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ABSTRACT
Therapeutic proteins including monoclonal antibodies (mAbs) are usually produced in engineered host 
cell lines that also produce thousands of endogenous proteins at varying levels. A critical aspect of the 
development of biotherapeutics manufacturing processes is the removal of these host cell proteins (HCP) 
to appropriate levels in order to minimize risk to patient safety and drug efficacy. During the development 
process and associated analytical characterization, mass spectrometry (MS) has become an increasingly 
popular tool for HCP analysis due to its ability to provide both relative abundance and identity of 
individual HCP and because the method does not rely on polyclonal antibodies, which are used in 
enzyme-linked immunosorbent assays. In this study, HCP from 29 commercially marketed mAb and mAb- 
based therapeutics were profiled using liquid chromatography (LC)-MS/MS with the identification and 
relative quantification of 79 individual HCP in total. Excluding an outlier drug, the relative levels of 
individual HCP determined in the approved therapeutics were generally low, with an average of 20 
ppm (µmol HCP/mol drug) measured by LC-MS/MS, and only a few (<7 in average) HCP were identified in 
each drug analyzed. From this analysis, we also gained knowledge about which HCP are frequently 
identified in mAb-based products and their typical levels relative to the drugs for the identified individual 
HCP. In addition, we examined HCP composition from antibodies produced in house and found our 
current development process brings HCP to levels that are consistent with marketed drugs. Finally, we 
described a specific case to demonstrate how the HCP information from commercially marketed drugs 
could inform future HCP analyses.
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Introduction

Therapeutic monoclonal antibodies (mAbs) and mAb-based 
drugs have found widespread use as biotherapeutics to treat 
diverse diseases, with about 100 therapeutic mAbs approved by 
the United States Food and Drug Administration (FDA) to 
date.1 MAbs and most other therapeutic proteins are produced 
in engineered host cell lines where, in addition to the biother
apeutic protein sequence, the host cells also produce thousands 
of endogenous proteins. These host cell proteins (HCP) are 
impurities that, according to FDA guidance, must be removed 
to trace levels as measured by a highly sensitive analytical 
method during drug purification.2–6

Although extensive purification processes can successfully 
remove the majority of HCP from protein therapeutics, trace 
levels of HCP are commonly present in biotherapeutics and 
could pose a risk to the safety and efficacy of these drugs. For 
example, specific HCP have been shown to degrade the drug or 
excipients in the drug product, resulting in a reduction in shelf 
life as well as the formation of potentially inactive or immuno
genic product-related species.7–10 In addition, HCP can cause 
an immune response in patients, have biological activity or act 
as an adjuvant for the drug itself.11,12

Regulatory agencies have designated HCP as a critical quality 
attribute, and the knowledge of their impact on product safety 
and stability is still evolving. Benchmarking HCP in commercial 
biotherapeutic products provides valuable information for the 
biotechnology industry, which aims to develop pure and safe 
biotherapeutic products through process optimization.13 

Knowledge of HCP levels across approved protein therapeutics 
would help to determine the current industry standard for HCP 
clearance during production. However, the enzyme-linked 
immunosorbent assay (ELISA) methods that are commonly 
used for HCP analysis cannot be readily compared across com
panies and drugs due to differences in HCP populations from 
different host cell lines and differences in the immunoreactivity 
against HCP for different ELISA kits. In addition, HCP ELISA 
results give a total HCP measurement and do not provide 
information about individual proteins present in the drugs and 
therefore give an incomplete picture of the HCP impurity pro
file. Mass spectrometry (MS) has emerged as a powerful tool for 
identifying and quantifying individual HCP in therapeutic 
antibodies.14 Many new proteomic methods have been devel
oped for HCP analysis in recent years.15–17 However, the data 
published from MS studies often do not include information 
about individual HCP identified in drugs on the market.
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In order to understand the risk from HCP for a given 
product, it is very useful to know the identities of the individual 
HCP and their relative abundances. Once the identity of an 
HCP is known, it can be assessed for potential biological 
activity or immunogenicity.18–21 Information about individual 
HCP is useful for risk assessments to determine the risk to 
manufacturing, product stability and to patient safety. In addi
tion, knowledge of individual HCP properties can also inform 
any process changes that need to be made in order to remove 
HCP present at elevated levels.

