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ABSTRACT

Hypochlorous acid (HOCI), a powerful antimicrobial oxidant, is produced by neutrophils to
fight infections. Here we show that N-chlorination, induced by HOCI concentrations
encountered at sites of inflammation, converts blood plasma proteins into chaperone-like
holdases that protect other proteins from aggregation. This chaperone-like conversion was
reversible by antioxidants and was abrogated by prior methylation of basic amino acids.
Furthermore, reversible N-chlorination of basic amino acid side chains is the major factor that
converts plasma proteins into efficient activators of immune cells. Finally, HOCl-modified
serum albumin was found to act as a pro-survival molecule that protects neutrophils from cell
death induced by highly immunogenic foreign antigens. We propose that activation and
enhanced persistence of neutrophils mediated by HOCl-modified plasma proteins, resulting in
the increased and prolonged generation of ROS, including HOCI, constitutes a potentially
detrimental positive feedback loop that can only be attenuated through the reversible nature of

the modification involved.
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INTRODUCTION

Recruitment and activation of neutrophils at sites of infection is considered one of the principal
mechanisms by which the human body protects itself against diseases. The killing strategy of
neutrophils involves the ingestion of pathogens into the phagosome, accompanied by the
production of a diverse set of so-called reactive oxygen species (ROS), including superoxide
anions (O2"), hydrogen peroxide (H>02) and hypochlorous acid (HOC]) in a process known as
the respiratory burst (recently reviewed in refs. !?).

HOCI, a major inflammatory ROS, is produced from hydrogen peroxide and chloride ions by
the heme enzyme myeloperoxidase (MPO) **. The antimicrobial properties of HOCI are well
documented and numerous reports have provided strong evidence for severe damage to
bacterial components within the neutrophil phagosome 7.

A particularly important target of HOCI are proteins. In proteins, HOCI exposure typically leads

8-12 13,14 15

to side chain modification , fragmentation , misfolding/aggregation or
intermolecular di-tyrosine cross-linking, a hallmark of HOCl-oxidized proteins '¢. This often
leads to their aggregation '7-'°. Consequently, various mechanisms to counter the accumulation
of these misfolded proteins under HOCI stress exist in bacteria. These are mediated by
chaperones that are activated by HOCI, the very same reactive species they protect against. One
of the first protective proteins to be noticed was Hsp33, which gets reversibly activated by
HOCI through oxidation of four critical cysteine residues '°. This is not surprising, as cysteine
thiols together with methionine residues react rapidly with HOC12%2!, More recently, we found
that E. coli RidA, a member of the highly conserved, but functionally diverse
YjgF/YERO057¢/UK114 protein family, also undergoes HOCI-based conversion into a
chaperone holdase. This chaperone was highly active as protector of proteins from HOCI-
induced aggregation. However in this case, instead of cysteine oxidation, N-chlorination of

basic amino acids was the mechanism of its activation !7, although reactivity of HOCI with side

chains of lysine and arginine is four to seven orders of magnitude lower than that of cysteine

3
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22, But much like cysteine oxidation, N-chlorination is a reversible oxidative modification that
can be removed by cellular antioxidants such as ascorbate, glutathione or thioredoxin and thus
can switch the holdase function of RidA off !7-23:24,

Similar observations were made more recently with E. coli CnoX (YbbN) that, when activated
via N-chlorination, binds to and prevents a variety of substrates from aggregation and being
irreversible oxidized ».

While HOCI is highly bactericidal, generation of HOCI by immune cells is not without risk to
the human body itself (reviewed in refs. 2°-). During inflammatory processes, up to 30% of
total cellular MPO is secreted by neutrophils into extracellular surroundings via degranulation,
leakage during phagocytosis, or by association with NETs 3°. Neutrophils, accumulated in the
interstitial fluid of inflamed tissues, have been reported to generate HOCI at concentrations of
up to 25-50 mM per hour 3!. It is thus not surprising that HOCI can also drastically increase the
activity of the extracellular chaperone a»-macroglobulin (a2M) in human blood plasma to
counteract the aggregation of host proteins under hypochlorous acid stress 32. However, the
underlying molecular mechanism of HOCl-mediated conversion of this plasma protein is still
unclear.

And while neutrophils produce high amounts of HOCI, it does not accumulate at those levels,
as it reacts instantly with diverse biological molecules including proteins, DNA *3, cholesterol
34 and lipids *°. But due to their high abundance in blood and interstitial fluid, human serum
albumin (HSA) and other plasma proteins are considered the major targets of HOCIl-mediated
damage and as such constitute the main sink for HOCI in the vicinity of inflammation *¢-4°, The
resulting products of the reaction of plasma proteins with hypochlorous acid, known as
advanced oxidation protein products (AOPPs), have, therefore, been employed as in vivo
markers of chronic inflammation *!. Accumulation of AOPPs has been first discovered in

patients with chronic kidney disease *! and later also found in a variety of other inflammatory
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86  diseases, e.g. cardiovascular disease, neurodegenerative disorders, rheumatoid arthritis and
87  some cancers (recently reviewed in ref. 4%).
88 To date, a number of studies have been carried out to elucidate the role of AOPPs in

89  inflammatory processes #3746,

Accumulating experimental evidence supports a critical
90  contribution of AOPPs to the progression of inflammation **. HOCl-modifed HSA accumulates
91 in inflammatory diseases and was found to act as proinflammatory mediator by increasing
92  oxidative stress and inflammation through stimulation of leukocytes 4647,

93  Based on these findings we hypothesized that reversible N-chlorination in response to HOCI-

94  stress could be the principal chemical modification contributing to the observed physiological

95  properties of AOPPs. Furthermore, as we observed in previous studies that the HSA homologue

96  bovine serum albumin (BSA) could be transformed into a chaperone-like holdase by HOCI-

97  treatment 7, we speculated that N-chlorination serves as general rather than specific mechanism

98  to transform certain proteins into a chaperone-like state.

99  Here, we study the effects of reversible N-chlorination on the function of human plasma
100  proteins. We show that, upon N-chlorination, not only coM, but all plasma fractions tested,
101  exhibit chaperone-like activity and as such could prevent the HOCIl-induced formation of
102  protein aggregates at the site of inflammation. Moreover, exposure to HOCI at concentrations
103 present in chronically inflamed tissues turned the majority of plasma proteins into efficient
104  activators of neutrophil-like cells. Previous studies revealed that HOCI-treated HSA can
105  stimulate leukocytes to produce more ROS during inflammation 4748, Now we find that
106  reversible N-chlorination is the main chemical modification that mediates the activation of
107  NADPH oxidase-dependent ROS generation by immune cells by AOPPs. Finally, we show that

108  HOCI-modified HSA is a pro-survival factor for immune cells and protects neutrophils from

109  cell death by highly immunogenic antigens.
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110 Our data strongly suggest that in vivo reversible N-chlorination of human plasma proteins not
111 only converts them into effective chaperone-like holdases but is also the principal mechanism

112 that turns these proteins into mediators of the innate immune system.
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113 MATERIAL AND METHODS

114  Preparation of plasma protein solutions

115  Albumin from human serum (HSA, Product # A9511), human y-globulins (Product # G4386),
116  immunoglobulin G from human serum (IgG, Product # 14506) Cohn fraction IV (Product #
117 G3637) and human whole serum (sterile-filtered from male AB plasma, Product # H4522) were
118  purchased from Sigma-Aldrich, St. Louis, USA, and used without further purification.

119  Protein stock solutions were freshly prepared by dissolving or diluting varying amounts of the
120  protein fractions in 1xPBS buffer, pH 7.4 (Gibco Life Sciences).

121  Purification of a.;-macroglobulin

122 ow-Macroglobulin was purified from human plasma (obtained from Zen-Bio, Inc., North
123 Carolina, USA, Product # SER-SLP, Lot # 11108) by the method of Imber and Pizzo, 1981 #°
124 with slight modifications. Briefly, 880 mL fresh-frozen human plasma were thawed on ice and
125  dialyzed against frequent changes of deionized water for 72 hours at 4 °C using a Spectra/Por
126  dialysis membrane with a MWCO of 12-14 kDa (Spectrum Laboratories Inc., Rancho
127 Dominguez, CA). Insoluble material was removed by centrifugation for 30 minutes at 10,000
128  x gand 4 °C. The supernatant plasma solution (200 mL) was then dialyzed for 24 hours at 4 °C
129  against 5 L 1xPBS pH 6.0. Metal chelate chromatography was performed at 4 °C using an
130 IMAC zinc-Sepharose 6 Fast Flow column (2.6 x 20 cm, GE Healthcare Life Sciences,
131  Amersham, UK) equilibrated with 1xPBS pH 6.0. Dialyzed plasma was applied to the column
132 and washed with 1xPBS pH 6.0 until the absorption at 280 nm of the eluant (measured with a
133 JASCO V-650 UV/VIS spectrophotometer (JASCO, Tokyo, Japan)) reached a value lower than
134 0.01. Bound protein was then eluted from the column with 0.01 M NaOAc, 0.15 M NaCl, pH
135  5.0. Peak protein fractions were combined and concentrated using Vivaspin 20 concentrators
136  with a MWCO of 100 kDa. Gel filtration of the concentrated protein pool fraction was
137  performed at 4 °C on a HiPrep 26/60 Sephacryl S-300 High resolution column (2.6 x 60 cm)

138  equilibrated with 1xPBS pH 7.4. High molecular weight peak fractions containing on-

7
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139  macroglobulin were combined, concentrated and dialyzed against 1xPBS pH 7.4 containing
140  40% (v/v) glycerol. Aliquots were stored at -20° C.

141  Determination of protein concentrations

142 Protein concentration in g - L' of human serum was calculated using Pierce™ Bicinchoninic
143 Acid (BCA) Protein Assay Kit (Thermo Fisher Scientific, Waltham, Massachusetts, USA) with
144  bovine albumin as standard carried out following the manufacturer’s instructions. To calculate
145  amolar concentration, an average molar mass of proteins of 66,357.12 Da was assumed (molar
146  mass of human serum albumin).

147  For HSA, IgG, the y-globulin fraction, and o2-macroglobulin, the concentration was determined
148 by measuring the absorbance at 280 nm (Azgmm) using a JASCO V-650 UV/VIS
149  spectrophotometer. The molar extinction coefficient used for HSA was €230= 35,700 M cm!
150 % Concentration of the y-globulin fraction was estimated using the extinction coefficient for
151  immunoglobulin G (IgG) of 1.36 cm™! (mg - mL")!3!. Assuming a molecular weight of 150,000
152 Da 32, the molar extinction coefficient at 280 nm used for IgG was 210,000 M! cm™!. The molar
153 extinction coefficient used for ax-macroglobulin, 30= 145,440 M cm™!, was calculated from
154  amino acid sequence using ProtParam 3.

