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Abstract

Tuberculosis (TB) alone caused over a billion deaths in the last 200 years, making

it one of the deadliest diseases to humankind. Understanding the immune mecha-

nisms underlying protection or pathology in TB is key to uncover the much

needed innovative approaches to tackle TB. The scavenger receptor cysteine-rich

molecule CD5 antigen-like (CD5L) has been associated with TB, but whether and

how CD5L shapes the immune response during the course of disease remains

poorly understood. Here, we show an upregulation of CD5L in circulation and at

the site of infection in C57BL/6 Mycobacterium tuberculosis-infected mice. To

investigate the role of CD5L in TB, we studied the progression of M. tuberculosis

aerosol infection in a recently described genetically engineered mouse model lack-

ing CD5L. Despite the increase of CD5L during infection of wild-type mice,

absence of CD5L did not impact bacterial burden, histopathology or survival of

infected mice. Absence of CD5L associated with a modest increase in the numbers

of CD4+ T cells and the expression of IFN-γ in the lungs of infected mice, with

no major effect in overall immune cell dynamics. Collectively, this study confirms

CD5L as a potential diagnostic biomarker to TB, showing no discernible impact

on the outcome of the infection.
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INTRODUCTION

In 2022 alone, more than 10 million individuals fell ill
with tuberculosis (TB) and 1.3 million died of the dis-
ease [1]. Elucidating the immune mechanisms of TBMarcos S. Cardoso, Rute Gonçalves, Alexandre M. Carmo and
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pathogenesis can offer insights on candidate molecules to
be used from a diagnostic or prognostic point of view,
and potentially be further developed into novel prophy-
lactic or therapeutic candidates.

Several molecules are altered in the blood, urine or
saliva of TB patients [2], among which the scavenger
receptor cysteine-rich protein CD5 antigen-like (CD5L)
[3–5]. CD5L, a secreted glycoprotein mainly produced by
tissue-resident macrophages [6, 7], plays distinct roles,
from functioning as an anti-apoptotic protein [8] to a role
as a pattern recognition receptor (PRR) [9, 10], participa-
tion in autophagy [11], regulation of lipid metabo-
lism [12], among others [13]. This multifunctionality
directly impacts the modulation of several key immuno-
logical events, including infection [13]. CD5L is upregu-
lated in the serum of both humans and mice upon
Mycobacterium tuberculosis infection [3–5], and improves
the microbicidal capacity of human macrophages
infected with M. tuberculosis in vitro [4]. More recently,
CD5L was also found to be upregulated in high-burden
granulomas of M. tuberculosis–infected rhesus macaques
in comparison with low-burden granulomas. Interest-
ingly, the gene signature of high-burden granulomas
exhibited markers associated with type 2 immune
responses, possibly linking CD5L to wound-healing
responses [14].

Collectively, these observations suggest a putative role
for CD5L during M. tuberculosis infection. However,
whether and how the upregulation of CD5L influences
the outcome of TB remains to be elucidated. Here, we
show that CD5L expression was highly induced not only
in the blood, but also in lungs of M. tuberculosis-infected
mice. Although the abrogation of this molecule did not
significantly impact TB susceptibility or progression, the
absence of CD5L associated with an increase in lung
CD4+ T cells and interferon (IFN)-γ production upon
M. tuberculosis infection in vivo. In vitro, CD5L defi-
ciency did not impact the overall response of resident or
bone marrow-derived mouse macrophages to
M. tuberculosis infections. Thus, our study reinforces the
potential of CD5L as a TB biomarker, while calling for
further investigation to establish a possible bridge
between CD5L expression and T cell function.

MATERIALS AND METHODS

Ethics approval

Animal experiments performed at the i3S Animal Facility
were approved by the i3S Animal Ethics Committee and
Portuguese Competent Authority (DGAV) in accordance
with the European Union Directive 2010/63/EU and

Portuguese Legislation. The i3S animal facility is AAA-
LAC accredited.

Bacteria growth

M. tuberculosis HN878 isolate was grown in Middlebrook
7H9 liquid medium (BD Biosciences, 271 310) supplemen-
ted with 10% OADC and 0.2% glycerol at 37�C with agita-
tion. At mid-log phase, bacterial suspensions were frozen
and stored at �80�C. Viable bacteria were determined by
colony forming unit (CFU) enumeration of serial dilutions
of bacteria in 7H11 (BD Biosciences, 212 203) agar plates,
after incubation at 37�C for 21–28 days.

