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a b s t r a c t

We are developing a radiation attenuated Plasmodium falciparum sporozoite (PfSPZ) malaria vaccine. An
important step was to determine the minimum dose of irradiation required to adequately attenuate each
sporozoite. This was studied in the Plasmodium yoelii rodent model system. Exposure to 100 Gy completely
attenuated P. yoelii sporozoites (PySPZ). Next we demonstrated that immunization of mice intravenously
with 3 doses of 750 PySPZ that had received 200 Gy, double the radiation dose required for attenuation,
resulted in 100% protection. These results support the contention that a radiation attenuated sporozoite
vaccine for malaria will be safe and effective at a range of radiation doses.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

We are developing a metabolically active, non-replicating Plas-
modium falciparum sporozoite vaccine to prevent malaria [1,2]. The
first generation vaccine will be attenuated by exposure to radiation.
This is because there is a substantial body of data from human stud-
ies stretching back to the early 1970s demonstrating that sporo-
zoites attenuated by radiation are potent inducers of protective
immunity and that they are safe; they do not give rise to the asexual
erythrocytic infections that cause malaria [1,3–8]. The sporozoites
pass through the blood stream, invade hepatocytes, begin transfor-
mation to the next stage in the life cycle, liver stage trophozoites,
express proteins not expressed in sporozoites, and then stop devel-
oping. Thus, they are metabolically active, but non-replicating.

Our approach to malaria vaccine development differs from that
of most others in that we are developing a live attenuated (metabol-
ically active, non-replicating) sporozoite vaccine, and essentially all
other approaches to malaria vaccine development focus on subunit,

∗ Corresponding author. Tel.: +1 301 770 3222.
E-mail address: slhoffman@sanaria.com (S.L. Hoffman).

1 Current address: Division of Emerging & Transfusion Transmitted Diseases,
Office of Blood & Research Review, Center for Biologics & Evaluation, FDA, Bethesda,
MD, United States.

recombinant vaccines (http://www.who.int/vaccine research/
documents/en/Status Table.pdf). A critical focus of our devel-
opment process has been to determine the minimum dose of
radiation that adequately attenuates all sporozoites, and thus
ensures that the vaccine will not cause malaria. We are also
interested in determining the highest dose of radiation that leaves
the sporozoites able to elicit optimal protective immunity.

With P. falciparum sporozoites, experimental work can only be
done in vitro, because there is no animal model of P. falciparum that
faithfully reflects what occurs in humans. Small animals cannot be
infected with P. falciparum. Several non-human primates, including
Aotus sp. [9–11] and chimpanzees [12–14] can be infected with P. fal-
ciparum, but generally 104–105 sporozoites injected intravenously
(IV) are required to achieve consistent asexual erythrocytic stage
infection in 100% of recipients. In the case of Aotus sp. monkeys
splenectomy is also required [11]. There are little quantitative data
on administration by needle and syringe of P. falciparum sporo-
zoites to humans, but in the case of Plasmodium vivax, as few as
10 sporozoites administered intradermally by needle and syringe
have been shown to infect 100% of patients receiving malaria ther-
apy [15]. It is presumed that P. falciparum sporozoites and P. vivax
sporozoites have similar infectivity in humans. Results generated in
a non-human primate model system that require 100–1000 times
more P. falciparum sporozoites than in humans to achieve consis-
tent infection cannot be expected to provide reliable information on
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the effects of different doses of irradiation on infectivity of sporo-
zoites.

We use in vitro studies in the HC-04 human hepatocyte cell
line [16] to assess the adequacy of attenuation and potency of our
attenuated P. falciparum sporozoite vaccine. However, because the
infectivity to mice of Plasmodium yoelii sporozoites (50% infectious
dose [ID50] <10 sporozoites) [17,18] is thought to be similar to the
infectivity to humans of P. falciparum sporozoites, we have used
the P. yoelii rodent model system to improve our understanding
of the minimal doses of irradiation required to completely attenu-
ate sporozoites, and the effects of increased doses of radiation on
the capacity of the sporozoites to elicit a fully protective immune
response.

2. Materials and methods

2.1. Mice

6–14-week-old female BALB/c mice (Harlan Laboratories, IN)
were used in all but one experiment, in which CBySmn.CB17-
Prkdcscid/J BALB/c SCID mice were used.

