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ABSTRACT. Selected metabolic, hematologic, and im-
munologic functions were evaluated in 3- to 6-mo-old Fin-
ish infants who received whole-cell pertussis-component
diphtheria and tetanus toxoids and pertussis vaccine, ad-
sorbed (DTP) vaccine, and in 4- to 6-y-old Los Angeles
children who received either a licensed DTP vaccine or an
acellular pertussis component DTP vaccine. One d after
immunization, there was an increase in total leukocytes
and neutrophils and a decrease in lymphocytes in all vac-
cinees. In 4- to 6-y-old children the leukocytosis and neu-
trophilia were greater in recipients who received the stand-
ard DTP vaccine than in vaccinees who received an acel-
lular pertussis component DTP vaccine. In infants there
was an increase in the mean plasma insulin concentration
but no change in the glucose concentration 24 h after
immunization; no increase in the mean plasma insulin was
noted in the 4- to 6-y-old children. Three 4- to 6-y-old
vaccinees had higher circulating immune complex concen-
trations after immunization and two of these children had
high clinical reaction scores. The etiology of adverse re-
actions after DTP immunization is multifactorial. In con-
trast with findings in animals, our findings do not demon-
strate a clinically significant effect due to lymphocytosis-
promoting factor on glucose metabolism in vaccinated chil-
dren. Neutrophilia in vaccinees is probably due to endo-
toxin, and some reactions may be due to circulating immune
complexes. (Pediatr Res 27: 353-357, 1990)

Abbreviations

AHG Eq, aggregated human gammaglobulin equivalent

APDT, acellular pertussis component DTP vaccine

Cl, confidence interval

CIC circulating immune complexes

DTP, diphtheria and tetanus toxoids and pel'tllSSlS vaccine,
adsorbed

FHA, filamentous hemagglutinin

LPF, lymphocytosis-promoting factor

LPS, lipopolysaccharide

WBC, white blood cell

In experimental animals, the administration of whole-cell per-
tussis vaccine causes hyperinsulinemia with hypoglycemia, leu-
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kocytosis with a predominant lymphocytosis, and marked adju-
vancy in several immunologic systems (1-4). These effects are
primarily due to the Bordetella pertussis antigen LPF but LPS
(endotoxin) may also contribute to the metabolic, hematologic,
and immunologic findings.

Many adverse clinical events occur after pertussis immuniza-
tion in children, but the pathophysiology of these events is not
well understood (1, 2, 5). It has been suggested that some of these
adverse events may be due to biologically active LPF and LPS
that are present in routinely used DTP vaccines. There are,
however, few data available that indicate that these antigens are
in sufficient concentration in presently used DTP vaccines to
produce hematologic or metabolic changes in vaccinated,
children.

In Japan, acellular pertussis vaccines have been used for the
routine immunization of children since 1981 (6-8). These vac- .
cines contain significantly reduced amounts of LPS and biolog-
ically active LPF, and their use has been associated with fewer
vaccination side effects than occur in whole-cell pertussis vaccine
recipients. Because of the paucity of information relating to
hematologic and metabolic effects and immune complex for-
mation associated with pertussis immunization in children, we
have carried out two studies. In the Los Angeles area, as part of
an evaluation of an APDT, we comparatively studied selected
laboratory values in DTP and APDT immunized 4- to 6-y-old
children. In Oulu, Finland, we carried out similar studies in
routinely vaccinated 3- to 6-mo-old infants.

MATERIALS AND METHODS

Subjects. In the Los Angeles area, the investigation was a
substudy in a larger multicenter study in which the immunoge-
nicity and reactogenicity of a standard whole-cell pertussis-com-
ponent DTP vaccine was compared with a DTP vaccine that
contained an acellular pertussis component (APDT) (9).

