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ABSTRACT
In recent years, evidence has shown that the gut 
microbiome significantly influences responses to 
immunotherapy. This has sparked interest in targeting it 
to improve therapy outcomes and predictions of response 
and toxicity. Research has demonstrated that dysbiosis, 
often resulting from antibiotic use, can diminish the 
effectiveness of immune checkpoint inhibitors, and this 
lack of efficacy could be linked to systemic inflammation. 
Certain bacterial species have been identified as having 
beneficial and harmful effects on immunotherapy in the 
clinic. While a clear consensus has yet to emerge on the 
optimal species for therapeutic use, introducing a new 
microbiome into immunotherapy-refractory patients may 
boost their chances of responding to further treatment 
attempts. State-of-the-art interventions targeting the 
microbiome—such as fecal microbiota transplantation—
are being assessed clinically for their safety and potential 
to enhance treatment outcomes, with promising results. 
Additionally, the microbiome has been leveraged for its 
power to predict clinical outcomes using machine learning, 
and surprisingly, its predictive capability is comparable to 
that of other described multi-biomarker clinical scores. 
Here, we discuss developing knowledge concerning the 
microbiome’s significance in cancer immunotherapy and 
outline future strategies for maximizing its potential in 
immuno-oncology.

INTRODUCTION
The gut microbiome constitutes an ecosystem 
formed by a complex network of microbial 
species and their products. The composition 
of a well-balanced microbiome (eubiosis) is 
established early in life, and it remains rela-
tively stable throughout adulthood. However, 
its balance is delicate and environmental 
and life factors can disturb it, resulting in a 
temporary or even permanent state of dysbi-
osis. Depending on the prevalence of certain 
species, gut microbiomes from different indi-
viduals cluster in (quasi-)discrete ecological 
states defined as microbiotypes.1 The cross-
talk between an eubiotic microbiome and 
the host is instrumental in maintaining the 
health of the organism and modulating phys-
iological functions, including inflammation 
and immunity. Bacteria are associated with 
certain cancers and may induce genetic insta-
bility and progression.2 We and others have 

demonstrated that the gut microbiome also 
modulates the response to different types 
of cancer therapy in experimental animals 
and in humans.3 4 The microbiome enables 
cancer therapy largely by modulating the anti-
tumor immune response by training tumor-
infiltrating myeloid and antigen-presenting 
cells (innate immunity) and by tuning, 
directly and indirectly, adaptive tumor-
specific T and B cells (adaptive immunity).2–4

THE GUT MICROBIOME OF CANCER PATIENTS
To tackle the challenges of dimensionality 
and sparsity and to uncover core microbiome 
signatures, researchers have used co-abun-
dance networks and machine learning 
(ML) to analyze guilds—functional groups 
of bacteria with different taxonomic origins 
that, by using the same resources, inhabit 
the same ecological niches.5 The study of 
healthy volunteers and patients harboring 
chronic inflammatory conditions, including 
cancer—ranging in different geographic 
regions and ethnicities—identified two major 
competing guilds: a healthy guild (eubiosis) 
featuring genes contributing to the utiliza-
tion of complex carbohydrates and produc-
tion of short-chain fatty acids (SCFA) such 
as butyrate that, in turn, protect the integrity 
of the mucosal barrier, and a pathological 
guild (dysbiosis) characterized by viru-
lence and antibiotic-resistance genes.5 Pro-
inflammatory states associated with chronic 
conditions and aging may promote the 
predominance of the pathological over the 
healthy guild. Similarly, patients with cancer 
frequently experience dysbiosis due to the 
illness itself, medication use, cancer therapy 
toxicity, nosocomial infections, antibiotic use, 
and changes in diet and lifestyle.6

