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Abstract:

Extracdlular vesicles (EVs) are widely implicated as novel diagnostic and therapeutic
modalities for a wide range of diseases. Thus, optimization of EV biomanufacturing is of high
interest. In the course of developing parameters for aHEK293T EV production platform, we
examined the combinatorial effects of cell culture conditions (i.e., satic vs dynamic) and
isolation techniques (i.e., ultracentrifugation vs tangential flow filtration vs size-exclusion
chromatography) on functional characteristics of HEK293T EV's, including anti-inflammatory
bioactivity using a well-established L PS-stimulated mouse macrophage moddl. We unexpectedly
found that, depending on culture condition and isolation strategy, HEK293T EV's appeared to
significantly suppress the secretion of pro-inflammatory cytokines (i.e., IL-6, RANTES) in the
stimulated mouse macrophages. Further examination revealed that these results were most likely
dueto fetal bovine serum (FBS) EV contamination in HEK293T EV preparations. Thus, future
research assessing the anti-inflammatory effects of EV's should be designed to account for this

phenomenon.
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I ntroduction:

With the potential to mirror the functional effects of parental cells and shuttle bioactive
cargoes intercellularly, extracellular vesicles (EVs) hold promise as early-stage biomarkers and
therapeutic interventions for various diseases as well as proficient drug delivery vehicles[1, 2].
As such, much effort has been expended in exploring the production, isolation, and functional
characterization of EVsresulting in various methodologies that differ vastly across individual
experiments and phases of research (i.e., preclinical vsclinical) [3]. In terms of EV production,
there has been a collective movement to implement dynamic and/or 3D cell culture
microenvironments, as these techniques are often more scalable than traditional flask culture and
can produce EV s that resemble those within the physiological niche [4]. Specifically, bioreactor-
based culture alows for the implementation of physiological parameters, including flow-derived
shear stress, and has been shown to significantly increase EV production across numerous
studies [5-14]. Importantly, the shift from static to dynamic culture is also known to cause
dramatic changes in the EV therapeutic profile[9, 12, 14-16]; in some cases elucidating EV
effects that were not present when utilizing traditional flask culture [15]. This phenomenon of
altered EV bioactivity can also be observed when implementing different EV isolation strategies
such as tangential flow filtration (TFF), ultracentrifugation (UC), or size-exclusion
chromatography (SEC) [16, 17]. Thus, optimizing EV production and isolation methods may be
vital in creating an ideal EV formulation for a given application.

Despite the important role that culture conditions and isolation strategies may play, only a
couple of studies have explored the combinatorial effects of these techniques on perceived EV
bioactivity [16, 18]. In one such study, Haraszti and colleagues demonstrated that EV's from

umbilical cord-derived M SCs cultured within a microcarrier-based bioreactor and isolated via
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TFF were more efficient in delivering functional therapeutic SSRNA into neurons than those EV's
isolated from the same bioreactor culture using UC. They also show that bioreactor EVsisolated
using UC were no more effectivein SSIRNA transfer than EV's from traditional flask culture
isolated using UC or TFF [16]. Previous research aso cautions over assuming that the EVs are
solely responsible for therapeutic activity, as many isolation strategies can result in the co-
isolation of processimpurities[19]. Demonstrating thisis a study by Whitaker et al. in which the
co-isolated and non-EV associated VEGF within MSC EV preparations had pro-angiogenic and
pro-migratory effects on endothelial cells that could wrongfully be accredited to the EVs[20].
Altogether, these studies emphasi ze the importance of optimizing both cell culture conditions
and isolation methods ssmultaneously while implementing careful functional assessment to
produce the most viable EV therapeutic platform.

Asfor functional evaluation of EV's, much interest is often paid to EV anti-inflammatory
capacity, asinflammatory dysregulation is ubiquitous in many chronic diseases (e.g., sepsis,
cancer, and autoimmune disorders) and tissue regeneration issues [21, 22]. Recently, Pacienza
and colleagues developed an in vitro L PS-stimulated mouse macrophage assay to assess the anti-
inflammatory potential of mesenchymal stem cell (M SC)-derived EVs. Notably, results obtained
in thisin vitro assay were able to predict the efficacy of different MSC EV preparationsin
suppressing LPS-stimulated inflammation in mice[23]. As such, this assay and derivatives of it

have been used regularly to test the anti-inflammatory properties of EVs[24-26].

In the present investigation, we examined the combinatorial effects of cell culture
conditions (i.e., static vs dynamic) and isolation techniques (i.e., UC vs TFF vs SEC) on the size,
morphology, and functional characteristics of EV's from HEK293T cells— ahighly scalable

source for the production of therapeutic EVs[27]. Surprisingly, depending on culture condition
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88  andisolation strategy, HEK293T EV's appeared to exert immunosuppressive effects in an LPS-
89  stimulated mouse macrophage model. We found that this result was most likely due to FBS EV
90  contaminants within the HEK293T EV samples. Our results highlight the importance of

91  recognizing and controlling for potential contaminantsin EV preparations when utilizing this

92  assay.
93
94 Methods:

