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20 Key Paints

21 1) Inhibition of thrombocyte activation improves control of mycobacterial infection.

22 2) Inhibition of thrombocyte activation reduces thrombocyte-macrophage interactions and
23 improvesindices of macrophage immune function against mycobacterial infection.

24

25  Abstract

26  Infection-induced thrombocytosis is a clinically important complication of tuberculosis (TB).
27  Recent studies have separately highlighted a correlation of platelet activation with TB
28 severity and utility of aspirin as a host-directed therapy for TB that modulates the
29 inflammatory response. Here we investigate the possibility that the beneficia effects of
30 aspirin arerelated to an anti-platelet mode of action. We utilize the zebrafish-Mycobacterium
31 marinummodel to show mycobacteria drive host hemostasis through the formation of
32 granulomas. Treatment of infected zebrafish with aspirin or platelet-specific glycoprotein
33 lIb/llla inhibitors reduced mycobacterial burden demonstrating a detrimental role for
34  infection-induced thrombocyte activation. We found platelet inhibition reduced thrombocyte-
35 macrophage interactions and restored indices of macrophage-mediated immunity to
36 mycobacterial infection. Pathological thrombocyte activation and granuloma formation were
37 found to be intrinsically linked illustrating a bidirectional relationship between host
38 hemostasis and TB pathogenesis. Our study illuminates platelet activation as an efficacious
39 target of anti-platelets drugs including aspirin, a widely available and affordable host-directed
40 therapy candidate for tuberculoss.

41

42 Keywords

43  Mycobacterial infection, haemostasis, innate immunity, clotting
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45

46  Introduction

47  Mycobacterium tuberculosis is the world’s most lethal pathogen, causing nearly 2 million
48  deaths each year . The increasing incidence of both multi- and extremely-drug resistant
49  tuberculosis (TB) urgently require the development of therapeutics that overcome the
50 shortcomings of conventional antibiotics. Pathogenic mycobacteria co-opt numerous host
51 pathways to establish persistent infection, and subversion of these interactions with host-
52  directed therapies (HDTs) has been shown to reduce the severity of infection in animal
53 models. For example, we have recently shown that mycobacteria induce host angiogenesis
54  and increase host vascular permeability; blockade of either of these processes reduced both
55  the growth and spread of bacteria 2°. Therefore, host processes co-opted by the bacteria
56  provide attractive targets for novel TB treatments. One such pathway may be hemostasis.

57

58  Thrombocytosis has long been recognized as a biomarker for advanced TB, and infection is
59  often accompanied by the induction of a hyper-coagulable state, resulting in increased risk of
60  deep vein thrombosis and stroke *°. Recent evidence hints that mycobacteria may drive this
61 process, and that it may aid their growth. For example, cell wall components from M.
62  tuberculosis can induce expression of tissue factor - an important activator of coagulation - in
63  macrophages °. In mice and humans markers of platelet activation are upregulated during M.

64 tuberculosis infection "8

, and it has been shown in vitro that interaction with activated
65 platelets increases the conversion of infected macrophages into cells permissive for bacterial
66 growth "°. To date the pathogenic roles of hemostasis have not been studied in an intact in

67  vivo model of mycobacterial infection.

68
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69 Here we used the zebrafish-M. marinum model to investigate the role of host thrombocytes in
70 mycobacterial infection. We present evidence that while coagulation and thrombocyte
71 activation are both driven by mycobacteria, it is only infection-induced activation of
72 thrombocytes that specifically compromises protective immunity through direct thrombocyte-
73 macrophage interactions.

74

75 Methods

76  Zebrafish husbandry

77  Adult zebrafish were housed a the Garvan Institute of Medical Research Biological Testing
78  Facility (St Vincent’s Hospital AWC Approval 1511) and embryos were produced by natural
79  spawning for infection experiments at the Centenary Institute (Sydney Local Health District
80 AWC Approval 2016-022). Zebrafish embryos were obtained by natural spawning and
81 embryoswereraised at 28°C in E3 media.

82

83  Zebrafishlines

84  Wild type zebrafish are the TAB background. Transgenic lines are: Tg(fabplOa:fgb-
85 EGFP)™®! referred to as Tg(fabplOa:fgb-EGFP)™, Tg(-6.0itga2b:eGFP)'® referred to as
86 Tg(cd4l:EGFP)™, Tg(mfap4:tdTomato)™? referred to as Tg(mfap4:tdTomato)'?, Mutant
87 allele fga™ contains a 26 bp insertion in the fibrinogen alpha chain gene (manuscript in
88  preparation).