Animal housing and aerosol infection

CD5L deficient (KO) mice were generated using the
CRISPR/Cas9 system, as described [15]. All the details,
including the validation of the model with regard to abro-
gation of CD5L protein, are shown in the original manu-
script [15]. C57BL/6 wild-type (WT) or CD5L-KO mice
were bred and housed at the i3S Animal House Facility.
Both male and female mice, with 8–12 weeks of age, were
aerosol infected with M. tuberculosis HN878 in the ABSL3
lab. Mice were kept under a controlled temperature
(20–24�C), humidity (45–65%) and light cycle (12 h light/
dark) in specific-pathogen free conditions. Water and
food were provided ad libitum. Infection was performed
using the Glas-Col inhalation exposure system, as
described [16]. Dose of infection was determined based
on lung CFU at day 3 post-infection. Doses below
200 CFU were considered low, whereas above 500 CFU
were considered high doses. Infected mice were weighed
every week, or every other day when showing signs of
disease. Mice were euthanised at the indicated timepoints
or when reaching humane endpoints (weight loss over
20% or poor responsiveness to physical stimulation).

Organ processing

Infected mice were euthanised by CO2 inhalation. Blood
was collected via cardiac puncture and serum separated
by centrifugation. Lungs were aseptically excised after
cardiac perfusion with PBS and digested using Collage-
nase type IV (Gibco, 17 104 019) followed by physical dis-
ruption and filtering in a 70 μm strainer. The right upper
lung lobe was used to histological analysis. Single-cell
suspensions were used for bacterial burden determina-
tion, flow cytometry and RNA analysis. Bacterial CFU in
infected lungs were performed as above.

CD5L IS UPREGULATED UPON INFECTION WITH MYCOBACTERIUM TUBERCULOSIS 311

 13652567, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/im

m
.13825 by E

stsp Politecnico D
o Porto, W

iley O
nline L

ibrary on [14/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Histological analysis

Mouse lung lobes were fixed in 10% buffered neutral forma-
lin and embedded in paraffin. Four-μm sections were used
for haematoxylin and eosin (H&E) staining or immunohisto-
chemistry (IHC). Morphometric analysis of lung pathology
of H&E-stained histological sections was performed using
the software Interactive Learning and Segmentation Toolkit
(Ilastik version 1.3.3) and CellProfiler Analyst (version 3.1.5),
as before [17]. Number of lesions per section was calculated
using the same software and non-infected (NI) lungs as base-
line. H&E images were acquired with a NanoZoomer 2.0-
HTWhole Slide Imager, Digital Pathology Slide Scanner.

Immunohistochemistry

IHC staining was performed by standard protocol: deparaf-
finised with xylene, followed by rehydration in graded alco-
hol concentration. Endogenous peroxidase blocking was
performed with 0.3% H2O2 in ethanol during rehydration.
Heat-induced antigen retrieval (HIER) was performed in
Citrate buffer (pH 6, 10�, Sigma–Aldrich, C-9999) at
121�C for 10 min, followed by permeabilisation with 0.2%
Tween in PBS for 10 min. Slides were later incubated with
anti-CD5L (R&D Systems, AF2834) dissolved in blocking
buffer (3% BSA (Sigma–Aldrich, A4503-504) +5% donkey
serum [Millipore, Merck, S30 and S26, respectively]), over-
night at 4�C. Donkey anti-goat IgG-HRP (Jackson Immu-
noResearch, AB_2340390, RRID: AB_2340390) was used as
secondary antibody for 30 min. Chromogenic detection of
antibody binding was performed using a Liquid-DAB sub-
strate (Agilent Technologies, K346711-2). Counterstaining
was done with haematoxylin (Merck, 1 051 740 500, HX
86017674). Slides were later mounted with DPX (Sigma–
Aldrich, DPX 06522), dried, and observed under a Leica
DMI6000B microscope (Leica Microsystems). For quantifi-
cation, captured images were analysed using Image J, col-
our deconvolution 2 plugin.

