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Abstract

Project Code: MRG5480181

Project Title: Variation in autophagic control to different genotypic families of Mycobacterium
tuberculosis in host macrophages.

Investigator: Assist. Prof. Marisa Ponpuak, Mahidol University

E-mail Address: marisa.pon@mahidol.ac.th

Project Period: 2 years with extension

Project Aims: As autophagy has been demonstrated as a key pathway in innate immune
defense to restrict Mycobacterium tuberculosis growth inside host macrophages. Induction of
autophagy has been shown to promote mycobacterial phagosome acidification and acquisition
of lysosomal hydrolases resulting in the elimination of intracellular M. tuberculosis reference
strains such as H37Rv and the vaccine strain BCG. However, the role of autophagy against M.
tuberculosis clinical strains such as those belong to the Beijing genotype found to be hyper-
virulent as demonstrated by their higher ability to survive in host macrophages, to cause higher
bacterial load and mortality in animal models, and to cause heavy AFB smear-positive sputum
in patients has never been examined. Therefore, we sought out to determine whether there is
an alteration in autophagic control against strains of the Beijing genotype which may explain the
hyper-virulence possessed by this family.

Methods: Here, we obtained M. tuberculosis clinical strains belonging to the Beijing genotype
associated with hyper-virulence prevalent in Thailand and East Asia regions and the East
African Indian genotype associated with low-virulence. We then compared the autophagic
restriction by host macrophages against these strains comparing to that of the laboratory M.
tuberculosis reference strain H37Rv. We then characterized the underlying autophagy resistant

mechanism utilized by the Beijing strains.



Results: Our results showed that the Beijing strains display greater ability to resist autophagic
killing as compared to that of the reference strain H37Rv and a strain belonging to the East
African Indian genotype. In addition, we revealed a possible underlying mechanism in which the
resistance of the Beijing strains to autophagic restriction is not simply achieved by blocking
autophagy-mediated acidification of their phagosomes or by inhibiting the autophagic flux in
host cells but achieved by preventing autophagolysosome biogenesis as demonstrated by their
ability to inhibit the increased acquisition of cathepsin D, an enzyme of lysosomal acid
hydrolases and a marker of lysosome, into mycobacterial compartments upon autophagy

induction.

Conclusions: In this study, we discovered a previously unrecognized ability of the M.
tuberculosis Beijing strains to evade host autophagy. In addition, we have characterized the
associated underlying mechanism in which the Beijing strains can inhibit autophagolysosome
biogenesis upon autophagy induction. Our work may have important implications for

tuberculosis treatment especially in regions prevalent by the Beijing genotype.

Discussions and Future Directions: Our study showed that the M. tuberculosis Beijing strains
possess the ability to resist autophagic elimination by host macrophages. Interestingly, H. pylori
was also shown to evade autophagic killing by inhibiting autophagolysosome biogenesis in
which the bacteria can do so through the use of the H. pylori vacuolating toxin (VacA). Whether
M. tuberculosis Beijing strains possess similar or equivalent toxin/protein is not known. As a
recent whole-genome sequencing of strains belonging to the M. tuberculosis Beijing family has
been conducted, mining and comparing sequencing data between Beijing and non-Beijing
strains may give insight into potential candidate genes that may play a role in the autophagic
evasion. Their subsequent characterization will also provide a novel drug target. This is utmost
important as it was recently reported that two of the first-line tuberculosis drugs, isoniazid and
pyrazinamide, require autophagy pathway for their actions and thus the Beijing strains may

have greater ability to resist these first-line tuberculosis treatment.

Keywords: Autophagy, Beijing strains, M. tuberculosis, Mycobacteria, Tuberculosis
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Introduction

Autophagy (macroautophagy) is an evolutionary conserved cellular homeostatic process
for qualitative and quantitative control of cytoplasmic biomass by removing long-lived proteins,
cytosolic toxic aggregates, and defunct organelles 1_4. In addition, autophagy has been
increasingly appreciated for its role as a primordial form of cellular innate immunity against
invading pathogens " °. Autophagy can be initiated when cells encounter stresses such as
nutritional and immune insults resulted from i.e. starvation, change in the level of immune
mediators, and the presence of structural components of microbes and their products 1'4. Upon
responding to an upstream stress signal, Atg proteins are organized into complexes and
collaborate to generate a specialized double-membrane autophagosome > 4. These complexes
include (i) the protein kinase complexes ULK1 and AMPK to activate Beclin-1, (ii) the class IlI
phosphatidylinositol 3-kinase complexes VPS34 and Beclin-1 to generate PI3P for recruitment
of downstream effectors, and (iii) the Atg5/Atg12/Atg16 conjugation complexes that act as an
E3 ligase for LC3 lipidation required for elongation and closure of autophagosome b
Cytosolic substrates can be either non-selectively engulfed into autophagosome or alternatively
selectively recognized and collected into autophagosome by different types of cargo
receptors/adaptors 6_8. Upon closure, autophagosome fuses with lysosome resulting in the
delivery of lysosomal acid hydrolases which then degrade the enclosed contents. The resulting

digested molecules such as amino acids are then released and recycled back into the

1,34
cytoplasm

Autophagy has been shown to play important roles in cell autonomous defense against

. . . . 1, 9-11 . .
intracellular bacteria, parasites, and viruses . In the context of M. tuberculosis infection,



induction of autophagy by starvation or other autophagy inducers results in the killing of the
tubercle bacilli by overcoming the block in phagolysosomal biogenesis as demonstrated by the
acidification and acquisition of lysosomal hydrolases into compartments harboring the
mycobacteria 12'17, even when they have survived in phagocytes by evading immunological
mechanisms 18. The proposed mechanistic details for autophagy-mediated mycobacterial
elimination include (i) the direct engulfment of mycobacteria into autophagosomes and
subsequent delivery to lysosomes for degradation and, (ii) the generation of killing peptides
converted from innocuous cytosolic substrates engulfed and partially digested in
autophagosomes/autophagolysosomes and subsequent delivery of these killing peptides to
mycobacteria via fusion of autophagic vacuoles with mycobacterial phagosomes 19. The
importance of autophagy pathway in antimycobacterial defense was substantiated by the
findings that mice deficient in Atg5 expression in macrophages display a high susceptibility to
mycobacterial infection 2 21. Furthermore, autophagy was shown to be required for effective
antimycobacterial drug action of isoniazid and pyrazinamide, two of the first-line tuberculosis
drugs, in an animal model of tuberculosis 22. In addition, a genome-wide siRNA screen to
identify host factors that regulate mycobacterial load in macrophages infected with different
strains of M. tuberculosis revealed autophagy as the main host cell functional module that is
perturbed by the pathogen 23. Moreover, polymorphisms in the human autophagy and
autophagy-related genes IRGM and P2X7, are found to be associated with susceptibility to
tuberculosis 24_28. All of these data underscore the importance of autophagic process in

mycobacterial control and indicate that the magnitude of autophagic elimination of mycobacteria

may be the key determinant of their virulence and pathogenesis.



M. tuberculosis can be subdivided into several distinct genotypic families/lineages 29,
among which the Beijing genotype, regarded as the highly successful lineage of M. tuberculosis
often associated with multidrug resistance, was shown to be globally distributed representing
around 50% of strains in East Asia and more than 13% of strains worldwide ), The success of
the Beijing family was thought to stem from its associated hyper-virulent phenotypes as
demonstrated by their higher ability to survive in host macrophages, to cause higher bacterial
load and mortality in animal models, and to cause heavy AFB smear-positive sputum in patients
31_36. However, the mechanism attributing to the greater ability of M. tuberculosis Beijing
genotype to survive in host cells remains unclear. As autophagy has been shown to be
important for controlling M. tuberculosis growth inside host cells but the characterization of this
pathway has been conducted using M. tuberculosis laboratory reference strains such as H37Rv

[ but not with the clinical strains such as those belong to the

and the vaccine strain BCG
Beijing genotype, we set out to determine whether there is an alteration in autophagic control
against strains of the Beijing genotype which may explain the hyper-virulence possessed by this
family. Our results showed that the Beijing strains display greater ability to resist autophagic
killing as compared to that of the reference strain H37Rv and a strain belonging to the East
African Indian (EAI) genotype 2 38. In addition, we revealed a possible underlying mechanism
in which the resistance of the Beijing strains to autophagic restriction is not simply achieved by
blocking autophagy-mediated acidification of their phagosomes or by inhibiting the autophagic
flux in host cells but achieved by preventing autophagolysosome biogenesis as demonstrated
by their ability to inhibit the increased acquisition of cathepsin D, an enzyme of lysosomal acid

hydrolases and a marker of lysosome, into mycobacterial compartments upon autophagy

induction.



Materials and Methods
Cell and bacterial culture

Mouse macrophage RAW 264.7 cells (ATCC) were maintained in DMEM (Hyclone),
10% FBS (Hyclone), and 4 mM L-glutamine (Hyclone) (full media). Earle’s Balanced Salt
Solution (EBSS) (Sigma) (starve media) was used to induce autophagy. Cells were cultured at
37°C and 5% CO,. M. tuberculosis reference strain H37Rv and the previously described M.
tuberculosis EAl and Beijing strains %940 were cultured in Middlebrook 7H9 broth supplemented
with 0.05% Tween 80, 0.2% glycerol, and 10% oleic acid, albumin, dextrose, and catalase
(OADC; BD Biosciences) at 37°C and homogenized to generate single-cell suspension. For
infection experiments, number of bacteria was adjusted to 3 x 106 colony forming unit (CFU)
per 1 mL (CFU/mL) in complete DMEM by measuring the OD at 600 nm. CFU was calculated
from the precalibrated standard curve. For bacterial survival assays, bacilli were plated onto
Middlebrook 7H11 agar supplemented with 0.05% Tween 80, 0.2% glycerol, and 10% OADC

(BD Biosciences) and grown at 37°C.

Fluorescent dye, antibodies, DNA construct, and siRNAs

LysoTracker Red (Invitrogen) was used at 1:4000. For immunofluorescence assays,
monoclonal antibody against Cathepsin D (R&D Systems) was used at 1:200. For
immunoblotting, polyclonal antibodies against Beclin-1 (Santa Cruz) were used at 1:500 and
monoclonal antibody against Actin (Abcam) was used at 1:2000. Plasmid construct used in this

study was previously described 41. All siRNAs used in this study were from Dharmacon.

10



Macrophage transfection

RAW264.7 cells were transfected with 5 ug of cDNAs or 1.5 ug of siRNAs as previously
described 42. In brief, 10-15 x 106 cells were resuspended in 100 pL of Nucleofector solution kit
V (Amaxa). Plasmid DNAs or siRNAs were then added to the cell suspension and cells were
nucleoporated using Amaxa Nucleofector apparatus with program D-032. Cells were then
transferred into a new flask containing 12 mL complete media and incubated at 37 °C followed
by a medium change at 6 hr of incubation. Cells were then used in assays after 24 hr of

transfection with plasmid DNAs or 48 hr of transfection with siRNAs.

Macrophage infection, mycobacterial survival, and immunofluorescence microscopy

Infection of RAW264.7 cells with mycobacteria and quantification of mycobacterial
survival after autophagy induction were carried out as previously described 15. In brief, 3 x 105
cells of RAW264.7 macrophages were plated onto each well of 12-well plates 12 hr before
infections. Cells were then infected with single cell suspension of mycobacteria in complete
media at MOI of 10:1 for 1 hr. Cells were then washed three times with PBS to remove
uninternalized mycobacteria and autophagy was then induced by treatment with starvation
media for 4 hr. Cells were then lyzed and survival of bacteria was determined by plating for
CFU. For immunofluorescence microscopy, 3 x 105 cells of Raw264.7 macrophages were
plated onto coverslips in 12-well plates 12 hr before infections. Cells were then infected with 3
x 106 Alexa 488- or Alexa 405-labeled mycobacteria per well in complete media at 37°C for 15

min, washed three times in PBS, and chased for 1 hr in complete media as previously

11



described 42. Cells were then washed three times with PBS and autophagy was then induced
by treatment with starvation media for 2 hr. Cells were then fixed with 4%
paraformaldehyde/PBS for 15 min followed by permeabilization with 0.1% Triton X-100/PBS for
5 min. Coverslips were then blocked in PBS containing 3% BSA and then stained with primary
antibodies according to manufacturer's recommendation. Cells were washed three times with
PBS and then incubated with appropriate secondary antibodies (Invitrogen) for 1 hr at room
temperature. Coverslips were then mounted using ProLong Gold Antifade Mountant (Invitrogen)
and analyzed by confocal microscopy using the Zeiss LSM-700 Laser Scanning Microscope.
For LysoTracker Red staining, cells were prestained in complete media containing LysoTracker
Red for 2 hr at 37°C before infections. Subsequent steps were carried out as described above
but in the presence of LysoTracker Red until the cells were fixed. For analysis of RFP-GFP-
LC3 transfected cells, cells were fixed and mounted as described above. The numbers of
RFP'GFP'-LC3 puncta (autophagosomes) and RFP GFP-LC3 puncta (autolysosomes) were
determined in cells that contain mycobacteria in infection conditions and compared to those of
the uninfected control. At least 50 phagosomes per experimental condition in three independent
experiments were quantified. For quantification, % mycobacteria-marker colocalization was
fraction of total mycobacterial phagosomes examined counted as positive when one or more

puncta were observed on or in contact with the mycobacterial phagosomes.

Immunoblotting

Cells were lysed in lysis buffer containing 20 mM Tris, 100 mM NaCl, and 1% NP-40.

Cell lysates were then separated by 10% SDS-PAGE and proteins were transferred onto a

12



nitrocellulose membrane (Amersham Biosciences). Membranes were then blocked with 5%
blocking solution (Roche Diagnostics) for 1 hr before incubation with appropriate primary
antibodies at 4 0C overnight. Membranes were then washed three times with PBS containing
0.1% Tween 20 (0.1% PBST) followed by incubation with appropriate horseradish peroxidase-
conjugated secondary antibody (Pierce) at room temperature for 1 hr. Membranes were then
washed four times with 0.1% PBST followed by incubation with a chemiluminescence substrate
(Roche Diagnostics) at room temperature for 2 min. Proteins were then detected by the

enhanced chemiluminescence method.

Statistical analysis

Unless indicated otherwise, all experiments were independently conducted at least three
times and data were pooled for presentation as means + SEM. All data were analyzed with
Prism software (GraphPad) using two-tailed unpaired Student’s t tests. p values less than 0.05

were considered significant.

13



Results

The Beijing strains resist autophagic killing of mycobacteria by host cells

It has been well documented that induction of autophagy by starvation or other

autophagy inducers in host macrophages results in the killing of mycobacteria reference strains
. . . 12, 14, 16, 43-45
such as M. tuberculosis H37Rv and the vaccine strain BCG . However, the
autophagic killing capacity of host cells against M. tuberculosis clinical strains has not been
characterized in detail. Therefore, we set out to evaluate whether different M. tuberculosis
strains possess differential ability to alter host autophagic killing capacity. As a control, we
observed no variation in the infection of RAW264.7 macrophages by different M. tuberculosis
strains when compared to that of the reference strain H37Rv (Figure 1A). Our results showed
L. . 14, 15, 37, 46 . .

that similarly to what has previously been observed , induction of autophagy in
RAW?264.7 macrophages by starvation, a classical method to stimulate autophagy, for 4 hr can
efficiently kill intracellular M. tuberculosis reference strain H37Rv by around 50% (Fig. 1B). In
addition, autophagy induction in RAW264.7 macrophages is able to comparably restrict an M.
tuberculosis strain belonging to the East African Indian genotype (EAI) (Fig. 1B). In contrast,
autophagy induction by starvation cannot promote the elimination of the strains belonging to the
Beijing genotype (BJY and BJN) (Fig. 1B). It should be noted that the viability of cells infected
with different strains of M. tuberculosis is more than 90%. This is also consistent with previous
reports using MOI of 10 of M. tuberculosis to infect RAW264.7 macrophages for short term
. . 13-15, 42, 46 L . . .
incubation of 4 hr . In addition, to confirm that the observed mycobacterial control is

mediated through autophagy pathway, we targeted Beclin-1 by siRNAs in RAW264.7

macrophages and determined M. tuberculosis survival by CFU analysis. Beclin-1 targeting was

14



verified by immunoblotting (Fig. 1C). Depletion of Beclin-1 resulted in a decrease in starvation-
induced elimination of M. tuberculosis reference strain H37Rv and the EAI strain confirming the
role of autophagy in the killing of these mycobacteria (Fig. 1D). In addition, Beclin-1 knockdown
does not alter the resistance of the Beijing strains to starvation-induced elimination (Fig. 1D).
Altogether, these results indicated that autophagic control capacity of host cells against different
strains of M. tuberculosis is not identical and unlike what has previously been observed with the
laboratory reference strains which are effectively killed by autophagy induction, the Beijing
strains are able to resist autophagic restriction by host cells. The observed alteration in
autophagic killing capacity against different strains of M. tuberculosis was not related to the
presence of intact pks 15/1, a gene encoding a polyketide synthase required for the synthesis
of phenolic glycolipid, a known virulence factor of mycobacteria 47, as both the BJY (pks 15/1
present) and BJN (pks 15/1 absent) can similarly resist autophagic killing by host cells while the

