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Abstract: The signaling axis from the primary tumor to the tumor-draining lymph node (TDLN) has 

emerged as a crucial mediator for the efficacy of immunotherapies in neoadjuvant settings, 

challenging the primary use of immunotherapy in adjuvant settings. TDLNs are regarded as highly 

opportunistic sites for cancer cell dissemination and promote further spread via several primary 

tumor-dependent mechanisms. Lesion-level mixed responses to antibody immunotherapy have been 

traced to local immune signatures present in the TDLN and the organ-specific primary tumors that 

they drain. However, the pharmacokinetics (PK) and biodistribution gradients of antibodies in 

primary tumors and TDLNs have not been systemically evaluated. These concentration gradients are 

critical in ensuring adequate antibody pharmacodynamic (PD) T-cell activation and/or anti-tumor 

response. The current work reviews the knowledge for developing physiologically-based PK and 

pharmacodynamic (PBPK/PD) models to quantify antibody biodistribution gradients in anatomically 

distinct primary tumors and TDLNs as a means to characterize the clinically observed heterogeneous 

responses to antibody therapies. Several clinical and pathophysiological considerations in modeling 

the primary tumor-TDLN axis, as well as a summary of both preclinical and clinical PK/PD 

lymphatic antibody disposition studies, will be provided. 
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1. Introduction 

1.1. General oncology therapeutic antibody pharmacokinetics  

Therapeutic monoclonal antibody (mAb) therapy has exhibited remarkable success over the past 

decade: not only did mAb-based therapeutics account for four of the top five best-selling drugs in 

2018, but the Nobel Prize in Physiology and Medicine was awarded that same year for the discovery 

of the mAb-based cancer immunotherapy agent ipilimumab [1,2]. Over 500 mAbs are currently 

being sponsored for clinical trial studies across several disease types, with cancer as the most 

common indication: approximately 70% of mAbs in Phase I trials are for oncological indications [3].  

Antibodies are vastly larger than small molecule drugs with a molecular weight of 

approximately 145 kDa, and in contrast to small molecules, are generally less toxic due to their 

exceptional specificity to target antigens [4]. Due to their size, antibodies are generally restricted to 

the extracellular space (i.e., vascular and interstitial) and thus, have low volumes of distribution in 

humans (5–6 L) [5]. Not only are they much larger, they usually remain in circulation for long 

periods of time (t1/2~3 weeks), mainly due to the presence of the neonatal Fc receptor (FcRn). FcRn 

recycling of IgG antibodies, which includes all of the therapeutic antibodies on the market, prevents 

their degradation in the intracellular lysosomal compartment and can facilitate antibody translocation 

through cells [5]. In terms of administration, therapeutic antibodies are most commonly delivered 

either intravenously (IV) or subcutaneously. Limitations of IV dosing, such as discomfort to the 

patient and an increased number of clinical visits, render the subcutaneous (SC) route an increasingly 

popular option for mAb delivery While the specific mechanisms governing mAb absorption via SC 

injection are not completely understood, subcutaneous delivery of mAbs and eventual distribution to 

the systemic circulation is proposed to be largely dependent on the uptake (i.e., drainage) via the 

local lymphatic vasculature (i.e., lymphatic capillaries/vessels, lymph nodes) surrounding the 

injection site [6,7]. Therefore, the lymphatic system plays an indispensable role in the absorption, 

distribution, target accumulation, and elimination properties of mAbs. 

1.2. Overview of the lymphatic system (i.e., lymphatic vessels and lymph nodes) and its relevance to 

cancer 

1.2.1 Lymphatic vessels and lymph node networks  

The lymphatic system is a highly complex, multifaceted organ system whose overall main 

functions are to drain local tissue waste fluid (i.e., lymph) back into the circulation as well as provide 

host immune defense against foreign pathogens and/or abnormal (i.e., cancerous) cells [8]. It is 

comprised of an intricate network of lymphoid organs and tissues, including the lymphatic 

vasculature and lymph nodes interspersed throughout that drain fluid from surrounding tissues. 

When antibodies are delivered subcutaneously, they first become exposed to the interstitial space of 

the hypodermis, which is highly vascularized by both blood and lymphatic capillaries [9]. While 

FcRn-dependent mAb transcytosis through the blood capillary endothelial cell into circulation is 

possible, drainage via lymphatic capillaries is the primary mechanism of mAb transport out of the 

injection site interstitial space [9]. Generally speaking, once drained by the lymphatic capillaries, 

mAbs will travel through various lymph node networks (joined by larger lymphatic vessels) before 
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converging to a central duct, and ultimately, into the systemic circulation (Figure 1). Unlike the 

circulatory system, the lymphatic system has no central pump; therefore, it must rely on interstitial 

fluid buildup (to initiate the drainage cascade) along with local muscle contraction to effectively 

circulate lymph back into the systemic circulation [10]. As a result, lymph flow is dramatically 

slower than blood flow; on average, 500x slower (0.2% of blood flow) [11], which contributes to the 

long peaking time (Tmax = 2–14 days) in the absorption of mAbs after subcutaneous dosing [12].  

