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1Chapter 12

2A New Approach to Assess mAb Aggregation

3Illarion V. Turko

4Abstract

5A proof of concept for new methodology to detect and potentially quantify mAb aggregation is presented.
6Assay development included using an aggregated mAb as bait for screening of a phage display peptide
7library and identifying those peptides with random sequence which can recognize mAb aggregates. The
8selected peptides can be used for developing homogeneous quantitative methods to assess mAb aggrega-
9tion. Results indicate that a peptide-binding method coupled with fluorescence polarization detection can
10detect mAb aggregation and potentially monitor the propensity of therapeutic protein candidates to
11aggregate.

12Key words Monoclonal antibodies, Aggregation, Peptide phage display, Next-generation sequenc-
13ing, FITC-peptide

141 Introduction

15Monoclonal antibody (mAb) formulations are typically heavily con-
16centrated protein solutions with various molecular interactions that
17can increase the likelihood of antibody aggregation. Aggregation is
18particularly concerning because of the suspected immunogenicity
19of antibody aggregates [1, 2]. mAb aggregates appear in different
20sizes (from a few nanometers to hundreds of microns) and in
21different forms (reversible non-covalent, irreversible
22non-covalent, and irreversible covalent) [3–7]. Unfortunately,
23most currently available techniques to study mAb aggregates are
24semiquantitative in nature and cannot provide absolute quantitative
25data [7–13]. Therefore, an analytical assay that provides quantita-
26tion of mAb aggregates in complex samples would be highly bene-
27ficial in both research and clinical settings.
28In the present work, we reasoned that protein-protein inter-
29faces formed by mAb aggregation could be selectively recognized
30by short peptides with random amino acid sequences. Assay devel-
31opment included using purified aggregated mAb as bait for screen-
32ing of a phage display peptide library and identifying those peptides
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33with random sequences which can recognize mAb aggregates.
34Once identified, the selected peptides were conjugated with fluo-
35rescein isothiocyanate (FITC) and further used for developing a
3696-well plate-based fluorescence polarization assay for detection of
37mAb aggregation. All phage clones selected for aggregated mAbs
38were submitted to next-generation sequencing (NGS), and the
39application of NGS to peptide phage display and NGS data analysis
40will also be described.

412 Materials

2.1 NISTmAb

Aggregation

421. Formulation buffer: For 500 mL of formulation buffer
43(25 mmol/L Histidine/HCl, pH 6.0), weigh out 1.3129 g
44histidine monohydrochloride monohydrate, and 0.9704 g his-
45tidine. Quantitatively transfer to a clean beaker containing
46�450 mL ultrapure water (sensitivity of 18 MΩ-cm at
4725 �C). Use a stir bar to mix. Calibrate pH meter using pH 4
48and pH 7 standards. Adjust pH to 6.00 by dropwise addition of
491 mol/L HCl with constant stirring (�10 drops to 15 drops).
50Transfer to 500 mL class A volumetric flask. Rinse beaker with
51ultrapure water and adjust flask volume to 500.0 mL using
52rinse water. Pass through 0.22 μm cellulose-acetate membrane
53into a sterile plastic bottle. Store at 2 �C to 8 �C.

542. NISTmAb [14] stock solution: 10 mg/mL humanized IgG1κ
55monoclonal antibody (NIST RM 8671) in formulation buffer
56(see Note 1).

573. Size exclusion chromatography (SEC): can be performed on
58any fully automated liquid chromatography system designed
59for research scale separation of proteins (such as AKTA FPLC
60(GE Healthcare Life Sciences) or NGC Chromatography Sys-
61tem (Bio-Rad Laboratories)). Columns to use include Super-
62dex 200 Increase 10/300 GL or Superose 6 Increase 10/300
63GL (both are from GE Healthcare Life Sciences).

