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 Introduction

Cancer remains a major cause of death worldwide. Along with advancing can-
cer prevention, more effective treatments are desperately required. Despite sig-
nificant strides over the past 30 years, resistance to systemic therapies remains 
a massive obstacle [1]. Diverse mechanisms of acquired resistance to cancer 
chemotherapies have been discovered [2]. Moreover, multiple mechanisms of 
resistance may exist against a single therapy [3–9]. Despite being able to iden-
tify some of the mechanisms underlying drug resistance, many of them are still 
unknown. Furthermore, biomarkers to predict how resistance will occur and 
optimal subsequent treatment methods remain to be determined in the majority 
of cancer cases. Resistance to a therapy may be innate or acquired [10]. To 
combat innate resistance, improved patient stratification strategies for thera-
pies are required. To combat acquired resistance, a better understanding of the 
numerous mechanisms of resistance that can arise, and how to avoid or over-
come them, is imperative.

To study a phenomenon as complex as acquired therapy resistance, optimal 
tumor models are required. Models based on cultured cancer cell lines have 
been shown to poorly predict patients’ responses to drugs, in part due to a lack 
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of tumor heterogeneity, lack of three-dimensional tissue architecture and stro-
mal support, and lack of dynamic and naturally occurring physiological phe-
nomena such as hypoxia [11]. In contrast, patient-derived xenograft (PDX) 
tumor models have been reported to recapitulate major complexities of patients’ 
malignancies, including their responses to therapies [8, 9, 12–14]. Furthermore, 
such models can be leveraged to study the heterogeneity within a patient’s 
tumor; a single tumor sample may be split and implanted into multiple biologi-
cal replicates, each potentially representing an array of subclones. The PDX 
models may also lend themselves to molecular characterizations of tumors dur-
ing the course of treatment. Such procedures are not yet routinely performed in 
patients due to clinical challenges in deciding which tumor site to re-biopsy, as 
well as ethical issues such as the invasiveness of the biopsy procedure [15]. 
With PDXs, however, multiple biological replicates can be implanted allowing 
for subsets to be studied at various time points of the treatment regimen. As 
such, PDXs lend themselves as excellent models for studying the development 
of resistance to therapies.

We recently carried out a PubMed search based on “patient-derived xenograft 
models” and “resistance” which led to numerous studies, the majority of which 
describe experimental models of innate resistance. Often these studies involve treat-
ment of multiple PDX models with a therapy aimed at determining what is molecu-
larly different between the responders and the nonresponders. They then generally 
use these differences to predict the responses of another cohort to the same therapeu-
tic [16–19]. As these studies fringe on “biomarker studies,” they will not be the major 
focus of this chapter. The same PubMed search yielded a handful of studies of which 
at least one section investigated acquired resistance using PDXs. We selected 15 of 
these investigations for comparative analysis as they cover the scope of methods and 
motivations (summarized in Table 8.1) for studying acquired therapy resistance by 
PDX models.

 Therapeutic Doses for Development of Drug Resistance

One of the first steps in studying acquired resistance is to identify a model that is 
sensitive to the therapy of interest. Often more than one drug dosage will be 
explored during this initial PDX screening phase, in an effort to determine the 
optimal dose that produces tumor sensitivity while avoiding mouse toxicity; a 
theoretical example of such a study is presented in Fig. 8.1. From these initial 
screening studies, a dose can be determined for future investigations, such as 
modeling acquired resistance. Such initial drug screening studies are not always 
published together with the acquired resistance studies. In the case of vemu-
rafenib, Das Thakur et al. [20] reported their initial screening study in the same 
paper as their resistance study. They investigated the growth-inhibitory activity of 
vemurafenib at three separate doses, 5, 15, and 45 mg/kg and found that the 
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lowest dose was ineffective (similar to Dose A in Fig. 8.1), whereas the two higher 
doses were able to shrink the tumors. Surprisingly, 15 mg/kg was almost as effec-
tive as the higher dose. However, it became apparent that 45 mg/kg was the more 
effective dose as it maintained minimal disease, whereas tumors treated at 15 mg/
kg began to escape inhibition after approximately 1 month (similar to Dose C in 
Fig. 8.1). As such, the authors decided to use the highest dose for their resistance 
modeling (similar to Dose D in Fig. 8.1).

