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(57) Abstract: Disclosed are methods for determining the immunological status of the adaptive immune system of a subject by
identifying and quantifying rearranged DNA (and/or subsequently transcribed RNA) sequences encoding T cell receptor (TCR)
and/or immunoglobulin (IG) polypeptides, in a lymphoid DNA-containing sample from the subject. TCR and/or IG sequence di-
versity and sequence distribution permit immunocompetence and immune repertoire assessment and retlect the degree of T cell or B
cell clonality and clonal expansion in the sample. Methods for stratifying patient populations on the basis of immunocompetence in -
cluding likelihood of responding to immunotherapy are also described.
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IMMUNOCOMPETENCE ASSESSMENT BY ADAPTIVE IMMUNE RECEPTOR
DIVERSITY AND CLONALITY CHARACTERIZATION

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application No. 61/708,534,
filed October 1, 2012, the entire disclosure of which is hereby incorporated by reference in its
entirety for all purposes.

STATEMENT OF GOVERNMENT INTEREST

[0002] This invention was made with government support under Grant No. RHL106868A
awarded by the National Heart, Blood and Lung Institute of the National Institutes of Health.
The government has certain rights in this invention.

BACKGROUND

Technical Field

[0003] The present disclosure relates generally to assessment of immunocompetence of a
subject’s adaptive immune system by highly sensitive, high throughput DNA sequence-based
quantification of the diversity and frequency of occurrence (e.g., clonal expansion) of
adaptive immune cells having a particular rearranged T cell receptor (TCR) or
immunoglobulin (IG or Ig) encoding gene sequence. Information about the immunological
status of a subject or a population of subjects can be used, for example, to characterize an
individual or to stratify a patient population with respect to ability to mount an immune
response or likelihood of responding to immunotherapy or the likelihood of developing an
immune-mediated side effect in response to said therapy, or to otherwise inform a course of
clinical immunotherapy management.

Description of the Related Art

[0004] The adaptive immune system protects higher organisms against infections and other
pathological events that can be attributable to foreign substances, using adaptive immune
receptors, the antigen-specific recognition proteins that are expressed by hematopoietic cells
of the lymphoid lineage and that are capable of distinguishing self from non-self molecules in
the host. These lymphocytes can be found in the circulation and tissues of a host, and their
recirculation between blood and the lymphatics has been described, including their
extravasation via lymph node high endothelial venules, as well as at sites of infection,
inflammation, tissue injury and other clinical insults. (See, e.g., Stein et al., 2005 Immunol.
116:1-12; DeNucci et al., 2009 Crit. Rev. Immunol. 29:87-109; Marelli-Berg et al., 2010
Immunol. 130:158; Ward et al., 2009 Biochem. J. 418:13; Gonzalez et al., 2011 Ann. Rev.
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Immunol. 29:215; Kehrl et al., 2009 Curr. Top. Microb. Immunol. 334:107; Steinmetz et al.,
2009 Front. Biosci. (Schol. Ed.) 1:13.)

[0005] Accordingly, the dynamic nature of movement by lymphocytes throughout a host
organism is reflected in changes in the qualitative (e.g., antigen-specificity of the clonally
expressed adaptive immune receptor (immunoglobulin or T cell receptor), T cell versus B
cell, T helper (Ty) cell versus T regulatory (Ty,) cell, effector T cell versus memory T cell,
etc.) and quantitative distribution of lymphocytes among tissues, as a function of changes in
host immune status.

[0006] The adaptive immune system employs several strategies to generate a repertoire of
T- and B-cell antigen receptors with sufficient diversity to recognize the universe of potential
pathogens. B lymphocytes mature to express antibodies (immunoglobulins, Igs) that occur as
heterodimers of a heavy (H) and light (L) chain polypeptide, while T lymphocytes express
heterodimeric T cell receptors (TCR). The ability of T cells to recognize the universe of
antigens associated with various cancers or infectious organisms is conferred by its T cell
antigen receptor (TCR), which is a heterodimer comprising an o (alpha) chain and a 8 (beta)
chain, or a y (gamma) and a o (delta) chain. The proteins that make up these chains are
encoded by DNA that employs a unique mechanism for generating the tremendous diversity
of the TCR. This multi-subunit immune recognition receptor associates with the CD3
complex and binds to peptides presented by the major histocompatibility complex (MHC)
class I and II proteins on the surface of antigen-presenting cells (APCs). Binding of TCR to
the antigenic peptide on the APC is a central event in T cell activation, which occurs at an
immunological synapse at the point of contact between the T cell and the APC.

[0007] Each TCR peptide contains variable complementarity determining regions (CDRs),
as well as framework regions (FRs) and a constant region. The sequence diversity of af T
cells is largely determined by the amino acid sequence of the third complementarity-
determining region (CDR3) loops of the o and B chain variable domains, which diversity is a
result of recombination between variable (Vp), diversity (Dg), and joining (Jp) gene segments
in the  chain locus, and between analogous V, and J, gene segments in the o chain locus,
respectively. The existence of multiple such gene segments in the TCR a and P chain loci
allows for a large number of distinct CDR3 sequences to be encoded. CDR3 sequence
diversity is further increased by deletion and template-independent addition of nucleotides at
the Vp-Dp, Dp-Jp, and V-J,, junctions during the process of TCR gene rearrangement. In this

respect, immunocompetence is reflected in the diversity of TCRs.
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[0008] The yd TCR is distinctive from the of TCR in that it encodes a receptor that
interacts closely with the innate immune system. TCRY9, is expressed early in development,
has specialized anatomical distribution, has unique pathogen and small-molecule
specificities, and has a broad spectrum of innate and adaptive cellular interactions. A biased
pattern of TCRy V and J segment expression is established early in ontogeny as the restricted
subsets of TCRyd cells populate the mouth, skin, gut, vagina, and lungs prenatally.
Consequently, the diverse TCRy repertoire in adult tissues is the result of extensive peripheral
expansion following stimulation by environmental exposure to pathogens and toxic
molecules.

[0009] Igs expressed by B cells are proteins consisting of four polypeptide chains, two
heavy chains (H chains) and two light chains (L chains), forming an H,L; structure. Each
pair of H and L chains contains a hypervariable domain, consisting of a Vi and a Vy region,
and a constant domain. The H chains of Igs are of several types, u, 0, v, o, and . The
diversity of Igs within an individual is mainly determined by the hypervariable domain.
Similar to the TCR, the V domain of H chains is created by the combinatorial joining of the
Vi, Dy, and Jy gene segments. Hypervariable domain sequence diversity is further increased
by deletion and template-independent addition of nucleotides at the Vy-Dy, Dy-Ju, and Vu-Ju
junctions during the process of Ig gene rearrangement. In this respect, immunocompetence is
reflected in the diversity of Igs.

[0010] Quantitative characterization of adaptive immune cells based on the presence in
such cells of functionally rearranged Ig and TCR encoding genes that direct productive
expression of adaptive immune receptors has been achieved using biological samples from
which adaptive immune cells can be readily isolated in significant numbers, such as blood,
lymph or other biological fluids. In these samples, adaptive immune cells occur as particles
in fluid suspension. See, e.g., US 2010/0330571; see also, e.g., Murphy, Janeway’s
Immunobiology (8" Ed.), 2011 Garland Science, NY, Appendix L, pp. 717-762.

[0011] The adaptive immune system has long been implicated as having a role in the
recognition of cancer cells, and in the ensuing generation of an immune response to eliminate
tumors (e.g., Murphy, Janeway’s Immunobiology (8™ Ed.), 2011 Garland Science, NY, pp.
682-697; Pandolfi et al., 2011 Clin. Dev. Immunol. Article ID894704; Draghiciu ef al., 2011
Clin. Dev. Immunol. Article ID439053). Variability among the antigenic profiles presented
by different cancer cells, and variability in the robustness of different individuals’ anti-tumor
immune responses, have led to a number of widely different clinical approaches that are

generally referred to as cancer immunotherapy, by which efforts are made to induce, recruit,
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enhance or otherwise potentiate the adaptive immune response, in this context, by
encouraging anti-tumor immunity.

