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Abstract 12 

Lysosomes adopt dynamic, tubular states that regulate antigen presentation, phagosome resolution 13 
and autophagy. To date, tubular lysosomes have been studied either by inducing autophagy or by 14 
activating immune cells, both of which lead to cell states where lysosomal gene expression differs 15 
from the resting state. Therefore, it has been challenging to pinpoint the specific biochemical 16 
properties lysosomes acquire upon tubulation that could drive their functionality. We describe a 17 
DNA-based assembly that tubulates lysosomes in macrophages without activating them. Lumenal 18 
proteolytic activity maps at single lysosome resolution revealed that tubular lysosomes were less 19 
degradative. Further, they showed striking proximal to distal lumenal pH and Ca2+ gradients. Such 20 
gradients had been predicted, but never previously observed. We now identify a role for tubular 21 
lysosomes whereby they poise resting macrophages for phagocytosis. The ability to tubulate 22 
lysosomes without having to starve or activate immune cells may help reveal new roles for tubular 23 
lysosomes. 24 

Introduction 25 

The lysosome is a multifunctional organelle, responding to environmental cues as well as cellular 26 
and organismal needs(1, 2). Its different functions have been linked to differences in lysosome 27 
size, shape, location, abundance, and composition(3, 4). Although lysosomes are generally 28 
vesicular, they can form reticulated tubules that are several microns long(4–6). New roles are 29 
rapidly emerging for tubular lysosomes(5, 7–11). In dendritic cells, tubular lysosomes fuse with 30 
the cell membrane leading to antigen presentation(12–14). Tubulation also promotes the lysosomal 31 
efflux of bacterial peptides into the cytosol to activate NOD-like receptors(15). In autophagic 32 
lysosome reformation (ALR), lysosomes tubulate and undergo scission, producing proto-33 
lysosomes(6, 7). Tubular lysosomes are found even in invertebrates and protozoans revealing that 34 
the capacity to tubulate is conserved across phyla. For instance, tubular lysosomes are seen in 35 
remodeling muscle cells of D. melanogaster, the epidermis of aging C. elegans, as well as in L. 36 
mexicana(9, 16–18). 37 

Tubular lysosomes are generally observed when the cell is undergoing either autophagy or immune 38 
activation(4, 7, 9, 11, 16, 17, 19). While tubulation per se occurs universally along microtubules, 39 
the biochemistry within tubular lysosomes in different contexts varies remarkably. For instance, 40 
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autophagy-induced tubular lysosomes in fibroblasts were found to be less acidic and less 41 
degradative than vesicular lysosomes(7), whereas in muscles of D. melanogaster, they were as 42 
acidic and as degradative as vesicular ones(16). Inhibiting lysosomal acidification collapses 43 
tubular lysosomes in L. mexicana,(18) whereas in muscles of D. melanogaster acidification is not 44 
critical for tubulation(9). In rodents, autophagy-induced tubular lysosomes in kidney cells are 45 
hypoacidic unlike those in activated dendritic cells(7, 20). Even though autophagy and the immune 46 
response activate different transcription programs that upregulate distinct sets of lysosomal 47 
proteins, the differences between tubular and vesicular lysosomes across many of the above studies 48 
are challenging to reconcile. 49 

Thus, if we could tubulate lysosomes without inducing autophagy or the immune response, we 50 
would be able to better understand the nature and functionality of tubular lysosomes independent 51 
of cell state. If we could then compare the proteolytic activity and ionic composition of the 52 
resultant vesicular and tubular lysosomes it could reveal fundamental functional differences, if 53 
any, between both morphologies and perhaps pinpoint key properties acquired by lysosomes upon 54 
tubulation. Here we describe our studies arising from our serendipitous discovery of a DNA-based 55 
reagent that acutely tubulates lysosomes without activating macrophages. This DNA-based 56 
reagent, Tudor (Tubular lysosome DNA reporter) binds Ku70/80 heterodimers at the plasma 57 
membrane and tubulates lysosomes via a pathway that is distinct from that triggered by 58 
lipopolysaccharide (LPS) that invariably activates macrophages(21).  59 

Tudor enabled us to compare the properties of tubular lysosomes in activated and resting 60 
macrophages. Mapping enzyme activity at single lysosome resolution revealed that tubular 61 
lysosomes are proteolytically less active than vesicular ones. Given these differences in proteolytic 62 
activity, we analyzed lumenal pH and Ca2+ levels at single lysosome resolution, since lysosomal 63 
ionic content regulate proteolysis(22–24). Although the overall levels of pH and Ca2+ in vesicular 64 
and tubular lysosomes were similar, tubular lysosomes showed lumenal pH and Ca2+ gradients 65 
along the length of the tubule. Such gradients in tubular lysosomes had been previously predicted 66 
by others and we now provide experimental evidence that supports this prediction. What the model 67 
had not predicted, but our observations reveal, is that there are different classes of tubular 68 
lysosomes.  69 

Tubular lysosomes are known to play important roles in the late stages of phagocytosis(25, 26). 70 
They enhance antigen presentation and facilitate phagolysosome resolution(25–27). Using Tudor 71 
to study the intrinsic properties of tubular lysosomes in resting macrophages, we found that tubular 72 
lysosomes poise macrophages for phagocytosis by promoting phagosome formation as well as 73 
phagosome-lysosome fusion. Our studies now reveal a role for tubular lysosomes even during the 74 
early stages of phagocytosis. 75 

