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Background: After initiation of combination antiretroviral treatment (cART), HIV-
1/tuberculosis coinfected patients are at high risk of developing tuberculosis-
associated immune reconstitution inflammatory syndrome (TB-IRIS).
MicroRNAs, small molecules of approximately 22 nucleotides, which regulate
post-transcriptional gene expression and their profile has been proposed as a
biomarker for many diseases. We tested whether the microRNA profile could be a
predictive biomarker for TB-IRIS.

Methods: Twenty-six selected microRNAs involved in the regulation of the
innate immune response were investigated. Free plasmatic and microRNA-
derived exosomes were measured by flow cytometry. The plasma from 74
HIV-1+TB+ individuals (35 IRIS and 39 non-IRIS) at the time of the diagnosis
and before any treatment (baseline) of CAMELIA trial (ANRS1295-CIPRA KHOO01-
DAIDS-ES ID10425); 15 HIV+TB—- and 23 HIV-TB+, both naive of any treatment;
and 20 HIV-TB- individuals as controls were analysed.

Results: At baseline, both IRIS and non-IRIS HIV+/TB+ individuals had similar
demographic and clinical characteristics, including sex, age, body mass index,
very low CD4+ cell counts (27 cells/mm?), and plasma HIV RNA load levels (5.76
log copies/ml). Twenty out of 26 plasmatic-microRNAs tested were no different
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between IRIS and controls. Twelve of the 26 tested microRNAs showed
statistically significant differences between IRIS and non-IRIS patients (p-values
ranging from p <0.05 to p <0.0001). Among these, five could discriminate
between IRIS and non-IRIS individuals using ROC curve analysis (AUC scores
ranging from 0.74 to 0.92). The combination of two (hsa-mir-29c-3p and hsa-
mir-146a-5p) or three microRNAs (hsa-mir-29c-3p, hsa-mir-29a-3p, and hsa-
mir-146a-5p) identified IRIS with 100% sensitivity and high specificity (95% and
97%, respectively).

Conclusion: The combination of at least two or three plasmatic microRNAs
known to regulate inflammation and/or cytokine responses could be used as
biomarkers to discriminate IRIS from non-IRIS in HIV-TB co-infected individuals

at the time of diagnosis and prior to any treatment.

microRNA, exosomes, HIV, tuberculosis, IRIS, biomarkers

Introduction

MicroRNAs are endogenous non-coding RNA, small single-
stranded RNAs typically 22 nucleotides in length. MicroRNAs are
powerful regulators of post-transcriptional gene expression (1).
They could be a potential biomarker in many diseases, including
infectious diseases (2, 3). microRNAs were initially identified in
Caenorhabditis elegans and later recognized for playing pivotal roles
in a vast range of cellular functions (4-6). It has also been shown
that miRNAs, by their capacity to regulate gene expression, play a
crucial role not only in the host’s defense against viruses but also in
facilitating the establishment of viral infections (7).

During human immunodeficiency virus type 1 (HIV-1) infection,
host microRNA profiles (cellular or circulating) are altered either to
control the virus or as a mechanism for the virus to facilitate viral
replication, and infection or to maintain latency (7-9). Additionally,
microRNA-like elements coded by pathogens including HIV-1, have
been described (8, 10). Several studies have reported that host
microRNAs target either directly or indirectly HIV genes to control
viral replication and disease progression (9, 11). Interactions between
cellular microRNAs and HIV-1 have been reported such as the
modulation of the expression of cellular proteins essential to the
viral cycle known as HIV dependency factors (HDF) (11), or as
inhibition of the expression of HIV Nef protein (12). microRNA
profiles can also characterize clinical stage of HIV infection. In a
group of 8 Elite Controllers compared to 8 viremic progressors,
Egafia-Gorrofio et al. found a pattern consisting of 23 microRNAs: 4
microRNAs were overexpressed (hsa-miR-221, -27a, -27b and -29b),
while the other 19 were down-regulated (13). One study describing
the profile of microRNA in acute and chronic HIV infection showed
a strong activation of innate immune response (14).

In HIV-TB coinfection, the Immune Reconstitution
Inflammatory Syndrome (TB-IRIS) is an pathological
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inflammatory syndrome that occurs in a subset of severely HIV+
immunosuppressed patients. It typically occurs after the initiation
of combined antiretroviral treatment (cART), which leads to the
restoration of immune responses (15, 16).

On the other hand, several plasmatic microRNAs profiles in
individuals infected with Mycobacterium tuberculosis have been
characterized, but common biomarkers associated with tuberculosis
infection (TB) have not been yet identified. The microRNA
expression profiles of PBMCs among patients with active TB,
subjects with latent TB infection, and healthy controls have been
compared using microarray-based expression profiling followed by
real-time quantitative PCR validation (17, 18). These reports
showed the potential use of various microRNAs, including hsa-
mir-365, hsa-mir-223, hsa-mir-144, hsa-mir-451, hsa-mir-424,
miR-155 and miR-155* etc. Target prediction and interaction
networks have linked microRNA and mRNA expression data,
that target the potential mitogen-activated protein kinase family
(MAPK) signalling and other critical immune response pathways,
including T cell-receptor, Toll-like receptor and Nod-like receptors
signalling pathways (17, 18). Other study showed that miR-29* had
potential as a biomarker for active disease (19). Fu et al. studied
circulating microRNAs in patients with active pulmonary
tuberculosis and found differential expression of certain
microRNAs during active pulmonary tuberculosis infection (20).