The various lymph node networks scattered throughout the body serve as immune checkpoints 

to survey local tissue for foreign pathogens or cancerous cells in draining lymph. Naïve lymphocytes 

(T- and B- cells), which are of bone marrow origin, travel through the bloodstream and reside in 

lymph nodes. Once presented with antigen from afferent lymph, these lymphocytes can induce an 

immune response [8]. Therapeutic antibodies are also subject to this same route for distribution; a 

generalized schematic of the mAb lymphatic drainage pathway is shown in Figure 1 below. The 

co-localizations of antibodies and lymphocytes are critical for antibodies to trigger the effector 

functions in the tumor-draining lymph nodes (TDLNs) for tumor eradication, which may be 

interrupted by surgery and the removal of TDLNs, dampening the activation of the immune system 

by antibodies and anti-tumor efficacy. 

 

Figure 1. Generalized lymphatic drainage map and transit of therapeutic antibodies after 

either intravenous or subcutaneous administration. (a) Lymph node clusters (green dots), 

scattered throughout the body, drain lymph from surrounding tissues and into one of two 

subclavian veins (yellow and red stars). Lymphatic drainage is asymmetrical; the right 

lymph duct (yellow star) drains the right side of the head and neck, right arm/upper right 

core, whereas the thoracic duct (red star) drains the entire remainder of the body. (b) The 

flow after subcutaneous administration to the upper left arm is dependent on the (c) local 

system lymphatics to reach the systemic circulation.  
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As shown in Figure 1, lymphatic drainage in the human body is asymmetrical; a 

disproportionate amount of total lymph (~75%) is drained into the left thoracic duct [13]. However, a 

study by Xu et al in 2010 showed that the SC injection site did not significantly impact the 

absorption of golimumab in healthy subjects, suggesting it may not be necessary to stratify by 

anatomical region from a modeling perspective [14]. Furthermore, in addition to providing local 

tissue fluid and immune homeostasis, the lymph node clusters also vary greatly in the number, size, 

and even in their local immune signature (i.e., ―immunostats‖) [15]. A table mapping the lymph node 

clusters draining various organs is summarized in Table 1; the lymph network structure and cluster 

density are critical to understanding the distribution of immunotherapies as well as their immune 

activation efficacy. 

Table 1. Lymphatic drainage pathway by organ, along with literature reported estimates 

of number and size (if available). LN = lymph nodes. 

Organ Major LN drainage network Number Size 

Brain Cervical 300 [16] 0.48 mL (volume) [16] 

Lung Mediastinal 225 [17] ~12.6 x 8.3 mm [17] 

Breast Axillary 20–50 [18] <10 mm (diameter) [18] 

Skin Variable --- --- 

Kidney Aortic  30–50 [19] 5–8 mm (diameter) [19] 

Liver Hepatic 30–50 [20] 3–5 mm (diameter) [20] 

GI Mesenteric 100–150 [21] 3–5 mm (diameter) [20] 

1.2.2. Roles of lymphatic system and nodes (i.e., tumor-draining lymph nodes, TDLNs) in cancer 

While the lymphatic vasculature and nodes play a vital role in tissue fluid/immune homeostasis, 

it is also highly exploited in cancers [22]. At its core, cancer is a disease of genetic instability; tumors 

acquire the ability to evade host immune response via immunosuppressive mechanisms in the tumor 

microenvironment. Moreover, a significant contributor to cancer lethality is the ability to invade 

(i.e., metastasize) to distal organ and tissue sites. Metastasis through the lymphatic system (as 

opposed to systemic blood circulation) is observed in four out of every five melanomas and 

carcinomas [22]. Not only does the lymphatic vasculature provide a physical basis for metastatic 

spread, but the lymph nodes that directly drain primary tumors (i.e., tumor-draining lymph nodes, 

TDLNs) become a highly opportunistic, metastatic site. Tumors generally aggregate as highly 

compact, hypoxic clusters of cells exerting high interstitial pressure; this high pressure is proposed to 

be a contributing mechanism to the dissemination of cancer cells to the TDLN [23]. Furthermore, 

both the primary tumor and TDLN have been shown to induce lymphangiogenesis (i.e., formation of 

new lymphatic vessels) to promote both local and distal metastatic spread; alarmingly, the presence 

of tumor cells in the TDLN was not a requirement for TDLN-mediated lymphangiogenesis. This is 

instead mediated by vascular endothelial growth factor A (VEGF-A) secreted by the primary tumor, 

which once drained via the lymphatic capillaries and is in the TDLN, induces lymphangiogenesis 

distally. However, once metastasized to the TDLN, cancer cells are able to promote further lymphatic 

vessel formation into an increasingly greater number of distal lymph nodes and tissues [24]. 

Moreover, rather than elicit an anti-tumor immune response, quite paradoxically, TDLNs promote 

both local and systemic tolerance to tumor-derived antigens. Increasing evidence has shown that the 
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functional activity of antigen-presenting cells (APCs) in the TDLN, along with enhanced 

tumor-protective host regulatory T-cell (Treg) activation, promotes a tolerizing rather than 

immunogenic effect [25]. In light of these findings, mAb immunotherapies aiming to reverse 

tumor-mediated immunosuppression such as the anti-PD-1 mAb pembrolizumab have been 

developed and have shown great promise across a broad spectrum of cancers (Figure 2). In fact, both 

the primary tumor and the TDLN have been heavily implicated as a focal point for mAb 

immunotherapy via mechanisms that will be explained in a later section. 

 

Figure 2. FDA-approved anti-PD-1 pembrolizumab cancer indications (2019) [26]. 