Thirty-three healthy 4- to 6-y-old children were enrolled. All
had received four prior immunizing doses of DTP at the regularly
scheduled intervals during the first 2 y of life. Informed consent
was obtained from the parents after the design and purpose of
the study were explained. This investigation was approved by
the UCLA Human Subject Protection Committee. Sixteen chil-
dren received APDT and 17 received DTP in a randomized
double-blind fashion. One DTP recipient was excluded from
further analyses because it was noted in retrospect that the child
had gastroenteritis with onset before immunization.

The children were seen at d 0, 1, and 30. At the initial visit (d
0), each child received 0.5 mL of vaccine administered into the
deltoid muscle. The parents maintained a diary of local and
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systemic reactions for 10 d after immunization. A clinical reac-
tion score was assigned in a manner as outlined previously (10).
At each visit, blood samples were obtained to determine non-
fasting plasma insulin, serum glucose, WBC and differential
counts, CIC, and antibody concentrations. The time of the last
meal before phlebotomy was recorded.

In Oulu, 40 subjects aged 3 to 6 mo (mean 3.4 = 0.8 mo) were
recruited from children attending two city health centers for
routine immunizations. DTP immunizations with a conven-
tional whole-cell pertussis-component vaccine in Finland are
scheduled at 3, 4, and 6 mo. Blood was obtained immediately
before and on the day after immunization. Food intake data
were recorded on a questionnaire before immunization and
before the d 1 blood sample was obtained. The study protocol
was approved by the ethical committees of the University of
Oulu and the Oulu Health Centers. Informed consent was ob-
tained for study participation. Complete laboratory tests were
not done for each subject visit due to inadequate blood
specimens.

Laboratory techniques. In Los Angeles, serum glucose concen-
trations and WBC and differential counts were determined by
standard methods at the UCLA Medical Center Clinical Labo-
ratories. Insulin samples were collected in sodium fluoride anti-
coagulant tubes, and processed by RIA (11).

Circulating immune complexes were detected by Raji cell
microenzyme immunoassay and F(ab’),-anti-C3 microenzyme
immunoassay using previously described methods (12-14). Both
tests were used to increase diagnostic sensitivity because CIC
formed in different children have different physiochemical char-
acteristics and therefore may be demonstrable in one assay but
not another (15). The antigenic composition of specific CIC was
studied by their ability to be solubilized by preincubation with
vaccine antigens. Solubilization causes a diminution in size and
number of CIC with reduced binding in the assays. The tests
were performed as previously described (12, 13) with the follow-
ing modifications: the diphtheria toxoid was from lot PD-286,
Department of Public Health, Division of Biological Laborato-
ries, Boston; and BSA was included for control studies. Purified
pertussis vaccine (lot 7b) was kindly provided by Dr. Charles
Manclark of the Center for Biologics Evaluation and Research,
Food and Drug Administration. Results are expressed as ug of
AHG Eq/mL.

In the 4- to 6-y-old children, antibodies to selected pertussis
components of the vaccines were assayed by Lederle Biologicals
(Pearl River, NY) using methods modified from Manclark ef al.
(16). Specifically, agglutinating antibodies were determined in
microagglutination plates, and antibodies to LPF and FHA were
determined by an indirect ELISA.

In Ouly, total WBC, neutrophil and lymphocyte counts, and
blood glucose, growth hormone, and cortisol values were deter-
mined by the Clinical Laboratory, Oulu University Central Hos-
pital. Plasma insulin and pancreatic glucagon concentrations
were measured by RIA (17). Normal insulin values for infants
after a 1- to 2-h fast are below 25 xU/mL. Inasmuch as the blood
insulin concentration is affected by the concomitant blood glu-
cose concentration and glucose values vary widely according to
food intake, we analyzed changes in the insulin concentration
independently of food intake by calculating the insulin/glucose
ratio. Inasmuch as glucose causes no insulin secretion at concen-
trations less than 1.7 mmol/L, the most useful ratio is insulin/
(glucose-1.7) (18).

