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Abstract: Patient-derived model systems are important tools for studying novel anti-cancer therapies.
Patient-derived xenografts (PDXs) have gained favor over the last 10 years as newer mouse strains
have improved the success rate of establishing PDXs from patient biopsies. PDXs can be engrafted
from head and neck cancer (HNC) samples across a wide range of cancer stages, retain the genetic
features of their human source, and can be treated with both chemotherapy and radiation, allowing for
clinically relevant studies. Not only do PDXs allow for the study of patient tissues in an in vivo model,
they can also provide a renewable source of cancer cells for organoid cultures. Herein, we review the
uses of HNC patient-derived models for radiation research, including approaches to establishing both
orthotopic and heterotopic PDXs, approaches and potential pitfalls to delivering chemotherapy and
radiation to these animal models, biological advantages and limitations, and alternatives to animal
studies that still use patient-derived tissues.
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1. Introduction

Patient-derived xenografts (PDXs) have become an important model system for studying novel
anti-cancer therapies. First described over 70 years ago [1–3], PDXs have gained favor over the last
10 years as newer mouse strains, such as the NOD-scid IL2Rgammanull (NSG) and NOD.Cg-Prkdcscid

Il2rgtm1Sug/JicTac (NOG) strains, have significantly improved the success rate of establishing PDXs
from patient biopsies [4,5]. PDXs have been developed from nearly all types of human tumors and
numerous groups have reported their use for testing novel therapeutics, identifying patient cohorts
for precision medicine approaches, identifying biomarkers of therapeutic response, and confirming
cellular mechanisms identified in vitro [6]. In our experience, PDXs can be engrafted from patient
head and neck cancer (HNC) samples across a wide range of cancer stages [7–10]. Other groups using
large banks of PDXs have shown that the rate of engraftment can be prognostic of poor outcomes,
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suggesting that PDXs may be able to provide important information about the patients most in need of
novel therapies [6,11].

There are clear advantages of PDXs over other in vivo model systems: PDXs remain the only
in vivo model of actual patient tumors and, at low passages, retain the genetic features of their
human source; there is no sophisticated technology required; and they can provide a renewable
source of cancer cells for organoid cultures. Disadvantages of this mouse model include the use
of immunocompromised animals, thus eliminating potential immune-mediated anti-cancer effects,
possible genetic and biological changes with increased passages, dependence on the ability of a given
tumor to grow in mice to initiate studies, and the time and investment required for each additional
passage. Herein, we review the uses of HNC PDXs for radiation research, including approaches to
establishing PDXs, approaches and potential pitfalls to delivering radiation and chemotherapy to these
animal models, and alternatives to animal studies that still use patient-derived tissues.

2. Patient-Derived Models of Head and Neck Cancer

2.1. Xenograft Models

Xenografts are a widely used cancer research model system that involves growing tumor tissue
in a different species from the donor species. Xenograft models can be used to study tumor biology,
investigate anti-cancer therapeutics, or for the development of predictive biomarkers. The source
of cancer cells can be an established cancer cell line or dissociated patient-derived tumor tissue
(Figure 1). Tumors established from syngeneic animals or cell lines (i.e., murine cancer cell line
injected into a murine host), although not truly a xenograft, are also typically referred to as xenografts.
Syngeneic tumors can be implanted into immunocompetent animals, while implanting tumors from one
species into a second species requires the use of immunocompromised animals. When studying HNC,
xenografts are most commonly injected subcutaneously into the flank of the animal (i.e., heterotopic
implantation, Figure 1, right panel). However, in the past several years, some groups have taken to
utilizing orthotopic xenografts in which the tumors are established in the tissue of origin (e.g., head
and neck squamous carcinoma cells injected into the buccal cavity or cheek of the mouse, Figure 2) [12].
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Figure 1. Establishment of xenografts.Tumor tissue obtained from a patient or from an animal model
can be used to establish xenografts. Tissue is disaggregated under sterile conditions and implanted
into the desired location of recipient mice.
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Figure 2. Orthotopic head and neck cancer models. (A) Orthotopic growth of a PDX within the tongue
(arrow) can be seen with careful inspection. (B) On histologic evaluation the tumor (t) can be seen
infiltrating into tongue muscle (m). (C) Lymph node metastases (dashed circle) can be seen following
orthotopic tumor injection, but are less commonly seen with flank models. (D) Histologic evaluation
demonstrates the tumor (t) within a lymph node (l).
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Patient-derived xenografts provide advantages over either cell-line xenografts or classical tissue
culture work and can be used to predict patient response to targeted drugs [8,13–17]. PDXs can
be established from patients with both human papilloma virus (HPV)-positive and HPV-negative
head and neck squamous cell carcinomas [8,9], and from cancers with rare head and neck histologies,
including adenoid cystic carcinoma and midline NUT carcinoma [7]. Importantly, individual PDXs
maintain the genetic and phenotypic characteristics of the original patient tumors [6,8] including
expression of viral oncogenes in HPV-positive tumors [18]. However, studies in breast cancer and
acute lymphoblastic leukemia have demonstrated extensive clonal dynamics throughout serial PDX
passaging [19,20]. The generalizability of this finding and its impact on therapeutic response is yet to be
confirmed. Overall engraftment rates range from 50%–75% depending, at least in part, on the quantity
of tumor engrafted. It has been shown in several cancers, including HNC, that PDX engraftment
and growth itself is an indicator of poor prognosis, and some have suggested that PDX formation
itself can be used as a risk stratification biomarker [21,22]. Other factors affecting the engraftment
rate include HPV status: we have found that HPV-negative tumors seem to engraft slightly better
than HPV-positive tumors, which limits our ability to study virally induced cancers in such a system.
Other studies have also shown this, as well as finding that tumors with perineural invasion had a
higher engraftment rate [22]. Despite this difference in the ability to establish PDXs, it appears that this
does not significantly impact the biology of the resulting tumors: HPV+ PDXs are more sensitive to
radiation than HPV− PDXs, consistent with what is seen clinically [8].

There are biological differences between murine and human tissues, particularly with regard
to radiation response, making PDXs an attractive model. Studies performed over the years have
shown that the activities and/or levels of critical molecules mediating the DNA damage response after
irradiation differ between species [23]. Rodent cells are generally more susceptible to radiation-induced
oncogenic transformation, less efficient at checkpoint activation, and more sensitive to oxidative stress
when compared to human cells [24]. Given the differences between rodent and human cells regarding
aspects of the fundamental mechanisms mediating cellular response, and that a goal of experimental
radiation oncology is to develop modifiers relevant to treatment, most preclinical radiation studies
focus on human tumor xenografts.

PDXs are a valuable resource for evaluating therapeutic response and for confirming putative
mechanisms identified in other model systems [7,8,25–28]. Most PDXs established by our lab, and others,
utilize remnant tissue provided by pathology after surgical excision of the cancer (discussed more
below). This leads directly to a major limitation of using PDXs for cancer therapeutic development: we
do not know how the patient would have responded to the drug, radiation, or combination therapy
under investigation. Other potentially significant limitations include the presence of mouse rather
than human stroma, which has implications for the tumor microenvironment.

Perhaps the most important limitation is that PDX engraftment must be performed into an
immunocompromised host, precluding study of the immune response. It is now clear that the host
anti-tumoral immune response is intricately involved in the overall treatment response and it has been
shown that a functional immune system is required to cure HPV-positive HNC with chemoradiation
(CRT) in vivo [29]. There is ample evidence that radiation therapy ignites such an immune response by
increasing immunogenic antigen presentation and by releasing cytosolic DNA, which activates the
cGAS/STING pathway, resulting in a type I interferon response [30]. These, and other mechanisms of
radiation-induced immune activation are now burgeoning fields of research [31,32]. Thus, the lack of a
functional immune system in PDX mouse models may not completely reflect how the patient’s tumor
would respond to CRT. However, the development of humanized mice (see below) offers the potential
to include immune studies in the context of PDXs. Though the lack of an immune system represents
an obvious and clinically relevant caveat, the PDX model remains useful for studies focused on
tumor-intrinsic effects, for dissecting molecular mechanisms dictating tumor cell death, and identifying
resistance-promoting adaptations. Clearly, depending on the molecular target being addressed and its
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mechanism of action, these characteristics need to be taken into account when attempting to translate
results to a clinical scenario.

