Immune Responses to Pertussis Vaccines and Disease
Kathryn M. Edwards, MD1,2 and Guy A. M. Berbers, PhD3
1
Sarah H. Sell and Cornelius Vanderbilt Chair in Pediatrics, School of Medicine; 2Vanderbilt
Vaccine Research Program, Vanderbilt University, Nashville, Tennessee; 3Center for Infectious
Disease Control, National Institute for Public Health and the Environment, Bilthoven,
The Netherlands
Target Audience
Physicians and other healthcare professionals interested in the causes, prevention, and
treatment of serious infections due to pertussis.
Educational Objectives
Following the education activity, participants will be able to:
1. Describe the humoral immune responses to pertussis vaccines and natural infection.
2. Highlight the variable immune responses to different acellular and whole cell vaccines,
with particular focus on the kinetics of antibody decline.
3. Review transplacental antibody transfer from mother to infant and what impact that has
on infant immune responses.
4. Describe T Cell Immunity to pertussis induced by whole cell and acellular vaccines and
natural infection and how it differs.
5. Discuss the Memory responses that are induced with pertussis vaccines and natural
disease.
Participation in the Learning Process
Credit is based upon the approximate time it should take to read this publication and complete
the evaluation and post-test. A minimum post-test score of 80% is required. Publication date is
April 15, 2014. Requests for credit must be received no later than October 15, 2014, after which
this material is no longer certified for credit.
To access the evaluation and post-test, visit: http://questionpro.com/t/ABzNyZQ6bu
Continuing Medical Education (CME)
The National Foundation for Infectious Diseases (NFID) is accredited by the Accreditation
Council for Continuing Medical Education (ACCME) to provide Continuing Medical Education
(CME) for physicians.
NFID designates this enduring material for a maximum of 0.5 AMA PRA Category 1 CreditsTM.
Physicians should claim only the credit commensurate with the extent of their participation in
the activity

Disclosure
NFID must ensure balance, independence, objectivity, and scientific rigor in its educational
activities. All individuals with control over content are required to disclose any relevant financial
interest or other relationship with manufacturer(s) of any product or service discussed in an
educational presentation and/or with the commercial supporters of this activity. Disclosure
information is reviewed in advance to manage and resolve any conflict of interest, real or
apparent, that may affect the balance and scientific integrity of an educational activity.




William Schaffner (Planner) served as an advisor or consultant for Merck & Co., Inc.,
Pfizer Inc., and Dynavax; and served as a speaker for sanofi pasteur.
H. Keipp B. Talbot (Content Reviewer) served as an advisor or consultant for Teva; and
received grants for clinical research from AstraZeneca, MedImmune, and sanofi pasteur.
Ellyn Terry (NFID Staff) served as an advisor or consultant for MedImmune; and
received financial support from Sigma-Tau Pharmaceuticals, Inc.

The authors and all other planners and content reviewers have no relevant financial
relationships to disclose.
CME Instructions
To earn CME credit, read the entire publication and receive a minimum passing score of 80% on
the post-test. You may repeat the post-test until you successfully receive a passing score. No fee
is required. Please allow 7 to 10 business days after successfully passing the post-test to receive
a CME certificate via email. All inquiries should be directed to cme@nfid.org or (301) 656-0003.
Disclaimer
This activity is designed solely to provide the healthcare professional with information to assist
in his/her practice and professional development and should not replace professional advice or
treatment. The course serves as a general guide to the healthcare professional, and therefore,
cannot be considered as giving legal, nursing, medical, or other professional advice in specific
cases. NFID, the author(s), and the publisher specifically disclaim responsibility for any adverse
consequences resulting directly or indirectly from information in the course, for undetected
error, or through reader's misunderstanding of the content.
Copyright ©2014 National Foundation for Infectious Diseases

SUPPLEMENT ARTICLE

Immune Responses to Pertussis Vaccines and
Disease
Kathryn M. Edwards1,2 and Guy A. M. Berbers3
1

Sarah H. Sell and Cornelius Vanderbilt Chair in Pediatrics, School of Medicine, and 2Vanderbilt Vaccine Research Program, Vanderbilt University,
Nashville, Tennessee; and 3Center for Infectious Disease Control, National Institute for Public Health and the Environment, Bilthoven,
the Netherlands

