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MATERIALS AND METHODS FOR IMPROVING THE EFFECTIVENESS OF
IMMUNOMODULATORY CANCER THERAPY AND RELATED METHODOLOGIES

CROSS REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to U.S. Provisional Patent Application No. 62/324,182,
filed April 18, 2016, which is hereby incorporated by reference in its entirety.

STATEMENT OF GOVERNMENT INTEREST

[0002] This invention was made with government support under grant no. RO1 CA136753,

awarded by the National Institutes of Health. The government has certain rights in the invention.

FIELD OF THE INVENTION

[0003] The disclosure generally relates to the field of cancer therapy, and more particularly to

the field of immunomodulatory cancer therapy.

BACKGROUND

[0004] Stimulating immune responses to solid malignancies with immunotherapies can lead to
durable responses in tumors, even in heavily treated cancer patients. To accomplish this requires
overcoming barriers that may inhibit host immune responses against tumors. One class of agents
that achieves this are checkpoint inhibitors, or monoclonal antibodies which block the action of
cell surface receptor-ligand pairs that normally restrain T cell activation, thus stimulating anti-
tumor immunity. Ipilimumab (Bristol-Myers Squibb) is a monoclonal, fully human IgG1
antibody, which is directed against the T cell co-inhibitory receptor CTLA-4. This agent has
been FDA-approved for the treatment of metastatic melanoma (Hodi et al. 2010, Robert et al.
2011), and more recently in the adjuvant setting following resection of localized disease. In
addition, ipilimumab has demonstrated activity in metastatic castrate-resistant prostate cancer
(mCRPC), with decreases in PSA and some clinical responses in phase I/II trials, although a
recent phase III trial of ipilimumab in the post-docetaxel setting did not demonstrate a significant
overall survival benefit (Kwon et al. 2014); a separate phase III trial in the chemotherapy naive

setting is ongoing (reviewed in Cha and Small 2013).

[0005] Immune checkpoint inhibitors can induce clinical responses to a broad range of tumor
types by presumably enhancing T cell responses against the tumor. These treatments are also

associated with certain side effects that are also thought to be immune mediated and have been
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termed immune-related adverse events (IRAEs). The mechanism by which IRAEs occur, and
biomarkers that may predict IRAE development, are unknown. Treating metastatic cancer
patients with checkpoint inhibitors blocking CTLA-4 can lead to T cell repertoire diversification
(Chaet al. 2014). Prolonged survival of cancer patients was not associated with the induction of

high frequency clonotypes, but rather the maintenance of a pre-existing T cell response.

[0006] CTLA-4 blockade can change the pool of circulating T cells in cancer patients. Most T
cells recognize antigens through their T cell receptors, which are comprised of an o and B chain.
The antigenic diversity of different T cells is the result of VDJ gene recombination, which can be

used to identify individual T cell clonotypes.
SUMMARY

[0007] A fraction of patients receiving immunomodulatory therapies for cancer, such as
checkpoint inhibitors, also experience idiosyncratic toxicities from such therapies. Toxicities
associated with immune checkpoint inhibitors, such as anti-CTLA-4 therapies, e.g., ipilimumab,
are thought to be the result of increased immune activation, and hence are termed immune-
related adverse events (IRAEs, a form of adverse event (AE)). These IRAEs can include
diarrhea and colitis, transaminitis, a rash, pruritus, panhypopituitarism, adrenal insufficiency,
thyroiditis, and pneumonitis (reviewed in Weber et al. 2012, 2015). These toxicities are often
serious, triggering cessation of therapy and/or initiation of immunosuppressive agents such as
steroids or blocking antibodies to tumor necrosis factor (TNF). These adverse events can
sometimes persist well beyond the cessation of treatment. A key question in the development of
immune therapies such as checkpoint inhibitors is why these adverse events develop.
Biomarkers that help to identify patients who develop IRAEs could significantly help in the
clinical management of these patients. This would expand the therapeutic index for these agents
by allowing selection of patients likely to benefit while avoiding adverse events, and might
provide hints into the mechanism by which checkpoint inhibitors drive response and toxicity in
patients. Some markers that predict response to ipilimumab have been identified, for instance a
higher baseline absolute lymphocyte count or increase with treatment (Postow et al. 2013,
Delyon et al. 2013, Simeone et al. 2014), humoral and T cell responses to tumor-associated
antigens including cancer-testis antigens (Yuan et al. 2008, 2011) and neoantigens (van Rooji et
al. 2013, Snyder et al. 2014), upregulation of T cell activation markers such as ICOS (Carthon et
al. 2010, Ng Tang et al. 2013), and pre-treatment soluble CD25 levels (Hannani et al. 2015);
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however, these findings were based on small retrospective studies and, in general, knowledge of
markers that predict development of IRAEs is limited. Although there is some correlation
between patients who respond and those who develop toxicity to ipilimumab (reviewed in
Bouwhuis et al. 2011), the overlap is not complete; hence, IRAEs could be associated with

distinct biomarkers and driven by mechanisms distinct from those involved in clinical response.

[0008] In one aspect, the disclosure provides a method of improving the effectiveness of an
immunomodulatory cancer therapy by selecting a patient population amenable to
immunomodulatory cancer therapy comprising: (a) administering at least one
immunomodulatory agent as a first cancer therapeutic, and optionally at least a second cancer
therapeutic, to a cancer patient; (b) obtaining a biological sample from the cancer patient; (c)
measuring the T cell repertoire clonality; and (d) selecting the patient as amenable to
immunomodulatory therapy if the T cell repertoire clonality is lower in the cancer patient than in
a control, wherein the control is a biological sample from a cancer-free subject or a biological
sample from the cancer patient obtained prior to administration of the immunomodulatory agent,
thereby improving the effectiveness of immunomodulatory cancer therapy. In some
embodiments, clonality is determined using the formula Clonality = 1 — Shannon Index/log. (),
wherein the Shannon index = YI'_ ; p; log.(p;), and wherein pi is the frequency of clonotype i for the
sample with n unique clonotypes. Clonality can be considered as a normalized Shannon index over the
number of unique clones. In a general sense, T cell repertoire clonality inversely correlates with T

cell repertoire diversity.

[0009] In arelated aspect, the disclosure provides a method of selecting a cancer patient
population amenable to immunomodulatory therapy to treat a cancer comprising: (a)
administering at least one immunomodulatory agent as a cancer therapeutic, and optionally at
least a second cancer therapeutic, to a cancer patient; (b) obtaining a biological sample from the
cancer patient; (c) measuring the T cell repertoire clonality relative to a biological sample from a
control; and (d) selecting the patient as amenable to immunomodulatory therapy if the T cell
repertoire clonality is lower in the cancer patient than in the control, wherein the control is a
biological sample from a cancer-free subject or a biological sample from the cancer patient
obtained prior to administration of the immunomodulatory agent. In some embodiments, the T
cell repertoire clonality is determined using the formula incorporating the Shannon Index

provided above.
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[0010] The following embodiments are provided for each of the preceding aspects of the
disclosure. The immunomodulatory agent is an inhibitor of an immune checkpoint inhibitor,
wherein the immunomodulatory agent is seen to prevent or diminish the inhibition of an immune
response. In some embodiments, the immunomodulatory agent is an inhibitor (e.g., an antibody)
of A2AR (Adenosine A2A receptor), B7-H3 (CD276), B7-H4 (VTCN1), BTLA (B and T
Lymphocyte Attenuator or CD272), CTLA-4 (Cytotoxic T-Lymphocyte-Associated protein 4
(CD152), IDO (Indoleamine 2,3-dioxygenase), TDO (Tryptophan 2,3-dioxygenase), KIR
(Killer-cell Immunoglobulin-like Receptor), LAG3 (Lymphocyte Activation Gene-3), PD-1
(Programmed Death 1), PD-L1, PD-L2, TIM-3 (T-cell Immunoglobulin domain and Mucin
domain 3) has ligand galectin-9, or VISTA (V-domain Ig Suppressor of T cell Activation;
C10orf54). Exemplary immunomodulatory agents include, but are not limited to, ipilimumab
(Bristol-Myers Squibb; anti-CTLA-4 antibody or fragment thereof), Lirilumab (Innate Pharma;
anti-KIR antibody or fragments thereof), the BMS-986016 antibody (Bristol-Myers Squibb; anti-
LAG3 antibody or fragments thereof), and Keytruda (Merck & Co.; anti-PD-1 antibody or

fragments thereof).

