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Abstract

Introduction

HIV replication leads to a change in lymphocyte phenotypes that impairs immune protection

against opportunistic infections. We examined current HIV replication as an independent

risk factor for tuberculosis (TB).

Methods

We included people living with HIV from 25 European cohorts 1983–2015. Individuals <16

years or with previous TB were excluded. Person-time was calculated from enrolment

(baseline) to the date of TB diagnosis or last follow-up information. We used adjusted Pois-

son regression and general additive regression models.

Results

We included 272,548 people with a median follow-up of 5.9 years (interquartile range [IQR]

2.3–10.9). At baseline, the median CD4 cell count was 355 cells/μL (IQR 193–540) and the

median HIV-RNA level 22,000 copies/mL (IQR 1,300–103,000). During 1,923,441 person-

years of follow-up, 5,956 (2.2%) people developed TB. Overall, TB incidence was 3.1 per

1,000 person-years (95% confidence interval [CI] 3.02–3.18) and was four times higher in

patients with HIV-RNA levels of 10,000 compared with levels <400 copies/mL in any CD4

stratum. CD4 and HIV-RNA time-updated analyses showed that the association between

HIV-RNA and TB incidence was independent of CD4. The TB incidence rate ratio for people

born in TB-endemic countries compared with those born in Europe was 1.8 (95% CI 1.5–2.2).

Conclusions

Our results indicate that ongoing HIV replication (suboptimal HIV control) is an important

risk factor for TB, independent of CD4 count. Those at highest risk of TB are people from

TB-endemic countries. Close monitoring and TB preventive therapy for people with subopti-

mal HIV control is important.

Introduction

Tuberculosis (TB) is the leading cause of death from an infectious disease, along with HIV/

AIDS [1]. HIV infection and its resulting immunodeficiency is the most important risk factor

for TB, and in many lower-income countries TB is the most common opportunistic infection

(OI) [2, 3]. Antiretroviral therapy (ART) has improved the prognosis of HIV infection and

markedly reduced the risk of TB [4]. In several observational studies, successful ART has been

associated with a lower incidence of TB in low-income countries with high TB burden as well

as in affluent countries with low levels of TB transmission [5, 6]. In Western European coun-

tries with a low TB incidence, most TB patients are foreign-born, reflecting higher rates of TB

infection in their country of birth and subsequent development of active TB in the country of

migration [7, 8].

While the risk for TB and other OIs in HIV infection is commonly related to immunodefi-

ciency as measured by circulating CD4 positive T-cells in peripheral blood (CD4 cell count),
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people living with HIV at a given CD4 count may have a higher risk for OIs if there is HIV rep-

lication as measured by plasma HIV-RNA [9–12]. There is increasing evidence that immune

activation due to ongoing HIV replication is an additional important factor of immune distur-

bance leading to important changes in lymphocyte phenotypes and quality of immune

response [13]. In two randomized trials, the early initiation of ART among individuals with

high CD4 counts was beneficial regarding the incidence of OIs, including TB [14, 15]. While

certain OIs occur almost exclusively in people with very low CD4 counts [16], active TB is

observed in every stage of HIV-infection. Even in those with high CD4 counts TB incidence is

much higher than in the population of people without HIV [17]. In South Africa, HIV-RNA

levels have been shown to be a risk factor for TB independent of CD4 count [11].

The past 15 years have seen a massive scale-up of ART and a decline in AIDS-related deaths

worldwide [18], especially with the change in recommendations in 2015 for all people with

HIV to receive ART [14, 19]. Despite these positive changes in the public health epidemiology

of HIV/TB, understanding the interplay between HIV and TB remains critical for identifying

high-risk groups in need of TB preventive therapy (TPT) and for developing optimal clinical

and public health strategies. Using the large Collaboration of Observational HIV Epidemiolog-

ical Research Europe (COHERE) database from 1984–2015, which includes a substantial num-

ber of people with both HIV and TB (>5,000), we aimed to delineate the role of current HIV

replication as an independent risk factor for TB.

