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tive to the models, formed only the intended
oligomers, and were stable at temperatures
as high as 95°C.

Furthermore, the hydrogen-bond net-
works in these oligomers were reminiscent of
the simplicity and elegance of the DNA dou-
ble helix, where every base on one strand is
paired to a complementary base on the other
through buried hydrogen bonds. Inspired
by the double helix, Boyken et al. designed
long coiled coils built from modular parts,
each with its own constellation of polar side
chains. These modular coiled coils may pro-
vide the basis for a new generation of protein-
based molecular structures of programmable
shape, similar to DNA origami. Unlike DNA,
however, these assemblies could be easily in-
terfaced with proteins of desired function.

Jacobs et al. address a complementary
question: how to construct new proteins
with features seen in protein active sites,

Natural

Glycosylated
receptor

diverse geometries, including some with cav-
ities that could allow small-molecule binding
(see the second figure). Three designs were
hyperstable; moreover, the molecular struc-
ture of one of them precisely recapitulated
the computational model, and another re-
quired a further round of computations to
fix a design flaw.

Jacobs et al’s modular design approach
has natural and protein-engineering paral-
lels; indeed, gene recombination is the main
means of diversification in natural protein
families and is regularly used by protein en-
gineers (9). The new work extends the reach
of modular design to combinations of frag-
ments from nonhomologous proteins, for
which genetic recombination is unlikely.

The remarkable selectivities and efficien-
cies seen in natural protein binders and en-
zymes require a balance between stabilizing
features that specify molecular structure

Designed

Surface cavity

Toward designed active sites. Protein active sites often contain features such as cavities, long unstructured regions,
and kinked helices. For example, a cavity on the surface of influenza hemagglutinin (wheat, PDB entry 4YY1) is used by
the virus to attach to glycosylated receptors on the surface of the host cell. Jacobs et al. have designed novel proteins
that contain features such as surface cavities (such as design CAO1 shown here).

such as cavities, long unstructured regions,
and kinked helices (see the second figure).
The authors first developed an algorithm
(called SEWING) that generated a “parts
list”: thousands of backbone fragments ob-
served in natural proteins. They then defined
structural rules that determine which pairs
of backbone fragments could be joined and
ran computer simulations in which three or
four fragments were combined and subjected
to sequence optimization.

This strategy of modular design allowed
Jacobs et al. to tap into an enormous space
of potential backbones (more than 10%), ev-
ery fragment of which has been tested and
retained by natural evolution and is there-
fore inherently stable. Furthermore, because
each protein is built from natural fragments,
the designs contain the structural idiosyn-
crasies observed in nature, including kinked
helices and surface cavities. The authors ex-
perimentally tested 21 SEWING designs with
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and functional features that are often de-
stabilizing (10). Although the two studies do
not attempt to design new molecular activi-
ties, they show a high level of control over
biomolecular shape and interactions that
brings us a step closer to realizing this goal.
Future studies will show how this delicate
balance between stabilizing and functional
features could be leveraged to design new
binding specificities and activities com-
pletely on the computer.
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CANCER IMMUNOLOGY

The “cancer
immunogram”

Visualizing the state of
cancer-immune system
interactions may spur
personalized therapy

By Christian U. Blank,"? John B. Haanen,"?
Antoni Ribas,? Ton N. Schumacher?

he impact of cancer immunotherapy
on clinical cancer care is growing
rapidly. However, different immuno-
therapies remedy distinct problems
in cancer-immune system interac-
tions. What would be the most effec-
tive therapy for an individual patient?
Here, a framework is proposed for describ-
ing the different interactions between can-
cer and the immune system in individual
cases, with the aim to focus biomarker re-
search and to help guide treatment choice.

This “cancer immunogram” (see the fig-
ure) builds on two key observations. The
outcome of cancer-immune interactions is
based on a number of largely unrelated pa-
rameters such as tumor “foreignness” and T
cell-inhibitory mechanisms. Furthermore,
the “value” of these parameters can differ
greatly between patients. For example, in
some patients, intratumoral inhibition of
tumor-specific T cells will be the sole defect
that needs to be addressed, whereas in other
patients, the tumor may simply be insuffi-
ciently foreign to elicit a clinically relevant
T cell response in the first place. Because of
the multifactorial nature of cancer-immune
interactions, combinations of biomarker as-
says will by definition be required.