In this paper, we performed the HCP analysis for over two 
dozen commercially available mAb-based therapeutics (Table 
1) produced in Chinese hamster ovary (CHO) cell lines by LC- 
MS/MS.22–24 Individual HCP across these approved biophar
maceuticals were identified and their abundance was esti
mated. We also summarized the MS-based HCP analysis 
results from the past several years of biotherapeutics develop
ment done in house. We believe that the results from these 
analyses can be used as a benchmark for future drug develop
ment to determine if HCP levels are in line, or higher than 
previously observed levels in drugs on the market and in 
production. Finally, the HCP levels from a therapeutic mAb 
drug candidate are presented as an example of how data from 
these benchmarking studies could be used.

Results

Data compilation

We identified and estimated the relative abundance of HCP 
from 29 commercially available medicines (Table 1) produced 
in CHO cell lines. These are primarily mAbs or IgG-based 
fusion proteins or bispecific antibodies that cover IgG1, IgG2 

and IgG4 subclasses. Produced at 14 different companies, the 
drugs have FDA approval dates from 1997 to 2019. The drugs 
analyzed cover major targets, and include widely prescribed 
drugs, as well as several biosimilar products.

In addition to analyzing commercially available therapeu
tics, data from 12 mAbs and bispecific antibodies produced in 
house were compiled. These samples were analyzed using 
a native digestion-based LC-MS/MS method.22 Results of 
these analyses have been curated in a database to track sample 
information and relative abundance of individual HCP. When 
data were compiled for Regeneron molecules, the abundance of 
each individual HCP was averaged across replicate analysis or 
different lots from the same process for each molecule.

All of the results in this publication are from analyses 
performed using a native digestion method adapted from the 
method published by Huang et al.22 This method has come into 
more frequent use in industry due to its simplicity and ability 
to reliably identify HCP down to low ppm levels, depending on 
the LC-MS system used.22–25 To more accurately describe the 
levels of individual HCP identified across multiple protein 
therapeutics analyzed, all the results are given in a mole ratio 
ppm (micromoles of HCP compared to moles of antibody) 
rather than the traditional mass ratio ppm (nanogram of 
HCP compared to milligram of antibody) used in ELISA- 
based HCP analysis. Use of ppm in mole ratio allows a fairer 
comparison of the actual abundance of different HCP identi
fied by taking into consideration the fact that different HCP 
usually have a wide range of molecular weights (MW). It is 
worth noting that the results are not absolute HCP measure
ments, but rather relative quantitation using spiked-in protein 
standards at a known concentration. We view our results as 
consistent within a dataset, based on our knowledge on the 
performance of the assay that typically has <10% variation for 

Table 1. Therapeutics analyzed for HCP content organized by the Year of FDA approval.

Drug trade name First US approval year International nonproprietary name IgG subclass Class Company

Rituxan 1997 Rituximab IgG1 mAb Genentech/Biogen
Enbrel 1998 Etanercept IgG1 Fusion Amgen
Herceptin 1998 Trastuzumab IgG1 mAb Genentech
Humira 2002 Adalimumab IgG1 mAb AbbVie
Xolair 2003 Omalizumab IgG1 mAb Genentech/Novartis
Orencia 2005 Abatacept CTLA4-IgG1 Fusion BMS
Vectibex 2006 Pamitumumab IgG2 mAb Amgen
Actemra 2010 Tocilizumab IgG1 mAb Genentech
Xgeva 2010 Denosumab IgG2 mAb Amgen
Yervoy 2011 Ipilimumab IgG1 mAb BMS
Perjeta 2012 Pertuzumab IgG1 mAb Genentech
Keytruda 2014 Pembrolizumab IgG4 mAb Merck
Opdivo 2014 Nivolumab IgG4 mAb BMS
Cosentyx 2015 Secukinumab IgG1 mAb Novartis
Darzalex 2015 Daratumumab IgG1 mAb Janssen
Nucala 2015 Mepolizumab IgG1 mAb GSK
Repatha 2015 Evolocumab IgG2 mAb Amgen
Praluent 2015 Alirocumab IgG1 mAb Regeneron
Tecentriq 2016 Atezolizumab IgG1 mAb Genentech
Fasenra 2017 Benralizumab IgG1 mAb AstraZeneca
Hemlibra 2017 Emicizumab-kxwh IgG1 Bispecific Genentech
Imfinzi 2017 Durvalumab IgG1 mAb AstraZeneca
Imraldi 2017 Adalimumab-xxxx IgG1 mAb Samsung Bioepis
Dupixent 2017 Dupilumab IgG4 mAb Regeneron
Kevzara 2017 Sarilumab IgG1 mAb Regeneron
Hulio 2018 Adalimumab-fkjp IgG1 mAb Mylan
Libtayo 2018 Cemiplimab-rwlc IgG4 mAb Regeneron
Kanjinti 2019 Trastuzumab-anns IgG1 mAb Amgen
Trazimera 2019 Trastuzumab-qyyp IgG1 mAb Pfizer
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relative abundance of HCP in the control sample for sample 
sets run on the same day and same instrument.

