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Healthcare workers (HCWs) are at high risk ofMycobacterium tuberculosis (Mtb) infection and tuberculosis disease, but also play a
crucial role in implementing healthcare. Preexposure tuberculosis vaccination, including revaccination with BCG, might benefit
Mtb-uninfected HCWs, but most HCWs in tuberculosis-endemic countries are already sensitized to mycobacteria. A new postex-
posure tuberculosis vaccine offers greatest potential for protection, in the setting of repeated occupationalMtb exposure. Novel strat-
egies for induction of mycobacteria-specific resident memory T cells in the lung by aerosol administration, or induction of T cells
with inherent propensity for residing in mucosal sites, such as CD1-restricted T cells and mucosa-associated innate T cells, should be
explored. The need for improved protection of HCWs against tuberculosis disease is clear. However, health systems in tuberculosis-
endemic countries would need significantly improved occupational health structures to implement a screening and vaccination strat-
egy for HCWs.
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It is widely recognized that healthcare workers (HCWs) world-
wide carry a greater burden of latent Mycobacterium tuberculo-
sis (Mtb) infection (LTBI) and are at greater risk for incident
tuberculosis disease than the general population of the commu-
nities in which they live and work [1]. Cumulative risk for both
LTBI and tuberculosis disease in HCWs depends partly on ex-
posure toMtb in these communities and added, often repeated,
occupational Mtb exposure. A systematic review estimated the
annual incidence of tuberculosis disease among HCWs in coun-
tries with low, intermediate, and high tuberculosis burdens as
67 per 100 000, 91 per 100 000, and 1180 per 100 000 persons,
respectively [1]. These rates in HCWs compare to median inci-
dence rates in the general population of 33 per 100 000, 82 per
100 000, and 311 per 100 000 persons, respectively, suggesting
that 49%, 27%, and 81% of tuberculosis cases in HCWs could
be attributed to occupational exposure [1].

The issue of occupational risk for tuberculosis is most acute
among HCWs in low- and middle-income countries, where the
average prevalence of LTBI in HCWs was estimated as 54%, with
annual risk of infection ranging from 0.5% to 14%, and annual
incidence of tuberculosis disease ranging from 69 to 5780 cases
per 100 000 HCWs [2]. Prevalence rates of LTBI among HCWs
in tuberculosis-endemic countries range from 10% (Malaysia) [3]

to 41% (Colombia) [4], 47% (Vietnam) [5], 50% (India) [6], 55%
(Georgia) [7], 57% (Uganda) [8], 63% (Brazil) [9], and 66%
(Thailand) [10]. HCWs in certain tuberculosis hyperendemic
“hot spots” are at elevated risk even within high-burden coun-
tries. The mean annual incidence of tuberculosis disease
among HCWs in the KwaZulu-Natal Province of South Africa
was 1133 cases per 100 000 persons, compared to contemporary
community tuberculosis rates ranging from 316 to 782 per
100 000 (relative risk, 1.5–3.8) [11]. HCWs in specialist tubercu-
losis patient referral wards and hospitals are likely to be subject to
the greatest risk of repeatedMtb exposure, including risk of mul-
tidrug (MDR) and extensively drug-resistant tuberculosis, despite
tuberculosis-specific infection control measures [12, 13].

Although there is geographical heterogeneity in tuberculosis
risk among HCWs, even among low- and middle-income coun-
tries, it is also clear that risk of occupational Mtb exposure var-
ies considerably by work category, including not only direct
providers of medical and nursing care, but also students, order-
lies, and laboratory personnel [2, 14]. For example, the preva-
lence of LTBI, measured by interferon-γ release assay (IGRA),
was 69% in professional and lay South African HCWs, com-
pared to 15% in medical students, which likely reflects differ-
ences in age, socioeconomic status, and frequency of prior
community and/or occupational exposure [15]. High risk of
work-related exposure to Mtb is not limited to HCWs and is
also a major problem for other occupations (eg, miners) [16].
The rationale for making protection of HCWs a priority in-
cludes the need to protect patients and coworkers from nosoco-
mial transmission; although, based on the limited data available,
transmission from HCW index tuberculosis cases to patients
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may be less common than in other settings [17]. However, the
need to protect HCWs against tuberculosis, whether by vacci-
nation, infection control, or preventive therapy, is especially
important for national health systems, as HCWs have the
specialized role of caring for patients. In the context of national
tuberculosis programs, the entire tuberculosis control enterprise
relies on implementation by HCWs who are trained, skilled,
and healthy. The importance of protecting the health of
HCWs is amplified in tuberculosis-endemic developing coun-
tries where overall HCWs are few and patient workload is
great. The relative shortage of HCWs underlines the fact that
efforts to protect HCWs against tuberculosis should also be
broadly inclusive, to encompass rural and community health
workers who play a pivotal role in the primary health systems
of many countries, including early tuberculosis case detection,
preventive therapy, and treatment adherence monitoring.