644. Concentrators: Centrifugal Filter Devices Amicon Ultra-4 (for
65volumes up to 4 mL) and Amicon Ultra-0.5 (for volumes up to
660.5 mL) with 30,000 molecular mass cutoffs should be used in
67accordance with manufacturer recommendations.
68

2.2 Phage Display 691. Ph.D.-12 phage display peptide library kit from New England
70BioLabs (Ipswich, MA, USA), catalog # E8110S. The library
71consists of M13 filamentous bacteriophage, on which five cop-
72ies of a 12-amino-acid linear random peptide sequence are
73expressed as N-terminal fusions to the minor coat protein
74pIII of the phage. A short linker glycine-glycine-glycine-serine
75(GGGS) is present between each displayed peptide and pIII
76protein. The M13 phage is propagated in E. coli host strain
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77ER2738 (included in the kit, New England BioLabs) in Luria-
78Bertani (LB) medium containing 20 μg/mL tetracycline
79(Sigma-Aldrich, St. Louis, MO).

802. Blocking buffer: 5 mg/mL bovine serum albumin (BSA) in
81phosphate-buffered saline (PBS). Filter sterilize and store at
824 �C.
83Washing buffer: PBS with 0.01% Tween 20 (PBST). Auto-
84clave and store at room temperature.
85Elution buffer: 1 mg/mL BSA in 0.2 mol/L glycine-HCl
86(pH 2.2). Filter sterilize and store at 4 �C.
87Neutralizing buffer: 1 mol/L Tris–HCl (pH 9.1). Auto-
88clave and store at room temperature.

893. PEG/NaCl solution: 20% (w/v) polyethylene glycol 8000
90with 2.5 mol/L NaCl. Autoclave and store at room
91temperature.

924. LB medium: 10 g Bacto-Tryptone, 5 g yeast extract, and 5 g
93NaCl per liter. Autoclave and store at room temperature. Sup-
94plement with sterile filtered 20 μg/mL tetracycline before use.
95

2.3 Phage DNA

Purification

961. TE buffer: 10 mmol/L Tris–HCl (pH 8.0) with 1 mmol/
97L EDTA.

982. Iodide buffer: TE buffer with 4 mol/L sodium iodide. Store in
99a dark bottle covered with foil at room temperature.

1003. DNA Clean and Concentrator-5 kit (Zymo Research, catalog #
101D4003).
102

2.4 Next-Generation

Sequencing

103Next-generation sequencing (NGS) was performed by Abm (Rich-
104mond BC, Canada) using in-house materials. Abm-provided NGS
105services can be found through the Genohub website (https://gen
106ohub.com/).
107

2.5 Fluorescence

Polarization

1081. FITC-labeled peptides were synthesized by Biomatik (Wil-
109mington, DE, USA) by adding Lys-FITC to the C-terminus
110of peptide. Purity of FITC-peptides was higher than 95%.
111FITC-peptides are not soluble in water and their 500 μmol/L
112stock solutions were made in 50% DMSO (volume) in water.

1132. Multimode reader: Synergy Neo2 plate reader (BioTek Instru-
114ments, Winooski, VT, USA).

1153. Assay plate: Costar assay plate, 96-well black with clear flat
116bottom, non-treated, polystyrene from Corning Inc., Kenne-
117bunk, ME, USA.
118
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1193 Methods

3.1 NISTmAb

Aggregation

120To partially aggregate NISTmAb, an aliquot of NISTmAb stock
121solution was incubated at 70 �C for 10 min (see Note 2). This
122treatment typically results in approximately 20% of NISTmAb
123aggregation. Use 100 μL of temperature-treated NISTmAb per
124SEC run to separate aggregated NISTmAb from monomer NIST-
125mAb. Mobile phase is PBS and rate of elution is 0.4 mL/min.
126Collect small fractions, such as 0.3 mL (see Note 3). Figure 1
127shows that a single chromatographic run is not sufficient to obtain
128the pure aggregated form of NISTmAb; the peaks are not fully
129resolved and cross-contaminate each other (Fig. 1a). The peak
130fractions of aggregated NISTmAb after first run must be pooled,
131concentrated to 100 μL using Amicon centrifugal filter devices, and