89

90 Infection of zebrafish embryos

91 Aliquots of single cell suspensions of midlog-phase Mycobacterium marinum M strain and
92  AESX1 M. marinum were frozen at -80°C for use in infection experiments. Bacterial aliquots

93 were thawed and diluted with phenol red dye (0.5% w/v). 10-15 nL was injected into the
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94  caudal vein or trunk of M-222 (tricaine)-anaesthetized 30-48 hpf embryos resulting in a
95 sandard infectious dose ~400 fluorescent M. marinum. Embryos were recovered into E3
96  supplemented with 0.036 g/L PTU, housed at 28 °C and imaged on day 5 of infection unless
97  otherwise stated.
98
99  Drug treatments
100 Embryos were treated with vehicle control (DMSO or water as appropriate), 10 pg/mi
101  aspirin, 20 pg/ml tirofiban, 10 uM eptifibatide, or 5 pM warfarin. Drugs and E3 were
102  replaced on days 0, 2, and 4 days post infection (DPI) unless otherwise stated.
103
104  Tail wound thrombosis assay
105 Three day post fertilization (DPF) embryos were treated over-night with anti-platelet drugs.
106  They were anaesthetized, and then a small amount of their tail was removed with a scalpel.
107  Embryos were imaged 4 hours post wounding and the number of GFP positive cells within
108 100 pum of the cut site was counted.
109
110  Imaging
111  Live zebrafish embryos were anaesthetized in M-222 (Tricaine) and mounted in 3%
112  methylcellulose for static imaging on a Leica M205FA or DMG6000B fluorescence
113  stereomicroscope. Image analysis was carried out with Image J Software Version 1.51 using
114  fluorescent pixel counts and intensity measurements as previously described .
115
116  Video and timelapse imaging was carried out on anaesthetized embryos mounted in 0.75%
117  low melting point agarose on a Leica M205FA or Deltavision Elite fluorescence microscope.

118 Video editing was carried out with Image J Software Version 1.51j and iMovie.
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Axenic culture
A midlog culture of fluorescent M. marinum was diluted 1:100 and aliquoted into 96 well
plates for drug treatment. Cultures were maintained at 28°C in a static incubator and bacterial

fluorescence was measured in a plate reader.

Mor pholinos:
Embryos were injected a the single cel stage with 1  pmol
cMPL (5-CAGAACTCTCACCCTTCAATTATAT-3),

or control morpholino (5-CCTCTTACCTCAGTTACAATTTATA-3).

Clodronate liposome injections:
Larvae were injected at 3 DPI (4 DPF) with 10 nl of 5 mg/ml clodronate liposomes or 5

mg/ml PBS vehicle liposomes by caudal vein injection.

Oil-red O:

Oil Red O lipid staining on whole mount embryos was performed and analyzed as previously
described ***°. Briefly, embryos were individually imaged for bacterial distribution by
fluorescent microscopy, fixed, and stained in Oil Red O (0.5% w/v in propylene glycal). Qil
Red O density was calculated by using the ‘measure’ function in Image J, and subtracting the
mean brightness of a representative region within each granuloma from the mean brightness

of arepresentative adjacent ‘background’ region.

Satistics
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143  All t-tests were unpaired t-tests with Welch’s correction. All ANOV A were ordinary one-way
144  ANOVA, comparing the mean of each group with the mean of every other group, using
145 Turkey’s multiple comparisons test with a single pooled variance. In cases where data was
146 pooled from multiple experiments, data from each was normalized to its own
147  within-experiment control (usualy ‘DM SO’) before pooling. Outliers were removed using
148 ROUT, with Q=1%.

149

150 Results

151  Mycobacterium marinum infection induces thrombocytosisin zebrafish.

152

153 Todetermineif M. marinum induces thrombocytosis in zebrafish, we infected Tg(cd41: GFP)
154  embryos, where thrombocytes are marked by GFP expression, with red fluorescent
155 M. marinum. Infected embryos had significantly increased density of thrombocytes around
156 the taill venous plexus where granulomas preferentially form (Figures 1A-B). Amongst
157 infected embryos, there was a strong positive correlation between thrombocyte density and
158  mycobacteria burden (Figure 1C).

159

160 Because the cd4l promoter is active in non-motile thrombocyte precursors within their
161 caudal hematopoietic tissue, we could not conclusively determine if these thrombocytes had
162  actively migrated to and been retained at the site of infection **. To determine if zebrafish
163 thrombocytes are recruited to sites of mycobacterial infection, we performed trunk injection
164 of M. marinumin Tg(cd41:GFP) at 3 days post fertilization (DPF), a time point after which
165 mature thrombocytes are in the circulation. Embryos were then imaged at 2, 3, and 4 DPI.
166  Rather than forming a stable and growing clot over a period of days, thrombocytes appeared

167 to form transient associations with sites of infection, and new thrombocytes seemed to be
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168 retained at sites of infection in different locations each day (Figure 1D). We therefore
169 recorded videos of Tg(cd41l:GFP) embryos infected with M. marinum-tomato using a long
170 pass GFP filter to capture bacteria and thrombocyte fluorescence simultaneously.
171  Thrombocytes were most often observed on the edges of granulomas consistent with the
172  location of granuloma-defining macrophages '°. They also formed short associations with
173  dites of infection, sometimes lasting only 5-10 minutes (Supplementary Video 1). Therefore
174  thrombocyte-granuloma interactions appear to be a conserved feature of mycobacterial
175  infection across species.

