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Background: In the era of personalized cancer medicine, identifying techniques for effectively matching patients to
efficacious treatments is a critical step in the treatment process. The advent of anti-cancer immunotherapies necessitates novel
approaches to biomarker identification beyond traditional genomic profiling. One promising approach is incorporation of
nomograms into treatment decisions. Nomograms are prediction tools, based on statistical modeling, designed to predict
treatment outcomes. As a first step toward developing a nomogram, we conducted analyses to predict CD137 expression of
natural killer cells after monoclonal antibody (mAb) treatment.

Patients and methods: Patient, tumor and immune characteristics were collected from 199 patients with breast cancer
(N=62), head/neck cancers (N = 46) and non-Hodgkin’s lymphoma (NHL) (N =91), who were receiving mAb therapy as part
of clinical trials. The difference in CD137 expression before and after mAb therapy was assessed by flow cytometry. To evaluate
those who respond to mAb therapy via increased CD137 expression, we applied classification and regression trees (CART),
multivariable lasso regression tools and Random Forest.

Results: The CD137 expression was significantly different for each cancer type [mean (SD): Breast: 6.6 (6.5); Head/Neck: 11.0
(7.0); NHL: 7.5 (7.1), P < 0.0001]. For breast cancer and NHL, FcR polymorphism and baseline CD137 expression were significant
predictors of increased CD137 expression; for head/neck cancer, FcR polymorphism and age were significant predictors of
increased expression.

Conclusions: Our preliminary results suggest that FcR polymorphism, pre-treatment CD137 expression and age are significant
predictors of CD137 upregulation in patients. This study demonstrates that the development of a nomogram for therapy re-
sponse is feasible. Further work validating our models in an independent cohort will provide the next steps in developing a

nomogram that may be used to individualize this therapeutic approach for patients (NCT01114256).
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Introduction

Recent clinical achievements of cancer immunotherapies have
revolutionized cancer treatment, but with this renaissance in
oncologic care come two potentially significant limitations: cost
and toxicity. Rising health care costs and limited resources have
raised concern over the affordability of novel immunotherapies.
A prime example is the checkpoint inhibitor ipilimumab, with a
cost of over $30 000 per administration in the USA [1, 2].

Concerns with toxicity have led to early termination of promising
immunotherapies such as urelumab, an agonistic mAb that
stimulates the tumor necrosis factor receptor superfamily mem-
ber CD137,in 2009 [3, 4].

In 2012, anti-CD137 was re-launched following identification
of therapeutic activity at lower doses without the limiting tox-
icity. Anti-CD137 is currently undergoing clinical evaluation in
combination regimens with tumor-targeting mAbs in multiple
types of cancer. Thus, the question we ask again is: how can we
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identify and select patients who may be predicted to derive sig-
nificant benefit from anti-CD137, while not subjecting those pre-
dicted to obtain minimal to no benefit to the treatment, in order
to reduce costs and toxicity and maximize efficacy?

Nomograms are graphical calculation instruments based on stat-
istical predictive models that provide predictions on likely treat-
ment outcomes [5-7]. Nomograms provide individualized risk
estimates by incorporating and illustrating important prognostic
factors, and are superior to other available decision aids in more ac-
curately predicting outcomes in patients with cancer [8, 9].

We have identified CD137 as a marker of natural killer (NK) cell
activation that is upregulated following ligation of the FcRYIII re-
ceptor (CD16) with the Fc portion of mAbs bound to the surface
of tumor cells [10-12]. NK cells are important mediators of anti-
body dependent cell-mediated cytotoxicity (ADCC), one of the
primary mechanisms of anti-tumor action of mAbs [13]. We have
previously shown that agonistic anti-CD137 enhances mAb-
mediated ADCC function and synergizes with anti-CD20, anti-
HER2, and anti-EGFR in murine models of lymphoma, breast can-
cer, and colorectal cancer, respectively [10-12]. Our results pro-
vided a strong rationale for anti-CD137/mAb therapy
combination regimens currently being evaluated in clinical trials.

As efficacy of anti-CD137 mADb is partially dependent upon ex-
pression of CD137 on NK cells, this has led to the speculation
that CD137 could be used as a predictive biomarker of response
to mAb therapy. In patients with non-Hodgkin’s lymphoma,
breast cancer, and head and neck cancer, circulating NK cells
upregulate CD137 expression within 24 h of receiving rituximab,
trastuzumab, or cetuximab, respectively [10-12]. However, the
observed increase in CD137 expression on NK cells is heteroge-
neous, with a subset of patients demonstrating minimal upregu-
lation and others displaying a 4- to 5-fold increase.

