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Abstract 

HIV-1 and Mycobacterium tuberculosis (Mtb) coinfections are a major public health 

problem but are not well characterized. HIV-1 Tat is secreted by infected cells, gener-

ating nanomolar concentrations of Tat in the sera of people living with HIV. Circulating 

Tat enters cells, binds to PI(4,5)P
2
 then undergoes palmitoylation, thereby becoming 

resident on this phosphoinositide. Here, we found that Tat favors the multiplication 

of Mtb in macrophages. Moreover, Tat renders zebrafish larvae more sensitive to 

mycobacterial infection. We found that Tat binding to PI(4,5)P
2
 and palmitoylation 

enable Tat to inhibit the recruitment of the AP-2 adaptor, thereby inhibiting clathrin-

mediated endocytosis and in turn autophagy. This inhibition prevents the degradation 

of intracellular pathogens such as Mtb and opsonized Toxoplasma gondii, but also 

of lipid droplets, thereby facilitating the access of these pathogens to lipids. We thus 

identified a mechanism enabling HIV Tat to favor the multiplication of intracellular 

pathogens such as Mtb.

Author summary

HIV-1 and Mycobacterium tuberculosis (Mtb) coinfections are a major public 
health problem but are not well understood. The HIV-1 Tat protein is efficiently 
secreted by infected T-cells, generating nanomolar concentrations of Tat in the 
sera of people living with HIV, even treated with antiretroviral therapy. Circulat-
ing Tat enters cells, reaches the cytosol, binds to the inner leaflet of the plasma 
membrane and is modified by a fatty acid, thereby becoming resident on the cell 
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membrane. Here, we found that Tat favors the multiplication of Mtb in macro-
phages, that are the main Mtb target. We also found that Tat sensitized zebrafish 
larvae to mycobacterial infection and increased the number of granulomas, that 
are infection foci observed in vivo. We found that Tat binding to a specific lipid 
and its modification by a fatty acid enable Tat to inhibit endocytosis and in turn 
autophagy, which is a process enabling the cell to fight intracellular pathogens. 
This inhibition thus prevents the degradation of intracellular pathogens such as 
Mtb and Toxoplasma gondii, but also of intracellular lipid droplets, thereby facil-
itating the access of these pathogens to lipids. We thus identified a mechanism 
enabling HIV Tat to favor the multiplication of intracellular pathogens such as 
Mtb.

Introduction

The Type 1 Human Immunodeficiency Virus (HIV-1)/ Mycobacterium tuberculosis 
(Mtb) coinfection poses a major public health challenge. In 2022, approximately 
650,000 HIV-1-associated deaths were reported, of which 30% involved Mtb. Tuber-
culosis remains the leading cause of death among people living with HIV (PLWH) [1]. 
The risk of developing tuberculosis is 16- to 27-fold higher for PLWH than for HIV-
uninfected individuals [2–4].

The mechanisms by which HIV-1 facilitates infection by Mtb remain poorly under-
stood [2,5,6]. While it is clear that CD4+ T-cell depletion caused by HIV-1 strongly 
impairs the immune response against Mtb, PLWH become more susceptible to Mtb 
infection shortly after seroconversion, long before peripheral CD4 + T-cell counts 
drop [2,6]. Conversely, although CD4+ and CD8 + T-cell levels and functionalities are 
restored after approximately 12 months of antiretroviral therapy (ART) [7], PLWH 
under ART still remain 4- to 7-fold more susceptible to Mtb infection than the HIV-
naive population [2,4]. Moreover, ex vivo studies using only macrophages demon-
strated a facilitating effect of HIV-1 infection on Mtb multiplication [8]. This suggests 
that HIV-1 enhances Mtb multiplication inside macrophages independently of other 
cell types, although the precise underlying mechanisms remain to be elucidated.

Autophagy is a key immune mechanism enabling cells to fight pathogens [9]. 
Typically, autophagy induction in cells infected by intracellular pathogens such as Mtb 
leads to their degradation [10] and, conversely, Mtb elimination by several antibiot-
ics relies on autophagy [11]. The building of autophagic vesicles requires several 
autophagy-related (ATG) proteins and relies on several membrane sources, among 
which ATG16L1+ intermediates that result from clathrin-mediated endocytosis (CME). 
Accordingly, inhibiting CME blocks autophagy [12–14]. Autophagy can also degrade 
lipid droplets (LDs), thereby regulating their intracellular concentration [15]. LDs, 
which contact vacuoles containing Mtb or the parasite Toxoplasma gondii provide a 
source of lipids to these intracellular pathogens [16,17]. Several other intracellular 
pathogens including bacteria, viruses and parasites induce LD formation or stabiliza-
tion and exploit these structures as lipid sources to fuel their replication [18,19].
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ART is a combination of inhibitors that most often target HIV-1 enzymes, i.e., reverse transcriptase, integrase and pro-
tease [20]. However, the production of regulatory HIV-1 proteins such as Nef and Tat is largely unaffected by ART [21–23]. 
These HIV regulatory proteins may contribute to the increased susceptibility to TB observed in PLWH under ART com-
pared to HIV-uninfected individuals.

We previously showed that HIV-Tat is strongly secreted by infected CD4+ T-cells, with approximately two thirds of newly 
synthesized Tat being secreted. This unconventional secretion occurs through the plasma membrane following Tat recruit-
ment by PI(4,5)P

2
 [24]. Nanomolar levels of Tat are accordingly detected in the sera [23] and cerebrospinal fluid (CSF) 

[22,25] of PLWH, even under ART and with viral RNA levels below 50 copies/ml, i.e., virally suppressed. Circulating Tat 
enters uninfected cells through CME, and subsequently translocates from endosomes to the cytosol [26,27]. Once in the 
cytosol, Tat binds to PI(4,5)P

2
 at the plasma membrane where, in uninfected cells only, it undergoes palmitoylation [28]. 

This lipid anchor enables Tat to become resident on PI(4,5)P
2
 and to interfere with the recruitment by this phosphoinos-

itide of key effectors involved in phagocytosis and neurosecretion machineries, i.e., Cdc42 and annexin2, respectively 
[28–30].

Here we show that Tat interferes with the PI(4,5)P
2
-mediated recruitment of the key CME adaptor AP-2. This results 

in CME inhibition that, in turn, strongly reduces the autophagic response to intracellular pathogens such as Mtb and 
opsonized T. gondii. Additionally, this autophagy inhibition protects LDs from degradation. Tat thereby promotes the 
multiplication of Mtb and Toxoplasma in primary human macrophages and facilitate mycobacterial replication in zebrafish 
larvae. By inhibiting autophagy, Tat likely supports the proliferation of intracellular pathogens both by preventing their deg-
radation and by facilitating their access to cellular lipid stores.

Results

HIV-1 Tat favors the multiplication of intracellular pathogens in macrophages

We observed that HIV-1 Tat, at physiological concentration (15 nM) [23] facilitates the growth of dsRed-expressing Mtb 
in human monocyte-derived macrophages (hMDMs) after 3–5 days of infection (Fig 1A - 1C). While Tat moderately 
increased the percentage of infected cells (Fig 1A), Tat effect on mycobacterial intracellular multiplication was more pro-
nounced (Fig 1B - 1C). Throughout this study we used two Tat point mutants as negative controls: Tat-W11Y, which does 
not enter cells efficiently [27], weakly binds PI(4,5)P

2
 [24] and is not palmitoylated, and Tat-C31S, which enters cells nor-

mally and binds to PI(4,5)P
2
, but is not palmitoylated, thus does not remain on this phosphoinositide and is instead rapidly 

secreted. Neither Tat-W11Y nor Tat-C31S affect PI(4,5)P
2
-dependent traffic such as phagocytosis or neurosecretion [28]. 

These control mutants did not significantly affect Mtb intracellular multiplication (Fig 1B - 1C). We wondered whether Tat 
effect on Mtb multiplication could be indirect, i.e., mediated by Tat-induced inflammatory cytokines. Tat has been shown 
to trigger the secretion of IL-6, IL-1b, TNF-a and IL-10 by cells from the monocyte/macrophage lineage [31–33]. These 
cytokines are generally considered detrimental for Mtb intracellular multiplication [34]. Although the results were donor-
dependent, Tat-C31S induce cytokines by primary human macrophages as efficiently as WT Tat (S1 Fig). Nevertheless 
Tat-C31S did not activate NF-κB (S2 Fig), indicating that its capacity to trigger cytokine release could rely on the activa-
tion of other transcription factors such as AP-1 [35]. Tat-W11Y was as efficient as WT Tat in activating NF-κB (S2 Fig), 
and even more efficient in triggering cytokine production (S1 Fig). The absence of any significant effect of Tat-W11Y and 
Tat-C31S on Mtb multiplication (Fig 1B - 1C) indicates that Tat facilitating effect on Mtb intramacrophagic multiplication is 
unlikely mediated by cytokine release. If cytokines were responsible, Tat-W11Y would have been more efficient than WT 
Tat in promoting Mtb multiplication.

To confirm these findings using an in vivo model, we used zebrafish embryos 24 hours post fertilization (hpf) [36]. Tat 
injection in the caudal vein did not perturb embryo development or survival (S3 Fig). Tat-injected embryos were then 
infected with Mycobacterium marinum, a pathogen that is phylogenetically related to Mtb [37] and for which the zebrafish 
is a natural host. Survival plots showed that embryos injected with WT Tat were sensitized to infection compared to those 
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Fig 1.  Tat favors the intracellular multiplication of mycobacteria and Toxoplasma. (A-C) Tat favors the multiplication of Mycobacterium tuberculosis 
in hMDMs. Macrophages were treated with 15 nM Tat for 4 h before adding Mycobacterium tuberculosis expressing dsRed (MOI = 0.3). The indicated ver-
sion of Tat (15 nM) was added at day 1 post infection. (A) The percentage of infected cells was determined at day 0, 3 and 5 using bacteria fluorescence. 
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injected with the Tat-C31S (Fig 1D) or Tat-W11Y (S4A Fig) negative controls. We also observed that bacterial loads were 
increased by WT Tat but not by Tat-C31S (Fig 1E). Tat thus favors mycobacterial multiplication in vivo. Infection of zebraf-
ish embryos with M. marinum is known to cause the aggregation of macrophages into granuloma-like structures (S5 Fig) 
that are also a hallmark of human tuberculosis. Both infected and uninfected cells are found in these granulomas [38]. We 
observed that animals injected with Tat WT but not with the Tat-C31S negative control had more granuloma after infection 
(Fig 1F - 1H). This difference was especially important (+350%) at 2 dpi (Fig 1G). Similarly, more granulomas were found 
in animals injected with Tat WT compared to those injected with Tat W11Y, although in that case the difference was more 
obvious after 4 dpi (S4B Fig).

Tat thus favors mycobacterial multiplication both in a cellular model in which human primary macrophages are 
infected with Mtb and in zebrafish living larvae infected with M. marinum. We examined whether this Tat facilitating 
effect was restricted to Mycobacteria or also observed using another intracellular pathogen, the parasite Toxoplasma 
gondii. The global worldwide prevalence of T. gondii in PLWH is ~ 1/3, and toxoplasmosis is one of the most common 
cerebral infection in PLWH [39]. We used IgG-opsonized parasites, because IgG antibodies are typically produced 
during reactivation of latent infection [40], which is usually the cause of symptomatic toxoplasmosis for PLWH [41]. 
Upon uptake by macrophages most opsonized parasites are destroyed following phagocytosis, but some of them 
escape degradation and successfully multiply intracellularly [42]. To examine whether opsonized parasites enter 
macrophages by FcγR mediated phagocytosis or active invasion we stained intracellular parasites (after 30 min of 
internalization) using antibodies against opsonizing antibodies or GRA3, a secreted protein of T. gondii dense granule 
that is recruited to the parasitophorous vacuole (PV) membrane surrounding the parasite upon active invasion [43]. 
The vast majority of parasites (>88%; S6 Fig) only stained for the opsonizing antibody, indicating that they entered 
cells via phagocytosis, while only 4% stained for GRA3 reflecting entry through active invasion following incomplete 
opsonization. This confirmed that opsonization favors parasite uptake by phagocytosis and that parasites likely stayed 
within phagosomes during the timeframe of the experiment. We also verified that this localization was not affected by 
the presence of Tat (S6 Fig).

To follow Toxoplasma multiplication in macrophages, hMDMs were pretreated with Tat before infection with 
opsonized T. gondii expressing EGFP. Parasite loads were measured at 0 h and 24 h using EGFP fluorescence, to  
follow Toxoplasma multiplication. Intracellular T.gondii has a generation time of 6-8h and does not exit cells before 
36 hpi [44]. Tat increased by over 2-fold the multiplication of T. gondii after 24 h, while control mutants had no significant 
effect (Fig 1I). The absence of effect of Tat-C31S and Tat-W11Y that transactivate normally but do not affect PI(4,5) 
P

2
-dependent traffic [27,28] indicated that Tat facilitating effect on the multiplication of intracellular pathogens likely 

involves Tat-PI(4,5)P
2
 interaction.

