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SUMMARY: 21 
Here, we present a protocol to profile the interplay between host and pathogen during infection 22 
by mass spectrometry-based proteomics. This protocol uses label-free quantification to measure 23 
changes in protein abundance of both host (e.g., macrophages) and pathogen (e.g., Cryptococcus 24 
neoformans) in a single experiment.  25 
 26 
ABSTRACT:  27 
The technological achievements of mass spectrometry (MS)-based quantitative proteomics 28 
opens many undiscovered avenues for analyzing an organism’s global proteome under varying 29 
conditions. This powerful strategy applied to the interactions of microbial pathogens with the 30 
desired host comprehensively characterizes both perspectives towards infection. Herein, the 31 
workflow describes label-free quantification (LFQ) of the infectome of Cryptococcus neoformans, 32 
a fungal facultative intracellular pathogen that is the causative agent of the deadly disease 33 
cryptococcosis, in the presence of immortalized macrophage cells. The protocol details the 34 
proper protein preparation techniques for both pathogen and mammalian cells within a single 35 
experiment, resulting in appropriate peptide submission for liquid-chromatography (LC)-MS/MS 36 
analysis. The high throughput generic nature of LFQ allows a wide dynamic range of protein 37 
identification and quantification, as well as transferability to any host-pathogen infection setting, 38 
maintaining extreme sensitivity. The method is optimized to catalogue extensive, unbiased 39 
protein abundance profiles of a pathogen within infection-mimicking conditions. Specifically, the 40 
method demonstrated here provides essential information on C. neoformans pathogenesis, such 41 
as protein production necessary for virulence and identifies critical host proteins responding to 42 
microbial invasion. 43 
 44 

Manuscript Click here to access/download;Manuscript;61881_R1.docx

mailto:ballb@uoguelph.ca
mailto:asukum02@uoguelph.ca
mailto:jgeddesm@uoguelph.ca
mailto:jgeddesm@uoguelph.ca
https://www.editorialmanager.com/jove/download.aspx?id=1248195&guid=8b83c6a4-8802-4a23-b3a9-9828a65d1d6c&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1248195&guid=8b83c6a4-8802-4a23-b3a9-9828a65d1d6c&scheme=1


   

   
 