EAI (pks 15/1 present) is efficiently eliminated by autophagy induction (Fig. 1B and D).
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FIG 1. The Beijing strains of M. tuberculosis possess greater ability to resist starvation-induced
autophagic killing in host macrophages. (A) RAW264.7 macrophages were infected with different M.
tuberculosis strains at MOI of 10 for 1 hr. After washing the cells multiple times to remove uninternalized
mycobacteria, cells were then lyzed and the number of mycobacteria that infected host cells was determined
by plating for CFU. (B) RAW264.7 macrophages were infected with different M. tuberculosis strains at MOI of
10 for 1 hr. After washing the cells multiple times to remove uninternalized mycobacteria, cells were then
induced to undergo autophagy by starvation for 4 hr. Cells were then harvested and the number of viable
mycobacteria was determined by plating for CFU. (C) RAW264.7 macrophages were transfected with siRNAs
against Beclin-1 or scramble (Scb) control. After 48 hr of transfection, RAW264.7 cells were collected and
processed for immunoblot analysis to estimate the efficacy of Beclin-1 depletion. (D) RAW264.7 macrophages
were transfected with siRNAs as in (C). At 48 hr after transfection, cells were infected with different strains of
M. tuberculosis and then subjected to autophagy induction by starvation and CFU analysis as in (B). Data are
means + SEM from at least three independent experiments. **p < 0.01 and Tp 2 0.05, all relative to the full
control set to 100%. EAI, the East African Indian strain with intact pks15/1; BJY, the Beijing strain with intact

pks15/1; BJN, the Beijing strain without intact pks15/1.
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The Beijing strains avoid autophagic elimination not by inhibiting autophagy-mediated

acidification of their phagosomes

As our results showed the greater ability of the Beijing strains to resist starvation-
induced autophagic killing by host cells (Fig. 1), we set out to determine the molecular
mechanism involved. We first examined whether the ability of the Beijing strains to evade
autophagic restriction is due to their ability to inhibit autophagy-mediated acidification of their
phagosomes. To determine this, we performed the confocal microscopy analysis for
colocalization of mycobacteria with the LysoTracker Red (LTR) dye. The results showed that
acidification of M. tuberculosis H37Rv phagosomes is enhanced upon autophagy induction by
starvation as previously reported for reference strains 1 19,37, 46 (Fig. 2A and B). In addition,
induction of autophagy by starvation increases the phagosomal acidification of the EAI strain
albeit not statistically significant (Fig. 2A and B). Surprisingly, the acidification of the Beijing
strains (BJY and BJN) also appeared to be substantially enhanced upon autophagy induction
by starvation (Fig. 2A and B). Thus, these results indicated that even though the Beijing strains
are able to inhibit the autophagic control by host cells, these bacteria do so not by simply

inhibiting the autophagy-mediated acidification of their phagosomes but through another

mechanism.
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FIG 2. The Beijing strains inhibit starvation-induced autophagic killing not by blocking autophagy-
mediated acidification of their phagosomes. (A and B) RAW264.7 macrophages were infected with Alexa-
488-labeled mycobacteria at MOI of 10 for 15 min and subsequently chased for 1 hr in complete media.
LysoTracker Red (LTR) dye was used to stain acidic compartments. Cells were then induced to undergo
autophagy by starvation for 2 hr. Cells were then processed for confocal microscopy analysis for the
colocalization of mycobacteria with LTR. Data are means + SEM from at least three independent
experiments. At least 50 phagosomes per condition per independent experiment were quantified. **p < 0.01,
*p < 0.05, Tp 2 0.05, all relative to the full control set to 100%. EAI, the East African Indian strain with intact

pks15/1; BJY, the Beijing strain with intact pks15/1; BJN, the Beijing strain without intact pks15/1.
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The ability of the Beijing strains to escape autophagic restriction is not conferred by their

capacity to block host autophagic flux

In addition to the direct kiling mechanism mediated by autophagy whereby
mycobacteria are captured into autophagosomes and then delivered into acidic lysosomes,
autophagy can eliminate mycobacteria using another indirect mechanism whereby the
innocuous cytosolic precursors are captured into autophagosomes which during the process of
maturation into autolysosomes partially digest these precursors into killing peptides that are
subsequently delivered to mycobacteria via fusion of the autophagosomes/autolysosomes with
M. tuberculosis phagosomes 15. Thus, the Beijing strains may evade autophagic killing through
their differential ability to block the maturation of other population of cytosolic autophagosomes
not containing mycobacteria. To test this possibility, autophagic flux in host cells was measured
by fluorescent microscopy analysis for the conversion of RFP'GFP'-LC3 puncta
(autophagosomes) to RFP GFP-LC3 puncta (autolysosomes). The results showed that the
maturation of autophagosomes into autolysosomes is similarly inhibited in host macrophages
infected with different M. tuberculosis strains when compared to that of the uninfected cells (Fig.
3A and B; white bar) as demonstrated by an increase in the number of RFP 'GFP'-LC3 puncta
in conjunction with no increase in the number of RFP GFP-LC3 puncta. The block in
autophagic flux upon infection was further demonstrated when cells are subjected to autophagy
induction by starvation (Fig. 3A and B; black bar). These results indicated that all of the tested
strains and the reference M. tuberculosis H37Rv possess comparable ability to retard

autophagic flux in host macrophages. Thus, the greater ability of the Beijing strains to resist
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autophagic elimination cannot be attributed to their ability to inhibit autophagic maturation in

host cells.
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FIG 3. Evasion of starvation-induced autophagic elimination by the Beijing strains is not a result of their
differential ability to block autophagic flux in host cells. (A and B) RAW264.7 cells were transfected with
cDNAs encoding RFP-GFP-LC3. Transfected cells were then infected with Alexa-405-labeled mycobacteria
for 15 min and subsequently chased for 1 hr in complete media. Cells were induced to undergo autophagy by
starvation for 2 hr. Cells were then processed for confocal microscopy (Z-Stacks) analysis for the number of
LC3 puncta per cell. Data are means + SEM pooled from two independent experiments. The number of
RFP'GFP"-LC3 (autophagosomes) and RFP'GFP-LC3 (autolysosomes) were quantified in Z-Stacks images
of 30 cells per condition per independent experiment. **p < 0.01 and Tp 2 0.05, all relative to full and
starvation of uninfected control. EAI, the East African Indian strain with intact pks15/7; BJY, the Beijing strain

with intact pks15/1; BJN, the Beijing strain without intact pks15/1.
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The Beijing strains evade starvation-induced autophagic control by suppressing

autophagolysosome biogenesis

Some bacteria such as Helicobacter pylori and Mycobacterium marinum were shown to
reside in compartments that are acidified but lack a lysosomal marker cathepsin D in response
to autophagy 48_50, indicating a defect in autophagolysosome biogenesis and thus sparing these
bacteria from elimination. Therefore, we sought out to determine whether the Beijing strains
may possess a similar ability. As a result, we analyzed the colocalization of different M.
tuberculosis strains with LysoTracker Red and cathepsin D upon autophagy induction by
starvation. Confirming our results in Fig. 2, acidification of phagosomes containing different M.
tuberculosis strains are substantially augmented (LTR+) upon treatment of cells with starvation
(Fig. 4A and C). However, while there was an enhance in colocalization of the reference strain
H37Rv and the EAI strain with cathepsin D (CathD+) in response to autophagy induction by
starvation (Fig. 4B and D), there was no increase in the colocalization of the Beijing strains
(BJY and BJN) with cathepsin D (CathD+) observed upon starvation treatment (Fig. 4B and D).
These data indicated that even though their phagosomes are efficiently acidified, the Beijing
strains possess an ability to suppress autophagolysosome biogenesis in response to autophagy
induction. Note that the anti-cathepsin D antibody used can recognize both the immature and
mature forms of cathepsin D and hence the lack of increased colocalization of the Beijing
phagosomes with cathepsin D may include both the mature and immature forms. To further
confirm autophagy involvement in this process, we depleted Beclin-1 in RAW264.7
macrophages and assess the colocalization of different mycobacteria with LysoTracker Red and

cathepsin D. Our results showed that autophagy is required for the increased phagosome
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acidification of all M. tuberculosis strains (LTR+) upon starvation (Fig. 5A and B). However,
while there was an enhance in the colocalization of M. tuberculosis reference strain H37Rv and
the EAIl strain with cathepsin D (CathD+) upon starvation treatment and that this process
depends on autophagy (Fig. 6A and B), there was no increase in CathD" colocalization with the
Beijing strains upon starvation treatment even in autophagy efficient cells (Fig. 6A and B).
Altogether, these data indicated that the Beijing strains possess greater ability to evade
starvation-induced autophagic killing by their higher capacity to inhibit autophagolysosome
biogenesis as demonstrated by their suppression of the enhanced acquisition of cathepsin D

into their phagosomes upon autophagy induction in host cells.
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FIG 4. The Beijing strains escape from starvation-induced autophagic elimination by suppressing
autophagolysosome biogenesis. (A and C) RAW264.7 cells were infected with Alexa 405-labeled
mycobacteria (pseudocolored green) for 15 min and subsequently chased for 1 hr in complete media. Acidic
compartments were stained with LysoTracker Red. Cells were then induced to undergo autophagy by
starvation for 2 hr. Cells were then fixed and processed for confocal microscopy analysis. (B and D)
RAW264.7 cells were infected with Alex 405-labeled mycobacteria (pseudocolored red) and processed as
described above. Cells were then fixed and stained for cathepsin D. Data are means + SEM from at least 3
independent experiments. At least 50 phagosomes per condition per independent experiment were quantified.
**p < 0.01, *p < 0.05, Tp 2 0.05, all relative to the full control set to 100%. EAI, the East African Indian strain

with intact pks15/1; BJY, the Beijing strain with intact pks15/7; BJN, the Beijing strain without intact pks15/1.
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FIG 5. Autophagy is required for the starvation-enhanced acidification of the M. tuberculosis reference
strain H37Rv and the EAI strain phagosomes. (A-B) RAW264.7 cells were transfected with siRNAs against
Beclin-1 or scramble (Scb) control. After 48 hr of transfection, cells were infected with Alexa 405-labeled
mycobacteria (pseudocolored green) and processed as in Fig. 4A and C. Data are means + SEM from at
least 3 independent experiments. At least 50 phagosomes per condition per independent experiment were
quantified. **p < 0.01, *p < 0.05, and Tp 2 0.05, all relative to the full control set to 100%. EAI, the East
African Indian strain with intact pks15/1; BJY, the Beijing strain with intact pks15/1; BJN, the Beijing strain

without intact pks15/1.

24



H37Rv
Scb

H37Rv

EA

-
e
<

W @
@

BJY

BJY

BJN

BJN

Full Starve
CathD Merge Mtb CathD

Mtb Merge

siBec-1

Scb

L]
(92
1
*

siBec-1

*
T

150

% Mtb-CathD*colocalization
a o S

e e e
-l

|—|-
.

|—|-

|+
]

|—|-
-
.
_—J*

FIG 6. The increased cathepsin D acquisition in response to starvation observed with the M.
tuberculosis reference strain H37Rv and the EAI strain depends on autophagy. (A-B) RAW264.7 cells
were transfected with siRNAs against Beclin-1 or scramble (Scb). After 48 hr of transfection, cells were then
infected with Alexa 405-labeled mycobacteria (pseudocolored red) and processed for cathepsin D staining as
in Fig. 4B and D. Data are means + SEM from at least 3 independent experiments. At least 50 phagosomes
per condition per independent experiment were quantified. **p < 0.01, *p < 0.05, and Tp 2 0.05, all relative to
the full control set to 100%. EAI, the East African Indian strain with intact pks15/7; BJY, the Beijing strain with

intact pks15/1; BJN, the Beijing strain without intact pks15/1.
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Taken together our results showed that there is a variation in the capacity of different M.
tuberculosis strains to resist starvation-induced autophagic killing in host macrophages of which
the Beijing strains possess unique capability to evade autophagic elimination upon autophagy
induction.  The Beijing strains do so not by simply inhibiting the autophagy-mediated
acidification of their phagosomes or by blocking the autophagic flux in host cells, but by
inhibiting autophagolysosome biogenesis as demonstrated by their ability to suppress the
increased acquisition of cathepsin D into their compartments upon autophagy induction by

starvation and thus escape from autophagic restriction.
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Discussion

Autophagy has been demonstrated as an important innate immune defense mechanism
utilized by host cells for the elimination of various intracellular bacteria, parasites, and viruses "
. In addition, induction of autophagy by starvation or other autophagy inducers has been
extensively shown to result in the killing of M. tuberculosis by disabling the block in
phagolysosomal biogenesis imposed by the tubercle bacilli 12_17. As the ability of autophagy in
the restriction of M. tuberculosis has been observed in studies using the laboratory reference
strains but has not been characterized in detail in cells infected with the clinical strains
especially those belonging to the Beijing family previously shown to be hyper-virulent
associated with their higher ability to survive in host macrophages and cause higher bacterial
load and mortality in animal models 31_36, we set out to examine autophagic killing capacity of
host cells against different strains of M. tuberculosis. In our present study, we have uncovered
the previously unrecognized ability of the M. tuberculosis Beijing strains to evade starvation-
induced autophagic elimination. In addition, we have determined a possible underlying
mechanism in which the Beijing strains can escape starvation-induced autophagic killing by
inhibiting autophagolysosome biogenesis as demonstrated by their ability to suppress the
enhanced acquisition of cathepsin D into their compartments. As autophagy was previously
shown to be a key determinant of host resistance against mycobacterial infection 20.21 23'28, our
findings may explain the hyper-virulent phenotypes associated with the Beijing family 3130

thought to be resulted from their higher ability to survive in host macrophages but the

underlying mechanism was previously unknown.
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Consistent with previous findings that showed the effect of starvation-induced autophagy
in the elimination of M. tuberculosis reference strains 12‘17, we also observed that starvation
treatment of infected RAW macrophages results in the restriction of the laboratory reference
strain M. tuberculosis H37Rv. In contrast to that of the reference strains, we observed a
previously unrecognized ability of M. tuberculosis Beijing strains to avoid autophagic killing by
blocking autophagolysosome biogenesis. The ability to interfere with autophagy pathway of
host macrophages possessed by the Beijing strains is similar to those possessed by and
previously reported for H. pylori and M. marinum 48_50. These bacteria were also found to
escape from autophagic elimination by inhibiting autophagolysosome biogenesis in host cells in
response to autophagy induction as determined by a decrease in enhanced cathepsin D
acquisition into their compartments. Cathepsin D, an aspartic endopeptidase, is synthesized in
the rough endoplasmic reticulum as preprocathepsin D and then being targeted to various
compartments such as phagosomes, autophagosomes, endosomes, and lysosomes as
procathepsin D 51_53. Upon transport, inactive procathepsin D is converted into active form of
cathepsin D by acidic pH and thus the presence of cathepsin D precursors (and other
lysosomal acid hydrolases) in acidified compartments is necessary for their degradative
function. Our results showed that although the acidification of M. tuberculosis Beijing
phagosomes are efficiently increased upon autophagy induction by starvation, these was no
increase in the acquisition of cathepsin D into their phagosomes upon starvation treatment

indicating a defect in autophagolysosome biogenesis.

The mechanism by which the Beijing strains inhibit autophagolysosome biogenesis is
under investigation by our laboratory. Among several mycobacterial factors previously shown to

be involved in M. tuberculosis survival in host cells, phenolic glycolipid (PGL) synthesized by a
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polyketide synthase encoded by the intact pks15/17 gene was demonstrated for its activity to
reduce the production of Th1-type cytokines o 54, some of which have been shown to induce
autophagy 1. However, our data showed no significant relationship between the presence of
intact pks15/1 gene and the ability of mycobacteria to resist starvation-induced autophagic
elimination and thus indicating that PGL is not the factor that renders the Beijing strains to
escape autophagic restriction. Interestingly, in the case of H. pylori which was also shown to
evade autophagic killing by residing in acidic compartments that lack cathepsin D in response
to autophagy 48_50, it was previously reported that the maturation of procathepsin D into the
mature form as well as its sorting in mammalian cells can be impaired by H. pylori vacuolating
toxin (VacA) 55. Whether M. tuberculosis Beijing strains possess similar or equivalent protein is
not known. As a recent whole-genome sequencing of strains belonging to the M. tuberculosis
Beijing family has been conducted 56, mining and comparing sequencing data between Beijing
and non-Beijing strains may give insight into potential candidate genes that may play a role in
the autophagic evasion. In addition to the bacterial factor, two host proteins, Rab8b and its
downstream effector TANK-binding kinase 1 (TBK1), have been shown to play prominent roles
in autophagy-mediated mycobacterial phagosome maturation as demonstrated by decreased
mycobacterial phagosome acidification and cathepsin D acquisition upon siRNA-mediated
depletion of Rab8b or pharmacological inhibition of TBK1 37. Whether the Beijing strains are
able to interfere with Rab8b and TBK1 functions in autophagy-mediated mycobacterial

phagosome maturation is a subject of our study.