95 Cdl Maintenance

96 Human embryonic kidney cells (HEK293T) were purchased from ATCC (CRL-3216)
97  and cultured in T175 flasks using Dulbecco’s Modification of Eagle's Medium (DMEM) [+] 4.5
98  ¢g/L glucose, L-glutamine, and sodium pyruvate (Corning, 10-013-CV) supplemented with 10%
99 fetal bovine serum (FBS; VWR, 89510-186) and 1% penicillin-streptomycin (P/S; Corning, 30-
100  002-Cl). All HEK293T cells used in experiments were between passages 4-7. RAW?264.7 mouse
101 macrophages (ATCC, TIB-71) were cultured in T175 flasks with DMEM [+] 4.5 g/L glucose, L-
102  glutamine, and sodium pyruvate (Corning, 10-013-CV) supplemented with 5% FBS and 1% P/S.
103 RAW264.7 at passages 10-13 were used in experiments. Human umbilical vein endothelial cells
104  (HUVECS) pooled from multiple donors (PromoCell; C-12203) were cultured in T75 flasks
105  coated with 0.1% gelatin at 37 "C for 1 h prior to seeding. HUVECs were maintained in complete
106  endothelial growth medium-2 (EGM2; PromoCell, C-22111) supplemented with 1% P/S. During
107  experiments, HUVECswere cultured in endothelial basal medium-2 (EBM2; PromoCell, C-
108  22221) supplemented with 0.1% FBS and 1% P/S. HUVECs at passages 3 and 4 were used in

109  experiments.

110
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111 HEK293T Cdl Culture Conditions

112 Flask and Scaffold Culture

113 As static controls, HEK293T cells were cultured within T75 tissue culture flasks (VWR,
114 BD353136) or a 3D-printed scaffold. The scaffold was printed from a biocompatible acrylate-
115  based material (E-Shell 300; EnvisionTEC) using an EnvisionTEC Perfactory 4 Mini Multilens
116  stereolithography apparatus (EnvisionTEC, Inc., Dearborn, M1, USA). The 12 cm?® volume

117  construct contained a growth surface area (50 cm?) with small pillars (1 mm in diameter) that
118  were spaced 2.5 mm apart. This design allowed efficient cell removal and immunofluorescence
119  imaging aswell asthe facilitation of nutrient and gas transport and a mechanism to control fluid
120  parameters predictably. Following printing, scaffolds were submerged in 99% isopropanol

121 (Pharmco-Aaper, Shelbyville, KY) for 5 min to remove excess resin. The scaffolds were then
122 flushed with fresh 99% isopropanol until al excess resin was removed after which the scaffolds
123 weredried with filtered air. Resin curing was accomplished using 2,000 flashes of broad-

124  spectrum light (Otoflash, EnvisionTEC, Inc.). Scaffolds were then cleaned in 100% ethanol for
125  >30 minto eiminate any remaining contaminants, after which they were placed in fresh 100%
126  ethanol and sterilized in an ultraviolet sterilizer (Taylor Scientific, 17-1703) for 10 min.

127  Rehydration was achieved by soaking the scaffolds in sterile serial dilutions of ethanol to 1X
128  PBS(pH 7.4) for 5 minutes per step (75:25, 50:50, 25:75, 0:100 ethanol:PBS). Rehydrated

129  scaffolds were placed in 100% sterile 1X PBSin at 4°C until use. When ready to use, scaffolds
130  were coated with 3 pug/cm? fibronectin in sterile water at 37°C for 30 min. Flasks and scaffolds
131 were seeded at a density of 2,500 cell/cm? in 15 mL of media.

132

133
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134  Perfusion Bioreactor Culture

135 For the perfusion bioreactor condition, select seeded scaffolds were hooked up to a

136  Masterflex L/S Digital Peristaltic Pump (Cole-Parmer; Vernon Hills, IL, USA) using platinum-
137  cured silicon tubing (Cole-Parmer, EW-95802-04). The scaffolds were operated at a flow rate of
138 5 mL/min which corresponded to a shear stress value of 3x10° dyn/cm? as determined previously
139 by computational fluid modeling viathe Flow Simulation add-in for SolidWorks (Dassault

140  Systemes, Veizy-Villacoublay, France). The set-up allowed the scaffolds to be connected to a
141 mediareservoir containing 50 mL of EV-depleted FBS media. The pump and scaffolds were
142 then placed within acell culture incubator at 37°C with 5% CO..

143

144  Cédl Staining and Imaging

145 After 24 h culture in the bioreactor, the scaffolds were filled with 4% paraformaldehyde
146  for 15 min at room temperature to fix the HEK293T cells. Scaffolds were then washed three
147  timeswith 1X PBS and filled with permeabilization buffer (300 uM sucrose, 100 uM sodium
148  chloride, 6 uM magnesium chloride, 20 uM HEPES, and 0.5% Triton-X-100 solution) for 5 min
149  at room temperature. AlexaFluor 488 Phalloidin in PBS (1:100) was used to stain cell actin and
150  cellswere visuaized on a Nikon Ti2 Microscope (Nikon, Minato City, Tokyo, Japan).

151

152 Media EV-Depletion Protocols

153 To produce EV-depleted FBS, heat-inactivated FBS was centrifuged at 118,000 x g for
154 16 h and the resulting supernatant was filtered through a 0.2 um bottle top filter for usein

155  subsequent media supplementation. To produce EV-depleted whole media, DMEM with full
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156  supplementation (10% heat-inactivated FBS and 1% P/S) was centrifuged at 118,000 x g for 16
157  hand the supernatant was sterile filtered (0.2 um) for direct use in ensuing experiments.

