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Background. Although previous studies have shown that vitamin A deficiency is associated with incident tuberculosis (TB)
disease, the direction of the association has not been established. We investigated the impact of vitamin A deficiency on TB
disease progression.

Methods.
Haiti. We compared serial vitamin A levels in individuals who developed TB disease to controls matched on age, gender, follow-up

We conducted a longitudinal cohort study nested within a randomized clinical trial among HIV-infected patients in

time, and time to antiretroviral therapy initiation. We also evaluated histopathology, bacterial load, and immune outcomes in TB
infection in a guinea pig model of dietary vitamin A deficiency.

Results. Among 773 participants, 96 developed incident TB during follow-up, 62.5% (60) of whom had stored serum samples
obtained 90-365 days before TB diagnosis. In age- and sex- adjusted and multivariate analyses, respectively, incident TB cases were
3.99 times (95% confidence interval [CI], 2.41 to 6.60) and 3.59 times (95% CI, 2.05 to 6.29) more likely to have been vitamin A
deficient than matched controls. Vitamin A-deficient guinea pigs manifested more extensive pulmonary pathology, atypical
granuloma morphology, and increased bacterial growth after experimental TB infection. Reintroduction of dietary vitamin A to
deficient guinea pigs after established TB disease successfully abrogated severe disease manifestations and altered cellular

immune profiles.

Conclusions. Human and animal studies support the role of baseline vitamin A deficiency as a determinant of future TB disease
progression.
Keywords. vitamin A; retinol; Mycobacterium tuberculosis; nutritional deficiency.

Tuberculosis (TB) remains a leading cause of death worldwide
from an infectious disease. Among the many host risk factors
associated with the development of TB disease, undernutrition
accounts for a large portion of the disease burden, with
population-attributable risks exceeding 60% in some high
TB-burden countries [1, 2]. These data emphasize the impor-
tance of understanding specific dietary micronutrients that
contribute to the risk of TB disease progression after an expo-
sure [3].

One micronutrient that may contribute to TB risk is vitamin A.
Vitamin A and, specifically, its bioactive metabolite, retinoic
acid, has a well-established pleiotropic role in immune function
[4] and known benefit in immunity to viral and diarrheal
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diseases [5]. Retinoic acid has a direct impact on dendritic
cell and macrophage function [6] and contributes to T-cell dif-
ferentiation [7], including Thl and Th17 polarization, all of
which are critical in the immune pathogenesis of TB. Retinol,
the circulating form of vitamin A, is converted to retinaldehyde
and then to retinoic acid by retinaldehyde dehydrogenase, the
local availability of which underlies cellular and organ capacity
for generating bioactive vitamin A. Cross-sectional human
studies have demonstrated low serum retinol concentrations
in patients with established TB disease [8-12], and more re-
cently, some have identified a limited capacity for retinoic
acid generation during Mycobacterium tuberculosis (Mtb) in-
fection in human lung tissue [13].

We and others have conducted longitudinal, prospective
studies in which we found that individuals with low baseline
serum vitamin A levels have significantly higher risk of devel-
oping TB disease during longitudinal follow-up [14,15].
However, because TB is a disease of insidious onset that may
remain undetected for months prior to diagnosis, we could
not exclude the possibility that low serum retinol levels were
the result of early unrecognized TB disease rather than its
cause. In our previous prospective study, most TB disease oc-
curred within 3 months of the baseline assessment of vitamin

2178 « CID 2022:75 (15 December) « Podell et al


https://orcid.org/0000-0003-0665-5393
mailto:megan.murray.epi@gmail.com
https://doi.org/10.1093/cid/ciac326

A, making it difficult to rule out a reverse causal effect [14]. It
thus remains unclear what role vitamin A deficiency plays in
modulating TB risk.

Here, we address this role and the potential bidirectional re-
lationship between TB and vitamin A deficiency through 2
complementary approaches. First, we conducted a longitudinal
study to assess the impact on incident TB disease of serum ret-
inol status obtained from participants between 90 and 365 days
prior to TB diagnosis. Second, we developed a guinea pig model
of vitamin A deficiency and compared the outcomes of
experimental Mtb infection in vitamin A- deficient and vita-
min A-sufficient animals and after restoring dietary vitamin
A in established TB disease. Both approaches provide support
for a strong causal impact of vitamin A deficiency in TB disease.

