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Despite pertussis vaccination rates in excess of 95%, pertussis rates in the United States have been rising over
the last 30 years, with increasingly larger outbreaks in 2004, 2010, and 2012. The reasons for this resurgence of
pertussis are not clearly understood. The recent development of a baboon model of pertussis, along with the
future development of a human challenge model of pertussis, has the potential to provide a path forward for
answering critical questions about pertussis pathogenesis and host responses and will likely aid in the develop-

ment of next-generation pertussis vaccines.
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Whooping cough is a highly contagious, acute respira-
tory illness caused by the bacterial pathogen Bordetella
pertussis [1]. The introduction of pertussis vaccines in
the 1940s and nationwide coverage in excess of 95% led
to a dramatic decrease in the disease. However, for un-
explained reasons, pertussis rates in the United States
have been rising over the last 30 years [2]. With >48 000
reported cases in the United States in 2012, pertussis is
the most commonly reported vaccine-preventable disease.

A variety of animal models have been used to study
the pathogenesis of pertussis, including mice, rabbits,
guinea pigs, and newborn piglets [3]. While these mod-
els reproduce many aspects of pertussis, none of them
adequately reproduce the full spectrum of the disease
observed in humans. Experiments on nonhuman pri-
mates have brought about important advances in biol-
ogy and medicine. Because of their close evolutionary
relationship to humans, primates often play a crucial
role in research aimed at understanding, preventing,
and treating infectious diseases in humans. Published
studies involving a variety of nonhuman primate species
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reported that nonhuman primates develop all of the
characteristic markers of human pertussis [4-9].
However, these studies were published >50 years ago
with limited experimental detail, making it difficult to
evaluate those models.

CHIMPANZEES

Two studies were published in the 1930s, in which
chimpanzees were directly challenged with B. pertussis
[7,9]. In the first study, Rich et al directly inoculated 2
chimpanzees with unfiltered sputum from human cases
of pertussis [7]. Both chimpanzees developed a case of
pertussis that was described as being indistinguishable
from human pertussis. The disease in these animals
was characterized by prolonged cough illness accompa-
nied by significant leukocytosis and isolation of B. per-
tussis. A third chimpanzee was inoculated with sputum
from one of the 2 infected chimpanzees and also devel-
oped typical whooping cough. In a second report,
Shibley challenged a single chimpanzee by spraying B.
pertussis into the face of the animal on 3 successive
days [9]. The challenged chimpanzee developed a
cough illness, starting on day 9, that was described as
paroxysmal by day 14, with 25-30 coughs in succession
often followed by emesis. Definite whooping was re-
ported on day 19 after challenge. This animal was eu-
thanized at the peak of infection, at which time the
white blood cell (WBC) count was 132 000 cells/pL. At
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autopsy, the findings were described as being typical for find-
ings in human pertussis. Importantly, B. pertussis was isolated
in the bronchi and bronchioles of this animal, providing evi-
dence that B. pertussis colonizes these airways in the course of a
typical infection that is uncomplicated by pneumonia. These
studies demonstrate that chimpanzees provide an excellent
model of pertussis, but ethical considerations preclude their use
in pertussis research.

MACAQUES AND CEBUS MIONKEYS

Since 1929, 3 studies have reported success in infecting Rhesus
monkeys with B. pertussis. Sauer and Hambrecht challenged 10
Rhesus monkeys with B. pertussis [8]. Three of those monkeys
developed mild cases of pertussis characterized by a mild cough
of short duration and 2-3-fold rises in WBC counts. In the
same study, these researchers challenged 18 Cebus capucinus
monkeys. Five monkeys developed mild pertussis. Culotta et al
challenged 16 Rhesus monkeys and reported mild pertussis
signs in 1 animal [4]. In contrast, when these researchers chal-
lenged 2 Erythrocebus patas monkeys, both animals developed
cases of pertussis characterized by a 4-5-fold rise in WBC
counts and a cough illness lasting 28 days and 40 days. When
Sprunt et al attempted to produce pertussis in E. patas monkeys,
they met with less success [10]. They challenged 11 E. patas mon-
keys by intratracheal inoculation. All 11 monkeys were colonized,
but none of the monkeys exhibited signs of pertussis disease.

