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Development of resistance to targeted 
drugs and immunotherapy limits im-

provement in response rates and disease-
free survival of cancer patients. In advanced 
melanoma, for example, multiple mecha-
nisms of resistance emerge during BRAF in-
hibitor drug therapy that affect both tumor 
cell properties and microenvironment.1 In 
addition, just as immunoediting during the 
de novo immune response against cancer 
selects for immune-resistant tumor vari-
ants,2 active and passive immunotherapies 
can create selective pressures that lead to 
outgrowth of resistant tumor cells or new 
metastases (Figure 1). Understanding the 
mechanisms of resistance is critical to de-
veloping therapeutic strategies to counteract 
them as well as preventive measures to avoid 
their onset. In this issue of Molecular Thera-
py, Boisgerault and colleagues3 nicely eluci-
date these points using a tumor vaccination 
model to induce a T-cell response that plac-
es a selective pressure on the tumor facilitat-
ing the emergence or selective survival of re-
sistant cancer stem cells or cells undergoing 
epithelial–mesenchymal transition (EMT). 
The study further shows how acquired or in-
trinsic mechanisms of resistance can reveal 
molecular vulnerabilities that may allow 
responses even to chemotherapy drugs that 
would have been considered ineffectual.

Boisgerault et al. made use of their 
previously described vesicular stomatitis 
virus (VSV) tumor complementary DNA 
(cDNA) library approach to vaccinate 
against prostate cancer and melanoma.4,5 A 
multiantigen VSV vaccine made from a nor-
mal human prostate cDNA library (called 
ASEL) was used to treat large established 
TC2 prostate tumors in mice (derived from 
the TRAMP-C2 spontaneous mouse tumor 
model) to uncover synthetic lethality in cells 
resistant to the vaccine. The authors had 
previously reported that a more aggressive 
regimen of nine vaccinations with ASEL 
eradicated all tumors without relapse and 
was associated with a strong interleukin-17 
T helper cell (Th17) response against pros-
tate antigens.4 However, in this new study 
they found that a more limited course of 
vaccination with ASEL (six injections), as-
sociated with a greater Th1 response and 
limited involvement of Th17 cells, led to 
complete macroscopic tumor regressions 
followed in many mice by aggressive tumor 
recurrence. Interestingly, these recurrent tu-
mors (TC2R) were enriched with cells that 
had lost prostate epithelial markers (e.g., 
E-cadherin) but had gained mesenchymal 
markers (e.g., vimentin and N-cadherin) as-
sociated with tumor stem cells and cells with 
enhanced invasive and metastatic prop-
erties. These resistant cells also exhibited 
characteristics of cancer stem cells based on 
colony-forming assays. The workers further 
found that coincubation of splenocytes from 
ASEL-vaccinated mice with TC2 tumor cells 
in vitro led to the appearance of cells with 
mesenchymal properties. Using mixtures of 
fluorescence-tagged TC2 and TC2R cells, 
they also observed preferential outgrowth 

of TC2R cells in vitro after incubation with 
ASEL vaccine-sensitized spleen cells.

With the aim of identifying the mech-
anisms of resistance, the authors then 
generated a secondary VSV–cDNA library 
vaccine from the in vivo immune escape 
variants (called IEEL) that was used to ef-
fectively immunize against the recurrent tu-
mors. Subcloning of the VSV–cDNA library 
identified the antigen specificities driving 
the secondary IEEL response and two new 
antigens overexpressed in the resistant cells: 
CD44 and topoisomerase IIa (TOPO-IIa). 
The overexpression of TOPO-IIa was both 
unexpected and interesting because it raised 
the prospect of treating resistant cells with 
doxorubicin or etoposide. Indeed, treatment 
with doxorubicin prevented the growth of 
TC2R explants in vivo as well as in culture 
and also prevented the generation of im-
mune escape variants from TC2 tumors 
emerging after ASEL vaccination in vivo. 
These results suggest that either intrinsi-
cally resistant cancer stem cell–like tumor 
cells overexpressing TOPO-IIa were pres-
ent in the primary tumors and survived the 
strong adaptive immune response or EMT 
induced by the immune pressure led to the 
outgrowth of a subpopulation of cells ex-
pressing high levels of TOPOIIa. 

