© 00 N o o A W NP

W N DD NN NN NN DNNDNDN P PP RPR PP R PR
O © 0o N o o b WM P O O 0 N O O b W N +» O

bioRxiv preprint doi: https://doi.org/10.1101/339093; this version posted June 8, 2018. The copyright holder for this preprint (which was not

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

| nvestigating the long-term stability of protein immunogen(s) for

whole recombinant yeast-based vaccines

"Ravinder Kumar
Section of Molecular Biology, Division of Biological Sciences, University of California San
Diego, 9500 Gilman Drive, La Jolla, San Diego, California-92093, USA

"Correspondence addr ess
Section of Molecular Biology, Division of Biological Sciences, University of California San
Diego, 9500 Gilman Drive, La Jolla, San Diego, California-92093, USA
Email: raj86tau@gmail.com

Running title: Stability of heterologous protein antigens in the cellular environment of

stationary phase Saccharonyces cerevisiae

Subject: Research Article


https://doi.org/10.1101/339093

31
32
33
34
35
36
37
38
39
40
M
42
43

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

bioRxiv preprint doi: https://doi.org/10.1101/339093; this version posted June 8, 2018. The copyright holder for this preprint (which was not

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Abstract

Even today vaccine(s) remains a mainstay in combating infectious diseases. Many yeast-based
vaccines are currently in different phases of clinical trials. Despite the encouraging results of
whole recombinant yeast (WRY) and yeast display (YD), the systematic study assessing the
long-term stability of protein antigen(s) in yeast cells is still missing. Therefore, in the present
study, | investigate the stability of heterologous protein antigen in the cellular environment of S,
cerevisae through E. coli surface protein (major curlin or CsgA). Present biochemical data
showed that the stationary phase yeast cells were able to keep the antigen stable for almost one
year when stored at 2-8 °C and 23-25 °C. Further, iTRAQ based quantitative proteomics of yeast
whole cell lysate showed that the level of heterologous fusion protein was low in cells stored at
23-25 °C compared to those at 2-8 °C. In the end, | also proposed a workable strategy to test
integrity or completeness of heterologous protein in the yeast cell. | believe that the observations
made in the present study will be really encouraging for those interested in the devel opment of a
whol e recombinant yeast-based vaccine(s).
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I ntroduction

Vaccines remains an important and mainstay in preventing infectious diseases (Bachler et al.
2013; Perrie et al. 2007; Black et al. 2010). Most of the presently licensed vaccine(s) involve
deliberate administration of attenuated or killed pathogen (Shams 2005). Conventional vaccine
development regime involved mass culture of an associated or closely related organism and this
hampered vaccine development against important infectious diseases including malaria and
leprosy (Scollard et a. 2006; Cox 1991). Apart from that, conventional vaccines suffered from
various issues neatly summarized elsewhere (Pastoret 1999; Narasimhan et al. 2015; Fang et al.
2106; Lorry et al. 2014).

The arrival of recombinant DNA technology and a parallel improvement in protein purification
chemistry allows expression and purification of an unlimited amount of heterologous protein(s)
in aimost all types of cells ranging from prokaryotes (example E. coli, B. subtilis) to eukaryotes
including yeast, insects, plants, animals. But professional working in concerned discipline
chooses yeast as amodel for expression of heterologous proteins for use in vaccine devel opment
for reasons mentioned elsewhere (Walker 1998; Gellissen et a. 1997; Rose et al. 1987; Strathern
et al. 1982; Broach et al. 1991; Valenzuela et al. 1982). So far, yeast (mainly S. cerevisiae and P.
pastoris) emerges as the main workhorse for expression and purification of heterologous proteins
with pharmaceutical value. As a result, many of the proteins expressed and purified from yeast
are under different phase of clinical trials (Weidang et al. 2014; Ardiani et al. 2010; Bilusic et al.
2014), and protein purified from yeast for the purpose of prophylactic vaccine (example hepatitis
B vaccine) isalready in market (Valenzuela et a. 1982).