Shen et al. [21] also reported their preliminary drug sensitivity screening in 
the same paper as their acquired resistance study. Two doses, 12.5 or 25 mg/kg 
of crizotinib once a day for 21 days, were investigated. However, data from the 
lower dose cohort were shown for only one of the PDX models studied. 
Regardless, using the model that was most sensitive to crizotinib, the authors 
chose to continue to treat at the lower dose of 12.5 mg/kg for another month 
to develop resistance. Using our example shown in Fig. 8.1, the authors essen-
tially explored Doses C and D and opted to use Dose C for developing 
resistance.

Other investigators used different ways of screening drug dosages to generate 
therapy resistance. Gaponova et al. performed a drug screen for STA-8666 at 75 mg/
kg for over a month and achieved stable disease or tumor regression (similar to Dose 
D in Fig. 8.1); they then increased the dosage to 150 mg/kg which led to increased 
regression. However, two of the three tumors escaped therapeutic control and grew 
uncontrollably [22]. Micel et al. similarly did a drug screen of the MEK inhibitor 
TAK-733, examining 25 or 10 mg/kg, and then used 100 mg/kg to develop resis-
tance [23].
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Fig. 8.1 Example of an initial drug screening study to determine optimal dose for subsequent 
experiments. The average tumor volume (y-axis) of five mouse cohorts was plotted over time 
(x-axis). The gray arrow represents the start of treatment for the four dosed cohorts. In this exam-
ple Dose A has the lowest drug concentration, Dose D has the highest, and Dose B and C are in 
between
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 Tumor Volume at Treatment Initiation

Tumor volume is often the main characteristic used to determine when to start PDX 
dosing. Some studies use rolling enrollment, i.e., treatment of individual mice is 
started whenever their tumors reach a specific volume (Fig. 8.2a). Treatment of 
mice can also be started when their tumors reach a prespecified average volume 
(Fig. 8.2b). Given the technical difficulties of regularly measuring orthotopically 
implanted tumors (aside from mammary fat pad implantations), studies using these 
models tend to rely more on timing rather than specific tumor volumes [24, 25]. 
Among the studies using subcutaneously implanted PDXs, however, the tumor vol-
ume at dosing initiation varies widely, regardless of which enrollment method is 
used.

A number of studies did not explicitly state at what tumor volume treatment was 
started. Some of these studies reported the growth curves, with actual tumor vol-
umes on the y-axis, allowing readers to extrapolate the starting volumes [20, 21, 
26]. Unfortunately, other studies either did not report a starting tumor volume and 
published graphs with transformed data [22, 27, 28] or stated parameters such as 
“during log phase,” which could cover a wide range of volumes [29]. Monsma et al. 
[30] reported that treatment was started when tumors were in exponential growth; 
however, they also gave an approximate tumor volume to indicate what this might 
mean [30]. Ter Brugge et al. [31], Micel et al. [23], Gao et al. [32], and Tentler et al. 
[33] specifically stated either the mean or the individual tumor volume criteria that 
they used for treatment initiation, all of which seem to have been chosen around 

a

b
Fig. 8.2 Schema depicting 
two methods for 
determining when to start 
treatment. (a) Rolling 
enrollment: starting to treat 
individual mice when their 
respective tumors reach a 
predetermined volume. (b) 
Mass enrollment: starting 
to treat all mice when the 
average tumor volumes 
reach a predetermined 
volume
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100–300 mm3 [23, 31–33]. Ciamporcero et al. [34] also reported the approximate 
tumor volumes for treatment initiation; however, this was reported in mm2 instead 
of mm3, making comparisons with other studies less direct [34].

 Methods for Developing Drug Resistance

The overall method for developing a resistant model also varies from study to study. 
Parameters, such as constant versus escalating doses, constant versus cycled doses, and 
dosing across one or more passages, were varied across experiments. The majority of 
studies utilized continuous dosing at one concentration until resistance developed 
(Fig. 8.3a). The resistant tumors were either molecularly characterized or serially pas-
saged to maintain a resistant model for further studies [20, 21, 23, 25, 26, 28, 29, 32, 
33]. Ciamporcero et al. [34] also used continuous dosing; however, once tumors regrew 
under therapeutic pressure to double their initial volume, PDXs were considered “resis-
tant” and randomized into experimental arms to determine the effectiveness of alter-
nate therapies (Fig. 8.3b). Gaponova et al. [22] also employed continuous dosing to 
develop resistance, yet increased their dosage from 75 to 150 mg/kg STA-8666 after 
approximately 1 month (Fig. 8.3c). Cottu et al. [27] dosed their PDXs continuously, yet 
performed three further serial passages, with continued dosing, before they considered 
the model to be truly drug-resistant and used it for further studies (Fig. 8.3d).