NISTmAb – benchmarking

In order to demonstrate that the native digestion LC-MS/MS 
method is fit for use, we analyzed the NISTmAb standard and 
identified 81 HCP. We then compared our results to published 
HCP results for the NISTmAb that were determined using 
different digestion conditions, LC separation methods and 
MS systems (Figure 1a).22,26–28 As expected, the majority of 
HCP reported in other LC-MS analyses were identified in our 
experiment (Figure 1, Supplemental Table S1). In addition, 13 
HCP identified in this study but not in the published studies 
were verified against much longer lists of NISTmAb HCP 
identified using more advanced HCP enrichment 
methods.15,29 These results demonstrate that most HCP, if 
present at high levels in an antibody sample, can be confidently 
identified.

The relative quantity in parts per million (ppm) of HCP 
identified in our experiment was further compared with the 
original native digestion paper by Huang et al.22 and a 2D LC 
Ion Mobility LC-MSE method by Doneanu et al.,28 the two 
published datasets comprised semi-quantitative results for 
HCP levels in the NISTmAb (Figure 1b). The published results 
were originally given in ppm (ng HCP/mg of drug as mass 
ratio) using the predicted MW of each HCP to calculate the 
ppm value of each HCP present. Our results are proportional 
to the number of moles of HCP present as discussed above, so 
we converted results from literature to a mole ratio of micro
moles HCP to moles of NISTmAb as ppm value for this 
comparison. As shown in Figure 1b, although there are some 
variations among the three sets of results, most of the indivi
dual HCP exhibit good trending and correlations in relative 
abundance, with Pearson correlation coefficients of 0.98 and 
0.85 for Huang et al.22 and Doneanu et al.,28 respectively.

Host cell proteins in commercial biotherapeutics

Seventy-nine different HCP were identified across the 29 drugs 
profiled and their amounts were estimated. Individual HCP 
(Supplemental Table S2) were sorted by frequency of identifi
cation and drugs were sorted by number of proteins identified 
to create the heatmap in Figure 2. In addition, HCP profiles 
were created for each drug by establishing the relative amount 
of each of the identified HCP as it relates the total sum of HCP 
present for that drug (Figure 3). As shown in Figures 2 and 
Figures 3, drug 1 exhibited a markedly different HCP profile as 
compared to the others. As a result, to avoid skewing the 
analysis from this one data set, data from drug 1 were excluded 
from subsequent analyses.

The results in Figure 2 show that each drug product has 
a unique HCP profile. A few HCP are identified more fre
quently than others (Figure 4). For example, Cornifin-A and 
Peroxiredoxin-1 were identified in the majority of the com
mercial drugs analyzed. It is known that Peroxiredoxin-1 is 
difficult to remove and has been reported previously.30–32 

Cornifin-A, another commonly observed HCP, has also been 
identified frequently.8,33 Nine HCP were identified in 20% or 
more of the drugs analyzed. These HCP probably bind non
specifically to constant regions of IgG molecules and are sub
sequently co-purified with the antibody-based drugs. In 
addition, the most frequently identified HCPs were also often 
the most abundant HCP identified in these commercial drugs 
as shown in Figure 3.

