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Abstract

Macrophages employ an array of pattern recognition receptors to detect and eliminate intra-
cellular pathogens that access the cytosol. The cytosolic carbohydrate sensors Galectin-3,
-8, and -9 (Gal-3, Gal-8, and Gal-9) recognize damaged pathogen-containing phagosomes,
and Gal-3 and Gal-8 are reported to restrict bacterial growth via autophagy in cultured cells.
However, the contribution of these galectins to host resistance during bacterial infection in
vivo remains unclear. We found that Gal-9 binds directly to Mycobacterium tuberculosis
(Mtb) and Salmonella enterica serovar Typhimurium (Stm) and localizes to Mtb in macro-
phages. To determine the combined contribution of membrane damage-sensing galectins
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to immunity, we generated Gal-3, -8, and -9 triple knockout (TKO) mice. Mtb infection of pri-
mary macrophages from TKO mice resulted in defective autophagic flux but normal bacterial
replication. Surprisingly, these mice had no discernable defect in resistance to acute infec-
tion with Mtb, Stm or Listeria monocytogenes, and had only modest impairments in bacterial
growth restriction and CD4 T cell activation during chronic Mtb infection. Collectively, these
findings indicate that while Gal-3, -8, and -9 respond to an array of intracellular pathogens,
together these membrane damage-sensing galectins play a limited role in host resistance to
bacterial infection.

Author summary

Intracellular bacterial pathogens cause many of the world’s most deadly infectious dis-
eases. A common requirement for nearly all intracellular pathogens is the ability to dam-
age the endomembrane compartments in which they reside, which allows pathogens
access to the nutrient-rich cytosol of the host. However, membrane damage also creates a
“pattern of pathogenesis” that triggers antimicrobial immune responses. Galectin-3, -8,
and -9 (Gal-3, Gal-8, and Gal-9) act as a surveillance system for membrane damage and
Gal-3 and Gal-8 inhibit bacterial growth by activating autophagy, a cellular pathway that
can capture cytosolic bacteria and degrade them in lysosomes. Membrane damage-sens-
ing galectins were hypothesized to promote bacterial killing during acute infection yet
their role in the immune response of an infected animal remains unclear. Here, we show
that mice deficient for Gal-3, -8, and -9 had no defects in resistance to acute infection with
the pathogens Listeria monocytogenes, Salmonella enterica serovar Typhimurium, and
Mpycobacterium tuberculosis (Mtb), and were only modestly susceptible to chronic Mtb
infection. Our data suggest that Gal-3, -8 and -9 are not critical for innate immune
responses during acute infection and may play a more prominent role in the adaptive
immune response. These results broaden our understanding of the role of membrane
damage-sensing pathways in host defense against bacterial infection.

Introduction

Infectious diseases caused by intracellular bacterial pathogens are among the leading causes of
mortality worldwide [1]. Bacterial replication within host cells is critical for pathogenesis

yet also exposes bacteria to a myriad of innate immune sensing mechanisms [2]. Detection of
pathogen-associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs)
activates multiple cell-intrinsic antimicrobial pathways, including autophagy and inflamma-
some assembly [3, 4], and proinflammatory signaling pathways required for coordinating pro-
tective adaptive immune responses [5, 6]. However, the relative importance and precise
function of distinct pathogen-sensing pathways during in vivo infection remains poorly
understood.

Macrophages can sense and respond to intracellular pathogens using galectins [7-9], a fam-
ily of soluble B-galactoside-binding receptors that facilitate carbohydrate sensing in diverse
biological contexts, including chronic inflammation, autoimmunity, cancer, and infection
[10-12]. There are fifteen galectins in mammals, each containing one or two carbohydrate-rec-
ognition domains (CRDs) [12]. While some galectins are reported to act extracellularly
through an atypical secretion mechanism [10, 13], Galectin-3, -8, and -9 (Gal-3, Gal-8, and
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Gal-9) act as cytoplasmic sensors for intracellular membrane damage by recognizing luminal
glycolipids and glycoproteins that become exposed during endomembrane rupture [7, 9].
Lysosomal membrane damage activates Gal-3, -8, and -9, which promote repair and clearance
of damaged lysosomes [14-18]. Several bacteria, including Mycobacterium tuberculosis (Mtb),
Salmonella enterica serovar Typhimurium (Stm), Listeria monocytogenes (Lm), Shigella flex-
neri, and Legionella pneumophila (Lp), inflict phagosomal membrane damage that leads to the
recruitment of Gal-3, -8, and -9 [7-9, 19-21]. Previously, we found that all three of these galec-
tins are also ubiquitylated during Mtb infection [22, 23]. In addition to binding host carbohy-
drate, some galectins can interact directly with bacteria and their cell wall glycans [24-27],
including Gal-9 binding of the Mtb cell wall polysaccharide arabinogalactan [27]. While galec-
tins can promote proinflammatory signaling and recruitment of antibacterial guanylate-bind-
ing proteins during infection [21, 27], the primary mechanism by which they are proposed to
promote cell-intrinsic bacterial killing is via activation of antibacterial autophagy [9, 15, 20].

Autophagy is a conserved process that targets, captures, and degrades cytosolic cargo,
including intracellular pathogens [28, 29]. Autophagy is critical for defense against Mtb infec-
tion in mice and macrophages [30]. During macrophage infection, Mtb-mediated perforation
of the phagosome via the bacterial ESX-1 secretion system promotes the recruitment of multi-
ple autophagy-activating proteins [3, 15, 20, 31, 32]. Recruitment of the ubiquitin ligases Par-
kin and Smurfl initiate autophagic targeting of cytosolic bacteria by ubiquitylating substrates
around bacteria with K63- and K48-linked polyubiquitin chains [32, 33]. Several ubiquitin-
binding autophagy receptors, including p62, Ndp52, Tax1bpl, Nbrl, and Optineurin decode
these ubiquitin signals into autophagy signaling cascades that nucleate LC3-positive (LC3+)
phagophore membranes around bacteria to form the autophagosome, which is trafficked to
lysosomes for degradation [20, 22, 31, 34]. In addition to the ubiquitin-mediated autophagy
pathway, galectins promote antibacterial autophagy via Gal-3-mediated recruitment of the
ubiquitin ligase Trim16 [15], and Gal-8-mediated recruitment of the autophagy receptors
NDP52 and Tax1bpl, which promote autophagic targeting of Stm and Mtb, respectively
[9, 20].

While it is clear that Gal-3, -8, and -9 are able to sense and respond to damaged phago-
somes, the contribution that these membrane damage-sensing galectins make to antibacterial
immunity is less certain. Most prior studies that have explored the ability of galectins to restrict
the growth of intracellular bacteria have used immortalized cell lines. In an early seminal
study, it was shown that depletion of Gal-8 in HeLa cells led to increased Stm replication [9].
Subsequent studies have also shown that depletion of Gal-3 or knockout of Gal-8 in the macro-
phage-like RAW 264.7 cell line led to increased Mtb replication [15, 20]. However, only limited
studies of galectin-deficient mice challenged with bacterial pathogens have been carried out.
Mice deficient in either Gal-3 or Gal-8 subjected to a high-dose Mtb challenge succumbed
slightly faster to Mtb infection [15, 16], although bacterial burden was not reported in either
study. Mice deficient in Gal-9 challenged with high-dose intranasal Mtb showed a mild, two-
fold increase in bacterial burden without any change in host survival reported [27]. Similarly,
mice inoculated intravenously with Gal-9 knockout macrophages infected ex vivo with Mtb
also showed a mild, two-fold increase in bacterial burden in comparison to wild-type (WT)
control [13]. The potential for redundancy between these galectins, which all respond to endo-
membrane damage, could explain the seemingly mild phenotypes of individual galectin
knockouts. Thus, the role of membrane damage-sensing galectins in host resistance to bacte-
rial infection remains unclear.

In the present study, we identified Gal-9 in a mass spectrometry-based search for host pro-
teins that bind to the surface of Mtb. We found that Gal-9 bound Mtb in a carbohydrate-
dependent manner and, similar to Gal-3 and Gal-8, localized to bacteria in response to
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phagosome damage during macrophage infection. To further characterize the collective role of
membrane damage-sensing galectins in vivo, we generated Gal-3, -8, and -9 triple knockout
(TKO) mice. Primary bone marrow-derived macrophages (BMM:s) from TKO mice exhibited
reduced autophagic flux yet maintained normal bacterial growth restriction during infection
with multiple intracellular pathogens. Furthermore, TKO mice exhibited no defects in resis-
tance to acute bacterial infection with Mtb, L, or Stm, and showed only modest susceptibility
to chronic Mtb infection. These results suggest that membrane damage-sensing galectins play
a limited role in antibacterial immunity in vivo and may fulfill roles other than mediating
direct antibacterial resistance.

