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Immuno-epidemiology of 
infectious diseases

• Primary interest: host-parasite interactions at the level of the organism, 
and the effects of natural variation on the host's immune defences 

• Foremost interface of this interaction is the immune response 

• Biotic environmental factors: exposure via air, water, soil, vectors, & animal 
reservoirs; population density; nutritional resource availability... 

• At the individual level: 

• Physiological factors: age, sex, nutritional status, past and current 
infections  

• Immunity: resistance/susceptibility, tolerance/virulence, health... 

• At the Population: disease transmission, demographic structure & density



Wild Immunology

• Wild Immunology: how the immune system functions 
given natural variation in coinfection history, variable 
nutritional resources, etc. — emphasis on immune 
mechanisms, with a view to inform intervention strategies 
(see Pedersen & Babayan 2011) 

• No lab experiment can satisfactorily simulate the 
interplay of an individual with its natural environment 

• However, knowledge derived from past and concurrent 
lab immunology is crucial to disentangling causes & 
effects of such variation



Crosstalk between lab & wild

In the lab: controlled 
environmental and genetic 
variation allows the study 
of mechanisms that drive 
immunity. 

In the wild: how natural 
variation affects the 
expression of immunity 
from individual organism to 
population levels. 

Molecules, 
cells, organisms

Organisms, populations, 
ecosystems‘omics



Old methods and new 
opportunities

• Swelling in response to immunogenic inoculations: how to 
interpret these, e.g. sheep red blood cells or KLH?  

• Serology: antibodies available for many species, but is it always 
a good enough predictor of protection? Detection limits? Active 
or past infection? Exposure or protection? 

• PCR & co: requires knowledge of genome — very small fraction 
of target species have been sequenced 

• More recently, ’omics, and specifically de novo transcriptomes + 
digital transcriptomics is often a necessary first step. 
Challenging in its own way (e.g. Curse of dimensionality), but it 
also opens up unprecedented insights into the study system



Basic requirements to study the 
relevant species

• Demographics: age, sex, reproductive status, weight, 
fat scores, etc. 

• Diagnostics: pathogen presence and burdens  

• Immunology: for non-model organisms, a combination 
of classical immune measures (differential leukocyte 
counts, bacterial killing essays, etc) and, increasingly, 
'omics  

• Computational biology: bioinformatics + scalable data 
analysis



Resources for studying M. bovis 
from a multi-host-pathogen angle 

• Mycobacterium spp. genome: see Stephen Gordon’s talk 
next! 

• Bovine genome (Bos taurus): available, relatively mature, e.g. 
bovinegenome.org; bovine gene arrays from Affymetrix, etc. 

• Bovine immune system relatively well studied, many reagents 
available 

• Multiple host (‘reservoir’) species: badgers, fallow deer,… but 
unlikely to have published genomes nor specific 
immunological reagents. => de novo assembly, reagent 
development

http://bovinegenome.org
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Figure 1: Human alveolar macrophages possess an array of receptors to recognize M. tuberculosis (Mtb). In response to Mtb infection,
macrophages upregulate effector and signalling pathways to both prevent bacterial replication and recruit other immune cells into the site
of infection. M. tuberculosis components, including lipoarabinomannans (LAMs), lipomannans (LMs), phosphatidylinositol mannosides
(PIMs), and heat shock proteins (HSPs), are recognized by a variety of pattern recognition receptors. Following recognition of Mtb, host
effectors, such as NF-!B and PPAR", are activated to upregulate antimicrobial factors.These antimicrobial peptides (e.g., LL-37) possess both
effector and signalling functions to actively interfere with bacterial replication as well as recruit and activate neutrophils, dendritic cells, and T
cells. However,Mtb interferes withmacrophage effector and signalling pathways.Most importantly,Mtb downregulatesMHCII expression on
macrophages to prevent optimal interaction with antigen specific T-cells. Furthermore, Mtb interferes with IFN" signaling, a T cell cytokine
mediator critical for upregulating the inherent antimicrobial capacity of macrophages during infection.

the association of CCL1 with TB susceptibility [23]. Studies
that investigate gene expression profiles of primary macro-
phage cells from patients with TB are limited but are required
to yield the most relevant insights into how Mtb interacts
with human macrophages in vivo. With a few exceptions, the
gene expression studies inMtb-infected humanmacrophages
and macrophage cell lines highlighted here have validated
and supplemented data derived from other mechanistic
studies in humanmonocytic cell lines andmouse cells. Much
remains unknown about the gene expression profile of Mtb-
infected primary macrophages from TB patients and studies
utilizing primary samples from TB cohorts will provide the
best insight into the human macrophage response to Mtb
infection in vivo.