PREEXPOSURE VACCINATION

Howmight HCWs in tuberculosis-endemic countries be protec-
ted against nosocomial Mtb infection and disease? Historically,
mass BCG vaccination of HCWs has been used effectively in
some countries, particularly prior to the advent of isoniazid pre-
ventive therapy (IPT) [18, 19]. The work of Heimbeck and
Scheel in Norway during the first half of the 20th century has
particular relevance to the risk of tuberculosis infection and dis-
ease for modern-day HCWs in tuberculosis-endemic countries.
Almost half of student nurses entering an Oslo nursing college
between 1924 and 1936 were already Mtb infected, but of those
who were tuberculin skin test (TST) negative on arrival, 100%
became infected within 3 years. Nurses who were newly infected
had 10-fold greater incidence of tuberculosis disease, with sub-
stantial mortality, compared to those with established LTBI.
These investigators subsequently demonstrated in uncontrolled
studies that a program of BCG vaccination targeting TST-
negative nursing and medical students resulted in approx-
imately 80% protection against development of tuberculosis
disease [19].

Marcus and colleagues conducted a decision analysis of this
issue, based on the assumption that HCWs with 1% annual in-
cidence of Mtb infection might expect 235 tuberculosis disease
cases per 100 000 and tuberculosis mortality of 9 per 100 000
over a 10-year period, in the absence of IPT [20]. BCG vaccina-
tion was expected to halve the number of tuberculosis cases in
HCWs and to be more effective than annual TST screening and
IPT in this scenario. Consistent with these findings, BCG vac-
cination of certain categories of HCWs is mandatory, or at least
recommended, in several low-tuberculosis-burden European
countries [21]. However, although the annual incidence of
Mtb infection in HCWs is in excess of 1% in many countries,
such as Thailand (4.8%) [10], this analysis assumes HCWs to be
both BCG naive and Mtb uninfected at baseline, which is not
the case in many tuberculosis-endemic countries.

Nevertheless, even in tuberculosis-hyperendemic countries
such as South Africa, there is likely to be a small percentage
of HCWs who are Mtb uninfected upon entering healthcare
facilities; these Mtb-uninfected HCWs are at highest risk of tu-
berculosis morbidity and mortality upon encountering occupa-
tional Mtb exposure, especially those who are at increased risk
due to human immunodeficiency virus (HIV) infection. It is
this specific high-risk group, includingMtb-uninfected medical
and nursing students and young trainees, for whom a targeted
BCG revaccination strategy, or novel boost vaccine, might con-
fer additional protection. Such a program would require univer-
sal TST or IGRA testing of all new HCWs entering healthcare
facilities, a screening measure that is routine in many high-
income countries, but which is not routine in most health sys-
tems in high-tuberculosis-burden countries.

BCG REVACCINATION

The majority of HCWs in tuberculosis-endemic countries
would have received BCG vaccination in infancy [22]. It is de-
batable whether BCG revaccination of these HCWs would offer
any additional protection against occupationalMtb infection or
disease. Many, if not most adult HCWs in tuberculosis-endemic
countries will have been exposed to Mtb, and also nontubercu-
lous mycobacteria (NTM), and would already have becomeMtb
infected before starting work in healthcare facilities. For exam-
ple, 60%–80% of healthy adults <40 years of age in rural and
urban South African communities were found to beMtb infect-
ed [23]. It follows that a vaccination program targeting HCW
trainees or students in tuberculosis-endemic countries would
necessarily involve BCG revaccination of many individuals
with extensive mycobacterial sensitization and existing LTBI
(ie, a postexposure vaccine strategy). BCG revaccination may
have modest efficacy against tuberculosis disease in children
and young adults who have had low-level prior exposure to
Mtb and/or NTM, such that a program of BCG revaccination
of IGRA/TST-negative adolescents might even be cost-effective
in some settings [24–26]. Extended follow-up of the BCG-
REVAC trial, a cluster randomized trial that included
>200 000 children in Brazil, showed that BCG revaccination ef-
ficacy was higher in Salvador (19%) than in Manaus (1%), with
the highest efficacy in children from Salvador aged <11 years at
revaccination (33%) [25]. The authors suggest these findings are
consistent with the hypothesis that BCG vaccination offers
higher efficacy in areas with low NTM prevalence [25]. Howev-
er, it is widely accepted, based on data from multiple controlled
trials, that protection due to BCG is highly variable in adults
(range, 0%–80%) and is most inconsistent and of shortest dura-
tion in persons with LTBI [27]. These are crucial exposure fac-
tors that highlight the likely differences in potential benefit from
BCG (re)vaccination between modern HCWs and the trainee
HCWs reported by Heimbeck in the early years of the 20th cen-
tury [19, 27].
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POSTEXPOSURE VACCINATION

