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Supplementary Materials: 

Supplementary Method 1. Detailed Description of the QSP Model 

 

CD8+ T-cell dynamics 

In the model, the total population of CD8+ T-cells consists of three subpopulations: 1) resting T-

cells, which can be thought of as the entire population of CD8+ T-cells at homeostasis in the 

absence of the drug; this population can be activated upon exposure to mosunetuzumab or 

blinatumomab in the presence of the target cells; 2) activated T-cells, which are cells that have 

been activated by mosunetuzumab, express CD69, undergo proliferation and can kill the target 

cells; and 3) post-activated, de-activated, or exhausted T-cells, which are cells that are in 

transition from the active state to a resting state or death; these T-cells no longer express CD69, 

cannot proliferate, secrete cytokine, or kill target cells and unless they are re-activated, will 

either die or revert to resting cells. Note that the subpopulation of post-activated T-cells is 

included in the model in order to reproduce the observed T-cell data in our preclinical studies. 

The following equations govern the dynamics of T-cell sub-populations in the model. 

Dynamics of resting CD8+ T-cells in peripheral blood: 

𝑑𝑇$%&

𝑑𝑡 = Gen − Apop − Act	(𝑇$%& ↔ 𝑇5%&) + Deact(𝑇5:%& → 𝑇$%&)	

												−Traffic	to	SP(𝑇$%& ↔ 𝑇$B%) − Traffic	to	LNs(𝑇$%& ↔ 𝑇$FG)	

												−Traffic	to	BM(𝑇$%& ↔ 𝑇$&J) − Traffic	to	Tumor(𝑇$%& ↔ 𝑇$MNOP$), 
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Dynamics of activated CD8+ T-cells in peripheral blood: 

𝑑𝑇5%&

𝑑𝑡 = Act	(𝑇$%& ↔ 𝑇5%&) + Act	(𝑇5:%& ↔ 𝑇5%&) − Apop	

												−Traffic	to	SP(𝑇5%& ↔ 𝑇5B%) − Traffic	to	LNs(𝑇5%& ↔ 𝑇5FG)	

												−Traffic	to	BM(𝑇5%& ↔ 𝑇5&J) − Traffic	to	Tumor(𝑇5%& ↔ 𝑇5MNOP$), 

Dynamics of post-activated CD8+ T-cells in peripheral blood: 

𝑑𝑇5:%&

𝑑𝑡 = −Deact(𝑇5:%& → 𝑇$%&) − Act	(𝑇5:%& ↔ 𝑇5%&) − Apop + Prolif 

												−Traffic	to	SP(𝑇5:%& ↔ 𝑇5:B%) − Traffic	to	LNs(𝑇5:%& ↔ 𝑇5:FG) 

																										−Traffic	to	BM(𝑇5:%& ↔ 𝑇5:&J) − Traffic	to	Tumor(𝑇5:%& ↔ 𝑇5:MNOP$), 

where 𝑇ST denotes the number of CD8+ T-cells in the subpopulation Y (resting, “r”; active, “a”, 

or post-activated, “a’ ”) in the tissue X (PB = peripheral blood; SP = spleen; LN = lymph nodes; 

BM = bone marrow; or tumor), with population kinetic terms shown for cell generation (Gen), 

proliferation (Prolif), apoptosis (Apop), activation and deactivation (de/act), and 

intercompartmental traffic described below. Generation of resting PB T-cells is modeled only to 

account for reconstitution when number of T-cells falls below homeostatic levels:  

Gen = 𝑇$,$UV%& ∗ (max	(0, 1 − M[\]^M_\]^M_`\]

M[,[ab
\] )c), where 𝑇$,$UV%&  denotes the number of PB resting T-

cells at baseline. Similarly, apoptosis of resting PB T-cells is modeled to occur only when 

numbers exceed homeostatic levels: Apop = 𝑓5ePeM$ . 𝑘5ePeM5 ∗ (max(0, 𝑇$%& − 𝑇$,$UV%& )), where 

𝑘5ePeM5  is the apoptosis rate constant and 𝑓5ePeM$ < 1. Activated T-cells undergo activation-induced 

cell death given by Apop = 𝑘5ePeM5 ∗ (	𝑇5%& +
Vijkl.(M_\])m

M[,[ab
\] ). Post-activated T-cells undergo 

constitutive first-order apoptosis. Proliferation of each activated T-cells occurs at rate Prolif =
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𝑓e$PnoVM5 . 𝑘e$PnoVM . 𝑇5%&, and is assumed to result in 1 activated and 1 post-activated daughter cell, to 

allow for some serial activity.  Thus, each T-cell proliferation event maintains the activated 

population (no change) and increases the post-activated T-cell number.  For traffic, and inter-

state conversion, each arrow shows whether the corresponding reaction is a unidirectional or 

bidirectional reaction, e.g. for 𝑇5:%&, deactivation to 𝑇$%& is unidirectional whereas activation to 

𝑇5%& is bidirectional. Resting T-cells are generated in the thymus, mature and traffic to PB, and 

undergo apoptosis. Additionally, T-cells traffic from PB to other tissues and vice versa and the 

rate of cell trafficking is determined by tissue-specific partition coefficients, e.g. the following 

equation shows the trafficking of resting T-cells from PB to spleen, governed by the partition 

coefficient 𝐾M$B%, defined as the steady state concentration of resting T-cells in spleen divided by 

the steady state concentration of resting T-cells in PB.  