Insights into the survival and replication of Mtb within
macrophage phagosomes have largely been derived from

studying murine macrophages, and studies on Mtb manip-
ulation of phagosomal function in human macrophages have
been relatively limited. Interestingly, recent studies have
examined alveolar macrophages from the bronchoalveolar
lavage (BAL) of patients coinfected with Mtb and HIV
[24, 25] and demonstrate that Mtb resides within relatively
nonacidified compartments in otherwise functionally capa-
blemacrophages.This suggests that the phagosome in human
macrophages is specifically modulated by Mtb to make it
a preferential niche and further studies will be needed to
clarifymechanisms of immune evasion that specifically target
the human macrophage phagosome. Tools developed for the
assessment of innate immune functions, including vacuole
acidification and superoxide burst, will be important in
answering questions as to why bacteria are able to replicate
within otherwise hostile environments [26, 27]. The IFN-" pathway remains a critical pathway for resistance against

Protective immunity to 
Mycobacterium 

• Th1: IFN-γ producing CD4+ T 
cells (necessary but not sufficient 
for protection) 

• γδ T cells: up to 70% PBMC in 
ruminants (5-10% in mice & 
humans; badgers?). Functionally 
diverse, innate/adaptive, anti-
bacterial, anti-lipid responses.  

• IL-17: early production by γδ T 
cells improves protective memory 
cells; late IL-17 (Th17) correlates 
with reduced lesions (though not 
necessary for protection)

— Sia et al. 2015



STUDY                           Lat      U/R      Type   OR and 
                                                      99% CI VE 

NORWAY, gen popn[42]            65       U+R      COH      81% 
SWEDEN, gert popn[43]           62       U+R      COH      80% 
SWEDEN, military[44]            62       U+R      COH      55% 
DENMARK, school[45]             56       U        O/B      94% 
IRELAND, school[46]             55       R        O/B      82% 
CANADA Indians[47][*]           55       R        T        81% 
CANADA ALBERTA Indians[48][*]   55       R        C.C      57% 
CANADA MANITOBA Indians[49][*]  55       R        C.C      70% 
UK, schoolchildren[50][*]       53       U+R      T        77% 
UK, gen popn 1973[51]           53       U+R      COH      79% 
UK, gert popn 1978[52]          53       U+R      COH      74% 
UK, gen popn 1983[7]            53       U+R      COH      75% 
UK, Asians[53][*]               53       U        C.C      49% 
UK, BIRMINGHAM Asians[54][*]    52       U        C.C      64% 
UK, BIRMINGHAM[55]              52       U        COH      88% 
USA, indians[25][*]             52       R        T        79% 
USA, CHICAGO infants[56][*]     42       U        T        72% 
USA, NEW YORK infants[57]       41       U        T        7%a 
KOREA, SEOUL[58]                38       U        H/H      74% 
ARGENTINA, BUENOS AIRES[59][*]  35       U        C.C      73% 
USA, GEORGIA school[26][*]      33       U+R      T       -56%a 
USA, GEORGIA ALABAMA gen 
   popn[60][*]                  33       U+R      T        16% 
ISRAEL, children[61]            31       U+R      COH      38% 
SOUTH AFRICA, miners[62][*]     27       U+R      T        62% 
AUSTRALIA, QUEENSLAND[63][*]    20       U+R      C.C      41% 
PUERTO RICO[15][*]              18       R+U      T        29% 
HAITI[64][*]                    18       R+U      T        80% 
BURMA, RANGOON[65][*]           17       U        C.C      38% 
THAILAND, BANGKOK[66]           14       U        C.C      74% 
THAILAND, BANGKOK[67]           14       U        C.C      83% 
THAILAND, BANGKOK[68]           14       U        H/H      47% 
INDIA, MADANAPALLE[27][*]       13       R        T        20% 
INDIA, CHINGLEPUT[101][*]       13       R        T       -19% 
PAPUA NEW GUINEA[69]            10       U+R      C.C      41% 
MALAWI, KARONGA[8]              10       R        COH     -11% 
INDONESIA, JAKARTA[70][*]        6       U        C.C      37% 
TOGO LOME[71]                    6       U        H/H      66% 
COLUMBIA, CALl[72][*]            4       U        C.C      16% 
CAMEROUN, YAOUNDE[73]            4       U        C.C      66% 
KENYA, KISUMU[17]                0       R        C.C      22%

