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ABSTRACT
An in-house antibody generation campaign identified a diverse, high affinity set of anti-interleukin-11 (IL- 
11) monoclonal antibodies (mAbs) to enable successful development of novel, custom ultra-sensitive 
target engagement assays for detection of “free” (unbound to the dosed anti-IL-11 therapeutic mAb) and 
“total” (free and mAb-IL-11 complexed form) IL-11 in preclinical species and human. Antibody hits from 
distinct epitope communities were screened on various platforms, including enzyme-linked immunosor-
bent assay, Meso Scale Discovery, Simoa HD-1 and Simoa Planar Array (SP-X), and used for assay 
development and sensitivity optimization. The ultra-sensitive SP-X format achieved a lower limit of 
quantitation of 0.006 pg/mL, enabling the first reported baseline levels of IL-11 in healthy control plasma 
determined by custom bioanalytical assays. These newly established baseline levels supported mechan-
istic pharmacokinetic/pharmacodynamic modeling in mouse, cynomolgus monkey, and human for 
a greater understanding of preclinical study design and in vivo dynamic interaction of soluble IL-11 
with an anti-IL-11 antibody therapeutic candidate. Modeling and simulation also helped refine the utility 
of assays with respect to their potential use as target engagement biomarkers in the clinic.

Abbreviations IL-11: Interleukin-11, TE: Target engagement, PK/PD: Pharmacokinetic/pharmacodynamic, 
mAb: Monoclonal antibody, NHP: Non-human primate, IgG: Immunoglobulin G, Cyno: Cynomolgulus 
monkey, GFR: Glomerular filtration rate, BQL: Below quantitation levels, DRM: Disease relevant model, kDa: 
kilodaltons, SPR: Surface plasmon resonance, pSTAT3: phosphorylated STAT3, IL-11R: Interleukin-11 
receptor, TPP: Target product protein, LLOQ: Lower limit of quantitation, RLU: Relative light units
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Introduction

Measuring target engagement (TE) biomarkers following 
administration of monoclonal antibody (mAb) therapeu-
tics is critical to maximize chances of success in preclini-
cal research settings and later in development.1 At the 
preclinical stage, it is important to determine TE in dis-
ease relevant animal models, commonly rodents, to estab-
lish the percent required to translate to desired 
downstream pharmacodynamic (PD) biomarker or efficacy 
readout. It is also critical to measure TE biomarkers in 
non-human primates (NHP) to enable calibration of 
pharmacokinetic (PK) and PD models to establish 
human translation. The human translation can then be 
linked to PK/TE/PD efficacy from the disease relevant 
model, and subsequently inform human efficacious dose 
prediction.2

To enable a complete understanding of TE when 
blocking soluble antigen with an antibody therapeutic, 
the development of bioanalytical assays to measure 
“total” and “free” species are essential in both preclinical 
species and human. Measuring “total” target (free and 

bound to mAb as a complex) determines target accumu-
lation post-drug in a chronic disease setting, while mea-
suring “free” determines remaining active target, which is 
the most biologically relevant in the context of an antag-
onistic antibody therapeutic.3 Each assay type has benefits 
and limitations. For example, “free” may be affected by 
dissociation over assay steps3,4 and can be difficult to 
measure if the target exists in low abundance due to 
assay sensitivity required to measure levels remaining 
post-antibody dose. A “total” assay holds less pharmaco-
logical relevance since levels increase relative to baseline, 
therefore less sensitivity is required, and can serve as 
a qualitative confirmatory TE biomarker if the “free” 
assay does not achieve sufficient sensitivity.5 However, 
developing a “total” assay can be challenging with small 
monomeric targets due to lack of available exposed epi-
topes for binding and steric hindrance of three antibodies 
binding to the target simultaneously (capture and detec-
tion mAbs binding to complexed mAb-target).

The “free” and “total” TE of cytokines are notoriously difficult 
to quantitate because these proteins typically have low abun-
dance at baseline and are small in size.5,6 We identified 
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a potential anti-interleukin-11 (IL-11) humanized immunoglo-
bulin G (IgG) mAb therapeutic candidate, or “anti-IL-11 anti-
body therapeutic”, that antagonizes soluble IL-11 and has 
clinical potential for the treatment of fibrotic diseases.7–9 

Existing literature suggests the IL-11 cytokine exists in very 
low abundance, with reports near or below standard curve 
quantitation range as indicated by protocols in the kits used,10– 

12 which highlights the need for more accurate quantitation in 
human. To our knowledge, custom bioanalytical assay results for 
IL-11 baseline levels of healthy-control preclinical species such 
as mouse or cynomolgus monkey (cyno) have not been reported. 
Commercially available kits used to detect various analytes have 
exhibited low sensitivity,13,14 lack of reproducibility,15,16 or even 
lack of target specificity,17,18 which limit their ability to measure 
the intended analyte. Therefore, we sought to develop custom, 
ultra-sensitive assays using in-house qualified antibody reagents 
and analytical standards to accurately quantitate both “free” and 
“total” IL-11 in preclinical species and human to fill this knowl-
edge gap.

Due to the small size of the soluble IL-11 cytokine (19 kilo-
dalton (kDa), monomer),19 rapid turnover is likely, with clear-
ance values within the human glomerular filtration rate (hGFR) 
in healthy male volunteers administered oprelvekin (Neumega®, 
recombinant marketed therapeutic human IL-11 protein)20 in 
a single dose PK study, and in preclinical species.21 Due to this 
rapid turnover, high accumulation may occur following admin-
istration of an anti-IL-11 mAb therapeutic, which, after binding 
to the IL-11 protein, extends its persistence in the central com-
partment and subsequent tissue space. Therefore “total” com-
plexed levels of IL-11 are expected to rise significantly post-dose.

A mechanistic PK/PD model was built to estimate 
“free” vs. “total” IL-11 levels post an anti-IL-11 therapeu-
tic mAb dose, with initial baselines below quantitation 
levels (BQL) of 31.2 pg/mL, as tested in-house with 
a small subset of healthy control plasma (BioIVT) using 
a commercial human IL-11 kit, following manufacturer’s 
instructions. Preliminary model estimates suggested ultra- 
sensitivity would be required for both “total” and “free” 
assays, particularly for the “free” assay to enable IL-11 
detection in the presence of mAb with the desired TE 
(i.e., >90% blocking from baseline) since baseline levels 
were undetectable. Modeling would also be used to guide 
appropriate dose selection in disease-relevant mouse mod-
els (DRMs) with multiple dosing over a chronic setting, 
but also for single dose design for NHP studies for sub-
sequent human translation.