Thus, circulating microRNAs are promising as sensitive
biomarkers for several diseases. microRNAs can be secreted into
the extracellular space in microvesicles (21-23), ectosomes (21-23),
exosomes (21-23) or microvesicles (such as liposomes) (21-23). In
the circulation, microRNA may be associated with high-density
lipoproteins (24). Exosomes are small vesicles, 30-150 nm in
diameter, surrounded by a lipid membrane bilayer and secreted
by most cells in the body (22, 25). They carry several molecules,
including microRNA (22, 25). microRNAs are the most
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concentrated cargo molecules in the exosome (26). Exosomes
containing microRNA play a role in the post-transcriptional
regulation of gene expression by targeting mRNA and can be
taken up in a variety of ways by neighbouring or distant cells.
Therefore, to understand the physiopathology of several diseases, it
may be important to study the microRNA profile in exosomes.
There is also a lack of studies on microRNAs in HIV co-infections
such as tuberculosis. In this study, we investigated whether
circulating microRNAs could be used as potential biomarkers in
diseases associated with HIV-TB co-infection, specifically IRIS. We
aim to study the microRNA expression profile in a cohort of
patients with HIV infection and tuberculosis and correlate it with
their clinical evolution and the occurrence of IRIS.

Methods
Individuals and samples

This study is based on CAMELIA clinical trial and CAPRI-NK
studies. The CAMELIA clinical trial (ANRS1295-CIPRA KHO001-
DAIDS-ES ID10425) was a prospective, randomized, multicentre,
open-label, 2-arm superiority trial conducted in Cambodia, which
demonstrated markedly improved survival when cART was
initiated at 2 weeks versus 8 weeks after TB treatment in HIV/
TB co-infected patients with CD4 cells < 200 cells/mm? (27). Early
cART was also associated with a significantly increased risk of
tuberculosis associated IRIS (TB-IRIS). The CAPRI NK study

10.3389/fimmu.2025.1603338

(ANRS12153) is an immunological study related to the CAMELIA
clinical trial. We showed that the innate immune response plays a
role in TB-IRIS and that Natural Killer cell degranulation capacity
could be a predictor of TB-IRIS (28). The frozen plasma samples
collected during the CAMELIA and CAPRI NK studies were used
in this study after obtaining the approval from National Institute
of Health and Medical Research (Inserm) ANRS Emerging
infectious diseases (ANRS-MIE, France) as the sponsor of the
studies and the National Ethical Committees for Health Research
of Cambodia (NECHR). TB and HIV mono-infected individuals
were enrolled at the Sihanouk Hospital Center of HOPE in
Cambodia. Twenty healthy individuals were recruited at the
Institut Pasteur du Cambodge (pre-marital test for HIV). The
study was carried out in compliance with the protocol and in
accordance with: (i.) Relevant national guidelines for health
research (e.g. NECHR guidelines), (ii.) the Declaration of
Helsinki approved by the World Health Association on June
1964 amended in Tokyo 1975, Venice 1983, Hong Kong 1989,
Somerset West 1996, Edinburgh, Scotland, 2000, Tokyo 2004, (iii.)
the recommendations of the Good Clinical Practices (ICH
Harmonized Tripartite Guidelines for Good Clinical Practice E6
step 4 - 1996), and (iv.) the ANRS-MIE Ethics charter for research
in developing countries (May 2002, amended October 2008).
Consent forms were signed by all participants before any
collection of data or samples. IRIS diagnosis is defined as
indicated in the CAMELIA clinical trial protocol (27). The
demographic and clinical variables of the cohort and control
groups are shown in Table 1.

TABLE 1 Demographic and clinical characteristics of the study participants stratified by HIV and TB status, Including IRIS and Non-IRIS groups.

HIV+/TB+ (n=69) Controls
IRIS (n= 35) non IRIS (n= 34) HIV-TB+ HIV+TB-
(n=23) (n=20)

Age, yrs
Median (25-75%IQR) 34 (28-40) 35 (31-44) 38 (31-55) 34 (27-45) 31 (27-35)
Gender
Male, n (%) 23 (66) 19 (56) 10 (43) 12 (60) 14 (70)
Female , n (%) 12 (34) 15 (44) 13 (57) 8 (40) 6 (30)

BMI, kg/m?

Median (25-75%IQR) 16.0 (15.4-18.4) ‘ 16.8 (15.6-19.0)

CD4, cells/mm3

19.1 (17.6-19.7) ‘ 19.1(18.1-22.1) ‘ 23.7 (22.3-25.4)

Median (25-75%IQR) 27 (9-47) ‘ 27 (10-68) NA ‘ 91(34-173) ‘ NA
Viral load, log copies/ml

Median (25-75%IQR) 5.8 (5.4-6.0) ‘ 5.5 (5.0-5.8) - ‘ - ‘ -
Clinical form of TB

Pulmonary TB, n (%) 20 (57) 27 (79) 23 (100) - -
Disseminate TB , n(%) 15 (43) 7 (21) 0 (0)

Data are presented as median (interquartile range, IQR) and number (percentage, %). IRIS, immune reconstitution inflammatory syndrome; TB, tuberculosis; HIV, Human Immunodeficiency

Virus; BMI, body mass index; CD4, CD4+ T-cell count; NA, not applicable.
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Plasma-derived exosomes purification

Briefly, 1 ml of plasma sample was initially centrifuged at 1500 g for
10 min and then at 10,000 g for 10 minutes to remove cells and large
debris. The plasma supernatant was subjected to size-exclusion
chromatography and fractionated with qEV original columns 35nm
by automatic fraction collector (IZON Science LTD., Cambridge, UK)
according to manufacturer’s instructions. Exosome-containing fractions
were concentrated using an Amicon Ultra-2 centrifugal filter 10K
device (Merck KGaA, Darmstadt, Germany) for subsequent analysis.
We verified the percentage of exosome purification by using the
MACSPlex human EV capture beads (Miltenyi Biotec B.V. & Co.
KG, Germany) following the manufacturer’s instructions. After
incubation of exosome captured beads with labelled CD9, CD63 and
CD81 monoclonal antibodies, we measured the mean fluorescence
intensity (MFI) of each marker by flow cytometry analysis.

microRNA profiling in plasma and plasma-
derived exosomes

Twenty-six microRNAs, known for their putative role in HIV
and TB infection, were selected. The selection of microRNAs
implicated in innate immune responses was conducted by
searching in MEDLINE, Scopus, and Web of Science libraries for
publications between Jan 1, 2010, and Dec 31, 2016.