Results
Gal-9 binds to Mtb

To identify host proteins that bind to the Mtb surface, we performed pull-down experiments
with formaldehyde-fixed Mtb incubated with lysates from differentiated THP-1 macrophages
(Fig 1A). After washing the bacteria, the bound proteins were eluted with 8M urea and ana-
lyzed by liquid-chromatography mass spectrometry (LC-MS/MS) (Fig 1A), which identified
~300 human proteins (Tab A in S1 Table). We ranked the identified proteins using the Con-
taminant Repository for Affinity Purification (Tab B in S1 Table) [35], which identifies com-
mon contaminants in published pull-down experiments. We then focused on lipid- and
carbohydrate-binding proteins, as these molecules are likely to recognize cell wall components
during infection, and noted the presence of Gal-1 and Gal-9. Gal-1 is often an LC-MS/MS con-
taminant, whereas Gal-9 is predicted to be specific (Tab B in S1 Table) [35]. Since prior studies
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Fig 1. Gal-9 binds and recruits to Mtb. (A) Experimental design for Mtb pull-down mass spectrometry identification of Mtb-
binding proteins. (B) Domain organization of Gal-9. CRD, carbohydrate recognition domain. (C) Immunoblot of in vitro binding
reactions between indicated pathogens and Gal-9-FLAG THP-1 lysate, probed with anti-FLAG antibody; IN, input; Lm, Listeria
monocytogenes; Stm, Salmonella enteria serovar Typhimurium; Cn, Cryptococcus neoformans; Mtb, Mycobacterium tuberculosis.
(D) Confocal microscopy of WT BMM:s infected with WT or AeccC Mtb-GFP (MOI = 2) 8 hours post-infection and
immunostained for endogenous Gal-9 and Gal-3. (E) Quantification of Mtb-GFP colocalization with Gal-9 or Gal-3 at indicated
time points. Figures represent two independent experiments (D, E). An average of 882 cells were analyzed per technical replicate
(D, E). Error bars represent SD from 3 technical replicates. The schematic was created with BioRender.com.

https://doi.org/10.1371/journal.ppat.1011088.9001
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have shown that Gal-1 does not localize to bacterial phagosomes or appear to play a role in
pathogen sensing [9, 20], we focused on Gal-9 (Fig 1B). To biochemically validate the LC-MS/
MS results, we expressed FLAG-tagged mouse Gal-9 in RAW 264.7 mouse macrophages and
performed similar pull-down experiments with formaldehyde-fixed Mtb as described above,
followed by anti-FLAG immunoblotting. Consistent with our findings with human Gal-9
from THP-1 macrophages, mouse Gal-9 also bound to the surface of Mtb (Fig 1C). This inter-
action was dependent upon carbohydrate binding, as addition of lactose to the in vitro binding
reaction blocked Gal-9 binding (Fig 1C). We used pull-down assays to further explore whether
Gal-9 binds to other phylogenetically diverse intracellular pathogens and found that Gal-9
bound to Stm and did not bind to Lm or the fungal pathogen Cryptococcus neoformans (Cn)
under the tested conditions (Fig 1C).

To determine whether Gal-9 localizes to Mtb in infected macrophages, we analyzed Mtb-
infected Gal-9-FLAG cells using immunogold electron microscopy with anti-FLAG antibody
(S1 Fig). Gal-9-FLAG was found primarily on extra-phagosomal membranes throughout the
macrophage cytoplasm, with roughly 20% of puncta localized to phagosomal membranes and
~5% localizing to bacteria (S1 Fig). Taken together, these results demonstrate that Gal-9 can
bind directly to Mtb via carbohydrate-binding and that Gal-9 localizes to Mtb in an infected
macrophage.

Gal-9 recruitment to Mtb is ESX-1-dependent

To determine whether ESX-1-mediated membrane damage is required for the recruitment of
endogenous Gal-9, we infected BMM:s with fluorescent Mtb and used automated confocal micros-
copy to quantify Gal-9 recruitment to bacteria. Mtb-Gal-9 colocalization was evident as early as 3
hours post-infection and reached a maximum of 15% at 8 hours post-infection before returning
to 10-12% at later times (Fig 1D and 1E). We observed minimal colocalization between Gal-9 and
the ESX-1 secretion mutant AeccC, indicating that Gal-9 recruitment requires ESX-1-mediated
membrane damage and cytosolic access. As a comparison, we also measured endogenous Gal-3
recruitment to Mtb and found that Gal-3 similarly colocalized with approximately 8-11% of WT
Mtb but showed no recruitment to AeccC Mtb (Fig 1D and 1E). Thus, endogenous Gal-9 is
recruited to Mtb in an ESX-1-dependent manner soon after infection and maintains steady locali-
zation with a subpopulation of bacteria throughout infection.

Generation and validation of Gal-3, -8, and -9 triple knockout (TKO) mice

While many cell-intrinsic roles have been described for Gal-3, -8, and -9, their contributions
to host immunity are incompletely understood. Prior studies have shown that Gal-3, -8, and -9
each make partial contributions to Mtb immunity in animal models [15, 16, 27]. Because the
mild phenotypes of individual galectin knockouts could be due to functional redundancy
between damage-responsive galectins, we sought to test the combined role of all three mem-
brane damage-sensing galectins in antibacterial immunity in vivo by generating Gal-3, -8, and
-9 triple knockout (TKO) mice. Using CRISPR/Cas9 genome editing, we generated two inde-
pendent TKO mouse strains (strain 1 and strain 2), both containing frameshift mutations in
each of the three galectins that result in premature stop codons. Western blotting of BMMs
from both TKO strains confirmed that these mutations led to loss of protein expression (Figs
2A and S2A). Gal-3, -8, and -9 have documented roles in the response to lysosomal damage,
which entail activation of lysophagy and ESCRT-mediated repair [15-18]. To determine
whether TKO cells have defective lysophagy induction, we treated WT and TKO BMM:s with
the lysosomal damaging agent Leu-Leu-OMe (LLOMe) and quantified LC3 puncta. There was
a modest yet statistically significant reduction in LC3 puncta per cell in TKO BMM:s treated
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Fig 2. TKO macrophages exhibit reduced autophagic flux. (A) Immunoblots of bone marrow-derived macrophage lysates
from WT and TKO mice (strain 1) probed for indicated proteins. (B) Confocal microscopy of WT or TKO BMMs infected with
Mtb-GFP (MOI = 2) 8 hours post-infection and immunostained for polyubiquitin. (C) Quantification of (B) for WT or AeccC
Mtb-GFP colocalization with polyubiquitin. (D) Quantification of Mtb-GFP colocalization with polyubiquitin in WT or TKO
BMMs at indicated time points. (E) Same as in (B) but stained with Lysotracker. (F) Quantification of (E) for WT or AeccC Mtb
colocalization with Lysotracker signal. (G) Confocal microscopy of WT, TKO, Atg5™ LysMcre”, or Atg5™ LysMcre™” BMMs
infected with Mtb-GFP (MOI = 2) 8 hours post-infection and immunostained for LC3. (H) Quantification of (G) for Mtb-GFP
colocalization with LC3. (I) Quantification of Mtb-LC3 colocalization in WT or TKO BMMs infected with Mtb-GFP (MOI = 2) 8
hours post-infection and treated with indicated concentrations of bafilomycin Al for 3 hours prior to fixation. Figures represent
two (D), or are representative of two (I), or four (B, C, E-H) independent experiments. An average of 2115 (B, C), 933 (D), 925
(E, F), 1464 (G, H), and 1636 (I) cells were analyzed per technical replicate. Error bars represent SD from three (G-I) or four
(B-F) technical replicates, and *p<0.05., **p<0.01, ***p<0.001, ****p<0.0001 by unpaired t-test.

https://doi.org/10.1371/journal.ppat.1011088.g002

with LLOMe (S2B and S2C Fig), indicating an impairment in damage-induced LC3 puncta
formation and lysophagy in galectin-deficient cells. Thus, we have established a genetic system
to evaluate the collective roles of membrane damage-sensing galectins in vivo.
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Deficiency in Gal-3, -8, and -9 leads to reduced autophagic flux and
accumulation of autophagy targeting intermediates