METHODS

Longitudinal Cohort Study in Individuals in Haiti Living With Human
Immunodeficiency Virus

Study Setting and Population

The Comprehensive Program for Research in AIDS (CIPRA)
HT-001 trial was an open-label, randomized, controlled trial
to evaluate early vs delayed initiation of antiretroviral therapy
(ART) in patients in Haiti with human immunodeficiency virus
(HIV) with CD4 < 350 cell/mm’ from August 2005 to July
2008. At enrollment, all participants were screened for TB in-
fection using the tuberculin skin test (TST) and for active TB
disease. Participants with TST result >5 mm were considered
to have latent TB infection and given isoniazid preventive ther-
apy [16]. Participants provided baseline serum sample and ev-
ery 6 months. Samples were stored for later use. Study
participants were monitored for incident TB disease with
monthly physician evaluation [17]. Those with TB symptoms
received chest X-ray and provided 3 sputum samples for smear
and mycobacterial culture or a biopsy was obtained for smear
and culture if extrapulmonary TB was suspected. The results
of this trial have been presented elsewhere [18], and detailed
study methods are provided in the Supplementary Materials.

Matched Case-Control Study

We identified individuals who developed TB disease during
follow-up and selected from this group those for whom at least
1 blood sample had been obtained 90-365 days prior to TB di-
agnosis. To account for the possibility that participants with
subclinical TB disease may have developed decreased retinol
levels, we excluded blood samples obtained less than 90 days
before TB diagnosis. For each participant who developed TB
disease, we randomly selected up to 5 controls, matching on
age, gender, and follow-up time. Among cases who initiated
ART before TB diagnosis, we further matched on time from en-
rollment to ART initiation. If there was more than 1 eligible
blood sample for a control participant, we chose the sample

obtained at the time closest to when the case sample was ob-
tained. We considered participants with retinol <20 pg/dL to
be vitamin A deficient per World Health Organization guide-
lines [19]. We used a modified Poisson generalized estimating
equation to evaluate the association between vitamin A defi-
ciency and incident TB disease. We used customized R codes
to evaluate the association between vitamin A deficiency and
TB progression using the geepack package in software R 4.0.4.

Case-Only Study Design

Among participants without TB disease at baseline, we identi-
fied incident TB cases who had 2 blood samples obtained with-
in 90-730 days before TB diagnosis that were at least 180 days
apart. We excluded any TB case who initiated ART between the
2 blood draws. We used the paired Student T test to determine
whether incident TB cases had decreasing serum vitamin A lev-
els before the onset of TB disease.

Ethics Statement

The Harvard School of Public Health Institutional Review
Board approved this cohort study. The Center of the Haitian
Group for the Study of Kaposi’s Sarcoma and Opportunistic
Infections Institutional Review Board and the Weill Cornell
Medical College Institutional Review Board approved the
CIPRA HT-001 trial. All participants provided written in-
formed consent.

Impact of Vitamin A Deficiency in Guinea Pigs

Nutritional vitamin A deficiency was established in guinea pigs
by feeding a purified diet without retinyl palmitate as the sole
source of vitamin A (Supplementary Figures 1, 2). The impact
of vitamin A deficiency on TB disease outcome was determined
at 60 days after exposure to Mtb in guinea pigs either sufficient
or deficient in vitamin A or in deficient guinea pigs with re-
stored dietary vitamin A during established TB disease. Flow
cytometry data (Supplementary Table 1) were analyzed using
Flow]Jo analysis software, version 10. Additional details are pro-
vided in the Supplementary Materials.

Ethics Statement

All experimental protocols were performed in accordance with
the National Research Council’s Guide for the Care and Use of
Laboratory Animals under Animal Welfare Assurance
A3572-01. The Animal Care and Usage Committee at
Colorado State University approved all protocols under proto-
col 16-6630AA.

RESULTS

Longitudinal Cohort Study in Individuals in Haiti Living With HIV

We assessed 773 participants free of TB disease at enrollment
(Supplementary Table 2), of whom 96 (12.4%) developed TB
disease during a median follow-up period of 4.3 years
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Figure 1.

Flow chart of matched case-control study. Abbreviations: ART, antiretroviral therapy; TB, tuberculosis.

(interquartile range [IQR], 3.5-5.1). The median time to TB
disease diagnosis was 494.5 days (IQR, 208.5-998.0). Among
the 96 incident TB cases, 33 (34.4%) were diagnosed with TB
prior to ART initiation.