Fig. 1 SEC for temperature-treated NIST mAb. (a) First run. (b) Second run. (c)
Third run
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132run again by SEC. Figure 1b shows that after second run, a small
133amount of monomer is still present in the sample of aggregated
134NISTmAb. The peak fractions of aggregated NISTmAb should be
135pooled again, concentrated again to 100 μL, and run a third time by
136SEC. Figure 1c shows that after three runs, the sample of aggre-
137gated NISTmAb apparently is not contaminated with monomer
138NISTmAb and can be used as a bait for phage display screening.
139

3.2 Phage Display 140Protocols that cover applications of Ph.D. Phage Display Libraries
141can be found at https://www.neb.com/-/media/catalog/
142Datacards%20or%20Manuals/manualE8102.pdf. Here, we
143describe only the protocol used in the current study:

1441. Phage panning: 150 μL/well of 500 μg/mL untreated NIST-
145mAb or temperature-treated NISTmAb in PBS was used to
146cover several wells of a 96-well plate (Nunclon, catalog #
147167008) at 4 �C overnight. All subsequent steps were carried
148out with gentle orbital shaking at room temperature. First,
149wells were washed with 200 μL of PBS for 10 min and PBS
150was replaced with 200 μL of blocking buffer for 2 h. Then, each
151well was loaded with 150 μL of 15-fold diluted Ph.D.-12 phage
152display peptide library in blocking buffer. After 2 h of incuba-
153tion, each well was washed five times with 200 μL of washing
154buffer for 10 min each washing. Finally, attached phage was
155eluted with 150 μL of elution buffer for exactly 10 min and
156transferred to clean autoclaved conical tubes containing 22 μL
157of neutralizing buffer.
158

3.3 Phage

Amplification

1591. Inoculate 3 mL of LB/tetracycline medium with 1 μL of
160ER2738 E. coli cells (stock solution is included in the Ph.D-
16112 library kit) and grow cells overnight at 250 rpm shaking at
16237 �C. The next morning, inoculate 20 mL of LB/tetracycline
163medium with 200 μL of overnight culture and 100 μL of
164eluted/neutralized phage. Incubate for exactly 4.5 h at 37 �C
165with 250 rpm shaking. Then, transfer the culture to a centri-
166fuge tube and spin at 12,000 � g for 10 min at 4 �C. Discard
167the pellet and transfer supernatant to a new tube and repeat the
168centrifugation. Transfer supernatant to a new tube and add to it
1691/6 volume of 20% PEG/2.5 mol/L NaCl. Mix thoroughly
170and allow the phage to precipitate overnight at 4 �C. The next
171morning, centrifuge the precipitation at 12,000� g for 20 min
172at 4 �C. Discard supernatant and suspend the pellet in 0.5 mL
173of PBS. This is the amplified phage ready for DNA purification
174(see Note 4).
175

3.4 Phage DNA

Purification

1761. Mix 150 μL of amplified phage with 25 μL of 20%
177PEG/2.5 mol/L NaCl and incubate at room temperature for
17830 min. Then, centrifuge at 12,000 � g for 20 min at 4 �C.
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179Discard the supernatant and suspend the pellet in 100 μL of
180iodide buffer. Add 250 μL of ice-cold ethanol and incubate at
181room temperature for 30 min. Centrifuge at 12,000 � g for
18210 min at 4 �C. Discard supernatant and suspend pellet in
183200 μL of ice-cold 70% (volume) ethanol. Then, centrifuge at
18412,000� g for 10 min at 4 �C. Discard supernatant and air-dry
185pellet for 10 min. Finally, suspend pellet in 20 μL of TE buffer
186and keep at 4 �C. At this stage, the UV spectra for phage DNA
187show a strong absorbance at 230 nm, and this prevents accurate
188assessment of phage DNA purity based on A260/A280 ratio.