1 

INTRODUCTION:  45 
The prevalence of invasive fungal infections is vastly increasing and is correlated with 46 
unacceptably high mortality rates, most commonly reported in individuals with immunodeficient 47 
predispositions1. Cryptococcus neoformans is a notorious opportunistic fungal pathogen capable 48 
of intracellular survival within host macrophage cells. Inadequate antifungal intervention results 49 
in fungal dissemination and life-threatening manifestations of cryptococcal meningitis and 50 
meningoencephalitis2,3. The global increase in immunocompromised status has demanded a 51 
parallel increase in the use of antifungal agents, in which many fungal species, including C. 52 
neoformans, have increasingly evolved resistance towards4–6. Therefore, it is imperative to 53 
implement robust and efficient technologies to answer vital biological questions regarding host 54 
defence response and microbial pathogenesis.  55 
 56 
The new age of technological advancement in mass spectrometry (MS), including the generation 57 
of powerful computational and bioinformatic pipelines, provides the foundation for an 58 
integrative vision for large-scale analysis of host-pathogen research7,8. Conventional 59 
pathogenesis-driven proteomic analysis commonly profiles the view of infection from either the 60 
host or pathogen perspective, including comprehensive methodologies such protein correlation 61 
profiling, affinity chromatography combined with proteomics, and interactomics9. Investigations 62 
into the virulence of dangerous pathogens in a host system are of immense clinical importance; 63 
however, the application of a dual perspective analysis in a single experiment was formerly 64 
considered unattainable. For example, the pathogen’s perspective towards infection is often 65 
overwhelmed by highly abundant host proteins resulting in reduced sensitivity for the detection 66 
of low-abundant fungal proteins7. Furthermore, the high sample complexity invites many targets 67 
to investigate in a single experimental system and provides challenging to elucidate mechanisms 68 
of action for a specific pathogen protein.  69 
 70 
Bottom-up proteomics is a popular MS technique that enables manageable sample preparation, 71 
in which peptides are generated by sequence-specific enzymatic digestion followed by liquid 72 
chromatography separation, identification, and quantification by MS10,11. Here, we present a 73 
method demonstrating a data-dependent acquisition strategy purposed to achieve an unbiased 74 
coverage of an infection-based proteome or ‘infectome’. Specifically, label-free quantification 75 
(LFQ) sheds the dependence on chemical or metabolic labels for robust and accurate 76 
identification of protein level changes across multiple proteomes, reducing sample handling and 77 
processing steps12,13. This universal application interrogates all produced proteins at a given 78 
moment within a cell independent of any expected protein production; thus, novel insights may 79 
be discovered that are critical to infection.  80 
 81 
The workflow described herein is optimized to explore protein level changes of C. neoformans 82 
during infection-mimicking conditions with host immune cells (Figure 1). Rather than relying on 83 
the isolation and separation of cell types, this approach extracts the host and pathogen proteome 84 
together, and utilizes bioinformatic separation using two organism-specific databases to 85 
distinguish species-specific protein production. This method offers advantages for an unlimited 86 
number of samples to be processed without the extra costly preparation steps necessary in 87 
isotope-based labelling studies or fractionation. Furthermore, this workflow supports optimized 88 
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protein extraction protocols transferable to a wide range of fungal and bacterial pathogens 89 
capable of targeting and infecting host immune cells. Overall, this protocol outlines the steps to 90 
complete an unbiased protein extraction and sample processing for high-resolution MS, followed 91 
by data and statistical analysis, capable of providing a wealth of knowledge of fungal proteins 92 
significant for infection combined with comprehensive profiling of the host defense response.  93 
 94 
PROTOCOL:  95 
 96 
An immortalized line of macrophages derived from BALB/c mice were used for the following 97 
protocol approved by the University of Guelph Animal Utilization Protocol 4193. Notably, other 98 
strains of mice or other sources of immortalized cells can be applied to the outlined protocol with 99 
sufficient testing to optimize the detailed parameters. The following protocol will navigate the 100 
steps beginning with a frozen vial of macrophage cells. Cells are stored in 10% FBS (fetal bovine 101 
serum), 1% L-glutamine and 5% Pen/Strep (Penicillin-Streptomycin) mixture to DMEM 102 
(Dulbecco's Modified Eagle Medium) and 20% DMSO (dimethyl sulfoxide). 103 
 104 
1. Culturing of C. neoformans  105 
 106 
1.1. Using a glycerol stock, streak wildtype C. neoformans strain (H99) onto Yeast-extract 107 
peptone dextrose (YPD) agar plate to isolate single colonies. 108 
 109 
1.2. Incubate overnight for 16 h at 37 ˚C in a static incubator. 110 
 111 
1.3. Select a single colony of wildtype C. neoformans strain and culture in 5 mL of YPD broth 112 
in a loosely capped 10 mL test tubes. Perform in quadruplicate. 113 
 114 
1.4. Incubate overnight for 16 h at 37 ˚C in a shaking incubator at 200 rpm. 115 
 116 
1.5. The following day subculture each overnight culture in a 1:100 dilution into 3 mL YPD 117 
broth. 118 
 119 
1.6. Measure Optical density (OD600nm) values of fungal culture to determine mid-log phase. 120 
Depending on the spectrophotometer, C. neoformans wildtype strain reaches mid-log phase 121 
commonly following 2.5 to 3 h incubation in YPD with general OD600nm values ranging 1.0 to 1.5.  122 
 123 
1.7. Once cells reach mid-log phase, take a 10 µL aliquot of fungal cell suspension into a clean 124 
1.5 mL microcentrifuge tube and dilute 1:100 in sterile 1x phosphate buffered saline (PBS). Count 125 
the number of cells using a hemocytometer.  126 
 127 
2. Culturing of macrophage cells 128 
 129 
NOTE: Ensure work environment is sterilized prior to cell culture work. 130 
 131 
2.1. Preparation of cell culture media 132 
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 133 
2.1.1. Antibiotic-supplemented media: Add 10% FBS (fetal bovine serum), 1% L-glutamine and 134 
5% Pen/Strep (Penicillin-Streptomycin) mixture to DMEM (Dulbecco's Modified Eagle Medium). 135 
Filter medium through a 0.2 µm complete filter system and store at 4 °C. 136 
 137 
2.1.2. Antibiotic-free media: Follow identical protocol but omit Pen/Strep mixture. 138 
 139 
2.2.  Seeding macrophage cells 140 
 141 
NOTE: Antibiotic-supplemented medium (2.1.1.) should be warmed to 37˚C prior to cell culture 142 
work. 143 
 144 
2.2.1. Thaw vial of macrophage cells quickly in 37 ˚C bead bath. 145 
 146 
2.2.2. Wash cells of freezing solution by resuspending the cells in 1 mL antibiotic-147 
supplemented medium.  148 
 149 
NOTE: Extra precaution is required to ensure the cells do not lyse due to harsh pipetting. 150 
 151 
2.2.3. Transfer resuspended cells to a sterile 15 mL tube. 152 
 153 
2.2.4. Pellet cells by centrifuging at 400 × g for 5 min at room temperature. 154 
 155 
2.2.5. Carefully remove supernatant with a serological pipette or vacuum aspirator.  156 
 157 
2.2.6. Gently resuspend pellet in 10 mL of antibiotic supplemented medium. 158 
 159 
2.2.7. Gently pipette resuspended cells into a 60 x 15 mm cell culture-treated dish. 160 
 161 
2.2.8. Incubate dish at 37 °C with 5% CO2 overnight. 162 
 163 
2.3.  Initial passage of macrophage cells 164 
 165 
NOTE: Frozen cell stocks will typically contain between 5 to 10 million cells per vial (approx. 1 166 