To determine whether this phenom-
enon was unique to their prostate cancer 
system, the authors next evaluated whether 
the acquired synthetic lethality to TOPO-
IIa inhibition extended to nonepithelial 
B16 melanoma cells expressing herpes sim-
plex virus thymidine kinase, which are sus-
ceptible to the drug ganciclovir. They found 
a similar subset of drug-resistant cells in 
subcutaneous tumors that overexpressed 
TOPO-IIa that could also be selectively 
eradicated using doxorubicin.3 Thus, sur-
prisingly, using two different tumors (one 
epithelial and the other neuroectodermal), 
they found a subpopulation of resistant 
cancer stem cell–like cells overexpressing 
TOPO-IIa that made both of them suscep-
tible to a drug considered clinically ineffec-
tive for either. Importantly, in the prostate 
cancer system, the resistant mesenchymal 
stem cell–like cells lost both their TOPO-
IIa overexpression and sensitivity to doxo-
rubicin after a week of culture, indicating 
that the phenotype and therapeutic window 
were transient.
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The findings indicate that immuno-
therapy can lead to novel and unexpected 
forms of resistance that should be carefully 
monitored using biomarkers. The results 
also underscore the possible danger of a 
suboptimal immune response that fails to 
induce “sterilizing immunity” and instead 
promotes tumor escape. However, moni-
toring of changes in tumor gene expression 
and subsequent targeting of a changing an-
tigen profile with a tumor cDNA vaccine 
approach may overcome these resistance 
mechanisms. The nature of the chang-
ing antigenic profiles during therapy will 
require further study in different tumor 
types, as will the role for changes in the 
mutational landscape of the tumor that can 
generate missense and nonsense mutations 
recognized by the immune system as strong 
nonself (neoepitope) rejection antigens.2 

The results further suggest an adaptive 
cancer vaccination approach in which mul-
tiple cDNA vaccines can be made at different 

times as a personalized therapy for each pa-
tient. VSV may be an ideal vehicle in that it 
has been found safe in nonhuman primates 
and generates strong cell-mediated immune 
responses.6,7 An alternative approach could 
make use of tumor RNA–complementary 
RNA transduced dendritic cells, which 
have been developed as an effective clin-
ical-grade cancer vaccine platform.8,9 Al-
though iterative production of personalized 
vaccines could be cumbersome, the library 
vaccination approach obviates the need to 
identify specific antigens. In patients under-
going effective resistant tumor control, one 
could monitor T-cell responses to identify 
the specific antigens involved. A potential 
caveat to this adaptive vaccination approach 
lies in the molecular heterogeneity of tumor 
cells in different sites of disease in humans 
and whether there exist common over-
expressed genes or mutations that can be 
exploited as antigenic targets at different 
stages of disease progression.

Because the resistant cells are 
mesenchymal-like and overexpress TOPO-
IIa, EMT may be a mechanism of immune 
resistance to T-cell–based immunotherapies. 
Inflammatory cytokines such as tumor 
necrosis factor-a and interleukin-1b can 
induce EMT in breast cancer cells and oth-
er epithelial tumors,10 and tumor cells with 
stem cell properties are relatively resistant 
to killing by cytotoxic lymphocytes.11 The 
resistant cells may also be the same as the 
slow-cycling stemlike cells recently found 
in melanoma and other forms of cancer 
resistant to chemotherapy and mitogen-
activated protein kinase inhibitors that 
upregulate mitochondrial oxidative phos-
phorylation and downmodulate glycolysis.12

It is tempting to speculate that ASEL 
vaccine-resistant cells in the TC2 model 
and the ganciclovir-resistant cells in the 
melanoma model are similar subsets of 
slow-cycling cancer stem cells that oth-
ers have found resistant to other types of 
drugs.12 If so, this would suggest an im-
portant intersection of immunotherapy 
with chemotherapy in terms of inducing 
the selective survival of slow-cycling stem-
like cells or cells that have undergone EMT. 
New immunotherapy clinical trials should 
therefore monitor the emergence of such 
cells so as to identify possible markers of 
resistance and newly emergent vulnerabili-
ties. A caveat is that enrichment of stemlike 
or EMT cells in tumors during therapy can 
be transient and reversible. Theoretically 
this could lead to tertiary resistance against 
the second-line stemlike or EMT tumor cell 
target and suggests that multiple cycles of 
different intermittent therapies may need 
to be juxtaposed over a long period of time 
to contain development of these resistance 
phenotypes. Strategically spaced drug holi-
days may allow any resistant cells to lose 
their stemlike properties and regain sensi-
tivity to the original therapy.