Of 96 incident TB patients, 60 (62.5%) had available serum
samples obtained 90-365 days before TB diagnosis. These cases
were matched to 251 controls (Figure 1). Baseline characteristics
of cases and controls are presented in Table 1. Nineteen (31.7%)
TB cases were vitamin A deficient 90-365 days prior to diagnosis
compared with 21 (8.5%) controls. In the age- and sex-adjusted
analyses, the cases were 3.99 times (95% confidence interval
[CI], 2.41 to 6.60; P<<.0001) more likely to have been vitamin
A deficient than controls (Table 2). After we adjusted for
ART use, body mass index, and C-reactive protein, vitamin A
deficiency remained associated with incident TB disease
(adjusted risk ratio [aRR], 3.59; 95% CI, 2.05 to 6.29; P <.0001;
Table 2). These results were robust in sensitivity analyses
adjusted for baseline TST status (aRR, 4.04; 95% CI, 2.12 to
7.69; P <.0001) and restricted to samples obtained between 180
and 365 days before TB diagnosis (aRR, 2.56; 95% CI, 1.43 to
4.56; P .001).

Case-Only Study

We identified 15 incident TB cases who had repeat blood draws
between 90 and 730 days before TB diagnosis (Supplementary
Table 3). In 5 of the 15 cases, vitamin A levels fell from suffi-
cient to deficient prior to the diagnosis of TB disease, while
none had their vitamin A levels change from deficient to suffi-
cient levels (McNemar test exact P value, .07).

Impact of Vitamin A Deficiency in Guinea Pigs
To determine the impact of vitamin A deficiency on the severity
of TB disease, vitamin A-deficient guinea pigs were infected
with Mtb and compared to guinea pigs that consumed a vita-
min A-sufficient diet. Mtb colony-forming units (CFUs) in
lung in vitamin A-deficient guinea pigs at day 60 of infection
were 1.28 log;, higher (P=.014; 95% CI, .25 to 2.31;
Figure 2A) than in vitamin A-sufficient guinea pigs, and we
noted a 10.8% (P=.06; 95% CI, —.58 to 22.12) and 28.4% (P
<.01; 95% CI, 7.43 to 49.3) mean increase in lung and spleen
granuloma lesion area, respectively (Figure 2E, 2F) among vita-
min A-deficient guinea pigs. Atypical microscopic morphology
of pulmonary granulomas was consistent across vitamin
A-deficient guinea pigs. This included a near complete lack
of granuloma necrosis and poorly delineated granulomas that
lacked development of peripheral lymphoid follicular struc-
tures (Figure 2C, 2D; Supplementary Figures 3, 4).
Bronchoalveolar lavage in the vitamin A-deficient guinea
pigs (Supplementary Figures 6-8) at day 60 of infection
(Figure 3A-3C) demonstrated a higher frequency of lympho-
cytes 21.6%; 95% CI, 14 to 41.7;
Supplementary Figure 5), composed of a higher frequency of
CD8+ lymphocytes (mean increase, 21.1%; P <.01; 95% CI,
11.7 to 32.8) and lower frequency of CD4+ lymphocytes
(mean decrease, 30.2%; P <.01; 95% CI, 20.3 to 40.2), along
with reduced myeloid leukocytes (mean decrease, 22.6%; 95%

(mean increase,

CI, 2.4 to 42.8) compared with vitamin A-sufficient guinea
pigs (Supplementary Figure 6). Similar trends in CD4+ and
CD8+ cell populations were identified among cells dissociated
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Table 1. Baseline Characteristics of Cases and Controls