[0012] Such immunotherapeutic approaches represent preferable alternatives to
conventional cancer therapies, that can be non-cancer cell-specific and can involve harsh
cytotoxic regimens such as radiation and chemotherapy. Cancer immunotherapy is
sometimes administered to patients who also receive chemotherapy and/or radiation therapy,
but because chemotherapy and radiation are particularly cytotoxic toward dividing cells,
whilst immunocyte proliferation can be a cardinal feature of many immune responses, such
approaches can counterproductively compromise the adaptive immune system and thus can
be accompanied by difficulties in arriving at effective therapeutic regimens.

[0013] Accordingly, it would be desirable to have a detailed understanding of a patient’s
immunological status in order to design an effective immunotherapy regimen, in the context
of cancer and also, for example, in cases of hematopoietic cell transplant or solid organ
transplant (e.g., to detect and appropriately treat immunological rejection of a graft), in the
treatment of microbial infections, and to optimize responses to vaccines. The presently-
described embodiments address these needs and provide other related advantages.
SUMMARY OF INVENTION

[0014]  According to certain embodiments of the present invention, a method is provided
for determining an immunological status of a test subject, comprising obtaining nucleic acid
sequence information generated from one or more samples comprising nucleic acids from
lymphoid cells of said test subject, wherein said nucleic acid sequence information
comprising sequences for a plurality of unique rearranged nucleic acid sequences, each of
said plurality of unique rearranged nucleic acid sequences encoding an AIR polypeptide, said
one or more samples obtained from said test subject at one or more time points for said one or
more samples, using said nucleic acid sequence information, determining a total number of
observed rearranged sequences in said sample; determining a total number of unique
rearranged DNA sequences in said sample; quantifying an AIR sequence diversity score for
said one or more samples based on said total number of unique rearranged DNA sequences;
quantifying an AIR sequence distribution score for said one or more samples by calculating a
frequency of occurrence of each unique rearranged DNA sequence as a percentage of said
total number of observed rearranged sequences in said one or more samples; and determining
a test subject rating score for determining said immunological status of said test subject based
on said AIR sequence diversity score and said AIR sequence distribution score of said test

subject.
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[0015] In some embodiments, the method includes comparing said test subject rating
scores for said one or more samples to a second set of control subject rating scores obtained
from samples from a control subject and determining said immunological status of said test
subject at said one or more time points, wherein said test subject is determined to have a
immunological status at said one or more time points that is different from an immunological
status of said control subject, if a difference between said test subject rating score and said
control subject rating score is statistically significant and wherein said test subject is
determined to have the same immunological status of said control subject if there is no
statistically significant difference between said test subject rating score and said control
subject rating score.

[0016] In certain embodiments, the nucleic acids comprise genomic DNA. In other
embodiments, the nucleic acids comprise cDNA. In some embodiments, the nucleic acids
comprise messenger RNA.

[0017] In some embodiments, the methods of the invention also include steps for
quantifying an AIR sequence distribution score for said subject comprising determining a
number of unique rearranged AIR sequences that have a combined frequency of occurrence
of up to 50% of the total number of observed rearranged sequences in said sample; and
characterizing a AIR sequence distribution score as a low score if the number of unique
rearranged AIR sequences that have a combined frequency of occurrence of up to 50% of the
total number of observed rearranged sequences in said sample is less than or equal to a
predetermined threshold.

[0018] In one embodiment, the method includes quantifying an AIR sequence distribution
score for said subject comprising determining a number of unique rearranged AIR sequences
that have a combined frequency of occurrence of up to 40% of the total number of observed
rearranged sequences in said sample; and characterizing a AIR sequence distribution score as
a low score if the number of unique rearranged AIR sequences that have a combined
frequency of occurrence of up to 40% of the total number of observed rearranged sequences
in said sample is less than or equal to a predetermined threshold.

[0019] In another embodiment, the method includes quantifying an AIR sequence
distribution score for said subject comprising determining a number of unique rearranged
AIR sequences that have a combined frequency of occurrence of up to 30% of the total
number of observed rearranged sequences in said sample; and characterizing a AIR sequence

distribution score as a low score if the number of unique rearranged AIR sequences that have



WO 2014/055561 PCT/US2013/062925

a combined frequency of occurrence of up to 30% of the total number of observed rearranged
sequences in said sample is less than or equal to a predetermined threshold.

[0020] In yet another embodiment, the method includes quantifying an AIR sequence
distribution score for said subject comprising determining a number of unique rearranged
AIR sequences that have a combined frequency of occurrence of up to 20% of the total
number of observed rearranged sequences in said sample; and characterizing a AIR sequence
distribution score as a low score if the number of unique rearranged AIR sequences that have
a combined frequency of occurrence of up to 20% of the total number of observed rearranged
sequences in said sample is less than or equal to a predetermined threshold.

[0021] In other embodiments, the method comprises quantifying an AIR sequence
distribution score comprising selecting at least one unique rearranged sequence having the
highest frequency of occurrence at each time point compared with the frequency of
occurrences for each of the remaining unique rearranged sequences in said sample and
determining a profile of AIR sequence distribution for said at least one unique rearranged
sequence over time in said test subject.

[0022] In another embodiment, the method comprises selecting a plurality of the most
abundant unique AIR rearranged sequence having a frequency of occurrence at each time
point that is statistically significantly higher than an average frequency of occurrence for the
total number of unique rearranged DNA sequences and determining a profile of AIR
sequence distribution for each of said most abundant unique rearranged sequences over time
in said test subject.

[0023] In yet another embodiment, the method includes quantifying said AIR sequence
diversity score comprises determining a total number of unique clones in said sample.

[0024] In certain embodiments, the control subject has a known immunological status. In
one embodiment, the control subject is a healthy subject and has an uncompromised
immunological status. In another embodiment, the control subject has a compromised
immunological status.

[0025] In some embodiments, the control subject has a known outcome of response to
immunotherapy. In one embodiment, the response is a positive response to immunotherapy.
In an embodiment, the response is a poor response to immunotherapy.

[0026] In another embodiment, the test subject is predicted to have the same outcome of
response to immunotherapy as compared to the control subject. In yet another embodiment,
test subject is predicted to have a different outcome of response to immunotherapy as

compared to the control subject.
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[0027] In certain embodiments, the control subject has a known outcome of response to a
stem cell transplant. In one embodiment, the response can be a positive response to the stem
cell transplant. In another embodiment, the response is a poor response to the stem cell
transplant. In yet another embodiment, the test subject is predicted to have the same outcome
of response to the stem cell transplant as compared to the control subject. In other
embodiments, the test subject is predicted to have a different outcome of response to the stem
cell transplant as compared to the control subject.

[0028] In certain aspects, the control subject has a known outcome of response to a
treatment. In some aspects, the treatment comprises an immunotherapeutic antibody, a
cytokine, a hematopoietic cell transplant, an immunosuppressive agent, or a vaccine.

[0029] In other aspects, the one or more samples comprise solid tissue samples obtained
from the test subject.

[0030] In one aspect, the one or more samples comprise blood samples obtained from the
test subject. In certain embodiments, where the one or more samples comprise blood
samples, a low AIR sequence diversity score and a low AIR sequence distribution score are
characterized as a low test subject rating score and are indicative of a high TCR clonality in
said test subject. In other embodiments, a low test subject rating score is predictive of a poor
response to immunotherapy in said test subject. In another embodiment, a high AIR
sequence diversity score and a high AIR sequence distribution score are characterized as a
high test subject rating score and are indicative of a low TCR clonality. In other
embodiments, a high test subject rating score is predictive of a positive response to
immunotherapy in said test subject.