Data are mean ± SEM (n = 6 different donors, one color per donor). Significant Mtb multiplication took place between each days for the control (Paired 
Student’s t-tests, **, p < 0.01). Control vs Tat conditions were compared using Paired Student’s t-test (Day 3;**, p < 0.01) and Wilcoxon test (Day5; *, 
p < 0.05). (B) Infected macrophages were fixed at day 3 before staining F-actin and DNA using phalloidin and DAPI, respectively. Bar, 20 µm. (C) Mtb 
intracellular multiplication was monitored at day 1 and 3 using the area of fluorescence spots (semi-automatic quantification). Kruskal-Wallis test com-
pared to control (****, p < 0.0001). (D) Zebrafish embryos (n = 20-25 for each group) at 24 hpf were infected with tdTomato Mycobacterium marinum then 
injected with Tat (~100 nM final concentration). Tat injection (WT or C31S as a negative control) was repeated at dpi 2 and 3. Survival curves of the Tat 
groups (WT/ C31S) were compared using Log-rank Test. Vehicle vs Tat WT, ***, p < 0.001; Tat WT vs Tat-C31S ****, p < 0.0001. The graph for Tat-W11Y 
is in S4A Fig. (E) Bacterial loads per embryo were measured using fluorescence pixel counts (FPC) at 3 dpi. (F) Embryos treated with Tat, WT or C31S 
were imaged at 3 dpi. Large red spots correspond to granulomas (S5 Fig). Bar, 200 µm. (G and H) granulomas were counted at 2 dpi (G) and 3 dpi (H). 
Mean granuloma numbers at 2 dpi were 0.19 (vehicle), 0.86 (Tat WT) and 0.238 (Tat-C31S), respectively. Kruskal-Wallis test, *, p < 0.05; **, p < 0.01. (I) 
hMDMs were treated with 15 nM Tat for 4 h before adding IgG-opsonized T.gondii expressing EGFP (MOI = 1) for 30 min. Cells were then washed and 
EGFP fluorescence was read immediately (day 0) or after 24 h (day 1) using a plate reader. Data (means ± SEM; n = 4 different donors) were normalized 
using control values at day 0 that was set to 100. Significant parasite multiplication took place for all conditions (two way ANOVA, p < 0.05). Control and 
WT Tat values at Day 1 were compared using One-way ANOVA (****, p < 0.0001).

https://doi.org/10.1371/journal.ppat.1013183.g001

https://doi.org/10.1371/journal.ppat.1013183.g001
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Fig 2.  Tat inhibits the recruitment of the autophagic machinery on vacuoles containing Mtb or opsonized Toxoplasma. (A) Tat impairs the 
recruitment of LC3-II on vacuoles containing opsonized T.gondii. hMDMs were treated with 15 nM of the indicated version of Tat for 4 h before adding 
EGFP-expressing opsonized T. gondii (MOI = 10). After 40 min, cells were fixed, stained for LC3B and observed using a confocal microscope. Represen-
tative optical sections. The zoomed panels are magnifications of boxed regions in the merged panels. Bar, 10 µm (main images) and 2 µm (zoomed-in 
areas). (B) Colocalization between intracellular parasites and LC3B. At least 30 cells per condition were counted using Fiji for 4 donors. Means ± SEM. 
One-way ANOVA (***, p < 0.001). (C) hMDMs were treated with 15 nM of the indicated version of Tat, then infected with dsRed-expressing Mtb. After 
2 days, cells were fixed then stained for p62 before confocal imaging. Arrows point to p62-labelled mycobacteria. Bar, 10 µm (main images) and 2 µm 
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Tat inhibits the recruitment of the autophagic machinery on the membrane of vacuoles containing incoming 
pathogens

We then tried to identify how Tat could protect macrophages from incoming pathogens. Since autophagy was found 
to control both Mtb and T. gondii infection [10,45], we first examined whether Tat could affect the recruitment of LC3B, 
a key autophagic marker and player [46] on vacuoles containing incoming opsonized EGFP-expressing T. gondii. 
We observed that, in hMDMs, ~ 70% of vacuoles containing opsonized T. gondii were positive for LC3B after 40 min 
of uptake (Fig 2A - 2B). This recruitment of LC3B on PV was inhibited by ~50% when macrophages were pretreated 
with Tat. Control Tat mutants (Tat-W11Y and Tat-C31S) had no significant effect. This inhibition by Tat of LC3B recruit-
ment on PVs is consistent with Tat facilitating effect on parasite multiplication (Fig 1I). The recruitment on PVs of the 
autophagy receptor protein p62/SQTM1 (p62) that binds to LC3 was similarly inhibited by Tat but not by Tat-W11Y or 
Tat-C31S (S7 Fig).

p62 is responsible for the autophagic elimination of mycobacteria in macrophages [47]. When we monitored the recruit-
ment of p62 on MTB-containing vacuoles in hMDMs we observed that p62 localized to some mycobacteria vacuoles (Fig 
2C - 2D). Colocalization quantification showed that ~12% of Mtb vacuoles were labelled with p62. This is similar to what 
was observed before in RAW264.7 mouse macrophages (referred to as RAW macrophages hereafter) for the BCG variant 
of Mtb [47]. When macrophages were pretreated with Tat WT, the extend of p62 labeling of MTB vacuoles decreased by 
4-fold while control mutants did not show any significant effect (Fig 2C - 2D). This inhibition by Tat of p62 recruitment on 
Mtb vacuoles is consistent with Tat facilitating effect on mycobacteria multiplication (Fig 1A - 1C).

Altogether these data indicated that Tat interferes with the recruitment of key autophagic effectors onto vacuoles con-
taining intracellular pathogens. This recruitment was not affected by Tat-C31S, therefore indicating that the inhibition of 
this recruitment by WT Tat relies of the Tat-PI(4,5)P

2
 interaction.

Tat inhibits basal autophagy in macrophages

To examine whether Tat inhibits basal autophagy in macrophages, we first followed autophagy by monitoring the levels of 
LC3-II (the membrane-bound form of LC3B associated with autophagic vesicles) in hMDMs by western blots. Bafilomycin 
A1 blocks the autophagic flux, prevents LC3B-II degradation and allows the autophagic flux quantification [48]. In hMDMs 
we observed that bafilomycin increased LC3B level by 2-fold (196 ± 39%, mean ± SEM, n = 8). As reported before [49,50], 
we observed that Tat inhibits the accumulation of LC3B-II in hMDMs whether Bafilomycin was present of not (Fig 3A). This 
result indicates that Tat affects an early stage of autophagy instead of the maturation step. Control mutants Tat-W11Y and 
Tat-31S had no effect. To confirm these biochemical data, we monitored the size of the autophagosome compartment (% 
of cell area) and the number of autophagosomes using LC3B immunofluorescence. While WT Tat decreased the size of 
the autophagosome compartment by ~70% and the number of autophagosomes/ cell by 60% in hMDMs, control mutants 
Tat-W11Y and Tat-C31S had no effect (Fig 3B -3D).

The absence of effect on the autophagic machinery of Tat-C31S indicated that Tat binding to PI(4,5)P
2
 is likely involved 

in Tat inhibition of the autophagic machinery. To confirm this point, we co-transfected RAW mouse macrophages with 
mcherry-LC3B and different Tat mutants, including Tat (49–51)A that is devoid of Tat-PI(4,5)P

2
 binding motif [24]. These 

mutant versions of Tat are expressed to similar levels upon transfection in RAW macrophages [30]. Mutants in Tat 
basic-domain (res 49–57) have to be expressed intracellularly because they are poorly endocytosed, preventing their use 
as recombinant proteins [27]. Tat (49–51)A did not affect autophagy (Figs 3E and S8). The control mutant Tat (55–57)A 
has the same number of charges as Tat (49–51)A, while retaining the PI(4,5)P

2
 binding motif [24]. Tat (55–57)A behave as 

(zoomed-in areas). (D) The fraction of Mtb vacuoles labelled with p62 was assessed using Mander’s coefficient (350 < n < 500 cells per condition, infec-
tion rate was 28-35%). Means ± SEM. Kruskal-Wallis test (***, p < 0.001).

https://doi.org/10.1371/journal.ppat.1013183.g002

https://doi.org/10.1371/journal.ppat.1013183.g002


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1013183  September 11, 2025 8 / 24

Fig 3.  Tat inhibits basal autophagy. (A) hMDMs were treated with Tat for 4 h. When indicated, 20 nM bafilomycin A1 was then added for 1 h. Cells 
were harvested and analyzed by anti-LC3B and a-actin western blot. LC3-II only is visible in macrophages using this antibody. The graphs show the 
quantification from n = 3 different donors, setting the control value to 100%. Means ± SEM. One-way ANOVA compared to no-Tat conditions (**, p < 0.01). 
(B) hMDMs were treated with Tat for 4 h before fixation, anti-LC3B immunofluorescence, DAPI staining and confocal imaging. Bar, 10 µm. (C) LC3 
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WT Tat, while the negative controls Tat-W11Y and Tat-C31S were inactive. Collectively, these data indicate that Tat inhibits 
autophagy by binding to PI(4,5)P

2
.

Since Tat effect is also observed when the autophagic flux is blocked by bafilomycin (Fig 3A), Tat presumably inhib-
its autophagy at an early stage. To confirm this point, we used tandem GFP-mRFP-LC3B that was expressed in RAW 
macrophages before adding Tat for 5 h and live confocal microscopy. In green/red merged images yellow spots corre-
spond to vesicles with neutral pH, i.e., autophagosomes, while red spots correspond to autolysosomes, where acidic pH 
quenches the EGFP fluorescence. If autophagic flux is inhibited, the accumulation of yellow puncta can be followed using 
the colocalization of red in green spots [46]. As a positive control for these experiments, we used bafilomycin that inhibits 
autophagosome-lysosome fusion [51]. Bafilomycin increased by ~80% the colocalization of red in green spots, indicating 
an accumulation of autophagosomes, while WT Tat did not show any effect (Figs 3F and S9). These results obtained on 
live cells therefore confirm biochemical data (Fig 3A) indicating that Tat does not affect the autophagic flux but rather inter-
feres with an early stage of the autophagy pathway.

Tat inhibits CME by preventing the PI(4,5)P2-mediated recruitment of AP-2 at the plasma membrane

Tat can affect the recruitment of some proteins by PI(4,5)P
2
 [30] that is well known to recruit key CME players. Since 

CME is required for autophagy in HeLa [12] and MEF cells [52], we hypothesized that Tat could inhibit autophagy by 
perturbating CME. We first examined whether Tat affects CME. When hMDMs were treated with 15 nM Tat, the uptake of 
transferrin, a conventional CME cargo [53] was inhibited by ~35% (Fig 4A). We then examined if CME inhibition can affect 
autophagy in RAW macrophages. To this end we used an siRNA against the AP-2 µ2 chain [54], since AP-2 is recognized 
as the main CME adaptor [55]. We first checked whether the AP-2 µ2 siRNA affected the recruitment of AP-2σ2-EGFP to 
the macrophage plasma membrane using TIRF microscopy. Compared to the control siRNA, the AP-2µ2 siRNA strongly 
inhibited (by 45%) the recruitment of AP-2σ2 to the plasma membrane of macrophages (Figs 4B and S10). The AP-2µ2 
siRNA is therefore able to strongly inhibit AP-2 assembly at the plasma membrane. We then tested its effect on transferrin 
endocytosis and autophagosome formation, which was monitored using LC3B-mcherry that was co-transfected with the 
siRNAs. In agreement with its effect on AP-2 recruitment (Fig 4B), the AP-2µ2 siRNA inhibited transferrin endocytosis by 
~50% and the formation of autophagosomes by ~60% (Fig 4C - 4E). These results are in agreement with those obtained 
earlier in other cell types [12,52], and confirm that CME inhibition strongly inhibits autophagy in macrophages.

