Leprosy and tuberculosis: The epidemiological consequences of cross-immunity 

Leprosy was endemic in Western Europe from the 11th to the 13th centuries, but nearly disappeared during the great tuberculosis epidemic of the 17th and 18th centuries. The cause of the virtual disappearance of leprosy from Europe, before the advent of antibiotics and vaccines, is not known. Isolation of contagious individuals into leprosaria, coevolution of humans and Mycobacteriurn leprae, deaths from the 13th-century plague, improved socioeconomic conditions, and cooler temperatures (leading people to wear more clothing) have all been suggested as contributing factors.
Chaussin and observed that in several different settings, the prevalence of leprosy was inversely related to the prevalence of tuberculosis and proposed an alternative hypothesis. He suggested that protection against leprosy, acquired by an individual from previous exposure to tuberculosis, could have significant epidemiological consequences, including the disappearance of leprosy from Western Europe. There is convincing experimental evidence that exposure to one species of mycobacterium can provide an individual human host with some degree of protection against infection by another species. What is unclear, however, is what degree of cross-immunity in an individual would enable one species of mycobacterium to eradicate another from a host population. The competitive-exclusion principle of population biology states that two species cannot coexist indefinitely if they occupy (or compete for) the same environmental niche. This principle has previously been applied to understanding the strain distribution of other infectious diseases.[11.12] Different strains or species of pathogens compete for hosts, and if cross immunity is sufficiently pronounced, then one species or strain of an organism may competitively exclude another from a host population.  By formulating transmission models of tuberculosis and leprosy, we assess the degree of cross-immunity that would be necessary for Mycobacterium tuberculosis to competitively exclude M leprae, and hence formally test Chaussinand's hypothesis.
Methods
The epidemiological transmission models used in this analysis consist of a set of ordinary differential equations that specify the number of individuals per unit of time flowing into and out of states of infection (e.g., susceptible, latently infected, active disease. We first examine transmission models of tuberculosis in the absence of leprosy, and of leprosy in the absence of tuberculosis, and then combine these to assess the importance of cross-immunity.
In a previously developed model of tuberculosis transmission (Figure 1), people are born into a susceptible state (X) and, upon being infected, join a large pool of latently infected people (L), most of whom will never develop active disease. A proportion of these infected individuals will develop active, infectious disease (T), by either a fast or a slow pathway.
Again, people are born into a susceptible state (X) and can be infected by M leprae and join a latently infected class (W). Those who progress to active disease can do so in two different ways. They can develop localized, paucibacillary, disease (P), with a strong cell-mediated response, which may resolve spontaneously, affects host survival only minimally, and is much less transmissible. Alternatively, they can develop disseminated, multibacillary, disease (M), which will somewhat reduce average survival time and is more contagious. The pathway taken (paucibacillary or multibacillary) seems to be dependent not on the strain of organism but on the host response. Because borderline cases will often progress over time to either paucibacillary or multibacillary forms, for the purposes of this simple model, we have included only these two pathways. This division of the active states of leprosy into two discrete forms has been used in other analytic models of leprosy.

In a combined tuberculosis and leprosy transmission model (Figure 3), persons already infected with M leprae can also be infected with M tuberculosis, but at an incidence rate that is reduced by the degree of cross-immunity, [THETA] L, offered by their previous exposure to M leprae. Likewise, individuals infected with M tuberculosis can be successfully infected with M leprae, but at a rate reduced by 0r. The degree of cross-immunity, [theta], may range from zero (if previous exposure to one species offers no protection against the development of the other) to 1 (if previous exposure to one species offers complete cross-immunity). For simplicity, we will assume that crossimmunity is symmetric (hence 0T = 0L = 0). The inclusion of these jointly infected classes results in a total of 12 states of infection and disease, and the transmission model therefore consists of 12 ordinary differential equations.

The basic reproductive rate of an infectious disease, R[0], is the number of secondary infectious cases produced by a single infectious case in a totally susceptible population (because of the cross-immunity between M tuberculosis and M leprae, we define a totally susceptible population as one that has not been exposed to either organism). If R[0] is less than unity, then each infectious individual will, on average, cause less than one new infectious case, and the disease will die out.

In this analysis, we define the effective reproductive rate, R, as the number of secondary infectious cases produced by a single infectious case in a population that is not entirely susceptible because of immunity acquired previously from another mycobacterium. R is dependent both on R0 and on the susceptibility of the community. If a population is less susceptible because of previous exposure to other mycobacteria, then it may be that R is less than 1, even if R0 is greater than 1 (i.e., the epidemic might survive in a totally susceptible population, but not in one already exposed to another mycobacterium.

From the simple models, we derive the basic reproductive rates of leprosy (R[L][O]) and tuberculosis (R[T][O]). From the combined model of leprosy and tuberculosis, we derive eradication criteria for leprosy in the presence of tuberculosis, in terms of R [L][O], R [L][O], and 0. We then evaluate whether tuberculosis is likely to have affected the eradication of leprosy, using parameter values derived from the literature.