Given the characterized roles of Gal-3 and Gal-8 in antibacterial autophagy induction [9,
15, 20], we tested whether TKO macrophages were impaired for Mtb-targeted autophagy,
which is characterized by recruitment of polyubiquitin chains and ubiquitin-binding autop-
hagy receptors to cytosolic Mtb [31, 32]. We used automated confocal microscopy to quan-
tify the recruitment of polyubiquitin, polyubiquitin linkage subtypes K48 and K63, and p62
to Mtb in both WT and TKO BMMs. We hypothesized that decreased Mtb-ubiquitin colo-
calization would indicate an impairment of autophagy initiation, whereas an increase
would indicate either a block in Mtb delivery to the lysosome or a defect in phagosome
repair, which could expose bacteria to increased autophagy targeting. TKO macrophages
exhibited a 40-70% increase in Mtb colocalization with all autophagy markers tested (Figs
2B, 2C, S3A, and S3B). The increase in Mtb-ubiquitin colocalization persisted from 3 to 24
hours post-infection (Fig 2D). Both mock- and Mtb-infected WT and TKO cells had equiva-
lent numbers of ubiquitin puncta (S3E Fig), suggesting that the increase in Mtb-ubiquitin
colocalization in TKO cells is not due to accumulation of ubiquitin structures at baseline.
As expected, the increase in ubiquitin-labeled bacteria was dependent upon ESX-1-medi-
ated phagosome permeabilization (Fig 2B and 2C). We also measured Mtb colocalization
with Tax1bpl and Optineurin, which are autophagy receptors implicated in Mtb-targeted
autophagy [20, 22, 31]. In contrast to p62, there were no differences in Tax1bpl and Opti-
neurin recruitment to Mtb between WT and TKO macrophages (S3C and S3D Fig), suggest-
ing that galectins function downstream of p62 recruitment but do not affect targeting of
Tax1bpl or Optineurin.

To assess if autophagosome maturation was impaired, we measured Mtb delivery to the
lysosome by infecting cells with Mtb and staining with Lysotracker. TKO macrophages showed
a ~15% decrease in Mtb-Lysotracker colocalization relative to WT (Fig 2E and 2F). This loss in
colocalization was not due to reduced lysotracker staining from defects in lysosomal homeo-
stasis or repair in TKO cells, as both mock- or Mtb-infected WT or TKO macrophages had
similar numbers of Lysotracker puncta (S3F Fig), indicating that TKO cells maintain lyso-
somal integrity at baseline and during infection. In contrast to WT Mtb, infection with AeccC
Mtb resulted in similar levels of Mtb-Lysotracker colocalization in WT and TKO cells (Fig 2E
and 2F), indicating that galectin-dependent lysosomal trafficking requires ESX-1 and cytosolic
access. We initially hypothesized that the reduction in Mtb lysosomal delivery in TKO cells
might be due to defects in LC3+ phagophore recruitment to bacteria. However, LC3 immu-
nostaining revealed no differences in steady-state Mtb-LC3 colocalization between WT and
TKO BMMs during infection (Figs 2G, 2H, and S3G), while BMMs depleted of the core autop-
hagy gene Atg5 expectedly showed marked reduction in Mtb-LC3 colocalization relative to
control. As expected, ESX1 mutants elicited minimal colocalization with LC3 (Fig 2G and 2H)
[31]. Although we detected no difference in Mtb-LC3 colocalization, the reduction in Mtb
lysosomal delivery in TKO cells suggested that autophagic flux was disrupted. To test this, we
inhibited autophagosome degradation in the lysosome by treating infected cells with bafilomy-
cin Al and measured accumulation of LC3+ Mtb autophagosomes. TKO BMMs had a 50%
reduction in accumulated LC3+ Mtb after treatment with bafilomycin A1 (Fig 2I), indicating
that galectin deficiency leads to reduced autophagic flux of LC3+ Mtb. Taken together, these
data suggest that while Gal-3, -8, and -9 are dispensable for ubiquitin and p62 recruitment,
they function to promote autophagic flux and efficient delivery of cytosolic Mtb to the
lysosome.
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Gal-3, -8, and -9 are not required for control of intracellular bacterial
pathogens in primary macrophages

We next tested whether membrane damage sensing galectins were important for cell-intrinsic
restriction of bacterial growth. Our initial finding that human Gal-9 could bind directly to Mtb
motivated us to evaluate its role in bacterial control during infection of human cells. To this
end, we generated two different Gal-9 shRNA-knockdown THP-1 cells lines, infected them,
and measured bacterial growth of a bioluminescent Mtb reporter strain (Mtb-LUX) [36]. Gal-9
knockdown cells exhibited normal bacterial control during infection (S4A Fig). We then took
a genetic approach and used CRISPR/Cas9 to knockout Gal-9 in the RAW 264.7 mouse mac-
rophage cell line. Interestingly, Gal-97" cells were more permissive for Mtb replication,
whereas knockout of Gal-3 yielded no differences (S4B Fig). Previous reports have also dem-
onstrated antimicrobial roles for certain galectins in immortalized cell lines [9, 15, 20], but
galectins have never been evaluated for restriction of Mtb growth in primary cells. Therefore,
we further evaluated Gal-9 by measuring Mtb growth in Gal-9”~ BMMs but observed no
defects in bacterial control (S4C Fig). Similarly, we found that Gal-8, which was previously
reported to promote bacterial control in immortalized cell lines [20], was not required for Mtb
growth restriction in primary macrophages (54D Fig). Taken together, these data indicate that
although Gal-8 or Gal-9 can promote bacterial growth restriction in certain cell lines, they are
dispensable for restriction of Mtb growth in primary macrophages.

We speculated that galectin single knockout BMMs exhibit normal bacterial control due to
functional redundancy between membrane damage-associated galectins. To test this, we evalu-
ated whether TKO BMMs were more permissive for Mtb replication. We found that despite
defects in autophagic flux in TKO macrophages, bacterial growth kinetics were nearly identical
between WT and TKO macrophages (Fig 3A and 3B), a finding we confirmed in separate
experiments by directly enumerating Mtb colony-forming units (CFUs) (Fig 3C). In addition,
TKO macrophages exhibited normal interferon-gamma (IFN-y) dependent restriction of Mtb
(Fig 3A). Thus, despite previously described roles for Gal-3, -8, and -9 in autophagy and
restriction of bacterial growth in immortalized cell lines [9, 15, 20], we found no defects in
cell-intrinsic Mtb restriction in the absence of all three membrane damage-sensing galectins.

The inability of Gal-3, -8, and -9 to restrict Mtb growth led us to examine whether other
intracellular bacterial pathogens are restricted by the membrane damage-sensing galectins. We
performed infections with Stwm, Lm, or Legionella pneumophila (Lp), and found that TKO mac-
rophages also exhibited normal restriction of bacterial growth with these pathogens (Fig 3D-
3F). TKO macrophages additionally showed no defects in IFN-y-dependent restriction of Stm
(Fig 3D). Furthermore, negligible differences were found between WT and TKO macrophages
infected with AflaA Lp (Fig 3E), which does not activate the NAIP5-NLRC4 inflammasome
[37], or an autophagy-sensitive Lm strain (AactA PlcAH864 p|cBHO9G, Fig 3F) [38], indicating
that Gal-3, -8, and -9 are dispensable for inflammasome-independent immunity to Lp and
Lm-targeted autophagy. Thus, across an array of conditions in both resting and activated pri-
mary macrophages, we found that Gal-3, -8, and -9 are not required for restricting the growth
of several intracellular bacterial pathogens.

TKO mice exhibit partial impairment in host resistance to chronic Mtb
infection

To assess the role of Gal-3, -8, and -9 during Mtb in vivo infection, TKO and WT mice were
infected with aerosolized Mtb (Figs 4, S5, and S6). During the initial 21 days of infection, when
innate immunity predominates, there were no differences in bacterial burden in TKO mice
compared to WT (Fig 4A and 4B). During chronic infection, at 9 weeks post-infection, there
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was a slight 2-3-fold increase in bacterial burden in the lungs of TKO mice in two independent
experiments (S5 Fig). Although this effect did not meet a p = 0.05 threshold for statistical sig-
nificance for each experiment, pooling the CFU-fold change data from both experiments
showed a statistically significant effect (Fig 4A). TKO spleens also exhibited a trend towards
higher bacterial burden at this time point (Fig 4B). In addition, TKO mice succumbed slightly
faster to infection than WT mice (Fig 4C). To evaluate whether these changes were dependent
on inoculum size, we infected mice with a higher bacterial load (~450 CFUs) and observed a
similar trend toward slightly increased bacterial burdens in the lungs and spleens of TKO mice
(S6 Fig). Taken together, these data show that mice deficient for Gal-3, -8, and -9 have no
discernable defect in immunity to Mtb during the early acute phase of infection and have only
modest defects in host resistance to chronic Mtb infection.