Although the 3 studies described above suggest that ma-
caques and Cebus monkeys are not suitable animals for recapit-
ulating human clinical pertussis, 2 studies using Macaca
cyclopis monkeys challenged that conclusion. Lin inoculated 4
young M. cyclopis monkeys with B. pertussis and cohoused each
inoculated monkey with a naive cage mate [6]. All 8 monkeys
developed cases of pertussis characterized by a cough illness
lasting 8-24 days and 2-3-fold increases in WBC counts. This
study demonstrated experimental transmission of pertussis, as
well as protection from subsequent rechallenge. None of the
convalescent animals developed pertussis signs upon rechal-
lenge. North et al challenged 10 M. cyclopis monkeys with
B. pertussis [11]. Nine monkeys developed pertussis. The
authors stated that paroxysmal coughing was observed in the
most severe cases, but the numbers of mild and severe cases
were not provided. The range of peak leukocytosis was reported
as 15 500-42 600 cells/pL, but the values for individual animals
and the preinfection values were not reported. As in the study
by Lin, convalescent animals were asymptomatic upon rechal-
lenge. These 2 studies suggest that M. cyclopis would possibly
provide a useful model of pertussis. If true, it is not clear why
M. cyclopis monkeys provide a better model than M. rhesus,
because M. cyclopis and M. rhesus are closely related species.
Unfortunately, M. cyclopis monkeys are not readily available as
a research model.

As a first step in developing a reliable nonhuman primate
model of pertussis, we sought to revisit the suitability of
M. rhesus monkeys as a model of human clinical pertussis. We
challenged 4 young Rhesus monkeys with B. pertussis strain
D420 [12], a recent clinical isolate that was isolated from a
human infant with severe respiratory distress. All 4 monkeys
were infected; 2 developed a significant rise in WBC counts
(4-fold and 6-fold, respectively), of which only one developed a
cough [12]. Two Macaca fascicularis monkeys were also chal-
lenged with D420. Both monkeys were colonized, but only 1
demonstrated an increased WBC count and developed a mild
cough (T. J. M., unpublished data). Carbonetti et al challenged
3 M. fascicularis monkeys with strain D420. Only a mild cough
of short duration (2-3 days) was observed immediately follow-
ing challenge, and a mild increase in WBC count was observed
in 2 animals (Nicholas Carbonetti, personal communication).
Because this recent experience is consistent with previous pub-
lications, it is reasonable to conclude that macaques do not
provide a useful model of pertussis.

BABOONS

Our results with M. rhesus and M. fascicularis monkeys led us
to explore alternative nonhuman primate models. We inoculat-
ed 9 weanling baboons with B. pertussis strain D420 [12]. Very
high numbers of bacteria were recovered from the nasopharyn-
geal washes of all 9 baboons from day 2 to day 25 after chal-
lenge, and all 9 exhibited very high WBC counts with peak
levels 5-10-fold above the preinfection values. All 9 baboons
developed severe cough that persisted for >2 weeks. At peak
illness, coughing fits were severe, consisting of 5-10 paroxysmal
coughs.

As is the case in humans, there is a correlation between the
age of the infected animal and the severity of disease. When
young infant baboons (5-6 weeks of age) were challenged,
severe disease was observed, often resulting in pneumonia
(T. J. M., unpublished data). Full-grown adult baboons chal-
lenged with the same dose exhibited very mild signs of disease
or were asymptomatic (T. J. M., unpublished data). Because
100% of baboons infected with a clinical isolate of B. pertussis
exhibited the hallmark manifestations of human pertussis, in-
cluding paroxysmal coughing, mucus production, and leukocy-
tosis, we concluded that young baboons provide an excellent
model of pertussis. Since human pathology specimens are only
available from B. pertussis—infected infants who died of pneu-
monia, the nonhuman primate model provides an accessible
way to study disease mimicking the most common presentation
of human pertussis.

It is not known why B. pertussis causes only mild infections
in macaques but reliably causes severe disease in baboons. Our
results suggest that one important factor that contributes to
the lack of disease in macaques is the relatively high body
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temperature of macaques, compared with that of humans and
baboons. B. pertussis exhibits a reduced growth rate in vitro at
39°C relative to the rate at 37°C, and adenylate cyclase protein
levels are significantly reduced in vitro at 39°C [12]. Both of these
temperature-related events may explain the reduced virulence of
B. pertussis in macaques relative to that in baboons. However, one
cannot rule out the possibility that other genetic differences
between baboons and macaques contribute to the different sus-
ceptibility of these species to B. pertussis infection [13, 14].

