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Abstract
Background: Mim8 is a novel, next- generation factor VIIIa mimetic in development 
for subcutaneous prophylactic treatment of patients with hemophilia A with and 
without inhibitors. In vitro and in vivo models indicate that Mim8 has a distinct hemo-
static potential.
Objectives: To test the nonclinical safety and pharmacodynamics of Mim8.
Methods: The Mim8 nonclinical safety program in cynomolgus monkeys consisted of 
three studies of 4– 26 weeks in duration with Mim8 doses ranging from 0.3– 60 mg/
kg/week intravenously or subcutaneously. After sacrifice, macroscopic and micro-
scopic pathological examinations were performed.
Results: Mim8 was well tolerated with no noteworthy clinical observations. No signs 
of excessive coagulation or pathological macroscopic or microscopic findings were 
observed at doses 0.3– 3 mg/kg/week subcutaneous. Thrombosis- related findings 
were detected during histopathological examination in a small proportion of animals 
(16%) receiving doses ranging 6– 20 mg/kg/week. Dose- dependent increases in fac-
tor X (FX) and factor IX (FIX) concentrations were observed. Shortening of activated 
partial thromboplastin time (APTT) and increased thrombin generation under ex vivo 
hemophilia A- like conditions were observed at all Mim8 dose levels.
Conclusions: Thrombosis- related findings observed at doses above 6 mg/kg/week 
Mim8 may have been exaggerated pharmacological reactions to a procoagulant com-
pound in normocoagulant animals. Increases in FX and FIX concentrations could be 
because of a half- life prolongation due to binding to Mim8, but were limited at clini-
cally relevant exposure levels. Subcutaneous administration of up to 3 mg/kg/week 
(several fold greater than expected clinical exposure) for 26 weeks resulted in relevant 
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1  |  INTRODUC TION

For decades, prophylactic factor VIII (FVIII) replacement therapy has 
been the standard of care for hemophilia A (HA), whereby patients 
receive intravenous (IV) injections two to three times per week to 
maintain sufficient FVIII activity to prevent spontaneous bleeding.1 
Successful management of HA with FVIII replacement therapy may 
be hampered by the development of neutralizing alloantibodies (in-
hibitors) against FVIII. It is estimated that 15– 40% of previously un-
treated patients with HA develop inhibitors.2– 5

Hemophilia patients with inhibitors require on- demand treat-
ment with bypassing agents (e.g., activated recombinant factor 
VII [FVIIa] or activated prothrombin complex concentrate [APCC]) 
to resolve bleeding episodes.1 However, on- demand treatment 
is an inadequate alternative, and high annualized bleeding rates 
and associated joint and musculoskeletal comorbidities may re-
sult if patients do not receive appropriate prophylactic therapy.1,6 
Inhibitors can be overcome by immune tolerance induction (ITI), 
but it is costly, time consuming, often a burden for the patients. 
ITI is not always successful and is often met with diminished suc-
cess in patients with high inhibitor titers.7 To overcome inhibitors, 
and the barrier to treatment they represent, several novel drugs 
are in clinical development. The recently approved FVIIIa mimetic, 
emicizumab (Hemlibra®), which is a bispecific antibody that bridges 
activated factor IX (FIXa) and factor X (FX), is currently used for 
treatment of patients with HA with and without inhibitors in many 
countries.8– 10

Furthermore, the injection frequency of FVIII replacement 
therapy can represent a treatment burden for patients with HA. 
Antibodies, in general, have a high bioavailability after subcutane-
ous (SC) administration and long circulatory half- life, and they can 
offer less invasive administration, longer time between dosing inter-
vals, and a steady level of bleed protection. Overall, this shows great 
promise in terms of treatment convenience, a potential for improved 
compliance, and steady levels of effective drug.11

Mim8 is a novel, next- generation FVIIIa mimetic designed for the 
subcutaneous prophylactic treatment of patients with HA with and 
without inhibitors. Mim8 is a fully human, bispecific antibody that 
mimics FVIIIa function by bridging FIXa and FX on the phospholipid 
surface of activated platelets, enhancing the proteolytic activity of 
FIXa, and thus facilitating effective FX activation. Data from stud-
ies using in vitro HA- like human blood, as well as in vivo HA mouse 
models, indicate that Mim8 is ~15- fold more potent than a sequence 
identical analogue (SIA) of the FVIII mimetic emicizumab.12 The non-
clinical characterization of Mim8 has demonstrated that it potently 

increases thrombin generation triggered by both tissue factor and 
FXIa.12 This increased potency is primarily due to the monovalent 
anti- FIXa arm’s strong stimulation of FIXa’s proteolytic activity.12 In 
animal models of hemophilia in both mice and cynomolgus monkeys 
(Macaca fascicularis), Mim8 was able to effectively reduce bleed-
ing.12,13 These studies support the potent pharmacological activity 
of Mim8.13 Mim8 is currently being evaluated in a phase I/II clinical 
trial (NCT04204408).