Results and Discussion 76 

A DNA nanodevice, Tudor, tubulates lysosomes  77 

We describe the design, endocytic uptake pathway and activity of a DNA nanodevice that acutely 78 
triggers tubulation of lysosomes in macrophages without activation. This DNA nanodevice, 79 
denoted Tudor (Tubular lysosome DNA reporter), is designed such that two complementary DNA 80 
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strands A1 and A2 display an actuator domain and a fluorescent reporter respectively (Fig. 1a, SI 81 
Table 1). The actuator domain in A1 is a 43-base long DNA aptamer called SA43, known to 82 
specifically bind the Ku70/80 dimer at the plasma membrane with a Kd of 21 nM(28). Strand A1 83 
is hybridized to A2, which displays the fluorescent dye Alexa 647, to form a 24-base pair (bp) 84 
duplex (dsDNA). The fluorophore on Tudor enables one to simultaneously evaluate tubulation, 85 
uptake efficiency and the sub-cellular distribution of Tudor (Fig. 1a). The formation, integrity and 86 
purity of Tudor was confirmed by gel electrophoresis (Fig. S1).  87 

We found that Tudor was internalized by receptor mediated endocytosis in RAW 264.7 cells. 88 
However, Tudor uptake was not dependent on scavenger receptors that are most commonly 89 
involved in dsDNA uptake(29) but rather occurred via Ku70/80. We first tested the involvement 90 
of scavenger receptors by trying to compete out Tudor uptake with excess maleylated BSA 91 
(mBSA), a ligand for scavenger receptors(30). Unlike dsDNA which is uptaken by scavenger 92 
receptors and gets competed out effectively by mBSA, Tudor uptake was minimally affected 93 
indicating that uptake was not via scavenger receptors (Fig. 1b-c). However, uptake was 94 
completely abolished in the presence of 60 eq. of unlabeled SA43, revealing that Tudor 95 
internalization was mediated by specific interactions with Ku70/80 at the cell surface (Fig. 1b-c). 96 
In addition to its ubiquitous presence in the nucleus, the cell-surface abundance of the Ku70/80 97 
heterodimer is documented in many cell types including macrophages(31–37). Indeed, 98 
immunostaining without permeabilizing the plasma membrane, revealed the presence of Ku70 at 99 
the plasma membrane of macrophage cell lines, such as RAW 264.7, J774A.1, SIM-A9.1. This 100 
also held true in all primary macrophages with different activation states tested, such as naïve 101 
murine bone marrow-derived macrophages (BMDM), peritoneal macrophages (Pmac), and their 102 
polarized states including LPS/INFg (pro-inflammatory) or the M2 phenotype with IL4 (anti-103 
inflammatory) (Fig. 1d, e and Fig. S2).   104 

Upon treating macrophages with 100 nM Tudor for 4h, we found that it labeled organelles with 105 
vesicular as well as highly tubular morphologies. When lysosomes in macrophages were pre-106 
labeled with TMR dextran, they colocalized with internalized Tudor revealing that the vesicular 107 
and tubular Tudor-containing compartments were, in fact, lysosomes (Fig. 1f and S3). Tubulated 108 
lysosomes that were formed by Tudor treatment phenocopied those observed by 109 
lipopolysaccharide (LPS, 100 ng/mL) treatment (Fig. 1f-g). LPS is a canonical reagent that both 110 
activates macrophages via TLR4 and simultaneously tubulates lysosomes by a well-defined 111 
pathway(5, 21, 38, 39). Tubulation was not observed when RAW 264.7 cells were either treated 112 
with a Tudor variant lacking the actuator domain, denoted as dsDNA, or a single stranded DNA 113 
aptamer against a different cell surface protein, MUC-1(40) (Fig. 1f-g). Treating RAW 264.7 cells 114 
with CpG DNA which activates macrophages via TLR9 also failed to induce tubulation, 115 
suggesting that Tudor-induced tubulation was specifically triggered by SA43, and was not due to 116 
generic effects triggered by DNA (Fig. S4). Further, Tudor efficiently tubulated lysosomes in other 117 
macrophage cell lines such as J774A.1, SIM-A9, as well as primary macrophages such as BMDM, 118 
Pmacs and adipose tissue macrophages (ATM) (Fig. 1g and Fig. S5-S7).  119 

 120 

 121 
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Tudor tubulates lysosomes in macrophages without immune activation. 122 

Since LPS not only tubulates lysosomes but also induces immune activation, we sought to test 123 
whether tubulating lysosomes with Tudor stimulates the immune response in macrophages. 124 
Tubulation efficiency is parametrized as the percentage area of tubular lysosomes 4h after 125 
treatment with Tudor or LPS. We first confirmed that tubulation induced by either ssDNA or 126 
dsDNA was negligible (Fig. 2a-c). Since lysosome tubulation by Tudor appeared to be unrelated 127 
to immunostimulation by the DNA scaffold, we tested whether Tudor treatment of resting 128 
macrophages (M0) polarized them into M1 or M2 states. Interestingly, mRNA expression data 129 
revealed no significant upregulation of M1 or M2 markers implying that Tudor did not polarize 130 
primary M0 macrophages towards either state in BMDM or Pmac (Fig. 2e and Fig. S8). 131 
Nevertheless, the kinetics and extent of Tudor–induced tubulation phenocopied that induced by 132 
LPS, suggesting that both agents could potentially act via a similar pathway (Fig. 2d).  133 

