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Abstract: All too often attempts to deliver improved cancer cure rates by increasing the dose
of a particular treatment are not successful enough to justify the accompanying increase

in toxicity and reduction in quality of life suffered by a significant number of patients. In

part, this drive for using higher levels of treatment derives from the nature of the process
for testing and incorporation of new protocols. Indeed, new treatment regimens must now
consider the key role of immunity in cancer control, a component that has been largely
ignored until very recently. The recognition that some drugs developed for cytotoxicity at
higher doses can display alternative anticancer activities at lower doses including through
modulation of immune responses is prompting a significant re-evaluation of treatment
protocol development. Given that tumours are remarkably heterogeneous and with inherent
genetic instability it is probably only the adaptive immune response with its flexibility

and extensive repertoire that can rise to the challenge of effecting significant control and
ultimately elimination of a patient’s cancer. This article discusses some of the elements that
have limited higher levels of treatment outcomes and where too much proved less effective.
We explore observations that less can often be as effective, if not more effective especially
with some chemotherapy regimens, and discuss how this can be exploited in combination with
immunotherapies to deliver nontoxic improved tumour responses.
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Introduction

Medical oncology has developed from the con-
cept that high doses of chemotherapy are needed
to eliminate every last tumour cell. With a few
exceptions, such as certain leukaemias and lym-
phomas as well as some testicular cancers, this
approach has not resulted in lasting complete
cures in the majority of cancers.

Indeed, increasing the dose of standard regimens
does not necessarily deliver improved outcomes
as measured by regression or increased overall
survival. A reduction in the quality of life is a
major problem with over-treatment. Even if
overt toxicity does not intervene, the majority of
solid tumours will ultimately relapse. In this
commentary we provide some examples of can-
cer treatments where lower doses of treatment
can be as effective without the added toxicity of

higher doses (more can be less). Furthermore,
we highlight some of the limitations of the devel-
opment process that drives this approach. Until
recently, the role of the immune response in
delivery of cancer control and even cure has
been ignored by many scientists and clinicians
who have claimed all aspects of response to the
specifics of their chemotherapeutic or radiother-
apeutic protocols. It has now become apparent
that some drugs developed for cytotoxicity at high
doses may have alternate anticancer activity at
lower doses. At least some of such observations
are consistent with influences on the immune
response. We explore observations that less can
often be as effective, if not more effective (less
can be more), especially with some chemother-
apy regimens, and discuss how this could be
applied to the burgeoning field of immunother-
apy for cancer.
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Treatment of cancer (more can be less)

The early history of cancer treatments is littered
with examples of initial successes leading to more
aggressive, higher dosage or sustained procedures
which subsequently failed to deliver improved
outcomes. Surgery was the first natural treatment
for cancer and was increasingly radical, especially
after the availability of anaesthesia, but unfortu-
nately this had little or no impact on local or distal
spread.! While surgery is still the most effective
modality of cancer treatment, the trend has
become for more conservative interventions that
retain organs and structures with associated
improved body functions. Even 40 years ago, the
radical mastectomies being performed on patients
with breast cancer left women with deformities of
the chest wall. Since then a better understanding
of the patterns and likelihood of spread have
allowed the use of less-mutilating simple mastec-
tomy or simple excision followed by radiotherapy.
Although combining low-volume surgery with
radiotherapy was initially ridiculed by ‘radicalis-
tic’ surgeons, a randomized trial organized by
Bernard Fischer, to much contemporary resist-
ance, showed that there was no benefit from radi-
cal surgery in terms of survival, recurrence or
mortality, compared with local excision plus radi-
otherapy, in spite of the dreadful morbidity of the
radical procedure.2:3

While radiotherapy can successfully treat local
lesions it has no effect on metastatic disease out-
side the treatment area. The underlying principle
derives from the likelihood that most tumour cells
divide faster than normal cells, although given the
heterogeneity of cancer, this is not always the
case. Importantly, radiation given at high doses
causes ulceration, bone necrosis and marrow fail-
ure, limiting its capacity for delivering high cure
rates. A therapeutic window can be exploited as
the dose-response curves of the probability of
tumour control and the occurrence of late effects
in normal tissues using animal models show a
higher threshold in normal tissues. In practice,
small differences in dose in the therapeutic range
can significantly affect the probability of cure and
also the incidence of normal tissue injury.*
Extensive research has provided the knowledge
base to continue to optimize tumour control and
limit normal tissue injury after radiotherapy.
Modern linear accelerators allow precise dose
delivery to the shape of the tumour with conformal
options able to deliver the dose in three dimen-
sions, killing the cancer but avoiding sensitive nor-
mal tissues. Brachytherapy and fractionation of

external beam therapy have been optimized for
the management of many common tumours.
Gamma knife and cyber knife techniques have
taken this concept further.