As shown in Figure 1, we needed a diverse set of anti- 
IL-11 “tool” mAbs targeting different epitopes on IL-11, 
which could be generated via a mouse immunization 
campaign with qualified IL-11 reference proteins, to 
enable custom development of ultra-sensitive “free” and 
“total” assays. For a “free” IL-11 assay, we needed 
a capture antibody with competing epitope to the dosed 
mAb therapeutic to enable a sandwich assay to detect 
unbound IL-11; the mAb-IL-11 complex does not bind 
and is washed away during assay steps. As sensitivity in 
immunoassays is driven primarily by affinity of the cap-
ture reagent,13 the antibody generation campaign was also 
designed to identify differential epitope binders while 
prioritizing those with high affinity. For “total”, two non- 
competing antibodies targeting two distinct epitopes from 
the therapeutic were required to enable the assay. We 
anticipated challenges in generating these antibodies due 
to the possibility of steric hindrances that might occur 
from three 150 kDa antibodies binding simultaneously to 
a 19 kDa protein, even if these were expected to bind to 
different epitopes. Prioritized candidates were to be tested 
in a rigorous assay development screening funnel for 
sensitivity optimization to increase likelihood of success 
in this challenging bioanalytical endeavor.

Figure 1 Alt Text: Cartoon depicting an anti-IL-11 mAb 
capture reagent bound to plate well, binding to IL-11 on the left 
in “free” format which is unbound to dosed anti-IL-11 ther-
apeutic with competing epitopes to the capture anti-IL 
-11 mAb. On the right, the “total” assay format is shown, 
where capture, detection, and therapeutic anti-IL-11 mAbs 
are all bound simultaneously to the IL-11 for detection.

Results

Tool antibody generation and epitope binning

The anti-IL-11 tool antibody generation campaign yielded 124 
hits, of which 96 were confirmed human IL-11 binders with 
various cross-species binding to cyno and/or mouse/murine 
IL-11 by surface plasmon resonance (SPR). These binders were 
also tested for signal inhibition in a phosphorylated STAT3 
(pSTAT3) in vitro functional assay. Functional blockers and 
a subset of nonfunctional binders, prioritized by highest affi-
nity and cross-species binding, were also evaluated due to the 
potential of development of a “total” assay, as lack of down-
stream pSTAT3 functional blocking may suggest binding to an 

Figure 1. Diagram of “free” vs. “total” IL-11 TE assays.
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epitope distinct to one that is required for blocking IL-11/IL-11 
receptor (IL-11 R) interaction.22 Profiling of each group is 
shown in Figure 2.

Figure 2 Alt Text: A graph representing each anti-IL-11 
antibody tool hit as a bubble, sorted by binding affinity, 
KD (M), to human IL-11 on the x-axis and % stimulation 
of pSTAT3 on the y-axis. Three bins are indicated, 
including the highest affinity (< 20 pM) and lowest 
pSTAT3 stimulation (< 20%) (pale pink bin) and non-
functional binders with higher affinities (80 pM to 3 nM) 
(pale yellow bin).

Epitope binning by classic sandwich competition binding 
was conducted on all confirmed binders. Ten epitope bind-
ing communities were identified, suggesting diverse epitope 
coverage by this set of anti-IL-11 tool mAbs compared to 
the anti-IL-11 mAb therapeutic (Group 5 epitope commu-
nity). In each community, the antibodies were prioritized 
based on species cross-reactivity and highest affinity. A total 
of 15 high affinity anti-IL-11 tool mAbs, composed of 8 
communities, were moved forward for their potential to 
enable “free” and “total” IL-11 TE assay development 
screening (Figure 3) and are listed as “Target Product 

Figure 2. Profiling of tool anti-IL-11 antibodies by affinity vs. pSTAT3 functional inhibition.

Figure 3. Epitope binning results of in-house anti-IL-11 tool mAbs clustered into 10 community groups (left) depicted by circles (bi-directional binding) or squares (one 
directional binding) for each individual mAb surrounded in bubbles for each community. Binding affinities to human/cyno/murine IL-11, and pSTAT3 functional 
blocking activities of 15 antibodies chosen for TE assay development are shown in the table (right) along with their color-coded community groups. The final successful 
mAb pair for human/cyno “total” IL-11 is in maroon font, and the pair for “free” is in the light blue font.
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Protein” TPP clone inventory identifiers, grouped by colors 
representing each unique community. Two communities 
(Group 3 and Group 7) were de-prioritized because of 
low or no cyno cross-reactivity.

Figure 3 Alt Text: On the left, epitope binning results of 
in-house anti-IL-11 tool mAbs clustered into 10 community 
groups, depicted by circles or squares for each individual 
mAb surrounded in bubbles for each community. Each 
circle and square is assigned a TPP-number and the final 
antibodies chosen for TE assay development are selected by 
highest affinity from each community group and listed in 
a table on the right. Their binding affinities to human/cyno/ 
murine IL-11, and pSTAT3 functional blocking activities 
are shown in the table, except for TPP-27945. The final 
successful mAb pairs in the assay are in maroon font for 
“total” assay and in light blue font for “free” assay; capture 
mAbs noted with one asterisk are from Group 5 for “total” 
and from Group 4 for “free”, and detection mAbs noted 
with two asterisks are from Group 9 for “total” and from 
Group 8 for “free”.

“Total” and “free” IL-11 TE assay development summary

The 15 in-house identified anti-IL-11 tool mAbs were taken 
through a bioanalytical assay development screening funnel 
(Figure 4), along with a commercially available polyclonal 
goat anti-IL-11 antibody, making 16 total. These assays were 
performed to confirm the SPR results and test all potential 
pairs as capture and detection to optimize for highest sensitiv-
ity. A sandwich-based enzyme-linked immunosorbent assay 
(ELISA) was implemented as the simplest method for initial 

screening all 16 anti-IL-11 tool mAbs, requiring only one 
additional labeling step (biotin) for each mAb as a capture 
reagent. The initial ELISA screen compared all 16 antibodies 
as capture and detection combinations (i.e., 256 potential 
combinations), for binding to an IL-11 in-house protein stan-
dard with and without a pre-incubation of the anti-IL-11 anti-
body therapeutic (100:1 therapeutic mAb to IL-11 molar ratio) 
to form mAb-IL-11 complexes. Signal/background for each 
assay pair to IL-11 alone or complexed mAb-IL-11 were com-
pared, with equal signal suggesting the pair had potential for 
a “total” assay, and pairs with signal reduction with IL-11-mAb 
complex suggesting potential for a “free” assay due to compet-
ing epitopes (supplementary materials, Figure 1, Table 1). In 
total, over 1,536 combinations were screened for binding to 
mouse, human and cyno IL-11 to identify assay pairs. The pairs 
were narrowed down in two ways: 1) by species detected 
(“total” vs. “free”) using the ELISA screening, and 2) the initial 
sensitivity estimate after transferring top pairs (achieving high-
est fold change signal/background) to the Meso Scale 
Discovery (MSD) platform (supplementary material, Figures 
2–3). Once these were narrowed down to the top 2–3 pairs, as 
indicated in Figure 4, they were further evaluated for species 
and sensitivity via assay optimization and standard/quality 
control (QC) evaluation and performance. Antibody pairs 
that were the same for each species (mouse, cyno or human) 
were prioritized when possible to minimize further optimiza-
tion and development.