The FirePlex " miRNA assay was performed in a 96-well filter
plate, according to the manufacturer’s instructions (Abcam,
London, UK). In brief, plasma or purified exosomes samples were
digested with lysis buffer and then incubated with microRNA-
specific probes embedded in FirePlex hydrogel particles at 37°C
for 60 minutes for hybridization. Then, the captured microRNAs
were ligated with the universal adaptor sequences present in
labelling buffer for subsequent amplification by PCR with labelled
primers. The ligated microRNAs were re-hybridized to the probes
at 37°C for 30 minutes. Then, the fluorescence tag (e.g. reporter)
were added and analysed by a BDFACSCanto II flow cytometer (BD
Bioscience, Paris, France). Positive controls were particles bear
probes for a miRNA-like target, X-control, which is present in
FirePlex Buffer at a concentration of ~1 fmol per 25 ul. This control
provides confidence that the assay was successfully implemented in
every well. Blank particles bear no probe, providing a baseline level
of background fluorescence in every assay well. The following
endogenous controls were used: RNU44, RNU48, RNU6B miR-
451a, miR-16 and miR-486 (Humans). The samples were analyzed
by FirePlex Analysis Workbench software (Abcam, London, UK).

Statistical analysis

Significant differences between the studied group were assessed
based on their Bonferroni-corrected adjusted p-value using the
FirePlex' Analysis Workbench software. Subsequent statistical analyses
were performed using GraphPad Prism 10 software (GraphPad Software,
Boston, Massachusetts USA, www.graphpad.com). The non-

Frontiers in Immunology

10.3389/fimmu.2025.1603338

parametric, Mann-Whitney U test and Wilcoxon matched-pairs
signed rank test were employed. A p-value of < 0.05 was considered
statistically significant.

To evaluate the discriminative power of each microRNA marker
between the IRIS and non-IRIS groups, we constructed Receiver
Operating Characteristic (ROC) curves displaying area under the
curve (AUC) with 95% confidence interval (CI) using GraphPad
Prism version 10 software (GraphPad Software, CA, USA).
Additionally, we conducted a combinatorial analysis of various
plasmatic microRNA marker levels to determine the optimal
combination markers for differentiating between the IRIS and non-
IRIS groups. This analysis utilized CombiROC, following the guidelines
provided by the authors (29). The CombiROC method is an interactive,
free web-based statistical tool available at http://combiroc.eu/. We
systematically explored all possible microRNA marker combinations
between the IRIS and non-IRIS groups. Furthermore, we assessed the
performance of selected microRNA ROC curves using an interactive
free web tool (29). To compare the level of plasma microRNA at the
IRIS onset, each IRIS participant was paired with one non-IRIS control
whose plasma microRNA results were available within 14 days of the
case values. The Wilcoxon matched-pairs signed rank test was employed
for the comparison.

Results

IRIS individuals exhibit a distinct microRNA
profile in plasma compared to non-IRIS at
baseline before any treatment

To compare the microRNA profile in plasma of IRIS (n=35)
and non-IRIS (n=39) participants, we selected a specific panel of 26
microRNAs (Supplementary Table S1). These microRNAs are
known for their regulation of innate immune response and
inflammation as well as their targeting of genes related to innate
immunity, supported by previous results from our group and others
(30). All the individuals included in the study are naive of treatment
for both HIV and/or TB infections. The significant differences in
microRNA profiles generated by the FirePlex analysis are shown in
Figure 1. Figure 1A-L represents the microRNAs that exhibit
statistical differences between IRIS and non-IRIS participants.
Notably, we identified 12 microRNAs, including hsa-mir-29a-3p;
hsa-mir-29b-3p; hsa-mir-29¢-3p; hsa-mir-33a-5p; hsa-mir-146a-
5p; hsa-mir-223-3p; hsa-mir-16-1-3p; hsa-mir-25-3p; hsa-mir-
532-5p; hsa-mir-590-5p; hsa-mir-30e-5p and hsa-mir-148a-3p
that were found statistically different between the two groups (the
p-value range from p=0.02 to p<0.0001). Of note, non-IRIS
participants exhibited similar or higher levels for these 12
microRNAs compared to TB mono-infected individuals and
higher levels for most of them when compared to HIV mono-
infected or control individuals (Figures 1A-L). For the other 14
plasma microRNAs tested simultaneously, we found no difference
between IRIS and non-IRIS participants (Supplementary Figure S1).

To visualise the results of the differential expression analysis of
the microRNA profiles in IRIS and non-IRIS participants, we
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Differential expression of twelve plasma microRNAs in IRIS and non-IRIS patients at baseline and controls. The expression level of the tested plasma

microRNAs is indicated on the Y-axis. The X-axis represents the study grou

ps. Lower plasma levels were found in IRIS individuals compared to

non-IRIS individuals. Non-IRIS individuals have higher plasma levels for the twelve microRNAs : (A) hsa-mir-29a-3p; (B) hsa-mir-29b-3p; (C) hsa-

mir-29c¢-3p; (D) hsa-mir-33a-5p; (E) has-mir-146a-5p; (F) hsa-mir-223-3p;
mir-590-5p; (K) hsa-mir-30e-5p; and (L) has-mir-148a-3p. In contrast, IRIS
Wallis test was used for analysis. Results are presented as median (25%-75%
** p=0.01; *** p=0.001; and **** p<0.0001.

constructed a volcano plot (negative logarithm of the p-value on the
y-axis and logarithm of the difference of microRNA expression level
between IRIS and non-IRIS on the x-axis) with a cut-off at 1% False
Discovery Rate (FDR). As shown in Figure 2, the most statistically
significant microRNAs are at the top and are downregulated (upper-
left quadrant of the volcano plot) in IRIS participants (six microRNAs
are indicated). These six microRNAs are among the 12 already
identified in our first analysis (Figure 1). This analysis confirms the
strong difference in plasma microRNAs levels in IRIS participants
compared to non-IRIS participants. The representative heatmap of
the plasma microRNA levels between IRIS and non-IRIS individuals
is shown in Supplementary Figure S4.