158

159  EV Isolation Techniques

160 During experiments, HEK293T culture media was replaced with media made with 10%
161  EV-depleted FBS and 1% P/S (i.e., EV-depleted FBS media) or EV-depleted whole media.

162  Approximately 100 mL of HEK293T conditioned media from each culture condition (i.e., flask,
163  scaffold, or bioreactor) was subjected to a series of differential centrifugation to clear the media
164  of cellsas previously described [28]. In brief, conditioned media was first centrifuged at 1,000 x
165 g for 10 min to remove any cdlls that may have detached during collection. The supernatant was
166  then collected and centrifuged at 2,000 x g for 20 min to remove any larger cellular debris. This
167  supernatant was then centrifuged at 10,000 x g for 30 min to remove any large organelles

168  remaining. The cleared conditioned media was then subjected to the various isolation techniques
169  described below. Final EV samples were stored at 4°C and were analyzed within three days of
170  collection.

171

172 Ultracentrifugation

173 For ultracentrifugation (UC), the conditioned media was subjected to an additional

174  centrifugation step of 118,000 x g for 2 hinaType 70 Ti ultracentrifuge rotor (Beckman

175  Coulter). Theresulting EV pellet was resuspended in 1X PBS and placed into a Nanosep 300
176  kDaMWCO spin column (Pall, OD300C35) and spun at 8,000 x g until al PBS filtered through
177  the membrane (~10-12 min). EV's were washed two more times with 1X PBS, resuspended in 1X

178  PBS, and sterile filtered using a 0.2 um syringe filter.
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179  Tangential Flow Filtration

180 Tangential flow filtration (TFF) was performed using a KrosFlo KR2i TFF system

181  (Spectrum Labs, Los Angeles, CA, USA) equipped with a 100 kDa MWCO hollow fiber filter
182  comprised of a modified polyethersulfone membrane (Spectrum Labs, D02-E100-05-N). Prior to
183  processing the cleared conditioned media, the filter was first washed with at least three volumes
184  of 1X PBSto remove the bacteriostatic reagent. Each filter was used no more than five times. To
185  keep ashear rate at 4000 s, the flow rate was kept constant at 106 mL/min. All samples were
186  processed at atransmembrane pressure (TMP) of 5 psi. Samples were first concentrated to a

187  volume of 25 mL and then diafiltrated five timesin 1X PBSto exchange buffers. Following

188  buffer exchange, the EV's were concentrated to a volume of 6-9 mL. Further concentration was
189  performed using a 100 MWCO centrifugal concentrator (Corning, 431486) to achieve afinal

190  volumeof ~0.5 mL. Thefinal EV suspension was sterile filtered using a 0.2 um syringe filter.
191

192  Sze-Exclusion Chromatography

193 EVswereisolated via size-exclusion chromatography (SEC) using ggV Origina columns
194  (lzon Science, ICO-35) per the manufacturer’s protocol. Briefly, the cleared conditioned media
195  was concentrated to 0.5 mL using the TFF set-up and centrifugal concentrators described in the
196  previous section. After flushing the columns with 1X PBS, 500 ul of the concentrated mediawas
197  applied to the top of the column and the first four 0.5 mL fractions after the void volume were
198  collected and pooled. The pooled fractions were then concentrated using 100 MWCO centrifugal
199  concentratorsto 0.5 mL and sterile filtered (0.2 pm).

200

201
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202  MediaTesting

203 To assess the effects of media components, various media formulations were subjected to
204  the aforementioned isolation techniques. Unconditioned mediatest formulations (i.e., media

205  without exposure to cells) were defined as the following: no cell (media without any cell

206  conditioning), + FBS (media supplemented with EV-depleted FBS), or -FBS (media without

207  FBS). To evaluate the effects of EV-depletion protocols used to remove contaminating EV's from
208  the FBS components, HEK293T cells cultured in flasks were exposed to either EV-depleted FBS
209 mediaor EV-depleted whole media as previously described (see Media EV-depletion Protocols
210  section).

211

212 EV Characterization

213 Protein and Particle Quantification

214 Total protein concentration was determined usng BCA methods (G-Biosciences, 786-
215  571) and size distribution as well as particle concentration were assessed using a NanoSight

216  LM10 (Malvern Instruments; Malvern, UK) with Nanoparticle Tracking Analysis (NTA)

217  software version 2.3. For each sample, three 30-second videos were captured with a camera level
218  setat 12. EV samples were diluted to obtain 20-100 particles per frame and at least 200

219  completed tracks per video to ensure accurate analysis. The detection threshold was set and kept
220  constant across al replicates and samples. The total number of EV's was evaluated using the final
221 resuspension volume and then divided by the number of cellsto give final data expressed as total
222 number of EVsper cell.

223

224

10
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225 EV Markers

226 Western blot analysis was used to determine the presence of specific EV markers as well
227  asthe purity of each sample. Based on the BCA results, 7 ug of protein from each EV sample
228  was used for analysis and compared with 7 pg of cell lysate. EV markers were assessed using
229 primary antibodies for Alix (Abcam, ab186429), TSG101 (Abcam, ab125011), and CD63
230  (Proteintech, 25682-1-AP), while the absence of contaminating proteins were confirmed using
231  antibodies for GAPDH (Cell Signaling Technology, 2118) and calnexin (Cell Signaling
232 Technology, 2679). All primary antibodies were added at a 1:1,000 dilution, excluding GAPDH
233 which was diluted 1:2,000. A 1:10,000 dilution of a goat anti-rabbit secondary (LI-COR
234  Biosciences, 926-32211) was used. Protein bands were imaged using a LI-COR Odyssey CLX
235  Imager and analyzed using the associated software.