Methods

Study setting and study design

COHERE in EuroCoord was a collaboration of over 40 observational cohorts covering 32

European countries within the EuroCoord network of excellence [20]. Each cohort submitted

data in a standardized format (the HIV Collaboration Data Exchange Protocol, see http://

www.hicdep.org) to coordinating centres at the Copenhagen HIV Programme, Denmark, or

the Institut de Santé Publique d’Epidémiologie et de Développement (Bordeaux School of Pub-

lic Health), Bordeaux, France. The Regional Coordinating Centres ensured adherence to strict

data quality assurance guidelines and performed data checks. Submitted data included infor-

mation on individuals’ characteristics (age, gender, geographical origin, and mode of HIV

acquisition), use of ART (type of drugs, and dates of start and stop of each drug), dates and

results of all CD4 cell counts and plasma HIV-RNA viral load assessments, dates and types of

all AIDS-defining events, and information on mortality. Data on testing for latent TB and on

TPT were not available. We included people aged 16 years or older with HIV who were

enrolled in care between the first quarter of 1983 and the second quarter of 2015 and had no

history of previous TB. The selection of patients from 29 COHERE cohorts with TB data is

shown in a flow diagram (S1 Fig); four cohorts with too few eligible patients (<350) or lack of

specific TB drug/endpoint information were excluded. The data was first accessed for research

purposes in June 2019.

Statistical analysis

The first TB occurrence was defined to be the time of the person’s first diagnosis of pulmonary

or extrapulmonary tuberculosis. Person-time was defined from enrolment in the respective

cohort to first TB occurrence, death, or date of last follow-up visit. A person on ART was

defined as a patient taking combined ART at any time during follow-up. Incident TB was

defined as any TB diagnosis two months or more after ART start. The diagnosis of TB was

made by the treating clinicians according to local diagnostic criteria.
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We used Poisson regression models to assess TB incidence per 1,000 person-years and cor-

responding rate ratios with an offset for the period, stratified by the levels of baseline CD4

cells/μL (0–100, 101–350, >350) and HIV-RNA copies/mL (0–399, 400–10,000, >10,000) and

geographical region of birth (Europe, sub-Saharan Africa, Asia, Latin America, North Africa

and the Middle East). Models were additionally adjusted for age, gender, geographic region of

birth, and mode of HIV acquisition (sex between men and women, sex between men [MSM],

injection drug use [IDU], other). We extended regression models including time-updated

CD4 cell counts and HIV-RNA levels and using splines to investigate effects in detail. For illus-

trative purposes, we used the fitted models to predict the incidence for a reference category of

men who were aged 35 years, who had acquired HIV following heterosexual sex, and who

were on ART.

All analyses were performed in R version 3.2.4 [21].

Ethics statement

Ethical approval was applied for and granted for the research from the appropriate body in the

host country (local ethics committees or institutional review boards) of the cohort contribut-

ing the data to COHERE [20]. All cohorts participating in COHERE adhere to local ethical,

data management and confidentiality standards.

Results

Follow-up data for 272,548 people from 25 European cohorts (S1 Table) were included in the

analysis, resulting in a total follow-up time of 1,923,441 person-years. The median follow-up

time was 5.9 years (interquartile range [IQR] 2.3–10.9). Baseline characteristics (at enrolment

into cohort in Europe) of the participants are shown in Table 1: 27% of participants were

female, 65% were born in Europe (including Eastern Europe), and 46% were on ART. The

median CD4 cell counts was 355 cells/μL at baseline, and 13% had a HIV-RNA levels below

400 copies/mL. There were 5,956 first episodes of TB over follow-up, resulting in an overall TB

incidence of 3.1 per 1,000 person-years (95% confidence interval [CI] 3.0–3.2). TB occurred at

a median of 1.5 years (IQR 0.2–4.5 years) after enrolment in the respective cohort.