The alteration of microRNA derived plasma exosome in HIV co-
infection with tuberculosis have been reported (32, 33) and could be a
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(G) hsa-mir-16-1-3p; (H) hsa-mir-25-3p; (I) hsa-mir-532-5p; (J) has-
patients have similar levels compared to TB and HIV controls. Kruskal-
IQR) logipMFI. Statistically significant difference is indicated: * p<0.05;

diagnostic marker of tuberculosis (32). We next assessed the
expression of exosomes markers CD9; CD63 and CD81 and
microRNA content in the purified exosomes from plasma samples
collected during the CAPRI-NK study. The exosome markers of HIV
and TB mono-infected individuals have higher significant MFI values
compared to HIV-TB co-infected individuals (IRIS or non-IRIS) and
healthy donors (Supplementary Figure S2A). For CD9 and CD8]1,
HIV-TB (IRIS or non-IRIS) infected individuals have similar MFI to
healthy donors (Supplementary Figure S2A). The CD63 marker MFI
was high in non-IRIS participants compared to healthy controls (p <
0.01), but there is no difference between IRIS et non-IRIS participants
for the three markers. Unlike plasmatic microRNA, exosomal
microRNA profile showed no significant differences between IRIS
and non-IRIS participants (Supplementary Figure S2B).
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the square box, were selected for furth

At the time of IRIS, six plasmatic microRNA

er analysis.

are different between IRIS and non-IRIS

matched participants

In the next set of experiments, we compared the plasmatic levels
of 26 microRNAs in 22 IRIS patients and 22 non-IRIS matched
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individuals at the time of IRIS occurrence (28). Six out of 26

microRNAs were significantly different between IRIS compared
with non-IRIS at the time of IRIS onset (Figure 3A). Five
microRNAs were lower in IRIS patients compared to non-IRIS

06

controls (Figure 3A), and has-mir-148a-5p was significantly higher
in IRIS patients (p = 0.01) (Figure 3A).
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FIGURE 3

Plasma levels of microRNAs at IRIS onset and fold change from baseline to IRIS onset in IRIS versus non-IRIS patients. (A) Plasma levels of six of the
26 microRNAs tested are shown. These microRNAs were significantly different between IRIS and non-IRIS subjects. (B) The fold change of ten
microRNAs that were significantly different between IRIS and non-IRIS individuals are shown. The Wilcoxon matched-pair test was used for analysis
and results are presented as median (25%-75% IQR). Statistically significant differences between study groups are indicated as follows: *p<0.05;

*+p=0.01; ***p=0.001.

For the remaining 20 microRNAs tested, no significant
differences were found between IRIS and non-IRIS subjects
(Supplementary Figure S3A). When we analysed the fold change
from baseline to the onset of IRIS, the change in plasma levels of 10
microRNAs showed a significant difference between the IRIS and
non-IRIS groups (Figure 3B). Compared to non-IRIS subjects, IRIS
subjects show relatively stable plasma levels between baseline and
IRIS onset, whereas non-IRIS patients have decreased plasma levels
for all ten microRNAs (Figure 3B). The change in plasma levels of
the remaining 16 microRNAs was not significantly different
between the two groups (Supplementary Figure S3B).

When we compared the median fold change values of eight
microRNAs between IRIS and non-IRIS individuals, we observed a
trend towards the lowest values in the non-IRIS individuals,
although the differences were not significant (Supplementary
Figure S3B).

A set of two or three plasmatic miRNAs
highly predicts onset of IRIS in HIV — TB
coinfected individuals

For further in the analysis, we selected the five out of the six
microRNAs from the volcano plot analysis (Figure 2, upper-left
quadrant). The selection was made because these 5 miRNAs (hsa-
mir-29a-3p; hsa-mir-29c-3p; hsa-mir-146a-5p; hsa-mir-223-3p;
and hsa-mir-29b-3p) are highly significantly different (Figure 4).
They also have less overlapping data of plasmatic miRNAs between
IRIS and non-IRIS (see Figure 1). The individual receiver operating
characteristic (ROC) curve analysis is shown in Figure 4A. All five
microRNAs levels at baseline have a sensitivity and specificity
greater than 74%. In addition, the area under the curve (AUC)
values are greater than 0.74, indicating a higher accuracy of these
individual microRNAs in predicting the onset of IRIS. To know
whether a combination of selected microRNA markers could
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increase the sensitivity and specificity to predict IRIS, the
combinatorial ROC curve analysis of the five selected microRNAs
was performed using CombiROC (a free web-based application for
guided and interactive generation of multi-marker panels).
Figure 4B shows the best combinatorial analysis. The
combination of two (hsa-mir-29¢-3p and hsa-mir-146a-5p)
(Figure 4Ba, b) or three (hsa-mir-29¢-3p; hsa-mir-29a-5p and
hsa-mir-146a-5p) (Figure 4Bc, d) has a sensitivity of 1.0 (no
detection of false negatives), indicating that all IRIS cases can be
predicted. In addition, very few false positives are detected, as
suggested by the high specificity observed (0.946 and 0.973 for
the two and three combinations, respectively).

Discussion

IRIS is a state of inflammation that occurs during the first six
months of antiretroviral treatment in HIV-infected people with
ongoing opportunistic infections such as tuberculosis (15). Several
risk factors for IRIS have been described (15). However, the
presentation of IRIS can be heterogeneous and the diagnosis of
IRIS in HIV co-infection is mainly clinical after exclusion of other
diseases. Biological tests to aid in the clinical diagnosis of IRIS are
still needed. Circulating miRNA are promising biomarkers for
several diseases, including infectious diseases. In tuberculosis,
microRNAs have been reported to modulate immune gene
expression involving cellular-mediated immune response,
inflammation; autophagy, and apoptosis (31, 32), and their
differential expression, both circulating microRNAs and exosomal
microRNAs, have been proposed as the potential biomarkers of
tuberculosis (17, 18, 33, 34). In HIV infections, host microRNA can
affect the HIV life cycle, and microRNAs profile was proposed as a
predictive biomarker for HIV/AIDS disease progressions and
monitoring of combined anti-retroviral drug treatment (35, 36).
Olsson et al. have reported an alteration in the expression of a
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were highly significantly different between IRIS (n=35) and non-IRIS (n=39) were selected for ROC curve analysis using GraphPad Prism software
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curves have a sensitivity of 100% and a specificity of more than 94%. The proportions of false positive (FP), false negative (FN), true positive (TP) and true

negative (TN) are shown in the pie chart.

number of whole blood microRNAs in HIV-infected patients with
active TB compared to TB without HIV infection (40). However,
the study of the microRNA association with the onset of IRIS in
individuals with HIV-TB co-infection is lacking.