To identify the players responsible for Tudor-induced tubulation, we quantified lysosomal 134 
tubulation in RAW 264.7 cells in the presence of different pharmacological inhibitors. In the 135 
presence of TAK242, a potent TLR4 inhibitor, or the Myd88 inhibitory peptide, LPS failed to 136 
tubulate lysosomes, consistent with previous findings(5). In contrast, Tudor-induced tubulation 137 
was independent of TLR4 as well as Myd88 (Fig. 2f and Fig. S9a). To test the involvement of 138 
other TLRs, we pharmacologically inhibited TLR5, TLR3, TLR2/TLR6, TLR1/TLR2 prior to 139 
treatment with Tudor. We observed no significant effects, revealing that Tudor did not tubulate 140 
lysosomes via TLR stimulation (Fig. S9b, d).  141 

Given that Ku80 in the Ku heterodimer interacts with the hemopexin domain of MMP9 to activate 142 
the latter at the plasma membrane, we tested the role of MMP9 in lysosome tubulation(41, 42). An 143 
MMP9 protease activity assay revealed that Tudor treatment activated MMP9 (Fig. S9e). Further, 144 
inhibiting MMP9 with MMP9 inhibitor-1(43) abolished both Tudor and LPS-induced lysosome 145 
tubulation (Fig. 2f and Fig. S9a). These findings were recapitulated in primary macrophages such 146 
as BMDMs (Fig. 2g), demonstrating that MMP9 was indispensable for both LPS and Tudor-147 
mediated lysosome tubulation (Fig. 2g and Fig. S10).   148 

To test the hypothesis that LPS and Tudor might work via common players late in the tubulation 149 
pathway, we pharmacologically inhibited mTOR, Akt or PI3K with Torin-1(5, 44), Akt-I(5) or 150 
ZSTK474(45) respectively and treated them with either LPS or Tudor. Indeed, both LPS and 151 
Tudor-mediated tubulation depended on the PI3K-Akt-mTOR cascade (Fig. 2f and Fig. S9a). 152 
SiRNA knockdown of Arl8-b further confirmed that Tudor-induced tubulation occurred via the 153 
same players as the LPS-induced pathway, downstream of PI3K(5, 38) (Fig. S11).   154 

There are many ways to activate PI3K. For instance, cSrc activation of PI3K is mediated by c-155 
Cbl(46),(36). Alternatively, TLR2 activation in innate immune cells activates RAC1 which in turn 156 
can activate Akt(47). JAK1/2 can also activate PI3K(48). Treatment with potent inhibitors for cSrc 157 
(Dasatinib), RAC1 (RAC1i) and JAK1/2 (barcitinib) revealed that neither Tudor nor LPS acted 158 
via these pro-inflammatory signaling pathways (Fig. S9c-d). We therefore targeted anti-159 
inflammatory pathways that involved PI3K and Akt(49). In our hands, inhibiting AMPK with 160 
Dorsomorphin (compound C)(50), impeded tubulation mediated by both LPS and Tudor in RAW 161 
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264.7 macrophages, even though prior work showed that AMPK activation prevents LPS-mediated 162 
tubulation(5). AMPK activity is regulated by kinases such as LKB1 or TGFβ activating kinase 1 163 
(TAK1)(51). We found that Tudor–induced tubulation was dependent on LKB1, but not on TAK1 164 
(Fig. 2f and Fig. S9a, c-d). Our studies reveal two new players in the lysosome tubulation pathway, 165 
LKB1 and AMPK, that negatively regulate mTOR, the significance of which we discuss later.  166 

Single lysosome protease activity maps reveal that tubular lysosomes are less degradative 167 

Tubular lysosomes facilitate cellular functions ranging from antigen presentation to autophagy, 168 
yet it is still not clear whether tubulation changes the lumenal biochemistry of the lysosome. 169 
Lysosomes house more than 50 different hydrolases that cumulatively degrade endocytosed 170 
cargo(52). When macrophages are stimulated with LPS lysosome tubulation is induced and many 171 
lysosomal enzymes upregulated(53, 54). We therefore quantitatively mapped enzymatic activity 172 
at the resolution of single lysosomes in live RAW 264.7 macrophages treated with either LPS or 173 
Tudor. We allowed cells with Alexa488-dextran-labeled lysosomes to endocytose DQTM-BSA and 174 
compared the proteolytic activity within tubular and vesicular lysosomes (Fig. 3a-b and Fig. S12).  175 
We found that regardless of how lysosomes were tubulated, increases in proteolysis was confined 176 
to vesicular lysosomes while the activity in tubular lysosomes was unaffected (Fig. 3b). 177 

While DQTM-BSA reveals the overall proteolytic activity in lysosomes, DNA-based enzyme 178 
activity reporters can selectively address the contribution of a specific lysosomal protease(55). 179 
Cathepsin C (CTC) is an aminopeptidase that plays key roles in inflammation, IL1β production, 180 
TNF-α production, and macrophage reprogramming(56–58). We therefore used a previously 181 
published ratiometric DNA-based lysosomal CTC reporter system to probe CTC activity in 182 
vesicular and tubular lysosomes in RAW 264.7 cells and BMDM (Fig. 3d-h, Fig. S14-S15) (55). 183 
The CTC activity reporter is a DNA duplex that localizes in the lysosome via scavenger receptor 184 
mediated endocytosis. It bears a reference fluorophore and a Rhodamine110 dye whose 185 
fluorescence is caged by phenylglycyl (FG) groups that are a substrate for CTC. CTC activity 186 
cleaves the FG dipeptides uncaging fluorescence only in the lysosomes. We found that upon 187 
tubulating lysosomes, proteolytic activity in the residual vesicular lysosomes was selectively 188 
increased without changing the activity in tubular lysosomes (Fig. 3e-f and Fig. S14a-c).   189 