2.2. Organoid Models

Patient-derived organoids (PDO) from different cancer types have been successfully established in
recent years. In this method, isolated cells from the patient are grown as organoids in a 3D matrix, rather
than in more traditional 2D culture systems, which better represent in vivo tumor architecture and
cell–cell interactions. It has been demonstrated that PDOs from HNC can recapitulate the morphologic
and molecular characteristics of the original tumor [33,34]. In addition, PDOs can be readily used
to test sensitivity to multiple drugs and radiation due to their relatively rapid 3D culture (i.e., days),
compared to the lengthy process of establishing PDXs (i.e., weeks to months) [35]. We have recently
demonstrated an approach to testing radiation sensitizers using PDOs derived from a panel of colon
cancer patients [36] and have active projects utilizing this approach in HNC. A major limitation of
PDOs is that replication of experiments typically requires a renewable source of tissue. To address this
limitation, we establish PDOs from PDX tissue, thus avoiding the need for repeated patient biopsies.
To date, there is little reported about the rate at which organoids can be successfully established from
PDXs. In our experience, not all tumors that grow as PDXs are able to form useful organoid cultures.
Although PDOs show promise as an approach to rapidly screen patient tumors for drug response,
additional validation is clearly required.

2.3. Zebrafish Models

Zebrafish (Danio rerio) have been used as model organisms in scientific research for over 50 years.
These fish grow quickly, are small and inexpensive to maintain, and are easily amenable to genetic
manipulation. Several groups have begun using zebrafish embryos as a host for the implantation of
patient-derived tumor tissue in order to study drug sensitivity [37,38]. Drugs, including chemotherapy,
can be added to the water, where they are absorbed and metabolized by the fish. If a drug is effective
in eradicating the implanted tumor cells, the embryos survive, and if the drug is ineffective, the fish
embryos die due to growth of the tumor cells. Major advantages of this system include the ability to
screen a relatively large number of drugs in a short time period, although expertise with zebrafish is
clearly necessary. One can also use zebrafish to study radiation response. Most commonly, wild-type or
genetically modified embryos are irradiated and assessed for morphologic abnormalities and survival,
but one can also screen radiation sensitizers using this model system [39].

2.4. Establishing Patient-Derived Models

Our approach to establishing PDXs was previously described in detail [8–10,40] and will be briefly
outlined below. We obtain fresh tumor tissue from patients who consent to provide de-identified excess
tissue under an Institutional Review Board (IRB)-approved protocol via our institution’s Translational
Sciences Biobank (University of Wisconsin Health Sciences IRB#2016-0934, approved 10 October 2016,
expiration 11 August 2020). Tissue is taken from the patient by a surgeon and placed directly into saline
(not formalin!). Samples are processed by the pathology department and a portion not required for
diagnostic purposes is reserved for research and provided to the research team. We transfer the tumor
from saline into ice-cold Dulbecco’s Modified Eagle Medium (DMEM) and store for less than 48 h prior
to use. Tissue is transferred to a sterile tissue culture dish, rinsed with sterile phosphate-buffered saline
(PBS) and cleared of blood and necrotic tissue. The cancer tissue is then suspended in prepared PDX
media and minced with sharp, sterile scissors to obtain a slurry. We use this slurry for implantations
into animals, the establishment of organoid cultures, and/or for cryopreservation. The slurry is mixed
in a 1:1 ratio with matrigel and implanted into 4–6-week-old male or female NOD-SCID gamma (NSG,
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice.
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2.5. Flank Models

Heterotopic, subcutaneous implants into the flanks of mice are advantageous because they
provide easy access to the tumor site for injection, growth monitoring, and treatment. This approach is
commonly used for PDX establishment due to the ease of monitoring this location and the relatively
minor impact upon animal health. The tumor slurry can be slightly viscous as an 18-gauge needle can
be used to implant tumor cells. Alternatively, a small incision can be made in the flank to implant
small pieces of tumor, which has the advantage of initially preserving normal tumor architecture.
Relatively large volumes (100–400 µL) can be implanted using a flank model which can shorten the
time of tumor development compared to the orthotopic model described below. This approach also
permits the growth of tumors of sufficient size to enable passage into subsequent generations, provides
tissue that can be cryopreserved for later use, and/or can be used to establish PDOs. This model can
also be used to monitor changes in the transplanted tumor over time by measuring tumor dimensions.
One significant limitation of heterotopic HNC PDXs is that they rarely give rise to metastasis.

Following tumor cell injection, mice can be monitored weekly until tumors reach a size of at
least 200 mm3. In our experience, this requires a minimum of 1 week and can take several months.
We monitor animal weight weekly but rarely see significant changes in mouse weight due to tumor
growth on the flank. To harvest tissue for analysis, mice are euthanized using Institutional Animal
Care and Use Committee (IACUC)-approved protocols (University of Wisconsin IACUC protocol
#M005974, approved 31 January 2018, expires 30 January 2021) and/or undergo survival surgery to
remove the growing mass.

2.6. Orthotopic Models

Establishing orthotopic head and neck cancer PDXs requires the disaggregation of the tumor
into a finely chopped suspension which is filtered using a sterile mesh in order to allow cells to be
injected using a 27-gauge needle. Oweida and colleagues have demonstrated this nicely in a video
method [12] that we have adopted for use with our PDXs. In our experience, any PDX that grows
in the flank will grow orthotopically, although the failed implant rate (percentage of implanted sites
that fail to develop tumors) is somewhat higher. A much smaller volume of cells can be injected into
HNC orthotopic sites when compared to heterotopic sites (≤50 µL vs. 200–500 µL)—either the tongue,
the floor of the mouth, or buccal mucosa. It is thought that this approach provides a more “natural”
tumor microenvironment for tumor growth, as evidenced by the appearance of both lymph node and
lung metastasis (Figure 2C). Despite the injection of smaller volumes of tissue, we have not identified
systematic differences in the architecture of the resulting tumors. Given the rapidly rising incidence
of HPV-associated oropharyngeal carcinomas, it would be ideal to study such orthotopic models.
However, mice and other rodents lack tonsils. Their functionally equivalent tissue is nasal-associated
lymphoid tissue, making this an impractical site for PDX engraftment [41].

Tumor measurements can be done using microcalipers, ultrasound, or using fluorescent or
bioluminescent imaging if cells are transfected with appropriate molecular tags. Orthotopic head
and neck tumors can significantly affect the animals’ ability to eat and drink, thus close monitoring
of animal health and weight is mandatory. Due to the effects of the growing tumors on the animals’
oral intake, a cutoff of 20%–25% weight loss from the baseline is used as a censoring endpoint (see
analysis below). This cutoff may need to be discussed with local animal care and use committees
and can vary from institution to institution. The impact of orthotopic tumors on animal health has
important implications for the lengths of experiments. In particular, it may be necessary to stop the less
efficacious treatment arms early (e.g., control, drug alone). For this reason, in addition to monitoring
tumor size, we often use survival as an endpoint with orthotopic HNC models. Though orthotopic
models may more accurately recapitulate the original patient tumor, it is currently not known whether
this method significantly differs from heterotopic tumor models in terms of growth rate and treatment
response. This is an active area of investigation by multiple groups.
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2.7. Humanized Models

Nearly all studies with PDXs are currently performed in immunocompromised mice. In fact,
many groups, including ours, use the NSG model (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ), which lacks B,
T, and NK cells and is even more immunosuppressed than nude mice. This model system makes it
impossible to study the anti-tumoral immune response or effectiveness of immunotherapies. There are
genetically engineered and carcinogen-induced mouse models of head and neck cancer that are
available for study in immunocompetent hosts, but they may not recapitulate the heterogeneity present
in human cancers. Thus each model has advantages, but neither allows for the study of patient tumor
tissue in an immunocompetent host. Humanized mouse models offer a potential solution to this
problem, as they are immunocompromised to allow for PDX growth, but are then engrafted with a
partially functional “human” immune system, allowing for the study of the immune response [42].
Humanized animal models offer the opportunity for investigators to study immunomodulatory agents
in human cancers [43–47], work that has taken on greater importance since the 2019 approval of
pembrolizumab in the first-line setting for metastatic HNC patients.