Some of the HCP were identified less frequently, either only 
present in specific drugs or were identified at much higher 
abundance only in specific ones compared to others. 
Examples of this include 40 S ribosomal protein S20, flavin 
reductase and Protein S100-A11, which were identified at 
higher abundance in specific drugs compared to the rest 
(Figure 2). In addition, some drugs had specific HCP species 
that contributed more to the total HCP contents than any other 
identified protein. Nine of the 29 drugs had one dominant 

Figure 1. (a) Comparison of the host cell proteins identified in NISTmAb in this study (blue) to Ma et al. (green) and Pengelley et al. (red). In this study, HCP identity was 
attained leveraging native digestion LC-MS/MS vs. Ma et al., 2020 nanoLC-MS/MS.26 and Pengelley et al., 2018 nano-LC-MS/MS with trapped ion mobility and PASEF 
(parallel accumulation and serial fragmentation) MS method.27 (b) Correlation between the relative abundances of HCP measured in NISTmAb from the current 
publication to previously reported relative abundances using the native digest method reported by Huang et al.22 and a complete tryptic digest followed by 2D-LC MS 
reported by Doneanu et al.28
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HCP contributing to over 50% of the total HCP amount 
whereas the remaining products had the levels of individual 
HCP distributed more evenly (Figure 3), indicating that these 
dominant HCP are likely to bind with a higher affinity to 
specific antibody sequences. Other studies have shown that 

HCP that persist in the final drug product are often “hitch- 
hiker” proteins.34 These HCP likely associate to the antibody 
molecule through nonspecific ionic and/or hydrophobic inter
actions, and as a result are carried through the purification 
process.31,35 A known example of this is Phospholipase B-like 
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Roundabout-l ike 2 0 0.2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Serine protease HTRA1 0 0 0 0 0 0 0 0 0 0 0 3.8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 16

Atria l  natriuretic factor 0.7 0 0.2 0 0 0 0 0 0 0 0 0 0 0 0 0 2.6 0 0 0 0 0 0 0 0 0 0 0 0

Sul fated glycoprotein 1 0.5 0 0.1 0 0 0 0 0 0 0 0 1.4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Copper chaperone for superoxide dismutase 1 0 0 0.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Vitamin K-dependent protein S 0.3 0 0 0.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

S-phase kinase-associated protein 1 0.7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Barrier-to-autointegration factor 3.4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Sepiapterin reductase 1.2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Suprabas in 0.9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Ribonuclease inhibi tor 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

U6 snRNA-associated Sm-l ike protein LSm6 0.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Galectin 6.4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

ADAM 15 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Eukaryotic trans lation ini tiation factor 6 1.7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

NudC domain-containing protein 2 0.4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Phosphoglycolate phosphatase 1.8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

ERp44 1.8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

14-3-3 protein theta 1.4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TBC1 domain fami ly member 13 0.2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Annexin A2 0 0 0 0 0 0 0 0 0 0 0 0 0 2.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Annexin A1 0 0 0 0 0 0 0 0 0 0 0 0 0 1.9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Stromal  cel l -derived factor 2-l ike protein 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5.5 0 0 0 0 0

Acid ceramidase 0 0 0 0 0.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

CTSZ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4.7 0 0 0 0 0 0 0 0 0 0

0                               50                    100%

Figure 3. Heatmap of HCP in percent abundance within each individual therapeutic protein. Each column represents the data from an individual therapeutic protein. 
Each row is an individual HCP identified in the current analysis. Each individual HCP amount was divided by the sum of HCP identified for that product and multiplied by 
100 to give a fractional abundance. The heatmap was colored by the HCP fractional level, where red is 100% of the HCP profile contributed by one protein and green 
indicates that the HCP was not detected.
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protein (PLBL2), which has been reported in publications to 
bind to IgG4 molecules and can be enriched in the first affinity 
purification step.36 In fact, PLBL2 was identified as the domi
nant HCP species in two drugs, drug 9 and drug 15 that we 
profiled (Figure 3).

HCP content of individual drugs

We estimated the total content of HCP in each drug by sum
ming the relative abundance of individual HCP. Excluding 
drug 1, more than 85% of the 28 drugs analyzed exhibited 
133 ppm or less total HCP by LC-MS analysis, and less than 

Figure 4. Frequency and maximum abundance for individual HCP identified in approved therapeutic products. Top panel (blue): Percent of products where HCP was 
identified above a 1 ppm relative abundance. The HCP are ordered by frequency of identification. Middle panel (green): Maximum abundance in ppm of each HCP across 
all products. Bottom panel (orange): Maximum abundance in ppm across all products excluding Drug 1, which was an outlier.

