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RESEARCH ARTICLE

Formation and glomerular deposition of immune complexes in mice administered
bovine serum albumin: Evaluation of dose, frequency, and biomarkers

Lykke Boysena,b, Birgitte M. Viuffa, Lone H. Landsya, Shari A. Pricec, James T. Raymondc, Jens Lykkesfeldtb and
Brian Lauritzena

aGlobal Discovery & Development Sciences, Novo Nordisk A/S, Måløv, Denmark; bFaculty of Health & Medical Sciences, University of
Copenhagen, Frederiksberg, Denmark; cCharles River Laboratories Inc, Frederick, MD, USA

ABSTRACT
In preclinical toxicity studies, species-foreign proteins administered to animals frequently leads to forma-
tion of anti-drug antibodies (ADA). Such antibodies may form circulating immune complexes (CIC) with
the administered protein. These CIC can activate the classical complement pathway, thereby forming
complement-bound CIC (cCIC); if large of amounts of CIC or cCIC is formed, the clearance mechanism
may become saturated which potentially leads to vascular immune complex (IC) deposition and inflam-
mation. Limited information is available on the effect of different treatment related procedures as well as
biomarkers of IC-related vascular disease. In order to explore the effect of different dose regimens on IC
formation and deposition, and identification of possible biomarkers of IC deposition and IC-related patho-
logical changes, C57BL/6J and BALB/c mice were dosed subcutaneously twice weekly with bovine serum
albumin (BSA) for 13 weeks without adjuvant. After 6 and 13 weeks, CIC and cCIC were detected in
plasma; after 13 weeks, IC deposition was detected in kidney glomeruli. In particular immunohistochemis-
try double-staining was shown to be useful for detection of IC deposition. Increasing dosing frequency or
changing BSA dose level on top of an already established CIC and cCIC response did not cause changes
in IC deposition, but CIC and cCIC concentrations tended to decrease with increased dose level, and
increased cCIC formation was observed after more frequent dosing. The presence of CIC in plasma was
associated with glomerular IC deposits in the dose regimen study; however, the use of CIC or cCIC as
potential biomarkers for IC deposition and IC-related pathological changes, needs to be explored further.
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Introduction

Accurate assessment of safety and efficacy of therapeutic proteins
is an essential part of the costly drug development process. Even
though the predictive value of preclinical studies for evaluation
of immunogenicity of therapeutic proteins in humans is low (US
FDA 1997; Bugelski and Treacy 2004; Brinks et al. 2011; van
Meer et al. 2013), regulatory agencies expect that assessment of
immune responses caused by drug treatment are performed dur-
ing preclinical development (EMA 2006). Anti-drug antibodies
(ADA) are often expected to be analyzed to aid in interpretation
of the toxicology studies (ICH S6 [R1] 2011).

When human therapeutic proteins are administered to ani-
mals during preclinical development, ADA are commonly
formed and may - together with the administered protein – form
circulating immune complexes (CIC) (Leach et al. 2014; Rojko
et al. 2014; Krishna and Nadler 2016). The CIC differ in size,
depending on a variety of factors including the ADA concentra-
tion and affinity as well as the ratio between ADA and adminis-
tered protein (Schifferli and Taylor 1989; Rojas et al. 2005;
Ponce et al. 2009; Rojko et al. 2014; Krishna and Nadler 2016).
In particular, CIC formed under condition of ADA:protein
molar equivalence tend to be large and insoluble (Mannik 1980;
Lucisano Valim and Lachmann 1991; Tsokos et al. 2007; Rojko
et al. 2014). Such CIC of large lattice size efficiently activate the

classical complement cascade and form complement-bound cir-
culating CIC (cCIC) (Rojko et al. 2014). If large amounts of
insoluble cCIC are formed, the intrinsic clearance mechanisms
may potentially be overwhelmed leading to immune complex
(IC) deposition and complement mediated inflammation in the
vasculature in various tissues (Mannik 1980; Rojko et al. 2014),
in particular at sites of ultra-filtration or where there is turbulent
or loss of laminar blood flow (Ponce et al. 2009; Leach et al.
2014; Rojko et al. 2014; Frazier et al. 2015; Frazier and
Obert 2018).

There has been an increased reporting of IC-related findings
in toxicity studies in the recent years (Rojko et al. 2014).
However, the underlying treatment-related factors, including
dose level and regimen that may affect risk of immunogenicity
(Shankar et al. 2007; Kijanka et al. 2013; Leach et al. 2014;
Jiskoot et al. 2016) needs to be explored further. Moreover, iden-
tification of biomarkers of IC deposition and IC-related path-
ology will be useful to ease identification of IC-related findings.

The present studies sought to investigate effects of different
bovine serum albumin (BSA) dose regimens on CIC and cCIC
formation, and on IC deposition in two different mouse strains,
in order to better understand and facilitate interpretation of IC-
related findings. BSA was selected as a model molecule for a spe-
cies foreign protein, and was expected to induce ADA and CIC
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formation, which possibly could lead to IC deposition and
pathological changes (Noble et al. 1981; Devey et al. 1982; Chen
et al. 2004), as seen in toxicity studies.