A high potency may lead to exaggerated pharmacology at high 
dose levels, which for a procoagulant compound could present as 
excessive coagulation such as the development of thrombi.12,14 
Cynomolgus monkeys are the only nonclinical model species shown 
to have cross- reactivity to Mim8. Thus, to support safe administra-
tion of Mim8 to humans in clinical trials, we tested the safety and 
pharmacodynamics of various dose levels of Mim8 in cynomolgus 
monkeys in three nonclinical safety studies.

2  |  MATERIAL S AND METHODS

2.1  |  General study design

Cynomolgus monkeys were selected for these studies because these 
are the only nonclinical model species shown to have cross- reactivity 
to Mim8, and we have previously demonstrated that Mim8 binds 
cynomolgus monkey and human FIX and FX epitopes with similar 
affinities.12 Furthermore, cynomolgus monkeys have comparable 
plasma FIX and FX concentrations and high homology compared to 
human FIX and FX.

This nonclinical program in cynomolgus monkeys consisted of 
three studies: (1) a 4- week dose range finding (DRF) study, (2) a 

pharmacodynamic effects, observed in thrombin generation and APTT, with no signs 
of thrombi or excessive coagulation activation.

K E Y W O R D S
antibodies, bispecific, drug evaluation, factor VIII, hemophilia A, nonclinical, safety

Essentials

• Mim8, a novel factor VIIIa mimetic, shows in vitro and in 
vivo hemostatic potential.

• Nonclinical safety studies in monkeys confirmed the he-
mostatic potential of Mim8 ex vivo.

• No thrombi or adverse effects were seen at dose levels 
up to 3 mg/kg/week for 26 weeks.

• The data support clinical evaluation in hemophilia A pa-
tients with or without inhibitors.
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13- week toxicity study (with a 4- week interim sacrifice and 13- week 
recovery period), and (3) a 26- week toxicity study.

In the 4- week DRF study, 10 animals (one male and one female 
per dose) received 1, 4, 20, or 60 mg/kg Mim8 SC or 20 mg/kg IV 
once weekly for 4 weeks. All animals were sacrificed 1 day after the 
last dose, and a full necropsy was performed (Figure S1A in support-
ing information).

In the 13- week study, three animals per sex received 0.3 mg/
kg/week Mim8 SC and six animals per sex received Mim8 in doses 
of 6 or 12 mg/kg/week SC or vehicle control. Three animals per sex 
received 1 mg/kg/week Mim8 IV. Three animals per sex dosed with 
6 or 12 mg/kg/week Mim8 SC or vehicle control were sacrificed 
after 4 weeks of dosing (interim sacrifice) and the remaining ani-
mals dosed with SC Mim8 were sacrificed after 13 weeks of dosing. 
Animals administered IV Mim8 were sacrificed after 8 weeks of dos-
ing. Finally, two animals per sex were dosed with 12 mg/kg/week SC 
Mim8 for 13 weeks and sacrificed after a 13- week recovery period 
in which no doses of Mim8 were administered, to examine if any 
adverse effects potentially seen after 13 weeks of dosing were re-
versible (Figure S1B). At the end of the study, a full necropsy was 
performed.

In the 26- week study, four sexually mature animals per sex 
received 0.3, 1, or 3 mg/kg/week SC Mim8 or vehicle control. All 
animals were sacrificed, and a full necropsy was performed after 
26 weeks of dosing (Figure S1C).

2.2  |  Animal housing and handling

For all experiments, cynomolgus monkeys were purchased from 
Noveprim. On arrival, all animals underwent clinical inspection and 
were tested for tuberculosis. Monkeys were acclimated for at least 
2 weeks before dosing. Body weights were recorded twice weekly 
or weekly during the predose, dosing, and recovery period and prior 
to necropsy. At the beginning of experiments, animals were between 
118– 123 weeks old (4- week study); 101– 119 weeks, (13- week 
study), or 62– 102 months (26- week study).

2.3  |  Exposure and anti- drug antibodies

To measure exposure in animals dosed SC, blood samples were taken 
in 3.8% trisodium citrate at 0, 8, 24, 48, 96, and 168 h postdose in the 
penultimate or last dosing of Mim8. In the animals dosed IV in the 4- 
week and 13- week studies, blood was sampled at 0.25, 4, 8, 24, 72, 
and 168 h post- dose. A non- validated fit- for- purpose assay electro-
chemiluminescent assay specific for human IgG4 was used in the 4- 
week DRF study and a validated immunoassay specific for Mim8 was 
used in the 13-  and 26- week studies. Non- compartmental analysis of 
plasma concentration data was performed using Phoenix WinNonlin 
version 8.1 (Certara). For evaluation of anti- drug antibodies (ADAs), 
blood was sampled in 3.8% trisodium citrate pretreatment and pre-
dose on days 85 and 176 in the 26- week study. For the 4- week and 

13- weeks studies, samples for ADA measurement were only taken 
pretreatment and predose on the penultimate or last day of dos-
ing. The blood was processed for plasma and analyzed by a fit- for- 
purpose enzyme- linked immunosorbent assay (ELISA) using mouse 
anti- human IgG as a capture antibody and horseradish peroxidase 
labelled anti- monkey IgG to measure ADAs. Neutralizing effects of 
ADAs were determined by decreases in exposure or thrombin gen-
eration and/or prolongation of activated partial thromboplastin time 
(APTT). Samples from control animals were not analyzed for the 
presence of ADAs.