[0031] In other embodiments, the test subject has been treated with immunotherapy. In
some embodiments, the immunotherapy comprises administration of an inhibitor of a
negative regulator of the immune system. In one embodiment, the negative regulator is
selected from a group consisting of CTLA-4 and PD-1. In another embodiment, the negative
regulator is CTLA-4. In yet another embodiment, the negative regulator is PD-1. In certain
aspects, the inhibitor is an anti-CTLA-4 antibody. In another aspect, the inhibitor is an anti-
PD-1 antibody.

[0032] In yet other aspects, the one or more samples comprise solid tumor samples
obtained from the test subject. In some embodiments, in solid tumor samples, a high AIR
sequence diversity score and a high AIR sequence distribution score are characterized as a

low test subject rating score and are indicative of a low TCR clonality in said test subject.
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[0033] In one embodiment, in solid tumor samples, a low test subject rating score is
predictive of a poor response to immunotherapy. In another embodiment, a low AIR
sequence diversity score and a low AIR sequence distribution score are characterized as a
high test subject rating score and are indicative of a high TCR clonality. In one embodiment,
a high test subject rating score is predictive of a positive response to immunotherapy in said
subject.

[0034] In another embodiment, the test subject has been treated with immunotherapy. In
one embodiment, the immunotherapy comprises administration of an inhibitor of a negative
regulator of the immune system. In some aspects, the negative regulator is selected from a
group consisting of CTLA-4 and PD-1. In one embodiment, the negative regulator can be
CTLA-4. In another embodiment, the negative regulator can be PD-1. In other
embodiments, the inhibitor is an anti-CTLA-4 antibody. In yet other embodiments, the
inhibitor is an anti-PD-1 antibody.

[0035] The method also includes determining a side effect of an immunotherapy treatment
for said test subject indicated by a clonal expansion of at least one clone that has a frequency
of occurrence that is statistically significantly different from a mean frequency of occurrence
of a set of remaining clones in a sample obtained after said immunotherapy treatment. In one
embodiment, the set of remaining clones comprise clones each having a frequency of
occurrence that is in the top 50% of the total clones in said sample. In another embodiment,
the set of remaining clones comprise clones each having a frequency of occurrence that is in
the top 40% of the total clones in said sample. In yet another embodiment, the set of
remaining clones comprise clones each having a frequency of occurrence that is in the top
30% of the total clones in said sample. In other embodiments, the set of remaining clones
comprise clones each having a frequency of occurrence that is in the top 20% of the total
clones in said sample. In one embodiment, the set of remaining clones comprise clones each
having a frequency of occurrence that is in the top 10% of the total clones in said sample. In
one aspect, the at least one clone has a frequency of occurrence that is statistically
significantly different from clones each having a frequency of occurrence that is in the top
quartile of frequency of occurrences in said sample. In other aspects, the clonal expansion of
said at least one clone is indicative of a poor response of said test subject to said
immunotherapy treatment.

[0036] In certain aspects, the method also includes amplifying nucleic acid sequences
obtained from at least one of said samples comprising lymphoid cells of a test subject in a

multiplexed polymerase chain reaction (PCR) assay using (1) a plurality of AIR V-segment
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oligonucleotide primers and (2) either a plurality of AIR J-segment oligonucleotide primers
or a plurality of AIR C-segment oligonucleotide primers.

[0037] In some embodiments, the plurality of AIR V-segment oligonucleotide primers are
cach independently capable of specifically hybridizing to at least one polynucleotide
encoding a mammalian AIR V-region polypeptide, wherein each AIR V-segment
oligonucleotide primer comprises a nucleotide sequence of at least 15 contiguous nucleotides
that is complementary to at least one functional AIR-encoding gene segment, wherein said
plurality of AIR V-segment oligonucleotide primers specifically hybridize to substantially all
functional AIR V-encoding gene segments that are present in said sample. In one
embodiment, the plurality of J-segment oligonucleotide primers are each independently
capable of specifically hybridizing to at least one polynucleotide encoding a mammalian AIR
J-region polypeptide, wherein each J-segment primer comprises a nucleotide sequence of at
least 15 contiguous nucleotides that is complementary to at least one functional AIR J-
encoding gene segment, wherein said plurality of J-segment primers specifically hybridize to
substantially all functional AIR J-encoding gene segments that are present in the sample. In
another embodiment, the plurality of C-segment oligonucleotide primers are each
independently capable of specifically hybridizing to at least one polynucleotide encoding a
mammalian AIR C-region polypeptide, wherein each C-segment primer comprises a
nucleotide sequence of at least 15 contiguous nucleotides that is complementary to at least
one functional AIR C-encoding gene segment, wherein the plurality of C-segment primers
specifically hybridize to substantially all functional AIR C-encoding or gene segments that
are present in the sample.

[0038] In certain aspects, the plurality of AIR V-segment oligonucleotide primers, and (2)
either said plurality of AIR J- segment oligonucleotide primers and said plurality of AIR C-
segment oligonucleotide primers are capable of promoting amplification in said multiplex
PCR of substantially all rearranged AIR CDR3-encoding regions in said sample to produce a
plurality of amplified rearranged DNA molecules from a population of adaptive immune cells
in said sample, said plurality of amplified rearranged DNA molecules being sufficient to
quantify the full diversity of said AIR CDR3-encoding region in said at least one sample.
[0039] In some embodiments, each functional AIR V-encoding gene segment comprises a
V gene recombination signal sequence (RSS) and each functional AIR J-encoding gene
segment comprises a J gene RSS, wherein each amplified rearranged DNA molecule
comprises (i) at least 10, 20, 30 or 40 contiguous nucleotides of a sense strand of said AIR V-

encoding gene segment, wherein said at least 10, 20, 30 or 40 contiguous nucleotides are
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situated 5’ to said V gene RSS and (i1) at least 10, 20 or 30 contiguous nucleotides of a sense
strand of said AIR J-encoding gene segment, wherein said at least 10, 20 or 30 contiguous
nucleotides are situated 3’ to said J gene RSS. In one embodiment, each amplified
rearranged DNA molecule in said plurality of amplified rearranged DNA molecules is less
than 1500 nucleotides in length. In another embodiment, each amplified rearranged DNA
molecule in said plurality of amplified rearranged DNA molecules is less than 1000
nucleotides in length. In yet another embodiment, each amplified rearranged DNA molecule
in said plurality of amplified rearranged DNA molecules is less than 600 nucleotides in
length. In other embodiments, each amplified rearranged DNA molecule in said plurality of
amplified rearranged DNA molecules is less than 500 nucleotides in length. In one aspect,
cach amplified rearranged DNA molecule in said plurality of amplified rearranged DNA
molecules is less than 400 nucleotides in length. In another aspect, each amplified rearranged
DNA molecule in said plurality of amplified rearranged DNA molecules is less than 300
nucleotides in length. In yet another aspect, each amplified rearranged DNA molecule in said
plurality of amplified rearranged DNA molecules is less than 200 nucleotides in length. In
some embodiments, each amplified rearranged DNA molecule in said plurality of amplified
rearranged DNA molecules is less than 100 nucleotides in length. In a preferred
embodiment, each amplified rearranged DNA molecule in said plurality of amplified
rearranged DNA molecules is between 50-600 nucleotides in length.