HCWs may encounter repeated occupationalMtb exposure, and
may thus develop tuberculosis disease as a result of reactivation
or reinfection. The historical findings in TST-positive Norwegian
nursing students support the notion, substantiated by later mod-
eling studies and an extensive meta-analysis of published trials,
that established LTBI offers almost 80% protection against rein-
fection tuberculosis disease [19, 28, 29]. It is tempting to suppose
that established LTBI might offer some protection to HCWs in
tuberculosis-endemic settings. Unfortunately, as the historical
studies that gave rise to these data specifically excluded BCG-
vaccinated individuals, there is no evidence from modern pro-
spective studies that LTBI confers any additional benefit beyond
that offered by prior BCG vaccination [19, 29].

Conversely, it has been proposed that prior mycobacterial
exposure results in either masking of a beneficial immune re-
sponse to subsequent BCG vaccination, or blocking of BCG
vaccine “take” due to preexisting immune priming [30]. Both
factors might play a role in limiting the additional benefit of
postexposure vaccination strategies for latently infected HCWs
in endemic countries, using either revaccination with the cur-
rent licensed BCG, novel recombinant BCG vaccines, or other
live attenuated mycobacterial vaccines in clinical development
[31, 32]. Although there might be little immunologic benefit
in offering BCG revaccination to HCWs with previous myco-
bacterial exposure, we have shown that BCG revaccination of
Mtb-infected adults is safe, which implies that a mass campaign
targeting HCWs would not necessarily need to conduct prevac-
cination or IGRA screening [33]. However, there are also safety
concerns around the use of live mycobacterial vaccines, includ-
ing BCG, in tuberculosis-endemic countries where HIV preva-
lence is high, and where BCG revaccination constitutes a
potential safety risk for HIV-infected HCWs [34]. It is likely
that a novel subunit or viral-vectored tuberculosis vaccine, if
successful in inducing postexposure protective immunity,
would hold the greatest potential as a tool to protect latently in-
fected HCWs who are at increased risk of reactivation due to
HIV infection, and subject to repeated occupational reexposure
and reinfection tuberculosis disease.

IMMUNOLOGICAL CONSIDERATIONS

BCG-induced protection against pulmonary and extrapulmo-
nary forms of tuberculosis, although highly variable on a global
scale, is highest in infants and young children and gradually
wanes as adolescence approaches [27, 35]. The limited duration
of BCG-induced protection is hypothesized to result from a
gradual loss of BCG-induced T-cell memory [36]. In line with
this hypothesis, BCG appears to be poor at inducing long-lived
central memory T cells, but preferentially induces interferon γ–

expressing antigen-specific effector memory cells [36–38].
Given that effector memory cells are typically endowed with

rapid effector function and ability to patrol peripheral tissues,
including the airways and lungs, induction of effector memory
responses by BCG revaccination of new, IGRA-negative HCW
recruits may be particularly beneficial, especially in the short
term. Indeed, induction and maintenance of antigen-specific
persistent effector memory responses to new epitopes by chron-
ic antigen stimulation appears to be a promising vaccination
strategy against other chronic infections [39]. Efficacy of BCG
revaccination of Brazilian schoolchildren, who had received
their first BCG vaccination in infancy, was modest in Salvador,
but absent in Manaus [40]. These data illustrate that environ-
mental factors, such as sensitization to environmental mycobac-
teria, may play an important role in limiting efficacy of
revaccination [27]. As a result, administration of BCG to per-
sons with a history of previous vaccination in childhood is cur-
rently not recommended owing to “generally poor efficacy of
BCG revaccination” [41].

Taking a forward view, vaccine efficacy in HCWs in the setting
of high infection forces may be improved by deliberate targeting
of the portal of Mtb infection, where lung-resident effector cells
could provide immediate immunity against the inhaled bacillus
before establishment of a productive infection. That prevention
of Mtb infection may occur in natural infection is supported by
the observation of reversion of positive TSTs or IGRAs in hu-
mans and animals (reviewed by Hawn et al) [42]. Several obser-
vational studies in children and adults also suggest that BCG
vaccination may protect against Mtb infection [43–47]. Vaccine
induction of local lung immune responses in the form of con-
ventional CD4 and CD8 T cells with lung-homing capacity,
tissue-resident T cells (Trm), mucosa-associated innate T cells
(MAITs), or even mucosal antibodies, should therefore receive
more attention. A particular advantage to induction of local im-
munity is that such strategies may be less prone to interference by
prior mycobacterial sensitization, because prior intradermal BCG
vaccination and/or exposure to environmental mycobacteria are
not known to induce such local lung immune responses. Efficacy
of aerosol vaccination may therefore be possible, even in HCWs
with prior BCG vaccination or who live in settings of high expo-
sure to environmental mycobacteria.

