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Abstract

Immunosuppression after measles is known to predispose people to opportunistic infections for a 

period of several weeks to months. Using population-level data, we show that measles has a more 

prolonged effect on host resistance, extending over 2 to 3 years. We find that nonmeasles 

infectious disease mortality in high-income countries is tightly coupled to measles incidence at 

this lag, in both the pre- and post-vaccine eras. We conclude that long-term immunologic sequelae 

of measles drive interannual fluctuations in nonmeasles deaths. This is consistent with recent 

experimental work that attributes the immunosuppressive effects of measles to depletion of B and 

T lymphocytes. Our data provide an explanation for the long-term benefits of measles vaccination 

in preventing all-cause infectious disease. By preventing measles-associated immune memory loss, 

vaccination protects polymicrobial herd immunity.

Measles vaccines were introduced 50 years ago and were followed by striking reductions in 

child morbidity and mortality (1, 2). Measles control is now recognized as one of the most 

successful public health interventions ever undertaken (3). Despite this, in many countries 

vaccination targets remain unmet, and measles continues to take hundreds of thousands of 

lives each year (3). Even where control has been successful, vaccine hesitancy threatens the 

gains that have been made (1, 4). The introduction of mass measles vaccination has reduced 

childhood mortality by 30 to 50% in resource-poor countries (5–8) and by up to 90% in the 

most impoverished populations (9, 10). The observed benefits cannot be explained by the 

prevention of primary measles virus (MV) infections alone (11, 12), and they remain a 

central mystery (13).
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MV infection is typified by a profound, but generally assumed to be transient, 

immunosuppression that renders hosts more susceptible to other pathogens (14–17). Thus, 

contemporaneous reductions in nonmeasles mortality after vaccination are expected. 

However, reductions in infectious disease mortality after measles vaccination can last 

throughout the first 5 years of life (5–10), which is much longer than anticipated by transient 

immunosuppression, which is generally considered to last for weeks to months (16, 17).

Proposed mechanisms for a nonspecific beneficial effect of measles vaccination range from 

suggestions that live vaccines may directly stimulate cross-reactive T cell responses or that 

they may train innate immunity to take on memory-like phenotypes (13, 18–21). Although 

well described by Aaby (11, 12) and others (22) in observational studies, primarily in low-

resource settings, these effects may not fully explain the long-term benefits observed with 

measles vaccination and cannot explain the pre-vaccination associations of measles and 

infectious disease mortality we describe below. The World Health Organization (WHO) 

recently addressed this issue (22) and concluded that measles vaccination is associated with 

large reductions in all-cause childhood mortality but that there is no firm evidence to explain 

an immunological mechanism for the nonspecific vaccine benefits.

Recent work (17, 23) invoked a different hypothesis that a loss of immune memory cells 

after MV infection resets previously acquired immunity, and vaccination prevents this effect. 

de Vries et al. (17) reproduced transient measles immune suppression in macaques, 

characterized by systemic depletion of lymphocytes and reduced innate immune cell 

proliferation (24). Although peripheral blood lymphocyte counts were restored within weeks 

as expected (25), the authors hypothesized that rapid expansions of predominantly measles-

specific B and T lymphocytes masked an ablated memory-cell population (17). In other 

words, MV infection replaced the previous memory cell repertoire with MV-specific 

lymphocytes, resulting in “immune amnesia” (17) to nonmeasles pathogens. Previous 

investigations of virus-induced memory-cell depletion suggest that recovery requires re-

stimulation, either directly or via cross-reactive antigens (26–29).

We propose that, if loss of acquired immunological memory after measles exists, the 

resulting impaired host resistance should be detectable in the epidemiological data collected 

during periods when measles was common and [in contrast to previous investigations that 

focus on low-resource settings (5–12)] should be apparent in high-resource settings where 

mortality from opportunistic infections during acute measles immune suppression was low. 