THE GUT MICROBIOME MODULATES 
IMMUNOTHERAPY RESPONSE
Dysbiotic perturbations lead to fluctuations 
in the abundance of microbial species in 
patients with cancer, which have been shown 
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to influence immunotherapy outcomes.1 2 6 Many studies 
identified in patients with cancer taxa that were associ-
ated with either response or non-response, but concern 
about the conclusions of these studies has been raised by 
the fact that there was limited species overlap among indi-
vidual studies.1 2 6 However, the importance of the role of 
the microbiome in modulating immunotherapy response 
was supported by studies in which the transfer of patients’ 
fecal microbiome in germ-free mice mirrored the therapy 
response observed in the donors and by extensive clin-
ical evidence that antibiotics given prior to immuno-
therapy adversely affect therapeutic response and reduce 
survival.7 Broad-spectrum antibiotics may induce the loss 
of microbial diversity, alter the balance between favorable 
and unfavorable bacterial taxa, and favor the expansion 
of immunosuppressive fungi.2 Antibiotics may also affect 
the fitness and permeability of the intestinal mucosa, 
disrupting local and systemic host-microbiome interac-
tion and its effect on immunity.2

Meta-analyses of patients undergoing anti-programmed 
cell death protein-1 (PD-1) treatment have enabled a 
better consensus among the data from different cohorts.1 
In melanoma, these studies revealed that beneficial taxa 
are mostly classified within the phyla Actinobacteria and 
Firmicutes, whereas detrimental taxa are associated with 
the gram-negative Bacteroidetes and Proteobacteria 
phyla.1 The reason for the identification of different 
species associated with response has been shown to 
largely depend on geographically restricted—therapy 
favorable or unfavorable—microbiotypes differentially 
represented in the various cohorts.1 Different bacterial 
species in different patients may possess shared genes 
and functions other than taxonomically-restricted genes, 
which may ultimately influence therapeutic responses.3 
Similarly, in distinct cohorts of non-small cell lung and 
genitourinary cancers, species-interacting groups (SIGs) 
based on co-abundance networks correlated with overall 
survival in patients treated with immune checkpoint 
inhibitors (ICI).8 37 and 45 species, differentially distrib-
uted in the patients in the various cohorts, were used as 
biomarkers to classify the patients into either unfavorable 
(SIG1) or favorable (SIG2) groups. When combined with 
a tripartite quantification of Akkermansia species, this 
procedure was used to define a topological score (TOPO-
SCORE) that provided predictions for overall survival in 
patients with renal and lung cancer but was less robust 
in providing significant predictions for patients with 
melanoma.8

ML models incorporating microbiome data—batch 
corrected for cohort heterogeneity—have demonstrated 
accuracy in predicting ICI response, enhanced when using 
bacterial functions rather than taxonomy (figure  1).1 9 
The robust role of the gut microbiome to regulate the 
response to ICI therapy is validated by the fact that the 
prediction accuracy in those models is comparable to the 
recently published model LORIS, which is based on six 
clinical markers, including neutrophil-to-lymphocyte ratio 
(NLR) known to be influenced by the gut microbiome.1 10

SYSTEMIC INFLAMMATION PREDICTS POOR IMMUNOTHERAPY 
RESPONSE
Markers of systemic inflammation such as high NLR and 
increased serum levels of interleukin (IL)-8, amyloid A, 
or C-reactive protein are linked to an immunosuppres-
sive cancer microenvironment and reduced response to 
ICI.1 2 High NLR and serum IL-8 correlate with a high 
abundance of gut gram-negative bacteria.1 11 An analysis 
of the gene expression of host mucosal cells that exfoliate 
into the feces revealed an inflammatory signature driven 
by Lipopolysaccharides (LPS)-induced Nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB) 
and characterized by pro-inflammatory cytokines in mela-
noma patients who failed anti-PD-1 therapy.1 In mouse 
models of cholangiocarcinoma, vancomycin-induced 
dysbiosis with expansion of gram-negative Proteobac-
teria induces in the liver an LPS/Toll-like receptor 4 
(TLR4)-mediated induction of IL-8 that attracts immu-
nosuppressive neutrophils that favor tumor growth.12 
Thus, by producing LPS and activating TLR4 signaling 
in myeloid cells, residing gram-negative bacteria may 
trigger local immunosuppressive inflammation in the 
gut while inducing systemic inflammation, ultimately 
compromising the effectiveness of ICI. Noteworthy, taxa 
of the gram-negative Bacteroides, Prevotella and Alis-
tipes genera, unlike those associated with a favorable 
ICI response, contribute to the ML model’s prediction 
of clinical response across most cohorts.1 These findings 
suggest that associations between outcomes and micro-
bial signatures are more robust and universal for taxa 
contributing to inflammation-mediated immunosuppres-
sion than taxa enabling cancer immunity, which tend to 
be more cohort-specific.