In this article we discuss the following: (1) acellular vaccines are immunogenic, but responses vary by vaccine; (2)
pertussis antibody levels rapidly wane but promptly increase after vaccination; (3) whole-cell vaccines vary in immunogenicity and efﬁcacy; (4) whole-cell vaccines and naturally occurring pertussis generate predominantly Thelper 1 (Th1) responses, whereas acellular vaccines generate mixed Th1/Th2 responses; (5) active transplacental
transport of pertussis antibody is documented; (6) neonatal immunization with diphtheria toxoid, tetanus
toxoid, and acellular pertussis vaccine has been associated with some suppression of pertussis antibody, but suppression has been seen less often with acellular vaccines; (7) memory B cells persist in both acellular vaccine– and
whole cell vaccine–primed children; and (8) in acellular vaccine–primed children, T-cell responses remain elevated
and do not increase with vaccine boosters, whereas in whole-cell vaccine–primed children, these responses can be
increased by vaccine boosting and natural exposure. Despite these ﬁndings, challenges remain in understanding
the immune response to pertussis vaccines.
Keywords. pertussis vaccines; acellular pertussis vaccines; whole cell pertussis vaccines; DTwP; DTaP.

With the development and testing of new acellular pertussis vaccines in the 1990s, assays to measure the
humoral immune responses to the new vaccines were
established [1, 2]. Scientists working at the Food and
Drug Administration and in academia compared the
performance of enzyme-linked immunosorbent assays
(ELISAs) in the measurement of humoral responses to
pertussis toxin (PT), ﬁlamentous hemagglutinin (FHA),
pertactin (PRN), and ﬁmbrae (FIM) after administration of the acellular and whole-cell pertussis vaccine
candidates in the National Institutes of Health (NIH)–
funded Multicenter Acellular Pertussis Trial (MAPT).
The ELISA results were reproducible and stable over
time, and the assays could be performed in other laboratories with a high degree of reproducibility [3]. As
shown in Figure 1, the reverse cumulative distribution
curves for the PT antibody response after receipt of the
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13 acellular and one of the whole-cell vaccines in
MAPT are plotted, with the highest PT antibody response noted with the genetically detoxiﬁed PT [1].
Table 1 demonstrates the humoral responses to all of
the pertussis vaccine antigens measured in the MAPT
study and again shows the variability among the responses, with the whole-cell vaccines generally stimulating antibody levels somewhere in the middle of those
seen with the acellular vaccines [4]. The acellular vaccines differed from the whole-cell vaccine with respect
to antigen content and quantity, production methods,
and adjuvant content, which contributed to differences
in the immune responses noted.
After the MAPT trial, several vaccines were selected
for inclusion in 2 NIH-funded vaccine-efﬁcacy trials,
one in Sweden and the other in Italy [5, 6], as summarized in a previous report [7]. Unfortunately, neither of
the whole-cell vaccines studied in the MAPT trial was
included in these efﬁcacy trials. Instead, a whole-cell
vaccine produced by Connaught Laboratories, DTwP,
was included in both efﬁcacy trials. Review of the serologic data obtained from the efﬁcacy studies demonstrated that the immunoglobulin G (IgG) PT levels
detected by ELISA and the PT-neutralizing antibody

Figure 1. Reverse cumulative distribution curves, by vaccine, for antibody to pertussis toxin (PT). Each curve plots the proportion of vaccinees (ordinate)
whose postimmunization concentration equals or exceeds the concentration shown on the abscissa. If a vaccine produced precisely the same results in
each vaccinee, the curve would form a rectangle perpendicular to the ordinate at 100%, then straight down to the abscissa at the achieved antibody concentration. The key indicates that the whole-cell vaccine is denoted by B and the remainder of the vaccines are acellular vaccines [4].

