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The measurement of footpad swelling (FPS) following the inoculation ofsporozoite antigen (Ag) into the hind
footpad (HFP) of outbred mice was used as an in vivo test of delayed-type hypersensitivity (DTH) to
attenuated sporozoite immunization. An attempt was made to correlate DTH with protective antisporozoite
immunity.

The optimum time for testing DTH following a single intravenous immunization was four days. The
optimum sensitizing dose was 1 x 105 attenuated sporozoites. A single immunization gave a greater FPS
than multiple immunizations. Mice immunized with irradiation-attenuated sporozoites could be protected
from a lethal challenge with nonattenuated sporozoites. The FPS response to mosquito debris Ag was
minimal in mice sensitized by bites from infected mosquitos. Nude mice failed to develop an FPS response
and could not mount a protective immunity with attenuated sporozoites. However, splenectomized mice did
have an FPS response following sensitization. Mice infected with blood-stage parasites had negligible FPS
response to sporozoite Ag. The FPS response to sporozoite Ag proved to be a correlate of DTH in mice
sensitized with sporozoites.

Introduction
Correlation of protective antisporozoite immunity in
malaria with humoral antibody (Ab) responses is
controversial. Although antisporozoite Abs have been
correlated with protective immunity (1), and are ef-
fective to some extent in neutralizing infective sporo-
zoites both in vivo and in vitro, they do not passively
immunize animals (2). Furthermore, protective
immunity can be present without demonstrable anti-
sporozoite Ab and vice versa (3, 4). There are indica-
tions that a cell-mediated immune (CMI) response is
essential in antisporozoite protection (5-7). In order
to determine whether an in vivo test for delayed-type
hypersensitivity (DTH) to sporozoites could be de-
veloped in mice, we performed studies using irradi-
ation-attenuated sporozoites of Plasmodium berghei
as an immunizing antigen (Ag) and frozen-thawed or
nonattenuated live sporozoites as the challenging Ag
for footpad injection. The ensuing footpad swellings
(FPS) were measured 24 hours after injection of the
Ag at that site.

Materials and methods
Animals. Female NMRI or Swiss outbred mice were
used at 6-8 weeks of age. One experiment was per-
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formed using thymus deficient (nu/nu) Swiss mice and
heterozygous (nu/+) littermates.

Antigen. Sporozoites were obtained from Anopheles
stephensi mosquitos, 3 to 4 weeks following feeding on
mice infected with the ANKA strain of P. berghei. In
the density gradient separation method for harvesting
sporozoites from major mosquito debris either Reno-
grafin or Urografin was applied (4, 5, 8). Attenuated
sporozoites obtained from cobalt-irradiated (8000
rad) mosquitos were used for immunization. Non-
attenuated sporozoites obtained from mosquito thor-
aces were used for intravenous challenge to assess
whether protection was achieved by the immuniza-
tion (9) as well as for measuring DTH after storage at
-70°C. Nonattenuated viable sporozoites were used
for testing FPS in order that DTH and protective
immunity could be correlated.

Immunization. Groups of 3 to 10 mice were injected in
the tail vein with 104 to 107 attenuated sporozoites or
with debris from the same number of noninfected
mosquitos obtained from a density gradient. In some
experiments the mice received two or three injections
seven days apart. In other experiments some groups of
animals were immunized with the same quantity of
sporozoites emulsified with Freund's complete adjuv-
ant (FCA). These mice were injected subcutaneously
(s.c.) in four places on the back, receiving 1 x iOs
sporozoites in total. Mice were considered fully pro-
tected when a viable sporozoite challenge failed to
give rise to parasitaemias.
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Test for delayed-type hypersensitivity. DTH was tested
by measuring the thickness of the right hind footpad
(HFP) with a "Schnelltaster" (type A 01 T, or K,
Kroplin Messzeugfabrik, Schluchtern, Federal Re-
public of Germany) 24 hours after the subcutaneous
injection of 0.05 ml of M-199 containing 1 x 105
frozen-thawed sporozoites. As a control, the left HFP
was injected with density gradient separated debris
from noninfected mosquitos. The results of the FPS
were expressed in units of 0.1 mm by subtraction of
the measurements of the left control from the right
test footpad.

