Antibody
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Figure 3 ‘

Cumulative Percentage Distribution of Type 3 Polic Neutralizing Antibody

following Administration of IPV
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£« - - TImmune Response in Three Groups of Iofants Tumunized with T_P.V.
— - — - ’
. Ope month sfrer One wmonth after Six months after E o 0 & & e r
! st Injection . Z2nd injection priming
- . . e . - {epe ot adpinistrarfon:. B ma.)
{age 2t mduinis—~ -~ (apge at adminis— {age: B mo.) o T
- tration: 2 wo.) tration; 3} wo.) one week afrer one month after one year afrer
1 2 3 7 1 2 3 1 2 3 1 2 3 1 2 3 1 z 3
Kz 65 infants ] ) S
primed with cne dose . -
of 80-16-64 and boosted . -
vith 40-B-32 B Ag. u. i
—- N.x.% B5.0 87.5 9C.0 — — — 58.1 672.4 67.4 I06. 100, 160, 104, 00, 106, 90.8 95.1 91.§
B - G.M e 3.7 6.7 20.9 — - — 5.5 8.1 5.5 461.4 ADS.1 1024.0 467.9 3212  T0F.0 A2 /.o AQ.T
B: 61 infants i
primed with one dose of .
160-32-128 and boosted " -
with 40-8-32 D. Ap. w. . i : )
- N.A. 89.4 B9.% 971.4 —_ — —_— 83.C 830.5 BO.5 108, 160 160, 100, 106 00, 904 97.4 100.
- G.H. 6.8 7.4 20.9 —_ mn— — 12.6 11.3 10.3 54}.6 308.7 138).9 653.5  424.6 1426.5 23.9 165.Z 153,
€z 79 infants ’ i . .
primed twice and boasced .~ , . - I
with 40-8-32 D. Ag. wu. o .
- - N.A. 51.0 80.0 27.0 100, 100. 100, 96.7 95.0 96.7  100. 100. 106, 108, w06, 100 0. 100, 1600.
- G.H. 3.9 10.1 11.9 1416 85.6 173.5  32.6 19.1 16.9 1118.} 992.7 M43.6  1383.0 1360.7 1582.9  478.4 715.3 144,

* Percent of infarts with H.A. 2z I:4 '

8 Ceometric mean titer -
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 Abstract o

- Worldwide efforts:to eradicate polic.caused 4 tipping point in‘polit vactination' strategles, A switch from the eral poii’ -
vaccine, which can causa tirculating and virulent vaccine derived poliviruses; to inactivated polio vaccines (IPVY s
scheduled. Moreover, 8 manufacturing: process, using atteduated virus straing instead .of wild-type polioviruges,.is

~‘demanded to-enhance worldwide production: of {PY, especially In low- and ‘middis . fncome “countries, “Therefora; .-

_development of &n IPV from attenuated (Sabin) poliovirus strains (sIPV) was pursued, Starting from the surrant 1PV
_production process. based on wild:type Salk strains, adaptations, such as lower virus cultivation tempearature, were -

“implemented. sIPV was produced, at industrial scale. followed by formulation of beth plain and aluminium. adjiuvanted.
8IPV. The final products met the quality criterla, ware immunagenit in rats, showed ne toxicity In rabbits and gould ba .
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- released for testing In the clinic: Concluding,-sIPV was developed to manufacturing scale.. The technology can ba . -

- transferred woﬂdwlde__{to-"s_upport-pcat polis-aradication biosafety gosis. T T T e e T
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Introduction

Vaceines that provide protection against polismyelitis have
been available for decades [1}, Yet large efforis are undertaken
In WHO's global polio eradication Initiative (GPE!) to obtain the
next genaration vaccines that sre safe and available at low
costs [2), Thess vaccines ara needed both for the ‘endgame’ in
polio eradication and after eradication to prevent the rigk of a
global outbreak due to accidental or deliberate re-introduction
of the virus. One of the anticipated next generation vaccines is
an inactivated polic vaccine (IPV) based on the attenuated
Sabin poliovirus strains resulting In a so-called Sabin-IPV
(s1PV) [3]. The Sabin polioviruses (PV} are currently used in
live oral polle vaccines (OPV) [4] and will provide additional
bio-safety, over the wild-type viruses, during the manufacturing
process {B]. Bio-safsty requirements are becoming more
stringent as new contalnment guidelines are drafted by the
WHO's Global Action Plan for Wild Poiiovirus Laboratory
Containment Il (GAPII) [8). Future production and guality
contrel of 1PV usihg wildtype strains will require at least
biosafety level 3 facifities {7]. This will not only Increase
manufacturing costs but will also limit the pessibilty of 1PV
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manufacturing in low- and middle income Countries for instance
due to requirements on immunization coverage. The use of
alternative strains ke Sabin PV would require less stringent
blocontaitment, Is encouraged by the WHC (5] and allows
manufacturlng in low- and middle income counities, which
polentially lowers manufacturlng costs {81 Moreover, the use of
an PV instead of OPV will prevent the emergence of
circulating  vaccine-defived PV {eVDPVs), which may
potentially re-seed the world with PV and negate the GPE]
accomplishments [9].