Figure 4 Alt Text: A flow chart depicting the TE bioanaly-
tical development process, starting at the first ELISA screening 
phase at the top tier, moving down with 12 top assay pairs to 
MSD, verifying the top pairs on MSD with optimization and 
then transferring the assays to qualify and optimize on the 
ultra-sensitive Simoa HD-1 and SP-X platforms at the bottom.

Final MSD TE assay

The final assay pairs identified for human and cyno were cap-
ture TPP-27886 and detection TPP-27957 for the “total” assay 
and capture TPP-27925 and detection TPP-27958 for the “free” 
assay, all originating from unique epitope communities 

Figure 4. Diagram of TE bioanalytical assay development screening funnel.

Table 1. Summary of IL-11 TE assay sensitivity improvement across platforms.

Summary of IL-11 TE Assays – LLOQs (pg/mL)

“Free” ”Total”

Kit MSD HD-1 SP-X MSD HD-1 SP-X

Mouse 156 (Abcam) 10 - 0.006 10 - 1.1
Cyno/Human 31.2 (R&D) 10 0.048 0.006 14 0.78 0.16

e2104153-4 M. MYZITHRAS ET AL.



(Figure 4), highlighting the importance of a diverse set of mAbs 
for successful TE assay development. For mouse, identical cap-
ture pairs were identified as the human/cyno, but use of the 
polyclonal antibody as the detection antibody achieved highest 
assay sensitivity, though other in-house mAbs as detection were 
also successful. These pairs were tested with increasing molar 
amounts of therapeutic anti-IL-11 mAb:IL-11 pre-incubation to 
further confirm measurement of “free” vs. “total” IL-11. Figure 5 
shows signal reduction for “free” pairs as antibody titration is 
increased, as expected due to competing epitopes, and with lack 
of signal inhibition with “total” capture and detection antibodies 
binding separate epitopes than the therapeutic anti-IL-11 mAb. 
The minimum required dilution (MRD) for these assays were 
determined for sample analysis using spike recovery and dilu-
tion linearity in pooled plasma for each species (data not 
shown). All assays were determined to require a MRD of 2 in 
plasma. For human/cyno, a lower limit of quantitation (LLOQ) 
was 10 pg/mL for “free” and 14 pg/mL for “total”; for mouse, the 
LLOQ was 10 pg/mL for both “free” and “total” IL-11. The 
LLOQ was determined by the lowest reliable passing standard 
curve with at least 3 assay runs (within ± 30% accuracy) multi-
plied by MRD. While MSD assay sensitivities are respectable for 
this platform,14 with improved LLOQs compared to commer-
cially available IL-11 detection kits at 31.2 pg/mL for human 
plasma and 156 pg/mL for mouse, they were still not sufficient 
to detect baseline IL-11 in control plasma in any species. 
Therefore, a more sensitive platform was required.

Figure 5 Alt Text: On the left, a bar graph depicts MSD 
relative light unit (RLU) signal reduction on the y-axis for 
“free” pairs as antibody titration is increased up to 10,000:1 

molar ratio therapeutic mAb to mouse, cyno and human IL-11. 
On the right, a bar graph depicts MSD RLU signal on the y-axis 
is unaffected with “total” pairs, shown up to 10,000:1 molar 
ratio therapeutic mAb to mouse, cyno and human IL-11.

Quantitation of human IL-11 using Simoa HD-1

The final MSD assays that achieved the highest sensitivity were 
transferred onto the Quanterix Simoa HD-1 platform to enable 
ultra-sensitivity. This platform is useful for clinical samples 
because it is fully automated and certified 21 CFR Part 11 
compliant, with the potential for high throughput analysis in 
cyno or human clinical samples. However, the high volume 
requirement (>100 µL) precludes the use of preclinical mouse 
samples, which have small volumes, and thus mouse assays 
were not optimized on this platform. Following an assay devel-
opment and optimization strategy, final instrument and assay 
conditions were identified that increased sensitivity compared 
to the MSD. Dilution linearity and spike recovery were con-
ducted in human and cyno plasma and were determined to be 
2. The determined LLOQ (using MRD of 2) was established at 
0.048 pg/mL for the “free” assay and 0.78 pg/mL for the “total” 
human/cyno IL-11 assay, improving the LLOQ >200-fold com-
pared to the MSD platform for the “free” assay. To determine 
whether these assay sensitivities were sufficient, a group of 
random 20 control human plasma samples were run 
(BioIVT) to measure baseline levels, but many were BQL, 
indicating greater sensitivity would be required (supplemen-
tary materials, Figure 4).

Figure 5. MSD assay signal in “free” (a) vs “total” (b) assay setups with pre-incubation of therapeutic mAb:IL-11 to verify assay species measured.

Figure 6. Comparison of IL-11 reference standard curve performance for (a) “free” human/cyno IL-11 assay on MSD, Simoa HD-1 and SP-X, and (b) “free” mouse IL-11 on 
MSD and Simoa SP-X, normalized by signal/background.
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Quantitation of mouse, human and cyno IL-11 using 
Simoa SP-X

The final pairs were transferred to the Quanterix Simoa 
Planar Array (SP-X) platform for further sensitivity 
improvement. Following an assay development and opti-
mization strategy, final instrument and assay conditions 
were identified that increased sensitivity compared to the 
HD-1 platform. Dilution linearity and spike recovery, and 
species verification were conducted in plasma and an 
initial MRD of 2 was established (supplementary materi-
als, Figures 5–6). The determined LLOQ for the “free” 
human/cyno assay on the Simoa SP-X was 0.006 pg/mL, 
an 8-fold improvement over the HD-1 platform and 
1,667-fold improvement over MSD, as shown in 
Figure 6. For simplicity, only “free” human IL-11 stan-
dard curves are shown, but all three species standard 
curves showed the same trends on each platform tested. 
The LLOQ for the human/cyno “total” assay, at 0.16 pg/ 
mL, improved 5-fold compared to the HD-1 and 88-fold 
compared to the MSD. For mouse, the determined LLOQ 
was similar to cyno/human at 0.006 pg/mL for the free 
assay and 1.1 pg/mL for the total assay. Resulting final 
SP-X “free” IL-11 assays enabled measurement of baseline 
levels of IL-11 in a subset of healthy control cyno, mouse 
and human plasma (BioIVT) samples, with mean baseline 
concentrations of 0.61, 0.15 and 0.02 pg/mL (Figure 7), 
respectively.