Recent results from a mouse model of herpes simplex virus
showed that targeted induction of inflammation in skin or mu-
cosa triggered recruitment of effector CD8 T cells that acquired
the Trm phenotype [48]. These Trm cells remained in the local
tissues and, upon challenge with herpes simplex virus, provided
protection against viral challenge in skin and vagina. Important-
ly, protection by tissue-resident Trm cells was superior to circu-
lating memory T cells [48]. Plausibility of a strategy for induction
of mycobacteria-specific Trm cells in the airways or lung was re-
cently demonstrated in a proof-of-concept trial of aerosol admin-
istration of MVA85A in BCG-vaccinated adults. In this trial,
vaccination via the aerosol route was well tolerated and induced
higher magnitudes of antigen-specific bronchoalveolar CD4
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T cells compared with intradermal MVA85Avaccination [49]. As
an alternative, vaccines that induce T cells with inherent propen-
sity for residing in mucosal sites, such as CD1 T cells andMAITs,
could be explored.

PROGRAMMATIC NEEDS (SOUTH AFRICAN
PERSPECTIVE)

Given the extremely high burden of tuberculosis in South Africa
[50], HCWs are at significant risk of Mtb exposure, both in the
community and at work [51, 52]. There are also reports of
HCWs in South Africa developing MDR tuberculosis, which
has a high mortality [13]. In view of the relative shortage of
skilled HCWs in South Africa, this is of enormous concern. Ex-
isting government policies seek to minimize the risk of trans-
mission of Mtb in healthcare facilities. These policies focus on
the traditional methods of infection control, such as administra-
tive and environmental controls, and the wearing of personal
protective equipment. These measures are only partially effec-
tive and there is consequently an ongoing high risk of tubercu-
losis exposure among HCWs in South Africa, even in primary
healthcare settings [53]. If an effective tuberculosis vaccine was
made available to high-burden countries such as South Africa,
the question is whether health departments would be in a posi-
tion to offer it to every HCW who might stand to benefit from
it. Universal newborn BCG vaccination was introduced in South
Africa in 1971. Existing policy does not include BCG revaccina-
tion as a preventive strategy, but it does set out a risk-rating ap-
proach, which could be used in the application of a putative new
tuberculosis vaccine. A new tuberculosis vaccine is likely to be
only partially effective in preventing tuberculosis disease, so
augmenting existing control measures would remain crucial.
Medical staff surveillance for tuberculosis is not a focus area
and would need to be strengthened to monitor the effectiveness
of implementation of any new vaccine.

The cost of any new tuberculosis vaccine for HCWs would
also influence the feasibility of adopting tuberculosis vaccina-
tion on a national or provincial scale. For example, the Western
Cape Provincial Health Department currently spends >$12 mil-
lion annually on vaccines, primarily the 8 vaccines given to
infants and young children and the human papillomavirus
vaccine given to older children (A. Hawkridge, personal com-
munication). If a new tuberculosis vaccine that required 2
doses were made available at approximately $2 per dose, immu-
nizing the approximately 32 000 HCWs in the Western Cape
Province would cost in the region of $128 000, which is around
1% of the annual immunization budget, and which many would
consider justified and possibly affordable. The same may not
apply in other South African provinces or other countries. In
addition, staff attrition of around 5% per year and the added
cost of TST or IGRA screening for new staff might influence
the ability of health departments to afford a tuberculosis vaccine
program for HCWs. IGRA testing for HIV-uninfected adults

without additional risk factors is not currently routine, as cur-
rent South African guidelines do not recommend INH prophy-
laxis for HIV-negative adults. However, if changes in South
African national guidelines for tuberculosis screening led to a
fall in the cost of IGRA testing, a screening and vaccination pro-
gram for HCWs might be viewed as more feasible.

A proportion of HCWs are immunocompromised due to
HIV infection, and are thus at higher risk of developing tuber-
culosis and are in greater need of a new, safe, and effective tu-
berculosis vaccine [34]. However, the effectiveness of such a
vaccine might also be diminished in HIV-infected persons, a
factor that might limit the benefit of the vaccine in controlling
tuberculosis transmission among HCWs. Practical require-
ments for rolling out a new tuberculosis vaccine program
among HCWs in South Africa would include an occupational
health infrastructure that is not yet fully in place; a functional
surveillance mechanism; the ability to manage cases of tubercu-
losis in HCWs; linkage to the existing induction program for
new HCWs, including tuberculosis education; and a reliable
supply chain management system for the vaccine product.
These additional challenges would need to be overcome as
part of any future HCW vaccination program against tubercu-
losis. National Core Standards, as enforced by the South African
Office of Health Standards Compliance, currently include ge-
neric requirements for an occupational health infrastructure
and medical surveillance for HCWs; and some of these mea-
sures are also required in terms of the Occupational Health
and Safety Act.