176

177  Anti-platelet drugsreduce mycobacterial burden in zebrafish.

178

179 It has previously been reported that aspirin has a host-protective effect during TB infection
180 . Most of these studies have focused on the fact that aspirin is a broadly acting nonsteroidal
181  anti-inflammatory drug (NSAID) that is known to modulate infection-relevant prostaglandin
182  metabolism . However, aspirin is also awidely-used platelet inhibitor, and we theorized this
183  capacity may also play arole in the drug’s effectiveness against TB.

184

185 To test this hypothesis we first confirmed that aspirin’s protective effect was seen across
186  species, by treating M. marinumrinfected fish with aspirin by immersion. Mycobacteria
187  burden was reduced by approximately 50% in aspirin-treated embryos (Figure 2A).

188

189 To determine if the anti-platelet effects of aspirin treatment contribute to the reduced
190 mycobacteria burden, we treated M. marinum-infected fish with the platelet-specific, small
191 molecule glycoprotein llb/Illa inhibitors, tirofiban or eptifibatide. These drugs do not inhibit

192 platelet activation and de-granulation, but rather inhibit activated platelets from binding to
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193 one-another, and to monocytes, via fibrinogen. Treatment with either glycoprotein lib/llla
194 inhibitor phenocopied aspirin by reducing bacterial burden providing direct evidence of a
195 pathological role for thrombocyte activation in the immune response to mycobacteria
196 infection (Figure 2B-C).

197

198 We next examined the cellular target of anti-platelet drugs in our infection system. We
199 performed antibacterial testing of the anti-platelet drugs in axenic cultures of M. marinum
200 and did not observe any effect on bacterial growth in vitro demonstrating host-dependent
201  activity (Figure 2D).

202

203 Theanti-bacterial effect of anti-platelet drugsisthrombocyte dependent.

204  We next confirmed that anti-platelet drugs inhibit thrombocytes in zebrafish using a tail wound
205 thrombosis assay (Figure S1A). Anti-platelet drugs reduced the number of thrombocytes
206  recruited to tail wound clots demonstrating conservation of their cellular target in zebrafish
207  embryos (Figure S1B-C).

208

209 To determine if zebrafish thrombocytes are the conserved target for anti-platelet drugs in the
210  zebrafish-M. marinum infection model, we inhibited thrombopoiesis by injection with a
211  morpholino against the thrombopoietin receptor cmpl ™. Inhibition of thrombopoiesis did not
212  affect the outcome of infection. However, both aspirin and tirofiban treatment failed to
213  reduce bacterial burden in thrombocyte-depleted embryos, demonstrating thrombocytes are
214  thecellular target of this drug in the zebrafish infection model (Figure 3A-B).

215

216  Eptifibatide and tirofiban were designed as specific inhibitors to prevent binding between

217  Glycoprotein l1b/Illa and fibrinogen in mammals %, but nothing is known about their potential
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218  off-target effects in the zebrafish. Therefore, to confirm that disruption of Glycoprotein l1b/llla
219 binding done can reduce bacterid burden, we performed infection experiments in
220  Glycoprotein I1b/Illa knock-out (KO) transgenic embryos (itga2b mutants). The itga2b™'%*%*
221  dlele caused a dose-dependent reduction in thrombocytes recruited to tail wound clots (Figure
222  S1D), and KO of itga2b significantly reduced bacterial burden (Figure 3C).

223

224 Similarly, when we when we addressed the same question using a fibrinogen alpha chain (fga)
225 mutant zebrafish line that does not produce mature fibrinogen, we saw that KO fish had
226  dignificantly reduced bacterial burden (Figure 3D). Furthermore, while tirofiban was able to
227  reduce bacteria burden in fga sufficient mutants, it did not reduce bacterial burden in fga KO.
228 Together these data suggest that tirofiban is reducing bacterial burden by inhibiting binding
229  between glycoprotein ll1b/I1laand fibrinogen.

230

231  Mycobacterium marinum induces coagulation in zebrafish but inhibition of coagulation
232  does not affect the outcome of infection.