Results
R[0T], the basic reproductive rate of tuberculosis, has been determined previously the effective reproductive rate for leprosy in a community with endemic tuberculosis but without previous exposure to leprosy, is dependent on the death and progression rates for each of the disease states in Figure 3 and is shown in the legend. This expression for R[L] is approximately equal to, and is necessarily bounded by, a simpler expression, R[L].
RL< = RL' = RoL((1/ RoT)+ (1 - theta) (1 - 1/R[0,T]))

If exposure to M tuberculosis had no effect on the life span of individuals, then R[L] equals R[L]. Whenever R[L] is less than 1, then in the presence of tuberculosis, leprosy will necessarily be eradicated. This equation states that the effective reproductive rate for leprosy is less than or equal to the basic reproductive rate of leprosy, discounted by 0 in the fraction of the population exposed to M tuberculosis.

Specific values of RoT and 0 that ensure the eradication of leprosy are shown in Figure 4. We estimate that the R[T][O] (before modern chemotherapy became available in the t950s) was in the range of 4 through 12 and estimates of the degree of cross-immunity between some species of mycobacteria (e.g., between bacille  Calmette-Guerin and M tuberculosis) are approximately 0.50t8 and as high as 0.75 of 1.5 (i.e., a single case of leprosy would, on average, produce 1.5 new cases) would probably be excluded by tuberculosis, A severe tuberculosis epidemic, with a high R[T][O], could eliminate, leprosy even with more modest levels of cross-protection. However, if a leprosy epidemic is severe enough---for example, if R[L][O] is 4 (i.e., a single case of leprosy produces 4 new cases)--then tuberculosis could not eradicate ,leprosy (Figure 4).
Discussion
Chaussinand's hypothesis is impossible to test experimentally and the available circumstantial evidence is equivocal. Leprosy and tuberculosis epidemics are often distinct, both geographically and temporally. In some leprosy communities, however, tuberculosis appears to be quite common. This may be the result of a small group of people who are unable to defend against either organism. Leprosy has failed to return in areas where tuberculosis has been controlled, but this may be because other conditions have changed (e.g., because of the introduction of bacille Calmette Guerin). Leprosy and tuberculosis are both still quite prevalent in central Africa but eradication of leprosy may be occurring at a slow pace.[ 
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21]
Our theoretical results enable us to evaluate the epidemiological conditions under which tuberculosis could have significantly contributed to the elimination of leprosy from western Europe. This analysis, in terms of the basic reproductive rates of the two infections, reveals the necessary conditions for leprosy to be eradicated but nothing about the time course of the eradication. Epidemics of both tuberculosis[ 
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1] and leprosy[ 
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2] progress quite slowly sometimes, even lasting centuries. Hence, the competitive exclusion of leprosy by tuberculosis would also occur over a long time period. With reasonable parameter estimates in which the criteria for the competitive exclusion of leprosy are met, dynamic simulations of the above combined model indicate that centuries are required for tuberculosis to effectively eradicate leprosy.
What evidence do we have for the values of R[T][O], R[L][O], and [THETA]? A range for the basic reproductive rate for tuberculosis has been estimated from an analysis of the transmission dynamics of tuberculosis,[ 
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5] The basic reproductive rate for leprosy has not been previously estimated. Unfortunately, there is no universally accepted test for subclinical infection with M leprae, so R[L][O] cannot be estimated from prevalence data. While we have no evidence of R[0][L], it is tempting to speculate that ( 
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1) tuberculosis (which is transmitted by the respiratory route) may have benefited more from urbanization than did leprosy (which is thought to be transmitted primarily by skin contact)[ 
 HYPERLINK "http://web.b.ebscohost.com/ehost/detail/detail?sid=41403e4e-bccc-4d72-970a-73cdd1b017d4@sessionmgr112&vid=0&hid=125&bdata=Jmxhbmc9ZXMmc2l0ZT1laG9zdC1saXZl" \l "bib5"
5] and ( 
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2) in the last millennium, R[T][O] surpassed R[L][O]. The degree of cross-protection against leprosy offered to an individual by previous exposure to tuberculosis is unknown, but can be estimated from vaccination trials. Bacille Calmette-Guerin, which is genetically nearly identical to M tuberculosis, has provided an individual with between 20% and 80% protection against leprosy in four clinical trials[ 
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19]; there is considerable variation in these results, and some investigators feel that the lower degrees of protection were found in communities in which the observed effect of the vaccine was dampened because of previous exposure to environmental mycobacteria.[ 
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8] It has been hypothesized that the true degree of protection against one species of mycobacteria offered by exposure to another species may be as high as 75%.[ 

Why has leprosy not eradicated tuberculosis? Some authors have suggested that cross-immunity is in fact not symmetrical and that leprosy offers little protection, if any, against tuberculosis. Interestingly, though, this analysis suggests that even if leprosy were to offer complete protection against tuberculosis, it would be able to eradicate tuberculosis only if R[L][O] is greater than R[0][T]. The equation presented in the results section reveals that even if crossprotection were complete (theta = 1), tuberculosis would be able to competitively exclude leprosy only if R[T][O] were greater than R[O][L]; analogously, even with complete crossprotection, leprosy would be able to exclude tuberculosis only if R[L][O] were greater than R[T][0].
Parameter estimates for the basic reproductive rate of tuberculosis during the great epidemic of the 17th and 18th centuries, and for the degree of cross-immunity between mycobacteria, are available. This analysis reveals that if conditions were such that the basic reproductive rate of leprosy was relatively low, then, as Chaussinand proposed, tuberculosis could have played a major role in the disappearance of leprosy from western Europe.
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