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Host cell proteins (HCPs) are process-related impurities found in biopharmaceutical products that can impair
their safety and efficacy. While ELISA has traditionally been employed to quantify HCPs, LC-MS emerges as a
powerful alternative for precise identification of individual HCPs. In this study, we used LC-MS for profiling HCPs
from Nicotiana benthamiana-derived biopharmaceuticals. Our approach involved rigorous false discovery rate
control to ensure data integrity and reliability. Comprehensive analysis revealed a systematic reduction of HCPs
following purification, demonstrating the efficiency of purification processes in removing non-essential proteins.
Furthermore, LC-MS enabled the identification of potential contaminants, refining purification strategies and
improving product purity and integrity. Our findings highlight the potential of LC-MS as an analytical tool for
HCPs analysis in biopharmaceutical development and manufacturing. By providing detailed insights into HCPs
profiles and contaminants, LC-MS facilitates informed decision-making in downstream processing steps,

benefiting product quality, patient safety, and the biopharmaceutical sector.

1. Introduction

Biotherapeutics, also known as biopharmaceuticals or biological
drugs, are pharmaceutical products derived from living organisms or
their components. Unlike traditional small-molecule drugs that have
been synthesized chemically, biotherapeutics are large, complex mole-
cules typically produced through biotechnological processes [1]. These
advanced therapeutic agents encompass various products, including
proteins, peptides, antibodies, nucleic acids, and cell-based therapies
[1]. They are designed to target specific molecules, pathways, or cells in
the body to treat diseases at their root causes, offering novel approaches
to addressing medical conditions ranging from cancer [2,3], autoim-
mune disorders [4,5], and infectious diseases [6,7].

Plant-based expression systems have been explored for the large-
scale production of therapeutic proteins for >20 years. These systems
can synthesize complex proteins with post-translational modifications
and are highly scalable.

However, they face significant challenges, such as maintaining
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controlled growth conditions and the downstream processing of plant
crude extracts. Achieving desirable purity is difficult because plants
typically produce more debris than other expression systems, especially
those in the tobacco family, which have significant secondary metabo-
lite content [8]. As a result, clarifying plant crude extracts with a single
round of filtering or one-step chromatography may not be sufficient,
potentially leading to contaminated drug substances with host cell
proteins.

The presence of residual HCPs in biological products is considered as
a critical quality attribute due to their potential to impact product
quality, efficacy, and safety [9-11]. These proteins may induce un-
wanted immunogenicity, alter product stability, or impair therapeutic
efficacy, highlighting the importance of efficiently reducing their levels
during downstream processing. Traditionally, ELISA has been the stan-
dard method for quantifying total HCPs levels in bioprocess samples [12,
13]. However, with the recent emergence of plant expression platforms,
the availability of commercial ELISA kits remains limited. Consequently,
many plant-based pharmaceutical companies utilizing these platforms
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find themselves compelled to independently develop and validate their
ELISA Kkits, a process that is both expensive and time-consuming.
Meanwhile, LC-MS has emerged as an orthogonal method gaining
importance for HCPs profiling and quantitation analysis. LC-MS offers
distinct advantages over ELISA, notably providing deeper insights into
the properties of individual HCPs and facilitating more precise identi-
fication and characterization [13-15].

Despite its advantages, the application of LC-MS in HCPs analysis
poses challenges, particularly in achieving the wide dynamic range
required to detect HCPs at low concentrations in the presence of
dominant therapeutic proteins. Various strategies have been explored to
solve this issue, including optimizing sample preparation techniques
such as online or offline fractionation, depletion of monoclonal anti-
bodies using affinity-based methods or molecular weight cutoff strate-
gies, and employing enrichment methods for HCPs [11,16-18].
Furthermore, these challenges include ion suppression effects, matrix
interference [19], and the need for robust data processing algorithms to
accurately identify and quantify individual HCPs species. Addressing
these challenges demands ongoing research and innovation in sample
preparation, chromatographic separation, mass spectrometry instru-
mentation, and data analysis techniques.

The data generated from our study can be utilized in strategic
planning for optimizing purification processes and enhancing HCP
clearance in biologics manufacturing.

