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Detection of innate immune
response modulating impurities
(IIRMI) in therapeutic peptides
and proteins: Impact of
excipients

Seth G. Thacker1, Cheng Her1, Logan Kelley-Baker1,
Derek D C. Ireland1, Mohanraj Manangeeswaran1,
Eric S. Pang2 and Daniela Verthelyi1*

1Laboratory of Immunology, Office of Biotechnology Products, Center for Drug Evaluation and
Research, U.S. Food and Drug Administration, Silver Spring, MD, United States, 2Division of
Therapeutic Performance, Office of Research and Standards, Office of Generic Drugs, Center for
Drug Evaluation and Research, U.S. Food and Drug Administration, Silver Spring, MD, United States
Unintended immunogenicity can affect the safety and efficacy of therapeutic

proteins and peptides, so accurate assessments of immunogenicity risk can aid in

the selection, development, and regulation of biologics. Product- and process-

related impurities can act as adjuvants that activate the local or systemic innate

immune response increasing the likelihood of product immunogenicity. Thus,

assessing whether products have innate immune response modulating

impurities (IIRMI) is a key component of immunogenicity risk assessments.

Identifying trace levels of individual IIRMI can be difficult and testing

individually for all potential impurities is not feasible. Therefore, to mitigate the

risk, cell-based assays that use human blood cells or monocyte-macrophage

reporter cell lines are being developed to detect minute quantities of impurities

capable of eliciting innate immune activation. As these are cell-based assays,

there is concern that excipients could blunt the cell responses, masking the

presence of immunogenic IIRMI. Here, we explore the impact of frequently used

excipients (non-ionic detergents, sugars, amino acids, bulking agents) on the

sensitivity of reporter cell lines (THP-1- and RAW-Blue cells) and fresh human

blood cells to detect purified TLR agonists as model IIRMI. We show that while

excipients do not modulate the innate immune response elicited by TLR agonists

in vivo, they can impact on the sensitivity of cell-based IIRMI assays. Reduced

sensitivity to detect LPS, FSL-1, and other model IIRMI was also evident when

testing 3 different recombinant drug products, product A (a representative mAb),

B (a representative growth factor), C (a representative peptide), and their

corresponding formulations. These results indicate that product formulations

need to be considered when developing and validating cell-based assays for

assessing clinically relevant levels of IIRMI in therapeutic proteins. Optimization
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of reporter cells, culture conditions and drug product concentration appear to be

critical to minimize the impact of excipients and attain sensitive and

reproducible assays.
KEYWORDS

immunogenicity, excipient, IIRMI, In vitro model, reporter cell lines, masking
Introduction

Proteins and peptides are key tools for the successful treatment

of cancers, genetic defects, metabolic and infectious diseases.

However, undesired immune responses elicited by these products

can affect their safety or efficacy (1, 2). Indeed, product

immunogenicity and subsequent changes in drug clearance

profile, loss of efficacy, and even ensuing clinical deficiency

syndromes have impeded the development and licensing of

multiple therapeutics (3–5) and limit the clinical usefulness of

others (6–8). Immunogenicity risk is determined by an

incompletely understood set of patient- and product- related

factors and discerning their individual impact is difficult; however

understanding and controlling the known contributing factors

can inform the risk for products, streamlining product

development, licensure or approval, and clinical use (3, 4, 9).

One factor that can potentially be assessed and controlled is

the presence of innate immune response modulating impurities

(IIMRI) as these can induce local and systemic inflammation,

contribute to hypersensitivity and development of adaptive

responses to the product. These impurities can be found in

biotechnology derived therapeutics despite careful downstream

purification and can include trace levels of impurities such as:

remnants of adventitious agents, host cell proteins (HCP),

growth media components, host cell DNA (HCD) (10),

leachates, and other contaminants (10–12). IIRMI can activate

antigen presenting cells (APCs) such as macrophages and

dendritic cells, which are embedded in subcutaneous tissues

and line the endothelia. These cells are decorated with a broad

array of pattern recognition receptors (PRR) and constantly

sample their environment to identify danger or pathogen related

signals. The broad array of innate immune receptors present on

the cell surface, endosomes, and cytosol include Toll-like

receptors, RIG-I and NOD-like receptors as well as C-type

lectin and scavenger receptors (13–15). Their activation

triggers an intracellular signaling cascade that leads to the

activation of transcription factors such as NF-kB or AP1,

which in turn increase the expression of proinflammatory

genes leading to local inflammation and recruitment of other

immune cells magnifying the immune response (16).

Importantly, proteins that are up-taken together with PRR
02
agonists are preferentially processed and presented in the

context of MHC and costimulatory proteins, which are

necessary to trigger antigen-specific T cell responses (17).

Robust, prolonged, or repeated activation of the innate system

can enable an immune response to nonimmunogenic or

previously tolerized proteins or peptides (18, 19). Lastly, in a

previous study using non-human primates we showed that the

addition of very low levels of TLR ligands capable of inducing

mild localized changes in the subcutaneous space where a

therapeutic protein was administered correlated with increased

anti-drug antibody (ADA) titers (20). Therefore, assessing

whether there are impurities in therapeutic products capable

of stimulating the innate immune system is critical to assessing

their immunogenicity risk in support of product development

and licensing (1, 2).

Implementation of assays to detect IIRMI is challenging as a

broad range of potential product- and process- related

impurities derived from raw materials or manufacturing

processes can activate APCs even when present at trace levels.