A second fundamental principle of cancer describes its disease progression as a 

microevolutionary process; cancer cells are continually outcompeting their neighbors for resources. 

Those acquiring mutations conferring a selective advantage will predominate over other sub-clones 

(i.e., survival of the fittest). Over time, this will create a heterogeneous lesion profile even within the 

same patient; as tumors metastasize to distal organs, a complex interplay between the tumor 

microenvironment and the local immune profile (i.e., organ-specific immunostats) further 

exacerbates this heterogeneity. This is reflected in the variability of response of individual lesions to 

pembrolizumab [27]. In this study, Osorio et al analyzed individual lesions from patients with 

metastatic non-small cell lung cancer (NSCLC) and mismatch repair deficiency (MMRD) carcinoma 

treated with PD-1 monotherapy, including pembrolizumab. CT scans of patients treated with PD-1 

therapy, an immunosuppressive protein expressed in T-cells, were analyzed at the lesion level via the 

Response Evaluation Criteria in Solid Tumors (RECIST) v1.1 criteria to evaluate individual lesion 

pattern of progression. More specifically, the RECIST v1.1 criteria assesses changes in overall 

patient tumor burden upon treatment using specific response metrics. Predetermined guidelines and 

tumor shrinkage cut-offs are used to denote whether a tumor has achieved no, partial, or complete 

response. These metrics may then be correlated to disease progression endpoints such as 

progression-free survival (PFS) and overall survival (OS) [28]. Results revealed a site-specific 

difference in response to treatment; lymph node lesions tended to show the greatest response, while 

bone and liver metastases were among the least responsive [27]. These results strongly suggest that 
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immunologic response is not homogenous and there may likely be organ-specific factors at play 

influencing the level of response. Furthermore, these results also argue against the pooling of 

individual patient lesions to summarize overall disease progression, the current procedure for 

RECIST v1.1 analyses [28]. Given the established role of TDLNs in influencing both local and 

systemic tolerance to tumor antigens, the unique TDLN networks draining their anatomically distinct 

primary tumors become a highly attractive target for further exploration. 

1.3. PK/PD modeling as a tool to evaluate mAb disposition and binding in individual tumors & 

TDLNs 

Arguably, the lymphatic vasculature in the context of cancer progression is understudied, and its 

role in influencing mAb PK/PD remains largely unknown. As previously mentioned, one of the most 

common routes of mAb administration (i.e., subcutaneous injections) is partly dependent on transit 

via local lymphatic vessels and lymph nodes for entry into the systemic circulation. Thus, the 

findings mentioned above substantiate the need to develop a platform that systematically analyzes 

individual, inherently heterogeneous tumors, and those metastasized to TDLNs via lymphatic vessels, 

while accounting for mAb disposition and binding at each of these lesion sites. PK/PD modeling 

provides a quantitative exploration of antibody disposition at the lesion level. It offers the potential to 

model and simulate several clinically relevant scenarios that would otherwise be extremely costly to 

evaluate experimentally [29]. The following section will discuss modeling approaches, such as 

physiologically-based pharmacokinetic (PBPK) and target-mediated drug disposition (TMDD) 

modeling, to assess therapeutic antibody disposition and binding to both primary tumors and TDLNs. 

A summary of preclinical PK/PD mAb lymphatic distribution studies and the extrapolation of 

preclinical mAb PBPK approaches to clinical studies will also be provided. 

2. Modeling mAb disposition and binding in the primary tumor, lymphatic vasculature 

2.1. Physiologically-based pharmacokinetic (PBPK) models 

PBPK modeling provides a powerful, quantitative opportunity to investigate organ and 

tissue-specific processes that contribute to mAb disposition and binding in both primary tumors and 

TDLNs. At its core, PBPK modeling aims to incorporate physiologically-relevant parameters, such 

as the anatomical volumes of lymph nodes and the tumor-specific lymph flow, to characterize a 

relatively complete PK footprint of the relevant system [30]. This is in contrast to conventional 

mammillary models where the lumped compartments used to describe the systemic drug PK, rather 

than drug disposition in target tissues, do not carry much physiological relevance (Figure 3). 

As shown in Figure 3, typical PBPK models emphasize blood flow whereas lymph flow is 

secondary. While both flows have been accounted for in previously published models [31–33], in the 

context of antibody disposition/binding to both primary tumors and lymph nodes, anatomically 

distinct tumors are ignored and instead lumped into a ―tumor‖ compartment; lymph nodes are also 

lumped together and antibody binding to antigens in the lymph nodes has not yet been investigated. 

From a mass balance perspective, previous PBPK models provided a useful approach to capture 

whole-body antibody disposition; however, tumor and lymph node specificity is sacrificed. Thus, a 

novel approach to emphasize mAb binding and disposition to organ-specific primary tumors as well 
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as to their draining lymph nodes must be considered. Our group is currently investigating these 

questions by utilizing existing positron electron tomography (PET) imaging clinical data (Section 2.4) 

to build a tumor-specific/TDLN PBPK model. This will be critical in understanding the 

concentration gradient between these two tissues, while also assessing if antibody can achieve 

sufficient exposure for full immune activation not only in the primary tumors but also in the TDLNs. 

Therefore, the following section will compartmentalize the primary tumor-TDLN axis and will 

describe the differential equations necessary to quantify antibody disposition at these tissue sites. 