2.4  |  Prothrombin time and activated partial 
thromboplastin time

Plasma separated from citrate stabilized blood samples taken at pre-
determined time points were used for measurements of prothrombin 
time (PT; PT- fibrinogen HS PLUS [Instrumentation Laboratory]) and 
APTT (SynthASil® [Instrumentation Laboratory]). In the 26- week 
study, PT and APTT were measured pretreatment; after 3 days; and 
at 13, 20, and 26 weeks of dosing.

2.5  |  Thrombin- antithrombin and  
D- dimer evaluation

In all studies, D- dimers were measured using the Immunoclone 
D- dimer ELISA kit (Sekisui Diagnostics), and analysis for thrombin- 
antithrombin (TAT) was performed using the Enzygnost TAT Micro 
ELISA kit (Siemens Healthineers). In the 26- week study, TAT and D- 
dimers were evaluated on pretreatment and after 3, 43, 85, 134, and 
183 days of dosing.

2.6  |  FIX and FX evaluation

For FIX and FX antigen evaluation, blood was sampled in 3.8% triso-
dium citrate prior to the first dose and at predetermined time points 
during the dosing and recovery periods in all three studies. In the 
26- week study, FIX and FX was assessed pretreatment and after 3, 
43, 85, 134, and 183 days of dosing. Plasma was separated and ana-
lyzed for FX in an assay based on a commercial ELISA for human FX 
(Zymutest Factor X; HYPHEN BioMed) with an in- house cynomolgus 
monkey FX standard. FIX was measured using LOCI with one com-
mercial polyclonal biotinylated antibody (LS- B7226; LSBio) and one 
in- house monoclonal FIX antibody.

2.7  |  Thrombin generation

Plasma was prepared from blood samples collected in 3.8% triso-
dium citrate prior to the first dose and at predetermined time points 
during the dosing and recovery periods in all three studies. For the 



    |  1315LAURITZEN ET AL.

26- week study, samples were obtained pretreatment and after 3, 43, 
85, 134, and 183 days of dosing.

Pretreatment samples were analyzed directly to measure the 
normal thrombin generation capacity in the animals and with an anti- 
FVIII polyclonal antibody (Hematological Technologies Inc.) added 
(0.26 mg/ml) to induce hemophilia A- like conditions. All postdose sam-
ples were analyzed with the anti- FVIII antibody added. The thrombin 
generation assay (TGA) was performed by adding activated factor 
XI (FXIa; Hematological Technologies Inc.) diluted in phospholipid 
reagent (MP reagent, Thrombinoscope, Stago) to a final FXIa plasma 
concentration of 50 mU/ml and FluCa reagent (Thrombinoscope). 
The thrombin generation was followed for 90 min using a Fluoroskan 
Ascent plate reader (Thermo Fisher). The fluorescent signal was con-
verted to thrombin activity using Thrombinoscope’s thrombin calibra-
tor and version 5.0.0 software (Synapse B.V.).

2.8  |  Blood sampling for clinical pathology

For the 26- week nonclinical toxicity study, blood sampling was per-
formed once during the pretreatment phase, and after 3 days and 13, 20, 
and 26 weeks of the dosing phase, as well as on the day before necropsy. 
Similarly, blood was sampled for clinical pathology at predetermined time 
points during the dosing and recovery periods in the 4- week and 13- 
week studies. Blood samples stabilized with ethylenediaminetetraacetic 
acid were evaluated for hematological parameters, including platelet 
counts. Lists of examined hematological parameters are included in the 
supplemental material (Tables S1– S2 in supporting information).

2.9  |  Necropsy

Animals were administered a lethal IV overdose of sodium pentobar-
bitone. Once death was confirmed, animals were exsanguinated by 
severing major blood vessels. A full macroscopic examination was per-
formed under the supervision of a pathologist. Organs were weighed 
and histological samples were prepared from selected target organs 
in the 4- week DRF study, and from all major organ systems in the 
13- week and 26- week studies. Up to 54 tissues from all animals were 
fixed, sectioned, stained, and examined microscopically. For a list of 
examined tissues, please see Table S3 in supporting information.