155  Concentration of Cohn fraction IV was determined using Pierce™ Bicinchoninic Acid (BCA)
156  Protein Assay Kit and bovine serum albumin (BSA) as standard according to the manufacturer’s
157  instructions. To calculate a molar concentration, a weighted average protein mass of 80,000 Da
158  was assumed based on the composition of the Cohn fraction I'V.

159  Methylation of proteins

160  Proteins were dissolved in Iml 1xPBS pH 7.4 to a concentration of 10 mg - mL! and the solution
161  cooled to 4 °C. 20 ul of 60 mg - mL! dimethylamine borane complex and 40 pl 1M
162  formaldehyde were then added. After 2 hours of incubation at 4 °C, this step was repeated. 2
163 hours later a final aliquot of 10 ul dimethylamine borane complex solution was added, before

164  incubation of the reaction mixture at 4 °C overnight. The next morning 125 pl of 1M Tris pH

8


https://doi.org/10.1101/584961
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/584961; this version posted April 11, 2019. 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-ND 4.0 International license.

Ulfig et al. Effects of N-chlorinated plasma proteins

165 7.5 were added to stop the reaction. The reacting agents were then separated from the now
166  methylated proteins by size-exclusion chromatography using Nap™.-5 columns according to
167  the manufacturer’s instructions (GE Healthcare Life Sciences, Amersham, UK).

168  HOCI-treatment of proteins and reduction

169  The concentration of the NaOCl stock solution of 0.64 M (Sigma-Aldrich, St. Louis, USA) was
170  confirmed regularly by measuring the absorbance at 292 nm using a JASCO V-650 UV/VIS
171  spectrophotometer and the extinction coefficient £200= 350 M! cm™!. When necessary, NaOCl
172 stock solution was diluted by mixing an adequate volume of NaOCI with 1x PBS solution pH
173 7.4 immediately prior to each chlorination reaction.

174  Varying amounts of a protein were then treated with a 10-fold, 50-fold and/or 150-fold molar
175  excess of NaOCI for 10 minutes at 30 °C (maximum NaOCI concentration used was 50 mM —
176  a concentration that can be produced by neutrophils per hour in chronically inflamed tissues
177 3"). Excess HOCI was removed by size-exclusion chromatography using Nap™-5 columns
178  according to the manufacturer’s instructions. Due to dilution during the Nap™-5 desalting step,
179  protein concentrations were re-determined as described above.

180  To reverse protein N-chlorination in HOCl-treated proteins, sodium ascorbate was dissolved in
181  1xPBS pH 7.4 to a concentration of 1 M and the proteins were incubated with a 50-fold molar
182  excess of sodium ascorbate for 45 minutes at 37 °C. After removal of excess reductant (see
183  above), protein concentrations were again re-determined.

184  Protein aggregation assays with citrate synthase

185 200 pL Citrate synthase in ammonium sulfate solution (Sigma-Aldrich, St. Louis, USA) was
186  dialyzed overnight against 2 L 20mM Tris 2mM EDTA buffer at 4°C under constant stirring
187  using a Spectra/Por dialysis membrane with a MWCO of 6-8,000 Da. (Spectrum Laboratories
188  Inc., Rancho Dominguez, CA). This dialyzed citrate synthase preparation was then chemically
189  denatured in 4.5 M GdnHCI, 40 mM HEPES, pH 7.5 at room temperature overnight. The final

190  concentration of denatured citrate synthase was 12 uM. Aggregation was induced by the
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191  addition of 20 uL denatured citrate synthase stock to 1580 uL 40 mM HEPES/KOH buffer, pH
192  7.5. Final concentration of citrate synthase in the aggregation assay was thus 0.15 uM.
193  Untreated or treated plasma proteins were added to the assay buffer to a final concentration of
194 0.5 puM (ox-Macroglobulin) or 1.5 uM (HSA, IgG, y-globulins, Cohn fraction 1V)
195  (corresponding to a 3.3-fold and 10-fold molar excess over the dimeric citrate synthase,
196  respectively) prior to the addition of citrate synthase. The increase of light scattering was
197  monitored in a JASCO FP-8500 fluorescence spectrometer equipped with an EHC-813
198  temperature-controlled sample holder (JASCO, Tokyo, Japan) at 30 °C for 200-240 s under
199  continuous stirring. Measurement parameters were set to 360 nm (Ex/Em), 2.5 nm slit width
200  (Ex/Em) and medium sensitivity. Chaperone activity was expressed as the difference between
201  initial and final light scattering of an individual sample in arbitrary units. Aggregation of citrate
202  synthase in the absence of any other proteins was set to 100%. Depending on the batch of citrate
203  synthase, absolute maximum and minimum light scattering values may vary, thus control
204  experiments with the same batch were carried out for each individual aggregation experiment.
205  Detection of accessible amino groups in proteins

206  Accessible amino groups in HSA were detected using fluorescamine (Sigma-Aldrich, St. Louis,
207  USA) as described >*. Briefly, 334 pl of 3 mg - mL"! fluorescamine stock in acetone were added
208 to 1 mL of 80 ug - mL! native HSA or the variously treated HSA solutions described above.
209  Emission spectrum of fluorescamine from 400 to 600 nm was measured upon excitation with
210 388 nm using a JASCO FP-8500 fluorescence spectrometer. The relative amount of accessible
211  amino groups in the variously treated HSA samples was calculated by setting the maximum
212 fluorescence of native HSA to 100% representing the total relative amino group content.

213 Nile red hydrophobicity assay

214 Nile red (Sigma-Aldrich, St. Louis, USA) was dissolved in dimethyl sulfoxide (DMSO) to a
215  final concentration of 30 pM. Varying amounts of native or HOCl-treated HSA (0-200 uM) in

216  1xPBS were mixed with Nile red stock to a final dye concentration of 1.6 uM. Fluorescence

10
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217  was measured using a JASCO FP-8500 fluorescence spectrometer with the following
218  parameters: 550 nm excitation, 570-700 nm emission, 5 nm slit width (Ex/Em) and medium
219  sensitivity. Concentrations of native or HOCl-treated HSA, at which the proteins were half-
220  saturated with dye were calculated by plotting the fluorescence intensity of Nile red against the
221  logarithm of the molar protein concentrations. Data were fitted with GraphPad Prism 8 software
222 using the sigmoid fit function.

223 PLB-985 culture and differentiation

224  The human myeloid leukemia cell line PLB-985 (certified mycoplasma negative, obtained from
225 DSMZ, German collection of microorganisms and cell culture) was cultured in RPMI-1640
226  medium supplemented with 10% heat-inactivated FBS and 1% GlutaMAX (Life Technologies,
227  Carlsbad, CA) at 37°C with 5% COa». Cells were passaged twice weekly to maintain a cell
228  density between 2 x 10°and 1 x 10% - mL™" and used until passage no. 10. For differentiation
229  into neutrophil-like cells, cells were seeded at a density of 2 x 103 - mL™! and cultured for 96
230  hours in RPMI-1640 medium with 10% FBS, 1% GlutaMAX and 1.25% DMSO . After 72
231  hours of incubation in the presence of DMSO, 2000 U - mL™! interferon-y (ImmunoTools,
232 Friesoythe, Germany) was added to the cell culture 3°. In a previous study, differentiation was
233 checked by detecting the expression of the associated surface markers CD11b and CD64 (see
234 ref. 7). The viability of the cells was evaluated using trypan blue dye and was typically >90%.
235  Chemiluminescence-based NADPH-oxidase activity assay

236 NADPH-oxidase-dependent superoxide production was selectively measured by
237  chemiluminescence (CL) using the chemiluminogenic substrate lucigenin (10,10'-Dimethyl-
238  9,9'-biacridinium dinitrate; Carl Roth, Karlsruhe, Germany) .

239  Differentiated PLB-985 cells were washed once with 1xPBS pH 7.4 and diluted in the same
240  buffer to a final concentration of 5 x 10°cells - mL™". 100 pL of this cell suspension were placed
241  inthe wells of a non-transparent, white, clear-bottom 96-well plate (Nunc, Rochester, NY). For

242 some experiments, cells were preincubated with 10 uM diphenyleneiodium (DPI; NADPH

11
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243 oxidase inhibitor), 100 nM wortmannin (phosphoinositide 3-kinase (PI3K) inhibitor), 200 nM
244 GO 6983 (protein kinase C (PKC) inhibitor) or vehicle (1% DMSO) for 30 minutes at 37 °C.
245  All inhibitors dissolved in DMSO were purchased from Sigma-Aldrich, St. Louis, USA. The
246  final concentration of DMSO in all wells was adjusted to 1%. The bottom of the plate was
247  covered using a white, non-transparent adhesive seal prior to measurement. 50 pL of either
248  1xPBS (resting CL) or agents to be tested, including the untreated and treated plasma proteins
249  were added to the respective wells. Final concentrations were: 2 mg - mL™" a2-macroglobulin,
250 3 mg - mL 'HSA, IgG, y-globulins and Cohn fraction IV, 0.2 uM PMA (Phorbol 12-myristate
251  13-acetate; Sigma-Aldrich, St. Louis, USA). Lucigenin was dissolved in 1xPBS to a
252 concentration of 400 uM immediately prior to measurement and 50 uL were added to the wells.
253  Chemiluminescence was measured every 1-2 minutes over 1.5 hours at 37 °C using the Synergy
254  HI1 multi-detection microplate reader (Biotek, Bad Friedrichshall, Germany) in triplicates and
255  chemiluminescence activity was expressed as integrated total counts as calculated by the
256  addition of rectangles with unit width under individual data points. In inhibition assays,
257 NADPH-oxidase activation, as measured by chemiluminescence activity, induced by PMA,
258  HSA, treated with a 50-fold molar excess of HOCI, or IgG, treated with a 150-fold molar excess
259  of HOCI, was set to 100% and other relevant data as percentage of this control.

260  Cloning of Ag85B

261  E. coli strains, plasmids and primers used in this study are listed in Table 1. Ag85B gene (fbpB)
262 of Mycobacterium bovis (differs by one base-pair from corresponding gene of M. tuberculosis,
263  resulting in a Leu to Phe replacement at position 100 %) was designed with optimized codon
264  usage for expression in E. coli, synthesized and cloned into pEX-A2 standard vector by
265  Eurofins Genomics. fbpB was amplified from pEXA_fbpB by PCR using primers tbpB-fw and
266  tbpB-rv, purified according to the instructions of the NucleoSpin Gel and PCR Clean-up Kit
267  (Macherey-Nagel GmbH, Diiren, Germany) and cloned into the pET22b(+) expression vector
268  via the restriction sites Ndel and Xhol with a hexahistidine (Hiss)-tag placed at the C-terminal

12
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end of the gene. E. coli DH5a cells were transformed with the plasmid using a standard heat-
shock method and plated on Luria Bertani (LB) agar plates supplemented with 50 pg - mL™
ampicillin. Screening for recombinant plasmids was performed by colony PCR, followed by
isolation of potentially correct plasmids from the respective strains. Successful cloning of fbpB

gene into pET22b(+) vector was verified by sequencing.