Traffic of resting T-cells from peripheral blood to spleen:	 

Traffic	to	SP	(𝑇$%& ↔ 𝑇$B%)

= 𝑘UqorM$ . 𝑉%& tu1 + 𝑓ovw . 𝐸ovw + 𝑓y$Nz. 𝐸y$Nz{.
𝑇$%&

𝑉%&
. 𝐾M$B% −

𝑇$B%

𝑉B%
|. 

 

In the absence of the drug, CD8+ T-cells in all the tissues are at equilibrium. When the drug or 

vehicle (placebo) is injected, a very rapid decline in the number of T-cells in the peripheral blood 

is observed followed by a gradual recovery. This phenomenon of T-cell margination is 

presumably due to endothelial adhesion/transmigration of PB T-cells that are transiently stressed 

or partially-activated by injection. This post-treatment margination, adhesion, and efflux effect 

has been observed with other therapies such as IL2 and IL15 1-3. In the model, this is represented 

semi-mechanistically by transient post-injection augmentation of cell trafficking from PB to 
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tissue with the terms 𝑓ovw . 𝐸ovw and 𝑓y$Nz. 𝐸y$Nz , which respectively represent injection- and 

drug-induced margination signals that peak immediately upon injection to relative magnitudes 

𝑓ovw  and 𝑓y$Nz (𝑓ovw ≪ 𝑓y$Nz) and decline exponentially thereafter (𝐸ovw = 𝐸y$Nz = exp	(−𝑘𝑡)). 

All parameters are tuned to match observed placebo and drug-induced T-cell margination 

(Error! Reference source not found.A-C and Supplementary Figure 2A; see Supplementary 

Table 2 for parameter values).  The rate of cell trafficking for 𝑇$%& to other lymphoid tissues or 

the tumor compartment takes a similar mathematical form, with the use of appropriate tissue-

specific partition coefficient. For cell trafficking, we assume the post-activated T-cells traffic 

similarly to resting T-cells and hence use the same cell trafficking rate constant and partition 

coefficients, whereas for activated T-cells, we use a higher cell trafficking rate constant (𝑘UqorM5 >

𝑘UqorM$ )	and also a greater partitioning to tissues, with tissue-specific partition coefficients are 

multiplied by a factor greater than one (𝐾M5B% = 𝑓M5e. 𝐾M$B% ;		𝑓M5e > 1). 

 

In the presence of mosunetuzumab, resting T-cells and post-activated T-cells can become fully 

activated in a drug-dependent, target-dependent manner 4; this implementation was based on in 

vitro activation data that showed a typical saturating dose-response, but with a maximum drug-

dependent activation of T-cells that increases with the B:T ratio.  Thus, T-cell activation was 

implemented as the product of two Michaelis-Menten terms that respectively capture the 

dependence on mosunetuzumab concentration (µg/mL) and the dependence of the maximal 

activation on the ratio of B-cells to the T-cells available for activation, namely, resting and post-

activated T-cells. This formulation subsumes the effects of target abundance and binding, bound 

complex/synapse geometry, and downstream signaling in a potency-based implementation that 

reflects available in vitro data.  The activation takes the same mathematical form in the presence 
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of blinatumomab, where the EC50 values for blinatumomab concentration and the 	𝐵%&: (𝑇$%& +

𝑇5:%&) ratio are different from those used for mosunetuzumab (anti-CD20/CD3 T-cell dependent 

bispecific (TDB)). Additionally, activated T-cells can directly transition to resting T-cells or 

move to an interim state of post-activated T-cells before returning to the resting state. The latter 

path of transition through a “post-activated” state was introduced to the model when it was found 

to be necessary for calibration to in vivo PB T-cell numbers and fraction of activated cells. In the 

lymphoid tissues and the tumor compartment, we use similar equations to describe the transitions 

from 𝑇$T ↔ 𝑇5T , 𝑇5:T ↔ 𝑇5T, and 𝑇5:T → 𝑇$T  with the exception that in both 𝑇𝐷𝐵5�rT  and 𝐵𝑙𝑖𝑛5�rT  

equations, 𝑉𝑚𝑇 is multiplied by a factor lower than one, to compensate for the fact the cells are 

more heterogeneously distributed in the tissue than in the PB and the chance of activation for 

tissue-resident T-cells is lower. In the bone marrow, the first Michaelis-Menten term in the 

equations for 𝑇𝐷𝐵5�r&J and 𝐵𝑙𝑖𝑛5�r&J are a function of CD20+ (B-cell subpopulation) and CD19+ 

B-cells (pB- and B-cell subpopulations), respectively. This is because in the presence of 

mosunetuzumab, only CD20+ B-cells contribute to T-cell activation, whereas in the presence of 

blinatumomab (Blin), CD19+ cells (with or without CD20 expression) contribute to T-cell 

activation. 