Figure 5. Number of HCP identified in each product compared to the aggregate amount of HCP identified. 95% of drugs had fewer than 14 HCP identified during this 
analysis (dotted vertical line). 85% of drugs exhibited total HCP of equal or less than 133 ppm (below dotted horizontal line). Drug 1 was excluded from the analysis.
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7 individual HCP in average were identified in each therapeutic 
protein analyzed, demonstrating an overall low level of HCP 
impurities in the approved therapeutic proteins characterized 
(Figure 5). Of these, only 5 drugs were determined to have total 
HCP in excess of 100 ppm. We do not have access to clinical 
data from these products, but products on the market are 
generally well tolerated with few reports of adverse events 
linked to HCP.11,37,38

Drugs that had more individual HCP identified also had 
a higher total HCP content (Figure 5). This could result from 
the purification process or it is possible that specific drugs have 
a higher propensity for nonspecific interactions with HCP 
compared to others. Several other studies have demonstrated 
this by incubating different mAb with CHO cell culture fluid 
and evaluating the number of HCP bound to the mAb after 
a protein A separation step.31,39 Drugs that were outliers in 
terms of total HCP content (lighter, yellow colored points in 
Figure 5) were not necessarily the drugs with the highest 
number of HCP. For many of these drugs, a higher combined 
HCP level was due to the elevated levels of one or a few specific 
HCP rather than an overall increase in the number of HCP 
present.

Host cell protein properties

The predicted isoelectric point (pI) and MW distributions of all 
HCP identified across the analyzed therapeutic proteins were 
compared to proteins identified from a CHO cell supernatant 
sample prepared using the native digestion method (Figure 6a). 
As shown in Figure 6b, the HCP identified in the commercial 
drug products also have a broad range of MWs and pIs, 
reflecting the distribution of the HCPs in the cell supernatant 
sample material. This distribution of properties makes HCP 
difficult to remove by polishing steps during purification.

Although the purification processes for each drug mole
cule are different, it is of great interest to determine if there 
is some relationship between the properties of the thera
peutic proteins and the HCP that copurify with them. To 

this end, we plotted the therapeutic protein pI versus the 
mean pI of all HCP identified in each drug (Figure 7). It is 
hypothesized that HCP with pIs closer to the drug pI will 
be more difficult to remove because they will co-elute in the 
commonly used ion exchange purification steps.40 As 
shown in Figure 7 (triangle points), the majority of drugs 
had a mean HCP pI that was basic. This result is interesting 
because a greater proportion of individual HCP identified 
in harvest material had an acidic pI (Figure 6a). The most 
frequently identified HCP across drugs (cornifin-A, perox
iredoxin-1, glutathione S transferase P) have basic pIs and 
probably shifted the mean pI to basic for the drugs ana
lyzed. The lack of correlation between HCP pI and drug pI 
is likely to be the result of variation in the purification 
process between companies and products. The predicted 
pIs of some of the HCP are not accurate because they are 
based on the translated sequence of each protein and do 
not consider post-translational modifications or other 
sequence processing. Our observation further highlights 
the importance of downstream process development for 
each drug product and the complexity of removing indivi
dual HCP during therapeutic protein production.

A gene ontology (GO) assessment was performed to 
evaluate the biological functions and locations of HCP 
identified across all the drugs analyzed (Figure 8). Around 
21% of the proteins are known extracellular proteins. MAbs 
are secreted from cells and the cell supernatant is harvested 
and purified, so many HCP are also expected to be extra
cellular proteins. The remainder of the proteins are from 
the cell membrane or inside of the cell, consistent with cell 
death or cell lysis. Proteomic analyses of CHO cell super
natants from different cell viabilities at harvest also have 
shown a high proportion of intracellular proteins.41–43 The 
molecular function and biological process GO terms were 
also analyzed for identified HCP. Around ~50% of HCP 
have protein binding activity. Other highly represented 
terms include catalytic activity, response to stimulus and 
regulation of biological process. HCP with catalytic activity 

Figure 6. Comparison of HCP properties (theoretical isoelectric point and molecular weight based on sequence) for a representative harvest material (a) and all the HCP 
identified in the 29 approved biotherapeutic proteins (b).
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against the drug or excipients can negatively affect drug 
stability. A few HCP that are known to compromise protein 
integrity and/or stability were identified in our study, 
including Cathepsin L1, Cathepsin D and Lipoprotein 
lipase.7,8,44

Benchmarking in-house HCP data

In addition to analyzing HCP in commercially marketed drugs, 
we compiled results from a few Regeneron drug candidates at 
different stages of development from recent years. The purpose 
of this analysis was to provide a benchmark with our historical 
experience for future drug development. The data compiled 
were from 12 antibody drug candidates with two different 
stages of processes: first-in-human (FIH) platform process 
and commercially enabling process. Fully purified drug sub
stances were analyzed by LC-MS at these different stages dur
ing development to ensure that individual HCP species, if any 
at high levels, were cleared and that no new HCP at high levels 
were introduced as the result of process evolution. The levels of 
individual HCP through process development were also com
pared against the HCP data from approved therapeutic 
proteins.