[0011] In some embodiments, the immunomodulatory agent is a CTLA-4 inhibitor, a PD-1
inhibitor, a PD-L1 inhibitor or a PD-L2 inhibitor. In some embodiments, the CTLA-4 inhibitor
is an anti-CTLA-4 antibody or CTLA-4-binding fragment thereof, an anti-PD-1 antibody or
fragment thereof, an anti-PD-L1 antibody or fragment thereof, or an anti-PD-L2 antibody or
fragment thereof. In some embodiments, the anti-CTLA-4 antibody or CTLA-4-binding

fragment thereof is ipilimumab or a CTLA-4-binding fragment thereof.

[0012] In some embodiments, the immunomodulatory agent is a stimulator or inducer of a
stimulatory immune checkpoint molecule. In some embodiments, the immunomodulatory agent
is a stimulator (e.g., an agonist) of CD27, CD28, CD40, CD122, CD137 (4-1BB), OX40
(CD134), or ICOS (Inducible T-cell COStimulator; CD278). Exemplary immunomodulatory
agents that stimulate or induce a stimulatory immune checkpoint molecule are CD70 analogs that
bind and stimulate CD27, such as CDX-1127 (Celldex Therapeutics), an agonistic anti-CD27
antibody, CD80 agonistic analogs, CD86 agonistic analogs, an agonistic anti-CD28 antibody,
CD40L (CD154) agonistic analogs, an agonistic anti-CD40 antibody, CD122 agonistic analogs
such as NKTR-214, an agonistic anti-CD122 antibody, an agonistic anti-CD137 antibody,
OX40L (CD252) agonistic analogs and MEDI0562, MEDI6469, or MEDI6383 (AstraZeneca),
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an agonistic anti-CDOX40 antibody, ICOS agonistic analogs, or an anti-B7RP1 agonistic
antibody.

[0013] In some embodiments, the biological sample is a blood sample. In some embodiments,
the T cell repertoire clonality is measured by counting the number of different T cell clonotypes.
In some embodiments, the T cell repertoire clonality is measured by comparing the results of a
plurality of sequence analyses of T cell nucleic acids. In some embodiments, comparing the
results of a plurality of sequence analyses of T cell nucleic acids yields a count of the number of
different T cell clonotypes. In some embodiments, as noted above, clonality is determined using

the formula provided above, which incorporates the Shannon Index.

[0014] In some embodiments, the methods of the disclosure further comprising determining
the frequencies of a plurality of T cell clonotypes. In some embodiments, the T cell nucleic
acids are genomic DNAs. In some embodiments, the sequence analyses are performed using
massive parallel sequencing. In some embodiments, the massive parallel sequencing is Roche
454 sequencing, HISEQ sequencing, MiSEQ sequencing, GS FLX sequencing, Genome
Analyzer IIx sequencing, SOLiD4 sequencing, Ion proton sequencing, Complete Genomics
sequencing, Heliscope sequencing, SMRT sequencing, pyrosequencing, reversible terminator

sequencing, sequencing-by-ligation sequencing, or real-time sequencing.

[0015] In some embodiments, the cancer is acute lymphocytic cancer, acute myeloid
leukemia, sarcoma, alveolar thabdomyosarcoma, bone cancer, brain cancer, breast cancer, cancer
of the anus, cancer of the anal canal, cancer of the anorectum, cancer of the eye, cancer of the
intrahepatic bile duct, cancer of the joints, cancer of the neck, gallbladder cancer, cancer of the
pleura, cancer of the nose, cancer of the nasal cavity, cancer of the middle ear, cancer of the oral
cavity, cancer of the vulva, chronic lymphocytic leukemia, chronic myeloid cancer, colon cancer,
esophageal cancer, cervical cancer, gastrointestinal carcinoid tumor, Hodgkin lymphoma,
hypopharynx cancer, kidney or renal cancer, clear cell kidney carcinoma (KIRC)), larynx cancer,
liver cancer, lung cancer, malignant mesothelioma, melanoma, multiple myeloma, nasopharynx
cancer, non-Hodgkin lymphoma, diffuse large B-cell lymphoma (DLBC), ovarian cancer,
pancreatic cancer, cancer of the peritoneum, cancer of the omentum, mesentery cancer, pharynx
cancer, prostate cancer, rectal cancer, small intestine cancer, soft tissue cancer, stomach cancer,
testicular cancer, thyroid cancer, ureter cancer, adrenocortical carcinoma, pheochromocytoma,

paraganglioma, pheochromocytoma and paraganglioma (PCPG), cholangiocarcinoma, urinary
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bladder cancer, head and neck cancer, endometrial cancer, uterine cancer, hepatocellular
carcinoma, glioblastoma multiforme, lower-grade glioma, bladder, lung cancer,
bronchioloalveolar carcinoma, lung adenocarcinoma, or lung squamous cell carcinoma. In some
embodiments, the cancer is melanoma or prostate cancer (e.g., castration-resistant prostate

cancer).

[0016] Another aspect of the disclosure provides a method of selecting a cancer patient at
increased risk of developing an adverse event in response to immunomodulatory cancer therapy
comprising: (a) measuring the T cell repertoire clonality in a biological sample from a cancer
patient relative to a biological sample from a control; and (b) selecting the patient as being at
increased risk of developing an immune-related adverse event in response to immunomodulatory
cancer therapy if the T cell repertoire clonality is lower in the cancer patient than in the control,
wherein the control is a biological sample from a cancer-free subject or, where the biological
sample in (a) is obtained from a cancer patient after administration of an immunomodulatory
agent, a biological sample from the cancer patient obtained prior to administration of the
immunomodulatory agent. In some embodiments, the adverse event is at least one of diarrhea,
colitis, transaminitis, a rash, pruritis, panhypothyroidism, adrenal insufficiency, thyroiditis,
pneumonitis, an endocrinopathy, or temporal arteritis. In some embodiments, the cancer is acute
lymphocytic cancer, acute myeloid leukemia, sarcoma, alveolar rhabdomyosarcoma, bone
cancer, brain cancer, breast cancer, cancer of the anus, cancer of the anal canal, cancer of the
anorectum, cancer of the eye, cancer of the intrahepatic bile duct, cancer of the joints, cancer of
the neck, gallbladder cancer, cancer of the pleura, cancer of the nose, cancer of the nasal cavity,
cancer of the middle ear, cancer of the oral cavity, cancer of the vulva, chronic lymphocytic
leukemia, chronic myeloid cancer, colon cancer, esophageal cancer, cervical cancer,
gastrointestinal carcinoid tumor, Hodgkin lymphoma, hypopharynx cancer, kidney or renal
cancer, clear cell kidney carcinoma (KIRC)), larynx cancer, liver cancer, lung cancer, malignant
mesothelioma, melanoma, multiple myeloma, nasopharynx cancer, non-Hodgkin lymphoma,
diffuse large B-cell lymphoma (DLBC), ovarian cancer, pancreatic cancer, cancer of the
peritoneum, cancer of the omentum, mesentery cancer, pharynx cancer, prostate cancer, rectal
cancer, small intestine cancer, soft tissue cancer, stomach cancer, testicular cancer, thyroid
cancer, ureter cancer, adrenocortical carcinoma, pheochromocytoma, paraganglioma,
pheochromocytoma and paraganglioma (PCPG), cholangiocarcinoma, urinary bladder cancer,

head and neck cancer, endometrial cancer, uterine cancer, hepatocellular carcinoma,
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glioblastoma multiforme, lower-grade glioma, bladder, lung cancer, bronchioloalveolar
carcinoma, lung adenocarcinoma, or lung squamous cell carcinoma. In some embodiments, the

cancer is melanoma or prostate (e.g., castration-resistant prostate cancer).