2. Material and methods
2.1. HCPs library preparation

Leaves of N. benthamiana were ground and lysed in a solution con-
taining 0.2 % sodium dodecyl sulfate (SDS) (Amresco, USA), 20 mM
dithiothreitol (DTT) (USB, USA), 100 mM NaCl (Bio basic, USA), and 50
mM Tris-HCl, pH 8.0 (Bio basic, USA). The proteins were precipitated in
a cold acetone solution at a 1:5 (v/v) ratio and resolubilized with 0.25 %
Rapidgest SF (Waters, USA) in 20 mM ammonium bicarbonate (Sigma
Aldrich, Germany). Protein concentrations of the lysates were deter-
mined using the Bradford Reagent protein assay (Sigma Aldrich,
Germany).

Protein sample (25 pg) was reduced with 4 mM DTT at 72 °C for 30
min, then alkylated with 12 mM iodoacetamide (IAA) (GE Healthcare,
UK) at room temperature in the dark for 30 min. The sample was
desalted using a Zeba spin desalting column (Thermo Scientific, Swe-
den) before digestion with trypsin (Thermo Scientific, Lithuania) at a
protein-to-trypsin ratio of 1:50 (w/w) at 37 °C overnight. The solution
was further dried and reconstituted with 0.1 % formic acid (Sigma
Aldrich, Germany) in LC-MS grade water (Supelco®, Germany).

2.2. Intermediate crude extract and Drug substance preparation

The recombinant SARS-CoV-2 RBD-Fc protein was previously
generated and produced in plants [20]. Briefly, the receptor binding
domain (RBD) of SARS-CoV-2 was fused with the Fc region of human
immunoglobulin G1 (IgG1) (GenBank accession number: 4CDH_A), and
then cloned into a plant expression geminiviral vector [21]. This
construct was subsequently introduced into N. benthamiana plants via
transient expression method. After expression, the recombinant RBD-Fc
protein was extracted from the plants and clarified through filtration
and centrifugation, resulting in an intermediate crude extract (ICE). The
crude extract was purified using protein A affinity resin MabSe-
lectSURE® (Cytiva, Buckinghamshire, UK) to obtain the drug substance
(DS), which was subsequently formulated into the drug product without
additional purification steps. Both the ICE and the DS were digested with
trypsin, following the protocol described above. The recombinant
SARS-CoV-2 RBD-Fc protein utilized in this study serves both as a model
for evaluating downstream processing in plant-based biopharmaceutical
production and as a COVID-19 vaccine which currently undergoing
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human clinical trials (NCT04953078 and NCT05197712).
2.3. LC-MS and SWATH analysis

Protein sample (1 ug) was loaded into a nanoLC system (Thermo
Scientific, Germany) onto a trap column (300 pym i.d. x 5 mm, packed
with 5 ym C18 100 A PepMap™) (Thermo Scientific, Germany), where
desalting occurred with 2 % acetonitrile (ACN) (VWR, France) and 0.05
% trifluoroacetic acid (TFA) (Sigma Aldrich, Germany) at a flow rate of
10 pl/min for 3 min. Subsequently, peptides were separated using an
analytical column (75 pm i.d. x 15 cm, packed with Acclaim PepMap™
C18) (Thermo Scientific, Germany) at a flow rate of 300 nl/min.

Peptide elution was achieved with a linear gradient of 3-35 % bulffer
B in buffer A over 92 min (A: 0.1 % formic acid (FA) in water; B: 0.1 %
FA in 80 % ACN). The eluted peptides were then analyzed on a 6600+
TripleTOF LC-MS/MS system (AB SCIEX, Germany). The mass spec-
trometry data acquisition was set from gradient time zero to 120 min,
with MS1 spectra collected in the mass range of 400 — 1500 m/z for 250
ms in "high sensitivity" mode. Each MS1 spectrum was further frag-
mented using up to 30 precursors per cycle. Switch criteria included a
charge of 2+ to 5+, a 500 cps intensity threshold, and dynamic exclu-
sion for 15 s. All of the samples were analyzed in triplicate.

2.4. Data processing

The spectral library was processed using ProteinPilot™ Software
5.0.2 (AB SCIEX, Germany) against the Nicotiana tabacum database from
UniProtKB, which is currently available, unlike N. benthamiana, which
lacks a comprehensive database. Proteins identified by LC-MS/MS data
in each pooled tobacco sample with unused scores above 0.05 (indi-
cating > 95 % confidence) and a false discovery rate (FDR) below 1 %
were considered significant and included in the next analysis.