As expected, the abundance of individual HCPs decreased 
through process improvement, with the highest HCP levels at 
the early stage of development (Figure 9). On average, HCP 
relative abundances decreased from 8.7 ppm measured in the 
FIH platform process to 5 ppm in the final commercially 
enabling process. In particular, the number of individual 
HCP measured decreased through development, with no 
HCP with a relative abundance greater than 100 ppm identified 
in any of the commercially enabling processes. When HCP 
identified in Regeneron processes were compared to approved 
therapeutic proteins, there was less spread in HCP abundances 
and the average for both processes was lower than the average 

Figure 7. Mean predicted host cell protein isoelectric points plotted against the 
predicted isoelectric points for approved therapeutic proteins. Mean HCP pI 
greater than 7 are marked with triangles and mean pI less than 7 are marked 
with dots. The distributions of drug and HCP isoelectric point are shown in blue on 
the borders of the plot.

Figure 8. Gene ontology terms related to HCP identified in approved biotherapeutics analyzed in this study.
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relative abundance of 20 ppm for the approved therapeutic 
proteins.

HCP case study

In addition to the HCP benchmarking analysis, herein, we 
provide a specific example measuring HCP from a drug candi
date under development to demonstrate how MS can be used 
to ensure that HCP levels are in line with approved therapeu
tics in the final process that will be used for clinical trials and 
commercialization.

In this specific case, we detected a relatively high level of one 
specific HCP, Protein S100-A6 (G3HC31) in the initial plat
form purification process used to produce this molecule 
(Figure 10). This HCP was detected at a relative abundance 
117 ppm in product produced using an FIH platform process. 
We know from the current analysis that most individual HCP 
in approved therapeutic proteins and in Regeneron molecules 
are present at a relative abundance of <20 ppm, so this protein 
is more abundant than expected. Protein S100-A6 is a small 
calcium binding protein and was among the frequently identi
fied HCP from our analysis of approved therapeutic proteins. 
This HCP was monitored through process development. As 

Figure 9. Relative abundance of all HCP identified in approved therapeutic proteins (N = 28) and proteins (N = 12) produced in house using a first-in-human (FIH) 
platform process and commercially enabling process. Points are colored by relative abundance. Mean is indicated by red line and annotated. Drug 1 was not included in 
this analysis.

Figure 10. Relative abundance of HCPs identified in a drug candidate from different processes of development, FIH platform process (blue), intermediate process 
development (red), and commercially enabling process (green).
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shown in Figure 10, during process optimization, the level of 
this protein was still relatively high in an intermediate devel
opment process, but after optimization it was no longer detect
able in the commercially enabling process using the native 
digestion LC-MS method. Through process development, 
there was a shift in the HCP profile for this molecule, indicat
ing that process parameters, as expected, have a large impact 
on which HCP are present in the final drug substance.

The main HCP identified in the final process (C-C motif 
chemokine, Procollagen C-endopeptidase enhancer and 
Peroxiredoxin-1) are commonly identified HCP and have 
been identified before at higher levels in approved therapeutic 
proteins. In addition, no individual HCP were identified with 
relative abundance higher than 5 ppm. Based on our analysis of 
HCP in approved drugs, this level of HCP in the final process 
for this program is well within the observed range for indivi
dual HCP.

Discussion

Residual HCP is a critical quality attribute for biotherapeutics 
because of its potential impact on drug safety and stability. 
Approved biotherapeutics have undergone rigorous safety test
ing in clinical trials and are controlled to maintain consistent 
manufacturing and HCP levels. These drugs can serve as 
a benchmark for current manufacturing capability with respect 
to HCP removal. To that end, we analyzed the HCP content 
and relative abundances of 29 commercially available biother
apeutic products. This analysis resulted in a list of 79 HCP that 
are identified in approved therapeutic proteins and their rela
tive abundances.

