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Introduction: The role of the human immune system in pathologic responses to chemicals including nanomaterials was identified as
a gap in current hazard assessments. However, the complexity of the human immune system as well as interspecies variations make the
development of predictive toxicity tests challenging. In the present study, we have analysed to what extent fluctuations of the
complement system of different individuals will have an impact on the standardisation of immunological tests.

Methods: We treated commercially available pooled sera (PS) from healthy males, individual sera from healthy donors and from
patients suffering from cancer, immunodeficiency and allergies with small molecules and liposomes. Changes of iC3b protein levels
measured in enzyme-linked immunosorbent assays served as biomarker for complement activation.

Results: The level of complement activation in PS differed significantly from responses of individual donors (p < 0.01). Only seven
out of 32 investigated sera from healthy donors responded similarly to the pooled serum. This variability was even more remarkable
when investigating the effect of liposomes on the complement activation in sera from donors with pre-existing pathologies. Neither the
26 sera of donors with allergies nor sera of 16 donors with immunodeficiency responded similar to the PS of healthy donors. Allergy
sufferers showed an increase in iC3b levels of 4.16-fold changes when compared to PS treated with liposomes.

Discussion: Our studies demonstrate that the use of pooled serum can lead to an over- or under-estimation of immunological response
in particular for individuals with pre-existing pathologies. This is of high relevance when developing medical products based on
nanomaterials and asks for a review of the current practice to use PS from healthy donors for the prediction of immunological effects
of drugs in patients. A better understanding of individual toxicological responses to xenobiotics should be an essential part in safety
assessments.

Keywords: inter-individual variability, complement activation, liposomes, standardisation, patients with pre-existing pathologies,
healthy donors

Introduction

In the last decade, the paradigm shift in toxicology towards a better understanding of toxicological mechanisms for
regulatory applications led to a number of major research projects including programs to develop tests based on human
in vitro models.! Unfortunately, a better understanding of individual susceptibilities that can affect toxic responses to
environmental toxicants and drugs has been widely neglected. In particular, the role of the human immune system,? its
variability and contributions to pathologic responses to chemicals and pharmaceuticals have been flagged as a critical
endpoint in hazard assessment. The upcoming revision of the classification, labelling and packaging of substances and
mixtures (CLP) of EU-regulation will incorporate new hazard criteria that might also include the assessment of
immunological effects.> First indications on potential immune modulating effects can already be obtained from the
standard toxicity studies (STS) in vivo that routinely investigate haematology, organ weights, and histological changes in
lymphoid organs. However, such data are usually not sufficient to predict alterations of the human immune system and
have to be complemented with studies following more specific guidelines/guidance (e.g., the harmonized tripartite

guideline: immunotoxicity studies for human pharmaceuticals released by the International Council for Harmonization
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of Technical Requirements for Pharmaceuticals for Human Use (ICH)). Nevertheless, current regulatory practices do not
adequately take into account interspecies variations and individual differences of the human immune system when they
derive e.g. from genetic polymorphisms, age, environmental factors or the disease status. In vitro tests assessing the
activation of the human complement systems are based on pooled sera from healthy donors and are well standardized.*
However, the pooling of sera from healthy donors bears the risk of underestimating the complement activation for certain
genetic variants or vulnerable populations which can lead to the development of severe side effects.”® At the same time,
an over-estimation of immune reactions can lead to the cancellation of a potentially valuable drug. It is therefore an open
question to what extent the pooled serum from healthy donors will correctly predict the variability of individual immune
responses. This can be critical for patients or vulnerable groups in the wider population that might react differently to
nanotechnology-based health products e.g., drug delivery systems for anticancer drugs and vaccines. In order to over-
come interspecies variations, new approach methodologies based on human in vitro models are currently being
developed and standardised.”® Recent studies indicate that, measurements of C3 complement fragments may be
a better indicator of human complement activation than cytotoxicity tests that are currently in use.” In this study, we
compared the complement activation by quantifying the iC3b complement fragments in pooled serum from healthy
donors with the individual activation using sera from healthy donors and patients suffering from immune deficiencies,
allergies and cancer. Nanomaterials in biomedical and pharmaceutical applications'®'® have become an innovation
priority, particularly in diagnosis, implants, drug delivery systems, etc.'* In this study, we used commercially available
empty liposomes as activators for the complement system in order to demonstrate the relevance of inter-individual
variances for safety assessments of therapeutically relevant materials.'>

Materials and Methods

Materials

Chemicals

In order to select the most reliable positive control, we used a series of different chemicals which are known to activate
the complement system:'®'® Kolliphor EL (CAS 61791-12-6; code C5135-500G), Polyethylenimine, branched (bPEI,
CAS 9002-98-6; code 408727-100mL), as well as to block the complement reaction Ethylenediaminetetraacetic acid
disodium salt solution (EDTA, CAS 139-33-3; code 03690-100 mL) all chemicals purchased from Sigma Aldrich
(Italy). The developed test system was exposed to therapeutically relevant liposomes purchased from FormuMax
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Scientific, Inc. (Palo Alto, CA, USA) having different surface functionalization, as indicated in the Supplements
Table S1.