Further, there is evidence that multiple IIRMI can synergize with

peptide or protein aggregates to foster immune responses (21–

23). Given that generating highly sensitive assays to measure

trace levels of unidentified individual impurities is very

challenging, the methods currently used to screen products for

the presence of IIRMI focus downstream by detecting activation

markers on immune cells (10–12, 18, 22, 24–28). In our studies

we have used the expression of mRNA for proinflammatory

cytokines in human PBMC or the activation of NF-kB in

monocytic cell lines that have multiple innate immune

receptors, such as MM6, THP-1 or RAW cells, to detect IIRMI

in vitro (29). However, a recent study suggested that product

formulation could modify the results of IIRMI assay (30) raising

concern that product excipients can alter the sensitivity of the

IIMRI assays masking the presence of impurities.

Therapeutic peptides and proteins tend to be unstable and

susceptible to aggregation, chemical or physical degradation, and

are therefore carefully formulated to insure stability. Thus, a

drug product consists of the active pharmaceutical ingredient

(API) and its excipients. For aqueous-based injectable

formulations, some of the most commonly used excipient

types include buffering agents, stabilizers, tonicity adjustment
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agents, lyoprotectants and antioxidants as recently reviewed (31,

32). Sodium chloride, polysorbate 80, sucrose, and mannitol are

the most common excipients after water, but most biologics have

at least 4 components in their formulation (32). Moreover, the

concentration of the different excipients can vary greatly

between individual drug products. Importantly, excipients

have been linked to injection site reactions and anaphylactoid

responses (33–35). To examine whether excipients could mask

the presence of impurities, we selected a group of frequently used

excipients including surfactants (polysorbate 80, poloxamer

188), a stabilizer (albumin), sugars (sucrose, trehalose,

mannitol), and amino acids (histidine, arginine), and explored

their impact on cell-based assays to detect IIRMI. Further, we

determined whether the assays could identify different purified

IIRMI when spiked into 3 fully formulated commercial drug

products. Our studies demonstrate product formulation is a

critical parameter to consider when developing and validating

cell-based assays for assessing potential IIRMIs in therapeutic

proteins as demonstrated by: i) the excipients used in the

formulation of proteins and peptides can interfere with the

assessment of IIRMI in drug product; ii) the degree of

masking depends on the nature of the impurities, as well as

the cell platform and the excipients used; and iii) when using

primary cells, the degree of masking varies by PBMC donor. This

indicates that cell-based assays can be used to detect IIRMI but

deriving actionable/interpretable data requires careful product-

specific development and validation that ensures that the assay

consistently detects the expected array and level of

potential IIRMI.
Materials and methods

Reagents

LPS, Poly I:C, FSL-1, CLO75, CpG 1555 and zymosan were

purchased from In vivoGen (San Diego, CA). Sucrose, mannitol,

trehalose, and L-arginine were obtained from Pfanstiehl

(Waukegan, IL). All other chemicals were obtained from

ThermoFisher Scientific (Waltham, MA) at USP grade.

Commercial lots of Albucult (Albucult, Novozymes,

Nottingham, UK) were used as a source of albumin. Excipients

were dissolved in cell culture grade water (Lonza). The stock

concentrations of excipients were made based on weight/weight

and are expressed as a mass percentage or simply as percentage.

The following drug products were used in our study: Product A

(Bevacizumab, Genentech Inc. South San Francisco, CA),

product B (Darbepoetin alpha, Amgen, Thousand Oaks, CA),

and product C (glucagon, Eli Lilly, Indianapolis, IN). Drug

formulation buffers were made based on details provided in

the product insert and all components were of USP grade. All

dilution percentages were calculated as weight/volume based on

product insert information.
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Cell culture

PBMC isolation and stimulation
Deidentified fresh buffy coats were obtained from the NIH

blood bank, (Bethesda, MD). PBMC were isolated by density-

gradient centrifugation over Ficoll-Hypaque. PBMCwere cultured

at 37°C in RPMI medium + 10% FBS (heat inactivated), 1mM

sodium pyruvate, 1X nonessential amino acids, 10mM HEPES,

100U penicillin/100ug streptomycin, and 2mM L-glutamine.

PMBC were resuspended at a density of 4x106 cells/mL. PBMCs

(4x105 cells/mL in 100mL) were added to 96 well plates followed

by 50mL of a 40% (volume/volume) drug product or drug product

formulation buffer with a final addition of 50uL of the test IIRMI

resulting in cultures with 10% drug product. PBMCs were

stimulated with trace levels of LPS (10pg/mL), FSL-1(100pg/

mL), and Zymosan (1ng/mL) as model IIRMIs. Each condition

was performed in triplicate. Following 24h of stimulation, PBMC

were collected, lysed with TRIzol reagent (Invitrogen, Carlsbad,

CA), and stored at -80°C before extracting RNA.

RAW-BLUE
Murine Raw 264.7 macrophages carrying a SEAP reporter

construct inducible by NF-kB were purchased from In vivoGen.