TARGETING THE MICROBIOME TO IMPROVE IMMUNOTHERAPY 
RESPONSE
Despite the lack of consensus on identifying specific 
bacterial taxa enhancing cancer therapy, a few clinical 
trials targeting the gut microbiome to improve immuno-
therapy efficacy have been conducted. The use of single 
bacterial strains or small consortia, which have been 
shown to enable immunotherapy response in experi-
mental animals, has not been reported yet to be successful 
in clinical trials. More encouraging results have been 
reported in early-stage trials using the anti-inflammatory 
probiotic strain Clostridium butyricum13 and in fecal micro-
biome transplant (FMT) trials, including single-arm 
studies transplanting fecal microbiome from patients 
with cancer who successfully responded to therapy into 
patients with anti-PD-1 unresponsive melanoma.11 14 
In these two studies, FMT proved safe and effective in 
addressing dysbiosis and overcoming resistance to ICI, 
with about 40% response to anti-PD-1 following FMT and 
at least one patient achieving a complete response in each 
study.9 14 After FMT, the microbiome of the responders 
aligned more closely to their donors than non-responders, 
suggesting that the difference between responders and 
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non-responders may be attributed to the successful 
engraftment of the transplanted taxa.9 11 The gut microbi-
omes of responders showed a significant increase in taxa 
from the phyla Firmicutes (Ruminococcaceae spp and Lach-
nospiraceae spp) and Actinobacteria (Bifidobacteriaceae spp 
and Coriobacteriaceae spp), mirroring the composition of 
the donors, while some Bacteroidetes and Proteobacteria 
decreased.9 11 Responders also exhibited reduced levels of 
serum IL-8 and decreased frequencies of IL-8-producing 
myeloid cells in tumors, paralleled by a lower number 
of intratumoral immunosuppressive myeloid cells.9 11 
Additional studies in anti-PD-1-refractory patients with 
advanced gastrointestinal cancers and as first-line treat-
ment in patients with melanoma provided support for 
the effectiveness of FMT in combination with anti-PD-1 
therapy.15 16 Recently, partial results from a randomized, 
placebo-controlled trial of patients with renal cell carci-
noma, using fecal microbiome from healthy volunteers 
as a first-line treatment in combination with anti-PD-1, 
showed a significantly improved effect, evidenced by an 

objective response rate of 54% compared with 27% in 
patients treated with anti-PD-1 monotherapy.17