The proposed cancer immunogram as-
sumes that T cell activity is the ultimate ef-
fector mechanism in human tumors. This
by no means implies that inhibition of, for
instance, tumor-associated macrophages,
or modulation of the microbiome, is with-
out value. Rather, the effects of such thera-
pies are assumed to ultimately involve
enhanced T cell activity. Future research
will reveal whether this presumption is
correct. We also acknowledge that our
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understanding of cancer-immune interac-
tion is still too fragmented to consider the
cancer immunogram a static entity. Thus,
new biomarkers are expected to be added
while other biomarkers may be removed
over time. Seven parameter classes may
constitute a reasonable initial framework
for building such an immunogram, and a
brief description of these classes is pro-
vided below (7).

TUMOR FOREIGNNESS. The induction of
T cell responses by antigen-presenting cells
requires the presentation of an altered rep-
ertoire of major histocompatibility complex
(MHC)-associated peptides. Such a reper-
toire may be formed either by tumor-derived
self peptides from aberrantly expressed pro-
teins, or by presentation of neoantigens de-
rived from viral or mutated gene products.
The outcome of a T cell-antigen encounter
is modulated by T cell checkpoints such as
cytotoxic T lymphocyte-associated protein
4 (CTLA-4) and programmed cell death pro-
tein 1 (PD-1).

Recent data suggest that the foreign-
ness of human cancers may in large part be
determined by their expression of neoan-
tigens. Specifically, a correlation between
mutational load—a surrogate marker for
tumor neoantigen load—and outcome upon
the blockage of T cell checkpoint inhibitors
has been observed in melanoma and non-
small cell lung cancer. The activity of PD-1
blockade in DNA mismatch repair-defi-
cient cancers is also consistent with tumor
foreignness as a determinant of anti-PD-1
immunotherapy. In addition, low intratu-
moral genetic heterogeneity appears asso-
ciated with response to T cell checkpoint
blockade, providing indirect support for a
dominant role of clonal neoantigens.

Mutational load is, however, an im-
perfect marker for tumor foreignness, as
it does not take into account a possible
contribution of self antigen recognition
to tumor control. Also, the formation of
neoantigens from individual mutations is
a probabilistic process, with each muta-
tion representing an additional ticket in a
“neoantigen lottery.” Thus, although tumor
foreignness can likely be guaranteed for tu-
mors with very high mutational loads, the
odds of tumor foreignness can only be in-
ferred for tumors with an intermediate or
low mutational load; more sophisticated
readouts are required.

GENERAL IMMUNE STATUS. Analysis of
general immune status seems mundane
but will likely be of relevance in many
clinical settings. A decrease in lymphocyte
counts has been associated with poor out-
come upon CTLA-4 blockade in melanoma
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patient cohorts. Furthermore, neutrophil/
lymphocyte ratio has been correlated
with poor patient outcome after immu-
notherapy, whereas elevated eosinophil
counts may be associated with improved
outcome in melanoma patients treated
with anti-CTLA-4 antibody. In addition,
myeloid-derived suppressor cell counts
in circulating blood seem a negative pre-
dictor of immunotherapy outcome. Thus,
simple blood analyses could characterize
an immune status that is associated with
poor outcome upon checkpoint modula-
tion. Mechanistically, these correlations
may reflect a reduced ability to mount or
maintain a systemic tumor-specific T cell
response. Alternatively, systemic immune
dysfunction may simply indicate a more
profound intratumoral immune inhibition.
Regardless, therapies that reverse general
immune dysfunction should be tested for

“Seven parameter classes may
constitute a reasonable initial
framework for building such
an immunogram...”

the ability to enhance the activity of check-
point blockade. New technologies for multi-
dimensional measurement of immune cells
and proteins are likely to yield additional
parameters to gauge immune status in hu-
mans, and thereby predict capacity to re-
spond to immunotherapeutic intervention.

IMMUNE CELL INFILTRATION. An obvi-
ous requirement for T cell-mediated tumor
control is the infiltration of tumor-reactive
T cells into the tumor. Absence of such T
cell infiltration into an intrinsically foreign
tumor may reflect a defect at the level of
T cell priming (the activation of T cells
within lymphoid organs that leads to T
cell proliferation), a mechanical barrier by
cancer-associated fibrosis, impermeable tu-
mor-associated vasculature, or the absence
of T cell-attracting chemokines. In support
of the latter, CXCL9 and CXCL10 (C-X-C
motif ligands 9 and 10)—two chemokines
for the receptor CXCR3—are part of a gene
signature associated with improved out-
come upon PD-1 blockade. More directly,
a brisk preexisting CD8* T cell infiltrate is
associated with improved outcome in mela-
noma upon anti-PD-1 immunotherapy.
The strength of the intratumoral T cell
infiltrate may be a secondary consequence
of other parameters of the cancer immu-
nogram. For example, the interferon-y
(IFN-y)-induced production of CXCL9
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and CXCL10 that occurs upon recognition
of tumor cells by infiltrating T cells is ex-
pected to enhance T cell recruitment in a
positive feedback loop. Thus, absence of a T
cell infiltrate may reflect a lack of foreign-
ness, inefficient T cell priming, or lack of T
cell attraction. Assays that can distinguish
among these possibilities should be of value
to guide therapy choice. In this regard, fac-
tors such as the presence of stabilized B-
catenin (a transcriptional regulator) and
the subset of CD103* dendritic cells deserve
further attention.