Deficiency in Gal-3, -8, and -9 leads to a specific defect in splenic Ag85B-
specific T cell responses

Because TKO mice exhibited resistance defects exclusively during chronic infection, when T
cell-mediated immunity promotes bacterial control, we assessed whether Gal-3, -8, and -9
could play a role in shaping the adaptive immune response. To this end, we performed IFN-y
enzyme-linked immunospot (ELISpot) assays to enumerate Mtb-specific T cells in both WT
and TKO mice infected with Mtb. Splenocytes were isolated 21 days post-infection when bac-
terial CFU in WT and TKO animals were equivalent, and ELISpot was performed with the
immunodominant I-AP epitopes from Mtb antigens ESAT-6 and Ag85B (S7 Fig). Consistent
with a contribution to adaptive immunity, we detected a reduction in IFN-y-secreting Ag85B-
specific T cells in TKO spleens harvested three weeks post-infection (S7A Fig). This difference
seemed selective, as there were no differences in the number of IFN-y-secreting ESAT-6-spe-
cific T cells (S7A Fig). We also measured T cell responses in the lung at this time point but
found no differences between WT and TKO mice for either antigen (S7B Fig), possibly reflect-
ing the robust enrichment of highly activated T cells in this organ [39, 40]. Finally, we mea-
sured splenic T cell responses in a high-dose infection and, in contrast to our low-dose
infection results, observed no differences in Ag85B-specific T cell responses (S7C Fig), suggest-
ing that Mtb infection can promote robust T cell activation in the absence of Gal-3, -8, and -9
if sufficient antigen is present. These findings suggest that membrane damage-sensing galec-
tins promote full activation of CD4 T cells in some physiologic contexts, but not universally.

TKO mice exhibit normal resistance to infection with Lm or Stm

Given the surprisingly mild immune defects in response to Mtb, we broadened our analysis
and challenged WT and TKO mice with Lm or Stm. Using a Lm intravenous infection model,
we detected similar bacterial burdens in spleen and liver from WT and TKO mice at 48 hours
post-infection (Fig 5A and 5B). Likewise, bacterial burdens were unaltered in TKO mice
infected with St via the intraperitoneal route (Fig 5C and 5D). Thus, despite their well-estab-
lished role in membrane damage-sensing and our data demonstrating direct pathogen recog-
nition, simultaneous loss of all three phagosome-localized galectins has no discernable impact
on the ability of the host to restrict several phylogenetically-diverse bacterial pathogens during
the acute phase of infection and results in only modest impairments to host immunity during
chronic Mtb infection.

Discussion

Given the previous work that demonstrated roles for galectins in antibacterial autophagy and
bacterial control [9, 15, 20], we were surprised that mice lacking Gal-3, -8, and -9 had no
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resistance defects during the acute stage of infection with Stm, Lm, or Mtb. The absence of a
significant immune deficit in TKO mice also stands in contrast to the clear resistance defects
seen in autophagy-deficient animals during Mtb infection [30]. There are several possible
explanations for the seemingly minimal contribution of Gal-3, -8, and -9 to antibacterial
immunity during acute infection. First, redundancy in galectin function (e.g. different galec-
tins or other pathways) may be compensating for Gal-3, -8, and -9 deficiency, although no
other galectins are currently known to be targeted to damaged membranes. Alternatively, as
several intracellular pathogens actively inhibit autophagy using specific virulence factors [41-
43], these pathogens may inactivate galectins or downstream autophagy steps as a virulence
strategy. Finally, it is possible that galectins play roles in cell types other than macrophages or
in different physiologic contexts, such as mucosal immunity in the gut, where epithelial cells
rather than professional phagocytes are the initial line of defense against an array of pathogens.
Autophagy plays a protective role in the gut epithelium [44], and certain innate immune
mechanisms are only evident during infection of the gut epithelium, exemplified by NOD2-
mediated restriction of Lm growth during oral but not intravenous infection [45]. Thus, galec-
tins may still have an important antibacterial role in other physiologic contexts beyond those
we have tested here.

We found that TKO mice exhibited modest defects in bacterial control and survival during
the chronic phase of Mtb infection and these findings are supported by previous Mtb studies
using galectin single knockout mice and autophagy-related mouse models [15, 16, 27, 33]. In
previous survival experiments, Gal-3”~ and Gal-8”~ mice exhibited mild defects in susceptibil-
ity to chronic Mtb infection following high dose aerosol challenge (200-3000 CFUs) [15, 16].
Similarly, Gal-9”" mice infected intranasally with an extremely high dose of Mtb (2 x 10°
CFUs) had a modest two-fold increase in lung bacterial burden [27]. While there are many dif-
ferences between these studies and ours (e.g. animal housing conditions, animal microbiota,
Mtb strain and dose, and/or infection route), these data are in general agreement with our
finding that membrane damage-associated galectins play a limited role in vivo during Mtb
infection. The increased susceptibility of TKO mice during the chronic phase is also similar to
mice that lack the autophagy-related ubiquitin ligase Smurfl, which also have higher Mtb bur-
dens exclusively during the chronic phase and exhibit a very similar survival phenotype [33].
Whether the susceptibility of TKO mice is due to defects in direct antimicrobial killing or
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aberrant inflammatory responses is currently unknown [33, 46, 47]. However, defects in host
resistance during the chronic phase in both galectin-deficient mice and Smurfl”~ mice may
suggest that full and sustained activation of the autophagy pathway is important for long-term
containment of Mtb.

Previous reports demonstrated that Gal-3 and Gal-8 promote restriction of bacterial growth
in immortalized cell lines [9, 15, 20]. Similarly, we found that loss of Gal-9 in RAW 264.7 cells
also resulted in increased Mtb replication. In contrast, when studying primary immune cells,
we found that individual loss of Gal-8 or Gal-9 in BMMs resulted in no discernable change in
intracellular Mtb replication. Furthermore, TKO BMMs lacking all membrane damage-sens-
ing galectins exhibited normal restriction of Mtb, as well as Stm, Lm, and Lp. Taken together,
this suggests that while membrane damage-sensing galectins have the potential to restrict bac-
terial growth in cell lines, there may be key differences between these cells and primary macro-
phages that account for the differential requirements for galectin activity to restrict bacterial
growth. Indeed, previous reports have identified significant differences in the phagosome pro-
teome, proteolytic capacity, and kinetics of lysosomal trafficking and proinflammatory signal-
ing between primary BMMs and immortalized RAW 264.7 macrophages that may impact the
role galectins play in antibacterial immunity [48, 49].

Our results showed that TKO macrophages exhibit impaired autophagic flux of LC3+ Mtb
and slightly reduced Mtb lysosomal delivery. TKO cells also showed increased levels of ubiqui-
tin+ and p62+ Mtb during infection, suggesting that Gal-3, -8, and -9 function downstream of
ubiquitin and p62. However, Mtb association with the autophagy receptors Tax1bpl and Opti-
neurin were unchanged in TKO cells. Although a mechanistic understanding awaits further
investigation, these observations suggest that there are different subsets of targeted phago-
somes and that galectins play a role in promoting maturation of certain phagosomes. NDP52
also promotes autophagy via Gal-8 binding in human cells [9], however murine Ndp52 lacks
the C-terminal ubiquitin- and Gal-8-binding regions and therefore is likely not at play in
mouse cells [20, 50]. Of note, we do not see complete loss of autophagy in TKO cells, likely
because numerous autophagy-promoting pathways are activated during Mtb infection [3, 31-
33]. Indeed, robust ubiquitin recruitment to Mtb occurs in TKO macrophages, suggesting that
ubiquitin-mediated autophagy pathways, promoted via Parkin, Smurfl, Trim16, or cGAS/
Sting [15, 31-33], are largely intact in TKO macrophages and may partially compensate for
defects in galectin-driven autophagy.