Conversely, Boisgerault and colleagues’ 
demonstration of the synthetic lethality 
(doxorubicin sensitivity) suggests the power 
of combining immunotherapy with chemo
therapy, and that immunotherapy may 
uncover pathways that can be effectively tar-
geted by existing drugs that would otherwise 
not be used as a consequence of the primary 
resistance of the tumors to these drugs. 
This contrasts with the more traditional ap-
proach of using chemotherapy or radiation 
to kill tumor cells and release antigen so as 
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Figure 1  The evolving tumor genomic and antigenic landscape and cancer stem cell re-
sistance and vulnerability during therapy. Immunotherapy and other types of cancer therapy 
can debulk tumors but also put selective pressure on tumors leading to the survival and outgrowth 
of resistant cells (relapse) that have cancer stem cell properties or properties of cells undergoing 
epithelial–mesenchymal transition (EMT). However, these resistant cells (shown in red) overexpress 
key antigens or metabolic vulnerabilities that can be targeted by newer antigen-specific immu-
notherapies or drugs. These new targets can be identified by molecular analysis of this changing 
genomic and antigenic landscape (represented by the solid arrow across the top). Immunotherapies 
could thus be combined with chemotherapies either simultaneously or in succession sooner to both 
debulk the original tumor and eradicate any emerging resistant cells. However, although relapsed 
tumors can be treated to induce a secondary remission, additional resistant cells could emerge 
(shown as the green cells). The cancer stem cell or EMT phenotype is plastic, and these cells can dif-
ferentiate through mesenchymal–epithelial transition (MET) or revert to a molecular profile similar to 
that of the bulk of the original tumor (indicated at the top of the diagram and by the dotted arrow 
in reverse). Thus, these new stem cell vulnerabilities can be transient, and sensitivity to second-line 
therapies based on the new molecular or antigenic profile can be rapidly lost. Intermittent dosing of 
different regimens may be needed to overcome this problem.
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to facilitate an immune response using ac-
tive immunotherapy. Recent studies have 
shown that some chemotherapy drugs ac-
tivate an innate immune response in the 
tumor microenvironment via release of li-
gands for Toll-like and purinergic receptors 
that facilitate antitumor T-cell responses.13,14 
Earlier studies have used chemotherapy 
(e.g., cyclophosphamide) before immuno
therapy as a way of transiently depleting 
CD4+ T-regulatory cells.15 Moreover, in 
recent clinical trials, patients who received 
chemotherapy after immunotherapy due to 
disease progression had improved responses 
and longer overall survival. For example, 
patients with progressive non–small cell 
lung cancer who had an immune response 
to previous vaccination with an adeno
virus–p53 formulation saw improvement 
in their response to oxaloplatin and longer 
overall survival.16 Immunotherapy may have 
facilitated the expansion of an oxaloplatin-
sensitive subset of tumor cells, or the 
chemotherapy may have enhanced the sensi-
tivity of the tumor cells to an ongoing mem-
ory T-cell response. Similar results in other 
clinical trials in which salvage chemotherapy 
used after immunotherapy led to unexpected 
improvement in clinical responses should be 
reinterpreted in this light.

In summary, the new study underscores 
an emerging view of cancer therapy as an 
interplay of forces regulating EMT and can-
cer stem cells and identifying their vulner-
abilities to overcome therapeutic resistance. 
These results also emphasize the need to 
perform strong biomarker-driven studies to 
identify emerging molecular mechanisms of 
resistance and vulnerabilities on an ongo-
ing basis and tailor each round of therapy 
for our patients according to these changing 
molecular and antigenic characteristics.
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Transgene silencing has remained an 
important obstacle to efficient retro-

viral gene transfer into pluripotent stem 
cells (PSCs) and their progeny, despite 
considerable efforts to identify and de-

lete vector elements responsible for this 
process.1,2 One approach to this problem 
is the incorporation of genetic elements 
into the vector that are capable of shield-
ing proviral DNA from molecular and 
epigenetic reactions associated with si-
lencing. In this issue of Molecular Thera-
py, Rival-Gervier et al., from James Ellis’s 
group in Toronto,3 describe a ~1-kilobase 
(kb) region in the 3ʹ end of the D4Z4 in-
sulator element, which, when combined 
with the chicken b-globin hypersensitive 
site 4 (cHS4) insulator, very effectively 
prevents retroviral transgene silencing 
in PSCs. Insertion site and chromatin 
analysis further demonstrated that this 
effect was not explained by the targeting 
of vector integrations into favorable epi-
genetic domains but was instead caused 
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