We report here a distinct set of plasma microRNA expression
levels at baseline, before anti-tuberculosis and combined anti-
retroviral treatment, that can differentiate IRIS from non-IRIS in
HIV-TB co-infected individuals. We found that 12 out of 26
microRNAs tested, known as anti-inflammatory microRNAs (37,
38) and involved in innate immune response (38), had significantly
lower plasma levels in IRIS compared to non-IRIS individuals,
suggesting a higher inflammatory response in the IRIS group.
Notably, five of these 12 microRNAs (hsa-mir-29a-3p, hsa-mir-
29¢-3p; hsa-mir-146a-5p; hsa-mir-223-3p) have a highest scores as
the best predictive marker in discriminating the two groups.
Combinatory ROC analysis of these five microRNAs revealed that
the association of two or three plasmatic miRNAs (hsa-mir-29¢-3p,
hsa-mir-29a-3p and hsa-mir-146-5p) highly predicts the
occurrence of IRIS in HIV-TB co-infected individuals before any
treatment, with 100% sensitivity and high specificity (95-97%).
Thus, these molecular biomarkers can be used to identify and
predict the onset of IRIS in HIV-TB co-infected individuals and
could better guide the clinician in diagnosing the presence of an
inflammatory syndrome after starting cART.

In contrast to plasmatic microRNAs, exosomal microRNA
expression did not show a statistically significant difference between
IRIS and non-IRIS individuals in our study. This may indicate that
plasma microRNAs, but not exosomal microRNAs, play a prominent
role in the occurrence of IRIS in HIV-TB co-infected individuals.
Exosomal microRNAs have been the focus of several studies, as
evidence suggests that the loading of microRNAs in exosomes is not a
random process (26). Consequently, the measurement of exosomal
microRNAs is considered a promising biomarker for various diseases,
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as the comparison of exosomal and plasma microRNA profiles in the
same samples does not differ in healthy individuals (43). At the time
of IRIS onset, although the expression levels of several plasma
microRNAs, for instant hsa-mir-223-3p; hsa-mir-25-3p; hsa-mir-
29a-3p; hsa-mir-29¢-3p; and hsa-mir-145 were remaining
decreased with statistically significantly different in IRIS compared
to non-IRIS individuals, however, there was increased in fold change
from baseline to the time of IRIS onset of several microRNAs in IRIS
individuals, suggesting their role in controlling the inflammatory
responses driven by tuberculosis associated IRIS.

It should be noted that the microRNAs in our study were
selected to be mainly involved in innate immune responses and
inflammation, as we and others have pointed out the role of innate
immunity in the development of IRIS (39, 40). For instance, hsa-
mir-146a-5p is a well-known regulator of innate immune activation
pathway by inhibiting toll-like receptor and NF-xB signalling (41);
while hsa-mir-223-3p, which was differentially expressed in our
study, has been shown to negatively regulate excessive innate
immune responses by controlling myeloid cells and macrophages
activation; and NLRP3 inflammasome activity, thereby modulating
IL-1B production (38), that is a reported cytokine significantly
implicated in the aberrant inflammation associated with TB-IRIS
(15). Also, miRNA-29 family members (hsa-mir-29a-3p; -29b-3p
and -29¢-3p) control immune responses by targeting interferon-
gamma and other pro-inflammatory cytokines, suggesting its
involvement interferon-gamma release during T-cell and NK-cell
responses in the immunopathogenesis of TB-IRS (15, 42). The
decreased of the level of miR-29 may lead to increase interferon
gamma signalling, that is the hallmark of TB-IRIS. Taken together,
IRIS individuals exhibit phenotypically associated with
physiological inflammation mediated by anti-inflammatory
microRNAs, whereas they were not observed in the case of non-
IRIS participants, supporting the hypothesis that the modification
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of microRNA profiles may underlie unbalanced immune
restoration and contribute to the development of TB-IRIS.

Our study has several limitations. Although the significant
differences between IRIS and non-IRIS individuals in plasma
levels of the 5 microRNAs are important, the size of our samples
is not so large and therefore requires validation in a large cohort.
Furthermore, the CAMELIA cohort was established in Cambodian
population with HIV and TB with a high incidence of IRIS (27, 43).
In addition, the values of plasmatic microRNA will need to be
validated by other techniques such as PCR.

Although the key circulating microRNAs; for example hsa-mir-
146a-5p; hsa-mir-29a-3p; hsa-mir-29c-3p; and hsa-mir-223-3p;
were identified as predictive biomarkers of IRIS onset, their
underlying mechanism in IRIS pathogenesis has yet to be explored.

In conclusion, we show here that a number of circulating
microRNAs predicts the occurrence of IRIS in TB co-infected
HIV individuals. These microRNAs are involved in the regulation
of innate immunity and/or inflammation. Therefore, these results
highlight and complement our previous studies on the role of innate
immunity in the pathogenesis of IRIS.

There are still a lot of aspects that are in need of further
investigation. Pulmonary tuberculosis induces an increase in a
number of anti-inflammatory cytokines (44). The microRNA
profile described here suggested that IRIS individuals appear to be
able to control this anti-inflammatory response, whereas non-IRIS
individuals cannot. Furthermore, after TB treatment and as reported
for cytokines (44), non-IRIS individuals decreased plasmatic anti-
inflammatory microARNs. In the case of IRIS, they increased
plasmatic levels of anti-inflammatory microARN, perhaps to try to
control their inflammatory response after clinical manifestations. The
delicate balance between inflammation and non-inflammation needs
to be further explored in the context of IRIS management.