Aside from variations on continuous dosing, some studies also employ cycling 
methods to develop drug resistance. Again, specifics such as number of passages 
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Fig. 8.3 Schema depicting 
the four major continuous 
dosing regimens to develop 
resistance. Gray vertical 
arrow represents when 
treatment was started. Red 
horizontal arrows 
represent length of dosing
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and drug dosages vary across studies. Monsma et al. [30] treated PDX tumors of 
~160 mm3 for 28 days, during which average tumor volumes regressed. After this 
treatment period, the researchers allowed three tumors to relapse (off treatment) and 
passaged them into a new cohort of mice and again allowed them to reach ~160 mm3 
before treatment was continued. Upon the therapeutic rechallenge, the tumors 
exhibited decreased drug sensitivity and did not regress but continued to grow while 
under therapeutic pressure (albeit at a slower rate than untreated control tumors) 
(Fig. 8.4a). Vidal et al. [24] also cycled therapies across multiple passages to gener-
ate a resistant model; however, they increased the dose at each passage (Fig. 8.4b). 
The mice received one cycle of cisplatin at 2 mg/kg once a week for 3 weeks, and 
the tumors were then allowed to relapse. Tumors were then passaged into the next 
cohort of mice and allowed to again grow until intra-abdominal masses were 
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Fig. 8.4 Schema depicting the three major cycled dosing regimens to develop resistance. Gray verti-
cal arrows represent when treatment was started. Dark gray vertical arrows indicate higher dose. 
Black vertical arrows indicate stopping treatment.  Red horizontal arrows represent length of dosing
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palpable. These PDXs received one cycle of cisplatin at 3 mg/kg once a week for 
3 weeks and were then allowed to relapse. This process was repeated for up to five 
passages and cycles with increasing doses (cycle 3, 3.5 mg/kg; cycle 4, 4 mg/kg; 
cycle 5, 5 mg/kg). After the fifth cycle, a stably shortened time to relapse was 
observed for the PDXs, and they were considered “cisplatin-resistant” and used for 
further studies. Lastly, Ter Brugge et al. [31] cycled tumors within a single passage 
(Fig. 8.4c). Mice were randomized when their tumors reached a volume of 100 mm3, 
and treatment was initiated at 200 mm3. Treatment was stopped if tumors regressed 
to <50% of the initial tumor volume and was resumed once the starting volume was 
regained.

 Motivation for Developing Drug-Resistant PDX Models

Resistance was developed in PDXs across these studies for a number of reasons. 
While many of the studies using PDXs with acquired resistance had more than one 
focus (as depicted in Table 8.1), there seem to be four major themes. Studying the 
mechanism of acquired resistance was, as expected, the most common theme found 
in the studies reviewed. For some studies such as those by Nathanson et al. [28], 

Table 8.1 Summary of major focus of studies using resistant PDXsa

References

Novel 
MoR to 
drug

Optimal 
subsequent 
therapies

Clinical 
utility of 
model

Possibility of AR to 
a new drug

Nathanson et al. [28] ✓
Kopetz et al. [26] ✓
Das Thakur et al. 
[20]

✓ ✓

Shen et al. [21] ✓
Ter Brugge et al. 
[31]

✓

Monsma et al. [29] ✓ ✓
Ciamporcero et al. 
[34]

✓

Cottu et al. [27] ✓ ✓
Monsma et al. [30] ✓ ✓
Vidal et al. [24] ✓
Gao et al. [32] ✓ ✓
Zhao et al. [25] ✓ ✓
Tentler et al. [33] ✓ ✓
Gaponova et al. [22] ✓
Micel et al. [23] ✓ ✓

aOnly major conclusions from the PDX portions of the studies are reported; papers may have gone 
on to explore other avenues and drawn more conclusions using alternative models. While all 
reports mentioned at least some sort of molecular anomaly that was observed in the resistant PDX 
but not in the sensitive parental model, only those that specifically sought the exact mechanisms of 
resistance, and not just potential passenger anomalies, are noted under the MoR studies. MoR 
mechanism of resistance, AR acquired resistance
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Kopetz et al. [26], Shen et al. [21], and Ter Brugge et al. [31], resistant PDXs were 
generated to study novel mechanisms of resistance. Das Thakur et al. [20], Monsma 
et al. [29, 30], Ciamporcero et al. [34], Cottu et al. [27], and Vidal et al. [24] focused 
on determining optimal subsequent therapies to combat the acquired resistance that 
had developed. Gao et al. [32] and Zhao et al. [25] developed resistance in large part 
to demonstrate the benefit of using their models to study clinically relevant issues. 
Finally, Tentler et al. [33], Gaponova et al. [22], and Micel et al. [23] investigated 
the efficacy of novel therapies and wanted to determine whether acquired resistance 
might occur and through what mechanisms.