[0017] Yet another aspect of the disclosure provides a method of screening for an adjuvant for
use in cancer therapy comprising: (a) administering an immunomodulatory agent to a cancer
subject; (b) delivering a candidate adjuvant to the subject; (c) measuring the T cell repertoire
clonality of the subject in the presence and absence of the candidate adjuvant; and (d) identifying
the candidate adjuvant as useful in cancer therapy if the T cell repertoire clonality measured in
the presence of the candidate adjuvant is lower than the T cell repertoire clonality measured in
the absence of the candidate adjuvant. In some embodiments, the method further comprises (a)
measuring at least one adverse event developing in response to the immunomodulatory cancer
therapy in the presence or absence of the candidate adjuvant; and (b) selecting the candidate
adjuvant as a cancer adjuvant for immunomodulatory therapy if the frequency or severity of at
least one adverse event developing in the presence of the candidate adjuvant is lower than the
frequency or severity of the adverse event or events developing in the absence of the candidate

adjuvant.

[0018] Still another aspect of the disclosure is a method of assessing the risk of a cancer
patient developing an immune-related adverse event (IRAE) comprising: (a) obtaining a
biological sample from the cancer patient; (b) measuring the T cell repertoire clonality; and (c)
identifying a cancer patient as being at risk of developing an IRAE if the clonality measure for
that patient falls below a threshold clonality measure. The threshold clonality measure is
determined from the clonality measures of healthy controls, and can be seen to be dependent on
the particular methodology used to measure clonality, as would be understood in the art. Those
of skill in the art would be able to make such determinations using routine procedures, such as
high-throughput DNA sequencing of TCR genes of T cells. Suitable sources of data for
determining a threshold clonality measure include healthy control subjects, such as a statistically
significant collection of healthy control subjects. In some embodiments, the threshold clonality

measure is quantified, e.g., 0.15.

[0019] In some embodiments, the cancer is acute lymphocytic cancer, acute myeloid
leukemia, sarcoma, alveolar thabdomyosarcoma, bone cancer, brain cancer, breast cancer, cancer

of the anus, cancer of the anal canal, cancer of the anorectum, cancer of the eye, cancer of the
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intrahepatic bile duct, cancer of the joints, cancer of the neck, gallbladder cancer, cancer of the
pleura, cancer of the nose, cancer of the nasal cavity, cancer of the middle ear, cancer of the oral
cavity, cancer of the vulva, chronic lymphocytic leukemia, chronic myeloid cancer, colon cancer,
esophageal cancer, cervical cancer, gastrointestinal carcinoid tumor, Hodgkin lymphoma,
hypopharynx cancer, kidney or renal cancer, clear cell kidney carcinoma (KIRC)), larynx cancer,
liver cancer, lung cancer, malignant mesothelioma, melanoma, multiple myeloma, nasopharynx
cancer, non-Hodgkin lymphoma, diffuse large B-cell lymphoma (DLBC), ovarian cancer,
pancreatic cancer, cancer of the peritoneum, cancer of the omentum, mesentery cancer, pharynx
cancer, prostate cancer, rectal cancer, small intestine cancer, soft tissue cancer, stomach cancer,
testicular cancer, thyroid cancer, ureter cancer, adrenocortical carcinoma, pheochromocytoma,
paraganglioma, pheochromocytoma and paraganglioma (PCPG), cholangiocarcinoma, urinary
bladder cancer, head and neck cancer, endometrial cancer, uterine cancer, hepatocellular
carcinoma, glioblastoma multiforme, lower-grade glioma, bladder, lung cancer,
bronchioloalveolar carcinoma, lung adenocarcinoma, or lung squamous cell carcinoma. In some
embodiments, the cancer is melanoma or prostate (e.g., castration-resistant prostate cancer). In
some embodiments, the cancer patient providing the biological sample has been treated for the

cancer. In some embodiments, the cancer treatment is immunomodulatory cancer therapy.

[0020] Other features and advantages of the disclosure will be better understood by reference

to the following detailed description, including the drawing and the examples.

BRIEF DESCRIPTION OF THE DRAWING

[0021] Figure 1. Patients who develop IRAEs have a significant increase in TCR
diversity within 2 weeks of ipilimumab treatment. (A,B) The frequency distribution of
unique TCR clonotypes is shown for a patient who developed an IRAE (“IRAE”, A) and for a
patient who did not develop an IRAE (“non_IRAE”, B), with the x-axis representing each unique
clonotype in descending order of frequency, and the actual log;o of the frequency for each
clonotype on the y-axis. (C-F) Several metrics of TCR diversity — number of unique clones (C-
E) and clonality (F-H) — were determined from next-generation sequencing of TCRp chains from
peripheral blood mononuclear cells from patients before (week 0) or 2 weeks after treatment with
ipilimumab. Results are shown for all patients (first column, C, F), IRAE patients (middle
column, D, G), or non-IRAE patients (last column, E, H). Although the total population of

patients experience an increase in diversity, consistent with treatment effect, the IRAE
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population specifically demonstrates significant increases in diversity by several metrics. *, p <
0.05, **, p <0.01 by paired Wilcoxon test. Only data from patients who had samples at both
timepoints are shown (n = 21 total patients, 8 IRAE, 13 non_IRAE).

[0022] Figure 2. Expansion of T cell clonotypes and generation of de novo T cell clones
are associated with developing IRAEs. The top panels show the fraction of clones which are
found only at week 2 (“post only”), only at week O (“pre only”), or at both timepoints (“both’)
for all patients (A), and separated by IRAE and non-IRAE patients (B). Compared to non-IRAE
patients, IRAE patients have a significantly higher fraction of clones that are new at week 2, and
a lower fraction of clones that are only found at week O (baseline). The bottom panels show a
binned analysis of fold change in clonal frequency, i.e., the fraction of clones where the ratio of
frequencies at week 2 divided by week 0 is greater than 4 (“increase”), less than 0.25
(“decrease”), or between .25 and 4 (“same”). The analysis is shown for all patients (C) and
separated by IRAE and non-IRAE patients (D). IRAE patients also show a significant increase
in the fraction of clones whose frequencies increase with ipilimumab treatment compared to non-
IRAE (*, p <0.05). There is also a significant reduction in the fraction of clones that decrease
with treatment in the IRAE group (p = 0.05, bar not shown). All p values determined in this

figure by two-sample Wilcoxon.

[0023] Figure 3. Changes in clonality occur early in IRAE patients following ipilimumab
treatment, and precede the development of toxicity or clinical response. (A) The relative
clonality (i.e.,the ratio of clonality at each post-treatment timepoint to the clonality at the
immediately preceding timepoint) is shown for IRAE and non-IRAE patients for post-treatment
weeks 2, 4, 6, 8, and 12. A dotted line at a ratio of 1.0 indicates the relative clonality at which
the earlier and later clonality indices are identical, i.e., there is no difference in diversity between
successive timepoints. Significant decreases in the relative clonality are seen in IRAE patients
compared to non-IRAE patients at weeks 2 and 4 (p values for relative clonality of IRAE versus
non-IRAE: 0.045 for both week 2/week 0 and week 4/week 2 by two-sample Wilcoxon). (B)
Clonality over time is shown for a patient who was treated with several doses of ipilimumab
(open arrows), and then later developed an IRAE (panhypopituitarism, onset indicated with filled
arrow) which was treated with steroids (grey bar), but also had an exceptional (>50%) PSA
response to therapy. Clonality in black is plotted against PSA in red at each timepoint; missing

data are connected by dotted lines. The early increase in diversity (i.e., drop in clonality)
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precedes the subsequent development of AE and clinical response, and there is no marked

change in clonality at the time of IRAE development or PSA decline.