For SWATH-MS data analysis, PeakView 2.2 software (AB SCIEX,
Germany) was employed. The library spectra generated were used as the
database for SWATH analysis. Data processing entailed utilizing an
extracted ion chromatogram (XIC) extraction window of 5 min and an
XIC width of 75 ppm. Peak areas from peptides exhibiting >95 % con-
fidence and <1 % global FDR were extracted using MarkerView v1.3.0
(AB SCIEX, Germany).

3. Results
3.1. Generation of host cell proteins spectral library

We used the crude extract of whole leaf samples, where total proteins
were digested and then analyzed using the LC-MS/MS technique. To
generate the library search, results of peptides were searched against the
NCBI database for N. tabacum. We also employed SWATH DIA, which
has higher sensitivity compared to conventional data-dependent
acquisition (DDA) [15,22,23]. The processing of spectral library aimed
to generate comprehensive lists of high-confidence proteins, which are
crucial for avoiding biased interpretations and ensuring the reliability of
downstream analyses. Effective FDR control is imperative to maintain
the integrity and validity of data obtained from proteomic experiments
[24]. In this study, a stringent FDR threshold of <0.01 (1 %) was
applied, thereby defining confidently identified peptides and proteins
for subsequent analysis. Supplementary Table S1 shows the identifica-
tion of 318 peptides with an FDR <1 %. Data that met these stringent
criteria underwent further statistical analysis, including Venn diagram
analysis to gain a profound understanding of the underlying patterns
and relationships within the dataset.

3.2. Matching ICE and DS to the HCP library

The Venn diagram analysis provided valuable information about the
distribution of identified proteins across the experimental groups.
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Among the shared proteins, 163 were consistently detected in both
groups, indicating robust identification across experimental conditions.
However, the presence of 12 unique proteins solely in the high confi-
dence proteins group suggests that there may be discrepancies in the
extraction or classification methods used for this group (Fig. 1 and
Table 1).

Expanding our analysis, a comprehensive investigation into the HCPs
profiles of ICE showed a consistent trend across multiple datasets.
Notably, the majority of proteins (n = 286) identified in a less stringent
set with a p-value < 0.05 showed a reducing pattern (Fig. 2). These
findings suggest a decrease in the levels of these HCPs in the ICE sam-
ples. In total, we identified 305 proteins from the ICE sample. We then
purified the ICE sample using a single-step protein A chromatography
process, which effectively eliminated 142 proteins. Moreover, we did
not observe any proteins that were uniquely present in both groups.
Despite the lack of unique protein identifications in the DS groups, the
presence of recognized proteins in the ICE group underscores the effi-
ciency of the purification process in removing a significant amount of
impurity proteins, thereby improving the overall quality and purity of
the drug substance.

After the DS analysis, 163 proteins were identified, and their relative
amount compared to ICE were uniformly downregulated (Fig. 3 and
Supplementary Table S2). This consistent reducing pattern across
various datasets underscores the reliability and robustness of our find-
ings. In pharmaceutical purification processes, proteins can nonspecifi-
cally bind to various components of the purification system. In addition,
prior studies have found that the co-elution of HCPs is primarily caused
by their association with the monoclonal antibody on agarose-based
protein A resins, rather than a direct interaction with the resins
[25-28]. Such interactions can prevent the target protein from being
isolated, potentially affecting downstream applications. From this data,
we were able to identify the top 10 high intensity non-specifically
co-eluting proteins, as well as the fold changes in intensity when
compared to ICE (Table 2).

A
HCP ICE
12 142 0
163
0 0
0
B
317.0
317 305
158.5
163
0.0 T T T
HCP ICE DS

Fig. 1. (A) Venn diagram illustrating the numbers of proteins identified in host
cell proteins (HCPs), intermediate crude extract (ICE), and drug substance (DS).
(B) Distribution of protein numbers identified.
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Table 1
List of 12 proteins in the high confidence proteins group.
UniProtKB Protein names p-
value

Q85950 Kinesin-like protein NACK1 OS=Nicotiana tabacum 0.001
0X=4097 GN—NACK1 PE=1 SV=1

P93354 Histone H2B OS=Nicotiana tabacum 0X=4097 GN—HIS2B 0.003
PE=2 SV=3

Q7FNT3 Photosystem II protein D1 OS=Atropa belladonna 0.005
0X=33,113 GN=psbA PE=3 SV=1