[0040] In some aspects, the method includes selecting a set of unique rearranged sequences
in one of said samples having a frequency of occurrence that is statistically significantly
higher compared with other unique rearranged sequences in said sample. In certain aspects,
the high frequency of occurrence is determined by a pre-determined threshold percentage. In
one aspect, the selected number of unique rearranged sequences in said set is determined by a
pre-determined number. In other embodiments, the method includes determining from said
set whether one of said high frequency unique rearranged sequences is persistent or transient,
wherein a persistent unique rearranged sequence is present across two or more samples
obtained from said test subject over subsequent periods of time, and wherein a transient
unique rearranged sequence is present in only one sample obtained at one timepoint from said
subject.

[0041] The method also includes determining a course of immunotherapy for said subject
based on the presence of one or more persistent unique rearranged sequences in said two or
more samples of said test subject, wherein the presence of persistent unique rearranged

sequences indicates an increased likelihood that said subject has a healthy immune status. In

10
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some embodiments, the presence of said one or more persistent unique rearranged sequences
in said subject is predictive of a positive response to immunotherapy treatment by said
subject. The method of the invention includes determining a course of immunotherapy for
said subject based on a presence of one or more transient unique rearranged sequences in said
one or more samples of said test subject, wherein said presence of said one or more transient
unique rearranged sequences indicates an increased likelihood that said subject has a
compromised immune status. In another embodiment, the presence of said one or more
transient unique rearranged sequences in said subject is predictive of a poor response to
immunotherapy treatment by said subject.

[0042] In some embodiments, the method of the invention provides steps for categorizing a
test subject having a low test subject rating score in said one or more samples as having a
lower relative likelihood of responding to immunotherapy in comparison to a second subject
having a higher rating score; and stratifying a patient population of test subjects according to
relative likelihood of responding to immunotherapy. The method includes determining said
test subject rating score comprises extrapolating based on a mathematical model a total AIR
repertoire diversity of said test subject by sequencing said nucleic acid sequences from one of
said samples and determining a test subject rating score from said total AIR repertoire
diversity. In one embodiment, the mathematical model is an unseen species model.

[0043] In another embodiment, determining said test subject rating score comprises
calculating a Shannon entropy score and a clonality score and determining a test subject
rating score based on said Shannon entropy score and said clonality score. In one
embodiment, the clonality score is a transform of the Shannon entropy score.

[0044] In other aspects of the invention, the adaptive immune receptor (AIR) polypeptide
is a mammalian AIR polypeptide and is selected from a T cell receptor-gamma (TCRG)
polypeptide, a T cell receptor-beta (TCRB) polypeptide, a T cell receptor-alpha (TCRA)
polypeptide, a T cell receptor-delta (TCRD) polypeptide, an immunoglobulin heavy-chain
(IGH) polypeptide, and an immunoglobulin light-chain (IGL) polypeptide. In some
embodiments, the IGH polypeptide is selected from an IgM, an IgA polypeptide, an IgG
polypeptide, an IgD polypeptide and an IgE polypeptide. The IGL polypeptide can be
selected from an IGL-lambda polypeptide and an IGL-kappa polypeptide. In one
embodiment, the mammalian AIR polypeptide is a human AIR polypeptide. In another
embodiment, the mammalian AIR polypeptide is selected from a non-human primate AIR
polypeptide, a rodent AIR polypeptide, a canine AIR polypeptide, a feline AIR polypeptide
and an ungulate AIR polypeptide.
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[0045] In certain embodiments, the test subject is selected from: a subject having or
suspected of having a malignant condition, a subject who has received a hematopoietic cell
transplant, a subject who has received a solid organ transplant, and subject having a microbial
infection. In some embodiments, the malignant condition is selected from a hematologic
malignancy, a melanoma, a sarcoma and a carcinoma. The malignant condition can be
selected from malignant melanoma, small cell lung cancer, non-small cell lung cancer, renal
cell carcinoma, pancreatic cancer, breast cancer, ovarian cancer and prostate cancer.

[0046] In other embodiments, the hematopoictic cell transplant is selected from a cord
blood transplant, an autologous hematopoietic cell transplant, an allogeneic hematopoietic
cell transplant, and a bone marrow transplant. In one embodiment, the hematopoietic cell
transplant comprises an autologous T cell transplant.

[0047] In other aspects, the plurality of time points comprise timepoints during or after
immunotherapy. In another aspect, the plurality of time points comprise timepoints prior to
immunotherapy.

[0048] In other embodiments, the method includes steps for managing a treatment of said
test subject who is undergoing immunotherapy based on a determination of said
immunological status of said test subject. In one embodiment, the immunotherapy comprises
a treatment with an immunotherapy agent that is selected from an immunotherapeutic
antibody, a cytokine, a hematopoietic cell transplant, an immunosuppressive agent, and a
vaccine.

[0049] In another embodiment, the immunotherapy comprises a treatment with an inhibitor
of a negative regulator of an immune response. In some aspects, the negative regulator of an
immune response is selected from CTLA4/CD152, LAG3/CD223, and PD-1/CD279. In an
embodiment, the negative regulator of an immune response can be CTLA-4/CD152 and said
inhibitor of said negative regulator of an immune response can be an anti-CTLA-4 antibody.
In another embodiment, the anti-CTLA-4 antibody is selected from ipilimumab and
tremelimumab. In some embodiments, the negative regulator of an immune response is PD-
1/CD279 and said inhibitor of the negative regulator of an immune response is an anti-PD-1
antibody. In another embodiment, the immunotherapy comprises a treatment with an agent
that targets a potentiator of an immune response. In yet another embodiment, the potentiator
of an immune response is selected from 41BB/CD137, 0X40/CD134 and CD40.

[0050] In other embodiments, the immunotherapy comprises a treatment of an
inflammatory condition or an autoimmune disease with an inhibitor of an inflammatory

pathway. In certain embodiments, the inflammatory condition or said autoimmune disease is
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selected from rheumatoid arthritis, psoriatic arthritis, ankylosing spondylitis, Crohn’s discase
and juvenile idiopathic arthritis. In one embodiment, the inflammatory pathway comprises
at least one of tumor necrosis factor-alpha (TNFa), interferon-gamma (IFNy), interleukin-1
(IL-1), interleukin-6 (IL-6), interleukin-8 (IL-8). In other embodiments, the inflammatory
pathway comprises TNFa and said inhibitor of the inflammatory pathway is an agent that
specifically binds to TNFa. In another embodiment, the agent that specifically binds to
TNFa is selected from an anti-TNFa antibody and an artificial soluble TNFa receptor. In one
embodiment, the anti-TNFa antibody is selected from adalimumab and infliximab and said
artificial soluble TNFa receptor is etanercept.

[0051] In other embodiments, a computer-implemented method is provided for
determining an immunological status of a test subject, comprising: storing data for a control
subject obtained from a plurality of samples at various timepoints, said data comprising for
cach sample, nucleic acid sequence information for a plurality of unique rearranged nucleic
acid sequences in said sample, an AIR sequence diversity score for said sample, a frequency
of occurrence of each unique rearranged nucleic acid sequence in said sample, and a
determined immunological status for said subject; determining rules by a processor for
assessing an immunological status of a test subject based on said data of said control subject;
inputting data for a test subject for a plurality of samples obtained at various timepoints
before and after immunotherapy, said data comprising for each sample, nucleic acid sequence
information for a plurality of unique rearranged nucleic acid sequences in said sample, an
AIR sequence diversity score for said sample, and a frequency of occurrence of each unique
rearranged nucleic acid sequence in said sample; and receiving a determination of an
immunological status of said test subject. In some embodiments, the method includes
determining a predicted response to immunotherapy of said test subject. In one embodiment,
the data for said control subject comprises nucleic acid sequence information obtained from
said control subject at a timepoint prior to immunotherapy treatment. In another
embodiment, the data for said control subject comprises nucleic acid sequence information
obtained from said control subject at a timepoint after immunotherapy treatment.