2.2. Parasites

Non-lethal (clone 1.1) P. yoelii 17XNL [19] was maintained
by alternating passage of the parasites in Anopheles stephensi
mosquitoes and CD-1 mice (Harlan Laboratories, IN).

2.3. Mosquitoes

Female A. stephensi mosquitoes were used.

2.4. Infection of mosquitoes

5-day-old female A. stephensi mosquitoes that were ready for
blood feeding were selected based on their migration to a heat
source placed on one side of the container. Selected mosquitoes
were subsequently fed on P. yoelii infected CD-1 mice and main-
tained at 24 ◦C for 14–17 days from the day of blood feed.

2.5. Irradiation of infected mosquitoes

Mosquitoes infected with P. yoelii sporozoites in containers were
exposed to various radiation doses from a 60Co source in batches
depending on the experiment. The time of exposure of infected
mosquitoes to achieve each of the target radiation doses was based
on the calibration of the irradiator by dosimetry and the half life
of 60Co. The amount of radiation is reported in Gy [Gy = Gray, the
International Standard (SI) unit of absorbed radiation dose].

2.6. Isolation and quantification of sporozoites

After irradiation, mosquito salivary glands of female A. stephensi
mosquitoes were dissected from the mosquitoes into M-199
medium containing 10% normal mouse serum for ‘immunization
and challenge’ experiments and M-199 containing 1% human serum
albumin (HSA) for all other experiments. Sporozoites were then
released from the salivary glands by passing the glands several
times through a 1-ml syringe fitted with a 26½ G needle. The num-
ber of sporozoites was determined by counting in a hemocytometer.

2.7. Assessment of infectivity of PySPZ

To assess the infectivity of the P. yoelii sporozoites (PySPZ) used
for the irradiation experiments, mosquitoes from the same contain-

ers were removed prior to irradiation and sporozoites were isolated.
These non-irradiated PySPZ (3, 6, 12, or 24 PySPZs) were injected
intravenously into groups of 5 mice to estimate the 50% infectious
dose (ID50) of the non-irradiated sporozoites. 7 and 14 days after
inoculation of PySPZs, the tip of the mouse tail was pricked using a
sterile lancet, a drop of blood was taken on a clean glass slide and
a thin blood smear made. Slides were stained with 10% Giemsa in
Milli-Q water, air dried, and assessed by microscopic examination of
50 high power (1000×) fields. A mouse was considered uninfected
if the blood smears taken on days 7 and 14 were negative.

For each experiment, the % infected mice per group (X/5 × 100/1)
was plotted against the log10 number of sporozoites +1, a linear
regression was fit to the data and the regression equation used
to calculate the number of sporozoites (antilog10 −1 sporozoite)
required to generate 50% infection (ID50). The fit was best using
log10 transformed sporozoite doses that included a zero data point
(an administration of 0 sporozoites would lead to 0% infection),
and that excluded data points with 100% where the next lowest
sporozoite dose also led to 100% infection (since above an ID100 any
additional sporozoites would also lead to 100% infection). These
calculated ID50 values are the results reported in the tables. We
also estimated the ID50 for all the experiments by calculating the
mean of the estimates from individual experiments, with standard
deviation (S.D.) estimated by the S.D. of the individual ID50.

2.8. Assessment of infectivity of irradiated PySPZ

Groups of mice (generally 10/group) were injected intra-
venously with irradiated (50–100 Gy) PySPZ (1 × 105 PySPZ, except
one experiment in which 1.54 × 105 irradiated PySPZs were used).
Infectivity was assessed as above.

2.9. Assessment of the effect of increasing radiation dose on
protective efficacy of radiation attenuated PySPZ

Mice were immunized by intravenous injection with PySPZ that
had received either 100 Gy or 200 Gy. Two weeks after the last
dose of irradiated PySPZ the mice were challenged by intravenous
injection of 1000 non-irradiated PySPZ. Infection was assessed as
above.

The animal experiments described in the study were approved
(Animal Use Protocol # 07-01) by the IACUC committee of the
Biomedical Research Institute (BRI), Rockville, MD. BRI’s animal
facility was used to house the mice and all experiments were con-
ducted at BRI.