236

237  Transmission Electron Microscopy

238 EV morphology was visualized via transmission electron microscopy (TEM) using a
239  negative staining technique. A portion of each EV sample (10 ul) was fixed in a 1:1 solution
240  using 4% EM-grade paraformaldehyde (Electron Microscopy Sciences, 157-4-100) for 30 min at
241 room temperature. A 10 pl droplet of the EV-PFA mixture was then allowed to adsorb to a
242  carbon-coated copper grid (Electron Microscopy Sciences, CF200-Cu-25) for 20 min. After a
243 brief wash using a of a drop of 1X PBS, the EV-coated grid was then placed on a drop of 1%
244  glutaraldehyde (in 1X PBS) for 5 min. The grid was washed 5-7 times (2 min each wash) on
245 deionized water droplets with blotting on filter paper between washes. The grid was then

246  positioned on a droplet of uranyl-acetate replacement stain (Electron Microscopy Sciences,

11
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247  22405) and allowed to dry completely for 10 min. Once prepared, the grids were imaged at 200

248  kV onaJEOL JEM 2100 LaB6 TEM.

249  Bioactivity Assessment

250  Macrophage Simulation Assay

251 To assess the effects of EV isolation technique and culture method on downstream

252  applications, a mouse macrophage stimulation assay was utilized [23, 29]. RAW264.7 mouse
253  macrophages were seeded at 60,000 cells/well in triplicate in a48-well plate. 24 h later, two
254  groups (i.e., six wells) of the macrophages were pre-treated with just mediawith PBS (vehicle
255  control). Another group was pretreated using media supplemented with dexamethasone at 1

256 pg/mL (resuspended in 1X PBS) which served as the positive control (Dex; Sigma-Aldrich,

257  D4902-25 MG). The remaining macrophages were pre-treated with the HEK293T EV's

258  (resuspended in 1X PBS) from the various culture and isolation techniques at 5SE9 EVs/mL

259  diluted in cell culture media. After 24 h of incubation, the pre-treatments were removed and the
260  macrophages were washed once with sterile 1X PBS. Cells were then either treated with just
261  mediaspiked with PBS (vehicle control) or media spiked with lipopolysaccharide at 10 ng/mL
262 (LPS; resuspended in 1X PBS; Sigma-Aldrich, L4391-1MG) for 4 h. The supernatants were then
263  collected from the RAW264.7 macrophages and frozen at -80° C. Levels of secreted IL-6,

264  RANTES, and TNF-a were assessed using the appropriate DuoSet ELISA kit (R&D Systems,
265 DY406, DY478, DY410).

266

267  Tube Formation Assay

268 HUVECs were used to evaluate effects on endothelial tube formation as previously

269  described [30]. In brief, HUVECs were trypsinized, counted, and aliquoted into a tube marked

12
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270  for each treatment that was filled with 2 mL of EBM2 supplemented with 0.1% FBS and 1% P/S.
271 Thecellswerethen pelleted at 220 x g after which the supernatant was removed and the cells
272 were aiquoted to afinal concentration of 120,000 cell'mL into complete growth media (positive
273 control), basal media (EBM2 plus 0.1% FBS and 1% P/S) devoid of EV's (negative control), or
274  basal media supplemented with EVs (5E9Q EVS/mL) and gently but thoroughly resuspended. The
275  treatments were then applied in triplicate at 500 pl per well (i.e., 60,000 cells/well) in a 24-well
276  plate coated with growth factor reduced Matrigel (Corning, 354230). Cellswereimaged a 6 h
277  using aNikon Eclipse Ti2 Microscope and the number of loops formed by the HUVECs was

278  quantified using Imagel.

279

280  Gap Closure Assay

281 To assess endothelial migration, HUVECs were seeded at 15,000 cells/well in a0.1%

282  gelatin-coated 96-well plate and allowed to grow to confluency. The monolayer was then

283  disrupted using an AutoScratch (BioTek Instruments; Winooski, VT, USA) to create acell gap
284  meant to Smulate awound. HUVECs were gently washed with 1X PBS and serum-starved for 2
285  hviaincubation with basal media. Following serum starvation, the media was aspirated and

286  replaced with complete growth media (positive control), basal media (negative control), or basal
287  mediaspiked with EVs (5E9 EVSmL). The cell gap wasimaged at 0 h and 20 h using a Nikon
288  Eclipse Ti2 Microscope and the change in the gap area was calculated using Imagel as

289  previously described [31].

290
291  Statistics
292 Data are presented as mean + standard error of the mean (SEM). Two-way ANOV As

293  with Tukey’s multiple comparisons tests were used to determine statistical differences (p < 0.05)

13
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294  among groups across cell culture conditions and EV isolation techniquesin thein vitro

295  stimulated macrophage assay. One-way ANOV As with Tukey’s multiple comparisons tests were
296  used to detect statistical differences (p < 0.05) among groups in the in vitro gap closure assay and
297  tubeformation assay. All statistical analyses were performed using Prism 9.1 (GraphPad

298  Software, La Jolla, CA). Notation for significancein figures are asfollows: ns—p > 0.05: *-p<
299 0.05; ** - p< 0.01; *** or ### - p < 0.001; **** or ###- p < 0.0001).