[0024] Figure 4. The T cell repertoire is more diverse in CD4+ cells, but undergoes a
greater degree of change in CD8+ cells, in IRAE patients after ipilimumab. (A) Clonality
over time is shown for specific TCR clones which were identified in sorted CD4+ and CD8+
cells from individual patients at weeks 2 and 6, then mapped to bulk PBMCs from all available
timepoints in the same patients. Data from available patients who had baseline week 0 data is
shown (2 IRAE patients, shown in red; 1 non-IRAE patient, shown in black; each patient’s data
are denoted with different shapes at each timepoint). (B,C) Data from present-absent (B) and
DIS (C) analysis as in Figure 2 is shown, however comparing weeks 2 and 6 and focusing on
CD4+ and CD8+ sorted data from IRAE patients, using data from all available patients,
regardless of the presence of week 0 data (4 IRAE patients). The median and standard error is

shown.

[0025] Figure 5. Clonality for all metastatic castrate-resistant prostate cancer patients in
this study at various timepoints after ipilimumab treatment. (A) All available data from
baseline (week 0) and post-treatment timepoints up to week 12 are shown. Data from 34 patients
with any TCR sequence are shown; each patient’s clonality tracing is highlighted with a distinct
color. Missing timepoints are connected by dotted lines. (B) Relative clonality is shown for all
patients at each timepoint (i.e., clonality at each timepoint divided by clonality at the
immediately preceding timepoint), with median and upper/lower quartile for each timepoint

indicated.

[0026] Figure 6. PSA responses are associated with increased TCR diversity. Clonality at
weeks 0 and 2 for PSA responders (>50% decline in PSA, A) versus non-responders (B) are
shown. *, p<0.05 by paired Wilcoxon.

[0027] Figure 7. Baseline clonality measurements correlate with IRAE risk for
melanoma patients. Baseline samples from melanoma patients prior to treatment with anti-
CTLA-4 antibody were analyzed for clonality. Results are presented as boxplots with the
vertical axis measuring clonality for IRAE and Non_IRAE patients separately. Median

clonalities are indicated by solid black bars with the lower and upper quartile of clonality indexes

DETAILED DESCRIPTION
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[0028] The studies disclosed herein address whether treatment-induced TCR diversification is
related to the development of IRAEs. The data establish that IRAEs are specifically associated
with a more diverse T cell repertoire and with an increase in the number of T cell clonotypes,
including the generation of de novo clones. This broadening of the circulating T cell repertoire
occurred early with treatment, preceding the development of IRAEs. While IR AE patients
demonstrate markedly greater diversity in CD4+ T cells, they demonstrate a greater degree of
change in clonal frequencies in their CD8+ T cells after ipilimumab, which may have key
implications in the pathogenic mechanism of IRAE development. Finally, clinical response to

checkpoint blockade is also associated with increased diversity

[0029] One approach for identifying candidate biomarkers for IRAEs is to directly assess the
effects of ipilimumab on the changes in the breadth and composition of T cells within a patient.
Analysis of specific changes in the T cell repertoire is expected to yield markers predictive of
toxicity, while also providing evidence for a mechanistic link between these changes and the
pathogenesis of IRAEs. Next-generation sequencing of TCRf chains from peripheral blood
mononuclear cells (PBMCs) of mCRPC and metastatic melanoma patients receiving ipilimumab
was used to conduct an unbiased global assessment of how this agent affects the T cell
repertoire. Results showed that anti-CTLA-4 administration promotes active turnover in the T
cell repertoire, with both gain and loss of clonotypes, but net bias towards gains leading to
increased repertoire diversity overall. Clinical response and overall survival, however, were not
correlated with the generation of new clones, but rather with the maintenance of pre-existing,
high frequency (greater than 1 in 1000) clonotypes. The experimental results disclosed in the
examples below show that patients who developed IRAEs exhibited an early increase in diversity
and decrease in clonality, and the generation of new clones post-ipilimumab is specifically

correlated with the development of IRAEs.

[0030] The data disclosed herein relate to IRAEs, which are an important complication of
immune therapies such as checkpoint inhibitors, and an understanding of the mechanisms
underlying them and markers that can predict them is lacking. The experimental results
disclosed in the Examples provide evidence that ipilimumab-induced TCR repertoire diversity
appears to be specific to patients who subsequently develop IRAEs and involves at least some
generation of de novo clones. While there is greater diversity in the CD4+ T cell subset in IRAE
patients, the CD8™ T cells demonstrate a greater degree of ipilimumab-induced repertoire change

in IRAE patients. In addition this diversity occurs early after ipilimumab initiation, and precedes
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the subsequent development of either toxicity or clinical response in individual patients. In
addition to the mechanistic insights this provides into toxicity development, early diversification
after checkpoint inhibitors is useful as an indicator of patients at risk for later IRAE
development, as well as a means of identifying other adverse events with similar mechanistic
underpinnings such as temporal arteritis. The ability to identify a known large-vessel
autoimmune vasculitis condition as a candidate IRAE using effects on clonality in an unbiased
analysis lends credence to this approach. Both types of information would prove useful as
adjuncts to current clinical management algorithms for IRAEs, which rely upon early recognition
of the unique and idiosyncratic presentation of IRAEs as well as early intervention in severe

cases with immunosuppressive agents (Howell et al. 2015).

[0031] The specific changes in the TCR repertoire observed in IRAE patients place some
constraints on possible mechanisms by which IRAEs develop. First of all, it was surprising to
find that increased diversity occurs early, as soon as two weeks after starting ipilimumab.
However, IRAEs do not typically manifest until later, with variable kinetics depending on the
affected organ system: the skin is typically involved earliest, followed by colitis (after 1-3
doses), then hepatitis and endocrinopathies last (Weber et al. 2015). Particularly for later-onset
IRAE:S, this lag between early repertoire changes and toxicity onset implies that if repertoire
diversification is part of the pathogenesis of IRAEs, this may represent a necessary step but is
not sufficient by itself — other steps must occur at subsequent times prior to the clinical

manifestation of toxicity.

[0032] The clones that are increased with ipilimumab may mediate end-organ toxicity in
several ways. Without wishing to be bound by theory, it is possible that these clones — which
may represent either pre-existing clones that are amplified, or completely de novo clones based
on the disclosed data — may specifically recognize autoantigens in target organs. If this is the
case, the data do not support the emergence of a dominant (and presumably high-avidity)
autoantigen, because this would be indicated by a more clonal, and less diverse, repertoire after
treatment in the IRAE group. Instead, the finding of increased diversity would support a
mechanism whereby autoreactivity to multiple (presumably low-avidity) antigens is induced by
ipilimumab. This would represent a distinct mechanism of pathogenesis from classical organ-
specific autoreactivity (e.g., in celiac sprue or inflammatory bowel disease). Identifying the
autoantigens of interest would be critical to furthering our understanding of IRAE development,

although it is likely that distinct autoantigens may be found in different target organs, and given
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the number of new clones that are generated, it may be difficult to confirm the emergence of a

specific autoreactive clone to a candidate autoantigen.

[0033] An alternate scenario is that the emergence of TCR diversity in IRAE patients reflects
the generalized activation and polyclonal expansion of numerous T cell clones which are crucial
steps in the development of end-organ toxicity, but that the actual recognition of specific
autoantigens is in fact less critical in the pathogenesis of IRAEs. This is reminiscent of the
phenotype of CTLA-4 knockout mice, which develop a fulminant multi-organ
lymphoproliferative disorder characterized by tissue infiltration by polyclonal activated T cell
blasts which appears to be more autoinflammatory than autoimmune in nature (Waterhouse et al.
1995, Tivol et al. 1995). In fact, there is a precedent for antigen-nonspecific T cell triggering in
the pathogenesis of autoimmune disease. For instance, there is some evidence that intraepithelial
lymphocytes (IEL) in the small bowel can be activated by eicosanoids to be then triggered in an
NKG2D- and IL-15-dependent, but antigen-independent, manner and these events may be

involved in the pathogenesis of celiac disease (Tang et al. 2015).

[0034] Of note, the data disclosed herein also point to increased repertoire diversity in the
CD4™ T cell subset (compared to CD8" T cells) specifically in patients who develop IRAEs after
receiving ipilimumab. CD4" T cells are known to have a more diverse repertoire in general, and

this 1s maintained with checkpoint blockade.