13
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274  Table 1: E. coli strains, plasmids and primers used in this study.

Relevant properties ¢ or genotype Source or reference

E. coli strains

DH5a supE44, AlacU169 (980 lacZAM15) hsdR17 recAl

endAl hsdR gyrA relA thi Invitrogen

F ompT gal dem lon hsdSB(rB” mp~) A(DE3 [lacl Stratagene, Santa
BL21(DE3) lacUV5- T7 gene 1 indl sam7 nin5j) Clara, CA’

Plasmids

Amp® pEX-A128 vector carrying synthesized fbpB

pEXA_fbpB gene from M. bovis Eurofins Genomics
pET22b (+) Amp®, vector for overexpression of genes in E. coli Novagen

Amp®, vector for overexpression of fbpB gene in E. .
pET22b-fbpB coli BL21(DE3) This study
Primers Sequence (5’ -> 3’)
fbpB-fw CCCCATATGTTCTCTCGTCCGG
fopB-rv CCCCTCGAGACCAGCACCCAG

275  * AmpR, ampicillin resistance

276  Expression and purification of Ag85B

277  For heterologous expression and subsequent purification of Hises-tagged Ag85B, recombinant
278  plasmid pET22b-fbpB was transferred into the E. coli expression strain BL21 (DE3) (see
279  Table 1). The transformed cells were plated on LB agar plates containing 50 pug - mL™!
280  ampicillin and incubated at 37 °C for 24 hours. 2 x 50 ml LB medium with ampicillin were
281  inoculated with a single colony from the agar plate and incubated at 37 °C overnight. These
282  overnight cultures were then used for inoculation of 5 x 1 L ampicillin-containing LB medium
283  to a starting optical density at 600 nm (ODsoo) of 0.1. The bacteria were grown at 37 °C with
284  shaking at 130 rpm until the ODsoo was ~ 0.5. Expression of Ag85B including a C-terminal
285  hexabhistidine (Hise)-tag was induced with 1 mM isopropyl-beta-D-thiogalactopyranoside
286  (IPTG) and continued for ~ 12 hours (overnight) at 20 °C. Cells were harvested by
287  centrifugation at 6500 x g for 45 minutes at 4 °C. Pellets were washed once with 1xPBS and

288  resuspended in lysis buffer (5 mM imidazole, 300 mM NacCl, 50 mM NaH;POs, pH 8.0). Cells
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289  were disrupted using a Constant Cell disrupter (Constant Systems Limited, Daventry, England),
290  and the obtained lysate was centrifuged for 45 minutes at 4 °C and 57,500 x g. Solid precipitate
291  and the supernatant were separated and evaluated for detection of recombinant protein by SDS-
292  PAGE, followed by Coomassie Blue G-250 staining. Overexpressed Ag85B protein was found
293  predominantly in the pellet fraction. Pellet was thus resuspended in lysis buffer containing 8§ M
294  urea and thoroughly homogenized. Suspension was applied to a polystyrene column filled with
295  nickel-nitrilotriacetic (Ni-NTA) resin, and washed with urea-containing lysis buffer, followed
296 by a washing step with wash buffer supplemented with a small amount of imidazole (8M urea,
297 20 mM imidazole, 300 mM NaCl, 50 mM NaH>POs, pH 8.0). Recombinant Ag85B was eluted
298  from the column using 250 mM imidazole buffer solution (8M urea, 250 mM imidazole, 300
299  mM NaCl, 50 mM NaH>POys, pH 8.0). In order to remove imidazole, combined elution fraction
300 was diluted 1:10 in sodium phosphate buffer (300 mM NaCl, 50 mM NaH,POs, pH 8.0) and
301 mixed overnight at 4 °C. Precipitated protein was collected by centrifugation for 45 minutes at
302 4 °C and 57,500 x g and resuspended in urea-containing sodium phosphate buffer (§8M urea,
303 300 mM NaCl, 50 mM NaH>POs4, pH 8.0). Concentration of purified Ag85B protein was
304  quantified spectrophotometrically by measuring the absorbance at 280 nm using a JASCO V-
305 650 UV/VIS spectrophotometer. The molar extinction coefficient used for Ag85B was €280=
306 75,860 M em !,

307  Flow cytometry-based cell apoptosis assay

308  Differentiated PLB-985 cells were counted, washed once with 1xPBS pH 7.4 and diluted in
309  RPMI-1640 medium supplemented with 10% heat-inactivated FBS to a final concentration of
310 3.3 x10%cells - mL™". 600 uL of this cell suspension were placed in the wells of a transparent,
311  flat-bottom 24-well plate (Sarstedt, Niimbrecht, Germany). The cells were preincubated with
312 100 nM wortmannin, 50 uM Z-VAD-FMK, a broad spectrum pan-caspase inhibitor (dissolved
313 in DMSO; Santa Cruz Biotechnology, Dallas, TX, USA), 250 uM cytochalasin D, an inhibitor

314  of actin polymerization (dissolved in DMSQO; Sigma-Aldrich, St. Louis, USA), 155 uM native
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315 ormodified HSA, that has been treated with a 50-fold molar excess of HOCI as described above,
316  or vehicle (1% DMSO) for 1 hour at 37 °C. The final concentration of DMSO in all wells was
317  adjusted to 1%. Subsequently, 1 uM Ag85B (85 uM stock in urea-containing buffer (8§ M urea,
318 300 mM NacCl, 50 mM NaH>POg4, pH 8.0)), 2 uM staurosporine (dissolved in DMSO; Sigma-
319  Aldrich, St. Louis, USA) or vehicle (94 mM urea and 1% DMSO) were added. After 1 hour of
320  incubation with Ag85B or 6 hours with staurosporine at 37°C, cells were washed once with
321  cold 1xPBS, followed by one washing step with 1x Annexin V binding buffer. For the analysis
322 of cell viability, the variously treated cell suspensions were stained with Annexin V-FITC and
323 propidium iodide (PI) using the Dead Cell Apoptosis Kit (Invitrogen, Thermo Fisher Scientific,
324  Waltham, Massachusetts, USA) according to the manufacturer’s instructions and subsequently
325  subjected to flow cytometry. Samples were analyzed using a BD FACSCanto II flow cytometer
326  (Becton, Dickinson and Company). Fluorescence emitted by Annexin V-FITC and PI was
327  measured through a 530/30-nm and 585/42-nm bandpass filter, respectively, upon excitation
328  with an argon ion laser operating at 488 nm. Single-stained compensation controls were used
329  to calculate the compensation matrix. 20,000 events were acquired and recorded per sample.
330  Data were analyzed using FlowJo (version 10) software.

331  Fluorescent labeling of Ag85B

332 For fluorescent labeling of Ag85B the green fluorescent dye CF™ 488A succinimidyl ester
333  (Sigma-Aldrich, St. Louis, USA) was used. Labeling occurred via reaction of the succinimidyl
334  ester group of the dye with amine groups of Ag85B. Labeling was performed according to the
335  manufacturer’s instructions with slight modifications. To prevent aggregation of Ag85B,
336  labeling reaction was performed in urea-containing buffer (8 M urea, 300 mM NaCl, 50 mM
337  NaH;POs, pH 8.0) and carried out for 6 hours at room temperature under continuous shaking.
338  Excess dye was removed by size-exclusion chromatography using PD-10 desalting columns

339  containing Sephadex G-25 resin according to the manufacturer’s instructions (GE Healthcare
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340  Life Sciences, Amersham, UK). Concentration of the conjugate and degree of labeling (DOL)
341  were calculated using the formula provided by the dye’s manufacturer. DOL was 3.1.

342  Ag85B-488 uptake assay

343  For the antigen uptake assay, differentiated PLB-985 cells were incubated with fluorescently-
344  labeled Ag85B (Ag85B-488) protein in the presence or absence of native and HOCl-modified
345  HSA in the same way as for the cell apoptosis assay described above. After 1 hour of incubation
346  at37°C, cells were washed twice with 1xPBS, followed by fixation with 4% paraformaldehyde
347  (PFA) for 10 minutes on ice. Cells were washed with 1xPBS and subsequently subjected to
348 flow cytometry. Samples were analyzed using a BD FACSCanto II flow cytometer.
349  Fluorescence emitted by Ag85B-488 was measured through a 530/30-nm bandpass filter upon
350  excitation with the 488 nm argon laser line. 30,000 events were acquired and recorded per
351  sample. Data were analyzed using FlowJo (version 10) software.

352  Ag85B aggregation assay

353  Aggregation of Ag85B was induced by the stepwise addition of 75 pL Ag85B stock (5 x 15 uLL
354  every 20 seconds) to 1525 pul 40 mM HEPES/KOH buffer, pH 7.5. Final concentration of
355  Ag85B in the aggregation assay was 0.186 uM. Native or variously treated HSA as described
356  above, was added to the assay buffer to a final concentration of 14.88 uM (corresponding to a
357  80-fold molar excess over Ag85B) prior to the addition of Ag85B. The increase of light
358  scattering was monitored in a JASCO FP-8500 fluorescence spectrometer equipped with an
359  EHC-813 temperature-controlled sample holder at 30 °C for 200 s under continuous stirring.
360  Measurement parameters were set to 360 nm (Ex/Em), 2.5 nm slit width (Ex/Em) and medium
361  sensitivity. Chaperone activity was expressed as the difference between initial and final light
362  scattering of an individual sample in arbitrary units. Aggregation of Ag85B in the absence of