Chemotherapy initially developed from the obser-
vation that soldiers exposed to mustard gas in the
First World War had atrophy of the marrow and
lymph nodes. Obviously, the dose of drugs
derived from ‘mustine’ had to be effective against
the tumour without completely destroying the
marrow and immune system. Chemotherapy sub-
sequently evolved into multiple agent high-dose
regimens that led to the successful treatment of
metastatic testicular cancer by Larry Einhorn,
using bleomycin, vinblastine and cisplatin.> This
combination was very toxic and importantly with
regards to this article, studies doubling the dose
of these drugs did not improve the initial effec-
tiveness. Many such drugs are cytotoxic and gen-
erally the tumour response is proportional to the
number of cells synthesizing DNA. However het-
erogeneity in cell cycle and small tumour growth
fractions provide obstacles to optimal Kkilling of
the tumour. Importantly the patterns of tumour
growth alter as the cancer shrinks such that an
initial dosing may not be sufficient to produce a
cure. This requires management of the treatment
protocols as the tumour shrinks either by increas-
ing the dose intensity (e.g. leukaemia) or through
the use of alternative drugs with a different mech-
anism of action, and with the added potential to
combat the emergence of drug-resistant tumour
cells.®

A central problem of assessing cancer treatment
effectiveness is that the measures of ‘success’ do
not equate with tumour elimination. Thus, the
smallest tumour detectable by physical or radio-
logical means is about 1 cm in diameter and com-
posed of about 10° cells. This represents about 30
doublings of an initially clonal tumour indicating
a significant life history in which to produce cel-
lular variation from a mutation frequency of 10-.
While the amount of cell kill is dose dependent
regardless of tumour burden, at cessation of treat-
ment there may well be at least 10° residual cells,
which makes detectable relapse and clonal varia-
tion almost inevitable. The recognized existence
in many cancer types of tumour-initiating cells or
cancer stem cells that are able to avoid the effects
of radiation or chemotherapy through quiescence
or a protective niche presents another formidable
obstacle to cure.” This exemplifies the central
tenet that increasing the dose of radiotherapy and
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chemotherapy does not necessarily increase the
effectiveness, although the toxicity is certainly
enhanced to unacceptable levels, requiring exten-
sive supportive treatments. The dramatic impact
of chemotherapy on leukaemia, lymphomas and
some rare tumours, such as testicular cancer,
have not translated readily to the more common
solid tumours, many of which occur in older pop-
ulations who are particularly sensitive to the toxic
side effects of many commonly used drugs.

Other specific examples whereby dose intensifica-
tion does not enhance clinical benefit include
cytarabine and asparaginase.® A further example
is cisplatin, where high doses have no significant
clinical benefit over moderate doses in a rand-
omized in non-small cell lung cancer.® Increasingly
targeted drugs (e.g. palbociclib and Braf inhibi-
tors) are being found to be as effective at lower
doses or when given less frequently. Lenalidomide
(cc-5013) is a good example of a drug now used
regularly at a dose of 25 mg, which is a fraction of
its maximum tolerated dose (MTD) dose of
160mg.10

It is worth considering the process whereby a
drug regimen becomes a licenced treatment for
patients. Preclinical tumour models are used to
establishing a dose response relationship and to
optimize the differences in normal and tumour
tissue responses. In general, a 20% dose reduc-
tion leads to a halving of the cure rate because of
residual tumour cells, while in tumours with a
high growth fraction, doubling of the dose can
deliver a tenfold increase in tumour kill.11:12 It is
the latter which has frequently driven the testing
of higher doses to improve cure rates. While dose
intensity (drug/unit time) variations and schedul-
ing can influence the potential toxicities, those
relating to the myocardium, lungs and kidneys
often cannot be clinically managed.!3:14¢ The dose
of the drug used in the clinic is initially derived
from the LDs, or the dose that kills 50% of mice
in a cage. This then guides the phase I trial dose
where the dose is increased in trial subjects until
MTD is achieved, which subsequently leads to a
slight reduction in the dose for testing efficacy for
phase II trials. As drugs have become more tar-
geted this approach has become more attenuated
over the last decade. Nevertheless, the fact that
lower doses may be more effective when com-
bined with other drugs or modalities, such as
radiotherapy and, of increasing importance,
immunotherapy, is often only appreciated after
post licensing clinical experience. The advent of