Results
Optimum time for testsng DTH following snsiffzation with
sporozoltes. Mice were injected in the right HFP with
1 x 1Os frozen-thawed sporozoites 2 to 8 days follow-
ing intravenous (i.v.) immunization with 1 x 105
attenuated sporozoites. The optimal FPS response

occurred when the sporozoites were injected on the
fourth day after sensitization (Fig. 1).

Optimum sensitizing do" of attenuated sporozoltes for
DTH. To determine the optimal sensitizing dose, mice
were immunized i.v. with 0.5 x 105 to 3 x 105 at-
tenuated sporozoites. Four days later, they received
1 x 105 thawed frozen sporozoites in the right HFP.
Twenty-four hours later, FPS of the right HFP was

compared with the left HFP which had been in-
oculated with an equal volume of M-199. A group of
nonsensitized mice was also tested. The optimal im-
munizing dose was 1 x 105 attenuated sporozoites

Fig. 1. Development and decay of DTH Induced in NMRI
mice sensitized l.v. 2-8 days with 1 x 101 attenuated
sporozoltes. FPS was measured 24 hours after the sensit-
lzation, (Means of 5+ S.D.)
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Fig. 2. Levels of DTH Induced In NMRI mice sensitized l.v.
4 days previously with varying doses of attenuated sporo-

zoltes. (Means of 5+S.D.)
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Fig. 3. Levels of Immediate-type response (ITR) and DTH
Induced In Swiss mice sensitized with varying doses of
attenuated sporozoltes. (Means of 8+S.D.)
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(Fig. 2). DTH elicited by 1 x 10i viable sporozoites in
the footpad was also optimal after this sensitizing
dose but gave considerably greater FPS (data not
shown).

FPS were also measured after 5 hours, a time
lapse used to measure an immediate-type response
(ITR). Groups of 8 mice were sensitized i.v. with
1 x 10i to 1 x 107 irradiated sporozoites. The DTH
response (24-hour FPS) was maximum with the
1 x 10i immunizing dose and was absent at the high-
est doses (2.5 x 106 and 1 x 107) (Fig. 3). The ITR
(5-hour FPS) was maximum at the highest doses and
absent at low dose.

Anamnestic DTH responses. In order to determine the
optimal numbers of immunizations for expressing
DTH, two experiments with identical protocols were
performed. Four groups of five mice were studied.
One group was not immunized. Another group was
immunized once with 1 x 105 attenuated sporozoites.

Other groups received, in addition, one or two boos-
ter immunizations of 3 x 104 sporozoites at weekly
intervals. FPS were read 24 hours after s.c. inocu-
lation of 1 x 105 frozen-thawed sporozoites on the
4th day following the last immunization. Results of
the two experiments (Fig. 4) show that optimal FPS
occurred following a single immunization, with sub-
sequent immunizations invariably reducing the DTH
response to sporozoites.

Reactivity to mosquito Ag. NMRI mice were sensitized
with 1 x 10i irradiated gradient-enriched sporozoites
and tested with 1 x 105 frozen-thawed sporozoites or
an equivalent amount of noninfected mosquito debris
to test for reactivity to mosquito Ag. In this experi-
ment nonimmunized mice had similar and negligible
FPS responses to both Ags (Fig. 5). Mice immunized
i.v. once or three times with attenuated sporozoites
had FPS responses to sporozoite Ag about twice
as great as that to mosquito Ag. Similar results

Fig. 4. Levels of DTH Induced by single or weekly repeated Immunizations of NMRI mice l.v. with attenuated porozoites.
FPS response was read 24 hours after injection of 1 x 105 frozen-thawed sporozoltes In the right HFP. Two separate
experiments (a, b), but same protocol. (Means of 5+S.D.)
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Fig. 5. Levels of DTH Induced four days following no sensitization (Ox), sensitization by bites from 100 Irradiated
P. berghel-infected mosqultos (1 x (bite)), and sensitization by one (1 x (l.v.)) or three weekly (3 x (i.v.)) Intravenous
Immunizations with 1 x 105 aftenuated sporozoltes. FPS was measured against both frozen sporozolte Ag (solid bars) and
mosquito debris Ag (open bars). (Means of 5+S.D.)
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were obtained after exposure to 100 biting infected
mosquitos.