RNA extraction and RT-qPCR

RNA extraction from tissue was performed using the
RNeasy Mini Kit (Qiagen, 74 106) or the TRIzol reagent
(GRiSP, GB23.0100), following manufacturer’s instruc-
tions. Total RNA (1 μg) was reverse transcribed to cDNA
using EcoDry™ Premix (Clontech, 639 549) or ProtoScript
cDNA synthesis kit (New England BioLabs, E6300S). For
Cd5l gene expression, each RT reaction was then amplified
in a LightCycler® 480 PCR system using the TB Green Pre-
mix EX Taq (Takara, RR42WR). mRNA expression of
Tnfa, Il6, Ifnb, Ifng and Il17 were quantified using a CFX

Connect™ Real-Time PCR Detection System (Bio-Rad)
and a SYBR green dye (Biorad, 1 708 880). Oligonucleo-
tides used are listed in Table S1. Gene expression values
were normalised to the expression levels of 18 s (18 s ribo-
somal RNA) or Ubiquitin and Gapdh for Cd5l or Tnfa, Il6,
Ifnb, Ifng and Il17, respectively. Fold induction levels were
calculated using the average level of expression of each
gene in control samples as reference.

Flow cytometry analysis

Mouse lung cell suspensions were stained for surface
antigens for 30 min and fixed for 20 min in 4%
paraformaldehyde-PBS. Dead cells were excluded from
the analyses using Zombie Green (Biolegend, 423 112)
viability dye. Cells were acquired on a BD FACS Canto II
(BD Biosciences). Data were analysed using FlowJo (ver-
sion 10.1.r7). Antibodies used are listed in Table S2.

Bone marrow-derived macrophage culture

The bone marrow was collected from NI WT and CD5L-
KO mice by flushing the tibias and femurs with
PBS + 2% foetal bovine serum (FBS) (Gibco, 10 500 064).
BMDM (bone marrow-derived macrophage) were differ-
entiated from bone marrow precursors using 20% L929
cell-conditioned media (LCCM). On day 7, cells were har-
vested and cultured in 24-well tissue plates at a concen-
tration of 0.5 � 106 cells/well in complete medium
(cDMEM): Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco, 10 566 016) supplemented with 10% FBS (Gibco,
10 500 064), 1% HEPES (Gibco, 15 630 106).

Alveolar macrophage culture

For alveolar macrophage (AM) collection, NI WT and
CD5L-KO mice were euthanised by intraperitoneal injec-
tion of sodium pentobarbital (400 mg/kg). The bronch-
oalveolar lavage was recovered through canulation of the
trachea and collection of liquid in sterile PBS +1% FBS.
Cells were centrifuged, counted and seeded in 96-well tis-
sue plates at a concentration of 5 � 104 cells/well in Ros-
well Park Memorial Institute (RPMI) (Gibco, 61 870 044)
supplemented with 10% FBS.

In vitro infections

After overnight resting, BMDM and AM were infected
with M. tuberculosis HN878 at a multiplicity of infection
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(MOI) of 2. Uninfected cells were used as negative con-
trols. At 4 h and 4 days post-infection, cells were lysed
with 0.1% saponin (Sigma, S-7900) and CFU were enu-
merated as above. Culture supernatants were recovered
24 h post-infection, filter-sterilised and used for cytokine
quantification.

Cytokine quantification

Mouse CD5L serum levels and cell supernatant cytokine
quantification of TNF-α, IL-10 and IL-6 (Thermo Fisher
Scientific EM15RB, 88-7324-88, 88-7105-88 and
88-7064-88, respectively) were measured by enzyme
linked immunosorbent assay (ELISA) following manufac-
turer’s instructions.

Statistical analysis

Data were analysed using GraphPad Prism software
v8.1.0 or R v4.1. Every dataset was tested for outliers, sta-
tistical normality and homogeneity of variances, and
based on this information, an appropriate statistical test
was used. Statistically significant differences between two
groups were determined using unpaired t test or Mann–
Whitney U tests. One Way ANOVA test was used to
determine multiple comparisons between more than two
groups. Differences were considered significant for
p ≤ 0.05 and represented as follows: *p ≤ 0.05;
**p ≤ 0.01; ***p ≤ 0.001 and **** p ≤ 0.0001.