363 HSA was set to 100%.
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364 RESULTS

365 HOCI-treated human serum prevents protein aggregation

366 In previous experiments we showed that the bacterial protein RidA is transformed into a
367  competent holdase-type chaperone upon treatment with HOCI or N-chloramine '”. In control
368  experiments, we discovered that bovine serum albumin also shows increased chaperone activity
369 in response to HOCI 7. Since HOCI can be present in a physio-pathological context, most
370  notably in the vicinity of inflammation, we wanted to test if human serum proteins can also be
371  transformed into holdase-type chaperones through HOCI-treatment. Thus, we performed
372  aggregation assays using chemically denatured citrate synthase and untreated and HOCl-treated
373  human serum. Human serum was incubated with an estimated 10-fold molar excess of HOCI
374  for 10 minutes at 30°C, a concentration that was sufficient to fully activate or markedly improve
375  the chaperone function of RidA and BSA, respectively !7. When chemically denatured citrate
376  synthase was diluted into denaturant-free buffer, it formed aggregates that can be monitored by
377  increased light scattering of the solution (Fig. 1). This aggregation of citrate synthase was not
378  prevented by the addition of untreated human serum. However, when pre-incubated with a 10-
379  fold molar excess of HOCI, serum significantly decreased aggregate formation. This suggested
380  tous, that at least some serum proteins could be transformed to a holdase-type chaperone by N-
381  chlorination in a mechanism similar to RidA. Because N-chlorination can be reduced by certain
382  antioxidants, we used ascorbate to re-reduce HOCI-treated serum. Ascorbate is a mild
383  antioxidant, which typically does not reduce native or HOCl-induced disulfide bonds. This
384  ascorbate-treated serum lost its capability to bind denatured citrate synthase, suggesting an N-

385 chlorination-based mechanism.
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387 Figure 1: HOCl-treated human serum decreases protein aggregation. Human serum, when treated with a 10-
388 fold molar excess of HOCI (Human serum 10xHoc1), significantly decreases aggregation of chemically-denatured
389 citrate synthase as measured by light scattering at 360 nm. Reduction of HOClI-treated human serum with a 50-
390 fold molar excess of the antioxidant ascorbate (Human serum 1oxHocyasc) reverses this chaperone-like conversion
391 of the serum. (a) A representative measurement of citrate synthase aggregation in the presence of untreated
392  (Human serum ur), HOClI-treated (Human serum ioxtoct) and re-reduced (Human serum ioxtocyasc) human serum
393 is shown. (b) Data are represented as means and standard deviations from three independent aggregation assays.
394 Student’s t-test: ***p < 0.001. Aggregation of citrate synthase in the absence of human serum was set to 100%
395 and all the data are presented as percentage of this control. Labels of aggregation curves are written in the order

396  ofthe final intensity of light scattering of the respective treatment.

397  Albumin, the major protein component of serum, shows HOCl-induced chaperone-like
398  activity

399  The major protein component of human serum is human serum albumin (HSA). Previously, we
400  showed that its bovine homologue bovine serum albumin (BSA) exhibits increased chaperone

401  activity upon treatment with HOCI 7. We therefore suspected that HSA could be a major
19
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402  contributor to the observed decrease in protein aggregate formation in the presence of HOCI-
403  treated serum. To test whether HSA gains chaperone function upon exposure to HOCI, HSA at
404  afinal concentration of 1 mM was treated with a 10-fold molar excess of HOCI for 10 minutes
405 at 30 °C. An HOCI concentration of at least 10 mM has been shown to be required for the
406  generation of significant quantities of the so-called advanced oxidation protein products
407  (AOPPs) in plasma, associated with a number of inflammatory diseases *!. The localized
408  concentration of HOCI generated by accumulated neutrophils in the interstitium of chronically
409  inflamed tissues, however, can be much higher and reach values of 25-50 mM per hour *'. To
410  mimic a state of chronic inflammation, HSA was thus also incubated in the presence of a 50-
411  fold molar excess of HOCI corresponding to the maximum reported concentration of 50 mM.
412  HSA treated in both ways significantly reduced the aggregation of citrate synthase when added
413  at a 10-fold molar excess, showing that HSA acts as a potent chaperone in serum upon
414  modification by HOCI (Fig. 2 a, b). The chaperone activity of HSA, however, was much higher
415  upon exposure to a 50-fold molar excess of HOCI, suggesting a dose-dependent activation of
416  the HSA chaperone function by HOCL In contrast to bacterial RidA and Hsp33 '7-1°, full
417  activation of the chaperone function of HSA seems to require a higher oxidation/chlorination
418  level of the protein.

419  Chaperone-like conversion of serum albumin can be reversed by antioxidants

420 It is well known that exposure to high HOCI concentrations, such as those present at sites of
421  chronic inflammation, can lead to plasma protein unfolding and the formation of carbonylated
422  and di-tyrosine cross-linked protein aggregates that cannot return to the free, functional pool of
423 proteins upon reduction by antioxidants 6. Such irreversibly misfolded plasma proteins could
424  principally act as chaperones and bind to and prevent the aggregation of other unfolding
425  substrates through hydrophobic interactions with the newly exposed hydrophobic protein

426  surfaces.
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427  However, based on the observation that the chaperone activity of serum albumin increased in a
428  dose-dependent manner with the quantity of HOCI added, we asked whether the activation of
429  HSA chaperone function upon treatment with a 10- or 50-fold molar excess of HOCI could be
430  mediated by reversible N-chlorination instead. We have found this mechanism of action in the
431  bacterial protein RidA 7. We thus exposed HOCI-treated HSA to a 50-fold molar excess of the
432  antioxidant ascorbate, which specifically removes N-chlorination. Indeed, ascorbate rendered
433  HSAioxnoc1 and HSAsoxnocl unable to prevent citrate synthase aggregation when added at the
434  same molar excess as the HOCl-treated protein samples (Fig. 2 ¢, d). This result strongly
435  supports the idea that HOCl-mediated activation of HSA chaperone function involves
436  reversible chlorination of its side chain amines.

437  Methylation of basic amino acid residues in serum albumin inhibits HOCIl-induced
438  activation of its chaperone function

439  Prompted by the observation that HOCI-mediated conversion of serum albumin into a potent
440  chaperone could be reversed by ascorbate, we assumed an N-chlorination-based activation
441  mechanism of its chaperone function. To further confirm this hypothesis, we blocked free
442  amino groups of lysine and nitrogens in the guanidino-moiety of arginine residues in HSA via
443  selective methylation. Exposure of methylated HSA to 10- or 50-fold molar excess of HOCI
444  did not convert HSA into a chaperone, suggesting that activation of the HSA chaperone function

445  indeed requires chlorination of its basic amino acids (Fig. 2 e, f).

21


https://doi.org/10.1101/584961
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/584961; this version posted April 11, 2019. 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-ND 4.0 International license.

Ulfig et al. Effects of N-chlorinated plasma proteins
)
a T 6000 b
= —_— FT T3
2 5000 - }CS alone = 120 —
2 4000 | S § 100 1
8, — +HSA 1ou0ci T 80+
o 3000 | g 60 |
B 2000 - 8 40|
T )
31000 - O 20 A
o — +HSA
£ 0 Iha : : ' 50xHOCI 0 |i_|
= 0 50 100 150 200 e < o >
$ S
time [sec] »® X & &
) & V"\ v_‘a
O 2 2
cC 3 d
-*g CS alone
S 6000
& 5000 bl & 120 4
s +HSA oxm0cimse g 100 -
g 4000 - *+HSA somocuasc % 80
@ 3000 A g
£ 5 60
& 2000 - & 40
S 1000 - B 90
£ 0 , . . 0
= 0 50 100 150 200 & & s $
time [sec] »® X OO\\Y 00\\?
& @»ﬁ‘ h@‘
X X
e 7 f
g 6000 CS alone
g 5000 i K 120
= +HSA peytoxHoci c 100 -
£ 4000 - S
8 +HSA yeysoxoc E 80 A
o 3000 - 2
£ 5 60 -
s 2000 - S 40
S 1000 A 8 20
S 0 b r T r | 0
= 0 50 100 150 200 e « ;s N
& N) O O
time [sec] P X & &
S Sy N ¥
O K3 K3
g &
446

447 Figure 2: Conversion of serum albumin into a potent chaperone upon HOCI exposure is based on reversible
448  N-chlorination of its basic amino acids. (a, b) Serum albumin, when treated with a 10- or 50-fold molar excess
449 of HOCI (HSA1oxnoct and HSAsoxnocl, respectively), significantly decreases aggregation of chemically-denatured
450 citrate synthase as measured by light scattering at 360 nm. (¢, d) Reduction of HOCl-treated HSA with a 50-fold
451 molar excess of the antioxidant ascorbate (HSA 1oxHocrase and HSAsoxnocyase) switches off its chaperone activity.
452 (d, ) Methylation of basic amino acid side chains prior to HOCI treatment (HS Amev1oxtoct and HS Amersoxtoct)
453 abrogates the chaperone-like conversion of HSA. In a, ¢ and e representative measurements are shown. In b, d
454 and f data are represented as means and standard deviations from three independent experiments. Student’s t-test:
455 **p <0.01, ***p <0.001. Aggregation of citrate synthase in the absence of HSA was set to 100% and all the data
456 are presented as percentage of this control. Labels of aggregation curves are written in the order of the final

457 intensity of light scattering of the respective treatment.

458
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459  Decreased amino group content of HSA upon HOCI treatment is accompanied by an
460 increased overall hydrophobicity of the protein

461  Our combined data strongly suggested that the chaperone function of HSA is activated by
462  chlorination of its basic amino acids. HSA in its secreted form possesses 84 potential targets
463  for chlorination by HOCI: 59 lysine residues, 24 arginine residues and one amino group at the
464  N-terminus . To investigate the extent to which HOCI decreases the total amount of
465  accessible, non-modified amino groups in HSA, we analyzed the free amino group content
466  before and after HOCI-treatment using fluorescamine 4. Evidently, exposure to HOCI resulted
467  in some loss of free amino groups. Amino group content of HSA decreased by approximately
468  10% after treatment with a 10-fold molar excess of HOCl (HSAoxnoci) and by 40% upon
469  exposure to a 50-fold molar excess of HOCI (HSAsoxnoci) (Fig. 3 a, b). Reduction of both
470  chlorinated HSA samples with ascorbate resulted in a full recovery of accessible amino groups
471  with concomitant loss of chaperone activity (Fig. 2 ¢, d). Activation of HSA chaperone function
472 by HOCI thus coincides with a decrease in free amino group content, providing further evidence
473  for an N-chlorination based-mechanism.

474  We argued that the reduction of positive charges on the protein’s surface through HOCl-induced
475  N-chlorination should lead to an increase in surface hydrophobicity, thus allowing high-affinity
476  binding to unfolded proteins.

