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Zinc plays a critical role in the normal functioning of the immune system. We investigated whether zinc
sulfate administered orally to adult zinc-replete volunteers modulates systemic and intestinal immune re-
sponses to an oral killed cholera toxoid B subunit (CTB) whole-cell cholera vaccine. The 30 participants were
immunized twice, with a 17-day interval. The vaccinees in the intervention group ingested 45 mg of elemental
zinc thrice daily for 9 days starting 2 days before each vaccine dose. The median serum anti-CTB immuno-
globulin A (IgA) and IgG responses from day 0 to day 30, i.e. after two vaccine doses, were 13-fold lower (P
value for identical distribution, <0.005) in the zinc-supplemented compared to the nonsupplemented vacci-
nees. The median serum vibriocidal responses from baseline to after one (day 0 to day 17) and two (day 0 to
day 30) vaccine doses were at least sixfold (P = 0.033) and fourfold (P = 0.091) higher, while the median fecal
anti-CTB IgA response after two doses was estimated to be fourfold higher (P = 0.084) in the zinc-supple-
mented vaccinees. These observations show that zinc reduces the antitoxin and may enhance the antibacterial
responses in serum. Zinc may also improve the intestinal antitoxin immune response. Oral zinc administration

5

has the potential to modify critical immune responses to antigens applied to mucosal surfaces.

As a constituent of many biological systems, zinc is an es-
sential nutrient and plays a critical role in the normal function-
ing of the immune system (4, 25, 31, 38). Several in vitro
studies have shown that the immunomodulatory effects of zinc
closely resemble the actions of several well-characterized ad-
juvants (e.g., aluminum salts) that selectively activate specific
T-cell subpopulations controlling immune responses (3, 13).

In vitro studies indicate that there is a delicate zinc concen-
tration dependency for lymphocyte and monocyte activation
(22, 31, 38). Zinc dosage regimens for achieving modulation of
these processes in vivo are not established and may differ
depending on the desired outcome. To achieve adequate im-
munomodulation, zinc supplementation should probably coin-
cide with the 7 to 10 days of maximum clonal expansion of
lymphocytes following immunization (14, 15, 22, 36). The dose
administered has to induce adequate zinc concentrations in the
appropriate lymphoid tissues (8, 34).

The clinical effects of zinc are known from several studies in
developing countries, where zinc supplementation substan-
tially reduces the severity and duration of diarrhea in children
and also reduces the incidence of diarrhea (6). Somewhat
surprisingly, these effects do not seem to be limited to those
who are malnourished or zinc deficient; zinc also has substan-
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tial preventive effects in children with normal plasma zinc
levels (5).

In order to be efficacious, vaccines against enteric infections
should induce a specific secretory immunoglobulin A (S-IgA)
as well as an adequate systemic immune response (24). To
exploit the practicality of oral immunization and the superior-
ability of this route to induce protective immune responses, the
effects of substances that can modulate the responses to orally
administered antigens must be determined. Concomitant par-
enteral immunization and moderately high-dose zinc supple-
mentation have been undertaken, with inconclusive results (26,
29, 37). To our knowledge, no study has addressed the effect of
zinc supplementation on mucosal or systemic immune re-
sponses to orally administered antigens in zinc-replete individ-
uals. This trial was conducted to investigate the hypothesis that
zinc may exert a pharmacological action on immune responses
to antigens in the intestine.

MATERIALS AND METHODS

Study design and subjects. We performed an open randomized trial to exam-
ine whether a short-term, moderately high dose of zinc sulfate given orally to
healthy adult volunteers alters the gut mucosal and/or systemic immune re-
sponses to a killed cholera toxoid B subunit (CTB) whole-cell cholera vaccine.
The study was approved by the Human Research Ethical Committee of the
Medical Faculty at the University of Bergen, Bergen, Norway.

We obtained written informed consent from 30 medical students aged 20 to 29
years at the University of Bergen. The students were block randomized into two
equal groups. None of the subjects had been immunized against cholera previ-
ously or traveled outside Scandinavia during the last 6 months.
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TABLE 1. Preimmunization serum antitoxin titers, serum vibriocidal titers, and fecal anti-CTB IgA indices in nonsupplemented and zinc-
supplemented adult volunteers receiving an oral killed CTB whole-cell cholera vaccine

Median titer (interquartile range) in serum

No. of vaccinees with
preimmunization

No. of vaccinees with

preimmunization Fecal anti-CTB

Group Anti-CTB Anti-CTB Vibriocidal titer of =40 IgA index” index of =0.77/
IgA IgG antibody (n = 15/group) no. in group®
Control 39(21,125)  6.7(47,94)  25(25,5) 1 0.48 (0.099, 1.23) 5/15
Zinc supplemented 3.1(1.7,10.2) 5.7(2.8,7.7) 2.5 (2.5, 40) 4 0.12 (0.061, 0.24) 2/12

“ Cutoff was 20.