Biologicals

Pooled serum from healthy donors (cod A113, Quidel, Corporation, CA, USA) and individual serum samples derived from
healthy donors as well as from patients suffering from diseases such as immunodeficiency, allergy and cancer (In.Vent, Germany)
were aliquoted and stored at — 80°C until further analysis. Additional information on clinical parameters of human serum
obtained from both healthy donors (nycain,=32 donors) and patients with preconditions (Najiergy=26, Nimmunodeficinecy™ 105 Neancer
=15) are presented in the Supplements Table S2. Heat Aggregated Gamma Globulin (HAGG; cat. A114) and Cobra Venom
Factor (CVF; cat. A600) were purchased from Quidel (Santa Clara, CA, USA) while Zymosan A (CAS 58856-93-2) was
purchased from Sigma Aldrich (Italy) to be used as positive controls for the activation of the complement system. The induction

of iC3b levels were quantified with a commercially available Microvue Enzyme-linked Immunosorbent Assay kit (cat. A006,
Quidel, Corporation, CA, USA) following manufacturer’s instructions.

Methods

The general experimental setup including physico-chemical characterization, potential contamination of selected nano-
formulation as well as their biocompatibility with human serum is presented in Figure 1.

Physico-Chemical Characterization of Liposomes with Asymmetric Flow Field-Flow

Fractionation Coupled with Dynamic Light Scattering (AF4-DLS)

The hydrodynamic diameter of the three selected liposomes (F20104, F20103, F10102) was measured by on-line
coupling of asymmetric flow field flow fractionation (AF4) with dynamic light scattering (DLS). The AF4-system was
composed of an Eclipse Dualtec separation system (Wyatt Technology Europe GmbH, Dernbach, Germany) and an
Agilent 1260 Infinity high performance liquid chromatograph (Agilent Technologies, Santa Clara, USA) equipped with
a degasser (G1322A), an isocratic pump (G1310B) and an autosampler (G1329B). In the Eclipse SC separation channel
regenerated cellulose membranes (10 kDa) and a spacer height of 350 um were used. The AF4 separation flow-
parameters are included in the Supplementary Material Table S3. The AF4-system was coupled to a Malvern Zetasizer

Nano-S DLS (Malvern Panalytical Ltd, United Kingdom), operated in flow-mode. Data were processed by the Zetasizer
software version 7.11.

Working solutions of 500 ppm in PBS were prepared for each of the three liposomes. In a last step, the working
solutions were diluted to reach 250 ppm before injection. One set of liposomes was diluted with PBS and one with
diluted PBS (1:1 with ultrapure water). Before injection, these suspensions were incubated for 1h at 37 °C, following the
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Figure | Overview of the whole workflow in the experimental setup: Selection of complement activators; Quality assessment; Complement activation.
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Avoid repeated freeze/thaw cycles by preparing serum aliquots
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|
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3. Incubate the samples at 37°C for 1h, 300 rpm using a
thermoblocker

4. Add 20 pl EDTA [200 mM] to block the reaction (work
onice)

5. Store the samples at -80°C or run immediately ELISA

Figure 2 Serology testing protocol for evaluation of potential complement activation effects of test samples (ie, liposomes) in human serum.

experimental incubation conditions applied for the assessment of complement activation. The characterization of the

selected liposomes in biologic relevant media has been carried out in our previous paper.'®

Assay for Complement Activation Product iC3b
Before performing the complement activation assay, the levels of endotoxin contamination in the selected liposomes were
quantified as presented in our recent work.'” Briefly, the endotoxin levels were determined using the Limulus amoebo-
cyte lysate (LAL) chromogenic methods by kinetic assay. The control standard curve was prepared with the standard
endotoxin from the E. coli O111:B4 strain (cat. EC010, 10 ng/vial; Associates of Cape Code, Inc.). The sample readouts
were carried out at 405 nm, according to manufacturer’s instruction. Results for each sample were taken into considera-
tion only if the correlation coefficient of the calibration curve was >0.98.