CONCLUSIONS AND FORESIGHT
ML models trained by gut microbiome data and 
microbiome-based immunotherapy response scores may 
soon become able to robustly predict patients’ responses 
to different types of immunotherapy and perturbation 
of the gut microbiome.1 5 8 10 However, the bacterial 
taxa affecting immunotherapy responses are context-
dependent and distinctive mechanisms may be involved 
in different types of immunotherapies or even tumor 
types.1 8 9 Also, because of the heterogeneity of the human 
gut microbiome due to geography or other microbiome-
affecting factors, different bacterial taxa and mechanisms 
may be involved in modulating the response to therapy 
in different patients/cohorts, and further data collec-
tion is essential for more accurate prediction.1 We antic-
ipate that these ML models could ultimately be used to 
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Figure 1  The gut microbiome is a tool for predicting therapy response and patient stratification, as well as a target for 
therapeutic intervention. Microbiome data and other clinical biomarkers from large cohorts of cancer patients representative 
of diverse cancer types, therapy protocols, and geographical origins may be used to train machine learning models or to 
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select the most effective immunotherapy combinations 
for each patient and to assist in deciding whether to inte-
grate immunotherapy with microbiome-targeted therapy. 
Because the induction of immunosuppressive chronic 
inflammation as modulated by the gut microbiome 
appears to be a pathway of therapy resistance shared by 
many patients,1 5 6 understanding the mechanisms may 
help to plan rational procedures to overcome it. Prebi-
otics, diets, and food supplements that would favor the 
conversion of the microbiome to a non-inflammatory 
and/or anti-PD-1 therapy-favoring state may be identi-
fied. Increased dietary fiber intake by patients with type 
2 diabetes was able to perturb the two-guild dynamics 
promoting conversion to the health-associated guild.5 
Fiber-rich diets or supplementation with inulin or pectin 
favor tumor immunity and ICI therapy in patients and 
experimental animals.18 19 FMT trials have provided proof 
of concept that with replacement therapy, it is possible 
to change in a persistent way the gut microbiome, thus 
reducing systemic inflammation and reversing anti-
PD-1 unresponsiveness.11 14 FMT, however, poses risks of 
unintended transfer of pathogens or antibiotic-resistant 
opportunistic bacteria. Additionally, the need to identify 
the ideal donor for each patient and type of immuno-
therapy might be a drawback. The clinical treatment with 
better-defined and standardized pharmaceutical prepara-
tions of single taxa or small bacterial consortia would be 
preferable, but so far has provided disappointing results 
in clinical trials. The reason for this lack of success might 
reside in human versus mouse immunity differences but 
also in the inability of the selected bacterial composi-
tion to colonize the patients successfully or to establish 
a new gut microbiome ecology that would overcome the 
immunosuppressive effects of the recipient microbiome. 
The only clinical treatment that has shown some promise 
has been the administration of the anti-inflammatory 
and butyrate-producing probiotic C. butyricum, which is 
known to reduce intestinal and systemic inflammation.13 
Although they have received limited attention, postbiotics 
could also be considered for ameliorating the microbi-
ome's effect on intestinal and systemic inflammation. For 
example, short-chain fatty acids (SCFA) such as butyrate 
may improve mucosa fitness and decrease local and 
systemic inflammation. Moreover, high NLR associated 
with increased abundance in the gut microbiome predom-
inantly of gram-negative bacteria1 predicts poor response 
to immunotherapy not only with anti-PD-1 alone but 
also in combination with anti-Cytotoxic T-Lymphocyte-
Associated Protein 4 (CTLA-4) and anti-Lymphocyte-
activation gene 3 (LAG-3). However, in patients with 
high-risk resectable melanoma, the taxa necessary for 
the efficacy of the anti-PD-1 and intratumoral Toll-like 
receptor 9 (TLR9) agonist combination are opposite to 
those required for anti-PD-1 monotherapy.9 In a neoad-
juvant trial, the gut microbiome of patients responding 
to anti-PD-1 and TLR9 agonists with major pathological 
responses had an increased abundance of gram-negative 
bacteria, particularly species from the Bacteroidaceae 

and Enterobacteriaceae families, and, intriguingly, 
higher NLR than non-responders.9 The antitumor mech-
anisms in these patients involve intratumoral myeloid 
cells, conversion of the microenvironment from immu-
nosuppressive to immunostimulatory, and hemorrhagic 
necrosis, closely resembling those observed in tumor-
bearing mice treated with an intratumoral TLR9 agonist.3 9 
These findings suggest that, in addition to targeting the 
gut microbiota using prebiotics, probiotics, or postbiotics, 
it may be possible to identify combination therapies that 
are more effective in patients with microbiome-induced 
systemic inflammation who are refractory to other types 
of immunotherapies.