biological therapies, such as cytokines and anti-
bodies, may be particularly inappropriate for
determining dosing from MTD data. Indeed,
this new landscape of treatment modalities has
had to be tested and ‘optimized’ in the context
of existing standard of care (SOC) where the lat-
ter has evolved in the MTD model of approval.
This raises the possibility that current SOC
treatments for some cancers might benefit from
re-evaluation. In particular it will be important
to consider how combinations of surgery, radio-
therapy and chemotherapy can influence the
preservation, reactivation and stimulation of the
immune response as a means of controlling or
eliminating cancer. Unfortunately, the best way
to optimize this approach is not immediately
obvious and will need to be guided by leads from
combination studies in preclinical models.

Lower-dose treatments in cancer (less can

be more)

Some drugs developed for cytotoxicity at higher
doses can display alternative anticancer activities
at lower doses. Drug schedules given in low doses
at regular intervals (daily or weekly) are referred
to as metronomic. Such protocols were initially
developed to help control paediatric tumours
when full doses were too toxic.!%16 A review of the
literature, by Lieu et al., documented that the
majority of studies reported favourable outcomes,
usually in patients with heavily pretreated
advanced disease, but without any significant side
effects.1” The majority of metronomic regimens
contain cyclophosphamide (CY) at a dose of 50—
100mg a day, although some are as low as once a
week. Low-dose methotrexate is often included at
2.5mg, twice daily. Other drugs also used include
capecitabine and vinorelbine.

As the cytotoxic activity of many drugs is usually
dose related it is likely that the mechanisms of
action of these agents is different when used at
metronomic doses. Several mechanisms that con-
tribute to anticancer activity of CY at lower doses
have been demonstrated. For example CY at low
doses can exert an antiangiogenic activity and
thereby contribute to disease control.l® Vascular
abnormalities are a characteristic of most solid
tumours and derive from raised levels of proangio-
genic factors, such as vascular endothelial growth
factor and angiopoietin 2. Importantly, drugs tar-
geting such molecules do improve therapeutic
responses in some part due to normalization of the
tumour vasculature allowing for increased cellular
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immune infiltration into tumours providing for
modulation of the immunosuppressive tumour
microenvironment (TME).17:19

Another recognized activity of metronomic CY
therapy is through immune modulation including
for example the inhibition of CD4 T-regulatory
cells (Tregs).20 These are characterized by expres-
sion of the transcription factor FOXP3 and are a
highly immune-suppressive subset of CD4 T cells
that maintain immune homeostasis. Many pre-
clinical and clinical studies have shown that Tregs
interfere with immune surveillance of tumours
compromising activation and/or function of effec-
tive antitumour immunity thereby promoting
tumour progression.?! Targeting Tregs may be
pivotal for reactivation of useful existing tumour
immunity or providing an increased opportunity
for the actions of other cancer immunotherapies.
One approach investigated in preclinical models
is the use of CY to enhance the effect of vaccines
although the timing of measurable benefits may
not always fit with those expected by more direct
tumour-killing approaches.?2:23 QOthers have
reported that CY was most effective in enhancing
vaccines when given one day prior to vaccination,
with no effect at day seven, nor in higher doses,
which were often ineffective.?* These studies
showed that Th-1 responses were also aug-
mented. Importantly, several other chemotherapy
agents were shown to share these pleiotropic
immunomodulatory properties. Ghiringhelli ez al.
showed that a single dose of CY depleted CD4+/
CD25+ cells (Tregs) and delayed the growth of
colon cancer cells with subsequent immunization
with tumour cells mixed with bacillus Calmette—
Guérin (BCQG) resulting in complete responses.2>
It is clear that CY can enhance the response to a
wide range of vaccination protocols, but route of
delivery by intravenous bolus prior to vaccination
or metronomic oral (or both) route has yet to be
optimized. A study of patients with metastatic
solid tumours who had failed conventional chem-
otherapy investigated metronomic cyclo-phos-
phamide given twice daily, with one week on and
one week off for a month or more. This was found
to significantly reduce circulating Tregs with a
concomitant reduction in their inhibitory func-
tions on effector T cells and natural killer (NK)
cells providing for recovery of peripheral T-cell
proliferation and innate Kkilling activities.26

In summary, a metronomic regimen of CY does
not only affect tumour angiogenesis but also
strongly curtails immunosuppressive regulatory T

cells, favouring a better control of tumour pro-
gression. Overall these data support a CY regimen
as a useful means for reducing tumour-induced
immune tolerance before initiation of cancer
immunotherapy. Importantly, it is clear that this
beneficial activity is not present at high doses.