1892. To further purify phage DNA, DNA Clean & Concentrator-5
190kit (Zymo Research, catalog # D4003) is used with minor
191modifications to manufacturer recommended protocol. Essen-
192tially, mix 20 μL of phage DNA with 140 μL of provided DNA
193Binding Buffer and load on a Zymo-Spin column in a collec-
194tion tube. After centrifugation at 12,000 � g for 30 s, discard
195the flow-through and wash column twice with 200 μL of
196provided DNAWash Buffer by 12,000 � g for 30 s centrifuga-
197tions. Finally, transfer column into new fresh 1.5 mL micro-
198centrifuge tube and elute phage DNA with 30 μL of provided
199DNA Elution Buffer by 12,000 � g for 30 s centrifugation. At
200this stage, phage DNA has A260/A280 ratio equal to 1.9 to 2.0
201and is ready for sequencing.
202

3.5 Next-Generation

Sequencing and Data

Analysis

2031. We used the Genohub website (https://genohub.com/) to
204identify a next-generation sequencing (NGS) service (see
205Note 5). The submitted samples of phage DNAwere subjected
206to two-step PCR amplifications using nested primers followed
207by adaptor addition. Quality control of the final pooled library
208was performed using Qubit, Agilent 2100 Bioanalyzer, and
209qPCR. Sequencing was completed on an Illumina MiSeq
210300 cycle flow cell. Read length was 2 � 150 bp PE. The
211FastQ was analyzed by merging left and right reads using
212FLASH and counted for unique DNA sequences. The insert
213sequences were translated to amino acid sequence using
214EMBOSS Transseq tool. For various samples, the delivered
215number of unique peptide sequences with their frequency was
216in a range of 70,000–130,000 (see Note 6). Finally, peptide
217sequences found in control samples (NISTmAb without tem-
218perature treatment) were subtracted from peptide sequences
219found in purified aggregated NISTmAb treated with 70 �C for
22010 min (see Note 7). Table 1 shows a typical peptide distribu-
221tion as a function of their appearance in the NGS data. The
222cutoff for further analysis is subjective, but typically limited to a
223small number of peptides with frequent appearance (see Note
2248).
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2252. Once the list of highest appearance peptides is obtained, two
226major strategies for assay development can be applied.
227The first employs various bioinformatics tools in search of a
228common motif. Figure 2 shows an example of application of
229motif-based sequence analysis tools (TheMEME Suite, http://
230meme-suite.org/) (see Note 9).
231The second would be to find the best combination of high-
232and low-affinity peptides experimentally to achieve the highest
233avidity of the assay.
234

3.6 Fluorescence

Polarization

2351. Fluorescence polarization assays can detect the binding of a
236small fluorescently labeled peptide to a protein of interest [15]
237(see Note 10).

2382. Fluorescence polarization equilibrium saturation binding
239assays (see Note 11) were used in this study and were per-
240formed in duplicate for 50 μL per well samples. Serially diluted

t:1Table 1
Appearance of peptides in NGS data. 127,396 hits are arranged based on their appearance. The top
abundance peptide (#1) was found 156 times

Peptide Appearance t:2

# 1 156 t:3

# 2 65 t:4

# 3 41 t:5

# 4 26 t:6

# 55 10 t:7

# 1985 1 t:8

# 127396 1 t:9

LDCRR VGCAP
LDVKR NMTV
LSIER RLP

E LWSKR ATYPPL
LDLPR PQIGNR
LNESR Y
LASFR LTT
VDFTR YTHSG
LRLLR P

DM 
GPF 
HEYQ 

A 
VTRFHP 
SYND 
NS 
SQGKDH 

Motif LDLKR 

Fig. 2 An example of a common motif search using The MEME Suits software.
100 top NGS sequences sorted by position p-value
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241control and temperature-treated NISTmAb (from 3 μmol/L to
242230 μmol/L) were incubated with FITC-Peptide#1
243(0.5 μmol/L) or a mixture of FITC-Peptide#1 and FITC-
244Peptide#7 (both are 0.5 μmol/L) for 20 min at room temper-
245ature with gentle shaking on orbital shaker (see Note 12). Use
246Dual FP and FP485/530 filters for Synergy Neo2 plate reader
247and measure fluorescence polarization.