300

301 Results:

302  Cell culture condition and EV isolation technique have no effect on EV size or mor phology

303 Asvarious factors including cell culture methods and isolation techniques have been

304  shown toinfluence downstream EV efficacy [32], we set out to dissect the effect of these factors
305 on HEK293T EVs. HEK293T cells were chosen based on their proven ability to be integrated
306  into scalable biotech processes as well as demonstrated ability to be engineered for therapeutic
307 EV production [27, 33]. The EVsthat they secreted are also thought to be relatively

308 therapeutically inert, especially when compared with the EVs of other cell types (e.g.,

309 mesenchymal stem cells;, MSCs) [34-36]. Thus, analysis of HEK293T EVsin biological assays
310  could revea confounding factorsin commonly used EV production and characterization

311  dtrategies. In the current study, HEK293T cells were cultured in a 3D-printed, acrylate-based

312 scaffold hooked up to a peristaltic pump and operated at a5 mL/min flow rate (3x10° dyn/cm?),
313  congtituting a set-up which will be referred to as the bioreactor. Prior studiesin our lab have

314  revealed that this specific flow rate allows adequate cell viability and increases EV production
315  (i.e, EVsper cdl) [5]. HEK293T cells were also cultured in static scaffolds and T75 flasks as

316  controls. Conditioned media from the various culture methods were collected and EVswere
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isolated via ultracentrifugation (UC), tangential flow filtration (TFF), or size exclusion
chromatography (SEC) as depicted in Figure 1A. There were no significant alterationsin EV
mode size as measured by NTA (Flask UC —96.9 + 5.5 nm; Flask TFF — 86.3 £ 6.4 nm; Flask
SEC —90.9 £+ 10.1 nm; Scaffold UC —88.8 + 6 nm; Scaffold TFF — 92.9 + 3.4 nm; Scaffold SEC
—90.9 + 9.5 nm; Bioreactor UC —98.7 + 5.6 nm; Bioreactor TFF — 84.2 + 4 nm; Bioreactor SEC
—90.1 + 2 nm) (Figure 1B). Additionally, greater than 90% of the EV population from each
sample were well within the range of acceptable exosomal diameter (40 — 200 nm) (Figure 1B)
(Andaloussi et al. 2013). Immunoblotting established the presence of specific EV markers (Alix,
TSG101, and CD63) and the absence of cellular debrisindicators (Calnexin and GAPDH)
(Figure 1C). TEM images showed no effect of culture or isolation technique on HEK293T EV

morphology (Figure 1D).
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329  Figurel. Culture conditionsand isolation techniques do not impart significant effectson
330 sizeor morphology of HEK293T EVs. (A) Schematic depicting the experimental workflow.
331  (B) Sizedistribution of HEK293T-derived EV's generated and isolated viathe various culture
332 conditions and isolation methods (ultracentrifugation, UC; tangential flow filtration, TFF; size
333  exclusion chromatography, SEC). (C) Immunaoblotting of HEK293T EV's from flask and
334  bioreactor conditionsisolated via UC, TFF, or SEC for EV-specific markers (CD63, Alix,
335 TSG101) and cell markers (Calnexin and GAPDH). (D) TEM images of HEK293T EV'sisolated
336  from theflask and bioreactor culture conditions using each isolation method. Data and images
337  arerepresentative of two independent experiments (N = 2).
338
339

340  Immunomodulatory activity of HEK293T EV preparationsis altered by culture condition and
341  isolation method
342 HEK?293T EV isolates prepared using the various culture conditions (i.e., flask, scaffold,

343  or bioreactor) and separation methods (i.e., UC, TFF, or SEC) were assessed in an LPS-
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344  stimulated mouse macrophage assay, with final read-outs being the secretion levels of several
345  inflammatory cytokines (i.e., IL-6, RANTES, TNF-a). These cytokines are known to regulate
346  inflammation and are correlated with EV immunomodulatory activity in vivo [23, 37, 38]. It was
347  observed that levels of the secreted inflammatory cytokines differed significantly when

348  macrophages were exposed to HEK293T EV preparations from the various culture methods and
349  isolation technique combinations (Figur e 2). For every cytokine analyzed, there was a

350  significant interaction of culture technique with isolation method as determined by a two-way
351 ANOVA (IL-6: p < 0.0001; RANTES: p < 0.0001; TNF-a: p=0.0056). Surprisingly, Tukey’'s
352 multiple comparison tests revealed that HEK293T EV preparations from every condition, except
353  those from the bioreactor culture isolated using SEC, significantly reduced the levels of IL-6
354  secretion compared with the LPS-only group (Figure 2A). A similar trend, although not always
355  significant, was observed in the levels of secreted RANTES (Figure 2B). Isolating viathe UC
356  method in particular produced preparations with a significantly increased ability to suppress the
357  secretion of inflammatory cytokines (Figure 2); an effect that was often lost if cells were

358  cultured within the bioreactor (Figure 2B, C). Notably, preparing EV isolates via TFF or SEC
359  weakened the observed suppression of cytokine secretion.