[0035] By contrast, a greater degree of repertoire change, which generates de novo clones or
increases in clonal frequency from baseline to post-treatment timepoints, is observed in the CD8"
subset (compared to CD4" T cells). This highlights the fact that static snapshots of TCR
diversity at various timepoints capture a different aspect of repertoire evolution compared to
directly assessing changes in clonotype frequencies between timepoints. Without wishing to be
bound by theory, one simple mechanism that integrates these distinct findings between CD4" and
CDS8" subsets is that a diverse CD4" repertoire at baseline may be necessary to provide cognate
help to effector cells recognizing a variety of autoantigens, but the amplification or de novo
generation of autoantigen-reactive CD8" T cells with ipilimumab treatment may represent a key

later step to drive the pathogenesis of end-organ toxicity in IRAE patients.

[0036] As far as the association of specific subsets of CD4" and CDS™ T cells with the
development of IRAESs, the data from sorted T cell subsets indicates that naive CTLs have higher

clonality (are less diverse) than non-naive CTLs in IRAE patients, which may reflect a greater
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diversity of the repertoire in effector or memory CTLs in IRAE patients to begin with; however,
with respect to another subset (Treg) which has been postulated as an additional site of action of
anti-CTLA-4 antibodies, there does not appear to be a clear trend towards increased or decreased
baseline diversity relative to helper T cells in IRAE patients. Of note, changes in repertoire in a
particular T cell subset are but one mechanism by which ipilimumab may cause IRAEs; we have
shown that ipilimumab results in increases in absolute numbers of CD4", Treg, PD1* CD4", and
PD1* CD8" T cells (Kwek et al. 2015). A significant association was not found between changes
in the percentage or absolute numbers of these particular T cell subsets with ipilimumab

treatment (week O to week 2) and the subsequent development of IRAEs.

[0037] This work contributes to an understanding of the changes in TCR repertoire induced by
an immunomodulatory agent, e.g., ipilimumab, in cancer patients and how these changes are
related to clinical outcomes, notably clinical response. Using data from an overlapping subset of
mCRPC patients treated with ipilimumab (Cha et al. 2014), maintenance of pre-existing high-
frequency clonotypes was found to be correlated with improved survival, but increased diversity
did not appear to correlate with PSA response or improved overall survival in that analysis. In
the studies disclosed herein, it has been found that increased repertoire diversity (as measured by
decreases in clonality with ipilimumab) is correlated with PSA response (Figure 3). Any of
several explanations may account for these differences. First, different metrics were used in the
two studies, with Cha et al. examining repertoire changes using Morisita’s distance and the
number of unique clonotypes comprising the top 25% of all mapped reads; clonotype-level
changes in abundance and frequency were also assessed in the highest-frequency (i.e., greater
than 1 in 1000) clonotypes. In general, these metrics were chosen to ensure that findings were
not influenced by differential read depth between samples. The studies disclosed herein used
several distinct metrics to assess repertoire and clonotype change, namely clonality (which is
favored given its normalization to the number of unique clonotypes, and the finding that it is
robust across the observed range of read depths) as well as DIS analysis, which uses a binned
approach to capture both changes in existing clonotype frequencies as well as the generation of
new clones. In addition, the analysis was expanded beyond high-frequency clonotypes to all
clonotypes that met a minimal threshold for clonotype mapping. These choices were made in the
present analysis in order to present a comprehensive overview of changes occurring even at low
clonotype frequency, as infrequent clones may be quite important in the pathogenesis of IRAEs.

Hence, these methodologic differences, which are tailored to the question being addressed,
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explain the differences in the degree of correlation with outcomes in the various studies. In
addition, the study disclosed herein looked at very early changes in TCR repertoire (two weeks),
which is sooner than in Cha et al. or other studies in the literature; it is conceivable from looking
at our timecourse data (Figure 5) that any repertoire changes are more cohesive immediately

post-treatment, then diverge.

[0038] This raises the question of whether IRAEs and clinical response after anti-CTLA-4
treatment are driven by shared versus unique processes. The observation that almost all of the
clinical responders had IRAEs, and that increased diversity is correlated with PSA response as
well as IRAE development, all indicate common underlying mechanisms that may involve
diversification of the TCR repertoire. In other words, TCR diversity can be associated with both
beneficial and detrimental outcomes. The correlation between toxicity and response agrees with
reports from others in the literature; for instance, one study of stage IV melanoma patients who
received ipilimumab plus peptides derived from gp100 found that 5 of 14 IRAE patients had
clinical responses, compared to 2 of 42 patients without IRAEs (Attia et al. 2005, reviewed in
Bouwhuis et al. 2011). At the same time, observations that many of the patients with IRAEs in
the studies disclosed herein did not demonstrate PSA response also indicates the presence of
divergent pathways underlying these outcomes. Without wishing to be bound by theory, one
might postulate that initial diversification of the T cell repertoire represents the common thread
underlying IRAE development and response (although it is unlikely that these are driven by
shared or common antigens), while further organ- or tumor-specific steps are subsequently
required to drive the distinct end outcomes of toxicity or response. These subsequent steps may
involve homing, functional differentiation into immune cell subsets, or alterations in the cytokine
or immune cellular composition within the tissue to generate a permissive environment for these

outcomes to occur.

[0039] The following examples are presented by way of illustration and are not intended to

limit the scope of the subject matter disclosed herein.
EXAMPLE 1
Materials and Methods
Study design

[0040] Cryopreserved PBMCs were sequenced from mCRPC patients treated with anti—
CTLA-4 (ipilimumab; Bristol-Myers Squibb) and GM-CSF (sargramostim; Sanofi) in a phase
15
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I/II clinical trial previously described (Fong et al. 2009, Kwek et al. 2015). Patient
characteristics for the entire 42 patient cohort were previously reported (Kwek et al. 2015).
PBMCs from 34 of these patients were sequenced; of these, 21 patients had available sequence at
both pre-treatment (week 0) and immediate post-treatment (week 2) timepoints and were utilized
for the majority of the analyses reported here unless otherwise stated. Patients were not

restricted by HLA alleles. Informed consent was obtained for all investigations.
TCRp amplification and sequencing, clonotype identification and counting

[0041] The amplification and sequencing of TCR repertoire from RNA, read mapping to
clonotypes via identification of V and J segments, and counting of the number of unique
clonotypes have been previously described in detail (Klinger et al. 2013, Cha et al. 2014). Of
note, after filtering for read quality, reads were mapped to a clonotype if at least 2 identical reads
were found in a given sample. Clonotype frequencies were calculated as the number of

sequencing reads for each clonotype divided by the total number of passed reads in each sample.
Statistical methods

[0042] Demographic and clinical characteristics were summarized by descriptive statistics. In
general, frequency distribution and percentages were used to summarize categorical variables,
and median with interquartile range was used to describe continuous variables. Comparison of
continuous variables among groups was performed using the Wilcoxon t-test. Chi-square test
was applied to determine statistical association between two categorical variables. Statistical
significance was declared at alpha <0.05 and no multiple testing adjustment was done. All
statistical analysis was done with the statistical computing software R, available on the internet

from the r-project organization (https://www.r-project.org/).

[0043] Clonality was used to measure the diversity of the clonotype population for each

patient at each time point. The clonality was calculated using the formula 1-)_(i = 1)"n
[log)_e [((p)_i1))/[log)_e (n), where p_i is the frequency of clonotype i for a sample with n
unique clonotypes. Clonality was compared between week 0 and week 2 by paired Wilcoxon
test, and clonality comparisons between IRAE versus non_IRAE patients or between responders
versus non-responders at each timepoint were done by two-sample Wilcoxon test. To determine
the relative change in diversity over time, relative clonality was calculated as the ratio of the
clonality at two consecutive timepoints; comparisons of this metric between IRAE versus

non_IRAE patients were done by two-sample Wilcoxon test. To explore the effect of different
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types of AE on the change of clonality from week O to week 2, for each type of AE, the relative
clonality (week 2/week 0) between AE versus non_AE was compared by two-sample Wilcoxon

test.