RESULTS

CD5L expression is upregulated upon
M. tuberculosis infection

Levels of circulating CD5L increase dramatically in sev-
eral immune conditions [18–22], including in mice
infected with M. tuberculosis [4, 5]. Nevertheless, levels of
CD5L in the lungs (site of infection) and the putative role
of CD5L during M. tuberculosis infection remain unchar-
acterised. To measure the expression of CD5L at the
infection site, we started by interrogating a previously
published RNA-seq dataset, in which the lung transcrip-
tional response of TB-resistant (C57BL/6) or TB-
susceptible (C3HeB-FeJ) mice infected with low or high
doses of M. tuberculosis laboratory strain H37Rv or the
hypervirulent isolate HN878 were analysed at the peak of
disease [23]. Independently of the mouse and bacteria
genetic backgrounds, we found a clear upregulation of
Cd5l in the lung upon M. tuberculosis infection

(Figure 1a,b). Although the expression of Cd5l was upre-
gulated in M. tuberculosis-infected C57BL/6 mice as com-
pared to non-infected controls, no discernible differences
were detected among the infected mice, irrespective of
the strain and dose of bacteria used (Figure 1a). However,
in C3HeB-FeJ mice, we found a higher Cd5l gene expres-
sion in M. tuberculosis HN878 infections as compared to
those with H37Rv (Figure 1b). Using matching datasets,
we analysed the expression of Cd5l in the blood of
C57BL/6 and C3HeB-FeJ mice. Although no major
differences were found between NI and M. tuberculosis-
infected C57BL/6 mice, we observed a significant upregu-
lation of Cd5l in the blood of all M. tuberculosis-infected
C3HeB-FeJ mice, compared with C3HeB/FeJ NI mice
(Figure S1a,b).

To validate the Cd5l expression profile obtained
through the interrogation of the RNA-Seq datasets,
C57BL/6 mice were aerosol-infected with high doses of
M. tuberculosis HN878. On day 30 post-infection, lung
samples were analysed by PCR or IHC to assess Cd5l
mRNA and protein levels, respectively. We found a sig-
nificant upregulation of CD5L levels at the site of infec-
tion both at mRNA (Figure 1c) and protein (Figure 1d)
levels, in M. tuberculosis-infected mice. Lung CFU num-
bers were also assessed to control for disease progression
(Figure S1c). In addition, we measured circulating levels
of CD5L in the serum and, as anticipated [4], observed
an increase of CD5L in M. tuberculosis-infected mice,
compared to NI mice (Figure 1e). We next aerosol-
infected WT mice with low doses of M. tuberculosis
HN878, or IFN-γ-KO mice with high doses of this isolate.
As expected, the bacterial burdens obtained on day
30 post-infection for the low dose infections were lower
than those obtained for the high dose ones, whereas IFN-
γ-KO mice presented higher bacterial burdens
(Figure S1d). Compared to NI mice, the increase in circu-
lating CD5L levels were higher in C57BL/6 mice infected
with high than with low doses of M. tuberculosis HN878
(�27-fold vs. �12-fold; Figure 1f). Moreover, the highly
susceptible IFN-γ-KO mice displayed an even higher
amount of circulating CD5L (�32-fold increase, com-
pared with NI; Figure 1f). These findings suggest that
increased CD5L circulating levels may reflect increased
bacterial burdens in the mouse experimental models
studied herein.

CD5L abrogation does not impact the
outcome of in vivo M. tuberculosis
infections

To assess the functionality of CD5L during M. tuberculosis
in vivo infection, we compared the dynamics of disease
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F I GURE 1 Increased expression of CD5L in Mycobacterium tuberculosis-infected mice. Expression of Cd5l in the lungs of TB-resistant

C57BL/6 (a) or TB-susceptible C3HeB/FeJ (b) animals aerosol-infected with low or high doses of M. tuberculosis H37Rv or HN878, as

indicated. Non-infected (NI) animals are shown as controls. Data are normalised counts obtained from RNA-Seq datasets from [23].

Statistical analysis was performed using one-way ANOVA test to multiple comparisons between groups. Statistical differences in comparison

to NI animals are indicated with *. C57BL/6 mice were left NI or were aerosol infected with high doses of M. tuberculosis HN878. Thirty days

post infection (p.i.) the lungs were harvested and used for quantification of (c) Cd5l mRNA normalised to 18 s; and (d) CD5L by

immunohistochemical analysis. Percentage of CD5L stained area (left panel) and representative images of NI and infected lungs (right

panel) are shown. Scale bars: 25 μm. At the same time-point, the serum was harvested and (e) CD5L levels detected by ELISA. (f) Fold

increase of CD5L levels in the serum of C57BL/6 wild-type (WT) infected with different bacterial doses and IFN-γ-knockout (KO) compared

to NI animals. (c–f) Represented is the Mean ± SD for each experimental group. Each dot represents one animal. The bacterial doses

delivered to the lung and measured at the end-point for each infection are shown in Figure S1c,d. Statistically significant differences between

two groups were determined using Mann–Whitney U tests and comparisons between more than two groups were determined using one-way

ANOVA. Differences between groups were considered significant if p < 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 and ****p ≤ 0.0001.