Fine PE (1995) Variation in protection by BCG: implications 
of and for heterologous immunity. Lancet 346: 1339-1345.

Protein Energy Malnutrition during Vaccination Has Limited
Influence on Vaccine Efficacy but Abolishes Immunity if Administered
during Mycobacterium tuberculosis Infection

Truc Hoang,a Else Marie Agger,a Joseph P. Cassidy,b Jan P. Christensen,c Peter Andersena

Department of Infectious Disease Immunology, Statens Serum Institut, Copenhagen, Denmarka; Veterinary Sciences Centre, School of Veterinary Medicine, University
College Dublin, Belfield, Dublin, Irelandb; International Health, Immunology and Microbiology, The Panum Institute, Copenhagen, Denmarkc

Protein energy malnutrition (PEM) increases susceptibility to infectious diseases, including tuberculosis (TB), but it is not clear
how PEM influences vaccine-promoted immunity to TB. We demonstrate that PEM during low-level steady-state TB infection in
a mouse model results in rapid relapse of Mycobacterium tuberculosis, as well as increased pathology, in both Mycobacterium
bovis BCG-vaccinated and unvaccinated animals. PEM did not change the overall numbers of CD4 T cells in BCG-vaccinated
animals but resulted in an almost complete loss of antigen-specific cytokine production. Furthermore, there was a change in cy-
tokine expression characterized by a gradual loss of multifunctional antigen-specific CD4 T cells and an increased proportion of
effector cells expressing gamma interferon and tumor necrosis factor alpha (IFN-!" TNF-#" and IFN-!" cells). PEM during M.
tuberculosis infection completely blocked the protection afforded by the H56-CAF01 subunit vaccine, and this was associated
with a very substantial loss of the interleukin-2-positive memory CD4 T cells promoted by this vaccine. Similarly, PEM during
the vaccination phase markedly reduced the H56-CAF01 vaccine response, influencing all cytokine-producing CD4 T cell sub-
sets, with the exception of CD4 T cells positive for TNF-# only. Importantly, this impairment was reversible and resupplementa-
tion of protein during infection rescued both the vaccine-promoted T cell response and the protective effect of the vaccine
against M. tuberculosis infection.

In 2013, an estimated 9 million people developed clinical tuber-
culosis (TB), 1.5 million of whom died (1). Healthy, immuno-

competent individuals are usually successful at containing the in-
fection following exposure to Mycobacterium tuberculosis, the
causative agent of TB, resulting in latent, asymptomatic infection.
Over a lifetime, the risk of reactivation of latent TB is estimated to
be 10% but can be drastically increased in individuals who are
immunocompromised because of HIV infection, immunosup-
pressive treatments, or malnutrition (2). Hence, with approxi-
mately two billion people already infected with M. tuberculosis,
there is a vast potential for future transmission, disease, and
deaths.

Historically, malnutrition, and in particular, protein energy
malnutrition (PEM), has been associated with increased suscepti-
bility to TB, although very few studies have addressed this in clin-
ical settings. For ethical reasons, randomized controlled trials
connecting PEM to TB disease and/or reactivation of latent TB in
humans have not been possible and environmental and socioeco-
nomic risk factors such as crowding, poor housing, and limited
access to health care in many developing countries have been con-
founding factors in observational studies (reviewed in reference
3). However, even given these limitations, there are several classi-
cal observational clinical studies that provide compelling evidence
of the contribution of PEM to TB risk in regions of both high and
low endemicity (reviewed in reference 4). Studies conducted with
experimental animals under controlled conditions have con-
firmed the epidemiological data and provided a link between PEM
and the development of more progressive TB infection (4–6).
Studies that used animal models have also demonstrated a nega-
tive influence of PEM on Mycobacterium bovis BCG-induced im-
munity in the very susceptible guinea pig model (7, 8).