PROGRAMMATIC NEEDS (INDIAN SUBCONTINENT
PERSPECTIVE)

Occupational exposure of HCWs toMtb infection in the Indian
subcontinent is a major public health concern. HCWs in rural
India showed LTBI prevalence of 40% [6]; prevalence in high-
risk HCW groups, including interns, residents, and nurses, was
almost 50% in another study [54]. The annual risk of infection
in HCWs in India is about 5%, compared to the national
average of 1.5%, with the additional risk being attributed to
nosocomial transmission [6, 55, 56]. For example, in a study
from Vellore among nurses, annual risk of infection was 7.8%
[57]. Medical and nursing staff in India have relatively high
workload, like many other low- to middle-income countries
where healthcare facilities have far lower ratios of HCWs to
tuberculosis patients than do high-income countries (median,
36 vs 6450 HCWs per 100 tuberculosis patients treated, respec-
tively), leading to significantly higher tuberculosis exposure [2].
Many hospitals have no infection control policies in place and
are overcrowded, and poorly ventilated hospital wards play a
role in increasing the risk of nosocomial Mtb transmission. In
a study from northern India, 2% of resident doctors working in
hospitals developed tuberculosis, an incidence of 11 new cases
per 1000 person-years of exposure, which is 10-fold higher than
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the country incidence [54]. The risk factors for acquiring tuber-
culosis infection in Indian HCWs included working in labora-
tories, inpatient facilities, and emergency wards [54]. Pai et al
showed that risk of LTBI in medical students increased approx-
imately 1.5 times with each additional year of training [6]. It is
also notable that poor baseline nutritional status (body mass
index <19) of the HCW increased risk of LTBI [58].

There is clearly a need to improve screening ofMtb infection
and disease in Indian HCWs, as the first step in controlling oc-
cupational Mtb transmission. There is currently no national
policy in India for screening of HCWs for LTBI, and the stan-
dard National Tuberculosis Control Program guidelines, which
recommend investigation of patients with >2 weeks of cough by
a sputum test, are used to screen HCWs for tuberculosis disease.
The current tuberculosis vaccine strategy for India is a single
dose of BCG vaccine given at birth. The extended universal vac-
cination policy was implemented in 1985, and almost 87% of all
children were administered BCG vaccine at birth in 2013
(World Health Organization Vaccine Preventable Diseases
Monitoring System, 2014). However, there is currently no na-
tional recommendation for BCG revaccination of high-risk
groups such as HCWs. There is an urgent need for an effective
tuberculosis vaccine for high-risk populations in India, includ-
ing HCWs, students, and support staff. A new tuberculosis vac-
cination strategy should complement, rather than replace, other
tuberculosis preventive strategies, such as nutritional support
and effective hospital infection control, which could be rolled
out with immediate effect.

THE ROLE OF HCWs IN CLINICAL TRIALS OF NOVEL
TUBERCULOSIS VACCINES

HCWs are, as a population group, at high risk ofMtb exposure,
infection, and incident tuberculosis disease. They also have
knowledge and insight into the importance of protection
against tuberculosis and a personal stake in the development
of a more effective tuberculosis vaccine. For these reasons,
HCWs might play a role in clinical trials to test new tuberculosis
vaccines; with the exception of HCWs with additional individ-
ual risk due to HIV infection or diabetes mellitus, HCWs as a
group are not immunocompromised. As outlined above, new or
trainee HCWs who areMtb uninfected might take part in trials
of new preexposure vaccines, including recombinant BCG or at-
tenuated Mtb candidates [31, 32]. HCWs who are already Mtb
infected, as expected, might be a suitable study population for
new postexposure candidate vaccines [59, 60]. Given the high
rates of Mtb exposure and incident tuberculosis disease, such
clinical trials might be performed at a much smaller scale,
and lower cost, than comparable community-based studies.
However, although targeted inclusion of HCWs might be
appropriate for the study population of experimental med-
icine or proof-of-concept efficacy studies, there is a theoreti-
cal but unproven risk that the degree of occupational Mtb

exposure, in terms of infectious quanta, might exceed the
protective ability of an otherwise efficacious tuberculosis
vaccine [42].

CONCLUSIONS

HCWs are a population at high risk of Mtb infection and inci-
dent tuberculosis disease who also fulfill a crucial role in imple-
menting healthcare in tuberculosis-endemic communities. The
need for improved protection of HCWs against occupational
and community-acquired tuberculosis disease is clear. However,
with the exception of Mtb-uninfected HCWs who might derive
some benefit from BCG revaccination—the minority in tuber-
culosis-endemic countries—the current state of tuberculosis
vaccine development is such that the needs of HCWs must be
met by a combination of infection control measures, tuberculo-
sis preventive therapy, and regular symptom screening, com-
bined with new rapid diagnostics and early treatment for
disease [61]. It is also clear that health systems in tuberculo-
sis-endemic countries would need improved occupational
health structures to implement a program of tuberculosis vacci-
nation linked to prior screening of HCWs forMtb infection. Fu-
ture development of an effective postexposure tuberculosis
vaccine is the key to providing HCWs with long-standing pro-
tection against tuberculosis disease.