The development of the currently used PV production
process (for a process overview see Figure 1) dates back to
the 1960s when et the RIV in Bilthoven a process was
developed based on micro-carrier technology and primary
mankey kidney cells [10,11}, This process was scaled-up to
350-L. and later 750-L bioreactors, Additionally, the Vero cali
line was introduced to replace the then used fertiary monkey
kidney cells, To support manufacturing and increase the
knowledge on 1PV manufacturing, efforts fike multivariate data
analysis and the development of scale-down models, I8, lab=
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models, unigus in the vaccine world, allows rapid assessment
of procass Shanges,

Rased on our vast history in [PV development and
sraduction [11], our previous experience with sIPV [14] and
twchaaiogy transfer [15-17] a project for the development and
wohnaingy transfer of siPY manufacturing under supervision of
thg WHQ was initiated, Initially a procf-of-principle study was
parformed. in this study, siPV was prepared fram OPVY as virus
goujce. The three PV sub-types, obtained separately (Bio
Farma, Indonesia), wera concentrated, purified and inactivated
ard shown (o yield & sIPV that was immunogenic In an animal
mode; {3]. In principle, OPV manufacturers could, by acquiring
correct downstream processing (DSP) equipment, produce
iy, However, Jarger quantities of virus harvest {100-800 fold
of current production quaniities} are needed and upstream
pragessing (USP) shauld be scaled-up {18},

Herg we reporl the results of limited (to be able o quickly
shaw proof of concapt) procass development for s1PY based
pn the eslablished IPV production process, the subseguent
manufacturing of clinical lots, their stability and pre-clinical
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studies, This work resulted in a vaccine that has recently been
tested In the clinic (phase Yla) [19,20].

Methods

Ethics statemenis regarding anima) studles

The abnormal foxicity study in suckling mice and guinea plgs
and Immunoganiclly tests in rats used in this study were
agreed upon by the Commiltee on Animal Experimentation of
the Natherlands Vaccine Institute (Bilthoven, the Netharlands)
(Study Permit numbars AAP 201000262, 201000302,
201000303, 2010000304, 2010000305, 2010009306,
2010000307, 201000310, 201100030, 201100054, 201100056,
201100101, 201100151, 201100170, 201100195, 201100214,
201100288, 201100345, 201200137, 201200154, 2031200227
and 201200262), Animal handling in this study was carried out
in accordance with relevant Dutch natienal [egislation, including
the 1997 Dutch Act on Animal Exparimentation.

The protocel for the toxigity study In rabbits was reviewed
and approved by the Animal Welfare Officer and Ethical
Committes of WIL Research Europa BV, (former name:

Decamber 2013 | Volume 8 | Issue 12 | eB3374
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Table 1. Biosafely and viral safety testing of Sabin PV master (MS) and working (WS) seedlots,

Beedlot Virus Htet {Logqg SCIOR mL™) Monkey Neurnvlmlenﬁo‘ _MAPREG?  ReTdo! Enmneous agemsNtrm ufery“
ME PV ype 1 : A L e -'Not detarmmined - -Confarm ::  Confotm - Conform £77 . :
M BV type 2 Not defermined o Conform  Senform Conform

M8 PV fypa 3.0 B “Not dotermiried Sl 3 Goform " Conform i+ Gonfdtm. 7

W8 PV type 4 Gonform ~ Conform Gonform Conform

W PViyps2:: “i7.88 " -;:;Cnhfonﬂ”"”“'“’ © o Conform " Gontorm . Bonform® . T

WB PV typsa ' B4'9 ) Gonform 'Cbhl‘rarm ) “Canfnrrﬂ B ~ Gonform T

Ahalysis by PCR and Restriclion Enzyme cleavage {MAPREC): Test and requafemanls accotding 1b hew WHO resommendalions for OFY [25), 3 Test and rmulremems

segerding t ihe Eurbpean Pharmacoposia {34,43).
doi: 106.1371/joutnal.pena,0083374,4001