233

234  Seeing that there was a marginal decrease in bacterial burden in fga-/- embryos compared to
235 WT and heterozygous clutchmates, we next sought to determine if M. marinum induces
236  coagulation in zebrafish and the role of coagulation in M. marinum infection. We infected
237  Tg(fabplOa:fgb-EGFP) transgenic embryos expressing EGFP-tagged fibrinogen beta (FGB)
238  with M. marinum-tdtomato, and imaged the developing infection every 15 minutes from 3
239 days post infection (DPI), until 6 DPI (Supplementary Video 2). We observed that clots
240 formed only at areas of bacterial growth, and that the size of the clots increased as the
241  number of bacteriaincreased over the course of the infection (Figure 4A). When we infected

242  fish with AESX1 mutant M. marinum, which lacks the ability to export key virulence proteins
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243  and does not form granulomas, we observed significantly reduced clot formation (Figures
244  4B).

245

246  These data suggested clotting could be driven by mycobacterial and may thus contribute to
247  mycobacterial pathogenesis. To test this hypothesis, we treated infected embryos with the
248  anti-coagulant warfarin to prevent clot formation. We did not observe significant changes in
249  bacterial burden, suggesting coagulation itself does not affect bacteria growth within the host
250 (Figures 4C-D). Together, these data demonstrate that while coagulation is a consequence of
251 infection driven by a conserved mycobacterial pathogenicity program across host species, the
252  effects of coagulation on mycobacterial pathogenesis vary between host species ®.

253

254  Thrombocytes increase mycobacterial burden independently of coagulation.

255

256  To assess the contribution of thrombocytes to infection-induced coagulation, we analyzed the
257 formation of FGB-GFP clots in tirofiban-treated Tg(fabplOa:fgh-EGFP) embryos. Tirofiban
258  visibly reduced total clot formation (Figure 5A). However, correction for relative bacterial
259  burden suggested that the reduced clot formation was burden-dependent and thrombus
260 formation was not additionally impacted by tirofiban treatment (Figure 5B). Therefore, we
261 hypothesized that tirofiban was reducing bacterial burden independently of infection-induced
262 coagulation. To invegtigate this hypothesis, we again used warfarin, which prevented clot
263 formation during infection and did not affect bacteria burden (Figure 4C-D and 5C). As
264  expected, the addition of warfarin to our tirofiban treatment model had no effect on the ability of
265 tirofiban to reduce bacteria burden (Figure 5D), indicating that tirofiban acts through an
266  independent process. This suggests that the protective effect of tirofiban occurs independently of

267  fibrin clot formation, but requires the presence of soluble fibrinogen.
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268

269 Thrombocytes compromise immunity through physical interactions with granuloma
270  macrophages.

271

272 To investigate the effect of glycoprotein lIb/llla inhibitors on thrombocyte-granuloma
273  interactions, we first measured the effect of tirofiban on the infection-induced thrombocytosis
274  phenotype. Surprisingly, tirofiban treatment increased thrombocytosis compared to the untreated
275 infected group (Figure 6A). Increased thrombocyte density was also observed in infections with
276  AESX1 mutant M. marinum, that are unable to drive granuloma maturation or necrosis, (Figure
277  6B), yet tirofiban treatment did not reduce AESX1 M. marinum burden (Figure 6C), further
278  suggesting that the infection-induced thrombocytosis phenotype is independent of granuloma
279  immunity.

280

281  Given that glycoprotein I1b/Illa-mediated platelet-monocyte binding can occur via fibrinogen
282 %2 and patients with pulmonary tuberculosis have been shown to have significantly increased

283  platelet-monocyte aggregation %

, we next amed to determine whether anti-platelet drugs
284  disrupted the interaction of thrombocytes and macrophages in situ within our model by live
285 imaging. We infected double transgenic Tg(cd4l:GFP; mfap4:tdtomato) with M. marinum-
286  cerulean and performed timelapse imaging of 5 DPI embryos. Thrombocytes formed transient
287  associations with M. marinum+infected macrophages (Supplementary Video 3), the frequency of
288  which were increased upon eptifibatide treatment consistent with the increased thrombocytosis
289  seen in Fgure 6A (Supplementary Video 4), with an average dwell time of 30 minutes in
290 untreated controls, and 80 minutes in eptifibatide-treated embryos (Figure 6D). We also

291 observed a dgnificant increase in the distance travelled by thrombocytes associated with

292 M. marinunmtinfected macrophages in eptifibatide-treated embryos (Figure 6E). Thrombocyte
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293 tracks in control embryos were most often short and straight (Figure 6F I-11, Supplementary
294  Video 5), maintaining a condstent distance from the center of the macrophage (Figure 6G IlI,
295  Supplementary Video 6). In contrast, thrombocyte tracks in eptifibatide-treated embryos were
296 long and circuitous, and varied in their distance from the center of the macrophage (Figure 6G
297  IV-VI, Supplementary Videos 7 and 8).