Humanized mice can be developed by engrafting human peripheral blood mononuclear cells
(PBMCs), hematopoietic stem cells (HSC), or fetal thymus or liver tissues. Engraftment of PBMCs
allows for the expansion of human T cells, however graft-versus-host disease quickly ensues, leading to
the relatively short survival of the animal, which is prohibitive for long-term studies. HSC engraftment
often requires pre-conditioning with irradiation or cytotoxic drugs, but newer mouse models have been
developed that do not require this, and some even support the enhanced engraftment of human immune
cells (i.e., MISTRG mouse) [43]. Humanized CD34+ mice are a recent advance and are created by
injecting human CD34+ HSCs into NSG-recipient mice. Advantages of this model include multilineage
hematopoiesis with circulating CD4+ and CD8+ T-cells with functional T-cell receptor diversity, and the
ability to perform longer term studies (>12 months) due to the lack of graft-versus-host disease [48].
Despite these advances, these humanized mouse models continue to be constrained by differences in
major histocompatibility complex (MHC) antigens and cytokine expression, among others, between
mouse and human tissues.

We, and others, have begun to utilize humanized mouse models to study immunotherapy with
PDXs [44,46,47]. At our institution, the Brown and Burlingham groups have developed a NeoThy
humanized mouse model using non-fetal human tissue (i.e., cryopreserved neonatal thymus and
umbilical cord blood HSC) that harbors functional human hematopoietic cells [49]. We have used
NeoThy mice to successfully engraft multiple human PDXs and have demonstrated that they harbor
functional immune cells (currently unpublished data).

While there are multiple approaches to engrafting human hematopoietic stem cells in
mice, we believe the NeoThy approach offers significant advantages over several of the others.
Notably, the NeoThy mouse is established without the use of fetal tissue. The advantage of neonatal
thymus is that the lymphocytes develop a tolerance to murine tissues, which delays the onset of a
graft-vs-host disease that limits the longevity of other humanized models [50,51]. This provides the
ability to perform anti-cancer studies investigating long-term control of tumor growth or with tumors
that grow slowly. This approach also permits the generation of a cohort of “identical” animals, each
of which receives a thymic fragment and hematopoietic cells from the same source. A significant
drawback to this approach is the time required for the development of a significant human immune
cell population (8–12 weeks) and the fact that two temporally distinct engraftments are unlikely to
result in identical animals. Interestingly, our experience, and that of other groups, is that a tumor and a
donor do not need to be human leukocyte antigen (HLA)-matched to successfully engraft tumors in
humanized mice. How this impacts treatment response, and whether MHC matching improves the
generalizability of data from humanized models, remains unknown.
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3. Radiation Delivery

Radiation therapy (RT) is a critical component of the treatment plan for many HNC patients.
Radiation can be delivered curatively or palliatively; for the definitive treatment of cancer or in the
post-operative setting; and alone or in combination with chemotherapy. Animal models are used by
many groups to study potential radiosensitizers, drugs that when combined with radiation, serve to
improve the therapeutic ratio and augment the effects of radiation.

The approaches and techniques described here are applicable to any animal model: PDX, cell
line xenograft, syngeneic, or even in vitro organoid models. Each approach to delivering radiation
has clear benefits and limitations that we will discuss. Most importantly, it is critical to confirm the
delivered dose in whatever model system is used.

In recent years, we and many other groups have transitioned to using small animal irradiators
capable of delivering highly conformal radiation therapy that mimics radiation delivery in the clinic.
These systems (e.g., Xstrahl’s small animal radiation research platform (SARRP) or Precision X-ray’s
small animal radiation therapy platform (SmART)) utilize image guidance and treatment planning
software to allow users to develop individualized radiation treatment plans for each subject [52].
These systems allow the delivery of radiation with fewer side effects and toxicities of therapy.
Despite these advantages, the use of these systems can have significant drawbacks as well: radiation
delivery can take 5–10 min per animal and many centers require the use of specialized staff to ensure
proper use of the equipment, thus increasing the costs of treatment. For these reasons and others, many
groups still utilize standard cabinet or cesium irradiators with a fixed source to irradiate animal models.
These systems are often capable of treating several mice at once and require almost no treatment
planning time as they rely on standardized protocols, but have a limited ability to conform the
radiation dose to the target. We currently tailor the radiation delivery apparatus to the model system.
When performing radiation on flank xenografts, we use the cabinet irradiator with custom-built lead
jigs (Figure 3A) to shield the majority of the animal from the radiation dose. This permits rapid and
reproducible delivery of radiation for the majority of studies investigating radiation sensitizers that
we perform in PDX models. The SARRP/SmART system is used to irradiate orthotopic models given
the more complex nature of these anatomic sites (Figure 3B). While the treatment-planning software
provides dose estimates, it is important to confirm dose delivery as these machines can become slightly
misaligned, resulting in significant deviations in radiation dose delivery to the target.
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Figure 3. Radiation delivery to head and neck cancer (HNC) xenograft models. (A) Flank models,
can be easily irradiated using cabinet irradiators and lead jigs. (B) Using an image-guided small animal
irradiator, the tumor (contoured in green) can be targeted with multiple radiation beams to limit dose
to other normal structures.

The transition from cesium irradiators, with their easily calculated dose rate, has highlighted
the importance of dosimetric validation for pre-clinical irradiation. There is currently not a standard
protocol for performing calibration of irradiators used in research [53]. If they perform calibration,
most facilities use a variation on the approach described in TG-61, a document describing methods to
calculate an absorbed dose of water for 40–300 kVp X-rays [54–56]. Far too many publications fail to
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provide sufficient detail to enable replication of radiation delivery, and even fewer provide details
regarding the frequency and type of calibration performed [57]. At our institution, monthly quality
assurance (QA) is performed by a member of the UW Calibration Lab using a custom-built compact
4 × 4 cm phantom and Gafchromic EBT3 film which has known spatial precision and relatively flat
energy response [58]. At a minimum, we suggest that monthly QA be performed to ensure the dose
rate is correct and, for small animal image-guided systems, to confirm alignment of the beam with the
isocenter. We prefer to use experiment-specific phantoms and thermoluminescent detectors to validate
the dose for each experimental model.

There is a tremendous number of different radiation dose schemes that have been utilized for
in vivo models (Table 1). We try to utilize clinically relevant schemes such as 2 Gy per day, 5 days
per week, for most studies of radiation sensitivity in which we monitor tumor size. These choices
must be balanced with the potential toxicity of treatment and the anticipated longevity of the animal.
A shorter endpoint should be prioritized in humanized animals due to the potential of graft versus
host disease [50,51]. Higher radiation doses per fraction are used when specific questions require
an alternative approach. The majority of our studies monitor tumor size over time, but on occasion
we perform TCD50 assays aimed at determining the radiation dose required to control half of the
tumors [59,60]. This approach can be pursued either by delivering different numbers of 2 Gy radiation
fractions or by keeping the total fractions consistent and varying the dose per fraction (for example,
see [7]).

Table 1. Common radiation doses, fractionation schemes and measured endpoints.