Vaccines. The DTP vaccine used in Los Angeles was a single
lot of licensed Lederle vaccine that met all current government
requirements for this vaccine. The endotoxin concentration was
46 875 endotoxin units/0.5 mL as measured by the limulus
amebocyte lysate assay (5 endotoxin units equal to 1 ng of
Escherichia coli endotoxin).

The APDT vaccine was formulated by Lederle Biologicals
such that each dose contained 300 hemagglutinating units of
Takeda acellular pertussis component. This component was
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manufactured by Takeda Chemical Industries, Osaka, Japan,
and met all Japanese requirements for this vaccine. Components
of the vaccine include LPF, FHA, and agglutinogens. This vac-
cine had an endotoxin content of 25 endotoxin units/0.5 mL.

The DTP vaccine used in Oulu was manufactured by the
National Public Health Institute, Helsinki, Finland. The whole-
cell pertussis component is prepared and tested as suggested by
the WHO (19). The vaccine contains 10 international opacity
units/mL and a minimum of 4 protective units/0.5-mL dose.

Statistics. Two categories of comparisons were made. /) Group
comparisons: differences in mean values for insulin, glucose,
CIC, and WBC and differential counts within vaccine groups
were analyzed with the paired ¢ test, and similar differences
between vaccine groups were studied using the two sample ¢ test.
Nonparametric analogues, Wilcoxon tests, were used when ap-
propriate. 2) Multivariate comparisons: comparisons of CIC and
leukocytes between subjects with reactions and those without
reactions were studied using Wilcoxon’s rank sum test. Associa-
tions among CIC, antibody concentrations and WBC counts
were measured with Spearman correlations. Bonferroni’s method
was used to adjust for multiple statistical tests with the same data
in multivariate comparisons (20).

RESULTS

Leukocytes. In Los Angeles, 28 children (13 APDT and 15
DTP recipients) had values available for all 3 study d. A com-
parison of total WBC counts and absolute neutrophil and lym-
phocyte counts within a vaccine group over time (d 0, 1, and 30)
and between vaccine groups (APDT versus DTP) at specific
times is presented in Table 1. In recipients of both APDT and
DTP, there was a significant increase in mean absolute neutrophil
counts from d 0 to 1 and a return to preimmunization values at
d 30. In addition, DTP recipients had a significant increase in
mean total WBC counts at d 1 after immunization that returned
to baseline at d 30. Both groups had decreases in total lymphocyte
counts from d 0 to 1, returning to preimmunization values at d
30; this was significant in APDT vaccinees. The only significant
difference between vaccine groups occurred on d 30: APDT
recipients had a higher mean absolute lymphocyte count than
DTP recipients.

No associations among total WBC, lymphocyte and neutrophil
counts, and the presence of local of systemic reactions were
noted. Similarly no relationship between WBC counts and LPF,
FHA, or agglutinin antibody responses was noted.

The leukocyte findings in vaccinated infants in Oulu were
similar to the findings in the older children in Los Angeles. D 0
and 1 total leukocyte counts were available for 32 subjects, and
differential counts were performed for 31 subjects. The mean
total leukocyte count increased from 11.1 to 12.9 X 10*/mm?
after immunization (p = 0.001). This was due to a marked
neutrophilia; the mean total neutrophil count increased from 2.5
t0 5.5 x 10°/mm? after immunization (p = 0.001). The mean
total lymphocyte count fell significantly after immunization from
7.7 to0 6.5 X 10°/mm? (p = 0.01).

Insulin and glucose. In Los Angeles, 12 APDT and 14 DTP
recipients had values available for all 3 study d. A comparison
of plasma insulin and serum glucose values within a vaccine
group over time (d 0, 1, and 30) and between vaccine groups
(APDT versus DTP) at specific times is presented in Table 2.
After immunization with both vaccines, there were no significant
changes in mean plasma insulin or serum glucose concentrations
at d 1 or 30 when analyzed by the paired ¢ test. The marginally
significant (p = 0.08) decrease in plasma insulin values in APDT
recipients from d I to 30 reached significance (p = 0.04) with
Wilcoxon’s matched pairs signed rank test.