Author’s note

The findings described in this study have been accepted for a
patent NoNT/NG/IDM-22-0055, filed by Institut Pasteur/Scott-
Algara et al.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by Cambodian
National Ethics Committee for Health Research (NECHR) (Ref.
No. 145NECHR, dated 29th June 2018). The studies were
conducted in accordance with the local legislation and
institutional requirements (IRB of Institut Pasteur Ref. No. 2017-
015; Dated March 6th 2016). The participants provided their
written informed consent to participate in this study.

Frontiers in Immunology

10.3389/fimmu.2025.1603338

Author contributions

PP: Conceptualization, Data curation, Formal Analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Software, Supervision, Validation, Visualization, Writing —
original draft, Writing — review & editing. MR: Writing — original draft,
Writing - review & editing. EB: Writing — original draft, Writing -
review & editing. SP: Writing — original draft, Writing — review &
editing. DB: Writing - original draft, Writing — review & editing. LB:
Writing - original draft, Writing - review & editing. OM: Writing —
original draft, Writing - review & editing. DL: Writing — original draft,
Writing - review & editing. FB: Writing — original draft, Writing -
review & editing. TC: Writing — original draft, Writing — review &
editing. YM: Formal Analysis, Validation, Writing — original draft,
Writing - review & editing. LW: Conceptualization, Formal Analysis,
Methodology, Validation, Writing - original draft, Writing — review &
editing. DS: Conceptualization, Data curation, Formal Analysis,
Funding acquisition, Investigation, Methodology, Project
administration, Resources, Software, Supervision, Validation,
Visualization, Writing — original draft, Writing — review & editing.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. The study was
sponsored and funded by National Institute of Health and
Medical Research (Inserm) ANRS Emerging infectious diseases
(ANRS MIE) (Grant No ANRS 12358 study)». Article publication
charges were supported by Institut Pasteur du Cambodge. EB
received award from The “Fondation Pierre Ledoux - Jeunesse
Internationale”.

Acknowledgments

The authors thank National Institute of Health and Medical
Research ANRS Emerging infectious diseases (ANRS MIE) as the
promoter of ANRS 12357 study. We thank all the patients who
participated in the study and the medical staff of Khmer Soviet
Friendship Hospital in Phnom Penh, Cambodia; Takeo Referral
Hospital in Takeo province, Cambodia, Preah Kossamak Hospital
in Phnom Penh, Cambodia, and Svay Rieng Referal Hospital in
Svay Rieng Province, Cambodia and Sihanouk Hospital Center of
HOPE, Phnom Penh, Cambodia.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1603338
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Pean et al.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,

References

1. Diener C, Keller A, Meese E. The miRNA-target interactions: An underestimated
intricacy. Nucleic Acids Res. (2024) 52:1544-57. doi: 10.1093/nar/gkad1142

2. Wang J, Chen J, Sen S. MicroRNA as biomarkers and diagnostics. J Cell Physiol.
(2016) 231:25-30. doi: 10.1002/jcp.v231.1

3. Tribolet L, Kerr E, Cowled C, Bean AGD, Stewart CR, Dearnley M, et al.
MicroRNA biomarkers for infectious diseases: from basic research to biosensing.
Front Microbiol. (2020) 11:1197. doi: 10.3389/fmicb.2020.01197

4. Almeida MI, Reis RM, Calin GA. MicroRNA history: discovery, recent
applications, and next frontiers. Mutat Res. (2011) 717:1-8. doi: 10.1016/
j.mrfmmm.2011.03.009

5. Stein LD, Bao Z, Blasiar D, Blumenthal T, Brent MR, Chen N, et al. The genome
sequence of Caenorhabditis briggsae: a platform for comparative genomics. PloS Biol.
(2003) 1:E45. doi: 10.1371/journal.pbio.0000045

6. Lee RC, Feinbaum RL, Ambros V, The C. elegans heterochronic gene lin-4
encodes small RNAs with antisense complementarity to lin-14. Cell. (1993) 75:843-54.
doi: 10.1016/0092-8674(93)90529-Y

7. Trobaugh DW, Klimstra WB. MicroRNA regulation of RNA virus replication and
pathogenesis. Trends Mol Med. (2017) 23:80-93. doi: 10.1016/j.molmed.2016.11.003

8. Holland B, Wong J, Li M, Rasheed S. Identification of human microRNA-like
sequences embedded within the protein-encoding genes of the human
immunodeficiency virus. PloS One. (2013) 8:e58586. doi: 10.1371/journal.pone.
0058586

9. Rashid F, Zaongo SD, Song F, Chen Y. The diverse roles of miRNAs in HIV
pathogenesis: Current understanding and future perspectives. Front Immunol. (2022)
13:1091543. doi: 10.3389/fimmu.2022.1091543

10. Skalsky RL, Cullen BR. Viruses, microRNAs, and host interactions. Annu Rev
Microbiol. (2010) 64:123-41. doi: 10.1146/annurev.micro.112408.134243

11. Swaminathan G, Navas-Martin S, Martin-Garcia J. MicroRNAs and HIV-1
infection: antiviral activities and beyond. ] Mol Biol. (2014) 426:1178-97. doi: 10.1016/
jjmb.2013.12.017

12. Patel P, Ansari MY, Bapat S, Thakar M, Gangakhedkar R, Jameel S. The
microRNA miR-29a is associated with human immunodeficiency virus latency.
Retrovirology. (2014) 11:108. doi: 10.1186/s12977-014-0108-6

13. Egana-Gorrono L, Escriba T, Boulanger N, Guardo AC, Leon A, Bargallo ME,
et al. Differential microRNA expression profile between stimulated PBMCs from HIV-1
infected elite controllers and viremic progressors. PloS One. (2014) 9:¢106360.
doi: 10.1371/journal.pone.0106360

14. Lazzari E, Rozera G, Gagliardini R, Esvan R, Mondi A, Mazzotta V, et al. Human
and viral microRNA expression in acute and chronic HIV infections. Viruses. (2024) 16
(4):496. doi: 10.3390/v16040496