Predicting CD137 upregulation based on patient clinicopatho-
logical data is the first step towards building a nomogram that
utilizes CD137 as a biomarker of response to mAb therapies. If
validated, it would provide clinicians with a powerful tool allow-
ing selection and individualization of mAb therapies that opti-
mizes patient responses while limiting toxicity and sparing
resources. Understanding the magnitude of CD137 upregulation
would also be helpful in selective screening of patients as candi-
dates for clinical trials of anti-CD137 in combination with mAb
therapies. We have taken the first step by characterizing the upre-
gulation of CD137 on circulating NK cells in patients receiving
mADb therapy in a prospective clinical trial. Our primary objective
was to identify clinicopathological factors that can predict CD137
expression 24-h post-mAb therapies and to characterize the
change in CD137 expression.

Methods

Study cohort and key data collected

We enrolled patients who met eligibility criteria at Stanford University
Medical Center between 10 March 2010 and 1 January 2014. Eligibility criteria
included the following: patients had histologically confirmed HER2" breast
adenocarcinoma (BC), squamous cell carcinoma of the head and neck
(HNC), or CD20" tumor (NHL); had not received any immunosuppressive
or anti-cancer agent within 2 weeks prior to the first planned fine blood draw;
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and had a treatment plan that included a standard therapeutic mAbD (trastuzu-
mab, cetuximab or rituximab) administered on a schedule such that periph-
eral blood could be drawn immediately prior to and at 24 h after the first dose,
with no cytotoxic chemotherapy in the interim.

All patients provided written informed consent in accordance with the
Declaration of Helsinki after approval of the study by Stanford University’s
Administrative Panels on Human Subjects (NCT01114256).

CD137 expression on circulating NK cells

Whole blood was collected in heparin tubes and processed within 24 h.
Peripheral blood mononuclear cells (PBMCs) were isolated by density gradi-
ent separation using Ficoll-Paque PLUS (Amersham Biosciences) then stained
for flow cytometric analysis using the following antibodies (BD Biosciences):
CD3-PerCP, CD16-FITC, CD56-APC, and CD137-PE. Stained cells were col-
lected on a FACSCalibur (BD Biosciences, San Jose, CA), and data were ana-
lyzed using Cytobank (http://www.cytobank.org).

Analysis of FcyRllla-158 polymorphisms

Genomic DNA was prepared from PBMCs using a DNA extraction kit
(QIAGEN cat# 69504). Genotyping of FcyRIIIa-158 V/F polymorphism was
performed by a polymerase chain reaction followed by allele-specific restric-
tion enzyme digestion [14]. Genotyping was confirmed by direct sequencing
of the region of interest.

Statistical analysis

Our primary outcome was post-mAb therapy CD137 expression. Our inde-
pendent variables included all the demographic, pathologic, treatment and
other cancer-specific characteristics as well as pre-mAb CD137 expression.
Since, cancer type-specific variables were collected, each cancer type was eval-
uated separately. Our primary analysis was conducted using Classification
and Regression Trees or CART, in order to characterize which patients re-
sponded to mAb therapy as measured by post-therapy CD137 expression. We
supplemented this with sensitivity analyses using two other predictive model-
ing tools, Least absolute shrinkage and selection operator (Lasso) regression,
and Random forest, where the latter predictive approaches address different
questions than those addressed by CART. Details of these tools are provided
in Supplementary Methods, available at Annals of Oncology online.

Finally, we examined the difference (post—pre mAb therapy) in CD137 ex-
pression by cancer type using the Wilcoxon matched-pairs signed rank test.
For the latter, testing was two-sided and conducted at the 0.05 level of signifi-
cance. Analyses were conducted using SAS Version 9.4 (Cary, NC), R [15-17],
and Graphpad Prism.