DTH and protection. Appearance of blood-stage para-
sites upon DTH testing with viable sporozoites in the
immunized animals signifies an absence of complete
protection. Immunizing doses of 103-104 attenuated
sporozoites failed to protect after footpad challenge.
All animals immunized with 1 x 105 attenuated
sporozoites survived challenge four days later with
1 x iOs nonattenuated sporozoites in the HFP. All
animals in the groups unimmunized with attenuated
sporozoites failed to survive a similar challenge. The
mice surviving the challenge in the HFP were re-
challenged i.v. with 1 x 105 nonattenuated sporozoi-
tes two weeks later. All were fully protected and did
not develop a parasitaemia (data not shown).

DTH test with frozen-thawed sporozoites and
challenge with viable sporozoites was also observed
separately. I.v. sensitization with doses of attenuated
sporozoites varied from 1 x 104 to 5 x 105. Four
days later the mice were inoculated in the right HFP

with frozen-thawed sporozoites; the next day FPS
were read. The animals were then challenged i.v. with
nonattenuated sporozoites. Blood smears were taken
from day 8 until day 20 to detect parasitaemia, evid-
ence that the animal was not fully protected. Results
again showed that optimal DTH occurred following
immunization with I x 105 attenuated sporozoites.
Complete protective immunity occurred in almost all
animals immunized with 5 x 104 or more sporozoites
(data not shown).

DTH In athymic and in spienectomized mice. Thymus-
deficient (nude; nu/nu) Swiss mice and their hetero-
zygous siblings (nu/ +) were used to determine
whether the FPS response requires thymus-dependent
lymphocytes (T-cells). Four groups of ten mice were
studied. All animals were immunized i.v. with 1 x 105
attenuated sporozoites. Four days later, half the nude
mice and half the control mice were inoculated into
the right HFP with 1 x 105 frozen-thawed sporo-
zoites. The other two groups served as noninoculated
controls. FPS were read at 24 hours. The results
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Delayed-type hypersensitivity to P. berghel sporozoltes

(Table 1) showed that the nu/+ mice had a signific-
antly increased FPS response to sporozoite antigen,
in comparison with the noninoculated controls
(P < 0.01). The response of nude mice to the testing
Ag was not significantly different from noninoculated
controls. To test for protective immunity, all mice
were challenged i.v. with 1 x 104 nonattenuated
sporozoites two days after reading the FPS (seven
days following sensitization). The only animals
surviving the lethal challenge were the group of nu/+
mice which were sensitized with attenuated sporozo-
ites (Table 1).

In an experiment to determine the importance
of the spleen in the FPS response Swiss mice were
splenectomized three weeks before a sensitizing dose
of 1 x iOs irradiated sporozoites. Subsequent footpad
injections four days after sensitization induced
measurable swellings on the next day in both groups.
Although the intact mice had greater FPS responses
than the splenectomized mice, these differences were
not statistically significant (Table 1).

Modulation otDTH and Its consequence on anUsporozolte
protection. It is unpredictable whether intact mice,

sensitized with 1 x iOs attenuated sporozoites, are
protected against a challenge infection. Attempts
were made to augment the primary CMI response
anticipating a solid protective immunity which then
could be related to DTH. Freund's complete adjuvant
(FCA) is a potent stimulator of CMI. Groups of4 to 6
NMRI mice were immunized i.v. with either FCA
alone or FCA mixed with 1 x iOs sporozoites.
Another control group was not immunized. Four
days later the immunized animals were inoculated
with frozen-thawed sporozoites (Table 2). The great-
est FPS response occurred in mice immunized with
FCA plus sporozoites (statistically different from the
response in animals immunized with FCA alone,
P = 0.025). Two days following measurements of FPS
the mice were challenged with 1 x 104 infective sporo-
zoites. All animals developed parasitaemias and died
of malaria, including the animals immunized with
attenuated sprozoites in FCA (Table 2).