3. Results

3.1. Determination of the minimal dose of irradiation required to
attenuate all PySPZ

We conducted a series of experiments with doses of radiation
ranging from 50 Gy to 90 Gy. The data, which are outlined in Table 1,
indicated that even 90 Gy did not attenuate all of the PySPZ, and that
there was a highly significant correlation between the dose of irra-
diation and percentage of mice that developed parasitemia (Fig. 1,
r2 = 0.98). Based on the regression curve a dose of 92.24 Gy (95%
confidence interval, lower CL = 86.53; upper CL = 101.26) was pre-
dicted to be required to achieve 100% attenuation of the sporozoites.

3.2. Lack of infectivity to BALB/c mice of PySPZ exposed to 100 Gy

In four different experiments, we injected a total of 41 mice each
with 105 PySPZ that had been exposed to 100 Gy (Table 2). In no case
was there a breakthrough asexual erythrocytic stage infection. In all
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Table 1
Effect of increasing doses of irradiation on infectivity of Plasmodium yoelii sporozoites.

Radiation dose (Gy) # Expt. # Mice injected ID50 of non-irr.
PySPZ used

# Irr. PySPZ
injected IV/mouse

# Mice parasitemic/#
mice injected

Total # mice parasitemic/total
# mice injected (%)

50 1 10 3.43 105 10/10 10/10 (100)

60 1 6 3.37 1.54 × 105 5/6 13/17 (76.4)
2 11 1.97 105 8/11

70 1 10 1.97 105 6/10 6/10 (60)

80 1 6 4.83 105 0/6 3/14 (21.4)
2 8 9.39 105 3/8

90 1 15 1.00 105 2/15 2/25 (8)
2 10 3.99 105 0/10

PySPZ-infected mosquitoes received 50–90 Gy from a 60Co source, PySPZ were isolated from the mosquitoes, PySPZ were injected intravenously (IV) into BALB/c mice, and
the mice were assessed for parasitemia on days 7 and 14 after infection.

Fig. 1. Regression analysis of the effects of radiation dose on infectivity of sporo-
zoites. The data in Table 1 were subjected to regression analysis. The analysis
predicted that the minimum radiation dose needed to achieve 100% attenuation
when 105 PySPZ were injected IV into mice (x intercept for y = 0) was 92.24 Gy (95%
confidence interval, lower CL = 86.53; upper CL = 101.26).

three experiments all control BALB/c mice injected with 100 non-
irradiated PySPZ developed an asexual erythrocytic stage infection.
The ID50 of non-irradiated PySPZ in these four independent exper-
iments was 2.44, 2.39, 3.43 and 2.85 PySPZ, respectively (Table 2).
The mice received a total of 4.1 × 106 PySPZ, which was greater than
1.4 × 106 ID50s without a breakthrough infection.

3.3. Lack of infectivity to CBySmn.CB17-Prkdcscid/J BALB/c SCID
mice of PySPZ exposed to 100 Gy

Our understanding of radiation attenuation of Plasmodium sp.
sporozoites is that the attenuation results entirely from physical
events occurring in the radiation-exposed sporozoites. There is
no evidence that in naïve recipients (never previously exposed to
Plasmodium sp. parasites) host immune responses are required to
achieve the attenuation. Nonetheless, we injected 10 severe com-
bined B and T cell immunodeficient (SCID) CBySmn.CB17-Prkdcscid/J

BALB/c mice with 105 PySPZs that had been exposed to 100 Gy. None
of these SCID mice developed an asexual erythrocytic stage par-
asitemia (Table 3). All 5 of the control SCID mice and 10 BALB/c
mice that received 100 non-irradiated PySPZ from the same batch
of mosquitoes developed an asexual erythrocytic stage infection.
The ID50 of the PySPZ used was 5.72.