The first study, a dose-finding study, was performed to iden-
tify the dose levels that could initiate a CIC response in the
mice. Different dose levels of BSA without adjuvant were admin-
istered subcutaneously (SC) twice weekly (2QW) to C57BL/6J
and BALB/c mice for 13 weeks, thereby mimicking a sub-chronic
toxicity study. The level of BSA giving the most robust CIC
response was then chosen for further investigation in the second
study. In this dose regimen study, dosing frequency or BSA dose
level was changed on top of the already-established CIC response
in order to reach the best molar equivalence between ADA and
BSA that potentially could lead to further increase of CIC, cCIC
formation, and IC deposition in C57BL/6J mice. Moreover, to
identify potential biomarkers for IC deposition and IC-related
pathological changes, the possible association between the pres-
ence of CIC or cCIC in plasma and the presence of glomerular
IC deposits and/or IC-related tissue injury was examined.

Materials and methods

Animals

Female C57BL/6J and BALB/c mice were obtained from Charles
River Laboratories (Sulzfeld, Germany) at 10–12-weeks-of-age.
The mice were housed under standardized conditions (12/12 hr
light/dark cycle, temperature at 21 �C, 60% relative humidity,
water and chow ad libitum) and group housed 12 mice/cage.
After a 7-d acclimatization period, the mice were randomized
into groups for use in the studies. Throughout the studies, all
mice were observed daily for clinical findings by cage-side obser-
vation. All animal experiments were approved by the Danish
Animal Experiments Council under the Danish Ministry of
Environment and Food of Denmark, as well as the Novo
Nordisk Ethical Review Council.

Experimental design

Dose-finding study

Groups of C57BL/6J and BALB/c mice (n¼ 12/group) received
vehicle, 10mg/kg BSA (C57BL/6J mice only), or 50mg/kg BSA
(Sigma, St. Louis, MO) SC 2QW for 13 weeks. The BSA dose
levels were selected based on the literature (see Table 1 for a

study design overview). The concentrations of BSA in the dose
formulations were 3 and 14mg/ml for the two dose levels. Blood
(ethylenediaminetetraacetic acid [EDTA]-stabilized) was sampled
at Week 6 (1 d after injection #12) and Week 13 (1 d after injec-
tion #26) from sublingual or periorbital plexus blood, respect-
ively. Plasma was separated by centrifugation (4000 � g, 5min,
5 �C), aliquoted, and stored at �80 �C for later analysis. After the
final blood sampling (performed under isoflurane anesthesia),
mice were euthanized by abdominal aorta puncture, and the kid-
neys were harvested and processed for immunohistochemistry
(IHC) and histopathological analysis.

Dose regimen study

Forty-eight C57BL/6J mice were administered 50mg/kg BSA SC
2QW for six weeks. Thereafter, the animals received 10, 50, or
250mg/kg 2QW or 50mg/kg four times weekly (4QW) for
another seven weeks (n¼ 12/group). The concentrations of BSA
in the dose formulations were 3, 15 and 75mg/ml for the three
dose levels, respectively. A control group received vehicle 2QW
for 13 weeks (n¼ 12). Similar to the dose-finding study, plasma
was obtained at Weeks 6 and 13, and kidneys were collected at
Week 13 for IHC and histopathology.

Immunoassays

BSA exposure

Plasma concentrations of BSA were analyzed using a competitive
ELISA kit (Biomatik, Ontario, Canada), according to manufac-
turer protocols. The BSA in study samples and biotin-labelled
BSA competed with pre-coated anti-BSA, which provided a
reverse proportional relationship between BSA concentration and
assay signal. Study samples were diluted 1:10 or 1:20; the assay
lower limit of quantification was 2.41 nM. All samples were
assayed in duplicate.

CIC Assay

Any CIC formed by ADA in a complex with BSA were analyzed
in a sandwich ELISA, as described in Boysen et al. (2019a), with
modifications. In brief, rabbit anti-BSA (Thermo Fisher,
Waltham, MA) diluted 1:10.000 in carbonate buffer (0.1M; pH
9.6) was used as the coating antibody; peroxidase-conjugated

Table 1. Number of mice with granular staining, IC deposits, and glomerulonephritis.

Test - Mouse Dose level
IHC score> cut-point

Study substance strain (mg/kg) C3d BSA mIgM mIgG IHCþ GN

Dose-finding BSA C57BL/6J 102QW
a 8 0 0 0 0 2

502QW 4 0 0 1 1 1
BALB/c 502QW 0 1 0 0 0 0

Vehicle C57BL/6J – 2 0 0 1 0 0
BALB/c – 3 0 0 0 0 0

Dose regimen BSA C57BL/6J 502QWþ 102QW 8 0 9 0 7 0
502QWþ 502QW 8 6 5 1 6 0
502QWþ 2502QW 0 10 3 3 5 0
502QWþ 504QW