Acknowledgements  We thank all our colleagues who have made possible the 
generation of the data cited and discussed here, primarily Drs Amiran Dzutsev, 
Miriam Fernandes, Richard Rodrigues, John McCulloch, and Jonathan Badger, as 
well as the invaluable collaboration of Drs Diwakar Davar and Hassane Zarour 
of UPMC Hillman Cancer Center, University of Pittsburgh. The commentary also 
discusses directly or indirectly data published by many other investigators, and we 
apologize that due to the limitation in the allowed number of citations, we have not 
been able to cite them all.

Contributors  Both authors conceptualized, designed, wrote and approved the 
work. GT is the guarantor.

Funding  MAC-S and GT are supported by the intramural program of the National 
Cancer Institute, NIH, Bethesda, Maryland, USA.

Competing interests  No, there are no competing interests.

Patient consent for publication  Not applicable.

Ethics approval  Not applicable.

Provenance and peer review  Commissioned; externally peer reviewed.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Maria A Clavijo-Salomon http://orcid.org/0000-0002-7371-3701
Giorgio Trinchieri http://orcid.org/0000-0001-5892-7464

REFERENCES
	 1	 McCulloch JA, Davar D, Rodrigues RR, et al. Intestinal microbiota 

signatures of clinical response and immune-related adverse events in 
melanoma patients treated with anti-PD-1. Nat Med 2022;28:545–56. 

	 2	 Fernandes MR, Aggarwal P, Costa RGF, et al. Targeting the gut 
microbiota for cancer therapy. Nat Rev Cancer 2022;22:703–22. 

	 3	 Iida N, Dzutsev A, Stewart CA, et al. Commensal bacteria 
control cancer response to therapy by modulating the tumor 
microenvironment. Science 2013;342:967–70. 

	 4	 Viaud S, Saccheri F, Mignot G, et al. The intestinal microbiota 
modulates the anticancer immune effects of cyclophosphamide. 
Science 2013;342:971–6. 

	 5	 Wu G, Xu T, Zhao N, et al. A core microbiome signature as an 
indicator of health. Cell 2024;187:6550–65. 

	 6	 Thomas AM, Fidelle M, Routy B, et al. Gut OncoMicrobiome 
Signatures (GOMS) as next-generation biomarkers for cancer 
immunotherapy. Nat Rev Clin Oncol 2023;20:583–603. 

	 7	 Crespin A, Le Bescop C, de Gunzburg J, et al. A systematic review 
and meta-analysis evaluating the impact of antibiotic use on the 
clinical outcomes of cancer patients treated with immune checkpoint 
inhibitors. Front Oncol 2023;13:1075593. 

	 8	 Derosa L, Iebba V, Silva CAC, et al. Custom scoring based on 
ecological topology of gut microbiota associated with cancer 
immunotherapy outcome. Cell 2024;187:3373–89. 

	 9	 Davar D, Morrison RM, Dzutsev AK, et al. Neoadjuvant vidutolimod 
and nivolumab in high-risk resectable melanoma: A prospective 
phase II trial. Cancer Cell 2024;42:1898–918. 

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
.

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 M

ay 20, 2025
 

h
ttp

://jitc.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
2 A

p
ril 2025. 

10.1136/jitc-2024-011281 o
n

 
J Im

m
u

n
o

th
er C

an
cer: first p

u
b

lish
ed

 as 

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-7371-3701
http://orcid.org/0000-0001-5892-7464
http://dx.doi.org/10.1038/s41591-022-01698-2
http://dx.doi.org/10.1038/s41568-022-00513-x
http://dx.doi.org/10.1126/science.1240527
http://dx.doi.org/10.1126/science.1240537
http://dx.doi.org/10.1016/j.cell.2024.09.019
http://dx.doi.org/10.1038/s41571-023-00785-8
http://dx.doi.org/10.3389/fonc.2023.1075593
http://dx.doi.org/10.1016/j.cell.2024.05.029
http://dx.doi.org/10.1016/j.ccell.2024.10.007
http://jitc.bmj.com/


5Clavijo-Salomon MA, Trinchieri G. J Immunother Cancer 2025;13:e011281. doi:10.1136/jitc-2024-011281

Open access

	10	 Chang T-G, Cao Y, Sfreddo HJ, et al. LORIS robustly predicts 
patient outcomes with immune checkpoint blockade therapy using 
common clinical, pathologic and genomic features. Nat Cancer 
2024;5:1158–75. 