Our knowledge of potential low-dose effects of
other drugs is only just beginning to emerge. For
example, gemcitabine has been shown to modu-
late the TME through inhibiting myeloid derived
suppressor cells (MDSCs), enhancing tumour
HILA-1 expression and co-stimulatory molecule
expression on antigen-presenting cells.2” MDSCs
promote cancer progression not only by suppress-
ing immune responses but also by directly influ-
encing tumour growth, differentiation and
metastasis.?® A randomized trial in metastatic
pancreatic cancer patients showed a combination
of gemcitabine with a heat-killed mycobacterial-
based vaccine treatment increased progression-
free and overall survival.?° Other agents, such as
doxorubicin, taxol and platinum may have similar
effects at lower doses. Some of these drugs given
at ultra-low doses can sensitize tumour cells to
NK cell killing, while 5FU and doxorubicin make
cancer stem cells more sensitive to gamma delta
T-cell killing via the TRAIL apoptotic pathway.30
Another mechanism of action of metronomic
chemotherapy documented for other drugs is the
induction of the immunogenic cell death pathway
that activates both innate and adaptive immune
responses. Repeated low to medium doses can
induce and maintain this activity.3!

Similar to low-dose chemotherapy, radiotherapy
has been shown to have beneficial effects on the
stroma and immune response when given in low
doses. Low-dose radiotherapy (LDR) stimulates
antioxidant capacity, repairs DNA damage and
apoptosis, as well as inducing immune responses.
All these aspects were reviewed and the influence
of dose comprehensively discussed by Kumari
et al.3? The exploitation of radiotherapy as a
means to optimize cancer immunotherapies is
thus being actively explored.33:3¢ There are sev-
eral means by which radiation can act as an adju-
vant to immunotherapies. The promotion of
immunogenic cell death (ICD) leads to activation
of antigen-presenting cells that then induce other
immune cells able to attack the cancer targets.35:36
The radiation can also directly sensitize the
tumour cells to immune effector cell killing
through induction of molecular changes in the
cancer cells (immune modulation).3” Radiation
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also directly influences the function of immune
cells.>® The extent of each mode of radiation
action is determined by the dose and delivery
scheme used (single dose or delivery of dose in
smaller fractions). As summarized by Kumari
et al.?? in the low-dose therapy range (<2 Gy) the
immune-stimulatory effects on tumours cells
include upregulation of MHC-1 (enhanced anti-
gen presentation), promotion of apoptosis (FAS/
FasL) and recruitment of NK effectors (NKG2DL
(MICA/B)) while immune cells produce more
interferon (IFN)-y (activation of CTL and Thl
bias), tumour necrosis factor (TNF)-a (induction
of tumour apoptosis), interleukin (IL)-12 (pro-
moting Thl response), IL-2 (T cell proliferation),
upregulation of CD80/86, CD28 and reduced
CTLA-4 (increased co-stimulation) and reduc-
tion of macrophage produced immunosuppres-
sive cytokines such as IL.-10 and IL-1p3. However,
there can also be upregulation of levels of trans-
forming growth factor (TGF)-B and inducible
nitric oxide synthase (iNOS) which can counter-
act positive aspects and the relative levels of influ-
ence are likely to be TME and dose dependent.
Thus, appropriate LDR can exert useful anti-
inflammatory activity via direct effects on acti-
vated macrophages while promoting Th-1
cytokine responses which contrasts with the Th-2
cytokine responses induced by higher-dose radio-
therapy.3® In addition, LDR affects bone marrow
derived mesenchymal stromal cells so that they
revert from tumour-promoting to tumour-inhib-
iting activity.32:40