Besides our principle finding discussed above, our data also showed that the acquisition
of cathepsin D into the EAIl phagosomes is substantially enhanced upon autophagy induction

12-17
similar to what has previously been observed with M. tuberculosis reference strains
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Interestingly, previous studies showed that the EAI strains possess a higher ability to stimulate
TNF-a synthesis in infected host cells when compared to that of the Beijing strains “ 57. As
TNF-a has been shown to be a potent autophagic inducer 1, the enhanced production of TNF-a
upon EAI strain infection may augment autophagy induction level in our system and thus may
help increase the acquisition of cathepsin D into the EAl phagosomes. Whether the EAI strain
possesses greater ability to induce host autophagy as a result of increased TNF-a production
awaits further examination. If the EAI strain is found to enhance host autophagy, this may in
turn explain the low-virulent phenotypes associated with this M. tuberculosis family as
demonstrated by their reduced transmissibility, low level of growth inside macrophages, and
decreased bacterial burden (100-fold lower when compared to that of the Beijing strains) and
mortality in mouse models 2 38. In addition, we also observed an enhanced growth of the
Beijing strains inside host cells upon autophagy induction albeit not statistically significant and
this effect was decreased in cells deficient of Beclin-1 (Figure 1B and D). Whether the Beijing
strains can, in addition to resisting autophagic killing by host cells, subvert autophagy pathway

for their own growth inside macrophages await further investigation.
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Abstract

Autophagy represents a key pathway in innate immune defense to restrict Mycobacterium tuberculosis growth inside host
macrophages. Induction of autophagy has been shown to promote mycobacterial phagosome acidification and acquisition
of lysosomal hydrolases, resulting in the elimination of intracellular M. tuberculosis reference strains such as H37Rv. The
notorious Beijing genotype has been previously shown to be hyper-virulent and associated with increased survival in host
cells and a high mortality rate in animal models, but the underlying mechanism that renders this family to have such
advantages remains unclear. We hypothesize that autophagic control against M. tuberculosis Beijing strains may be altered.
Here, we discovered that the Beijing strains can resist autophagic killing by host cells compared with that of the reference
strain H37Rv and a strain belonging to the East African Indian genotype. Moreover, we have determined a possible
underlying mechanism and found that the greater ability to evade autophagic elimination possessed by the Beijing strains
stems from their higher capacity to inhibit autophagolysosome biogenesis upon autophagy induction. In summary, a
previously unrecognized ability of the M. tuberculosis Beijing strains to evade host autophagy was identified, which may
have important implications for tuberculosis treatment, especially in regions prevalent by the Beijing genotype.

Keywords
Autophagy, Beijing strains, M. tuberculosis, mycobacteria, tuberculosis
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Introduction VPS34 and Beclin-1 to generate PI3P for recruitment

of downstream effectors, and (iii) the Atg5/Atgl2/
Atgl6 conjugation complexes that act as an E3 ligase

Autophagy (macroautophagy) is an evolutionary
conserved cellular homeostatic process for qualitative
and quantitative control of cytoplasmic biomass by
removing long-lived proteins, cytosolic toxic aggregates
and defunct organelles." * In addition, autophagy has
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been increasingly appreciated for its role as a primor-
dial form of cellular innate immunity against invading
pathogens.">> Autophagy can be initiated when cells
encounter stresses such as nutritional and immune
insults resulting from starvation, a change in the level
of immune mediators, and the presence of structural
components of microbes and their products."* Upon
responding to an upstream stress signal, Atg proteins
are organized into complexes and collaborate to gener-
ate a specialized double-membrane autophagosome.>*
These complexes include (i) the protein kinase com-
plexes ULK1 and AMPK to activate Beclin-1, (ii) the
class III phosphatidylinositol 3-kinase complexes
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for LC3 lipidation required for elongation and closure
of an autophagosome.'** Cytosolic substrates can be
either non-selectively engulfed into an autophagosome
or selectively recognized and collected into autophago-
some by different types of cargo receptors/adaptors.®™
Upon closure, an autophagosome fuses with the lysosome
resulting in the delivery of lysosomal acid hydrolases,
which then degrade the enclosed contents. The resulting
digested molecules, such as amino acids, are then released
and recycled back into the cytoplasm.'=*

Autophagy has been shown to play important roles
in cells” autonomous defense against intracellular bac-
teria, parasites and viruses."”'' In the context of
Mycobacterium tuberculosis infection, induction of
autophagy by starvation or other autophagy inducers
results in the killing of the tubercle bacilli by overcom-
ing the block in phagolysosomal biogenesis, as demon-
strated by the acidification and acquisition of lysosomal
hydrolases into compartments harboring the mycobac-
teria,'”'7 even when they have survived in phagocytes
by evading immunological mechanisms.'® The pro-
posed mechanistic details for autophagy-mediated
mycobacterial elimination include (i) the direct engulf-
ment of mycobacteria into autophagosomes and subse-
quent delivery to lysosomes for degradation, and (ii)
the generation of killing peptides converted from
innocuous cytosolic substrates engulfed and partially
digested in autophagosomes/autophagolysosomes and
subsequent delivery of these killing peptides to myco-
bacteria via fusion of autophagic vacuoles with myco-
bacterial phagosomes.'”” The importance of the
autophagy pathway in antimycobacterial defense was
substantiated by the findings that mice deficient in
Atg5 expression in macrophages display a high suscep-
tibility to mycobacterial infection.’™*' Furthermore,
autophagy was shown to be required for effective
antimycobacterial drug action of isoniazid and pyrazina-
mide, two of the first-line tuberculosis drugs, in an
animal model of tuberculosis.>? In addition, a genome-
wide siRNA screen to identify host factors that regulate
mycobacterial load in macrophages infected with differ-
ent strains of M. tuberculosis revealed autophagy as the
main host cell functional module that is perturbed by the
pathogen.”® Moreover, polymorphisms in the human
autophagy and autophagy-related genes /RGM and
P2X7 are found to be associated with susceptibility to
tuberculosis.**?®* All of these data underscore the
importance of autophagic process in mycobacterial con-
trol and indicate that the magnitude of autophagic elim-
ination of mycobacteria may be the key determinant of
their virulence and pathogenesis.

Mycobacterium tuberculosis can be subdivided into
several distinct genotypic families/lineages,” among
which the Beijing genotype, regarded as the highly suc-
cessful lineage of M. tuberculosis often associated with
multidrug resistance, was shown to be globally distrib-
uted, representing around 50% of strains in East Asia

and more than 13% of strains worldwide.*® The success
of the Beijing family was thought to stem from its asso-
ciated hyper-virulent phenotypes, as demonstrated by
their higher ability to survive in host macrophages, to
cause higher bacterial load and mortality in animal
models, and to cause heavy AFB smear-positive
sputum in patients.’' > However, the mechanism attri-
buting to the greater ability of M. tuberculosis Beijing
genotype to survive in host cells remains unclear.
As autophagy has been shown to be important for con-
trolling M. tuberculosis growth inside host cells but the
characterization of this pathway has been conducted
using M. tuberculosis laboratory reference strains such
as H37Rv and the vaccine strain BCG,'>'7*7 but not
with the clinical strains such as those belong to the
Beijing genotype, we set out to determine whether
there is an alteration in autophagic control against
strains of the Beijing genotype tha may explain the
hyper-virulence possessed by this family. Our results
showed that the Beijing strains display greater ability
to resist autophagic killing than that of the reference
strain H37Rv and a strain belonging to the East
African Indian (EAI) genotype.””** In addition, we
revealed a possible underlying mechanism in which
the resistance of the Beijing strains to autophagic
restriction is not simply achieved by blocking
autophagy-mediated acidification of their phagosomes
or by inhibiting the autophagic flux in host cells but
achieved by preventing autophagolysosome biogenesis,
as demonstrated by their ability to inhibit the increased
acquisition of cathepsin D, an enzyme of lysosomal
acid hydrolases and a marker of lysosome, into
mycobacterial compartments upon the induction of
autophagy.

Materials and methods
Cell and bacterial culture

Mouse macrophage RAW 264.7 cells (ATCC)
were maintained in DMEM (HyClene), 10% FBS
(HyClong) and 4mM L-glutamine (HyClong)
(full media). Earle’s Balanced Salt Solution (Sigma,
St. Louis, MO, USA) (starve media) was used to
induce autophagy. Cells were cultured at 37°C and in
5% CO,. Mycobacterium tuberculosis reference strain
H37Rv, and the previously described M. tuberculosis
EAI and Beijing strains,***® were cultured in
Middlebrook 7H9 broth supplemented with 0.05%
Tween 80, 0.2% glycerol, and 10% oleic acid, albumin,
dextrose and catalase (OADC; BD,Biesciences) at 37°C
and homogenized to generate single-cell suspension.
For infection experiments, the number of bacteria was
adjusted to 3 x 10° CFU/ml in complete DMEM by
measuring the OD at 600nm. CFU was calculated
from the precalibrated standard curve. For bacterial
survival assays, bacilli were plated onto Middlebrook
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7H11 agar supplemented with 0.05% Tween 80, 0.2%

glycerol and 10% OADC (BDBieseienees), and grown
at 37°C.

Fluorescent dye, Abs, DNA construct and siRNAs

LysoTracker Red (LTR; Invitrogen, Carlsbad, CA,
USA) was used at 1:4000. For immunofluorescence
assays, monoclonal Ab against Cathepsin D (R&D
Systems, Minneapolis, MN, USA) was used at 1:200.
For immunoblotting, polyclonal Abs against Beclin-1
(Santa Cruz, Santa Cruz, CA, USA) were used at 1:500
and monoclonal Ab against Actin (Abcam, Cambridge,
UK) was used at 1:2000. The plasmid construct used in
this study was as previously described.*! All siRNAs
used in this study were from Dharmacon (Lafayette,
CO, USA).

Macrophage transfection

RAW264.7 cells were transfected with 5pg cDNAs
or 1.5ug siRNAs as previously described.*” In brief,
10-15 x 10° cells were re-suspended in 100pl of
Nucleofector solution kit V (Amaxa, London, UK).
Plasmid DNAs or siRNAs were then added to the
cell suspension and cells were nucleoporated using
the Amaxa Nucleofector apparatus with the program
D-032. Cells were then transferred into a new flask
containing 12ml complete media and incubated at
37°C followed by a medium change at 6h of incuba-
tion. Cells were then used in assays after 24 h of trans-
fection with plasmid DNAs or 48 h of transfection with
siRNAs.

Macrophage infection, mycobacterial survival and
immunofluorescence microscopy

Infection of RAW264.7 cells with mycobacteria
and quantification of mycobacterial survival after
autophagy induction were carried out as previously
described.! In brief, 3 x 10° cells of RAW264.7 macro-
phages were plated onto each well of 12-well plates 12 h
before infection. Cells were then infected with a single-
cell suspension of mycobacteria in complete media at
an MOI of 10:1 for 1h. Cells were then washed three
times with PBS to remove un-internalized mycobacteria
and autophagy was then induced by treatment with
starvation media for 4h. Cells were then lyzed and
survival of bacteria was determined by plating for
CFU. For immunofluorescence microscopy, 3 x 10°
Raw?264.7 macrophages were plated onto coverslips in
12-well plates 12h before infection. Cells were then
infected with 3 x 10° Alexa 488- or Alexa 405-labeled
mycobacteria per well in complete media at 37°C for
15 min, washed three times in PBS and chased for 1 h in
complete media as previously described.** Cells were
then washed three times with PBS and autophagy was

then induced by treatment with starvation media for
2h. Cells were then fixed with 4% paraformaldehyde/
PBS for 15 min followed by permeabilization with 0.1%
Triton X-100/PBS for Smin. Coverslips were then
blocked in PBS containing 3% BSA and stained with
primary Abs according to the manufacturer’s recom-
mendation. Cells were washed three times with PBS
and then incubated with appropriate secondary Abs
(Invitrogen) for 1h at room temperature (25°C).
Coverslips were then mounted using ProLong Gold
Antifade Mountant (Invitrogen) and analyzed by
confocal microscopy using the Zeiss LSM-700 Laser
Scanning Microscope (Carl Zeiss, Jena, Germany).
For LTR staining, cells were prestained in complete
media containing LTR for 2 h at 37°C before infection.
Subsequent steps were carried out as described above
but in the presence of LTR until the cells were fixed.
For analysis of RFP-GFP-LC3 transfected cells, cells
were fixed and mounted as described above. The num-
bers of RFPTGFP*-LC3 puncta (autophagosomes)
and RFP"GFP -LC3 puncta (autolysosomes) were
determined in cells that contained mycobacteria in
infection conditions and compared them with those of
the uninfected control. At least 50 phagosomes per
experimental condition in three independent experi-
ments were quantified. For quantification, the percent-
age mycobacteria—marker colocalization was a fraction
of total mycobacterial phagosomes examined and
counted as positive when one or more puncta were
observed on or in contact with the mycobacterial
phagosomes.

Immunoblotting

Cells were lysed in lysis buffer containing 20 mM Tris,
100mM NaCl and 1% NP-40. Cell lysates were then
separated by 10% SDS-PAGE and proteins were trans-
ferred onto a nitrocellulose membrane (Amersham
Biosciences, Little Chalfont, UK). Membranes were
then blocked with 5% blocking solution (Roche
Diagnostics) for 1 h before incubation with appropriate
primary Abs at 4°C overnight (16 h). Membranes were
then washed three times with PBS containing 0.1%
Tween 20 (0.1% PBST) followed by incubation with
appropriate HRP-conjugated secondary Ab (Pierce,
Rockford, IL, USA) at room temperature for 1h.
Membranes were then washed four times with 0.1%
PBST followed by incubation with a chemilumines-
cence substrate (Roche Diagnosticg) at room tempera-
ture for 2min. Proteins were then detected with the
enhanced chemiluminescence method.

Statistical analysis

Unless indicated otherwise, all experiments were inde-
pendently conducted at least three times and data were
pooled for presentation as mean + SEM. All data were
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Figure 1. The Beijing strains of M. tuberculosis possess a greater ability to resist starvation-induced autophagic killing in host
macrophages. (A) RAW264.7 macrophages were infected with different M. tuberculosis strains at an MOI of 10 for | h. After washing
the cells multiple times to remove un-internalized mycobacteria, cells were then lyzed and the number of mycobacteria that infected
host cells was determined by plating for CFU. (B) RAW264.7 macrophages were infected with different M. tuberculosis strains at MOI
of 10 for | h. After washing the cells multiple times to remove un-internalized mycobacteria, cells were then induced to undergo
autophagy by starvation for 4 h. Cells were then harvested and the number of viable mycobacteria was determined by plating for CFU.
(C) RAW264.7 macrophages were transfected with siRNAs against Beclin-1 or scramble (Scb) control. After 48 h of transfection,
RAW264.7 cells were collected and processed for immunoblot analysis to estimate the efficacy of Beclin-1 depletion. (D) RAW264.7
macrophages were transfected with siRNAs as in (C). At 48 h after transfection, cells were infected with different strains of M.
tuberculosis and then subjected to autophagy induction by starvation and CFU analysis as in (B). Data are mean = SEM from at least
three independent experiments. **P < 0.01 and 1P > 0.05, all relative to the full control set to 100%. EAI, the East African Indian strain
with intact pks/5/1; BJY, the Beijing strain with intact pks/5/1; BJN, the Beijing strain without intact pks/5/].

analyzed with Prism software (GraphPad, La Jolla,
CA, USA) using two-tailed unpaired Student’s #-tests.
P-values <0.05 were considered significant.

Results

The Beijing strains resist autophagic killing of
mycobacteria by host cells

It has been well documented that induction of autop-
hagy by starvation or other autophagy inducers in host
macrophages results in the killing of mycobacteria ref-
erence strains such as M. tuberculosis H37Rv and the
vaccine strain BCG.!>!%164345 However, the autopha-
gic killing capacity of host cells against M. tuberculosis
clinical strains has not been characterized in detail.
Therefore, we set out to evaluate whether different M.
tuberculosis strains possess differing abilities to alter
host autophagic killing capacity. As a control, we
observed no variation in the infection of RAW264.7
macrophages by different M. tuberculosis strains when

compared with that of the reference strain H37Rv
(Figure 1A). Our results showed that, similarly to
what has previously been observed,'*!'*37%¢ induction
of autophagy in RAW264.7 macrophages by starva-
tion, a classical method to stimulate autophagy, for
4h can efficiently kill intracellular M. tuberculosis ref-
erence strain H37Rv by around 50% (Figure 1B).
In addition, autophagy induction in RAW264.7 macro-
phages is able to restrict comparably an M. tuberculosis
strain belonging to the EAI genotype (Figure 1B). In
contrast, autophagy induction by starvation cannot
promote the elimination of the strains belonging to
the Beijing genotype (BJY and BJN) (Figure 1B).
It should be noted that the viability of cells infected
with different strains of M. tuberculosis is >90%. This
is also consistent with previous studies that used an
MOI of 10 of M. tuberculosis to infect RAW264.7
macrophages for short-term incubation (4 h).'313:42:46
In addition, to confirm that the observed mycobacterial
control is mediated through the autophagy pathway,
we targeted Beclin-1 by siRNAs in RAW264.7
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macrophages and determined M. tuberculosis survival
by CFU analysis. Beclin-1 targeting was verified by
immunoblotting (Figure 1C). Depletion of Beclin-1
resulted in a decrease in starvation-induced elimin-
ation of M. tuberculosis reference strain H37Rv and
the EAI strain confirming the role of autophagy in the
killing of these mycobacteria (Figure 1D). In addition,
Beclin-1 knockdown does not alter the resistance of
the Beijing strains to starvation-induced elimination
(Figure 1D). Altogether, these results indicate that
autophagic control capacity of host cells against dif-
ferent strains of M. tuberculosis is not identical and,
unlike what has previously been observed with the
laboratory reference strains, which are effectively
killed by autophagy induction, the Beijing strains are
able to resist autophagic restriction by host cells. The
observed alteration in autophagic killing capacity
against different strains of M. tuberculosis was not
related to the presence of intact pks [15/1, a gene
encoding a polyketide synthase required for the
synthesis of phenolic glycolipid, a known virulence
factor of mycobacteria,*’ as both the BJY (pks 15/1
present) and BIN (pks 15/1 absent) can similarly resist
autophagic killing by host cells while the EAI (pks 15/
1 present) is efficiently eliminated by autophagy induc-
tion (Figure 1B, D).