Although peptide-based vaccines somehow overcome the issue associated with the conventional
regime of vaccine devel opment and application. But the problem of poor immunogenic response,
fast body clearance, an addition of adjuvant and protein stabilizer means a better alternative of
both conventional and peptide-based vaccines is must (Purcell et al. 2007; Aguilar et al. 2007).
Apart from that, continuous maintenance of 2-8 °C cold chain from point of manufacturing unit
till endpoint user especially in resource-poor settings is a big challenge in presently available
vaccines (Chen et a. 2011, Das 2004).

Issues associated with conventional and peptide-based vaccine lead to the development of a
novel strategy of using yeast in vaccine development which culminates into the use of whole
recombinant yeast (WRY) and yeast display (Y D). Use of WRY and YD proved much better as
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93 these strategies do not involve protein purification, the addition of protein stabilizers and
94  adjuvant (as yeast cell wall acts as natural adjuvant), particulate nature of yeast cells. Apart from
95 that, yeast cells are efficiently taken-up by antigen presenting cells (APCs) including
96 macrophages (Stubbs et al. 2001) and T cells (King et al. 2014, King et al. 2016). Thus, use of
97 WRY and YD appears very promising and, in several cases, WRY based vaccine(s) have already
98 reached various stages of clinical trials. For example, heat-killed whole recombinant budding
99 vyeast-based vaccine (GS-4774) againgt hepatitis B reached to phase-11 of clinical trials(Lok et al.
100 2016) while dead whole yeast was able to protect mice from pulmonary mucormycosis treated
101  with diabetic ketoacidotic-steroid (Luo et a. 2014). Further, injecting killed recombinant yeast
102 expressing hepatitis B virus protein was found safe and well tolerated in healthy subjects
103 (Gaggar et a. 2014) and an oral vaccine against candidiasis was introduced using molecular
104 display systems with S cerevisae (Shibasaki et al. 2016). All these and similar studies from
105 different labs across the globe clearly showed the merits and benefits of usng WRY and YD as
106  yeast-based vaccines over conventional or peptide-based vaccines.
107 Despite the positive results from different labs against different infectious diseases and cancer a
108 systematic study investigating long-term stability of protein antigens or immunogen in WRY is
109 missing. This compelled us to investigate the long-term stability of heterologous proteins or
110 antigens in the cdlular environment of budding yeast. Our present data showed that protein
111  antigensremain stable in yeast cells for up to a year when kept under refrigeration (i.e. at 2-8 °C)
112  and room temperature (i.e. at 23-25°C). We further compared the level of heterologous protein
113  antigensin stationary phased yeast cells kept at 2-8 °C and 23-25°C and present data showed that
114 yeast cells kept under refrigeration condition were better in keeping the protein antigens.
115 Western blot data was further confirmed by iTRAQ based quantitative proteomics which also
116  showed a differential abundance of CsgA in whole cel lysates from cells stored at room
117  temperature and under refrigerated condition. Surprisingly a minor fraction of cells remains
118 viable even after a year in absence of nutrients, which means that it is important to use yeast
119  strain which can enter into stationary phase, can remain intact but did not grow when cameinto a
120  nutrient-rich niche like host body.

121 Material and methods

122  Strains, media and culture condition
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123  Haploid wild-type budding yeast strain of BY 4742 background (purchased from EUROSCARF,
124 acc. no. Y 10000) expressing E. coli CsgA-GFP (fusion protein) under GAP or Glyceraldehydes-
125  3-phosphate dehydrogenase was used in the entire study. Primers used in amplification of curlin
126 major from E. coli are (forward primer, PR1)
127 ATGCGAATTCATGAAACTTTTAAAAGTAGCAGCAATTGC, (reverse primer, PR2)
128 ATGCGGTACCGTACTGATGAGCGGTCGCG and (GFP  reverse primer, PR3)
129 CGTCGCCGTCCAGCTCGACCAG, used in sequencing. Yeast genetic manipulations were
130 performed as described elsewhere (Longtine et al. 1998; Janke et al. 2004; Guldener et al. 1996).
131  For amplification of CSGA, E. coli K-12 strain was purchased from ATCC (stran SMG123).
132  GFP was amplified from plasmid purchased from addgene (plasmid # 21052, pESC-URA-ub-
133  G76A-Rngl-GFP).