T-cell activation and deactivation rates: 

Act	(𝑇$%& ↔ 𝑇5%&) = 	𝑘𝑇𝑎𝑐𝑡u(𝑇𝐷𝐵5�r%& + 𝐵𝑙𝑖𝑛5�r%& ). 𝑇$%& − 𝑓𝑇𝑎𝑑𝑒𝑎𝑐𝑡. 𝑇5%&{,	

Act	(𝑇5:%& ↔ 𝑇5%&) = 𝑘𝑇𝑎𝑐𝑡u(𝑇𝐷𝐵5�r%& + 𝐵𝑙𝑖𝑛5�r%& ). 𝑇5:%& − 𝑓𝑇𝑎𝑑𝑒𝑎𝑐𝑡. 𝑇5%&{,	

Deact(𝑇5:%& → 𝑇$%&) = 𝑓𝑇𝑎0𝑑𝑒𝑎𝑐𝑡. 𝑇5:%&, 

with activation signals given by: 
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in which the parameter 𝑉𝑚𝑇 represents the maximal activation signal. 

 

Finally, all subpopulations of T-cells undergo apoptosis, modeled by a first-order term with 

different apoptosis rate constants. For activated T-cells, there is an additional second-order term 

for activated cell induce death (AICD) which can involve cell-contact interactions such as 

FAS/FASL binding. Activated T-cells also undergo proliferation and double over time with the 

assumption that one daughter cell will remain activated and the other one will be post-activated, 

to allow for limited serial activity, and hence the proliferation term in the equation for post-

activated T-cells.  

 

CD19+ and CD20+ B-cell dynamics 

Throughout B-cell development, CD19 and CD20 are co-expressed on the surface of all B-cells 

beginning at the pre-B phase as they mature until B-cell transition to plasma cells. However, a 

population of pro-B-cells express CD19 but not CD20. In the model, B-cells are generated in the 

bone marrow, where we track two populations of B-cells: CD19+CD20- pB-cells and 
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CD19+CD20+ B-cells.  The following equations characterize the dynamics of these two 

subpopulations in the BM and of total B-cells in the PB:  

BM and PB B-cell dynamics: 

𝑑𝑝𝐵&J

𝑑𝑡 = Gen − Apop + Prolif − Maturation	(𝑝𝐵&J → 𝐵&J) − Kill(𝑝𝐵&J),	

 

𝑑𝐵&J

𝑑𝑡 = Maturation	(𝑝𝐵&J → 𝐵&J) − Apop + Prolif 

−Traffic		to	PB	(𝐵&J → 𝐵%&) − Kill	(𝐵&J), 

𝑑𝐵%&

𝑑𝑡 = Traffic	(𝐵&J → 𝐵%&) + Prolif	 − Kill(𝐵%&)	

												−Traffic	to	SP	(𝐵%& → 𝐵B%) − Traffic	to	LNs(𝐵%& → 𝐵FG) 

 

Where 𝑝𝐵&J  and 𝐵&J denote the number of CD19+CD20- and CD19+CD20+ B-cells in the 

BM and 𝐵T  represents the number of B-cells in in the tissue X (as above for T-cells).  Cell 

kinetic terms follow the terminology defined above for T-cells, with the addition of terms for the 

maturation and cytolytic killing (Kill) of B-cells by T-cells. CD19+CD20- pB-cells are generated 

in the bone marrow: Gen = 𝑝𝐵	$UV&J . u𝑘5ePe& + 𝑘O5r& {. (1 + 𝛼(max	(0,1 − &\]^&£\^&¤¥

&	[ab
\] ^&	[ab

£\ ^&	[ab
¤¥ ))), 

where 𝑘5ePe&  and 𝑘O5r&  are rate constants for B-cell apoptosis and maturation, respectively, and 

&\]^&£\^&¤¥

&	[ab
\] ^&	[ab

£\ ^&	[ab
¤¥  provides a normalized B-cell signal to promote B-cell generation in BM when B-

cells are depleted in other tissues. They undergo proliferation, 

 Prolif = 𝑝𝐵	$UV&J . 𝑘e$PnoV& . (max	(0,1 − e&]¦

e&	[ab
]¦)) and apoptosis, Apop = 𝑘5ePe& . 𝑝𝐵&J, and mature 

to become CD19+CD20+ B2 cells (Maturation = 𝑘O5r& . 𝑝𝐵&J).  CD19+CD20+ B-cells also 
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undergo proliferation and apoptosis, with similarly formulated terms. In the bone marrow, the 

ratio of CD19+CD20- pB-cells to CD19+CD20+ B-cells is approximately 1:4. In the model, only 

the matured B-cells traffic to the PB in a unidirectional manner described by the following 

equation, 

B-cell traffic from BM to PB: 

Traffic	to	PB(𝐵&J → 𝐵%&) = 𝑘Uqor& . 𝑉%&.𝑚𝑎𝑥 ¨0,
𝐵&J

𝑉&J
−	
𝐵%&

𝑉%&
. 𝐾&&J©. 

 

where the rate of cell trafficking is determined by the partition coefficient 𝐾&&J, defined as the 

steady state concentration of CD19+CD20+ B-cells in BM divided by the steady state 

concentration of B-cells in PB. Once B-cells are in the PB, they traffic to other lymphoid tissues, 

such as spleen and lymph nodes, which is modeled by equations similar to the one mentioned 

above, where the direction of B-cell trafficking is from PB to tissues. Note that in the absence of 

the drug, B-cells in all the tissues are at equilibrium. For the tumor compartment, unlike the T-

cells, we assume that there is no B-cell trafficking to replenish malignant B-cells and the tumor 

grows only by undergoing proliferation.  