The timing of blood drawing after eating in the DTP and
APDT recipients in Los Angeles were comparable. At d 1 and
30 only two instances of significantly elevated insulin values (=2
SD above the d 0 mean value) were noted; these both occurred
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Table 1. Comparison of total leukocyte counts and absolute neutrophil and lymphocyte counts in 4- to 6-y-old children within
vaccine group over time (day 0, 1, and 30) and between vaccine groups [APDT (n = 13) versus DTP (n=15)]

Day 0 Day 1 Day 30 p values over time
D D D
Category Mean (95% CI) Mean (95% CI) Mean (95% CI) 0 versus 1 0 versus 30 1 versus 30
Total leukocytes X 10°/mm?
APDT 7.6 8.6 8.4 0.16 0.30 0.85
(6.0-9.3) (7.1-10.1) (6.9-9.9)
DTP 7.2 9.4 7.2 0.0005 0.96 0.02
(6.3-8.1) (7.8-11.1) (5.8-8.5)
D 0.56 0.41 0.21
Total neutrophils X 10°/mm?
APDT 3.1 4.9 3.1 0.0009 0.98 0.02
(2.2-3.9) (3.6-6.1) (2.2-3.9)
DTP 3.0 5.6 3.2 0.0001 0.79 0.005
(2.2-3.9) (4.2-7.1) (2.2-4.2)
¥4 0.95 0.39 0.87
Total lymphocytes X 10°/mm?*
APDT 3.9 2.8 4.3 0.008 0.35 0.0002
(3.0-4.8) (2.3-3.3) (3.6-5.0)
DTP 34 2.9 32 0.09 0.62 0.07
(2.8-4.0) (2.6-3.2) 2.7-3.7)
D 0.31 0.70 0.01

Table 2. Comparison of plasma insulin and serum glucose values within vaccine group over time (day 0, 1, and 30) and between
vaccine groups [APDT (n = 12) versus DTP (n = 14)] in 4- to 6-y-old children

Day 0 Day 1 Day 30 p values over time
D D D
Category Mean (95% CI) Mean (95% CI) Mean (95% CI) 0 versus 1 0 versus 30 1 versus 30
Insulin (¢U/mL)
APDT 19.5 20.3 13.7 0.83 0.32 0.08
(12.3-26.7) (12.6-28.0) (3.6-23.8)
DTP 15.1 13.2 10.1 0.49 0.29 0.24
(7.1-23.2) (9.0-17.3) (5.3-14.9)
D 0.40 0.09 0.49
Glucose (mmol/L)
APDT 5.38 5.47 5.15 0.64 0.27 0.26
(4.93-5.84) (4.97-5.97) (4.82-5.49)
DTP 5.63 5.63 5.18 0.98 0.31 0.28
(4.87-6.38) (4.94-6.33) (4.83-5.53)
p 0.56 0.69 0.91

in one APDT recipient. The values were 49.1 nU/mL atd 1 and
60.8 wU/mL at d 30. This child had eaten 10 min before the d
1 blood drawing and 140 min before the d 30 specimen collec-
tion. The child’s glucose values at d 1 and 30 were 6.00 and 5.67
mmol/L, respectively.

In the DTP-vaccinated infants in Oulu, the glucose concentra-
tions were similar before (mean 4.6 mmol/L) and after vaccina-
tion (4.7 mmol/L). The mean insulin concentration, however,
increased significantly from 9.9 wU/mL at d 0 to 12.8 xU/mL
at d 1 after vaccination (p = 0.03). In addition, the mean ratio
of insulin/(glucose-1.7) rose significantly in the infants from 3.4
atd 0 to 4.3 at d 1 after DTP vaccination (p = 0.03) indicating
that the vaccination had a glucose-independent stimulation of
insulin secretion. Two infants had insulin values of more than
25 wU/mL 1 d after vaccination (25.5 and 34.5 pU/mL; the
glucose values were 4.2 and 5.3 mmol/L, respectively). No
changes were noted in growth hormone, cortisol, or pancreatic
glucagon values after immunization.