Characteristic Case (N=60) n (%) or Median (IQR) N® Control (N=251) n (%) or Median (IQR) N®
Age in years 38.0 (31.0-43.5) 60 38.0 (32.0-45.0) 251
Female 33 (65.0) 60 149 (59.4) 251
Living with spouse/partner 28 (46.7) 60 107 (42.6) 251
Education 60 251
No school 22 (36.7) 72 (28.7)
Primary school 14 (23.3) 73(29.1)
Secondary school or more 24 (40.0) 106 (42.2)
Annual income <$129/year 39 (65.0) 60 152 (60.6) 251
History of tuberculosis disease 16 (26.7) 60 38 (15.1) 251
Positive tuberculin skin test (=5 mm) 22 (44.9) 49 65 (29.0) 224
Body mass index, kg/m? 60 251
Underweight 15 (25.0) 32(12.8)
Overweight 10 (16.7) 37 (14.7)
Normal 35 (568.3) 182 (72.5)
Use of antiretroviral therapy 58 (96.7) 60 239 (95.2) 251
Human immunodeficiency virus clinical stage 60 251
1 12 (20.0) 66 (26.3)
2 32 (63.3) 147 (58.6)
3 16 (26.7) 38 (15.1)
4 0(0.0) 0(0.0)
Baseline CD4 count (cells/mm?®) 282.0 (239.5-311.0) 60 282.0 (255.0-312.0) 251
Baseline hemoglobin (g/dL) 11.6(10.2-12.5) 60 11.7 (10.6-12.9) 251
Baseline C-reactive protein (ng/mL) 1220.5 (671.3) 60 1352.0 (556.0-3790.0) 245
Highest tertile 12728.0 (5590.0-20957.0) 21 6708.5 (4032.0-10450.0) 81
Middle tertile 1129.5 (899.0-1650.0) 23 1417.0 (1095.0-1789.0) 79
Lowest tertile 299.5 (160.0-359.5) 16 282.0 (158.5-566.0) 85
Vitamin A deficiency (<20 pg/dL) 19 (31.7) 60 21 (8.4) 251

Abbreviation: IQR, interquartile range.

Number of participants with data for corresponding variable.

from lung granulomas (Supplementary Figure 7) without sig-
nificant difference in total CD3+ cells (Supplementary
Figure 8).

To fully address the question of possible reverse causality, we
determined whether Mtb infection leads to a transient reduc-
tion in vitamin A regardless of nutritional status by monitoring
serum retinol levels over the course of infection in the vitamin
A-sufficient guinea pigs and liver retinol concentration at eu-
thanasia end points. Serum retinol concentrations decreased
during Mtb infection despite consumption of sufficient dietary
vitamin A (Figure 4A). The maximum rate of reduction in se-
rum retinol was observed between day 14 and day 20 of infec-
tion, reaching a peak reduction of 40% (13.94 mg/dL + 6.73,
P =.024) at day 20. A reduction in liver retinol was observed
at day 60 of infection with a mean decrease of 272 mg/g of tis-
sue (P <.001;95% CI, 133.3 to 411.7), which was confirmed to
be reduced in vitamin A-sufficient guinea pigs in parallel with
serum retinol in a separate experiment performed at day 21 of
infection (Figure 4B, Supplementary Figure 9).

To determine whether vitamin A supplementation could
resolve the severity of TB disease seen in vitamin A deficiency,
we allowed vitamin A-deficient guinea pigs to progress to day

Table 2. Association Between Vitamin A Deficiency and Risk of Incident
Tuberculosis Disease

Univariate Multivariate
OR? (95% Cl) ORP (95% Cl)
Variable N=311 P Value N =305 P Value
Body mass index, kg/m?
Underweight 2.89 (1.42- .003 2.35(1.18- .01
5.87) 4.65)
Overweight 1.52 (.69- .30 1.67 ((77-3.65) .20
3.32)
Normal 1.00 1.00
Use of antiretroviral 1.02 (.62- .95 1.24 (77-2.01) .38

therapy 1.66)
Baseline C-reactive protein (ng/mL)°

Highest tertile 1.12 (.63- .70 0.92 (.62-1.63) .78
2.00)
Middle tertile 0.86 (.45— .66 0.77 (40-1.46) 42
1.65)
Lowest tertile 1.00 1.00
Vitamin A deficiency 3.99 (2.41- <.0001 3.59(2.05- <.0001
(<20 pg/dL) 6.60) 6.29)

Abbreviations: Cl, confidence interval; OR, odds ratio.
#Adjusted for matching factors (age and gender).

°Adjusted for matching factors (age and gender), body mass index, use of antiretroviral
therapy, and baseline C-reactive protein levels.

°N =305.
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30 of Mtb infection, at which time dietary vitamin A was re-
stored. At day 60 of infection, we observed no difference in
the area morphometry of the granuloma lesions in lung or
spleen (Figure 2, Supplementary Figure 4) between the vitamin
A-sufficient and resupplemented guinea pigs or in the bacterial
burden in the lung (mean difference, 0.18 log;, CFU/g; 95% CI,
—1.21 to .85) and spleen (Figure 2A, 2B). In parallel with im-
proved TB disease outcome, pulmonary T-cell populations
were restored in vitamin A-deficient, resupplemented guinea
pigs to levels similar to levels in sufficient guinea pigs with a
7.7% mean difference in CD4+ lymphocytes (95% CI, —17.7
to 2.3) and 1.2% mean difference in CD8+ lymphocytes
(95% CI, —11.2 to 8.8; Figure 3A).