Q3C1G3 Photosystem II protein D1 OS=Nicotiana sylvestris OX=4096  0.005
GN=psbA PE=3 SV=1

Q33C59 Photosystem II protein D1 OS=Nicotiana tomentosiformis 0.005
0X=4098 GN=psbA PE=3 SV=1

P69556 Photosystem II protein D1 OS=Nicotiana tabacum 0X=4097  0.005
GN=psbA PE=3 SV=2

Q76MVO Histone H3.2 OS=Nicotiana tabacum 0X=4097 GN=B34 0.008
PE=1 SV=1

Q76N23 Histone H3.3 OS=Nicotiana tabacum 0X=4097 GN—H3 0.008
PE=1 SV=1

Q3C1G9 DNA-directed RNA polymerase subunit beta OS=Nicotiana 0.017
sylvestris 0X=4096 GN=rpoC2 PE=3 SV=1

Q33C48 DNA-directed RNA polymerase subunit beta OS=Nicotiana 0.017
tomentosiformis OX=4098 GN=rpoC2 PE=3 SV=1

P38550 DNA-directed RNA polymerase subunit beta OS=Nicotiana 0.017
tabacum 0X=4097 GN=rpoC2 PE=3 SV=2

Q8s8Y1 DNA-directed RNA polymerase subunit beta’” OS=Atropa 0.017

belladonna 0X=33,113 GN=rpoC2 PE=3 SV=1

Most proteins identified in the DS belong to the photosynthesis-
related and coenzyme groups.

Hydrolytic degradation is frequently linked to residual HCPs impu-
rities originating from the upstream process [29-32]. These HCPs can
enzymatically hydrolyze the ester bonds in polysorbate, leading to the
release of free fatty acids that accumulate during drug product storage.
This enzymatic activity can degrade polysorbate to a degree where it
fails to adequately protect the protein, potentially causing particle for-
mation or other adverse effects [33,34]. Interestingly, no lipase,
esterase, and proteases were found, which are enzymes known to affect
the stability of the DS and final product, including excipients and some
stabilizers [11,29,35,36]. This is important because it implies that the
DS may be more stable, as it lacks enzymes that could cause unwanted
reactions or degrade the final product. However, it is imperative to
conduct additional comprehensive stability studies to ensure the reli-
ability and consistency of the results. Further method development for
sample preparation and instrument conditions could broaden the
coverage of the HCPs library, maximizing the detection of potential
impurities and increasing the sensitivity and accuracy of the analysis.
This enhancement allows the identification and resolution of a wider
spectrum of HCP-related challenges during the purification process,
leading to the production of biopharmaceuticals with higher purity,
stability, and safety profiles.

4. Discussion

Reducing HCPs to an acceptable level in biotherapeutic products is a
core goal in downstream purification processes to guarantee safety and
efficacy of final product. While ELISA is commonly utilized to quantify
total HCPs levels, LC-MS analysis provides a more in-depth under-
standing by allowing for the identification and quantification of indi-
vidual HCP. The HCPs profiling method and Venn diagram analysis
presented a visual representation of the overlap and distinctiveness of
proteins identified across three experimental groups. This graphical
approach simplified the identification of proteins shared by multiple
groups, as well as those unique in specific conditions.

In this study, we successfully identified and profiled HCPs from
N. benthamiana by using N. tabacum as a spectral reference, given its
close relationship to N. benthamiana and ready availability in the data-
base. We demonstrated that relative quantification is useful in designing
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Fig. 2. Volcano plot of quantitative ICE data. The plot denotes statistical significance plotted against protein ratio intensity on a log2 scale. The X-axis represents log-
transformed fold change in protein abundance, with positive values indicating increased levels and negative values indicating decreased levels. The Y-axis shows the
negative logarithm of the p-value, where higher values indicate greater statistical significance. Proteins with p-values < 0.05 are depicted in blue, while those with p-

values > 0.05 are shown in orange.
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Fig. 3. Volcano plot of quantitative DS data. Data statistical significance is plotted in function of the protein ratio intensity in a log2 scale. The X-axis represents log-
transformed fold change in protein abundance, with positive values indicating increased levels and negative values indicating decreased levels. The Y-axis shows the
negative logarithm of the p-value, where higher values indicate greater statistical significance. Proteins with p-values ( 0.05 are depicted in blue, while those with p-

values ) 0.05 are shown in orange.

the purification process, but absolute levels are critical to ensure the
safety of human therapeutics. We comprehensively investigated and
interpreted the proteomic data by integrating multiple analytical ap-
proaches, including stringent FDR control. FDR analysis in proteomic
results is critical for ensuring the quality and accuracy of protein iden-
tifications. Typically, FDR assessment is conducted using a target-decoy
search strategy, where each peptide-spectrum match is assigned a score
based on the frequency of false discoveries in peptide identifications
[37,38]. After the HCPs library was established, peptides from the ICE
and DS were searched against the HCPs library.