Autophagy inhibition by Tat could thus be due to its capacity to interfere with CME, an effect that likely results from Tat 
ability to bind PI(4,5)P

2
. We thus tried to identify Tat target(s) in the CME machinery. Among the large number of CME 

adaptors recruited by PI(4,5)P
2
 at the plasma membrane [56], AP-2 appeared as a strong candidate because it is the main 

adaptor and requires four PI(4,5)P
2
 molecules to assemble and function properly at the plasma membrane [55]. We used 

validated EGFP-tagged version of various adaptors [57] transfected into RAW macrophages to examine by TIRF micros-
copy whether Tat affected their recruitment at the plasma membrane. The recruitment of AP-2 was significantly affected 
when macrophages were treated with recombinant Tat, while recruitment of the other adaptors epsin and amphiphysin-2 
(BIN1), although slightly diminished, was not significantly affected (Fig 5A - 5B). Dynamin is thought to be recruited at 

spots (autophagosomes) from 30-40 cells were quantified using Fiji and the ratio (total area of the spots)/ cell area. Means ± SEM. Kruskal-Wallis test 
compared to control conditions (****, p < 0.0001). (D) Autophagosomes from 30-40 cells were counted. Kruskal-Wallis test compared to control condi-
tions (****, p < 0.0001). Results of a typical experiment that was repeated twice. (E) RAW macrophages were transfected with mCherry-LC3B and the 
indicated version of Tat. Cells were fixed after 18h and imaged using a confocal microscope, before counting LC3B spots (autophagosomes) of 31-45 
cells. Representative images are in S8 Fig. One-way ANOVA compared to control conditions (****, p < 0.0001). Results of a typical experiment that was 
repeated twice. (F) RAW macrophages were transfected with dsRed-EGFP-LC3B then treated with 15 nM Tat for 4 h. When indicated, 20 nM bafilomy-
cin (Baf) was added for 1 h and living cells were imaged at 37°C using a spinning-disk confocal microscope. Representative images are in S9 Fig. The 
localization of red spots in green spots was measured for n > 15 cells using Fiji and Mander’s coefficient. Means ± SEM. One-way ANOVA compared to 
control conditions (****, p < 0.0001).

https://doi.org/10.1371/journal.ppat.1013183.g003

https://doi.org/10.1371/journal.ppat.1013183.g003
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Fig 4.  Clathrin mediated endocytosis is required for the autophagic response in macrophages. (A) Tat inhibits CME in macrophages. hMDMs 
were treated with 15 nM of the indicated version of Tat for 5 h, then labeled for 5 min with Cy5-transferrin before fixation, imaging using a confocal 
microscope and quantification of intracellular fluorescence from n = 30 cells. Means ± SEM (n = 4 different donors). One-way ANOVA (****, p < 0.0001). (B) 
AP-2µ2 siRNA inhibits AP-2σ2-EGFP recruitment at the plasma membrane. RAW cells were cotransfected with AP-2σ2-EGFP and the indicated siRNA 
before fixation and imaging by TIRF microscopy. Representative images are in S10 Fig. The percentage of cell area occupied by fluorescent spots was 
quantified using Fiji for n > 21 cells. Means ± SEM. Student’s t-test, ****, p < 0.0001. (C) RAW macrophages were cotransfected with mCherry-LC3 and 
the indicated siRNA before labeling cells with Cy5-transferrin for 30 min, fixation, DAPI staining and confocal microscopy. Arrows indicate transfected 
cells. Bar, 5 µm. (D and E) Transferrin uptake (D) and the number of LC3 spots (autophagosomes, E) were quantified for n = 30-35 cells. Means ± SEM. 
Students’ t-tests, ****, p < 0.0001. Results of a typical experiment that was repeated twice.

https://doi.org/10.1371/journal.ppat.1013183.g004

https://doi.org/10.1371/journal.ppat.1013183.g004


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1013183  September 11, 2025 11 / 24

Fig 5.  Tat inhibits the recruitment of AP-2 by PI(4,5)P2. (A) Tat inhibits AP-2 recruitment at the plasma membrane. RAW cells were transfected 
with the EGFP version of the indicated CME actor (AP-2, epsin, dynamin 2 or amphiphysin 2), then treated with 15 nM Tat for 5 h before fixation and 
imaging by TIRF microscopy, using a LED for transmitted light (TRANS). Bar, 10 µm. (B) The percentage of cell area occupied by fluorescent spots 
was quantified using Fiji for 30 < n < 50 cells. Means ± SEM (n = 3 independent experiments). One-way ANOVA (****, p < 0.0001). (C) Tat palmitoylation is 
required for Tat to inhibit AP-2 recruitment. Cells were transfected with AP-2σ2-EGFP, treated with 15 nM of the indicated Tat mutant for 5h before fixation 
and imaging by TIRF microscopy. Representative images are in S11 Fig. The percentage of cell area occupied by fluorescent spots was quantified for 
37 < n < 50 cells. Means ± SEM. One-way ANOVA (****, p < 0.0001). (D) Tat binding to PI(4,5) is required for Tat to inhibit AP-2 recruitment. Cells were 
transfected with AP-2σ2-EGFP and the indicated Tat mutant (3/1 ratio), Tat(49-51) A that does not bind PI(4,5)P

2
 or Tat(55-57)A that has the same num-

ber of charges but does bind PI(4,5)P
2
. Cells were then fixed and imaged by TIRF microscopy. Representative images are in S12 Fig. The percentage of 

cell area occupied by fluorescent spots was quantified for n > 30 cells. Means ± SEM. Kruskal-Wallis test (****, p < 0.0001). (E) Cells were transfected with 
the AP-2µ 2-EGFP vector, a Tat vector and/or a vector expressing the PI(4,5)2 synthesizing enzyme PIP 5-kinase (3/1 ratio). Cells were then fixed and 
imaged by TIRF microscopy. Representative images are in S13 Fig. The percentage of cell area occupied by fluorescent spots was quantified for n > 30 
cells. Means ± SEM. Kruskal-Wallis test (****, p < 0.0001). Results of typical experiments that were repeated twice.

https://doi.org/10.1371/journal.ppat.1013183.g005

https://doi.org/10.1371/journal.ppat.1013183.g005
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the neck of clathrin-coated pits by PI(3,4)P
2
 [58], and Tat does not bind to PI(3,4)P

2
 [24]. In line with these observations, 

WT Tat did not affect the recruitment of dynamin at the plasma membrane. Neither Tat-W11Y nor Tat-C31S affected AP-2 
recruitment at the plasma membrane (Figs 5C and S11). This result indicated that Tat stable binding to PI(4,5)P

2
 and 

palmitoylation are required for Tat to perturb AP-2 recruitment. To confirm this result we used the Tat-(49–51)A mutant that 
does not bind PI(4,5)P

2
. Tat (49–51)A did not affect AP-2 recruitment (Figs 5D and S12). The control mutant Tat-(55–57)

A that has the same number of charges as Tat(49–51)A and binds PI(4,5)P
2
 [24] behaved as WT Tat. We then tested 

whether enhancing PI(4,5)P
2
 production at the plasma membrane could prevent Tat to interfere with AP-2 recruitment. 

We enhanced PI(4,5)P
2
 level at the plasma membrane by ~2.5 fold using an overexpression of PIP 5-kinase alpha in 

RAW macrophages [30]. While PIP 5-kinase overexpression did not affect AP-2 recruitment at the plasma membrane, it 
prevented Tat from inhibiting this recruitment (Figs 5E and S13). Altogether these results showed that Tat prevents AP-2 
recruitment at the plasma membrane by masking PI(4,5)P

2
.

Tat inhibits CME and autophagy by inhibiting AP-2 recruitment

Tat, especially when palmitoylated, has a very strong affinity for PI(4,5) and this enables Tat to prevent the recruitment by 
this phosphoinositide of cell proteins involved in several machineries involving PI(4,5)P

2
-mediated recruitment [28]. This 

is for instance the case of Cdc42 whose recruitment is impaired by Tat, thereby inhibiting mannose- and Fcγ-receptor-
mediated phagocytosis [30]. It was thus important to examine to what extend the effect of Tat on AP-2 recruitment is 
responsible for autophagy inhibition. If, in addition to AP-2, other targets are involved in Tat-mediated autophagy inhibition 
then Tat and AP-2 inhibition should show additive inhibitory effects on autophagy.

To examine this point, we first used the AP-2 siRNA that was cotransfected with a Tat-expressing vector. Tat had to 
be co-transfected for these experiments because it enters cells using CME [26] and it was therefore not possible to use 
recombinant Tat whose uptake would have been inhibited by the AP-2 siRNA. To facilitate autophagosome detection cells 
were co-transfected with mCherry-LC3B. The presence of Tat did not induce further inhibition of transferrin endocytosis 
(-60%) or drop in autophagosome number (-50%) compared to when the siRNA AP-2 was used alone (Fig 6A - 6B). A 
Cdc42 siRNA, that efficiently depletes RAW macrophages in Cdc42 (S14 Fig) and strongly inhibits FcγR-mediated phago-
cytosis [30], did not significantly affect neither transferrin uptake nor autophagy (Fig 6A - 6B). These results therefore 
indicated that AP-2 is the main Tat target responsible for autophagy inhibition by Tat. To confirm that autophagy inhibition 
by Tat is essentially due to CME perturbation, we used two CME inhibitors, Pitstop2 and Dyngo 4a that interfere with clath-
rin and dynamin function, respectively, and strongly inhibit transferrin endocytosis [59,60]. In RAW macrophages, these 
molecules inhibited transferrin endocytosis by ~50% and similarly decreased autophagosome number per cell. Again, no 
further inhibition was observed when Tat was present (Figs 6C and S15). To inhibit dynamin2 function we also used the 
dominant negative version (K44A) of dynamin2 that prevents the formation of clathrin-coated vesicles [61]. Whereas no 
increase in transferrin uptake or autophagosome number was observed upon WT dynamin2 overexpression, expression 
of dominant negative dynamin2 (K44A) reduced transferrin endocytosis and the number of autophagosome by ~50%. The 
presence of Tat did not further reduce these values (Figs 6D and S16). Hence, none of the tested CME inhibitors (AP-2 
siRNA, drugs or dominant negative dynamin) synergizes with Tat to inhibit autophagy. Altogether these data indicate that 
the inhibition of autophagy by Tat essentially results from CME perturbation due to interference with AP-2 recruitment by 
PI(4,5)P

2
. We then used Tat mutants. They are expressed to similar levels when transfected into RAW cells [30]. CME and 

autophagy were only affected by Tat versions able to bind and stay on PI(4,5)P
2
, i.e., WT Tat and Tat(55–57)A (Figs 6E 

and S17).

Tat enables the accumulation of lipid droplets

Autophagy can lead to the degradation of intracellular pathogens, but it is also involved in the turnover of lipid droplets 
(LD), which are used by many intracellular pathogens to obtain lipids that fuel their multiplication. This is the case for both 
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Fig 6.  The perturbation of AP-2 recruitment by Tat is responsible for autophagy inhibition. (A) RAW macrophages were cotransfected with 
mCherry-LC3, Tat and the indicated siRNAs before labeling cells with Cy5-transferrin for 30 min, DAPI staining and confocal microscopy. Bar, 5 µm. 
(B) Transferrin uptake and the number of LC3 spots (autophagosomes) were quantified for n = 20-30 cells. (C) RAW cells were transfected with 
mCherry-LC3 and Tat as indicated, treated with 30 µM Pistop2 or Dyngo4a for 90 min before labeling cells with Cy5-transferrin for 30 min, fixation, and 
confocal microscopy. Representative images are in S15 Fig. Transferrin uptake and the number of LC3 spots (autophagosomes) were quantified for 
n = 35-51 cells. (D) RAW cells were co-transfected with mCherry-LC3, dynamin 2 (WT or K44A as indicated) and Tat as indicated. 18 h after they were 
labelled with Cy5-transferrin for 30 min before confocal microscopy. Transferrin uptake and the number of LC3 spots (autophagosomes) were quantified 
for n = 35-40 cells. Representative images are in S16 Fig. (E) RAW cells were co-transfected with mCherry-LC3 and the indicated Tat mutant. 18h after, 
cells were labelled with 100 µM Cy5-transferrin for 30 min, before fixation and confocal microscopy. Representative images are in S17 Fig. Transferrin 
uptake and the number of LC3 spots (autophagosomes) were quantified for n = 35-40 cells. Data are means ± SEM. One-way ANOVA compared to con-
trol (**, p < 0.01; ***, p < 0.001; ****, p < 0.0001). Results of typical experiments that were repeated twice.

https://doi.org/10.1371/journal.ppat.1013183.g006

https://doi.org/10.1371/journal.ppat.1013183.g006
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Mtb and T. gondii [62]. We examined whether Tat affects LD concentration in MDMs using BODIPY 493/503 to stain lipid 
droplets [63]. We found that WT Tat increased by ~60% the LD content of macrophages, (Fig 7A - 7C) while negative con-
trols Tat-W11Y and Tat-C31S had no effect.

To confirm these findings, we monitored the level of the LD-binding protein adipophilin/ perilipin 2 (PLIN2) whose 
level correlates to macrophage LD content [15]. We found that Tat increased the level of PLIN2 by ~90%, while negative 
Tat controls had no effect (Fig 7D - 7E). Hence Tat increases the number of LDs in primary macrophages. Autophagy is 
known to regulate regulates LD concentration and, in mouse primary macrophages, ~ 60% of LDs are positives for LC3B 
[15]. Using mCherry-LC3B transfected RAW macrophages we found that ~30% of LDs colocalize with autophagosomes 
(Figs 7F and S18). Tat decreases this colocalization by ~40%, while control Tat mutants had no effect. In these experi-
ments, Tat was as efficient as the autophagic inhibitor bafilomycin. These results are in agreement with the inhibitory effect 
of Tat on autophagy (Fig 3).