In the Poisson regression model stratifying by CD4 count and HIV-RNA levels (Table 1),

TB incidence was significantly associated with the following baseline characteristics: gender,

HIV acquisition mode other than sex between men, participant geographic origin (particularly

in those born in Africa, Asia, and Latin America), CD4 cell count<350 vs.�350, HIV-RNA

�400 vs. <400 copies /ml, and not being on ART at baseline (Table 1). In addition, the inci-

dence rate ratio for people born in Asia and sub-Saharan Africa compared to those from

Europe were 2.5 (95% CI 2.0–3.0) and 2.4 (95% CI 2.2–2.6), respectively. More generally, the

incidence rate ratio of those of non-European compared to European origin was 1.8 (95% CI

1.5–2.2). There was no significant interaction between geographic origin and HIV-RNA or

CD4 count (each p = 0.34).

Time-updated analyses of the CD4 cell count and HIV-RNA levels, fixed at different CD4

levels for a reference participant category, showed that the association between HIV-RNA and

TB incidence was independent of CD4 cell counts (Fig 1). The trajectory of the HIV-RNA

curves was similar at all CD4 cell levels, with slopes becoming steeper at levels above 10,000

HIV-RNA copies/mL and reaching four times higher incidence levels than those with HIV-RNA

levels below 400 copies/mL. A similar association was observed in people from all geographic

regions (Fig 2). In all CD4 count and viral load categories, the incidence of TB was highest

among people of Asian and sub-Saharan African origin (Fig 2): 81/1,000 and 82/1,000 person-

years, respectively, for the highest risk category. Time-updated CD4 cell counts (cells/μL)
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stratified by geographic origin showed similar curves in all regions, but people originating from

Europe had lower TB incidence at all CD4 cell count levels compared to those from all other

regions (S2 Fig).

Discussion

We analyzed data from almost 300,000 people with HIV enrolled into care in 25 large HIV

cohorts in Europe from 1983 to 2015. Overall TB incidence was at 3.10 per 1,000 person-years.

We found that individuals with increasing HIV replication, as determined by plasma

HIV-RNA levels, had an increasing risk of TB, independent of CD4 cell count and all other

variables. The risk of TB was particularly high in people born in Africa and Asia, reflecting the

higher prevalence of TB in these regions.

Table 1. Individual characteristics (at enrolment into cohort) of 272,548 people with HIV from 25 European cohorts, with and without tuberculosis (TB) after

enrolment.

Characteristic n (%) Total in study People with TB People without TB IRR (95% CI) p-value

Number of people 272,548 5,956 (2.2) 266,592 (97.8)

Time period <0.001

1984–1995 24,165 (8.9) 1,001 (4.1) 23,164 (95.9)

1996–2015 248,383 (91.1) 4,955 (2.0) 24,3428 (98.0)

Female gender 73,370 (26.9) 2,021 (33.9) 71,349 (26.8) 0.80 (0.75–0.86) <0.001

Age, years, median (IQR) 36.0 (30.1–43.2) 34.9 (29.8–41.2) 36.0 (30.1–43.2) 0.99 (0.99–0.99) <0.001

Mode of HIV acquisition

Sex between men and women 99,893 (36.7) 2,914 (48.9) 96,979 (36.4) 1.0

Sex between men 113,715 (41.7) 1,174 (19.7) 112,541 (42.2) 0.41 (0.37–0.44) <0.001

Injection drug use 31,823 (11.7) 1,245 (20.9) 30,578 (11.5) 1.03 (0.95–1.12) 0.46