134  Stationary phase was induced and checked in yeast cells as explained previously (Martinez et al.
135 2004; Kumar et a. 2016) and briefly described here. A single colony of a haploid strain
136  expressing CsgA-GFP (E. coli surface protein) under constitutive (GAP or Glyceraldehydes-3-
137  phosphate dehydrogenase) promoter was inoculated in 5 mL YPD (1 % yeast extract, 2 %
138 peptone and 2 % dextrose) and the tube was incubated at 30 °C, 250 rpm for overnight growth.
139  Next day, overnight grown culture was used to inoculate 50 mL YPD such that initial ODeoonm
140 was0.2. Hasks were then incubated at 30 °C; 250 rpm till growth ceased by checking ODgoonm Of
141  culture by spectrophotometer at regular interval of 24 hour. The culture was regularly checked
142  for any contamination and cell morphology.

143  Protein extraction

144 A known number of cells were re-suspended in TCA (tri chloro acetic acid) such that final
145  concentration of TCA was 20 % and cells were frozen at -80 °C for at least one-hour. After one-
146  hour tubes were taken out of deep the freezer and thawed at room temperature. Tubes were
147  centrifuged at 14000g for 8-10 min and the supernatant was discarded. Resulted pellet was
148  resuspended in 1 mL chilled 100 % acetone using sonicator. Tubes were again centrifuged as
149 above, and the supernatant was again discarded, and protein pellet was air dried and re-
150 suspended in protein solubilization buffer (7 M Urea, 2 M Thiourea, 4 % CHAPS) (Reddy et al.
151  2013).

152  Western blots

153  Western blot was performed as described previously (Kumar et al. 2014).
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154  Buffer exchange, in solution digestion, iTRAQ labelling, LC-MSMS, Data acquisition and
155 analyss

156  For comparing the level of CsgA in yeast cells, quantitative iTRAQ based proteomic analysis
157  was performed. Amount of protein in whole cell lysate was estimated using 2-D Quant Kit (from
158 GE). An equal amount of whole cell lysate protein was labelled with iTRAQ reagent using the 4-
159 plex kit (from AB SCIEX). Rest procedure was performed as described previously. Data
160 acquisition and analysis were performed as explained in detailed elsewhere (Kumar et al. 2016,
161 Reddy et al. 2015). During analysis of MS/MS data using Spectrum Mill (Agilent), taxonomy
162 waskept asE. coli.

163  Fluorescence microscopy

164  All theimages were captured using Zeiss Axio vision microscope using appropriate filters.

165  Accesson number

166 Gene cloned in this study was deposited in Gene bank with following accession number
167 MH264502

168 RESULTS

169 Thebasiclogic behind the study and wor kflow

170  Over the last two to three decades, more than four hundred of papers (including research articles,
171 reviews, case reports) appears which showed the utility of yeast species for expression and
172 purification of heterologous proteins for vaccines (both prophylactic and therapeutic), and other
173  pharmaceutical application. Many of the proteins expressed and purified from yeast are in
174  different phases of clinical trials (Ardiani et al. 2010) and one of them have already hit the
175 markets (Valenzudaet al. 1982) long back.

176  Further to make the process more rapid, robust and to cut down the cost involved in protein
177  purification, use of whole recombinant yeast and yeast display appeared promising. Many labs
178  aready showed the usefulness of whole recombinant yeast and yeast display in development of a
179 yeast-based vaccine(s). But the long-term stability of expressed immunogen (both in whole
180 recombinant yeast and yeast display) remains elusive. Further, a systematic study evaluating the
181 effect of temperature on the long-term stability (here stability means the complete amino acid
182  sequence of the expressed protein) of heterologous proteinsis also missing.

183 Therefore, in the present study, | investigate the stability of heterologous protein viz mgjor curlin
184 (E. coli surface protein, CsgA-GFP) in the cédlular environment of S cerevisiae (with the
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185  assumption that celular environment will be the most suitable environment for the long-term
186  stability of protein). | further study the effect of temperature on the long-term stability of
187  heterologous protein as antigen and the basic workflow of the present study are shown in figure
188 1.