Results

A total of 199 eligible patients were enrolled. The demographics
and clinicopathologic characteristics of the study population by
cancer type are shown in supplementary Table S1, available at
Annals of Oncology online. 62 (31%) patients had breast cancer
(BC), 46 (23%) had head and neck cancer (HNC) and 91 (46%)
had non-Hodgkin’s lymphoma (NHL). Most patients (68%)
were <70 years old. For BC and NHL, the majority of patients
had FcyRIITIA-158 polymorphism with low affinity alleles (F/F),
57% and 63%, respectively. About half the patients with HNC
had FcyRIIIA-158 polymorphism with low affinity alleles (F/F).
Most patients (60%) had less than two prior lines of therapy.
PBMC:s were isolated prior to and following the first mAb ad-
ministration; CD137 was examined on NK cells by flow cytome-
try (supplementary Figure S1, available at Annals of Oncology
online and Figure 1). In support of our previous findings in
smaller cohorts of patients [10-12], post-mAb CD137 expression
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Figure 1. (D137 increases on circulating NK cells in patients receiving mAb therapy. PBMCs were isolated from 199 patients with breast cancer (BC), head and neck cancer (HNC), and
Non Hodgkin lymphoma (NHL). (A) Distribution of pre-mAb and post-mAb (D137 expression (% (D137 NK cells) as a box plot for each cancer type. The left panel shows pre-mAb (D137
expression and the right panel shows post-mAb (D137 expression. The horizontal line in each box shows the median value and the diamond shows the mean value. (B) Percentage of
(D137 cells among circulating (D37CD56 T NK cells from 199 patients prior to and following mAb therapy, stratified by tumor type (mean at each time point denoted by bar).

Feep < 0.0001.

increased significantly across all patients and for each cancer type
(Figure 1B; P<0.001, supplementary Table S2, available at
Annals of Oncology online). The difference in post-mAb CD137
from baseline was heterogenous, and was highest for patients
with HNC [Median (IQR): 11.5 (5.6-14.3)].

For BC, CART found FcyRIIIA-158 polymorphism to be the
most important predictor of post-mAb CD137 expression, fol-
lowed by pre-mAb CD137. High post-mAb CD137 expression
was predicted among patients with high affinity alleles for
FcyRIIIA-158 polymorphism who had pre-mAb CD137 expres-
sion > 3.9 (Figure 2A). The Random forest results similarly found
FcyRIITA-158 polymorphism to be the most important predictor
of post-mAb CD137 but did not attach as much importance to
pre-mAb CD137. Not including FcyRIIIA-158 polymorphism in
the predictive model would decrease model accuracy by 25%; not
including pre-mAb CD137 would decrease model accuracy by
5% (supplementary Figure S2A, available at Annals of Oncology
online). Lasso found similar results to CART where FcyRIIIA-
158 polymorphism was selected as the most important predictor.
Additionally, two other predictors were selected: (i) an inter-
action between pre-mAb CD137 expression and FcyRIIIA-158
polymorphism, suggesting those with higher pre-mAb CD137 ex-
pression and the high affinity alleles had increased post-mAb

CD137 relative to those with low affinity alleles; and (ii) an inter-
action between FcyRIITA-158 polymorphism (low affinity alleles)
and HER? level indicating those with the polymorphism and low
HER2 levels had decreased post-mAb CD137 relative to those
without the polymorphism (supplementary Table S3, available at
Annals of Oncology online).

For HNC, CART found FcyRIIIA-158 polymorphism to be the
most important predictor of post-mAb CD137 expression, fol-
lowed by age and prior lines of treatment. High post-mAb CD137
expression was predicted among patients with high affinity alleles
for FcyRIIIA-158 polymorphism who had one prior treatment line
(Figure 2B). The Random forest results similarly found FcyRIIIA-
158 polymorphism to be the most important predictor of post-
mAb CD137; not including FcyRIITA-158 polymorphism in the
predictive model would decrease model accuracy by ~21%. In
contrast, age and prior lines of treatment had less importance; not
including them would decrease model accuracy 2% and 4%, re-
spectively (supplementary Figure S2B, available at Annals of
Oncology online). Lasso found similar results to CART; two inter-
action terms that predicted post-mAb CD137 were selected: (i)
interaction between age and FcyRIIIA-158 polymorphism, which
predicted that low affinity alleles and older age had lower post-
mAb CD137 expression relative to high affinity alleles and lower

Volume 28 | Issue 2 | 2017

doi:10.1093/annonc/mdw570 | 417


http://annonc.oxfordjournals.org/lookup/suppl/doi:10.1093/annonc/mdw570/-/DC1
http://annonc.oxfordjournals.org/lookup/suppl/doi:10.1093/annonc/mdw570/-/DC1
http://annonc.oxfordjournals.org/lookup/suppl/doi:10.1093/annonc/mdw570/-/DC1
http://annonc.oxfordjournals.org/lookup/suppl/doi:10.1093/annonc/mdw570/-/DC1