[0044] In order to measure the commonality between TCR sequences in week O (pre-
treatment) and week 2 (post-treatment) for each subject, the proportions of clones only present at
week 2, only present at week 0, and present in both week 0 and week 2 were calculated. As
described in the text, the read depth as far as RNA molecules was largely similar between IRAE
and non_IRAE groups as well as week 0 and week 2 samples (median log10 frequency range 6-
6.5) and did not vary in a way that would account for the presence of new clones in the AE group
at week 2. To examine the change in TCR sequence frequency from week 0 to week 2, the fold
change (FC) was defined as the sequence frequency count at the week 2 divided by the sequence
frequency at week 0. Each sequence was categorized as increased if FC is > 4, as decreased if FC
1s <£0.25, and as unchanged (same) if 0.25 < FC < 4. All TCR sequences detectable at week 0 or
2 were included in the analysis. For clones with non-measurable frequency counts at one or both
time points, the number of reads was arbitrarily set to the minimum threshold for inclusion which
is 2 (this is likely an overestimate of the true frequency of these clones at the non-measureable
timepoint), and then FC was calculated as above. For each subject, the percentage of TCR
sequences falling into each change category was computed. The comparison of the proportions

between IRAE versus non_IRAE patients was done by two-sample Wilcoxon test.

Sorting

[0045] PBMCs from weeks 2 and 6 were FACS sorted (BD) into 4 populations: Treg (CD4+
CD25hi CD127l0), helper T (CD4+ CD25lo CD127+), naive CTL (CD8+ CD27+ CD45RA+),
and non-naive CTL (CD8+ CD27- or CD27+ but CD45RA-/10), and then the clonotypes present
in these subpopulations were identified as above. Each of these clonotypes associated with a
particular sorted T cell subset was then identified in the parent bulk PBMC sample for that

patient at all available timepoints for further analysis.
EXAMPLE 2

Patients who develop immune-related adverse events (IRAEs) have a significantly greater
increase in TCR diversity immediately after CTLA-4 blockade.

[0046] To assess how changes in the TCR repertoire may be related to adverse outcomes after

checkpoint inhibition, we first examined the frequency distribution of clonotypes in ipilimumab-
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treated patients who either experienced an immune-related adverse event (termed “IRAE” for
remainder of analysis) or did not (termed “non_IRAE” for remainder of analysis), and how this
distribution changed with treatment. These IRAEs represent characteristic organ-specific
toxicities (e.g., diarrhea, colitis, transaminitis, rash, various endocrinopathies), which are
observed clinically with immunotherapies such as checkpoint inhibitors. For the purpose of this
initial analysis, we restricted ourselves to consensus toxicities listed in the manufacturer’s
investigator brochure accompanying ipilimumab. We observed that following treatment with
ipilimumab, the distribution in IRAE patients shifted towards an increased prevalence of lower-
frequency clonotypes, and this occurred as early as the first post-treatment timepoint at week 2
(red trace showing post-treatment versus black trace showing week 0 baseline; IRAE patient
shown in Figure 1A, non_IRAE patient in Figure 1B). Hence, ipilimumab results in early
repertoire changes occurring as soon as 2 weeks post-treatment, and IRAE patients may

demonstrate more pronounced repertoire changes, particularly in lower-frequency clonotypes.

[0047] To more directly characterize the diversity of the TCR repertoire at each timepoint, we
calculated the clonality index (see Methods), which is inversely proportional to diversity, ie a
lower clonality denotes a more diverse TCR repertoire. This particular metric is normalized to
the number of unique clonotypes, which can vary between samples; however, in our data set,
clonality was found to be a robust metric and was not significantly correlated with the number of

unique clonotypes found in each sample.

[0048] We found a striking relationship between diversity and the development of IRAEs:
while the entire cohort showed an increase in unique clonotypes and a decrease in clonality from
week 0 to week 2, consistent with treatment effect, IRAE patients had the significant declines in
clonality, while non_IRAE patients did not (p = 0.023 versus 0.057 by paired Wilcoxon, n = 21
total patients with sequence at weeks 0 and 2, 8 IRAE patients, 13 non_IRAE patients, Figure 2).
Hence, early decreases in clonality, which correspond to increased diversity, after ipilimumab
are related to the development of IRAEs. As has been previously described, clinical responses
occurred more frequently in patients who develop IRAESs, but this association was not absolute.
Specifically, in the entire 42-patient cohort, 12 patients had IRAEs and 5 patients had responses;
4 of the 5 responders also had IRAEs, while 1 response was in a patient without IRAEs.
Nevertheless, we also found that an early decline in clonality at 2 weeks post-ipilimumab was
also significantly related to clinical responses (PSA declines > 50%), but a similar correlation

was not seen in non-responders (p = 0.01 and 0.055 respectively, Figure 6).
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[0049] Looking at clonality across the different timepoints, we found that a majority of treated
patients experienced an immediate decline in clonality within 2 weeks of ipilimumab treatment,
consistent with an early increase in TCR diversity induced by CTLA-4 blockade (Figure 2). This
decline in clonality was sustained in some but not all patients, with some showing a return to
near-baseline levels of clonality at later timepoints after an initial decline. Calculation of the
relative clonality over time (ie the clonality at each post-treatment timepoint divided by the
clonality at the immediately preceding timepoint) revealed ongoing decreases in clonality at
several early post-treatment timepoints up to 6 weeks (relative clonality < 1 signifies lower
clonality compared to preceding timepoint; Figure 3), again confirming that early TCR repertoire

diversification is a result of repetitive anti-CTLA-4 administration to mCRPC patients.
EXAMPLE 3

Expansion of T cell clonotypes and generation of de novo T cell clones are associated with
developing IRAEs.

[0050] To assess the nature of these changes in the repertoire, we first examined whether each
unique clone was found only after checkpoint blockade at week 2 (termed “post only”), found
only at baseline at week O (termed “pre only”), or found at both timepoints (termed “both™), and
then determined the frequency of unique clones that were categorized into one of these 3 bins. In
the whole study population , most often clones were new at week 2 after treatment (greater than
50%), with slightly less than half of clones only present at baseline; a small fraction of clones
(less than 10%) were present at both timepoints (Figure 2A). When we looked specifically at
IRAE patients, they demonstrated a significantly greater {raction of clones that were new at week
2 compared to non_IRAE patients (p = 0.042 by two-sample Wilcoxon), as well as a smaller
fraction of clones that were present only at baseline (p = 0.049) (Figure 2B). Hence, the
development of IRAEs is associated with increased generation of new TCR clones following

ipilimumab treatment.

[0051] We also more broadly examined clonal frequency changes in IRAE patients after
ipilimumab. We separated unique clones into those that increased > 4-fold with treatment from
week O to week 2. These include clones that were newly present only at week 2. We also
enumerated clones that decreased > 4-fold (including clones that were present at week O but
undetectable by week 2). Finally we enumerated those that remained the same (ratio of week 2 to

week O frequency between 0.25 and 4). IRAE patients exhibited a significant increase in the
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fraction of unique clones that increased with ipilimumab treatment compared with non_IRAE
patients (p = 0.028 by two-sample Wilcoxon) (Figure 2D). Thus, IRAEs are associated not only

with generation of new TCR clones but also increases in preexisting clonotypes as well.
EXAMPLE 4

Changes in clonality occur early in IRAE patients following ipilimumab treatment, and
precede the development of toxicity or clinical response.

[0052] To assess the kinetics of changes in clonality in IRAE and non_IRAE patients, we
calculated the relative clonality for each patient population at each timepoint relative to the
immediately preceding timepoint. This analysis showed that there are significantly greater
decreases in clonality relative to the preceding timepoint in the IRAE population compared to the
non_IRAE population at early timepoints (p values for relative clonality of IRAE versus
non_IRAE: 0.045 for both week 2/week 0 and week 4/week 2 by two-sample Wilcoxon; Figure
3A - ?exact ratios for relative clonality at these timepoints?). Hence, this again confirms that the
earliest changes in TCR diversity post-ipilimumab that were observed in the entire cohort are in
fact concentrated in the IRAE population, and occur as early as 2 weeks after first exposure but

are also sustained for at least 4 weeks after first dose.