responses to the Connaught DTwP vaccine were signiﬁcantly
less than the responses seen with the 2 DTaP (diphtheria
toxoid, tetanus toxoid, and acellular pertussis) vaccines included in the efﬁcacy trials [8] (Table 2).
As the children enrolled in the MAPT trial reached the age
for their fourth and ﬁfth doses of the DTaP or DTwP vaccines,
they were enrolled in comparative studies of the whole-cell and
acellular vaccines combined with diphtheria and tetanus toxoids
[9, 10]. The DTaP vaccines were associated with fewer adverse
events than the DTwP vaccine, and most DTaP vaccines stimulated comparable or higher serum antibody responses than the
DTwP vaccine. Serum antibody concentrations before boosting
were lower than those obtained 1 month after the primary and
initial booster immunizations. After the fourth and ﬁfth doses,
signiﬁcant increases in antibodies directed against the included
antigens were observed for all vaccines.
Although humoral immune responses to pertussis vaccines
were well characterized during that period, few studies of cellmediated immunity were conducted. Italian investigators conducted cell-mediated immunity studies during the efﬁcacy
trials in infants, using lymphoproliferative assays. Both of the
DTaP vaccines were better inducers of cell-mediated immune
responses than the DTwP vaccine, particularly against PT, and
the cell-mediated immune responses persisted, in contrast to
the rapid decline in antibody levels [11]. Cytokine proﬁles were

also examined. DTaP vaccines induced both a type 1 and type 2
cytokine proﬁle, while the DTwP vaccine induced predominantly a type 1 pattern [12]. Both the acellular pertussis and
whole-cell pertussis vaccines also induce a T-helper 17 (Th17)
response [13]. Recently reported studies from the Netherlands
also demonstrate that persistent T-cell responses to pertussis
antigens are seen 3 years after booster DTaP vaccination at 11
months of age and that enhanced immunoglobulin E (IgE) and
IgG4 responses to pertussis antigens are also noted after preschool booster vaccination at 4 years [14]. These IgE and IgG4
responses might be associated with the local side effects found
after this booster. After naturally occurring Bordetella pertussis
infection in children, T cells produced interferon γ but a low or
undetectable level of interleukin 5, suggesting that Th1 cells
were primarily seen after B. pertussis infection [15].
Between July 1997 and December 1998, a double-blind, randomized NIH-funded clinical trial in adolescents and adults
15–65 years of age was conducted at 8 study sites in the United
States to evaluate the reactogenicity, immunogenicity, and protective efﬁcacy of the acellular pertussis vaccine [16]. A total of
2781 individuals were enrolled in the study, with 200 each providing 5 serum samples over an 18-month period. On the basis
of laboratory-conﬁrmed pertussis with cough, vaccine efﬁcacy
was 92% (95% conﬁdence interval, 32%–99%). The antibody
titers to each of the pertussis antigens declined rapidly over this
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Table 1. Antibody Levels 1 Month Following the Third Dose of Vaccine: Results From the Multicenter Acellular Pertussis Trial and a
Follow-Up Trial
Antibody Level,a Geometric Mean (95% CI), by Antigen
Manufacturer or Distributor

Vaccine

PT

FHA

PRN

FIM

Sanofi Pasteur (Canada)
Sanofi Pasteur (Canada)

Tripacel
CLL-3F2

36 (32–41)
38 (33–44)

37 (32–42)
36 (31–41)

114 (93–139)
3.4 (3.1–3.6)

240 (204–282)
230 (183–290)

Sanofi Pasteur (France)

Triavax

68 (60–76)

143 (126–161)

3.3 (3.1–3.6)

1.9 (1.6–2.1)

Sanofi Pasteur (US)
Baxter Laboratories

Tripedia
Certiva

127 (111–144)
54 (41–71)

84 (73–95)
1.1 (1.0–1.2)

3.5 (3.2–3.9)
NA

2.0 (1.7–2.3)
NA

Biocine Sclavo

BSc-1

180 (163–200)

1.2 (1.1–1.4)

3.4 (3.1–3.7)

1.8 (1.7–2.0)

Chiron Vaccines
GlaxoSmithKline

Acelluvax
Infanrix

99 (87–113)
54 (46–64)

21 (18–25)
103 (88–120)

65 (53–79)
185 (148–231)

1.9 (1.7–2.1)
1.9 (1.7–2.2)

Massachusetts Public Health Biologic Labs

SSVI-1

99 (87–111)

1.2 (1.1–1.3)

3.4 (3.1–3.6)

2.1 (1.8–2.4)

Michigan Department of Public Health
SmithKline Beecham Biologicals

MIch-2
SKB-2

66 (59–75)
104 (94–116)

237 (213–265)
110 (99–122)

3.2 (3.0–3.4)
3.3 (3.1–3.5)

2.0 (1.8–2.3)
1.9 (1.7–2.1)

Speywood (Porton) Pharmaceuticals

Por-3F2

29 (25–33)