We identified a set of HCP that are frequently identified 
across therapeutics. These HCP represent a class of protein that 
likely bind nonspecifically to IgG molecules and are difficult to 
remove through the purification process. These HCP were 
more likely to spike to higher levels in individual drugs, and 
as a result are useful to keep track of during process 
development.

A major challenge in HCP analysis is to determine what 
level of an individual HCP is acceptable in a drug. Recently, 
LC-MS methods have become more sensitive and can now 
measure tens or even hundreds of very low abundance HCP 
in purified drug substances.45,46 Many of these proteins have 
certain biological functions or potential enzymatic activities 
that may be a potential immunogenicity risk. However, when 
MS methods have become so sensitive that HCP are identified 
at less than 1 ppm, it is hard to determine whether they will 
pose a risk to product stability or patient safety. Some of these 
HCP, such as lipases,10 have known activity at low levels or 
may be predicted to be highly immunogenic and need to be 
removed even when detected at trace levels. However, many 
have unknown function. In this case, it is helpful to have 
a benchmark for comparison and determination of a typical 
level for individual HCP, which would allow assessment of 
whether these proteins are below that range before performing 
extra purification development to remove them.

Here, we described an HCP benchmarking analysis to gain 
a better understanding of the range of HCP abundance within 
approved therapeutic proteins. With a few exceptions, the 

relative levels of HCP in approved therapeutics were generally 
low (<100 ppm in total) with an average of 20 ppm and with 
only a few (<7 in average) HCP identified in each drug 
analyzed.

While it is useful to know which HCP are commonly iden
tified and their abundances in approved therapeutics for 
benchmarking purposes, the potential safety concerns for an 
individual HCP depend not only on the protein itself and its 
abundance, but also in other factors, including how the drugs 
are administered and patient demographics.21 HCP that have 
been tolerated in the commercially available drugs we profiled 
may not be tolerated, even at the same or lower abundances in 
future clinical studies. It is still important to remove HCP as 
process-related impurities to as low levels as possible through 
careful process development.

It is worth noting that the our analysis is based on the 
relative abundances obtained and that these results are given 
in a mole ratio of HCP to drug. Although there are some day-to 
-day variations, when results from this analysis are compared 
to other assays we are confident about our intra-assay preci
sion. As shown in the comparison of NISTmAb HCP to pub
lished results, we can consistently identify and quantify these 
HCP and determine which HCP are more or less abundant. 
However, as shown in the comparison to published NISTmAb 
quantitative results, there is variation in the measured abun
dance of individual HCP between groups, and it is likely that 
a repeat of these analyses in a different lab with different 
standards will result in different HCP abundances, which 
makes the benchmarking challenging. It would be useful to 
have a method or standard that could be applied across the 
industry to allow for more widespread benchmarking.

In addition, the results given here in ppm (in micromoles of 
HCP to moles of drug) cannot be directly compared to ELISA 
results, which are usually calculated in ppm (ng HCP to mg 
drug). The differences in the ppm measurements are not just in 
the units (mass vs moles), but also in how the HCP levels are 
measured. For ELISA, the total HCP abundance is measured 
relative to a standard curve made up of a mixture of HCP and is 
modulated by the response of individual HCP to the detection 
agent. For MS, individual HCP abundances are measured 
relative to a specific protein standard and are modulated by 
the ionization efficiency of individual HCP peptides compared 
to the standard. So, caution should be taken when using the 
information presented here. For example, 20 ppm of individual 
HCP level from this study cannot directly be compared to a 20 
ppm measured by ELISA (usually in total HCP concentra
tions). However, the relative abundance of HCP determined 
by MS can be correlated to ELISA results to ensure that trends 
in HCP relative abundances match. This can be especially 
important for process clearance where ELISA might under
estimate HCP levels particularly in more pure samples due to 
lack of antibody coverage for a specific protein that co-purified 
with the drug.

In the future, this dataset could be used as a tool to deter
mine if the HCP profile in material generated during process 
development is in line with other approved recombinant ther
apeutic proteins on the market. It will also be a useful bench
mark to determine whether MS methods used are sensitive 
enough to identify HCP in highly purified drug substances. 
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In this analysis, we demonstrated that the efforts to remove 
HCP during process development have indeed minimized the 
HCP contents to levels that are comparable or lower than that 
seen in approved drugs. We also presented a case study of how 
the data could be used to guide process development and 
ensure that HCP species are in line with our experiences, as 
well as other recombinant therapeutic proteins widely used.