Relatively few countries report the necessary parallel measles and mortality time series to 

test this hypothesis. National-level data from England, Wales, the United States, and 

Denmark [Fig. 1, A to C; see supplementary materials (SM) 1 for details], spanning the 

decades surrounding the introduction of mass measles vaccination campaigns, meet our data 

criteria.

To assess the underlying immunological hypothesis (Fig. 1D) using population-level data, 

we required that first, nonmeasles mortality should be correlated with measles incidence 

data, especially because the onset of vaccination reduces the latter. Second, an immune 

memory loss mechanism should present as a strengthening of this association when measles 

incidence data are transformed to reflect an accumulation of previous measles cases (a 
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measles “shadow”). For example, if immune memory loss (or more broadly, 

immunomodulation) lasts 3 years, the total number of immunomodulated individuals (S) in 

the nth quarter can be calculated as the sum of the measles cases (M) over the previous (and 

current) 12 quarters: Sn = Mn−11 + Mn−10 + …+ Mn−1 + Mn. In practice, we weighted the 

quarters using a gamma function. Dividing S by the total population of interest thus provides 

the prevalence of immunomodulation (see SM 2, and 3; fig. S1, A to C; and movie S1 for 

detailed methods). Third, the strength of this association should be greatest when the mean 

duration over which the cases are accumulated matches the mean duration required to 

restore immunological memory after MV infection. Fourth, the estimated duration should be 

consistent both with the available evidence of increased risk of mortality after MV, 

compared with uninfected children, and with the time required to build a protective immune 

repertoire in early life (Fig. 1D, fig. S2, and SM 5 and 6).

To explicitly address whether the observed nonspecific benefits of vaccination can be 

attributed to the prevention of MV immunomodulation, evidence for the four hypotheses 

must be present separately within the pre-vaccine eras.

Reductions in nonmeasles infectious disease mortality (SM 1) are shown in Fig. 1, for 

children aged 1 to 9 years in Europe and aged 1 to 14 years in the United States, shortly after 

the onset of mass vaccination in each country. The fall in mortality was later in Denmark, 

corresponding to the introduction of measles vaccination in the 1980s, as compared to the 

late 1960s for the United Kingdom and United States. In all locations, measles incidence 

showed significant (P < 0.001) associations with mortality (Fig. 1, E to G). However, effect 

sizes varied (fig. S3A), reflecting low reporting in the United States [fig. S3B and (30)] and 

changes in health care practice between eras. Adjusting for year as a covariate (SM 4) had 

little effect on the point estimates (fig. S3C). These associations could reflect transient 

measles immune suppression. Thus, to address our second hypothesis that MV 

immunomodulation can explain long-term increased mortality and, consequently, improved 

survival after vaccination, we transformed measles incidence into population prevalence of 

MV immunomodulation, with the duration of the immunomodulation (the time required to 

rebuild sufficiently protective immune memory) defined by a gamma distribution to weight 

the previous time points summed together, as discussed above and in SM 2 and movie S1.

When the gamma-distributed transformation was applied to the England and Wales measles 

data, the best-fit duration of MV immunomodulation, as determined by the linear fit of the 

corresponding prevalence of MV immunomodulation to the mortality data (SM 3), centered 

at a 28.3-month duration of measles-induced immunomodulation. This corresponded to a 

strong and significantly improved association between measles and all-cause infectious 

disease mortality [coefficient of determination (R2) = 0.92 versus 0.37; P < 0.00001; Fig. 2, 

A to C]. Simpler additive transformations (SM 2 and movie S1) return the same qualitative 

pattern (Fig. 2D), and adjusting for year in the model had no effect (fig. S4). Figure 2, E and 

F, shows the time series for the actual and predicted mortalities (calculated from the linear 

fits), together with the prevalence of MV immunomodulation (see movie S2 for the full 

paths of these transformations). Overall, a simple weighted integral of measles incidence 

captures the nonmeasles mortality data remarkably well and more closely than the raw 

incidence.