 

In the presence of mosunetuzumab, activated T-cells can kill B-cells in a drug-dependent, target-

dependent manner; this was implemented as the product of two Michaelis-Menten equations 

corresponding to 1) the mosunetuzumab concentration (µg/mL) and 2) the ratio of activated T-

cells to B-cells. The killing takes the same mathematical form in the presence of blinatumomab, 

where the EC50 values for blinatumomab concentration and the 	𝑇5%&: 𝐵%& ratio are different. In 

the lymphoid tissues and the tumor compartment, we use similar equations to describe the killing 

of B-cells by the activated T-cells with two exceptions: 1) 𝑉𝑚𝐵 is multiplied by a factor lower 
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than one, and 2) in both 𝑇𝐷𝐵ªonnT  and 𝐵𝑙𝑖𝑛ªonnT  equations, 𝐾𝑚𝑇𝐵ªonnM�&  and 𝐾𝑚𝑇𝐵ªonn&nov are multiplied 

by a factor greater than one; both changes are to compensate for the fact the tissues are not well-

stirred environments like PB and the probability of killing of tissue-resident B-cells by activated 

T-cells is lower. In the bone marrow, the first Michaelis-Menten term in the equations for 

𝑇𝐷𝐵ªonn&J and 𝐵𝑙𝑖𝑛ªonn&J  are a function of CD20+ (B-cell  subpopulation) and CD19+ B-cells (pB- 

and B-cell subpopulations), respectively, and therefore, in the presence of mosunetuzumab, only 

CD20+ B-cells are killed by activated T-cells, whereas in the presence of blinatumomab, CD19+ 

B-cells (with or without CD20 expression) are killed. 

 

Kill(𝐵%&) = 	𝑘𝐵𝑘𝑖𝑙𝑙. (𝑇𝐷𝐵ªonn%& + 𝐵𝑙𝑖𝑛ªonn%& ). 𝐵%& 

𝑇𝐷𝐵ªonn%& = 𝑉𝑚𝐵

⎝
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in which the parameter 𝑉𝑚𝐵 represents the maximal killing rate. 

 

 

Pharmacokinetics (PK) of mosunetuzumab and blinatumomab 

A standard two-compartment PK model with non-specific clearance (captured by a linear term) 

was used to describe the measured concentration of mosunetuzumab in serum in cynomolgus 

monkeys as shown below: 
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𝑑𝑇𝐷𝐵�	(Nz/ªz)
𝑑𝑡 = −𝐶𝐿M�&

𝑇𝐷𝐵�	(Nz/ªz)
𝑉𝑐M�&

− 𝐶𝐿𝑑M�& �
𝑇𝐷𝐵�	(Nz/ªz)
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−
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𝑉𝑝M�&
�	

 

𝑑𝑇𝐷𝐵e	(Nz/ªz)
𝑑𝑡 = 𝐶𝐿𝑑M�& �

𝑇𝐷𝐵�	(Nz/ªz)
𝑉𝑐M�&

−
𝑇𝐷𝐵e	(Nz/ªz)

𝑉𝑝M�&
� 

𝑇𝐷𝐵� =
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𝑉𝑐M�&
 

 

where 𝑇𝐷𝐵�	(Nz/ªz) and 𝑇𝐷𝐵e	(Nz/ªz) represent the amount of drug in the central, and peripheral 

compartments with the units being µg/kg. Parameters 𝑉𝑐M�&  and 𝑉𝑐M�&  represent the volume of 

central and peripheral compartments, 𝐶𝐿M�& represents the clearance from the central 

compartment, and 𝐶𝐿𝑑M�& denotes the distribution clearance between the central and peripheral 

compartments. The units for volume and clearance terms are mL/kg and mL/day/kg, respectively. 

𝑇𝐷𝐵� denotes the drug concentration in the central compartment; the concentration of 

mosunetuzumab in other tissues is assumed to be 𝑇𝐷𝐵� multipled by a tissue-specific partition 

coefficient with a value lower than one 5. Note that we used the actual PK measurements as the 

forcing function when we performed model calibration and generated virtual cohort of cynos. The 

PK model with allometric scaling (exponent for CL = 0.85) was only used to project the human 

PK profiles and predict the results in patients. 

 

For the PK of blinatumomab, we used the model in 6, where blinatumomab is administered as 

continuous infusion to patients and is rapidly cleared from circulation: 
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𝑑𝐵𝑙𝑖𝑛�	(Nz)
𝑑𝑡 =

−𝐶𝐿&nov. 𝐵𝑙𝑖𝑛�	(Nz)
𝑉𝑧&nov
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𝐵𝑙𝑖𝑛� =
𝐵𝑙𝑖𝑛�	(Nz)
𝑉𝑧&nov

. 1000 

 

𝐵𝑙𝑖𝑛�	(Nz) and 𝐵𝑙𝑖𝑛� denote the systemic amount (ug) and concentration (ng/mL) of the drug, 

respectively, and we used the same tissue-specific partition coefficients that we used for 

mosunetuzumab to estimate the tissue concentration of blinatumomab. 