Radiation Dose Fractions Schedule Chemotherapy Endpoint

2–3 Gy/fraction 5–10 fractions daily × 1–2 weeks +/−
Tumor growth delay, growth
rate, time to tumor doubling

2 Gy/fraction 25–35 fractions daily × 5–7 weeks +/−
Cure rate, tumor control
dose—50%

5–10 Gy/fraction 1–8 fractions daily, 3 times/week +/−

Tumor growth delay, growth
rate, time to tumor doubling,
cure rate, tumor control
dose—50%

Challenges in Drug and Radiation Delivery

Over 60% of head and neck cancer patients receive chemotherapy and/or radiation during their
lifetime. In vivo PDX models provide an opportunity to study the effects of both of these treatments
simultaneously, mimicking clinical practice. The ease of studying drug or radiation sensitivity in vitro
has allowed for the discovery of chemotherapeutics and molecularly targeted agents that sensitize
cells to RT [61,62]. These studies are then translated into murine models with varying rates of success
and, unfortunately, these studies are rarely translated to clinic, with a disappointing number of
clinical advances [57,62–64]. Hypotheses explaining this divide include (1) the disparity in tumor
microenvironment (TME) between animal models and human tumors; (2) PK/PD challenges limiting
drug availability; (3) failure to confirm target inhibition; (4) unanticipated overlapping toxicities;
(5) imprecise and inaccurate RT dose delivery impairing interpretation of the data; (6) testing in a
limited number of cell lines; and (7) failure to test with RT.

The tumor stromal microenvironment plays an important role in tumor viability, cell signaling,
and resistance to treatment. Patient tumors established as PDXs can retain their original stromal
composition, allowing for more clinically relevant studies, however, this is usually only maintained for
two to three passages, after which the mouse stroma dominates [65]. Therefore, creating expansions
and banking early passage numbers is often recommended. Tumor vascularization is also a significant
physiological variable as this affects drug distribution, availability, hypoxia, and tumor cell growth
and death. While it is much easier to control drug concentration in vitro, this is not as straightforward
in murine models. An important consideration is drug availability and intra-tumoral concentrations.



Cancers 2020, 12, 419 9 of 14

Most research groups utilize published drug dosing regimens, but intra-tumoral concentrations are
rarely reported or validated, likely leading to highly variable drug concentrations among studies.
Dosing schedules are likely to differ between mouse and human studies as well. Importantly, drug doses
in combined chemoradiation studies are also rarely assessed. Additionally, there can be significant
differences in how strains of mice metabolize drugs, leading to dose regimens that are effective in one
strain but inappropriate for another strain [66–68]. Robust knowledge of effective drug concentrations
in PDX models compared to patients is lacking, and may certainly affect study results.

These clear challenges in drug delivery do not apply to radiation therapy, however, as dosing is
administered externally and occurs homogeneously in all cases provided the tumors are of similar size
and appropriate quality assurance has been performed. Radiation administered to PDXs can be given
in 2 Gy daily fractions—exactly how patients are treated in the clinic. However, the total radiation
dose to PDX models is generally less than the dose used to treat patients, as this would be very time
intensive and may lead to ulceration in the mouse. For HNC PDXs, we use 10 Gy in five 2 Gy fractions,
which are administered every day. This dosing regimen can slow the growth of radiosensitive tumors
and has been shown to recapitulate the radiation sensitivity of HPV-positive and HPV-negative cell
lines observed in vitro [26].

4. Experimental Design

Estimation of the number of subjects required to answer an experimental question is an important
step in planning a study. On one hand, an excessive sample size can result in a waste of animal life,
lab resources, and personnel time. However, underestimations of sample sizes are also wasteful,
since an insufficient sample size has a low probability of detecting a statistically significant difference
between groups, even if a difference really exists. There is no magic solution to decide the size of
treatment groups for studies of radiation and/or chemotherapy in xenografts. We work closely with
our collaborating statisticians to analyze variability in tumor growth rates in order to identify a proper
sample size. Most commonly, we start with groups of 12–15 animals with the expectation that 10%–20%
of tumors will either not develop or will grow much faster or slower than the average. This allows us
to exclude outliers at the start of treatment.

We also include additional animals in each group that can be euthanized early during treatment
to provide tissue to assess drug concentrations, target inhibition, or investigate molecular mechanisms.
Three animals per condition are used to provide the biologic replicates of the endpoint. To be clear, this
means that an experiment testing the addition of a drug to radiation involves four treatment groups
(i.e., mock, drug, RT, drug + RT) and up to 60–72 animals in total.

For the majority of experiments that utilize flank xenografts, we use tumor volume as our endpoint,
while for orthotopically implanted tumors we typically use a surrogate of survival (loss of >20%
body weight from the baseline). Animals that are euthanized at early time points to support biologic
investigations are not included in survival analyses, but are used in tumor volume analysis. As stated
above, once PDX tumors reach 200 mm3, they are irradiated and tumor volume is measured every
2–3 days for approximately 30–50 days.

5. Statistical Analysis

The statistical methods applied to analyze tumor volume (longitudinal data) from PDXs typically
involve using linear mixed-effects models [69]. The fixed-effects model matrix is parameterized to
reflect the experimental design (e.g., to compare one drug vs a control, or a combination of two
drugs vs a gold-standard treatment, or comparing PDX implantation sites, etc.), while the random
effects structure is often specified (data allowing) to accommodate intra-mouse variation and temporal
correlation (random slope and intercept). If the regression model assumptions are not adequately met,
both variable transformations (usually log-transforming the data) as well as generalized linear models
can be entertained. Models are generally fit using restricted maximum likelihood estimation (REML)
and model inference is typically conducted using parameter-level confidence intervals obtained by
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bootstrapping and p-values approximated using the Kenward–Roger method. Limitations to this
approach include the inability to process censored data, and the assumption of linearity (on the natural
scale). Other complications include adequately modeling the cross-generational correlation inherent
in PDXs.

For experiments where the primary outcomes of interest are time-to-event data (such as tumor
doubling, animal death, loss of % body weight, etc.), the semi-parametric Cox proportional-hazards
regression model is typically preferred, as it can handle multiple predictors and allow for covariates
to be included [70]. Between-group differences in hazard functions are assessed using the
score test (equivalent to the log-rank test) and potential confounding effects can be adjusted via
model parameterization.

6. Conclusions

In this era of personalized cancer therapy, head and neck cancer PDXs offer the opportunity to
directly test drug and radiation combinations on patient tumors, while allowing for biologic and
genetic correlative studies. Importantly, PDXs have been shown to recapitulate the original patient
tumor with regard to histology and molecular profiles, including the expression of viral oncogenes in
the case of HPV-positive HNC, enabling biologically and clinically relevant studies. Head and neck
PDXs can be grown heterotopically or orthotopically and it is currently unclear if one model is superior
to the other. These tumors can be treated with both chemotherapy and radiation, mimicking patient
treatment paradigms and enabling a comparison of treatment regimens. However, the limitations of
this model must not be overlooked, and include differences in the tumor microenvironment due to the
presence of mouse stromal tissue, difficulty controlling intra-tumoral drug concentrations, and the lack
of a functional immune system. Given the integral role of the immune system in treatment response
and the burgeoning field of immunotherapy, it will be essential to discover new ways to study PDXs in
immunocompetent models.

Author Contributions: All authors contributed to writing (original draft preparation); P.F.C., K.P.N. and R.J.K.
contributed to writing (review and editing). All authors have read and agreed to the published version of
the manuscript.

Funding: This project was supported in part by grants from the American Cancer Society (RSG-16-091-01-TBG),
a Bentson Fellowship (PFC), Radiological Society of North America Fellow Grant (PFC), American Society of
Clinical Oncology Young Investigator Award (PFC), the University of Wisconsin Carbone Cancer Center Support
Grant (P30 CA014520), and the Wisconsin Head and Neck Cancer SPORE Grant through the NIH National
Institute for Dental and Craniofacial Research and National Cancer Institute (P50DE026787). The content is solely
the responsibility of the authors and does not necessarily represent the official views of the NIH.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the work described; in
the writing of the manuscript, or in the decision to publish the manuscript.