477  To detect changes in HSA’s surface hydrophobicity upon HOCI treatment, we used the
478  uncharged hydrophobic dye Nile red and measured its fluorescence upon addition to 25 uM
479  native HSA or 25 uM HSAsoxnoc ©'. Absolute fluorescence of 1.6 uM Nile red was higher for
480  HSAsoxnoct when compared with untreated HSA with a maximum at 616.5 nm (621.5 nm for
481  native HSA) showing a blue shift in emission maximum consistent with a decreased polarity of
482  the protein solution (Fig. 3 ¢). The concentration of native HSA and HSAsoxnoc1, at which the

483  proteins have been half-saturated with dye were calculated (Fig. 3 d). This concentration was
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484  significantly higher for untreated HSA compared to HSAsoxnocl, pointing towards an increased

485  hydrophobicity of HSAsoxtocl.
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488 Figure 3: N-chlorination of serum albumin decreases accessible amino group content and increases surface
489 hydrophobicity. (a, b) Amino group content of variously treated HSA was analyzed using fluorescamine.
490 Treatment of HSA with HOCI resulted in a dose-dependent loss of free amino groups. Reduction of chlorinated
491 HSA with ascorbate fully restored the free amino group content. (¢) Fluorescence of 1.6 uM Nile red in the
492  presence of native HSA or HSA, that has been treated with a 50-fold molar excess of HOCI. An increased absolute
493 fluorescence and a shift in maximum emission wavelength (from 621.5 nm to 616.5 nm) can be observed for
494 HSAsoxnoct. (d) Absolute fluorescence of Nile red measured at the emission maximum at 621.5 nm and 616.5 nm,
495 respectively, was plotted against the corresponding HSAuw and HSAsoxnoci concentrations, respectively. The
496 average concentrations, at which HSAuw and HSAsoxnoc1 have been half-saturated with Nile red are marked by
497 arrows. Means and standard deviations in b and d are based on three independent experiments. (b) Student’s t-
498  test: *p < 0.05, **p < 0.01, ***p < 0.001. (d) Student’s t-test: "p < 0.05, *p < 0.01, *p < 0.001. For a and ¢

499  representative measurements are shown.

500  Activation of neutrophil-like cells by HOCl-treated serum albumin is based on reversible
501  N-chlorination
502  Several lines of evidence point toward a key role of HOCl-modified serum albumin in the

503  progression of chronic inflammation, a hallmark of various degenerative diseases 7. Upon
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504  exposure to high doses of HOCI, as those present in chronically inflamed tissues, modified HSA
505  was found to induce neutrophil NADPH oxidase activation reflected by an increased generation
506  of reactive oxygen species and accompanied by degranulation 47,

507  Pathophysiological concentrations of HOCI are able to induce different modifications on
508  plasma proteins including carbonylation, N-chlorination, cysteine and methionine oxidation or

509 inter- and intramolecular di-tyrosine cross-linking &%11:16

, with most of them being considered
510 irreversible. So far, it has not been elucidated which HOCI-induced modification is sufficient
511  toconvert HSA into a potent activator of leukocytes. We thus wondered whether this functional
512 conversion of HSA might be specifically mediated by N-chlorination and thus reflects a
513  reversible process, similar to the activation of its chaperone function in response to HOCI stress.
514  To test this, we analyzed the effect of HOCI-treated HSA before and after reduction by
515  antioxidants on the activity of the phagocytic NADPH oxidase. For this purpose, we chose the
516 human myeloid cell line PLB-985 that acquires a neutrophil-like phenotype upon
517  differentiation with DMSO and IFNy 53¢,

518  Generation of oxidants by the NADPH oxidase was assessed by lucigenin, a well characterized
519  and frequently used chemiluminescence probe which predominantly reacts with superoxide
520  anion radicals to form a light-emitting species 2. Differentiated PLB-985 cells, when incubated
521 in buffer in the absence of any activating agents, showed a low basal level of superoxide
522 generation resulting from IFNy-mediated enhancement of the NADPH oxidase activity during
523  the differentiation period ® (Fig. 4 a). In line with expectations, treatment of the cells with
524  phorbol-12-myristate-13-acetate (PMA), a known activator of neutrophil NADPH oxidase, led
525  to a drastic increase in superoxide production and was thus used as positive control * (Fig. 4 a,
526  c¢). Addition of untreated HSA significantly increased the generation of superoxide by > 20%
527  compared to the mock control. No further enhancement of the NADPH oxidase activity was
528  observed with HSA after exposure to a 10-fold molar excess of HOCI, indicating that the chosen

529  HOCI concentration might have been too low for the conversion of HSA into a potent activator
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530  of neutrophil-like cells. In contrast, cells subjected to HSA that has been treated with a 50-fold
531  molar excess of HOCI exhibited a substantial increase in superoxide production within the first
532 ~ 25 minutes of incubation. In comparison to PMA, NADPH oxidase activation by HSAsoxnoci
533  proceeded at a lower rate and was less sustained, returning to basal level 40 minutes after the
534  addition of HSAsoxHoc to the cells.

535  During our experiments we observed that N-chlorinated HSA can directly react with the
536  fluorescent dye, 2°, 7’-dichlorodihydrofluorescein diacetate (H.DCF-DA), which is the most
537  widely used probe for measuring intracellular ROS production %, eliciting a positive signal in
538  the absence of cells (Supplementary Fig. S1). To confirm that the observed chemiluminescent
539  signal emitted by lucigenin derives from HSAsoxnoci-induced activation of the phagocytic
540 NADPH-oxidase rather than from a similar direct reaction of lucigenin with HSAsoxHoc -
541  derived chloramines, we incubated lucigenin with the various agents in the absence of cells and
542 no significant chemiluminescence was observed (Fig. 4 b).

543  Importantly, when reduced by ascorbate, HSAsoxnoci lost its stimulatory effect, showing that
544  the functional conversion of HSA to an efficient activator of neutrophil-like cells upon HOCI
545  exposure reflects a reversible process. Since ascorbate specifically reduces N-chloramines
546  without affecting other HOCl-induced modifications, these results strongly support an N-
547  chlorination-based mechanism. The latter finding was further corroborated by methylation of
548  the basic amino acids of HSA prior to HOCI treatment, which completely prevented HOCI-
549  treated HSA from activating the neutrophil oxidative burst.

550  N-chlorinated HSA, formed upon exposure to high doses of HOCI, can be thus considered as
551  an inflammatory response modulator that contributes to the activation of neutrophils at sites of

552  inflammation.
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554 Figure 4: Activation of neutrophil-like cells by HOCl-treated serum albumin is mediated by reversible V-
555  chlorination. Treatment with a 50-fold molar excess of HOCI (HSA soxtoci) converted HSA into an efficient
556 inducer of the neutrophil respiratory burst, reflected by the increased production and release of oxidants that induce
557 lucigenin chemiluminescence. This activating function of HSA soxHoci could be reversed by reduction with the
558 antioxidant ascorbate (HSA soxHocrasc) and was abrogated by methylation of its basic amino acid side chains prior
559 to HOCI exposure (HSA wmevsoxnoct). (a) Extracellular oxidant production by neutrophil NADPH oxidase was
560 measured in one- to two-minutes intervals over 90 minutes at 37 °C using lucigenin-enhanced chemiluminescence.
561 Phorbol 12-myristate 13-acetate (PMA; final concentration, 0.2 uM), untreated and variously treated HSA samples
562 (final concentration, 3 mg - mL ') from the previous citrate synthase aggregation assays (see above) or PBS buffer
563 (basal oxidant production) were added to (a) differentiated PLB-985 cells in PBS buffer or (b) cell-free PBS puffer
564 containing 400 uM lucigenin immediately prior to chemiluminescence measurement. (¢) Results shown in a are

565 expressed as integrated total counts (means and standard deviations of three independent measurements) higher
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566 than buffer control. Student’s t-test: **p < 0.01, ***p < 0.001. PMA-induced activation of NADPH-oxidase was
567  setto 100%.
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568  All plasma fractions tested exhibit chaperone activity upon HOCI treatment

569  Our finding that the major protein in human plasma, serum albumin. can be converted into a
570  potent chaperone upon HOCI-mediated N-chlorination, prompted us to ask whether also other
571  plasma protein fractions exhibit similar chaperone activity upon treatment with HOCI.

572 We thus tested the y-globulin fraction, the Cohn fraction IV (comprising a- and -globulins),
573  and specifically ar-macroglobulin, an important protease inhibitor in human plasma, for
574  chaperone activity upon exposure to various doses of HOCI.

575  Aside from its known interaction with proteases, native ox-macroglobulin (c2M) acts as an
576  extracellular chaperone that binds to and prevents the accumulation of misfolded proteins,
577  particularly during the innate immune response. Exposure to HOCI was found to further
578  improve the chaperone function of a2M, but the mechanism remained unclear 32,

579  To test whether the previously observed effect is due to N-chlorination, we treated oM with a
580 10- and 50-fold molar excess of HOCI (corresponding to 0.3 mM and 1.5 mM HOCI,
581  respectively), followed by the addition of the antioxidant ascorbate for re-reduction. In line with
582  expectations, chaperone activity of a2M increased with the amount of HOCI added (Fig. 5 a,
583  b). Treatment with ascorbate, as well as methylation of basic amino acid residues prior to HOCI
584  exposure fully inhibited the chaperone activation of HOCI-modified a,M. These results
585  strongly support the notion that HOCl-induced N-chlorination of basic amino acid side chains
586  also accounts for the increased chaperone activity of oM.

587  Intriguingly, we also observed similar chaperone-like conversion upon HOCI treatment for
588  Cohn fraction IV and the y-globulin fraction (Fig. 5 c-f). In both cases, however, efficient
589 activation of the chaperone activity required higher HOCI concentrations. It is important to
590 note, however, that all HOCI concentrations used were below the range known to be generated
591  directly at sites of inflammation *'. While exposure of Cohn fraction IV to an estimated 10-fold

592 molar excess of HOCI (corresponding to 2 mM HOCI) had only little effect on citrate synthase
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593  aggregation, treatment with a 50-fold molar excess of HOCI strongly activated chaperone-like
594  properties (Fig. 5 c, d). This chaperone activity was markedly reduced, but not completely
595  inhibited, after reduction with ascorbate. Likewise, methylation of amine side chains prior to
596  HOCI exposure did not fully abrogate the chaperone-like conversion of this protein fraction.
597  Similarly, activation of the chaperone function of the y-globulin fraction occurred at higher
598  HOCI concentrations ranging from 4.3 mM to 13 mM (corresponding to an estimated 50- to
599  150-fold molar excess of HOCI). Strikingly, while chaperone activity increased with the
600  amount of HOCI added, reversibility of the chaperone function by ascorbate decreased (Fig. 5
601 e, f).