[0052] These and other aspects of the herein described invention embodiments will be
evident upon reference to the following detailed description and attached drawings. All of
the U.S. patents, U.S. patent application publications, U.S. patent applications, foreign
patents, foreign patent applications and non-patent publications referred to in this
specification and/or listed in the Application Data Sheet are incorporated herein by reference

in their entirety, as if each was incorporated individually. Aspects and embodiments of the
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invention can be modified, if necessary, to employ concepts of the various patents,
applications and publications to provide yet further embodiments.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

[0053] Figure 1 illustrates TCR clones that remained over time after myeloablative
treatment. Shown is the range of values for the proportion of each patient’s repertoire
represented by clones that were held over after stem cell transplant. The bottom quartile
ranged to zero. The proportion of holdover clones was calculated as the proportion of total
TCR sequencing reads corresponding to clones observed (at any level) before transplant.
Values indicated some persistence of pre-transplant clones in these patients’ TCR repertoires.
[0054] Figure 2 shows the number of transient TCR clones observed in patients during
carly immune reconstitution, at 28, 56, 100 and 180 days post-transplant, as compared with
healthy controls. For each sample, each of the top 10 TCR clones by frequency was
classified as either persistent (observed again in the same patient at a later time point) or
transient (not observed again at any level in subsequent samples from the same patient). The
number of transient clones was highly variable among patients, ranging from 0 to 9, but the
median number of transient clones decreased with time. Four healthy controls were also
analyzed, and the number of transient TCR clones ranged from 0 to 2 with a median of 0.
[0055] Figure 3 illustrates TCR repertoire reconstitution after stem cell transplant, shown
in TCR repertoire size across all patients following hematopoietic stem cell transplant.
Samples were taken before transplant and five times after transplant (at days 28, 56, 100, 180
and 365). TCR repertoire size for each patient was estimated using high-throughput
sequencing of TCR rearrangements, and the geometric mean of estimated TCR repertoire size
is shown. After transplant, patients had a vastly reduced TCR repertoire that reached its
minimum 56 days post- transplant, before beginning a slow recovery.

[0056] Figure 4 shows an estimated TCR repertoire size comparison based on high-
throughput sequencing of TCRJ rearrangements for all patients with and without eventual
non-relapse mortality (NRM). TCR repertoire size values are shown as quartiles for both
populations. Significance was assessed using a one-tailed Mann-Whitney U test. Patients
who went on to suffer from non-relapse mortality had significantly lower estimated repertoire
sizes at 56 and 100 days post-transplant.

[0057] Figure 5 shows a comparison of CD3+ counts and estimated TCR repertoire size.
CD3+ counts (number of cells/mL) were compared to estimated TCR repertoire size for
samples from all surviving patients from days 28, 56 and 100 for which both metrics were

available. There was a weak correlation between CD3+ counts and repertoire size (= 0.06),
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indicating that an estimate on the lower bound of TCRf diversity obtained through
sequencing revealed information independent of the total density of circulating T cells.
[0058] Figure 6 shows TCR repertoire clonality in blood samples. In blood samples, low
TCR repertoire clonality was a predictor of immunotherapy (treatment with ipilimumab (an
anti-CTLA-4 mAb)) responder status and high TCR repertoire clonality was a predictor of
immunotherapy non-responder status.

[0059] Figure 7 shows results from quantitative sequencing of TCR encoding DNA from
tumor tissue samples. The results show an increase in TCR clonality in lymphocytes present
in solid tumor tissue samples obtained after administration of immunotherapy (treatment with
ipilimumab (an anti-CTLA-4 mAb)) (DT) relative to the level of TCR clonality detected in
tumor samples obtained prior to immunotherapy (AT).

[0060] Figure 8 shows dynamics in the relative representations of individual TCR clonal
populations over time in blood samples and in solid tumor samples obtained prior to
immunotherapy (treatment with ipilimumab (an anti-CTLA-4 mAb)) and post
immunotherapy. Timepoints A, B, and C are timepoints taken from blood samples.
Timepoint A is before immunotherapy, and timepoints B and C are two timepoints after
starting the immunotherapy regimen. Timepoints AT, BT, CT are paired tumor samples (AT
is before immunotherapy, and timepoints BT and CT are two timepoints after starting the
immunotherapy regimen). The arrow indicates a single clone that has increased in
preponderance post-therapy to account for 10% of the repertoire at timepoint CT. Two
clones (X1 and X2) that each accounted for 7-9% of TCR sequences in blood at timepoints A
and B subsequently declined significantly in relative abundance, while several T cell receptor
sequences that initially had very low frequencies in blood increased significantly by
timepoint C. The three most numerous clones in tumor samples at timepoint A decreased
significantly in their subsequent relative representation, as determined at later timepoints.
[0061] Figure 9 shows TCR sequence diversity and distribution entropies determined in
peripheral blood samples obtained prior to (timepoint A) and after (timepoints B and C)
initiation of immunotherapy (treatment with ipilimumab (an anti-CTLA-4 mAb)) shows
dynamics of individual TCR clonal representations over time, pre-therapy (timepoint A) and
post-therapy (timepoints B and C). Arrow indicates a single clone that has increased in
preponderance post-therapy to account for greater than 10% of the repertoire at timepoint C.
[0062] Figure 10A shows measurements of TCR repertoire clonality from tissue samples
from melanoma lesions obtained from late-stage metastatic melanoma patients before, during

and after immunotherapy with anti-PD-1 antibody. The mean and standard deviation of TCR

15



WO 2014/055561 PCT/US2013/062925

repertoire clonality (a modified metric based on TCR sequence distribution entropy
normalized to the range (0 — 1) by accounting for the number of unique TCR sequences
present in each sample) is shown according to response to immunotherapy. Of the 12
patients studied, 8 responded to the treatment (stable disease or partial response), while 4 did
not respond (disease progression). TCR repertoire clonality was higher in the 8 patients who
responded compared to the 4 patients who did not respond (p = 0.015 by two-tailed unpaired
t-test).

[0063] Figure 10B shows the mean and standard deviation of T cell infiltration (measured
as T cell receptor rearrangements per diploid genome) according to response to
immunotherapy obtained from tissue samples of melanoma lesions obtained from a cohort of
12 late-stage metastatic melanoma patients. Measured by a two-tailed unpaired t-test, the
levels of T lymphocyte infiltration were higher in the 8 patients who responded compared to
the 4 patients who did not respond (p = 0.056 by two-tailed unpaired t-test). Immunotherapy
was treatment with an anti-PD-1 antibody.

[0064] Figure 11A shows measurements of TCR repertoire clonality and response to
immunotherapy for cohort 1 (12 patients), cohort 2 (13 patients), and a combined cohort
(obtained from tissue samples of melanoma lesions). Immunotherapy was treatment with an
anti-PD-1 antibody. The mean and standard deviation of TCR repertoire clonality (a
modified metric based on TCR sequence distribution entropy normalized to the range (0 — 1)
by accounting for the number of unique TCR sequences present in each sample) is shown
according to response to immunotherapy in cohort 1 (plain square), cohort 2 (slant striped
square) and in the combined data (straight striped square). TCR sequence distribution
clonality was higher in the patients who responded compared to the patients who did not
respond (p = 0.00065 in the combined data by a two-tailed unpaired t-test).