Cells were grown in DMEM supplemented with 10% FCS, 2mM

L-glutamine, 100mg/mL Normocin in the presence of selection

antibiotic 200mg/mL Zeocin and passaged when 70% confluence

was reached per manufacturer’s recommendation. Cells were

scraped and resuspended in RAW-BLUE test media (DMEM,

10% heat inactivated FBS, 100mg/mL Normocin and 2mM

L-glutamine) and plated at 100,000 per 96 well for testing.
THP-1-BLUE
THP-1 cells with a a SEAP reporter construct inducible by

NF-kB were purchased from In vivoGen. THP-1-reporter cells

were maintained in RPMI-1640 media supplemented with 10%

FBS, 10mM HEPES, b-mercaptoethanol, 2mM L-glutamine

and Blasticidin selection antibiotic (In vivoGen). Cells

were washed and resuspend in test media (RPMI 10%

heat inactivated FBS 2mM L-glutamine) and plated

at 100,000 per 96 well for all tests.
qRT-PCR analysis
mRNA induction following stimulation of PBMCs was

performed by qRT-PCR. Total RNA was prepared from cell

lysate using TRIzol (Invitrogen, Carlsbad, CA) as per

manufacturer instructions. RNA (500ng/mL) was reverse

transcribed into cDNA using high-capacity cDNA Reverse

Transcription Kit (Applied Biosystem, Foster City, CA) as per

manufacturer recommendation. The qPCR reactions were

carried out using Universal master mix and IL-8, IL-6, IL-1b,
S100A8 and GAPDH primers (Applied Biosystem, Foster city,

CA) in a Viia7 Real-time PCR system (Applied Biosystem,
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Carlsbad, CA). The relative expression levels of IL-8, IL-6, IL-1b,
or S100A8 mRNA was calculated using the 2-DDCT method.

Briefly, the calculation was performed using the following

equations: DCT= CT(target gene) - CT(GAPDH), DDCT =

DCT(a target sample) − DCT(media, DP, or Formulation

buffer alone), and Fold change was calculated using 2^- DDCT.

Cell viability/metabolism
Cell viability/metabolism was measured using the CCK8 cell

viability assay (Dojindo Molecular Technologies, Inc, Rockville,

MD) per manufacture recommendations.

Testing of products on NF-kB reporter
cells lines

RAW-Blue and THP-1-Blue cells were plated at 1x106 cells/

ml in flat bottom 96-well plates in a 100 µL volume. Excipients

and TLR ligands were added for a final volume of 200 mL. After
24 h of stimulation, supernatants were collected and NF-

kB activation was measured using the QUANTI-Blue detection

medium according to manufacturer recommendations (In

vivoGen). Supernatants were read using Victor 3 plate reader

(Perkin Elmer, Akron, OH) at 620nm.

Mice
C57BL/6 mice were purchased from the Jackson Laboratory.

Mice were housed in the specific pathogen–free, Association for

Assessment and Accreditation of Laboratory Animal Care

International–accredited animal facility of the FDA’s Division

of Veterinary Medicine (Silver Spring, Maryland, USA). This

study was carried out in strict accordance with the

recommendations in the Public Health Service Policy on

Humane Care and Use of Laboratory Animals (Office of

Laboratory Animal Welfare, 2015). Mice were shaved at least

24 hours prior to subcutaneous injection under anesthesia. On

the day of inoculation mice were anesthetized and test articles

were injected subcutaneously in a volume of 100 mL and the

injection site was marked. After 6 hours the mice were

euthanized and skin at the site of injection was collected. Skin

biopsies were stored in Trizol until RNA was isolated using the

manufactures recommendations.
Statistical analysis
The NF-kB induction in RAW- and THP-1-Blue cells was

compared for each excipient tested using a two-way ANOVA

followed by Dunnett’s test against the “unspiked control” with

correction for multiple testing. The gene expression levels in

PBMCs were calculated as the fold increase over the “unspiked

control” or buffer using the 2-DDCt method. Differences in the IL-8

mRNA levels relative to the “unspiked control” or buffer were

calculated using a one sample Wilcoxon test. All statistical
Frontiers in Immunology 04
comparisons were performed using GraphPad Prism 9.0. A

p < 0.05 was considered significant. For multiple comparisons

the stars in the graphs correspond to the post-test comparison

with *p < 0.05 and **p < 0.01. For gene expression, the geometric

mean and geometric standard deviation was calculated and

presented in the text and graphs. Gene expression data are

expressed throughout the text the values as geometric mean

(geometric standard deviation) given that the distribution was

not necessarily normal.
Results

Impact of excipients on the cell lines
used to assess IIMRI

Most therapeutic peptides and proteins are formulated using

excipients to enhance manufacturability, stability, and delivery,

however some excipients, like polysorbate 80, have been shown to

modulate cell viability (33, 36, 37). To examine whether excipients

impact the sensitivity of cell-based assays to detect IIRMI, we

selected several commonly used excipients: polysorbate 80 and

poloxamer 188 (surfactants), albumin (stabilizers), sucrose,

trehalose and, mannitol (sugars), and histidine and arginine

(amino acids) (31). Their impact on cell-based assays to detect

IIRMI using Raw-Blue and THP-1-Blue cells was explored. These

cells express multiple pattern recognition receptors and utilize a

SEAP reporter to monitor NF-kB activation. The concentration of

excipients was selected based on the range used in the formulation

of currently licensed therapeutic proteins. To determine whether

the different excipients could interfere with IIRMI assessments, we

first established whether they would interfere with the viability of

the reporter cells. Assessment of the impact of each excipient on

cell viability/metabolism of the RAW- and THP-1-blue cell lines

showed that most excipients reduced cell viability/metabolic

activity at higher concentrations. As seen in Figure 1,

concentrations of polysorbate 80 > 0.06% w/w (Figure 1A)

significantly reduced cell viability while the cells tolerated higher

levels of poloxamer 188 (Figure 1B) in both cell lines. For arginine,

viability fell below 80% at concentrations higher than 0.9% w/w

(Figure 1C), while histidine was tolerated at levels up to 0.5% w/w

(Figure 1D). Mannitol had no significant impact at concentrations

lower than 2.4% w/w in RAW and THP-1 cells (Figure 1E).