 

Cytokine dynamics 

In the model, cytokine production is assumed to be the consequence of T-cell activation. In the 

presence of blinatumomab or mosunetuzumab, cytokines are produced by (or induced by) locally 

activated T-cells that receive an instantaneous local cytokine production signal, which is 

determined by drug concentration and decay in the number of target cells. For example, the PB 

IL6 levels is governed by following equation. 
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]���

(𝐵𝑙𝑖𝑛�)v_��
]��� + u𝐾5�r&nov{

v_��]����
𝐵%&

𝐵$UV%& �

− 𝑘yUz²F³ . 𝐼𝐿6%&, 

 

where 𝑘e$Py²F³  and 𝑘yUz²F³  represent production and degradation rate of IL6 and the activated T-cells 

that receive the local production signal (the term in the big parentheses) produce IL6. The 

variable 𝐵%& denotes the instantaneous number of B-cells in PB, while 𝐵$UV%&  denotes the number 
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of PB B-cells at baseline. Tissue and tumor IL6 levels are governed by similar mathematical 

equations. Finally, the measured IL6 in serum is the sum of IL6 produced in the peripheral blood 

and the contribution from tissue IL6, as shown below: 

𝐼𝐿6rPr = 𝐼𝐿6%& +	𝑓ro´´²F³ ¨
𝐼𝐿6B%. 𝑉B% + 𝐼𝐿6FG. 𝑉FG + 𝐼𝐿6&J. 𝑉&J + 𝐼𝐿6rNOP$. 𝑉rNOP$

𝑉%&
©, 

where 𝑓ro´´²F³ represents contribution of tissue IL6 to the measured IL6 levels.  
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Supplementary Method 2. Technical Workflow of the QSP Model Development 

Calibration of a Reference Virtual Cynomolgus Monkey  

We used a scatter search methodology to calibrate adjustable model parameters to match the 

preclinical measurements in cynos. We defined the objective function as the sum of the 

difference between simulation results and the preclinical data for circulating CD8+ T-cell 

numbers, B-cell numbers, and percentage of CD8+CD69+ T-cells and limited B:T ratios in 

spleen and lymph nodes (only one data point after the last dose) across all animals in the three 

dosing groups as well as the placebo group. The outcome of the calibration is a single parameter 

set that best described the observed data, and the model structure together with this parameter set 

is termed the “reference virtual cyno”. The search space for parameter values was restricted to 

biologically relevant ranges and consistent with the in vitro data and previously published 

measurements (see Supplementary Table 2 for list of parameters, values and references). In our 

optimization, we used the pre-treatment levels of B-cells and CD8+ T-cells for each individual 

animal to set the initial conditions. Due to large variability in the data and additional impact of 

ADA on PK profiles, we used the actual PK data (Supplementary Figure 1) for each animal as a 

forcing function to calibrate the model. For ADA-positive data points, we used the measured 

concentration if it was higher than the level of quantification (LOQ) for the PK assay; for data 

points below LOQ, the concentration was estimated using the estimated slope of the PK profile.  

 

Generation of a Virtual Human ALL Patients   

The model was adjusted to represent patients with acute lymphoblastic leukemia. We first 

replaced cyno physiological parameters with the appropriate human physiological volumes and T 

and B-cell numbers for peripheral blood and lymphoid tissues, preserving the model structure 
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and other parameter estimates (See Supplementary Table 2 for human numbers). We then added 

representations of the pharmacokinetics of blinatumomab and its mechanistic effects including 

activation of CD8+ T lymphocytes, and subsequent killing of target CD19+ B lymphocytes. For 

blinatumomab PD, published data provided an estimate of concentration-dependent potency and 

suggested a similar quantitative cell-ratio dependence as was seen for mosunetuzumab 7-10. 

 

Generation of a Virtual Cohort of Cynomolgus Monkeys 

To capture the biological variability observed in preclinical data, we generated a cohort of virtual 

cynos using the method introduced in 11, with three main steps: (1) subject generation: to explore 

uncertainty by generating parameter sets locally randomized around the initial fit (reference 

virtual cyno); (2) subject selection: to select those virtual cynos whose simulated profiles lie 

within the range of preclinical data for circulating and tissue measurements at all dose levels. 

Additionally, we selected the virtual cynos independent of the initial values for circulating B and 

T-cell levels and used the average PK concentration for a given dose level, so that for 

predictions, virtual cynos can be used for different dose levels and regimens (e.g. PK profiles) 

and a wide range of initial conditions for circulating B and T-cells; and (3) subject validation: to 

validate the virtual cohort of cynos against another preclinical dataset, not previously used for 

training.  