602  These results suggest that at least some proteins in both plasma fractions tested are transformed
603  to chaperones upon modification by HOCI. Efficient activation of their chaperone function is
604  strongly, but, unlike HSA, not exclusively linked to N-chlorination, suggesting some other

605  HOCI-induced modifications that cannot be removed by ascorbate in these plasma proteins.
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Figure 5: All plasma protein fractions tested exhibit reversible chaperone activity upon modification by

HOCI. o»-Macroglobulin (a, b), Cohn fraction IV (¢, d) and the y-globulin fraction (e, f) were analyzed for

chaperone activity in a citrate synthase aggregation assay upon treatment with various doses of HOCI. Each plasma

protein fraction, when treated with a 10-, 50- or 150-fold molar excess of HOCI, significantly decreased

aggregation of chemically-denatured citrate synthase as measured by light scattering at 360 nm. Exposure of the

various HOCI-treated plasma proteins to the reductant ascorbate significantly decreased or completely inhibited

their chaperone function. Methylation of basic amino acid residues prior to HOCI treatment mostly prevented

chaperone-like conversion of the plasma proteins. In a, ¢ and e representative measurements are shown. In b, d

and f data are depicting means and standard deviations from three independent experiments. Student’s t-test: *p <

0.05, **p <0.01, ***p < 0.001. Aggregation of citrate synthase in the absence of any plasma protein fraction was

set to 100% and all the data are presented as percentage of this control. Labels of aggregation curves are written

in the order of the final intensity of light scattering of the respective treatment.
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619 HOCIl-induced N-chlorination converts the majority of plasma proteins into activators of
620  neutrophil-like cells

621  Ours and others findings indicate that N-chlorinated serum albumin is a key factor for the
622  stimulation of leukocytes at sites of inflammation. To test if also other plasma proteins exert
623  this function upon HOCI exposure, we analyzed the NADPH oxidase-dependent generation of
624  superoxide by differentiated PLLB-985 cells in the presence of various treated plasma protein
625  fractions, as described above.

626  Addition of ap-macroglobulin, treated with a 50-fold molar excess of HOCI (i.e. 1.5 mM
627  HOCI), did not enhance superoxide production (Fig. 6 a, b). In contrast, exposure to the same
628  molar excess of HOCI, corresponding to 10 mM HOCI in this case, converted at least some
629  proteins of Cohn fraction IV into highly efficient stimulators of the neutrophil NADPH oxidase
630 (Fig. 6 c, d). Analysis of the kinetics showed that activation by this HOCl-treated protein
631  fraction occurred at a similar rate as the activation by PMA. Such a stimulatory effect was also
632  observed for the y-globulin fraction upon treatment with an estimated 150-fold molar excess of
633  HOCI (i.e. 13 mM). The minimum HOCI concentration required for the activating function of
634  these plasma proteins was thus 10 mM and conformed to the range of HOCI concentrations
635  expected under inflammatory conditions. Importantly, the activating effect of both HOCI-
636  treated plasma fractions was completely abolished upon reduction with ascorbate or by prior
637  methylation of their amino groups, strongly suggesting that N-chlorination is the responsible
638  mechanism for the functional switch of these proteins into efficient activators of neutrophil-like
639  cells as well.

640  These findings demonstrate that HOCl-mediated N-chlorination constitutes a key mechanism
641 to increase the immunogenicity of plasma proteins under inflammatory conditions. Upon
642  modification, not only serum albumin, but the majority of the plasma fractions tested, form a
643  feed-forward inflammatory loop to amplify and sustain inflammatory responses which can lead
644  to accelerated pathogen clearance but could also contribute to chronic inflammation.
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Figure 6: The majority of human plasma proteins stimulate neutrophil respiratory burst upon N-
chlorination by HOCI. The effect of HOCl-treated a2-macroglobulin (a2M) (a, b), Cohn fraction IV (¢, d) and
the y-globulin fraction (e, f) on the activity of the neutrophil NADPH oxidase was investigated. a.2M, when treated
with various doses of HOCI, had no influence on ROS generation by the NADPH oxidase (a, b). Treatment with
a 50- or 150-fold molar excess of HOCI converted at least some proteins of Cohn fraction IV (CohnlV soxnocr) and
the y-globulin fraction (yGlobulins 1s0xHoct), respectively, into efficient inducers of the neutrophil respiratory burst,
reflected by the increased production and release of oxidants that induce lucigenin chemiluminescence (c-f). The
activating function of CohnlV soxnoci and yGlobulins 1soxnoci could be reversed by treatment with the reductant

ascorbate (CohnlV soxnocyasc and yGlobulins 150xH0crasc) and was abrogated by methylation of basic amine side
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655 chains prior to HOCI exposure (CohnlV mevsoxnoct and yGlobulins wmevisoxnoct). (a, €, €) Extracellular oxidant
656 production by neutrophil NADPH oxidase was measured in one- to two-minutes intervals over 90 minutes at 37
657 °C using lucigenin-enhanced chemiluminescence. Phorbol 12-myristate 13-acetate (PMA; final concentration (fc),
658 0.2 uM), untreated and the variously treated plasma fraction samples (fc, 2 mg - mL ™! for o2-macroglobulin and 3
659 mg - mL"! for Cohn fraction IV and the y-globulin fraction) from the previous citrate synthase aggregation assays
660 (see above) or PBS buffer (basal oxidant production) were added to differentiated PLB-985 cells in PBS buffer
661 containing 400 pM lucigenin immediately prior to chemiluminescence measurement. (b, d, f) Results are
662 expressed as integrated total counts (means and standard deviations of three independent measurements) higher
663  than buffer control. Student’s t-test: *p < 0.05, **p < 0.01, ***p < 0.001. PMA- induced activation of NADPH-
664  oxidase was set to 100%.

665  Activation of NADPH oxidase by N-chlorinated serum albumin and immunoglobulin G
666  occurs predominantly via PI3K-dependent signaling pathways

667  Activity of the NADPH oxidase complex of neutrophils is regulated by several signaling
668  pathways downstream of cell surface receptors. Central amongst these are PLC/PKC-
669  (phospholipase C/protein kinase C) and PI3K- (phosphoinositide 3-kinase)-dependent
670  pathways, blockade of which severely lowers NADPH oxidase activation by various stimuli
671  such as chemotactic peptides, opsonized particles or phorbol esters %667,

672  To identify the predominant signaling mechanism through which the N-chlorinated serum
673  albumin and the major component of the y-globulin fraction, immunoglobulin G, activate the
674  neutrophil respiratory burst, the effect of various inhibitors on the HSAsoxnoc and
675  IgGisoxnoci-induced ROS generation was tested. PMA, a direct activator of conventional PKC
676  isoforms such as PKCa and PKCp was used as a control for PKC-dependent activation of the
677 NADPH oxidase %.

678 It is worth noting, that all cell suspensions contained DMSO at a final concentration of 1%. As
679  aconsequence, NADPH oxidase activation by PMA, HSAsoxnoci or IgGisoxnoct proceeded at a
680  lower rate compared to the previously described experiments (see Figs. 4 and 6), peaking at 35-
681 50 minutes after the addition of these agents to the cells.

682  Pretreatment of neutrophil-like cells with 10 uM diphenyleneiodonium (DPI), a direct inhibitor

683  of the NADPH oxidase complex, for 30 minutes prior to stimulation with PMA, HS AsoxHoci or
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684  IgGisoxnoci fully inhibited ROS generation confirming that the ROS production induced by
685  these stimulatory agents was NADPH-oxidase dependent (Fig. 7). In line with expectations,
686  presence of the PI3K inhibitor wortmannin (100 nM) had only little effect on the PMA-
687  mediated activation of the NADPH oxidase (Fig. 7 ¢, d). In contrast, wortmannin strongly
688  attenuated the HSAsoxnoci- and IgGisoxnoci-induced ROS generation by the immune cells,
689  suggesting a PI3K-dependent mechanism of NADPH oxidase activation (Fig. 7 a, b, d). Along
690 this line, pretreatment with 200 nM G6 6983, that selectively inhibits several PKC isozyme
691  families, including the classical PKCoa and PKCpII, the novel PKCd and the atypical PKCC,
692  strongly inhibited NADPH oxidase activation by PMA, but not by HSAsoxnoci and IgGisoxtoc!.
693  These results suggest that PI3K is the key signaling component in the pathway that leads to

694  HSAsoxnoc1 — and I1gGisoxnoct- dependent activation of the neutrophil NADPH oxidase.
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Figure 7: Activation of the NADPH oxidase of neutrophil-like cells by HOCIl-treated serum albumin and
immunoglobulin G occurs predominantly via a PI3K-dependent signaling pathway. Effect of 10 uM
diphenyleneiodonium (DPI; NADPH oxidase inhibitor), 100 nM wortmannin (PI3K inhibitor) and 200 nM G&
6983 (protein kinase C (PKC) inhibitor) on the NADPH oxidase activation mediated by (a) 3 mg - mL™
HSAsoxroct, (b) 3 mg - mL™! IgGisoxioct and (¢) 0.2 uM PMA was tested. (d) Results shown in a, b and ¢ are
expressed as integrated total counts (means and standard deviations of three independent measurements) higher

than the respective buffer control. Student’s t-test: **p < 0.01, ***p <0.001.

HOCI-treated serum albumin promotes survival of neutrophil-like cells in the presence of
the foreign protein antigen Ag85B, but not in the presence of staurosporine

As shown previously, activation of the NADPH oxidase by HOCl-modified serum albumin
involves the action of PI3K. Since PI3K is a key component of the well-documented, anti-
apoptotic PI3K/Akt signaling pathway °, it was tempting to speculate that HOCl-modified
HSA could promote cell survival in the presence of noxious stimuli. To test this hypothesis, we
exposed neutrophil-like PLB-985 cells to the highly immunogenic mycobacterial protein

antigen Ag85B and staurosporine in the presence of native or HOCI-treated HSA. The
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711  mycolyltransferase Ag85B is the major antigen produced and secreted from all mycobacterial
712 species during infection 7! and has been shown to play an important role in the induction of
713 protective immunity 7>’} by inducing strong T cell proliferation and IFN-y secretion 7475
714 Activation of neutrophils during mycobacterial infections is often accompanied by accelerated
715  apoptosis %77, but the mechanism by which mycobacterial species or their secreted antigens
716  induce apoptosis has not been elucidated in detail. Staurosporine, a protein kinase inhibitor, has
717  been characterized as an efficient inducer of apoptosis in various cell types via caspase-
718  dependent and -independent pathways 7®7° and thus, was also used as an cell death-promoting
719  agent in our experiments.

720  After one hour or six hours of incubation with Ag85B and staurosporine, respectively, viability
721  of the variously treated cells was evaluated by flow cytometry using Annexin V-
722 FITC/propidium iodide (PI) staining. During early apoptosis, phosphatidylserine is translocated
723 from the inner to the outer cell membrane leaflet with the plasma membrane left intact and thus,
724 available for binding of extrinsically applied annexin V protein . In late apoptosis/necrosis,
725  the integrity of the plasma membrane is lost, allowing the normally membrane-impermeable
726  propidium iodide to enter and stain the DNA. Cells that are in late apoptosis or necrotic are thus
727  both Annexin V-FITC and PI positive. Accordingly, cells that are viable are both Annexin V-
728  FITC and PI negative.