® For the 15 vaccinees in the control group and the 12 vaccinees included in the zinc group.
¢ Cutoff, 0.77, the 75th percentile of the 27 vaccinees included in the analyses of fecal responses.

Zinc administration and immunization. The 15 vaccinees in the intervention
group were instructed to ingest one effervescent tablet containing 45 mg of
elemental zinc in 200 mg of zinc sulfate (Solvezink; Tika Likemedel AB, Lund,
Sweden) thrice daily for two periods of 9 days each starting 2 days before each
vaccine dose. The 15 vaccinees in the control group received no zinc sulfate.

All 30 participants were immunized with two doses of the killed CTB whole-
cell cholera vaccine (Dukoral; SBL Vaccin AB, Stockholm, Sweden) with a
17-day interval. Vaccination was performed at least 1 h before or 2 h after any
meal and not in conjunction with the intake of zinc sulfate. Each vaccine dose,
which contained 1 mg of recombinantly produced CTB and 10'! killed O1
vibrios, was administered in 150 ml of a sodium bicarbonate solution (18).

Specimen collection and processing and registration of side effects. Blood for
biochemical and immunological analyses was obtained 3 days before the first
vaccine dose, i.e., the day before initiation of zinc supplementation (day 0), and
on days 10, 17, and 30. To minimize the effects of diurnal variation on serum zinc
concentration, we collected all serum samples at the same time of day.

Approximately 2 g of freshly voided feces was collected on days 0 and 30 by the
vaccinees at home less than 12 h prior to the collection of blood samples and
immediately stored in their home freezers or refrigerators. The samples were
transferred to —70°C within the next 12 h. Fecal extracts (FEs) were made as
described previously (12).

Subjective side effects to the vaccine and the zinc sulfate and any serious illness
during a 3-month period following completion of the trial were recorded.

Determination of systemic and intestinal immune responses. Levels of serum
antibodies against the bacterial whole-cell components were determined with a
vibriocidal assay (23). Samples were twofold serially diluted from an initial
dilution of 1:5, and titers, i.e., the reciprocal serum dilution giving complete
bactericidal activity, were determined. Titers of <5 U/ml were assigned a value
of 2.5 U/ml. In each vaccinee, the log vibriocidal response was calculated as the
postimmunization minus the preimmunization log titer.

Anti-CTB IgA and IgG in serum and IgA in FEs were determined by a GM,
enzyme-linked immunosorbent assay (ELISA) (35). Endpoint titers were deter-
mined as the reciprocal dilution of the samples giving an optical density at 490
nm (OD,q) of 0.4 above the background. Fecal specimens with OD 44, values of
up to 0.2 above background in the well with the lowest dilution (i.e., 1:2) were
assigned the log titer 0 in the anti-CTB IgA ELISA. Similarly, FEs with first-well
OD 9, values between 0.2 and 0.35 above background were assigned 0.15 in log
titer, while samples between 0.35 and 0.4 were given a log titer of 0.3. These
ordered estimates for samples with first-well OD 4, values between 0.2 and 0.4
above background allowed us to undertake ranked data analysis and, after
assessing the shape of the distributions, analyses based on the normal distribu-
tion. A high-titered reference serum or FE was included in each microtiter plate
to compensate for any variation between analyses on different occasions. All
serum samples from each vaccinee were analyzed on the same plate, as were the
FEs. The antibody titer assigned to each sample was the mean from duplicate
determinations.

Concentrations of total IgA in the FEs were determined by a modified micro-
plate ELISA (2, 12). Vaccinees with a total IgA concentration of <10 pg/ml in
either the day 0 or the day 30 FE were excluded from the analyses because
determination of specific antibody titers in such specimens is unreliable (2). The
specific IgA antibody titers were divided by the total IgA concentrations in the
FEs to obtain the fecal anti-CTB IgA indices, thereby adjusting for variations in
the IgA content in fecal samples collected from the same vaccinee on different
days (2, 13). All vaccinees had a less than 10-fold change in the total FE IgA
concentration from day 0 to day 30, a prerequisite for using the anti-CTB index
2).