 

Generation of a Virtual Population of NHL Patients 

To create a virtual population of NHL patients, we translated the virtual population of healthy 

cynos (with the corresponding biological variability) to a virtual population of healthy humans 

by using the appropriate human physiological (blood/tissue) compartment volumes and T and B-
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cell numbers for peripheral and lymphoid tissues. Then, we added a tumor compartment by 

implementing a large B-cell dense mass and included additional disease-related variability such 

as baseline peripheral B and T-cells 12, tumor load, tumor cell doubling time (2-6 weeks) and a 

higher range of B:T ratio in the tumor microenvironment as B-cells are assumed to be the 

majority of cells in the tumor microenvironment. We then selected the NHL virtual population 

by selecting virtual patients such that simulated treatment with blinatumomab matched clinical 

data; i.e., we used the PK of blinatumomab and its downstream effects on T-cell activation and 

B-cell killing to simulate effects of blinatumomab and selected virtual patients such that the 

distribution of anti-tumor efficacy matched the efficacy data observed in clinical study in which 

r/r DLBCL patients received continuous infusion of blinatumomab for 8 weeks using a step-up 

dosing regimen (5-15-60 μg/m2/day for 8 weeks) and their tumor size was evaluated at week 10. 
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Supplementary Figures 

 

Supplementary Figure 1. Time Profiles of Mosunetuzumab Serum Concentration in 

Different Dosing Groups in the Multiple Dose IV Injection Study (Preclinical Study 1) 

The PK data suggests that mosunetuzumab exposure was confirmed and maintained in the high 

dose group (1 mg/kg). In the low (0.01 mg/kg) and medium (0.1 mg/kg) dose groups, 

mosunetuzumab exposure was confirmed, however not maintained over the course of the study, 

due to the presence of ADA. After the first dose, serum concentrations decreased similarly for 

the first 7 days post-dose for low, medium and high dose groups. One day after the second dose, 

mosunetuzumab serum concentrations increased for all dose groups. However, for all animals in 

the low dose group and 3 out of 4 animals in the medium dose group, serum concentrations at 

subsequent time points after the second dose decreased significantly. This overall decline and 

trend of lower than expected serum concentrations is indicative of the presence of ADA having 

an effect on the PK of mosunetuzumab in preclinical studies. Subsequent analysis showed that 

these animals with the decreased serum concentrations were in fact ADA positive. Gray and blue 

dots show individual ADA- and ADA+ data points, respectively (n = 4 for 0.01 and 0.1 mg/kg; 

total n = 11 for 1 mg/kg with n = 4 after D29 in the recovery phase), and vertical black lines 

show mean +/- standard deviation. In our optimization, we used the measured PK for each 

animal as a forcing function to calibrate the model. This was done by a linear interpolation of 

log-transformed PK data points measured for each animal. For ADA-positive data points, we 

used the measured concentration if it was higher than the level of quantification (LOQ) for the 
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PK assay; for data points below LOQ, the concentration was estimated using the estimated slope 

of the PK profile. Red curves are the average of reconstructed PK profiles for each dose group. 
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Supplementary Figure 2. Time Profile Data and Model Fits for Measurements in PB in the 

Multiple Dose Study of Control Vehicle in Cynomolgus Monkeys (Preclinical Study 1) 

The reference virtual cyno model replicates T and B-cell dynamics in the peripheral blood for the 

cynos dosed with the vehicle control, given weekly for four weeks. Each row shows one 

measurement in circulation (top: CD8+ T-cells; middle: percentage of activated T-cells 

(CD8+CD69+ T-cells); and bottom: B-cells). Gray dots show individual data points (total n = 8 
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in the control group with n = 4 after D29 in the recovery phase) and vertical black lines show 

mean +/- standard deviation. Red curves are the calibrated model outputs. 
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Supplementary Figure 3. Time Profile Data and Model Fits for Measurements in 

Lymphoid Tissues in the Multiple Dose Study of Mosunetuzumab in Cynomolgus Monkeys 

(Preclinical Study 1) 

The reference virtual cyno model replicates dynamics of B:T ratios in spleen and LNs for 

different dose levels of mosunetuzumab in cynos. Each column shows a different dose level, 

ranging from 0.01 mg/kg to 1 mg/kg given weekly for four weeks. Each row shows T:B ratios in 

one lymphoid tissue (top: spleen; and bottom: LNs). Gray and blue dots show individual ADA- 

and ADA+ data points, respectively (n = 4 for 0.01 and 0.1 mg/kg; total n = 7 for 1 mg/kg; for 

LNs, there are two measurements per animal), and vertical black lines show mean +/- standard 

deviation. Red curves are the calibrated model outputs. 

 

 

 

 

  



 22 

 

 

Supplementary Figure 4. Time Profile Data and Model Simulations for Serum IL6 levels in 

the Multiple Dose Study of Mosunetuzumab in Cynomolgus Monkeys (Preclinical Study 1) 

The reference virtual cyno model replicates dynamics of cytokine levels for different dose levels 

of mosunetuzumab in cynos. Each column shows a different dose level, ranging from 0.01 mg/kg 

to 1 mg/kg given weekly for four weeks. Gray and blue dots show individual ADA- and ADA+ 

data points, respectively (n = 4 for 0.01 and 0.1 mg/kg; total n = 7 for 1 mg/kg), and vertical 

black lines show mean +/- standard deviation. Red curves are the model outputs. 
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Supplementary Figure 5. Time Profiles of IL6 and B-Cell Levels in Chimpanzees Treated 

with Blinatumomab (Preclinical Study 4)  

The reference virtual human (left column) and virtual cyno (right column) qualitatively predict 

dynamics of IL6 levels and B-cells for a multi-dose study of blinatumomab in chimpanzees (0.1 

ug/kg given weekly for five weeks). Gray dots show individual data points (n = 2) and vertical 

black lines show mean +/- standard deviation. Green curves are predictions of the reference 

virtual human and cyno. 
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Supplementary Figure 6. Reference Virtual Cyno Predictions for Measurements in PB in 

the Single Dose Study of Mosunetuzumab in Cynomolgus Monkeys (Preclinical Study 2) 