References

1. Greene, H.S. The significance of the heterologous transplantability of human cancer. Cancer 1952, 5, 24–44.
[CrossRef]

2. Goldenberg, D.M.; Muller, E.; Witte, S. In vivo proliferation of heterotransplanted human cancer cells.
Eur. J. Cancer 1967, 3, 315–319. [CrossRef]

3. Cobb, L.M.; Mitchley, B.C.; Wood, J.M. Proceedings: Factors influencing the establishment of human tumour
cells as a xenograft. Br. J. Cancer 1974, 29, 97. [CrossRef]

4. Ishikawa, F.; Yasukawa, M.; Lyons, B.; Yoshida, S.; Miyamoto, T.; Yoshimoto, G.; Watanabe, T.;
Akashi, K.; Shultz, L.D.; Harada, M. Development of functional human blood and immune systems
in NOD/SCID/IL2 receptor {gamma} chain(null) mice. Blood 2005, 106, 1565–1573. [CrossRef]

5. Ito, M.; Hiramatsu, H.; Kobayashi, K.; Suzue, K.; Kawahata, M.; Hioki, K.; Ueyama, Y.; Koyanagi, Y.;
Sugamura, K.; Tsuji, K.; et al. NOD/SCID/gamma(c)(null) mouse: An excellent recipient mouse model for
engraftment of human cells. Blood 2002, 100, 3175–3182. [CrossRef]

http://dx.doi.org/10.1002/1097-0142(195201)5:1&lt;24::AID-CNCR2820050106&gt;3.0.CO;2-O
http://dx.doi.org/10.1016/0014-2964(67)90013-8
http://dx.doi.org/10.1038/bjc.1974.31
http://dx.doi.org/10.1182/blood-2005-02-0516
http://dx.doi.org/10.1182/blood-2001-12-0207


Cancers 2020, 12, 419 11 of 14

6. Hidalgo, M.; Amant, F.; Biankin, A.V.; Budinska, E.; Byrne, A.T.; Caldas, C.; Clarke, R.B.; de Jong, S.; Jonkers, J.;
Maelandsmo, G.M.; et al. Patient-derived xenograft models: An emerging platform for translational cancer
research. Cancer Discov. 2014, 4, 998–1013. [CrossRef]

7. Prabakaran, P.J.; Javaid, A.M.; Swick, A.D.; Werner, L.R.; Nickel, K.P.; Sampene, E.; Hu, R.; Ong, I.M.;
Bruce, J.Y.; Hartig, G.K.; et al. Radiosensitization of adenoid cystic carcinoma with mdm2 inhibition.
Clin. Cancer Res. 2017, 23, 6044–6053. [CrossRef]

8. Kimple, R.J.; Harari, P.M.; Torres, A.D.; Yang, R.Z.; Soriano, B.J.; Yu, M.; Armstrong, E.A.; Blitzer, G.C.;
Smith, M.A.; Lorenz, L.D.; et al. Development and characterization of HPV-positive and HPV-negative head
and neck squamous cell carcinoma tumorgrafts. Clin. Cancer Res. 2013, 19, 855–864. [CrossRef]

9. Stein, A.P.; Saha, S.; Liu, C.Z.; Hartig, G.K.; Lambert, P.F.; Kimple, R.J. Influence of handling conditions on
the establishment and propagation of head and neck cancer patient derived xenografts. PLoS ONE 2014, 9,
e100995. [CrossRef] [PubMed]

10. Swick, A.D.; Stein, A.P.; McCulloch, T.M.; Hartig, G.K.; Ong, I.M.; Sampene, E.; Prabakaran, P.J.; Liu, C.Z.;
Kimple, R.J. Defining the boundaries and expanding the utility of head and neck cancer patient derived
xenografts. Oral Oncol. 2017, 64, 65–72. [CrossRef]

11. Izumchenko, E.; Paz, K.; Ciznadija, D.; Sloma, I.; Katz, A.; Vasquez-Dunddel, D.; Ben-Zvi, I.; Stebbing, J.;
McGuire, W.; Harris, W.; et al. Patient-derived xenografts effectively capture responses to oncology therapy
in a heterogeneous cohort of patients with solid tumors. Ann. Oncol. 2017, 28, 2595–2605. [CrossRef]
[PubMed]

12. Oweida, A.J.; Bhatia, S.; Van Court, B.; Darragh, L.; Serkova, N.; Karam, S.D. Intramucosal inoculation of
squamous cell carcinoma cells in mice for tumor immune profiling and treatment response assessment. J. Vis.
Exp. JoVE 2019. [CrossRef] [PubMed]

13. A Pilot Clinical Study of Treatment Guided by Personalized Tumorgrafts in Patients with Advanced
Cancer. Available online: https://www.ncbi.nlm.nih.gov/pubmed/?term=Mol+Cancer+Ther.+2011%3B10(8)
%3A1311-6 (accessed on 21 November 2019).

14. Dong, X.; Guan, J.; English, J.C.; Flint, J.; Yee, J.; Evans, K.; Murray, N.; Macaulay, C.; Ng, R.T.; Gout, P.W.; et al.
Patient-derived first generation xenografts of non-small cell lung cancers: Promising tools for predicting
drug responses for personalized chemotherapy. Clin. Cancer Res. 2010, 16, 1442–1451. [CrossRef]

15. DeRose, Y.S.; Wang, G.; Lin, Y.-C.; Bernard, P.S.; Buys, S.S.; Ebbert, M.T.W.; Factor, R.; Matsen, C.; Milash, B.A.;
Nelson, E.; et al. Tumor grafts derived from women with breast cancer authentically reflect tumor pathology,
growth, metastasis and disease outcomes. Nat. Med. 2011, 17, 1514–1520. [CrossRef] [PubMed]

16. Morelli, M.P.; Calvo, E.; Ordoñez, E.; Wick, M.J.; Viqueira, B.-R.; Lopez-Casas, P.P.; Bruckheimer, E.;
Calles-Blanco, A.; Sidransky, D.; Hidalgo, M. Prioritizing phase I treatment options through preclinical
testing on personalized tumorgraft. J. Clin. Oncol. 2012, 30, e45–e48. [CrossRef] [PubMed]

17. Pérez-Torras, S.; Vidal-Pla, A.; Miquel, R.; Almendro, V.; Fernández-Cruz, L.; Navarro, S.; Maurel, J.; Carbó, N.;
Gascón, P.; Mazo, A. Characterization of human pancreatic orthotopic tumor xenografts suitable for drug
screening. Cell Oncol. Dordr. 2011, 34, 511–521. [CrossRef]

18. Facompre, N.D.; Sahu, V.; Montone, K.T.; Harmeyer, K.M.; Nakagawa, H.; Rustgi, A.K.; Weinstein, G.S.;
Gimotty, P.A.; Basu, D. Barriers to generating PDX models of HPV-related head and neck cancer. Laryngoscope
2017, 127, 2777–2783. [CrossRef]

19. Eirew, P.; Steif, A.; Khattra, J.; Ha, G.; Yap, D.; Farahani, H.; Gelmon, K.; Chia, S.; Mar, C.; Wan, A.; et al.
Dynamics of genomic clones in breast cancer patient xenografts at single-cell resolution. Nature 2015, 518,
422–426. [CrossRef]

20. Clappier, E.; Gerby, B.; Sigaux, F.; Delord, M.; Touzri, F.; Hernandez, L.; Ballerini, P.; Baruchel, A.; Pflumio, F.;
Soulier, J. Clonal selection in xenografted human T cell acute lymphoblastic leukemia recapitulates gain of
malignancy at relapse. J. Exp. Med. 2011, 208, 653–661. [CrossRef]