360
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362  Figure 2. Culture conditionsand isolation techniques alter theimmunomodulatory activity
363 of HEK293T EVs. RAW264.7 mouse macrophages were pretreated with either HEK293T EV's
364  from cells within the various culture conditions (i.e., flask, scaffold, or perfusion bioreactor) and
365 isolated using different techniques (i.e., ultracentrifuge — UC, tangential flow filtration — TFF, or
366  size-exclusion chromatography — SEC) or with dexamethasone (Dex) prior to stimulation with
367 lipopolysaccharide (LPS). RAW264.7 supernatants were collected and (A) IL-6, (B) RANTES,
368  and (C) TNF-a secretion was quantified via ELISAs. Data is plotted as mean and error bars

369  represent the standard error of the mean (SEM). Control means are represented as dashed lines
370  with dotted lines representing the SEM. Data includes three technical replicates and data are

371  representative of two independent biological replicates (N = 2). Statistical significance was
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372  calculated using atwo-way ANOV A using Tukey’s multiple comparison tests (*- p < 0.05; ** -
373  p<0.01; **** - p<0.0001 compared to LPS negative control).

275

376  Media components influence the results of the macrophage stimulation assay

377 To determine if media components affect the readout of the macrophage stimulation

378  assay, unconditioned media (i.e., media not previously exposed to HEK293T cells) and

379  conditioned media collected from HEK293T cells cultured in flasks were exposed to the various
380 isolation techniques (i.e., UC, TFF, or SEC) and applied to RAW?264.7 macrophages prior to
381  LPSstimulation. Interestingly, both unconditioned and conditioned media preparations

382  significantly and similarly reduced the secretion of IL-6 from the stimulated macrophages

383  regardless of isolation technique (Figure 3A). Analysis of RANTES concentrations reveals a
384  reduction of the cytokine only in the cells treated with the UC-isolated preparations, with a

385  significant reduction in RANTES secretion when treated with the conditioned media (Figure
386  3B). However, when looking at TNF-a, the trends readily apparent in the IL-6 concentrations

387  werelost, except for areduction when isolating with TFF (Figure 3C).

388
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390 Figure 3. Unconditioned media subjected to each isolation technique alter cytokine

391  secretion in stimulated macrophagesin a smilar manner to HEK293T EV prepar ations.
392  Unconditioned media (i.e., no prior exposure to cells; ‘no cell’) or media conditioned with

393  HEK?293T cells within flasks were exposed to each isolation procedure (i.e., ultracentrifugation —
394  UC, tangentia flow filtration — TFF, or size-exclusion chromatography — SEC). Either the

395  resulting preparations or dexamethasone (Dex) were applied to RAW264.7 mouse macrophages
396  prior to stimulation with lipopolysaccharide (LPS). RAW?264.7 supernatants were collected and
397 (A) IL-6, (B) RANTES, and (C) TNF-a secretion was quantified via ELISAs. Datais plotted as
398  mean and error bars represent the standard error of the mean (SEM). Control means are

399  represented as dashed lines with dotted lines representing the SEM. Data includes three technical
400 replicates and data are representative of two independent biological replicates (N = 2). Statistical
401  gignificance was calculated using atwo-way ANOV A using Tukey’s multiple comparison tests
402 (ns—p>0.05;*- p<0.05; ** - p<0.01; **** - p < 0.0001 compared to LPS negative control).
403

404

405
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406 To determine if these results were confined to the stimulated macrophage assay,

407  unconditioned media were isolated via UC and applied in two orthogonal in vitro assays. Results
408  showed that in both an endothelial gap closure assay and an endothelial tube formation assay,
409  unconditioned mediadid not induce any significant response and were similar to the negative

410  control (i.e., basal media) (Figure4).
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413 Figure4. Unconditioned media do not €licit any significant responsein in vitro angiogenic
414  assays. (A) Number of loops formed by human umbilical vein endothdlial cells (HUVECS) in a
415  tubeformation assay after trestment with growth media (positive control), basal media (negative
416  contral), or unconditioned media following exposure to the ultracentrifugation isolation protocol
417  aong with (B) the corresponding representative images at 16 hr. (C) Percent gap closure 16 h
418  after treatment with growth media, basal media, or unconditioned media subjected to

419 ultracentrifugation. There were no significant differences between the unconditioned media

420 treatment and the negative control (basal media) in either assay (p > 0.05). All images and data
421  arerepresentative of two biological replicates with three technical replicates each. Statistical
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422  differences were analyzed using a one-way ANOV A with Tukey’s multiple comparisonstest (ns
423 —p>0.05,**** - p<0.0001).

424

425 To further dissect the observed effects, unconditioned media containing FBS (i.e., + FBS)
426 or unconditioned mediawithout FBS (i.e., - FBS) underwent the UC isolation protocol and were
427  tested in the stimulated macrophage assay. The results revealed that the suppression of IL-6

428  secretion from macrophages was lost when FBS was absent from the media (Figure 5A). A

429  similar trend was observed when looking at RANTES levels, but only when using the UC

430 isolation method (Figure 5B). All patterns of cytokine suppression were diminished when

431  examining TNF-a levels (Figure 5C). Based on these results, the EV-depletion protocols for

432  media supplementation were examined. Two disparate protocols were followed, and the media
433  tested again in the macrophage assay. In brief, FBS was either depleted of EVs prior to addition
434  intothe media (i.e., FBS-depleted) or after being added to the media (i.e., whole media-

435  depleted), subjected to the UC isolation protocol, and applied to macrophages prior to LPS

436  stimulation. Results showed that when whole media was depleted, the secretion of IL-6 from

437  stimulated mouse macrophages was no longer subdued and was statistically similar to the LPS-

438  only control (Figure 6).