Figure 6 Alt Text: A graph on the left comparing human IL- 
11 reference standard curve performance for “free” IL-11 assay 
on MSD, Simoa HD-1 and SP-X, as shown, normalized by 
signal/background on y-axis and concentration in pg/mL on 
the x-axis. A graph on the right comparing mouse IL-11 refer-
ence standard curve performance for “free” IL-11 assay on 
MSD and SP-X, as shown, normalized by signal/background 
on y-axis and concentration in pg/mL on the x-axis. The SP-X 
signal/background at 1.5 achieves the lowest standard curve 
point at 0.003 pg/mL and is the most sensitive assay.

Figure 7 Alt Text: A graph depicting individual baseline 
levels of IL-11 in three groups of healthy control cyno, mouse 
and human plasma (BioIVT) samples, with mean baseline 
concentrations of 0.61, 0.15 and 0.02 pg/mL, respectively, all 
above the SP-X LLOQ shown as a dotted line at 0.006 pg/mL.

PK/PD model simulations

We conducted PK/PD mechanistic model simulations 
(Figure 8) that incorporated newly established baseline 
levels of IL-11 for each species and compared TE follow-
ing administration of a humanized anti-IL-11 mAb ther-
apeutic with SP-X assay LLOQs. Antibody specific 
parameters (Table 2, Materials and Methods section) 
were derived from a subset of typical mAbs targeting 
low level soluble antigens (i.e., absence of any potential 
target-mediated drug disposition) in each respective spe-
cies. Antibody elimination (k10) was assumed to reflect 

Figure 7. Baseline IL-11 concentrations in plasma controls in preclinical species and healthy human.

Figure 8. Diagram of PK/PD model.
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that of a typical humanized IgG administered in mouse, 
cyno and human23,24 and assumed to occur in the central 
compartment only. Target degradation (kdeg) was approxi-
mately the GFR (glomerular filtration rate) for each 
respective species based on reported human clearance 
(CL) values of recombinant IL-11 therapeutic protein 
Neumega®, following dosing in healthy human 
volunteers,20 and cyno,21 and assumed for mouse due to 
19k Da molecular weight. The synthesis rate (ksyn) was 
calculated by multiplying IL-11 CL by baseline levels as 
measured experimentally. Complex elimination (k20) was 
assumed to be equal to that of mAb in absence of other 
data. The subcutaneous (SC) bioavailability fraction (F) 
and absorption rate (ka) constant were referenced from 
literature as the mean value of several marketed mAb 
therapeutics in each species.23,25

Table 2. PK/PD Model Parameters

Parameter(unit) Mouse(0.025 kg) Cyno(2.5 kg) Human(70 kg) Reference

V (L) 0.00128168 0.1 3.0 23,24

k10 (1/h) 0.0055 0.0052 0.002868
k12 (1/h) 0.086 0.026 0.008896
k21 (1/h) 0.063 0.030 0.011035
ka (1/h) 0.152 0.016 0.016 23,25

F (%) 70 70 70 23,25

ksyn (nmol/h) 2.0399E-07 0.00000762 4.925E-06 20,21

kdeg (1/h) 10.6 3.8 3.1 20,21,26

kon (nM*h) 3.6 3.6 3.6 27

koff (1/h) 1.8 1.8 1.8
KD (pM) 500 500 500
k20 (1/h) 0.0055 0.0052 0.002868 28

Figure 9. Mouse PK/PD Model Simulations for “free” IL-11 in plasma following twice weekly increasing IP doses in mouse with a humanized IgG anti-IL-11 antibody 
therapeutic vs LLOQs.

Figure 10. Cyno PK/PD model simulations in plasma following single 1.5 mg/kg subcutaneous dose in cyno with a humanized IgG anti-IL-11 antibody therapeutic with 
(a) mAb and IL-11 concentrations and (b) estimated “free” and “total” IL-11 vs SP-X assay LLOQs.

Figure 11. Human PK/PD model simulations in plasma following single 1.5 mg/kg subcutaneous dose in human with a humanized IgG anti-IL-11 antibody therapeutic 
with (a) mAb and IL-11 concentrations and (b) estimated “free” and “total” IL-11 vs SP-X assay LLOQs.
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Figure 8 Alt Text: A diagram of PK/PD model structure, 
with each entity in the model represented in a circle and 
transfers and binding in arrows, including mAb distribution 
to and from the tissue space, absorption binding to IL-11 to 
mAb-IL-11 complex in a reversible manner with kon and koff.

Multi-dose simulations were conducted using the mouse- 
specific PK/PD model to enable chronic mouse pharmacology 
studies, with dosing twice weekly intraperitoneally (IP) with 
1 mg/kg of a humanized anti-IL-11 therapeutic antibody and 
are shown in Figure 9. Predicted antibody, “total” and “free” 
concentrations are shown in pg/mL, as compared to baseline 
levels in mouse of 0.15 pg/mL. Following 1 mg/kg twice weekly 
IP administration, “total” IL-11 accumulates above baseline, as 
expected, above the LLOQ of the mouse SP-X assay, with “free” 
IL-11 reduced (blocked) below baseline, with levels above the 
LLOQ to enable TE and link to PD and efficacy readouts.

Single dose simulations were conducted using the cyno- 
specific PK/PD model to enable preclinical PK/TE studies in 
cyno monkey. A single dose of 1.5 mg/kg was administered SC, 
and predicted antibody, “total” and “free” IL-11 predicted 
concentrations are shown in Figure 10. Baseline levels of IL- 
11 are at a mean of 0.6 pg/mL in a subset of monkeys, and the 
modeling and simulation shows “total” IL-11 accumulation to 
confirm TE and the enablement of “free” IL-11 measurement 
below baseline, well above the LLOQ of the SP-X assay. This 
confirmation demonstrates assay LLOQ enables TE measure-
ment in planned cyno studies.