 

Figure 3. PBPK modeling allows for evaluation of mAb disposition and binding in 

tumor-specific organs and TDLNs. (a) A series of mass-balance differential equations 

describing the time course of antibody concentrations in both primary tumors (PT) and 

TDLNs are derived and implemented into the model; every organ-specific primary tumor 

and TDLN serves as its own physiological compartment. Typically, these compartments 

are connected via blood flow (black arrows), and lymph flow (green structures) is 

secondary; however, when considering antibody disposition, the lymphatic vasculature 

must be emphasized. Fr denotes the flow fraction of blood/lymph to a given tissue (i.e., 

tumors), which varies across tissues, tumor types/sizes, and tumor vascular structure. (b) 

Tissue- and organ-specific schematic and model parameters in primary tumors and 

TDLNs: Organ blood flow (Qorgan), vascular reflection coefficient ( v), lymphatic 

reflection coefficient ( L), afferent lymph flow (Laff), efferent lymph flow (Leff), organ 

lymph flow (Lorgan), mAb clearance from central compartment (CLp), interstitial space 

(IS). Green circular structures denote T-cells in both tumor and TDLN IS compartments 

interacting with draining antibody. (c) Example simulation illustrating antibody 

disposition (SUV, standard uptake value) in plasma (blue), primary tumor (red), 

tumor-positive TDLN (solid green), and tumor-negative TDLN (dashed green). The 

purple and green arrows denote the concentration gradients between PT-TDLN and the 

effect of antibody binding in the TDLN, respectively (i.e., metastasis to TDLN). For 

further exploration on PBPK models, please consult the following references [32,34,35]. 
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2.2. Modeling antibody disposition and binding along the primary tumor-TDLN axis: model 

schematic, parameters, ODEs 

The model structure described in Figure 4 summarizes the components involved in modeling 

mAb disposition and binding across both primary tumors and TDLNs. As described in the schematic, 

instead of using a full-body PBPK model, a simplified minimal PBPK (mPBPK) model can be 

applied to emphasize antibody PK in both of these tissues. In fact, mPBPK models describing 

antibody disposition in similar circuits have previously been described [36-39]. 

 

 

Figure 4. mPBPK model structure of antibody disposition in plasma, primary tumors and 

TDLNs. (a) Sequential mAb flow as it extravastates from the vascular space into the 

tumor interstitial space (IS), subsequently into the TDLN IS via afferent lymph flow, and 

then exits via efferent lymph flow. Membrane-bound antigen present at any site (i.e., 

tumors) will retain bound antibody, and only free (i.e., unbound) antibody will remain in 

circulation. (b) Antibody-antigen binding in the primary tumor IS space is described via a 

quasi-equilibrium target-mediated drug disposition (QE-TMDD) model. Free antibody 

leaving the tumor IS compartment will then travel via the lymphatic vessels to the TDLN 

where a second QE-TMDD model can be applied in the TDLN, assuming antigen (i.e., 

tumor) is present. Efferent flow will then deliver remaining antibody back into the 

plasma. Symbols are defined below. (Figure prepared in BioRender). 

The differential equations describing the model are as follows (assuming IV injection): 

   
      

  
                                                         (1) 



120 

Mathematical Biosciences and Engineering  Volume 18, Issue 1, 112-131. 

       
       

  
                                                              (2) 

    

  
                                              (3) 

          
         

  
                                                    (4) 

      

  
                                                          (5) 

CAb,p, CAb,PT, and CAb,TDLN denote antibody concentrations in the central (i.e., plasma) 

compartment, primary tumor (PT), and TDLN, respectively. RPT and RTDLN refer to total antigen 

concentration in primary tumor and in TDLN. Initial conditions for each differential equation are as 

indicated: IC(Cab,p) = Dose (assuming IV route of administration); IC(CAb,PT) = 0; IC(RPT) = 

ksyn/kdeg; IC(CAb,TDLN) = 0; IC(RTDLN) = ksyn/kdeg. Vp, Visf,PT, and Visf,TDLN refer to plasma volume, 

primary tumor interstitial fluid volume, and TDLN interstitial fluid volume. Lorgan, Laff, and Leff are 

the organ lymph flows quantifying antibody extravasation from the vasculature into the primary 

tumor interstitial space, as well as TDLN afferent and efferent lymph flows, respectively. CLp is the 

clearance of antibody from the central compartment, and    and    are the vascular and lymphatic 

reflection coefficients. Fr denotes the flow fraction of blood/lymph to a given tissue (i.e., tumors), 

which varies across tissues, tumor types/sizes, and tumor vascular structure. ARPT and ARTDLN are 

bound antibody-antigen concentrations at these sites, defined by the following equations: 

 

     
          

      
                   (6) 

 

       
            

      
                         (7) 

 

Therapeutic antibodies have been shown to undergo a phenomenon known as target-mediated 

drug disposition (TMDD), whereby the exceptionally high affinity for antibody to an antigen, along 

with limited target capacity, influences its pharmacokinetic properties [40]. For membrane-bound 

targets, this is reflected by the internalization rate (kint) of the antibody-antigen complex, followed by 

degradation. The TMDD structure is depicted in Figure 3 within both the primary tumor and TDLN 

compartments, and due to model complexity, can be simplified according to certain assumptions. A 

quasi-equilibrium TMDD (QE-TMDD) approximation is used here, wherein many cases, equilibrium 

binding (Kd) is on a much faster time-scale than the other parameters describing target synthesis 

(ksyn), degradation (kdeg) and internalization (kint). TMDD models are constructed so that only total 

antibody and total receptor differential equations are required; free antibody concentrations within 

either the primary tumor (Cf1) or TDLN (Cf2) interstitial space are expressed as a quadratic function 

dependent on total antibody and total target concentrations as well as the Kd, and are defined as 

follows: 
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            }       (8) 

 

                                    

                      
 
              }               (9) 

 

Sources for parameter values to implement in the model can be consulted in the following 

references [34,41]; however, it must be emphasized that the volumes and flows are largely organ- 

and tumor-specific. A study by Brown et al in 2019 assessed tumor-specific perfusion which can be 

used to calculate tumor-specific processes, such as the fr (fraction of tumor-specific lymph flow) [42]. 