Circulating immune complexes. Circulating immune com-
plexes ranged from 0 to 32 360 ug AHG Eq/mL in the F(ab’),-
anti-C3 assay and from 0.7 to 1764.4 ug AHG Eq/mL in the

Raji cell assay. There was no marked median increase in CIC at
d 1 or 30 in either assay after either APDT or DTP vaccine.

In the F(ab’)-anti-C3 assay, there were three instances in
which the pattern suggested a vaccine effect (Table 3). Two
children had received DTP and one APDT. The APDT recipient
had the highest clinical reaction score of all the APDT vaccinees,
and one of the two DTP recipients had the highest clinical
reaction score in this vaccine group. One subject (vaccinee 3 in
Table 3) had solubilization effects in the Raji cell assay suggesting
that the CIC were due to diphtheria antigen-antibody complexes.

Table 3. Three vaccinees with pattern in F(ab’),-anti-C3 assay
that suggests vaccine effect

Circulating Immune
Complex Value (ug AHG

E L
Type of q/ml)
Vaccinee Vaccine DO D1 D 30
1 APDT 0 2026 0
2 DTP 1772 4290 228
3 DTP 0 2231 0




356

In the CIC solubilization assays, all three vaccinees presented in
Table 3 had increasing CIC with increasing concentrations of
pertussis antigen.

Of note is the fact that one DTP recipient developed general-
ized urticaria. This child had low unchanging CIC in both assays.

No significant statistical associations were found between pres-
ence of reactions and CIC values in either the F(ab’),-anti-C3
assay or the Raji cell assay at d 1, or the change of CIC values in
the same assays from d O to 1.

The results in the two CIC assays were ranked from low to
high and the correlations with WBC counts were then examined.
The only significant correlation was for elevated neutrophils and
CICs in the Raji cell assay at d 30 (p = 0.05).

No significant correlations were found for comparisons at d 0
and at 30 of CIC and mean levels of LPF and FHA antibodies.

DISCUSSION

The mechanisms by which pertussis vaccine causes common
reactions are unknown. The varied effects of pertussis vaccine
antigens in animals have led to causation theories for both
established vaccine reactions and other temporally related ad-
verse events (1, 2).

Recent studies in which whole cell pertussis antigen vaccines
have been compared with Japanese DTP vaccines with acellular
pertussis components have been useful in analyzing common
reactions (7, 9, 21-24). The acellular pertussis vaccines contain
significantly less endotoxin than whole-cell vaccines and also less
biologically active LPF (7). In the comparative trials, fever, local
symptoms and common systemic symptoms were all signifi-
cantly less frequent in the acellular vaccine recipients. None of
these studies evaluated specific markers of endotoxin or LPF
activity.

Endotoxin in humans produces leukocytosis with neutrophilia,
and biologically active LPF is thought to cause leukocytosis with
a lymphocytosis in patients with pertussis. In this study, recipi-
ents of both DTP and APDT had leukocytosis with neutrophilia
suggesting an endotoxin effect without any evidence of an effect
due to LPF. The response in the 4- to 6-y-old children was greater
in DTP than APDT recipients but the difference between the
two responses was small. This is surprising because the endotoxin
content of the whole-cell vaccine was approximately 1800 times
that of the acellular product as measured by the limulus ame-
bocyte lysate assay.