Our finding that galectin deficiency leads to slight impairments in both autophagy and anti-
gen-specific CD4 T cell activation raises the possibility that these phenotypes could be linked
and suggests how an autophagy phenotype might manifest during later stages of infection.
Autophagy mediates the capture and degradation of cytosolic pathogens and antigens, after
which the peptide constituents are trafficked to MHC-class-II-containing late endosomes and
then loaded onto MHC class IT complexes for presentation to CD4 T cells [51-54]. During
Mtb infection, inhibition of autophagy was shown to impair Ag85B-specific, but not ESAT-
6-specific CD4 T cell activation [55], possibly suggesting that some microbial antigens, but not
others, require autophagy for efficient antigen presentation. Similarly, the CD4 T cell activa-
tion defect we observed in TKO mice was specific to Ag85B, while ESAT-6-specific CD4 T cell
responses were unchanged. How some antigens, but not others, might access MHC class II
compartments via autophagy remains unknown. It is possible that highly expressed and
secreted antigens, like ESAT-6 [56], do not require autophagy for antigen presentation and
instead access the antigen presentation pathway via phagocytosis and endolysosomal traffick-
ing. In contrast, Ag85B, a cell wall antigen that is downregulated at three weeks post-infection
and exhibits low abundance during chronic infection [57, 58], might rely on autophagy for
efficient antigen presentation.
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Although we and Wu et al. found that Gal-9 can bind directly to the surface of Mtb [27], the
ligands recognized by Gal-9 during infection remain unclear. The mycobacterial cell wall,
from inside to out, is comprised of an inner membrane, a layer of peptidoglycan covalently
linked to a subsequent layer of arabinogalactan (AG), an extremely hydrophobic and rela-
tively-impermeant outer membrane (OM) consisting mainly of long-chain mycolic acids, and
a loosely associated polysaccharide “capsule” at the very surface [59, 60]. Wu et al. reported
that Gal-9 recognized Mtb AG [27], though this layer is internal to the OM and unlikely to be
accessible to Gal-9 in healthy, dividing bacteria [60]. A possible solution to this conundrum is
that permeabilization of the outermost capsule and mycolic acid layer in vivo (or with deter-
gents routinely used in mycobacterial growth medium) [59], might expose AG to Gal-9. More-
over, it is possible that Gal-9 primarily recognizes dead or dying bacteria that have already
been damaged during infection in order to clear bacterial corpses (and their PRR-activating
ligands) from the cytosol via autophagy. Gal-9 localizes to damaged endosomes and lysosomes
independently of bacterial infection [9, 18], indicating that Gal-9 also recognizes an endoge-
nous carbohydrate ligand. In line with this, our immuno-EM studies showed that most Gal-9
colocalizes with host membranes, while a small fraction colocalizes with Mtb in infected mac-
rophages. Recognition of host glycoproteins on damaged membranes or release of AG or
other Gal-9 bacterial ligands could localize Gal-9 to extra-phagosomal compartments [61].
Lastly, our observation that Gal-9 also binds St but not Lm suggests Gal-9 recognition of bac-
terial constituents is not limited to AG and is selective for a subset of bacteria. Indeed, other
galectin-bacteria interactions have been identified, including Gal-3/Gal-9-Leishmania major,
Gal-4/Gal-8-Escherichia coli, and Gal-3-Neisseria meningitidis [24-26]. This suggests a sce-
nario where galectins have divergent binding preferences, allowing the recognition of a
broader array of microbes.

In conclusion, our data suggest that although Gal-3, -8, and -9 contribute to autophagy in
macrophages, they play a limited role in the immune response to systemic bacterial infection.
These membrane damage-sensing galectins had no discernable impact on acute infection with
Mtb, Stm, or Lm in vivo, and had a modest effect on host resistance to chronic Mtb infection.
These data suggest that the role of Gal-3, -8, and -9 in antibacterial immunity is not general-
ized, but rather is limited to specific physiologic contexts in vivo.

Methods
Ethics statement

Mouse use and procedures were approved by the Office of Laboratory and Animal Care at the
University of California, Berkeley (protocol AUP-2015-11-8096), and University of California,
Davis (protocol #22365) in adherence with federal guidelines from the Guide for the Care and

Use of Laboratory Animals of the National Institute of Health.

Dryad DOI
https://doi.org/doi:10.6078/D1914X [69].

Pathogen pull-down for mass spectrometry and immunoblotting

For Mtb pull-down mass spectrometry, Mtb was fixed in PBS with 4% PFA, washed three
times with PBS, and pelleted. 50 puL of Mtb pellet was incubated for 3 hours with 1 mL of 10
mg/mL differentiated THP-1 lysate, washed four times with PBS, and eluted in 8M urea with
Rapigest (Waters) before LC-MS sample preparation. For Mtb, Lm, Stm, and Cn pull-down for
Gal-9-FLAG immunoblotting, pathogens were fixed, washed, and pelleted as described above.
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1 mL of 10 mg/mL RAW 264.7 Gal-9-FLAG lysate was incubated, washed, and eluted as
described above prior to immunoblotting.

Mass spectrometry

Samples were denatured and reduced in 2 M urea, 10 mM NH,HCO3, 2 mM DTT for 30 min-
utes at 60°C, then alkylated with 2 mM iodoacetamide for 45 minutes at room temperature.
Trypsin (Promega) was added at a 1:100 enzyme:substrate ratio and digested overnight at
37°C. Following digestion, samples were concentrated using C18 ZipTips (Millipore) accord-
ing to the manufacturer’s specifications. Desalted samples were evaporated to dryness and
resuspended in 0.1% formic acid for mass spectrometry analysis.

Peptides were resuspended in 0.1% formic acid and 3% directly injected on a 75 pm ID col-
umn (New Objective) packed with 25 cm of Reprosil C18 3 um, 120 A particles (Dr. Maisch).
Peptides were eluted in positive ion mode into an Orbitrap Elite mass spectrometer (Thermo
Fisher) via a Nanospray Flex Ion Source (Thermo Fisher). Elution of peptides was achieved by
an acetonitrile gradient delivered at a flow rate of 400 nL/min by an Easy1000 nLC system
(Thermo Fisher). All mobile phases contained 0.1% formic acid as buffer A. The total gradient
time was 70 minutes, during which mobile phase buffer B (0.1% formic acid in 90% acetoni-
trile) was ramped from 5% to 30% B over 55 minutes, followed by a ramp to 100% buffer B
over a subsequent 5 minutes, and held at 100% for 10 minutes to wash the column. MS data
was collected over the first 60 minutes of the gradient. The ion transfer tube was set to 180°C
and the spray voltage was 1500V. MS1 scan was collected in the ion trap in centroid mode
with 120K resolution over a scan range of 200-2000 m/z, an S-Lens RF of 68%, a 50 ms maxi-
mum injection time, and a AGC target of 3e4. Species with a charge state z = 1 or unassigned
charge states were excluded from selection for MS/MS. Resonance excitation MS/MS was per-
formed on the 20 most abundance precursors with a minimum signal intensity of 200, an iso-
lation width of 2 m/z, a 0.25 activation Q, a 10 ms activation time, a 100 ms maximum
injection time, and an AGC target of 1e3. Dynamic exclusion was employed to exclude a list of
50 previously selected precursors within 180 seconds and using a +/- 1.5 Da window.

The results raw data was matched to protein sequences as previously described [62].

Western blot

Cells were lysed using RIPA buffer (Pierce) supplemented with Complete Mini EDTA-free Pro-
tease Inhibitor (Roche). Lysate protein concentration was determined using BCA protein assay
kit (Pierce). Proteins were separated with denaturing PAGE 4-20% Mini-PROTEAN TGX Pre-
cast Protein gel (Bio-Rad) and transferred to Trans-Blot Turbo Mini Nitrocellulose (Bio-Rad)
using Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were blocked with LI-COR
Odyssey blocking buffer for 1 hour at room temperature with agitation. Primary antibodies
were added and incubated overnight at 4°C with agitation. Primary antibodies used were anti-
Gal-3 (SCBT sc-32790, primary 1:1000, secondary 1:5000), anti-Gal-8 (Abcam ab69631, pri-
mary 1:500, secondary 1:5000), anti-Gal-9 (Abcam ab69630, primary 1:500, secondary 1:5000),
anti-B-actin (SCBT sc-47778, primary 1:1000, secondary 1:5000), anti-FLAG (Sigma F3165, pri-
mary 1:1000, secondary 1:5000). Secondary antibodies used were LI-COR IRDye 680RD or
800CW goat anti-mouse IgG or anti-rabbit IgG and used at dilutions indicated above. Follow-
ing primary stain, blots were washed three times 5 minutes each in PBS or PBS 0.1% Tween 20
(PBS-T). Secondary antibodies were incubated for 30 minutes at room temperature with agita-
tion. Blots were washed three times prior to imaging on a LI-COR Odyssey imaging system.
PBS-T was used for washing all immunoblots, except anti-Gal-8 and anti-Gal-9 immunoblots,
which used PBS no tween for washes. Blots were imaged on a LI-COR Odyssey imaging system.
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Bacterial and fungal cultures

Mycobacterium tuberculosis. All Mtb experiments were performed with Mtb Erdman
strain or strains derived from Mtb Erdman strain. Low passage frozen stocks of Mtb were
grown to log phase in 7H9 (BD) liquid media supplemented with 10% Middlebrook OADC
(Sigma), 0.05% Tween-80 and 0.5% glycerol in roller bottles at 37°C. Mtb-LUX expressing
luciferase from the luxCDABE operon has been described previously and was cultured as
described above [36]. WT or AeccC Mtb expressing eGFP under control of the MOP promoter
was a gift from Dr. Sarah Stanley’s laboratory [63], and was cultured as described above. For
BMM infections, log phase bacteria were washed twice with PBS and sonicated three times at
90% amplitude for 30 seconds each then diluted into BMM media (DMEM with 10% FBS, 2
mM L-glutamine, 10% MCSF, 11 mg/mL sodium pyruvate) prior to infection. For THP-1 and
RAW 264.7 infections, 10 mL of the Mtb culture was washed twice in PBS with 10% heat-inac-
tivated horse serum. After washing, Mtb was resuspended in 5 mL PBS with 10% heat-inacti-
vated horse serum and sonicated twice at 50% amplitude for 15 seconds. Mtb was diluted into
DMEM with 10% heat-inactivated horse serum, and this inoculum was added to THP-1 cells
prior to spinfection.