Similarly, sucrose and trehalose impacted cell viability at

concentrations > 2.25% w/w in THP-1 cells and 4.5% w/w in

RAW cells (Figures 1F–G), while albumin reduced cell viability

starting at 1.11% w/w and > 0.37% w/w for RAW and THP-1

respectively (Figure 1H). In both cell lines, altered metabolism/

viability were seen at concentrations that are frequently used in

licensed FDA products as seen by the scatter plots at the top of

each graph (Figure 1). Indeed, only poloxamer 188 did not impact
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on RAW and THP-1 cells at levels used in licensed drug products.

The decrease in metabolism/viability observed is not likely due to

changes in the osmolarity of the culture media as the levels tested

did not alter the osmolarity of the media and are more likely due

to a direct effect of the excipient or an impurity in

the excipient. Importantly, the quality of the excipient source

has a major impact on cell viability/metabolism. Indeed, there

were striking differences in the impact of excipients from different

sources on cell metabolism/viability even though all reagents were

listed as USP grade (Supplementary Figure 1). Since an impact on

metabolic activity could confound the results, for all further

studies we used concentrations of excipients that did not reduce

metabolism/viability in the CCK8 assay by more than 20%.
Frontiers in Immunology 05
Impact of individual excipients on IIRMI
assay sensitivity

In a previous study we had established the limit of detection

for individual TLR agonists when using RAW-and THP-1-Blue

cells in our assay (29). To determine whether the presence of

excipients modified the response to the purified TLR agonists we

tested the 2 cell lines using increasing amounts of excipient and a

fixed level of TLR agonist. The level of TLR agonists chosen to

assess whether excipients modified the sensitivity of the assay were

close to the lower range of detection but had previously induced a

response consistently using these cells (29). Cells were stimulated

with 1ng/mL of LPS (TLR4) or FSL-1 (TLR2), 2.5 µg/mL of poly I:
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FIGURE 1

Excipient effect on cell viability. RAW-Blue and THP-1-Blue cells were incubated in triplicate with increasing concentrations of (A) Polysorbate
80, (B) Poloxamer 188, (C) Arginine, (D) Histidine, (E) Mannitol, (F) Sucrose, (G) Trehalose, or (H) Albumin for 24 hours. Top of each graph:
Scatter plot depicting concentration of the excipient in licensed biological drugs regulated by the Office of Biotechnology Products at the FDA
for reference. Cell metabolism/viability was assessed using the CCK8 assay. Results are shown relative to no-excipient control cells. The graph is
representative of three independent experiments. Results are presented as the mean ± SD. RAW- and THP-1-Blue cells are solid black or grey,
respectively. *p < 0.05.
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C (TLR3), 500 ng/mL of CpG ODN 1555 (TLR9) or CL075

(TLR7), or 1mg/mL of Zymosan. As shown in Figure 2, RAW cells

stimulated in the presence of increasing concentrations of

polysorbate 80 showed a marked concentration-dependent

reduction in NF-kB activation in response to LPS, while the

activation by other TLR ligands was less impaired. For the other

excipients, mannitol and albumin also tended to reduce the

response to the TLR ligands at higher concentrations, while

sucrose and trehalose increased the NF-kB response. Lastly,

poloxamer 188 and arginine did not inhibit the response to the

TLR ligands tested, but an increase in TLR7 response was

observed. RAW cells were not stimulated with poly I:C as they

do not express TLR3. THP-1 cells also showed a reduced NF-kB
response to most TLR ligands in the presence of polysorbate 80,

histidine, arginine, and trehalose, but the response was mostly

unimpacted by poloxamer 188, mannitol, sucrose (except for

zymosan) and albumin (Figure 3). Polysorbate 80, mannitol,

histidine, and albumin modified the response to poly I:C,

whereas polysorbate, arginine, and albumin reduced the

response to LPS at higher concentrations (Figure 3). THP-1

cells do not express TLR7 or TLR9, so CLO75 and a CpG ODN

were not used. Overall individual excipients can mask the

presence of IIRMIs in both RAW-Blue cells and THP-1 cells,

but the magnitude and effect depend on the excipient and cell

line used.
Effect of Polysorbate 80 on the response
to IIRMI in vivo

Given that the mechanism by which the excipients mask the

presence of TLR agonists in RAW-Blue and THP-1 cells is not

clear, we next determined whether the presence of the excipients
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would modify the innate immune response elicited by the TLR

ligands when they were administered in vivo. Previous studies

had shown that inoculation of low levels of TLR agonists

induced local expression of proinflammatory genes (20).

Polysorbate 80 was chosen to test in vivo as it demonstrated

the most pronounced effect on masking LPS detection in vitro.