DISCUSSION

In previous prospective studies, we and others have noted an
association between low serum retinol levels and the risk of de-
veloping TB disease. However, because acute infection is
known to transiently reduce retinol levels, the possibility of a
reverse causal effect could not be excluded, whereby patients
with incipient, but undetected, TB had reduced retinol levels
as a result of their disease [14, 15]. In this study, we provide
support for the causal impact of vitamin A deficiency on inci-
dent TB disease in 2 ways. First, in a cohort of patients with
HIV, we showed that low retinol levels measured between 3
and 12 months prior to a diagnosis of TB strongly predict sub-
sequent disease. When we further measured serum retinol at
least 6 months prior to disease diagnosis, this association was
mildly attenuated but remained statistically significant. In

support of these data, we demonstrate here that a lack of vita-
min A, through nutritional deficiency in the guinea pig model,
promotes more severe TB disease outcomes reflected by im-
paired control of bacterial growth, altered immunity, and ex-
tensive pathology with altered histomorphological patterns.
Addressing the potential for reverse causality in the guinea
pig model, we have also established a bidirectional relationship
between TB and vitamin A deficiency by showing that active TB
disease reduces serum vitamin A even in the presence of suffi-
cient vitamin A intake, as previously suggested in human stud-
ies [2, 8-12]. The timing of this infection-induced serum
deficiency between days 10 and 40 of infection raises the ques-
tion of whether vitamin A deficiency during the development
of adaptive immunity affects TB outcome, even in the face of
sufficient nutrition. We hypothesize that such an impact would
depend on retinol availability to the lung and the ability of the
lung immune response to generate bioactive all-trans retinoic
acid (ATRA) from retinol.

Our findings are consistent with those from previous studies
in both human populations and animal models. We and others
have shown that low serum retinol levels in high-risk groups
with and without HIV are strongly associated with incident
TB disease [14, 15]. While the short time span between ascer-
tainment of vitamin A status and TB diagnosis raises the possi-
bility of reverse causation among people who might have had
undiagnosed incipient TB at baseline, few studies have implicat-
ed low vitamin A as a determinant of later TB progression. For
example, a study conducted in Philadelphia in the 1930s noted
increased risk of TB among participants with baseline low

>
]
(@]

Log,, CFU/mL - g of Tissue
o =N w s OO
-I-
0
[=]
=]
5}
& -

@
E

B
S

5

D' V : ‘ =

% Lesion:Lung Area

% Lesion:Spleen Area

VAD VAS VAD resupp
g &
D Q -
5_2 -1 (=X} .
b3 - o
>4 o
E‘ 3 . o
Pz
2
= 1
2
=
VAD VAS VAD resupp
Figure 2.

VAD VAS VAD resupp

Impact of vitamin A deficiency on tuberculosis disease outcome in the guinea pig model 60 days after infection with Mycobacterium tuberculosis. Shown are

outcomes from VAD (open circle), VAS (closed circle), and VAD guinea pigs resupplemented with vitamin A at 30 days after infection (open square). A, Bacterial burden in lung
of VAD, VAS, and VAD resupp. B, Bacterial burden in spleen of VAD, VAS, and VAD resupp. C, Representative hematoxylin and eosin (H&E}—stained histology images of a full
lung section from a VAD guinea pig. D, Representative H&E-stained histology images of a full lung section from a VAD guinea pig. Black boxes outline the high magnification
images below panels C and D (bar =100 um). £, Proportion of lung tissue area affected by inflammatory lesions in VAD, VAS, and VAD resupp guinea pigs. £, Proportion of
spleen tissue area affected by inflammatory lesions in VAD, VAS, and VAD resupp guinea pigs. Abbreviations: CFU, colony-forming unit; resupp, resupplemented; VAD,

vitamin A deficient; VAS, vitamin A sufficient.
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Impact of vitamin A status on responding immune cell phenotypes recovered from infected lung of guinea pigs. Leukocytes recovered by terminal bronchoalveolar

lavage at day 60 of infection were phenotyped using flow cytometry. Shown are comparative proportions between VAD (open circle), VAS (closed circle), and VAD guinea pigs
resupplemented with vitamin A at 30 days after infection (open square). A, Comparison of CD4™ and CD8™ cells among CD45™" lymphocytes recovered by bronchoalveolar
lavage at day 60 of infection. B, Representative flow cytometry contour plots demonstrating CD4™ and CD8™ among gated CD45™ lymphocytes in VAS and VAD guinea pigs.
C, Comparison of proportions of lymphocytes and myeloid populations among total CD45™ immune cells recovered by bronchoalveolar lavage at day 60 of infection. Similar
differences in immune phenotypes were also identified in cell suspensions from isolated lung granulomas (Supplementary Figure E7). Abbreviations: FITC, fluorescein iso-

thiocyanate; VAD, vitamin A deficient; VAS, vitamin A sufficient.