The challenges of optimizing

immunotherapy

The challenge of developing improved treatment
regimens must now also consider the key role of
immunity in cancer control with this most likely to
be through provision of optimized and integrated
multimodality protocols. However, even from the
first dawn of immunotherapy the siren voice that
more is better has characterized attempts to
develop more efficacious treatments. Thus, Coley’s
toxins were required to induce toxic hyperthermia
to be of benefit and this subsequently limited any
further development when radiotherapy machines
became available. IFN-a was the first pharma-
ceutical-grade immunotherapy and was devel-
oped for use at high doses for metastatic melanoma.
Numerous trials showed this treatment to be too
toxic at high doses to develop further as an adju-
vant treatment, especially when a randomized

study showed no survival benefit compared with
lower, less-toxic doses.41-43

IL-2 was first investigated as a T-cell growth factor
to help improve T-cell expansion in the search for
human retroviruses. Rosenberg and colleagues
reported complete responses in patients with met-
astatic melanoma, responses which often resulted
in long term ‘cures’. Unfortunately, the doses used
were frequently highly toxic and necessitated
intensive care unit support for up to 6 weeks; this
is clearly impractical in most healthcare systems.
Once again, lower doses were shown to be as effec-
tive in some cases, but not as reliable in inducing
complete responses. However, when used as a
booster after another agent, such as a vaccine or
even chemotherapy, significant responses are seen
even at low doses given subcutaneously.** This is
important as IL-2 expands recently activated T
cells and, hence, does not need to be given in high
doses if chemotherapy or antigen stimulation via
other means, such as a cancer vaccine, have been
given first. In other words, the toxicity of single-
agent high-dose IL.-2 can be avoided if given in a
relevant combination at a lower dose.4>-46

We have recently reviewed the state-of-the-art of
current checkpoint inhibitors (CPIs) in the
clinic¥” and will not go into details here, suffice to
say that the first CPI, ipilimumab or Yervoy, was
also able to induce good clinical responses
(although very few complete responses were
seen). However, this came at a very high cost in
terms of toxicity. Severe colitis, in particular, can
be a life-threatening complication. Other CPIs,
such as pembrolizumab (Keytruda) or nivolumab
(Optivo) also have significant autoimmune side
effects with a slightly different and less severe pro-
file than ipilimumab. Complete responses and
clinical benefit improve when these agents are
given together but unfortunately the toxicity is
also more than additive, leading to early cessation
of treatment (previously reviewed in detail??).

The question has to be asked, are we giving CPIs
in too high doses? Initial development of Yervoy
occurred at 10 mg/kg but is now given at 3 mg/kg
following dose comparative studies. The current
state of the art is to combine CPIs with just about
any other (often failed) immunotherapy agent
and there are over 300 trials with at least 15 dif-
ferent drug classes in development in the clinic.
Once again, added toxicity with these combina-
tions is the main problem in combination
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treatment. Is ‘more can be less’ appropriate here
too? We would argue that this is very likely the
case but, where appropriate, synergies can allow
for less-toxic schedules to be developed. One
such synergy that has been observed is that
patients who have previously been treated with a
heat-killed Mycobacterium product, IMM-101,
who then progress, seem to respond quicker and
more completely when given CPIs.#® The fact
that over 50% of patients have no response to
CPIs alone suggests that the immune response
needs to be in a primed state to respond. IMM-
101 activated myeloid/macrophages in addition
to the innate immune response, including NK
and gamma delta T cells. A trial to investigate this
possibility is about to commence (ClinicalTrials.
gov identifier: NCT01559818).

Another example is the development of an opti-
mised combination of a human papillomavirus
(HPV) 16 E6/E7 synthetic long peptide therapeu-
tic vaccination*® with standard carboplatin and
paclitaxel chemotherapy. Treatment of HPV 16
positive tumour-bearing mice with chemotherapy
and vaccination improved survival significantly. It
was shown that the chemotherapy directly
impacted the myeloid cells systematically and in
the tumour but had no effect on tumour-specific
T-cell responses. In advanced cervical cancer
patients, carboplatin paclitaxel was also able to
normalize the concentration of circulating mye-
loid cells, and this was linked to improved T-cell
responses. The nadir of myeloid cells, 2 weeks
after the second cycle of chemotherapy, was
selected as the time for vaccination. This timing
was shown to be effective in patients where strong
and sustained HPV16-specific T-cell responses
to a single dose of the vaccine were elicited.>?
A clinical trial (ClinicalTrials.gov identifier:
NCTO02128126) is now in progress that is assess-
ing the safety, tolerability and the HPV specific
immune responses of different doses of the long
peptide HPV16 vaccine with or without pegylated
IFN-a as combination therapy with carboplatin
and paclitaxel. There is some evidence that treat-
ment of larger tumours may benefit from the use
of CPIs so optimization of appropriately dosed
combination approaches is awaited.