Discussion

Despite their crucial epidemiologic relevance, comorbidities such as HIV-1/Mtb synergy remain poorly characterized at 
the fundamental level [6]. HIV-Tat was detected at nanomolar levels in the sera and cerebrospinal fluid of ART-treated, 
virally-suppressed PLWH [22,23,25]. Here we used Mtb primary target cell, the macrophage, to investigate whether exog-
enous HIV-Tat could affect Mtb multiplication. We observed that Tat enhanced Mtb multiplication in hMDMs (Fig 1A - 1C). 
These results were confirmed in vivo when zebrafish larvae were infected with M. marinum (Fig 1D - 1G). These findings 
are consistent with a previous report indicating that Tat-transgenic mice are more susceptible to Mtb infection [64]. More-
over, Tat was found to facilitate the multiplication of opsonized T. gondii, indicating that HIV Tat could promote the multipli-
cation of several intracellular pathogens. Since Tat facilitating effect relies on autophagy inhibition, Tat likely facilitates the 
multiplication of pathogens that are effectively targeted and destroyed by autophagy. Conversely, Tat might not inhibit the 
multiplication of pathogens that subvert and hijack the autophagy pathway for their benefit [65].

Tat was previously shown to perturb the autophagic pathway in macrophages [49,50], but the underlying mechanism 
responsible for autophagy inhibition remained unknown. We showed here that, in macrophages, Tat inhibits the PI(4,5) 
P

2
-mediated recruitment of AP-2 the main CME adaptor, thereby inhibiting CME and, in turn, autophagy. Tat mutants 

unable to bind PI(4,5)P
2
 or be palmitoylated such as Tat-W11Y, Tat-C31S and Tat(49–51)A failed to affect autophagy. This 

partial (~50%) inactivation of the autophagic pathway by Tat likely favors the multiplication of intracellular pathogens both 
directly by preventing their degradation, and indirectly by enabling lipid droplet accumulation. This accumulation of neutral 
lipids is indeed known to facilitate the multiplication of pathogens by increasing the size of the macrophage lipid storage 
compartment, thereby enabling to fuel pathogen replication [66].

Regarding the regulation of the entry step of Mtb and IgG-opsonized toxoplasma multiplication by Tat, the mannose 
receptor has been identified as an important receptor for the phagocytosis of virulent Mtb by macrophages [67], while Fcγ 
receptors allow the uptake of IgG-opsonized particles [68]. Both receptors require Cdc42 to fulfil their phagocytic function 
[68,69]. Because Tat inhibits the PI(4,5)P

2
-mediated recruitment of Cdc42 at the plasma membrane [30], Tat thus likely 

has a negative effect on the entry of Mtb and opsonised toxoplasma due to the inhibition of the phagocytic activity of the 
FcγR and the mannose receptor [30] and a positive effect on Mtb and Toxoplasma multiplication due to autophagy inhi-
bition (this study). Nevertheless, because phagocytosis inhibition by Tat is partial (~45% [30]), it cannot entirely block the 
uptake of these pathogens by macrophages and, once the pathogens are inside, the positive effect on Mtb and toxo-
plasma multiplication due to autophagy inhibition is the only effective one and thus becomes dominant.

The facilitating effect of HIV-1 infection on Mtb multiplication is multifactorial [5,6]. The implication of Tat-induced 
autophagy inhibition in tuberculosis development in PLWH is thus difficult to pinpoint. Nevertheless, it is interesting to 
note that in India and South East Asia most infections result from an HIV-1 subtype C that has a non-palmitoylable Tat-
S31 [70]. When the cumulative Mtb-associated deaths in the HIV-negative population was examined on the 2010–2023 
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Fig 7.  Tat increases the number of lipid droplets in macrophages. (A) hMDMs were treated with 15 nM of the indicated version of Tat for 5 h before 
fixation, staining lipid droplets with BODIPY 493/503, and imaging using a confocal microscope. Bar, 10 µm. (B) LDs were counted for 30 < n < 46 cells. 
(C) The intensity of BODIPY staining per cell was measured using Fiji. (D) After Tat treatment, macrophages were scraped for anti-PLIN2 and anti-actin 
Western blots. (E) Western blot bands were quantified and normalized to control values. Data are means ± SEM from n = 3 donors. (F) RAW cells were 
transfected with mCherry-LC3, treated with 10 nM of the indicated Tat mutant for 5 h or 100 nM bafilomycin A1 (Bafilo) for 2 h before staining with BODIPY 
493/503, fixation and imaging by confocal microscopy. Representative images are in S18 Fig. Localization of lipid droplets in LC3+ structures was quanti-
fied using Mander’s coefficient. Mean ± SEM of 3 independent experiments. One-way ANOVA compared to control (**, p < 0.01; ***, p < 0.001).

https://doi.org/10.1371/journal.ppat.1013183.g007

https://doi.org/10.1371/journal.ppat.1013183.g007
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period it was observed that Mtb-associated deaths is 3-fold higher in South east Asia than in Africa (19 vs 5.9 millions) 
while Mtb-associated deaths of PLWH is much higher in Africa compared to India (5.1 vs 0.91 millions) [1]. This enhanced 
susceptibility of PLWH to Mtb in Africa could be linked to the fact that in this region of the world subtypes with Tat-C31 only 
are present [70] thereby facilitating Mtb multiplication in PLWH. Moreover, as discussed earlier [28], the Indian subtype 
C is also much less neurotoxic compared to subtypes encoding for palmitoylable Tat [70,71]. This could be linked to the 
inability of unpalmitoylated Tat to remain on PI(4,5)P

2
 and affect neurosecretion [28]. Altogether, epidemiological data of 

the Indian subtype C and its non-palmitoylable Tat indicate that circulating Tat could be involved in the development of 
both neurological disorders and Mtb that affect PLWH [6,72].

We here described a mechanism enabling HIV to favor Mtb multiplication due to the action of secreted Tat that is pres-
ent in the sera and CSF of PLWH despite ART [22,23,25]. This effect of Tat is consistent with the observation that PLWH 
under ART still remain 4- to 7-fold more sensitive to Mtb infection than the HIV-negative population [2,4].

Materials and methods

Ethics statement

All zebrafish (Danio rerio) procedures were performed by authorized staff and conducted by following the 3Rs 
(-Replacement, Reduction and Refinement-) principles in compliance with the European Union guidelines for handling 
of laboratory animals. Local standards set were approved by the Direction Sanitaire et Vétérinaire de l’Hérault and the 
Comité d’Ethique pour l’Expérimentation Animale de la Région Languedoc Roussillon and the French Ministry of Agricul-
ture (authorization number: APAFIS #36309–2022040114222432-V2). Breeding and maintenance of adult zebrafish were 
performed at the ZEFIX-Lphi Home Office-approved aquaria, according to the local animal welfare standards (license 
number CEEA-LR-B34-172–37), and experiments on zebrafish larvae were performed at the University of Montpellier, 
LPHI using the wild type AB line.

Chemicals

Most chemicals were obtained from Sigma. CME inhibitors were from Cayman Chemical company and BODIPY 493/503 
from Thermo scientific.

Protein, antibodies and expression vectors

Tat (HXB2, 86 residues) WT and mutants were prepared as described [28]. Fluorescent transferrin was prepared using 
a Cy5-labeling kit as recommended by the manufacturer (GE Healthcare). Anti-LC3 was from Nanotools (# LC3-5F10), 
anti-perilipin-2 for Western blots was from Progen (GP41), anti-β actin (sc-47778) and anti-p62 (sc-28359) from Santa-
Cruz Biotechnology. Secondary antibodies (peroxidase or fluorochrome labeled) were from Jackson Immunoresearch 
except anti-guinea pig-IR dye 800 that was from Licor (#925–32411).

Tat expression vectors have been described [28]. Vectors expressing EGFP-tagged version of AP-2σ2 (Addgene 
#53610), epsin, dynamin 2ab and amphiphysin 2 have been validated [57]. The increase of PI(4,5)P

2
 induced by PIPKiα 

overexpression in RAW cells was shown before [30]. The pCR3.1 vector expressing dynamin 2ab and its dominant nega-
tive version (K44A) was a kind gift of David McNiven and Nathalie Sauvonnet.

Cell culture

For the preparation of human monocytes, freshly drawn human blood was obtained from the local blood bank (Etablisse-
ment Français du Sang, Montpellier, agreement # 21PLER2019–0106). Peripheral blood mononuclear cells were pre-
pared by density gradient separation on Ficoll–Hypaque (Eurobio) before isolating monocytes using CD14 microbeads 
(Miltenyi Biotec). Monocytes were then differentiated in macrophages for 6–8 days in RPMI supplemented with 10% FCS 
and 50 ng/ml of macrophage colony-stimulating factor (Immunotools).
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RAW264.7 mouse macrophages were obtained and cultured according to the recommendations of the American Tissue 
Culture Collection. They were checked monthly for the absence of mycoplasma contamination and transfected with plas-
mids using Jet-Optimus (Ozyme, France) as recommended by the manufacturer. For plasmid and siRNA co-transfection, 
lipofectamine 2000 was used as recommended by the manufacturer. SiRNA against AP-2 was a Smartpool on-target plus 
AP2m1 (11773; a mix of 4 siRNAs against AP2µ2) from Dharmacon. The control siRNA was a mission esiRNA against 
Renilla luciferase (EHURLUC). It was from Sigma-Aldrich, as was the Cdc42 siRNA [30].

Cytokine and NF-κB activation assays

To monitor cytokine secretion hMDMs were treated with 15 nM Tat for 5 h before harvesting cell supernatants and assay-
ing cytokine concentration using a LEGENDplex human CD8/NK kit for IL-6, IL-10 and TNF-α, and a Bio-Techne DuoSet 
ELISA for IL-1β. Assays were performed in triplicate for n = 3 different donors, following the manufacturer instructions.

To assay NF-κB activation, RAW macrophages were transfected with a vector containing the Firefly gene behind 3 
NF-κB sites [73] and another with the Renilla gene behind the thymidine kinase promoter (Promega). Cells were treated 
with 15 nM Tat or 0.5 µg/ ml E. coli LPS for 5 h. Cells were then lysed for luciferase activities assayed using the Dual-Glo 
luciferase assay system (Promega).

Infections with Toxoplasma

Tachyzoites of the RH strain of T. gondii expressing EGFP [74] were maintained in human foreskin fibroblasts (Ameri-
can Type Culture Collection, CRL 1634). Extracellular tachyzoites were opsonized by incubation in a 1:500 dilution of 
heat-inactivated Toxoplasma-seropositive rabbit serum (a kind gift of JF Dubremetz [75]) for 30 min at 37 °C. Opsonized 
parasites were washed twice in HBSS then counted and resuspended in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10 mM Hepes before adding to macrophages. hMDMs were pretreated with 15 nM Tat for 5 h before 
adding EGFP-T. gondii. An MOI of 1–3 Toxoplasma/ macrophage was used and parasites were first centrifuged on cells 
(1 min x 20 g) before incubation at 37°C for the indicated period of time. To follow Toxoplasma multiplication EGFP-
expressing parasites were allowed to infect MDMs (MOI 1–3) in black 96-well plates. After 45 min cells were washed 
before adding RPMI with 10% FCS and Tats as indicated but without phenol red. EGFP fluorescence was quantified after 
0h and 24h using a Tecan Spark 10 plate reader.

Infections with Mtb

M. tuberculosis H37Rv-dsRed strain was grown in suspension in Middlebrook 7H9 medium (BD) supplemented with 10% 
albumin-dextrose-catalase (ADC, BD), 0.05% Tween-80 (Sigma-Aldrich) and 100 µg/mL Hygromycin B (InvivoGen) [76]. 
For infection, growing Mtb at exponential phase was centrifuged at 3000 g and resuspended in Phosphate-Buffered Saline 
(PBS, MgCl

2
 & CaCl

2
 free, Gibco). Bacterial aggregates were dissociated by twenty passages through a 26G blunt needle. 

Bacterial suspension concentration was determined by measuring the optical density at 600 nm and then resuspended in 
PBS for in vivo infection. hMDMs pretreated with Tat were infected with M. tuberculosis H37Rv-dsRed (MOI = 0.3). After 
18 h of infection at 37°C, the medium was changed and cells were fixed for analysis at 1, 3 and 5 days post-infection.