mL). On the subsequent day, macrophage cells that have survived the seeding protocol will 167 
adhere to the bottom of the cell culture dish and will be ready for passaging. 168 
 169 
2.3.1. Warm antibiotic-supplemented medium (step 2.1.1) to 37 ˚C prior to cell culture work. 170 
Ensure work environment is sterilized prior to cell culture work. Visualize cells using a light 171 
microscope to ensure cells are adhered and healthy. 172 
 173 
2.3.2. Remove cell culture medium from the dish either with a serological pipette or a vacuum 174 
aspirator. 175 
 176 
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2.3.3. Gently add 5-7 mL of sterile room-temperature PBS (phosphate-buffered saline) to the 177 
60 x 15 mm dish. 178 
 179 
2.3.4. Gently tilt the dish to wash adhered cells. 180 
 181 
2.3.5. Remove PBS using a serological pipette or vacuum aspirator. 182 
 183 
2.3.6. Add 1 mL of cold PBS (stored at 4 °C) to the cells, tilt dish to distribute PBS over all cells, 184 
and allow to sit at room temperature for 1 min. 185 
 186 
2.3.7. Release cells by gentle tapping of the dish, pipetting cold PBS against the cells, or by 187 
using a cell scraper. 188 
 189 
2.3.8. Add 9 mL of antibiotic-supplemented medium to the dish. 190 
 191 
2.3.9. In a new 60 x 15 mm dish, add 9 mL of fresh antibiotic-supplemented medium and 1 mL 192 
of resuspended cells from the original dish. 193 
 194 
2.3.10. Once the number of desired passaging plates have been filled, resuspended cells from 195 
the original dish can be discarded. 196 
 197 
2.3.11. Incubate the new dish at the settings mentioned above (step 2.2.8). 198 
 199 
2.3.12. Perform subsequent passaging when cells have reached 70-80% confluence 200 
(approximately every 2 days depending on the cell line and medium used). 201 
 202 
NOTE: Macrophage cells should be passaged a minimum of five times prior to infection 203 
experiments. Depending on the cell line, infection experiments should be performed by 25 to 30 204 
passages. After 25 to 30 passages, cells should be frozen or discarded. Section 2.4 or 2.5 can be 205 
chosen based on the experimental plans. Section 2.4 will be used for the following sections. 206 
 207 
2.4. Seeding macrophage cells prior to infection 208 
 209 
2.4.1. Perform passaging protocol steps 2.3.1 to 2.3.7. 210 
 211 
2.4.2. Using a hemocytometer or automated cell counter determine the cell density (cells/mL). 212 
 213 
2.4.3. Transfer 0.3 x 106 macrophage cells into a single well of a 6-well cell culture plate. 214 
 215 
2.4.4. Adjust total volume of well to 1 mL using antibiotic-supplemented medium (step 2.1.1). 216 
 217 
2.4.5. Repeat steps 2.4.3 and 2.4.4 until 8 wells have been filled (4 wells filled in two separate 218 
plates). 219 
 220 
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2.4.6. Optionally, fill the remaining two wells with 1 mL of room-temperature PBS to maintain 221 
moisture levels during incubation. 222 
 223 
2.4.7. Allow cells to grow under incubation conditions mentioned in step 2.2.8 for 2 d prior to 224 
infection. 225 
 226 
2.5. Seeding macrophage cells on the day of infection 227 
 228 
2.5.1. Perform passaging protocol steps 2.3.1 to 2.3.7. 229 
 230 
2.5.2. Using a hemocytometer or automated cell counter determine the cell density (cells/mL). 231 
 232 
2.5.3. Seed 1.2 x 106 macrophage cells into a single well of a 6-well cell culture plate. 233 
 234 
2.5.4. Adjust total volume of well to 1 mL using antibiotic-supplemented medium (2.1.1). 235 
 236 
2.5.5. Repeat 2.4.3 and 2.4.4 until 8 wells have been filled (4 wells filled in two separate 237 
plates). 238 
 239 
2.5.6. Optionally, fill the remaining two wells with 1 mL of room-temperature PBS to maintain 240 
moisture levels during incubation. 241 
 242 
2.5.7. Incubate cells under conditions mentioned in step 2.2.8 for 3 h to allow cells to adhere 243 
to wells. 244 
 245 
3. Infection of macrophage cells with C. neoformans 246 
 247 
NOTE: Upon reaching 70-80% confluence, there will be approx. 1.2 x 106 macrophage cells per 248 
well. To achieve the desired multiplicity of infection (MOI) of 100:1, 1.2 x 108 fungal cells are 249 
required for each reaction. Cultures must be set accordingly in biological quadruplicate. 250 
 251 
DISCLAIMER: A MOI of 100:1 has achieved desirable results in our research group and is meant 252 
as a suggestion to readers. A lower MOI may be required for more infectious C. neoformans 253 
strains or for less resilient macrophage cell lines. Verification of infection (section 3.5) can be 254 
used to determine the ideal MOI for particular C. neoformans – macrophages combinations. 255 
 256 
3.1. Preparation of fungal cells 257 
 258 
3.1.1. Follow step 1 for growth of C. neoformans to mid-log phase. 259 
 260 
3.1.2. Collect and centrifuge cells at 1,500 x g for 10 min, gently wash pellet with sterile room-261 
temperature PBS, and repeat for a total of three washes. 262 
 263 
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3.1.3. Resuspend cells in antibiotic-free cell culture medium (step 2.1.2) to achieve a 264 
concentration of 1.2x108 cells/mL. 265 
 266 
3.2. Preparation of macrophage cells 267 
 268 
3.2.1. Visualize each well in the 6-well plate to ensure that cells have reached 70-80% 269 
confluence. Alternatively, cells can be measured to achieve approx. 1.2 x 106 macrophage cells 270 
per well. 271 
 272 
3.2.2. Follow steps 2.3.1 to 2.3.4. 273 
 274 
3.3. Co-culture of C. neoformans and macrophage cells 275 
 276 
3.3.1. Add 1 mL of the resuspended C. neoformans cells (step 3.1.3) to 4 wells containing 277 
macrophage cells prepared in section 3.2. 278 
 279 
NOTE: The number of plates required will need to be calculated prior to beginning the 280 
experiment. Add 1 mL of antibiotic-free medium (step 2.1.2) to empty wells. 281 
 282 
3.3.2. Allow cells to incubate under conditions listed (step 2.2.8) for 3 h. 283 
 284 
3.3.3. Remove cell culture medium from the plate either with a serological pipette or a 285 
vacuum aspirator. 286 
 287 
3.3.4. Gently add 1 mL of sterile room-temperature PBS. 288 
 289 
3.3.5. Gently tilt the plate to wash non-attached or non-phagocytosed extracellular C. 290 
neoformans cells. 291 
 292 
3.3.6. Remove PBS using a serological pipette or vacuum aspirator, repeat for a total of three 293 
washes. Repeat 3.3.4 to 3.3.5 two more times. 294 
 295 
3.4. Uninfected macrophages 296 
 297 
3.4.1. Likewise, use 4 wells of a 6 well plate to serve act as macrophage-only samples. Add 1 298 
mL of antibiotic-free medium (step 2.1.2) to these wells. 299 
 300 
3.4.2. Repeat steps 3.3.2 to 3.3.6. 301 
 302 
3.5. Verification of infection 303 
 304 
NOTE: Using a cytotoxicity assay, infection proficiency can be measured. The following protocol 305 
will highlight application of a cytotoxicity product to measure LDH (lactate dehydrogenase) 306 
release. Other cytotoxicity products can also be used. 307 
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 308 
3.5.1. Preparation of C. neoformans infection of macrophage cells 309 
 310 
3.5.1.1. Repeats steps 1, 2, and 3 (up to 3.5). The LDH assay can be performed in 311 
triplicate, if preferred. 312 
 313 
3.5.1.2. Following step 3.3.6, add 1 mL of antibiotic-free medium (2.1.2) to each well in 314 
the 6-well plate. 315 
 316 
3.5.1.3. Repeat steps 2.4.3 and 2.4.4 until 3 wells plus 3n wells have been filled (where n 317 
is the number of time points measured). 318 
 319 
3.5.1.4. Incubate cells under conditions listed at step 2.2.8. 320 
 321 
3.5.1.5. At selected time points (e.g., 1, 3, 6, 12, and 24 hours) collect supernatant for 322 
measurement of LDH release according to manufacturer’s instructions 323 
 324 
3.5.1.6. At the same time points, uninfected macrophage cells will be lysed to 325 
determined value for maximum cytotoxicity. 326 
 327 
3.5.1.7. Calculate cytotoxicity as follows: 328 