CPIs are ideal agents to enhance other immuno-
therapies, such as vaccines, as are the many drugs
that act as immune modulators. The potential for
carefully designed sequential nontoxic combina-
tions is enormous and a logical consequence of
the less is more history of cancer treatment

development. Meanwhile, it is going to be very
important to modulate the dosing of a CPI or
another immune modulator such as lenalidomide
or chemotherapeutic agents. Too often promising
combinations have been discarded because of
added toxicity when doses of all agents should be
lowered appropriately. Moreover, it may be possi-
ble that a specific sequence of treatments may syn-
ergize, as opposed to adding treatments together.
We have previously reported that lenalidomide
and pomalidomide given before vaccination greatly
enhance responses’! whereas when given after vac-
cination there is no benefit.52

In conclusion, it may be much more effective to
work out scientifically logical sequential therapy,
as opposed to just adding more modulates
together. Biological agents generally show effec-
tiveness over bell shaped rather than exponential
dose-response curves. Indeed, a scientific exam-
ple that less can deliver much more.

Funding

This research received no specific grant from any
funding agency in the public, commercial, or not-
for-profit sectors.

Conflict of interest statement

AGD receives core funding from the ICVI charity,
project grants from Celgene, LDNPharma and
Jay Pharma. PLS has acted as a scientific advisor
for GlaxoSmithKIne, Alligator Biosciences,
NeoTx Therapeutics and Oxford BioMedica.

ORCIDiD
Peter L. Stern
-9097

https://orcid.org/0000-0002-0604

References
1. Mukherjee S. The emperor of all maladies: a
biography of cancer. New York: Scribner, 2010.

2. Fisher B, Montague E, Redmond C, er al.
Findings from NSABP Protocol No. B-04-
comparison of radical mastectomy with
alternative treatments for primary breast cancer.
1. Radiation compliance and its relation to
treatment outcome. Cancer 1980; 46: 1-13.

3. Fisher B, Wolmark N, Redmond C, et al.
Findings from NSABP Protocol No. B-04:
comparison of radical mastectomy with
alternative treatments. II. The clinical and
biologic significance of medial-central breast
cancers. Cancer 1981; 48: 1863-1872.

74

journals.sagepub.com/home/tav


https://journals.sagepub.com/home/tav
https://orcid.org/0000-0002-0604-9097
https://orcid.org/0000-0002-0604-9097

AG Dalgleish and PL Stern

4. Bentzen SM. Steepness of the clinical-dose-
control curve and variation in the in vitro
radiosensitivity of head and neck squamous cell
carcinomas. Int ¥ Radiar Biol 1992; 61: 417-423

5. Einhorn LH and Donohue JP. Improved
chemotherapy in disseminated testicular cancer. ¥
Urol 1977; 117: 65-69.

6. Norton L and Simon R. Tumour size, sensitivity
to therapy and design of treatment schedules.
Cancer Treat Rep 1997; 61: 1307-1317.

7. Batlle E and Clevers H. Cancer stem cells
revisited. Nat Med 2017; 23: 1124-1134.

8. Kato M, Koh K, Manabe A, ez al. No impact of
high-dose cytarabine and asparaginase as early
intensification with intermediate-risk paediatric
acute lymphoblastic leukaemia: results of
randomized trial TCCSG study 1.99-15. Br ¥
Haematol 2014; 164: 376-383.

9. Felip E, Rosell R, Alberola V, er al. Preoperative
high-dose cisplatin versus moderate-dose cisplatin
combined with ifosfamide and mitomycin in stage
IITIA (N2) non small-cell lung cancer: results of
a randomized multicenter trial. Clin Lung Cancer
2000; 1: 287-293.

10. Bartlett JB, Michael A, Clarke IA, et al. Phase
I study to determine the safety, tolerability and
immunostimulatory activity of thalidomide
analogue CC-5013 in patients with metastatic
malignant melanoma and other advanced
cancers. Br J Cancer 2004; 90: 955-961.

11. De Vita VT, Hubbard SM and Longo DC.
The chemotherapy of lymphoma: looking
back, moving forward. The Richard and Hilda
Rosenthal Foundation Award Lecture. Cancer Res
1987; 47: 5810-5824.

12. Skipper H. Data and analyses having to
do with the influence of dose intensity
and duration of treatment (single drugs
and combinations) on lethal toxicity and
the therapeutic response of experimental
neoplasms. Sern Research Institute Booklets
1986: 13; and 1987: 2-13.

13. Goldin A and Schabel FM. Clinical concepts
derived from animal chemotherapy studies.
Cancer Treat Rep 1981; 65(Suppl. 3): 11-19.