A previously published protocol for the quantitative determination of complement activation in human plasma was
further optimised as described in Figure 2.%°

The liposome’s stock solutions were stored at 4 °C. Working solutions of 450 pg/mL and 150 pg/mL were prepared
by diluting the liposomes in sterile PBS buffer (pH 7.4). The liposome solutions for in vitro testing were prepared at
concentrations of 50 and 150 pg/mL by mixing the liposomes working solutions with PBS and human serum. In brief, the
enzyme-linked immunosorbent assay (ELISA) was performed according to the MicroVue iC3b EIA Quidel manufac-
turer’s instructions. Serum samples were diluted in a U-shaped 96-well plate by 1:100 in the specimen diluent. Then the
standards, the controls and the diluted serum samples were transferred to the ELISA plate and incubated at room
temperature for 30 min. The ELISA plate was thoroughly washed with wash solution provided by the kit. The iC3b
conjugate was added to the plate for 30 min and after washing steps, substrate solution was added to the plate for 30 min.
Finally, the addition of stop solution blocked the enzymatic reaction and the iC3b levels were determined by absorbance
reading at 405 nm with an EnSpire® Multimode plate reader (Perkin Elmer).

Statistical Analysis

Each experiment was performed in two technical replicates and three independent runs. The level of complement
activation for each experiment is expressed as M + o)y, where M is the average of the mean values obtained in each
independent run and oy the average standard deviation calculated by:
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To calculate the activation of the complement system, the concentration of iC3b measured in the negative control (PBS-

challenged sera) was subtracted from the concentration measured in the tested samples (cobra venom and liposomes-
challenged sera). The standard variation of the subtraction was calculated as the square root of the sum of the quadrature
of the standard deviation of the negative control plus the quadrature of the standard deviation of the test samples.
Statistical comparison among the different groups was carried out by running a one-way analysis of variance (ANOVA)
and Dunnett’s Multiple comparison test. Differences were considered as statistically significant among the selected
groups when p < 0.05.

Results
Liposomes Size and Stability Characterization by AF4-DLS

The stability and size of the investigated liposomes were characterized by using AF4-DLS. The z-average diameter of all
three particles ranged from approximately 75 to approximately 120 nm, confirming the sizes specified by the purchaser
(Table S2). This indicates that no relevant size-shift occurred during incubation with PBS, diluted PBS and assay medium
(see Supplementary Figure S1).

Optimization of Complement Assay Performance
Currently, various methods using iC3b as biomarker for the activation of the complement system exist. We have adapted
an existing protocol by defining incubation times (30 and 60 minutes) for optimal iC3b generation levels and compared
the potency of five different positive control substances to activate the iC3b complement product. In addition, we have
analysed three different buffers: Ca2+/Mg2+ free Phosphate-buffered saline (PBS), Hank’s balanced salt solution (HBSS)
and Limulus Amebocyte Lysate reagent water (LAL H,O) which were used for the dilution of the serum as potential
negative controls (Figure 3).

The synthetic molecules bPEI (0.2 mg/mL) and Kolliphor (0.2%) showed higher levels of the complement fragment
iC3b compared to the selected natural stimulants eg Zymosan A (1.3 mg/mL), Heat Aggregated Gamma Globulin
(HAGG) (1.3 mg/mL) and CV using (10 units/mL). Even if Branched Polyethylenimine (bPEI) was the most potent
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Figure 3 iC3b levels measured in pooled human serum incubated with positive and negative controls.
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Figure 4 Variability of iC3b complement fragment determined in healthy donors compared to pooled serum.

Notes: The dot plot demonstrates individual responses after activating the human iC3b complement fragment in sera of 32 healthy donors. The sera were incubated with 10
units/mL CV for lh and compared with commerecially available pooled serum. The horizontal grey bar represents the range of the average amount of iC3b cleavage in pooled
serum. The mean value of 32 responses (pink cross) shows that this value is still in range of pooled serum, which was experimentally obtained.

substance, we selected Cobra Venom (CV) as the positive control because of the relatively low variability between
independent experiments.