Mina et al. Page 3

Science. Author manuscript; available in PMC 2016 April 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To evaluate our fourth hypothesis, we compared the best-fit gamma distribution (indicating 

average time to return of full immunity) to (i) the previously observed (31) duration of 

elevated relative risk (RR) of all-cause mortality after intensive measles exposure (albeit in 

children exposed before 6 months of age) and (ii) to the global age distribution (fig. S2) of 

bacterial invasive disease in children under 5 years of age [an estimate for the time required 

to build protective immunity (32)]. Both the elevated RR of mortality after measles exposure 

and declines from peak rates of bacterial disease, indicating the development of sufficiently 

protective immunity, fell precisely along the gamma curve (R 2 =0.97 and 0.99, respectively; 

Fig. 2G).

We tested these results for nonspecific effects of vaccination (11) by applying the same 

procedures to the pre-vaccination data alone. Before vaccination, the best-fit duration of MV 

immunomodulation was no different (centered at 28.0 versus 28.3 months; Fig. 2, B to D, 

and fig. S5A) and closely matched the duration identified in the post-vaccine era as well 

(29.2 months; fig. S5A). Moreover, the coefficients describing the slope of mortality rate 

versus prevalence of immunomodulation were nearly identical (Fig. 2, B and I, and fig. 

S5B). This effect held regardless of which era’s respective best-fit gamma transform was 

used (fig. S5, B to D), because optimizing the transformation using only the pre-vaccine data 

permitted accurate prediction of the post-vaccine era data that was not used to fit the model 

(known as out-of-sample prediction). The results are robust to the chosen focal age groups (1 

to 4 and 5 to 9 years old age groups shown in fig. S6) and are sensitive to the specific order 

and magnitude of the measles epidemics, because randomizing the time series by year 

erased the above effects (fig. S7).

Furthermore, results were robust to individual disease classes (table S1), with best-fit 

durations of immunomodulation predisposing to individual classes of infectious disease 

mortality lasting between 18 and 30 months (mean, 27 months; median, 24 months). 

Exceptions were rubella [although rubella was not included in the primary analysis (SM 1)] 

and septicemia, which had best-fit durations of immune memory loss of approximately 12 

and 3 months, respectively.

Many previous investigations described stronger nonspecific benefits of MV vaccination in 

females than males (7, 11, 13); thus, as an additional test of our hypotheses, we also 

compared genders. In agreement, we found consistently stronger associations among 

females (fig. S8). To test the England and Wales findings, we applied the full analysis to data 

from the United States (Fig. 3 and movie S3). Here, the optimized gamma transformation 

centered at 30.9 months (versus 28.3 for the United Kingdom) again greatly improved the fit 

of the data (R2 = 0.88 versus 0.42; Fig. 3, A to F), showed very strong agreement with 

previously observed durations of mortality risk after intensive measles exposure (R2 = 0.999, 

Fig. 3G), and was predicted by the age distribution of invasive bacterial infections in 

children under 5 (R2 = 0.921; Fig. 3G).

We tested whether declines in mortality after vaccination were caused by nonspecific 

benefits of vaccination. Transformation of the data from the pre-vaccine era increased the 

strength of the association markedly (R2 = 0.87 versus 0.07). As in the United Kingdom, 

very similar best-fit gamma transformations were obtained before (and after) vaccination 
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(centered at 30.3 and 29.2 months; Fig. 3C and fig. S9A); the coefficients of association 

(with mortality) across vaccine eras were again consistent (Fig. 3, B and I, and fig. S9); the 

results were robust across age groups (fig. S10); the strengths of association were stronger in 

females (fig. S11); and adjusting for year had no effect (fig. S12).