189 Thereason for using stationary phase cells are 1) it allows complete utilization of nutrients and
190 harvesting of alarge number of cells compared to the culture at mid-log or pre-stationary phase
191 and 2) normal cycling cells cannot be stored at room temperature for along time let say one year
192 or more and finally 3) stationary phase cells are better in coping the temperature fluctuations
193  whichisimportant in the stability of expressed antigen(s) or immunogen(s).

194  Cloning and expression of the CsgA-GFP fusion protein

195 Although one can express any heterologous protein, just as a proof of concept | am taking
196 bacterial curlin. And believe that other heterologous protein express in yeast will behave
197  similarly from the point of stability in the cellular environment. Curlin is component of bacterial
198 fimbriae, structure important for bacterial attachment to another surface. Homologs of curlin
199 have been aready reported in a number of bacterial species and curlin was also detected in
200  surrounding medium (Olsen et al. 1998; Loferer et al. 1997).

201 E. coli surface protein, curlin (CsgA-GFP) was cloned into yeast expression vector under
202  constitutive GAP promoter (for overexpression). Cloning was performed in two steps and maps
203  of both the plasmids (with essential features) used in cloning are shown in fig 2E and fig. 2F for
204  plasmids pl and p2 respectively, (cartoon presentation) while the nucleotide and amino acid
205 sequence of CsgA are shown in figure 2A and figure 2B respectively. CsgA ORF was PCR
206 amplified from wild-type E. coli K-12 strain using the primers mentioned in material and
207 methods (Fig 2C). PCR product was treated with EcoRI and Kpnl restriction endonuclease in
208  CutSmart buffer (from NEB) for one hour and column purified. Parent plasmid with GFP was
209 also treated with same restriction enzymes and gel elution was performed. Ligation was
210 performed at 16 °C for overnight and ligation mix was transformed into E. coli competent cells
211 and transformants were selected on LB plus ampicillin plate(s). Positive transformants were
212  checked by sequencing using a reverse primer from GFP. Resulted pl plasmid (Fig. 2E) was
213 treated with EcoRI and Agel to release CSGA-GFP cassette (Fig. 2D). Cassette was gel euted
214  andinserted or cloned into a plasmid having GAP promoter for overexpression. Final plasmid p2
215 (Fig 2F) was digested with Stul and digested product was transformed into wild-type haploid
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216 yeast strain (Guldener et al. 1996). Positive transformants were selected on his plate and
217 expression of a fusion protein (CsgA-GFP) was checked by western blot using anti-GFP
218 antibodies (Fig. 2G). Positive transformants showing proper expression and translated protein (as
219 checked by western blot, Fig 2G) were further used for induction of stationary phase in yeast
220  cellsas mentioned in next section.

221 Induction of stationary phase storage of samples

222  Positive transformants were patched on fresh YPD plate and plate was incubated at 30 °C till
223  sufficient biomass appears on the plate. These patches were used for inoculating 5 mL YPD and
224  tubes were incubated at 30 °C, 250 rpm for overnight growth. This overnight grown culture was
225 used for inoculation of 50 mL YPD (in 250 mL flask) such that initial ODgyonm Was close to
226  0.200. Flasks were incubated at 30 °C, 250 rpm and cell density were checked after every 24
227  hours (Fig. 3A) till growth ceases and cell entered stationary phase (almost all cells become
228 round) as confirmed by cell morphology (round cdlls) (Fig. 3B) (Kumar et al. 2016; ), cell
229  viahility assay (Fig. 3C) as it is known that stationary phase cell can remain viable for extended
230 period even in absence of nutrients (Kumar et a. 2016;) and FACS analysis (Fig. 23) as
231 stationary phase cells arrested at G; (Kumar et al. 2016). Apart from that stationary phase was
232  also checked by detecting Spg4-HA (stationary phase protein 4) which are present in cells only
233  under stationary phase (data not shown) (Kumar et al. 2016). Thus, stationary phase nature of
234  cdlswas confirmed by different ways before cells were stored for a period of one year.