Other 9,035 (3.3) 251 (4.2) 8,784 (3.3) 0.77 (0.67–0.89) <0.001

Missing, n (%) 18,082 (6.6) 372 (6.2) 17,710 (6.6) -

CD4, cells/μL, median (IQR) 355 (193–540) 243.0 (100–414) 358 (196–542) <0.001

<100 33,530 (12.3%) 1,254 (21.1%) 32,376 (12.1%) 1.0

100–350 86,109 (31.6%) 2,102 (35.3%) 83,914 (31.5%) 0.31 (0.29–0.32) <0.001

>350 122,472 (44.9%) 1,653 (27.8%) 120,819 (45.3%) 0.11 (0.10–0.12) <0.001

Missing, n (%) 30,530 (11.2) 947 (15.9) 29,583 (11.1) -

HIV viral loads, log10 copies/mL, median (IQR) 4.3 (3.1, 5.0) 4.8 (4.0, 5.3) 4.3 (3.1, 5.0) <0.001

HIV viral loads, copies/mL

<400 36,266 (13.3) 304 (5.1) 35,962 (13.5) 1.0

400–10,000 45,532 (16.7) 594 (10.0) 44,938 (16.9) 1.69 (1.54–1.84) <0.001

>10,000 120,052 (44.0) 2,641 (44.3) 117,411 (44.0) 3.8 (3.51–4.08) <0.001

Missing, n (%) 70,738 (25.9) 2,417 (40.6) 68,281 (25.6) -

Region of origin

Europe 176,088 (64.6) 3,263 (54.8) 172,825 (64.8) 1.0

Africa 26,946 (9.9) 1,240 (20.8) 25,706 (9.6) 2.43 (2.24–2.64) <0.001

Asia 3,464 (1.3) 129 (2.2) 3,335 (1.3) 2.45 (2.00–2.99) <0.001

Latin America 9,681 (3.6) 248 (4.2) 9,433 (3.5) 1.74 (1.50–2.02) <0.001

N Africa/Middle East 4,119 (1.5) 129 (2.2) 3,990 (1.5) 1.40 (1.13–1.72) 0.002

Other or unknown 52,250 (19.2) 947 (15.9) 51,303 (19.2) 1.35 (1.24–1.47) <0.001

On ART 123,322 (45.2) 2,027 (34) 121,295 (45.5) 0.76 (0.72–0.81) <0.001

Follow-up time, years, median (IQR) 5.9 (2.3–10.9) 1.5 (0.2–4.5) 6.1 (2.4–11.0) -

ART, antiretroviral therapy; CI, confidence interval; IRR, incidence rate ratio

https://doi.org/10.1371/journal.pone.0312035.t001
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The large collaborative HIV cohort dataset in Europe allowed us to show that HIV viral

load provides useful information for predicting higher risk of TB after ART initiation, inde-

pendent of CD4 cell count. This finding might be explained by the fact that HIV replication

itself is associated with a disturbed immune system and impaired protection against progres-

sion from infection to disease [13]. Underlying immunological processes include increased

cell turnover, cell activation, and cytokine release [11, 13]. This is also evidenced by a

decreased immune response to vaccines such as yellow fever and influenza in patients with

ongoing HIV replication with high HIV-RNA levels [22, 23]. We have shown that detectable

HIV-RNA, which indicates ongoing HIV replication, is a critical laboratory parameter for

identifying populations at higher risk for TB, along with CD4 count and place of birth. All cur-

rent guidelines [14, 19] recommend that all people with HIV receive ART, regardless of their

CD4 cell count at the time of diagnosis. However, this was not the case during the period ana-

lyzed in this study. In Europe, widespread access to effective combination ART began in 1996

and has dramatically reduced the number of deaths among people living with HIV [20, 24].

In this large European dataset with a diverse migrant population, we observed that TB risk

depends on a person’s geographic origin. In Europe, the overall incidence of TB has been

decreasing since 2000, but notification rates vary across the region, with the highest rates

reported in Eastern Europe [25]. The same decline has been found across European HIV

cohorts and in the Swiss HIV Cohort Study [26, 27]. In contrast, some European countries

have reported an increase in TB incidence among people with HIV because of increasing

Fig 1. Tuberculosis (TB) incidence rate per 1,000 person-years for a reference population estimated at any given HIV-RNA levels, based on time-

updated measurements and displayed at different CD4 levels. Patient reference category: heterosexual, male, 35 years old, on ART, born in Europe. Shaded

areas corresponding to 95% confidence intervals.