Salmonella enterica serovar Typhimurium. For pathogen pull-down experiments, Stm
strain SL1344 was cultured overnight at 37°C with shaking in Luria-Bertani (LB) broth and
backdiluted 1:100 1 day prior to infection, then allowed to recover to mid-log. BMM infections
were performed with Stm strain IR715. For mouse infections, Stm strain IR715 was cultured in
LB broth overnight at 37°C with shaking.

Listeria monocytogenes. All Lm strains used in this study were derived from strain 10403S
(streptomycin-resistant). AactA PlcA™* PIcB"®°S has been previously described [38]. For
macrophage infections, Lm was grown to stationary phase overnight, slanted at 30°C in filter-
sterilized BHI media with 200 ug/mL streptomycin then diluted into PBS for OD600 measure-
ment and inoculum preparation.

Legionella pneumophila. All Lp strains used are JR32 and express the Photorhabdus lumi-
nescens luxCDABE operon. LuxCDABE-expressing WT or isogenic mutant for flaA have been
previously described [64]. Bacteria were cultured in Charcoal-Yeast Extract Agar (CYE, 10 g/L
4-morpholinepropanesulfonic acid [MOPS], 10 g/L Yeast extract, 15 g/L technical agar, 2 g/L
activated charcoal, supplemented with 0.4 g/L L-cysteine and 0.135 g/L Fe(NOs3);) at 35-37°C
for 4 days from frozen stocks. Single colonies were grown on fresh plates for another 2 days.
For macrophage infections, bacteria were grown on solid plates and resuspended in autoclaved
water and diluted in RPMI.

Cryptococcus neoformans. Cn Serotype A strain H99 was grown in yeast culture condi-
tions on YPAD medium [1% yeast extract, 2% Bacto-peptone, 2% glucose, 0.015% L-trypto-
phan, 0.004% adenine] at 30°C. Cells were harvested mid-log phase for in vitro binding
studies.

Cell culture

Primary murine bone marrow-derived macrophages (BMMs) were isolated and cultured in
BMM media (DMEM with 10% FBS, 2 mM L-glutamine, 10% MCSF, 11 mg/mL sodium pyru-
vate) as previously described [22]. For all experiments, BMMs were thawed and allowed to
equilibrate for three days prior to replating. THP-1 cells were cultured in RPMI 1640 medium
supplemented with 1 mM sodium pyruvate, 10mM HEPES, 4.5 g/L glucose, 0.05 mM 2-mer-
captoethanol, 2 mM L-glutamine, 5% fetal calf serum, and 5% bovine growth serum. THP-1
cells were maintained at a concentration between 2e5 cells/mL and 1e6 cells/mL. RAW 264.7
macrophages were cultured in DMEM, 10% FBS, 2 mM L-glutamine, 10 mM HEPES.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011088 June 23, 2023 15/25


https://doi.org/10.1371/journal.ppat.1011088

PLOS PATHOGENS

The role of Galectin-3, -8, and -9 in antibacterial immunity

To generate Gal-9-3xFLAG cells, RAW 264.7 macrophages were transduced with lentiviral
particles containing Gal-9-3xFLAG expressed from pLenti-puro (Addgene #39481). To gener-
ate Gal-9”" and Gal-3"" cells, RAW 264.7 macrophages were transduced with lentiviral parti-
cles containing lentiCRISPR v2 (Addgene #52961) expressing Cas9 and sgRNAs. The
following sgRNAs were used: ACGGACAGTGGGGTCCTG (Gal-9), CCCCGGCCCAACT
GCCCC (Gal-3). Cells were genotyped and frameshift mutations were confirmed by Sanger
sequencing. To generate Gal-9 shRNA knockdown THP-1 cells, siRNAs were designed to tar-
get human Gal-9 mRNA and cloned into the pLKO.1 vector (Addgene #10878). The sense
shRNA sequences are CCTGGTGCAGAGCTCAGATTT (shGal-9 #1) and GCTCTGTGC
AGCTGTCCTA (shGal-9 #2). Lentiviral particles were produced in Lenti-X cells (Clontech)
per manufacturer’s instructions. Early passage THP-1 cells were transduced with lentiviral par-
ticles containing the sShRNA expression vector. The cells were selected in 0.5 pg/mL puromycin
to obtain a polyclonal population. Knockdown efficiency was assessed via qPCR using the fol-
lowing primers: 5-CCGAAAAATGCCCTTCGTCC-3’ (forward), 5- ACCTTGAGGCAGT
GAGCTTC-3’ (reverse) and determined to be 95% and 91% knockdown for shGal-9 #1 and
shGal-9 #2, respectively.

LLOMe and bafilomycin A1 treatment

For lysosomal damage experiments, BMMs were incubated with LLOMe (Sigma) at the indi-
cated concentrations for 2 hours prior to fixation. For the autophagic flux experiments, Mtb-
infected BMMs were treated with vehicle control (DMSO) or bafilomycin Al (Sigma) at the
indicated concentrations for 3 hours prior to fixation.

Macrophage infections

Mycobacterium tuberculosis. To ensure bacterial replication or autophagy targeting was
not impacted by differences in macrophage concentration, WT BMMs were plated in 96-well
plates at the target cell density, while TKO BMMs were plated on a cell density gradient in
order to ensure equivalent plating numbers of each genotype. After plating, cells were allowed
to adhere and equilibrate for 2 to 3 days prior to infection. On day 0 of infection, one plate was
fixed in PBS with 4% PFA, washed, DAPI stained, and nuclei were counted at 5X magnifica-
tion on an Opera Phenix microscope, thus allowing determination of cell density-matched
wells. During analysis, wells of different genotypes were only compared if cell counts were
matched within <5% of each other. For microscopy, CFU, and Mtb-LUX experiments, cells
were infected by removing media from wells, overlaying cell monolayers with bacterial suspen-
sions, and spinfecting for 10 minutes at 300 rcf.

For Mtb-LUX infections, cells were plated at 4 x 10* cells per well (target density) in Nunc
96-well white walled TC treated plates (Thermo Fisher). For IFN-y treatment, cells were incu-
bated with 1.5 ng/mL IFN-y the day before infection. BMMs were infected at a MOI of 1 or 5.
Luminescence of Mtb-LUX-infected BMMs in cell density-matched wells was measured as
previously described [62].

For all Mtb microscopy experiments, WT Mtb-GFP or AeccC Mtb-GFP were used. BMMs
were plated in either 24-well glass-bottom plates (Cellvis) at 2 x 10° cells per well, or 96-well
PerkinElmer Cell Carrier Ultra plates at 2.5 x 10* cells per well (target density). All infections
for microscopy used an MOI of 2. At indicated time points, microscopy plates were washed in
warm PBS, fixed in PBS with 4% PFA, washed three times with PBS, and stored in PBS at 4°C
before immunostaining. For lysotracker experiments, cells were stained with 50 nM Lyso-
tracker Red DND-99 in BMM media for 3 hours prior to fixation and imaged immediately
after washing out the fixative.
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For Mtb CFU experiments, BMMs were plated in 24-well TC treated plates at 2 x 10° cells
per well, infected with WT Mtb Erdman strain using an MOI of 2, and Mtb CFU enumeration
was performed as previously described [63].