Annals of Oncology

A Breast cancer

FeyRIIIA-158 polymorphism

Low affinity
alleles

Pre-mAb CD137

<54 Yﬁ

Post-mAb
CD137=4.5

Post-mAb
CD137=9.9

N=7

N=28

High affinity
alleles

Pre-mAb CD137

<3.9 >=3.9

Post-mAb
CD137=20

Post-mAb
CD137=13

N=17

N=10

B Head and neck cancer

FcyRIIIA-158 polymorphism

Low affinity
alleles
Age (years)
>=71 <71

Post-mAb
CD137=7.9

Post-mAb
CD137=13

N=9 N=13

High affinity
alleles

Prior lines treated

/X

Post-mAb
CD137=16
N=14

Post-mAb
CD137=23
N=10

C Non-Hodgkin’s Lymphoma |

FcyRIIIA-158 polymorphism |

Low affinity
alleles

Pre-mAb CD137

\6.3

CTC burden

< 10‘/ >=10%

Pre-mAb CD137

Post-mAb
CD137=3.5
N=22

<6.3
5.4

Post-mAb
CD137=13

Post-mAb
CD137=8.3
N=15

Post-mAb
CD137=6.2
N=12

High affinity
alleles

CTC burden

<1(V \>=10%

Age (years)

>=73 \< 73

Post-mAb
CD137=22
N=18

Post-mAb
CD137=13
N=8

Post-mAb

CD137=16
N=8

Figure 2. CART prediction results by cancer type. (A) Breast cancer. (B) Head—neck cancer. (C) Non-Hodgkins lymphoma.

age, and (ii) interaction between FcyRIIIA-158 polymorphism and
one prior line of therapy, which predicted that high affinity alleles
and prior treatment had higher post-mAb CD137 relative to those
with low affinity alleles (supplementary Table S3, available at
Annals of Oncology online).

For NHL, CART found FcyRIIIA-158 polymorphism to be the
most important predictor of post-mAb CD137 expression (Figure
2C). Circulating tumor cell (CTC) burden and pre-mAb CD137

expression were the next important variables. High post-mAb
CD137 was predicted among patients with high affinity alleles who
had a high (> 10%) CTC burden and who were <73 years of age
(Figure 2C). Similar results were found by Random forest: not
including FcyRIIIA-158 polymorphism in the predictive model
would decrease model accuracy by ~32%. Not including CTC
burden and pre-mAb CD137 would decrease accuracy by 19% and
15%, respectively (supplementary Figure S2C, available at Annals
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of Oncology online). Lasso found different results from CART and
Random forest; no independent variables were selected as pre-
dictors of post-mAb CD137.

All three approaches were consistent in finding FcyRIITIA-158
polymorphism as the most important predictor of post-mAb
CD137 expression. Results from CART differed slightly for BC
compared to Lasso and Random forest for other variables; CART
found pre-mAb CD137 to be the next important predictor, Lasso
found a higher estimated coefficient for prior lines treated, and
Random forest did not find either of these variables to be import-
ant predictors. For HNC, all three approaches yielded similar re-
sults; however, Random forest found prior lines treated and age
to be far less important than FcyRIITA-158 polymorphism in pre-
dicting post-mAb CD137. For NHL, CART and Random forest
had similar findings but Lasso results differed.

Discussion

A key challenge to mAb therapies has been to identify predictors of
response. Although tumor expression of the targeted antigen is ne-
cessary for mAb efficacy, its use as a biomarker correlates poorly
with response to therapy. For example, high HER2 expression in
BC does not predict response to trastuzumab since HER2 can be
downregulated as an acquired mechanism of resistance [18, 19].
Similarly, EGFR expression in colorectal and head and neck cancer
is not predictive of response to cetuximab, and other biomarkers
(KRAS and BRAF V600E mutations) are still not clearly predictive,
likely due to heterogeneity among patients and within a patient’s
tumor developing during therapy via selection pressures [20, 21].
Given the complex interplay between tumor cells and immune
cells, there is an unmet need for robust predictive biomarkers that
reflect the dynamic nature of the immune response induced by
mAbs, which should be examined not only before therapy start but
also during the treatment process.

Clinical results have shown that patients harboring the higher
affinity FcyRIIIA polymorphism have better responses to trastu-
zumab, cetuximab and rituximab [22-24]. In support of these
observations, we have previously shown that NK cells from
healthy donors with high-affinity FcyRIIIA-158 polymorphisms
(V/V or E/V) expressed increased levels of CD137 compared with
NK cells from donors with the low affinity (F/F) polymorphism
post-exposure to trastuzumab-coated BC cells in vitro [11]. In a
small cohort of HNC patients receiving cetuximab, a greater in-
crease in CD137 expression was seen among patients harboring
high-affinity alleles FcyRIIIA-158 compared with those with low-
affinity alleles [12]. Our current findings confirm these observa-
tions and highlight the importance of NK-mediated ADCC in
mADb therapies.