Western blots

hMDMs were pretreated with 15 nM Tat for 5 h at 37°C. When indicated 20 nM bafilomycin A1 was then added for 1 h. 
Macrophages were then incubated for 20 min at 4°C in PBS supplemented with 5 mM EDTA. Cells were then scraped, 
centrifuged and stored as dried pellets at -80°C. Cells were resuspended in SDS/PAGE reducing sample buffer, briefly 
sonicated then heated 3 min at 96% before loading on 10% tricine or tris/ glycine gels to quantify LC3B and perilipin2, 
respectively. Gels were blotted on PVDF or nitrocellulose membrane for labelling LC3B and perilipin2, respectively. Mem-
branes were blocked in Tris-buffered saline containing 0.1% Tween and 5% dried skimmed milk. This solution was used 
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to dilute primary and secondary antibodies. LC3B blots were stained with HRP-secondary antibodies for imaging using a 
Biorad Chemidoc, while perilipin2 blots were labelled with IR dye 800 for Odyssey imaging.

Cell imaging

hMDMs were pretreated with recombinant Tat for 5 h at 37°C. Lipid droplets were labeled with BODIPY 493/503 as 
described [63]. Intracellular labelling was quantified using Fiji. To label LC3B, cells grown on coverslips were washed 
then fixed in acetone/methanol at -20°C for 5 min and washed with ice-cold PBS. Anti-LC3B was then added in per-
meabilizing solution (PBS supplemented with 3% FCS, 1 mg/ml FCS and 0.5% saponin) for 1 h at RT. After washes 
with permeabilizing solution, donkey anti-mouse-Cy3 was added for 1 h. Cells were then washed, labeled with 500 nM 
DAPI in PBS, then mounted in Vectashield plus (Vector laboratories). For p62 staining, hMDMs were grown on cov-
erslips, then infected with dsRed-expressing H37Rv Mtb. After 1–2 days they were fixed with 3.7% paraformalde-
hyde, then permeabilized with Triton X-100 0.3% (Sigma-Aldrich) for 10 min and blocked with BSA (1% in PBS) for 
30 min. Cells were incubated with anti-p62 antibodies for 1 hour, washed in PBS then incubated with AlexaFluor488 
conjugated anti-mouse antibodies (Cell Signaling Technology) and DAPI (500 ng/mL, Sigma Aldrich) for 30 min. After 
several washes with PBS, coverslips were mounted on a glass slide using fluorescence mounting medium (Dako) and 
stored at 4°C.

Cells were examined using a Zeiss LSM 880 confocal microscope and a 63x objective. Representative median optical 
sections are shown. Image analysis was performed using Fiji. Vacuoles containing T.gondii and Mtb were identified using 
EGFP fluorescence and DAPI staining or dsRed, respectively. For quantification, labeling of these vacuoles with LC3B 
was examined for at least 30 cells.

To follow transferrin uptake by hMDMs, cells were pretreated with 15 nM Tat then labelled with 100 µM transferrin-FITC 
for 5 min in RPMI supplemented with 1% FCS, before cell fixation, confocal microscopy and quantification of intracellular 
and plasma membrane labeling for n > 50 cells.

Autophagosomes in hMDMs were identified using anti-LC3B labeling. They were quantified on LSM880 confocal 
images either by counting the number of spots or by measuring the percentage of cell area occupied by these spots using 
the Fiji particle analysis tool. A threshold of 3 pixels was set for particle size. At least 30 cells were analyzed.

Autophagosomes in RAW macrophages were followed after transfection with mCherry-LC3B. When indicated, cells 
were co-tranfected (1/1) with Tat or dynamin2 mutants or treated with 30 µM Pitstop2 or Dyngo4a for 90 min. Cells were 
then labelled for 30 min with 100 µM transferrin-Cy5, fixed, labelled with DAPI, mounted then examined using a Spinning 
disk Nikon Ti Inscoper CSU-X1 with a 100 x 1.45 NA objective. LC3B dots representing autophagosomes (size> 3 pixels) 
were then counted and transferrin internalization efficiency was measured as described above.

Live imaging of RAW macrophages transfected with mRFP-GFP-LC3 was performed at 37°C in RPMI/FCS without 
phenol red under 5% CO2 using a Spinning disk Nikon Ti Inscoper CSU-X1 microscope. Colocalization between green 
and red spots was quantified using the Mander’s coefficient calculated using the JACoP plugin of Fiji.

For TIRF imaging RAW macrophages were grown on 4-well glass-bottom Ibidi µ-slides (#80427) and transfected with 
AP-2-σ2-EGFP or the indicated EGFP-tagged protein, with or without Tat. When indicated, cells were treated with 15 nM 
recombinant Tat for 5 h. They were then fixed with paraformaldehyde, washed and kept in PBS for imaging using a Nikon 
inverted microscope fitted with a 100x NA1.49 objective and a iLAS2 Roper TIRF illumination module. The percentage of 
cell area occupied by EGFP spots was quantified using the Fiji particle analysis.

Zebrafish experiments

Zebrafish husbandry. The number of animals used for each procedure was guided by pilot experiments. When required, 
larvae were anesthetized by incubation in a 0.2 mg/mL Tricaine (Sigma-Aldrich) solution in fish water. They were subse-
quently euthanized using an overdose of Tricaine (0.5 mg/mL).
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Bacterial strain and Growth conditions/ Mycobacterium marinum (M strain) carrying pTEC27 (Addgene, plasmid 30182) 
that expresses a red fluorescent protein (tdTomato) was used for this study. M. marinum expressing tdTomato were grown 
at 28.5 °C under hygromycin B selection (50 µg/ml, Invivogen) in Middlebrook 7H9 broth medium supplemented with albu-
min, dextrose, catalase (ADC, Millipore-Sigma). To prepare M. marinum inoculates, mid‐log‐phase cultures of M. marinum 
were pelleted, washed and resuspended in PBS. Mycobacterial suspensions were then homogenized through a 26‐gauge 
needle, harvested by centrifugation and resuspended in a volume of PBS appropriate to the bacterial dose required then 
kept on ice until zebrafish infection.

In vivo mycobacterial infection, treatment and analysis. Microinjections of Tat (6 nL) were carried out into the caudal 
vein in 30 hpf embryos previously dechorionated and tricaine-anesthetized. Treated-embryos were then directly intra-
venously infected with 2 nl of mycobacterial suspensions (approximately 150 mycobacteria). The inoculum size was 
checked by injection of 2 nL in sterile PBS and plated on 7H10 ADC agar (Millipore-Sigma). Groups of infected/treated 
embryos were then transferred into plates and incubated at 28.5 °C. Tat administration in M. marinum-infected animals 
was repeated at 1- and 2-days post infection. To determine effects of Tat on infection outcomes, larvae were collected 
at 2, 3 and 4 days post infection and imaged for both granuloma quantification (defined at least 10 infected cells) and 
bacterial burdens analysis as Fluorescent Pixel Count (FPC) by fluorescence microscopy (MVX10 Olympus microscope, 
MVPLAPO 1X objective; XC50 camera) [77].

Supporting information

S1 Fig.  Tat WT, Tat-W11Y and Tat-C31S induce cytokine secretion. hMDMs were treated with 15 nM Tat (or mutants) 
for 5 h before harvesting supernatant for cytokine assays. Data are means ± SEM (n = 3) of cells from three different 
donors. One-way ANOVA compared to Tat WT (*, p < 0.05; **, p < 0.01).
(PDF)

S2 Fig.  Tat WT and Tat-W11Y but not Tat-C31S activate NF-KB. RAW 264.7 cells were transfected with a vector con-
taining the Firefly gene behind 3 NF-KB sites, and another expressing the Renilla luciferase. Cells were then treated for 
5 h with 15 nM Tat (WT, W11Y or C31S as indicated) or 0.5 µg/ ml of E coli LPS as positive control, before harvesting cells 
for luciferase assays. Results (means ± SEM, n = 3 independent experiments) are expressed as Firefly/ Renilla activity 
ratio. One-way ANOVA compared to control (*, p < 0.05).
(PDF)

S3 Fig.  Tat injections do not affect the survival of zebrafish embryos. Zebrafish embryos (n = 20–25 for each group) 
at 24 hpf were injected with Tat (~100 nM final concentration), WT or C31S as indicated. Injections were repeated at day 
2,3,4 and 5.
(PDF)

S4 Fig.  Effect of Tat W11Y on the multiplication of Mycobacterium marinum in zebrafishes. A, Zebrafish embryos 
(n = 20–25 for each group) at 24 hpf were injected with Tat (~100 nM final concentration) then infected with Mycobacterium 
marinum. Tat injection (WT or W11Y) was repeated at dpi 2,3,4 and 5. Survival curves of the Tat groups (WT/ W11Y) were 
compared using Log-rank Test (**, p < 0.01). B, zebrafishes were infected with M. marinum expressing tdTomato, and 
granulomas were counted after the indicated number of dpi. Two ways ANOVA (**, p < 0.01).
(PDF)

S5 Fig.  Visualisation of granulomas in Zebrafish embryos. Zebrafish embryos at 24 hpf were infected with Mycobac-
terium marinum expressing tdTomato, and imaged at 3 dpi. Arrows point to granulomas. Bar, 200 µm.
(PDF)
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PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1013183  September 11, 2025 20 / 24

S6 Fig.  Opsonization of T. gondii induces entry of the parasite by phagocytosis. hMDMs were pretreated or not 
with 15 nM Tat for 5 h, then infected with opsonized T. gondii (MOI = 10) for 30 min before staining for opsonizing antibody 
and GRA3, then DAPI staining. Representative confocal sections are shown. Bar, 10 µm. Three different staining patterns 
were observed: parasite surface labelled by opsonizing Ab only (I), parasitophorous vacuole membrane staining by GRA3 
only (arrow, II) or labeling with the opsonizing Ab and some dotty GRA3 staining not delineating the whole parasitopho-
rous membrane periphery (III). The graph shows the quantification (mean ± SEM) for 100–150 parasites counted on two 
coverslips for each condition.
(PDF)

S7 Fig.  Tat inhibits the recruitment of p62 on vacuoles containing T. gondii. hMDMs were pretreated with 15 nM Tat 
(WT or mutant) for 5 h, then infected with opsonized T. gondii (MOI = 10) for 30 min before staining for p62 and opsonizing 
antibody, and DAPI staining. Representative confocal sections are shown. Bar, 10 µm. The graph shows the quantification 
of the fraction of p62+ Toxoplasma on 250–500 parasites. One Way ANOVA, ****, p < 0.0001.
(PDF)

S8 Fig.  Effect of Tat mutants on autophagosome numbers. RAW macrophages were transfected with mCherry-LC3 
and the indicated version of Tat. The Tat expression vector is bicistronic and also expresses EGFP. Cells were fixed after 
18h and imaged using a spinning disk confocal microscope and a x100 NA 1.45 objective. Bar, 10 µm. Less autophago-
somes were present in cells transfected with Tat WT and Tat(55–57)A.
(PDF)

S9 Fig.  Tat does not affect the autophagic flux, as monitored using mRFP-EGFP-LC3B. RAW macrophages were 
transfected with mRFP-EGFP-LC3 then treated with 15 nM Tat for 4 h. When indicated, 20 nM bafilomycin A1 was added 
for 1 h and cells were imaged at 37°C using a spinning-disk confocal microscope. Bar, 10 µm. Green structures accumu-
lated when bafilomycin was present.
(PDF)

S10 Fig.  AP-2µ siRNA inhibits AP-2σ2-EGFP recruitment at the plasma membrane. RAW cells were cotransfected 
with AP-2σ2-EGFP and the indicated siRNA before fixation and imaging by TIRF microscopy using a x100 NA and a 
488 nm laser for EGFP fluorescence, or a LED for transmitted light (TRANS). Bar, 10 µm.
(PDF)

S11 Fig.  Tat palmitoylation is required for Tat to inhibit AP-2 recruitment. RAW macrophages were transfected with 
AP-2σ2-EGFP, treated with 15 nM of the indicated Tat mutant for 5h before fixation and imaging by TIRF microscopy using 
a 488 nm laser for EGFP fluorescence or a LED for transmitted light (TRANS). Bar, 10 µm.
(PDF)

S12 Fig.  Tat Binding to PI(4,5)P2 is required for Tat to inhibit AP-2 recruitment. RAW 264.7 macrophages were 
cotransfected with AP-2σ2-EGFP and the indicated Tat mutant before fixation and imaging by TIRF microscopy. Bar, 5 µm.
(PDF)

S13 Fig.  Increasing PI(4,5)P2 level prevents Tat from inhibiting AP-2 recruitment. RAW macrophages were cotransfected 
with AP-2σ2-EGFP, Tat and the mouse PIP-5 kinase as indicated before fixation and imaging by TIRF microscopy. Bar, 5 µm.
(PDF)