NOTOX B.V.) as requlred by the Dutch Act on Animal
Experimentation (Study Permlt Numbers: DEC 08-48 and
10-18). The OECD guidance dosumant on humane endpoints
{ENVIUM/MONO/ 2000/7) is applicable for all animal studies
carried out al WIL Rasearch Europe B.V. No distress or
discomfort was noted during this study,

Lab scale experiments

Upstream proscessing. Vero calls obtained fram WHO
(10-87; originally darived from ATCC (CCL-81) were used as
host for PV production, Sabin PV type 1 (LSc 2ab KB,), Sabin
PV typa 2 (P712 Ch2ab-KP,).and Sabin PV type 3 {Lot 457-l1l-
Pfizer) were usad.

Studies on virus culture conditions were carrled out in 5-L
glass bioreactors (Sartorius Stedim Biotech). Cell cultures were
dona in EMEM supplemented with bovine serum (BS) and 3 g
L micro-carriars {Cytodex 1; GE Healthcare) with the follawing
settings: T of 37°C, pH of 7.2 and DO (dissolved oxygen) of
50% by headspace aeration. Glucose was added dally when
the concantration was below 5 mM. Prior to virus culture the
madia was exchanged to M199. Virus cultures conditions were:
T of 32,6 or 33.5°C, pH of 7.4, DO of 25% by headspace
aaration,

Downstream processing. Virus was harvested, slarified,
concentrated, purifled, first on size using size exclusion
chromatography (SEC) and second by lon exchange
chromatography {IEX), and finally inactivated as described
pravicusly [13).

Analytics. Cell counts were determined using a
Nucleocounter (Chemometec). Glucose concentration was
tleterminad using a Bioprofile 100 plus (Nova Biomedical, MA).
Cytopathic effects (CPE) were monitored microscopically, Virus
was quantified by titer measurements {CCIDy,} {21 and by &
modified D-antigen ELISA [22] for in-process samples.

Clinical fots manufacturing

Cell and virus cufture. Vero cells from a manufacturers
wotkiftg el bank were used. Master and working seediols
were prepared from Sabin iype 1 LSc 2ab KP, (WHO/
Beringwerke SO+1, 1878), type 2 P712 Ch2ab-KP, (WHO/
Behringwerke SO+1, 1978) and type 3 (Pflzer RSO1, §0O4+5, ot
467-111, 1983; supplied by Institite Mérleux to RIVM In 1991)

PLOS ONE | www.plosone.org

(23] Working seedlots were additionally tested for
neusovirulence In monkeye (Bio Farma, Indonesia) [24] and
atialyzed with MAPREC (mutant anelysis by PER and
restriction enzyme claavage: NIBSC/HPA, UK) {258] and RCT40
{replicating properties 36°C- 40°C: AFSSAPS, France) [24] to
assess genatic stability with respect to biosafety (Table 1),

Cell and virus culture was carried out in two 350<L {working
volume) blorsactors. In short, thawed Vero cells ware used to
directly inoculate a 15-L fed-bateh pre-culture (EMEM
supplemented with B8 and Cytodex 1 microcarriers) [26]. Atter
trypsinization (28] a 2 pre-culture using the recirculation
sulture method [27] was done to have sufficlent el t6 inoculate
two 350-L bioreactors at 0.1 x 10° cells mL". After medlum
exchange [28), virus culture was started (M198; Muttiplicity of
infection (MOI)=0,01; T=32.5°C),

Purification, Virus from the two 350-L (working volume)
bioreactors was harvested via a sieve (mesh 75 pm) to obtain a
virus harvest free of micro-carriers {13]. Clarification was done
using normal fiow filtration with a Millipors POD-holder
containing COHC depth filters followed by an Express SHC
0.48/0.22 um combination filter (Millipore) {3,13]
Concentration was done by tangential flow fitration using 100
kDa fiters [13}. Purification was done by size exclusion
chromatography (Sepharose CL-6B (GE Heslthcara) [11,28);
elution buffer 20mM phosphate buffer pH 7.0y and ion
exchange chromatography (DEAE-Sephadex A50 (GE
Healthcare) [11,30); elution buffer 20mM phosphate buffar
pH7.0).