235 Stability of CsgA-GFP fusion protein

236  From each of three flasks, 1 mL cell suspension was transferred into separate sterile eppendrof
237  tubes such that each tube received around 13 ODgoonm Of yeast cells. After dispensing cell
238  suspension half tubes were stored at 2-8 °C and remaining half at 23-25 °C. Then after every one
239  month, three tubes each from 2-8 °C and 23-25°C were taken out and ODggonm Were measured till
240 the end of 12 months. Measurement of ODgsoonm OVeEr the year showed that there is a gradual
241  decrease in ODgoonm (Fig. 4A), suggesting the cells may be dying. At the end of the one-year
242  final, OD of cellsin tubes comes down close to 4.0. In figure, 4A data is shown only for one set,
243  whilethe experiment was performed thrice, and all three set followed the same trend.

244 Further, it was observed that pace with which ODgonm decreases was more in tubes stored at 23-
245 25 °C compared to those stored at 2-8 °C athough the difference in ODgoonm after one year was
246  not that much significant. Apart from that we also observed the sharp difference in cell
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247  morphology after one year (Fig. 4B). The morphology of cells stored under refrigerated
248  condition (Fig. 4B middle panel) was more like to normal cycling cells used as control (Fig. 4B
249  |eft panel) compared to those stored at room temperature for a year (Fig. 4B right panel). Present
250 microscopic data showed that more number of cells lose their intact nature when stored at room
251  temperature.

252  After observing and comparing the morphology of cells stored at two different conditions, we
253  check the level of the CsgA-GFP fusion protein in those cells by western blot. Protein in whole
254  the cel lysate was extracted as described in material and methods and proteins were resolved on
255 10 % SDS-PAGE. Proteins were transferred on to PVDF membrane and the fusion protein was
256  detected using anti-GFP antibodies (Fig. 4C, D). Present western blot data showed that stationary
257 phaseyeast cells were able to keep fusion protein (CsgA-GFP or curlin) intact for a period of one
258  year under both the conditions of storage. To give an idea about the nature of whole cell lysate,
259  the complete image of Ponceau S stained blot is also provided below their respective western
260  Dblot image (Fig. 4E, F for blot image shown in Fig. 4C, D respectively).

261 The intensity of bands in western blot image in Fig. 4C and D were calculated using Image J
262  software. Histograms showing the combined intensities of the bands in figure 4C, D is shown in
263  figure 4G, H respectively. Thus, combined results of western blot and histogram showed that
264  level of fusion proteins is significantly low when the comparison was made on the number of
265 cdls, athough heterologous fusion protein remains stable at both the temperature of storage.

266 | further compare the level of afusion protein between the cells stored at 2-8 °C to those stored
267 at 23-25 °C and present western blot data suggests that level of a fusion protein is morein cells
268 stored at 2-8 °C compared to those at 223-25 °C (Fig. 5A). Complete blot image for the figure
269 5A isshown in figure 5B. It isimportant to mention that western blot data shown so far in figure
270 4 and figure 5, proteins were normalized based on cell numbers rather on absolute protein
271 quantification. The intensity of bands was calculated using Image J software and histogram
272  showing relative intensities of bandsin figure 5A is shown in figure 5C.

273  Further to get a better idea about the relative abundance of a fusion protein in cells stored at two
274  different conditions, the protein concentration in cell lysate was calculated and an equal amount
275  of protein was desalted, digested with trypsin and resulted peptides were labelled with iTRAQ
276  reagents. Present iTRAQ (Ross et al. 2004) based quantitative proteomics showed the level of
277  curlin protein was more in cells stored under refrigerated conditions compared to those which
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278  werestored at room temperature (Fig. 5D). Present iTRAQ data also confirmed and validated the
279  western blot data. Just like western blot iITRAQ based quantitative analysis also showed an
280 increased amount of curlin protein (Fig. 5C) in whole cell lysate from cells stored under
281 refrigerated condition compared to those stored at room temperature. In the present study, cell
282  lysate from refrigerated cells was labelled with 115,117 and those at room temperature with 114,
283 116 labels. It is important to mention that essentially same whole cell lysate was used in both
284  western blots and in the ITRAQ experiment.