To test whether the differences in lysosomal activity between tubular and vesicular states arose 190 
potentially due to selective partitioning of hydrolases between both types of lysosomes(7), we 191 
probed the relative abundance of Cathepsin B (CTB) by immunofluorescence. Since tubular 192 
lysosomes tend to fragment into vesicular ones with traditional fixation methods, we developed a 193 
method that preserves lysosomes in their tubular forms (Fig. S13a-b). We observed no significant 194 
differences in the relative abundance of CTB normalized to LAMP1 between tubular and vesicular 195 
lysosomes regardless of whether cells were treated with dsDNA, LPS or Tudor (Fig. 3c and Fig.  196 
S13c).     197 
 198 
Lumenal pH and Ca2+ maps reveal two major kinds of tubular lysosomes  199 
The differential enzymatic activity within tubular and vesicular lysosomes despite their 200 
comparable cathepsin content led us to test for potential differences in their lumenal pH. 201 
Additionally, we considered mapping Ca2+ since tubular lysosomes undergo active fission and 202 
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fusion. Lysosomal Ca2+ channels such as P2X4 and TPC2 are implicated in fusion(3, 59–61), while 203 
TRPML1 regulates lysosomal fission(3). Moreover, these Ca2+ channels strongly depend on 204 
mTOR-activity, which is part of the tubulation cascade(62–64). We therefore reasoned that 205 
lumenal pH and Ca2+ maps at single lysosome resolution could provide insight on the formation 206 
or function of tubular lysosomes. 207 

In order to map lumenal pH and Ca2+ levels in tubular lysosomes in macrophages, we used a DNA-208 
based, pH-correctable Ca2+ sensor, CalipHluor2.0 (Fig. S18a). It consists of (i) a pH sensing dye, 209 
DCF, that is sensitive between pH 4.0 – 6.0 (ii) a Ca2+ sensing dye, namely Rhod-5F and (iii) a 210 
reference dye, Atto647N, for quantitative ratiometry. We measured the stability of CalipHluor2.0 211 
and found that it was ~95% intact at t = 2h within lysosomes of RAW 264.7 cells (Fig. S16).  We 212 
then mapped lumenal Ca2+ and pH in tubular and vesicular lysosomes as follows. We induced 213 
tubulation with Tudor, then labeled lysosomes in RAW 264.7 cells with CalipHluor2.0 and imaged 214 
cells in three channels, G, O and R (Fig. 4a and Fig. S17, S18d-S19a). According to the lysosomal 215 
pH and Ca2+ maps, the overall lumenal pH and Ca2+ levels in n~100 individual, tubular lysosomes 216 
was comparable to that of ~300 vesicular lysosomes (Fig. 4c-d).  217 

Closer scrutiny of the pH and the Ca2+ maps in tubular lysosomes revealed a clear gradient for 218 
each ion along the long axis of the tubule (Fig. 4a, b, f-h). In every tubule, areas of high acidity 219 
corresponded to low Ca2+ and vice versa. In contrast, lumenal pH and Ca2+ levels were 220 
homogenous within any given vesicular lysosome (Fig. 4b-d). To rule out imaging artifacts, we 221 
repeated the experiment, but in the presence of NH4Cl, which neutralizes lysosomal pH and also 222 
releases lumenal Ca2+ from lysosomes, both of which would be expected to affect tubulation(65), 223 
and then generated pH and Ca2+ maps. NH4Cl treatment dramatically reduced the number of 224 
tubular lysosomes overall. However, in the remaining tubular lysosomes both the lumenal pH and 225 
Ca2+ gradients were dissipated (Fig. 4e and Fig. S19b), which reaffirmed the existence of lumenal 226 
pH and Ca2+ gradients.  227 

Interestingly, the ion gradients in tubular lysosomes were not static, rather they changed as the 228 
tubules underwent growth or deformation such that regions of high Ca2+ always correlated with 229 
regions of low acidity. In contrast, pH and Ca2+ levels in vesicular lysosomes remained constant 230 
on similar timescales (Fig. 4g-h). Such Ca2+ gradients are consistent with the hypothesis that 231 
tubulation requires the stringent control of TRPML1 activity given that experiments by others 232 
show that either hyperactivating or inhibiting TRPML1 disintegrates tubular lysosomes(66). Our 233 
observations suggest that such tight regulation of TRPML1 observed by others, could potentially 234 
function to sculpt the Ca2+ gradient within tubular lysosomes.   235 

Further analysis revealed at least three kinds of tubular lysosomes existed within cells. Since 236 
lysosomes are stretched along microtubules, we found ~95% of tubular lysosomes radiated from 237 
the nucleus to the plasma membrane. We therefore considered the nucleus and the plasma 238 
membrane as reference points and classified the radially oriented population of tubular lysosomes 239 
based on whether their high Ca2+ termini were nearer the nucleus (population A) or the plasma 240 
membrane (population B). Those tubules that showed no ion gradient were denoted n.g. (Fig. 4i, 241 
j). We found that 53% of tubules were oriented such that their high Ca2+/low acidity termini were 242 
positioned towards the plasma membrane (population B). However, ~29% of tubules were in the 243 
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reverse orientation with their high Ca2+/low acidity termini closer to the nucleus (population A). 244 
About ~13% showed no lumenal pH or Ca2+ gradients (Fig. 4k, l). Our findings were recapitulated 245 
in similar experiments when lysosomes were tubulated with LPS (Fig. S19c-g).  246 