C57Bl/6 mice were inoculated subcutaneously with 0.1ng-10ng

of LPS alone or co-administered with polysorbate 80 (0.02% w/

w) in 100 mL of saline. This concentration of polysorbate 80 was

chosen as it is the median polysorbate 80 levels in licensed

biologics using an internal FDA database. The local skin was

harvested after six hours, and the RNA was isolated. As shown in

Figure 4, the IL1b and S100A8 mRNA levels induced by LPS

were similar in mice that received the LPS alone or together with

polysorbate 80 at all concentrations tested (Figure 4). This

suggests that polysorbate 80 does not modulate the activity of

potential TLR4-triggering impurities in vivo and underscore the

need to consider potential masking when quantifying the

presence of IIRMI in drug products using cell-based assays.
Impact of product formulation on IIRMI
detection by RAW-Blue and THP-1-
Blue cells

Most formulations for biologics are complex and involve 4-5

excipients (32). Having shown that individual excipients can

impact on the sensitivity of the IIRMI assays, we next examined

whether masking occurs in the presence of formulations used by

FDA licensed or approved products. To address this, we recreated

the formulation for 3 FDA-licensed therapeutic products that

lack overt immunomodulatory effects: product A (a Mab),

product B (a growth factor), and product C (a peptide) that
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FIGURE 2

Impact of excipients on the sensitivity of RAW-Blue cells to detect IIRMI. RAW-Blue cells were stimulated with a single dose of different model
IIRMI in the presence of increasing concentration of (A) Polysorbate 80, (B) Poloxamer 188, (C) Arginine, (D) Histidine, (E) Mannitol, (F) Sucrose,
(G) Trehalose, or (H) Albumin for 24 hours. IIRMI activation of RAW-Blue cells was measured as NF-kB activation using Quanti-blue detection
media. Graphs show the fold changes relative to the corresponding IIRMI stimulation in the absence of excipients. Cells were treated in triplicate
and results are presented as the mean ± SD for 3 independent experiments. *p < 0.05 and **p < 0.01.
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ranged in size from 149kDa to 3.4kDa using USP grade chemicals

(Table 1). The formulation for product A contains trehalose as

well as polysorbate 20, while that of product B contains

polysorbate 80. The formulation for product C is simpler,

containing only lactose but with a highly acidic pH.

Replacement of 25% of the culture media volume with

formulation buffer did not reduce cell metabolism/viability

below 95% (Supplementary Figures 2A, B), however the SEAP

level in unstimulated cells in culture for 24 h was reduced in the

presence of product A formulation (Figures 5A, B). When the

cells were stimulated with LPS (100pg/ml), FSL-1 (100pg/ml),

and Zymosan (1mg/ml) in the culture media with 25%

formulation buffer for 24 h, the increase in NF-kB activation

was significantly lower than that observed in cells that had not

received formulation buffer particularly for the cells stimulated in

the presence of product A or B formulation. Importantly, the

product A formulation masked the presence of LPS when using

both cell lines and both product A and B masked the presence of
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Zymosan in THP-1-but not RAW-Blue cells. Of note, addition of

product A formulation masked the presence of up to 2.5 ng/ml of

LPS but sensitivity to FSL-1 was not impacted (Figures 5I, J). This

suggests that masking is not uniform and can impact different

receptors or innate immune pathways differently.
Detection of IIRMI in formulated
therapeutic proteins and peptides
by PBMCs

Previous studies have shown that human PBMCs are

activated by lower levels of TLR ligands than monocytic cell

lines and are being used to monitor IIRMI (18, 29, 38).

Therefore, we examined whether drug product or the

corresponding formulations for product A, B, or C impacted

detection of IIRMI when using fresh PBMCs from 10 donors.

The concentration of the drug product added to the wells was
A B

FIGURE 4

Polysorbate 80 does not mask detection of LPS in vivo. Mice were injected subcutaneously with increasing concentrations of LPS in the
presence of saline (blue bars) or 0.02% w/w polysorbate 80 (light blue bars) (n=3/group). Results are shown as the fold change in IL-1b (A) and
S100A8 (B) mRNA in local skin 6 hours post injection relative to mice that received the same volume of saline. Data is presented as the
geometric mean and geometric standard deviation.
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FIGURE 3

Impact of excipients on the sensitivity of THP-1-Blue cells to detect IIRMI. THP-1-Blue cells were stimulated with a single dose of model IIRMI
in the presence of increasing concentration of (A) Polysorbate 80, (B) Poloxamer 188, (C) Arginine, (D) Histidine, (E) Mannitol, (F) Sucrose, (G)
Trehalose, or (H) Albumin for 24 hours. IIRMI activation of THP-1-Blue cells was measured as NF-kB activation using Quanti-blue detection
media. Graphs show fold changes relative to cells stimulated in the absence of excipients. Cells were treated in triplicate and results are
presented as the mean ± SD of 3 independent experiments. *p < 0.05.
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10% (v/v) to minimize shifts in osmolarity, pH, or dilution of the

media; this was reduced from 25% volume replacement of media

that was used when assessing IIRMI with the THP-1- and RAW-

Blue cell lines based on reduced viability of PBMCs in the

presence of drug product. As shown in Supplementary

Figure 2, addition of 10% v/v drug product or product
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formulation did not impact cell viability as assessed by CCK8.

The expression of mRNA for IL-8, IL-6 or IL-1b were used as a

measurement of innate immune activation as previous studies

had shown that they were broadly induced by multiple IIRMI in

vitro and in vivo and results are expressed as fold change over the

corresponding unspiked control for each donor (20, 29).