3.4. Assessment of the effect of increased radiation dose on
protective efficacy of PySPZ

Having established that 100 Gy is the minimum dose of radi-
ation that attenuates all PySPZ, we wanted to begin the process
of determining the maximum dose of irradiation that still pro-
vides protective immunity. A. stephensi mosquitoes infected with
PySPZ are routinely exposed to 100 Gy to attenuate the sporo-
zoites [20,21]. The literature indicates that exposing the infected
mosquitoes to 200 Gy eliminates the protective efficacy of the
sporozoites [22] even after a large immunizing dose. We there-
fore conducted an experiment comparing the protective efficacy
of PySPZ that had received 100 Gy or 200 Gy. Because of the previ-
ous literature [22], we immunized BALB/c mice with high doses of
sporozoites. Mice immunized with sporozoites that had received
either 100 Gy or 200 Gy were equally protected (Table 4). Since
we achieved 100% protection in both groups with high numbers
of immunizing PySPZ (total of 5 × 104–9 × 104 irradiated PySPZ),
we conducted a second experiment with the lower dose of PySPZ
that we now routinely use (3 doses of 750 irradiated PySPZ, total of
2.250 × 103 PySPZ). With this lower dosage regimen we achieved
high levels of protection in the 100 Gy and 200 Gy groups (Table 4).

4. Discussion

We used the P. yoelii rodent model system to assess the effects of
radiation on the infectivity and protective efficacy of P. yoelii sporo-
zoites. The studies established that exposure to 100 Gy attenuated
all sporozoites, and that immunization of mice with sporozoites
exposed to 100 Gy or 200 Gy provided high level protective efficacy.

Table 2
Effect of 100 Gy on infectivity of P. yoelii sporozoites in immunocompetent BALB/c mice.

# Expt. # Mice injected ID50 of non-irr. PySPZ used # Irr. PySPZ injected IV/mouse # Mice parasitemic/# mice injected (day 14)

BALB/c mice 1 6 2.44 105 0/6
2 10 2.39 105 0/10
3 10 3.43 105 0/10
4 15 2.85 105 0/15

Total 41 4.1 × 106 0/41

PySPZ-infected mosquitoes were exposed to 100 Gy from a 60Co source, PySPZs were isolated from the mosquitoes, and mice were injected with 105 PySPZ. None of 41 mice
became infected indicating that a dose of 100 Gy attenuated all of the PySPZ.
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Table 3
Effect of 100 Gy on infectivity of P. yoelii sporozoites in immunocompromised mice.

# Mice # Non-irr. PySPZ injected IV/mouse # Irr. PySPZ injected IV/mouse # Mice parasitemic/# mice
injected (day 14)

CBySmn.CB17-Prkdcscid/J 10 0 105 0/10
CBySmn.CB17-Prkdcscid/J 5 100 0 5/5
BALB/c 10 100 0 10/10

PySPZ-infected mosquitoes were exposed to 100 Gy from a 60Co source, PySPZs were isolated from the mosquitoes, and CBySmn.CB17-Prkdcscid/J mice were injected intra-
venously with 105 PySPZs. None of 10 mice became infected indicating that a dose of 100 Gy attenuated all of the PySPZs. All control mice receiving 100 non-irradiated PySPZs
from the same batch of mosquitoes became parasitemic. The ID50 was 5.72.

We first established a highly significant (r2 = 0.98, p < 0.0001)
inverse association between the dose of irradiation and the infec-
tivity of sporozoites from 50 Gy to 90 Gy (Table 1 and Fig. 1). A
statistical model based on the data predicted that 92.24 Gy (lower
and upper 95% confidence intervals, 86.53, 101.26) would achieve
100% attenuation. In this experiment, control groups of mice were
injected in parallel with non-irradiated P. yoelii sporozoites, and
the 50% infectious dose (ID50) of non-irradiated sporozoites from
the same mosquitoes averaged 3.68 ± 2.61. We therefore conducted
4 different experiments in which we injected at least 105 P. yoelii
sporozoites that had been exposed to 100 Gy into each of 41 differ-
ent mice and found that none of the mice became infected (Table 2).
There is no evidence that host immunity has any influence on the
attenuation of sporozoites by radiation. Nonetheless, we repeated
the experiments with sporozoites exposed to 100 Gy in immun-
odeficient CBySmn.CB17-Prkdcscid/J BALB/c SCID mice. Again there
were no breakthroughs (Table 3). We interpret these results to indi-
cate that once a threshold level of irradiation has been reached all
sporozoites are attenuated sufficiently to prevent infection of mice.
With P. yoelii sporozoites in BALB/c mice the threshold was between
90 Gy and 100 Gy.