Inactivation. Purified virus was stablllzed with concentrated
M189 containing glycine {final conc. 5g L), Inactivation was
done following the standard method: 0.025% formaldehyde
incubation far 13 days at 37°C. An intermediate filtration (0,22
pm) was pedformed at day 6-8 {5} The resulting monovalent
bulk was stored at 2-8°C,

Preparation of trivalent vaccine. Monovalent bulks of PV
type 1, 2 ant 3 were mixed to a ratlo of 80;96:192 D-antigen
priot to sterile fitration, The siPV final bulk was subsequently
prepared by addition {via 0.22 pm filter) of the mixed trivalent
bulk and diiutian buffer eontaining phospliats, bhercxyathanal
and formaldehyde. Aluminium hydroxide adjuvanted 8iPv final
bulk was prepared as descfibed above with the Inclusion of tha
additlon of sterile Alhydrogel (Branntag) {direcily) o the final
bulk. Final bulks were mixed for mnutas priar 10 getting the
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Table Z. Release requiraments’ of plain and adjuvanted sIPY,
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Yiras harvest
Botiity
le.,.aplaama

£/ ANGOLS Vifuses -

basnca,of growih (TrypU Soy Brath & Thiopiyesliats brolh) ™~

2urlfiae virgg - )
Puaity {retic total proigi and D-anligen).. kN

e saenUrt

Starility ) ) ] o ) As Bbove .
sty I B L PVivpe 1,2 0R S
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Aunevelent Butk L e T T T
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Farmaidehyda: . . o7 o o - 1 TR
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Tiivaleni bulk
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rineliol Plain Adjuvanted
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Exiraclable volume
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Sierility ' As above Asabove

Free Ooantigan o CRoTT T 7] Not applicable . S L L LR
At Not apphcable - } 0262, 36 mp mL’1

Abagrmel jxisity (in mica and Juinea pigs) N llress: i = . 5 : B
" #ost i 'npnnani celaase lesis dafled for the pmduchon of the phass T clinical lais ara given, It should ba nnlad ihat ihe reloase criteria could changa due lu furlhar prpdw;!

geveicpient, ? Formaldahyde raquiramant [s depandant an the amounl of menovalent Dulk used lo prapars the final bulk, ? Tast is performed af an earlier glage In view pt

g fower delaction fimil,

o 14,127 Howirsal.pone O0BI3T4.1002

v, The final lots were prepared by filling the final bulk in most relevant assays for release is glven, A quslified QC

aliquots of 0.6-0.7g in 3 mL sterile siliconized vials using & department carried out these assays,
Bausch & Strébel ksf 1027 machine, Celt counts were performed using a8 hemocytometer.
Apalytics, During the process, sampling wes dong, as  Cythapathic effects (GPE) were monitered microscopically.
requlrad for release of sIPV final lots, In Table 2 a list of the  virus was guantified by titer measurements (CCl0y) and D-
antigen ELISA [14] for release. SDS-PAGE wae dong ueing
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precast 4-20% gradient gel {Pierce) with Tris-HEPES buffer
(Plarce). Vero host cell protein concentrations were determined
using a Vere Cell HCP ELISA kit FS00 according to the
manufacturers instructions (Cygnus Technologias, NO).
MAPREC and RCT40 were performed ag désctibed in WHO
guidetines [24,25], :

Preciinical studies - Rat immunogenicity, Tha rat
immunogenicity was determined essentially ss described
previously (31,32} In shorl, TOX rats (weighing 175-250g) that
wars screened for the absence of PV antibodies ware Injected
intramuseularly with 0.5 ml of prepared vaccine dilutions
(group size 10 per dilution). Blood samplas were taken 21 days
after injection. Coliected sera (stored at -20°C undll use) were
analyzed for neutralizing antbodies. Setial dilutions (with
M1Be8) of heat inactivated sara (30 min 56°C) ware prepared in
8 96-wells plate and incubated with 50 ul (2 % 16° TOID,, mLY)
BV type 1 Mehaney, PV type 2 MEF=1, or PV iypa 3 Saukett for
3h &t 3537°C in a CO; incubater and subsaguently stored
overtight at 2-8°C. After additlon of Vert calls (50 il at 2 % 108
eells ml) the D6-walls plates were incubated for 7 daye at
35:37°C. Supernalants were discarded and colls were stained
with a crystal violet solution containing 5% formaldahyde.
Prasence of fuli monolayers of Vero celis Indicated a complete
neutralization of the virus. The neutralization antibody score
reprasants tha hiphsst dilution {log,, with a test maximum of
12) where complete neutralization was observed. For
comparison of sIPV with conventional 1PV, the international
standard PU91-01 was diluted towards the conventional [PV
dose (40/8/32 DU/shd).