The predictions of reference virtual cyno model closely match T and B-cell dynamics in the 

peripheral blood for different dose levels of mosunetuzumab in cynos. Initial B and T-cells from 

each animal and the actual PK was used to run the model. Each column shows a different dose 

level, ranging from 0.001 mg/kg to 0.1 mg/kg given as a single injection. Each row shows a 

single measurement in circulation (top: CD8+ T-cells; middle: percentage of activated T-cells 

(CD8+CD69+ T-cells); bottom: B-cells). Gray dots show individual data points (n = 3 for 0.001 

mg/kg; n = 4 for 0.01 and 0.1 mg/kg) and vertical black lines show mean +/- standard deviation. 

Green curves are predictions of the reference virtual cyno. 
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Supplementary Figure 7.  Translated Human ALL Model Predictions for Measurements in 

PB in the Clinical Study of Blinatumomab Given via Continuous Infusion to Patients with 

ALL (Clinical Study 1)  

The reference virtual cyno model was translated to human ALL model by making appropriate 

changes in physiological volumes, B and T-cell numbers of PB and lymphoid tissues and by 

including blinatumomab PK and its downstream effects. The virtual ALL patient successfully 

predicts T and B-cell dynamics in the peripheral blood for continuous infusion of blinatumomab 

given to ALL patients at 15 µg/m2/day for four weeks. Initial B and T-cells in PB from each 

patient was used to run the model. Each row shows a single measurement in circulation (top: 



 26 

CD8+ T-cells; middle: percentage of activated T-cells (CD8+CD69+ T-cells); and bottom: B-

cells). Gray dots show individual data points (n = 20) and vertical black lines show mean +/- 

standard deviation. Green curves are predictions of the virtual ALL patient. 
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Supplementary Figure 8. Time Profiles of Virtual Cohort of Cynos Capture the Observed 

Variability in PB in the Multiple Dose Study of Mosunetuzumab in Cynomolgus Monkeys 

(Preclinical Study 1) 

The virtual cohort of cynos are shown to capture the range of observed variability in T and B-cell 

profiles in the peripheral blood for different dose levels of mosunetuzumab in cynos. Each 

column shows a different dose level, ranging from 0.01 mg/kg to 1 mg/kg given weekly for four 

weeks. Each row shows a single measurement in PB (top: normalized CD8+ T-cells; middle: 

percentage of activated T-cells (CD8+CD69+ T-cells); and bottom: normalized B-cells). Black 

asterisks indicate the range of observed data and vertical black lines show mean +/- standard 

deviation. Blue curves are the virtual cynos in the cohort. 
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Supplementary Figure 9. Time Profiles of Virtual Cohort of Cynos Capture the Observed 

Variability in Lymphoid Tissues in the Multiple Dose Study of Mosunetuzumab in 

Cynomolgus Monkeys (Preclinical Study 1) 

The virtual cohort of cynos are shown to capture the range of observed variability in B:T ratios 

in spleen and LNs for different dose levels of mosunetuzumab in cynos. Each column shows a 

different dose level, ranging from 0.01 mg/kg to 1 mg/kg given weekly for four weeks. Each row 

shows T:B ratios in one lymphoid tissue (top: spleen; and bottom: LNs). Black asterisks indicate 

the range of observed data and vertical black lines show mean +/- standard deviation. Blue 

curves are the virtual cynos in the cohort. 
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Supplementary Figure 10. Virtual Cohort of Cynos Predicts the Observed Variability in 

PB in the Single Dose Study of Mosunetuzumab in Cynomolgus Monkeys (Preclinical 

Study 3) 

The virtual cohort of cynos successfully predicts T and B-cell dynamics in the peripheral blood 

for different dose levels of mosunetuzumab in cynos. Each column shows a different dose level, 

ranging from 0.01 mg/kg to 1 mg/kg given as a single injection. Each row shows a single 

measurement in circulation (top: normalized CD8+ T-cells; middle: percentage of activated T-

cells (CD8+CD69+ T-cells); and bottom: normalized B-cells). Gray dots show individual data 

points (total n = 10 for 0.01 and 0.1 mg/kg with n = 4 after D7; total n = 13 for 1 mg/kg with n = 

7 after D7 and n = 3 after D21 in the recovery phase) and vertical black lines show mean +/- 

standard deviation. Green curves are predictions of the virtual cynos in the cohort.  
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Supplementary Figure 11. Virtual Cohort of Cynos Predicts the Variability in Lymphoid 

Tissues in the Single Dose Study of Mosunetuzumab in Cynomolgus Monkeys (Preclinical 

Study 3) 

The virtual cohort of cynos successfully predicts the range of observed variability in B:T ratios 

in spleen and LNs for different dose levels of mosunetuzumab in cynos. Each column shows a 

different dose level, ranging from 0.01 mg/kg to 1 mg/kg given a single injection. Each row 

shows T:B ratios in one lymphoid tissue (top: spleen; and bottom: LNs). Gray dots show 

individual data points (n = 6 for all doses at D7; n = 4 for all dose at D21; n = 3 for 1.0 mg/kg at 

D56; for LNs, there are two measurements per animal) and vertical black lines show mean +/- 

standard deviation. Green curves are predictions of the virtual cynos in the cohort. 
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Supplementary Table 1. A Summary of Preclinical and Clinical Studies Used in the 

Workflow of QSP Model Development 

Study Title Dose levels/regimens Measurements Data Source Used in 

workflow 

Preclinical Study 1: 

multiple dose study of 

anti-CD20/CD3 TDB 

(E. coli produced) via 

IV injection in 

cynomolgus monkeys 

0.01, 0.1, and 1.0 mg/kg 

given weekly via slow 

bolus IV injections for a 

total of four doses. 