Once built, the model and its parameters may be evaluated by utilizing PET imaging data that details 

antibody binding to both PT and TDLNs, as discussed in Section 2.4. There are several critical 

assumptions and notable observations in this model structure; as previously mentioned, due to their 

large size, antibodies are mainly restricted to the vascular and target site interstitial spaces and should 

be reflected accordingly in the differential equations. Moreover, this model structure quantifies only 

one primary tumor to its sentinel TDLN or the first LN that directly drains the primary tumor. It is 

assumed that all of the free antibody leaving the TDLN interstitial space flows directly and entirely 

into the central compartment. Additionally, processes such as lymphangiogenesis and FcRn-mediated 

salvage within the lymphatic capillaries are not accounted for in this model. Previous modeling 

analyses and bioavailability studies indicate that roughly 2/3 of antibody is recycled (ranging from 

~52–100%) through this pathway [43]; thus, FcRn recycling must be implemented into the model if 

it is critical for the research question or it may be empirically included. Furthermore, as previously 

stated, these differential equations capture these concentration gradients after IV injection. If 

presented with SC data, an additional absorption compartment has to be considered; previous models 

have captured this process as referenced [34,43] Nonetheless, the model schematic and differential 

equations illustrated here provide a solid starting point for quantitative investigation of antibody 

disposition in primary tumors and TDLNs. The following sections will summarize the landscape of 

previous preclinical PK/PD antibody lymphatic studies as well as provide insights on immuno-PET 

imaging methods as a non-invasive way to study antibody pharmacokinetics in primary tumors and 

TDLNs in the clinical setting. 

2.3. Preclinical antibody PK/PD lymphatic studies 

While there have been several published PBPK models assessing mAb disposition in animal 

tumors, as previously mentioned, none to-date have analyzed lesion-level organ-specific tumor 

heterogeneity. Instead, these models have grouped all tumors into a ―tumor‖ compartment, and thus, 

lose the ability to stratify by organ lesion type [32,33,35]. The same can be said about LNs and 

TDLNs; these lymphatic structures are usually secondary to blood flow, and while accounted for in 

the model, are seldom systemically assessed. While the scope of this review emphasizes antibody 

disposition in primary tumors and TDLNs, it is important to get an understanding of all of the 

processes that affect mAb PK at these tissue sites. As previously mentioned, subcutaneous injections 

are an increasingly popular route of administration for mAbs, and as such, factors such as the 

injection site interstitial space and lymphatic transit, among others, must be evaluated. Charman et al. 
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investigated causes of degradation of human growth hormone (hGH), a different class of biologics, 

via the lymphatics in sheep; they reported that injection site interstitial space only minimally 

contributed to hGH degradation. However, it was shown that overall degradation via the lymphatics 

contributed significantly, as only 62% of hGH was recovered in peripheral lymph from the efferent 

duct of the popliteal lymph nodes [44]. A subsequent analysis then demonstrated that degradation of 

therapeutic proteins in freshly collected lymph was also minimal in rats and dogs; however, 

proteolysis in the LNs was shown to contribute to decreased mAb bioavailability [45]. It is not 

surprising given that resident protease-secreting immune cells in the LNs can catabolize mAbs. 

Furthermore, the role of FcRn salvage in the lymphatic vessels is vital in maintaining intact antibody 

as FcRn-knockout mice are devoid of all IgG within four days; over 50% of IgG remained in 

wild-type mice after several days [46], consistent with the half-life of IgG antibodies. While the 

exact processes governing antibody lymphatic absorption remain unknown, these findings highlight 

various components of the lymphatic vasculature that should be considered when modeling antibody 

disposition in primary tumors and TDLNs. 

2.4. Clinical antibody primary tumor & TDLN PK/PD studies/approaches 

There are no direct clinical studies that have assessed mAb disposition in primary tumors and 

TDLNs. A study published by Varkhede et al. analyzed published data across several clinical mAb 

PK studies (in healthy volunteers) to build a minimal PBPK model to quantify mAb absorption after 

subcutaneous administration. They attributed a loss of antibody bioavailability to interstitial 

proteolysis, likely in the sentinel LNs, supporting previous findings [34]. Interestingly, they 

attributed antibody-specific factors as a contributing factor to the reduction in mAb absorption; 

physiochemical factors such as the mAb isoelectric point was shown to correlate with interstitial LN 

proteolysis, suggesting that factors inherent to the mAb need to be considered as well. However, a 

couple of limitations to this study were that actual LN concentration data was unavailable and thus 

was not directly calibrated or assessed. Furthermore, this model was not optimized in a cancer 

setting. 