b 0 1 8 3 1 0
Vehicle – 3 0 0 1 0 0

a2QW: Twice weekly; b4QW: Four times weekly. n¼ 12/group in dose-finding and in dose regimen studies.
In two studies, mice were administered with vehicle or bovine serum albumin (BSA) at different doses or dose regimens SC for 13 weeks. Data repre-
sents number of mice with granular staining containing C3d, BSA, mIgM or mIgG above immunohistochemistry (IHC) score cut-point. Number of mice
with immune complex (IC) deposits (IHCþ) was based on number of mice with IHC score above cut-point in at least two IHC staining (C3d, BSA and
mIgM or mIgG), and number of mice with glomerulonephritis (GN) shown by PAS and HE staining.
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goat anti-mouse IgG (mIgG) (j light chain-specific) (Jackson
Immunoresearch, Newmarket Suffolk, UK) was used as detecting
antibody. Calibration samples and quality controls (QC) were
prepared by chemical conjugation of BSA and mouse IgG
(mIgG) (both Sigma). Study samples were diluted 1:40 in dilu-
tion buffer (Sigma: 0.01M phosphate, 0.65M sodium chloride,
0.05% Tween 20, 0.00025% phenol red and 0.2% fish gelatin [pH
7.2]) before analysis. The signal was expressed as signal-to-noise
(S/N; optical density/QCnegative). Samples above a study specific
cut-point which allowed for 5% false positive were considered
CIC positive (CICþ).

cCIC assay

Complement C3 bound to CIC was detected by ELISA as
described in Boysen et al. (2019b). Here, solid phase binding rab-
bit anti-C3 (Bioss, Boston, MA) and fluid phase detecting perox-
idase-conjugated goat anti-mIgG (j light chain-specific) (Jackson
Immunoresearch) were used to capture cCIC. Study samples
were diluted 1:80 (dose-finding study) and 1:2000 (dose regimen
study) and cCIC level was expressed as S/N. The assay allowed a
5% false positive as determined by a cut-point that distinguished
between cCIC positive (cCICþ) and negative (cCIC�) at Week 6
or 13. Samples from C57BL/6J mice dosed with 50mg/kg BSA
were partly used for qualification of the cCIC assay (Boysen
et al. 2019b).

Histopathology

Kidney tissues were preserved in neutral buffered 4% paraformal-
dehyde for 48 h and then embedded in paraffin. Slides of � 3-
lm thickness were prepared and then stained with hematoxylin
and eosin (H&E) dye or periodic acid-Schiff (PAS) stain.
Thereafter, the slides were evaluated using light microscopy.

Immunohistochemistry

IHC staining using antibodies against test-item (BSA), mouse
complement C3d, mouse IgM (mIgM) and mIgG (ADA) were
performed to identify granular staining in kidney tissue, indicat-
ing IC deposition (Rojko et al. 2014). Sections (3-mm thick) were
de-paraffinized, rehydrated, treated with TEG [pH 9] buffer
(Ampliqon, Odense, Denmark) for antigen retrieval, and then
treated with Peroxidase Block (Agilent, Santa Clara, CA) to block
endogenous peroxidase activities.

For C3d, mIgG, and mIgM staining, this was followed by an
Avidin-biotin Block (Invitrogen, Carlsbad, CA) and 3% BSA
block before incubation with primary antibody. Biotinylated pri-
mary antibodies were: donkey anti-mIgG (Jackson
Immunoresearch) diluted 1:10.000 in Tris-Buffered Saline (TBS)
(Apliqon) containing 3% BSA (Sigma), donkey anti-mIgM
(Jackson Immunoresearch) diluted 1:20.000 in TBS containing
3% BSA, and goat anti-mouse C3d (R&D Systems, Minneapolis,
MN) diluted 1:500 in TBS containing 3% BSA. Thereafter, the
slides were incubated with ABC-HRP (horseradish peroxidase;
VectastainVR , Burlingame, CA) and 3,3’-diaminobenzidine (DAB)
þ substrate chromogen system (Agilent).

For anti-BSA staining, slides were incubated with rabbit anti-
BSA (Life technologies, Carlsbad, CA) diluted 1:40.000 in TBS
without BSA. Thereafter, slides were incubated with Bright
Vision goat anti-rabbit HRP (Immunologic, Amsterdam, the
Netherlands) and DABþ substrate chromogen system. In all four

stainings, slides were washed in TBST (TBS containing 0.05%
Tween 20) between incubations.

The specificity of the C3d antibody was successfully evaluated
by pre-incubation of the antibody with 10 C3-peptides (Caslo,
Kongens Lyngby, Denmark) targeting the His1002-Arg1303
sequence in mouse C3 protein, which was equal to the sequence
used for immunization. C3d-antibody was incubated 1 hr with
up to 5-time higher concentrations of C3 peptides, prior to a
30min incubation with primary antibody. The pre-incubation
with peptides resulted in a total block of the C3d signal.

IHC score

IHC slides from both kidneys were assessed for granular deposits
in kidney glomeruli in a blinded manner. Frequency of granular
staining within the glomerular tufts was evaluated for each stain-
ing (BSA, mIgG, mIgM, and C3d) and assigned a score of 0-3 if
at least three glomeruli were affected (0, no granular staining, 1,
mild; 2, moderate; 3, severe) (Table 2, Figure 1). Likewise, fre-
quency of affected glomeruli within one slide was evaluated with
scores from 0 to 3 (0, none; 1, up to 20%; 2, 20–50%; 3,
50–100%) (Table 2). From each kidney and each staining, a total
IHC score was determined by: Total IHC score¼ Frequency of
granular deposits within glomerular tufts plus frequency of
affected glomeruli within the slide. Each animal was assigned the
score from the kidney with highest total IHC score. An IHC
score cut-point was determined based on the background levels
in the vehicle animals. If the IHC score was above the cut-point
in at least two stainings, including the criteria that either IHC
score for BSA or C3d was above cut-point, the animal was
regarded as positive for IC deposits (IHCþ).