Changes in mRNA expression >2 were considered positive.

Addition of these therapeutics to PBMCs in culture as

expected did not modify the expression of IL-8, IL-6 or IL-1b
mRNA, although there was increased variability in mRNA levels,

particularly with the cells incubated in the presence of product C

(Figures 6A, E, I).

To determine whether the therapeutics would mask

recognition of impurities triggering TLRs, cells were

stimulated with low levels of LPS (10pg/ml), FSL-1 (100pg/

ml), and Zymosan (1ng/ml) alone, or in the presence of drug

product and induction of the Il8, Il6 and Il1b mRNA was

assessed. The concentration of TLR ligands chosen was close

to the known limit of detection for the assay (29) and in the

absence of drug product or drug formulation the selected
TABLE 1 Drug formulation composition.

Drug Product Formulation component
(concentration w/w)

Product A (pH 6.2) Trehalose (6%)
Na Phosphate, monobasic (0.58%)
Na Phosphate, dibasic (0.012%)

Polysorbate 20 (0.04%)

Product B (pH6.2) NaCl (0.818%)
Na Phosphate, monobasic (0.212%)
Na Phosphate, dibasic (0.066%)

Polysorbate 80 (0.005%)

Product C (pH 2.5-3.5) Lactose (10.7%)
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FIGURE 5

Impact of drug formulations on IIRMI detection by RAW-Blue and THP1 cells. RAW- and THP-1-Blue cells were stimulated with three model IIRMIs [(LPS
(1ng), FSL (1ng), or Zymosan (1mg)] for 24 hours in the presence of drug product formulation (25% v/v). IIRMI activation of NF-kB in RAW- and THP-1-
Blue cells was measured using Quanti-blue detection media. (A–B) Impact of 25% v/v drug formulation on baseline NF-kB activation in RAW- and THP-
1-Blue cells. (C–E) RAW-Blue cells stimulated with IIRMIs for 24 hours in the presence of 25% v/v formulation. (F–H) THP-1-Blue cells stimulated with
IIRMIs for 24 hours in the presence of 25% v/v formulation. (I, J) RAW-Blue cells were incubated for 24 hours with LPS or FSL in presence of 25% v/v
formulation A or media alone. Results are shown relative to IIRMI stimulation in media alone (no formulation) treated cells. Results are representative of
at least 3 independent experiments. Cells were treated in triplicate and results are presented as the mean ± SD. * or #p <0.05 and **p < 0.01. * indicates
statistical difference between spiked and unspiked cells in the corresponding formulation; # indicates statistical difference to the level of NF-
kB activation by the corresponding stimuli in the absence of formulation (black bar, untreated).
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concentrations of TLR ligands induced a modest but consistent

induction of IL8 mRNA (LPS (4.5(3.3)), FSL(4.9(3.4)), and

Zymosan(4.8(3.6)), Figures 6B–D). However, as shown in

Figure 5B for RAW and THP-1 cells, in PBMCs there was an

overall reduction in the magnitude of the response and the

percentage of donors that had a greater than 2-fold increase in

IL8 (Figure 6B), particularly for products spiked with LPS. The

decrease was most striking for the cells exposed to product B,

which showed a mean fold change of 1.5(2.8) and where only

30% of donors responded to 10pg/mL LPS stimulation

(Figure 6B). Products A and C also reduced the number of

responders to 10pg/mL LPS from 70% of samples in the absence

of drugs, to 60 and 50%, respectively (Figure 6B). However,

stimulation of PBMCs with 100pg/mL FSL-1 was not impacted

by the presence of product A, B or C (Figure 6C). In PBMCs

stimulated with 1ng/mL of Zymosan, the number of PBMCs
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samples with >2-fold change in IL8 mRNA levels relative to the

corresponding unspiked controls was reduced from 70 to 50%,

although the mean fold change in IL-8 expression was different

from the unspiked cells for product A and B (Figure 6D).

Together this indicates that the presence of 10% drug product

in the culture masked the presence of LPS, but not FSL-1. The

response to zymosan was preserved except in the presence of

product C formulation (Figure 6D).

To determine whether masking was associated with the

presence of the corresponding API, or solely the result of the

drug formulation, we next repeated the study using

product A, B, and C drug formulation (no API). As shown

in Figures 6F–H, the results were comparable to those

observed when using the drug product indicating that the

masking results from the effect of the excipients in the

product and not the API.
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FIGURE 6

Impact of drug formulations on PBMCs in vitro detection of IIRMI. PBMCs were stimulated for 24h with LPS (10pg), FSL (100pg), or Zymosan
(1ng) in media alone, drug product or the corresponding formulation (10% v/v) for 3 licensed or approved products. Fold changes in IL-8 gene
expression are relative to the unspiked cells. Fold increase in mRNA for IL-8 (A–E), IL-6 (I), and IL-1b (M) expression by PBMC treated with drug
product (B-D, J-P) or drug formulation (F-H) (10% v/v) unspiked or spiked with TLR agonists. N=8-18 PBMC from healthy donors per condition.
Donors were considered positive if the level of mRNA expression was ≥ 2-fold increase over the unspiked control; the percentage of positive
PBMC in each condition is presented under each graph. * indicated p < 0.05 and is a comparison between the expression in cells stimulated
with a model IIRMI in media, drug products, or drug formulation and the corresponding unspiked control.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.970499
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Thacker et al. 10.3389/fimmu.2022.970499
Similar trends were observed when measuring IL-1b or IL-6

as a readout for the response to LPS and FSL-1 (Figures 6J, K, N–

O) although the increase in mRNA expression was muted in cells

stimulated with Zymosan (Figures 6H, L). The impact of drug

formulation on IL-1b or IL-6 is shows similar trends as the drug

product (Supplementary Figure 3). Together these results

demonstrate the importance of choosing the right readouts

when monitoring for the presence of potential IIRMI to

ensure adequate sensitivity to potential IIRMI.