For Mtb infection of THP-1 cells, THP-1 cells were differentiated for 3 days in DMEM with 2
mM L-glutamine, 1 mM sodium pyruvate, and 10% heat-inactivated fetal calf serum with 10 ng/
mL PMA and 0.1 ng/mL Vitamin D. On day 0 of differentiation, THP-1 cells were plated at 4 x
10* cells per well in a 96-well plate. The media was exchanged with fresh differentiation media
daily. Bacterial suspension was prepared as described above and THP-1 cells were spinfected for 5
minutes. Cells were incubated at 37°C for 30 minutes. THP-1 cells were washed 3 times with PBS
with 1% heat-inactivated horse serum. Differentiation media lacking phenol red with PMA and
Vitamin D was replaced after the washes. Luminescence of Mtb-LUX-infected THP-1 cells was
measured as previously described [62]. Half of the media was discarded and replaced with fresh
differentiation media with PMA and Vitamin D on days 1, 3, and 5 post-infection.

Salmonella enterica serovar Typhimurium. 1 x 10° BMMs were plated on 24-well plates
24 hours prior to infection. For IFN-y treatment, cells were incubated with 0.01 pg/mL IFN-y
the night before infection. Bacteria grown to mid-log phase as described above were pelleted
and resuspended in BMM media. Suspension was incubated at 37°C for 30 minutes for opso-
nization. Bacteria were then pelleted and resuspended to 1 x 10° CFU/mL prior to spinfection
with BMM:s for 5 minutes at 250 rcf followed by 37°C incubation for 30 minutes for phagocy-
tosis. Cells were washed with PBS and incubated with BMM media with 100 ug/mL gentamicin
at 37°C incubation for 30 minutes, then washed with PBS and incubated with BMM media
with 5 pg/mL gentamicin. For CFU enumeration, cells were washed with PBS and lysed in 500
uL water for 10 minutes prior to lysate serial dilution and plating on LB agar plates.

Listeria monocytogenes. A total of 3 x 10° BMMs were plated on 14 coverslips in 60 mm
non-TC treated dishes and infected the next day at an MOI of 0.25. Lm CFU enumeration was
performed as previously described [65].

Legionella pneumophila. Bacterial replication was measured using a luminescence-based
replication assay as previously described [66]. Briefly, 10° WT or TKO BMMs were plated on
96-well plates and incubated overnight. Medium was replaced with bacterial suspension in
BMM media at an MOI of 0.01. At indicated time points, luminescence emission was mea-
sured at 470 nm with a Spectra-L plate reader (Molecular Devices).

Immunofluorescence

Following fixation, washing, and storage in PBS at 4°C, cells were blocked and permeabilized
in PBS with 5% FBS or 2% BSA and 0.1% Triton X-100 (blocking/permeabilization buffer) for
30 minutes at room temperature. For LC3 immunostaining, cells were incubated with ice cold
methanol for 10 minutes on ice, then washed three times with PBS prior to the blocking and
permeabilization step above. Cells were then stained in blocking/permeabilization buffer over-
night at 4°C with the following primary antibodies at the indicated dilutions: anti-Gal-9
(Abcam ab275877, primary 1:100, secondary 1:500), anti-Gal-3 (SCBT sc-32790, primary 1:50,
secondary 1:500), anti-polyubiquitin (Millipore Sigma ST1200, primary 1:400, secondary
1:2000), anti-ubiquitin K63-specific (Millipore Sigma 05-1308, primary 1:200, secondary
1:2000), anti-ubiquitin K48-specific (Millipore Sigma 05-1307, primary 1:200, secondary
1:2000), anti-p62 (Abcam ab109012, primary 1:400, secondary 1:4000), anti-Tax1bpl (Bethyl
Laboratories A303-791A, primary 1:200, secondary 1:1000), anti-Optineurin (Bethyl Laborato-
ries A301-829A, primary 1:200, secondary 1:1000), and anti-LC3 (Nanotools 0260-100/LC3-
2G6, primary 1:400, secondary 1:2000). Cells were then washed three times with PBS for 5
minutes each. DAPI and secondary antibody staining was performed at room temperature for
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30-60 minutes using anti-mouse or anti-rabbit Alexa Fluor 647 or 488 (Invitrogen) at the
above indicated dilutions. Cells were washed three times with PBS for 5 minutes then imaged.

Automated confocal microscopy and image analysis

All microscopy experiments were performed with an Opera Phenix High-Content Screening
System confocal microscope (PerkinElmer). Microscopy plates were imaged at 10X magnifica-
tion for nuclei counting and cell density matching, 40X or 63X magnification for colocaliza-
tion or puncta quantification, or 63X magnification for representative images. Automated
analysis for colocalization, nuclei counting, and puncta quantification was performed with
PerkinElmer Harmony software package. For colocalization analysis, a maximum intensity
projection was generated from multiple z-stacks and autophagy markers and bacteria were
identified using a spot finder algorithm. Autophagy marker spots were then filtered based on
size and only spots >25-40 pixels in area were selected for analysis to limit nonspecific coloca-
lization of small puncta with bacteria. Bacteria with at least one pixel of overlap with size fil-
tered autophagy marker spots were counted as a colocalization event, and % colocalization was
defined as the total number of colocalization events divided by the total number of bacteria.

Electron-microscopy

RAW 264.7 cells expressing mouse Gal-9-3xFLAG were infected with Mtb at an MOI of 1 for 6
hours. Cells were then detached using 1 mM EDTA in PBS and fixed for 10 minutes at room
temperature using freshly prepared periodate-lysine-paraformaldehyde stain (0.2 M lysine-
HCI pH 7.4, 4% paraformaldehyde, 0.1 M sodium m-periodate). Following fixation, cells were
pelleted and resuspended in PBS without washing and stored at 4° until embedding was per-
formed. Samples were embedded in 10% gelatin and infiltrated overnight with 2.3 M sucrose/
20% polyvinyl pyrrolidone in PIPES/MgCl, at 4°C. Samples were trimmed, frozen in liquid
nitrogen, and sectioned with a Leica Ultracut UCT?7 cryo-ultramicrotome (Leica Microsys-
tems). Ultrathin sections of 50 nm were blocked with 5% FBS/5% NGS for 30 minutes and sub-
sequently incubated with mouse anti-FLAG (Sigma F3165) for 1 hour at room temperature.
Following washes in block buffer, sections were incubated with goat anti-mouse IgG + IgM 18
nm colloidal gold conjugated secondary antibody (Jackson ImmunoResearch Laboratories)
for 1 hour. Sections were stained with 0.3% uranyl acetate/2% methyl cellulose and viewed on
aJEOL 1200 EX transmission electron microscope (JEOL USA) equipped with an AMT 8
megapixel digital camera and AMT Image Capture Engine V602 software (Advanced Micros-
copy Techniques). All labeling experiments were conducted in parallel with controls omitting
the primary antibody.

Mice

All mice used were specific pathogen free, maintained in 12 hour light-dark cycle, and given
standard chow diet ad libitum. 8 to 12-week-old male and female mice were used. WT C57BL/
6] mice were obtained from Jackson Laboratories (JAX). CRISPR/Cas9 targeting was per-
formed by electroporation of Gal-3, Gal-8, and Gal-9-targeting Cas9-sgRNA RNP complexes
into fertilized zygotes from C57BL/6] female mice (JAX, stock no. 000664) [67]. TKO mice
were generated by targeting exon 1 of each galectin using two guides per exon; sgRNA
sequences: 5-GGCTGGTTCCCCCATGCACC-3’ and 5-CTCCAGGGGCAGTTGGGCCG-3
(Gal-3), 5-CAGCTAGACCTTTTGAACCG-3’ and 5-CACCATGAACACGATCTCAA-3
(Gal-8), and 5°-TACCCTCCTTCCTCAAACCG-3’ and 5-GAACGGACAGTGGGGTCCTG-
3’ (Gal-9). Founder mice were genotyped by PCR amplifying the targeted exons from mouse
tail DNA, followed by Sanger sequencing to identify mice carrying mutations. The following
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primers were used: Gal-3 PCR fwd tgtgaatcttctcccatgtcccage; Gal-3 PCR rev tecttcttaccagtggte-
cagc; Gal-3 seq agatcacaaatgcectgtagtc; Gal-8 PCR fwd tccatataagccagctcatgetgtgg; Gal-8 PCR
rev gcgetcctagaagaagtaagacctaagg; Gal-8 seq ctaaggtttatctgttccatctgg; Gal-9 PCR fwd atga-
cattgccttecacttcaacc; Gal-9 PCR rev tcaaagggcatccccttetgg; Gal-9 seq cacctcaggeagtcag. Mice
with mutations were bred to WT C57BL/6] mice to separate modified haplotypes. Homozy-
gous lines were generated by interbreeding heterozygotes carrying matched haplotypes. Two
independent TKO mouse lines were established. TKO strain 1 (Gal-3, 34nt deletion; Gal-8, Int
insertion; Gal-9, 58 nt deletion) was used for the Mtb, Lm, and Lp experiments. TKO strain 2
(Gal-3, 5nt deletion; Gal-8, 103nt deletion; Gal-9, 17nt deletion) was used for the St macro-
phage and mouse experiments.