298

299 To demondtrate that thrombocyte inhibition exerts a protective effect through boosting
300 macrophage-dependent immunity, we depleted macrophages by injecting clodronate liposomes
301 to deplete macrophages early during granuloma formation at 3 DPI (Figure 6C). Macrophage-
302 depleted fish were unresponsive to tirofiban treatment demonstrating that pathological
303 thrombocyte activation promotes bacterial growth via interactions with macrophages (Figure
304 6D). Together these results demonstrate glycoprotein Il1b/llla inhibitor treatment disrupt
305 pathological thrombocyte-macrophage attachments in mycobacterial granulomas.

306

307 Granuloma maturation and pathological thrombocyte activation have a bidirectional
308 relationship.

309

310  Our observation tha infection with AESX1 mutant M. marinum did not result in pathological
311 thrombocyte activation (Figures 6C-D) suggested the existence of a bidirectional relationship
312  between granuloma maturation, which is deficient in AESX1 mutant infections, and pathological
313 thrombocyte activation. To further delineate this relationship we next took advantage of the
314  stereotypicad progression of innate immune granulomas in zebrafish embryos and used the
315 burden reducing effect of tirofiban as a small molecule probe for thrombocyte activation. We
316 found that at 3 DPI, a time-point with nascent granuloma formation but prior to significant

317  granuloma organization and necrosis, tirofiban had no effect on bacteria burden (Figure 7A).
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318 Conversely, treatment of established infections from 4 to 5 DPI, a time-point when granulomas
319  become organized and necrotic, tirofiban significantly reduced bacterial burden within 24 hours
320 (Figure 7B). Together, these data demonstrate the existence of a switch point in granuloma
321 maturity when thrombocytes are either activated or the activation of thrombocytes becomes
322  pathological.

323

324  Co-incident with the appearance of granuloma necrosis at 4 to 5 DPI, we have demonstrated the
325  appearance of foam cells in zebrafish embryo granulomas at this stage of infection *°. It has
326  previously been shown that platelets accelerate the conversion of macrophages to foam cells
327 in the presence of mycobacteria in vitro °. Foam cells are permissive for mycobacterial
328  growth, suggesting a mechanism for infection-induced thrombocyte activation to compromise
329 innate immunity. We therefore hypothesized that thrombocyte inhibition would reduce the
330 conversion of macrophages into foam cells. We investigated this by performing Oil-red O
331 &aining to measure lipid accumulation within size-matched granulomas (Figure 7C).
332  Tirofiban-treated embryos had significantly less Oil-red O accumulation in their granulomas
333  when compared to DM SO control, even after correction for reduced bacterial burden (Figure
334 7D). Together, these data demonstrate an in vivo effect of thrombocyte activation inhibiting
335 an effective immune response by converting macrophages into foam cells in the maturing
336 mycobacterial granuloma.

337

338  Given that foam cell formation is closely associated with necrosis in tuberculosis 2° we
339 hypothesized that tirofiban treatment would reduce cell death within the granuloma. We
340 therefore used TUNEL staining to detect the fragmented DNA of dying cellsin M. marinum
341 infected embryos. At 5 DPI, tirofiban-treated embryos showed significantly less TUNEL

342  saining, indicating significantly reduced cell death within the granuloma (Figures 7E-F).
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343 Together these results indicate that infection-induced thrombocyte activation aggravates
344  pathologicad markers of granuloma maturation and compromise immune control of
345  mycobacteria infection.

346

347 Discussion

348

349  Here we have used the zebrafish-M. marinum model to identify thrombocyte activation as a
350 detrimental host response that is co-opted by pathogenic mycobacteria. Our data builds on
351 previous studies that have shown coagulation, thrombocytosis and thrombocyte activation are
352 associated with mycobacterial infection, and provides in vivo evidence of a direct role for
353 thrombocyte activation in promoting mycobacterial growth. We have shown that infection-
354  induced hemostasis is conserved in the zebrafish-M. marinum infection model, and that the
355 platelet inhibiting drugs, aspirin, tirofiban, and eptifibatide, are able to reduce bacterial
356  burden through host-mediated effects, independently of effects on coagulation.

357

358 A number of studies have investigated aspirin as a possible adjunctive treatment for TB in a
359  range of animal models and human trials *"#?"?%8 The results of these studies have been far

360 from conclusive, while most found beneficial effects 17192127

, one human trial observed no
361 effect ©, and a mouse study identified an antagonistic relationship between aspirin and the
362  frontline anti-tubercular drug isoniazid %. This lack of consensus may be due to the fact that
363 the NSAID effect of aspirin will affect many cell types and processes important in the
364 heterogeneous host response to mycobacterial infection. Our study expands this literature by

365 ddineating arole for glycoprotein l1b/lI1ain compromising the host response to infection.