	11	 Davar D, Dzutsev AK, McCulloch JA, et al. Fecal microbiota 
transplant overcomes resistance to anti-PD-1 therapy in melanoma 
patients. Science 2021;371:595–602. 

	12	 Zhang Q, Ma C, Duan Y, et al. Gut Microbiome Directs Hepatocytes 
to Recruit MDSCs and Promote Cholangiocarcinoma. Cancer Discov 
2021;11:1248–67. 

	13	 Ebrahimi H, Dizman N, Meza L, et al. Cabozantinib and nivolumab 
with or without live bacterial supplementation in metastatic 
renal cell carcinoma: a randomized phase 1 trial. Nat Med 
2024;30:2576–85. 

	14	 Baruch EN, Youngster I, Ben-Betzalel G, et al. Fecal microbiota 
transplant promotes response in immunotherapy-refractory 
melanoma patients. Science 2021;371:602–9. 

	15	 Routy B, Lenehan JG, Miller WH Jr, et al. Fecal microbiota 
transplantation plus anti-PD-1 immunotherapy in advanced 
melanoma: a phase I trial. Nat Med 2023;29:2121–32. 

	16	 Kim Y, Kim G, Kim S, et al. Fecal microbiota transplantation 
improves anti-PD-1 inhibitor efficacy in unresectable or metastatic 
solid cancers refractory to anti-PD-1 inhibitor. Cell Host Microbe 
2024;32:1380–93. 

	17	 Ciccarese C, Porcari S, Buti S, et al. LBA77 Fecal microbiota 
transplantation (FMT) versus placebo in patients receiving 
pembrolizumab plus axitinib for metastatic renal cell carcinoma: 
Preliminary results of the randomized phase II TACITO trial. Ann 
Oncol 2024;35:S1264. 

	18	 Spencer CN, McQuade JL, Gopalakrishnan V, et al. Dietary fiber 
and probiotics influence the gut microbiome and melanoma 
immunotherapy response. Science 2021;374:1632–40. 

	19	 Lam KC, Araya RE, Huang A, et al. Microbiota triggers STING-
type I IFN-dependent monocyte reprogramming of the tumor 
microenvironment. Cell 2021;184:5338–56. 

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
.

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 M

ay 20, 2025
 

h
ttp

://jitc.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
2 A

p
ril 2025. 

10.1136/jitc-2024-011281 o
n

 
J Im

m
u

n
o

th
er C

an
cer: first p

u
b

lish
ed

 as 

http://dx.doi.org/10.1038/s43018-024-00772-7
http://dx.doi.org/10.1126/science.abf3363
http://dx.doi.org/10.1158/2159-8290.CD-20-0304
http://dx.doi.org/10.1038/s41591-024-03086-4
http://dx.doi.org/10.1126/science.abb5920
http://dx.doi.org/10.1038/s41591-023-02453-x
http://dx.doi.org/10.1016/j.chom.2024.06.010
http://dx.doi.org/10.1016/j.annonc.2024.08.2320
http://dx.doi.org/10.1016/j.annonc.2024.08.2320
http://dx.doi.org/10.1126/science.aaz7015
http://dx.doi.org/10.1016/j.cell.2021.09.019
http://jitc.bmj.com/

	Unlocking the power of the microbiome for successful cancer immunotherapy
	Abstract
	Introduction
	The gut microbiome of cancer patients
	The gut microbiome modulates immunotherapy response
	Systemic inflammation predicts poor ﻿﻿immunotherapy﻿﻿ response
	Targeting the microbiome to improve immunotherapy response
	Conclusions and foresight
	References