314 CARDOSO ET AL.

 13652567, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/im

m
.13825 by E

stsp Politecnico D
o Porto, W

iley O
nline L

ibrary on [14/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



progression in C57BL/6 WT and CD5L-KO mice upon
aerosol-infection with low doses of the hypervirulent
M. tuberculosis HN878 isolate. No significant differences in

lung bacterial loads were observed between WT and
CD5L-KO mice at days 15 or 30 post-infection (Figure 2a).
Similarly, no differences were observed in weight loss
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between the two experimental groups over the course of
the experiment (Figure S2a). Furthermore, CD5L abroga-
tion did not impact pulmonary histopathology (Figure 2b),
specifically the percentage of infiltrated area (Figure 2c) or
the number of lesions (Figure 2d) per lung lobe. Of note,
the number of lesions were only quantified on day 30 as
they were basically inexistent on day 15 post-infection
(Figure 2b).

Next, we questioned whether CD5L deficiency might
impact the susceptibility to infection of C57BL/6 mice
with a higher dose of M. tuberculosis HN878 isolate. This
model is characterised by neutrophil-mediated inflamma-
tion, severe lung damage and increased susceptibility
[24, 25]. No differences were observed in susceptibility to
M. tuberculosis infection between WT (50% survived) and
CD5L-KO mice (58.3% survived) during the experimental
duration (Figure S2b). Also, no differences were observed
in weight variation of the infected mice (Figure S2c). On
day 47 post-infection, surviving mice were sacrificed and
their lung bacterial counts determined, with no differ-
ences observed between WT and CD5L-KO mice
(Figure S2d). Collectively, data obtained from experimen-
tal M. tuberculosis HN878 infection with two different
doses suggest that CD5L deficiency does not impact sur-
vival, bacterial burden or histopathology features of
infection.

CD4+ T cell recruitment and IFN-γ
production are enhanced in the absence
of CD5L

CD5L modulates immune cell recruitment either by act-
ing directly, as a chemoattractant, or indirectly, by induc-
ing/modulating the expression of chemokines [21, 26].
Thus, we questioned whether CD5L would modulate
immune cell recruitment to the lungs of M. tuberculosis
infected mice. No differences were found between the
numbers of live cells in WT and CD5L-KO lungs on days
15 and 30 post-infection (Figure 2e). We next analysed by
flow cytometry the dynamics of the lung immune com-
partment at days 15 and 30 post-infection. Importantly,
during steady-state conditions no differences were
observed in the lung immune cell compartment of WT or
CD5L-KO mice (Figure 2f; gating strategy in Figure S2e).
Infection with M. tuberculosis HN878 isolate led to a
rapid recruitment of neutrophils followed by a persistent
influx of T cells in WT mice (Figure 2f). Although not sig-
nificant, the frequency of neutrophils in the lungs of
CD5L-KO mice at day 15 post-infection was slightly
higher than that observed in WT mice (Figure 2f). The
frequency of monocytes was statistically increased in
CD5L-KO mice after 15-days post-infection, but reduced

after 30-days post-infection, whereas that of CD4+ T cells
was statistically higher in CD5L-KO mice 30-days post-
infection (Figure 2f). However, statistically significant dif-
ferences were only observed for CD4+ T cell numbers,
which were higher in infected CD5L-KO mice
(Figure 2g). All other innate (AM, neutrophils, dendritic
cells, monocytes) and acquired (B cells or CD8+ T cells)
immune cell populations were identical in the two mice
(Figure 2g). We next assessed the lung expression of sev-
eral genes at day 30 post M. tuberculosis infection by
q-PCR. In line with the increased numbers of CD4+ T
cells, expression of Ifng was augmented in CD5L-KO
mice, whereas the expression of the other tested genes
was similar between WT and CD5L-KO mice (Figure 2h).
The expression of Il10 was also assessed but not detected.