15. Lai RP, Meintjes G, Wilkinson R]. HIV-1 tuberculosis-associated immune
reconstitution inflammatory syndrome. Semin Immunopathol. (2016) 38:185-98.
doi: 10.1007/s00281-015-0532-2

16. Meintjes G, Lawn SD, Scano F, Maartens G, French MA, Worodria W, et al.
Tuberculosis-associated immune reconstitution inflammatory syndrome: case
definitions for use in resource-limited settings. Lancet Infect Dis. (2008) 8:516-23.
doi: 10.1016/S1473-3099(08)70184-1

17. Wang C, Yang S, Sun G, Tang X, Lu S, Neyrolles O, et al. Comparative miRNA
expression profiles in individuals with latent and active tuberculosis. PloS One. (2011)
6:¢25832. doi: 10.1371/journal.pone.0025832

18. Wu J, Lu C, Diao N, Zhang S, Wang S, Wang F, et al. Analysis of microRNA
expression profiling identifies miR-155 and miR-155* as potential diagnostic markers
for active tuberculosis: a preliminary study. Hum Immunol. (2012) 73:31-7.
doi: 10.1016/j.humimm.2011.10.003

Frontiers in Immunology

10

10.3389/fimmu.2025.1603338

or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.
1603338/full#supplementary-material

19. Yao S, Liu B, Hu X, Tan Y, Liu K, He M, et al. Diagnostic value of microRNAs in
active tuberculosis based on quantitative and enrichment analyses. Diagn Microbiol
Infect Dis. (2024) 108:116172. doi: 10.1016/j.diagmicrobio.2024.116172

20. FuY, Yi Z, Wu X, LiJ, Xu F. Circulating microRNAs in patients with active
pulmonary tuberculosis. J Clin Microbiol. (2011) 49:4246-51. doi: 10.1128/
JCM.05459-11

21. Cocucci E, Meldolesi J. Ectosomes and exosomes: shedding the confusion
between extracellular vesicles. Trends Cell Biol. (2015) 25:364-72. doi: 10.1016/
j.tcb.2015.01.004

22. Kalluri R, LeBleu VS. The biology, function, and biomedical applications of
exosomes. Science. (2020) 367. doi: 10.1126/science.aau6977

23. Buzas EIL The roles of extracellular vesicles in the immune system. Nat Rev
Immunol. (2023) 23:236-50. doi: 10.1038/s41577-022-00763-8

24. Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD, Remaley AT.
MicroRNAs are transported in plasma and delivered to recipient cells by high-
density lipoproteins. Nat Cell Biol. (2011) 13:423-33. doi: 10.1038/ncb2210

25. Dilsiz N. Hallmarks of exosomes. Future Sci OA. (2022) 8:FSO764. doi: 10.2144/
fs0a-2021-0102

26. Bhome R, Del Vecchio F, Lee GH, Bullock MD, Primrose JN, Sayan AE, et al.
Exosomal microRNAs (exomiRs): Small molecules with a big role in cancer. Cancer
Lett. (2018) 420:228-35. doi: 10.1016/j.canlet.2018.02.002

27. Blanc FX, Sok T, Laureillard D, Borand L, Rekacewicz C, Nerrienet E, et al.
Earlier versus later start of antiretroviral therapy in HIV-infected adults with
tuberculosis. N Engl ] Med. (2011) 365:1471-81. doi: 10.1056/NEJMoal013911

28. Pean P, Nerrienet E, Madec Y, Borand L, Laureillard D, Fernandez M, et al.
Natural killer cell degranulation capacity predicts early onset of the immune
reconstitution inflammatory syndrome (IRIS) in HIV-infected patients with
tuberculosis. Blood. (2012) 119:3315-20. doi: 10.1182/blood-2011-09-377523

29. Mazzara S, Rossi RL, Grifantini R, Donizetti S, Abrignani S, Bombaci M.
CombiROC: an interactive web tool for selecting accurate marker combinations of
omics data. Sci Rep. (2017) 7:45477. doi: 10.1038/srep45477

30. Momen-Heravi F, Bala S. miRNA regulation of innate immunity. J Leukoc Biol.
(2018). doi: 10.1002/JLB.3MIR1117-459R

31. Wang L, Xiong Y, Fu B, Guo D, Zaky MY, Lin X, et al. MicroRNAs as immune
regulators and biomarkers in tuberculosis. Front Immunol. (2022) 13:1027472.
doi: 10.3389/fimmu.2022.1027472

32. Ruiz-Tagle C, Naves R, Balcells ME. Unraveling the role of microRNAs in
mycobacterium tuberculosis infection and disease: advances and pitfalls. Infect Immun.
(2020) 88. doi: 10.1128/IA1.00649-19

33. Pattnaik B, Patnaik N, Mittal S, Mohan A, Agrawal A, Guleria R, et al. Micro
RNAs as potential biomarkers in tuberculosis: A systematic review. Noncoding RNA
Res. (2022) 7:16-26. doi: 10.1016/j.ncrna.2021.12.005

34. Agrawal P, Upadhyay A, Kumar A. microRNA as biomarkers in tuberculosis: a
new emerging molecular diagnostic solution. Diagn Microbiol Infect Dis. (2024)
108:116082. doi: 10.1016/j.diagmicrobio.2023.116082

35. Huang J, Lai ], Liang B, Jiang J, Ning C, Liao Y, et al. mircoRNA-3162-3p is a
potential biomarker to identify new infections in HIV-1-infected patients. Gene. (2018)
662:21-7. doi: 10.1016/j.gene.2018.04.002

36. Su B, Fu Y, Liu Y, Wu H, Ma P, Zeng W, et al. Potential application of
microRNA profiling to the diagnosis and prognosis of HIV-1 infection. Front
Microbiol. (2018) 9:3185. doi: 10.3389/fmicb.2018.03185

37. Tahamtan A, Teymoori-Rad M, Nakstad B, Salimi V. Anti-inflammatory
microRNAs and their potential for inflammatory diseases treatment. Front Immunol.
(2018) 9:1377. doi: 10.3389/fimmu.2018.01377