There are currently extensive international efforts to develop

novel and more efficient TB vaccines to either replace or boost
BCG (9–13). As immunity to TB is mediated by protective T cells,
these vaccines employ a range of adjuvants or live-delivery sys-
tems to promote protective T cells (reviewed in references 13 and
14). However, the cellular part of the immune system has, in early
studies, been reported to be sensitive to the effects of PEM (15, 16),
resulting in reduced production of the T helper type 1 (Th1) cy-
tokines gamma interferon (IFN-!) and interleukin-2 (IL-2) (17–
20). The cellular and molecular background of this reduced re-
sponse is not fully understood and has been the subject of some
debate (21–25).

In this study, we examined the effect of PEM on disease pro-
gression in a low-dose TB murine infection model and on vaccine-
promoted immunity. We demonstrate that PEM perturbs the bal-
ance between host and pathogen but that the T cell impairment
following PEM is not intrinsic to the vaccine-promoted T cell
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Bovine tuberculosis (BTB) is a significant and intractable disease of cattle caused by 
Mycobacterium bovis. In the United Kingdom, despite an aggressive eradication programme, the 
prevalence of BTB is increasing with an unexplained, exponential rise in cases year on year. Here 
we show in a study involving 3,026 dairy herds in England and Wales that there is a significant 
negative association between exposure to the common, ubiquitous helminth parasite, Fasciola 
hepatica and diagnosis of BTB. The magnitude of the single intradermal comparative cervical 
tuberculin test used to diagnose BTB is reduced in cattle experimentally co-infected with M. bovis 
and F. hepatica. We estimate an under-ascertainment rate of about one-third (95% confidence 
interval 27–38%) among our study farms, in the hypothetical situation of no exposure to  
F. hepatica. This finding may in part explain the continuing spread of BTB and the failure of the 
current eradication programme in the United Kingdom. 

1 Institute of Infection and Global Health and School of Veterinary Science, University of Liverpool, Liverpool L69 7ZJ, UK. 2 Lancaster Medical School, 
University of Lancaster, Lancaster LA1 4YB, UK. 3 School of Veterinary Medicine, University College Dublin, Belfield, Dublin 4, Ireland. 4 Bacteriology 
Department, Agri-Food and Biosciences Institute, Veterinary Sciences Division, Stormont, Belfast BT4 3SD, UK. *These authors contributed equally to this 
work. †Present addresses: Division of Agriculture, Sir Arthur Lewis Community College, Morne Fortune, Castries, St Lucia, West Indies (C.M.M.); School 
of Veterinary Medicine and Science, University of Nottingham, LE12 5RD, UK (R.F.). Correspondence and requests for materials should be addressed to 
D.J.L.W. (email: williadj@liv.ac.uk). 
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It is estimated that tuberculosis (TB) infects 
one third of the world’s population, resulting in 
two million deaths per year (World Health  
Organization, 2008). In addition, helminthic 
infections are estimated to occur in 1.5 billion 
people worldwide and a great majority of those 
infections are concentrated in developing  
nations where TB is endemic (Bethony et al., 
2006; Brooker et al., 2006). Given the overlap-
ping geographic distribution of helminths and 
Mycobacterium tuberculosis (Mtb) infections, the 
importance of investigating whether a lung-
dwelling helminth can potentially thwart the 
ability of the host to handle pulmonary Mtb 
infection cannot be undermined.