Notes
Supplement sponsorship. This article appears as part of the supplement

“Healthcare Workers and Tuberculosis Prevention,” sponsored by Aeras.
Potential conflicts of interest. H. M. has served on clinical trial safety

committees for Aeras and Biofabri; has served as a consultant on tubercu-
losis vaccine development for Aeras; and has received clinical trial grants
from Aeras, Wellcome Trust, and the European and Developing Countries
Clinical Trials Partnership. All other authors report no potential conflicts.
All authors have submitted the ICMJE Form for Disclosure of Potential
Conflicts of Interest. Conflicts that the editors consider relevant to the con-
tent of the manuscript have been disclosed.

References
1. Baussano I, Nunn P, Williams B, Pivetta E, Bugiani M, Scano F. Tuberculosis

among health care workers. Emerg Infect Dis 2011; 17:488–94.
2. Joshi R, Reingold AL, Menzies D, Pai M. Tuberculosis among health-care workers

in low- and middle-income countries: a systematic review. PLoSMed 2006; 3:e494.
3. Rafiza S, Rampal KG, Tahir A. Prevalence and risk factors of latent tuberculosis

infection among health care workers in Malaysia. BMC Infect Dis 2011; 11:19.
4. Ochoa J, Hincapie-Palacio D, Sepulveda H, et al. Simulation of risk of tuberculosis

infection in healthcare workers in hospitals of an intermediate incidence country.
Epidemiol Infect 2015; 143:2639–47.

5. Lien LT, Hang NT, Kobayashi N, et al. Prevalence and risk factors for tuberculosis
infection among hospital workers in Hanoi, Viet Nam. PLoS One 2009; 4:e6798.

6. Pai M, Gokhale K, Joshi R, et al. Mycobacterium tuberculosis infection in health
care workers in rural India: comparison of a whole-blood interferon gamma
assay with tuberculin skin testing. JAMA 2005; 293:2746–55.

7. Whitaker JA, Mirtskhulava V, Kipiani M, et al. Prevalence and incidence of latent
tuberculosis infection in Georgian healthcare workers. PLoS One 2013; 8:e58202.

8. Kayanja HK, Debanne S, King C, Whalen CC. Tuberculosis infection among
health care workers in Kampala, Uganda. Int J Tuberc Lung Dis 2005; 9:686–8.

9. Roth VR, Garrett DO, Laserson KF, et al. A multicenter evaluation of tuberculin
skin test positivity and conversion among health care workers in Brazilian hospi-
tals. Int J Tuberc Lung Dis 2005; 9:1335–42.

10. Kiertiburanakul S, Suebsing S, Kehachindawat P, et al. Five-year prospective study
of tuberculin skin testing among new healthcare personnel at a university hospital
in Thailand. J Hosp Infect 2012; 80:173–5.

S266 • CID 2016:62 (Suppl 3) • Hatherill et al



11. Naidoo S, Jinabhai CC. TB in health care workers in KwaZulu-Natal, South Africa.
Int J Tuberc Lung Dis 2006; 10:676–82.

12. O’Donnell MR, Jarand J, Loveday M, et al. High incidence of hospital admissions
with multidrug-resistant and extensively drug-resistant tuberculosis among South
African health care workers. Ann Intern Med 2010; 153:516–22.

13. Jarand J, Shean K, O’Donnell M, et al. Extensively drug-resistant tuberculosis
(XDR-TB) among health care workers in South Africa. Trop Med Int Health
2010; 15:1179–84.

14. Centers for Disease Control and Prevention. Guidelines for preventing the trans-
mission of Mycobacterium tuberculosis in health-care facilities, 1994. MMWR Re-
comm Rep 1994; 43(RR-13):1–132.

15. van Rie A, McCarthy K, Scott L, Dow A, Venter WD, Stevens WS. Prevalence,
risk factors and risk perception of tuberculosis infection among medical students
and healthcare workers in Johannesburg, South Africa. S Afr Med J 2013;
103:853–7.

16. Churchyard GJ, Fielding KL, Lewis JJ, et al. A trial of mass isoniazid preventive
therapy for tuberculosis control. N Engl J Med 2014; 370:301–10.

17. Schepisi MS, Sotgiu G, Contini S, Puro V, Ippolito G, Girardi E. Tuberculosis
transmission from healthcare workers to patients and co-workers: a systematic lit-
erature review and meta-analysis. PLoS One 2015; 10:e0121639.

18. Ferguson RG. BCG vaccination in hospitals and sanatoria of Saskatchewan; a study
carried out by the National Research Council of Canada. Am Rev Tuberc 1946;
54:325–39.