Single dose simulations were conducted using the human 
PK/PD model to estimate “free” and “total” IL-11 levels follow-
ing a single 1.5 mg/kg dose administered SC in healthy volun-
teers and are shown in Figure 11. This typical SC dose was 
selected based on average solubility for mAbs at roughly 
100 mg/mL29 and a 70 kg patient. Following a single dose of 
an IL-11 antibody therapeutic, using baseline levels of 0.01 pg/ 
mL as determined in-house, “free” IL-11 is predicted to drop 
briefly below the SP-X LLOQ at mAb exposure peak, and rise 
within the LLOQ for the remainder of the timecourse. The 
“total” IL-11 accumulates above baseline, as expected, and is 
within the quantitation range of the SP-X for the duration of 
the timecourse, as to confirm TE as a surrogate biomarker 
should “free” levels drop BQL.

Figure 9 Alt Text: A line graph representing mouse PK/PD 
model simulations with “free” IL-11 concentrations in pg/mL 
on the y-axis vs. time in hours on the x-axis with 1, 3 and 
10 mg/kg twice weekly IP doses, showing TE increases relative 
to IL-11 baseline and approaches assay LLOQ depicted in 
a dotted line at 0.006 pg/mL.

Figure 10 Alt Text: A line graph on the left representing 
cyno PK/PD model simulations following a single 1.5 mg/ 
kg SC dose with antibody, “free” and “total” IL-11 concen-
trations in pg/mL on the y-axis vs. time in hours on the 
x-axis with baseline levels of IL-11 are at a mean of 0.6 pg/ 
mL shown in a dotted line. On the right, a line graph 
representing the same simulation showing “total” IL-11 
accumulation to confirm TE and the enablement of “free” 
IL-11 measurement below baseline, both measurements well 
above the LLOQs of SP-X assays depicted as dotted lines at 
0.006 and 0.16 pg/mL, respectively.

Figure 11 Alt Text: A line graph on the left representing 
human PK/PD model simulations following a single 1.5 mg/kg 
SC dose with antibody, “free” and “total” IL-11 concentrations 
in pg/mL on the y-axis vs. time in hours on the x-axis with 
baseline levels of IL-11 are at a mean of 0.02 pg/mL, depicted in 
a dotted line. On the right, a line graph representing the same 
simulation showing “total” IL-11 accumulation to confirm TE 
and the enablement of “free” IL-11 measurement below base-
line, both measurements above the LLOQs of SP-X assays 
depicted as dotted lines at 0.006 and 0.16 pg/mL, respectively. 
The “free” IL-11 drops briefly below the LLOQ, but “total” IL- 
11 remains above LLOQ.

Discussion

An in-house antibody generation campaign identified a diverse 
set of high-affinity tool anti-IL-11 mAbs to enable successful 
development of custom ultra-sensitive target engagement bio-
marker assays for detection of “free” and “total” IL-11 post 
anti-IL-11 therapeutic dose, in preclinical species and human. 
A variety of technologies were evaluated for assay develop-
ment, with the SP-X platform achieving ultra-sensitivity with 
an LLOQ of 0.006 pg/mL in plasma samples. These assays were 
used to measure IL-11 levels in mouse, cyno and human, 
enabling mechanistic PK/PD modeling and a greater under-
standing of the potential in vivo dynamic interactions of solu-
ble IL-11 with an anti-IL-11 antibody therapeutic.

The TE tool antibody reagent identification, binning and 
screening strategy that was successfully implemented is broadly 
applicable with in-house generated antibodies against any soluble 
monomeric target to increase chances of successfully developing 
custom assays while also increasing sensitivity when required. The 
final ultra-sensitive SP-X assays achieved a sensitivity improve-
ment >5,000-fold compared to commercially available human and 
mouse IL-11 kits. Table 1 includes a summary LLOQs achieved by 
various TE assays on each platform compared to kits that detect at 
a minimum “free” IL-11 but have not been qualified for the ability 
to detect IL-11 following therapeutic mAb administration (i.e., 
“free” vs. “total”). All assays showed similar fold improvements 
with mouse and cyno/human in each respective platform. 
Although the MSD assay was not sensitive enough for baseline 
control IL-11 levels, it could potentially be used in other mechan-
istic in vivo or in vitro systems that upregulate IL-11 well above 
baseline levels. Many labs have access to an MSD platform, as it 
widely used across the scientific community with easily transfer-
able methods. In addition to sensitivity improvement, the SP-X 
platform also provides the advantage of enabling mouse sample 
analysis with minimal volume requirement of 50 µL of diluted 
sample. Preliminary optimization of protocols suggests similar 
performance at sample volumes of 30–50 µL, further enabling 
measurement of multiple endpoints (i.e., antibody, “total” and 
“free” IL-11) in a single mouse plasma sample with limited 
volume,30 to maximize data output while reducing the use of 
satellite animals in a disease relevant model. For this reason, we 
believe the SP-X is an important tool for the analysis of samples 
from preclinical mouse pharmacology models, especially when 
designing and using repeat dosing and sampling for enabling time- 
resolved PK and TE measurements.
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We leveraged PK/PD modeling and simulation for the ability to 
measure TE in humans and potential use as a biomarker. 
Following a typical single SC dose of 1.5 mg/kg of an IL-11 anti-
body therapeutic, modeling suggests SP-X assay sensitivity may 
enable detection of “free” IL-11 and supplement with “total” IL-11 
for timepoints that drop below LLOQ to support potential TE 
biomarkers and single rising dose Ph1 trials in healthy volunteers. 
Although qualification of a TE biomarker requires measurement 
of baseline in almost 100% of patients, should “free” IL-11 drop 
below LLOQ, all “total” IL-11 measurements are predicted to be 
within the assay quantitation range to supplement TE as 
a surrogate biomarker post mAb dose, until “free” levels rise 
back into detectable concentrations at trough concentrations 
of mAb.

The PK/PD modeling as shown focuses on a small subset of 
healthy volunteers and control preclinical species, but, in the 
context of disease literature, reports suggest elevated levels of 
IL-11.19,31 For this reason, a larger panel of healthy and disease 
patient plasma is required to establish the target-to-disease link 
for anti-IL-11 therapeutics in multiple fibrotic diseases, with 
assay qualification in corresponding plasma to enable use in 
clinical samples. This assay qualification, development and 
optimization is ongoing on the SP-X with diseased plasma to 
refine the current assays and define assay LLOQ and MRDs for 
use in additional samples and further clinical potential. 
Pending measurement of elevated IL-11 in diseases as hypothe-
sized, detecting TE in patients is likely to be successful since 
ultra-sensitive assays can already measure baseline levels in 
healthy controls. Pending completion of this ongoing assay 
refinement, disease levels in larger cohorts of patients from 
multiple external collaborations will be measured and used to 
subsequently refine the PK/PD model.