Double IHC staining

To confirm co-localization of granular staining containing BSA
and C3d or mIgM and C3d in kidney tissues, samples from
selected mice (from dose regimen study) that were administered
with vehicle or BSA were double-stained with fluorescent anti-
bodies. Except for minor changes, the IHC staining procedure
and the primary antibodies were those as already
described above.

The primary goat anti-mouse C3d (R&D Systems; diluted
1:100 in TBS) was co-incubated with rabbit anti-BSA (Life
Technologies; 1:4.000 in TBS). In the secondary incubation, don-
key anti-goat Alexa Fluor (AF)-594 (1:2.000 in TBS) (Abcam)
and anti-rabbit AF488 conjugate (1:500 in TBS) (Abcam) were
used to detect anti-C3d or anti-BSA, respectively. In another
staining, primary goat anti-mouse C3d (R&D Systems; 1:100 in
TBS-3% BSA) was co-incubated with biotinylated donkey anti-

Table 2. Immunohistochemistry (IHC) scores.

IHC score

0 1 2 3

Frequency of granular within
glomerular tufta

None Mild Moderate Severe

Frequency of affected glomeruli
within slide

0–1% 1–20% 20–50% 50–100%

aIf at least three glomeruli were affected.
Frequency of granular deposits within glomerular tufts and frequency of
affected glomeruli within a cross-section was evaluated based on score from
0–3. The score was used for IHC evaluation of granular staining containing BSA,
mIgG, mIgM and C3d in both kidneys from mice administered with BSA.
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mIgM (Jackson Immunoresearch; 1:2.000 in TBS-3% BSA. In the
secondary incubations, donkey anti-goat AF594 (Abcam; 1:2.000
in TBS) and streptavidin AF488 conjugate (Invitrogen; 1:500 in
TBS) were used to detect anti-C3d or anti-mIgM, respectively.
The signal from each sample was assessed by immunofluorescent
microscopy using an Olympus BX53 scope (fitted with a DP74
Camera) (Olympus, Tokyo, Japan), containing Olympus AF488
and AF594 filters. Olympus cell Sens Entry (v.2.1) software was
used to combine the images obtained with each filter.

Statistical analysis

For statistical analysis of exposure, CIC, and cCIC levels, a
Student’s unpaired t-test with or without a Welch’s correction
was used to compare dose groups in the dose-finding study. A
one-way analysis of variance (ANOVA) and a Bonferroni’s mul-
tiple comparison or Kruskal Wallis and Dunn’s multiple com-
parison were used to compare dose groups with vehicle in both
studies and to compare between dose groups in dose regimen
study, dependent on parametric or non-parametric conditions.
Data was expressed as mean ± SD unless otherwise stated. A p-
value < 0.05 was considered significant. A possible association
between the presence of CIC and IC deposits was evaluated by
Fischer’s exact test, by comparing the proportion of mice being
IHCþ and IHC� with mice being CICþ and CIC� across all
dose levels. Data was analyzed using Prism Software (v.7,
GraphPad, San Diego, CA) and SAS JMPVR v.13.0.0 (SAS,
Marlow, UK).

Results

Dose-finding study

Clinical observations

No treatment-related clinical signs were observed.

BSA exposure

BSA concentration increased dose-dependently, reaching 415
[±114] nM in C57BL/6J mice administered 2QW with 50mg/kg at
Week 13. Even higher concentrations were noted in the BALB/c
mice (748 [± 428] nM) at Week 13 (p< 0.05) (Figure 2(A,B)).

Circulating immune complexes (CIC)

The CIC concentration increased dose-dependently, with only
small changes from Week 6 to Week 13 in C57BL/6J mice.
This reached statistical significance (compared to the vehicle-
administered animals) at 50mg/kg (p< 0.05-0.01), where 5 of 12
animals were CICþ (Figure 2(C,D)). In BALB/c mice adminis-
tered 50mg/kg, the CIC concentration was significantly higher
compared to vehicle and to C57BL/6J mice at same dose level
(p< 0.001) at both Weeks 6 and 13, with all mice being CICþ at
Week 13.

Complement-bound circulating immune complexes (cCIC)

The cCIC concentration increased dose-dependently with higher
cCIC concentration in all dose groups of the C57BL/6J and
BALB/c mice as compared to vehicle (p< 0.001–0.01) at both
Weeks 6 and 13. Except for one C57BL/6J mouse administered
10mg/kg, all BSA-administered C57BL/6J and BALB/c mice were
cCIC positive (cCICþ) at Weeks 6 and 13 (Figure 2(E,F)).

Histopathology

Minimal glomerulonephritis (GN) – characterized by thickening
of the glomerular base-ment membrane and infiltration of
mononuclear cells with few affected glomeruli in a cross-section
– was detected in two C57BL/6J mice administered with
10mg/kg and one C57BL/6J mice administered 50mg/kg BSA
(Figure 3(A,B)) (Table 1).