Materials and methods

Materials

The NIST reference mAb (Catalog #: RM8671) was purchased 
from Millipore-Sigma. Approved therapeutic proteins are 
commercially available. The Regeneron mAbs were manufac
tured and purified internally. Sequencing grade-modified tryp
sin (Catalog #: V5111) was purchased from Promega. The 10 
kDa filter was purchased from Pall (Catalog # OD010C34). 
Dithiothreitol (DTT) was purchased from Thermo (Catalog # 
A39255).

Sample preparation

Samples were digested with trypsin under native conditions 
that favor digestion of smaller host cell proteins over the 
larger drug sequences using a variation on a method pre
viously described.22 All samples were buffer exchanged into 
water using a 10 kDa MW cut-off filter. The concentration of 
the sample was measured after buffer exchange using 
a Nanodrop. Two milligrams of sample were then spiked 
with two protein internal standards, recombinant human 
IL33 and heavy isotope labeled CHO PLBL2, at known con
centrations relative to the sample, 50 ppm (micromoles 
standard to moles sample) and 10 ppm, respectively. The 
samples were then digested with trypsin at an enzyme to 
substrate ratio of 1:1000 overnight. After the digestion, 
DTT was added and the sample was further incubated at 
90°C for 20 min to reduce disulfide bonds and precipitate 
undigested protein. The final digest was filtered using a 10 
kDa MW cutoff filter and the flow-through was collected for 
analysis.

LC-MS/MS and data acquisition

Each digested sample was analyzed using a Waters ACQUITY 
UPLC system coupled to a Thermo Scientific Q Exactive Plus 
mass spectrometer. Waters CSH C18 column (1.7 μm particle 
size, 2.1 mm × 150 mm) was used for the peptide separation. 
Two mobile phases: 0.1% formic acid in water (mobile phase 
A) and 0.1% formic acid in acetonitrile (mobile phase B), were 
used with an acetonitrile gradient of 0.1–40% over 85 minutes 
to separate and eluate the tryptic peptides at a flow rate of 
0.25 mL/min. The column was then washed with 90% acetoni
trile for 10 min and re-equilibrated in mobile phase A. The MS 
data were acquired with one full scan at a resolution of 70k 
(at m/z 400), followed by 10 data-dependent MS/MS scan at 
a resolution of 17.5k. The automatic gain control (AGC) for the 
MS/MS scan was set to 1e5 with maximum IT of 300 ms. In 
addition, a control sample was analyzed routinely to evaluate 

variability in the method, ensure LC and MS system suitability, 
and track changes in HCP identification.

Data analysis

The resulting LC-MS/MS data was searched against the 
Cricetulus griseus Uniprot reference proteome database using 
Byonic Software (Protein Metrics). Proteins that had two 
unique peptides and unique amino acid sequences with high- 
quality MS/MS spectra and peptide length >6 amino acids were 
accepted as true positive identifications. Identified proteins 
were quantified relative to the spiked-in recombinant human 
IL33 protein standard using Skyline data processing software 
by averaging the peak area for the top two to three peptides for 
each HCP and dividing by the averaged peak area for the 
standard.47,48 The recombinant HCP standard, heavy isotope 
labeled PLBL2 was spiked at 10 ppm relative to the drug 
substance and used as a quality control check for HCP signal 
intensity and consistency in the relative abundance measure
ment. All the results are calculated in a mole ratio ppm (micro
moles of HCP compared to moles of antibody) rather than the 
mass ratio ppm (nanogram of HCP compared to milligram of 
antibody). To compare directly with the published results,22,28 

the ppm values originally given in a mass ratio were converted 
into ppm in mole ratio based on the predicted MW of each 
HCP. A control sample of known HCP content was run with 
every analysis to ensure that the sensitivity and consistency of 
the method was maintained. In addition, a “reagent blank” 
sample containing water instead of drug was processed and 
run alongside each sample set. Proteins identified in the 
“reagent blank” and drug samples at a similar abundance 
were assumed to be contaminants and were filtered out of the 
final HCP list. The pIs and MWs were calculated using protein 
amino acid sequences. Ontologies were associated with HCP 
using the EBI-EMBL Phenotype and Trait Ontology.
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