Preclinical studies - Toxicity study In rabbits. A repeated
dose and local telerance toxicity study followed by a two week
recovery peiiod was carrled out in rabbits (NOTOX, the
Netherlands) according to EMA guidelings [33]. In short, New
Zealand white rabbits (group size of 16, equally distributed
ameng sexes) were treated by intramuscular injection with 0.8
ml vaccine or placebo {vaccine without D-antigen) at day 1,
18, 28, 43 and 57). Animals were necropsied at day 60 (n=10)
of day 71 (n=6). The following observations and examinations
were evaluated: clinical signs (daily), skin irrlitation (24 and 48
hours after each administration), body weight {weekly), food
consumption (twice weekly), ophthalmoscopic examination
(during pretest, end of treatment and end of recovery), rectal
body temperature (during pretest, prior to each dosing and
approximately 2 hours after dosing}, clinical pathology (Pratest,
Days 4, 67, 60 and 71), macroscopy at termination and organ
welghts and histopathology on a selaction of tissuas,

Statistical analysls

Two sided Student ttests were performed with a=0.05.
Numbers are given as means with standard deviations.

To determine the regression line slopes, no weighted
ragression was used. This was chosen based on the use of
medians when concerning animal tests in contrast to the use of
the means. In addition, the observed standard deviation from
the madian did not increase with Increasing valuss. The
significance (95% confidence) of the slopes was tested using
an extra sum of sguares F-test with the null hypothesis being a
herizontal e (i.e. slopa=0) (Graphad Prism 6 for Windows),
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Resuits

Drafting product and process specifications

The specifieations (Table 2} for the release aatl gontrpt of
8|PV and aluminium hydroxide adjuvanted siPV were drafted
based on WHO (8] and EP monograph [211 for PV
manufacturing. Some product requiraments, like farmsldehyte
content and pH, were based on the available 1PV axperignce.
Requirements related to the adjuvation with alurminium
hydroxide were set after Initial research {34), The WHO 0PV
guidelines [24] were taken into actount lo assass the Sabin PV
genetic stability with respact to biosafely, L2, tampatature
sensitivily and revertants.

Process development priof to manufacturing of elinical
lots

th view of the relatively short limelines in the polie
eradieation program It was chosen to prapare a BV with
fimited process development time prior to productian of allaleal
lots. Process development therefors focused on Sabin strain
gpecific adaptations like MOI and virus cultivation tamperaturs
and chromatography (discussed below). I addition, a
disposable clarification unit was intreduced to replace the
Celite cake for depth-fitration. On ail other aspacts the
produttion process was similar to  conventional PV
manufacturing.

Selection of MOl and virus cultlvation temperatura. |In
OPV manufacturing, the virus cultivation temperature for Sabin
BV is fower (at a maximum of 35°C [24]) than the temperaturs
used for wildtype PV In conventional [PV manufacturing
{36-37°C}) [18,35]. This lower temperature is required to ensure
the temperature sensitivity of the Sabin PV and minimiza
revertants to ensure a safe OPV, Although hare an Inactivated
product has been developed, manufacturing itself should be
biosafe and one of the prerequisites was to ensure the safety
of the prepared virus harvest with respect to reverants of
Sabin PV.

The effects of virus culture temperature and muttiplicity of
infection (MOI) on the virus culture vields and culture time were
assessed using PV type 2. No differences in virus vields were
observed when the MOl was decreased from 0.1 to 0.61.
Decreasing the temperature from 33.5°C to 32,5°C, had a
negative effect on virus yields. Virus titers wera 7.7 £ 0.1 (n=3)
and 7.2 £ 0.% (n=3) Log, CCIDy, mbL? for cultures at
respectively 33.5°C and 32.5°C. D-antigen (a measure fof
immunogenic virus) concentrations wers 25 + 3 (at 33.5°C) and
11 & 5 DU mL* (at 32.5°C). Under all tested conditions vitus
culture was cornplete within 4 days, 1.e: cytopathic effect (CPE)
>80% and both virus titers and D-antigen (a measure for
immunogenic virus} concentrations remained constant. Despita
the lower yields at 32.5°C, this cultivation temperature was
selected for prepating the virus seeds and clinical trial material,
This choice was made to minimize the risk of PV revertants,
Since no difference was observed when using a lower MOI, an
MOI of 0.01 was used as it is praferrad since stmaller amounts
of virus working seedlats will be needed,