CD5L deficiency does not impact in vitro
macrophage M. tuberculosis uptake and
control

Although CD5L is a well-established PRR capable of
binding to bacteria, its role in enhancing the phagocytosis
of live bacteria or bacterial particles remains controver-
sial [27–29]. Interestingly, overexpression of human
CD5L in THP-1 cells did not enhance M. tuberculosis
phagocytosis [4]. We investigated the possible contribu-
tion of CD5L in mediating the phagocytosis or killing of
M. tuberculosis by AM or BMDM. Whereas AM are resi-
dent lung macrophages that establish the first contact
with M. tuberculosis, BMDM represent a model for blood
monocytes/macrophages recruited to infected lungs
replacing AM as the main niche for M. tuberculosis sur-
vival at later time points [30, 31]. For this, we infected
WT and CD5L-KO AM or BMDM with M. tuberculosis
HN878 isolate and analysed the bacterial burden 4 h or
4 days post-infection. No differences were found between
WT and CD5L-KO cells for the bacterial burden at 4 h
post-infection, which suggests identical bacteria internali-
sation (Figure 3a,b). Similarly, after 4 days of culture,
CFU counts indicated that WT and CD5L-KO AM or
BMDM had similar killing efficiencies (Figure 3a,b).
Overall, these results indicate that CD5L abrogation did
not impact phagocytosis or bacteria killing.

Finally, we analysed secretion of TNF-α, IL-6, and
IL-10 by WT or CD5L-KO AM or BMDM at 24 h post-
infection by immunoassay. No differences in secretion
of TNF-α or IL-6 were observed between WT or CD5L-
KO AM or BMDM upon infection (Figure 3c). Although
IL-10 was undetected in the supernatants of infected
AM (Figure 3c), in infected BMDM, a small decrease
was observed in the case of CD5L-KO cultures
(Figure 3d).
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Collectively, these data suggest that the absence of
CD5L did not generally impact the response of AM or
BMDM to M. tuberculosis.

DISCUSSION

Multiple studies consider CD5L as a potential biomarker
for a wide range of human diseases, including bacterial
infection [18], sepsis [19], type 2 diabetes [20], hepatocel-
lular carcinoma [32], liver fibrosis [21] and systemic
lupus erythematosus [22]. Likewise, CD5L has been
linked to active TB in humans, as its circulating levels
are upregulated in patients with active TB before treat-
ment initiation in comparison with healthy subjects [3].
Complementary data from experimental mouse

infections showed a prompt increase in circulating levels
of CD5L upon aerosol (C57BL/6) or intravenous (C3HeB/
FeJ) infections with the M. tuberculosis laboratory strain
H37Rv, peaking at 3 weeks post-infection and followed
by a subsequent decrease [4, 5]. Our data obtained by
interrogating previously published RNA-seq datasets [23]
of blood and lung of M. tuberculosis-infected C57BL/6 or
C3HeB/FeJ mice at the peak of disease confirm these
reports. Furthermore, we show that the overwhelming
immune response induced by the hypervirulent
M. tuberculosis HN878 isolate resulted in the strongest
upregulation of the levels of CD5L in circulation and also
at the site of infection. By measuring CD5L in the serum
of different mouse models, our data suggest a potential
link between the amount of circulating CD5L and bacte-
rial burdens. Of note, significant differences in RNA
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circles) mice were cultured and in vitro

infected with M. tuberculosis HN878 at a

multiplicity of infection (MOI) of

2. Bacterial loads of AM (a) and BMDM

(b), determined at 4 h and 4 days post

infection (p.i.). Cytokines levels of TNF-

α, IL-6 and IL-10 measured in the
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levels of Cd5l were not detected using the RNA-seq data-
sets of C57BL/6 versus C3HeB/FeJ mice, despite their dif-
ferent susceptibility to M. tuberculosis infection. This
likely reflects differences between transcriptional and
protein data. Regardless, our findings support CD5L as a
candidate biomarker for TB. Further studies in human
cohorts of TB are needed to explore this hypothesis.