19. Bjartveit K. Olaf Scheel and Johannes Heimbeck: their contribution to under-
standing the pathogenesis and prevention of tuberculosis. Int J Tuberc Lung Dis
2003; 7:306–11.

20. Marcus AM, Rose DN, Sacks HS, Schechter CB. BCG vaccination to prevent tu-
berculosis in health care workers: a decision analysis. Prev Med 1997; 26:201–7.

21. Maltezou HC, Wicker S, Borg M, et al. Vaccination policies for health-care work-
ers in acute health-care facilities in Europe. Vaccine 2011; 29:9557–62.

22. Zwerling A, Behr MA, Verma A, Brewer TF, Menzies D, Pai M. The BCG world
atlas: a database of global BCG vaccination policies and practices. PLoS Med 2011;
8:e1001012.

23. Mahomed H, Hughes EJ, Hawkridge T, et al. Comparison of Mantoux skin test
with three generations of a whole blood IFN-gamma assay for tuberculosis infec-
tion. Int J Tuberc Lung Dis 2006; 10:310–6.

24. Barreto ML, Pereira SM, Ferreira AA. BCG vaccine: efficacy and indications for
vaccination and revaccination. J Pediatr 2006; 82(3 suppl):S45–54.

25. Barreto ML, Pereira SM, Pilger D, et al. Evidence of an effect of BCG revaccination
on incidence of tuberculosis in school-aged children in Brazil: second report of the
BCG-REVAC cluster-randomised trial. Vaccine 2011; 29:4875–7.

26. Dye C. Making wider use of the world’s most widely used vaccine: bacille Calm-
ette-Guerin revaccination reconsidered. J R Soc Interface 2013; 10:20130365.

27. Mangtani P, Abubakar I, Ariti C, et al. Protection by BCG vaccine against tuber-
culosis: a systematic review of randomized controlled trials. Clin Infect Dis 2014;
58:470–80.

28. Sutherland I, Svandova E, Radhakrishna S. The development of clinical tubercu-
losis following infection with tubercle bacilli. 1. A theoretical model for the devel-
opment of clinical tuberculosis following infection, linking from data on the risk of
tuberculous infection and the incidence of clinical tuberculosis in the Netherlands.
Tubercle 1982; 63:255–68.

29. Andrews JR, Noubary F, Walensky RP, Cerda R, Losina E, Horsburgh CR. Risk of
progression to active tuberculosis following reinfection withMycobacterium tuber-
culosis. Clin Infect Dis 2012; 54:784–91.

30. Weir RE, Black GF, Nazareth B, et al. The influence of previous exposure to envi-
ronmental mycobacteria on the interferon-gamma response to bacille Calmette-
Guerin vaccination in southern England and northern Malawi. Clin Exp Immunol
2006; 146:390–9.

31. Grode L, Ganoza CA, Brohm C, Weiner J 3rd, Eisele B, Kaufmann SH. Safety and
immunogenicity of the recombinant BCG vaccine VPM1002 in a phase 1 open-
label randomized clinical trial. Vaccine 2013; 31:1340–8.

32. Arbues A, Aguilo JI, Gonzalo-Asensio J, et al. Construction, characterization and
preclinical evaluation of MTBVAC, the first live-attenuated M. tuberculosis-based
vaccine to enter clinical trials. Vaccine 2013; 31:4867–73.

33. Hatherill M, Geldenhuys H, Pienaar B, et al. Safety and reactogenicity of BCG re-
vaccination with isoniazid pretreatment in TST positive adults. Vaccine 2014;
32:3982–8.

34. Garvey JF, Gueret P, McDonnell TJ. Adverse reaction to bacille-Calmette-Guerin
vaccine in a HIV positive healthcare worker. Ir J Med Sci 2007; 176:237–8.

35. Colditz GA, Berkey CS, Mosteller F, et al. The efficacy of bacillus Calmette-Guerin
vaccination of newborns and infants in the prevention of tuberculosis: meta-anal-
yses of the published literature. Pediatrics 1995; 96(1 pt 1):29–35.

36. Orme IM. The Achilles heel of BCG. Tuberculosis (Edinb) 2010; 90:329–32.
37. Soares AP, Scriba TJ, Joseph S, et al. Bacillus Calmette-Guerin vaccination of

human newborns induces T cells with complex cytokine and phenotypic profiles.
J Immunol 2008; 180:3569–77.

38. Soares AP, Kwong Chung CK, Choice T, et al. Longitudinal changes in CD4(+) T-
cell memory responses induced by BCG vaccination of newborns. J Infect Dis
2013; 207:1084–94.

39. Hansen SG, Ford JC, Lewis MS, et al. Profound early control of highly pathogenic
SIV by an effector memory T-cell vaccine. Nature 2011; 473:523–7.