The histopathologic evaluation was performed by an experi-
enced and qualified pathologist. Histopathological alterations were 
evaluated in a semiquantitative manner, based on a 5- point grad-
ing system: Grade 1— minimal, Grade 2— slight, Grade 3— moderate, 
Grade 4— marked, and Grade 5— severe.15

2.10  |  Animal handling ethics statement

All animal studies were performed at Covance (Harrogate, UK or 
Münster, Germany), and conformed with the requirements of in-
ternal ethical committees at both Novo Nordisk A/S and Covance, 

national legislation, and Directive 2010/63/EU of the European 
Parliament and Council of 22 September 2010 on the protection of 
animals used for scientific purposes.

2.11  |  Data analysis and statistics

For the 4- week and 13- week study, only data from pretreatment and 
the final sampling point are presented for pharmacodynamic effects 
(TGA, APTT) and biomarkers (PT, FIX, FX).

Data from animals that developed ADAs and in which reduced 
exposure was observed were omitted from the pharmacokinetic, 
pharmacodynamic, and biomarker analysis from the time of ADA de-
velopment. For the pharmacokinetic data, APTT and thrombin gen-
eration, the data for ADA- positive animals are included (see Tables 1 
and 3), but no statistical analyses were performed on these data. 
Tests for significance between time points for pharmacodynamic 
effects (TGA, APTT) and biomarkers (PT, FIX, FX) were performed 
using a one- way analysis of variance comparing the vehicle group 
with the different dose groups corrected for multiple comparisons. 
In the case of variance heterogeneity or lack of normal distribution, 
a nonparametric test (Kruskall- Wallis with Dunnet’s post- test) was 
performed. P < .05 was considered statistically significant. No statis-
tical comparisons were made on the data from the 4- week study due 
to low number of animals and lack of control group.

3  |  RESULTS

3.1  |  Exposure and anti- drug antibodies

During all three studies, Mim8 exposure increased approximately 
dose- proportionally, with the highest exposure (maximum plasma 
concentration [Cmax]: 7500 nmol/L; AUC0- 168h: 974 000 h × nmol/L) 
after 4 weeks at 60 mg/kg/week SC in the 4- week study (Table 1). 
ADAs were detected in three animals at ≥20 mg/kg/week in the 4- 
week study, with no apparent effect on exposure (Table 2). In the 13- 
week study, ADAs were detected in most animals with doses ≥1 mg/
kg/week. ADAs affected Mim8 exposure in 4/12 (33.3%), 3/16 
(18.8%), and 5/6 (83.3%) animals in the 6 mg/kg/week SC, 12 mg/kg/
week SC, and 1 mg/kg/week IV groups, respectively. In the 26- week 
toxicity study, approximately half of the animals in all dose groups 
developed ADAs and all animals with ADA had reduced Mim8 ex-
posure (Table 2). A clear effect of the ADAs in the form of reduced 
exposure (Table 1), as well as lack of Mim8 effect in APTT and TGA 
was observed both in the 13- week and the 26- week studies (Table 3).

3.2  |  Tolerability, safety, and 
pathological evaluation

Across all three studies, Mim8 was well tolerated, and no notewor-
thy clinical observations were made during the exposure period. 
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During the post- mortem examinations, no noteworthy macroscopic 
pathological findings were made.

In the 4- week study, the histopathological examination of tis-
sues revealed a minimal, non- occlusive microscopic thrombus in the 
left anterior lung lobe of one monkey administered 20 mg/kg/week 
Mim8 SC (Table 2). This thrombus was not associated with any pa-
thology involving the parenchyma.

At the interim (4- week) sacrifice of the 13- week study, the 
histopathological examination revealed moderate adrenal ne-
crosis in a single animal administered 12 mg/kg/week Mim8 SC 
and minimal microscopic non- occlusive pulmonary thrombi in 
three medium- sized veins of a single animal administered 6 mg/
kg/week Mim8 SC. During the terminal (13- week) sacrifice, a 
minimal microscopic non- occlusive pulmonary thrombus was ob-
served in one animal administered 12 mg/kg/week Mim8 SC and 
moderate necrosis of the axillary lymph node adjacent to the SC 
injection site (draining lymph node) was observed in an animal 
administered 6 mg/kg/week Mim8 SC. The observed minimal mi-
croscopic non- occlusive lung thrombi were not associated with 
inflammatory changes or tissue damage in the surrounding pa-
renchyma of the lung.

No treatment- related findings were observed for animals admin-
istered 12 mg/kg/week Mim8 SC after a 13- week recovery phase, 

and no findings were observed for animals administered Mim8 
1 mg/kg/week Mim8 IV or 0.3 mg/kg/week Mim8 SC.

In the 26- week toxicity study, no pathological findings were 
made. There were no macroscopic or microscopic observations of 
thrombi or other signs of excessive coagulation at dose levels up to 
3 mg/kg/week SC (Table 2).