The Beijing strains avoid autophagic elimination not
by inhibiting autophagy-mediated acidification of
their phagosomes

As our results showed the greater ability of the Beijing
strains to resist starvation-induced autophagic killing
by host cells (Figure 1), we set out to determine the
molecular mechanism involved. We first examined
whether the ability of the Beijing strains to evade
autophagic restriction is due to their ability to inhibit
autophagy-mediated acidification of their phagosomes.
To determine this, we performed confocal microscopy
analysis for colocalization of mycobacteria with LTR
dye. The results showed that acidification of M. tuber-
culosis H37Rv phagosomes is enhanced upon autop-
hagy induction by starvation, as previously reported
for reference strains (Figure 2A, B).'*!>3746¢ [n add-
ition, the induction of autophagy by starvation
increases the phagosomal acidification of the EAI
strain, albeit not statistically significantly (Figure 2A,
B). Surprisingly, the acidification of the Beijing strains
(BJY and BJN) also appeared to be substantially
enhanced upon autophagy induction by starvation
(Figure 2A, B). Thus, these results indicated that
even though the Beijing strains are able to inhibit the
autophagic control by host cells, these bacteria do so
not by simply inhibiting the autophagy-mediated acid-
ification of their phagosomes but through another
mechanism.

The ability of the Beijing strains to escape autophagic
restriction is not conferred by their capacity to block
host autophagic flux

In addition to the direct killing mechanism mediated by
autophagy whereby mycobacteria are captured into
autophagosomes and then delivered into acidic lyso-
somes, autophagy can eliminate mycobacteria using
another indirect mechanism whereby the innocuous
cytosolic precursors are captured into autophagosomes,
which, during the process of maturation into autolyso-
somes, partially digest these precursors into killing pep-
tides that are subsequently delivered to mycobacteria
via fusion of the autophagosomes/autolysosomes with
M. tuberculosis phagosomes.'® Thus, the Beijing strains
may evade autophagic killing through their differential
ability to block the maturation of other population of
cytosolic autophagosomes not containing mycobac-
teria. To test this possibility, autophagic flux in host
cells was measured by fluorescent microscopy analysis
for the conversion of RFP " GFP " ~LC3 puncta (autop-
hagosomes) to RFP"GFP —-LC3 puncta (autolyso-
somes). The results showed that the maturation of
autophagosomes into autolysosomes is similarly
inhibited in host macrophages infected with different
M. tuberculosis strains when compared with that of
the uninfected cells (Figure 3A, B, white bar) as demon-
strated by an increase in the number of RFP " GFP "
LC3 puncta in conjunction with no increase in the
number of RFP"GFP -LC3 puncta. The block in
autophagic flux upon infection was further demon-
strated when cells were subjected to autophagy induc-
tion by starvation (Figure 3A, B, black bar). These
results indicated that all of the tested strains and the
reference M. tuberculosis H37Rv possess comparable
ability to retard autophagic flux in host macrophages.
Thus, the greater ability of the Beijing strains to resist
autophagic elimination cannot be attributed to their
ability to inhibit autophagic maturation in host cells.

The Beijing strains evade starvation-induced
autophagic control by suppressing
autophagolysosome biogenesis

Some Dbacteria such as Helicobacter pylori and
Mycobacterium marinum were shown to reside in com-
partments that are acidified but lack a lysosomal
marker cathepsin D in response to autophagy,*® >
indicating a defect in autophagolysosome biogenesis
and thus sparing these bacteria from elimination.
Therefore, we sought out to determine whether the
Beijing strains may possess a similar ability. As a
result, we analyzed the colocalization of different
strains of M. tuberculosis with LTR and cathepsin D
upon autophagy induction by starvation. Confirming
our results shown in Figure 2, acidification of
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Figure 2. The Beijing strains inhibit starvation-induced autophagic killing not by blocking autophagy-mediated acidification of their
phagosomes. (A, B) RAW264.7 macrophages were infected with Alexa-488-labeled mycobacteria at an MOI of 10 for 15 min and
subsequently chased for | h in complete media. LTR dye was used to stain acidic compartments. Cells were then induced to undergo
autophagy by starvation for 2 h. Cells were then processed for confocal microscopy analysis for the colocalization of mycobacteria
with LTR. Data are mean =+ SEM from at least three independent experiments. At least 50 phagosomes per condition per independent
experiment were quantified. **P < 0.01, *P < 0.05, TP > 0.05, all relative to the full control set to 100%. EAI, the East African Indian
strain with intact pks/5/1; BJY, the Beijing strain with intact pks/5//; BJN, the Beijing strain without intact pks/5/].

phagosomes containing different strains of M. tubercu-
losis are substantially augmented (LTR ™) upon treat-
ment of cells with starvation (Figure 4A, C). However,
while there was enhanced colocalization of the refer-
ence strain H37Rv and the EAI strain with cathepsin
D (CathD™) in response to autophagy induction by
starvation (Figure 4B, D), there was no increase in
the colocalization of the Beijing strains (BJY and
BJN) with cathepsin D (CathD ™) observed upon star-
vation treatment (Figure 4B, D). These data indicated
that even though their phagosomes are efficiently acid-
ified, the Beijing strains possess an ability to suppress
autophagolysosome biogenesis in response to autop-
hagy induction. Note that the anti-cathepsin D Ab
used can recognize both the immature and mature

forms of cathepsin D and hence the lack of increased
colocalization of the Beijing phagosomes with cathe-
psin D may include both the mature and immature
forms. To further confirm autophagy involvement in
this process, we depleted Beclin-1 in RAW264.7 macro-
phages and assessed the colocalization of different
mycobacteria with LTR and cathepsin D. Our results
showed that autophagy is required for the increased
phagosome acidification of all M. tuberculosis strains
(LTR™) upon starvation (Figure 5A, B). However,
while there was an increase in the colocalization of
M. tuberculosis reference strain H37Rv and the EAI
strain with cathepsin D (CathD") upon starvation
treatment and that this process depends on autophagy
(Figure 6A, B), there was no increase in CathD™
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autophagic flux in host cells. (A, B) RAW264.7 cells were transfected with cDNAs encoding RFP-GFP-LC3. Transfected cells were
then infected with Alexa-405-labeled mycobacteria for |5 min and subsequently chased for | h in complete media. Cells were induced
to undergo autophagy by starvation for 2 h. Cells were then processed for confocal microscopy (Z-Stacks) analysis for the number of
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hagosomes) and RFP*GFP™-LC3 (autolysosomes) were quantified in Z-Stacks images of 30 cells per condition per independent
experiment. ¥*P < 0.01 and {P > 0.05, all relative to full and starvation of uninfected control. EAI, the East African Indian strain with
intact pks/5/1; B)Y, the Beijing strain with intact pks/5//; BJN, the Beijing strain without intact pks/5/].

colocalization with the Beijing strains upon starvation
treatment, even in autophagy efficient cells (Figure 6A,
B). Altogether, these data indicate that the Beijing
strains possess a greater ability to evade starvation-
induced autophagic killing by their higher capacity to
inhibit autophagolysosome biogenesis as demonstrated
by their suppression of the enhanced acquisition of
cathepsin D into their phagosomes upon autophagy
induction in host cells.

Taken together, our results show that there is a vari-
ation in the capacity of different M. tuberculosis strains
to resist starvation-induced autophagic killing in host
macrophages, of which the Beijing strains possess a
unique capability to evade autophagic elimination
upon autophagy induction. The Beijing strains do so
not by simply inhibiting the autophagy-mediated acid-
ification of their phagosomes or by blocking the autop-
hagic flux in host cells, but by inhibiting
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autophagolysosome biogenesis, as demonstrated by
their ability to suppress the increased acquisition of
cathepsin D into their compartments upon autophagy
induction by starvation and thus escape from autopha-
gic restriction.

Discussion

Autophagy has been demonstrated as an important
innate immune defense mechanism utilized by host
cells for the elimination of various intracellular bac-
teria, parasites and viruses.!” ! In addition, induction
of autophagy by starvation or other autophagy indu-
cers has been extensively shown to result in the killing
of M. tuberculosis by disabling the block in phagolyso-
somal biogenesis imposed by the tubercle bacilli.'> !’
As the ability of autophagy in the restriction of M.
tuberculosis has been observed in studies using labora-
tory reference strains but has not been characterized in
detail in cells infected with the clinical strains, especially
those belonging to the Beijing family, which has previ-
ously been shown to be hyper-virulent (associated with
their higher ability to survive in host macrophages and
cause higher bacterial load and mortality in animal
models),*' ¢ we set out to examine the autophagic kill-
ing capacity of host cells against different strains of M.
tuberculosis. In our present study, we uncovered the
previously unrecognized ability of M. tuberculosis
Beijing strains to evade starvation-induced autophagic
elimination. In addition, we have determined a possible
underlying mechanism in which the Beijing strains can
escape starvation-induced autophagic killing by inhibit-
ing autophagolysosome biogenesis, as demonstrated by
their ability to suppress the enhanced acquisition of
cathepsin D into their compartments. As autophagy
was previously shown to be a key determinant of host
resistance against mycobacterial infection,?®*"*% our
findings may explain the hyper-virulent phenotypes
associated with the Beijing family,*'?° which are
thought to have resulted from their higher ability to
survive in host macrophages, but the underlying mech-
anism was previously unknown.

Consistent with previous findings that showed the
effect of starvation-induced autophagy in the elimin-
ation of M. tuberculosis reference strains,'>'” we also
observed that starvation treatment of infected RAW
macrophages results in the restriction of the laboratory
reference strain M. tuberculosis H37Rv. In contrast to
that of the reference strains, we observed a previously
unrecognized ability of M. tuberculosis Beijing strains
to avoid autophagic killing by blocking autophagolyso-
some biogenesis. The ability to interfere with the autop-
hagy pathway of host macrophages possessed by the
Beijing strains is similar to those possessed by and pre-
viously reported for H. pylori and M. marinum.*>°
These bacteria were also found to escape from autop-
hagic elimination by inhibiting autophagolysosome

biogenesis in host cells in response to autophagy induc-
tion, as determined by a decrease in enhanced cathepsin
D acquisition into their compartments. Cathepsin D,
an aspartic endopeptidase, is synthesized in the rough
endoplasmic reticulum as preprocathepsin D and then
targeted to various compartments such as phagosomes,
autophagosomes, endosomes and lysosomes as pro-
cathepsin D.>' > Upon transport, inactive procathep-
sin D is converted into active form of cathepsin D
by acidic pH and thus the presence of cathepsin D pre-
cursors (and other lysosomal acid hydrolases) in acid-
ified compartments is necessary for their degradative
function. Our results showed that although the acidifi-
cation of M. tuberculosis Beijing phagosomes are effi-
ciently increased upon autophagy induction by
starvation, these was no increase in the acquisition of
cathepsin D into their phagosomes upon starvation
treatment, indicating a defect in autophagolysosome
biogenesis.

The mechanism by which the Beijing strains inhibit
autophagolysosome biogenesis is under investigation
by our laboratory. Among several mycobacterial fac-
tors previously shown to be involved in M. tuberculosis
survival in host cells, phenolic glycolipid (PGL) synthe-
sized by a polyketide synthase encoded by intact pksl5/
1 was demonstrated to reduce the production of Thl-
type cytokines,*’->* some of which have been shown to
induce autophagy.'! However, our data showed no sig-
nificant relationship between the presence of intact
pks15/1 and the ability of mycobacteria to resist starva-
tion-induced autophagic elimination, thus indicating
that PGL is not the factor that renders the Beijing
strains to escape autophagic restriction. Interestingly,
in the case of H. pylori, which was also shown to
evade autophagic killing by residing in acidic compart-
ments that lack cathepsin D in response to autop-
hagy,®® " it was previously reported that the
maturation of procathepsin D into the mature form,
as well as its sorting in mammalian cells, can be
impaired by H. pylori vacuolating toxin.>> Whether
M. tuberculosis Beijing strains possess a similar or
equivalent protein is not known. As a recent whole-
genome sequencing of strains belonging to the M.
tuberculosis Beijing family has been conducted,*
mining and comparing sequencing data between
Beijing and non-Beijing strains may give insight into
potential candidate genes that may play a role in the
autophagic evasion. In addition to the bacterial factor,
two host proteins, Rab8b and its downstream effector
TANK-binding kinase 1 (TBK1), have been shown to
play prominent roles in autophagy-mediated mycobac-
terial phagosome maturation, as demonstrated by
decreased mycobacterial phagosome acidification and
cathepsin D acquisition upon siRNA-mediated
depletion of Rab8b or pharmacological inhibition
of TBK1.>” Whether the Beijing strains are able to
interfere with Rab8b and TBKI1 functions in



12

Innate Immunity 0(0)

autophagy-mediated mycobacterial phagosome matur-
ation is a subject of our study.

Besides our principle finding, discussed above, our
data also showed that the acquisition of cathepsin D
into the EAI phagosomes is substantially enhanced
upon autophagy induction, similar to what has previ-
ously been observed with M. tuberculosis reference
strains.'>'” Interestingly, previous studies showed
that the EAI strains possess a higher ability to stimulate
TNF-a synthesis in infected host cells when compared
with that of the Beijing strains.**>” As TNF-o has been
shown to be a potent autophagic inducer,' the
enhanced production of TNF-a upon EAI strain infec-
tion may augment the autophagy induction level in our
system and may thus help increase the acquisition of
cathepsin D into the EAI phagosomes. Whether the
EAI strain possesses greater ability to induce host
autophagy as a result of increased TNF-o production
awaits further examination. If the EAI strain is found
to enhance host autophagy, this may, in turn, explain
the low virulence phenotypes associated with this
M. tuberculosis family, as demonstrated by their
reduced transmissibility, low level of growth inside
macrophages, and decreased bacterial burden
(100-fold lower when compared with that of the
Beijing strains) and mortality in mouse models.?**® In
addition, we also observed an enhanced growth of the
Beijing strains inside host cells upon autophagy induc-
tion, albeit not a statistically significant increase, and
this effect was decreased in cells deficient of Beclin-1
(Figure 1B, D). Whether the Beijing strains can, in add-
ition to resisting autophagic killing by host cells, sub-
vert autophagy pathway for their own growth inside
macrophages await further investigation.
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Introduction

The majority of eukaryotic secreted proteins are endowed
with N-terminal signal peptides, which authorize them to
enter the endoplasmic reticulum (ER) and follow a well-
defined secretory pathway via the Golgi apparatus for
delivery to the extracellular space (Figure 1). However,
an exclusive subset of purely cytosolic proteins, lacking
signal peptides and thus not capable of entering the ER,

are nonetheless actively secreted from the cells to per-
form their extracellular biological functions. This phe-
nomenon, termed unconventional secretion (Figure 1),
includes several distinct processes [1,2]. One form of
unconventional secretion (secretory autophagy [3]) is
associated specifically with the autophagy pathway de-
fined by ATG factors that govern the biogenesis of
autophagic membranes [4]. The ATG factors directing
canonical autophagy include ULKs (mammalian paralogs
of yeast Atgl, an upstream protein kinase), Beclins (mam-
malian paralogs of yeast Atg6, a key component of the
lipid kinase VPS34, which generates phosphatidylinosi-
tiol 3-phosphate/PI3P), and LC3s and GABARAPs (mam-
malian paralogs of the yeast Atg8). Classically, the above
factors result in the formation of double membrane
autophagosomes, which in cooperation with cargo recep-
tors such as p62/SQSTMI1 [5], capture and eliminate
cytoplasmic components. Conventionally, this occurs
through degradation upon fusion of autophagosomes with
lysosomes. In contrast to degradative autophagy, the
autophagic machinery, through a shared but partially
divergent pathway, may lead to secretion/expulsion of
cytoplasmic constituents instead of their degradation.
Either way, the cell gets rid of the captured cytoplasmic
material, but the biological functions and repercussions
are different.