Figure 1. IHC score of granular deposits within glomerular tufts. For each of the four staining targets (BSA, mIgG, mIgM, and C3d), frequency of granular staining
within the glomerular tuft was evaluated from mice dosed with (A) vehicle or (B–D) bovine serum albumin (BSA). A score 0 (A) was assigned if no granular was
observed; score 1 (B) if granular staining was shown as mild; score 2 if shown as moderate (C); or score 3 if shown as severe (D) in at least three glomeruli within
the IHC cross section. Original objective 60�.
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Immunohistochemistry

Granular staining containing C3d was present above the IHC
cut-point in kidney glomeruli in eight, four, and two out of 12
C57BL/6J mice administered, respectively, 10mg/kg BSA, 50mg/
kg BSA, or vehicle. Only a few mice had granular deposits con-
taining BSA and/or endogenous mIgG; no mice had granular
deposits containing mIgM. Only one C57BL/6J mouse adminis-
tered 50mg/kg BSA had an IHC score above the cut-point in at
least two stainings and was therefore considered IHCþ. For the
three mice with GN, granular staining above IHC cut-point was
only present in one of the stainings, and the mice were therefore
considered IHC� (Table 1). The granular staining in glomeruli
was observed along the glomerular basement membrane of kid-
ney glomeruli, especially in glomeruli located areas in the inner
cortex close to the pelvis. In addition, granular staining contain-
ing C3d (Figure 4) was observed along tubular basement mem-
branes. Occasionally, granular staining containing C3d, BSA, and
mIgM were observed in smaller vasculature of the kidney (data
not shown).

Figure 2. Exposure, CIC and cCIC formation in mice in BSA dose-finding study. C57BL/6J mice or BALB/c mice were administered with vehicle, 10mg/kg BSA (C57BL/
6J only), or 50mg/kg BSA SC twice weekly for 13 weeks. Exposure (A,B), circulating immune complexes (CIC) (C,D), and complement-bound CIC (cCIC) (E-F) concentra-
tions in plasma were measured at Weeks 6 and 13. Data were expressed as means± SD. A Student’s unpaired t-test/t-test with Welch’s correction or Mann-Whitney,
1-way ANOVA/Bonferroni or Kruskal Wallis/Dunns, #p< 0.05, ##p< 0.01, ###p< 0.001 compared to vehicle. �p< 0.05, ��p< 0.01, ���p< 0.001 compared to indicated
mouse group. Number above graph: Number of mice in a dose group above cut-point (CP). LLOQ: Lower limit of quantification; S/N: Signal to noise.

Figure 3. Glomerulonephritis in BSA-dosed mouse. (A) Glomerular basement membrane thickening (PAS) and (B) increased cellularity in a C57BL/6J mouse dosed
with 10mg/kg BSA SC for 13 weeks in dose-finding study. Original objective 60�.

Figure 4. IC-associated granular staining containing C3d. Immunohistochemical
staining with anti-mouse C3d showed IC associated granular deposits containing
mouse C3d in glomeruli from a C57BL/6J mouse administered 10mg/kg BSA SC
for 13 weeks in dose-finding study. Original objective 60�.
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Association between CIC formation and IC deposition

A possible association between the presence of CIC in plasma at
any timepoint and the presence of glomerular IC deposits and
GN at Week 13 was investigated. However, since two out of the
four mice which were considered IHCþ or had GN were
detected as CICþ, and 22 of 36 BSA-treated C57BL/6J and
BALB/c mice were considered CICþ, no association was shown
between these two variables.

Dose regimen study

Clinical signs

No treatment-related clinical signs were observed.

BSA exposure

At Week 6, small differences in average BSA concentrations were
noted between three dose groups. At Week 13, BSA concentra-
tion increased dose-dependently, reaching 6967 [± 2111] nM in
the 250mg/kg dose group. At this same point, the BSA concen-
trations in the 50mg/kg 2QW and the 4QW groups were com-
parable (Figure 5(A,B)).

Circulating immune complexes (CIC)

In all dose groups, CIC concentrations were significantly higher
compared to vehicle (p< 0.001–0.05), with no significant differ-
ences between the dose groups at Week 6. However, the inci-
dence of mice being CICþ at Week 6 varied between four and
nine out of 12 mice. At Week 13, CIC concentration decreased
with increasing BSA exposure level, with the highest CIC con-
centrations seen in the 10mg/kg dose group (p< 0.05). Increased
dosing frequency had no significant effect on CIC concentration.

Similar to in the dose-finding study, the incidence of CICþ mice
was comparable at Weeks 6 and 13, with ten, five, two, and six
out of 12 mice given 10, 50, 250mg/kg BSA 2QW, or 50mg/kg
4QW, respectively, being CICþ at Week 13.

Complement-bound circulating immune complexes (cCIC)

In all BSA-administered mice, cCIC was detected, with higher
cCIC concentrations in all dose groups compared to in vehicle at
both Weeks 6 and 13 (p< 0.001–0.05). No significant differences
in cCIC concentration were seen between dose groups at Week
6; however, at Week 13, the cCIC concentration in 2QW dose
groups tended to decrease with increasing BSA exposure, in con-
trast to in the dose-finding study, with statistically significance
obtained between 10 and 250mg/kg. The highest cCIC concen-
tration was seen in the 50mg/kg 4QW dose group
(p< 0.001–0.01 compared to the other three dose groups)
(Figure 5(E,F)).

Histopathology

In contrast to in the dose-finding study, no GN was observed.