Local tolerance was assessed in the 13-  and 26- week studies. 
The histopathological findings recorded at the SC injection sites 
after 13 weeks were of similar incidence and severity in treated 
groups and vehicle control. In the 26- week study, the histopatholog-
ical findings at the SC injection sites consisted of mononuclear cell/
mixed inflammatory cell infiltrates, some with edema/hemorrhage in 
13 out of 32 animals. The findings primarily occurred in the animals 
with detected ADAs (9 of 13 animals).

3.3  |  Pharmacodynamic effects (APTT and 
thrombin generation)

In accordance with the Mim8 mode of action, a pharmacody-
namic effect in the form of a shortening of APTT was observed in 
all dose groups across all studies, reaching statistical significance 
compared to controls at 6 mg/kg/week and above in the 13- week 

TA B L E  1  Exposure to Mim8 in cynomolgus monkeys after weekly administration

Study
Dose  
(mg/kg/week)

Administration 
route

Neutralizing ADA 
status (n) Cmax, nmol/La Cmax/doseb

AUC0– 168 h, 
h × nmol/La

AUC0– 168 h/
doseb

4- week 1 SC - -  (2) 150 (11.3) 150 21,700 (9.56) 21,700

4 SC - -  (2) 441 (26.9) 110 68,600 (29.5) 17,200

20 SC - -  (2) 1960 (2.16) 98 276,000 (0.574) 13,800

60 SC - -  (2) 7500 (3.77) 125 974,000 (6.81) 16,200

20 IV - -  (2) 4460 (2.85) 223 480,000 (7.17) 24,000

13- week 0.3 SC - -  (6) 58.2 (15.3) 194 8840 (16.4) 29,500

6 SC - -  (4) 750 (12.1) 125 107,000 (13.9) 17,800

+ (2) 30.5 (119) 5.08 1640 (128) 273

12c SC - -  (7) 2320 (13.5) 193 352,000 (13.3) 29,400

+ (3) 564 (38.6) 47 54,600 (41.5) 4550

1 IV - -  (1) 306 306 37,100 37,100

+ (5) 61.7 (90.9) 61.7 1580 (149) 1580

26- week 0.3 SC - -  (4) 81.6 (30.2) 272 12,700 (33.0) 42,300

+ (4) N/Ad N/Ad N/Ad N/Ad

1 SC - - (5) 241 (13.0) 241 36,500 (10.5) 36,500

+ (3) N/Ad N/Ad N/Ad N/Ad

3 SC - -  (4) 730 (3.53) 243 109,000 (2.04) 36,400

+ (4) N/Ad N/Ad N/Ad N/Ad

Abbreviations: ADA, anti- drug antibodies; AUC, area under the curve; Cmax, maximum plasma concentration; h, hours; IV, intravenous; SC, 
subcutaneous.
aCmax and AUC values are presented as the geometric mean (CV%).
bNormalized to 1 mg/kg.
cIncluding exposure after 13 weeks in the 4 recovery animals dosed for 13 weeks followed by a 13- week recovery phase.
dIn the 26- week study all ADA- positive animals had no exposure to Mim8 at the end of the study.
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study (P < .01 or .001) and at all dose levels in the 26- week study 
(P < .001). There were limited differences between the dose levels, 
except for the time point 3 days after the first dose, where the effect 
on APTT tended to be lower in the low dose group compared to the 
other groups (Table 3; Figure 1A). Consistent with this, APTT was 
shortened compared to predose values in all groups in the 4- week 
study, with no apparent differences between dose levels. In animals 
with ADAs and affected exposure, the APTT returned to pretreat-
ment levels (Table 3).

Ex vivo addition of anti- FVIII antibody to plasma taken from 
monkeys pre- Mim8 dosing rendered it HA- like and resulted 
in very low thrombin generation (Table 3; Figure 1B). A dose- 
dependent increase in thrombin generation was observed in 
HA- like plasma from monkeys dosed with Mim8, reaching sta-
tistical significance compared to predose HA- like controls at 
6 and 12 mg/kg/week SC dosing levels in the 13- week study 
(P < .05 or .001, respectively), and at 1 and 3 mg/kg/week SC 
in the 26- week study (P < .05 or .001, respectively). The level 
of thrombin generation of samples from monkeys dosed with 
Mim8 from week 13 and onward in the 26- week study was 
stable, indicating steady- state exposure (Table 3; Figure 1B). 

Furthermore, thrombin generation approached that of normal 
predose blood in the 3 mg/kg/week dose group (Figure 1B). 
In the 4- week study, the thrombin generation of samples from 
monkeys dosed with Mim8 was numerically higher than pre-
dose levels of HA- like plasma and generally comparable across 
all dose levels up to 60 mg/kg/week. In animals with ADAs and 
affected exposure, the thrombin generation returned to pre-
treatment levels (Table 3).