The degradative canonical autophagy pathway, also re-
ferred to as macroautophagy, is classically considered
together with microautophagy and chaperone-mediated
autophagy as a collection of cytoplasmic self-digestion
processes merging with lysosomes, whereby they carry
out: (i) nutrient recycling functions at times of starvation
by bulk digestion of the cytoplasm [6]; and (ii) cytoplasmic
quality control functions [7] by removing a wide spectrum
of substrates such as aggregation-prone or aggregated
proteins [5,8], damaged organelles such as irreversibly
depolarized mitochondria [9], and invading microbes
[10]. These well-studied aspects of degradative autophagy
render it an attractive target for disease treatments [11]. In
contrast to degradative autophagy, it has become slowly
but increasingly apparent that autophagy has other, some-
times biogenesis-associated functions as well as a role in
unconventional secretion (secretory autophagy; Figure 2).
Secretory autophagy exports a range of cytoplasmic sub-
strates ('T'able 1) [2,12-15,16°%,17°,18°°,19,20°,21°°]. This
review primarily examines the developing concept of
secretory autophagy including its cargo, biological func-
tions, and the currently limited understanding of its regu-
lation. We will furthermore provide a brief update on the
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Conventional and unconventional secretion with emphasis on secretory au
enter the lumen of the ER followed by the Golgi apparatus for secretion at

tophagy. In conventional secretion, proteins possessing a signal peptide
the plasma membrane. In unconventional secretion, cytoplasmic

proteins that lack a signal sequence and do not get delivered to the lumen of the ER are transported into the extracellular milieu via diverse
unconventional secretory pathways, including secretory autophagy. For the latter, depicted are four subtypes (I-A to I-D) differentiated based on

the substrates (see also Table 1).

complementary processes of autophagy intersections [15]
with the conventional (constitutive and regulated) secre-
tion as well as with vectorial membrane protein trafficking
and polarized sorting in mammalian cells. Although these
latter processes should not be confused with the sensu stricto
secretory autophagy, they complete the picture of the
multi-tiered overlaps between autophagy and secretion
in eukaryotic cells.

Secretory autophagy as a form of
unconventional protein secretion
One of the earliest examples of the unconventional
secretion of a cytosolic protein is the non-lytic export
from the mammalian cells of the cytosolic protein IL-1p3,
a proinflammatory cytokine with important biological

roles in mammalian systems. [L.-1 lacks a leader/signal
peptide and resides in the cytosol as an inactive precursor;
upon activation of the cytoplasmic protein platform
termed the inflammasome [22], IL-1 undergoes proteo-
lytic processing and is exported outside of the cells in
membranous carriers first observed by Rubartelli
et al. [23,24]. Export is important for IL.-13 biological
function, as only upon its secretion can IL-18 meet its
destination — IL.-1 receptors on other cells — thereby
evoking pro-inflammatory signaling. The nature of the
membranous carriers exporting IL.-13 from the cells and
the mechanism of the unconventional secretion processes
involved have been a matter of debate. Recently, the
secretion of IL-1B has been linked to the autophagy
machinery [1,3,14]. These studies have been extended
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and expanded by several groups [19,20°,25,26°°]. This
was made possible in part by the details of autophagy-
assisted unconventional secretion uncovered in yeast
through the power of genetics [12,13]. The yeast stud-
ies, although recently re-interpreted by one of the
groups [27], have paved the way for reports on autop-
hagic secretion in mammalian cells of a number of
cytosolic proteins [3,14,19,20°,25,26°°], in keeping with
the earlier definition of a large repertoire secretome
induced by starvation [28], a classical signal for induc-
tion of autophagy.

Mechanisms of secretory autophagy in yeast
and mammalian cells

The studies in yeast [12,13] have identified that secretion
of a substrate termed Acbl depends on Atg genes con-
trolling autophagosome formation, Golgi reassembly
stacking protein (GRASP in mammals/Grhl in yeast;
known for its conserved role in unconventional secretion
[1,29]), ESCRT proteins involved in endosomal multi-
vesicular bodies (MVB) biogenesis and sorting, and
SNARESs important for vesicle fusion at the plasma mem-
brane [12,13].

In mammalian cells, secretory autophagy of IL-1B
depends upon the autophagy factor Atg5, a GRASP
homolog (GRASP55) also affecting general autophagy,
and a small G'TPase Rab8a, which regulates vectorial
sorting to plasma membrane [14]. Rab8a has also been
reported to regulate autophagic secretion of other cargo,
including a-synuclein [17°], a major constituent of Lewy
bodies, which are the hallmark protein aggregates associ-
ated with Parkinson’s disease. Secretion of a-synuclein
required autophagosome formation as demonstrated by
the inhibitory effects of 3MA and siRNA-mediated
knockdown of Atg5. Secretory autophagy of a-synuclein
(a cytosolic cargo) was enhanced by inhibiting fusion of
autophagosomes with lysosome using bafilomycin Al
[17°]. Likewise, downregulation of HDAC6, with accom-
panied increased in acetylation of microtubules and de-
creased autolysosomal fusion, increased «-synuclein
secretion [17°]. Pharmacological inhibition of degradative
autophagic flux, decrease of autophagosomal minus-end
motility, and increase of plus end vectorial transport along
microtubules may divert autophagosomal organelles (in-
cluding amphisomes) from degradation into the secretory
autophagy pathway. Depending on circumstances, both
IL-1B (reviewed in [25]) and a-synuclein [30] can be
substrates for autophagic degradation. Thus, degradative
and secretory autophagy may in some cases diverge from
common precursors, and fate of the cargo (degradation vs.
secretion) determined by trafficking directly or via an
intermediate toward the lysosomes or plasma membrane.
In support of the aforementioned concept, a clear differ-
ences between the two pathways identified in yeast is that
secretory autophagy requires a SNARE (Ssol) necessary
for plasma membrane fusion whereas it is independent of

the vacuole fusion SNARE complex (VAM7/VAM3) lead-
ing to degradation [12]. Analogous dichotomy is seen in
mammalian cells: whereas Rab8a, a regulator of polarized
sorting to the plasma membrane, was shown to be needed
for secretory autophagy [14,17°], its closely related iso-
form Rab8b may be more important for maturation of the
degradative autophagosome [31].

The similarity between secretory and degradative autop-
hagosome formation extends to the discovery of a struc-
ture that is associated with secretory autophagy in yeast,
the compartment for unconventional protein secretion
(CUPS) [32], which morphologically resembles the mam-
malian omegasome, an ER-derived precursor structure
that acts as a cradle for the generation of degradative
autophagosomes [33]. Yeast GRASP re-localizes to CUPS
under starvation conditions [32]. Both CUPS and omega-
some can be induced by starvation [32,33] and their
structures are similarly enriched in PI3P and Atg proteins.
As CUPS has yet to be demonstrated in mammalian cells
and omegasome has not been shown in yeast, whether
these two structures are distinct or similar requires further
investigation. In addition, whether GRASP, a marker for
CUPS, can be found at the mammalian omegasome upon
starvation is unknown and this may help resolve the
identity of the two structures. If these two structures
are the same, this would support the idea that the pro-
cesses of autophagosome formation for secretory and
degradative autophagy share the same set of precursor
and Atg proteins and that the two pathways diverge at a
later point in the pathway.

In contrast to the above simplistic model, which likens
CUPS in yeast to omegasomes (precursors to autophagic
organelles in mammals), a recent study in yeast argues
that CUPS are distinct from autophagosomes [34]. Fur-
ther details are now available on CUPS [34]: CUPS are
formed by the fusion of at least two classes of membranes.
One comes from early Golgi containing Grhl (yeast
equivalent of GRASP), Bugl, the membrane tethering
factor Usol, and the t-SNARE Sed5. The other mem-
brane sources are vesicles coming from the late Golgi in a
Sec7-dependent and Pikl-dependent manner. The fu-
sion of these two sets of membranes is likely mediated by
Sed5 and Usol. CUPS then mature by addition of mem-
branes from the endosomes by a Vps34-dependent pro-
cess. More work in both mammalian and yeast systems is
needed to determine whether precursors discussed above
lead to functionally related (or different) compartments of
relevance for secretory processes.

Based on the studies in yeast [12,13], the cytosolic secretory
cargo may be engulfed into an autophagosome but may
alternatively  include MVB-like intermediates [1]
(Figure 2). In mammalian cells, MVBs are affected by
autophagic machinery since autophagosomes and MVBs
interact to form hybrid structures referred to as amphisomes
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Figure 2
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Proposed model for the divergent points of degradative versus secretory autophagy. At the ER exit sites, omegasomes (in mammalian cells)
facilitate the formation of degradative autophagosomes, of which the elongation and closure require LC3B. The degradative cargo can be
captured/delivered into the degradative autophagosomes via autophagy receptors such as SLRs and TRIMs. Upon closure, degradative
autophagosomes display motility toward the minus end of the microtubules where they fuse with lysosomes resulting in the degradation of the
engulfed contents by lysosomal hydrolases. Conversely in secretory autophagy, CUPS (in yeast) or their putative (see text for discussion)
equivalents in mammalian cells that may be omegasomes located near ER exit sites marked by GRASP localization (as shown for CUPS) aid the
formation of secretory autophagosomes. The specific members of mammalian Atg8s that facilitate this process and receptors that capture the
cargo into secretory autophagosomes have not been defined. Secretory autophagosomes show vectorial motility toward the plus end of the
microtubules and eventually fuse with the plasma membrane releasing their contents into the extracellular environment. The vectorial directionality
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[35,36]. Autophagy could export cytosolic substrates direct-
ly or deliver them to an MVB intermediate for subsequent
release via MVB—plasma membrane fusion. An analogous
process has been observed in maturing reticulocytes in
which LC3-positive MVB were shown to fuse with the
plasma membrane 77 vitro, and similar vesicles were iden-
tified in peripheral blood [37°]. Indeed, several overlaps
between the MVB-exosome pathway and autophagy exist
[38].

Secretory autophagy: cargo selection

Unlike the well-characterized cargo selection process in
degradative autophagy [39], nothing is known of how the
secretory cargo is selected and engulfed by an autophago-
some. The only clue so far comes from the fact that yeast
Vps23 (I'SG101 in mammals), a component of the endo-
somal sorting complex required for transport (ESCRT)-1
in mammalian cells, is found at the CUPS [32]. As Vps23
is not essential for CUPS formation and as its known
mammalian function is to sort ubiquitinated cargo into
the MVB, Vps23 may function as a secretory autophagy
receptor to capture the unconventional secreted protein
substrates into the amphisome. Whether secretory autop-
hagy substrates are ubiquitinated has not been elucidat-
ed. In addition, the involvement of other well-known
autophagy receptors (e.g. p62, NBR1, NDP52, and opti-
neurin), which facilitate the delivery of ubiquitinated
autophagic substrates to degradative autophagosomes,
remains unexplored, with the exception of SQSTMI1
(the p62 Dictyostelium ortholog), which turned out to be
present during but functionally dispensable for secretion
of a particulate substrate termed ejectosome [21°°]. In
addition to these well-known autophagy receptors, the
tripartite motif (TRIM) family of proteins has been
recently reported as a new class of dual autophagic
receptor — regulators [40] and it is possible that at least
some member(s) of this protein family may act in secre-
tory autophagy.

Secretory autophagy exports a range of
cytosolic proteins in mammalian cells
Autophagic machinery is involved in unconventional
secretion of the inflammatory cytokine IL-1B
[3,14,19,20°,25,26°°]. Moreover, autophagy facilitates ac-
tive export (without a nonspecific permeabilization of the
plasma membrane) of additional unconventionally secret-
ed proteins, which encompass a broader range of cytosolic

substrates [14,19,20°] (T'able 1; section IA). Among the
secretory autophagy cargo are IL-18 [14] and HMGB1
[14,41]. Similarly to IL-1B, IL-18 and HMGB1 do not
contain a signal peptide and their secretion can be trig-
gered by inflammasome activation [28]. 11.-18 is a con-
ventional inflammasome substrate, whereas HMGB1 is
most likely indirectly associated [28]. However, secretory
autophagy is not restricted to inflammasome substrates.
Additional leaderless cytosolic proteins have been
reported in the autophagy-dependent secretome, includ-
ing galectins (galectin-3), cytoskeletal proteins (tubulin),
and others such as annexin-I [20°].

Secretory autophagy of aggregation-prone
proteins

Among the conventional cargo for degradative autopha-
gosomes are protein aggregates [5]. Mirroring this, secre-
tory autophagy may play a role in extracellular export of
protein aggregates or aggregation-prone protein species
(Table 1, I-B). Induction of autophagy in conjunction
with inhibition of degradative autophagic flux induces
secretory autophagy of a-synuclein species or aggregates
associated with Parkinson disease [17°]. Secretion of a-
synuclein may be associated with inter-neuronal trans-
mission mechanisms of a-synuclein species and the
spreading pattern of a-synuclein inclusion body disease
throughout the nervous tissues.

In addition to a-synuclein aggregate expulsion, secretory
autophagy has also been implicated in extrusion of amy-
loid beta (AB) peptide aggregates associated with Alzhei-
mer’s disease [18°°]. By crossing amyloid precursor
protein transgenic mice with neuron-specific Atg7-defi-
cient mice, Nilsson ¢ a/. observed a paradoxical increase
in intracellular AR aggregate accumulation in the peri-
nuclear regions of neurons and a concurrent decrease in
AB secretion and extracellular AR plaque formation
[18°°]. This neurotoxic phenotype, which could be fur-
ther exacerbated through inhibition of autophagy by
eventual extracellular amyloidosis due to the overall
AP accumulation in neural tissues, resulted in impaired
memory. Transduction of neurons isolated from these
mice with Atg7 rescued their ability to release AR [18°°].
Moreover, rapamycin (an autophagy inducer) increased
whereas spautin-1 (an autophagy inhibitor) decreased
secretion of AR from wild-type primary neurons [18°°].
These data indicate a role of secretory autophagy in toxic

(Figure 2 Legend Continued) of secretory autophagic organelles may be controlled by +TIP (plus end tracking proteins). Note that both
degradative and secretory autophagosomes may fuse with MVBs to generate amphisomes before fusion with lysosome or plasma membrane,
respectively. Degradative and secretory autophagosomes may undergo interconversion or redirection in some instances, for example, when the
same substrate can be secreted or degraded. Either way, the destiny of the contents is removal, whether by lysosomal degradation (degradative
autophagy) or plasma membrane extrusion (secretory autophagy). At the bottom left, two recently described processes of autophagy-dependent
nonlytic extracellular release of cytoplasmic microbes are depicted: Far left, bacterial ejectosome is represented with the associated
autophagosomal profile cup shown to be important for providing membrane to prevent host cell lysis during bacterial ejection. The ejectosome-
associated autophagosomal cup is positive for ubiquitin (Ubg), sequestosome 1 (SQSTM1), and Atg8 and its formation requires Atg1, 5, 6, and 7.
To the right of bacterial ejectosome, enterovirus release (nonlytic) is depicted within phosphatidylserine-rich vesicles of autophagic origin that are
formed within syntaxin 17-negative, LC3- and Beclin 1-dependent compartments. The examples depicted for autophagic secretion represent two
extremes of a potential continuum — from delicate cargo of select proteins or their assemblies to large particulates and whole live microbes.
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Table 1
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Autophagy intersection with unconventional and conventional secretion and polarized protein sorting

Cargo Methods®® Effects Function® References
Pathway I: Secretory autophagy
I-A. Unconventional secretion of cytosolic proteins with extracellular functions
Acb1 Analysis of yeasts lacking Atg  Autophagy induction enhanced Necessary for yeast [12,13]
genes; induction of autophagy  and Atg factors required for Acb1 sporulation; in mammals,
by starvation but not with secretion precursor to neuropeptides
rapamycin and role in metabolism
IL-18 Pharmacological and Autophagy enhanced IL-13 Key pro-inflammatory [14,19,20°,25,26°°]
starvation modulation of secretion cytokine processed by
autophagy; knockdowns and inflammasome
knockouts of ATG factors and
Rab8
IL-18 Pharmacological and Autophagy enhanced IL-18 Inflammasome-processed [14]
physiological modulation of secretion cytokine with roles in cell
autophagy mediated immunity and retinal
health
HMGB1 Atgb knockout; physiological Autophagy enhanced and Atg5 Damage-associated [14,41]
modulation of autophagy was necessary for secretion of molecular pattern—
without causing lysis HMGB1 inflammatory mediator
Galectin-3 Beclin 1 knockdown in B- Beclin 1 was necessary for A cytosolic B-galactoside- [207]
glucan-stimulated cells via secretion binding protein with roles in
Dectin 1 autophagy, cancer, heart
disease and stroke
Annexin |, tubulin As above As above Proposed members of Dectin- [207]
induced secretome
I-B. Removal of aggregate-forming proteins
a-Synuclein Inhibition of degradative Inhibition of autophagic Inter-neuronal transmission of [177]
autophagic flux; knockdown maturation enhanced a- a-synuclein species (modified
of Atg5; analysis of HDAC6 synuclein release. or aggregated) in Parkinson’s
and Rab8 disease
Amyloid beta (AB)  Analysis of neuron-specific Increased intracellular AR Alzheimer’s disease [18°°]
Atg7-deficient APP transgenic accumulation pathology and memory
mice and pharmacological impairment
stimulation of autophagy
I-C. Extracellular release of cytoplasmic organellar material
Mitochondria Induction of autophagy; Mitochondria removal from Developmentally regulated [47,49]
autophagic receptor NIX developing reticulocytes; release clearance of mitochondria
dependent clearance; of mitochondrial components
ultrastructural analyses
Mixed organellar Detection of autophagic Release of an LC3* compartment Final stages of reticulocyte [37°]
remnants markers with organellar remnants (ER, development
Golgi, plasma membrane)
Autophagic Physiological and Extracellular export of Linking secretory autophagy [64]
organelles pharmacological modulation autophagic vacuoles without cell with caspase activation
of autophagy membrane permeabilization
Phagolysosomes Purinergic stimulation and Release of microbial material Possible immune adjuvant or [48]
microtubule perturbation captured in alternative elimination
autophagolysosomes mechanism
I-D. Microbial release from cells and transmission
M. marinum Genetic and cell biological Atg1-dependent, Atg6 (Beclin)- Intercellular spread of [21°°]
analyses in the amoeba dependent, Atg7-dependent, but  infection
Dictyostelium as an infected independent of SQSTM1 (p62
host ortholog).
B. abortus Genetic and cell biological ULK1-, Beclin 1-, ATG14L- and Intercellular spread of [51]
analyses PI13-kinase dependent (but infection
independent of ATG5, ATG16L1,
ATG4B, ATG7, and LC3B).
Poliovirus Genetic and pharmacological Virus released nonlytically within Intercellular spread of [16°°,52,57°°]