The data from Denmark (SM 1) were recorded at yearly rather than quarterly intervals and 

limited the scope of analyses. Furthermore, because measles vaccine introduction in 

Denmark in 1987 occurred as data became available and was so successful that within its 

first year, measles incidence was reduced by an order of magnitude (Fig. 1C), we were 

compelled to focus on the two decades that followed the logarithmic reduction of cases 

(1990–2010). Despite these limitations, transformation of the yearly data (using eqs. 3 and 8 

in SM 2) led to steep peaks in model fit at 30 months duration of MV immunomodulation 

that predicted mortality (R2 = 0.77; Fig. 4A). When we inferred quarterly incidence data 

from the annualized data [using monthly measles incidence data from a large population 

sample in Denmark (33) to estimate proportions of annual cases occurring each quarter; SM 

1], the best fit indicated a 26.4-month duration of MV immunomodulation (Fig. 4, B and E), 

agreeing with the durations defined for England and Wales and the United States above, as 

well as the previously observed risk of mortality after measles (Fig. 4C).

These results provide population evidence for a generalized prolonged (roughly 2- to 3-year) 

impact of measles infection on subsequent mortality from other infectious diseases. 

Fluctuations in childhood mortality in the United Kingdom, the United States, and Denmark 

are explained by a simple weighted integral that describes the prevalence of measles immune 

memory loss and thus captures the impact of measles infection and immune depletion. We 

anticipate that morbidity data might show stronger effects.

As a further test of the immunosuppressive impact of measles, we carried out a similar 

analysis on pertussis. Pertussis is a vaccine-preventable disease that is not known to be 

immunosuppressive and for which high-quality weekly data (34) are available for England 

and Wales that were collected during the pre–measles vaccine years described above. We 

found no correlation (fig. S13) between pertussis incidence and non-pertussis infectious 

disease mortality. No correlation was observed even when the pertussis data were 

transformed to reflect the sum of previous pertussis cases (a pertussis “shadow”) extending 

over 48 months (fig. S13).

Our results show that when measles was common, MV infections could have been 

implicated in as many as half of all childhood deaths from infectious disease, thus 

accounting for nearly all of the interannual fluctuations in childhood infectious disease 

deaths. The reduction of MV infections was the main factor in reducing overall childhood 

infectious disease mortality after the introduction of vaccination.

Consistency in the best-fit duration of MV immunomodulation (the time required to restore 

protective immune memory) in all three countries, the close fit to observed durations of 

increased mortality after intensive MV exposure, and its correspondence to the early 

development of immunity (before 5 years of age) through exposure all provide strong 

evidence for a measles immune effect. The similarity in results obtained for both pre- and 
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post-vaccine eras, the qualitative consistency across ages, and the stronger associations in 

females (7) provide further support for an underlying immunomodulatory mechanism. 

Finally, these results are consistent with multiple immunoepidemiologic and case-controlled 

studies that show reduced or absent antigen-specific cellular responses lasting 3 years after 

measles (35, 36) and reduced atopy even 15 years after infection (37).

The correspondence between our results and previous epidemiological data by Aaby et al. 
(31) should be viewed with the caveat that the increased relative risk of mortality after 

intensive measles exposure was measured in children exposed before 6 months of age, not 

all of whom developed features of clinical measles infections. Other studies (12, 38, 39) 

have failed to detect long-term immunologic sequelae of measles. These previous cohort 

studies have focused on low-income countries, primarily in West Africa, where very high 

rates of death from opportunistic infections during acute measles immune suppression drive 

mortality dynamics and mask the pernicious long-term immunological effects of measles 

infection. For example, approximately 50% of all childhood deaths recorded over 5 years of 

follow-up occurred within only 2 months of measles infection, precluding the detection of 

long-term sequelae in those children.

MV infection and vaccination produce strong and durable herd immunity against subsequent 

epidemics (40). Our results thus suggest an extra dynamical twist: MV infections could also 

reduce population immunity against other infections in which MV immunomodulation could 

be envisioned as a measles-induced immune amnesia (17); hence, measles vaccination might 

also be preserving herd protection against nonmeasles infections.

Measles vaccination is one of the most cost-effective interventions for global health, and our 

results imply further immunological dividends: mortality (and probably morbidity) 

reductions linked to measles vaccination might be much greater than previously considered. 