The two different orientations of tubular lysosomes suggest either that there are different 247 
mechanisms of tubulation or that there are different kinds of tubular lysosomes or both. Tubulation 248 
requires opposing pulls generated by Arl8b-SKIP-kinesin along the plus end of microtubules and 249 
Rab7-RILP-dynein complexes along the minus end(5, 38, 67, 68). In fact, Arl8b-SKIP and Rab7-250 
RILP complexes are already known to regulate the relative spatial positions of vesicular lysosomes 251 
in the cell, i.e., whether they are proximal to the perinuclear region or the cell periphery(69). 252 
Further, peripheral lysosomes regulate plasma membrane repair and nutrient availability, whereas, 253 
perinuclear lysosomes fuse with autophagosomes for autophagy(66, 70). It is therefore possible 254 
that the two major populations of tubular lysosomes could be associated with different functions.  255 

Tubular lysosomes promote phagocytosis and phagosome-lysosome fusion  256 

Phagocytosis drives many important functions in innate immune cells including antigen 257 
presentation and pathogen killing, amongst others(71). It is known that when macrophages are 258 
activated with LPS phagocytosis is enhanced(5, 38, 72). However, since LPS also tubulates 259 
lysosomes, we do not know whether increased phagocytosis is due to immune activation or 260 
lysosome tubulation, or both. To test this, we treated cells with either dsDNA, LPS or Tudor and 261 
measured the rate of phagocytosis of pHrodoTM Red conjugated zymosan by RAW 264.7 cells and 262 
Pmac (Fig. 5a and Fig. S20-S21). We found that lysosome tubulation alone was sufficient to 263 
enhance phagocytosis in both cellular systems (Fig. 5a, e and Fig. S20-S21).  The effect of 264 
lysosome tubulation on phagosome maturation was then probed by quantifying tubular lysosome 265 
- phagosome contacts and assaying content mixing. Both parameters were quantified by imaging 266 
lysosomes and phagosomes labeled with the spectrally distinct tracers Alexa488 Dextran and 267 
pHrodo-RedTM Zymosan (SI methods, Fig. 5d).  In Pmac, ~30% of all tubular lysosomes in the 268 
cell contacted phagosomes while in RAW 264.7 cells it was 15-20% (Fig. 5b-f, h-i, Fig. S22).  269 
Further, more physical contacts led to greater content mixing indicating the occurrence of more 270 
productive fusion events in both cellular systems (Fig. 5c, g). We also confirmed that Tudor 271 
treatment did not perturb the fluid phase endocytosis (Fig S20 and S22g-i). Our results show that 272 
tubular lysosomes promote phagocytosis and aid phagosome-lysosome fusion.  273 

Signal transduction in Tudor-mediated enhancement of phagocytosis 274 

Since treating macrophages with Tudor tubulates lysosomes without polarizing them, we sought 275 
to study how tubular lysosomes enhance phagocytosis in the absence of background transcriptional 276 
changes driven by immunostimulation.  We know that MMP9 is involved in plasma membrane 277 
remodeling which is vital for phagocytosis. The sigmoidal increase in phagocytosis over 4 h 278 
triggered by Tudor (Fig. 5a, e), suggests a progressive increase of MMP9 activity at the cell 279 
surface. We therefore tested whether MMP9 expression increased upon Tudor treatment, since 280 
MMP9 transcription can be stimulated by either NF-κB or Nrf2. The former can be activated upon 281 
immunostimulation(73, 74) while the latter is activated during cell starvation or oxidative 282 
stress(11, 75). Pharmacological inhibition of NF-κB and Nrf2 by JSH-23 and ML385 respectively 283 
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revealed no impact on tubular lysosome formation induced by Tudor (Fig. S23 a-b) (76, 77). Tudor 284 
treated M0 BMDM showed no phosphorylation of NF-κβ or STAT1, reinforcing that Tudor does 285 
not trigger LPS-like signaling or its associated transcriptional changes (Fig. S23c). Further, Tudor 286 
treated RAW 264.7 cells showed no change in MMP9 mRNA levels, ruling out transcriptional 287 
regulation of MMP-9 (Fig. 6a-c). It is known that PI3K and Akt activation promotes MMP9 288 
secretion. In combination with Tudor at the cell surface, which would activate newly secreted 289 
MMP9, this may explain a potential feedback mechanism that would also be consistent with the 290 
lack of increase in MMP9 at the transcriptional level(78). 291 

To examine how tubular lysosomes promote phagocytosis, we treated RAW 264.7 cells with Tudor 292 
while pharmacologically inhibiting mTOR and PI3K and evaluated the phagocytic capacity of 293 
these cells (Fig. 6d). We observed a drastic decrease in phagocytosis in both cases (Fig. 6d). PI3K 294 
activation is known to promote phagocytosis by phosphorylating PI(4,5)P2 on inner leaflet of the 295 
plasma membrane and converting it to PI(3,4,5)P3, a lipid that facilitates phagosome cup 296 
formation(79, 80). Indeed, upon Tudor treatment, RAW 264.7 cells showed elevated levels of 297 
PI(3,4,5)P3 at the plasma membrane, consistent with PI3K activity. Importantly, inhibiting mTOR 298 
minimally affected PI(3,4,5)P3 levels at the plasma membrane, yet prevented lysosomal tubulation 299 
and impeded phagocytosis (Fig. 6e-f). In order to explicitly test the role of tubular lysosomes in 300 
promoting phagocytosis, we knocked down Arl8b using siRNA. The GTPase Arl8b is an adaptor 301 
connecting lysosomes to kinesin. It is downstream of mTOR activation and upstream of lysosome 302 
tubulation. When RAW 264.7 cells depleted of Arl8b were treated with Tudor we found that both 303 
lysosome tubulation and phagocytosis were suppressed, despite the rest of the signaling cascade 304 
proceeding normally (Fig. 6d and  Fig. S24). These results show that tubular lysosomes are needed 305 
for effective phagocytic uptake. 306 