Enteroviruses

manipulation of autophagy
and time lapse microscopy.

phosphatidylserine-rich vesicles
of autophagic origin that are
formed within lysosomal
enzymes-negative syntaxin 17-
negative, LC3 and Beclin 1-
dependent compartments

infection
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Table 1 (Continued)

Cargo Methods®P Effects Function® References

Morbillivirus Atg7 knockdown, chloroquine  Virus spread associated with Spread of infection [53]

syncytia formation

Coxsackievirus Analysis of extracellular Released virus detected in LC3II* Intercellular spread of [54°]
microvesicles containing extracellular microvesicles. infection
viruses

Infleunza A virus Viral M2 protein association Plasma membrane translocation Supporting alternative [56°].
with LC3 of LC3 (filamentous) mode of

budding
Pathway II: Autophagy and regulated secretion
Paneth cell ATG16L1- and ATG5- Autophagy-deficient Paneth cells Crohn’s disease intestinal [65]
granule deficient Paneth cells exhibit abnormalities in the abnormalities
contents granule exocytosis pathway

Cathepsin K Analysis of Atg5, Atg7, Atg4B, Atg defects impaired secretory Osteoclast bone resorption [66]
and LC3 in polarized secretion lysosomal fusion and ruffled and remodeling
of lysosomal components border formation

Mast cell Atg7 defective bone marrow- Impairment in degranulation by Allergic disease and [67]

degranulation derived mast cells BMDMC Atg7 BMDMC anaphylaxis reactions

von Willebrand Pharmacological inhibition, Atg5-deficient endothelium Platelet adhesion in blood [68°°]

factor (VWF) knockdowns of Atg5/Atg7, shows defective secretion of vessel injury
mice with endothelial-specific VWEF from Weibel-Palade bodies
deletion of Atg5/Atg7
Otoconial core Atg4b-null mice and Atg5-null Impaired secretion of otoconial Equilibrioception and balance [69]
proteins neonatal mice (organic calcium carbonate disorders
crystals) core proteins.

Mucin Effects of ATG factors on Autophagosomal organelles Goblet cell mucin secretion [70°°,71°]
mucin secretion and effects of  enriched in NADPH oxidase and control of intestinal
nonhematopoietic enhance mucin secretion via microbiota
inflammasome on autophagy ROS, and NLRP6 inflammasome

controls autophagy

Pathway lll: Autophagy and constitutive secretion

IL-6 Atgb deletion Autophagy enabled enhanced Contributing to the [58]
secretion during oncogene- senescence-associated
induced senescence secretory phenotype (SASP)

IL-8 Atg5 deletion, Atg7 depletion, Autophagy enhanced SASP and potential [68,19]
stimulation with tat-BECN1 senescence associated IL-8 biomarkers
peptide secretion

LIF, FAM3C, Stimulation with tat-BECN1 Autophagy-augmented secretion Potential biomarkers for [19]

DKK3 peptide and depletion of Atg7. autophagy in anti-cancer
therapy

Pathway IV: Autophagy and plasma membrane protein sorting and organelle biogenesis

AF508-CFTR Depletion of ATG factors or Autophagy-assisted increase in Rescuing CFTR function [59,60°]
pharmacological stimulation AF508-CFTR cell surface
in AF508 Cftr mice and AF508 expression
CFTR cystic fibrosis patients

Mpl Pharmacological stimulation Surface expression of immature Potential role in [61°°]
and dominant negative Mpl linked to mutant Jak2 myeloproliferative cancers
expression of Atg5 signaling

Primary cilium Genetic and cell biological Autophagy initiates ciliogenesis Autophagy and ciliogenesis [62°°,63°°]

analyses of multiple ATG, IFT,
and centriolar satellite
components

on serum starvation but limits
ciliary growth under nutrient-rich
conditions.

are regulating each other.
Nutrition deprivation is a
shared signal.

# The methods for monitoring secretory autophagy are diverse and await a unifying definition. However, one set of three common rules that can be
applied at this point are: (i) that secretion is dependent on a subset of ATG factors; (i) that the secretion of substrates is not due to cell lysis and parallel
controls for nonspecific release of cytosolic proteins such as extracellular levels of LDH indicate that this is less in magnitude than the response of the
bona fide secreted material; and (jii) that in cases where conditions do lead to eventual cell death that the secretion kinetically precedes cell death and
wholesale cell membrane leakage.
b Of note, signaling pathways for secretory autophagy sometimes overlap with pathways of degradative autophagy, but in other cases additional

stimuli are necessary.

¢ This column also contains disease and physiological context information that can give the reader a selection of the potential practical or clinical
applications of secretory autophagy.
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protein aggregate extrusion and protection against their
intracellular accumulation.

Secretory autophagy and extracellular release
of intracellular organellar contents

One distinct feature of autophagy is that large cyto-
plasmic objects such as organelles including surplus per-
oxisomes [42], excess mitochondria [43], depolarized
mitochondria [9,44], damaged endosomes and lysosomes
[45,46], or invading microbes [10] can be engulfed by
autophagosomes. Some of the above autophagy targets,
typically associated with degradative autophagy, can also
become secretory autophagy cargo [43,47-49] (Table 1, I-
C). The massive developmentally-regulated mitochon-
drial clearance during reticulocyte maturation depends on
autophagy and can terminate either in degradation or in a
readily observable exocytosis of the captured mitochon-
dria [47]. This programmed process of mitochondrial
release relies on the mitochondrial autophagic receptor
Nix [47] and seems to differ from sporadic mitochondrial
depolarization and Parkin-dependent mitophagy as an on-
going quality control process in most cells [44]. Neverthe-
less, mitochondrial material can be released from other cells
in association with autophagy. Proteomic analysis of extra-
cellular membranous material released upon starvation of
endothelial cells shows enrichment of autophagy proteins
(LC3 and Atgl6L.1) along with mitochondrial components
(VDAC and COX4) [49]. In other instances, extracellular
release of mitochondrial material [50] has been noted,
although mechanisms have not been determined.

Autophagolysosomes and their content instead of being
fully processed by degradation can be extruded from cells
[48]. This is an active process dependent on stimulation
of the purinergic receptor P2X7R with its agonist ATP
and the associated microtubule rearrangement into radial
extension from the centrosome toward the cell periphery
[48]. The control of the divergence between continuation
of degradation versus extrusion of the autophagocytosed
material from cells remains to be fully analyzed and the
specific biological functions of these phenomena remain
to be understood.

Secretory autophagy in microbial egress and
dissemination

Intracellular pathogens such as bacteria [21°°,51] and
viruses [16°°,52,53,54°57°°] can be released from infected
cells in a variety of process assisted by the autophagic
machinery (‘Table 1, I-D). A recent study with Mycobacte-
rium marinum [21°°] showed that autophagosomal orga-
nelles chaperone a structure termed the ejectosome [55],
an actin-tail based apparatus enabling cytosolic bacteria to
exit the host cell with the purpose of potentially contrib-
uting to microbial cell-to-cell spread (Figure 2). A func-
tional (non-lytic to the host cell) ejectosome in
M. marinum-infected amoeba Dictyostelium is seen [21°°]
as escorted by a distinct polar autophagic profile, which is
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Atg8 positive, ubiquitin-positive, and SQSTSM1 (an
autophagic receptor)-positive. Although the host-sparing
function of the ejectosome was SQSTMI1-independent
(thus indicating possible involvement of other unknown
receptors) it was Atg5, Atg7 and Atgb (Beclin)-dependent.
Atgl8 (a PI3P-recognizing autophagic regulator) and PI3P
fluorescent probes colocalized with these profiles. Whereas
the bacteria could still form an ejectosome and leave the
host cell in Atgl-negative amoeba, the autophagic machin-
ery was important to seal the plasma membrane and
protect the host cell from leaking cytoplasm and undergo-
ing death [21°°]. Other forms of autophagy-assisted bacte-
rial (Brucella) egress from infected cells without causing
cell death have been reported [51]. Thus, autophagy
enables non-lytic egress of bacteria from host cells. This
may support spread of infection while avoiding excessive
inflammatory signaling and immune clearance elicited by
host’s own alarmins released from necrotic cells.

Viral budding or release from cells can be assisted by
ATG factors. The M2 protein of influenza contains a
motif termed LIR (LLC3 interacting region), which
enables it to associate with LLC3 at the plasma membrane
to assist filamentous mode of viral budding [56°]. Autop-
hagy assists other viruses, such as poliovirus and coxsack-
ievirus B, in their egress from cells. Although classically
poliovirus spreads by lysing host cells, autophagy has
been proposed to support an alternative, non-lytic exit
of the poliovirus [16°°,52]. Using quantitative time-lapse
microscopy, Bird ez /., demonstrated that poliovirus can
be released from cells in tissue culture without cell lysis, a
process augmented by autophagy induction and dimin-
ished by knockdown of the key autophagic membrane
protein LC3 [16°°]. This process was validated 7z vivo in a
mouse model of polio infection [16°°]. A significant new
study [57°°] has shown that enteroviruses (note: poliovi-
rus is a prototypical enterovirus) are non-lytically secreted
from cells in membrane-bound phosphatidylserine (PS)-
positive vesicles originating from autophagosome-like
organelles (Figure 2). The precursor compartments for
these virus-laden secreted vesicles is enriched for PS and
is LLC3-positive, whereas their formation depends on LC3
and Beclin1 and can be stimulated by tat-Beclin 1 peptide
[57°°]. Cells can also shed nonpolio viruses such as
coxsackievirus B in LC3-positive vesicles [54°], a phe-
nomenon that may contribute to infection spread and
avoidance of neutralizing antibodies.

Intersections between autophagy and
conventional secretion

In addition to the secretory autophagy pathway discussed
above that involves the secretion of leaderless proteins
and possibly whole organelles and microbes via an autop-
hagosome intermediate to the extracellular space
(Table 1, pathway I), autophagy also affects three other
general secretory and plasma membrane protein traffick-
ing pathways in the cell (Table 1, pathways II-IV). In
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pathway II, autophagy affects (probably via indirect
mechanisms) the regulated secretion of cargo within
pre-formed secretory granules. In pathway III, autophagy
affects (selectively) the output for subsets of constitutive-
ly secreted proteins (Table 1, pathway III) [58]. The
above pathways, recently covered in a review [15], are
updated in Table 1. The pathway IV is addressed in the
following section. Importantly, these pathways should not
be confused with unconventional secretion but consist of
(a) conventional (ER-to-Golgi-to plasma membrane) se-
cretion of lumenal cargo (both regulated or constitutive)
or (b) alternative pathways of trafficking of integral mem-
brane proteins to the plasma membrane and organelle
biogenesis at the plasma membrane.

Autophagic machinery in polarized membrane
protein sorting and ciliogenesis

Autophagy has also been shown to be associated with the
unconventional trafficking of proteins to the plasma
membrane, first shown in the case of CF'TR (Table 1,
pathway IV) [59,60°]. Cell surface expression of AF508-
CFTR, the most prevalent CF'TR mutant associated with
cystic fibrosis, can be restored in a GRASP-dependent
manner [59]. In addition, expression of the autophagy
protein Beclin 1 or treatment with the autophagy-inducer
cystamine can increase AF508-CFTR cell surface expres-
sion 7z vifro and iz vive and reduce lung inflammation and
mortality in the Cfzr"*# homozygous mice [60°].

Mpl, the receptor for thrombopoietin and a major player
in megakaryocytes differentiation and maturation, is an-
other example of transmembrane protein being exported
to the plasma membrane via unconventional trafficking
pathways (T'able 1, pathway IV) [61°°]. While the fully
glycosylated, mature, receptor follows the canonical ER-
to-Golgi-to-membrane pathway, the unconventional,
autophagy-related secretory pathway allows the core-gly-
cosylated, immature, protein to reach the cell surface
through a GRASP-dependent pathway. Aberrant Mpl
intracellular trafficking has been linked to mutant Jak2
signaling associated with myeloproliferative neoplasms
(progressive blood cancers). Mpl was observed to be
loaded onto autophagic vesicles directly from the ER,
as shown by high-resolution correlative light/electron
microscopy technique [61°°]. Pharmacological inhibition
of autophagy or expression of mutant Atg5*"**® led to a
decrease cell surface expression of the ER form of Mpl.
Complementing these observations, autophagic route for
delivery of immature (core-glycosylated) Mpl was signifi-
cantly activated by pharmacological induction of autop-
hagy with rapamycin and by overexpression of GRASP55
[61°°]. Thus, autophagy may provide a target in certain
hematologic malignancies treatments.

Autophagy has other polarized sorting and plasma mem-
brane organelle biogenesis roles. Starvation is a common
signal for autophagy and biogenesis of the primary cilium,

a sensory organelle continuous with but functionally
delimited from the plasma membrane. Autophagy plays
both a positive and a negative role in the formation and
length of the primary cilium [62°°,63°°], whereas cilium
can serve as a staging ground for autophagic machinery
components [63°°]. Autophagy helps initiate cilium for-
mation under starvation conditions by reducing levels of
OFD1, a protein that accumulates at the centriolar satel-
lites where it inhibits ciliogenesis [63°°]. Basal autophagy
limits uncontrolled cilium growth under nutrient-rich
conditions by diminishing intraflagellar transport protein
IFT20 levels [62°°]. Finally, signaling from the cilia
regulates autophagy [62°°]. Thus, not only does autop-
hagy provide alternative trafficking routes for integral
membrane proteins to reach the plasma membrane where
they carry out their functions, but it also controls biogen-
esis of complex domains and organelles at the plasma
membrane.

Concluding remarks

The concept of secretory autophagy, discovered less than
half a decade ago, is still in its infancy. Although some
progress has been made, new questions emerge whereas
previously identified ones remain to be answered. What
differentiates a secretory autophagosome from a degrada-
tive autophagosome? For instance, what aspects of the
molecular machinery of secretory autophagy overlap with
degradative autophagy, and how and where do the two
mechanisms diverge? What are the molecular tags/signals
that identify a secretory substrate and what are the
receptors that bring it into the autophagosomes? Can
cells switch between secretory and degradative autop-
hagy modes for the same cargo? Is conversion into amphi-
some a mandatory sorting station before secretory
autophagy can occur? What is the composition and bio-
logical function spectrum of the autosecretome, how does
its composition change with physiological needs, and how
does it influence cellular, tissue, and organismal func-
tions? Many questions remain before we can define
secretory autophagy as a specific pathway, but it is an
attractive concept deserving further testing.
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Abstract

infective species with excellent recovery rates.

sporozoites for vaccination.

Background: Malaria remains a major human health problem, with no licensed vaccine currently available. Malaria
infections initiate when infectious Plasmodium sporozoites are transmitted by Anopheline mosquitoes during their
blood meal. Investigations of the malaria sporozoite are, therefore, of clear medical importance. However,
sporozoites can only be produced in and isolated from mosquitoes, and their isolation results in large amounts of
accompanying mosquito debris and contaminating microbes.

Methods: Here is described a discontinuous density gradient purification method for Plasmodium sporozoites that
maintains parasite infectivity in vitro and in vivo and greatly reduces mosquito and microbial contaminants.