3.4  |  Biomarkers

Across all studies, no noteworthy changes in platelet counts or fi-
brinogen were observed at any time point (data not shown). In the 
13- week study, a statistically significant prolongation of PT com-
pared to controls was observed at 6 and 12 mg/kg/week (P < .05 
and .001, respectively). Similarly, the PT was numerically longer 
compared to the predose values in the 4- week study at dose levels 
of 20 mg/kg/week or above (Table 4). In the 26- week study, no sig-
nificant changes in PT were observed when testing dose levels went 
up to 3 mg/kg/week (Figure 2A).

TA B L E  2  Overview of toxicology studies with Mim8 in cynomolgus monkeys

Study Dose (mg/kg/week) Administration route na ADAs (neutralizing ADAs)b
Noteworthy adverse 
findings in single animals

4- week 1 SC 2 0/2 (0/2) - 

4 SC 2 0/2 (0/2) - 

20 SC 2 1/2 (0/2) One microscopic pulmonary 
thrombus

60 SC 2 1/2 (0/2) - 

20 IV 2 1/2 (0/2) - 

13- week 0c SC 6 - - 

6c SC 6 5/6 (2/6) Three microscopic 
pulmonary thrombi

12c SC 6 3/6 (0/6) Necrosis adrenal medulla

0 SC 6 - - 

0.3 SC 6 0/6 (0/6) - 

6 SC 6 6/6 (2/6) Necrosis axial lymph node

12 SC 6 4/6 (2/6) One microscopic thrombus

12d SC 4 3/4 (1/4) - 

1e IV 6 5/6 (5/6) - 

26- week 0 SC 8 - - 

0.3 SC 8 4/8 (4/8)

1 SC 8 3/8 (3/8) - 

3 SC 8 4/8 (4/8) - 

Abbreviations: ADAs, anti- drug antibodies; IV, intravenous; SC, subcutaneous.
aEqual numbers of male and female animals were used.
bNeutralizing based on reduced exposure and reduced effect in thrombin generation assay/activated partial thromboplastin time at the end of the study.
cInterim animals sacrificed after 4 weeks of dosing.
dAnimals dosed for 13 weeks followed by a 13- week recovery phase.
eAnimals from IV group dosed for 8 weeks.
[Correction added on March 17, 2022, after first online publication: The heading for Table 2 has been updated.]
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No significant changes in FIX concentrations were observed in 
the 26- week study, testing dose levels up to 3 mg/kg/week, but a 
numerical increase compared to control animals was observed at 
the highest dose level from week 13 onward (Figure 2B). Only when 
testing higher dose levels in the 13- week study, a dose- dependent 
increase in FIX concentrations was observed, reaching statistical sig-
nificance compared to control animals at 12 mg/kg/week (P < .01). 
In the 4- week study testing dose levels up to 60 mg/kg/week, the 
FIX concentrations also tended to be higher than predose levels in 
dosing groups ≥4 mg/kg/week (Table 4).

Plasma concentration of FX tended to increase dose- dependently 
in all three studies, reaching a numerical increase of up to 4.5- fold 
of predose levels at 60 mg/kg/week in the 4- week study, and al-
most 4- fold higher levels compared to control at 12 mg/kg/week 
in the 13- week study (P < .001) (Table 4). Accordingly, statistically 
significant increases in FX were observed at 1 and 3 mg/kg/week 

in the 26- week study (P < .05 and .001, respectively), with average 
concentration of up to 2.4- fold of control levels at 3 mg/kg/week 
(Figure 2C).

TAT and D- dimers (DDM) were measured at predetermined time 
points before and after dose start in all three studies. High inter-  and 
intra- individual variability was observed, and the levels after dos-
ing were generally comparable to the levels in controls and predose 
samples. No trends for increased TAT or DDM concentrations were 
seen in monkeys with observations of minimal microscopic thrombi 
(Figure S2A & B in supporting information).

4  |  DISCUSSION

To support administration of the next- generation FVIIIa mimetic, 
Mim8, in clinical trials, the safety and pharmacodynamics of Mim8 

F I G U R E  1  Activated partial thromboplastin time (APTT) and thrombin peak in cynomolgus monkeys administered 0, 0.3, 1, or 3 mg/
kg/week subcutaneous Mim8 at predose and after 3 days and 13, 20, and 26 weeks exposure to Mim8. A, APTT of plasma from monkeys 
administered Mim8. B, Thrombin generation was measured prior to and after addition of anti– factor VIII (FVIII) antibody to mimic hemophilia 
A- like conditions. In addition, predose samples were analyzed without anti- FVIII antibody. Data from samples positive for anti- drug 
antibodies were omitted. Data are mean ± standard error of the mean (SEM); 4– 8 animals were measured at each time point

(A)

(B)
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were tested in three separate, subsequent nonclinical toxicology 
studies in cynomolgus monkeys; a 4- week DRF study, a 13- week 
toxicity study (with a 4- week interim sacrifice and 13- week recov-
ery), and a 26- week toxicity study.