A model for how tubular lysosomes promotes phagocytosis 307 

We therefore propose a model where externally introduced Tudor acts as a ligand for Ku70/80 308 
localized on the plasma membrane. When the Ku heterodimer binds Tudor, Ku80 activates MMP9. 309 
Activated MMP9 is known to interact and activate a range of receptor tyrosine kinases (RTK) at 310 
the plasma membrane. Since PI3K has an SH2 domain, we posit that MMP9 could activate PI3K 311 
via an as yet unidentified RTK(81). PI3K activation in turn, promotes phagocytosis through 312 
multiple mechanisms. First, it enriches PI(3,4,5)P3 abundance in the inner leaflet of the plasma 313 
membrane to promote the formation of the phagosomal cup(80, 82). Second, PI(3,4,5)P3 in turn 314 
activates Akt to enhance MMP9 secretion at the cell surface. This sets up a positive feedback loop 315 
where Tudor-mediated MMP9 activation leads to even more cell-surface MMP9.  Finally, PI3K 316 
activation leads to mTOR activation via Akt, which makes lysosomes tubulate(5),(81). Our results 317 
show that suppressing any of these processes impedes the early stages of phagocytosis, namely 318 
engulfment as well as phagosome lysosome fusion.  319 

Our results also revealed that like lysosomal Ca2+ channels, mTOR activity is also stringently 320 
regulated and underpins tubular lysosome formation. LKB1 and AMPK activity were found to be 321 
important in tubulating lysosomes. AMPK is known to negatively regulate mTOR by 322 
phosphorylation at S722 and S792 positions of mTOR(83, 84). This likely prevents 323 
hyperphosphorylation and runaway activation of mTOR which, in turn, likely toggles lysosomal 324 
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Ca2+ channel activity for effective tubulation (Fig. 6g)(85). Recent work shows that lysosomes are 325 
also involved in the early steps of phagocytosis in addition to their more well-documented roles in 326 
phagosome maturation(86, 87). Lysosomal Ca2+ channels induce local Ca2+ surges that facilitate 327 
phagosome formation by activating dynamin or by providing the extra membrane needed for 328 
phagocytosis(86). With their Ca2+-rich termini localized near the cell periphery, tubular lysosomes 329 
could facilitate the signaling that leads to cell membrane remodeling. 330 

Summary 331 

Thus far, tubular lysosomes have been studied either by inducing autophagy or activating immune 332 
cells, both of which lead to the cell adopting states with different lysosomal gene expression 333 
patterns from that in resting cells. Our studies show that Tudor acutely tubulates lysosomes in 334 
macrophages without activating them. This allows one to decouple tubular lysosome formation 335 
and function from the background transcriptional reprogramming associated with autophagy or 336 
immune activation. Although, Tudor initiates tubulation without cell starvation or activating TLR 337 
receptors, the molecules downstream of PI3K that finally tubulate the lysosome are ultimately the 338 
same as in the ALR or LPS-mediated pathways.  339 

The overall proteolytic activity of tubular lysosomes is lower than in vesicular lysosomes, despite 340 
their similar cathepsin content. Interestingly, while it is well known that overall proteolytic activity 341 
increases upon LPS stimulation(53), our studies reveal that this elevation occurs selectively in 342 
vesicular lysosomes. Differential proteolysis has also been observed in ALR, where tubular 343 
lysosomes are initially devoid of specific cathepsins. Thereafter, they formed proto-lysosomes that 344 
were posited to acquire hydrolytic enzymes upon fusion with late endosomes(7). The hypoactive 345 
proteolysis within tubular lysosomes and the hyperactive proteolysis within vesicular lysosomes 346 
indicate that both forms of the lysosome likely perform distinct functions in phagocytosis. 347 

Quantitative pH and Ca2+ maps of vesicular and tubular lysosomes revealed that the differential 348 
proteolytic activity could not be attributed simply to differences in overall lumenal ionic content. 349 
However, we found that tubular lysosomes showed spatial gradients of lumenal pH and Ca2+ along 350 
their long axis. Such spatial gradients of Ca2+ have been previously observed within primary cilia, 351 
a sub-cellular structure similar in shape and size to tubular lysosomes(88). The tip of the primary 352 
cilia maintains high Ca2+ levels due to PKD1 channel activity, while at the base of the cilia 353 
cytosolic Ca2+ acts as a sink. Together this generates an active Ca2+ gradient along the long axis of 354 
the cilium and enables mechano-sensation(88). Specifically in tubular lysosomes, Botelho et al 355 
have predicted that both pH and Ca2+ gradients should arise from continuously toggling the activity 356 
of P2X4 and TRPML1(3). Our studies provide the first experimental proof of this model(3). What 357 
the model did not predict, but our observations now reveal is that there is more than one class of 358 
tubular lysosomes. We found a major population where their low pH/high Ca2+ termini were close 359 
to the plasma membrane, a minor population where their low pH/high Ca2+ termini were close to 360 
perinuclear region, and an even smaller population of tubular lysosomes without ion gradients. 361 
Our studies also revealed that the chemical nature and population distributions of tubular 362 
lysosomes induced by LPS and Tudor are similar. 363 
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We found a role for tubular lysosomes in the early stages of phagosome formation by poising 364 
resting macrophages for phagocytosis. Tudor enhances phagocytosis by activating PI3K 365 
downstream, which enriches PI(3,4,5)P3 on the cell membrane, promoting phagosome cup 366 
formation(79, 89). Macrophages strongly express MMP9 and our studies reveal that MMP9 367 
activation is crucial to phagocytosis. We further show that MMP9 activation proceeds via positive 368 
feedback, which ensures the sustained tubulation needed to support the extensive cell membrane 369 
ruffling and remodeling needed for phagocytosis. The ruffled border in osteoclasts is actually 370 
formed by secretory lysosomes where Snx10 is implicated in transporting secretory lysosomes to 371 
the plasma membrane(90, 91). In fact, Snx10 is also critical for MMP-9 secretion in 372 
osteoclasts(92). We therefore suggest that a model where the movement of the much larger tubular 373 
lysosomes on force-generating microtubules could similarly push against the fluid, PI(3,4,5)P3-374 
rich cell membrane thereby causing the large-scale remodeling needed to engulf phagocytic cargo. 375 