Lastly, we examined whether the drug product or its

formation modulate the effect of TLR inoculation into the

subcutaneous space. Mice were inoculated with 100 mL of LPS

(1ng) in saline, in product A, in product A’s formulation, or in

polysorbate 80 (0.02%). Inoculation of LPS induced a robust

upregulation of IL1b, IL6, and S100A8 at the inoculation site

that was detectable 6 hours after challenge (Figure 7). The

induction of IL1b, IL6, or S100A8 in mice that received LPS

was evident regardless of whether the LPS was inoculated together

with product A, its complete formulation, or polysorbate 80 was

not significantly different than LPS alone. These results confirm

that despite the masking effect of formulation in vitro, it does not

modulate the impact of impurities in vivo.
Discussion

IIRMI can derive from any step in the manufacturing

process, from raw materials to container closure systems, and

encompass not only remnants of adventitious agents, host cells,

or tissue components but also residual compounds used in

peptide or oligonucleotide synthesis such as dithiothreitol, or

leachates or elemental impurities from container closure capable

of activating antigen presenting cells (39, 40). Product

aggregates, proteinaceous or extraneous particulates can also
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activate the cells of the innate immune system (41). Most

importantly, many of these impurities can act in concert to

modulate the activity of the local immune cells and foster local

or systemic responses, although the precise magnitude or

persistence of the response needed to elicit an adaptive

immune response is still unclear (22, 42–45). Lastly, some

commonly used excipients such as such as polysorbate 80 (46)

(22, 42–45), mannitol (47), or sucrose (41) can potentially

modify the activation of antigen presenting cells directly or

through degradation products (48). Compendial tests exist to

control the levels of a few impurities such as LPS (LAL assay),

nucleic acids, PS degradation, and b glycans, but sensitive tests

that can detect the presence of a broader array of IIRMI or gage

whether different impurities might synergize to activate the

innate immune system are lacking.

Cell-based assays that measure innate immune activation

can be utilized to determine whether therapeutic products

contain IIRMI. Assays using monocyte, macrophages, and

other immune cells have the capacity to detect many potential

IIRMI due their expression of PRRs such as TLRs, MAVS,

STING, and NOD-like receptors and convey the additive effect

of any IIRMI(s) in the culture (29, 38, 49). Multiple parameters

can impact the choice of platform: Assays relying on whole

blood or PBMCs tend to be more sensitive and capture a broader

range of IIRMI, however they are harder to validate, difficult to

store and retrieve and the frequency and responsiveness of cells

of interest, including dendritic cells, mast cells and basophils

may vary widely between samples. Assays based on monocytic

cell lines are easier to implement and, as shown above, may

tolerate a higher concentration of drug product without altering

viability; however, the range of potential impurities they capture

is more limited including a poor response to protein aggregates

as compared to primary cells. The current studies suggest that

the impact of drug formulation on assay performance can also
B CA

FIGURE 7

Product A does not mask detection of LPS in vivo. Mice were injected subcutaneously with 1ng of LPS with saline, product A, the formulation A,
or polysorbate 80. The induction of IL-1b (A), IL-6 (B), and S100A8 (C) at the site of injection was measured in skin 6 hours post injection.
Results are shown as the fold increase over saline alone. Data is presented as the geometric mean and geometric SD. n = 4-5.
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impact on the choice of the assay platform and the sensitivity of

the assay.

The formulation of biologics can be complex and different

therapeutic products contain a wide range of excipients to

stabilize and protect the API (31). Most commonly used

excipients have a long history of safety, but some, including

mannitol (50–52), polysorbates and its degradants have been

associated with changes in product immunogenicity, injection

site reactions, and hypersensitivity responses (33, 46, 53–55).

Even sugars, most often thought to be benign, can be toxic if

present at high enough concentrations or containing impurities

(41, 56). In addition to their effects described above, our data

shows that these excipients can impact the activation of an NF-

kB response in monocyte/macrophages and impact on cell

viability when present at concentrations often used in the

formulation of FDA licensed or approved products.

Specifically, some excipients such as polysorbate 80 can mask

the presence of TLR ligands, particularly LPS, even when present

at concentrations that do not change cell viability (Figures 2, 3).

This is consistent with a previous study assessing the impact of

polysorbate 80 on the viability of HaCaT cells showed even less

tolerance to the excipient (37). Conversely, products formulated

with polysorbate 80 commonly use cell-based potency assays;

however, these differences in the response to polysorbate 80 may

be rooted in the type of cell line, the culture conditions, and

concentration of drug product used. It should be noted that

RAW-, THP-1-Blue and PBMCs did not show reduced viability

when cultured in the presence of 10% v/v formulation buffer for

any of the drugs tested (Supplementary Figure 2). A limitation of

our current study is that we have not extensively tested multiple

lots of each excipient or drug product to determine if the effects

we are observing will vary from lot to lot. Our results suggest the

need to test the suitability of the cells used to test IIRMI for each

drug product, as failure to account for potential effects of

excipients could lead to the under estimation of the presence

of IIRMIs in therapeutic products.