Immunohistochemistry

Granular staining primarily contained C3d, BSA, mIgM, and/or
to a lesser extent mIgG, and was observed at higher incidence
than in dose-finding study. In total, 19 mice were considered
IHCþ. Of these, seven, six, five and one out of 12 mice adminis-
tered with 10, 50, or 250mg/kg 2QW and 50mg/kg 4QW,
respectively, were considered IHCþ (Table 1). Similar to in the
dose-finding study, granular staining was observed along the
glomerular basement membrane of kidney glomeruli, particularly
in glomeruli located in the inner cortex close to the pelvis.

Figure 5. Exposure, and CIC and cCIC formation in mice in BSA dose regimen study. C57BL/6J mice were dosed with vehicle or 50mg/kg BSA SC twice weekly (2QW)
for 6 weeks. Thereafter, dose levels were changed to 10, 50 (unchanged), 250mg/kg 2QW, or the dosing frequency was changed to 50mg/kg four times weekly
(4QW) for another 7 weeks. At Weeks 6 and 13, (A-B) exposure, (C-D) circulating immune complexes (CIC), and (E-F) complement-bound CIC (cCIC) concentrations in
plasma were measured. Data were expressed as means± SD. A Student’s unpaired t-test/t-test with Welch’s correction or Mann-Whitney, 1-way ANOVA/Bon-ferroni or
Kruskal Wallis/Dunns, #p< 0.05, ##p< 0.01, ###p< 0.001 compared to vehicle. �p< 0.05, ��p< 0.01, ���p< 0.001 compared to indicated mouse group. Number above
graph: Number of mice in dose group above cut-point (CP). LLOQ: Lower limit of quantification, S/N: Signal to noise.

196 L. BOYSEN ET AL.



Occasionally, granular staining containing C3d, BSA, and mIgM
were observed in smaller vasculature.

Double IHC staining with fluorescence showed co-localization
of granular containing C3d and BSA and/or C3d and mIgM in
kidney glomeruli and vasculature of animals administered with
BSA (Figure 6(A–I)). Granular staining containing C3d was
observed along the tubular epithelial membrane, but did not co-
localize with mIgM (Figure 6(G–I)) or BSA in the double
IHC staining.

Association between CIC formation and IC deposition

The presence of CIC in plasma at Week 6 or Week 13 was asso-
ciated with a presence of glomerular IC deposits at Week 13.
Sixteen out of 19 mice considered IHCþ were also seen to be
CICþ, and 17 out of 29 mice considered IHC� were assessed as
CIC�. However, three mice considered IHCþ did not prove posi-
tive for CIC and 12 mice were assessed as CICþ but considered
IHC� (Table 3). Thus, an association between plasma IC and
IHC status was supported by a Fischer’s exact test (p< 0.01).

Discussion

The aim of the present studies was to investigate the effects of
different BSA dose regimens on CIC and cCIC formation, and
IC deposition and, if possible, to identify potential biomarkers of
IC deposition and IC-related pathological changes in mice. In a
dose-finding study, dosing of BSA SC for 13 weeks caused CIC
and cCIC formation in C57BL/6J and BALB/c mice. In a few
C57BL/6J mice given BSA without use of any adjuvant, IC
deposition in kidney glomeruli and GN was observed. The

Figure 6. Immune complex deposition shown by double-staining with fluorescent antibodies. Immune complex (IC) deposition in a C57BL/6J mouse administered
with 50mg/kg BSA (A-I) SC for 13 weeks. IHC staining with fluorescence showed granular staining containing BSA (green, AF488) (A), or mIgM (green, AF488) (D, G);
mouse granular staining containing C3d (red, AF594) (B, E, H) within glomeruli and kidney vasculature. Co-localization of granular deposits was shown by a yellow/
orange fluorescent signal (arrow) (C, F, I). Granular staining containing C3d (H) was observed along the tubular basement membrane, but did not co-localize with
mIgM (arrowhead) (I). In a C57BL/6J mouse administered with vehicle no granular deposits within the glomeruli was observed in IHC staining of mouse IgM (green,
AF488) (J) and mouse C3d (red, AF594) (K) or in co-localization (L). Original objective 60� (Color Figure available online).

Table 3. Number of mice with plasma CIC and IC deposits.

IHCþ IHC� Total

CICþ 16 12 28
CIC� 3 17 20
Total 19 29 48

Number of mice with presence of plasma circulating immune
complexes (CICþ or CIC-) and glomerular IC deposits (IHCþor
IHC�) in a dose regimen study wherein C57BL/6J mice were
administered different dose regimens of BSA for 13 weeks.
The association between plasma CIC and IC deposits was sup-
ported by a Fischer’s exact test (p< 0.01).
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formation of CIC and cCIC did not increase from Week 6 to 13
at any dose level in either strain, suggesting the CIC and cCIC
responses were established before 6 weeks of dosing. A higher
CIC concentration was found with 50mg/kg BSA in C57BL/6J
mice compared to with a 10mg/kg dose; this was in line with
other studies where immunogenicity to foreign proteins was
intensified with increased dose level (Braun et al. 1997; Kijanka
et al. 2013).