The second strongest predictor of post-mAb CD137 expression
differed by cancer type. For BC, higher pre-mAb CD137 expres-
sion levels predicted higher post-mAb CD137 expression levels,
suggesting that the basal activation status of NK cells influences
subsequent activation by tumor-targeting mAbs. We also exam-
ined the influence of prior exposure to trastuzumab, which has
been shown to worsen clinical outcomes for metastatic breast
cancer patients [25], and found it not to be predictive of CD137
upregulation, as was the expression level of HER2. This suggests
that minimal expression of HER2 by tumors that allows the

binding of trastuzumab can sufficiently activate NK cells and
upregulate CD137.

For HNC, the HPV status was not predictive of post-mAb
CD137 expression levels. Recent retrospective analyses have
shown that cetuximab has similar benefit in HPV-positive and
HPV-negative patients [26, 27]. In support of this, it has been
shown that HNC patients with not only high but also low EGFR-
expressing tumors can respond to cetuximab. As in BC, our find-
ing that CD137 upregulation is not influenced by the HPV status
of HNC (or, by extension, the EGFR expression level) suggests
that minimal binding of cetuximab to EGFR can sufficiently acti-
vate NK cells and upregulate CD137.

For NHL, higher pre-mAb CD137 expression levels and higher
CTC tumor burden (>10%) were predictive of higher CD137
upregulation on NK cells post-mAb therapy. These results sup-
port our previous findings of the correlation between the degree
of CD137 upregulation and percent CTCs [10], and suggest that
CD137 upregulation on NK cells in NHL is influenced by ef-
fector:target ratios, where the target is CTCs bound by rituximab.
Another possibility is the effect of CD20 antigenic load on CTC
[28]. Interestingly, our results predict that a higher CTC burden
in patients carrying the high affinity FcyRIIIa-158 alleles results
in higher CD137 upregulation than in patients carrying the low-
affinity allele. Dall’Ozzo et al. showed that in vitro, NK cells carry-
ing the high-affinity FcyRIIIa-158 allele require much lower rit-
uximab concentrations to efficiently induce ADCC than NK cells
carrying the low-affinity alleles. These functional differences were
seen at low rituximab concentrations weakly sensitizing CD20
(resulting in 50% lysis; EC50) but were lost at high rituximab
concentrations [29]. Given the inverse correlation between ritux-
imab serum level and both tumor burden and lymphocyte count
at baseline [30], this may explain why high CTC counts (or low
rituximab concentrations) preferentially upregulate CD137 in
high-affinity versus low-affinity NK cells.

Our current study confirms previous findings of heterogeneity
in CD137 upregulation [10-12], and identifies several clinical
and pathologic characteristics that predict post-mAb CD137 ex-
pression. The results highlight the role of FcyRIIIA-158 poly-
morphism and pre-mAb CD137 expression levels in mAb-
induced NK cell activation in all three cancer types, in addition to
age (for HNC and NHL), number of prior-line therapies (for
HNC), and CTC burden (for NHL). A limitation of our current
study is that we did not validate our findings in an independent
cohort; however, the consistency of our findings across the three
approaches suggests that our results are reliable. Of note, the clin-
ical outcome data for the current trial was not available to address
whether CD137 upregulation on NK cells correlates with object-
ive responses and/or progression-free survival (PES) in patients
receiving mAb therapies.

Our ultimate goal is to build a nomogram predictive of CD137
upregulation in patients receiving mAb therapies. Towards that
goal, the next step is to validate our predictive model using add-
itional data to obtain metrics (e.g. area under the curve, AUC)
that assess the predictive accuracy of the model. Depending on
these findings, the following step would be to build the nomo-
gram and to validate it using large multi-institutional datasets of
patients receiving mAb therapies from ongoing clinical trials.

The nomogram can aid clinicians in more accurate decision-
making for patient selection not only for standard mAD therapies
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but also for investigational trial design of combination therapies
with anti-CD137. These decisions can be further supported with
in vitro studies using anti-CD137-activated patient NK cells and
ex vivo patient tumor samples, which functionally assess the
increased CD137 expression on NK cells as measured by
increased NK anti-tumor cytotoxicity.

As promising new tumor-targeting mAb therapies are de-
veloped, the need to accurately identify patient populations most
likely to benefit from them becomes increasingly important.
Nomograms capture the inherent variation in individual re-
sponses to therapies and, when designed based on highly relevant
biological markers, hold the promise of improving prediction
and patient selection, maximizing therapy efficacy, and reducing
toxicity and costs.
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