% 𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑐𝑖𝑡𝑦 =  
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒
 329 

 330 
4. Sample collection 331 
 332 
4.1. Co-culture and uninfected macrophage collection  333 
 334 
4.1.1. Add 1 mL of cold PBS to the cells (from 3.3.6 and 3.4.2) and allow to sit at room 335 
temperature for 1 min. 336 
 337 
4.1.2. Release cells from the plate by gentle tapping of the plate or gentle pipetting cold PBS 338 
against the cells. 339 

 340 
NOTE: Cell scraper should be avoided as this could cause lysis of cells. 341 
 342 
4.1.3. Pipette resuspended cells into a 15 mL tube. 343 
 344 
4.1.4. Centrifuge cells at 400 x g for 5 min at room temperature, and remove the supernatant. 345 
 346 
4.1.5. Process cells (as detailed in step 5) immediately or flash frozen in liquid nitrogen and 347 
stored at -80 °C for later processing. 348 
 349 
5. Cellular proteome  350 



   

   
 

8 

 351 
NOTE: Sufficient lysis must be optimized for the cell type analyzed (i.e., the quantity of cycles and 352 
amplitudes depends on cell pellet size and the power percentage of probe sonicator model).  353 
 354 
5.1. Infected macrophage cell lysis 355 
 356 
5.1.1. Resuspend pelleted cells (step 4.1.5) in 300 µL of 100 mM Tris-HCl (pH 8.5) consisting of 357 
a freshly dissolved protease inhibitor cocktail tablet.  358 
 359 
NOTE: One protease inhibitor cocktail tablet is added to 10 mL of ice cold 100 mM Tris-HCl (pH 360 
8.5) prior to beginning the experiment. 361 
 362 
5.1.2. Probe sonicate cells in an ice bath for 15 cycles of 30 s on and 30 s off, to lyse the cells. 363 
 364 
5.1.3. Centrifuge cells briefly for 30 s at 400 x g, careful not to form a pellet, just to remove liquid 365 
on sides of tubes followed by transfer of sample to a 2 mL Lo-bind microcentrifuge tube. 366 
 367 
5.1.4. Add 1:10 volume of 20% SDS to a final concentration of 2%. 368 
 369 
5.1.5. Add 1:100 volume of 1 M dithiothreitol (DTT) to a final concentration of 10 mM and mix 370 
the sample thoroughly by pipetting, followed by incubation on a thermal heating block at 95 ˚C 371 
for 10 min at 800 rpm agitation. Next, cool to room temperature (cooling may be done on ice). 372 
 373 
5.1.6. Add 1:10 volume of 0.55 M iodoacetamide (IAA) to obtain a final concentration of 55 mM 374 
and mix the sample thoroughly by pipetting. Incubate at room temperature in the dark for 20 375 
min. 376 
 377 
5.1.7. Add 100% acetone to obtain a final concentration of 80% acetone and store sample 378 
overnight at -20˚C to precipitate proteins. 379 
 380 
5.2. Protein digestion 381 
 382 
5.2.1. The next day, collect the precipitate pellet by centrifugation for 10 min at 10,000 x g and 383 
4 ˚C. Discard supernatant and wash pellet with 500 µL of 80% acetone. Repeat for a total of two 384 
washes. Air dry pellet at room temperature following washes. 385 
 386 
5.2.2. Resolubilize protein pellet in 100 µL of 8 M urea/40 mM HEPES, to ensure complete 387 
solubilization, vortex or sonicate in an ice water bath for 15 cycles of 30 s on and 30 s off.  388 
 389 
NOTE: Adjustment of the volume of urea/HEPES is determined on size of precipitated cell pellet, 390 
if alterations occur all downstream volumes must be appropriately adjusted.  391 
 392 
5.2.3. Quantify protein concentration in using a protein assay (e.g., BCA protein assay) according 393 
to manufacturer’s instructions and adjust for background measurement by blank normalization 394 
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with 8 M urea/40 mM HEPES.  395 
 396 
5.2.4. Add 300 µL of 50 mM ammonium bicarbonate to obtain a final concentration of 2 M urea. 397 
 398 
NOTE: Opportunity to normalize protein concentration for downstream measurements, 399 
suggested to digest 100 µg of protein and store the remaining undigested sample by flash 400 
freezing in liquid nitrogen then store at -20 ˚C for short-term, or at -80 ˚C for longer-term. 401 
 402 
5.2.5. Add 2:50 (v/w) enzyme-to-protein ratio of trypsin/Lys-C protease mixture on ice and 403 
gently tap tube to mix, incubate overnight at room temperature.  404 
 405 
5.2.6. Following incubation, stop digestion by adding 1:10 volume stopping solution (20% 406 
acetonitrile, 6% trifluoroacetic acid) and centrifuge samples at 10,000 x g for 5 min at room 407 
temperature.  408 
 409 
5.2.7. Collect supernatant (consists of digested peptides) and discard any pelleted debris or 410 
precipitate. 411 
 412 
5.3. Peptide desalting  413 
 414 
5.3.1. Activate a C18 Stop And Go Extraction (STAGE) tip (consisting of 3 layers C18 resin in a 415 
200 µL pipette tip) by adding 100 µL of 100% acetonitrile and centrifuge at 1,000 x g for 2 min.  416 
 417 
5.3.2. Equilibrate the C18 STAGE tip by adding 50 µL of Buffer B (80% (v/v) acetonitrile, 0.5% 418 
(v/v) acetic acid) and centrifuge at 1,000 x g for 2 min.  419 
 420 
5.3.3. Equilibrate the C18 STAGE tip by adding 200 µL of Buffer A (2% (v/v) acetonitrile, 0.1% 421 
(v/v) trifluoroacetic acid, 0.5% (v/v) acetic acid) and centrifuge at 1,000 x g for 3-5 min. 422 
 423 
5.3.4. Add ~50 µg of digested sample onto C18 STAGE tip and centrifuge at 1,000 x g for 3-5 min, 424 
or until sample has passed through spin column. Flash freeze the remaining digested sample in 425 
liquid nitrogen and store at -20˚C, until needed.  426 
 427 
5.3.5. Wash the C18 STAGE tip with 200 µL of Buffer A and centrifuge at 1,000 x g for 3-5 min. 428 
 429 
5.3.6. Add 50 µL Buffer B to the C18 STAGE tip and centrifuge at 500 x g for 2 min. Collect eluted 430 
peptides in 0.2 mL PCR tubes. 431 
 432 
5.3.7. Dry the eluted peptides in a vacuum centrifuge for 30-40 min at maximum speed. 433 
Completely dried samples may be stored at room temperature or at -20 ˚C until processed. 434 
 435 
NOTE: Dried and desalted peptides are appropriate sample submissions to mass spectrometry 436 
facilities for processing and may be shipped at ambient temperature. 437 
 438 
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6. Mass spectrometry  439 
 440 
6.1. Reconstitute peptides in 10 µL Buffer A and measure concentration necessary to inject 441 
~1.5 to 3 µg peptides onto the MS column. Amount of sample will depend on instrumentation. 442 
 443 
6.2. Use a pre-determined gradient of acetonitrile (approx. 5-60%) in 0.5% acetic acid over a 444 
desired time (e.g., 2 h) to separate peptides by high-performance liquid chromatography, 445 
followed by electrospray ionization into the mass spectrometer.  446 
 447 
6.3. Acquire MS scans using a high-resolution mass spectrometer in data dependent 448 
acquisition mode (m/z 300 to 1650).  449 
 450 
NOTE: Gradient percentage and length are determined by the experiment and the user. Precise 451 
mass spectrometer settings depend on instrumentation, experiment, and user preference. 452 
 453 
7. Data analysis  454 
 455 