285 | further compare the level of CsgA-GFP using western blot after normalizing protein on basis of
286 protein quantification (like the iTRAQ experiment, mentioned above) and results of western blot
287  arein accordance with ITRAQ data (data not shown).

288 Viability of stationary phase cells

289  Studies from different labs in past and our own previous study (Kumar et a. 2016) showed that
2900 stationary phase yeast cells retain the viability for extended periods even in absence of nutrients;
291 therefore | further checked the viability of cells after one year. Cell viability was checked by
292  plating around 300 cells on YPD plates. The platting assay showed that aimost all cells lose
293 viability after one year irrespective of the temperature of incubation or storage (Fig. 6A, B).
294  Results of platting assay were further confirmed by checking the viability by trypan blue staining
295 and results of trypan blue staining are in accordance with that of platting assay (Fig. 6C). In
296 another set of experiment, the whole content of tubes (three tubes each from refrigerated
297  condition and from room temperature) was plated on fresh YPD plates and this time we got a
298  huge number of colonies, suggesting a significant number of cells retain viability even after one
299  year in absence of nutrients (data not shown).

300 Although the level of immune response raised by yeast cells expressing immunogen of interest is
301 independent of nature of cellsi.e. whether cells are alive or dead (Franzusoff et a. 2005), but
302  still it will not be desirable or advisable to inject live cells especially in individual which are on
303  immunosuppressive medication (example organ transplant) or those with compromised immune
304 system (example AIDs patients). And therefore, it is important that those strains should be used
305 in WRY and YD which can enter into stationary phase, can hold immunogen stable for periods
306 of ayear or longer but could not grow when cameinto the environment rich of nutrients.

307 DISCUSSION

10
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308 In general, peptide-based vaccines overcome many issues associated with the conventional
309 regime of vaccine development as mentioned in the introduction section. But peptide-based
310 vaccines are far away from ideal one and stability of peptide immunogens is an important
311 concern and challenge. Although very few studies are available which assess the effect of
312 temperature on long-term storage of peptide vaccines. For example, a peptide retains its
313 conformation for a week when incubated at 45°C. ESAT651-70-Q11 showed strong
314 immunogenic response even after storage at 45 °C for up to 6 months (Sun et a, 2016).
315 Similarly, in another study, it was observed that mixtures of up to 12 peptides remain stable for
316 upto5 yearswhen stored at -20 °C or -80 °C (Kimberly et a. 2009). Another study reported that
317  anionic gold nanoparticles and PEG (polyethylene glycol) at the concentration of10°%-10° 1M
318 and 107-10% 1M respectively increased the half-life of a GFP expressing adenovirus from
319 ~48(1h to 21 days at 371 1° (Maria et a. 2016). All these studies showed that peptide-based
320 vaccine cannot be stored at room temperature for long period and must require deep freeze (-20
321 °C or -80 °C) which is an important challenge in developing countries. (Chen et a. 2009; Das
322  2004). Because of this, the introduction of new thermally stable vaccines that do not rely heavily
323 on the cold chain has become an important goal (Chen et al. 2009; Kristensen et al. 2011).
324  Despite this many of the peptide-based vaccines are in different phases of clinical trials
325 (Weidang et a. 2014).

326  Application of whole recombinant yeast and yeast display clearly overcome many of the
327 limitations associated with conventional and peptide-based vaccines. And many labs have
328 aready shown the encouraging results involving WRY or YD (Haller et al. 2005; Schiff et al.
329 2007; Heery et al. 2015; Hudson et al. 2016; Chaft et a. 2014). All these and similar studies
330 clearly showed the merits of using of whole recombinant yeast-based vaccines. Although several
331 studies are available which investigate the effect of a different temperature on the stability of
332 peptide-based vaccine over a different period of storage. But only one study appeared recently
333  which investigate the amount and the stability of expressed proteins in whole recombinant yeast
334 for aperiod of six months (Wang et al. 2018). Further, the same study also showed the way for
335 thequantification of heterologous proteins that remain in cells even after ayear of incubation can
336  bequantified (Wang et a. 2018).