Chromatography  resin  selection and  buffar
strength, Initial process development was done ta eonfirm the




vae of rosins and procedures avajlable for wild-type PV. The
sresanl SEC regin and procadure were applicable for use with
sebin PV (dats nof shown). For IEX a cholcg between twg
- velidaled resing needed io be made. Both DEAE Sephadex
A-50 [30 and DEAR Sepharose Fast Flow [13] have been used
for owiification of PV, In both cases ‘mpurities are captured
whiie Salk PV flows through, Inltial studies using Sabin PV
Type 1 showad some non-specific binding of the PV 1o DEAE
Sepharoes Fast Flow; this was confirmed for Gabin PV Type 2.
The allernative resin DEAE Sephadex ABQ allowed efficient
saparation of Sabin PV lyps 1,2 and 3,

During the proof of principle study {23) in which OFV bulks
wera gblained to generate IPV, a precipitate was notlced
guring inagtivation. Analysie showed that this precipilate was a
phosphate besed precipitate without produet. The main source
pf the phosphate was traced back to the purification process
whera & 40mM phosphate buffer was used during
chromatography (both SEC and 1EX). Application of a weaker
phosphale buffer (20mM) and the impact on produci elution
and inactivation was assessed. Product elution profiles in SEC
and [EX using a 20mM phosphate buffer were comparable with
thosa obtained afler eluting with a 40mM phosphate buffer,
inactivation of virus eluted with 20mM phosphate was
gomparable while precipitates wers absent,

Manufacturlng of clinical lots

Preparation of virus seed, Sabin PV straing closest o the
Sahin original sirains (PY T1: SO+1 Behringwerke 1976; PV
T2: SO+1 Bahringwarke 1976; and PV T3: RS8Q+1 Pfizer 1963)
wers used o produce new virus master seediots ai 10-L scale,
The vitus working seediots were produced at 350-L scale {3].
These seads wera lested for neurgvirulance using the monkey
neurovirulence test [24], However, due fo fimited global test
capacily and to minimize costs it was chosen fe only test ihe
working seediots, It was argued thai the working seeds
represent, on a worst case base, the quality of the masier seed
with respect {0 neurovirulence. Next to passing the
neyrovirulence test, the master and working seedlots also
passed the lests for extraneous agents, RCT4D (repreductive
capaciiy al 40°C temperalure) ang MAPREG (Mutant Analysis
by PCR and Restriction Enzyme Cleavage ) (Table 1),

Jpstream processing, The preparation of sIPV was done
in a physically separated produgtion area in the esiablished
c(3MP facililieg for conventional IPV manufacturing, For each
virus lypa twe monovaleni bulks wers prepared, Verp cell
cylure was carred out in twin 350-L bioreactors [12]. in Figure
24, the average growth curva of the 12 cultures {6 bulks in twin
vicreaciors) al 350-L scale is given. Cell culiure was started at
an inoculation density of 0.1 x 0% cells mL". Cells grew
adherenl to micro-carriers (average growth rate 0,025 h) to
reach 1,1 % 10° cells mL¥ after 4 days when the micro-carriers
ware covered by a conflusnt layer of cells. At this point, the
bovine serum containing medium was exchanged with serum
free virus culture media, Subsequently, calls were infacted with
Sabin PV, Virus culture procsedsd comparably and was
indepangent of the virus type used for infaction. Cell Jysis was
complela after 4-5 days as wes determined based c¢n the CPE
pbserved micrpscopically (Figure 2B), Virus yieids were based
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on virus titers (Figure 2C) and D-antigen (Figure 2D). Whilg
comparabla virus titiers were observed for the production of
§abin PV typs 1 and 3, the vields for Sabin PV type 2 were
significantly fower (2-tailed t-test; =006 p=0.0043}, D-antigen
yields are net comparable hetween virug types as they are type
(and antibody) specific [36], From Figure 2C&D it was
concluded that virug cultures were reproducible. The virus
harvests were negative for revertants of Sabin PV ag analyzed
by RCT4D and MARREC,

Downstream processing, Virus from the twin bioreagtors
was harvested and peoled prior te purification, Harvested Virug
was first clarified using normal flow filtration (NFF), which
regulted in & decrease In fluld trbidity from B4 & 8 NTU
{Nephelometric Turbidity Unit} to 0.4 = 04 NTU (n=5;
determined  mid-processing), The clarified virus was
subsequently concentrated fram approx, 700L to 1L using
tangential flow filtration (TFF), Product recoveries, based on D«
antigen units (DU), during the filtration steps were 80% % 3%
and 68% + 11% for respectively NFF and TFF (Table 3).