This is of particular importance today where, especially in wealthy nations, reduced 

opportunistic infections during acute measles immunosuppression, added to the comparative 

rarity of infection, has led to a public view of measles as a benign childhood disease. Our 

findings help dispel the mystery surrounding the disproportionately large reductions in 

mortality seen after the introduction of measles vaccinations and reinforce the importance of 

measles vaccination in a global context.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Measles incidence, nonmeasles infectious disease mortality, and measles-induced 
immunomodulation
Nonmeasles infectious disease mortality and measles incidence time series (A to C) and 

regressions (E to G) are shown for England and Wales, the United States, and Denmark. The 

vertical dashed lines in (A) to (C) indicate the year of introduction of the measles vaccine. 

(D) Measles-induced lymphopenia and subsequent measles-specific lymphocyte expansion 

in the weeks after MV infection, as described in (17, 23), are shown, and time is extended to 

depict hypothesized long-term immunomodulatory effects of MV infection and 

reconstitution of the immune response through individual exposures. Scatter plots and best-

fit regression curves (plotted with 95% confidence bands) are shown for nonmeasles 

infectious disease mortality versus measles incidence for England and Wales (E), the United 

States (F), and Denmark (G).
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Fig. 2. England and Wales: Measles-induced immunomodulation and nonmeasles infectious 
disease mortality (1952–1975)
Annual incidence of nonmeasles infectious disease mortality regressed against the 

prevalence of MV immunomodulation, given (A) no transform or (B) the best-fit gamma 

transform (that provides the best linear fit, R2, to the data). Individual regression lines and 

95% confidence intervals are plotted for regressions over the full data set (blue), the pre-

vaccine era data only (green), and the post-vaccine era data only (red). R2 is plotted against 

the mean duration of MV immunomodulation for the (C) gamma or (D) additive 

transformation for the full data set (blue lines) or the pre-vaccine data only (red lines). Inset 

graphs in (A) and (B) are the same as (C), and the location of the dots (color coded as per 

the regression lines) represent the duration of immunomodulation and the R2 values 

associated with the scatter plot shown. In (E and F), the measured nonmeasles infectious 

disease mortality is plotted (broken line) along with the predicted annual mortalities (solid 

blue and red lines), predicted using the regression coefficients from the (H) untransformed 

or (I) best-fit transformed data. Predictions in (E) and (F) are either in sample and based on 

the full data set (blue line), or out of sample and based on the pre-vaccine data only (red 

line). In (F), for example, the in-sample mortality prediction is made from the regression 

coefficients (I) from the best-fit transformed data for the full data set (blue line), and 

mortality is also predicted entirely out of sample for the post-vaccine era by optimizing the 
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gamma transformation and calculating regression coefficients using only data from the pre-

vaccine era (red line; fig. S5C). (G) The best-fit gamma distribution (optimized against the 

full data set) is shown (dark red line), along with the distribution of under-5 bacterial 

invasive disease versus age after the depletion of maternal antibodies (broken gray line), and 

the relative risk of non-MV mortality after MV infection, described in (31), is also shown 

plotted against time since MV infection (blue points). (H) and (I) The regression coefficients 

for the best-fit lines shown in (A) and (B) are plotted with 95% confidence intervals in (H) 

and (I), respectively.

Mina et al. Page 11

Science. Author manuscript; available in PMC 2016 April 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. USA: Measles-induced immunomodulation and nonmeasles infectious disease mortality 
(1943–1970)
(A to I) Plots are as described for England and Wales in Fig. 2.
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Fig. 4. Denmark: Measles-induced immunomodulation and non-MV infectious disease mortality 
(1990–2010)
R2 versus duration of measles-induced immunomodulation when measles data are 

transformed using (A) the additive transformation with yearly intervals or (B) the gamma 

transform with quarterly intervals, where yearly measles incidence was converted to 

quarterly incidence based on (33). The best-fit gamma transform (C), as well as the 

predicted nonmeasles mortality, predicted from the untransformed (D) or the best-fit gamma 

transform (E) MV immunomodulation data, are shown and are described for the respective 

figures in Figs. 2 and 3.
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