21. John, T.; Kohler, D.; Pintilie, M.; Yanagawa, N.; Pham, N.-A.; Li, M.; Panchal, D.; Hui, F.; Meng, F.;
Shepherd, F.A.; et al. The ability to form primary tumor xenografts is predictive of increased risk of disease
recurrence in early-stage non-small cell lung cancer. Clin. Cancer Res. 2011, 17, 134–141. [CrossRef]

22. Karamboulas, C.; Bruce, J.P.; Hope, A.J.; Meens, J.; Huang, S.H.; Erdmann, N.; Hyatt, E.; Pereira, K.;
Goldstein, D.P.; Weinreb, I.; et al. Patient-derived xenografts for prognostication and personalized treatment
for head and neck squamous cell carcinoma. Cell Rep. 2018, 25, 1318–1331. [CrossRef] [PubMed]

http://dx.doi.org/10.1158/2159-8290.CD-14-0001
http://dx.doi.org/10.1158/1078-0432.CCR-17-0969
http://dx.doi.org/10.1158/1078-0432.CCR-12-2746
http://dx.doi.org/10.1371/journal.pone.0100995
http://www.ncbi.nlm.nih.gov/pubmed/24967635
http://dx.doi.org/10.1016/j.oraloncology.2016.11.017
http://dx.doi.org/10.1093/annonc/mdx416
http://www.ncbi.nlm.nih.gov/pubmed/28945830
http://dx.doi.org/10.3791/59195
http://www.ncbi.nlm.nih.gov/pubmed/31058896
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mol+Cancer+Ther.+2011%3B10(8)%3A1311-6
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mol+Cancer+Ther.+2011%3B10(8)%3A1311-6
http://dx.doi.org/10.1158/1078-0432.CCR-09-2878
http://dx.doi.org/10.1038/nm.2454
http://www.ncbi.nlm.nih.gov/pubmed/22019887
http://dx.doi.org/10.1200/JCO.2011.36.9678
http://www.ncbi.nlm.nih.gov/pubmed/22184402
http://dx.doi.org/10.1007/s13402-011-0049-1
http://dx.doi.org/10.1002/lary.26679
http://dx.doi.org/10.1038/nature13952
http://dx.doi.org/10.1084/jem.20110105
http://dx.doi.org/10.1158/1078-0432.CCR-10-2224
http://dx.doi.org/10.1016/j.celrep.2018.10.004
http://www.ncbi.nlm.nih.gov/pubmed/30380421


Cancers 2020, 12, 419 12 of 14

23. Verhaegen, F.; Granton, P.; Tryggestad, E. Small animal radiotherapy research platforms. Phys. Med. Biol.
2011, 56, R55–R83. [CrossRef] [PubMed]

24. Kahn, J.; Tofilon, P.J.; Camphausen, K. Preclinical models in radiation oncology. Radiat. Oncol. 2012, 7, 223.
[CrossRef] [PubMed]

25. Swick, A.D.; Prabakaran, P.J.; Miller, M.C.; Javaid, A.M.; Fisher, M.M.; Sampene, E.; Ong, I.M.; Hu, R.; Iida, M.;
Nickel, K.P.; et al. Cotargeting mtorc and egfr signaling as a therapeutic strategy in hnscc. Mol. Cancer Ther.
2017, 16, 1257–1268. [CrossRef] [PubMed]

26. Kimple, R.J.; Smith, M.A.; Blitzer, G.C.; Torres, A.D.; Martin, J.A.; Yang, R.Z.; Peet, C.R.; Lorenz, L.D.;
Nickel, K.P.; Klingelhutz, A.J.; et al. Enhanced radiation sensitivity in HPV-positive head and neck cancer.
Cancer Res. 2013, 73, 4791–4800. [CrossRef] [PubMed]

27. Brand, T.M.; Iida, M.; Corrigan, K.L.; Braverman, C.M.; Coan, J.P.; Flanigan, B.G.; Stein, A.P.; Salgia, R.;
Rolff, J.; Kimple, R.J.; et al. The receptor tyrosine kinase AXL mediates nuclear translocation of the epidermal
growth factor receptor. Sci. Signal 2017, 10, eaag1064. [CrossRef]

28. Zhang, K.; Jones, L.; Lim, S.; Maher, C.A.; Adkins, D.; Lewis, J.; Kimple, R.J.; Fertig, E.J.; Chung, C.H.; Van
Tine, B.A.; et al. Loss of Trop2 causes ErbB3 activation through a neuregulin-1-dependent mechanism in the
mesenchymal subtype of HNSCC. Oncotarget 2014, 5, 9281–9294. [CrossRef]

29. Spanos, W.C.; Nowicki, P.; Lee, D.W.; Hoover, A.; Hostager, B.; Gupta, A.; Anderson, M.E.; Lee, J.H.
Immune response during therapy with cisplatin or radiation for human papillomavirus-related head and
neck cancer. Arch. Otolaryngol. Head Neck Surg. 2009, 135, 1137–1146. [CrossRef]

30. Deng, L.; Liang, H.; Xu, M.; Yang, X.; Burnette, B.; Arina, A.; Li, X.-D.; Mauceri, H.; Beckett, M.; Darga, T.;
et al. STING-dependent cytosolic DNA sensing promotes radiation-induced type I interferon-dependent
antitumor immunity in immunogenic tumors. Immunity 2014, 41, 843–852. [CrossRef]

31. Demaria, S.; Golden, E.B.; Formenti, S.C. Role of local radiation therapy in cancer immunotherapy.
JAMA Oncol. 2015, 1, 1325–1332. [CrossRef] [PubMed]

32. Lhuillier, C.; Rudqvist, N.-P.; Elemento, O.; Formenti, S.C.; Demaria, S. Radiation therapy and anti-tumor
immunity: Exposing immunogenic mutations to the immune system. Genome Med. 2019, 11, 40. [CrossRef]
[PubMed]

33. Driehuis, E.; Spelier, S.; Beltrán Hernández, I.; de Bree, R.; M Willems, S.; Clevers, H.; Oliveira, S.
Patient-derived head and neck cancer organoids recapitulate egfr expression levels of respective tissues and
are responsive to egfr-targeted photodynamic therapy. J. Clin. Med. 2019, 8, 1880. [CrossRef] [PubMed]

34. Tanaka, N.; Osman, A.A.; Takahashi, Y.; Lindemann, A.; Patel, A.A.; Zhao, M.; Takahashi, H.; Myers, J.N.
Head and neck cancer organoids established by modification of the CTOS method can be used to predict
in vivo drug sensitivity. Oral Oncol. 2018, 87, 49–57. [CrossRef] [PubMed]

35. Ayuso, J.M.; Vitek, R.; Swick, A.D.; Skala, M.C.; Wisinski, K.B.; Kimple, R.J.; Lambert, P.F.; Beebe, D.J.
Effects of culture method on response to EGFR therapy in head and neck squamous cell carcinoma cells.
Sci. Rep. 2019, 9, 12480. [CrossRef]

36. Pasch, C.A.; Favreau, P.F.; Yueh, A.E.; Babiarz, C.P.; Gillette, A.A.; Sharick, J.T.; Karim, M.R.; Nickel, K.P.;
DeZeeuw, A.K.; Sprackling, C.M.; et al. Patient-derived cancer organoid cultures to predict sensitivity to
chemotherapy and radiation. Clin. Cancer Res. J. Am. Assoc. Cancer Res. 2019, 25, 5376–5387. [CrossRef]

37. Fior, R.; Póvoa, V.; Mendes, R.V.; Carvalho, T.; Gomes, A.; Figueiredo, N.; Ferreira, M.G. Single-cell functional
and chemosensitive profiling of combinatorial colorectal therapy in zebrafish xenografts. Proc. Natl. Acad.
Sci. USA 2017, 114, E8234–E8243. [CrossRef]

38. Yan, C.; Brunson, D.C.; Tang, Q.; Do, D.; Iftimia, N.A.; Moore, J.C.; Hayes, M.N.; Welker, A.M.; Garcia, E.G.;
Dubash, T.D.; et al. Visualizing Engrafted Human Cancer and Therapy Responses in Immunodeficient
Zebrafish. Cell 2019, 177, 1903–1914. [CrossRef]

39. Hwang, M.; Yong, C.; Moretti, L.; Lu, B. Zebrafish as a model system to screen radiation modifiers.
Curr. Genom. 2007, 8, 360–369.