366
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367  Our study found that coagulation, thrombocytosis, and thrombocyte activation have distinct
368 roles during the pathogenesis of mycobacterial infection of zebrafish. Inhibiting coagulation
369 aone did not significantly reduce bacterial burden, and therefore we considered anti-platelet
370 treatment as a more attractive HDT than anti-coagulant trestment. Although we found lower
371 total clot formation in tirofiban-treated embryos, this was only proportiona to bacteriad load,
372  suggesting infection-induced coagulation could be independent of infection-induced
373  thrombocyte aggregation. It must be noted that we only measure a simple single end-point in our
374  zebrafish embryo experiments (bacterial 1oad) at a relatively early time point for a chronic
375 infection. In more complex animas, where stroke and DVT are important secondary
376  complications of mycobacterial infection, reducing coagulation may yet prove to be efficacious
377 asaHDT during TB therapy to reduce morbidity. Conversely, datafrom the mouse model of TB
378  suggests tissue factor-induced fibrin is necessary to contain mycobacteriawithin granulomas 2.
379

380 Our study provides evidence that while infection-induced thrombocytosis is a conserved
381 function of infection, pathological thrombocyte-macrophage interactions are only driven in
382  pathogenic mycobacteria during granuloma formation. Our experiments with AESX1 mutant
383 M. marinum, which cannot secrete key virulence proteins that drive granuloma formation,
384  demonstrated ESX1-dependent responsiveness to growth restriction by platelet inhibiting
385 drugs. These data fit well with our observations that stationary thrombocytes were only
386 observed around well-developed mycobacterial granulomas, and platelet inhibition was only
387 effective a reducing bacteria burden after the development of significant granuloma
388  pathology.

389

390 Our imaging and experimental data adds evidence that as for mammdian platelets, activated

391 thrombocytes can form complexes with leukocytes through fibrinogen binding to glycoprotein
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392 Ilb/llla, and that this aters immune cell function ®*, Recent research has highlighted the
393 important role of platelets as innate immune cells; they are able to release anti-microbial
394  peptides, pick up and ‘bundle’ bacteria, and initiate the recruitment of other innate immune
395 cells to sites of infection **. However, the low frequency at which direct thrombocyte-
396 mycobacteria interactions were observed in our study argues against thrombocytes having a
397  dgnificant role in directly mediating immunity to mycobacterial infection.

398

399 Platelets can induce macrophages to produce less pro-inflammatory TNF and IL-1(3, and
400  more anti-inflammatory IL-10 in response to both BCG and M. tuberculosis “*%. Crucialy it
401 has been shown that platelets are necessary for the formation of foam cells in the context of
402  mycobacterial infection and atheroma °. Our experiments demonstrating anti-platelet drug
403  mediated control of infection, and reduced lipid accumulation and cell death in the granuloma
404  suggest that infection-induced thrombocyte activation can be therapeutically modulated in
405  mycobacterial infection.

406

407  Our findings that inhibition of thrombocyte activation reduces foam cell formation and cell
408 death within the granuloma, leading to reduced bacteria burden provide important in
409  vivo experimental evidence that infection-induced thrombocyte activation is a potential target
410 for TB host-directed therapy. Specifically, our experimental demonstration of a thrombocyte-
411 mediated effect of aspirin identifies a novel application for this well-tolerated and low cost
412  druginadisease of global importance.

413
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523  Figurelegends

524  Figure 1. Mycobacterium marinum induces coagulation and thrombosis around sites of
525 infection in zebrafish

526 A) Representative images of 5 DPl Tg(cd41l:GFP) embryos infected with M. marinum-
527  tdTomato, showing thrombocyte accumulation (green) at sites of bacterial infection (red). B)
528 Quantification of total thrombocyte Tg(cd41:GFP) area within the tail of uninfected or WT
529 M. marinumtdTomato infected embryos. Graph shows mean + SEM. Statistical analysis
530 performed by T tests. C) Correlation between M. marinum bacterial burden and total
531  thrombocyte Tg(cd41:GFP) area within the tail of infected embryos. P and R? calculated
532  using linear regression. D) Representative 2 DPI, 3 DPI and 4 DPI images of Tg(cd41: GFP)
533 fish infected with M. marinumtdTomato at 3 DPF. White arrowheads show thrombocyte
534  (green) association with areas of bacterial growth (red). Thrombocytes not indicated with an
535 arrowhead were circulating and not considered to be associated with bacteria.

536

537  Figure 2: Anti-platelet drugsreduce bacterial burden in M. marinum infection

538 A) Quantification of bacterial burden in embryos treated with aspirin normalized to DM SO
539 control. Data are combined results of two independent experiments. B) Quantification of

540  bacterial burden in embryos treated with tirofiban normalized to DM SO control. Data are
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541  combined results of two independent experiments. C) Quantification of bacterial burden in
542  embryos treated with eptifibatide or DMSO control. Data are combined results of two
543  independent experiments. D) Quantification of bacterial growth by relative fluorescence in
544  7H9 broth culture supplemented with drugs as indicated.