In all three studies, Mim8 exposure increased approximately 
dose- proportionally. Some variation in the dose- corrected area 
under the curve (AUC) was observed, but there were no systematic 
trends toward non- linearity. However, for the 6 mg/kg/week group 

in the 13- week study, lower than expected exposure was observed 
and the dose- corrected AUC for this group was considerably lower 
at the end of the study than for the other groups in this study. As 
most of the animals in this group had ADAs at the end of the study, 
this could potentially be explained by an impact of the ADA on the 
Mim8 concentration in the plasma at this time point.

Relevant pharmacodynamic effects were seen at all dose levels 
of Mim8 in all studies. Thus, thrombin generation increased at all 

F I G U R E  2  Prothrombin time (PT) and FX and FIX concentrations in cynomolgus monkeys during weekly subcutaneous (SC) Mim8 
administration for 26 weeks. (A) PT, (B) FX concentration, and (C) FIX concentrations in blood from monkeys treated with 0, 0.3, 1, or  
3 mg/kg/week SC Mim8. Data from samples positive for anti- drug antibodies were omitted. Data are mean ± SEM. FIX, factor IX; FX,  
factor X; SEM, standard error of the mean; 4– 8 animals were measured at each time point

(A)

(B)

(C)
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dose levels in plasma from monkeys dosed with Mim8 and made 
hemophilia A- like by ex vivo addition of anti- FVIII antibodies. At 
the highest Mim8 dose used in the 26- week study, the thrombin 
generation approached the thrombin generation of normal blood 
obtained before dosing, indicating a good response with no over- 
normalization of the coagulation system. Furthermore, administra-
tion of Mim8 shortened APTT in plasma at all dose levels, adding 
further proof- of- concept to evidence the effect of Mim8 observed 
in animal bleeding models.12

In safety studies with procoagulant compounds performed in 
normocoagulant animals, high dose levels are used to search for po-
tential adverse findings related to thrombosis. Thus, in the 4-  and 
13- week studies, which tested very high dose levels up to 60 mg/kg/
week of Mim8, leading to plasma concentrations up to 7500 nmo-
l/L, adverse findings, considered potentially related to thrombosis, 
were observed in a small proportion of the animals. These included 
minimal non- occlusive microscopic lung thrombi, as well as necroses 
in the adrenal medulla and the lymph node draining the SC injec-
tion site, seen as sequelae to a previous thrombosis. The reported 
thrombi were only observed in a few animals (1/10 Mim8 dosed 
animals in the 4- week study and 4/40 Mim8 dosed animals in the 
13- week study; overall 16% of animals dosed between 6 and 20 mg/
kg/week, but no thrombi were seen at lower dose levels [≤3 mg/kg/
week]) and only seen during the histopathological examination. The 
lung thrombi were non- occluding and were considered non- adverse 
due to the minimal severity of the microscopic change, the absence 
of occlusion of the blood vessel, the absence of any inflammatory 
changes or tissue damage in the surrounding parenchyma of the 
lung, and the absence of any clinical observations and clinical pa-
thology changes for these animals.

As mentioned, these were expected findings of exaggerated 
pharmacology in animals with a normal coagulation system using 
concentrations of Mim8 that are considerably above the expected 
dosing concentration in patients with HA in the clinical setting 
(plasma exposures ranging from 6– 180 nmol/L are currently being 
investigated in clinical phase I/II trials). The use of monkeys with nor-
mal coagulation systems is according to toxicology guidelines, and 
no well- characterized HA models exist for use in toxicology studies.

The more clinically relevant doses of 0.3, 1, or 3 mg/kg/week 
Mim8 SC were then chosen for the 26- week study, and were well 
tolerated in the cynomolgus monkeys with normal coagulation. The 
no- observed adverse effects level in the 26- week study, based on 
clinical observations and microscopic evaluation, was the highest 
concentration used (3 mg/kg/week), resulting in exposure levels 
around 730 nmol/L, which is several fold higher than the likely clini-
cal exposure. Moreover, there were no noteworthy changes in other 
hematological parameters, for example platelet counts, in any of the 
safety studies.