729  Data plots were generated from analysis of ungated data (Fig. 8). Viable cells appear in the
730  lower left quadrant (Q4), early apoptotic cells in lower right quadrant (Q3) and late
731  apoptotic/necrotic cells in the upper right (Q2) quadrant.

732 Upon treatment with Ag85B, the ratio of viable cells to early/late apoptotic cells has markedly
733 decreased compared to the control cells, that were incubated in the absence of Ag85B, pointing
734  towards a lifetime-limiting effect of Ag85B. Pretreatment with the broad-spectrum pan-caspase
735  inhibitor Z-VAD-FMK did not significantly affect Ag85B-induced cell death, suggesting that

736  Ag85B exerts its lethal effect through a caspase-independent mechanism. To test whether the
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737  toxicity of Ag85B depends on its uptake by the immune cells, we pretreated the cells with
738  cytochalasin D, an inhibitor of phagocytosis, prior to the addition of Ag85B. Reduction of the
739  cells’ phagocytic capacity resulted in markedly improved cell survival in the presence of
740  Ag85B. This phenomenon is illustrated by a shift of the cells from Q3 to Q4 on the Annexin
741  V-FITC/PI plot with concomitant reduction of necrotic cells. Remarkably, pretreatment with
742  HOCI-modified HSA, added at a 155-fold molar excess over Ag85B, completely prevented cell
743  death upon addition of Ag85B. In contrast, native HSA had almost no effect on Ag85B-induced
744  cell death. We thus speculated that HOCl-treated HSA could rescue immune cells from Ag85B-
745  induced cell death by preventing or strongly reducing its uptake, rather than by boosting
746  PI3K/Akt signaling. In support of this conclusion, Z-VAD-FMK, but not HOClI-treated HSA
747  was able to significantly reduce staurosporine-induced apoptosis. Instead, when combined with
748  staurosporine, HOCIl-modified HSA triggered necrosis with the majority of the cells being

749  Annexin V and PI positive.
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Figure 8: HOCl-treated serum albumin improves survival of neutrophil-like cells in the presence of the
major mycobacterial protein antigen Ag85B. Differentiated neutrophil-like PLB-985 cells were preincubated
with 50 uM Z-VAD-FMK, 155 uM native (HSAur) or HOCl-treated HSA (HSAsoxnoct) prior to the addition of 1
uM Ag85B or 2 uM staurosporine. After one hour (Ag85B) or six hours (staurosporine) of incubation, viability
of the variously treated cells was assessed by flow cytometry using Annexin V/propidium iodide (PI) staining.
Cells treated only with buffer served as control. (a) Annexin V-FITC vs. propidium iodide dot plots show all
analyzed events. Staining of cells simultaneously with Annexin V- FITC (green fluorescence) and the non-vital
dye PI (red fluorescence) allows the discrimination of viable, intact cells (FITC-, PI-; Q4), early apoptotic (FITC+,
PI-; Q3) and late apoptotic/necrotic cells (FITC+, PI+; Q2). 20,000 events were acquired and recorded per sample.

Data were analyzed using FlowJo (version 10) software. Results shown are representative of three experiments.
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761 (b) Results of three independent experiments for viable cells are shown (means and standard deviations). Student’s

762  t-test: *p < 0.05, **p < 0.01, ***p < 0.001.
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763  HOCI-treated serum albumin effectively binds Ag85B and reduces its uptake by
764  neutrophil-like cells

765  Prompted by the finding that HOCl-treated HSA can act as a chaperone being highly effective
766  at preventing protein aggregation, we asked whether N-chlorinated HSA can also bind to
767  Ag85B and thus prevent its uptake by immune cells. To test this, Ag85B was diluted stepwise
768 in the presence of native or HOCl-treated HSA and aggregation of Ag85B was monitored by
769  light scattering. When denatured Ag85B was diluted into buffer, it readily formed aggregates
770  (Fig. 9 a, b). This aggregation could not be prevented by untreated HSA. Presence of HOCI-
771  modified HSA, however, significantly reduced the aggregation of Ag85B when added at a 80-
772  fold molar excess over the protein. Again, reduction with ascorbate fully abrogated HSAnoci’s
773  ability to bind Ag85B.

774  We argued that Ag85B’s association with HOCI-modified HSA could decrease its propensity
775  to enter immune cells and thus, provide a possible explanation for the enhanced survival of
776  neutrophils in the presence of this mycobacterial antigen. To test whether this HSAnoci -
777  mediated cell survival is indeed due to a reduced uptake, we added recombinant fluorescently-
778  labeled Ag85B (Ag85B-488) to differentiated neutrophil-like cells and analyzed its uptake in
779  the presence of native or HOCI-treated HSA using flow cytometry. Cells conincubated with
780  native HSA accumulated around 30% less Ag85B compared to cells treated with Ag85B alone
781  (Fig. 9 ¢, d). But presence of HOCI-treated HSA reduced uptake of Ag85B by up to 80%.
782  Sustained cell viability in the presence of Ag85B is thus most likely linked to decreased antigen

783  uptake by the immune cells.
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Figure 9: HOCl-treated serum albumin binds to and prevents uptake of the major mycobacterial protein
antigen Ag85B by neutrophil-like cells. (a, b) HSA, treated with a 50-fold molar excess of HOCI (HSAsoxtoct)
significantly decreased aggregation of denatured Ag85B as measured by light scattering at 360 nm. Reduction of
HSAsoxnoc1 with a 50-fold molar excess of the antioxidant ascorbate (HSAsoxnocrasc) reversed this chaperone
activity. (a) A representative measurement of Ag85B aggregation in the presence of native HSA (HSAur),
HS Asoxnoct and HSAsoxHocuase is shown. Labels of aggregation curves are written in the order of the final intensity
of light scattering of the respective treatment. (b) Data are represented as means and standard deviations from
three independent aggregation assays. Aggregation of Ag85B in the absence of HSA was set to 100% and all the
data are presented as percentage of this control. (¢, d) Differentiated neutrophil-like PLB-985 cells were incubated
in the absence or presence of the fluorescently-labeled Ag85B protein, Ag85B-488. In some cases, HSAur or
HSAsoxnoct was added at a 50-fold molar excess over Ag85B-488 to the cells. After one hour of incubation, uptake
of fluorescent Ag85B-488 by the variously treated cells was assessed by flow cytometry. 30,000 events were
acquired and recorded per sample. Data were analyzed using FlowJo (version 10) software. (¢) Single-parameter
histogram overlays of Ag85B-488 fluorescence of the various samples are shown. (d) Results of three independent
experiments are shown (means and standard deviations). Student’s t-test: **p < 0.01, ***p < 0.001. Uptake of

Ag85B-488, reflected by the median fluorescence intensity, in the absence of HSA was set to 100%.

42


https://doi.org/10.1101/584961
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/584961; this version posted April 11, 2019. 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-ND 4.0 International license.

Ulfig et al. Effects of N-chlorinated plasma proteins

801  DISCUSSION

802  Myeloperoxidase (MPO)-derived HOCI is one of the strongest oxidants produced and released
803 by neutrophils during infection and inflammation (recently reviewed in ref. 4?). Because of its
804  high reactivity with a wide variety of biomolecules, HOCI forms an efficient weapon against a
805  wide range of pathogens, but also contributes to host tissue injury associated with diverse
806  inflammatory diseases ¥!. Due to their high abundance in blood and interstitial fluid, plasma
807  proteins constitute major targets for HOCl-mediated modification with thiol oxidation and
808  chlorination of amine side chains being the favored reactions 22, followed by some irreversible
809  modifications including tryptophan oxidation, peptide bond cleavage or di-tyrosine cross-
810 linking %2, when exposed to high doses of HOCI as those present at sites of chronic
811  inflammation. Formation and accumulation of such advanced oxidation protein products
812  (AOPPs) is indeed a hallmark of various inflammatory diseases *+%3,

813  Aside from their role as important scavengers of the majority of generated HOCI 34, there is
814  a growing body of evidence demonstrating protective and/or immunomodulatory function of
815  these AOPPs during inflammation. o>-Macroglobulin (a2M), a plasma glycoprotein, already
816  acts as an extracellular chaperone capable of suppressing the aggregation of a range of proteins
817 %, but modification by HOCI has been reported to drastically increase its chaperone activity by
818  ayet unknown mechanism 32, Previously, we observed a similar phenomenon in E. coli, where
819  the protein RidA, a member of the YjgF/YERO057¢/UK114 protein family, was converted into
820  an efficient chaperone holdase upon exposure to HOCI by a mechanism that involved the
821  reversible chlorination of its basic amino acids 7. This finding was rather surprising, since
822  activation of other known redox-regulated chaperones, such as Hsp33 or 2-cys peroxiredoxins
823 1986 by HOCI occured via oxidation of their cysteine residues and not by N-chlorination, a
824  modification that before our study has been thought to have a mostly deleterious effect on
825  protein function. Since similar observations were made more recently for E. coli CnoX (YbbN)

826  2° and the HSA homologue bovine serum albumin (BSA) '7, HOCl-mediated N-chlorination
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827  can, therefore, be considered a novel, cysteine-independent and reversible mechanism of
828  chaperone activation in response to HOCl-stress.

829  Encouraged by these findings, we hypothesized that HOCl-mediated improvement of o2M’s
830  chaperone function may be also based on N-chlorination and suspected that coM could be not
831 the only plasma protein exhibiting chaperone activity upon modification by HOCI. In fact, we
832  found that not only a>M but a number of proteins in all plasma fractions tested turned into
833  chaperone-like proteins, being highly effective at preventing formation of potentially toxic
834  protein aggregates in vitro. The role of plasma proteins in inflamed tissue thus goes beyond that
835  of a passive sink for HOCI.

836  Since exposure to high HOCI concentrations can lead to oxidative, irreversible protein
837  unfolding '®, one might speculate that the observed chaperone activity of such unfolded plasma
838  proteins could simply be the result of an increased affinity to other unfolded proteins. Here, we
839  provide direct evidence that HOCI-mediated conversion of plasma proteins into potent
840  chaperones depends primarily on reversible chlorination of their basic amino acids. Along this
841 line, treatment of HSA with HOCI led to dose-dependent reduction of the accessible amino
842  group content accompanied by an increase in surface hydrophobicity, providing an obvious
843  explanation for the increased affinity to unfolding proteins of N-chlorinated plasma proteins.
844  Since N-chlorination does not irreversibly alter the structural and functional properties of a
845  protein, this reversible post-translational modification provides a new strategy to recruit new
846  chaperone-like proteins on demand in response to HOCI-stress in order to minimize self-
847  damage associated with the formation of protein aggregates during inflammation.