NOTE: MS data can be processed with numerous bioinformatics pipelines. In this protocol, we 456 
describe processing using the publicly available MaxQuant and Perseus platforms but 457 
recommend individual users to evaluate bioinformatic tools appropriate for the analysis, 458 
preference, and usage.  459 
 460 
7.1. Load unprocessed data files (directly from the MS instrument) using MaxQuant software. 461 
Identify proteins under the modified MaxQuant search parameters; minimum of two unique 462 
peptides necessary for protein identification using a target decoy approach for a false discovery 463 
rate of 1%, implement label-free quantification with matching between runs, incorporate the 464 
organisms FASTA file obtained from the UniProt database (i.e., Cryptococcus neoformans H99, 465 
Mus musculus) to identify and quantify present peptides with the Andromeda search engine. 466 
Consult public MaxQuant online tools for detailed tutorials (see Table of Materials). 467 
 468 
7.2. Upload the MaxQuant output file (‘proteingroups.txt’) into Perseus.  469 
 470 
7.3. Filter rows containing potential false positives and contaminants, as well as only modified 471 
by site peptides with the ‘Filter rows based on categorical column’. 472 
 473 
7.4. Transform data values on log2 scale.  474 
 475 
7.5. Create data set groups by providing categorical annotation to the rows.  476 
 477 
7.6. Filter dataset by valid values to define a cut-off for protein detection.  478 
 479 
NOTE: For a stringent and robust analysis a >50% identification rate is suggested. For example, if 480 
four replicates were processed then a minimum number of three valid values would be selected.  481 
 482 
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7.7. If preferred, impute data by replacing missing values from the normal distribution.  483 
 484 
NOTE: Imputed values are optimized based on normal distribution and provides a random LFQ 485 
intensity to replace ‘NaN’ placeholders to simulate typical abundance measurements. This 486 
imputation provides a platform for downstream statistical analysis that require quantifiable data. 487 
 488 
7.8. Add annotations to the protein rows (e.g. protein names, Gene Ontology terms). 489 
 490 
NOTE: This Perseus workflow generated is now a robust framework for further bioinformatic 491 
processing, statistical analysis, and data visualization, consult public Perseus online tools for 492 
detailed tutorials (see Table of Materials). 493 
 494 
REPRESENTATIVE RESULTS:  495 
The protocol outlined above enables identification and quantification of proteins derived from 496 
both the fungal pathogen, C. neoformans, and the host, macrophage cells, in a single experiment. 497 
Following co-culture, cells are collected and processed together and bioinformatically separated 498 
based on peptide profiles specific to each species. This is a powerful approach for defining the 499 
interplay of the host-pathogen relationship during infection. The number of proteins identified 500 
from the experiment depends on the starting material, sample preparation, gradient length, MS 501 
instrumentation, and bioinformatic workflow. Using the protocol described herein, we typically, 502 
identify approx. 8,000 proteins from the experiment with 1,500 C. neoformans proteins and 6,500 503 
host proteins. Following processing of the datasets, we generate a Principal Component Analysis 504 
(PCA) plot to observe critical factors driving our analysis (Figure 2A). Here, we observe the largest 505 
component of separation among the data is infected vs. non-infected samples, as we would 506 
anticipate from the experimental design (component 1, 79.8%), and a second distinguishing 507 
feature of the samples is biological variability (component 2, 5.7%). Next, a Pearson correlation 508 
combined with hierarchical clustering by Euclidean distance groups the samples and enables 509 
quantification of the variability among the replicates (Figure 2B). In our analysis, we observed 510 
distinct clustering of infected vs. non-infected samples and replicate reproducibility ranging from 511 
95-96%, representing good reproducibility among the replicates. Lastly, we perform a Student’s 512 
t-test corrected for multiple hypothesis testing using a Benjamini-Hochberg false discovery rate 513 
(FDR) (p-value ≤ 0.05; FDR = 0.01; s0 = 1) to identify proteins with significant differences in 514 
abundance during infection compared to non-infected controls (Figure 2C). Here, we identify 760 515 
proteins with significant changes in abundance, including 117 host proteins with 86 showing a 516 
significant decrease and 31 showing a significant increase upon infection. Notably, we also 517 
observe significant increases in abundance of fungal proteins, as expected during infection. With 518 
these data, subsequent analyses, including network mapping, in silico characterization, and 519 
follow-up experiments are performed to validate the data and explore the molecular 520 
mechanisms underpinning the host response to virulence.  521 
 522 
FIGURE AND TABLE LEGENDS:  523 
Figure 1: Mass spectrometry-based proteomics workflow for analysis of macrophages infected 524 
with C. neoformans. The workflow begins with collection of macrophages either infected with C. 525 
neoformans or non-infected controls. Proteins are extracted by mechanical and chemical 526 
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disruption, followed by reduction and alkylation, acetone precipitation, and enzymatic digestion. 527 
Peptides are purified on C18 STAGE tips, separated by high-performance liquid chromatography, 528 
subjected to electrospray ionization, and measured on a high-resolution mass spectrometer. 529 
Data is processed, analyzed, and visualized in the publicly available bioinformatics platforms, 530 
MaxQuant (with Andromeda) and Perseus14–16. Experiments performed in biological 531 
quadruplicate. 532 
 533 
Figure 2: Representative data for C. neoformans infection of macrophage cells. (A) Principal 534 
component analysis demonstrates distinction between infected vs. non-infected macrophage 535 
(component 1, 79.8%), and clustering of biological replicates (component 2, 5.7%). (B) Heat map 536 
of Pearson correlation plotted by hierarchical clustering by Euclidean distance to show clustering 537 
of samples (infected vs. non-infected) and replicate reproducibility (>95%). (C) Volcano plot of 538 
identified proteins. Purple = fungal proteins with significant change in abundance; black = 539 
macrophage proteins with significant change in abundance. Student’s t-test (p-value ≤ 0.05), FDR 540 
= 0.01; s0 = 1. 541 
 542 
DISCUSSION:  543 
Critical steps in the protocol include preparation of macrophage cells and collection of co-culture 544 
samples for protein processing with minimal disruption to the cells. It is important to perform 545 