While IC deposition and GN was found in a few C57BL/6J
mice, no IC deposition or GN was found in BALB/c mice, in
spite of their higher CIC and cCIC concentrations. Genetic dif-
ferences between BALB/c and C57BL/6 strains (Noble et al.1981;
Morokata et al. 1999; Chen et al. 2004; Watanabe et al. 2004;
Fukushima et al. 2006) may lead to differences in formation of
ADA with different IgG subtypes and different affinities to test
substances (Alpers et al. 1972; Petty et al. 1972; Devey and
Steward 1980; Steward et al. 1981; Devey et al. 1982; Sarvas et al.
1983). As an example, some inbred mouse strains show relatively
good elimination of human serum albumin due to production of
high affinity ADAs, which is on contrast to poor elimination in
mice producing low affinity ADAs (Alpers et al. 1972; Petty
et al. 1972). This could possibly explain a faster elimination of
CIC and cCIC in BALB/c mice compared to by C57BL/6 in the
present study. However, neither the ADA affinity nor IgG sub-
types were characterized in the present study.

Based on these results, a dose regimen study was conducted
to study if changes in dose regimens after 6 weeks of dosing
with 50mg/kg BSA 2QW, the dose level that caused high level of
CIC and cCIC in the dose-finding study, would lead to further
increased CIC, cCIC formation and IC deposition in C57BL/6J
mice, as this has been shown to be dependent on molar equiva-
lence between ADA and the dosed protein (Rojko et al. 2014).
Apart from a tendency to decreased CIC and cCIC concentra-
tions with increasing exposure level in mice administered 2QW,
no substantial changes in CIC or cCIC formation, or IC depos-
ition, was found after changing of the BSA dose level. This could
possibly have been due to development of an early immune tol-
erance in the high dose group (Hebert et al. 1991), or CIC for-
mation in large excess of test-substance, leading to smaller CIC
that are cleared or dissociated faster and cause less complement
activation (Hebert et al. 1994). Moreover, increased dosing fre-
quency caused increased cCIC formation – as reflected by
increased cCIC concentration in the 50mg/kg 4QW compared to
50mg/kg 2QW mice in the dose regimen study. However, BSA
exposure or CIC level was not significantly affected by an
increased dosing frequency. In a few mice, BSA exposure
declined already at Week 6 (Figure 5(A)), most likely due to
ADA formation, as indicated by the presence of CIC and cCIC
and correspondingly lower BSA concentrations in most of
these mice.

Another aim of the present studies was to identify possible
associations between presence of CIC or cCIC in plasma and
glomerular IC deposits and IC-related pathological changes. In
the dose regimen study, a significant association between a pres-
ence of plasma CIC and glomerular IC deposits was shown.
However, in the dose-finding study, no association was seen.
Thus, the present study could not support use of CIC as a bio-
marker. Since CIC can be present without pathological changes
(Bessa et al. 2015; Kronenberg et al. 2017), the presence of cCIC
or both CIC and cCIC in plasma could be hypothesized to serve
as a better biomarker for IC deposition and/or IC-related tissue
injury. However, since almost all mice were positive for cCIC in

both studies, no conclusion on cCIC as a potential biomarker for
IC deposition and IC-related pathological changes could
be reached.

Whereas little difference in the incidence of GN was found
between the two studies, IC deposition occurred at a higher inci-
dence in the dose regimen study compared to in the dose-find-
ing study. The studies were conducted using the same mouse
strain and the same methodologies for detection of IC-related
variables, however, different batches of BSA were used. This may
explain the differences between the two studies, but this may
also reflect the general variation in immune response to a given
antigen. Thus, further optimization and test of reproducibility
are needed.

The IC-related pathological findings shown in the dose-
finding study were small compared to rodent models of IC medi-
ated GN, where high doses of species foreign serum albumin in
combination with Freund’s adjuvant were used (Peress et al.
1977b; Arisz et al. 1979; Noble et al. 1980, 1981, 1987; Koffler
et al. 1983; Hogendoorn et al. 1990; Saglam et al. 2010). For
example, in a mouse study, daily (for up to six weeks with BSA)
intraperitoneal immunization of C3H.NB mice pre-immunized
with Freund’s adjuvant caused severe GN and granular staining
(containing C3, mIgG, and/or BSA) within the glomeruli (Noble
et al. 1980). Granular staining containing IgM was not examined.
The more intense dosing schedule and pre-immunization with
adjuvant in some of these studies were probably the reason of
the increased immunogenicity and severe pathological findings
which in some mice and rats led to clinical signs and lethality
(Peress et al. 1977b; Arisz et al. 1979). On the contrary, no
immunogenicity of BSA without adjuvant was found in a previ-
ous pilot study (Arisz et al. 1979). The clinical signs associated
with use of adjuvant (Soothill and Steward 1971; Petty et al.
1972; Broderson 1989; Pilegaard and Madsen 2004) precluded its
use in the present studies. Other studies have used cationic BSA
that targets anionic sites in the glomeruli to induce IC-mediated
vascular disease (Border et al. 1981; Furness and Turner 1988;
Urizar et al. 1989; Chen et al. 2004; Wu et al. 2008). In contrast
to the present studies where IC deposition was caused by in vivo
CIC formation, dosing with cationic BSA mainly led to direct in
situ IC deposition.