Mycobacterium tuberculosis aerosol infection

To prepare infection inoculum, Mtb Erdman strain frozen stock was diluted in sterile water
and sonicated at 90% amplitude three times for 30 seconds. 8 to 12-week-old male and female
mice were infected with approximately ~75 CFUs (conventional dose) or >400 CFUs (high
dose) of prepared inoculum using a Glas-Col inhalation exposure system. At indicated time
points, lungs and spleens were isolated, homogenized, and plated on 7H10 plates with Poly-
myxin B (200,000 U/L), Carbenicillin (50 mg/L), Trimethoprim lactate (20 mg/L) and Ampho-
tericin B (5 mg/L). Plates were incubated at 37°C for 25-28 days before counting colonies. For
survival experiment, mouse weight was measured weekly and mice were sacrificed after losing
15% of maximum body weight.

Salmonella enterica serovar Typhimurium intraperitoneal infection

Stm strain IR715 was cultured as described above. Mice received 100 pl of sterile PBS or 1000
CFUs diluted in 100 pl PBS by intraperitoneal injection. Mouse weights were monitored daily
during infection. Systemic bacterial levels were characterized at day 1, 2, or 3 post-infection by
harvesting liver and spleen and enumerating CFU. Liver and spleen were collected in PBS,
weighed, and homogenized. Homogenates were serially diluted and plated on LB agar plates.
CFU per gram tissue was calculated after overnight growth at 37°C.

Listeria monocytogenes intravenous infection

Lm was grown at 37°C with shaking at 200 rpm to mid-log phase. Bacteria were washed in PBS
and resuspended at 5 x 10> colony-forming units (CFU) per 1 mL of sterile PBS. Mice were
then injected with 1 x 10> CFU via the tail vein. 48 hours post-infection, livers and spleens
were collected, homogenized, and plated on LB streptomycin 200 pg/mL to determine the
number of CFU per organ.

Interferon-y enzyme-linked immunospot (ELISpot)

Spleens were isolated and pressed through a 70 pum cell strainer to generate a single cell suspen-
sion. Lung cells were isolated and digested in RPMI with Liberase TM (70 pg/ml) and DNase I
(30 pg/ml) in gentleMACS C-tubes then placed at 37°C for 30 minutes, followed by gentle-
MACS tissue homogenization for single cell suspension. Cells were pelleted and RBCs were
lysed using ACK lysing buffer. Cells were washed, pelleted, resuspended in X-VIVO TM 15
(Lonza) and counted on a hemocytometer or using fluorescent count beads on an SH800 Sony
Sorter. Cells were plated, stimulated overnight with indicated peptides (2 pg/ml) or Concanav-
alin A (ConA, 2.5 pg/ml), developed, and analyzed as previously described [68]. ConA-stimu-
lated cells were used as a positive control and to determine total cell counts. IFN-y spot-
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forming cell (SFC) counts from peptide-stimulated wells were normalized to SFC counts from
ConA-stimulated wells to control for differences in cell density between samples.

Statistical analysis

Analysis of statistical significance was performed with Prism 9 (GraphPad).

Supporting information

S1 Fig. Gal-9 localization during Mtb infection. (A) Cryosections of RAW 264.7 cells stably
expressing Gal-9-FLAG infected with WT Mtb (MOI = 1) 6 hours post-infection. Gal-9 locali-
zation to extra-phagosomal membranes (black arrowheads), phagosomes (black arrows), and
Mtb (white arrowheads); b, bacteria. Four representative micrographs are shown from a data-
set of 26 total images. Scale bar = 0.5 um. (B) Quantification of (A) for Gal-9-FLAG localiza-
tion to indicated structures; EP membrane, extra-phagosomal membranes. Values are a
percent of total Gal-9-FLAG puncta in the dataset.

(TIFF)

S2 Fig. Generation and validation of Gal-3, -8, and -9 triple knockout (TKO) mice. (A)
Immunoblots of bone marrow-derived macrophage (BMM) lysates from WT and TKO mice
(strain 2) probed for indicated proteins. (B) Confocal microscopy of WT or TKO BMMs
treated with LLOMe at the indicated concentrations for 2 hours and immunostained for LC3.
(C) Quantification of (B) for LC3 puncta per cell. Figures are representative of three indepen-
dent experiments (B, C). An average of 400 cells were analyzed per technical replicate (C).
Error bars represent SD from four technical replicates, and **p<0.01, ***p<0.001 by unpaired
t-test.

(TIFF)

S3 Fig. Recruitment of autophagy markers to Mtb. (A) Confocal microscopy of WT or TKO
BMMs infected with Mtb-GFP (MOI = 2) 8 hours post-infection and immunostained for K48-
or K63-linked polyubiquitin, or p62. (B) Quantification of (A) for Mtb-GFP colocalization
with indicated markers. (C) Confocal microscopy of WT or TKO BMM:s infected with Mtb-
GFP (MOI = 2) 8 hours post-infection and immunostained for p62, Tax1bp1, or Optineurin.
(D) Quantification of (C) for Mtb-GFP colocalization with indicated markers. (E) Quantifica-
tion of polyubiquitin puncta 8 hours post-infection in mock- or Mtb-GFP-infected (MOI = 2)
WT or TKO BMMs. (F) Quantification of Lysotracker puncta 8 hours post-infection in mock-
or Mtb-GFP-infected (MOI = 2) WT or TKO BMMs. (G) Quantification of LC3 colocalization
with WT or AeccC Mtb (MOI = 2) at indicated time points. Figures are representative of two
(A-D) independent experiments or represent one (G) or two (E, F) independent experiments.
An average of 747 (A, B), 926 (C, D), 1464 (E, F), and 429 (G) cells were analyzed per technical
replicate. Error bars represent SD from three (E, F) or four (A-D, G) technical replicates, and
**p<0.01, ****p<0.0001 by unpaired t-test.

(TIFF)

$4 Fig. Galectin single knockdown or knockout macrophage infections. RLU-fold change of
(A) control or Gal-9 knockdown shRNA THP-1 cells infected with Mtb-LUX (MOI = 1), (B)
control, Gal-37", or Gal-9”" RAW 264.7 cells infected with Mtb-LUX (MOI = 1), (C) WT or
Gal-9”" BMMs infected with Mtb-LUX (MOI = 2), or (D) Gal-8" or Gal-8” BMMs infected
with Mtb-LUX (MOI = 1). Figures are representative of two (B, D) or three (C) independent
experiments, or represent four independent experiments (A). Error bars represent SD from
three technical replicates, and **p<0.01, ***p<0.001 by unpaired t-test.

(TIFF)
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S5 Fig. Lung CFU data for Mtb aerosol infections. WT and TKO female mice were aerosol
infected with (A) ~18 CFUs or (B) ~136 CFUs of Mtb Erdman and bacterial loads in lungs
were enumerated by plating for CFU at indicated time points. # = 3-5 mice per genotype. Fig-
ures represent one experiment. Bars represent the mean, error bars represent SEM, and p-val-
ues were determined by unpaired t-test.

(TIFF)

S6 Fig. Membrane damage sensing galectins are partially required for control of Mtb in a
high-dose aerosol infection. (A) WT and TKO male mice were aerosol infected with ~450
CFUs of Mtb Erdman and bacterial loads in lungs were enumerated by plating for CFU at indi-
cated time points. n = 5 mice per genotype. (B) Same as in (A) but bacterial loads in spleens.
Figures represent one experiment. Bars represent the mean, error bars represent SEM, and p-
values were determined by unpaired t-test.

(TIFF)

$7 Fig. TKO mice exhibit defective splenic Ag85B-specific T cell responses. (A) WT and
TKO mice were aerosol infected with ~100 CFUs of Mtb Erdman and splenocytes were iso-
lated for IFN-y ELISpot to enumerate Mtb-specific T cells. Mtb-specific spot-forming cells
(SFC) responding to re-stimulation in vitro with Mtb peptides are shown for each condition
relative to Concanavalin A (ConA) total T cells and WT. n = 10-11 mice per genotype. (B)
Same as in (A) but ELISpot performed with lung single cell suspension. # = 4 mice per geno-
type. (C) ELISpot on splenocytes following high-dose aerosol inoculation (~800 CFUs). n =5
mice per genotype. Figures represent data from three (A) independent experiments or one (B,
C) independent experiment. Error bars represent SD, and ****p<0.0001 by unpaired t-test.
(TIFF)

S1 Table. Mtb pull-down mass spectrometry results.
(XLSX)
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