steps of washing, inoculating, and removing adherent macrophage cells gently and carefully to 546 
prevent unnecessary lysis of cells prior to collection. Establishing the correct MOI for the 547 
experiment is also critical as inoculating with an excessively high MOI can cause rapid 548 
macrophage cell death and difficulty in collecting and processing samples for MS. Conversely, low 549 
MOI numbers will lead to fewer phagocytosed fungal cells and limited detection of fungal 550 
proteins in the biological system. To overcome such limitations, we recommend performing test 551 
experiments with varying MOIs, supported by cell death assays (e.g., LDH quantification) to 552 
define the number of fungal cells that initiate a host response but do not kill the host cells prior 553 
to collection. For the experiments, we aim to identify infection-associated fungal proteins, 554 
requiring a high MOI (100:1) to adequately detect fungal proteins among highly abundant host 555 
proteins. We routinely perform macrophage cytotoxicity assays to assess MOI impact on host cell 556 
death prior to performing the entire experiment. Timing of incubation of C. neoformans cells with 557 
macrophages is also crucial as the fungal cells may possess large polysaccharides capsules and 558 
therefore, macrophage require more time for engulfment. We select to use a co-culture 559 
incubation time of 3 h for the outlined experiment, as we found good coverage of the fungal 560 
proteome at this time point and to provide a ‘snap-shot’ of host response; however, researchers 561 
may wish to explore earlier and later time points and observe how timing impacts fungal and 562 
host protein production. Alternatively, priming the macrophage for opsonization has been 563 
performed to assist the phagocytic process17,18.  564 
 565 
For sample collection, if samples are not being processed immediately flash freezing in liquid 566 
nitrogen will help prevent unwanted degradation of proteins by proteases present in the 567 
samples. In addition, for MS-based proteomic analyses, the potential for contamination from 568 
dust or keratin (e.g., skin and hair cells) should be limited through the use of nitrile gloves, 569 
laboratory coats, and washing of all surfaces with 70% ethanol prior to commencing experiments. 570 
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Moreover, the protocols outlined above are specific to the co-culture sample set described but 571 
can be modified for protein extraction workflow optimization, as needed19, 20. Opportunities for 572 
modifying the workflow and optimizing for specific cell types include the selected mechanical and 573 
chemical disruption techniques, duration and temperature of enzymatic digestion, and 574 
separation of the samples. For instance, lysis of C. neoformans cells is typically performed by 575 
mechanical bead beating; however, we have observed increased proteome coverage following 576 
probe sonication and therefore, recommend it for mechanical disruption of the infected 577 
cells19,21,22. For example, fractionating peptide samples into aliquots by high-pH fractionation or 578 
size exclusion chromatography may reduce sample complexity and improve depth of coverage 579 
on the mass spectrometer9. Moreover, to achieve the depth of coverage to identify approx. 8,000 580 
host and fungal proteins, a high-resolution mass spectrometry system is required (e.g., QExactive 581 
Exploris, Fusion Lumos, timsTOF Pro). 582 
 583 
The use of LFQ for quantifying changes in protein levels during infection is a reliable and cost-584 
effective approach for MS-based proteomics12. It enables quantification of proteins by relative 585 
abundance without the need for additional sample processing steps. In addition, the analysis is 586 
performed following completion of the experiment, lending itself to universal applications and a 587 
flexible study design. However, limitations of LFQ include increased instrumentation time as 588 
samples must be run sequentially and cannot be combined, comparability between samples can 589 
be challenging, and the need for imputation to replace missing values can be high23. Alternative 590 
approaches for quantifying protein abundance include metabolic (e.g., stable isotope labeling of 591 
amino acids in cell culture) and chemical (e.g., tandem mass tags) labeling techniques, which 592 
permit combining samples to reduce instrument time, provide reliable comparability among 593 
samples, and commonly lead to less missing values24,25. However, such approaches require 594 
additional sample handling and processing steps, increased wet lab experiment complexity and 595 
time, as well requiring a fixed experimental design. To choose a quantification method optimal 596 
for proposed experiments, users should consider study design and comparability of samples, wet 597 
lab complexity and data analysis, as well as instrumentation time availability and cost. 598 
 599 
The novelty of the protocol presented is the ability to define changes in the proteome from both 600 
the host and pathogen perspectives in a single experiment. The depth of coverage of both 601 
proteomes enables new insight into how the pathogen initiates infection and how the host 602 
responds in defense. Notably, the approach focuses on infection of the entire cell; however, 603 
opportunities to define sub-proteomes or compartmentalized responses to infection exist 604 
through combination with spatial localization techniques (e.g., centrifugation, enrichment, 605 
labeling)26, 27. Here, we detail the interaction between macrophages and the fungal pathogen, C. 606 
neoformans; however, the approach is universal, and can be applied to interactions between a 607 
diverse array of biological systems. For example, we recently used a similar workflow to uncover 608 
general and site-specific responses of neutrophils derived from a murine model of ocular 609 
keratitis28–30. Moreover, the infectome datasets generated from this Protocol can be integrated 610 
with in vitro proteome and secretome profiling of a pathogen to detect proteins with altered 611 
abundance in the presence of host cells. Such proteins, referred to as infection-associated 612 
proteins, provide a plethora of known and novel virulence factors for further characterization, 613 
including temporal regulation, localization, and direct protein-protein interactions with the host. 614 
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Overall, the outlined MS-based proteomics workflow provides a new opportunity to investigate 615 
the intricate relationship between host and pathogen in a single experiment with universality 616 
and comprehension not commonly available. 617 
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Name of Material/ Equipment Company Catalog Number Comments/Description