It should be noted that for molecules like Mim8, a bell- shaped 
dose- response curve would be expected both regarding efficacy 
and safety due to the prozone (or hook) effect. This has been shown 
in vitro for Mim812 and has also been previously described for 
emicizumab.16 The data from the presented toxicity studies are in 

agreement with this, as thrombosis- related findings were seen in a 
few animals at 6, 12, and 20 mg/kg/week SC, whereas no thrombi 
were seen at 60 mg/kg/week SC or 20 mg/kg/week IV, both doses 
leading to considerably higher exposures, and at dose levels of 3 mg/
kg/week SC or lower. A prolongation of PT in animals was observed 
in the 4- week and 13- week studies, employing dose levels at or 
above 6 mg/kg/week SC or IV. This may be an assay artifact caused 
by slight inhibition of FX in the assay due to the high concentra-
tions of Mim8. Similar observations were seen with emicizumab, for 
which authors speculated PT prolongation was due to steric inter-
ference of emicizumab- FX/FXa binding in the assay.17 Furthermore, 
in global assays performed on samples taken from monkeys dosed 
with Mim8, a clear procoagulant effect of Mim8 was observed on 
thrombin generation, indicating that the prolongation of PT is either 
an assay effect (only relevant in the in vitro conditions of the PT as-
says) or that this effect is outweighed by the procoagulant effect of 
Mim8.

In the 26- week study, in which no pathological findings were 
made, the FX concentration was up to 2.4- fold higher at the highest 
Mim8 dose level (3 mg/kg/week SC, with a maximum Mim8 plasma 
exposure of 730 nmol/L) compared to the control level. Mim8 binds 
FX in the second epidermal growth factor and serine protease do-
main not interfering with the active site, and the increase in FX 
levels could be mediated by prolongation of FX half- life through (1) 
protection of FX from scavenger receptors/molecules by steric hin-
drance and/or (2) rescue of internalized FX through FcRn- mediated 
recycling of Mim8. These effects are potentially exaggerated in this 
study, because Mim8 binds cynomolgus monkey FX with approxi-
mately 2- fold higher affinity than human FX. The Mim8 affinity for 
FIX is considerably lower than for FX,12 and congruently, the effect 
of Mim8 on FIX levels is smaller compared to the effect on FX lev-
els. Thus, increases in FIX concentrations were only observed at the 
highest dose levels in the 4-  and 13- week studies, with maximum 
Mim8 plasma concentrations of 4460 and 2320 nmol/L, respec-
tively. Similarly, increases in FIX and FX have been reported in tox-
icity studies with emicizumab.18 The changes in FIX and FX antigen 
levels were observed at Mim8 concentrations several fold higher 
than the expected clinical exposures (the currently ongoing phase 
I/II clinical trial is investigating Mim8 plasma concentrations up to 
180 nmol/L). At exposure levels closer to the expected clinical range 
in the 26- week study, the FIX concentration was comparable to the 
control level, and a less than 30% increase in FX concentration was 
observed.

Previous studies have found that the half- life of Mim8 in cyno-
molgus monkey is approximately 2 weeks, and steady- state expo-
sure is achieved after ~5 half- lives (i.e., 10 weeks).12 APTT, thrombin 
generation, and concentrations of FIX and FX remained stable from 
week 13 onwards in the 26- week study, indicating a steady- state 
concentration of Mim8 was achieved after 13 weeks of dosing.

During the 26- week study, ADAs developed in approximately half 
of the animals, and in 11 of 24 monkeys, these ADAs caused reduc-
tions in exposure and neutralization of pharmacodynamic effects with 
both APTT and thrombin generation reverting toward predose levels. 
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This was anticipated following dosing with a foreign- species antibody 
and is not predictive of immunogenicity in humans. An assessment 
of 27 monoclonal antibodies approved in the EU between 1988 and 
2010 showed that the ADA incidence in non- human primates was high 
(>45%) for approximately 25% (7/27) of the monoclonal antibodies, of 
which 6/7 showed negligible (<2%) or tolerable (<15%) immunogenic-
ity clinically, whereas 11/27 monoclonal antibodies had intermediate 
ADA incidence (6– 45%) in non- human primates, of which all had neg-
ligible or tolerable immunogenicity clinically.19 Furthermore, in non-
clinical studies with emicizumab, 30% of animals dosed for 26 weeks 
developed ADAs.18 Subsequently, the overall neutralizing ADA inci-
dence across the pivotal phase III emicizumab studies was 2.7%.20

Local injection site observations in animals following administra-
tion of Mim8 in this study were considered related to SC dosing of 
Mim8 and were most likely a local immunogenic effect related to ad-
ministration of a species- foreign protein to immunocompetent animals 
as the findings primarily occurred in the animals with detected ADAs.

Taken together, pathological findings at high Mim8 doses in the 
4-  and 13- week studies were considered related to an expected 
exaggerated pharmacological effect. In accordance, all changes in 
pharmacodynamic safety biomarkers were considered related to the 
pharmacological activation of the coagulation system or Mim8’s in-
teraction with coagulation factors. Data show relevant effects on 
thrombin generation and no safety concerns for the weekly subcu-
taneous administration of 0.3, 1, or 3 mg/kg/week Mim8 SC to mon-
keys with normal coagulation systems, which at the highest led to 
exposure levels that were several fold greater than those expected 
to be relevant for patients with HA in the clinical setting. These data 
support further development of Mim8, which is currently being 
tested in a clinical phase I/II trial.
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