A second experiment was enlarged by including
two control groups immunized with attenuated
sporozoites alone, either s.c. or i.v. Their HFP was
infected with 1 x i0' frozen-thawed sporozoites 19
days after immunization. Twenty-four hours later

Table 1: Induction of DTH In athymic (nu/nu) Swiss mice and their intact littermates (nu/+) after sensitizing with one
inlection of I x 1IO attenuated P. berghel sporozoltes

Foodpad
Immunizing Testing thickness (mm)

antigen Mice antigen (mean ± S.D.) No. protected/total

att. spor nu/+ - 2.31 ±0.03 0/10
att. spor nu/+ spor. 2.70+0.11 10/10
att. spor nu/nu - 2.23+0.10 0/10
att. spor nu/nu spor. 2.40+0.14 0/10
aft. spor Intact spor. 2.93+0.26 3/6
aft. spor Splenectomized spor. 2.78±0.18 1/5

Table 2: Delayed-type hypersensitivity and protection In mice sensitized with P. berghel sporozoltes with or without FCA

Footpad
Testing thickness (mm)

Experiment Immunizing antigen antigen (mean + S.D.) No. protected/total

a - - 2.13+0.05 0/6
FCA spor. 2.29 + 0.07 0/5
1 x 105 spor. in FCA spor. 2.64 + 0.26 0/6

llb - - 1.93 + 0.08 n.d
- spor. 2.18 + 0.06 0/5
1 x 105 spor. i.v. spor. 2.44+0.14 1/5
1 x 105 spor. s.c. spor. 2.50+0.11 4/5
FCA spor. 2.15 + 0.05 1/5
1 x 103 spor. in FCA spor. 3.10+ 0.41 1/5

a Experiment l: NMRI mice were footpad-tested 4 days after sensitization and challenged after another 2 days.
b Experiment II: Swiss mice were footpad-tested 19 days after sensitization and challenged after another 2 days.
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FPS was pronounced (statistically different from all
other groups, P<0.01) in the group immunized with
sporozoites in FCA (Table 2). The groups immunized
either s.c. or i.v. with only sporozoites had moderate
swellings, which significantly differed from what the
test dose elicited in nonimmunized mice (P = 0.01;
P = 0.05, respectively). FCA alone did not induce a
DTH response.

All mice were injected i.v. two days later with
3 x 104 viable sporozoites. In all groups some mice
developed parasitaemias, including those immunized
with sporozoites in adjuvant. The group receiving
the sensitizing dose s.c. had the greatest protective
immunity in this experiment.

SpecifcItyofDTH. Mice were infected with blood-stage
parasites and after 7 days the parasitaemias averaged
40%. Chloroquine was given in the drinking water,
and those surviving the parasitaemia were injected in
the HFP with 1 x i0 frozen-thawed sporozoites a
week after the last blood-stage parasite was detectable
in smears. FPS, measured after 24 hours, did not differ
between malaria-infected and noninfected mice.

Discussion
DTH as the expression of a cell-mediated immune
response to plasmodial sporozoites in live mice has
not been widely exploited. The results of this study
demonstrate that footpad swellings 24 hours after the
s.c. inoculation of sporozoites in mice previously
sensitized with attenuated sporozoites is an in vivo
expression of DTH.

Similar to the SRBC/mouse model of Lagrange
and colleagues (10-12), the optimum FPS response
occurs when the test Ag is inoculated four days after a
single sensitization. As in the SRBC studies there is an
optimum dose of 1 x i0' (attenuated) sporozoites for
eliciting the FPS response. Recently, Sadoff et al. (13)
found DTH in Balb/c mice 8-9 weeks after immuniza-
tion with 2 doses of irradiated sporozoites and 24 h
after challenge with 1.2 x 106 frozen-thawed sporo-
zoites in the footpad. Apparently the DTH reactivity
is long-lasting. Sundy et al. (14) have used challenge
injections of T-cell epitopes of the circumsporozoite
Ag in the ear pinna of mice, 5 days after immun-
ization; the swelling was measured after 48 h.