We were initially surprised that an aptamer to Ku would stimulate phagocytosis. A model to 376 
explain this observation is that a nominal amount of Ku on the surface of macrophages could act 377 
as a sensor for the ends of fragmented DNA released by dead or dying cells in their proximity. 378 
These endogenous triggers of cell-surface Ku could stimulate phagocytosis in order to promote 379 
their clearance. Given the different types of tubular lysosome populations, it is possible their roles 380 
in cell function may be more widespread than previously anticipated. The ability to switch on or 381 
switch off lysosome tubulation using Tudor and MMP-9 inhibition respectively in diverse cell 382 
types will help uncover new roles of tubular lysosomes and potentially modulate immune cell 383 
function. 384 
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 606 

 607 

Figure 1: A DNA nanodevice, Tudor, tubulates lysosomes. (a) Schematic of Tudor containing 608 
modules A1, SA43 aptamer to Ku70/80 (actuator domain), hybridized to A2 bearing Alexa 647N 609 
(red star). (b) Representative confocal images of TudorA647 and dsDNAA647 uptake in presence or 610 
absence of indicated competitors (3 µM SA43 or 60 equivalents mBSA) in RAW 264.7 (c) 611 
Normalized whole cell intensities (WCI) from (b) (n=100 cells). (d - e) Representative images of 612 
Ku70 (green) and Pan Cadherin (E-11, red) in RAW 264.7 cells (d) and Pmac (e). (f) 613 
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Representative images of TMR dextran labeled RAW 264.7 cells in the presence of dsDNA, Tudor 614 
and LPS. Magnified images of white boxed regions [top panel], vesicular lysosomes (VL,*) and 615 
tubular lysosomes (TL,#) red boxed regions [top and middle panel] and LPS treated [bottom 616 
panel]. (g) Quantification of % TLs per cell in indicated cell types treated with dsDNA, Tudor and 617 
LPS (n = 50 cells). n.s: non-significant; ****P< 0.00005; ***P< 0.0005; *P< 0.05; (one-way 618 
ANOVA with Tukey post hoc test). Imaging experiments were performed in triplicate with similar 619 
results. Error bars represent standard error of mean (s.e.m) from three independent experiments. 620 
Scale bar, 10 μm; inset scale bars, 2 μm. 621 

 622 

Figure 2: Tudor non-immunogenically tubulates lysosomes in macrophages. (a) Schematic of 623 
lysosomal tubulation assay (b) Representative images of TMR-dextran labeled lysosomes of RAW 624 
264.7 upon treatment with ssDNA, dsDNA and Tudor. Inset: Magnified images of VLs and TLs. 625 
(c) Quantification of (b) as % TLs per cell at 4 and 8 hours of treatment (n = 25 cells). (d) % area 626 
of TLs w.r.t. time upon addition of Tudor, LPS or dsDNA in RAW 264.7 cells (n= 20 cells). (e) 627 
Heat maps representing fold change of mRNA levels of M1, M2 and lysosomal markers (Ly) in 628 
BMDM (M0) upon treatment with dsDNA and Tudor. Fold change of M1 markers are normalized 629 
to M1 BMDM, fold change of M2 markers are normalized to M2 BMDM, and fold change of 630 
lysosomal markers are normalized to M0+dsNDA. (f and g) Quantification of % area of TLs in 631 
the presence Tudor or LPS and pharmacological inhibitors for indicated protein (protein-i) in 632 
RAW 264.7 cells, (n=20 cells) (f) and in M0 BMDMs (n = 20 cells) (g). n.s: non-significant; 633 
***P< 0.0005; **P< 0.005; *P< 0.05 (one-way ANOVA with Tukey post hoc test). Error bars 634 
represent standard error of mean (s.e.m) for all experiments shown here. Data represented from at 635 
least 3 independent experiments. Scale bar: 10 µm and inset scale bar: 4 µm. 636 