20 (17–23)

3.0 (3.0–3.1)

361 (303–430)

Wyeth Lederle Vaccines and Pediatrics
Wyeth Pharmaceuticals

LPB-3P
ACEL-IMUNE

39 (32–48)
14 (12–17)

144 (127–163)
49 (45–54)

128 (109–150)
54 (47–62)

19 (13–27)
51 (41–63)

Wyeth Lederle Vaccines and Pediatrics

Whole cell

67 (54–83)

3.0 (2.7–3.4)

63 (54–74)

191 (161–227)

Abbreviations: CI, confidence interval; FHA, filamentous hemagglutinin; FIM, fimbrial protein; MAPT, Multicenter Acellular Pertussis Trial; NA, not available; PRN,
pertactin; PT, pertussis toxin.
a

Following immunization at 2, 4, and 6 months.

period, with a remarkable decline in the PT antibody responses
[17]. Others have reported similar marked declines in pertussis
antibody titers in immunized adolescents and adults [18].
During a suspected pertussis outbreak at an academic medical center, adults received a single dose of Tdap (tetanus toxoid
and reduced-dose diphtheria toxoid and acellular pertussis
vaccine), and the kinetics of the IgG antibody responses to
pertussis antigens were measured. By as early as 2 weeks after
vaccination, 88%–94% of the adults demonstrated a booster response to each of the included antigens, supporting a role for
Tdap in pertussis outbreak control [19].
Antibodies to PT and FHA readily cross the placenta and are
found in infant sera in concentrations comparable to or higher
than those in maternal sera, with a half-life of about 6 weeks
[20, 21]. However, low maternal pertussis antibody levels in the
absence of adolescent-adult pertussis booster vaccination, and
the rapid decay of maternally derived antibodies in infant sera,
leave infants with little humoral antibody protection against
pertussis [22]. Active pertussis vaccination of pregnant women
during the third trimester was studied in the early 20th century,
with few adverse events and elevated antibody titers in both
mother and infant [23, 24]. However, high preexisting pertussis
antibody levels in infants suppressed the immune responses to
DTwP vaccines and led to the rejection of maternal immunization. In contrast, ecological studies of antibody responses to
acellular pertussis vaccines in infants with high versus those
with low maternal antibody titers have not shown this suppression.
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However, the high maternal antibody levels in these studies were
materially lower than would be expected after maternal Tdap
during pregnancy [20, 25]. The Advisory Committee on Immunization Practices recently recommended the immunization of
all pregnant women with each pregnancy [26].
Several studies have been conducted to assess the safety and
immunogenicity of administering acellular pertussis vaccines to
neonates at birth or within the ﬁrst few weeks of life. Belloni
et al administered a 3-component acellular pertussis vaccine to
45 infants at birth and at 3, 5, and 11 months of age (group 1)
and compared their responses to those of 46 infants who were
immunized at ages 3, 5, and 11 months (group 2) [27]. At ages
5 and 6 months, the geometric mean titers of anti-FHA and
anti-PRN were signiﬁcantly greater in group 1 (which had received 2 doses) than in group 2 (which had received 1 dose). At
12 month, the PT titers were signiﬁcantly lower in group 1, suggesting that there was suppression of the immune response to PT
with the birth dose. In another study of neonatal immunization,
50 infants 2–14 days of age were randomly assigned to receive
either DTaP and hepatitis B vaccines (experimental group) or
hepatitis B vaccine alone (control group) at birth [28]. At 2, 4,
6, and 17 months of age, DTaP and routine vaccines were administered to both groups. Infants in the experimental group
demonstrated lower geometric mean antibody concentrations
for diphtheria toxoid at 7 months of age and signiﬁcantly lower
geometric mean antibody concentrations for PT and PRN at 6,
7, and 18 months of age; for FIM at 6, 7, 17, and 18 months of

Table 2. Antibody Titers to Vaccines Containing Various Combinations of Diphtheria Toxoid, Tetanus Toxoid, and Acellular or WholeCell Pertussis
1 Mo After Dose 3
Antibody, Vaccine
IgG PT
DTwP

Samples, No.
449

15 Mo After Dose 3

GMT (95% CI)
1.2 (1.1–1.3)

Samples, No.