Additional outstanding activities include conducting single 
dose preclinical PK studies with the anti-IL-11 therapeutic anti-
body to generate experimental data and calibrate PK/PD models 
for future translation to human to reduce the number of assump-
tions. Antibody-specific parameters will need to be fitted and 
estimated by the model, as well as the complex elimination para-
meter, which is currently assumed to be equal to that of mAb.

Overall, we have shown the applicability of well- 
characterized TE biomarker assays with potential measure IL- 
11 in disease-relevant models to support the PK/TE/PD link to 
efficacy, single dose cyno PK studies for human model transla-
tion, and to enable the determination of human efficacious dose 
and clinical potential of an anti-IL-11 antibody therapeutic.

Materials and methods

IL-11 protein production and quality control

Human, cyno (94.47% identity with human), and mouse IL-11 
(87.94% identity with human) connected to a C-terminal 6xHis- 
tag was transiently expressed in HEK293F cells UniProt Accession 
Number: P20809, P20808, and P47873, respectively. Recombinant 
proteins secreted in cell culture media were purified with nickel- 
affinity chromatography, followed by gel-filtration chromatogra-
phy. Sequences were confirmed by mass spectrometry. The pro-
tein was found to be in >99% monomer by sedimentation velocity 
analytical ultracentrifugation.

Tool antibody generation

NZB/W mice were immunized via SC administration of com-
binations of recombinant human, cyno and mouse IL-11 pro-
teins once per week following standard laboratory 
immunization protocols. All animal work followed the ethical 
standards of the Declaration of Helsinki. Immune sera were 
collected on weeks 6 and 10 and analyzed for antigen-specific 
IgG antibody titers by ELISA methods. A subset of mice dis-
playing strong antibody response against all three antigens 
were used for spleen harvest on week 12. Antigen-specific 
IgG1

+ memory B-cells were collected by single cell sorting. 
Paired VH/VL antibody genes of single B-cells were recovered 
by reverse transcription, PCRs and Sanger sequencing using 
appropriate primers for heavy and light chains. Recombinant 
antibodies were synthesized, expressed, and purified using 
Protein A beads. A diverse set of antibodies against IL-11 
were identified by extensive and stringent screening of binding 
to human, cyno and mouse recombinant IL-11 proteins.

Surface plasmon resonance binding studies

The SPR experiments were performed using a Biacore 8 K+ 
(Cytiva) equipped with a CM5 sensor chip. Protein A/G (10 µg/ 
mL in 10 mM sodium acetate, pH 4.5) was amine coupled to 
the surface by first activating the carboxylated methyl surface 
with a 1:1 mixture of 0.1 M N-hydroxysuccinimide (NHS) and 
0.1 M 3-(N,N-dimethylamino) propyl-N-ethylcarbodiimide 
(EDC) at a flow rate of 10 µL/min. The surface channels were 
blocked with a 7 min injection of 1 M ethanolamine, pH 8.0. To 
collect kinetic binding data, anti-IL-11 antibodies (1 µg/mL) 
were captured on the Protein A/G surface for 60 sec with a flow 
rate of 10 µL/min. The analyte, recombinant IL-11 (19 kDa) in 
10 mM HEPES, 150 mM NaCl, 0.01% P20, pH 7.4, was injected 
at concentrations of 10, 5, 2.5, 1.25 and 0.625 nM at a flow rate 
of 30 µL/min and at a temperature of 25°C. The association and 
dissociation were both 300 sec. The surfaces were regenerated 
with a 30 sec injection of 0.85% phosphoric acid at 100 µL/min. 
The analyte interaction with sensor surface (reference) and 
buffer blank (0 nM analyte) were subtracted from the raw 
data. Sensorgrams were then fit globally to 1:1 Langmuir bind-
ing to provide on-rate (ka), off-rate (kd), and dissociation con-
stant (KD) values.

Epitope binning

The epitope binning experiment was performed on 
a Carterra® LSA™ instrument following manufacturer’s 
application notes. Specifically, anti-IL-11 antibodies in 
10 mM sodium acetate (pH 4.5) were amine coupled to 
an activated CMD200M chip surface in 96-well array. 
A classical epitope binning method (sandwich format) com-
prising the following steps was used: Antigen binding of 
100 nM recombinant IL-11 (5 min); Analyte binding of 
the second mAb, approximately 15 µg/mL in HBS-EP buf-
fer (5 min); Dissociation (1 min); Regeneration (2x30 sec) 
and Stabilization (1 min). The data were analyzed to gen-
erate epitope communities in Carterra’s Epitope software.
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pSTAT3 functional inhibition

HTB183 cells (ATCC NCI-H661, large cell lung carcinoma) 
were plated in full medium (Gibco: RPMI 1640, cat#11875-093, 
10% fetal bovine serum (FBS) cat#A31004-0, 1:100 GlutaMax- 
I, cat#35050-061, Penicillin Streptomycin cat#35015140-122) 
into 96-well CellBind plates at 150 mL/well (10,000 cells/well) 
and incubated 2 hours at 37°C with 5% CO2 in complete 
growth medium. After 2 hours, medium was removed and 
replaced with 150 mL/well of fresh medium and incubated 
overnight at 37°C with 5% CO2. The next day medium was 
removed, cells washed with starve medium, and replaced with 
150 mL/well of fresh starvation medium (no FBS) and incu-
bated overnight at 37°C with 5% CO2. In-house anti-IL-11 
antibodies were serially diluted 1:3 in a 10-point dose curve 
in 50 ng/mL in-house human IL-11, 1% FBS from 10 mg/mL 
(66.5 nM) to 500 pg/mL (3.38 pM) with controls and incubated 
at 37°C for 40 min. Starve medium was removed and 150 mL of 
antibody/IL-11 dilutions were added to cells for 25 min, med-
ium removed and cells lysed in 50 mL cold kit-provided lysis 
buffer and stored at −80°C. An ERK-STAT3 Cascade Assay 
(MSD, Whole Cell Lysate Kit cat#K15116D-2) was performed 
according to manufacturer’s instructions using thawed lysate at 
50 µL/well during sample addition step. Plate was read on MSD 
QuickPlex 120 Imager to determine the electro- 
chemiluminescent signal. Percent inhibition of pSTAT3 by 
IL-11 stimulation was then determined for each antibody.