337  Still the study which investigates the stability of heterologous protein in WRY for period of year
338 or longer was still missing and therefore this present work tried to fill that important gap in our

11
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339 understanding related to effect of temperature on morphology of yeast cells, stability and level of
340 heterologous proteins in cellular environment of yeast over a period of a year. Although present
341 study showed that the heterologous protein expressed in yeast remain intact but make no
342 comment about the actual amount of antigens that remain in total cell mass even after one year
343 (logic for checking stability is shown through figure 7A). As far as the amount of expressed
344  protein is concerned, incorporating the multi-copy of heterologous genes as described elsewhere
345 (Moon et a. 2016) can take care of this. An important issue which needs to be addressed is
346  whether the level of antigens which remain in yeast cells (over a period of 1-2 years at the
347 different temperature) will be able to raise an optimum immune response. The number of cells
348 that need to be stored at the first hand so that enough amount of antigens remains even after a
349 year of storage for optimum immune response need to be workout. But present study clearly
350 makes a point that WRY based vaccine can be transported and distributed even in absence of
351 cold chain as dationary phase cells are robust enough to keep antigens stable at room
352 temperature for the duration of transportation and distribution which is not the case with the
353  peptide-based vaccine in absence of protein stabilizers.

354  Although the present way of checking the stability of a heterologous protein in WRY is good
355  enough which mainly rely on the intact C-terminal tag and molecular weight markers. But just
356 position of the fusion protein at expected position (relative to protein marker) and one terminal
357 tagging is not the best strategy. Therefore, | also proposed a smple strategy for confirming the
358 completeness of heterologous protein in WRY. This strategy involved tagging of both N and C
359 terminal of heterologous protein with two different tags (Fig. 7B) and detection of the fusion
360 protein with both the tags and at the same place in blot inform that expressed protein is intact
361 from N to C terminus. This strategy was taken from yeast display where the protein of interest is
362 tagged at both N and C terminal (Boder et al. 1997). Bands detected at two different positions
363  when detected using antibodies against N and C terminal tags suggested cleavage or degradation
364  of the heterologous protein.

365 Since few stationary phase cells remain viable even in absence of nutrients, therefore, it is
366 important to use right yeast strains which are able to enter into stationary phase or Gy phase for
367 the long-term stability of immunogen but does not grow on providing nutrients or after
368 administration into subjects. Further, it is known that the magnitude of immune response
369 mounted by the application of whole recombinant yeast isindependent of the status of yeast cells

12
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370 i.e. whether cells are viable or dead (Franzusoff et a. 2005). Growing of yeast cells to stationary
371  phase rather than till log or mid-log phase is also advantageous from the commercia point of
372  view as more number of cells or biomass can be generated from given volume of media. This
373 will further help in lower down the cost of the vaccine.

374 In conclusion, it can be said that soon yeast-based vaccine will be a redity and strategy like
375 WRY and YD will bereally crucial in realizing the full potential of the yeast-based vaccine. The
376 cdlular environment of yeast appears suitable for keeping the immunogen intact for a long
377 period when stored under a refrigerated condition or at room temperature. Since OD of cells
378  decreases over period storage, it isimportant to study whether the amount of immunogen in cells
379  will be enough to raise a required immune response. But results of present work will surely
380 encourage more studies in this direction and it will be further interesting to study the stability of
381 expressed immunogen at an elevated temperature close to 37-43 °C which is common in tropical
382  countries of Africaand Asiawhich require vaccine badly. Again, it will be of utmost importance
383 to finding out the ways to store immunogen in the cellular environment for at least 1-2 years
384 even when cells are stored at elevated temperature (37-43 °C). But present study clearly showed
385 that WRY based vaccine can be transported even under the normal condition without the need
386 for acontinuous chain of refrigeration which isitself of great importance.
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556 Legends