40. Barreto ML, Pilger D, Pereira SM, et al. Causes of variation in BCG vaccine effi-
cacy: examining evidence from the BCG REVAC cluster randomized trial to ex-
plore the masking and the blocking hypotheses. Vaccine 2014; 32:3759–64.

41. Rodrigues LC, Mangtani P, Abubakar I. How does the level of BCG vaccine pro-
tection against tuberculosis fall over time? BMJ 2011; 343:d5974.

42. Hawn TR, Day TA, Scriba TJ, et al. Tuberculosis vaccines and prevention of infec-
tion. Microbiol Mol Biol Rev 2014; 78:650–71.

43. Roy A, Eisenhut M, Harris RJ, et al. Effect of BCG vaccination against Mycobac-
terium tuberculosis infection in children: systematic review and meta-analysis. BMJ
2014; 349:g4643.

44. Chan PC, Yang CH, Chang LY, et al. Lower prevalence of tuberculosis infection in
BCG vaccinees: a cross-sectional study in adult prison inmates. Thorax 2013;
68:263–8.

45. Eisenhut M, Paranjothy S, Abubakar I, et al. BCG vaccination reduces risk of in-
fection with Mycobacterium tuberculosis as detected by gamma interferon release
assay. Vaccine 2009; 27:6116–20.

46. Soysal A, Millington KA, Bakir M, et al. Effect of BCG vaccination on risk of My-
cobacterium tuberculosis infection in children with household tuberculosis con-
tact: a prospective community-based study. Lancet 2005; 366:1443–51.

47. Basu Roy R, Sotgiu G, Altet-Gomez N, et al. Identifying predictors of interferon-
gamma release assay results in pediatric latent tuberculosis: a protective role of ba-
cillus Calmette-Guerin? A pTB-NET collaborative study. Am J Respir Crit Care
Med 2012; 186:378–84.

48. Mackay LK, Stock AT, Ma JZ, et al. Long-lived epithelial immunity by tissue-res-
ident memory T (TRM) cells in the absence of persisting local antigen presenta-
tion. Proc Natl Acad Sci U S A 2012; 109:7037–42.

49. Satti I, Meyer J, Harris SA, et al. Safety and immunogenicity of a candidate tubercu-
losis vaccineMVA85A delivered by aerosol in BCG-vaccinated healthy adults: a phase
1, double-blind, randomised controlled trial. Lancet Infect Dis 2014; 14:939–46.

50. World Health Organization. Global tuberculosis control report. Geneva, Switzer-
land: WHO, 2015.

51. Adams S, Ehrlich R, Baatjies R, et al. Incidence of occupational latent tuberculosis
infection in South African healthcare workers. Eur Respir J 2015; 45:1364–73.

52. Kranzer K, Bekker LG, van Schaik N, et al. Community health care workers in
South Africa are at increased risk for tuberculosis. S Afr Med J 2010; 100:224, 6.

53. Claassens MM, van Schalkwyk C, du Toit E, et al. Tuberculosis in healthcare work-
ers and infection control measures at primary healthcare facilities in South Africa.
PLoS One 2013; 8:e76272.

54. Rao KG, Aggarwal AN, Behera D. Tuberculosis among physicians in training. Int J
Tuberc Lung Dis 2004; 8:1392–4.

55. Chadha VK, Kumar P, Jagannatha PS, Vaidyanathan PS, Unnikrishnan KP. Aver-
age annual risk of tuberculous infection in India. Int J Tuberc Lung Dis 2005;
9:116–8.

56. Pai M, Joshi R, Dogra S, et al. Serial testing of health care workers for tuberculosis
using interferon-gamma assay. Am J Respir Crit Care Med 2006; 174:349–55.

57. Christopher DJ, James P, Daley P, et al. High annual risk of tuberculosis infection
among nursing students in south India: a cohort study. PLoS One 2011; 6:e26199.

58. Mathew A, David T, Thomas K, et al. Risk factors for tuberculosis among health care
workers in south India: a nested case-control study. J Clin Epidemiol 2013; 66:67–74.

59. Coler RN, Bertholet S, Pine SO, et al. Therapeutic immunization againstMycobac-
terium tuberculosis is an effective adjunct to antibiotic treatment. J Infect Dis 2013;
207:1242–52.

60. Lin PL, Dietrich J, Tan E, et al. The multistage vaccine H56 boosts the effects of
BCG to protect cynomolgus macaques against active tuberculosis and reactivation
of latent Mycobacterium tuberculosis infection. J Clin Invest 2012; 122:303–14.

61. Boehme CC, Nabeta P, Hillemann D, et al. Rapid molecular detection of tubercu-
losis and rifampin resistance. N Engl J Med 2010; 363:1005–15.

Preventive Tuberculosis Vaccines for HCWs • CID 2016:62 (Suppl 3) • S267



<<
  /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
  /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

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