ABSENCE OF CHECKPOINTS. The expres-
sion profile of both T cell checkpoints and
their ligands is likely to be a valuable bio-
marker in many settings because it reports
on the presence of specific therapeutic
targets and provides information on more
general aspects of the tumor-specific T
cell response. In melanoma, programmed
death ligand 1 (PD-L1) expression has been
associated with improved outcome upon
both PD-1 and CTLA-4 blockade. In the
former case, the correlation may simply
reflect presence of the therapeutic target.
In the latter case, PD-L1 expression is likely
to provide a crude measure of an ongoing
tumor-specific immune response, as ex-
pression of PD-L1 can be induced by IFN-«
and -y. However, PD-L1 expression on tu-
mor cells can also occur in an interferon-
independent fashion. To further increase
the value of PD-L1 as a biomarker, it will
be useful to assess T cell-induced and tu-
mor cell-intrinsic expression in clinical
samples. A straightforward way to achieve
this may be to combine analyses of PD-L1
expression on tumor cells with interferon
expression, or with the expression of mark-
ers of the activation-exhaustion cascade in
tumor-resident T cells.

ABSENCE OF SOLUBLE INHIBITORS. Tu-
mor inflammation-associated factors can
promote tumor progression. Such inflam-
mation is characterized by the presence of
subtypes of neutrophils, yd cells, and mac-
rophages that secrete proinflammatory fac-
tors, such as vascular endothelial growth
factor A, colony-stimulating factors, the in-
terleukins IL-1, IL-6, and IL-17, and CXCLI.
IL-1 and IL-6 induce C-reactive protein
(CRP), a clinical marker for tumor-associ-
ated inflammation. Mouse model data have
shown that tumor-derived prostaglandin
E2 can promote an inflammatory response
characterized by IL-6, CXCL1, and granu-
locyte colony-stimulating factor secretion.
Blockade of melanoma prostaglandin E2
production shifted the local environment
to a type I IFN-dominated “T cell inflamed”
state, resulting in improved T cell-medi-
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ated tumor control. These data support the
notion that the tumor-promoting effects
of tumor-associated inflammation can be
mediated through suppression of T cell
reactivity. In line with this work, increase
in inflammatory markers [CRP or erythro-
cyte sedimentation rate (ESR)] is associ-
ated with poor outcome upon anti-CTLA-4
antibody treatment, whereas the presence
of an interferon gene signature in tumors
was associated with improved outcome
upon PD-1 blockade. Along with many
other candidates, another soluble inhibi-
tory factor that is likely to have value as a
biomarker is indoleamine 2,3-dioxygenase,
which interferes with anti-CTLA-4 anti-
body-induced tumor control in mice.

ABSENCE OF INHIBITORY TUMOR ME-
TABOLISM. In healthy cells, glycolysis
generally results in entry of pyruvate into
the Krebs cycle in the mitochondria. Un-
der conditions of hypoxia (e.g., in muscles
during exercise), pyruvate is converted to
lactate by lactate dehydrogenase (LDH)
and pumped out of the cell. In cancer cells,
however, the conversion of pyruvate into
lactate takes place even in the presence of
sufficient oxygen. High serum LDH con-
centrations correlate strongly with poor
outcome upon CTLA-4 and PD-1 blockade,
and phase 3 clinical trial data have corrob-

orated these results prospectively. Lactic
acid and low local pH can impair crucial
T cell functions, such as cytokine produc-
tion (IL-2, IFN-v), proliferation, and lytic
activity, perhaps providing a mechanistic
explanation for the strength of LDH as a
biomarker. On the basis of mouse model

“..a cancer immunogram...
does make it possible to...
discuss treatment options
in a more refined and
personalized manner...”

data, intratumoral hypoxia and glucose de-
pletion also deserve attention as potential
biomarkers in this class.