S14 Fig.  An siRNA against Cdc42 inhibits its expression. RAW 264.7 macrophages were transfected using RNAiMAX 
with a control siRNA, or an siRNA against Cdc42. After 24h, cells were lysed before western blotting against Cdc42 or 
a-tubulin as a loading control.
(PDF)
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S15 Fig.  CME inhibitors and Tat do not show additive inhibitory effects on CME and autophagy. RAW macro-
phages were transfected with mCherry-LC3 and Tat as indicated, then treated with 30 µM Pistop2 or Dyngo4a for 90 min 
before labeling cells with Cy5-transferrin for 30 min, fixation, and confocal microscopy. Bar, 10 µm.
(PDF)

S16 Fig.  Dominant-negative dynamin2 and Tat do not show additive inhibitory effects on CME and autophagy. 
RAW cells were transfected with mCherry-LC3, Dynamin2 (WT or K44A) and Tat as indicated before labeling cells with 
Cy5-transferrin for 30 min, fixation, and confocal microscopy. Arrow points at transfected cell when needed. Bar, 10 µm.
(PDF)

S17 Fig.  Tat binding to PI(4,5)P2 is required for Tat to inhibit CME and autophagy. RAW macrophages were trans-
fected with mCherry-LC3 and the indicated Tat mutant before labeling cells with Cy5-transferrin for 30 min, fixation, and 
confocal microscopy. Bar, 5 µm.
(PDF)

S18 Fig.  Tat decreases the localization of lipid droplets in LC3-positive structures. RAW 264.7 cells were trans-
fected with mCherry-LC3, treated with 15 nM of the indicated Tat mutant for 5 h or 100 nM bafilomycin A1 for 2 h before 
fixation, staining with BODIPY 493/503 and DAPI, and imaging by confocal microscopy. Bar, 10 µm.
(PDF)

Acknowledgments

We thank Simon Lachambre, Gustavo Stadthagen-Gomez and Hélène Botella for help during pioneer experiments, 
Laurent Kremer, Wassim Daher, Alenka Copic, Maria Morel-Carretero and Laura Picas for discussions, and all the people 
that provide valuable reagents for this study. We acknowledge the ZEFIX-LPHI (ZEbraFIsh and Xenopus platform, Lphi, 
University of Montpellier) aquarium teams for zebrafish maintenance and care, and the team of the Montpellier Ressou-
rces Imagerie facility for help with imaging.

Author contributions

Data curation: Olivier Neyrolles, Geanncarlo Lugo-Villarino, Christel Vérollet, Lucile Espert, Bruno BEAUMELLE.

Formal analysis: Audrey Bernut, Sébastien Besteiro, Olivier Neyrolles, Geanncarlo Lugo-Villarino, Christel Vérollet, 
Lucile Espert, Bruno BEAUMELLE.

Funding acquisition: Olivier Neyrolles, Christel Vérollet, Bruno BEAUMELLE.

Investigation: Aurélie Rivault, Audrey Bernut, Myriam Ben-Neji, Magali Abrantes, Maxime Jansen, Sylvaine Huc-Brandt, 
Yann Bordat, Nelly Audemard, Margaux Mesleard-Roux, Geanncarlo Lugo-Villarino, Christel Vérollet, Lucile Espert, 
Bruno BEAUMELLE.

Methodology: Sébastien Besteiro, David Perrais, Lucile Espert, Bruno BEAUMELLE.

Project administration: Mai Nguyen Chi, Bruno BEAUMELLE.

Resources: Mai Nguyen Chi, Lucile Espert, Bruno BEAUMELLE.

Supervision: David Perrais, Olivier Neyrolles, Christel Vérollet, Bruno BEAUMELLE.

Validation: Audrey Bernut, Sébastien Besteiro, David Perrais, Olivier Neyrolles, Christel Vérollet, Lucile Espert, Bruno 
BEAUMELLE.

Visualization: Christel Vérollet, Lucile Espert, Bruno BEAUMELLE.

Writing – original draft: Bruno BEAUMELLE.

Writing – review & editing: Sébastien Besteiro, Olivier Neyrolles, Christel Vérollet, Lucile Espert, Bruno BEAUMELLE.

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013183.s015
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013183.s016
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013183.s017
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013183.s018


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1013183  September 11, 2025 22 / 24

References
	 1.	 WHO. Global tuberculosis report 2024. Geneva: World Health Organization; 2024.

	 2.	 Esmail H, Riou C, Bruyn du E, Lai RP-J, Harley YXR, Meintjes G, et al. The immune response to Mycobacterium tuberculosis in HIV-1-coinfected 
persons. Annu Rev Immunol. 2018;36:603–38. https://doi.org/10.1146/annurev-immunol-042617-053420 PMID: 29490165

	 3.	 Amelio P, Portevin D, Hella J, Reither K, Kamwela L, Lweno O, et al. HIV infection functionally impairs mycobacterium tuberculosis-specific CD4 
and CD8 T-cell responses. J Virol. 2019;93(5):e01728-18. https://doi.org/10.1128/JVI.01728-18 PMID: 30541853

	 4.	 Kaushal D, Singh DK, Mehra S. Immune responses in lung granulomas during Mtb/HIV Co-infection: implications for pathogenesis and therapy. 
Pathogens. 2023;12(9):1120. https://doi.org/10.3390/pathogens12091120 PMID: 37764928

	 5.	 Sharan R, Bucşan AN, Ganatra S, Paiardini M, Mohan M, Mehra S, et al. Chronic immune activation in TB/HIV Co-infection. Trends Microbiol. 
2020;28(8):619–32. https://doi.org/10.1016/j.tim.2020.03.015 PMID: 32417227

	 6.	 Bell LCK, Noursadeghi M. Pathogenesis of HIV-1 and Mycobacterium tuberculosis co-infection. Nat Rev Microbiol. 2018;16(2):80–90. https://doi.
org/10.1038/nrmicro.2017.128 PMID: 29109555

	 7.	 Sutherland JS, Young JM, Peterson KL, Sanneh B, Whittle HC, Rowland-Jones SL, et al. Polyfunctional CD4(+) and CD8(+) T cell responses 
to tuberculosis antigens in HIV-1-infected patients before and after anti-retroviral treatment. J Immunol. 2010;184(11):6537–44. https://doi.
org/10.4049/jimmunol.1000399 PMID: 20435929

	 8.	 Pathak S, Wentzel-Larsen T, Asjö B. Effects of in vitro HIV-1 infection on mycobacterial growth in peripheral blood monocyte-derived macrophages. 
Infect Immun. 2010;78(9):4022–32. https://doi.org/10.1128/IAI.00106-10 PMID: 20624908

	 9.	 Andrade RM, Wessendarp M, Gubbels M-J, Striepen B, Subauste CS. CD40 induces macrophage anti-Toxoplasma gondii activity by trigger-
ing autophagy-dependent fusion of pathogen-containing vacuoles and lysosomes. J Clin Invest. 2006;116(9):2366–77. https://doi.org/10.1172/
JCI28796 PMID: 16955139

	10.	 Gutierrez MG, Master SS, Singh SB, Taylor GA, Colombo MI, Deretic V. Autophagy is a defense mechanism inhibiting BCG and Mycobacterium 
tuberculosis survival in infected macrophages. Cell. 2004;119(6):753–66. https://doi.org/10.1016/j.cell.2004.11.038 PMID: 15607973

	11.	 Kim J-J, Lee H-M, Shin D-M, Kim W, Yuk J-M, Jin HS, et al. Host cell autophagy activated by antibiotics is required for their effective antimycobac-
terial drug action. Cell Host Microbe. 2012;11(5):457–68. https://doi.org/10.1016/j.chom.2012.03.008 PMID: 22607799

	12.	 Ravikumar B, Moreau K, Jahreiss L, Puri C, Rubinsztein DC. Plasma membrane contributes to the formation of pre-autophagosomal structures. 
Nat Cell Biol. 2010;12(8):747–57. https://doi.org/10.1038/ncb2078 PMID: 20639872

	13.	 Lamb CA, Yoshimori T, Tooze SA. The autophagosome: origins unknown, biogenesis complex. Nat Rev Mol Cell Biol. 2013;14(12):759–74. https://
doi.org/10.1038/nrm3696 PMID: 24201109

	14.	 Puri C, Renna M, Bento CF, Moreau K, Rubinsztein DC. Diverse autophagosome membrane sources coalesce in recycling endosomes. Cell. 
2013;154(6):1285–99. https://doi.org/10.1016/j.cell.2013.08.044 PMID: 24034251

	15.	 Ouimet M, Franklin V, Mak E, Liao X, Tabas I, Marcel YL. Autophagy regulates cholesterol efflux from macrophage foam cells via lysosomal acid 
lipase. Cell Metab. 2011;13(6):655–67. https://doi.org/10.1016/j.cmet.2011.03.023 PMID: 21641547

	16.	 Santucci P, Bouzid F, Smichi N, Poncin I, Kremer L, De Chastellier C, et al. Experimental models of foamy macrophages and approaches for 
dissecting the mechanisms of lipid accumulation and consumption during dormancy and reactivation of tuberculosis. Front Cell Infect Microbiol. 
2016;6:122. PMID: 27774438

	17.	 Pernas L, Bean C, Boothroyd JC, Scorrano L. Mitochondria restrict growth of the intracellular parasite toxoplasma gondii by limiting its uptake of 
fatty acids. Cell Metab. 2018;27(4):886-897.e4. https://doi.org/10.1016/j.cmet.2018.02.018 PMID: 29617646

	18.	 Saka HA, Valdivia R. Emerging roles for lipid droplets in immunity and host-pathogen interactions. Annu Rev Cell Dev Biol. 2012;28:411–37. 
https://doi.org/10.1146/annurev-cellbio-092910-153958 PMID: 22578141

	19.	 Herker E, Ott M. Emerging role of lipid droplets in host/pathogen interactions. J Biol Chem. 2012;287(4):2280–7. https://doi.org/10.1074/jbc.
R111.300202 PMID: 22090026

	20.	 Arts EJ, Hazuda DJ. HIV-1 antiretroviral drug therapy. Cold Spring Harb Perspect Med. 2012;2(4):a007161. https://doi.org/10.1101/cshperspect.
a007161 PMID: 22474613

	21.	 Ferdin J, Goričar K, Dolžan V, Plemenitaš A, Martin JN, Peterlin BM, et al. Viral protein Nef is detected in plasma of half of HIV-infected adults with 
undetectable plasma HIV RNA. PLoS One. 2018;13(1):e0191613. https://doi.org/10.1371/journal.pone.0191613 PMID: 29364927

	22.	 Johnson TP, Patel K, Johnson KR, Maric D, Calabresi PA, Hasbun R, et al. Induction of IL-17 and nonclassical T-cell activation by HIV-Tat protein. 
Proc Natl Acad Sci U S A. 2013;110(33):13588–93. https://doi.org/10.1073/pnas.1308673110 PMID: 23898208

	23.	 Shmakova A, Tsimailo I, Kozhevnikova Y, Gérard L, Boutboul D, Oksenhendler E, et al. HIV-1 Tat is present in the serum of people living with HIV-1 
despite viral suppression. Int J Infect Dis. 2024;142:106994. https://doi.org/10.1016/j.ijid.2024.106994 PMID: 38447753

	24.	 Rayne F, Debaisieux S, Yezid H, Lin Y-L, Mettling C, Konate K, et al. Phosphatidylinositol-(4,5)-bisphosphate enables efficient secretion of HIV-1 
Tat by infected T-cells. EMBO J. 2010;29(8):1348–62. https://doi.org/10.1038/emboj.2010.32 PMID: 20224549