[0053] We more closely examined the kinetics of changes in clonality over time, and how they
relate to other clinical outcomes, with the initial hypothesis that there may be a temporal
relationship between repertoire changes and toxicity or clinical response to therapy. When we
followed one patient after multiple initial doses of ipilimumab (Figure 3, open arrows), there was
an initial drop in clonality at the 2-week timepoint consistent with our observations from the
larger study population (black trace). This patient developed an IRAE (panhypopituitarism —
onset indicated by filled black arrow), which required cessation of ipilimumab and steroid
administration (duration of steroids indicated by grey bar). This patient was an exceptional
responder (ie his PSA eventually declined to undetectable levels shown in the red trace). This
clinical response also occurred later after several months and 4 doses of ipilimumab, much later
than the initial change in clonality. We did not observe a marked change in clonality at the time
of either clinical event. Hence, changes in TCR diversity after ipilimumab administration occur
early, and precede the development of toxicity or response in time. This is consistent with,

although not definitive proof of, the possible necessity of TCR diversity in mechanisms of
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pathogenesis or tumor regression, although this is likely not sufficient by itself to drive either

clinical event (see Discussion).
EXAMPLE 5
Temporal arteritis is identified as an IRAE based on its effect on clonality.

[0054] Given that the consensus IRAEs we examined were associated with a significant
reduction in clonality at early timepoints post-treatment, we sought to determine whether other
AEs observed during the course of this study might be similarly classified as IRAEs based on
their effect on clonality. Given the small number of patients with any given AE, we added
patients with various AEs to the IRAE category to see if this addition would increase the

significance of the IRAE versus non_IRAE comparison.

[0055] As shown in Table 1, one particular AE, temporal arteritis (seen in 2 patients on study),
increased the significance of the comparison of relative clonality (week 2 / week 0) for AE
versus nonAE patients (p value decreased to 0.029 with addition of temporal arteritis from 0.045
for consensus IRAEs alone; two-sample Wilcoxon test). Other AEs did not have this effect. In
particular, other thrombotic AEs (including deep venous thrombosis/pulmonary embolism),
cardiac AEs (including troponin leak, arrhythmias), all Grade 3+ AEs, and fatigue (a common
AE with checkpoint inhibition) did not result in a decreased p value when added to the IRAE
group (Table 1). Hence, based on its shared impact on clonality and thereby TCR diversity,
temporal arteritis is one example of an AE that may be plausibly reclassified as a consensus

IRAE.
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EXAMPLE 6

The T cell repertoire is more diverse in CD4+ cells, but undergoes a greater degree of
change in CD8+ cells, in IRAE patients after ipilimumab.

[0056] We used fluorescence-activated cell sorting (FACS) to isolate CD4 and CDS8 T cell
subpopulations from select patients with IRAEs or not at 2 post-treatment timepoints (week 2
and week 6), and sequenced the TCRp from these subsets to track changes in the different T
cells. The identified clonotypes expressed by these populations were used to mark T cell clones
in our bulk PBMC samples as arising from the same population. Using this information, we
tracked the evolution over time of the T cell repertoire, as well as functional phenotypes, after
ipilimumab in Tregs, helper T cells, naive CTL, and non-naive (comprised of both effector and

memory) CTL.

[0057] In 2 IRAE patients for which data was available from week 0 (red traces), there is a
trend towards lower clonality and therefore a higher degree of TCR diversity in the CD4+ subset
(top plot) as compared to one non_IRAE patient (black trace) (Figure 4A). CD8+ T cells also
demonstrate increased diversity in IRAE compared to non_IRAE patients but this difference is
less pronounced (Figure 4A, bottom plot); in general, within individual IRAE patients, CD4+ T
cells are more diverse than CD8+ T cells as expected, likely due to a repertoire diversity
increased relative to the initial diversity of CD8+ T cells. Hence, an increased degree of CD4+
diversity is associated with IRAE development. As far as differences between functional
subsets, there was a trend towards higher clonality and therefore reduced diversity in naive CTLs
compared to the non-naive CTL population in the IRAE patients and not the non_IRAE patient,
which may be expected given that this population has yet to undergo expansion; there was no

clear trend towards a difference in clonality in Treg versus conventional helper T cells.

[0058] As highlighted above, repertoire diversity at various timepoints represents a snapshot,
and does not directly address changes in the repertoire between timepoints. Thus we applied our
prior analysis methods from Figure 2 to all available IRAE patients for which we had clonotype
data from sorted populations whether or not data from week O was present (total 4 IRAE
patients), and we looked for changes in clonal frequencies or gain or loss of clones in CD4+ and
CD8+ subsets between weeks 2 and 6. We observed a trend in CD8+ cells towards higher
frequencies of new clones (Figure 4B), as well as clones with increased frequencies (Figure 4C),

compared to CD4+ cells following ipilimumab treatment in IRAE patients. Hence, although in
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IRAE patients there is more diversity at various timepoints in the CD4+ population, the greater

change in clonal frequencies following ipilimumab treatment may occur in the CD8+ population.
EXAMPLE 7
Assessment of IRAE risk by measuring baseline clonality

[0059] Patients with metastatic melanoma were examined prior to initiation of anti-CTLA-4
treatment to assess the risk of immune-related adverse events with subsequent anti-CTLA-4
treatment. Blood samples were obtained and a clonality index was determined as described
herein for each of the patients in the study. Patients were followed to determine if an IRAE
developed, and patients were then categorized into an IRAE group of patients wherein each
patient developed an IRAE and a non-IRAE group of patients, none of whom developed a
detectable IRAE. The results, shown in Figure 7, reveal a statistically significant difference in
clonality index between cancer patients developing an IRAE and cancer patients not developing
an IRAE. As shown in the Figure, cancer patients developing an IRAE exhibited a mean
clonality measure of about 0.15 while cancer patients not developing an IRAE exhibited a mean
clonality measure of about 0.2. As would be understood in the art, a baseline or threshold
clonality measure can be determined on a case-by-case basis by those of skill in the art assessing,
e.g., the clonality measures of control subjects such as healthy individuals to determine the
threshold or baseline clonality measure or index. In addition, a threshold clonality measure may
be quantitifed, such as by using the data disclosed in Figure 7, which provide support for
methods of identifying cancer patients at risk of developing an IRAE if the baseline clonality
measure is no greater than 0.15. Also apparent from the data, cancer patients exhibiting a
baseline clonality measure of 0.2 or greater are at reduced risk of developing an IRAE. These
determinations are significant as aids in tailoring cancer therapy on an individual basis, with the

significance heightened by the realization of the serious health consequences of many IRAEs.
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WHAT IS CLAIMED IS:
1. A method of improving the effectiveness of an immunomodulatory cancer therapy

by selecting a patient population amenable to immunomodulatory cancer therapy comprising:

(a) administering at least one immunomodulatory agent as a first cancer therapeutic,

and optionally at least a second cancer therapeutic, to a cancer patient;
(b) obtaining a biological sample from the cancer patient;
(©) measuring the T cell repertoire clonality; and

(d) selecting the patient as amenable to immunomodulatory therapy if the T cell
repertoire clonality is lower in the cancer patient than in a control, wherein the control is a
biological sample from a cancer-free subject or a biological sample from the cancer patient
obtained prior to administration of the immunomodulatory agent, thereby improving the

effectiveness of immunomodulatory cancer therapy.

2. A method of selecting a cancer patient population amenable to

immunomodulatory therapy to treat a cancer comprising:

(a) administering at least one immunomodulatory agent, and optionally at least a

second cancer therapeutic, to a cancer patient;
(b) obtaining a biological sample from the cancer patient;

(c) measuring the T cell repertoire clonality relative to a biological sample from a

control; and

(d) selecting the patient as amenable to immunomodulatory therapy if the T cell
repertoire clonality is lower in the cancer patient than in the control, wherein the control is a
biological sample from a cancer-free subject or a biological sample from the cancer patient

obtained prior to administration of the immunomodulatory agent.