Determination of serum zinc concentration. Serum zinc concentration was
determined at 206.2 nm by inductively coupled plasma atomic emission spec-

trometry (ICP-AES) on an IRIS/AP spectrometer (Thermo Jarell-Ash, Franklin,
Mo.) (28). Serum C-reactive protein (CRP) concentration was determined by an
immunoturbidometric, micro-CRP method (Tina-Quant; Roche) on a Hitachi
917 (10).

Sample size calculations. Sample sizes were calculated to obtain a power of
80% with the conventional 5% significance level. We intended to identify a
fivefold difference (corresponding to a log difference of 0.7) in the mean serum
vibriocidal and anti-CTB responses as well as in the mean intestinal anti-CTB
response among the zinc-supplemented compared to the nonsupplemented vac-
cinees. Assuming that the standard deviations of the log-transformed serum
vibriocidal and anti-CTB responses and fecal anti-CTB IgA indices would be no
more than 0.65 (1, 2, 17, 18), we would need 14 individuals in each group to
identify the desired effect of zinc. We accordingly recruited 15 individuals to each
study group.

Statistical analyses. We used the Wilcoxon rank sum test to compare the
immune responses in each vaccinee, i.e., the post- minus the preimmunization
serum anti-CTB and vibriocidal titers and the fecal anti-CTB IgA indices, be-
tween the zinc-supplemented and the control group. To adjust for differences in
preimmunization vibriocidal antibody titers, we used the Wilcoxon rank sum test
stratified on the proportion of vaccinees that had baseline vibriocidal antibody
titers of =40 because such high titers prior to vaccination have been shown to
impinge on vibriocidal responses (18). Similarly, to control for differences in
preimmunization fecal anti-CTB indices, we used the Wilcoxon rank sum test
stratified on the proportion of vaccinees that had baseline anti-CTB indices of
greater than the 75th percentile of the vaccinees included in this analysis. Inde-
pendent-sample ¢ tests were used to compare differences in serum zinc and CRP
between the zinc group and the control group.

We computed the Spearman’s rank correlation coefficient, rho, to examine the
association between anti-CTB responses from day 0 to day 30 in serum and in
feces. The distributions of the log-transformed post- versus preimmunization
differences in anti-CTB titers in serum and in fecal anti-CTB indices were
reasonably symmetrical.

In order to examine the relationship between serum responses on one hand
and zinc supplementation and fecal responses on the other, we accordingly used
linear regression of differences in log-transformed serum anti-CTB titers on zinc
supplementation and differences in log-transformed fecal anti-CTB indices.

RESULTS

Preimmunization status. Based on the predefined criteria,
three zinc-supplemented vaccinees were excluded from the
analyses of fecal immune responses. Preimmunization titers
are shown in Table 1. Prior to the intervention, there was no
substantial difference in serum zinc levels between the zinc
group (mean, 11.3 wM; standard deviation [SD], 1.71 uM) and
the control group (mean, 12.4 uM; SD, 1.77 pM).

Systemic and intestinal immune responses. The rise in se-
rum anti-CTB IgA and IgG titers from day 0 to day 30 (Fig. 1la
and 1b) were significantly lower in the vaccinees receiving zinc
(median, 2.3-fold and 1.3-fold, respectively) than among the
controls (median, 31-fold and 17-fold, respectively) (P = 0.004
and P = 0.001, respectively). The rise in vibriocidal titers from
day 0 to day 17 and from day 0 to day 30 (Fig. 2) was higher in
the zinc group (median, 6-fold and 32- fold, respectively) than
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FIG. 1. Serum anti-CTB IgA (a) and IgG (b) titer rises 7 (day 10)
and 14 (day 17) days after the first dose and 10 (day 30) days after the
second dose of an oral killed CTB whole-cell cholera vaccine in non-
supplemented (e ) and zinc-supplemented (A) vaccinees. The box pro-
vides the interquartile range, the horizontal line within the box gives
the median, and the whisker caps enclose values between the 10th and
90th percentiles. The arrow indicates the geometric mean.

in the control group (median, 1-fold and 8-fold, respectively)
(P = 0.061 and P = 0.16, respectively). The corresponding P
values obtained when stratifying the analysis on the proportion
of vaccinees that had baseline vibriocidal antibody titers of
=40 were 0.033 and 0.091, respectively, indicating that the
effect of zinc supplementation on vibriocidal responses was
negatively confounded by the baseline titers.