40. Abel, L.; Durmaz, A.; Hu, R.; Longhurst, C.; Scott, J.G.; Kimple, R.J. Impact of immediate cryopreservation
on the establishment of patient derived xenografts from head and neck cancer patients. Cancer Biol. 2020.
[CrossRef]

41. Kuper, C.F.; Koornstra, P.J.; Hameleers, D.M.; Biewenga, J.; Spit, B.J.; Duijvestijn, A.M.; van Breda Vriesman, P.J.;
Sminia, T. The role of nasopharyngeal lymphoid tissue. Immunol. Today 1992, 13, 219–224. [CrossRef]

http://dx.doi.org/10.1088/0031-9155/56/12/R01
http://www.ncbi.nlm.nih.gov/pubmed/21617291
http://dx.doi.org/10.1186/1748-717X-7-223
http://www.ncbi.nlm.nih.gov/pubmed/23270380
http://dx.doi.org/10.1158/1535-7163.MCT-17-0115
http://www.ncbi.nlm.nih.gov/pubmed/28446642
http://dx.doi.org/10.1158/0008-5472.CAN-13-0587
http://www.ncbi.nlm.nih.gov/pubmed/23749640
http://dx.doi.org/10.1126/scisignal.aag1064
http://dx.doi.org/10.18632/oncotarget.2423
http://dx.doi.org/10.1001/archoto.2009.159
http://dx.doi.org/10.1016/j.immuni.2014.10.019
http://dx.doi.org/10.1001/jamaoncol.2015.2756
http://www.ncbi.nlm.nih.gov/pubmed/26270858
http://dx.doi.org/10.1186/s13073-019-0653-7
http://www.ncbi.nlm.nih.gov/pubmed/31221199
http://dx.doi.org/10.3390/jcm8111880
http://www.ncbi.nlm.nih.gov/pubmed/31694307
http://dx.doi.org/10.1016/j.oraloncology.2018.10.018
http://www.ncbi.nlm.nih.gov/pubmed/30527243
http://dx.doi.org/10.1038/s41598-019-48764-3
http://dx.doi.org/10.1158/1078-0432.CCR-18-3590
http://dx.doi.org/10.1073/pnas.1618389114
http://dx.doi.org/10.1016/j.cell.2019.04.004
http://dx.doi.org/10.1101/2020.02.03.930891
http://dx.doi.org/10.1016/0167-5699(92)90158-4


Cancers 2020, 12, 419 13 of 14

42. Pearson, T.; Greiner, D.L.; Shultz, L.D. Creation of “humanized” mice to study human immunity.
Curr. Protoc. Immunol. 2008, 81, 15–21. [CrossRef] [PubMed]

43. Allen, T.M.; Brehm, M.A.; Bridges, S.; Ferguson, S.; Kumar, P.; Mirochnitchenko, O.; Palucka, K.; Pelanda, R.;
Sanders-Beer, B.; Shultz, L.D.; et al. Humanized immune system mouse models: Progress, challenges and
opportunities. Nat. Immunol. 2019, 20, 770–774. [CrossRef] [PubMed]

44. Jespersen, H.; Lindberg, M.F.; Donia, M.; Soderberg, E.M.V.; Andersen, R.; Keller, U.; Ny, L.; Svane, I.M.;
Nilsson, L.M.; Nilsson, J.A. Clinical responses to adoptive T-cell transfer can be modeled in an autologous
immune-humanized mouse model. Nat. Commun. 2017, 8, 707. [CrossRef]

45. Rosato, R.R.; Davila-Gonzalez, D.; Choi, D.S.; Qian, W.; Chen, W.; Kozielski, A.J.; Wong, H.; Dave, B.;
Chang, J.C. Evaluation of anti-PD-1-based therapy against triple-negative breast cancer patient-derived
xenograft tumors engrafted in humanized mouse models. Breast Cancer Res. 2018, 20, 1–16. [CrossRef]
[PubMed]

46. Wang, M.; Yao, L.C.; Cheng, M.; Cai, D.; Martinek, J.; Pan, C.X.; Shi, W.; Ma, A.H.; De Vere White, R.W.;
Airhart, S.; et al. Humanized mice in studying efficacy and mechanisms of PD-1-targeted cancer
immunotherapy. FASEB J. 2018, 32, 1537–1549. [CrossRef] [PubMed]

47. Morton, J.J.; Bird, G.; Keysar, S.B.; Astling, D.P.; Lyons, T.R.; Anderson, R.T.; Glogowska, M.J.; Estes, P.;
Eagles, J.R.; Le, P.N.; et al. XactMice: Humanizing mouse bone marrow enables microenvironment
reconstitution in a patient-derived xenograft model of head and neck cancer. Oncogene 2016, 35, 290–300.
[CrossRef] [PubMed]

48. Shultz, L.D.; Lyons, B.L.; Burzenski, L.M.; Gott, B.; Chen, X.; Chaleff, S.; Kotb, M.; Gillies, S.D.; King, M.;
Mangada, J.; et al. Human lymphoid and myeloid cell development in NOD/LtSz-scid IL2R gamma null mice
engrafted with mobilized human hemopoietic stem cells. J. Immunol. Baltim. Md 1950 2005, 174, 6477–6489.

49. Brown, M.E.; Zhou, Y.; McIntosh, B.E.; Norman, I.G.; Lou, H.E.; Biermann, M.; Sullivan, J.A.; Kamp, T.J.;
Thomson, J.A.; Anagnostopoulos, P.V.; et al. A humanized mouse model generated using surplus neonatal
tissue. Stem Cell Rep. 2018, 10, 1175–1183. [CrossRef]

50. Laing, S.T.; Griffey, S.M.; Moreno, M.E.; Stoddart, C.A. CD8-positive lymphocytes in graft-versus-host disease
of humanized nod.cg-prkdc(scid)Il2rg(tm1wjl)/szj mice. J Comp. Pathol. 2015, 152, 238–242. [CrossRef]

51. Ali, N.; Flutter, B.; Sanchez Rodriguez, R.; Sharif-Paghaleh, E.; Barber, L.D.; Lombardi, G.; Nestle, F.O.
Xenogeneic graft-versus-host-disease in NOD-scid IL-2Rgammanull mice display a T-effector memory
phenotype. PLoS ONE 2012, 7, e44219. [CrossRef]

52. Wong, J.; Armour, E.; Kazanzides, P.; Iordachita, I.; Tryggestad, E.; Deng, H.; Matinfar, M.; Kennedy, C.;
Liu, Z.; Chan, T.; et al. High-Resolution, small animal radiation research platform with X-ray tomographic
guidance capabilities. Int. J. Radiat. Oncol. 2008, 71, 1591–1599. [CrossRef] [PubMed]

53. Quantitative Concepts and Dosimetry in Radiobiology; ICRU: Bethesda, MD, USA, 1979.
54. Ma, C.M.; Coffey, C.W.; DeWerd, L.A.; Liu, C.; Nath, R.; Seltzer, S.M.; Seuntjens, J.P. American Association of

Physicists in Medicine AAPM protocol for 40–300 kV x-ray beam dosimetry in radiotherapy and radiobiology.
Med. Phys. 2001, 28, 868–893. [CrossRef] [PubMed]