3. The method of claim 1 or claim 2 wherein the immunomodulatory agent is a

CTLA-4 inhibitor, a PD-1 inhibitor, a PD-L1 inhibitor or a PD-L2 inhibitor.

4. The method of claim 3 wherein the CTLA-4 inhibitor is an anti-CTLA-4 antibody
or CTLA-4-binding fragment thereof.

5. The method of claim 4 wherein the anti-CTLA-4 antibody or CTLA-4-binding

fragment thereof is ipilimumab or a CTLA-4-binding fragment thereof.
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6. The method of claim 1 or claim 2 wherein the biological sample is a blood

sample.

7. The method of claim 1 or claim 2 wherein the T cell repertoire clonality is

measured by counting the number of different T cell clonotypes.

8. The method of claim 1 or claim 2 wherein the T cell repertoire clonality is

measured by comparing the results of a plurality of sequence analyses of T cell nucleic acids.

9. The method of claim 8 wherein comparing the results of a plurality of sequence

analyses of T cell nucleic acids yields a count of the number of different T cell clonotypes.

10. The method of claim 9 further comprising determining the frequencies of a

plurality of T cell clonotypes.
11. The method of claim 8 wherein the T cell nucleic acids are genomic DNAs.

12. The method of claim 8 wherein the sequence analyses are performed using

massive parallel sequencing.

13. The method of claim 12 wherein the massive parallel sequencing is Roche 454
sequencing, HISEQ sequencing, MiSEQ sequencing, GS FLX sequencing, Genome Analyzer IIx
sequencing, SOLiD4 sequencing, Ion proton sequencing, Complete Genomics sequencing,
Heliscope sequencing, SMRT sequencing, pyrosequencing, reversible terminator sequencing,

sequencing-by-ligation sequencing, or real-time sequencing.

14. The method of claim 1 or claim 2 wherein the cancer is acute lymphocytic cancer,
acute myeloid leukemia, sarcoma, alveolar rhabdomyosarcoma, bone cancer, brain cancer, breast
cancer, cancer of the anus, cancer of the anal canal, cancer of the anorectum, cancer of the eye,
cancer of the intrahepatic bile duct, cancer of the joints, cancer of the neck, gallbladder cancer,
cancer of the pleura, cancer of the nose, cancer of the nasal cavity, cancer of the middle ear,
cancer of the oral cavity, cancer of the vulva, chronic lymphocytic leukemia, chronic myeloid
cancer, colon cancer, esophageal cancer, cervical cancer, gastrointestinal carcinoid tumor,
Hodgkin lymphoma, hypopharynx cancer, kidney or renal cancer, clear cell kidney carcinoma
(KIRC)), larynx cancer, liver cancer, lung cancer, malignant mesothelioma, melanoma, multiple
myeloma, nasopharynx cancer, non-Hodgkin lymphoma, diffuse large B-cell lymphoma
(DLBC), ovarian cancer, pancreatic cancer, cancer of the peritoneum, cancer of the omentum,

mesentery cancer, pharynx cancer, prostate cancer, rectal cancer, small intestine cancer, soft
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tissue cancer, stomach cancer, testicular cancer, thyroid cancer, ureter cancer, adrenocortical
carcinoma, pheochromocytoma, paraganglioma, pheochromocytoma and paraganglioma
(PCPQG), cholangiocarcinoma, urinary bladder cancer, head and neck cancer, endometrial cancer,
uterine cancer, hepatocellular carcinoma, glioblastoma multiforme, lower-grade glioma, bladder,

lung cancer, bronchioloalveolar carcinoma, lung adenocarcinoma, or lung squamous cell

carcinoma.

15. The method of claim 1 or claim 2 wherein the cancer is melanoma or prostate
cancer.

16. A method of selecting a cancer patient at increased risk of developing an adverse

event in response to immunomodulatory cancer therapy comprising:

(a) measuring the T cell repertoire clonality in a biological sample from a cancer

patient relative to a biological sample from a control; and

(b) selecting the patient as being at increased risk of developing an immune-related
adverse event in response to immunomodulatory cancer therapy if the T cell repertoire clonality
is lower in the cancer patient than in the control, wherein the control is a biological sample from
a cancer-free subject or, where the biological sample in (a) is obtained from a cancer patient after
administration of an immunomodulatory agent, a biological sample from the cancer patient

obtained prior to administration of the immunomodulatory agent.

17. The method of claim 16 wherein the adverse event is diarrhea, colitis,
transaminitis, a rash, pruritis, panhypothyroidism, adrenal insufficiency, thyroiditis, pneumonitis,

an endocrinopathy, or temporal arteritis.

18. The method of claim 16 wherein the cancer is acute lymphocytic cancer, acute
myeloid leukemia, sarcoma, alveolar rhabdomyosarcoma, bone cancer, brain cancer, breast
cancer, cancer of the anus, cancer of the anal canal, cancer of the anorectum, cancer of the eye,
cancer of the intrahepatic bile duct, cancer of the joints, cancer of the neck, gallbladder cancer,
cancer of the pleura, cancer of the nose, cancer of the nasal cavity, cancer of the middle ear,
cancer of the oral cavity, cancer of the vulva, chronic lymphocytic leukemia, chronic myeloid
cancer, colon cancer, esophageal cancer, cervical cancer, gastrointestinal carcinoid tumor,
Hodgkin lymphoma, hypopharynx cancer, kidney or renal cancer, clear cell kidney carcinoma

(KIRC)), larynx cancer, liver cancer, lung cancer, malignant mesothelioma, melanoma, multiple
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myeloma, nasopharynx cancer, non-Hodgkin lymphoma, diffuse large B-cell lymphoma
(DLBC), ovarian cancer, pancreatic cancer, cancer of the peritoneum, cancer of the omentum,
mesentery cancer, pharynx cancer, prostate cancer, rectal cancer, small intestine cancer, soft
tissue cancer, stomach cancer, testicular cancer, thyroid cancer, ureter cancer, adrenocortical
carcinoma, pheochromocytoma, paraganglioma, pheochromocytoma and paraganglioma
(PCPQG), cholangiocarcinoma, urinary bladder cancer, head and neck cancer, endometrial cancer,
uterine cancer, hepatocellular carcinoma, glioblastoma multiforme, lower-grade glioma, bladder,

lung cancer, bronchioloalveolar carcinoma, lung adenocarcinoma, or lung squamous cell

carcinoma.
19. The method of claim 16 wherein the cancer is melanoma or prostate cancer.
20. A method of screening for an adjuvant for use in cancer therapy comprising:
(a) administering an immunomodulatory agent to a cancer subject;

(b) delivering a candidate adjuvant to the subject;

(©) measuring the T cell repertoire clonality of the subject in the presence and

absence of the candidate adjuvant; and

(d) identifying the candidate adjuvant as useful in cancer therapy if the T cell
repertoire clonality measured in the presence of the candidate adjuvant is lower than the T cell

repertoire clonality measured in the absence of the candidate adjuvant.
21. The method of claim 20 further comprising:

(a) measuring at least one adverse event developing in response to the
immunomodulatory cancer therapy in the presence or absence of the candidate adjuvant;

and

(b) selecting the candidate adjuvant as a cancer adjuvant for immunomodulatory
therapy if the frequency or severity of at least one adverse event developing in the
presence of the candidate adjuvant is lower than the frequency or severity of the adverse

event or events developing in the absence of the candidate adjuvant.

22. A method of assessing the risk of a cancer patient developing an immune-related

adverse event (IRAE) comprising:

(a) obtaining a biological sample from the cancer patient;
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(b) measuring the T cell repertoire clonality; and

(c) identifying a cancer patient as being at risk of developing an IRAE if the clonality

measure for that patient falls below a threshold clonality measure.

23. The method of claim 22 wherein the cancer patient providing the biological

sample has been treated for the cancer.

24. The method of claim 23 wherein the cancer treatment is immunomodulatory

cancer therapy.
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