545  All graphs show Mean + SEM. Statistical analyses performed by T tests.

546

547  Figure 3: The anti-bacterial effect of anti-platelet drugsis thrombocyte dependent

548 A) Tota fluorescence area of M. marinum bacteria in larvae injected with either control or
549  cmpl morpholino (MO) to deplete thrombocytes, and then treated with aspirin. Values are
550 normalized to DMSO-treated control MO larvae. Graphs show the combined results of 2
551 independent experiments. B) Total fluorescence area of M. marinum bacteria in larvae
552 injected with either control or cmpl morpholino (MO) to deplete thrombocytes, and then
553 treated with tirofiban (Tiro). Values are normalized to DM SO-treated control MO larvae.
554  Graphs show the combined results of 2 independent experiments. C) Quantification of
555  bacterial burden in in itga2b mutant embryos normalized to WT control. Data are combined
556  results of 3 independent experiments. D) Quantification of bacterial burden in fga’~ embryos
557 treated with tirofiban, normalized to fga*’* and fga™ controls. Data are combined results of 2
558  independent experiments.

559  All graphs show Mean + SEM. Statistical analyses performed by ANOVA.

560

561 Figure 4. Mycobacterium marinum induces coagulation in zebrafish but inhibition of
562  coagulation does not affect the outcome of infection.

563 A) Representative images of a Tg(fabplOa:fgb-EGFP) embryo infected with M. marinum-
564 tdTomato by caudal vein injection, showing clot formation (green) at sites of infection (red)

565 at 3, 4, and 5 DPI. B) Quantification of clot formation in burden-matched AESX1 mutant-
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566 infected Tg(fabplOa:fgh-EGFP) embryos normalized to WT M. marinum control. Data show
567 combined results from two independent experiments. C) Quantification of clotting in
568 warfarin-treated Tg(fabplOa:fgh-EGFP) embryos. D) Quantification of bacterial burden in
569  warfarin treated embryos, normalized to DM SO control. Data show combined results of two
570  independent experiments. All graphs show mean + SEM, statistical analysesby T tests.

571

572  Figure5: Thrombocytesincrease mycobacterial burden independently of coagulation.

573 A) Representative images of 5 DPI Tg(fabplOa:fgb-EGFP) embryos infected with
574 M.marinumrtdTomato and treated with either DMSO or tirofiban. B) Quantification of
575 clotting relative to bacterial burden in embryos treated with tirofiban normalized to DM SO
576 control. Data are combined results of two independent experiments. C) Representative
577 images of Tg(fabplOa:fgh-EGFP) embryos, where clot formation can be visualized by GFP
578 fluorescence, infected with M. marinum-tdTomato (red) and treated with either DM SO or
579  warfarin. D) Quantification of bacterial burden in embryos treated with tirofiban, warfarin, or
580 tirofiban and warfarin, normalized to DMSO control. Data are combined results of 2
581 independent experiments. All graphs show mean = SEM, statistical analysis by T test or
582 ANOVA where appropriate.

583

584  Figure 6: Thrombocyte activation compromises immunity through granuloma-associated
585  macrophages.

586 A) Quantification of total thrombocyte Tg(cd41: GFP) area within the tail WT M. marinum-
587 tdTomato infected embryos treated with either DM SO or tirofiban. B) Quantification of total
588 thrombocyte Tg(cd4l:GFP) area within the tail of uninfected or AESX-1 M. marinum-
589 tdTomato infected embryos. C) Quantification of bacterial burden in embryos infected with

590 AESX1 M. marinumtdTomato and treated with tirofiban. Combined data of 3 independent
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591 experiments. D) Quantification of length of thrombocyte association with an infected
592  macrophage 5 DPI. Eptifibatide treatment was started a 4 DPI and was continued during
593 timelapse. Data points represent individual thrombocytes from four (two control and two
594  drug treated) infected fish. E) Quantification of distance thrombocyte traveled while
595 associated with a site of macrophage and bacterial accumulation. Data points represent
596 individua thrombocytes from four (two control and two drug treated) infected fish. F)
597 Representative tracks of thrombocytes (1,I1,I1V,V) within control and eptifibatide treated
598 embryos. Representative tracks of individual thrombocyte (blue), macrophage (red), and
599 internalized M. marinum (green) (111, VI). G) Representative images of caudal hematopoietic
600 tissuein 6 DPF Tg(mfap4:tdTomato) embryos, where macrophages are fluorescently labeled,
601 injected with clodronate or PBS liposomes at 4 DPF. H) Quantification of bacterial burden in
602 embryosinfected with M. marinum-tdTomato, injected with clodronate liposomes and treated
603  withtirofiban from at 3 DPI. All graphs show mean + SEM, dtatistical tests by T-tests.