55. Newton, J.; Oldham, M.; Thomas, A.; Li, Y.; Adamovics, J.; Kirsch, D.G.; Das, S. Commissioning a small-field
biological irradiator using point, 2D, and 3D dosimetry techniques. Med. Phys. 2011, 38, 6754–6762.
[CrossRef] [PubMed]

56. Pidikiti, R.; Stojadinovic, S.; Speiser, M.; Song, K.H.; Hager, F.; Saha, D.; Solberg, T.D.
Dosimetric characterization of an image-guided stereotactic small animal irradiator. Phys. Med. Biol.
2011, 56, 2585–2599. [CrossRef] [PubMed]

57. Stone, H.B.; Bernhard, E.J.; Coleman, C.N.; Deye, J.; Capala, J.; Mitchell, J.B.; Brown, J.M. Preclinical data on
efficacy of 10 drug-radiation combinations: Evaluations, concerns, and recommendations. Transl. Oncol.
2016, 9, 46–56. [CrossRef] [PubMed]

58. Chiu-Tsao, S.; Massillon-Jl, G.; Domingo-Muñoz, I.; Chan, M. SU-E-T-96: Energy dependence of the new
gafchromic- Ebt3 film’s dose response-curve. Med. Phys. 2012, 39, 3724. [CrossRef]

59. Gurtner, K.; Kryzmien, Z.; Koi, L.; Wang, M.; Benes, C.H.; Hering, S.; Willers, H.; Baumann, M.; Krause, M.
Radioresistance of KRAS/TP53-mutated lung cancer can be overcome by radiation dose escalation or EGFR
tyrosine kinase inhibition in vivo. Int. J. Cancer 2019. [CrossRef]

http://dx.doi.org/10.1002/0471142735.im1521s81
http://www.ncbi.nlm.nih.gov/pubmed/18491294
http://dx.doi.org/10.1038/s41590-019-0416-z
http://www.ncbi.nlm.nih.gov/pubmed/31160798
http://dx.doi.org/10.1038/s41467-017-00786-z
http://dx.doi.org/10.1186/s13058-018-1037-4
http://www.ncbi.nlm.nih.gov/pubmed/30185216
http://dx.doi.org/10.1096/fj.201700740R
http://www.ncbi.nlm.nih.gov/pubmed/29146734
http://dx.doi.org/10.1038/onc.2015.94
http://www.ncbi.nlm.nih.gov/pubmed/25893296
http://dx.doi.org/10.1016/j.stemcr.2018.02.011
http://dx.doi.org/10.1016/j.jcpa.2014.12.010
http://dx.doi.org/10.1371/journal.pone.0044219
http://dx.doi.org/10.1016/j.ijrobp.2008.04.025
http://www.ncbi.nlm.nih.gov/pubmed/18640502
http://dx.doi.org/10.1118/1.1374247
http://www.ncbi.nlm.nih.gov/pubmed/11439485
http://dx.doi.org/10.1118/1.3663675
http://www.ncbi.nlm.nih.gov/pubmed/22149857
http://dx.doi.org/10.1088/0031-9155/56/8/016
http://www.ncbi.nlm.nih.gov/pubmed/21444969
http://dx.doi.org/10.1016/j.tranon.2016.01.002
http://www.ncbi.nlm.nih.gov/pubmed/26947881
http://dx.doi.org/10.1118/1.4735153
http://dx.doi.org/10.1002/ijc.32598


Cancers 2020, 12, 419 14 of 14

60. Helbig, L.; Koi, L.; Brüchner, K.; Gurtner, K.; Hess-Stumpp, H.; Unterschemmann, K.; Baumann, M.; Zips, D.;
Yaromina, A. BAY 87-2243, a novel inhibitor of hypoxia-induced gene activation, improves local tumor
control after fractionated irradiation in a schedule-dependent manner in head and neck human xenografts.
Radiat. Oncol. Lond. Engl. 2014, 9, 207. [CrossRef]

61. Morgan, M.A.; Parsels, L.A.; Maybaum, J.; Lawrence, T.S. Improving the efficacy of chemoradiation with
targeted agents. Cancer Discov. 2014, 4, 280–291. [CrossRef]

62. Lawrence, Y.R.; Vikram, B.; Dignam, J.J.; Chakravarti, A.; Machtay, M.; Freidlin, B.; Takebe, N.; Curran, W.J.;
Bentzen, S.M.; Okunieff, P.; et al. NCI-RTOG translational program strategic guidelines for the early-stage
development of radiosensitizers. J. Natl. Cancer Inst. 2013, 105, 11–24. [CrossRef]

63. Blumenfeld, P.; Pfeffer, R.M.; Symon, Z.; Den, R.B.; Dicker, A.P.; Raben, D.; Lawrence, Y.R. The lag time
in initiating clinical testing of new drugs in combination with radiation therapy, a significant barrier to
progress? Br. J. Cancer 2014, 111, 1305–1309. [CrossRef] [PubMed]

64. Higgins, G.S.; O’Cathail, S.M.; Muschel, R.J.; McKenna, W.G. Drug radiotherapy combinations: Review of
previous failures and reasons for future optimism. Cancer Treat. Rev. 2015, 41, 105–113. [CrossRef] [PubMed]

65. Rosfjord, E.; Lucas, J.; Li, G.; Gerber, H.-P. Advances in patient-derived tumor xenografts: From target
identification to predicting clinical response rates in oncology. Biochem. Pharmacol. 2014, 91, 135–143.
[CrossRef]

66. Zhou, S.; Kestell, P.; Paxton, J.W. Strain differences in the liver microsomal metabolism of the experimental
anti-tumour agent 5,6-dimethylxanthenone-4-acetic acid in mice. J. Chromatogr. B Analyt. Technol. Biomed.
Life Sci. 2002, 776, 231–236. [CrossRef]

67. Terry, N.H.; Stratford, M.R.; Minchinton, A.I. Misonidazole toxicity and pharmacokinetics in mice:
Dependence on strain and size. Eur. J. Cancer Clin. Oncol. 1985, 21, 845–851. [CrossRef]

68. Visser, G.W.; Gorree, G.C.; Peters, G.J.; Herscheid, J.D. Tissue distribution of [18F]-5-fluorouracil in mice:
Effects of route of administration, strain, tumour and dose. Cancer Chemother. Pharmacol. 1990, 26, 205–209.
[CrossRef]

69. Liang, H. Modeling antitumor activity in xenograft tumor treatment. Biom. J. Biom. Z 2005, 47, 358–368.
[CrossRef]

70. Zhang, Z. Semi-parametric regression model for survival data: Graphical visualization with R.
Ann. Transl. Med. 2016, 4, 461. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1186/1748-717X-9-207
http://dx.doi.org/10.1158/2159-8290.CD-13-0337
http://dx.doi.org/10.1093/jnci/djs472
http://dx.doi.org/10.1038/bjc.2014.448
http://www.ncbi.nlm.nih.gov/pubmed/25117813
http://dx.doi.org/10.1016/j.ctrv.2014.12.012
http://www.ncbi.nlm.nih.gov/pubmed/25579753
http://dx.doi.org/10.1016/j.bcp.2014.06.008
http://dx.doi.org/10.1016/S1570-0232(02)00367-7
http://dx.doi.org/10.1016/0277-5379(85)90224-X
http://dx.doi.org/10.1007/BF02897200
http://dx.doi.org/10.1002/bimj.200310113
http://dx.doi.org/10.21037/atm.2016.08.61
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Patient-Derived Models of Head and Neck Cancer 
	Xenograft Models 
	Organoid Models 
	Zebrafish Models 
	Establishing Patient-Derived Models 
	Flank Models 
	Orthotopic Models 
	Humanized Models 

	Radiation Delivery 
	Experimental Design 
	Statistical Analysis 
	Conclusions 
	References