439
440
441
442
443
444

445
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448  Figureb. Fetal bovine serum (FBS) may be responsible for observed immunomodulatory
449  responses of stimulated macrophages. Unconditioned mediawith FBS (+ FBS) and without
450 FBS(-FBS) were subjected to aroutine ultracentrifugation EV isolation protocol and applied to
451  mouse macrophages prior to stimulation with LPS. The concentrations of (A) IL-6, (B)

452  RANTES, and (C) TNF-a were quantified using ELISAs. Data is plotted as mean and error bars
453  represent the standard error of the mean (SEM). Control means are represented as dashed lines
454  with dotted lines representing the SEM. Data includes three technical replicates and data are

455  representative of two independent biological replicates (N = 2). Statistical significance was

456  calculated using atwo-way ANOV A using Tukey’s multiple comparison tests (ns—p > 0.05; *-
457 p<0.05; ** - p<0.01; **** - p < 0.0001 compared to LPS negative control; ### - p < 0.0001).

23


https://doi.org/10.1101/2022.08.25.505301
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.25.505301; this version posted August 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

458
2000+
—_ 1500 wvssmmssnnsss s SRR S Depletion Protocol:
%, B FBS-depleted
Q. —
° 1000 i 3 Whole media-depleted
_'|
T 500- _ Controls:
LPS only (- control)
0- T T LPS + Dex (+ control)
No cell HEK293
Media Conditioning
459

460 Figure 6. EV-depletion protocol of media supplements alter theresults of the stimulated
461  macrophage assay. FBS was either depleted of contaminating bovine EV's prior to addition to
462  the media (FBS-depleted) or after addition (whole media-depletion), incubated either with

463  (HEKZ293T) or without cells (no cell), subjected to the ultracentrifugation protocol, and applied
464  to macrophages immediately prior to LPS. When the whole media protocol was used, IL-6

465  secretion was no longer suppressed. Datais plotted as mean and error bars represent the standard
466  error of the mean (SEM). Control means are represented as dashed lines with dotted lines

467  representing the SEM. Data includes three technical replicates and data are representative of two
468  independent biological replicates (N = 2). Statistical significance was calculated using a two-way
469  ANOVA using Tukey's multiple comparison tests (**** - p < 0.0001 compared to LPS negative
470  contral).

471

472

473  Discussion:

474 It iswell-known that cell culture parameters (e.g., cell density, passage, media

475  composition, substrate architecture) as well as isolation strategies can significantly impact the
476 molecular composition and therapeutic function of EVs[16, 17, 31, 39-49]. Particularly, this has
477  important downstream implications as movement from the bench to the clinic requires

478  implementing scalable GM P-compliant manufacturing techniques in both EV production (e.g.,
479  serum-free media and dynamic bioreactors) and EV isolation (e.g., Sze-exclusion

480  chromatography), which are often quite different from those utilized in the preclinical setting and

481  can be ever-changing even through clinical phases[3]. In the present study, we set out to
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482  investigate how these various upstream and downstream parameters may interact to alter EV

483  characteristics using HEK293T cells as the EV source based on the proven compatibility of these
484  celswith industry-scale bioprocess operations. To examine upstream parameters, we

485  implemented a 3D-printed scaffold-perfusion bioreactor system previously utilized in our lab and
486  exposed HEK293T cellsto low levels of flow-derived shear stress (i.e., 3x10°dyn/cm?). To

487  examine downstream isolation strategies, we isolated the subsequently secreted HEK293T EV's
488  using the gold-standard technique of ultracentrifugation (UC) and compared it with the more

489  scalable methods of size-exclusion chromatography (SEC) and tangential flow filtration (TFF).
490  Our results suggest that EV size and morphology are not significantly altered when these

491  particular cdl culture parameters and isolation strategies are varied (Figure 1). It is important to
492  evaluate both EV size and shape as changes in these characteristics are used as indicators of EV
493  membraneintegrity and have been known to be modified by external forces, particularly the

494  shearing involved in high-speed centrifugation [17, 40]. When coupled with membrane markers,
495  size can also be used to suggest possible EV biogenesis routes, as smaller EVs are thought to be
496  derived more so from the endosomal compartment rather than the plasma membrane [50].

497  Previous research has shown similar results in which EV size and shape are not changed by the
498  culture or isolation methodology used. For example, when comparing UC and TFF isolation

499  methods following traditional flask and 3D microcarrier bioreactor-based culture of umbilical
500 cord-derived MSCs, Haraszti and colleagues found all EV preparations to have similar size

501  digtributions[16]. Additionally, prior work in our lab has demonstrated no significant effect of
502  dynamic culture on such physical parameters of EV's secreted from human dermal microvascular
503 endothelia cells (HDMECS) [5]. However, a study by Sharma et a. showed significant

504 differencesin size distributions as well as nanoscale topography (i.e., surface roughness) that
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505  was evident across various breast cancer cell-derived EV s that were isolated using four different
506 isolation methods (i.e., ultracentrifugation, density ultracentrifugation, immunoaffinity,

507  precipitation) [51]. The disagreement in results could be attributed to differences in assessment
508 techniques. While the aforementioned studies relied on nanoparticle tracking analysis and