GMT (95% CI)

332

1.1 (1.1–1.2)

DTaP produced by CB

486

94.3 (88.8–100.3)

403

4.5 (4.0–5.0)

DTaP produced by SB
DT

476
161

51.3 (47.9–54.9)
1.0 (1.0–1.1)

389
127

2.7 (2.4–3.0)
1.1 (1.0–1.2)

449
486

5.03 (4.7–5.8)
52.6 (49.1–56.3)

332
403

1.6 (1.4–1.8)
4.7 (4.2–5.4)

476

146.9 (138.3–156.1)

IgG FHA
DTwP
DTaP produced by CB
DTaP produced by SB
DT
IgG PRN

161

389

11.4 (10.2–12.8)

1.5 (1.3–1.6)

127

1.2 (1.0–1.3)

DTwP

449

9.8 (8.6–11.3)

332

2.3 (2.1–2.5)

DTaP produced by CB
DTaP produced by SB

486
476

136.6 (127.0–146.8)
274.2 (253.6–296.7)

403
389

9.9 (8.9–11.1)
17.9 (16.1–20.1)

DT

161

1.6 (1.6–1.7)

127

1.6 (1.5–1.7)

PT NAb
DTwP

237

23.0 (21.4–24.6)

176

21.4 (20.2–22.7)

DTaP produced by CB

251

787.6 (718.2–863.5)

208

148.7 (124.7–177.4)

DTaP produced by SB
DT

239
81

223.0 (203.7–259.7)
22.0 (20.2–23.9)

190
60

67.9 (56.0–82.3)
21.2 (18.8–23.7)

Abbreviations: CB, Chiron Biocine; CI, confidence interval; DT, diphtheria toxoid and tetanus toxoid vaccine; DTaP, diphtheria toxoid, tetanus toxoid, and acellular
pertussis vaccine; DTwP, diphtheria toxoid, tetanus toxoid, and whole-cell pertussis vaccine; FHA, filamentous hemagglutinin; GMT, geometric mean titer; IgG,
immunoglobulin G; NAb, neutralizing antibody; PRN, pertactin; PT, pertussis toxin; SB, SmithKline Beecham.

age; and for FHA at 18 months of age. These data suggested
that the administration of an additional dose of DTaP at birth
was safe but was associated with a signiﬁcantly lower response
to diphtheria toxoid and to 3 of 4 pertussis antigens. A third
study, using only acellular pertussis vaccine without diphtheria
and tetanus toxoids, was conducted in Germany [29]. Neonates
(n = 121) were randomly assigned (1:1) to receive either acellular pertussis vaccine or hepatitis B vaccine (controls) at birth,
followed by receipt of DTaP, hepatitis B vaccine, inactivated
polio vaccine, and Haemophilus inﬂuenzae type B vaccine at 2,
4, and 6 months of age. At 3 months of age, vaccination with
acellular pertussis vaccine at birth had induced signiﬁcantly
higher antibody responses to the 3 pertussis antigens, but at 7
months, antibody titers were similar in both groups. However,
antibody concentrations to H. inﬂuenzae type B and hepatitis B
virus were signiﬁcantly lower in the acellular pertussis vaccine
group. Finally, Wood et al in Australia randomly assigned 76
newborns at birth to 3 groups: acellular pertussis vaccine at
birth and 1 month, acellular pertussis vaccine at birth, and no
additional vaccine (control) [30]. All infants received the other
vaccines at the recommended times. By 2 months of age, 88%
of 2-dose recipients had detectable IgG PT, compared with 43%