 637 

Figure 3: Single lysosome enzymatic cleavage maps show lower degradation in tubular 638 
lysosomes. (a) Representative pseudocolour R/G images of Alexa488 dextran (G) and DQTM Red 639 
BSA (R) labeled lysosomes in dsDNA; Tudor and LPS treated RAW 264.7 (left). Magnified 640 
images shown in white box (right). (b) Quantification of (a) as mean R/G ratio at single lysosome 641 
resolution (n = 50 cells; m = 200 lysosomes). (c) Representative confocal images of RAW 264.7 642 
immunostained for CTB (green) and LAMP1 (red) upon treatment with dsDNA, Tudor and LPS. 643 
Magnified images are shown in white box (right). (d) Schematic of DNA based CTC activity 644 
reporter consisting of DNA duplex (orange and blue ladder) with sensing module (caged 645 
Rhodamine 110, grey) and normalizing module (Alexa 647N, red) and cleaved or always on 646 
module (Rhodamine 110, green). (e) Representative pseudocolored G/R images of CTC activity 647 
reporter labeled RAW 264.7 pretreated with dsDNA; Tudor or LPS (left). Magnified images of 648 
the white boxed region (right). (f) Quantification of (e) as % response of CTC reporter in VLs and 649 
TLs in dsDNA, Tudor and LPS treated cells (n =50 cells, m=500 lysosomes). (g) Representative 650 
pseudocolored G/R images of CTC activity reporter labeled BMDMs (M0) pretreated with dsDNA 651 
or Tudor (top). Magnified images of the white boxed region (below). (h) Quantification of (g) as 652 
% response in VLs  and TLs of dsDNA and Tudor treated cells (n =50, m=500 lysosomes), *P< 653 
0.05; ***P< 0.0005 (one-way ANOVA with Tukey post hoc test); n.s: non-significant. ND: not 654 
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defined. White arrowheads show VLs (*) and TLs (#). Error bars represents standard error of mean 655 
(s.e.m) from three independent experiments. Scale bars: 10 µm; inset scale bars: 4 µm.  656 

 657 

Figure 4: Heterogeneity of ionic gradient within tubular lysosomes. (a) Representative pH and 658 
Ca2+ images of CalipHluor 2.0 labeled RAW 264.7 cells pretreated with Tudor. (b) Representative 659 
pH and Ca2+ maps in TLs and VLs. (c and d) Histograms of lysosomal pH (c) and Ca2+ (d) 660 
distribution in VLs of dsDNA treated RAW 264.7 and TLs of Tudor treated cells, (n= 20 cells, m 661 
= 300 VLs (n=20 cells; m=100 TLs). (e) Representative pH and Ca2+ images of Tudor treated 662 
RAW 264.7 cells in presence of 10 mM ammonium chloride. (f) Representative pH and Ca2+  663 
images respectively of Tudor treated RAW 264.7 showing both VLs and TLs. (g - h) 664 
Representative images of pH and Ca2+ maps of TLs.  (i and j) Schematics of the different TL 665 
classes according to their lumenal pH and Ca2+ gradients and orientation in the cell. n.g represents 666 
no gradient. (k and l) Quantification of TL populations (A), (B) and (n.g) respectively, (n=20 cells, 667 
m= 100 TLs). ***P< 0.0005; **P< 0.005; *P< 0.05 (one-way ANOVA with Tukey post hoc test). 668 
Error bars represents standard error of mean (s.e.m) from three independent experiments. Scale 669 
bar: 10 µm, inset scale bars: 4 µm.  670 

 671 

Figure 5: Tubulation promotes phagocytosis and phagosome-lysosome fusion in 672 
macrophages.  (a) Average number of phagosomes as a function of time in RAW 264.7 cells 673 
pretreated with dsDNA, LPS or Tudor. Arrow shows zymosan addition time (n =30 cells). (b) 674 
Percentage TLs in contact with phagosome (% TL-P contact) (n =50 cells, m = 100 phagosomes). 675 
(c) Extent of phagosome lysosome fusion (P-L fusion) represented by mean G/R (n = 60 cells, 676 
m=100 phagosomes) in RAW 264.7 cells. (d) Schematic of fusion assay in Tudor treated cells, 677 
lysosomes were labeled with Alexa 488 dextran (G) and phagosomes were labeled with pHrodoTM 678 
Red zymosan (R). (e) Average number of phagosomes as a function of time in Pmac (M0) 679 
pretreated with dsDNA; Tudor or LPS. Arrow at t=0 min showing the addition of zymosan on to 680 
cells (n = ~30 cells, m=100 phagosomes). (f) Percentage TLs in contact with phagosomes (M0) (n 681 
= 30 cells, m = 100 phagosomes). (g) Extent of phagosome lysosome fusion (P-L fusion) (n =30 682 
cells, m = 100 phagosomes). (h) Representative confocal images of lysosomes (G) and 683 
phagocytosed zymosan particles (R) in presence or absence of dsDNA; Tudor in RAW 264.7 cells 684 
(i) Inset of TLs contacting phagosomes. # showing TL making contact with phagosome. ***P< 685 
0.0005 (one-way ANOVA with Tukey post hoc test). n.s: non-significant; Error bars represents 686 
standard error of mean (s.e.m) from three independent experiments. Scale bars: 10 µm and inset 687 
scale bars: 4 µm. 688 

 689 

Figure 6: Role of the Tudor mediated pathway in enhancing phagocytosis (a) Expression levels 690 
of MMP9 in RAW 264.7 cells with or without dsDNA or Tudor treatment at indicated times. 691 
GAPDH is the loading control. (b and c) Normalized intensity ratio of MMP9 to GAPDH at (a) 4 692 
hrs and (b) 24 hrs (c). (d) Number of phagosomes in Tudor treated RAW 264.7 cells in presence 693 
or absence of indicated inhibitors and siRNA against Arl8b, (n=100 cells). (e) Representative 694 
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confocal images of untreated (UT) or Tudor treated RAW 264.7 cells, immunostained for 695 
PI(3,4,5)P3 (red) and Cadherin (green) in the presence of indicated inhibitors. (f) Ratio of mean 696 
total cell intensities of PI(3,4,5)P3 to Cadherin in (e), (n=50 cells). (g) Proposed model of signaling 697 
pathway underlying how Tudor induced tubulation of lysosomes promotes phagocytosis in 698 
macrophages.  Error bars represent standard error of mean (s.e.m) from three independent 699 
experiments. (***P< 0.0005; **P< 0.005; *P< 0.05 (one-way ANOVA with Tukey post hoc test). 700 

 701 
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