Several studies have used immuno-PET imaging as a non-invasive way to quantify antibody 

uptake and binding across various tissues, including primary tumors and TDLNs [47-49]. 

Immuno-PET imaging takes advantage of a radiolabeled tracer (
89

Zr-, 
64

Cu-, etc.) on the mAb and is 

able to quantify whole-body antibody biodistribution in vivo and through time. Typically, the 

standard uptake value (SUV) is used as the quantitative indicator of uptake. It is simply a ratio of the 

target organ/tissue radioactivity divided by whole-body radioactivity, normalized by body weight. 

SUV values also take into consideration the half-life of the radioisotope and are thus adjusted for 

time-decay. A higher SUV value denotes higher accumulation and/or binding in target tissues. 

Therefore, it provides an opportunity to build a PBPK framework for the investigation of antibody 

disposition and binding in primary tumors and TDLNs. However, some limitations with this 

approach include sparse sampling, limited TDLN data, and a lack of specific information on 

anatomical TDLNs collected. Furthermore, SUV data can be variable even with the same lesion and 

between scans [50]; nonetheless, these empirical values still provide a valuable resource for model 

calibration and analysis in the clinical setting. 
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3. Clinical/pathophysiological factors that can influence antibody disposition and binding in 

primary tumors & TDLNs 

3.1. Clinical factors 

3.1.1. Neoadjuvant vs. adjuvant immunotherapy 

Cancer surgery undoubtedly remains the gold standard for treating tumors if ―resectable for 

cure,‖ and is much more tolerated than either chemotherapy or antibody therapy. However, as 

previously mentioned, metastases, and especially micrometastases that go unnoticed, are the 

overwhelming cause of cancer-related deaths. In terms of cancer mAb therapies, especially in the 

immunotherapy context (i.e., checkpoint blockade mAbs such as pembrolizumab), the currently 

accepted approach is to administer these therapies in the late-stage, adjuvant (i.e., post-primary 

tumor resection) setting. However, an emerging body of evidence is supporting immunotherapy 

administration in much earlier settings, before surgery (i.e., neoadjuvant immunotherapy); these 

studies are being supported across several different cancer types. A study in early-stage colon cancer 

revealed that 95% of mismatch repair (MMR)-deficient (dMMR) tumors treated with neoadjuvant 

immunotherapy exhibited major pathological response (≤10% residual viable tumor), with 60% of all 

lesions showing complete response (100% reduction) [51]. A study in recurrent glioblastoma showed 

that neoadjuvant pembrolizumab extended median progression-free survival (PFS) from 72.5 days 

(adjuvant group) to 99.5 days (neoadjuvant group); enhanced clonal expansion of T-cells and 

decreased PD-1 expression on peripheral T-cells were also reported in the neoadjuvant group [52]. 

Furthermore, in locally advanced melanomas, a potent and rapid anti-tumor response was observed 

in patients receiving neoadjuvant immunotherapy, with 8 of 27 patients experiencing a major or 

complete pathological response. All eight of those patients remained disease after only a single dose 

of pembrolizumab and were associated with T-cell reinvigoration seen as early as one-week 

post-treatment [12]. Collectively, these findings strongly suggest that antibody administration in the 

neoadjuvant setting is modulating a fundamental principle of possibly all cancers.  

The primary tumor-TDLN signaling axis has been highlighted as a focal point for neoadjuvant 

immunotherapy success [53]; in the neoadjuvant setting, while the primary tumor is still intact, this 

allows for more efficient antibody-mediated pharmacodynamic T-cell priming at both the primary 

tumor (PT) site as well as in the TDLN due to the higher levels of endogenous tumor antigen present. 

Moreover, an intact PT-TDLN signaling axis will ensure an adequate antibody concentration gradient 

at both sites (i.e., sufficient antibody delivery at both the PT and TDLN). This enhanced systemic 

immunity is then better able to scavenge and eliminate micrometastases in tissues (via the intact 

lymphatic vasculature and the blood vasculature) that would otherwise be the source of post-surgical 

relapse. In the case of immunotherapy administration such as pembrolizumab, which targets the 

PD-1 receptor in T-cells, this will allow for an even greater reinvigoration of T-cells in the tumor 

microenvironment, reversing tolerance induction caused by tumor antigens such as the PD-1 receptor 

ligand PD-L1 [53]. However, careful attention must be paid to the timing of neoadjuvant 

immunotherapy and allowing adequate time for systemic immunity, as preclinical evidence shows an 

optimal time window before tumor burden supersedes therapeutic benefit [54]. In cases where 

antibody is administered post-surgery, insufficient mAb delivery (i.e., lower/inefficient 

biodistribution gradient) to the TDLN, due to a disruption in the local lymphatic vasculature, may 
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have deleterious consequences, such as micrometastatic tumor relapse/resistance. Thus, maintaining 

adequate mAb biodistribution gradients to the TDLN are critical in driving both antibody PK and PD 

response in the clinical setting. 

3.1.2. Surgical resection 

Sentinel lymph node (SLN) biopsies is a technique that arose in the early 1990s that is used to 

assess the metastatic potential of the primary tumor and involves excising surrounding proximal 

lymph nodes that are believed to be the first set of nodes draining the tumor. However, the 

controversy over the overall risk-benefit utility of this procedure has been raised throughout the years 

as lymphedema (swelling of the excised area due to compromised lymphatic drainage) is presented 

in nearly 30% of SLN patients [55]. Not only does this impede the patient’s quality of life, but it also 

provides a further pharmacokinetic barrier of efficient antibody delivery to more distal lymph nodes 

surrounding the region. Furthermore, as previously mentioned in the neoadjuvant immunotherapy 

case, this insufficient delivery will likely result in suboptimal mAb-antigen binding found in 

micrometastases in the TDLN, leading to an attenuated anti-tumor response for other antibody types, 

such as trastuzumab. 