The information obtained from this analysis is important for deter-
mining experiment design. These purification steps played a pivotal role
in enhancing the purity and specificity of the target protein, thereby
reducing sample complexity and improving overall product quality.
Depending on the extent of non-specific binding observed, additional
purification steps may be necessary to ensure target protein purity and
integrity. Conversely, if non-specific binding is minimal and meets the
required standards for intended use, it may be feasible to proceed

without further purification, thus saving time and resources. One of our
examples is the Baiya SARS-CoV-2 vaccine, which was developed by
Baiya Phytopharm - a Thailand-based biotech company. It utilized a
single-step purification process based on comprehensive data analysis in
its manufacturing process. The vaccine has shown safety and high effi-
cacy in preclinical studies [39,40] and is currently in phase 1 clinical
trials (NCT04953078 and NCT05197712).

While accurate identification of co-eluting proteins provides
invaluable information into the purification process and aids informed
decision-making regarding subsequent HCPs clearance strategies, the
use of a triple quadrupole mass detector (QqQ) in conjunction with
isotope-labeled peptides [41] or isobaric tags [42] could enhance the
validation and confirmation of proteins identified through proteomic
profiling, given its high sensitivity and accuracy [43,44], especially for
absolute quantification purposes. However, implementing this tech-
nique requires time for optimization and validation to ensure the reli-
ability of results.
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Table 2
Identification of the Top 10 Proteins Co-eluting during protein A
Chromatography.

UniProtKB  Protein names p- Fold

value Change

P09042 Pathogenesis-related protein 1C OS=Nicotiana  0.012 0.0392
tabacum OX=4097 PE=2 SV=3

Pathogenesis-related protein 1A OS=Nicotiana ~ 0.004
tabacum 0X=4097 PE=1 SV=1

Pathogenesis-related protein 1B OS=Nicotiana  0.004
tabacum 0X=4097 PE=2 SV=1

Pathogenesis-related protein R minor form 0.012
OS=Nicotiana tabacum 0X=4097 PE=2 SV=1
Acetyl-coenzyme A carboxylase carboxyl 0.044
transferase subunit beta, chloroplastic

OS=Nicotiana sylvestris 0X=4096 GN=accD

PE=3 SV=2

Acetyl-coenzyme A carboxylase carboxyl 0.044
transferase subunit beta, chloroplastic

OS=Nicotiana tomentosiformis OX=4098

GN=accD PE=3 SV=2

Acetyl-coenzyme A carboxylase carboxyl 0.044
transferase subunit beta, chloroplastic

OS=Nicotiana tabacum OX=4097 GN=accD

PE=1 SV=2

Glucan endo-1,3-beta-glucosidase, basic 0.001
vacuolar isoform OS=Nicotiana tabacum

0X=4097 PE=1 SV=2

Glucan endo-1,3-beta-glucosidase, basic 0.001
vacuolar isoform GGIB50 OS=Nicotiana

tabacum 0X=4097 PE=1 SV=1

Glucan endo-1,3-beta-glucosidase, basic 0.001
vacuolar isoform GLB OS=Nicotiana tabacum

0X=4097 PE=2 SV=1

P08299 0.0297

P07053 0.0297
P07052 0.0235
Q3C1J3 0.0234

Q33C25 0.0234

P12219 0.0234

P15797 0.0221

P23546 0.0221

P27666 0.0221

5. Conclusion

In conclusion, the LC-MS profiling methods presented in this study
have high sensitivity and exhibit promise for becoming routine analyt-
ical techniques in a wide range of biopharmaceutical applications. Their
sensitivity and versatility make them valuable tools for characterizing
and monitoring the quality of biopharmaceutical products, contributing
to advancements in drug development and manufacturing processes.
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