14. Lokich JJ, Ahlgren JD, Gullo SJ, et al. A
prospective randomised comparison of
continuous infusion fluorouracil with a
conventional bolus schedule in metastatic
colorectal carcinoma. A Mid-Atlantic Oncology
Program Study. ¥ Clin Oncol 1989: 7: 425-432.

15. Gately S and Kerbel R. Antiangiogenic
scheduling of lower dose cancer chemotherapy.
Cancer §2001; 7: 427-436.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Gasparini G. Metronomic scheduling: the future
of chemotherapy? Lancer Oncol 2001; 2: 733-740.

Lien K, Georgsdottir S, Sivanathan L, ez al. Low-
dose metronomic chemotherapy: a systematic
literature analysis. Eur ¥ Cancer 2013; 49:
3387-3395.

Allegrini G, Di Desidero T, Barletta MT, ez al.
Clinical, pharmacokinetic and pharmacodynamic
evaluations of metronomic UFT and
cyclophosphamide plus celecoxib in patients
with advanced refractory gastrointestinal cancers.
Angiogenesis 20125 15: 275-286.

Fukumura D, Kloepper J, Amoozgar Z, et al.
Enhancing cancer immunotherapy using
antiangiogenics: opportunities and challenges.
Nat Rev Clin Oncol 2018; 15: 325-340.

Lutsiak ME, Semnani RT, De Pascalis R,

et al. Inhibition of CD4(+)25+ T regulatory
cell function implicated in enhanced immune
response by low-dose cyclophosphamide. Blood
2005; 105: 2862-2868.

Shitara K and Nishikawa H. Regulatory T-cells: a
potential target in cancer immunotherapy. Ann N
Y Acad Sci 2018; 1417: 104-115.

Mastrangelo M]J, Maguire HC Jr, Sato T, ez al.
Active specific immunization in the treatment of
patients with melanoma. Semin Oncol 1996; 23:
773-781.

Bass KK and Mastrangelo M]J.
Immunopotentiation with low-dose
cyclophosphamide in the active specific
immunotherapy of cancer. Cancer Immunol
Immunother 1998; 47: 1-12.

Le DT and Jaffee EM. Regulatory T-cell
modulation using cyclophosphamide in vaccine
approaches: a current perspective. Cancer Res
2012; 72: 3439-3444.

Ghiringhelli F, Larmonier N, Schmitt E, ez al.
CD4+CD25+ regulatory T-cells suppress tumor
immunity but are sensitive to cyclophosphamide
which allows immunotherapy of established
tumors to be curative. Eur ¥ Immunol 2004; 34:
336-344.

Ghiringhelli F, Menard C, Puig PE, er al.
Metronomic cyclophosphamide regimen
selectively depletes CD4+CD25 + regulatory
T-cells and restores T and NK effector functions
in end stage cancer patients. Cancer Immunol
Immunother 2007; 56: 641-648.

Liu WM, Fowler DW, Smith P, et al. Pre-
treatment with chemotherapy can enhance the
antigenicity and immunogenicity of tumours
by promoting adaptive immune responses. Br ¥
Cancer 2010; 102: 115-123.

journals.sagepub.com/home/tav

75


https://journals.sagepub.com/home/tav

Therapeutic Advances in Vaccines and Immunotherapy 6(5-6)

Visit SAGE journals online
journals.sagepub.com/
home/tav

®SAGE journals

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Marvel D and Gabrilovich DI. Myeloid-derived
suppressor cells in the tumor microenvironment:
expect the unexpected. ¥ Clin Invest 2015; 125:
3356-3364.

Dalgleish AG, Stebbing J, Adamson D], ez al.
Randomised, open-label, phase II study of
gemcitabine with and without IMM-101 for
advanced pancreatic cancer. Br ¥ Cancer 2016;
115: 789-796.

Landreneau JP, Shurin MR, Agassandian MV,
et al. Immunological mechanisms of low and
ultra-low dose cancer chemotherapy. Cancer
Microenviron 2015; 8: 57-64.

Wu J and Waxman DJ. Immunogenic
chemotherapy: dose and schedule dependence
and combination with immunotherapy. Cancer
Lerr 2018; 419: 210-221.

Kumari A, Simon SS, Moody TD, ez al.
Immunomodulatory effects of radiation: what is
next for cancer therapy? Future Oncol 2016; 12:
239-256.