The rise in the fecal anti-CTB IgA index from day 0 to day
30 (Fig. 3) was higher in the zinc group (median, fourfold) than
in the control group (median, onefold) (P = 0.045). When
stratifying the analysis on the proportion of vaccinees that had
baseline anti- CTB indices of =0.77, corresponding to the 75th
percentile of the 27 vaccinees included in this analysis, the
adjusted P value was 0.084.

Association between zinc supplementation, fecal antibody
response, and serum antibody response. There was a negative
correlation between the anti-CTB response in feces and the
anti-CTB IgA response in serum (rho = —0.40, P = 0.041).
Linear regression with the log-transformed anti-CTB IgA se-
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FIG. 2. Serum vibriocidal antibody titer rise 14 (day 17) days after
the first and 10 (day 30) days after the second dose of an oral killed
CTB whole-cell cholera vaccine in nonsupplemented (e ) and zinc-
supplemented (A) vaccinees. The box provides the interquartile range,
the horizontal line within the box gives the median, and the whisker
caps enclose values between the 10th and 90th percentiles. The arrow
indicates the geometric mean.

rum response as the dependent and the log- transformed fecal
anti-CTB response as the independent variable yielded a re-
gression coefficient (B) of —0.36 (95% confidence intervals
[CI], —0.77, 0.042) and an R? of 0.12 (P = 0.077). In the zinc
group, B was found to be —0.12 (95% CI, —0.71, 0.47; P =
0.66) while in the control vaccinees, B was —0.24 (95% CI,
—0.80, 0.33; P = 0.39). As these regression coefficients were
similar and close to 0, we included zinc supplementation as
well as the log-transformed fecal anti-CTB response as covari-
ates in the regression model to examine whether zinc induced
the increased intestinal and the decreased serum response in
the same individuals. The model yielded an R? of 0.32 (P =
0.0091), while the B for fecal responses was —0.20 (95% CI,
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FIG. 3. Fecal anti-CTB IgA index rise in nonsupplemented (o)
and zinc- supplemented (A) volunteers immunized with an oral killed
CTB whole-cell cholera vaccine. The box provides the interquartile
range, the horizontal line within the box gives the median, and the
whisker caps enclose values between the 10th and 90th percentiles.
The arrow indicates the geometric mean.
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—0.58, 0.19; P = 0.30) and for zinc supplementation it was
—0.80 (95% CI, —1.4, —0.19; P = 0.013).

Serum zinc and CRP concentrations. On day 10, the serum
zinc levels were somewhat higher in the zinc-supplemented
than in the control vaccinees (mean, 12.5; [95% CI, 11.3, 13.8]
versus 11.1 [95% CI, 10.1, 12.1] uM, P = 0.064), with only a
single participant having a level above the upper normal limit
of 16 M, at 16.9 uM. The difference between the groups had
disappeared by day 17. There were no important or significant
differences in CRP levels between the zinc-supplemented and
the control group at any point.

Reported side effects from vaccination and zinc administra-
tion. One of 30 vaccinees experienced mild upper gastrointes-
tinal disturbance following vaccine intake. Two of 15 did not
like the taste of the Solvezink solution, but there were no
defaulters. No serious illness was reported during a 3-month
follow-up period.

DISCUSSION

This is, to our knowledge, the first randomized trial to dem-
onstrate that short-term supplementation with moderately
high doses of zinc substantially modulates immune responses
to an oral vaccine in zinc-replete individuals.

In the control group, the proportion of vaccinees with more
than a twofold increase in serum anti-CTB IgA and IgG titers
(87%) and more than a fourfold increase in vibriocidal anti-
body titers (67%) was in line with previous observations (1, 16,
18). The proportion of vaccinees with more than a twofold
increase in fecal anti-CTB index (47%) was somewhat lower
than that reported previously (2). This may be explained by the
difference in sample collection procedures, as the fecal speci-
mens in the previous studies were collected after the ingestion
of intestinal lavage fluids. The determination of fecal antibody
titers is generally subject to a higher degree of methodological
error than that of serum titers (11), and three individuals had
to be excluded from the analyses of fecal anti-CTB IgA index.
Thus, our estimate of the intestinal anti-CTB IgA response is
likely to have a lower precision than that of the anti-CTB IgA
and IgG and the vibriocidal responses in serum.