We subsequently used the baboon model of pertussis to
demonstrate transmission of pertussis to uninfected cage mates
and to uninfected animals housed in cages 2.1 m away [15].
This was the first demonstration of airborne transmission of
B. pertussis in a controlled environment in which other modes
of transmission could be absolutely ruled out. One of the major
early findings from the baboon model is that the host immune
response to B. pertussis infection results in near-sterilizing im-
munity [12]. When convalescent baboons were rechallenged,
no colonization of the nasopharynx and no rise in circulating
WBC counts was observed. The rechallenged animals also dis-
played robust boosting of serum antibodies beginning on day 5
after challenge, suggesting that T-cell memory may play a sub-
stantial role in the sterilizing immunity observed in convales-
cent baboons. The primary immune response to pertussis was
characterized by strong induction of interleukin 6, interleukin
23, and transient interleukin 1B [16]. Consistent with the role
of these cytokines in the development of interleukin 17 (IL-17)-
producing T cells (Th17 cells), strong expression of IL-17 and
several cytokines and chemokines that are orchestrated by
Th17 immune responses were detected. The induction of IL-17
and interferon y-secreting cells in convalescent animals was
also observed, consistent with the induction of adaptive Th17
and Thl responses. Importantly, these cells still remained 2
years after infection, suggesting they are due to immunological
memory to pertussis. These data shed important light on the
innate and adaptive immune responses to pertussis in a primate
infection model and suggest that Th17 and Thl immune re-
sponses contribute to the sterilizing immunity conferred by
natural B. pertussis infection. The demonstration that the im-
munity conferred by infection in the baboon model is sufficient
to protect from subsequent rechallenge demonstrates the use-
fulness of the baboon model as a tool to fill the gaps in our un-
derstanding of infection and vaccine-mediated protection from
pertussis.

HUMAN CHALLENGE MODEL OF PERTUSSIS

Human challenge studies with microbial pathogens provide an
opportunity to study the natural course of and immune re-
sponses to infection. They have contributed significantly to our
understanding of bacterial and viral pathogenesis and the
immune response to infection. Reviews of previous experience

and ethical considerations related to the use of human chal-
lenge models for viral and bacterial pathogens are available
elsewhere [17-19]. Human challenge models can be used safely
and ethically for diseases that are nonfatal and self-limiting in
healthy individuals or diseases for which a rescue therapy is
available that can be used to quickly bring the participants back
to good health [18]. These studies are particularly useful because
they can be performed in a controlled setting and because results
can be attained with a smaller number of volunteers and more
rapidly than studies that require the accumulation of cases as the
result of natural exposure in the community. This is particularly
relevant for pertussis, which occurs at a relatively low frequency
in the population and has an incidence that is sporadic geo-
graphically and annually.

Pertussis presents several specific challenges to the design of
human challenge studies. Pertussis is highly contagious and
transmitted by airborne respiratory droplets. Appropriate con-
tainment facilities and inpatient study design are required to
prevent transmission to contacts. Antibiotic treatment, with
clearance of organism ensured before discharge, and adequate
safety follow-up procedures are also required to prevent acci-
dental transmission to subject contacts outside the institution.
Antibiotic treatment provides an effective rescue therapy for
pertussis when administered early in infection. However, anti-
biotics have limited or no efficacy when administered late in in-
fection [20]. Although pertussis is generally mild in adults,
even mild pertussis in adults has a prolonged duration and is
associated with significant discomfort. Severe pertussis is more
commonly associated with young children; however, severe per-
tussis occurs in all age groups. This point of no return with
respect to rescue therapy and the potential for severe disease
potentially limits pertussis challenge study end points to estab-
lishment of infection. Human challenge studies with B. pertussis
in which subjects are treated as soon as infection is confirmed
appear to fall well within the bounds of current ethical and
safety standards [18]. Subjects are unlikely to experience unrea-
sonable discomfort, and the infection can be treated and eradi-
cated with confidence. Studies in which subjects who are
deliberately infected with B. pertussis are allowed to proceed to
symptomatic stages of disease may result in infections that can-
not be eradicated with complete confidence and may present a
risk of significant morbidity to the subject.