The concentrated product was purified using 2-step
chromatography starting with SEC. In Figure 3A a typical SEC
elution pattern for Sabin PV is given, The 1" peak contains
mostly jarge cell components, PV is found In the 2" peak as is
flustrated by SDS-PAGE (Figure 3B) where the presence of
the viral proteins |8 more pronounced when purification with
SEGC was done. An average D.antigen recovery of 58% 2 1%
was found for SEC (Table 3).

Subsequently the negatively charged molecules, ke nuclele
acids and proteins, were removed using |EX ehromatography.
PV should not interact with the matrix as was the case for
Sabin PV type 1 and 3, where a plug flow was observed
{Figure 3C). However, Sabin PV type 2 showed some
interaction with the matrix as is apparent from the
chromatogram (Figure 3C), The presence of the plug fiow type
chromatogram for Sabin PV type 1 and 3 ellowed collection of
the PV after IEX without major losses. Sabin PV type 1 and 3
werg collectad with 99,5% D-antigen recovery (Table 3),
Relatively high losses (72%) were observed during IEX for
Sabin PV type 2 (Table 3), The afficiency of the purification is
llustrated by the SRS-PAGE in Figure 3B, After IEX the viral
protaing are clearly purified from the other protein present after
SEC, Removal of impurities was also shown for Varo host cell
proteins and host celt DNA (Figure 3D). After IEX host cell
protein concentrations were below 0.3 pg mL, cerresponding
io an over 1,000 times removal, Host ceil DNA concentrations
werg below the detaction iimif of 78.13 pg mL"! which Is below
the maximum level allowed in & single human dese (shd)
(Table 2).

After IEX the Sabin PV was inactivated during & 13-day
incubation period with formaldehyde. PV was Inactivated
rapicly, i.e, within 4 days, as shown in Figure 3E, After Gto 8
days an intermediate filfration step was carried out {o ramove
possible aggregates and ensura full inactivation. After
inactivation a large varlation In De-antigen recovery was
sbssrved, aspecially for Sebin PV typs 3, Overall recoveries
ranged from acceptable (in conventional IPY manufacturing on
average approximately 40% for all three sub-types [13,37]}, for
Sabin PV type 1 (at 40%) to very low, with respect to future
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cost competitive processing, for PV type 2 (at Table 3). The
obtained moncovalent bulks met all release criteria and were
stored at 4°C prior to mixing for formulation.

Formulation. Monovalent bulks were mixed to a trivalent
bulk (Sabin PV type 1-2-3) in a ratio of 60-06-182 DU mL- prior
te formulation to a final bulk. Different final bulks were
prapared. Plain sIPV was prepared in different final
concentratlons of D-antigen to ba able to test low {5-8-16 DU
sha') mididle (10-18-32 DU shd) and high (20-32-64 DU shd
dosages in (non-elinical studles. Aluminlum  {A{OH),)

PLOS ONE | www.plosone.org

adjuvanted vaceine was mixed at 2-fold lower D-antigen values
being: fow (2.5-4-8 DU shd"), middle (5-8-16 DU shd") and
high (10-16-32 DU shd“). Vaccine was filled in vials as 0.5 mL
per single human dose.

Pra-clinical studies

The immunogenicities in terms of the eapacity ta induce virus
heutralizing antibody thers (VNT) against the wild-typs PVs (PV
Type 1 Mahonay, PV Type 2 MEF=1 and PV Type 3 Saukett) of
the six diffarantly formulated yaceines were determined in rats

o
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Tabls %, Froduct recavery during processing of two batches for each serotyps,
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et 18,937 Viow ral.pong. 00833741003

131,22], Higi: YNT agrinst wild-type viruses were observed for
all prepared formulations {i.e. 0.5 ml. of high, middle and low
BUY. The meximum VNT for PV type 1 was lower than for PV
type 2 and 3 (Figure 4A-C), Far all types, the VNT increased
with the dose and the addition of aluminium as adjuvant had a
oosllive effect. For PV type 2 this effect was larger than for PV
type 1 and PV typs 3, Compared to conventional IPV,
immunization of rats with sIPV resulted in comparable wild-lype
YNTs for PV type ¢ and 3. Lower VNTs were faund for PV type
2 when immunized with sIPV, however the levels of antibodies
raised are very high (8 log,) (Figure 4D-F). These data
suggest that sIPV may be able to raise sufficlent protective
antibodies against all PV sub-types in humans, where the
threshold for protection is 3 log, [38] and thereby wouid be non-
inferier to conventional [PV,