Antibody reagent labeling for use in various bioanalytical 
assays

Biotinylation was performed for all mAbs for a primary ELISA 
screen and secondary MSD assay using a no-weigh EZ-Link 
Sulfo-NHS-LC-Biotin kit (Pierce Thermo Scientific 
cat#A39257) using a 1:10 antibody-to-biotin challenge ratio 
and incubated for one hour at room temperature (RT) with 
shaking (600 rpm). The resulting biotinylated antibodies were 
desalted using a 0.5 mL Zeba 7 K MWCO spin column 
(Thermo Scientific, cat#PI89883), following manufacturer’s 
instructions.

Antibodies used for MSD assays were labeled with 
a Sulfo-Tag NHS-Ester (MSD, cat#R91AO-1) using 
a 1:12 antibody to sulfo challenge ratio and incubated at 
one hour RT with shaking (600 rpm). The resulting sulfo- 
tagged antibodies were desalted using a 0.5 mL Zeba 40 K 
MWCO spin column, following manufacturer’s 
instructions.

For the Simoa HD-1 instrument, a ‘homebrew’ starter kit 
was used to implement custom assay development and reagent 
labeling (Quanterix, cat#101351), containing all necessary con-
sumables and reagents. Detection antibodies were biotinylated 
at a 1.0 mg/mL concentration at 40X ratio of NHS-PEG Biotin 
and buffer exchanged into Quanterix proprietary buffers fol-
lowing the manufacturer’s recommendations. The capture 
antibodies were conjugated to paramagnetic beads at 0.5 mg/ 
mL with 0.5 mg/mL EDC for bead activation (RT) and for the 
total assay using 0.2 mg/mL capture antibody and 0.1 mg/mL 
EDC (4°C). The beads were prepared, blocked, conjugated and 
washed using proprietary wash and re-suspension buffers 

following the specific protocol provided by Quanterix. Bead 
count and aggregation were verified >80% monomeric for use 
in the assays.

For the SP-X assay, a ‘homebrew’ starter kit was used 
to implement custom assay development and reagent 
labeling, following manufacturer’s protocols (Quanterix, 
cat#100-0461). Capture and detection antibodies were 
buffer exchanged into Quanterix conjugation buffer, with 
capture mAbs conjugated to a Quanterix proprietary pep-
tide label and detection mAbs biotinylated with a PEG- 
Biotin. Following incubation, excess label and biotin were 
buffer exchanged and final mAbs diluted to 0.25 mg/mL 
in Diluent A for assay use.

ELISA kit testing

An R&D Systems Quantikine ELISA kit (cat#D1100) was used 
to measure baseline levels of IL-11 in human control plasma, 
following manufacturer’s instructions and recommended 
2-fold plasma sample dilution, with baseline levels BQL of 
31.2 pg/mL. An Abcam ELISA kit (cat#ab215084) was used 
to measure baseline levels of IL-11 in mouse control plasma, 
following manufacturer’s instructions and recommended 
2-fold plasma sample dilution, with baseline levels BQL of 
156 pg/mL.

ELISA for primary antibody screen

A sandwich-based ELISA method was implemented as a first 
screening tool for all identified antibody capture and detection 
pairs since it reduces additional labeling steps with biotinylated 
antibodies as capture using the 15 in-house identified anti-IL 
-11 tool mAbs with the commercially available polyclonal goat 
anti-IL-11 antibody (R&D systems, mouse: cat#AF-418-NA or 
cyno/human: cat#AF-218-NA). Nunc Maxisorp 96-well plates 
(Thermo Fisher cat#439454) were coated with 50 µL/well of 
each unlabeled capture antibody at 2 µg/mL, diluted in 1X 
phosphate-buffered saline (PBS) and placed at 4°C overnight. 
Each capture antibody was added in one column to enable 
screening each capture against each detection antibody, 
added later across each row (checker box method, i.e., 96 
total potential combinations on one plate, (supplementary 
materials, Figure 1, Table 1), conducted in duplicate plates, to 
mirror the same setup to test for “total” or “free” species 
detected. The next day the plates were washed three times 
with 300 µL/well wash buffer (1X PBS with 0.05% Tween 20), 
patted dry and blocked with 150 µL blocking/binding buffer 
(5% bovine serum albumin (BSA) with 0.05% Tween 20) for 
one hour at RT, shaking (300 rpm). During this blocking step, 
a one-hour pre-incubation of mouse, cyno or human in-house 
recombinant IL-11 reference protein and the anti-IL-11 anti-
body therapeutic candidate were prepared at a 100:1 mAb:IL- 
11 molar ratio, to create complexed form for the “total” assay 
screen. The plates were washed three times and 50 µL/well of 
IL-11 were added to one plate (diluted in binding buffer) for 
the “free” assay and 50 µL/well of the pre-incubated therapeutic 
mAb-IL-11 complex mixture for the “total” assay were added 
to the other, for one hour at RT, with shaking (300 rpm). The 
plates were washed and 50 µL/well of each biotinylated 
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secondary anti-IL-11 antibody at 2 µg/mL (diluted in binding 
buffer) were added to each row and incubated for one hour at 
RT, shaking (300 rpm). Plates were washed and 100 µL/well of 
streptavidin-horseradish peroxidase (HRP) detection reagent 
(Southern Biotech, cat#7105-05) was added at a 1:4000 dilution 
(in binding buffer), and incubated at RT for one hour, with 
shaking (300 rpm). Plates were washed three times and 100 µL/ 
well of tetramethyl benzidine (TMB) substrate solution was 
added for approximately 3–5 min, with gentle shaking. The 
reaction was stopped with 50 µL/well 1 M H2SO4 and the 
optical density (OD) was measured using a SpectraMax M3 
microplate reader at 450 and 650 nm dual wavelength. Raw 
absorbance for each antibody pair combination was divided by 
background to get a signal/background ratio for comparison.