848 In recent years, other roles for HOCI-modified plasma proteins and lipoproteins in
849  inflammatory processes have also been described. For example, HOCI-oxidized low-density

87 as well as HOCI-modified HSA “47*® have been shown to elicit various

850  lipoproteins
851  polymorphonuclear leukocyte (PMNL) responses such as the NADPH-dependent generation of

852  reactive oxygen species (ROS), degranulation or shape change #’, but the mechanism for the
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853  HOCI-mediated functional conversion into a potent activator of human PMNLs remained
854  unclear.

855  As N-chlorination was the principal chemical modification responsible for the plasma protein’s
856  switch to a chaperone-like holdase, we hypothesized that it could also be the reason for the
857  activation of immune cells. To mimic an in vivo situation, where plasma proteins are located in
858  immediate vicinity to accumulated neutrophils in inflamed tissue, we exposed several plasma
859  fractions to HOCI at pathophysiological concentrations *' and investigated the effect of the
860  resulting products on ROS production by neutrophil-like cells. Remarkably, we found that not
861  only the main plasma protein HSA, but the majority of plasma fractions tested, when treated
862  with a sufficient amount of HOCI, were able to elicit a significant immune response, as shown
863 by the increased generation of ROS by the immune cells. This effect was not seen upon re-
864  reduction of the HOCl-modified proteins or prior methylation of their basic amino acids,
865  strongly supporting a N-chlorination based mechanism as well. To the best of our knowledge,
866  this is the first study which demonstrates that reversible HOCl-mediated N-chlorination is the
867  principal mechanism of turning plasma proteins into critical modulators of the innate immune
868  response.

869  Gorudko et al. reported that the phosphoinositide 3-kinase (PI3K) inhibitor wortmannin
870  inhibited the stimulating effect of HOCl-modified HSA on immune cells 7. The same was true
871 in our model system: the immunomodulatory action of both HOCI-modified HSA and
872  immunoglobulin G could be fully inhibited or strongly attenuated by wortmannin. PI3K and its
873  downstream effectors, such as the serine/threonine kinase Akt, are indeed considered to play a
874  key role in the regulation of the neutrophil NADPH oxidase 3%, Since the PKC inhibitor G
875 6983 showed only little effect on HSAsoxnoc- and 1gGisoxnoc-mediated NADPH oxidase
876  activation, we thus propose that these proteins stimulate the neutrophil respiratory burst
877  predominantly via PI3K-dependent signaling pathways. However, further studies are needed to

878  investigate the exact mechanism by which these proteins trigger PI3K signaling. A possible
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879  scenario might be, that N-chlorination confers higher affinity to a membrane scavenger receptor
880  allowing the binding of HOCIl-modified HSA. In support of this theory, it has been reported
881  that N-chlorinated, but not native HSA can irreversibly bind to and block the major high-density
882  lipoprotein receptor, scavenger receptor class B, type 1 (SR-BI) °. It is therefore tempting to
883  speculate that N-chlorination could also increase the affinity of IgG to Fc gamma receptors
884  (FcyRs).

885  The PI3K/Akt pathway is also considered an anti-apoptotic pathway °!°2. Thus, it was tempting
886  to hypothesize that HOCI-modified HSA may play a role as a pro-survival molecule during
887  inflammation. Remarkably, we found that HOCl-modified HSA indeed enhances survival of
888  neutrophils in the presence of the highly immunogenic mycobacterial protein antigen Ag85B,
889  however, not in the presence of staurosporine, a broad spectrum protein kinase inhibitor that
890  induces apoptosis in various cell types ’®7°. Looking for a mechanism by which HOCl-modified
891  HSA is able to rescue immune cells from Ag85B-induced cell death, we found that it can
892  effectively bind to and strongly decrease the phagocytosis of Ag85B. Internalization of Ag85B
893 by the cells proved to be the direct cause of cell death and could also be prevented by other
894  inhibitors of phagocytosis.

895  Neutrophils are typically short-lived, but their apoptosis can be delayed both by microbial
896  products and by various proinflammatory stimuli °>°*. In this study, we describe HOCI-
897  modified HSA as a novel pro-inflammatory mediator, which can promote cell survival by
898  binding to highly immunogenic foreign antigens and reducing their phagocytosis at sites of
899  bacterial infection. A similar phenomenon was observed in other studies, where HOCI-
900 modified HSA was shown to bind and neutralize proteins from HIV and West Nile virus %%,
901  The immunomodulatory effects of N-chlorinated plasma proteins found in this and previous
902  studies constitute a double-edged sword. Although stimulation of neutrophil respiratory burst
903  and enhanced neutrophil survival may be beneficial for pathogen elimination at the initial stage

904  of infection, it can eventually perpetuate a positive feedback loop and contribute to the
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905  development and progression of chronic inflammation (Fig. 10). Secretion of HOCI and other
906  oxidants by permanently activated neutrophils leads not only to the destruction of neighboring,

907  healthy cells resulting in tissue injury 267-98

, but generates more N-chlorinated plasma proteins.
908  Similarly, the pro-survival effect of N-chlorinated HSA is not only positive, as cell death and
909 the subsequent recognition of dying neutrophils by macrophages has a critical function in the
910  resolution of the inflammatory response and is strictly required to protect the surrounding tissue
911 and prevent pathological sequelae *°. Were all these properties of AOPPs dependent on the
912  numerous irreversible modifications reportedly caused by HOCI exposure, this could lead to a
913  spreading out-of-control immune reaction. The presence of high concentrations of antioxidants
914  such as ascorbate and glutathione in plasma, both of which can reduce N-chlorination, provide
915  a mechanism to contain the immune reaction at the site of inflammation. Indeed, depletion of

100-103 and

916  these antioxidants is often associated with chronic inflammation and other diseases
917  antioxidant therapy such as high-dose intravenous vitamin C treatment leads to decrease of
918  inflammation markers such as CRP %1% Qur data explains important aspects of these effects
919  and further highlights the role of antioxidant homeostasis in inflammatory processes.

920  In summary, our data support a critical role for HOCIl-mediated N-chlorination of plasma
921  proteins during inflammatory processes and suggest that it is the critical modification mediating
922  the physiological effects of so-called AOPPs. Although the reversible conversion of HOCI-
923  modified plasma proteins to effective chaperones confers protection against HOCl-induced
924  protein aggregation, the increase of their immunogenicity can potentially exacerbate self-
925  damage at sites of inflammation through a positive feedback loop. The fact that the activation
926  of immune cells is mediated through N-chlorination, a modification that is reversible by
927  antioxidants present in plasma, provides a mechanism to attenuate or deactivate this positive

928  feedback loop. These findings contribute importantly to our understanding of the development

929  and progression of chronic inflammation.
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931 Figure 10: Proposed mechanism of the immunomodulatory role of N-chlorination of plasma proteins at a
932 site of inflammation. At the site of inflammation neutrophils (and potentially other immune cells) are activated.
933 Neutrophils then produce HOCI at concentrations of up to 25 to 50 mM per hour. Plasma proteins, such as HSA,
934 o- and B-globulins (Cohn Fraction IV), y-globulins (IgG), and o2-Macroglobulin then act as an effective sink.
935 Reversible N-chlorination of these proteins turns them into effective chaperons, which can prevent the formation
936 of protein aggregates and their uptake by immune cells, enhancing the survival of neutrophils in the presence of
937 toxic antigens. N-chlorinated plasma proteins also activate more immune cells, which then in turn produce more
938 HOCI, leading to the formation of more N-chlorinated plasma proteins. This positive feedback loop can be

939 attenuated and deactivated by antioxidants present in plasma, such as ascorbate and reduced glutathione (GSH).
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1232 SUPPLEMENTAL INFORMATION

1233 Supplementary Data: Supplementary Figure 1 and Supplementary Materials and Methods
1234 Figure 1 — Source Data 1: Numerical light scattering data obtained during protein

1235  aggregation assays represented in figure 1 a and b

1236 Figure 2 — Source Data 1: Numerical light scattering data obtained during protein

1237  aggregation assays represented in figure 2 a and b

1238  Figure 2 — Source Data 2: Numerical light scattering data obtained during protein

1239  aggregation assays represented in figure 2 ¢ and d

1240  Figure 2 — Source Data 3: Numerical light scattering data obtained during protein

1241  aggregation assays represented in figure 2 ¢ and f

1242 Figure 3 — Source Data 1: Numerical fluorescence spectroscopy data obtained during
1243 determination of free amino groups represented in figure 3 a and b

1244  Figure 3 — Source Data 2: Numerical fluorescence spectroscopy data obtained during
1245  determination of protein hydrophobicity represented in figure 3 ¢

1246  Figure 3 — Source Data 3: Numerical fluorescence spectroscopy intensity data obtained
1247  during determination of protein hydrophobicity represented in figure 3 d

1248  Figure 4 — Source Data 1: Numerical chemiluminescence plate reader data represented in
1249  figure 4 a, b, and ¢

1250  Figure 5 — Source Data 1: Numerical light scattering data obtained during protein

1251  aggregation assays represented in figure 5 a and b

1252 Figure 5 — Source Data 2: Numerical light scattering data obtained during protein

1253  aggregation assays represented in figure 5 ¢ and d

1254  Figure 5 — Source Data 3: Numerical light scattering data obtained during protein

1255  aggregation assays represented in figure 5 e and f

1256  Figure 6 — Source Data 1: Numerical chemiluminescence plate reader data represented in

1257  figure 6aand b
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1258  Figure 6 — Source Data 2: Numerical chemiluminescence plate reader data represented in
1259  figure 6 c and d

1260  Figure 6 — Source Data 3: Numerical chemiluminescence plate reader data represented in
1261  figure 6 e and f

1262 Figure 7 — Source Data 1: Numerical chemiluminescence plate reader data represented in
1263  figure 7aand d

1264  Figure 7 — Source Data 2: Numerical chemiluminescence plate reader data represented in
1265  figure 7b and d

1266  Figure 7 — Source Data 3: Numerical chemiluminescence plate reader data represented in
1267  figure 7 c and d

1268  Figure 8 — Source Data 1: Numerical flow cytometry data represented in figure 8 a and b
1269  Figure 9 — Source Data 1: Numerical light scattering data obtained during protein

1270  aggregation assays represented in figure 9 a and b

1271  Figure 9 — Source Data 2: Numerical flow cytometry data obtained during protein

1272 aggregation assays represented in figure 9 ¢ and d
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