Beyond cell viability, different excipients can impact on the

response to IIRMI. Our current study shows that in monocyte/

macrophage cell culture individual excipients such as

polysorbate 80 (Figures 2, 3) can inhibit the response to some

TLR ligands, particularly LPS. This occurred at levels that were

not overtly toxic to the cells. It is not clear at this point how the

excipients modify the sensitivity of the IIRMI assay, but

the effect appeared to be dependent on the concentration of

the excipients. Possible mechanisms include physical masking,

modifying the ligand as described for the effect of surfactants on

LPS (57), interfering with the ability of receptors to recognize the

ligands, inducing a downregulation of the expression of the

receptors, or altering the metabolic state of the cells to dampen

their response to the stimuli (58–61). Interestingly, despite these

possibilities, the majority of the excipients tested did not impact
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the sensitivity of the IIRMI assays and, in some cases such as

sucrose, magnified the response. LPS masking or low endotoxin

recovery has been previously described both for cell-based (61)

and cell-independent assays (57, 62), and multiple studies

suggest that it depends heavily on the testing process (57, 61,

63). In agreement with this, our results suggest that IIRMI

masking is an artifact of in vitro testing and does not translate

into a muted response to the impurities in vivo. This is

consistent with previous observations that salts (64), metal

ions (65), carrier proteins, and other ECM components (66)

may interfere with micelle formation and masking particularly

for LPS and/or facilitate access to the pattern recognition

receptors in vivo. In addition, excipients may by quickly

diluted or taken up by cells in the subcutaneous space to levels

that no longer interfere with the stimulation. On the other hand,

if the masking is due to a direct effect of the excipients on the

responsiveness of the immune cells, the number of potential

responding cells in vitro is limited. Although not thoroughly

investigated in these studies, it is likely that the impact of

product formulation on IIRMI detection may not be directly

inferred from the assessment of the individual formulation

components, suggesting that the sensitivity of the IIRMI assay

may need to be confirmed or even optimized for each product to

reduce the impact of the product formulation on the chosen

assay platform.

IIRMI assays are currently being used early in development

as part of a pre-clinical immunogenicity risk assessment strategy

and can be submitted to the regulatory agencies as part of the

integrated summary of immunogenicity in an IND or EU

Investigational Medicinal Product Dossier (IMPD) (67). In

addition, IIRMI assays can be used in generic drug product

development to support the potential immunogenicity risk of the

generic product is not greater than the brand-name drug

product it is referencing (68). Given that the aim of these

assays is to understand whether the products administered to

the patient contain impurities capable of stimulating immune

cells at the site of administration, testing is often conducted

using formulated drug product in its pertinent container closure.

In these cases, it seems critical to understand the potential

impact of the product formulation on assay performance

through careful product-specific development and validation

that ensures that the assay consistently detect the expected

array and level of potential IIRMI in order to interpret the

assay results and obtain meaningful data.
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SUPPLEMENTARY FIGURE 1

Excipient source has an impact on cell viability. RAW-Blue cells were

incubated with increasing concentrations of excipients from 2 different
suppliers for 24 hours. Cell metabolism/viability was assessed using the

CCK8 assay. Results are shown relative to media alone treated cells.
Results are presented as the mean ± SD. * p <0.05 and ** p < 0.01.

SUPPLEMENTARY FIGURE 2

Drug product and Drug product formulations effects on cell viability.

RAW-Blue (A), THP-1-Blue (B), and PBMCs (C, D) were incubated in
triplicate with the addition of 25% volume replacement of drug product

or formulation alone for 24 hours. Cell lines were treated with 25%
formulation volume replacement of media and PBMCs were incubated

with 10% product or formulation volume replacement of media. Cell

metabolism/viability was assessed using the CCK8 assay. Results are
shown relative to the same cells cultured in media alone. Results are

presented as the mean ± SD. RAW-, THP-1-Blue, and PBMC are solid,
diagonal lines, or with vertical lines, respectively. ** p < 0.01.

SUPPLEMENTARY FIGURE 3

Drug formulation components can affect PMBCs ability to respond to

IIMRIs PBMCs were stimulated for 24h with LPS (10pg), FSL (100pg), or
Zymosan (1ng) in media alone or the corresponding formulation (10% v/v)

for 3 licensed or approved products. Fold changes in IL-6 or IL-1b gene
expression are relative to the unspiked cells. (A–E) show changes in IL-6

and IL-1b expression in PBMC in the presence or absence of drug product
or drug formulation (10% v/v; unspiked with TLR agonists), respectively.

(B–D) show changes in IL-6 mRNA expression and F-H show changes in

IL-1b in PBMC (spiked) where 10% of media was replaced by drug
formulation. N = 8-18 PBMC from healthy donors per condition.

Donors were considered positive if the level of IL-8 was ≥ 2-fold
increase over the unspiked control; the percentage of positive PBMC in

each condition is presented under each graph. * indicated p < 0.05 and is
a comparison between the stimulation of cells with a model IIRMI in

media or drug formulation to the corresponding unspiked control.
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