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1603338/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1603338/full#supplementary-material
https://doi.org/10.1093/nar/gkad1142
https://doi.org/10.1002/jcp.v231.1
https://doi.org/10.3389/fmicb.2020.01197
https://doi.org/10.1016/j.mrfmmm.2011.03.009
https://doi.org/10.1016/j.mrfmmm.2011.03.009
https://doi.org/10.1371/journal.pbio.0000045
https://doi.org/10.1016/0092-8674(93)90529-Y
https://doi.org/10.1016/j.molmed.2016.11.003
https://doi.org/10.1371/journal.pone.0058586
https://doi.org/10.1371/journal.pone.0058586
https://doi.org/10.3389/fimmu.2022.1091543
https://doi.org/10.1146/annurev.micro.112408.134243
https://doi.org/10.1016/j.jmb.2013.12.017
https://doi.org/10.1016/j.jmb.2013.12.017
https://doi.org/10.1186/s12977-014-0108-6
https://doi.org/10.1371/journal.pone.0106360
https://doi.org/10.3390/v16040496
https://doi.org/10.1007/s00281-015-0532-2
https://doi.org/10.1016/S1473-3099(08)70184-1
https://doi.org/10.1371/journal.pone.0025832
https://doi.org/10.1016/j.humimm.2011.10.003
https://doi.org/10.1016/j.diagmicrobio.2024.116172
https://doi.org/10.1128/JCM.05459-11
https://doi.org/10.1128/JCM.05459-11
https://doi.org/10.1016/j.tcb.2015.01.004
https://doi.org/10.1016/j.tcb.2015.01.004
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1038/s41577-022-00763-8
https://doi.org/10.1038/ncb2210
https://doi.org/10.2144/fsoa-2021-0102
https://doi.org/10.2144/fsoa-2021-0102
https://doi.org/10.1016/j.canlet.2018.02.002
https://doi.org/10.1056/NEJMoa1013911
https://doi.org/10.1182/blood-2011-09-377523
https://doi.org/10.1038/srep45477
https://doi.org/10.1002/JLB.3MIR1117-459R
https://doi.org/10.3389/fimmu.2022.1027472
https://doi.org/10.1128/IAI.00649-19
https://doi.org/10.1016/j.ncrna.2021.12.005
https://doi.org/10.1016/j.diagmicrobio.2023.116082
https://doi.org/10.1016/j.gene.2018.04.002
https://doi.org/10.3389/fmicb.2018.03185
https://doi.org/10.3389/fimmu.2018.01377
https://doi.org/10.3389/fimmu.2025.1603338
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Pean et al.

38. Yuan X, Berg N, Lee JW, Le TT, Neudecker V, Jing N, et al. MicroRNA miR-223
as regulator of innate immunity. J Leukoc Biol. (2018) 104:515-24. doi: 10.1002/
JLB.3MR0218-079R

39. Vignesh R, Balakrishnan P, Tan HY, Yong YK, Velu V, Larsson M, et al. Tuberculosis-
associated immune reconstitution inflammatory syndrome-an extempore game of misfiring
with defense arsenals. Pathogens. (2023) 12. doi: 10.3390/pathogens12020210

40. Goovaerts O, Kestens L. Tuberculosis-associated immune reconstitution
inflammatory syndrome: a manifestation of adaptive or innate immunity? Lancet
Infect Dis. (2015) 15:370-1. doi: 10.1016/S1473-3099(15)70026-5

41. Saba R, Sorensen DL, Booth SA. MicroRNA-146a: A dominant, negative
regulator of the innate immune response. Front Immunol. (2014) 5:578.
doi: 10.3389/fimmu.2014.00578

Frontiers in Immunology

11

10.3389/fimmu.2025.1603338

42. Kesheh MM, Bayat M, Kobravi S, Lotfalizadeh MH, Heydari A, Memar MY,
et al. MicroRNAs and human viral diseases: A focus on the role of microRNA-29.
Biochim Biophys Acta Mol Basis Dis. (2025) 1871:167500. doi: 10.1016/
j-bbadis.2024.167500

43. Laureillard D, Marcy O, Madec Y, Chea S, Chan S, Borand L, et al. Paradoxical
tuberculosis-associated immune reconstitution inflammatory syndrome after early
initiation of antiretroviral therapy in a randomized clinical trial. AIDS. (2013)
27:2577-86. doi: 10.1097/01.aids.0000432456.14099.c7

44. Moideen K, Kumar NP, Bethunaickan R, Banurekha VV, Nair D, Babu S.
Heightened systemic levels of anti-inflammatory cytokines in pulmonary tuberculosis
and alterations following anti-tuberculosis treatment. Cytokine. (2020) 127:154929.
doi: 10.1016/j.cyt0.2019.154929

frontiersin.org


https://doi.org/10.1002/JLB.3MR0218-079R
https://doi.org/10.1002/JLB.3MR0218-079R
https://doi.org/10.3390/pathogens12020210
https://doi.org/10.1016/S1473-3099(15)70026-5
https://doi.org/10.3389/fimmu.2014.00578
https://doi.org/10.1016/j.bbadis.2024.167500
https://doi.org/10.1016/j.bbadis.2024.167500
https://doi.org/10.1097/01.aids.0000432456.14099.c7
https://doi.org/10.1016/j.cyto.2019.154929
https://doi.org/10.3389/fimmu.2025.1603338
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	A set of plasmatic microRNA related to innate immune response highly predicts the onset of immune reconstitution inflammatory syndrome in tuberculosis co-infected HIV individuals (ANRS-12358 study)
	Introduction
	Methods
	Individuals and samples
	Plasma-derived exosomes purification
	microRNA profiling in plasma and plasma-derived exosomes
	Statistical analysis

	Results
	IRIS individuals exhibit a distinct microRNA profile in plasma compared to non-IRIS at baseline before any treatment
	At the time of IRIS, six plasmatic microRNA are different between IRIS and non-IRIS matched participants
	A set of two or three plasmatic miRNAs highly predicts onset of IRIS in HIV – TB coinfected individuals

	Discussion
	Author’s note
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