100 mM Tris-HCl, pH 8.5 Fisher Scientific BP152-1 Maintain at 4˚C

60 x 15 mm Dish, Nunclon Delta ThermoFisher Scientific 174888

6-well cell culture plate ThermoFisher Scientific 140675

Aceotnitrile, MS grade Pierce TS-51101

Acetic Acid Sigma Aldrich 1099510001

Acetone Sigma Aldrich
34850-1L

Ammonium biocarbonate (ABC) ThermoFisher Scientific A643-500
Prepare a stock 50 mM ABC solution, stable 

at room temperature for up to one month.

Bel-Art™ HiFlow Vacuum Aspirator Collection System

Fisher Scientific 13-717-300

Not essential, serological pipettes can be 

used to remove media.

C18 resin 3M Empore 3M2215

Cell Scrapers
VWR 10062-906 

Not essential, other methods to release 

macrophage cells can be used.

Centrifugal vaccuum concentrator Eppendorf 07-748-15

Complete Filtration Unit VWR 10040-436 

Connical falcon tubes (15 mL) Fisher Scientific 05-539-12

Countess II Automated Cell Counter
ThermoFisher Scientific AMQAX1000

Not essential, haemocytometer can be 

used as an alternative.

CytoTox 96 Non-Radioactive Cytotoxicity AssayPromega G1780

Dithiothreitol (DTT) ThermoFisher Scientific R0861

Prepare bulk stock solution of 1 M DTT, 

flash frozen and stored at -20 ˚C until use. 

Discard after each use (do not freeze-thaw 

repeatedly). 

DMEM, high glucose, GlutaMAX Supplement ThermoFisher Scientific 10566016
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Fetal Bovine Serum (FBS) ThermoFisher Scientific

12483020
Heat inactivate by incubating at 60°C for 30 

minutes. Prepare 50 ml aliquots and flash 

freeze. Thaw prior to media preparation

Haemocytometer VWR 15170-208 

HEPES Sigma Aldrich H3375

Prepare 40 mM HEPES/8 M Urea in bulk 

stock solution, flash frozen, store at -20˚C 

until use. Discard after each use (do not 

freeze-thaw repeatedly).  

High-performance liquid chromatography 

system
ThermoFisher Scientific LC140

Gradient length is based on sample 

complexity, recommended 120 min 

gradient for infectome samples. 

High-resolution mass spectrometer ThermoFisher Scientific 726042

Iodoacetamide (IAA) Sigma Aldrich I6125

Prepare 0.55 M bulk stock solution, flash 

frozen, store at -20˚C until use. Discard 

after each use (do not freeze-thaw 

repeatedly).

L-glutamine ThermoFisher Scientific 25030081

Can be aliquot and frozen for storage. Thaw 

prior to media preparation.

LoBind Microcentrifuge tubes Eppendorf 13-698-794

MaxQuant https://maxquant.org/   

MaxQuant is a public platform that offers 

tutorials, such as the MaxQuant Summer 

School, outlining the computational 

analysis steps of large MS data sets

Microcentrifuge Eppendorf 13864457

PBS buffer ThermoFisher Scientific 10010023

Penicillin : Streptomycin 10k/10k VWR
CA12001-692

Can be aliquot and frozen for storage. Thaw 

prior to media preparation.

peptide separation columns ThermoFisher Scientific ES803

Perseus Software http://maxquant.net/perseus/

Phosphate Buffered Saline VWR

CA12001-676

Puchase not required. PBS can also be 

prepared but sterile filteration must be 

performed before use.

https://www.thermofisher.com/order/catalog/product/10010023


Pierce BCA Protein Assay ThermoFisher Scientific  23225

Pipette, Disposable Serological (10 mL) Fisher Scientific 13-678-11E

Pipette, Disposable Serological (25 mL) Basix Fisher Scientific 14955235

Probe sonciator ThermoFisher Scientific 100-132-894

Protease inhibitor cocktail tablet Roche 4693159001

Sodium dodecyl sulfate ThermoFisher Scientific 28364 20% (w/v) 

Spectrophotometer (Nanodrop) ThermoFisher Scientific ND-2000

STAGE tipping centrifuge Sonation STC-V2

Thermal Shaker VWR NO89232-908

Trifluoroacetic acid ThermoFisher Scientific 85183

Trypsin/Lys-C protease mix, MS grade Pierce A40007 Maintain at -20 ˚C.

Ultrasonic bath Bransonic A89375-450 Stored in cold room (4C)

Urea Sigma Aldrich U1250-1KG

Prepare 40 mM HEPES/8 M Urea in bulk 

stock solution, flash frozen, store at -20 ˚C 

until use. Discard after each use (do not 

freeze-thaw repeatedly).  

Yeast-extract peptone dextrose broth BD Difco BM20
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Changes to be made by the Author(s) regarding the written manuscript: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. 

- done 

 

2. Please rephrase the Summary to clearly describe the protocol and its applications in complete 

sentences between 10-50 words: “Here, we present a protocol to …” 

- done 

 

3. Please highlight up to 3 pages of the Protocol (including headings and spacing) that identifies 

the essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the 

most cohesive story of the Protocol. Remember that non-highlighted Protocol steps will remain 

in the manuscript, and therefore will still be available to the reader. 

- Done (highlighted in yellow) 

 

4. Please ensure that the highlighted steps form a cohesive narrative with a logical flow from one 

highlighted step to the next. Please highlight complete sentences (not parts of sentences). Please 

ensure that the highlighted part of the step includes at least one action that is written in 

imperative tense. 

- Done  

 

5. Please reference Figure 2 in the manuscript. 

- It was referenced as Fig. 2 – now changed to Figure 2 

 

6. Please present some limitations of the technique in the discussion. 

- Highlighted in red text 
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Reviewers' comments: 

Reviewer #1:  
Manuscript Summary: 

In this manuscript, Ball et al., present a label-free quantitative proteomics workflow for 

identifying the pathogen and host proteins that mediate their interactions - essentially identifying 

the infectome. Their label-free quantitation (LFQ) approach involves measuring protein 

abundance of both the pathogen (i.e. Cryptococcus neoformans, a medically relevant human 

fungal pathogen) and the host (i.e. macrophages - a murine cell line) in a single experiment. The 

advantages of this approach over others is the lack of a label which can complicate discovery-

based proteomics and the combined extraction of pathogen and host proteomes in one (as 

opposed to isolation and separation of different cell types. 