Formenti SC and Demaria S. Combining
radiotherapy and cancer immunotherapy: a
paradigm shift. ¥ Natl Cancer Inst 2013; 105:
256-265.

Shahabi V, Postow MA, Tuck D, ez al. Immune-
priming of the tumor microenvironment by
radiotherapy: rationale for combination with
immunotherapy to improve anticancer efficacy.
Am ¥ Clin Oncol 2015; 38: 90-97.

Park B, Yee C and Lee KM. The effect of
radiation on the immune response to cancers. Int
F Mol Sci 2014; 15: 927-943.

Golden EB, Pellicciotta I, Demaria S, ez al. The
convergence of radiation and immunogenic cell

death signaling pathways. Front Oncol 2012; 2: 88.

Wattenberg MM, Fahim A, Ahmed MM, et al.
Unlocking the combination: potentiation of
radiation-induced antitumor responses with
immunotherapy. Radiar Res 2014; 182: 126-138.

Farooque A, Mathur R, Verma A, ez al. Low-
dose radiation therapy of cancer: role of immune
enhancement. Expert Rev Anticancer Ther 2011;
11: 791-802.

Gao H, Dong Z, Gong X, et al. Effects of
various radiation doses on induced T-helper cell
differentiation and related cytokine secretion. ¥
Radiat Res. Epub ahead of print 15 March 2018.
DOI: 10.1093/jrr/rry011.

Janiak MK, Wincenciak M, Cheda A, er al.
Cancer immunotherapy: how low-level ionizing
radiation can play a key role. Cancer Immunol
Immunother 2017; 66: 819-832.

41.

42.

43,

44.

45.

46.

47.

48.

49.

50.

51.

52.

Eggermont AM, Suciu S, Santinami M, et al.
Adjuvant therapy with pegylated interferon
alfa-2b versus observation alone in resected stage
III melanoma: final results of EORTC 18991,

a randomised phase III trial. Lancer 2008; 372:
117-126.

Spitler LE. Adjuvant therapy of melanoma. Oncology
(Williston Park) 2002; 16(1 Suppl. 1): 40-48.

Shah GD and Chapman PB. Adjuvant therapy of
melanoma. Cancer ¥ 2007; 13: 217-222.

Bright R, Coventry BJ, Eardley-Harris N,

et al. Clinical response rates from interleukin-2
therapy for metastatic melanoma over 30 years’
experience: a meta-analysis of 3312 patients. ¥
Immunother 2017; 40: 21-30.

Lotem M, Shiloni E, Pappo I, ez al. Interleukin-2
improves tumour response to DNP-modified
autologous vaccine for the treatment of metastatic
malignant melanoma. Br ¥ Cancer 2004; 90:
773-780.

Nicholson S, Guile K, John ], ez al. A randomized
phase II trial of SRIL172 (Mycobacterium

vaccae) +/- low-dose interleukin-2 in the
treatment of metastatic malignant melanoma.
Melanoma Res 2003; 13: 389-393,

Fusi A and Dalgleish A. The importance for
immunoregulation for long-term cancer control.
Future Oncol 2017; 13: 1619-1632.

Fusi A, Mudan S and Dalgleish A. Enhanced
effect of checkpoint inhibitors when given

after or together with IMM-101: complete and
maintained responses in four advanced melanoma
patients with no significant additional toxicity.

F Transl Med 2018;16:227.

Welters M], van der Sluis TC, van Meir H,

et al. Vaccination during myeloid cell depletion
by cancer chemotherapy fosters robust T-cell
responses. Sci Transl Med 2016; 8: 334ra52.

van Poelgeest MI, Welters M], van Esch EM,

et al. HPV16 synthetic long peptide (HPV16-SLP)
vaccination therapy of patients with advanced or
recurrent HPV16-induced gynecological carcinoma,
a phase II trial. ¥ Transl Med 2013; 11: 88.

Dredge K, Marriott JB, Todryk SM, ez al.
Protective antitumour immunity induced by a
costimulatory thalidomide analog in conjunction
with whole tumour cell vaccination is mediated
by increased Thl-type immunity. ¥ Immunol
2002; 168: 4914-4919.

Noonan K, Rudraraju L, Ferguson A, ez al.
Lenalidomide-induced immunomodulation

in multiple myeloma: impact on vaccines and
antitumor responses. Clin Cancer Res 2012; 18:
1426-1434.

76

journals.sagepub.com/home/tav


https://journals.sagepub.com/home/tav
https://journals.sagepub.com/home/tav
https://journals.sagepub.com/home/tav