iC3b Variability in Sera from Healthy Donors

In order to better understand the relevance of individual responses for the standardizstion of an in vitro test, we have
treated 32 sera of healthy donors with 10 units/mL of CV and compared the individual responses with human pooled
serum currently used in established protocol (Figure 4). Whereas pooled serum induced an average of 193 + 15 pg/mL of
iC3b (horizontal grey bar), individual responses ranged from 105 pg/mL - 288 pg/mL. Only seven out of 32 donors
responded similarly to the pooled serum. Nine donors had lower induction values and 16 donors had higher induction
values. The trend of higher iC3b values in sera of donors with blood type B is interesting but would require an
enlargement of the sample group to proof statistical significance (Figure 4). However, the mean value of the individual
responses (virtual pooling) is in the margin of pooled serum (see pink cross in Figure 4). The mean values of the different
blood types also fall within the pooled serum average except for blood type B, which presents higher value. We could not
observe differences in responses with regard to gender and RH variability (Figure S2 Supplements).

iC3b Variability in Sera from Donors with Pre-Existing Conditions
In order to understand the relevance of the inter-individual variability of donors with pre-existing conditions, we have
analysed the amount of iC3b in sera of patients suffering from immune deficiencies, allergies or cancer. The response in
26 patients with allergies was very variable ranging from 225 pg/mL to 911 pg/mL. The iC3b induction in sera deriving
from 16 immunodeficient patients was lower than iC3b levels measured in human pooled serum varying from 43 to 59
pug/mL. The iC3b levels measured in serum from 15 patients suffering from cancer are slightly lower than pooled serum.
Interestingly, none of the investigated sera responded similarly to the sera of pooled serum of healthy donors (193 + 15 pg/
mL) (Figure 5A). A trend towards higher iC3b induction values in sera from males with allergies (Figure 5B) was observed.
Other parameter such as blood-type and RH factor did not show any significant differences (data not shown). A correlation
between the activation of the complement system and the type of allergy type could not be established with the obtained data.

Variations in iC3b Levels Triggered by Liposomes in Healthy Donors and Donors with
Preconditions

In a following step, we analysed the relevance of inter-individual variations for the prediction of potential safety issues of
materials with therapeutic relevance by assessing the activation of the complement system triggered by liposomes with
different physico-chemical characterizations (Table S1).
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Figure 5 iC3b levels in sera of donors with allergy, immunodeficiency or cancer disease exposed to cobra venom.

Notes: Complement activation in serum of donors with allergy, immunodeficiency or cancer disease exposed to cobra venom grouped by blood type (A) and by gender (B).
In (A) the open symbols correspond to donors with different allergies, the solid symbols to donors with immunodeficiency and the cyan star is the mean value of the |5
donors suffering from breast or lung cancer, of which we do not know the blood type. The pink symbols represent the average of all donors with allergy (open star) and all
donors with immunodeficiency (cross). The horizontal lines correspond to the activation of pooled serum from healthy donors. In (B) the cyan stars correspond to the iC3b
activation of serum from each individual donor with cancer.

The dose response curves show that the liposome F20104A activated the complement system in a concentration-
depending manner in pooled serum (Figure 6A). This liposome was selected as a benchmark material. Measurement of
iC3b induction values by using therapeutically relevant concentrations 150 pg/mL? and 50 pug/mL of the liposome
F20104A demonstrated substantial variations of individual responses, which do not correspond to the iC3b levels
quantified in pooled serum (Figure 6B). For the liposome tested in pooled serum at 50 pg/mL, the average is 29.77 £
27.2pg/mL, while for the liposome tested at 150 ug/mL the average is 146.27 = 9.35 pg/mL.

The differences in gender and RH did not affect the variations of iC3b responses (Figure S3 Supplements).

In successive studies, we studied the individual activation of the complement system in sera from donors with and
without pre-existing conditions by quantifying the amount of iC3b. In particular, the physiologically relevant concentra-
tion of 150 ng/mL F20104A showed a significant variability of individual responses when compared to pooled serum of
healthy donors (p < 0.01 for blood types A, B and AB; p < 0.05 for blood type O). Only 1 out of 32 donors would have
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a 250 .
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Figure 6 Liposome inducing changes in complement activation product iC3b measured in sera of healthy donors.

Notes: (A) Dose response curves of activation of the complement system triggered by three different liposomes in pooled serum of healthy donors. (B) Complement
activation by two concentrations of the liposome with the highest potential to induce an adverse immune response evaluated in sera from individual healthy donors. Data are
grouped by blood type. The average of iC3b released upon exposure to 50 and 150 pg/mL of F20104A liposome is represented by the open pink star and the cross,
respectively. The horizontal lines correspond to the iC3b levels observed in pooled sera from healthy donors after exposure to 50 ug/mL (bottom line) and 150 pg/mL (top
line) of liposomes. The grey band represents the responses in pooled serum.
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Figure 7 Liposome induced iC3b cleavage after treatment of sera from donors with pre-existing conditions.