2483. Anticipated representative results are shown in Fig. 3 and plot-
249ted as NISTmAb concentration versus fluorescence polariza-
250tion (see Note 13).
251

2524 Notes

2531. RM 8671-NISTmAb, humanized IgG1κmonoclonal antibody
254is available for purchase directly through the NIST website
255(https://www-s.nist.gov/srmors/view_detail.cfm?
256srm¼8671).

2572. Water or air bath equipped with a control thermometer must
258be used to ensure that the actual temperature is 70 �C.

2593. Collecting small fractions will help to select those that will be
260pooled for further processing and will provide for best combi-
261nation between purity and yield.

2624. In traditional applications of phage display screening, the pan-
263ning/amplification cycles are repeated from three times to five
264times. This results in selecting peptides that possess high-
265affinity binding to the bait and elimination of peptides with
266low-affinity binding and, therefore, decreasing the avidity.
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Fig. 3 The representative fluorescence polarization saturation binding assay using two FITC-peptides (with
appearance #1 and #7 from NGS data) at 0.5 μmol/L and the indicated concentrations of control and
temperature-treated NISTmAb
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267Avidity refers to the accumulated strength of multiple affinities
268of individual binding interactions. The ultimate goal of this
269study is to develop a homogeneous assay to assess mAb aggre-
270gation, which can rely on a single peptide with high affinity
271(affinity) or on a mixture of several peptides with different
272affinities (avidity). For this reason, peptides with low-affinity
273binding could be as useful as peptides with high-affinity bind-
274ing; therefore, a single panning/amplification cycle was used in
275our case.

2765. There are many options for obtaining NGS services. Our use of
277Genohub does not endorse Genohub and does not imply that
278Genohub services are necessarily the best available for the
279purpose.

2806. Due to random clustering during the sequencing process,
281multiplexed samples may not get equal representation. As a
282result, some samples may have more reads and some samples
283will have fewer reads.

2847. Phage display panning for control and temperature-treated
285purified aggregated NISTmAb was performed side by side.
286The control includes peptides not relevant to aggregation
287that interact with plastic, BSA, and non-aggregated NISTmAb.
288After subtraction, the final list of peptides includes those pep-
289tides that presumably only recognize aggregated NISTmAb.

2908. The appearance of peptides in the NGS apparently correlates
291with their affinity to aggregated NISTmAb. Specifically, for
292data presented in Table 1, despite obtaining 127,396 hits,
293there is a fairly clear cutoff between the top 50 hits and the
294remaining peptides, providing guidance for further analysis.

2959. This is purely a bioinformatics approach to help design peptides
296with the highest affinity to aggregated mAb.

29710. The fluorescent peptide probe should meet several general
298requirements: (a) the peptide should be as short as possible,
299but still has sufficient binding affinity for aggregated mAb,
300(b) sufficient binding affinity is typically in the low micromolar
301range, (c) peptide concentration in the assay should be at least
302twice lower that its KD, and (d) extra linker between peptide
303and fluorophore should be avoided.

30411. There are at least two options for how to perform the fluores-
305cence polarization binding assay, including equilibrium satura-
306tion and equilibrium competition assays [16].

30712. Keep the plate wrapped in foil to minimize exposure of fluores-
308cent reagents to light.

30913. Concentrations of NISTmAb and FITC-peptides are specific
310for the experiment shown in Fig. 3. For other applications
311beyond these proteins and peptides, the concentrations will
312need to be selected based on the anticipated KD value.
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