TUMOR SENSITIVITY TO IMMUNE EF-
FECTORS. Reduced “visibility” for the
immune system and resistance to T cell
killing are accepted mechanisms of cancer
immune evasion in preclinical models, and
inactivation of components of the antigen
presentation machinery has been observed
in human cancer. Upon inactivation of an-
tigen presentation machinery components,
tumors may still be perceived as foreign

Tumor foreignness
Mutational load

Tumor sensitivity
to immune effectors
MHC expression,

IFN-y sensitivity

Absence of inhibitory
tumor metabolism
LDH, glucose utilization

Absence of soluble inhibitors
IL-6, CRP

General immune status
Lymphocyte count

Immune
cellinfiltration
Intratumoral T cells

Absence of checkpoints
PD-L1

The cancer immunogram. The radar plot depicts the seven parameters that characterize aspects of cancer-immune
interactions for which biomarkers have been identified or are plausible. Potential biomarkers for the different
parameters are shown in italics. Desirable states are located in blue; progressively undesirable states are shown in the
red gradient. The black line connecting the data values for each parameter represents a plot for a single hypothetical
patient. In the case shown, it may be argued that single-agent PD-1 blockade, rather than combined PD-1and CTLA-4
blockade, could be a first treatment of choice. For details on this case and other hypothetical patient cases, see (2).
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through cross-presentation of tumor cell-
derived antigens by antigen-presenting
cells, but the final stage of tumor cell rec-
ognition will be affected. No studies have
yet linked MHC expression or defects in
apoptosis mechanisms to clinical outcome
upon CTLA-4 or PD-1 blockade. Analysis of
immunotherapy resistance at the level of
tumor cell sensitivity to immune effectors
will not only be useful to identify patients
who are less likely to respond to T cell-
activating therapies, but should also point
to the T cell effector mechanisms that exert
the greatest Darwinian pressure in human
cancers. In particular, although tumor con-
trol by T cells is often interpreted as classi-
cal perforin- and granzyme-mediated lysis,
mouse model data also suggest a role of T
cell effector cytokines such as IFN-y and
tumor necrosis factor-a on either tumor
stroma or cancer cells themselves.

OUTLOOK. The described cancer immu-
nogram suggests that it may be valuable
to ask the following questions: Can the im-
mune system see this tumor as foreign? Is
the immune status of the patient likely to
be sufficient? Is there evidence for infiltra-
tion of effector T cells into the tumor site?
Are there checkpoints, soluble mediators,
or metabolic factors that may hamper the
activity of these cells? Would the tumor
cells be sensitive to an unleashed T cell
response? The information required for
this analysis may be obtained from the
combination of tumor genomics, immu-
nohistochemistry, and standard assays on
the peripheral blood compartment. Such
measurements will be useful to determine
which states of the cancer immunogram
are most commonly inhabited, both dur-
ing natural cancer-immune interaction and
upon immunotherapy.

Certainly, a cancer immunogram should
evolve, incorporating new biomarkers that
reflect, for example, the capacity for T cell
priming. Nonetheless, even a cancer immu-
nogram based on present-day knowledge
does make it possible to visualize the state
of cancer-immune interactions in individ-
ual patients, and thereby discuss treatment
options in a more refined and personalized
manner (2). »
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Figure S1. Hypothetical patient cases and therapies that modulate different cancer
immunogram parameters. The radar plots shown in A, B, and C highlight possible use of the
cancer immunogram by describing three simple example states that may be encountered in
clinical practice. The radar plots D to F show how acquired resistance may be visualized.
(A) Case 1 is a patient with melanoma with a high mutational load who also scores well with
respect to all other parameters in the cancer immunogram, except for strong expression of
PD-L1 at the tumor site, limiting what would otherwise have been a productive tumor-
specific T cell response. Based on this analysis, single agent PD-1 blockade, rather than
combined PD-1 and CTLA-4 blockade, could be a first treatment of choice. [This is an
extended description of Figure 1 in the main text.]
(B) Case 2 is a patient who scores unfavorably concerning inhibitory factors (soluble,
checkpoint, and tumor metabolism); e.g., a patient with a BRAF mutant PD-L1 positive
melanoma, with high CRP/ESR and LDH serum levels. As discussed in the main text, single
PD-1 blockade is less likely to be effective in this situation, and pretreatment with targeted
therapy (e.g., BRAF and MEK inhibition), with the aim to reverse immune dysfunction,
could be attractive.
(C) Case 3 is a patient with a tumor with low mutational load and, potentially because of this,
absence of a significant CD8" T cell infiltrate. If infusion of TCR- or CAR-modified T cells
is feasible for this malignancy, this may be a preferred clinical option.
(D to F) Case 4 is a patient with a favorable cancer immunogram for response to PD-1/PD-
L1 blockade (D). The patient experiences a clinical response after restoring this parameter by
anti-PD-1 antibody treatment (E). However, selection by immune pressure leads to relapse of

a tumor that is insensitive to T cell effector mechanisms (F).
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