https://doi.org/10.1371/journal.pone.0312035.g001
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numbers of migrants from lower-income countries with high TB incidence and possibly

because of delayed access to care [28–30]. The current war in Ukraine, with internal displace-

ment of citizens and migration of refugees, may further increase the burden of TB in Europe,

particularly drug-resistant TB [31]. Indeed, migrants to Europe with HIV/TB co-infection

may not receive optimal care and follow-up in low-incidence countries [32]. Differences also

exist between Western and Eastern Europe in the delivery of TB and HIV care, including inte-

gration of TB and HIV care and access to MDR-TB drugs [33]. In general, risk factors for TB

in people with HIV include not being on ART, the origin of the person (e.g., sub-Saharan

Africa and Eastern Europe), but also low CD4 cell counts and higher HIV viral loads [30].

However, the latter study did not examine the possibility of there being an interaction between

the CD4 cell count and HIV viral load for the risk of TB.

People with HIV who have detectable HIV viral loads at any time are at increased risk of

active TB by reactivation of latent TB, reinfection, or rapid progression after recent infection,

regardless of their CD4 cell counts. Therefore, in addition to early initiation of ART or optimi-

zation of ART, these individuals may particularly benefit from the administration of TPT to

reduce the risk of TB in persons with latent TB, especially in migrant populations originating

from TB-endemic countries and possibly higher exposure to TB. Prevention of active TB dis-

ease by TPT is a critical component of the WHO End TB Strategy [34] and has been shown to

be highly effective in the Western European setting [12]. WHO recommendations for settings

Fig 2. TB incidence stratified by CD4 cell count (cells/μL), HIV-RNA viral load (copies/mL), and geographic origin for a reference population. TB

incidence rates per 1,000 person-years estimated from fitted Poisson regression models. Patient reference category: 35 years of age, male, heterosexual, on ART.

https://doi.org/10.1371/journal.pone.0312035.g002
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with a high burden of TB and HIV state that adults, adolescents, children, and infants with

HIV should receive TPT, irrespective of the degree of immunosuppression and even if latent

TB infection testing is unavailable [35]. The positive impact of ART on reducing the incidence

of TB in people with HIV has been well established [6]. In any case, people at high risk identi-

fied in our study should be considered for latent TB screening and TPT if active TB has been

excluded and should be closely monitored during HIV care to reduce the risk of treatment

interruptions and eventually ensure early diagnosis of TB.

A limitation of our study is that the data date back many years, spanning 1983–2015. How-

ever, the current epidemiology of HIV/TB in Europe no longer allows for detailed and strati-

fied analyses, as only a few new TB cases have been diagnosed in recent years [27, 28] and

most of these are in people with a late HIV diagnosis [36]. While this changing epidemiology

is welcome, it does mean that only these older data allow detailed analyses of risk factors for

TB based on CD4 cell counts, HIV RNA viral loads, and person’s birth origin. Such analyses

provide valuable information for current management and monitoring in high-risk popula-

tions, particularly in the context of ongoing wars and immigration. Other limitations include

the limited number of people with HIV followed in Eastern Europe, which has a different TB

epidemiology [37], and that there may be residual confounding (homelessness, instable social

conditions, alcohol use) that was not captured in our dataset. An important strength of the

study is that the data come from a well-established, large-scale, collaborative HIV cohort proj-

ect that has collected high-quality data with little missing information [20].

In conclusion, understanding the interplay between HIV and TB is paramount to develop-

ing clinical management and effective public health strategies to reduce the burden of TB in

people with HIV. Our results show that higher levels of ongoing HIV replication are associated

with a higher risk of TB, regardless of CD4 cell count. Individuals with latent TB, often origi-

nating from countries at high risk of TB infection, particularly require effective ART, close

clinical monitoring to ensure undetectable HIV-RNA levels, and a low threshold for adminis-

tration of TPT once active TB has been excluded.
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