Detection of IC formation and deposition was performed by
supplemental measures of BSA exposure, CIC and cCIC concen-
trations by ELISA, pathological changes by H&E and PAS stain-
ings, and IC deposits by IHC. The CIC assay measures ADA
bound to BSA, which in similar assay set-ups have been used to
detect ADA bound to human IgG in mice and non-human pri-
mates (Stubenrauch et al. 2010, 2012; Pierog et al. 2015; Boysen
et al. 2019a). This assay set-up was suggested to have improved
drug-tolerance compared to a standard bridging ELISA for detec-
tion of monomeric ADA (Pierog et al. 2015; Boysen et al.
2019a). Assay drug interference could explain the low CIC con-
centrations measured in C57BL/6J mice administered 250mg/kg
BSA in the dose regiment study; however, this was not expected
to be entirely caused by drug interference, since cCIC levels and
IC deposition also were low.

The high cCIC concentration in almost all mice administered
BSA suggested that the dosing caused CIC formation, leading to
activation of the complement cascade and binding of C3 to vari-
ous CIC. In majority of the animals, cCIC were detected even in
the absence of CIC. Drug interference is a typical factor for false
negative results in these kinds of assays, and whereas BSA in the
CIC assay set-up could be interfering, the presence of BSA in the
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cCIC assay set-up was not expected to interfere with cCIC meas-
urements (Boysen et al. 2019b). In samples containing high
amounts of BSA, the sensitivity of the cCIC assay would there-
fore be expected to be higher than the CIC assay. The cCIC
assay is not drug-specific; this allows for simultaneous screening
of different drugs within one assay. However, other immuno-
logical reactions which involve complement activity (Pangburn
and Muller-Eberhard 1983; Murphy and Weaver 2016) may con-
tribute to a positive signal and may explain a presence of cCIC
in a few of the vehicle-treated mice in the present study.

As expected, the kidney was seen as a target organ for IC
deposition after BSA dosing, due in main part to its filtering cap-
acity such that CIC and cCIC are easily caught in the glomeruli
(Leach et al. 2014; Rojko et al. 2014). Consequently, the present
studies examined kidneys for IC-related changes using H&E,
PAS, and IHC staining. In the current studies, GN was only seen
with a low incidence (3 three out of 72 C57BL/6J mice dosed
with BSA) and low severity in spite of CIC and cCIC formation;
this was most likely due to rapid clearance of CIC and cCIC
from the glomeruli. In spite of the negative IHC status, granular
staining containing C3d was detected in all three mice with levels
above the IHC cut-point. Therefore, this GN was most likely
caused by IC deposition. However, it cannot be excluded that
the GN developed spontaneously (Poskitt and Poskitt 1982).

In the present studies, the granular deposits detected by IHC
contained C3d, BSA, mIgG, and mIgM. Such outcomes suggested
that BSA clearance, in part, was facilitated by C3d and mIgG/
mIgM type ADA. All IC components were not always contained
within the same glomeruli or even within the same mice, poten-
tially due to unstable IC components, steric hindrance caused by
some IC components, granular deposits below the IHC detection
limit, or possible clearance of IC by the mononuclear phagocytic
system (Rojko et al. 2014). In addition to the above-mentioned
IHC limitation, the high exposure level complicated evaluation
of the BSA IHC staining and may have caused a false higher fre-
quency of granular deposits within the glomerular tufts for
this staining.

In several toxicity studies in non-human primates, IC deposits
containing IgM were most frequently detected (Leach et al. 2014;
Rojko et al. 2014; Husar et al. 2017), which is in line with the
present dose regimen study where IgM were detected more fre-
quently than IgG. Importantly, while the IHC approach differen-
tiated between ADA of either the IgM or IgG subtype, the CIC
and cCIC assays did not (Boysen et al. 2019a, 2019b). Double-
staining with fluorescent antibodies in the present dose regimen
study provided information about co-localization and presence
of two IC components. The co-localization of C3d and IgM or
BSA, observed in glomeruli and occasionally in small blood ves-
sels outside the glomeruli of BSA-treated mice, points towards
IC-mediated vascular deposition. In contrast, the C3d signal seen
in the kidney tubules (by IHC) did not co-localize with BSA and
mIgM, indicating that this presence of C3d not was IC-related.
A normal physiological deposition of C3 fragments and IgM in
the kidneys (Peress et al. 1977a; Devey and Steward 1980; Koffler
et al. 1983; Thurman et al. 2003; Rojko et al. 2014) may explain
why some vehicle animals were found to be positive for IgM or
C3. However, in those cases, the double-staining was useful to
show that any IgM and C3 deposits were not co-localized. Lastly,
it should be noted that CIC may deposit in other organs. Thus,
histological evaluation of the kidneys exclusively does not pre-
clude the potential detection of IC deposits in other organs
(Leach et al. 2014; Rojko et al. 2014).

Conclusions

In the present studies, SC administration of BSA without adju-
vant for 13 weeks caused CIC and cCIC formation in C57BL/6J
mice, which led to IC deposition in kidney glomeruli in 20, and
GN in 3, of 72 C57LB/6J mice. CIC and cCIC concentrations
tended to decrease with increasing exposure level and cCIC con-
centration increased with more frequent dosing when BSA dose
level or dosing frequency was changed after 6 weeks of dosing to
C57BL/6J mice. The potential use of CIC as a possibly biomarker
for IC deposition needs to be explored further. In future studies,
IHC double staining instead of single staining is proposed.
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