PK; multiple PD markers 

such as B-cells, T-cells, and 

T-cell activation markers in 

peripheral blood and 

lymphoid tissues; PK and 

PD sampling schedule: 0, 

0.0035, 0.0208, 0.083, 0.17, 

0.25, 0.5, 1, 3, 6.99, 7.0833, 

7.25, 7.5, 8, 10, 13.99, 

14.0833, 15, 20.99, 

21.0035, 21.0208, 

21.083, 22, 24, 28, 29, 35, 

42, 49, 56, 63, 70, 77 days 

Genentech 

study 

Model 

calibration; 

virtual cyno 

cohort 

generation 

Preclinical Study 2: 

single dose study of 

mosunetuzumab via IV 

injection in 

cynomolgus monkeys 

0.001, 0.01, and 0.1 

mg/kg given as a single 

IV injection 

PK; multiple PD markers 

such as B-cells, T-cells, and 

T-cell activation markers in 

peripheral blood; PK and 

PD sampling schedule: 0, 

0.0035, 0.083, 0.25, 1, 2, 4, 

7, 10, 14, 21, 29 days 

Genentech 

study 

Validation of 

reference 

virtual cyno 

Preclinical Study 3: 

single dose study of 

mosunetuzumab via IV 

0.01, 0.1, and 1.0 mg/kg 

given as a single IV 

injection 

PK; multiple PD markers 

such as B-cells, T-cells, and 

T-cell activation markers in 

Genentech 

study 

Virtual cyno 

cohort 

validation 



 33 

injection in 

cynomolgus monkeys 

peripheral blood and 

lymphoid tissues; PK and 

PD sampling schedule: 0, 

0.0208, 0.0833, 0.25, 1, 2, 

3, 7, 14, 21, 28, 35, 42, 49, 

56 days 

Preclinical Study 4: 

multiple dose study of 

anti-CD19/CD3 in 

chimpanzees via IV 

infusion 

0.1 μg/kg infused 

weekly over a 2-hour 

period for a total of five 

infusions 

PK; multiple PD markers 

such as peripheral cytokines 

and lymphocytes; see 13 for 

the sampling schedule; 

Published 

data 13 

Cytokine 

hypothesis 

validation 

Clinical Study 1: 

Continuous infusion of 

anti-CD19/CD3 

bispecific antibody in 

ALL patients 

Cont. infusion at a dose 

level of 15 μg/m2/day for 

4 weeks to 20 evaluable 

MRD+ ALL patients; 

subsequent treatment 

cycles spaced by 2-week 

treatment-free intervals. 

PK; multiple PD markers 

such as peripheral 

lymphocytes (B and T-

cells); see 6 for the sampling 

schedule; 

Published 

data 6 

Cyno to 

human 

translation 

and 

validation 

Clinical Study 2: 

Phase I clinical trial of 

anti-CD19/CD3-

bispecific antibody in 

NHL patients 

Cont. infusion for 4 or 8 

weeks at different dosing 

regimens to 76 patients. 

Two cohorts of interest: 

1) cont. infusion at 60 

μg/m2/day starting at D0; 

2) a step-up dosing 

schedule in which 

patients received 5, 15, 

Assessing the safety and 

efficacy of blinatumomab 

including anti-tumor 

activity, cytokines and PK 

endpoints; see 12 for the 

sampling schedule;  

Published 

data 12 

NHL virtual 

population 

generation 

and 

validation 
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60 μg/m2/day at D0, D7, 

and D14, respectively. 

Clinical Study 3: 

Phase II clinical trial 

of anti-CD19/CD3-

bispecific antibody in 

relapsed/refractory 

DLBCL patients 

 

Cont. infusion using a 

step-up dosing regimen 

to 23 patients (9-28-112 

μg/day with weekly dose 

increases). The target 

dose in all patients was 

112 μg/day administered 

up to 8 weeks, followed 

by 4 treatment-free 

weeks. 

Assessing efficacy of 

blinatumomab including 

anti-tumor activity; among 

21 evaluable patients, the 

overall response rate after 

one blinatumomab cycle 

was 43%; see 14 for the 

sampling schedule; 

Published 

data 14 

NHL virtual 

population 

generation 

and 

validation 
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Supplementary Table 2. List of parameters, descriptions and values used for cyno, human, 

ALL, and DLBCL scenarios 

See param_table.xlsx for a complete list of parameters used for cyno, human, ALL, and DLBCL 

scenarios
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Supplementary Data File 1. A zip file containing Matlab SimBiology and .m files to run the 

model 
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