3.1.3. Formulations 

The Varkhede et al. subcutaneous lymphatic mAb absorption study that was previously 

discussed noted a co-formulation effect on affecting antibody PK in the interstitial space; 

hyaluronidase is an enzyme that is commonly co-administered with therapeutic antibodies as it helps 

ease discomfort with subcutaneous injections. It allows for higher mAb injection volumes. It is also 

known to disrupt the hyaluronic acid-dependent subcutaneous extracellular matrix present in the 

interstitial space, allowing for more efficient, rapid delivery [34]. Their original model only 

estimated the interstitial LN proteolysis (i.e., LN-mediated mAb clearance parameter, CLLN) and, in 

doing so, overpredicted the Tmax for those mAbs co-formulated with hyaluronidase. Once the 

subcutaneous injection site lymph flow rate was allowed to be simultaneously estimated with the 

CLLN parameter, the model fits were much improved; final model estimates for the injection site 

lymph flow rate were markedly higher and ranged anywhere from 20- to 330- fold than the original 

value [34], consistent with the known pharmacology of hyaluronidase. Therefore, a detailed 

formulation description of the therapeutic antibody should be evaluated when modeling disposition 

in the lymphatic vasculature and LNs. 

3.2. Pathophysiological factors 

3.2.1. Inflammation 

Inflammation is the body’s natural response to combat pathogens and is essential for tissue 

immune homeostasis. However, tumor-associated inflammation, which has been proposed as the 

seventh hallmark of cancer [56], can make profound changes within the tumor microenvironment 

and in the surrounding lymphatic vasculature and TDLNs. Both pro- and anti-inflammatory cytokine 

release have been shown to heighten interstitial flow in the lymphatic capillaries and vessels. 
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Coupled with lymphatic vessel enlargement, it can drastically alter the PK of antibody delivery to 

both primary tumors and TDLNs [57]. Presumably, this would result in a diluting effect that could 

give rise to suboptimal mAb concentrations in the TDLN. 

3.2.2. Spatial factors 

The tumor extracellular matrix (ECM) is markedly different from healthy tissue; it is composed 

of a complex network of myofibroblasts, collagen and other ECM components such as hyaluronan 

and proteoglycans (PGs), among other components. ECM content, even within different anatomical 

tumors, can drastically differ [58] and can have dramatic effects on antibody disposition at these sites. 

These findings corroborate well with a couple of aforementioned studies; lesion-level heterogeneous 

responses to pembrolizumab have been previously explained and can, in part, be attributed to these 

anatomical differences. Furthermore, negatively-charged hyaluronan, which is overexpressed in 

tumors, aids in tumor invasiveness and the epithelial-mesenchymal transition (EMT) [58]. Given that 

many mAbs usually carry a positive charge, this might enhance electrostatic interaction and thus 

retain mAbs within the tumor ECM and create an even higher concentration gradient between the 

primary tumor and TDLN. For these reasons, antibody disposition in organ-specific primary tumors 

and TDLNs should be emphasized and characterized accordingly. 

4. Conclusion 

In summary, while largely understudied, the TDLN is an invaluable asset to the tumorigenic and 

metastatic cascade; it not only acts as a physical means of cancer cell dissemination but is also a 

dynamic regulator of both local and systemic tolerance to tumor antigens. Cancer cells are able to 

exploit the TDLNs in such a way that ultimately progresses, rather than prohibits, further spread. In 

the context of mAb therapies that depend on interstitial and lymphatic uptake to both the primary 

tumor and TDLN, several clinical as well as pathophysiological factors should be considered when 

quantitatively modeling this axis. While seemingly identical in shape and universal in function, 

organ-specific immuno-regulation can vastly influence the local immune signature, which can 

differentially affect antibody responses to anatomically distinct lesions. The work described here has 

provided a PBPK/TMDD modeling approach to successfully characterize mAb disposition in 

organ-specific primary tumors as well as in the TDLNs that drain them. Future clinical studies 

should take advantage of immuno-PET imaging methods and emphasize distinct TDLN networks 

throughout the body to predict antibody disposition at these sites more reliably. 
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Supplementary 

1. R code for the proposed PBPK model (for simulation use in RxODE) 

############################################################ 

odeex <- " 

Cp = centr/Vp # central compartment 

CTtumor = tumor/Visf #primary tumor compartment 

CTtdln = tdln/Vtdln #tumor-positive TDLN 

CTtdln2 = tdln2/Vtdln #tumor-negative TDLN 

 

#SUV (STANDARD UPTAKE VALUE CALCULATION: SUV = CONCENTRATION 

(NMOL/L)*WHOLE-BODY VOLUME (L)/INJECTED DOSE (NMOL)) 

SUVpl = Cp*70/34.6 

SUVtm = CTtumor*70/34.6 

SUVtd = CTtdln*70/34.6 

SUVtd2 = CTtdln2*70/34.6 

 