A hallmark of helminthic infections, both 
in experimental models and human infection is 
the generation of profound T helper (Th) 2 and 
T regulatory cell responses (Sher et al., 1991; 
McKee and Pearce, 2004; Anthony et al., 2007) 
that have the potential to impede Th1 cell de-
velopment. Indeed, several studies have reported 

that helminth infections can alter the immune 
response elicited by the host to other invading 
pathogens (Actor et al., 1993; Pearlman et al., 
1993; Helmby et al., 1998; Rodríguez et al., 
1999). Chronic worm infection of mice re-
duces immunogenicity (Elias et al., 2008) and 
protective efficacy of Bacillus Calmette Guérin 
(BCG) vaccination against Mtb (Elias et al., 
2005). Children with onchocerciasis exhibit 
lowered cellular responses to purified protein 
derivative antigens (Stewart et al., 1999) and in-
fants respond poorly to BCG vaccination if the 
mothers had filarial and schistosomal infections 
during pregnancy (Malhotra et al., 1999). Co-
incident helminth infection is also associated 
with reduced Th1 responses in active (Resende 
Co et al., 2007) and latent (Babu et al., 2009) 
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NOS, nitric oxide synthase;  
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Preexisting helminth infection induces 
inhibition of innate pulmonary anti-tuberculosis 
defense by engaging the IL-4 receptor pathway

Julius A. Potian,1,2 Wasiulla Rafi,1,2 Kamlesh Bhatt,1,2 Amanda McBride,1,2 
William, C. Gause,1,3 and Padmini Salgame1,2

1Department of Medicine, 2Center for Emerging Pathogens, and 3Center for Immunity and Inflammation, University of Medicine 
and Dentistry of New Jersey, Newark, NJ 07101

Tuberculosis and helminthic infections coexist in many parts of the world, yet the impact 
of helminth-elicited Th2 responses on the ability of the host to control Mycobacterium 
tuberculosis (Mtb) infection has not been fully explored. We show that mice infected with 
the intestinal helminth Nippostrongylus brasiliensis (Nb) exhibit a transitory impairment of 
resistance to airborne Mtb infection. Furthermore, a second dose of Nb infection substan-
tially increases the bacterial burden in the lungs of co-infected mice. Interestingly, the Th2 
response in the co-infected animals did not impair the onset and development of the 
protective Mtb-specific Th1 cellular immune responses. However, the helminth-induced Th2 
environment resulted in the accumulation of alternatively activated macrophages (AAMs) 
in the lung. Co-infected mice lacking interleukin (IL) 4R  exhibited improved ability to 
control Mtb infection, which was accompanied by significantly reduced accumulation of 
AAMs. Moreover, IL-4R /  mice adoptively transferred with wild-type macrophages had a 
significantly higher Mtb load in their lungs compared with those that received IL-4R /  
macrophages, suggesting a direct contribution for the IL-4R pathway to the heightened 
susceptibility of co-infected animals. The Th2 response can thus enhance the intracellular 
persistence of Mtb, in part by mediating the alternative activation of macrophages via the 
IL-4R  signaling pathway.

© 2011 Potian et al. This article is distributed under the terms of an Attribution–
Noncommercial–Share Alike–No Mirror Sites license for the first six months after 
the publication date (see http://www.rupress.org/terms). After six months it is 
available under a Creative Commons License (Attribution–Noncommercial–Share 
Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/
by-nc-sa/3.0/).
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'Short' list of predictors of anti-TB 
protective immunity?

• Pre-existing infections that might degrade or prevent 
anti-M.b. immunity 

• Nutritional status: trade-offs between competing 
physiological demands e.g. growth, pregnancy 

• T cell phenotypes (Th1, Th2, Th17), inflammatory 
markers, chemokines 

• Age: parental effects in the young, 
immunosenescence in the old



Beyond observational data: 
experimental manipulation

• Selective parasite removal: insecticides, 
anthelminthics, antibiotics, vaccines 

• Nutrition: food availability, distribution, and 
quality 

• Inter-individual contacts: barriers, feeders, water 
spots 

• Sampling: longitudinal + cross-sectional; non-
invasive + destructive 



Exciting prospects

• Immune system as a black box is largely behind us 

• We are getting better at studying non-model 
organisms 

• Omics: cheaper and getting more powerful (come 
to Graham Hamilton’s talk tomorrow!) 

• Data analysis: biology is starting to benefit from the 
staggering progress in computer science