The anti-CTB IgA responses in feces and in serum were
negatively correlated, indicating that the somewhat stronger
intestinal response was associated with a substantially poorer
response in serum. The linear regression analysis showed that
while intestinal response alone explained only 12%, the com-
bined and adjusted effects of zinc supplementation and intes-
tinal response explained 32% of the variation in serum anti-
CTB responses. Adjusting for zinc supplementation, which had
a strong negative impact on the serum response, the intestinal
response was weakly and nonsignificantly associated with a
decreased serum response. The baseline anti-CTB index did
not confound the observed associations (data not shown).
These findings indicate that zinc may suppress the systemic and
enhance the intestinal antitoxin response in the same individ-
ual. Larger studies with more precise methods for measuring
intestinal immunity (2, 11) are required to examine whether
and to what extent the negative impact of zinc on the serum
immune response to CTB is mediated by an enhanced intesti-
nal immune response (7, 33).

The enhanced vibriocidal and decreased antitoxin responses
in serum mirror the changes in serum responses reported to
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have occurred in young Bangladeshi children supplemented
with zinc and vitamin A (27). Since all our study subjects were
well nourished and zinc replete, the similarity in the responses
noted in the two populations may suggest that at least part of
the effect among the children could have been pharmacological
rather than a result of replenishing their zinc and vitamin A
stores. Such a mechanism could explain some of the therapeu-
tic and preventive action of zinc against diarrhea observed in
zinc-replete individuals (5).

The vibriocidal response in the zinc group from day 0 to day
17, i.e., after the first vaccine dose, resembled that in the
control group 2 weeks later, i.e., 10 days after the booster
vaccination. If these findings are confirmed, the killed CTB
whole-cell cholera vaccine in combination with zinc could
prove useful for controlling cholera outbreaks, giving a sub-
stantial vibriocidal response after just a single dose.

Because of the substantially larger impact on the systemic
than on the intestinal response and the less precise estimates of
the latter, a search for alternative explanations is warranted.
The reduced serum antitoxin responses in the zinc group could
be a consequence of a generalized decrease in T-cell respon-
siveness (8, 9, 22, 38). However, the enhanced systemic vibrio-
cidal response makes global systemic immunosuppression an
unlikely explanation for the reduced serum anti-CTB re-
sponses.

Immunomodulating substances are important for both im-
munogenic and tolerogenic mucosal vaccines currently under
development. A major challenge is to achieve acceptable safety
while maintaining the desired immunomodulation. Humans
appear to have the capacity to effectively regulate whole-body
zinc content over a 10-fold change in intake (19, 20, 21, 30).
Short-term intake of zinc even severalfold above the recom-
mended daily allowance is considered safe in children and
adults (30, 32). In the present study, there were no substantial
differences in serum zinc or CRP levels between the zinc and
the control group at any point, and subjective side effects were
negligible. One day after completion of the first zinc supple-
mentation period, serum zinc was somewhat higher in the
subjects that had received zinc than among the controls, a
difference that disappeared 1 week later, reflecting effective
homeostatic control (20).

The distribution of the vibriocidal responses was not suffi-
ciently symmetric to use methods based on the normal distri-
bution when estimating the effect of zinc on the antibacterial
immune responses to the vaccine. Moreover, as with many
trials of limited size, randomization failed to distribute relevant
baseline characteristics, notably the preimmunization serum
vibriocidal titers and fecal anti-CTB indices, equally between
the intervention groups. Although we did adjust for the base-
line differences in the statistical analyses, larger studies must
be undertaken to increase the chance that randomization
yields a balance between the intervention groups, to be able to
analyze the data by methods based on the normal distribution
and to yield more precise effect measures.

While the present study clearly demonstrates a negative
impact of the zinc supplementation regimen on the serum
anti-CTB responses, the more uncertain enhancement of
vibriocidal responses finds support in the findings from Bang-
ladesh (27). The possible increase in fecal anti-CTB response
has not been reported earlier. These findings provide an im-
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petus to undertake further studies of the effect of zinc supple-
mentation on immune responses to intestinally delivered anti-
gens, not only in populations expected to be zinc deficient but
also in well-nourished individuals. The impact of oral zinc
administration on immune responses to individual cholera an-
tigens (both toxins and somatic components) and to compo-
nents of other mucosal vaccines must be established. The
present zinc supplementation regimen must be optimized and,
if possible, simplified. Ultimately, phase III trials are required
to measure if any adjuvant effect is reflected in higher vaccine
efficacy.
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