We next established that immunization of mice with three doses
of only 750 P. yoelii sporozoites (total dosage of 2250 sporozoites)
exposed to either 100 Gy or 200 Gy provided high level protection.
100% of 10 mice immunized with sporozoites subjected to 200 Gy
were protected. These data demonstrated that one can immunize
with sporozoites exposed to significantly more irradiation than
the minimum required dose, and still achieve complete protection.
These findings were not consistent with those reported by Mellouk
et al. [22], who found that immunization with two doses (7 × 105

and 3 × 105, total 1 × 106) of P. yoelii sporozoites exposed to 100 Gy
achieved 100% protection, and administration of the same dosage
regimen of PySPZ exposed to 200 Gy gave no protection. Mellouk’s
studies [22] differed from ours in several ways. First, almost three
orders of magnitude more PySPZ were administered. It has been
suggested that beyond a threshold, increasing the dose of irradi-
ated PySPZ is associated with decreased protective efficacy (Martha
Sedegah, personal communication). Second, in our studies sporo-
zoites used for immunization were isolated from hand-dissected

salivary glands. Those in Mellouk’s study were unlikely to have been
isolated from hand-dissected salivary glands. It is more likely that
they were separated from mosquitoes by centrifugation using the
Ozaki technique [23] (Martha Sedegah, personal communication).
Our data indicate that there is a 500-fold reduction in infectivity
of sporozoites isolated by density gradient centrifugation as com-
pared to isolation by dissection (unpublished), and it is possible
that a similar reduction in infectivity of sporozoites occurs with the
Ozaki technique. Third, we irradiated the PySPZ by exposing the
mosquitoes carrying sporozoites to irradiation, not by irradiating
the sporozoites directly. One cannot tell from the paper, but it is pos-
sible that Mellouk irradiated the sporozoites after isolation from the
salivary glands. In our case, mosquito tissues could have absorbed
some of the radiation, and the dose of irradiation received by the
sporozoites could have been lower than received by sporozoites
irradiated directly. Fourth, and probably most important, Mellouk
et al. immunized with two doses of irradiated sporozoites, and we
used three doses. In our experience two IV doses of irradiated sporo-
zoites rarely provides solid protection, while three IV doses always
provides solid protection (unpublished). A profound difference in
the protective efficacy of two vs. three doses of irradiated sporo-
zoites was also recently reported in another study [24]. Thus, there
are a number of possible explanations for the differences between
these results. Regardless, the murine system is only a model. The
optimal route and method of administration of the PfSPZ vaccine
attenuated by exposure to a defined dose of irradiation will be
established in human clinical trials. Once these parameters have
been established, it will be determined, if it is advisable to assess
the effect of increasing the dose of irradiation on protective efficacy
in humans.

Many live attenuated vaccines are contraindicated or used
with caution in individuals who are immunocompromised. This
is because the host’s immune system plays a role in protecting
immunocompetent individuals from dissemination of the atten-
uated vaccine, and there is an increased chance of dissemination in
immunocompromised individuals. We have conducted many stud-
ies in vitro in the HC-04 human hepatocyte cell line with irradiated
P. falciparum sporozoites. The irradiated P. falciparum sporozoites
invade these cells and produce a protein that was not expressed

Table 4
Effect of 100 Gy or 200 Gy on protective efficacy of P. yoelii sporozoites.

# Expt. Group # Mice Radiation dose (Gy) Immunizing dose of PySPZ (×10−3) Challenge dose of PySpz # Protected/# challenged Protection (%)

1 1 6 100 70/10/10 103 6/6 100
2 6 200 30/10/10 103 6/6 100
3 6 100 70/10/10 103 6/6 100
4 6 200 30/10/10 103 6/6 100

2 1 10 100 0.75/0.75/0.75 103 9/10 90
2 9 200 0.75/0.75/0.75 103 9/9 100

PySPZ-infected mosquitoes were irradiated with either 100 Gy or 200 Gy from a 60Co source. PySPZs were isolated from the mosquitoes and mice were immunized by the
IV route 3 times at 2-week intervals using as many as 70 × 103 irradiated PySPZ and as few as 0.75 × 103 irradiated PySPZ per dose, and challenged 2 weeks after the last
immunization by IV injection of 103 PySPZ. Immunization with 3 doses of 0.75 × 103 irradiated PySPZ gave consistently high protection. Immunization with PySPZ that
received 100 Gy or 200 Gy of irradiation led to the same degree of protection. In experiment #1 the ID50 of the sporozoites used for challenge was 5.72 sporozoites and in
experiment #2 the ID50 of the sporozoites used for challenge was 6.67 sporozoites.
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in sporozoites (indicating that they are metabolically active), but
they never mature to the late liver stage (non-replicating). These
studies demonstrate that in HC-04 human hepatocyte cells, in
the absence of cells that can contribute to innate or adaptive
immunity such as Kupffer cells, T cells, NK cells, and dendritic
cells, irradiation adequately attenuates the sporozoites rendering
them non-replicating. The studies reported herein conducted with
immunocompromised SCID mice (Table 3) support the hypothesis
that radiation attenuated PfSPZ will be safe if administered as a
vaccine to immunocompromised individuals.