Stability of the clinical lots over a period of 24 months was
assessed based on immunogenicity in rats, D-antigen
concentration, amount of frea D-antigen (in case of adjuvanted
vacclne) snd more general parameters like  sterility,
appearance and pH, Vaccine stability with respect to
immunogenicity in rats is illustrated in Figure 5A-D, Based on
ihe regrassion line slopes {derived fram Figure 3A) and their
55% confidencs intervals (Figure 5B) it was concluded that all
formulaied chinical lots were stsble with respect o
immunogenicity in rats (null hypothesis slope=0; 0=0.05; result
p»0.08),

in a similar way, the stabifity of the D-antigen content in the
formuiated ciinical lots was reviewed, Slopes and theis 95%
confidence intervals of the regression ilnes (as illustrated in
Figure 5C) ware calculated. The measurement of D-antigen In
aluminium adjuvanied formulations was difficult as the D-
anltigen nesded to be desorbed from the aluminium prier to
performing the D-antigen ELISA. This hurdie is iHustrated by
the largsr confidance intervals found for the regressien lines for
D-antigen stakility for the adjuvanted vaccines (Figure 5D). As
& result Ap canclusions with respect to D-antigen stability could
ba drawn for the adjuvantad vaccine, Stability regarding the D-
antigen contant of the non-adjuvanted (plain} vaccine was good
(null hypothesie siope =0; a=0.05; result p0.08),

A repaaled dose and |pcal tolerance foxieity study in rabbits -

was canducted. Highest dosa plain and adjuvanted sIPV were
zempared to @ placebo and gonventional ficenssd PV, Some

PLOG DNE | www.plosons.arg

enlargement in local lymph nodes was found in all vaceing
treated groups, Generally, minimat to mild inflammation was
absarved microscopically af the injaction sites of all greups and
could be aitributed to the injection trauma, More Intense
inflammatien was shown in the adjuvanted siPV group, which
was, in eontrast 1o the other groups, not diminished after the
iwo week recovery period, This was solely attributed to the
apparent persistence of the adjuvant. A longer recavery period
should have been chosen. The changes at the Injection sites
as well as the changes noted In the local lymph nodes are
common findings in Intramuscular vaceine siudies meaning that
the vaccines are safe to use in clinical trials,

Discussion

The polic eradication program strives to & swiich from OPY
to sIPV and currently 2t least one dose of IPV is recommended
139], In view of ihe relatively short timelines In the pollo
eradication program It was chosen to prepare a slPV with
iimitad process development time prior ta preduction of clinical
lots. Based on the exisling large scale !PV manufacturing
process developmant of sIPV was achleved, Main operating
gifferences ware related to the observed precipitate during
Inactivation, Intringic virus properties resulting in adjustments in
fests (ie. sluminium desorption prior to D-anfigen
guaniification) and limits required with respact to blosafety (i.e,
virus culture temparature). The final product met quality criteria
and eould be released for testing In the clinical phase Iiia
studies in adults ang infants io show safety and proof of
principle,

Although a sIPV with required immunogeniclty and purity
could be produced, the purification yields with respect to Sabin
PV type 2 were very low, These low lavels will not result In a
cost compstitive 1PV product. However, In light of the polio
eradication program, and to pursug the fast implemeniation of
worldwide sIPV manufaciuring, sIPV produetion was continuad
daspite the low type 2 vialds. In this way it could be fiustrated
whether such a product would be comparable or better for pelio
vaccination compared to the conventional IPV,

The next step in the project is to transfer the manufacturing
knowledge to current vaccine manufacturars in low- and middle
incoma gounlrles fo replace the QPY production with siPV
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orpduction [3], The presented manufacturing process 8 baing
plimizad in paraliel with technology transfer, As product
cepistration for market autherization at local authorities will
rpquiie ‘ocal cliniea! studies, necessary process optimizetions

PLOE Ol | www plosone,erg

for an aconomically feasible produet can be implemented prior
lo this stage,

Worldwide efforts in the development of sIPV have regantly
resulted in market authorization for two vaccines containing
siPV In Japan [40], Further, the Institute of Madical Bialogy,

Decamper 2013 | Volume & | lssue 12 | @83374
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Figure 5. Stability of sIPV, Panel A: PV type 1 VNT of plain sIPV 20/22/64 {blue), 10/16/32 (red), 5/8/16 (green) in time, error
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doi; 10.1371/journal.pone.0083374.5005

Chinese Academy of Medical Sciences (Kunming, China) [41]
fs currently performing clinical phase Il studies [42). This
parallel development of 8IPV allows a soiid base for future [PV
availabilty and minimization of risks with respect to biosafety
duting manufacturing,
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