509 transmission eectron microscopy, Sharmaand colleagues used disparate methods to quantify
510 and assess EV characteristics including atomic force microscopy (AFM), multi-angle light

511  scattering (MALYS), direct stochastic optical reconstruction microscopy (dSTORM), and micro-
512  fluidic resistive pore sizing (MRPS). They also measured surface nano-roughness; a dimension
513 rarely evaluated for EVs[52]. Importantly, surface roughness of synthetic nanoparticles has been
514  proven to change the protein corona and subsequently alter their cellular uptake [53]. Although
515  of biological origin, it makes sense that alterations in the surface roughness of EV's may impart
516  similar changesin recipient cell internalization. Altogether these results suggest that, when

517 possible, it isimportant to utilize orthogonal methods and consider unique characteristics to more
518  rigorously assess EV biophysical parameters to help understand the mechanisms underlying

519  downstream therapeutic effects.

520 We then assessed whether the culture or isolation techniques alter the bioactivity of

521 HEK293T EVs by applying them in an in vitro LPS-stimulated mouse macrophage model. We
522  found that the EV's, particularly those isolated using ultracentrifugation, significantly reduced the
523  secretion of pro-inflammatory cytokines (i.e., IL-6 and RANTEYS); an effect that was largely lost
524  when culturing within the bioreactor or isolating using TFF or SEC (Figure 2). AsHEK293T
525  EVsarenot known to have significant immunomodulatory effects [34], these results were

526  unexpected. Nevertheless, ultracentrifugation is notorious for the co-isolation of proteins and

527  other small molecules which may be imparting the observed therapeutic effect [51, 54-56].
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528  Moreover, previous research in our lab using asimilar bioreactor has shown a significant

529  reduction in total protein content per EV [5], which could help explain the loss of the observed
530 effect when using EVsfrom HEK293T cells cultured within the bioreactor in the present study
531 (Figure?2). Thischangein protein content in dynamic culture is to be expected asit has been
532  shown that flow can alter the protein corona that forms on nanoparticles [57]. The composition
533  of the EV protein corona under dynamic conditions should be evaluated in future studies.

534 To confirm whether the HEK293T EV s themselves were truly suppressing cytokine
535  secretion, we focused only on traditional flask culture and assessed the effect of unconditioned
536 media(i.e.,, mediaincubated without cells) after being processed using UC, TFF, and SEC. We
537  found that the unconditioned media significantly reduced the IL-6 concentration regardless of
538 isolation technique and lessened the RANTES and TNF-a concentrations particularly when

539 isolating using UC and TFF, respectively (Figure 3). We found that this observation of the

540 unconditioned media having an effect was only present in this specific assay, as there were no
541  significant effects of unconditioned media subjected to ultracentrifugation in other in vitro assays
542  commonly used to assess EV bioactivity (i.e., gap closure and tube formation) (Figure 4). This
543  suggests an interaction between the component(s) of the media and the LPS responsein this
544  particular assay. Indeed, fetal bovine serum (FBS), a common reagent for media

545  supplementation, has been shown to alter LPS sensitivity in cell cultures[58] aswell alter EV
546  anayses[59]. Thus, we tested unconditioned media without FBS supplementation and found that
547  nearly al treatments were comparable to the LPS control, thus implicating FBS as the

548  component responsible for the cytokine suppression (Figure 5). Interestingly, a previous study
549 by Beninson and Fleshner found that FBS-derived EV's can have an immunosuppressive effect

550 on primary rat macrophages [60]. Inspired by this, we revisited our EV-depletion protocol and

27


https://doi.org/10.1101/2022.08.25.505301
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.25.505301; this version posted August 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

551  found that differences in the methodology used to EV-deplete media can result in drastic

552  differencesin cytokine secretion (Figure 6). In the pursuit of understanding the effects of

553  HEKZ293T EVsin the stimulated macrophage model, we were able to optimize our existing EV-
554  depletion protocol which isafoundational component of the majority of our research.

555 As EV-based therapies have shown promise in awide array of applications, thereis much
556 interest in the movement of these therapeutics into the clinic. However, successful clinical

557  trandation hinges upon the ability to optimize EV therapeutic effects within a scalable, GM P-
558  compliant environment. In our work, we demonstrate an unexpected immunosuppressive effect
559  of HEK293T EVsthat differed depending on culture conditions of the HEK293T cells aswell as
560 isolation strategies used for the EV's. This may explain the disparity between studies that report
561  no effect of unmodified HEK293T EVsin their bioactivity assays [61, 62] and others that

562  describe significant immunomodulatory activity [63]. As some culture conditions and isolation
563  methods may be more amenable to scale-up processes than others, it isimportant to consder

564  these parameters as early as possible to ensure a smooth transition to clinical exploration. We
565  also show that media components from the cell culture may contaminate the separated

566  formulation and alter final EV therapeutic evaluation; aresult that further emphasizes the

567  urgency to move to xeno-free, chemically-defined culture conditions and to improve or introduce
568  new downstream separation methods. Asidentity and purity are major quality considerationsto
569  move investigative new drugs into the realm of approved therapeutics[3], thiswork reiterates the
570  necessity for multiple orthogonal assays as well as the consideration of al controlsin order to
571  confirm that any observed effects are truly the result of the experimental EV condition.

572

573
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