We found nude mice unable to elicit a DTH
to sporozoites; previous splenectomy only partially
interferes with the FPS response which concurs with
earlier observations on protection (5, 15). Mixing the
sporozoites with FCA potentiates the FPS response.
These data add evidence that the FPS response to
sporozoite Ag can be used as a test of DTH and
expresses CMI reactions.

We have used i.v. administered sensitizing Ag
since extensive studies by others showed that anti-
sporozoite protection is more easily obtained by this
route of immunization (16). We found the DTH re-
sponse to frozen-thawed sporozoite Ag less pronoun-
ced than to freshly isolated sporozoites. This agrees
with FPS-results reported by Finerty & Krehl (17)
using bloodstage Ag of P. yoelii. They suggest that
intact parasites are more particulate and cause a
localized swelling, while the frozen-thawed lysates
contain soluble Ags, which tend to spread beyond the
site of injection.

The sporozoite Ag used in these experiments
contains both soluble and particulate mosquito Ag as
well as microbial agents. Mice immunized with sporo-
zoite Ag have greater DTH to sporozoite than mos-
quito Ag. This was confirmed by sensitizing through
bites of infected mosquitos, a method minimizing
contamination from mosquito Ag.

Particularly interesting is the finding that im-
munization with very large doses of Ag (1 x 106
sporozoites or more) abolishes the DTH response.
Conversely, the 5-hour FPS response (ITR) (a correl-
ate of humoral responses) is not elicited at the optimal
dose for testing DTH, but is present at the highest
immunizing doses. Low i.v. immunizing doses of
SRBC stimulate DTH responses while higher doses of
Ag favourably stimulate the production of humoral
antibody, thereby blocking DTH (11, 12). Animals in
which DTH has been blocked by a large dose of
SRBC cannot be sensitized adoptively, and their
spleen cells fail to transfer DTH to normal recipients.
The serum of blocked animals partially inhibits the
induction of DTH. The authors conclude that a prod-
uct of the interaction between Ag and antibody blocks
activated T-cells which mediate DTH without inter-
fering with helper cells. The same theory could explain
our results with high doses of sporozoites. Also, mul-
tiple immunizations with relatively large doses of
attenuated sporozoites fail to elicit as much FPS
response as a single sensitization. For the understand-
ing of natural immunity to sporozoites it would be
pertinent to study low-dose immunizations, parti-
cularly in the form of repeated exposure to few in-
fected (and irradiated) mosquitos.

It proves difficult to correlate protective immun-
ity to DTH. The parameter used to measure the
presence or absence of immunity (absence of para-
sitaemia and survival of the mice) is rather crude and
only indicates complete immunity. Partially immun-
ized animals eventually develop parasitaemia and all
die, as do nonimmune animals. Protective immunity
often occurs following a single immunizing dose of
1 x 105 attenuated sporozoites (3, 15), the same dose
that gives the maximum FPS response. However, this
correlation does not necessarily hold, since either
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increasing the numbers of immunizing sporozoites or
giving more than one inoculation of sporozoites in-
creases the percentage of animals completely immun-
ized (2); yet these manoeuvres interfere with the DTH
response, probably owing to the increased antibody
response.

The variation in our outbred mice might also be
due to the recently proved MHC-restriction of
DTH and protection (14). As cytotoxic CD8 T cells
appear necessary for protection in certain haplotypes
of mice (18, 19), further studies are needed to elicit the
role of CD4 helper cells. The latter both mediate
antibody production and govern the DTH response
(17). FPS may reflect induction of cell-mediated im-
mune reactivity rather than functional protection, as
was recently shown in mice vaccinated with Salmon-
ella typhimurium carrying the CS protein gene of
P. berghei (13).

In conclusion, we have shown that the procedure
of mouse-FPS response is applicable for studying
DTH to sporozoites. This footpad test (or altern-
atively the ear swelling test (14)) is of value as an
indicator of specific in vitro CMI responses, as in a
similar way antibody indicates humoral activity.
However, protection is a more complex phenomenon,
likely to be a result of expression of a specific as well
as nonspecific immune mechanism. The DTH test as
sole in vivo parameter of T-cell activity is useful for
studying the immunogenicity of candidate circum-
sporozoite vaccine proteins and peptides in mice with
different genetic backgrounds.
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