	25.	 Henderson LJ, Johnson TP, Smith BR, Reoma LB, Santamaria UA, Bachani M, et al. Presence of Tat and transactivation response element in 
spinal fluid despite antiretroviral therapy. AIDS. 2019;33 Suppl 2(Suppl 2):S145–57. https://doi.org/10.1097/QAD.0000000000002268 PMID: 
31789815

https://doi.org/10.1146/annurev-immunol-042617-053420
http://www.ncbi.nlm.nih.gov/pubmed/29490165
https://doi.org/10.1128/JVI.01728-18
http://www.ncbi.nlm.nih.gov/pubmed/30541853
https://doi.org/10.3390/pathogens12091120
http://www.ncbi.nlm.nih.gov/pubmed/37764928
https://doi.org/10.1016/j.tim.2020.03.015
http://www.ncbi.nlm.nih.gov/pubmed/32417227
https://doi.org/10.1038/nrmicro.2017.128
https://doi.org/10.1038/nrmicro.2017.128
http://www.ncbi.nlm.nih.gov/pubmed/29109555
https://doi.org/10.4049/jimmunol.1000399
https://doi.org/10.4049/jimmunol.1000399
http://www.ncbi.nlm.nih.gov/pubmed/20435929
https://doi.org/10.1128/IAI.00106-10
http://www.ncbi.nlm.nih.gov/pubmed/20624908
https://doi.org/10.1172/JCI28796
https://doi.org/10.1172/JCI28796
http://www.ncbi.nlm.nih.gov/pubmed/16955139
https://doi.org/10.1016/j.cell.2004.11.038
http://www.ncbi.nlm.nih.gov/pubmed/15607973
https://doi.org/10.1016/j.chom.2012.03.008
http://www.ncbi.nlm.nih.gov/pubmed/22607799
https://doi.org/10.1038/ncb2078
http://www.ncbi.nlm.nih.gov/pubmed/20639872
https://doi.org/10.1038/nrm3696
https://doi.org/10.1038/nrm3696
http://www.ncbi.nlm.nih.gov/pubmed/24201109
https://doi.org/10.1016/j.cell.2013.08.044
http://www.ncbi.nlm.nih.gov/pubmed/24034251
https://doi.org/10.1016/j.cmet.2011.03.023
http://www.ncbi.nlm.nih.gov/pubmed/21641547
http://www.ncbi.nlm.nih.gov/pubmed/27774438
https://doi.org/10.1016/j.cmet.2018.02.018
http://www.ncbi.nlm.nih.gov/pubmed/29617646
https://doi.org/10.1146/annurev-cellbio-092910-153958
http://www.ncbi.nlm.nih.gov/pubmed/22578141
https://doi.org/10.1074/jbc.R111.300202
https://doi.org/10.1074/jbc.R111.300202
http://www.ncbi.nlm.nih.gov/pubmed/22090026
https://doi.org/10.1101/cshperspect.a007161
https://doi.org/10.1101/cshperspect.a007161
http://www.ncbi.nlm.nih.gov/pubmed/22474613
https://doi.org/10.1371/journal.pone.0191613
http://www.ncbi.nlm.nih.gov/pubmed/29364927
https://doi.org/10.1073/pnas.1308673110
http://www.ncbi.nlm.nih.gov/pubmed/23898208
https://doi.org/10.1016/j.ijid.2024.106994
http://www.ncbi.nlm.nih.gov/pubmed/38447753
https://doi.org/10.1038/emboj.2010.32
http://www.ncbi.nlm.nih.gov/pubmed/20224549
https://doi.org/10.1097/QAD.0000000000002268
http://www.ncbi.nlm.nih.gov/pubmed/31789815


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1013183  September 11, 2025 23 / 24

	26.	 Vendeville A, Rayne F, Bonhoure A, Bettache N, Montcourrier P, Beaumelle B. HIV-1 Tat enters T cells using coated pits before translocating from 
acidified endosomes and eliciting biological responses. Mol Biol Cell. 2004;15(5):2347–60. https://doi.org/10.1091/mbc.e03-12-0921 PMID: 15020715

	27.	 Yezid H, Konate K, Debaisieux S, Bonhoure A, Beaumelle B. Mechanism for HIV-1 Tat insertion into the endosome membrane. J Biol Chem. 
2009;284(34):22736–46. https://doi.org/10.1074/jbc.M109.023705 PMID: 19549783

	28.	 Chopard C, Tong PBV, Tóth P, Schatz M, Yezid H, Debaisieux S, et al. Cyclophilin A enables specific HIV-1 Tat palmitoylation and accumulation in 
uninfected cells. Nat Commun. 2018;9(1):2251. https://doi.org/10.1038/s41467-018-04674-y PMID: 29884859

	29.	 Tryoen-Tóth P, Chasserot-Golaz S, Tu A, Gherib P, Bader M-F, Beaumelle B, et al. HIV-1 Tat protein inhibits neurosecretion by binding to phospha-
tidylinositol 4,5-bisphosphate. J Cell Sci. 2013;126(Pt 2):454–63. https://doi.org/10.1242/jcs.111658 PMID: 23178941

	30.	 Debaisieux S, Lachambre S, Gross A, Mettling C, Besteiro S, Yezid H, et al. HIV-1 Tat inhibits phagocytosis by preventing the recruitment of Cdc42 
to the phagocytic cup. Nat Commun. 2015;6:6211. https://doi.org/10.1038/ncomms7211 PMID: 25648615

	31.	 Nath A, Conant K, Chen P, Scott C, Major EO. Transient exposure to HIV-1 Tat protein results in cytokine production in macrophages and astro-
cytes. A hit and run phenomenon. J Biol Chem. 1999;274(24):17098–102. https://doi.org/10.1074/jbc.274.24.17098 PMID: 10358063

	32.	 Rayne F, Vendeville A, Bonhoure A, Beaumelle B. The ability of chloroquine to prevent tat-induced cytokine secretion by monocytes is implicated 
in its in vivo anti-human immunodeficiency virus type 1 activity. J Virol. 2004;78(21):12054–7. https://doi.org/10.1128/JVI.78.21.12054-12057.2004 
PMID: 15479845

	33.	 Leghmari K, Bennasser Y, Bahraoui E. HIV-1 Tat protein induces IL-10 production in monocytes by classical and alternative NF-kappaB pathways. 
Eur J Cell Biol. 2008;87(12):947–62. https://doi.org/10.1016/j.ejcb.2008.06.005 PMID: 18760861

	34.	 Cooper AM, Mayer-Barber KD, Sher A. Role of innate cytokines in mycobacterial infection. Mucosal Immunol. 2011;4(3):252–60. https://doi.
org/10.1038/mi.2011.13 PMID: 21430655

	35.	 Khalaf H, Jass J, Olsson P-E. Differential cytokine regulation by NF-kappaB and AP-1 in Jurkat T-cells. BMC Immunol. 2010;11:26. https://doi.
org/10.1186/1471-2172-11-26 PMID: 20507572

	36.	 Batalha IL, Bernut A, Schiebler M, Ouberai MM, Passemar C, Klapholz C, et al. Polymeric nanobiotics as a novel treatment for mycobacterial infec-
tions. J Control Release. 2019;314:116–24. https://doi.org/10.1016/j.jconrel.2019.10.009 PMID: 31647980

	37.	 Tobin DM, Ramakrishnan L. Comparative pathogenesis of Mycobacterium marinum and Mycobacterium tuberculosis. Cell Microbiol. 
2008;10(5):1027–39. https://doi.org/10.1111/j.1462-5822.2008.01133.x PMID: 18298637

	38.	 Davis JM, Clay H, Lewis JL, Ghori N, Herbomel P, Ramakrishnan L. Real-time visualization of mycobacterium-macrophage interactions leading to initia-
tion of granuloma formation in zebrafish embryos. Immunity. 2002;17(6):693–702. https://doi.org/10.1016/s1074-7613(02)00475-2 PMID: 12479816

	39.	 Wang Z-D, Wang S-C, Liu H-H, Ma H-Y, Li Z-Y, Wei F, et al. Prevalence and burden of Toxoplasma gondii infection in HIV-infected people: a sys-
tematic review and meta-analysis. Lancet HIV. 2017;4(4):e177–88. https://doi.org/10.1016/S2352-3018(17)30005-X PMID: 28159548

	40.	 Sanchez SG, Besteiro S. The pathogenicity and virulence of Toxoplasma gondii. Virulence. 2021;12(1):3095–114. https://doi.org/10.1080/2150559
4.2021.2012346 PMID: 34895084

	41.	 Basavaraju A. Toxoplasmosis in HIV infection: an overview. Trop Parasitol. 2016;6(2):129–35. https://doi.org/10.4103/2229-5070.190817 PMID: 
27722101

	42.	 Morisaki JH, Heuser JE, Sibley LD. Invasion of Toxoplasma gondii occurs by active penetration of the host cell. J Cell Sci. 1995;108 ( Pt 6):2457–
64. https://doi.org/10.1242/jcs.108.6.2457 PMID: 7673360

	43.	 Besteiro S, Michelin A, Poncet J, Dubremetz J-F, Lebrun M. Export of a Toxoplasma gondii rhoptry neck protein complex at the host cell membrane 
to form the moving junction during invasion. PLoS Pathog. 2009;5(2):e1000309. https://doi.org/10.1371/journal.ppat.1000309 PMID: 19247437

	44.	 Black MW, Boothroyd JC. Lytic cycle of Toxoplasma gondii. Microbiol Mol Biol Rev. 2000;64(3):607–23. https://doi.org/10.1128/MMBR.64.3.607-
623.2000 PMID: 10974128

	45.	 Zhao Z, Fux B, Goodwin M, Dunay IR, Strong D, Miller BC, et al. Autophagosome-independent essential function for the autophagy protein Atg5 in 
cellular immunity to intracellular pathogens. Cell Host Microbe. 2008;4(5):458–69. https://doi.org/10.1016/j.chom.2008.10.003 PMID: 18996346

	46.	 Kimura S, Noda T, Yoshimori T. Dissection of the autophagosome maturation process by a novel reporter protein, tandem fluorescent-tagged LC3. 
Autophagy. 2007;3(5):452–60. https://doi.org/10.4161/auto.4451 PMID: 17534139

	47.	 Ponpuak M, Davis AS, Roberts EA, Delgado MA, Dinkins C, Zhao Z, et al. Delivery of cytosolic components by autophagic adaptor protein p62 
endows autophagosomes with unique antimicrobial properties. Immunity. 2010;32(3):329–41. https://doi.org/10.1016/j.immuni.2010.02.009 PMID: 
20206555

	48.	 Sharifi MN, Mowers EE, Drake LE, Macleod KF. Measuring autophagy in stressed cells. Methods Mol Biol. 2015;1292:129–50. https://doi.
org/10.1007/978-1-4939-2522-3_10 PMID: 25804753

	49.	 Van Grol J, Subauste C, Andrade RM, Fujinaga K, Nelson J, Subauste CS. HIV-1 inhibits autophagy in bystander macrophage/monocytic cells 
through Src-Akt and STAT3. PLoS One. 2010;5(7):e11733. https://doi.org/10.1371/journal.pone.0011733 PMID: 20661303

	50.	 Li JCB, Au K, Fang J, Yim HCH, Chow K, Ho P, et al. HIV-1 trans-activator protein dysregulates IFN-γ signaling and contributes to the suppression 
of autophagy induction. AIDS. 2011;25(1):15–25. https://doi.org/10.1097/QAD.0b013e328340fd61 PMID: 21099673

	51.	 Mauvezin C, Neufeld TP. Bafilomycin A1 disrupts autophagic flux by inhibiting both V-ATPase-dependent acidification and Ca-P60A/SERCA-dependent 
autophagosome-lysosome fusion. Autophagy. 2015;11(8):1437–8. https://doi.org/10.1080/15548627.2015.1066957 PMID: 26156798

https://doi.org/10.1091/mbc.e03-12-0921
http://www.ncbi.nlm.nih.gov/pubmed/15020715
https://doi.org/10.1074/jbc.M109.023705
http://www.ncbi.nlm.nih.gov/pubmed/19549783
https://doi.org/10.1038/s41467-018-04674-y
http://www.ncbi.nlm.nih.gov/pubmed/29884859
https://doi.org/10.1242/jcs.111658
http://www.ncbi.nlm.nih.gov/pubmed/23178941
https://doi.org/10.1038/ncomms7211
http://www.ncbi.nlm.nih.gov/pubmed/25648615
https://doi.org/10.1074/jbc.274.24.17098
http://www.ncbi.nlm.nih.gov/pubmed/10358063
https://doi.org/10.1128/JVI.78.21.12054-12057.2004
http://www.ncbi.nlm.nih.gov/pubmed/15479845
https://doi.org/10.1016/j.ejcb.2008.06.005
http://www.ncbi.nlm.nih.gov/pubmed/18760861
https://doi.org/10.1038/mi.2011.13
https://doi.org/10.1038/mi.2011.13
http://www.ncbi.nlm.nih.gov/pubmed/21430655
https://doi.org/10.1186/1471-2172-11-26
https://doi.org/10.1186/1471-2172-11-26
http://www.ncbi.nlm.nih.gov/pubmed/20507572
https://doi.org/10.1016/j.jconrel.2019.10.009
http://www.ncbi.nlm.nih.gov/pubmed/31647980
https://doi.org/10.1111/j.1462-5822.2008.01133.x
http://www.ncbi.nlm.nih.gov/pubmed/18298637
https://doi.org/10.1016/s1074-7613(02)00475-2
http://www.ncbi.nlm.nih.gov/pubmed/12479816
https://doi.org/10.1016/S2352-3018(17)30005-X
http://www.ncbi.nlm.nih.gov/pubmed/28159548
https://doi.org/10.1080/21505594.2021.2012346
https://doi.org/10.1080/21505594.2021.2012346
http://www.ncbi.nlm.nih.gov/pubmed/34895084
https://doi.org/10.4103/2229-5070.190817
http://www.ncbi.nlm.nih.gov/pubmed/27722101
https://doi.org/10.1242/jcs.108.6.2457
http://www.ncbi.nlm.nih.gov/pubmed/7673360
https://doi.org/10.1371/journal.ppat.1000309
http://www.ncbi.nlm.nih.gov/pubmed/19247437
https://doi.org/10.1128/MMBR.64.3.607-623.2000
https://doi.org/10.1128/MMBR.64.3.607-623.2000
http://www.ncbi.nlm.nih.gov/pubmed/10974128
https://doi.org/10.1016/j.chom.2008.10.003
http://www.ncbi.nlm.nih.gov/pubmed/18996346
https://doi.org/10.4161/auto.4451
http://www.ncbi.nlm.nih.gov/pubmed/17534139
https://doi.org/10.1016/j.immuni.2010.02.009
http://www.ncbi.nlm.nih.gov/pubmed/20206555
https://doi.org/10.1007/978-1-4939-2522-3_10
https://doi.org/10.1007/978-1-4939-2522-3_10
http://www.ncbi.nlm.nih.gov/pubmed/25804753
https://doi.org/10.1371/journal.pone.0011733
http://www.ncbi.nlm.nih.gov/pubmed/20661303
https://doi.org/10.1097/QAD.0b013e328340fd61
http://www.ncbi.nlm.nih.gov/pubmed/21099673
https://doi.org/10.1080/15548627.2015.1066957
http://www.ncbi.nlm.nih.gov/pubmed/26156798