557  Figurel. Schematic showing the basic work flow of present study.

558 Figure 2. Expression of CsgA-GFP in yeast. (A) The nucleotide sequence of curlin magjor of E.
559 coli adong with accession number as given in NCBI. (B) A amino acid sequence of curlin
560 maor/CsgA. (C) Agarose gel showing PCR amplification of curlin gene from E. coli genome
561 (left pand), (D) release of CsgA-GFP cassette from the pl plasmid which was introduced in an
562 empty vector having GAP promoter to generate p2 plasmid. Cartoon presentation of map of
563 plasmid (E) pl and (F) p2 respectively. Note in cartoon presentation only essential elements of
564  plasmids are shown while primers and restriction enzymes used in the construction of these
565 plasmids are mentioned in the text at an appropriate place. (G) Expression of CsgA-GFP from p2
566 integrated into the genome of wild-type BY 4742.

567  Figure 3. Checking stationary phase in yeast cells. (A) Growth curve of BY 4742 expressing
568 CsgA-GFPin three-set (biological triplicate). (B) FACS analysis of cells after 15 days of growth
569 in stationary phase. FACS was performed on all three sets along with control normal cycling cell
570 (overnight culture). (C) Checking the viability of cells after 3 months for both cells stored at 2-8
571 °C (middle panel), for cells stored at 23-25 °C (right panel) along with control regular cycling
572  cells(overnight grown culture) (Ieft panel).

573 Figure 4. Stability of CsgA-GFP in stationary phase yeast cells. (A) The decrease in OD of
574  cells stored over the period of 12 months under the refrigerated condition and at room
575 temperature. Note experiment was performed in biological triplicate, data is shown for one set,
576  other two set also followed the similar trend. (B) Morphology of cells after one year when stored
577 at 2-8 °C (middle pandl), when stored at 23-25 °C (right panel) along with morphology of cells
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578 just before storage (left pandl). Comparison of the level of CsgA-GFP between equal OD of cells
579 stored at 23-25 °C (C) and stored at 2-8 °C (D) for a duration of one year with that of overnight
580 grown culture. Complete Ponceau S stained blot (E, F) for western blot shown in figure C and D
581  respectively. Histogram showing the intensity of bands (G, H) for blot image C and D
582  respectively.

583 Figure 5. Comparison of CsgA in cells stored at the different temperature. (A) Comparison
584  of the level of CsgA-GFP in cells stored at 23-25 °C (left) and 2-8 °C (right) for a duration of
585 one year. (B) Complete Ponceau stain blot image of western blot shown in figure A. (C)
586  Histograms showing comparative level of CsgA-GFP signal calculated from blot image A. (D)
587 Level of CsgA in cells stored at 23-25 °C (114,116) and those stored at 2-8 °C (label 115,117) as
588 shown by relative intensity of iTRAQ reporter ions. Note in all the western blot protein level was
589 normalized based on the number of cells while in case of iTRAQ, protein in cell lysate was
590 normalized based on protein quantification values.

591 Figure 6. The viability of stationary phase yeast cells. The viability of stationary phased cells
592  after one year of storage (A) at 23-25 °C (right pandl) and (B) at 2-8 °C (right panel) compared
593 to control cycling cells (Ieft panel). (C) Cell viability as checked by vital dye trypan blue for both
594  cdlsstored at 23-25 °C and 2-8 °C compared to control (normal cycling cells).

595  Figure 7. Schematic showing stability of heterologous fusion protein in yeast. (A) Data from
596 present work in which fusion of CsgA and GFP i.e. CsgA-GFP remains intact suggests that
597  expressed heterologous fusion protein remains intact (here intact means complete amino acid
598  seguence without making comment on the conformation of a protein or its structural integrity).
599 (B) Proposed strategy for checking intactness of heterologous protein in whole recombinant
600 yeast using smple western blot by detecting fusion protein using antibodies against N and C
601 terminal tags.
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(A) NC_000913.3:1104447-1104902 Escherichia coli str. K-12
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GTTCGGTGGTGGCAACGGTGCTGCAGTTGACCAGACTGCATCTAACTCCTCCGTCAACGTGACTCAGGTT
GGCTTTGGTAACAACGCGACCGCTCATCAGTACTAA
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