[0065] Figure 11B shows the mean and standard deviation of T cell infiltration (measured
as T cell receptor rearrangements per diploid genome) according to response to
immunotherapy in cohort 1 (plain square), cohort 2 (slanted stripe square) and in the
combined data (straight stripe square). T cells were obtained from tissue samples of
melanoma lesions. Immunotherapy was treatment with an anti-PD-1 antibody. Levels of T
lymphocyte infiltration are higher in the patients who responded compared to the patients
who did not respond (p = 0.0015 in the combined data by a two-tailed unpaired t-test).
[0066] Figure 11C shows a comparison of each patient’s rank (in descending rank, out of
25 patients total) for level of T cell infiltration and TCR repertoire clonality. T cells were

obtained from tissue samples of melanoma lesions. Immunotherapy was treatment with an
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anti-PD-1 antibody. Compared to responders (diamond), non-responders (circle)
simultaneously tend toward low TCR repertoire clonality and low levels of infiltrating T
lymphocytes.

[0067] Figure 12 is a high-level block diagram illustrating an example of a computer,

according to one embodiment of the invention.

DETAILED DESCRIPTION
L OVERVIEW

[0068] The present invention provides, in certain embodiments and as described herein,
unexpectedly advantageous methods for determining the immunological status of a subject or
of a plurality of subjects, including by qualitatively (e.g., by T cell receptor or
immunoglobulin sequence diversity) and quantitatively (e.g., by TCR or IG sequence
distribution) characterizing adaptive immune cell (e.g., T cell or B cell) clonality, from which
immunocompetence of an individual’s adaptive immune system can be assessed. The present
embodiments thus provide novel methods for assessing the immunocompetence of an
individual and for stratifying a population according to immune system status, where
determination of both the sequence diversity of TCR and/or IG expressed by lymphoid cells
in an individual, and the relative degree of T cell and/or B cell clonality in the individual, are
of relevance to prognosis, diagnosis, and outcome, including likelihood of developing
immune-related side effects, in a variety of clinical contexts.

[0069] The present embodiments for the first time permit high resolution, large-scale, high
throughput assessment of immunocompetence by characterization at the DNA sequence level
of (i) TCR and 1G repertoire diversity, and (ii) TCR and IG repertoire distribution. The
invention includes compositions and methods for quantitative detection of sequences of
substantially all possible TCR and IG gene rearrangements that can be present in a sample
containing lymphoid cell DNA.

[0070] In certain embodiments, a sample containing lymphoid cell DNA (genomic DNA,
cDNA or alternatively, messenger RNA) from a subject is used as a template for multiplexed
PCR amplification using a primer set that is specifically designed to be capable of amplifying
substantially all possible DNA rearrangements encoding a particular TCR or 1G chain. The
multiplex PCR amplification products are amenable to rapid, high throughput, high quality
quantitative DNA sequencing. Structural TCR or IG repertoire diversity in the sample is
determined by identifying a plurality of unique rearranged DNA sequences from the DNA
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sequence information, and therefrom determining the total number of unique sequences in the
sample.

[0071] Where desired, known estimation or extrapolation methods can be used to
determine from the sequence information a repertoire diversity in the subject’s entire adaptive
immune system. To quantify the relative distribution of each unique sequence, quantitative
sequencing methodologies described herein and practiced by those of skill in the art also
permit determination of the frequency of occurrence of each particular uniquely rearranged
DNA sequence amongst the total number of unique sequences. In certain embodiments, a
blood sample can be obtained as the source of lymphoid cells from which lymphoid cell
DNA and/or RNA can be extracted to provide PCR templates.

[0072] These and related methods will find a variety of uses as described herein. For
example, the methods described herein are used to quantify the diversity and distribution of
the adaptive immune receptor (AIR) repertoire within each individual subject’s adaptive
immune system. The methods described herein are also used to stratify a patient population
according to the patient’s immunocompetence status or the relative likelihood of individuals
to respond to an immunotherapy or develop immune-related side effects. Quantification of
AIR sequence diversity (e.g., the number of different unique AIR encoding sequences,
identified by obtaining distinctive nucleotide sequence information for all rearranged DNA
encoding a particular AIR polypeptide in a sample) and of AIR sequence distribution (e.g.,
frequency of occurrence of each unique rearranged AIR encoding DNA sequence)
advantageously permits correlation of T or B cell clonality, defined with unprecedented
precision, with clinically useful information.

[0073] By way of non-limiting theory, this sequence distribution can represent the degree
of T cell or B cell clonality in each sample from a patient (e.g., quantitative degree of
representation, or relative abundance). Any of a number of known computational tools for
processing this distribution parameter can be used to generate distribution values (e.g., the
frequency of occurrence of each unique sequence) and diversity values (e.g., the total number
of different unique sequences). The distribution and diversity values can be used in a rating
step to rate individual samples and compare them to a control sample and/or to one another.
[0074] As described herein, in patients receiving a cord blood transplant to treat
hematologic malignancies, a relatively low degree of TCR repertoire diversity in patients
following the cord blood transplant was shown to be a predictor of the relative likelihood of
susceptibility to infection and of the immunological inability to clear the infection (e.g., poor

response). On the other hand, a relatively high degree of TCR repertoire diversity in human
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patients following cord blood transplant to treat hematologic malignancies was shown to be a
predictor of the relative likelihood of resistance to infection and of immunocompetence, i.e.,
the immunological ability to clear the infection.

[0075] In blood samples obtained from patients before and after immunotherapy with an
inhibitor of a negative regulator of immune response (e.g., anti-CTLA4 antibody), a high
TCR sequence diversity and low clonality in the blood of the patient correlated with positive
clinical outcomes. On the other hand, a TCR repertoire that was characterized by a low TCR
sequence diversity (high clonality) and a lower entropy of TCR sequence distribution was
associated with poorer clinical outcomes that were attributable to compromised adaptive
immune capability.

[0076] In solid tumor samples obtained from patients before and after immunotherapy with
an inhibitor of a negative regulator of immune response (e.g., anti-PD-1 antibody), a high
level of infiltrating T cell presence and high clonality (i.e., evidence of T cell migration to the
tumor and clonal proliferation within the tumor) were associated with a positive response to
immunotherapy. In contrast, a minimal infiltrating T cell repertoire and low clonality in solid
tumors (i.e., evidence of a restricted and non-specific T cell response within the tumor) were
associated with failure to respond to treatment.

[0077] The presently-disclosed embodiments will find a wide range of uses by profiling a
subject’s immunocompetence at a given point in time, for example, as a prognostic or
diagnostic or to inform a therapeutic strategy, and for other purposes.

IL. DEFINITIONS

[0078] Terms used in the claims and specification are defined as set forth below unless
otherwise specified.

[0079] As used herein, adaptive immune receptor (AIR) refers to an immune cell receptor,
such as a T cell receptor (TCR) or an Immunoglobulin (Ig) receptor found in mammalian
cells.

[0080] The term “primer,” as used herein, refers to an oligonucleotide capable of acting as
a point of initiation of DNA synthesis under suitable conditions. Such conditions include
those in which synthesis of a primer extension product complementary to a nucleic acid
strand is induced in the presence of four different nucleoside triphosphates and an agent for
extension (e.g., a DNA polymerase or reverse transcriptase) in an appropriate buffer and at a
suitable temperature.

[0081] The term percent “identity,” in the context of two or more nucleic acid or

polypeptide sequences, refer to two or more sequences or subsequences that have a specified
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percentage of nucleotides or amino acid residues that are the same, when compared and
aligned for maximum correspondence, as measured using one of the sequence comparison
algorithms described below (e.g., BLASTP and BLASTN or other algorithms available to
persons of skill) or by visual inspection. Depending on the application, the percent “identity”
can exist over a region of the sequence being compared, e.g., over a functional domain, or,
alternatively, exist over the full length of the two sequences to be compared.

[0082] For sequence comparison, typically one sequence acts as a reference sequence to
which test sequences are compared. When using a sequence comparison algorithm, test and
reference sequences are input into a computer, subsequence coordinates are designated, if
necessary, and sequence algorithm program parameters are designated. The sequence
comparison algorithm then calculates the percent sequence identity for the test sequence(s)
relative to the reference sequence, based on the designated program parameters.