Notes: Liposome F20104 increasing the iC3b amount after treatment of sera from donors with preconditions, grouped by blood type for donors with allergy (open
symbols) and immunodeficiency (solid symbols). The cyan star is the mean value of the |5 donors suffering from breast or lung cancer. The pink symbols represent the
average of all donors with allergy (open star) and all donors with immunodeficiency (cross). The horizontal lines correspond to the activation of pooled serum from healthy
donors.

similar iC3b values as those measured in pooled serum. At a lower concentration (50 pg/mL) the number of donors is
increasing to 16 (Figure 7). Patients suffering from allergies showed a 4.16 fold increase in iC3b levels when compared
to pooled serum treated with liposomes (p < 0.001 for all blood types) whereas immunocompromised patients showed
a decrease in the iC3b fragment complement (Figure 7). The average of the iC3b activation of serum from 15 cancer
patients (141 + 8 pg/mL) was within the average of the response of pooled serum of healthy donors (146 = 9 pg/mL).

Discussion

Safety assessments of nanotechnology-based health products can be challenging because they frequently trigger
immunological responses.”! Existing animal tests are often not very predictive and are associated with uncertainties
due to interspecies variations.'® In order to address these shortcomings in regulatory science, a number of in vitro
methods based on human models are currently being developed and standardized®* but without considering individual
differences of immune responses. With the aim to better understand the biological relevance of inter-individual variances
for safety assessments of nanomedicines, we compared the activation of the complement system of individual healthy
donors with donors having pre-existing pathologies. The mechanism of complement activation is well understood and*

b?*2¢ can be easily detected in human plasma and/or serum.?’>° A range of

various complement fragments including iC3
assays to analyse the human complement system have been developed.’' Most common examples are immunoprecipita-
tion assays or enzyme immunoassays (EIA). The measurement of iC3b complement fragments by EIA is a rapid and non-
radioactive method, a relevant tool that is widely applied in both research and clinical studies. Commercially available
test kits have been effectively applied in biomedical research and more specifically in non-clinical safety assessments of
nanotechnology-based health products. In the current standardized test protocol, a 2-fold increase of iC3b complement
fragments compared to the negative control is considered as an activation of the complement system.*** However, these
tests are using pooled sera from healthy donors in order to obtain reliable results within and between laboratories.*
Nevertheless, our analysis showed individual differences between the donors and in particular sera from patients with
allergies showed an increased activation of the complement system compared to pooled sera. In consequence, immune
responses of individuals with allergies would be under-estimated when pooled sera from healthy donors is used; whereas
immunological reactions of immune compromised individuals would be over-estimated.

Benasutti et al already reported on variations in the activation of the complement systems of healthy donors without statistical
difference between males and females,- an observation which is confirmed with our analysis.*® Temporal response changes are
another highly important parameter adding to the complexity for standardization of a relevant assay.’’~* However, variations in
donors with pre-existing conditions when treated with therapeutically relevant drug delivery systems have not been investigated to

our knowledge. Our results suggest that sera used in predictive tests should reflect the inter-individual variations and should be
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selected depending on the future use of the investigated formulation e.g., a drug delivery system or vaccines that will be applied to
a wider population with very different immunological profiles. Moreover, the presented data show that a biological test system
based only on sera from healthy donors would eventually under-estimate potential immune responses whereas liposomal product
administered to immune suppressed patients will over-estimate reactions. The over-estimation of side effects in the preclinical
phase might lead to the termination of valuable drugs whereas the under-estimation of hazards of an in vitro test would put
individuals at risk. Our study suggests considering the development of prior diagnostic tools accompanying innovative health
products for vulnerable populations in particular when new formulations are known to interact with the human immune system.

In addition, these preliminary results demonstrate the capability of in vitro tests based on human materials to support the
understanding of inter-individual variations, which cannot be obtained from animal experiments. This is of particular importance
for toxicological areas where a high inter-individual variability is expected. Even if more studies are necessary, our results already
support a need for an in-depth discussion across industrial sectors on the relevance of inter-individual immune responses for the
standardisation of predictive in vitro assays. Progresses in regulatory science should include a review on the current practice to
address inter-individual variations with a factor of 10 as a margin of safety in particular when it comes to toxicological areas with
significant inter-individual variations such as immunotoxicity. In addition, the identification of vulnerable populations grouped on
their immune status should be of high importance also in the non-pharmacological sectors.
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