Results: This method provides clear advantages over previous approaches: it is rapid, requires no serum
components, and can be scaled to purify >10” sporozoites with minimal operator involvement. Moreover, it can be
effectively applied to both human (Plasmodium falciparum, Plasmodium vivax) and rodent (Plasmodium yoelii)

Conclusions: This novel method effectively purifies viable malaria sporozoites by greatly reducing contaminating
mosquito debris and microbial burdens associated with parasite isolation. Large-scale preparations of purified
sporozoites will allow for enhanced in vitro infections, proteomics, and biochemical characterizations. In conjunction
with aseptic mosquito rearing techniques, this purification technique will also support production of live attenuated

Keywords: Sporozoite, Purification, Plasmodium, Falciparum, Vivax, Yoelii, Humanized mouse model

Background

Plasmodium species, the aetiological agents of malaria,
cycle between a mosquito vector and vertebrate host to
complete its life cycle. Mammals become infected with
malaria parasites when bitten by an infected Anopheles
mosquito, which deposits the sporozoite form of the
parasite into the host's skin (reviewed in [1]). Sporozoites
then actively seek the host vasculature and upon invading
it, passively migrate to the liver where they ultimately in-
fect a hepatocyte and replicate within it. This liver stage
of development (which lasts two days for rodent-
infective species or six to eight days for human-infective
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species) results in the release of tens of thousands of red
blood cell-infectious exoerythrocytic merozoites. These
merozoites then initiate the blood stage of malaria infec-
tion that is associated with all clinical symptoms of the
disease.

The characterization of sporozoite infectivity has often
been limited by the presence of bacteria and yeast. Be-
cause of these contaminating microbes, the duration of
many in vitro infections of permissive hepatocytes is
often limited to only a few days. In addition, immuno-
compromised mice with humanized livers have recently
been developed to provide an in vivo model of liver stage
infections for both Plasmodium falciparum and Plasmo-
dium vivax ([2,3], Mikolajczak et al., personal communi-
cation). Infections of these mice with large numbers of
unpurified sporozoites can also systemically introduce

© 2012 Kennedy et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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large amounts of these microbes, which may negatively
impact the health of these mice and affect the innate im-
mune response against the parasite during the 6-8 day
liver stage infection. These contaminants can similarly
confound investigations of basic immunological responses
of non-humanized mice against rodent malaria, as well.

Biochemical studies of sporozoites have also been
hampered by relatively large amounts of residual mos-
quito debris compared to the parasite mass. For in-
stance, proteomic studies of various Plasmodium species
have used unpurified sporozoites and this has resulted in
the identification of only a limited number of parasite-
specific peptide hits, presumably due to the large num-
ber of contaminating mosquito-derived peptides [4-6].
Substantial reduction of mosquito proteins would sub-
stantially help such characterizations.

A previously published method of sporozoite purifica-
tion requires that the parasites be first coated with bovine
serum albumin (BSA) and then passed through ion ex-
change resin [7]. While this described procedure produces
well-purified sporozoites, the fraction of sporozoites
recovered is routinely low (30-40%) even with sporozoites
obtained from isolated salivary glands (Lindner S., unpub-
lished results). Moreover, this approach yields parasites
coated with BSA, which is known to induce sporozoite
apical organelle secretion and motility [8,9]. Another
sporozoite purification method that employs BSA utilizes
a discontinuous density gradient composed of diatrozoate
sodium/Hypaque and several lengthy, high speed spins to
purify sporozoites [10]. When injected into mice, these
sporozoite preparations resulted in the death of significant
numbers of the mice due to an immune response to BSA
[11]. A revised protocol from the same authors that
employed mouse serum in lieu of BSA did curtail mouse
death, but did not reduce contaminating microbial
burdens (ibid).

Ideally, an effective malaria vaccine will confer sterile
protection prior to the onset of symptoms. The most
promising subunit vaccine candidate, RTS,S, is currently
in Phase 3 trials by GlaxoSmithKline but has shown only
partial protection from subsequent infections [12]. Re-
cent efforts have also focused on developing malaria vac-
cines comprised of live sporozoites attenuated by
irradiation or genetic disruption, including the first trial
testing syringe delivery of irradiated sporozoites [13-16].
These attenuated parasites are able to productively infect
hepatocytes, but arrest at specific points within the liver
stage of parasite development [17]. Interestingly, genetic-
ally attenuated parasites that arrest as late liver stage
parasites (e.g. pyfab b/f parasites) provide greater and
broader CD8+ T-cell responses and higher levels of pro-
tection than do radiation attenuated parasites or early
arresting genetically attenuated parasites (ibid). Further
studies and large-scale implementation of these vaccine
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candidates would greatly benefit from the production of
large numbers of sporozoites that have been purified
away from mosquito-derived contaminants to facilitate
their characterization and deployment.

To address all of the above problems, herein is
described a discontinuous density gradient purification
method that employs a dense layer composed of Accu-
denz dissolved in water. This strategy effectively removes
mosquito debris and hemocoel lipids, does not require
BSA or serum, greatly reduces bacterial contamination,
and eliminates yeast contamination. Moreover, this ap-
proach is applicable across all species of Plasmodium
tested, including rodent-infective Plasmodium yoelii and
human-infective P. falciparum and P. vivax sporozoites.
Importantly, this method is scalable, as >10” sporozoites
can be routinely purified in a single gradient with excel-
lent recovery rates. Lastly, this method is validated by
demonstrating that these purified sporozoites are fully
infectious in standard in vitro and/or in vivo infectivity
assays for all three species. Taken together, this method
provides a means to rapidly purify Plasmodium sporo-
zoites for both basic research and vaccine production
applications.

Methods

Accudenz column purification method

A 17% w/v solution of Accudenz (Accurate Chemical
#AN7050) dissolved in distilled deionized water (ddH5O,
Mediatech #25-055-CM) was filter sterilized and stored
at 4°C. A 3 ml Accudenz cushion was loaded in a 15 ml
conical tube and the dissected sporozoite mixture (up to
1 ml) was gently layered on top of the cushion. The col-
umn was spun at 2,500 g at room temperature for 20
minutes (no brake) and the interface (+) was transferred
to a new, clean microcentrifuge tube and spun at top
speed in a microcentrifuge for three minutes. The super-
natant was aspirated and the pelleted sporozoites were
resuspended in RPMI 1640 or Schneider’s insect medium
and counted in a haemocytometer. Three or more bio-
logical replicates of all tested species of Plasmodium spor-
ozoites (Plasmodium yoelii, P. falciparum, P. vivax) were
tested to confirm sporozoite recovery.

Plasmodium yoelii sporozoite production

Six-to-eight week old female Swiss Webster (“SW”) mice
from Harlan (Indianapolis, IN) were used for production
of wild-type P. yoelii 17XNL (“Pyl7XNL”, a non-lethal
strain) blood stage parasites. Animal handling was con-
ducted according to Institutional Animal Care and Use
Committee approved protocols at the Seattle Biomedical
Research Institute. Pyl17XNL parasites were cycled be-
tween SW mice and Anopheles stephensi mosquitoes
that had been reared by standard methods (as described
in Methods in Anopheles Research available at www.
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mr4.org). Infected mosquitoes were maintained on an
8% w/v dextrose solution in 0.05% w/v PABA water at
24°C and 70% humidity in 12 hour light/dark cycles.
Mosquitoes were collected into sterile 70% v/v ethanol
in ddH,O, rinsed in sterile ddH2O and finally washed in
sterile 1xPBS. Salivary glands were individually isolated
by microdissection in sterile RPMI media 14-16 days
post-blood meal from batches of 50-75 mosquitoes, and
were placed in a microfuge tube containing sterile RPMI
media. Sporozoites were then released by three rounds
of manual grinding of salivary glands (50 grinds per
round), with glands re-pelleted at 100 g for 1 minute be-
tween rounds. The sporozoite-containing mixture was
applied to the gradient as described above.

Plasmodium falciparum sporozoite production

In vitro P. falciparum (NF54 strain) cultures were main-
tained in O+ erythrocytes grown in RPMI 1640 (25 mM
HEPES, 2 mM L-glutamine) supplemented with 50 pm
hypoxanthine and 10% A+ human serum in an atmosphere
of 5% CO,, 5% O,, and 90% N,. Gametocyte cultures
were initiated at 5% haematocrit and 0.8-1% parasitaemia
(mixed stages) and maintained for up to 17 days with
daily media changes.

Non-bloodfed adult female An. stephensi mosquitoes
three to seven days post-emergence were collected into
mesh-topped, wax-lined pots each containing up to 300
mosquitoes. Gametocyte cultures were quickly spun
down and the pelleted infected erythrocytes were diluted
to 40% haematocrit with fresh A+ human serum and O+
erythrocytes. Mosquitoes were allowed to feed upon
these cultures through Parafilm for up to 20 minutes.
Following blood feeding, mosquitoes were maintained
for up to 19 days at 27°C, 75% humidity and were pro-
vided with an 8% w/v dextrose solution in 0.05% w/v
PABA water. Salivary gland sporozoites were isolated as
described above by microdissection 14—19 days post-
blood meal.

Plasmodium vivax sporozoite production

Blood samples from P. vivax-infected patients were col-
lected at the Malaria Clinics (Kanchanaburi province,
Thailand) in accordance with an approved human re-
search protocol (protocol# TMEC 11-033, Faculty of
Tropical Medicine, Mahidol University). Infected blood
was heparinized and fed to five to seven-day old female
Anopheles dirus mosquitoes using a membrane-feeding
device [18]. Infected mosquitoes were maintained at
26°C, 75% humidity and were provided with a 10% w/v
dextrose solution in water. Salivary gland sporozoites
were isolated by microdissection as described above
15-18 days post-blood meal, but in batches of five
mosquitoes at a time.
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Measurement of the reduction of bacterial contaminants
Plasmodium yoelii salivary gland sporozoites were dis-
sected from three independent mosquito cages and were
resuspended at 2x10° sporozoites/lml RPMI 1640
media. Sporozoites were either left untreated, or were
incubated with 200 IU penicillin / 200 mg/ml strepto-
mycin (Cellgro, Cat#30-002-CI) for 20 minutes at room
temperature. Sporozoites from both conditions were
then either left unpurified, or purified as described
above. Sporozoites were pelleted, washed in RPMI 1640
to remove residual antibiotics, counted on a haemocyt-
ometer, serially diluted to 25000, 2500, 250, and 25 spor-
ozoites in 100 ul RPMI 1640 and were plated on LB-agar
plates. Plates were incubated at 37°C for 12-14 hours
and colony-forming units per sporozoite plated were
determined by manual counting.

Assessment of in vivo P. yoelii sporozoite infectivity
Plasmodium yoelii salivary gland sporozoites were iso-
lated from mosquito salivary glands, and 10° or 10*
sporozoites were injected intravenously (“iv’) into the
tail vein of SW mice. The time to blood stage patency
(defined as >1 infected RBCs / 20,000 RBCs) was deter-
mined microscopically by Giemsa-stained thin blood
smears. A one-day delay in the time to blood stage pa-
tency correlates with a 90% reduction in sporozoite in-
fectivity [19]. Two biological replicates were measured
for each condition.

Assessment of in vitro P. vivax and P. falciparum
sporozoite infectivity

HC-04, a human hepatocyte cell line, was used to pro-
duce liver stage infections [20]. Cells (2.5x10% were
seeded in each well of a 8-well chamber slides (LabTek,
Campbell, CA) and incubated at 37°C with a complete
medium (P. vivax: equal volumes of MEM and Ham’s
F12 (Gibco BRL); P. falciparum: DMEM) supplemen-
ted with 10% foetal bovine serum, 100 U/ml penicil-
lin, and 100 pg/ml streptomycin. At 24 h, the medium
was aspirated and replaced with 2x10* purified sporo-
zoites in 250 pl of invasion medium (P. vivax: MEM:
Ham’s F12 supplemented with 10% human AB serum,
100 U/ml penicillin, 100 pg/ml streptomycin, and
0.25 pg/ml fungizone; P. falciparum: complete media
as above). After a four hour incubation, the invasion
medium was aspirated and 300 pl of fresh complete
medium (as above) was added to the infected hepato-
cytes. The culture was maintained for up to four days
with daily media changes prior to visualization by an
IFA (see below).

Assessment of in vivo P. falciparum sporozoite infectivity
Female FRG NOD huHep mice with human chimeric livers
(Yecuris Corp.) were infected with purified P. falciparum
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sporozoites by intravenous tail vein injection as previously
described [3]. Six and seven days post-infection, mice were
injected intravenously with 400 ul of packed O+ human
RBCs. Mice were sacrificed two hours after the second
RBC injection, and the blood was collected by cardiac
puncture and placed into in vitro culture under standard
conditions. Additionally, livers were simultaneously har-
vested and processed for IFA (see below).

Indirect immunofluorescence assay (IFA)

Salivary gland sporozoites, in vitro and in vivo infected
hepatocytes were processed for IFA essentially as
described [21]. All sample types were stained at room
temperature with phalloidin or the following appropri-
ately diluted primary antibodies (rabbit anti-human
fumaryl acetoacetate hydrolase (FAH, Yecuris), mouse
anti-PfIMSP1 (MR4), mouse anti-PfCSP (Clone 2A10),
mouse anti-PvCSP210, mouse anti-PvCSP247, mouse
anti-PbHsp70 (Clone 4C9) [22], Alexa Fluor- or FITC-
conjugated secondary antibodies specific to mouse or
rabbit IgG (Alexa Fluor 488, 594, Invitrogen; Dako),
and 4/,6-diamidino-2-phenylindole (DAPI). Samples
were covered with VectaShield (Vector Laboratories)
and sealed under a coverglass slip. Fluorescent and
DIC images were acquired using a DeltaVision Spectris
RT microscope (Applied Precision) using a 40x or
100x oil objective and were deconvolved using the
softWoRx software package, except for P. vivax liver
stage parasites, which were acquired using a Nikon
ECLIPSE 80i microscope with NIS-Elements F 3.0
software.

Flow cytometric quantification of sporozoite invasion
Infection of HC-04 hepatocytes by P. falciparum sporo-
zoites was measured as described previously [23]. Briefly,
4x10° HC-04 cells were plated in each well of a 24-well
plate one day prior to mock infection with dissection
media or infection with 10° P. falciparum NF54 strain
purified or unpurified sporozoites. Infection was allowed
to proceed for 90 minutes, at which point hepatocytes
were trypsinized, extensively washed, fixed, and permea-
bilized. Hepatocytes were blocked and then stained with
an Alexa-Fluor 488-conjugated anti-PfCSP (2A10) to de-
tect CSP-positive hepatocytes with a LSRII flow cytometer
(Becton Dickinson) and FlowJo Software. Samples were
normalized to the percent of hepatocytes infected by un-
purified sporozoites (set at 100%).

Statistics

A measurement of the statistical significance of sporozo-
ite infectivity in vitro was conducted by a standard stu-
dent’s t-test.
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Results

Determination of critical purification parameters

After sporozoite isolation from mosquito midguts or sal-
ivary glands, many sporozoite investigations are then
hampered by excessive amounts of mosquito debris,
microbes such as bacteria and yeast, or both. It would,
therefore, be beneficial to devise a purification method
to simultaneously solve both problems that would re-
quire minimal operator involvement (<5 minutes), be
simple (one step), be rapid (20 minutes) and be scalable
(able to purify millions of sporozoites simultaneously).
To this end, several commercially available chemicals
commonly used to create density gradients were
assessed for their ability to purify sporozoites, and
Accudenz-based gradients were identified as the top per-
former. Gradients that used Accudenz as the dense layer
consistently produced the highest recovery of purified
sporozoites from the bilayer interface (P. yoelii: 80.4% +
11.6; P. falciparum 81.3% + 5.74; P. vivax 61.9 + 6.86),
and have been used to successfully purify as few as 10°
sporozoites to over 2x10” sporozoites in a single gradient
with comparable sporozoite recoveries (Additional file 1).
The Accudenz gradient also performed well in removing
both mosquito debris (which forms a pellet at the base of
the tube) and lipids (which float to the top of the gradient)
(Figure 1A). Microscopically, the purity of these sporozo-
ite samples was excellent as well, with little to no con-
taminating material visibly remaining after centrifugation
(Figure 1B).

During the optimization of this purification method,
three major parameters were identified that affected
sporozoite recovery: the solvent used to produce the
Accudenz cushion, the final concentration of Accudenz
in the dense layer, and the relative centrifugal force ap-
plied to the gradient. Plasmodium falciparum sporo-
zoites were loaded onto cushions of Accudenz dissolved
in either 2x phosphate buffer saline (PBS), 1xPBS,
0.5xPBS or distilled, deionized water (ddH,O) and spun
at 2,500 g for 20 minutes at room temperature (RT). A
strong, dose-dependent negative effect on the percent
recovery of sporozoites was observed with increasing
concentrations of solutes present in PBS. In contrast,
using ddH,O as the solvent allowed for consistently high
percentage recoveries of sporozoites, and was used for
all subsequent experiments (Additional file 2). The opti-
mal concentration of Accudenz for use in the dense
layer (17%) was determined by testing a range of con-
centrations (5, 10, 17, 25% w/v in ddH,0) with P. falcip-
arum sporozoites (Additional file 3).