The effect of LPF in animals on glucose metabolism has led
to the consideration that hypoglycemia might occur in vaccinated
children and that this could be the cause of irritability, persistent
crying, hypotonic-hyporesponsive episodes, seizures, and perhaps
other serious adverse events (1). There are few data at present
that support the idea that hypoglycemia occurs in children in
response to pertussis immunization. Furman et al. (25) have
shown that plasma insulin concentrations were significantly
higher in children with pertussis than in a group of controls;
however, plasma glucose concentrations were normal in the two
groups. Sen e al. (26) observed that DTP-vaccinated children
had a blunted hyperglycemic response to epinephrine, and Han-
nik and Cohen (27) found that infants who received a concen-
trated pertussis vaccine (16 opacity units per dose) had signifi-
cantly higher plasma insulin concentrations 8 h after vaccination
than controls who received diphtheria and tetanus toxoid-polio
immunization. Recently Sekura et al. (28) noted elevated insulin
concentrations in four of 76 adult 'volunteers who received an
experimental pertussis vaccine composed of purified LPF inac-
tivated with hydrogen peroxide. The increased insulin values in
two subjects were attributed to violation of the fasting protocol,
and the other two elevations were not statistically different from
the baseline values of the individual vaccinees.

In a clinical trial in adults, pertussis vaccine administration to
insulin resistant diabetics resulted in a hypoglycemic effect (29).
When LPF was administered i.v. to five healthy adults, no effect
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on blood glucose was noted; plasma insulin increased modestly,
and this effect was significantly more pronounced in a glucose
tolerance test after the administration of LPF than in a glucose
tolerance test done before the administration of LPF (30).

In our study in 4- to 6-y-old children, no clinically relevant
increase in plasma insulin or decrease in serum glucose was

noted in either APDT or DTP recipients. It is possible that

changes in both plasma insulin and serum glucose were missed
because blood was obtained at only d 1 and 30 and dietary intake
was not rigidly controlled (although the dietary patterns of the
children on d 0, 1, and 30 were remarkably similar). In the
vaccinated Finnish infants a modest increase in plasma insulin
was observed 1 d after immunization, similar to that noted by
Hannik and Cohen (27) 8 h after immunization. However, no
infants in our study or in the report by Hannik and Cohen (27)
had concomitant hypoglycemia. It is possible that the insulin
response to pertussis immunization occasionally results in vary-
ing degrees of hypoglycemia in infants. This could be a cause of
persistent inconsolable screaming and the hypotonic-hypores-
ponsive state. However, in a study of six children with persistent
crying and five children with hypotonic-hyporesponsive episodes
we found no instances of hypoglycemia (31).

Recently members of our group noted a child with petechiae
and urticaria after DTP immunization in whom tetanus and
diphtheria antigen-specific CIC were noted (12). Because of this
finding, we wondered if immune complexes could be found in
association with other vaccine reactions or perhaps as part of the
typical immune response. In our study only three of 25 vaccinees
(12%) had marked rises in immune complexes after immuniza-
tion. The etiology of the immune complexes may have been
diphtheria antigen administration in one subject. The increasing
CIC noted with increasing additions of pertussis antigens in the
solubilization assays were most likely due to high pertussis anti-
body concentrations. Two of these three children had high clin-
ical reaction scores. Interestingly, one DTP vaccinee developed
generalized urticaria and had low unchanging CIC in both assays.

The etiology of adverse reactions after DTP immunization is
multifactorial. Some reactions are due to circulating immune
complexes that may involve either toxoid or bacterial antigens
(12). The degree of fever in vaccinees correlates directly with the
endotoxin content of the vaccine administered (5). The finding
of neutrophilia 1 d after immunization is probably a response to
endotoxin in the vaccines, but the lack of a more marked
difference between DTP and APDT vaccine recipients is surpris-
ing. Our findings do not demonstrate a clinically significant
effect due to LPF on glucose métabolism in vaccinated children;
this is in contrast to the findings in experimental animals (1).
Modest insulin increases have been noted only in studies of
infants (the Finnish infants in this report, and Ref. 27), perhaps
indicating that a dose effect may be important.
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