who received a birth dose only and 15% of controls. Although
neonatal vaccination elicited earlier IgG responses, T-cell
memory responses displayed a strong Th2 bias, with high interleukin 5 and interleukin 13 production [31]. Additional studies
are ongoing in Australia to assess the safety, immunogenicity,
and effectiveness of neonatal acellular pertussis vaccination.
In the Netherlands, the coverage rate with the DTwP vaccine
at 3, 4, 5, and 11 months of age was >96% for decades. But
despite these vaccination rates, rises in the incidence of B. pertussis infection were seen every 2–3 years, starting in 1996. On
the basis of IgG PT seroprevalence data among individuals >9
years of age, the incidence of pertussis was estimated to be 4.0%
per year during 1995–1996 and increased to 9.3% in 2006–
2007 [32]. After an attempt to improve the whole-cell vaccine
and to accelerate the primary vaccination schedule to 2, 3, and
4 months of age, in 2001 a DTaP vaccine for preschool-aged
children was recommended, and in 2005, the DTwP vaccine
was replaced by the DTaP vaccine. Despite these changes, the
incidence of pertussis continued to increase, stimulating research on humoral and cellular immune responses to pertussis
vaccines. Before and after the preschool booster, signiﬁcantly
higher IgG levels to PT, FHA, and PRN were found in acellular
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Figure 2. Peripheral blood mononuclear cells (PBMCs) obtained from children 4 years of age (open triangles; n = 14), 6 years of age (open squares; n =
15), and 9 years of age (open circles; n = 20) before booster receipt were stimulated with pertussis toxin (PT), ﬁlamentous hemagglutinin (FHA), or pertactin
(PRN) for 5 days, and numbers of interferon γ (IFN-γ)–producing cells were subsequently determined. Children 9 years of age were studied longitudinally
beginning 1 month (closed circles) and 1 year (dark ﬁlled circles in the 1 year column) after receipt a second acellular pertussis booster vaccine (n = 20),
and children 4 years of age were studied cross-sectionally 1 month after receipt of the ﬁrst acellular pertussis booster vaccine (ﬁlled triangles; n = 11). Horizontal lines represent geometric means of IFN-γ–producing cells per 100 000 stimulated PBMCs. The asterisk indicates a signiﬁcant difference between
groups [38].

vaccine–primed children, compared with whole-cell vaccine–
primed children [33]. The effect of priming with either acellular
or whole-cell vaccines on pertussis-speciﬁc memory B-cell responses before and after a booster vaccination at 4 years of age
[34] was studied. After a DTaP booster, higher memory B-cell
responses were demonstrated in acellular vaccine–primed children, compared with whole-cell vaccine–primed children. In
addition, long-term pertussis-speciﬁc memory B-cell responses
in children who were primed in infancy with whole-cell vaccine
were also documented [35, 36]. The T-cell responses in children
4 years of age were found to be still elevated 3 years after acellular vaccine priming, and they did not increase after booster vaccination; in contrast, the T-cell responses in whole-cell
vaccine–primed children increased after the acellular vaccine
booster. Finally, after receipt of a second acellular vaccine
booster in Dutch whole-cell vaccine–primed children at 9 years
of age, 5 years after a preschool booster vaccination [37], increased pertussis-speciﬁc Th1 and Th2 cytokine responses were
demonstrated. However, almost all T-cell responses had already
increased with age, suggesting natural boosting due to pertussis
outbreaks and the resulting high circulation of the bacterium
(Figure 2) [38].
Although there are no agreed upon correlates of protection for
pertussis, we have presented the antibody levels and cellular immunity data as a basis on which additional studies can build. In
summary, (1) acellular vaccines are immunogenic, but responses
vary by vaccine (2) pertussis antibody levels rapidly wane, but
promptly increase after vaccination; (3) whole-cell vaccines vary
in immunogenicity and efﬁcacy, (4) whole-cell vaccines and naturally acquired pertussis generate predominantly Th1 responses,
whereas acellular vaccines generate mixed Th1/Th2 responses;
S14
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(5) active transplacental transport of pertussis antibody is documented; (6) neonatal immunization with DTaP has been
associated with some suppression of pertussis antibody, but
this has been seen less often with acellular vaccines; (7)
memory B cells have been found to persist in both acellular
vaccine– and Dutch whole-cell vaccine–primed children; (8) in
acellular vaccine–primed children, T-cell responses remain elevated and do not increase with acellular vaccine boosters,
whereas in whole-cell vaccine–primed children, these responses
are increased by acellular vaccine boosters and exposure to
natural infection. This suggests that priming in the ﬁrst months of
life is deﬁning the nature and level of the immune response to an
acellular booster vaccine later in life.
Despite these ﬁndings, a number of challenges remain in
understanding the immune response to pertussis vaccines. (1)
What are the factors that stimulate very different immune responses to whole-cell pertussis and acellular pertussis? (2)
What immunologic studies could be used to compare responses
to acellular vaccine and whole-cell vaccine with the goal of understanding protective responses? (3) What are the implications
of the different immune responses to the acellular and wholecell vaccines? (4) How can this information be used to design
better vaccines? It is hoped that over the next several years advances in immunology and systems biology can be used to
address these important questions.
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