Additionally, using both sporozoite recovery and
amounts of residual mosquito debris as metrics, various
relative centrifugal forces (1,500 g, 2,000 g, 2,500 g, 3,000 g)
were tested upon the gradient and it was determined
that optimal recovery and purification was obtained at



Kennedy et al. Malaria Journal 2012, 11:421
http://www.malariajournal.com/content/11/1/421

Page 5 of 10

A Pre-Spin Post-Spin

| Lipids

| Sporozoites

Mosquito
I Debris

Figure 1 Accudenz density gradient purification of Plasmodium sporozoites. A. Photographs of a bilayer discontinuous Accudenz density
gradient overlayed with P. yoelii sporozoites in RPMI before and after centrifugation. Mosquito debris pellets to the bottom of the gradient,
mosquito lipids float to the top of the gradient, and sporozoites accumulate at the bilayer interface. B. Representative DIC images of unpurified
and purified sporozoites before and after centrifugation show a significant reduction in mosquito material. Scale bar is 5 microns.

2,500 g (Additional file 4). Thus, the optimal conditions
for sporozoite purification employ a 17% w/v Accudenz
in ddH,O cushion under the dissected sporozoite mix-
ture (in either RPMI 1640 or Schneider’s Medium), spun
at 2,500 g for 20 minutes at room temperature.

Reduction/elimination of contaminating microbial
burdens

Using these optimized purification conditions, it was
determined if this method would significantly reduce the
amounts of contaminating bacteria and yeast remaining
with the purified sporozoites. To this end, P. yoelii saliv-
ary gland sporozoites were either left unpurified or were
purified over an Accudenz cushion as described. Add-
itionally, to test if pre-treatment of the sporozoites with
antibiotics would further reduce the microbial burden,
samples were incubated with penicillin/streptomycin or
left untreated. Serial dilutions of sporozoites from each
of these four conditions were plated on LB agar plates,
the number of colony forming units (CFUs) per sporozo-
ite was counted (Table 1). No significant reduction in
CFUs was achieved by pre-treatment of sporozoites with
antibiotics alone. In contrast, Accudenz purification

greatly reduced bacterial contamination (97.5% + 0.757)
associated with sporozoites, which was further affected
by treatment with penicillin and streptomycin (99.0% +
0.252). In confirmation of this, an equal number of un-
purified or purified P. yoelii (10°), P. falciparum (10°), or
P. vivax (2x10% sporozoites were inoculated into
complete DMEM or RPMI 1640 media in independent
wells of 6-well tissue culture plates at 37°C with 5%
CO,. All wells containing unpurified sporozoites became
overgrown (visible by eye and/or microscopically) with
bacteria (within 1-2 days) or yeast (within 4 days, data
not shown), whereas wells containing purified sporo-
zoites routinely remained free from contamination for at
least 1 week.

Purified P. yoelii sporozoites are fully infectious to mice

Having demonstrated that this method readily produces
highly purified Plasmodium sporozoites, it was critical to
next determine if these sporozoites remained infectious.
This was first assessed by testing for any significant loss
of infectivity with the rodent-infective P. yoelii malaria
parasite, as this can be easily measured by the presence
of a delay in the appearance of blood stage parasites

Table 1 Measurements of the reduction of bacterial contaminants by penicillin/streptomycin pre-treatment and
Accudenz of P. yoelii sporozoites

- - + + Accudenz Purification
o T - + Penicillin/Streptomycin
Replicate 1 0.84 068 0.017 (98.0%) 0.0080 (99.0%)
Replicate 2 12 2.1 0.040 (96.6%) 0.0080 (99.3%)
Replicate 3 1.0 16 0.022 (97.8%) 0.012 (98.8%)

Salivary gland sporozoites were resuspended in RPMI 1640, left untreated or treated with penicillin/streptomycin, and were left unpurified or were purified on an
Accudenz discontinuous gradient. Sporozoites were pelleted and washed in RPMI 1640, and then serially diluted and plated on LB-agar plates. Total colony
forming units per sporozoite are listed for three biological replicates. Percent reductions of residual bacterial burdens for purified sporozoites compared to
unpurified sporozoites not treated with penicillin/streptomycin are listed in parenthesis.
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(termed a “delay in blood stage patency”) after the intra-
venous (iv) injection of salivary gland sporozoites. Using
naive outbred Swiss Webster (SW) mice, 10® or 10* un-
purified or purified sporozoites were iv injected and the
time to blood stage patency (defined as >1 Giemsa-posi-
tive, infected RBC per 20,000 RBCs on a thin blood
smear) was measured. All mice infected with either puri-
fied or unpurified sporozoites developed blood stage pa-
tency at the same time point after infection (depending
on the initial dose), indicating that no detectable loss of
sporozoite infectivity (e.g. less than 10-fold) was pro-
duced by this purification method nor by sporozoite
pre-treatment with penicillin/streptomycin (Table 2).

Purified P. falciparum sporozoites have no loss of
infectivity in vitro

As purification of sporozoites over an Accudenz gradient
significantly reduced the contaminating microbial bur-
den found associated with sporozoites, it would also be
important to determine if there was any effect upon the
infectivity of P. falciparum sporozoites for hepatocytes
in vitro. The human hepatocarcinoma cell line HC-04
was mock infected without sporozoites, or incubated
with unpurified or purified sporozoites. Observations of
infected hepatocytes by an indirect immunofluorescence
assay (IFA) one day post-infection demonstrated no sig-
nificant difference in parasite morphology with purified
or unpurified sporozoites (Figure 2A). Moreover, while
wells incubated with unpurified sporozoites readily be-
came contaminated within two to three days, wells that
received purified sporozoites remained contamination-
free for the complete length of the assay (typically at
least one week). Additionally, the fraction of infected
hepatocytes was measured shortly after sporozoite

Table 2 Measurements of the time to blood stage
patency indicate that there is no loss of infectivity with
purified P. yoelii sporozoites

Type Replicate # # Sporozoites # Mice # Mice patent
injected infected (Day of patency)

Unpurified 1 10,000 5 5 (3d)

2 10,000 5 5@3d)

1 1,000 5 5 (4d)

2 1,000 5 5 (4d)
Purified 1 10,000 5 5 (3d)

2 10,000 5 5(3d)

1 1,000 5 5 (4d)

2 1,000 5 5 (4d)

Salivary gland sporozoites were isolated from mosquitoes at 14d post-blood
meal and injected intravenously into groups of five naive Swiss Webster mice
in duplicate. Time to blood stage patency (defined as >1 parasite per 20,000
RBCs) was determined microscopically by daily Giemsa-stained thin blood
smears, and was identical for sporozoites pretreated with antibiotics or for
those left untreated.
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infection (90 minutes) by using a recently published flow
cytometric assay [23]. This assay allows precise quantifi-
cations of infection by analysing large numbers of cells
(10°) for the presence of the most abundant sporozoite
protein, circumsporozoite protein (CSP).

Representative plots (Figure 2B) and a normalized
graph of duplicate biological replicates (Figure 2C) of
mock infected cells, or cells infected with unpurified or
purified sporozoites indicate that no significant differ-
ence (measured by a students t-test) in P. falciparum
sporozoite infectivity exists between purified and unpuri-
fied parasites in vitro.

Purified P. vivax sporozoites retain infectivity in vitro

This purification technique was also tested to determine
if it could be extended to P. vivax sporozoites, another
major human-infective malaria species. Salivary gland
sporozoites (both CSP210 and CSP247 parasite types
[24]) were dissected from infected Anopheles dirus mos-
quitoes by standard methods, and were purified using
standard optimized conditions. Consistently 55-69% of
the input sporozoites were recovered with a comparable
elimination of mosquito debris as with other species.
Both the CSP210 and CSP247 types of purified P. vivax
sporozoites were examined by IFA and found to retain
normal morphology and antibody staining patterns
(Figure 2D). The ability of purified and unpurified sporo-
zoites to productively infect HC-04 hepatocytes in vitro
was also tested. Mixed populations of CSP210 and
CSP247 types of P. vivax sporozoites were allowed to in-
fect and develop for four days, and were then observed
by IFA. In both conditions, a comparable number of ap-
propriately developing liver stage parasites were detected
(94.2% + 16.6, Figure 2E). This indicates that as with P.
yoelii and P. falciparum, purified P. vivax sporozoites re-
tain their infectivity for hepatocytes. Moreover, it was
also observed that Accudenz purification routinely
removed all traces of yeast contamination from the spor-
ozoites, whereas unpurified sporozoites lead to the well
becoming overgrown with yeast within 4 days. This
sporozoite purification method should now enable long-
term in vitro cultures, especially for the study of hypno-
zoites, to be routinely maintained contamination-free.

Purified P. falciparum sporozoites productively complete
liver stage development in a humanized mouse model
and transition to a sustainable blood stage infection

It has recently been shown that the FRG NOD huHep
mouse, a human-liver chimeric mouse, can support
complete P. falciparum liver stage development [3].
Additionally, these mice were competent to allow a liver
stage to blood stage transition [3]. Since the FRG NOD
huHep mouse is immunocompromised, it could be sur-
mised that injection of these mice with purified sporozoites



-

Kennedy et al. Malaria Journal 2012, 11:421
http://www.malariajournal.com/content/11/1/42

1

Page 7 of 10

Pf (NF54) Unpurified

Pf (NF54) Purified

B Mock Infection Unpurified Sporozoites Purified Sporozoites
[ . [
10°q | 10° - \ 10°7 |
Parasiles 2 Parastes ] s Parastes
& 0.121% 7] i 183% J % ‘ 1.62% J
o 4 o 4 | 3]
T 104 x w0 . o
< < \ PO : ¢ < <
@ = - % [
® " E PR F
-] 05‘ g mJ b A - - g
2 i F
< 102 < 02 <
0 o 0 3
T T T T T ] % 1 L] 1 *: ] T ] T T T
0 S0K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K
FSCA FSCA FSC-A
120%
100% 4 o
3 -
2 o~
£ 80%
= o
7 0% 2]
o
s ()
°
5 40%
=
g ne
Z 20% NS
i < .
0% - v y . < : ]
Mock Infection Unpurified Sporozoites Purified Sporozoites S
v [
v

m

Hsp70

Unpurified

Purified

Figure 2 (See legend on next page.)

Phalloidin

DAPI Merge




Kennedy et al. Malaria Journal 2012, 11:421
http://www.malariajournal.com/content/11/1/421

Page 8 of 10

(See figure on previous page.)

morphology were detected. Scale bar is 5 microns.

Figure 2 Purified P. falciparum and P. vivax sporozoites remain infectious in vitro. A. HC-04 cells were infected with unpurified or purified
P. falciparum sporozoites for 24 hours and were then subjected to an IFA (green: anti-PfCSP (2A10), blue: DAPI). Scale bar is 10 microns. B.
Representative plots of sporozoite infectivity are provided from flow cytometric measurements of anti-Pf CSP antibody staining of HC-04 cells C.
A graphical representation of two biological replicates of infections from (B) demonstrates that there is no infectivity defect of purified
sporozoites. D. Purified P. vivax sporozoites were observed by IFA (green: anti-PvCSP 210 or anti-PvCSP247, blue: DAPI). No gross differences in
parasite morphology were detected. Scale bar is 5 microns. E. HC-04 cells were infected with unpurified and purified P. vivax sporozoites for four
days and developing liver stage parasites were observed by IFA (green: anti-PbHsp70, red: Phalloidin, blue: DAPI). No gross differences in parasite

would reduce the bacterial and fungal burden on the mice,
which could affect the health of the mice and possibly liver
stage development. Therefore, two FRG NOD huHep mice
were injected intravenously with 3 x 10° purified P. falcip-
arum sporozoites. Mice were injected with human red
blood cells as previously described and the mice were
euthanized seven days after sporozoite infection [3]. The
blood removed from the mice was transitioned into a P.
Jalciparum asexual culture and indeed, a healthy in vitro
asexual culture of transitioned P. falciparum blood stages
was achieved. The livers were also removed from the
euthanized mice, fixed and subjected to an IFA as previ-
ously described [25]. Using antibodies to parasite mero-
zoite surface protein 1 (MSP1) and human fumaryl
acetoacetate hydrolase (FAH) (present only in the human
hepatocytes within the FRG NOD huHep mouse liver), as
expected, mature liver stages were observed to be present
in the livers of the inoculated mice (Figure 3). Thus, the
purified P. falciparum sporozoites appear to behave no dif-
ferently to the unpurified P. falciparum sporozoite in this
in vivo assay of liver stage development and ex vivo/in vitro
assay of liver stage to blood stage transition.

Discussion

This work describes and demonstrates that an Accudenz
density gradient purification method of Plasmodium
sporozoites produces parasites that remain viable and

infective. A discontinuous gradient approach was favored
over using a continuous gradient, as the former also acts
to localize and concentrate sporozoites at the interface of
the light and dense layers. This approach thus removes
the requirement to collect and assess multiple samples for
the presence of sporozoites, which is needed when using
continuous gradients as sporozoites distribute throughout
a larger portion of the gradient [26,27]. Moreover, this
rapid and technically simple method successfully
removes mosquito debris and lipids, as well as contam-
inating bacterial and fungal contaminants. Importantly,
this is accomplished in the absence of serum or any
serum components, which are known to induce sporo-
zoite secretion and can cause immune responses in
mice. Lastly, this approach was successfully scaled up
and allowed the recovery of >10" sporozoites from a
single density gradient. This purification method was
validated for both rodent-infective and human-infective
malaria species, as purified sporozoites perform identically
to unpurified sporozoites by all in vitro and in vivo assays
used to date.

Of special interest was the implementation of these
purified sporozoites with humanized mouse models. In-
jection of purified sporozoites into the immunocom-
promised FRG NOD huHep mouse could be most
beneficial due to the removal of contaminating bacteria
and fungi which could cause inflammatory responses in

anti-HsFAH

anti-PfMSP1

DAPI

Figure 3 Purified P. falciparum sporozoites remain infectious to a humanized mouse. Two representative IFA panels of late liver stage P.
falciparum parasites are shown using antibodies to human FAH (green), PIMSP1 (red) or with DAPI (blue). These images indicate that purified
sporozoites are able to fully progress through liver stage development. Scale bar is 10 microns.
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the mice and even an uncontrollable infection leading to
their death. Inflammation could cause the death of P.
falciparum liver stage parasites early after infection. If
comparative studies were to be made on liver stage in-
fectivity in the FRG huHep mouse model, purification of
sporozoites would be vital to exclude the differing levels
of microbial burden between sporozoite samples.

Also, because this method completely eliminated yeast
contamination of P. vivax sporozoites, long-term in vitro
assays should no longer be impacted by this contamin-
ant. This is of particular interest for investigations of
liver stage development of P. vivax. Not only will this
enable easier characterization of the actively growing
forms of the liver stage parasite, which take approxi-
mately 8 days to fully develop in vivo, but perhaps also
studies of the poorly characterized “dormant forms”
(termed hypnozoites) of the parasite. Hypnozoites are a
major reservoir of viable parasites in infected indivi-
duals, which can persist for years and likely substantially
hinder efforts to eradicate the disease.

In addition to the infectivity assays described here, it is
anticipated that this purification method will greatly fa-
cilitate biochemical and molecular biological investiga-
tions that were hindered by the high amounts of
microbial contamination and/or mosquito debris. For in-
stance, previously reported proteomic efforts of sporo-
zoites have been limited by contaminating mosquito
proteins, which required large numbers of mass spec-
trometric runs to identify hundreds of parasite pro-
teins. In contrast, recent proteomic efforts with
purified sporozoites have overcome this limitation,
producing the most comprehensive proteomes of this
stage (~1,900-2,000 proteins), with >86% of proteins
identified by multiple unique peptide hits (Lindner and
Swearingen et al. submitted). Further investigations of
sporozoite biology will no doubt benefit from these
approaches as well.

Lastly, with the development of live attenuated sporo-
zoites as potential malaria vaccines come several tech-
nical hurdles should a lead candidate be identified in
clinical trials for large-scale implementation. One such
hurdle is the effective removal of contaminating mos-
quito debris associated with the sporozoites. This density
gradient purification method should meet several of
the metrics required for this process (e.g. purity, in-
fectivity, scalability), and may prove useful to stream-
line these efforts. When combined with aseptic
mosquito rearing techniques, this method could
make syringe administration of live attenuated sporo-
zoite immunizations practical. All told, this novel,
cross-species purification method holds great prom-
ise for accelerating both basic research of sporozoite
biology and translational efforts to use the sporozoite
medically.
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Conclusions

Described in this study is a discontinuous density gradi-
ent method that rapidly and effectively purifies malaria
sporozoites by greatly reducing contaminating mosquito
debris and microbial burdens associated with parasite
isolation. Moreover, the viability of these sporozoites
was confirmed, and the application of this approach to
commonly used in vitro and in vivo assays was demon-
strated. Large-scale preparations of sporozoites purified
by this approach will allow for enhanced in vitro infec-
tions, proteomics, and biochemical characterizations. Fi-
nally, this purification method, in conjunction with
aseptic mosquito rearing techniques, will support pro-
duction of live attenuated sporozoites that will be suit-
able for vaccination.

Additional files

Additional file 1: Representative pre- and post-purification
sporozoite numbers tested in optimal conditions.

Additional file 2: The composition of the solvent used to produce
the Accudenz gradient greatly affects sporozoite recovery.

Additional file 3: Representative pre- and post-purification
sporozoite numbers tested with different accudenz concentrations.

Additional file 4: The relative centrifugal force applied to the
Accudenz gradient greatly affects sporozoite recovery.
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