INTEGRATION OF HUMAN AND NONHUMAN
PRIMATES TO CHARACTERIZE THE
PATHOGENESIS OF PERTUSSIS AND THE
NATURE OF PROTECTIVE IMMUNITY

The human and nonhuman primate models together provide a
way forward to answer questions that have been left unan-
swered over the last 100 years. The baboon model of pertussis
provides the opportunity to follow the full course of natural
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B. pertussis infections to better understanding the disease
process and the virulence of the organism and to evaluate can-
didate vaccine antigens and adjuvants in a very relevant animal
model. Ultimately, the baboon model may be used to provide
proof of concept for vaccines before their study in human clini-
cal trials and could yield information about potential human
correlates of protection for candidate vaccines. Once developed,
a human challenge model of pertussis could be invaluable for
studying early stages of infection, for evaluating the effective-
ness of novel antigens and adjuvants in preventing infection,
and, depending on the clinical end points, for providing clinical
efficacy data for next-generation pertussis vaccines. Together,
the baboon and human challenge models of pertussis may facil-
itate the rational design and testing of next-generation pertussis
vaccines in response to the continued resurgence of pertussis.

Notes

Acknowledgments. 'We thank Dr Nicholas Carbonetti, for sharing un-
published data; and thank Dr Drusilla Burns and Dr. Theresa Finn, for crit-
ical reading of the manuscript.

Potential conflicts of interest. ~ All authors: No reported conflicts.

All authors have submitted the ICMJE Form for Disclosure of Potential
Conflicts of Interest. Conflicts that the editors consider relevant to the
content of the manuscript have been disclosed.

References

1. Mattoo S, Foreman-Wykert AK, Cotter PA, Miller JF. Mechanisms of
Bordetella pathogenesis. Front Biosci 2001; 6:E168-86.

2. Centers for Disease Control and Prevention. Notifiable diseases and
mortality tables. MMWR Morb Mortal Wkly Rep 2013; 61:719-32.

3. Elahi S, Holmstrom J, Gerdts V. The benefits of using diverse animal
models for studying pertussis. Trends Microbiol 2007; 15:462-8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Culotta CS, Harvey DF, Gordon EF. Whooping cough. II. Experimental

study. J Pediatr 1935; 6:743-52.

. Huang CC, Chen PM, Kuo JK, et al. Experimental whooping cough.

N EngJ Med 1962; 266:105-11.

. Lin TM. Experimental whooping cough in monkey. ] Formos Med Ass

1958; 57:53-62.

. Rich AR, Long PH, Brown JH, Bliss EA, Holt LE. Experiments upon

the cause of whooping cough. Science 1932; 76:330-1.

. Sauer LW, Hambrecht L. Experimental whooping cough. Am ] Dis

Child 1929; 37:732-44.

. Shibley GS. Etiology of whooping cough. Proc Soc Exp Biol Med 1934;

31:576-9.

Sprunt DH, Martin DS, McDearman S. Results of the intratracheal in-
jection of the bordet-gengou bacillus in the monkey and rabbit. ] Exp
Med 1938; 67:309-22.

North EA, Keogh EV, Christie R, Anderson G. Experimental pertussis
in the monkey. Austral ] Exp Biol Med Sci 1940; 18:125-30.

Warfel JM, Beren ], Kelly VK, Lee G, Merkel T]. A non-human primate
model of pertussis. Infect Immun 2013; 80:1530-36.

Page SL, Chiu C, Goodman M. Molecular phylogeny of Old World
monkeys (Cercopithecidae) as inferred from gamma-globin DNA se-
quences. Mol Phylogenet Evol 1999; 13:348-59.

Perelman P, Johnson WE, Roos C, et al. A molecular phylogeny of
living primates. PLoS Genet 2011; 7:e1001342.

Warfel JM, Beren J, Merkel TJ. Airborne transmission of Bordetella per-
tussis. ] Infect Dis 2012; 206:902-6.

Warfel JM, Merkel TJ. Bordetella pertussis infection induces a mucosal
IL-17 response and long-lived Th17 and Th1 immune memory cells in
nonhuman primates. Mucosal Immunol 2013; 6:787-96.

Kalil JA, Halperin SA, Langley JM. Human challenge studies: a review
of adequacy of reporting methods and results. Fut Microbiol 2012;
7:481-95.

Miller FG, Grady C. The ethical challenge of infection-inducing chal-
lenge experiments. Clin Infect Dis 2001; 33:1028-33.

Rosenbaum JR, Sepkowitz KA. Infectious disease experimentation in-
volving human volunteers. Clin Infect Dis 2002; 34:963-71.

Wood N, Mclntyre P. Pertussis: review of epidemiology, diagnosis,
management and prevention. Paediatr Respir Rev 2008; 9:201-11; quiz
211-2.

S23 e JID 2014:209 (Suppl1) e Merkel and Halperin




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