Overall the manuscript is very well written and this protocol will be very useful to the mycology 

community. There are minor concerns that should be addressed: 
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Major Concerns: 

No major concerns 

 

Minor Concerns: 

1. A 1:100 MOI is very high, did the authors check for macrophage cell death? 

- Yes, we agree that the MOI is high and we routinely check for macrophage cell death 

through LDH assays. We do not observe an inhibitory rate of cell death at the selected 

time point; however, longer co-culture and incubation times may alter the cell death 

rates and should be assessed by each researcher. We find that an MOI below 100:1 fails 

to identify a large portion of the fungal proteome – an important component when aiming 

to detect infection-associated proteins, but a host response can be detected with MOI of 

10:1, for example. We’ve added a note about this point in the Discussion section to 

support other researchers. 

 

2. Macrophages and C. neoformans are co-incubated for 3h - why was this particular time point 

chosen? This is likely reflecting fungicidal activity so that the proteomic profile at this time point 

would likely be different from a longer incubation time. 

- The 3 h time point was selected based on our testing of proteome profiles at shorter and 

longer co-culture incubation time points to achieve adequate coverage of the fungal 

proteome. We have added a comment in the Discussion section to address the potential 

differences in proteomes based on co-culture and collection time points. 

 

3. In general, lysis of C. neoformans' cells is done by mechanical bead lysis - it is not clear how 

efficient the sonication for lysis of the capsule and cell walls are by the sonication approach? The 

authors need to discuss this. 

- We have performed mechanical bead lysis but find, in the presence of polysaccharide 

capsule, disruption and release of proteins is limited. Our previous papers describe the 

use of probe sonication to successfully lyse C. neoformans cells. We have added a 

statement in the Discussion to address this point. 

 

4. A disadvantage of this approach is that combining and lysing the macrophages and fungal 

cells together does not allow the isolation of sub-proteomes, for example the isolation of only the 

proteins unique to the cell surface which would play a central role in mediating initial fungal-

host interactions. 

- This is correct, we are looking at the entire cell as a whole. We have added a sentence in 

the Discussion about opportunities to explore sub-proteomes.  

 

 

Reviewer #2:  
The authors present label free quantitative mass spectrometric methods to measure the proteome 

of macrophages with or without infection by Cryptococcus neoformans H99, a pathogenic yeast 

that is known to cause severe health problems in immunocompromised patients. Overall, the 

protocol is straight forward and quite complete in itself. The method should be of interest for 

many scientists who want to study the infectome, the proteome of pathogen infected cells. The 

discussion nicely emphasizes which parts of the protocol require special attention. For example 

the authors explain how determination of the correct multiplicity of infection, is critical for the 



establishment of life infected host cells vs obtaining only dead or uninfected cells. There are, 

however, a few unclear points in the protocol as listed below. Also, the results are not fully 

discussed. While it is understandable that this video production focuses primarily on the 

methods, it would be useful to demonstrate what can be learned from the dysregulated host and 

pathogen proteomes following infection. No protein identities were provided and it is unclear if 

the MS data set itself will be made available. There is also no discussion on what type of mass 

spectrometers would be most suitable for this approach. Since maxquant/perseus software 

calculates precursor ion chromatograms for each peptide to deduce protein abundance, it is 

necessary to utilize a mass spectrometer with a sufficient sample rate in the MS1 domain. This 

should be discussed. 

- Thank you for your comments. As the data presented are part of a larger project and the 

specific protein IDs are not pertinent to understanding or performing the experiment, we do not 

provide protein IDs. The data in Fig. 2 is representative of the data to be expected and so it is 

not publicly available at this time but we do fully support publicly available data and routinely 

deposit our work into the Proteome Xchange Consortium. We have added information about the 

mass spectrometer requirements in the Discussion. 

 

Other points: 

-The list of material/equipment in the back is very useful, but should be referenced somewhere 

- I believe this is an Editorial line item to be addressed. 

 

-Lines 117-119: There are many types of monocytic/macrophage cell lines. Why was a not very 

well defined line used here? How is this cell line available to the community? How were the 

macrophages immortalized? Are those really macrophages or monocytes? 

- An immortalized cell line was generated from WT BALB/c mice. We have also performed 

the experiments listed with immortalized cell lines obtained from ATCC (e.g., RAW cells). 

The cells were derived to macrophages and confirmed by microscopy. We have added a 

note to the protocol about the application of the outlined technique to different cell lines. 

 

-It is unclear in what medium or buffer the macrophages were frozen. 

- We have added this information to the protocol. 

 

-Line 127: the vague expression of "similar" should be replaced with "identical" or "same" 

- Done  

 

-Line 145: 5 to 10 million cells per what? Per mL or per vial? 

- Clarified 

 

-Line 172-173: seems contradictory and unclear. A minimum of 5 passages is mentioned, but 

then 25 to 30 passages are done for infection experiments? How? 

- Cells should be passaged a minimum of five times before performing the experiment and 

a maximum of 30 passages before beginning a new cell line. We have clarified in the text. 

 

-Line 175: unclear readers' selection based on what? 

- Clarified  



 

-Line 208 seems to contract line 225: confluence is at 1.2 million macrophages per well, but later 

70 to 80 % confluence is visually inspected. Unclear which should be used. 

- Clarified  

 

-Line 231: same issue. What level of confluence should the macrophages be in at the time of 

infection? 

- Clarified  

 

-The same section is also unclear about how many of the 6 wells per plate will be used. If 4 wells 

are used for the infection experiment, are the other two wells used to culture un-infected cells? 

According to line 242, there are now 4 remaining wells, which is impossible on a 6 well plate 

(4+4 = 8). 

- This has been corrected 

 

-How many plates will be used per-proteomics experiment? 

- It depends on the number of starins tested. Typically, 2 plates will be used (one infected 

with 4 wells and one uninfected with four wells). 

 

-Line 284: unclear how much protease inhibitors were used. 

- More detail was provided. 

 

-Line 332 and materials table: I cannot find the source for the STAGE tips. 

- This involves three layers of C18 resin packed into a 200 ul pipette tip. We have added 

this note to the main protocol. 

 

-Line 413: explain why not correction (e.g Bonferoni) was used 

- We reported the false discovery rate but missed including the test used. We apologize and 

corrected this mistake. All of the appropriate statistical tests are corrected for an FDR. 

 

-Line 465: 70% of what? 

- Ethanol, this has been corrected 

 

-Line 508: missing word (group or lab). 

- Done  

 

-The table of comments/description ended up after the Materials table. It cannot be used this 

way, since it is unclear which comment belongs to which reagent. 

- I believe this is a Editorial item to be addressed. 

 