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1013183  September 11, 2025 24 / 24

	52.	 Roberts R, Al-Jamal WT, Whelband M, Thomas P, Jefferson M, van den Bossche J, et al. Autophagy and formation of tubulovesicular autophago-
somes provide a barrier against nonviral gene delivery. Autophagy. 2013;9(5):667–82. https://doi.org/10.4161/auto.23877 PMID: 23422759

	53.	 Beaumelle BD, Gibson A, Hopkins CR. Isolation and preliminary characterization of the major membrane boundaries of the endocytic pathway in 
lymphocytes. J Cell Biol. 1990;111(5 Pt 1):1811–23. https://doi.org/10.1083/jcb.111.5.1811 PMID: 2121741

	54.	 Motley A, Bright NA, Seaman MNJ, Robinson MS. Clathrin-mediated endocytosis in AP-2-depleted cells. J Cell Biol. 2003;162(5):909–18. https://
doi.org/10.1083/jcb.200305145 PMID: 12952941

	55.	 Jackson LP, Kelly BT, McCoy AJ, Gaffry T, James LC, Collins BM, et al. A large-scale conformational change couples membrane recruitment to 
cargo binding in the AP2 clathrin adaptor complex. Cell. 2010;141(7):1220–9. https://doi.org/10.1016/j.cell.2010.05.006 PMID: 20603002

	56.	 Schink KO, Tan K-W, Stenmark H. Phosphoinositides in control of membrane dynamics. Annu Rev Cell Dev Biol. 2016;32:143–71. https://doi.
org/10.1146/annurev-cellbio-111315-125349 PMID: 27576122

	57.	 Taylor MJ, Perrais D, Merrifield CJ. A high precision survey of the molecular dynamics of mammalian clathrin-mediated endocytosis. PLoS Biol. 
2011;9(3):e1000604. https://doi.org/10.1371/journal.pbio.1000604 PMID: 21445324

	58.	 Wallroth A, Haucke V. Phosphoinositide conversion in endocytosis and the endolysosomal system. J Biol Chem. 2018;293(5):1526–35. https://doi.
org/10.1074/jbc.R117.000629 PMID: 29282290

	59.	 von Kleist L, Stahlschmidt W, Bulut H, Gromova K, Puchkov D, Robertson MJ, et al. Role of the clathrin terminal domain in regulating coated pit 
dynamics revealed by small molecule inhibition. Cell. 2011;146(3):471–84. https://doi.org/10.1016/j.cell.2011.06.025 PMID: 21816279

	60.	 McCluskey A, Daniel JA, Hadzic G, Chau N, Clayton EL, Mariana A, et al. Building a better dynasore: the dyngo compounds potently inhibit 
dynamin and endocytosis. Traffic. 2013;14(12):1272–89. https://doi.org/10.1111/tra.12119 PMID: 24025110

	61.	 Mettlen M, Chen P-H, Srinivasan S, Danuser G, Schmid SL. Regulation of clathrin-mediated endocytosis. Annu Rev Biochem. 2018;87:871–96. 
https://doi.org/10.1146/annurev-biochem-062917-012644 PMID: 29661000

	62.	 Henne WM, Reese ML, Goodman JM. The assembly of lipid droplets and their roles in challenged cells. EMBO J. 2018;37(12):e98947. https://doi.
org/10.15252/embj.201898947 PMID: 29789390

	63.	 Listenberger LL, Brown DA. Fluorescent detection of lipid droplets and associated proteins. Curr Protoc Cell Biol. 2007;Chapter 24:Unit 24.2. 
https://doi.org/10.1002/0471143030.cb2402s35 PMID: 18228510

	64.	 Honda JR, Shang S, Shanley CA, Caraway ML, Henao-Tamayo M, Chan ED, et al. Immune responses of HIV-1 Tat transgenic mice to mycobacte-
rium tuberculosis W-Beijing SA161. Open AIDS J. 2011;5:86–95. https://doi.org/10.2174/1874613601105010086 PMID: 22046211

	65.	 Choi Y, Bowman JW, Jung JU. Autophagy during viral infection - a double-edged sword. Nat Rev Microbiol. 2018;16(6):341–54. https://doi.
org/10.1038/s41579-018-0003-6 PMID: 29556036

	66.	 Bosch M, Sweet MJ, Parton RG, Pol A. Lipid droplets and the host-pathogen dynamic: FATal attraction?. J Cell Biol. 2021;220(8):e202104005. 
https://doi.org/10.1083/jcb.202104005 PMID: 34165498

	67.	 Schlesinger LS. Macrophage phagocytosis of virulent but not attenuated strains of Mycobacterium tuberculosis is mediated by mannose receptors 
in addition to complement receptors. J Immunol. 1993;150(7):2920–30. https://doi.org/10.4049/jimmunol.150.7.2920 PMID: 8454864

	68.	 Mylvaganam S, Freeman SA, Grinstein S. The cytoskeleton in phagocytosis and macropinocytosis. Curr Biol. 2021;31(10):R619–32. https://doi.
org/10.1016/j.cub.2021.01.036 PMID: 34033794

	69.	 Rajaram MVS, Arnett E, Azad AK, Guirado E, Ni B, Gerberick AD, et al. M. tuberculosis-initiated human mannose receptor signaling regulates 
macrophage recognition and vesicle trafficking by FcRgamma-chain, Grb2, and SHP-1. Cell Rep. 2017;21(1):126–40. https://doi.org/10.1016/j.
celrep.2017.09.034 PMID: 28978467

	70.	 Rao VR, Neogi U, Talboom JS, Padilla L, Rahman M, Fritz-French C, et al. Clade C HIV-1 isolates circulating in Southern Africa exhibit a greater 
frequency of dicysteine motif-containing Tat variants than those in Southeast Asia and cause increased neurovirulence. Retrovirology. 2013;10:61. 
https://doi.org/10.1186/1742-4690-10-61 PMID: 23758766

	71.	 Mishra M, Vetrivel S, Siddappa NB, Ranga U, Seth P. Clade-specific differences in neurotoxicity of human immunodeficiency virus-1 B and C Tat of 
human neurons: significance of dicysteine C30C31 motif. Ann Neurol. 2008;63(3):366–76. https://doi.org/10.1002/ana.21292 PMID: 18074388

	72.	 Marino J, Maubert ME, Mele AR, Spector C, Wigdahl B, Nonnemacher MR. Functional impact of HIV-1 Tat on cells of the CNS and its role in 
HAND. Cell Mol Life Sci. 2020;77(24):5079–99. https://doi.org/10.1007/s00018-020-03561-4 PMID: 32577796

	73.	 Iha H, Peloponese J-M, Verstrepen L, Zapart G, Ikeda F, Smith CD, et al. Inflammatory cardiac valvulitis in TAX1BP1-deficient mice through selec-
tive NF-kappaB activation. EMBO J. 2008;27(4):629–41. https://doi.org/10.1038/emboj.2008.5 PMID: 18239685

	74.	 Besteiro S, Brooks CF, Striepen B, Dubremetz J-F. Autophagy protein Atg3 is essential for maintaining mitochondrial integrity and for normal intracellular 
development of Toxoplasma gondii tachyzoites. PLoS Pathog. 2011;7(12):e1002416. https://doi.org/10.1371/journal.ppat.1002416 PMID: 22144900

	75.	 Achbarou A, Mercereau-Puijalon O, Autheman JM, Fortier B, Camus D, Dubremetz JF. Characterization of microneme proteins of Toxoplasma 
gondii. Mol Biochem Parasitol. 1991;47(2):223–33. https://doi.org/10.1016/0166-6851(91)90182-6 PMID: 1944419

	76.	 Lastrucci C, Bénard A, Balboa L, Pingris K, Souriant S, Poincloux R, et al. Tuberculosis is associated with expansion of a motile, permissive and 
immunomodulatory CD16(+) monocyte population via the IL-10/STAT3 axis. Cell Res. 2015;25(12):1333–51. https://doi.org/10.1038/cr.2015.123 
PMID: 26482950

	77.	 Bernut A, Dupont C, Sahuquet A, Herrmann JL, Lutfalla G, Kremer L. Deciphering and imaging pathogenesis and cording of Mycobacterium 
abscessus in Zebrafish embryos. J Vis Exp. 2015;103. PMID: 26382225

https://doi.org/10.4161/auto.23877
http://www.ncbi.nlm.nih.gov/pubmed/23422759
https://doi.org/10.1083/jcb.111.5.1811
http://www.ncbi.nlm.nih.gov/pubmed/2121741
https://doi.org/10.1083/jcb.200305145
https://doi.org/10.1083/jcb.200305145
http://www.ncbi.nlm.nih.gov/pubmed/12952941
https://doi.org/10.1016/j.cell.2010.05.006
http://www.ncbi.nlm.nih.gov/pubmed/20603002
https://doi.org/10.1146/annurev-cellbio-111315-125349
https://doi.org/10.1146/annurev-cellbio-111315-125349
http://www.ncbi.nlm.nih.gov/pubmed/27576122
https://doi.org/10.1371/journal.pbio.1000604
http://www.ncbi.nlm.nih.gov/pubmed/21445324
https://doi.org/10.1074/jbc.R117.000629
https://doi.org/10.1074/jbc.R117.000629
http://www.ncbi.nlm.nih.gov/pubmed/29282290
https://doi.org/10.1016/j.cell.2011.06.025
http://www.ncbi.nlm.nih.gov/pubmed/21816279
https://doi.org/10.1111/tra.12119
http://www.ncbi.nlm.nih.gov/pubmed/24025110
https://doi.org/10.1146/annurev-biochem-062917-012644
http://www.ncbi.nlm.nih.gov/pubmed/29661000
https://doi.org/10.15252/embj.201898947
https://doi.org/10.15252/embj.201898947
http://www.ncbi.nlm.nih.gov/pubmed/29789390
https://doi.org/10.1002/0471143030.cb2402s35
http://www.ncbi.nlm.nih.gov/pubmed/18228510
https://doi.org/10.2174/1874613601105010086
http://www.ncbi.nlm.nih.gov/pubmed/22046211
https://doi.org/10.1038/s41579-018-0003-6
https://doi.org/10.1038/s41579-018-0003-6
http://www.ncbi.nlm.nih.gov/pubmed/29556036
https://doi.org/10.1083/jcb.202104005
http://www.ncbi.nlm.nih.gov/pubmed/34165498
https://doi.org/10.4049/jimmunol.150.7.2920
http://www.ncbi.nlm.nih.gov/pubmed/8454864
https://doi.org/10.1016/j.cub.2021.01.036
https://doi.org/10.1016/j.cub.2021.01.036
http://www.ncbi.nlm.nih.gov/pubmed/34033794
https://doi.org/10.1016/j.celrep.2017.09.034
https://doi.org/10.1016/j.celrep.2017.09.034
http://www.ncbi.nlm.nih.gov/pubmed/28978467
https://doi.org/10.1186/1742-4690-10-61
http://www.ncbi.nlm.nih.gov/pubmed/23758766
https://doi.org/10.1002/ana.21292
http://www.ncbi.nlm.nih.gov/pubmed/18074388
https://doi.org/10.1007/s00018-020-03561-4
http://www.ncbi.nlm.nih.gov/pubmed/32577796
https://doi.org/10.1038/emboj.2008.5
http://www.ncbi.nlm.nih.gov/pubmed/18239685
https://doi.org/10.1371/journal.ppat.1002416
http://www.ncbi.nlm.nih.gov/pubmed/22144900
https://doi.org/10.1016/0166-6851(91)90182-6
http://www.ncbi.nlm.nih.gov/pubmed/1944419
https://doi.org/10.1038/cr.2015.123
http://www.ncbi.nlm.nih.gov/pubmed/26482950
http://www.ncbi.nlm.nih.gov/pubmed/26382225