[0083] Optimal alignment of sequences for comparison can be conducted, e.g., by the local
homology algorithm of Smith & Waterman, Adv. Appl. Math. 2:482 (1981), by the
homology alignment algorithm of Needleman & Wunsch, J. Mol. Biol. 48:443 (1970), by the
search for similarity method of Pearson & Lipman, Proc. Nat'l. Acad. Sci. USA 85:2444
(1988), by computerized implementations of these algorithms (GAP, BESTFIT, FASTA, and
TFASTA in the Wisconsin Genetics Software Package, Genetics Computer Group, 575
Science Dr., Madison, Wis.), or by visual inspection (see Ausubel et al., infra).

[0084] One example of an algorithm that is suitable for determining percent sequence
identity and sequence similarity is the BLAST algorithm, which is described in Altschul et
al.,J. Mol. Biol. 215:403-410 (1990). Software for performing BLAST analyses is publicly-
available through the National Center for Biotechnology Information website
(www.ncbi.nlm.nih.gov).

[0085] The term “sufficient amount” means an amount sufficient to produce a desired
effect, e.g., an amount sufficient to modulate immune response in a cell.

[0086] The term “therapeutically effective amount™ is an amount that is effective to
ameliorate a symptom of a disease. A therapeutically effective amount can be a
“prophylactically effective amount” as prophylaxis can be considered therapy.

[0087] Unless specific definitions are provided, the nomenclature utilized in connection
with, and the laboratory procedures and techniques of, molecular biology, analytical
chemistry, synthetic organic chemistry, and medicinal and pharmaceutical chemistry
described herein are those well known and commonly used in the art. Standard techniques

can be used for recombinant technology, molecular biological, microbiological, chemical
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syntheses, chemical analyses, pharmaceutical preparation, formulation, and delivery, and
treatment of patients.

[0088] Unless the context requires otherwise, throughout the present specification and
claims, the word “comprise” and variations thereof, such as, “comprises” and “comprising”
are to be construed in an open, inclusive sense, that is, as “including, but not limited to.” By
“consisting of”’ is meant including, and typically limited to, whatever follows the phrase
“consisting of.” By “consisting essentially of”” is meant including any elements listed after
the phrase, and limited to other elements that do not interfere with or contribute to the activity
or action specified in the disclosure for the listed elements. Thus, the phrase “consisting
essentially of” indicates that the listed elements are required or mandatory, but that no other
elements are required and can or cannot be present depending upon whether or not they affect
the activity or action of the listed elements.

(13 2% ¢
a

[0089] In this specification and the appended claims, the singular forms an” and
“the” include plural references unless the content clearly dictates otherwise. As used herein,
in particular embodiments, the terms “about” or “approximately” when preceding a numerical
value indicates the value plus or minus a range of 5%, 6%, 7%, 8% or 9%, etc. In other
embodiments, the terms “about” or “approximately” when preceding a numerical value
indicates the value plus or minus a range of 10%, 11%, 12%, 13% or 14%, etc. In yet other
embodiments, the terms “about” or “approximately” when preceding a numerical value
indicates the value plus or minus a range of 15%, 16%, 17%, 18%, 19% or 20%, etc.

[0090] Reference throughout this specification to “one embodiment” or “an embodiment”
or “an aspect” means that a particular feature, structure or characteristic described in
connection with the embodiment is included in at least one embodiment of the present
invention. Thus, the appearances of the phrases “in one embodiment” or “in an embodiment”
in various places throughout this specification are not necessarily all referring to the same
embodiment. Furthermore, the particular features, structures, or characteristics can be

combined in any suitable manner in one or more embodiments.

I1I. QUANTIFICATION METHODS

[0091] Various methods can be used to quantify and assess the immunocompetence of the
subject. In some embodiments, the immunocompetence is assessed by measuring the
subject’s adaptive immune receptor (AIR) sequence diversity and AIR sequence distribution.

A. Adaptive Immune Receptor (AIR) Sequence Diversity

[0092] Diversity of unique rearranged TCR or 1G encoding DNA sequences in lymphoid

cells in a sample reflects the number of different T or B cell clones in a sample from a
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subject. Sequence diversity can be determined as the number of clones in a sample of a
particular size, such as by direct counting or weighted counting in a sample. A sample can be
a blood sample or a tissue sample (solid tumor sample), for example. Alternatively, the
number of different clones in a subject can be estimated based on the number of clones in a
subsample. In another embodiment, an arbitrary cutoff value can be assigned to estimate the
number of different “effective” clones, such as counting toward diversity only those clones
that account for greater than 0.01% of all T or all B cells in the sample. Other models for
weighted or extrapolated diversity determinations are contemplated for use in certain related
embodiments, such as entropy models, the “unseen species model” (see, e.g., Efron et al.,
1976 Biometrika 63:435; Fisher et al., 1943 J. Anim. Ecol. 12:42) or other suitable models as
will be known to those familiar with the art.

[0093] In some embodiments, AIR diversity can be measured by quantitative sequencing
of the total AIR observed sequences in a particular sample. Compositions and methods for
quantitative sequencing of rearranged adaptive immune receptor gene sequences and for
adaptive immune receptor clonotype determination are described, for example, in Robins ef
al., 2009 Blood 114, 4099; Robins et al., 2010 Sci. Translat. Med. 2:47ra64; Robins et al.,
2011 J. Immunol. Meth. do1:10.1016/j.jim.2011.09. 001; Sherwood et al. 2011 Sci. Translat.
Med. 3:90ra61; U.S.AN. 13/217,126, U.S.AN. 12/794,507, WO/2010/151416,
WO/2011/106738 (PCT/US2011/026373), W0O2012/027503 (PCT/US2011/049012),
U.S.AN. 61/550,311, and U.S.AN. 61/569,118, herein incorporated by reference. Therein
can also be found details regarding sequences of PCR amplification oligonucleotide primers
and sequencing primers, sequencing of PCR amplification products, processing sequencing
data, and uses of measurements of adaptive immune receptor diversity, all of which can be
employed for use according to the methods described herein.

[0094] In some embodiments, a sequencing program such as Raw HiSeq™ can be used to
preprocess sequence data to remove errors in the primary sequence of each read, and to
compress the sequence data. A nearest neighbor algorithm can be used to collapse the data
into unique sequences by merging closely related sequences, to remove both PCR and
sequencing errors.

[0095] Quantitative sequencing of TCR or IG as described herein permits assignment of a
diversity score or rating to a sample. In some embodiments, the diversity score or rating can
be determined to be low when there are a small number of unique rearranged AIR sequences
in the repertoire as compared to the total number of observed rearranged AIR sequences in a

sample. The diversity score or rating can be higher when there is a large number of unique
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rearranged AIR sequences in the repertoire as compared to the total number of observed
rearranged AIR sequences in a sample. The determination of a low or high diversity score or
rating can be based on pre-determined thresholds or calculations of statistical significance, as
can be determined by one of skill in the art. For example, a predetermined threshold for
classifying a diversity score or rating as “low” can be, in some embodiments, a score that is
not higher (with statistical significance) than that obtained from blood samples of a subject
population, wherein the population can be a population determined to experience a poor
outcome in response to an immunotherapeutic intervention. In other embodiments, the
predetermined threshold is determined based on calculation of the top or highest 50%, 25%,
10% or 5% of diversity or rating scores determined from rearranged AIR sequences from the
sample.