604

605 Figure 7: Granuloma maturation and pathological thrombocyte activation have a
606  bidirectional relationship.

607 A) Quantification of bacterial burden at 3 DPI after continuous tirofiban treatment from O
608 DPI. B) Quantification of bacterial burden at 5 DPI after overnight drug treatment initiated at
609 4 DPI. C) Representative images of bacterial granulomas chosen for analysis (bacteria are
610 whitein greyscale images), and corresponding Oil Red O (ORO) staining (red-brown in color
611 images). D) Quantification of ORO pixel density relative to granuloma bacterial area, in
612 embryos treated with tirofiban, normalized to DM SO control. E) Representative images of
613  bacterial granulomas showing bacteriain red and TUNEL staining in green. F) Quantification

614 of TUNEL positive areawithin the largest granuloma of individual embryos. All graphs show
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615 Mean = SEM, datistical tests by T-tests. Data are combined results of two independent
616  experiments, except F) which represents a single experiment.

617

618 Supplementary Figure L egends

619 FigureSl

620 A) Representative images of thrombocyte accumulation at tail wound in 4 DPF
621 Tg(cd4l:GFP) embryos, 4 hours post injury (hpi). B) Quantification of thrombocytes within
622 100 um of the cut site 4 hpi in aspirin-treated embryos. C) Quantification of thrombocytes
623  within 100 um of the cut site 4 hpi in tirofiban-treated embryos. D) Quantification of
624  thrombocytes within 100 um of the cut site 4 hours after injury in itga2b WT, heterozygous
625  and knock-out embryos. Graphs show Mean + SEM, statistical testing by T-test.

626

627  Supplementary Video 1

628 Video of 5 DPI Tg(cd41:GFP) embryo infected with M. marinum-tdtomato. Video captured
629 with a long pass GFP filter to capture thrombocytes and bacteria simultaneously. Arrow
630 indicates an example of a5 minute thrombocyte-bacteria interaction.

631

632 Supplementary Video 2

633 Representative Tg(fabplOa:fgh-EGFP) embryo expressing EGFP-tagged fibrinogen beta
634 (FGB) infected with M. marinum-tdtomato. Imaged every 15 minutes from 3 days post
635 infection (DPI), until 6 DPI.

636

637 Supplementary Video 3

638 Representative timelapse of control Tg(cd4l:GFP; mfap4:tdtomato) embryo infected with

639 M. marinum-cerulean, showing the interaction of thrombocytes (green), macrophages (red), and
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640 bacteria (blue). Images were captured every 5 minutes for 4 hrs. Arrow shows successive short
641 ‘binding events between thrombocytes and an infected macrophage.

642

643 Supplementary Video 4

644 Representative timelapse of eptifibatide treated Tg(cd4l:GFP; mfap4:tdtomato) embryo
645 infected with M. marinum-cerulean, showing the interaction of thrombocytes (green),
646  macrophages (red), and bacteria (blue). Images were captured every 5 minutes for 5 hrs. Arrows
647  show simultaneouslong ‘binding’ events between thrombocytes and infected macrophages.

648

649 Supplementary Video 5

650 Representative tracks of thrombocytes associated with infected macrophages, from timelapse
651 of control Tg(cd4l:GFP; mfap4:tdtomato) embryo infected with M. marinum-cerulean. Images
652  were captured every 5 minutes for 4 hrs, and tracks were generated using the Manual Tracking
653  functionin Imagel.

654

655 Supplementary Video 6

656 Representative tracks of thrombocytes (blue and teal), showing the tracks of the macrophage
657  (green and purple) and internalized M. marinum (red and yellow) they are associated with.
658 From timelapse of control Tg(cd41l:GFP; mfap4:tdtomato) embryo infected with M. marinum-
659  cerulean. Images were captured every 5 minutes for 4 hrs, and tracks were generated using the
660 Manua Tracking function in ImageJ.

661

662 Supplementary Video 7

663  Representative tracks of thrombocytes associated with infected macrophages, from timelapse

664 of eptifibatide treated Tg(cd4l:GFP; mfap4:tdtomato) embryo infected with M. marinum-
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665 cerulean. Images were captured every 5 minutes for 5 hrs, and tracks were generated using the
666  Manua Tracking function in ImageJ.

667

668 Supplementary Video 8

669 Representative tracks of thrombocytes (blue and teal), showing the tracks of the macrophage
670 (green and purple) and internalized M. marinum (red and yellow) they are associated with.
671 From timelapse of eptifibatide treated Tg(cd41l: GFP; mfap4:tdtomato) embryo infected with
672 M. marinumcerulean. Images were captured every 5 minutes for 4 hrs, and tracks were
673  generated using the Manua Tracking function in ImageJ.

674

675
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