#CONCENTRATION OF FREE ANTIBODY IN PT (Cf1), TUMOR-POSITIVE TDLN (Cf2), 

TUMOR-NEGATIVE TDLN (Cf3) 

 

Cf1 = 0.5*((CTtumor - tumRec - Kd) + ((CTtumor - tumRec - Kd)^2 + 4*CTtumor*Kd)^0.5) 

Cf2 = 0.5*((CTtdln - tdlnRec - Kd) + ((CTtdln - tdlnRec - Kd)^2 + 4*CTtdln*Kd)^0.5) 
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Cf3 = 0.5*((CTtdln2 - tdlnRec2 - Kd) + ((CTtdln2 - tdlnRec2 - Kd)^2 + 4*CTtdln2*Kd)^0.5) 

 

#RECEPTOR OCCUPANCY  

AT1 = tumRec*Cf1 / (Kd + Cf1) 

AT2 = tdlnRec*Cf2 / (Kd + Cf2) 

AT3 = tdlnRec2*Cf3 / (Kd + Cf3) 

 

#FRACTION OF LYMPH FLOW THAT IS TUMOR-SPECIFIC (VARIES WIDELY ACROSS 

TUMOR TYPES) 

fr = 0.00353 

 

d/dt(centr) = - (1 - sigmav)*Lorgan*Cp*fr - CLp*Cp + L2*Cf2 + L2*Cf3 

d/dt(tumor) = (1 - sigmav)*Lorgan*Cp*fr - (1 - sigmal)*Cf1*L1 - (1 - sigmal)*Cf1*L1 - 

AT1*kint*Visf 

d/dt(tdln) = (1 - sigmal)*L1*Cf1 - L2*Cf2 - AT2*kint*Vtdln 

d/dt(tdln2) = (1 - sigmal)*L1*Cf1 - L2*Cf3 - AT3*kint*Vtdln 

d/dt(tumRec) = kdeg*R01 - kdeg*(tumRec - AT1) - AT1*kint 

d/dt(tdlnRec) = kdeg*R02 - kdeg*(tdlnRec - AT2) - AT2*kint 

d/dt(tdlnRec2) = kdeg*R03 - kdeg*(tdlnRec2 - AT3) - AT3*kint 

" 

 

mbex <- RxODE(odeex) 

 

#Vp = plasma volume (L), Visf = primary tumor-specific interstitial fluid volume (L), Vtdln = 

TDLN interstital fluid volume (L), 

#Kd = binding affinity (nM), sigmav = vascular reflection coefficient, sigmal = lymphatic 

reflection coefficient,  

#R01/R02/R03 = antigen concentration in PT/tumor positive TDLN/tumor negative TDLN(i.e., 

tumor burden, nM),  

#Lorgan = organ lymph flow (L/hr), CLp = antibody clearance (L/hr), L1/L2 = 

afferent/efferent lymph flows (L/hr), 

#kint = target internalization rate (hr-1), kdeg = target degradation rate (hr-1) 

params <- c(Vp = 5, Visf = .0002, Vtdln = 0.0002, Kd = 5, sigmav = 0.95, R01 = 500, R02 = 100, 

R03 = 0, 

            Lorgan = .0815, CLp = .009, L1 = .004, L2 = .004, sigmal = 0.2, kint = 0.01, kdeg 

= 0.01) 

inits <- c(0, 0, 0, 0, 500, 100, 0) 

 

ev <- eventTable() 

ev$add.dosing(dose = 34.6, nbr.doses = 1, dosing.to = 1) 

ev$add.sampling(0:200) 

#dose = nmol 

 

reviewsim <- as.data.frame(mbex$solve(params, ev, inits), stiff = TRUE) 
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reviewsim 

 

s100 <- ggplot(reviewsim,aes(time,SUVpl)) + geom_line(col="blue", cex = 1.5) +  

  geom_line(col="red",dat=reviewsim,aes(time,SUVtm),cex = 1.5) + 

  geom_line(col="green",dat=reviewsim,aes(time,SUVtd),cex = 1.5) +  

  geom_line(col="green",dat=reviewsim,aes(time,SUVtd2),cex = 1.5, lty=2) + ylab("SUV") + 

xlab("time (hours)") + theme_bw() + 

  theme(axis.title.x = element_text(family="sans", face="bold", size=18)) + 

  theme(axis.title.y = element_text(family="sans", face="bold", size=18)) + 

  theme(axis.text.x = element_text(family="sans", face="bold", size=18)) +  

  theme(axis.text.y = element_text(family="sans", face="bold", size=18)) + 

  theme(panel.grid.major = element_blank(), panel.grid.minor = element_blank()) +  

  scale_y_log10() 

s100  

############################################################ 

2. Determination of “fr” (fraction of organ blood/lymph flow to tumor): Kidney example 

Tumor perfusion to kidney
42

:   240 mL/min/100g 

Assuming a 1 cm
3
 (= 1 mL = 1 g) tumor: 

               
          

    
                

 

Assuming lymph is 0.002 blood flow (1/500): 

 

         

   
 = 0.288 mL/hr = 0.000288 L/hr (tumor-specific kidney lymph flow) 

 

Normal kidney blood flow = 40.75 L/hr 

 

         

   
             (normal kidney lymph flow, Lorgan) 

Lorgan*fr = Lkidney tumor 

0.0815 L/hr * fr = 0.000288 L/hr 

fr = 0.003533742 
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