[0096] As a relative scale, the rating system can be varied or adjusted in view of a number
of factors, including but not limited to, the sample size, method of diversity quantification
(e.g., whether by direct sequencing, or by extrapolation, “hidden species,” etc.), clinical signs
and symptoms of the patient population from whom samples are obtained, etc. For instance,
in certain non-limiting examples, members of a patient population can be categorized on the
basis of relative diversity and/or distribution ratings, and in certain embodiments, arbitrary
segmentation of the population can be practiced. In certain embodiments, the patient
population can be stratified according to (i) the degree of sequence diversity or distribution
by quartile, quintile, decile, etc., or (ii) by rating relative AIR sequence diversity and
distribution entropy in 50, 40, 30, 20 or 10 percent of the total number of sequences as a
correlate of clonality, or (ii1) by selecting the 1, 2, 3,4, 5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16,
17, 18, 19 or 20 most abundant unique AIR sequences at each of a succession of timepoints.
The categorization provides a set of parameters by which immunocompetence can be
assessed.

[0097] As also noted above, using these sequence diversity calculations, it was determined
that in blood samples obtained from patients having undergone hematopoietic stem cell
transplantation, higher AIR sequence diversity scores correlated with higher likelihoods of
favorable clinical outcomes, such as the ability to clear infections. In solid tumor samples
obtained from patients undergoing immunotherapy with anti-PD-1 antibody, high levels of T
cell infiltration and a low infiltrating T cell repertoire diversity were associated with a
positive response to immunotherapy.

[0098] Other known methods for calculating AIR sequence diversity can be used as known

to those of skill in the art. For example, the following works, which are incorporated by
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reference in their entireties, summarize the current theory and practice of estimating diversity
indices from species abundance data, while giving detailed examples of several common
embodiments of diversity index measurement. See Anne E. Magurran and Brian J. McGill.

2011. Biological Diversity: Frontiers in Measurement and Assessment. New York: Oxford

University Press. Other examples of methods for genetic diversity estimation that can be
applied to calculate a diversity score rating can be found in James F. Crow and Motoo

Kimura. 2009. An Introduction to Population Genetics Theory. Blackburn Press.

B. Adaptive Immune Receptor (AIR) Sequence Distribution

[0099] In some embodiments, the AIR sequence distribution can be used to determine and
assess a subject’s immunological status (e.g., immunocompetence). AIR sequence
distribution, such as TCR or IG sequence distribution, refers to the variation among the
number of different T cell or B cell clones in a sample, e.g., the number of cells that express
an identical TCR or IG. For example, AIR sequence distribution can be determined by
quantifying the frequency of occurrence of each unique rearranged AIR encoding DNA
sequence, as a percentage of the total number of observed rearranged AIR encoding DNA
sequences. The quantified distribution of AIR sequences can be used, optionally along with
AIR sequence diversity, to rate or rank the immunocompetence of a subject, according to
certain presently-contemplated embodiments for determining immunological status.

[00100] In some embodiments, an AIR sequence distribution can be determined by, but not
limited to, the following methods: (i) identifying and quantifying at least 1-20 of the most
abundant unique rearranged (clonal) AIR sequences in a subject over a time interval, or (ii)
by identifying and quantifying the number of unique rearranged (clonal) AIR sequences that
are needed to account for a given percentage (e.g., up to 10, 20, 30, 40 or 50%) of the total
number of observed rearranged sequences in a sample from a subject. Other calculations can
additionally or alternatively be employed to determine AIR sequence distribution of a sample
from a subject and to assign a sequence distribution value to a particular sample for purposes
of rating the sample in comparison to a control or another sample with a known
immunological status. These can include, for example, determining entropy (i.e., Shannon
entropy as typically defined in information theory, which can be normalized to the range [0 —
1] by dividing by the logarithm of the number of elements in the sample set) or using other
known methods to determine one or more modes of distribution (e.g., mean, skewness,
kurtosis, etc.). The present methods permit determination of sequence distribution and
clonality with a degree of precision not previously possible and permit a variety of

prognostic, diagnostic, prescriptive and other capabilities.
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C. Determining Immunological Status

[00101] According to certain embodiments, there is provided a method for determining
immunological status of a test subject. In some embodiments, the method includes steps for
identifying, quantifying, rating, comparing and categorizing the immunological status of the
test subject.

[00102] In some embodiments, identifying DNA sequence information for each of a
plurality of unique rearranged DNA sequences that encode an adaptive immune receptor
(AIR) polypeptide in one or more samples containing lymphoid cell DNA obtained from a
test subject at each of one or a plurality of timepoints, and determining a total number of
unique rearranged AIR polypeptide encoding DNA sequences in the test subject at each of
the one or a plurality of timepoints to quantify AIR sequence diversity in the subject can be
performed as described above and in Robins et al., 2009 Blood 114, 4099; Robins et al., 2010
Sci. Translat. Med. 2:47ra64; Robins et al., 2011 J. Immunol. Meth.
do0i:10.1016/j.jim.2011.09. 001; Sherwood et al. 2011 Sci. Translat. Med. 3:90ra61; U.S.A.N.
13/217,126, U.S.AN. 12/794,507, W0O/2010/151416, WO/2011/106738
(PCT/US2011/026373), W02012/027503 (PCT/US2011/049012), U.S.A.N. 61/550,311, and
U.S.A.N. 61/569,118, herein incorporated by reference. These references provide description
regarding sequences of PCR amplification oligonucleotide primers and sequencing primers,
sequencing of PCR amplification products, processing sequencing data, and uses of
measurements of adaptive immune receptor diversity.

[00103] After determining the total number of unique rearranged AIR polypeptide encoding
DNA sequences in the test subject at each of said one or a plurality of timepoints, the
frequency of occurrence of each unique rearranged DNA sequence can be quantified as a
percentage of the total number of observed rearranged AIR polypeptide encoding DNA
sequences. For example, if an AIR sequence diversity value is determined from a count of
actual sequence data, that value can be used to determine AIR sequence distribution. In
another example, if AIR sequence diversity data are estimated, such as by extrapolation of a
subsample to the subject’s full adaptive immune system, or using the “unseen species
model,” or by any other estimation method, then any of widely known method for capturing
properties of a distribution can be employed.

1.  Rating the Immunological Status of a Sample from a Subject

[00104] AIR sequence diversity and AIR sequence distribution values for each sample can
be used to rate the immunological status of samples. Any of a wide variety of simple,

weighted and/or sophisticated rating systems can be employed, as can depend on the diversity
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and distribution estimation methods that are used. Preferably and in certain non-limiting
embodiments, a low rating is assigned to a test subject’s sample in which a small number of
unique rearranged sequences in reference to a predetermined threshold have a combined
frequency of occurrence of no more than 50 percent of the total number of observed
rearranged sequences. A higher test subject rating is assigned to a sample in which a higher
number of unique rearranged sequences in reference to a predetermined threshold have a
combined frequency of occurrence of no more than 50 percent of the total number of
observed rearranged sequences. In other words, the rating is lower where a smaller number of
different clones accounts for 50 percent of the total number of observed rearranged
sequences, as would be the case where one or a few dominant clones or oligoclonality are
present. In similar but related embodiments, a lower test subject rating is assigned to a
sample in which a lower number of unique rearranged sequences have a combined frequency
of occurrence of no more than 40, 30, 20 or 10 percent of the total number of observed
rearranged sequences, and a higher test subject rating is assigned to a sample in which a
higher number of unique rearranged sequences have, respectively, a combined frequency of
occurrence of no more than 40, 30, 20 or 10 percent of the total number of observed
rearranged sequences in the sample.

[00105] In some embodiments, the assigned ratings that can then be compared to control
subject ratings generated from control lymphoid cell DNA samples obtained from a second
subject with a known immunological status. In certain embodiments, the second subject has
a known, compromised immunological status, as defined by one of skill in the art. In other
embodiments, the second subject can be a healthy control individual with a known,
uncompromised immunological status according to art-established criteria (e.g., Rich et