In 1989 we began immunizing volunteers by the bite of P.
falciparum-infected A. stephensi mosquitoes that had been exposed
to 15 krad (= 150 Gy) from a 60Co or 137Cs source [25]. The goal of
the project was to study the immune mechanisms and antigenic tar-
gets of the protective immunity [1,2]. In these studies and studies
conducted at the University of Maryland [26] during the same time
period, 14 volunteers were each immunized by the bite of greater
than a thousand P. falciparum sporozoites irradiated with ≥15 krad
(= 150 Gy), and there were no breakthrough infections [1].

In 1989 we chose the radiation dose of 15 krad (= 150 Gy) based
on studies that had been performed in the early 1970s. Two groups
had demonstrated that irradiation of mosquitoes infected with P.
falciparum or P. vivax sporozoites with >12 krad (= 120 Gy) from
an X-ray machine prevented breakthrough infections, while irra-
diation with ≤12 krad (= 120 Gy) resulted in a significant number
of breakthroughs. Between 1971 and 1975, in studies conducted
by Rieckmann et al. [4,6], the target irradiating dose was 12 krad
(minimum of 12 krad or 120 Gy); two of eleven volunteers in these
studies had breakthrough infections after immunization. In stud-
ies conducted by Clyde et al. [3,5,7], volunteers immunized with
sporozoites irradiated with a mean dosage of 17.5 krad (= 175 Gy)
had no breakthroughs, while 4 of 7 volunteers immunized by sporo-
zoites irradiated with 12 krad (= 120 Gy) developed breakthrough
infections. No volunteer immunized with P. falciparum-infected
mosquitoes that received 150 Gy or more has ever had a break-
through P. falciparum infection. However, one individual in the
University of Maryland studies (DFC), who had a complicated his-
tory of immunizations and challenges, developed P. vivax malaria
after immunization with P. vivax Chesson strain sporozoites irradi-
ated with 15 krad (= 150 Gy). However, prior to immunization, the
volunteer had been exposed to non-attenuated P. vivax Chesson
strain sporozoites and had become parasitemic. Thus, Clyde noted
the development of infection after immunization may have been
a coincidental relapse from hypnozoites from the earlier P. vivax
infection.

The existing human data provide firm evidence that an irra-
diating dose to mosquitoes of ≥150 Gy is adequate to render P.
falciparum sporozoites, and probably P. vivax sporozoites, admin-
istered by the bite of mosquitoes incapable of replication within
the human host. The data we have generated in mice with P. yoelii
sporozoites indicate that once a threshold level of irradiation has
been achieved there will never be breakthrough infections. In P.
yoelii 100 Gy is definitely above that threshold. Thus, the murine
data with P. yoelii suggest that 150 Gy is above the threshold
for radiation attenuation for P. falciparum sporozoites adminis-
tered to humans, and if P. falciparum sporozoites are exposed
to ≥150 Gy, the vaccine will be safe. This is an excellent start-
ing point for initial safety studies in clinical trials. However, it
will take extensive testing in humans to prove that exposure of
P. falciparum sporozoite-infected mosquitoes to a specific level of
radiation produces adequate attenuation of all P. falciparum sporo-
zoites administered as a vaccine. The data in mice showing that
immunization with P. yoelii sporozoites exposed to double the
minimal dose required for attenuation (200 Gy) provides 100% pro-
tection are important. They suggest that once a threshold minimum

safe dose of irradiation to P. falciparum sporozoites has been estab-
lished in humans, and the vaccine has been shown to be protective
at that dose of radiation, it should be possible to raise that dose
significantly above the minimal threshold, thereby increasing the
safety profile of the vaccine without reducing the protective efficacy
of the vaccine.
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