MSD

MSD 96-well small spot streptavidin gold plates (MSD, 
cat#L45SA) were coated with 50 µL/well biotinylated cap-
ture antibody at 2 µg/mL diluted in 1X PBS and placed at 
4°C overnight. The next day the plates were washed three 
times with 300 uL/well wash buffer (1X PBS with 0.05% 
Tween 20) and 150 µL/well blocking/binding buffer (5% 
BSA with 0.05% Tween 20) was added and incubated for 
one hour RT, shaking at 500 rpm. Plates were washed 
three times, and 25 µL/well of IL-11 standards and QCs 
and samples were added to the plate (diluted in binding 
buffer) and incubated for one hour RT, with shaking at 
500 rpm. The plates were washed ant 50 µL/well each 
sulfo-tagged detection antibody at 2 µg/mL was added to 
the plate, sealed with a light-blocking cover, and incu-
bated for one hour RT, with shaking at 500 rpm. After 
incubation, the plates were washed three times and 
150 µL of 2X Read Buffer T (MSD cat#R92TC, 4X stock 
diluted 2X in H2O) was added to each well and read 
immediately on the MSD QuickPlex 120 Imager using 
an electrochemiluminescent (ECL) signal. QC and 
unknown sample concentrations were back-calculated 
using standard curves fitted to a log-log four-parameter 
logistics equation using MSD Discovery Workbench soft-
ware v4.

Simoa HD-1

Custom “homebrew” HD-1 assays use all reagents sourced 
from their Homebrew kit (unless noted) and use a bead 
reaction concentration of 2.0E+07 beads/mL, by diluting 
the stock concentration into Bead Diluent (Quanterix). 
Standards, QCs, and samples were diluted in Casein buf-
fer (Thermo Fisher, cat#37532) and added to 96-well non- 
binding plates at 180 µL/well for singlicate and 300 µL/ 
well for replicates. Biotinylated detection antibodies are 
added at 0.7 µg/mL in Detection Diluent (Quanterix). 
Reagents were prepared into proprietary bottles, loaded 
into the instrument reagent bay, including a preparation 
of 100 pM Streptavidin B-galactosidase reporter enzyme 

(SBG, Quanterix), with resorufin-B-D-galactopyranoside 
substrate (RGP, Quanterix). The instrument is fully auto-
mated, and sample incubations, washes and detection 
steps are performed on the instrument, with consumables 
(CDs, pipette tips, cuvettes), loaded before a run. Assays 
use a three-step protocol (35–5 step timing) by adding 
beads with sample in step one, detection in step two and 
SBG in step three with incubations and washing in 
between, with each sample reaction contained in an indi-
vidual disposable cuvette. After a final bead wash, the 
reaction is re-suspended in RGP and transferred to femto- 
liter sized microarrays on a CD (Quanterix). After sealing 
with mineral oil, a dual detection method is initiated, 
which uses time-lapsed fluorescence at multiple wave-
lengths combined with a digital image of the wells, to 
report final signal as average enzymes per bead (AEB). 
QC and unknown sample concentrations were back- 
calculated by plotting standard curve concentrations ver-
sus AEB in a log-log five-parameter curve fit with 1/y2 

weighting using Simoa HD-1 Analyzer data reduction 
software.

Simoa SP-X

Custom “homebrew” SP-X (Simoa Planar Array 
Technology) assays use all reagents as sourced in their 
Homebrew kit, with Quanterix pre-coated plates with an 
antibody (high density, circular spotted coating) with high 
specificity for the Quanterix proprietary peptide. The 
plate is washed using the Quanterix Microplate Washer 
and SP-X Wash 2.0 program. Following washing, plates 
were patted dry and 1 µg/mL capture antibody conjugated 
to the proprietary peptide (Quanterix) diluted in Diluent 
A (Quanterix), were added for 30 min on a SP-X plate 
with microclime lid (filled with H2O), at 50 µL/well, 
shaking at 500 rpm RT on the Quanterix plate incubator. 
Plates were washed, patted dry, and 50 µL of each rIL-11 
analytical reference standards, QCs, and samples, diluted 
in Diluent A, were added to the plate. The plates were 
incubated for 2 hours shaking at 500 rpm RT. Plates were 
washed, patted dry, and 50 µL/well biotinylated detection 
antibody, diluted to 1 µg/mL in Diluent A were added to 
the plate and incubated for 30 min shaking at 500 rpm 
RT. The plates were washed and 50 µL of Streptavidin- 
HRP conjugate (Quanterix) was added to the plate and 
incubated for 30 min RT, shaking at 500 rpm. The plates 
were washed using the post-HRP conjugate custom wash 
program (Quanterix), which utilizes extra steps to remove 
residual HRP to reduce background signal. After patting 
dry, 50 µL/well of SuperSignal substrate (1:1 mix prepared 
of Stable Peroxide and SuperSignal Luminol Enhancer, 
both supplied by Quanterix) is added to the plates and 
read on the SP-X Imager immediately, at both short (~20 
s) and long (~200 s) exposures to maximize detection and 
sensitivity using combined chemiluminescent signal and 
high precision CCD camera imaging technology. QC and 
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unknown sample concentrations were back-calculated by 
plotting standard curve concentrations versus signal in 
a log-log five-parameter curve fit using SP-X analysis 
software.

PK/PD model structure

A mechanistic PK/PD model (Phoenix 64 WinNonLin 
v8.2), as shown previously in Figure 8, was implemented 
to demonstrate the dynamic interaction between an anti- 
IL-11 antibody therapeutic and soluble IL-11 in the cen-
tral compartment, using target binding kinetics. Antibody 
concentration in plasma (A2) distributes to tissue space 
(A3) and returns, as denoted by first-order rate micro-
constants k12 and k21, respectively, and is assumed to be 
eliminated from the central compartment via first order 
rate microconstant k10. Antibody binds to soluble IL-11 
(A4) with association rate kon to form antibody-IL-11 
complex (A5), which is either dissociated via koff through 
reversible binding or is degraded with first order micro-
constant k20. Soluble IL-11 concentrations (A4) in the 
central compartment are synthesized with zero-order 
rate constant ksyn and assumed to be eliminated in the 
same compartment via first order rate constant kdeg. 
V represents the volume of central compartment. 
Antibody concentration (A1) is administered via SC injec-
tion and a fraction (F) is absorbed into the central com-
partment following absorption first-order rate constant ka. 
The following differential equations were used to describe 
this model with corresponding parameters as listed in 
Table 2.

Differential equations used to describe PK/PD model:

½dA1=dt ¼ � ka
�A1 

dA2=dt ¼ka
�A1� k10þk12ð Þ

�A2þk21�A3� kon

�A2=V � A4þkoff�A5 

dA3=dt ¼k12
�A2� k21

�A3 

dA4=dt ¼ksyn� kdeg
�A4� kon

�A2=V�A4þkoff
�A5 

dA5=dt ¼kon
�A2=V � A4� k20þkoffð Þ

�A5 
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