vitamin A who were followed for up to 7 years [20]. Similarly,
Soh and colleagues showed that participants in the highest quar-
tile of vitamin A intake at baseline were modestly protected com-
pared with those in the lowest quartile from developing TB
disease over an average of 16.9 years of follow-up [21].

Our animal data also align with that from previous work, al-
though recent in vivo studies have not compared TB outcomes
in animal models with nutritional vitamin A deficiency to
those with sufficient intake. Yamada and colleagues noted a
reduction in CFUs at 3 and 5 weeks after Mtb infection in
both lung and spleen and less severe histopathology in
vitamin A-sufficient rats treated with pharmacological doses
of ATRA [22]. In that study, CD4-positive and CD8-positive
T cells, natural killer cells, and CD163-positive macrophages
were increased in infected lung tissues of retinoic acid-treated
rats at week 3 after infection, but these differences were no

longer significant by week 5. Similarly, O’Connor and col-
leagues showed that treatment of Mtb-infected BALB/c mice
with an inhalable formulation of ATRA reduced the bacterial
burden and pulmonary pathology [23]. Our results indicated
that dietary vitamin A deficiency worsened TB disease outcome
and bacterial burden. In contrast to these previous studies, we
also noted a shift toward a dominant CD8 T-cell response over
CD4 after 60 days of infection, which may reflect the higher dis-
ease burden at this late point in the course of infection in re-
sponse to higher bacterial burden rather than any meaningful
discrepancies in immune response to vitamin A.

Although the precise mechanisms by which vitamin A exerts
its protective effect against Mtb are not clear, retinol is known
to modulate multiple immune responses relevant to TB disease,
including epithelial barrier maintenance [6], innate phagocyte
response, and adaptive T-cell immunity [7]. Studies have also
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demonstrated retinoic acid-enhanced macrophage activation
in response to in vitro Mtb infection and antimicrobial activity
in ATRA-stimulated, Mtb-infected macrophages that was me-
diated through an ATRA-induced reduction in cellular choles-
terol [22, 24]. This ATRA-mediated killing of Mtb is dependent
on the NPC2 gene, which regulates cellular cholesterol trans-
port [24]; recent transcriptional profiling studies have identi-
fied upregulation of the NPC2 gene in TB disease [25, 26].
Recent studies also suggest a role for retinoic acid in promoting
Th1 and Th17 activation during inflammation [7]. Last, retinol
is known to induce ILC3 (type 3 innate lyphoid
cell) differentiation and homing to the gut [27]. While ILC3 ap-
pears to play a role in protection against pulmonary TB, it is un-
clear whether ILC3 activity in the lung is affected by retinol
status. In this study, we show that vitamin A deficiency leads
to marked histopathological changes that stray from the typical
granuloma structure that defines the guinea pig model [28].
This finding combined with alterations in lymphoid and mye-
loid immune phenotypes suggests a requirement for vitamin A
in the coordinated immune development of the granuloma.
Vitamin A is likely to be involved in multiple immune com-
partments in the response to Mtb infection.

In conclusion, both human studies and animal models sup-
port the role of vitamin A in protection against TB disease pro-
gression. The prevalence of vitamin A deficiency in children
aged <5 years remains high in low- and middle-income coun-
tries, regions with disproportionately high TB burden [5]. Our
cohort study was limited to adults with advanced HIV, and it
is unclear how HIV status exerts specific effects on vitamin A
metabolism. Data on population vitamin A levels in adults
are sparse, and it is thus difficult to estimate the contribution
of vitamin A deficiency to TB disease burden. There is an
urgent need to better understand the prevalence of vitamin A

deficiency among adults with and without HIV and to explore
the impact of vitamin A supplementation as an inexpensive,
safe, and effective means of preventing progression from TB in-
fection to TB disease.
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Supplementary materials are available at Clinical Infectious Diseases online.
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