We next sought to investigate whether the upregula-
tion of CD5L in M. tuberculosis infected lungs might
impact the local immune response and TB outcome. We
used a recently described CD5L-KO mouse [15] aerosol-
infected with M. tuberculosis HN878. This hypervirulent
M. tuberculosis isolate is characterised by enhanced type I
IFN, dysregulated Th1 responses, and exacerbated neu-
trophil recruitment, leading to extensive histopathology
[24, 25]. Despite the CD5L upregulation observed at the
site of infection, absence of this molecule did not impact
bacterial burden, histopathology, or mice survival, sug-
gesting that CD5L is most likely not required for protec-
tion during mycobacterial infections. Although lack of
CD5L did not impact the outcome of infection even when
mice were infected with low doses of M. tuberculosis
HN878, we cannot discard a potential effect of this mole-
cule in less virulent M. tuberculosis infections or at later
times post-infection. As the CD5L-KO model used was
generated in a C57BL/6 genetic background, we cannot
also exclude a role for CD5L in M. tuberculosis infections
of C3HeB/FeJ mice. Addressing the impact of abrogating
CD5L in M. tuberculosis- infected C3HeB/FeJ mice might
prove interesting as these mice showed higher expression
of cd5l mRNA than C57BL/6, as detected by RNAseq
analysis. As CD5L is mainly produced by tissue macro-
phages and these are important target cells for
M. tuberculosis, one could speculate that this interaction
triggers CD5L release. However, the intracellular nature
of the pathogen keeps it protected from, at least, the
CD5L opsonisation-like effect, which might explain
the lack of impact of CD5L absence.

CD5L is a pleiotropic molecule that exerts a wide
range of functions, including T-cell modulation [12,
33, 34]. Previous studies have reported that loss of CD5L
converts non-pathogenic Th17 cells into pathogenic
Th17 ones [12]. Additionally, a role for CD5L in CD4+
T cell differentiation was proposed through modulation
of the IL-6/IL-12 cytokine family. Specifically, CD5L
may associate with p19 [34] and p40 subunits [34, 35] to
form p19/CD5L and p40/CD5L heterodimers. Thus,
CD5L may play a role in IL-12 (p35/p40) and IL-23
(p19/p40) modulation, critical for Th1 and Th17 cell dif-
ferentiation [36, 37]. Furthermore, although the function
of p40/CD5L remains poorly understood, the heterodi-
mer p19/CD5L impacts directly in T cell proliferation,
STAT5 phosphorylation, and increase of granulocyte

macrophage colony-stimulating factor (GM-CSF)-
producing CD4+ T cells [34]. Interestingly, during
M. tuberculosis infection, abrogation of CD5L led to an
increase of CD4+ T cells that is further accompanied by
augmented expression of Ifng, potentially disclosing a
novel role for CD5L in modulating lung T cell responses.
Moreover, we observed a slight but not statistical
increase in the percentage of infiltrated area and total
immune cells in the lungs of CD5L-KO mice, suggesting
a greater influx of immune cells in the absence of CD5L.
Overall, these findings indicate that the absence of
CD5L during M. tuberculosis infection may contribute to
an amplified pro-inflammatory Th1 response. Further
studies are needed to elucidate a possible role for the
CD5L protein in Th1 cell differentiation in the context
of M. tuberculosis infections and whether this may be
linked to p40/p19-CD5L heterodimers. Another possible
explanation for the increase of Th1 cells in the absence
of CD5L may be linked to the impact of this molecule
on IL-10. Our data suggest a decrease of IL-10 produc-
tion by M. tuberculosis-infected in the absence of CD5L.
Because IL-10 is a known negative regulator of Th1 cell
differentiation via acting on antigen presenting cells [38],
our in vitro and in vivo observations may be linked.
However, as we did not detect Il10 expression in whole
lungs, this hypothesis awaits further investigation.

We here show that phagocytosis of M. tuberculosis
by AM or BMDM was not influenced by the absence of
CD5L. This is in accordance with a previous study dem-
onstrating that M. tuberculosis phagocytosis was not
enhanced in THP-1 cells overexpressing the human
form of CD5L [4]. However, while overexpression of
CD5L in THP-1 cells resulted in improved mycobacteri-
cidal responses [4], we show that its absence did not
affect the ability of AM or BMDM to control
M. tuberculosis over time. This apparent discrepancy
may reflect differences between human and mouse
macrophages, cell lines and primary cells, or may high-
light a dose–response effect of CD5L (as in the case of
THP-1 cells overexpression, not deletion, of CD5L was
tested) suggesting a therapeutic potential for CD5L
overexpression in M. tuberculosis infections. Investigat-
ing this hypothesis will require an experimental setup
where recombinant CD5L is administered in vivo,
rather than abrogated, during infection.

In summary, our study reinforces the upregulation of
CD5L upon M. tuberculosis infections, adding value to
the potential of CD5L as a biomarker. However, increase
in the expression of CD5L in the lung and serum of
infected mice does not translate into altered protection or
susceptibility to M. tuberculosis infection. Finally, our
findings also highlight a possible role for CD5L in regu-
lating T cell responses in TB.
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