 Perspectives and Future Directions

Determining how best to model acquired resistance by choosing a treatment regi-
men including drug concentration, PDX enrollment, and treatment timing can be a 
subjective matter. As such, some perspectives on each matter deserve a discussion.

The use of a lower dose that decreases tumor growth rate, but does not cause 
actual tumor shrinkage, may seem ineffective [21]. By the end of Shen et al.’s initial 
screen of 21 days, the tumor had actually continued to progress, albeit at a slower 
rate than the control tumors, suggesting that the optimal dose had not been achieved. 
The higher dose of crizotinib seems more optimal as it shrank tumors, and no toxici-
ties were reported, thus making it the appropriate dose for modeling acquired resis-
tance. However, achieving higher, optimal doses is not always possible in humans, 
and treatments that merely slow the growth of tumors may be clinically relevant.

Clearly reporting parameters such as tumor volume at treatment initiation is imper-
ative as this criterion can have a large effect on a study’s outcome. Some treatments 
may be affected by the volume of the tumors. For example, large tumors may have 
more hypoxic and/or less vascularized regions, potentially decreasing effectiveness of 
the therapy employed. In contrast, small tumors may not be fully established in their 
implantation site, lacking supportive stroma that is observed in clinically detectable 
tumors, making them more vulnerable to treatments. As such, clearly stating impor-
tant experimental parameters such as tumor volume at treatment initiation allows 
readers to draw their own conclusions regarding the reported results of the study.

Lastly, reporting individual growth curves for all replicates in a study provides 
potentially useful information to readers. For example, if all replicates develop 
resistance, a highly distributed subclone (Fig. 8.5a) or therapy-induced event, such 
as epigenetic reprogramming or increased transcription of pro-survival genes 
(Fig. 8.5b), may be responsible for the resistance. If only a few replicates develop 
resistance, perhaps only those replicates contained rare subclones with innate mech-
anisms of resistance, such as mutations within the target pathway (Fig. 8.5c). At the 
very least, authors should state how many replicates actually developed resistance. 
Furthermore, the growth kinetics of tumors developing resistance may be 
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informative too. Slow-growing “resistant” tumors may simply be demonstrating a 
decrease in sensitivity to drug and may actually be inhibited by higher doses, 
whereas quickly growing “resistant” tumors may have acquired novel mechanisms 
of resistance that completely overcome any therapy-specific effect regardless of 
dose. Among the manuscripts reviewed, approximately half showed either all repli-
cates [20, 22, 27, 31] or at least showed examples of individual growth curves that 
did develop resistance [26, 29, 33]. Some of the subcutaneous PDX studies did not 
show any growth curves for the development of acquired resistance and only 
reported on downstream applications of the resistant model(s) [23, 32].

a

b

c

Fig. 8.5 Schema demonstrating how various mechanisms of resistance may impact the number of 
biological replicates that actually develop resistance in a study. (a) Acquired resistance is due to a 
highly distributed subclone with innate resistance. (b) Acquired resistance is due to a therapy- 
induced cellular event such as epigenetic and/or transcriptional reprogramming. (c) Acquired 
resistance is due to only a few rare subclones with innate resistance
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 Conclusions

PDXs provide versatile cancer models for studying multiple facets of acquired 
drug resistance. It has been shown that, following exposure to pharmacological 
pressure, they develop resistance via similar mechanisms and with similar time-
lines as patients’ tumors [25, 32]. PDXs have been used to study novel mecha-
nisms of resistance to current therapies [21, 26, 28, 31] and to investigate what to 
do once resistance develops [24, 27, 34]; they also have been used to try to stay 
ahead of the game and determine the propensity of tumors to acquire resistance 
to novel therapies [22, 23, 33]. PDXs are even becoming incorporated into clini-
cal trial studies: PDXs with acquired resistance have been used in lieu of post-
progression biopsies to determine potential mechanisms of resistance observed 
in a clinical trial [26]. Given the versatility of these models to explore clinically 
relevant issues in a timely manner, we believe that PDX incorporation into the 
clinic will become more common in the future.
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