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Claims

1. A method of monitoring a lymphoid neoplasm in a patient with defined cancer

clonotypes comprising the steps of:
(a) determining a profile of recombined DNA sequences in T-cells and/or B-

cells comprising the steps of:
(i) obtaining a sample from the patient comprising at least 10,000 T-cells

and/or B-cells;
(ify amplifying molecules of recombined DNA sequences from the T-cells

and/or B-cells of the sample;
(iii) spatially isolating individual molecules of the amplified recombined

DNA sequences; and

(iv) sequencing the amplified recombined DNA sequences to provide at

least 10,000 sequence reads from which to form a clonotype profile; and
(b) evaluating the clonotype profile to determine levels of the defined cancer

clonotypes and clonotypes evolved therefrom.

2, The method of claim 1 further including the step of repeating steps (a) and (b)

to monitor said lymphoid neoplasm in the patient.

3. The method of claim 1 or claim 2 wherein the clones are evolved from the

defined cancer clonotypes by VH replacement.

4, The method of claim 3 wherein the VH replacement is identified by detecting

the D-J junction.

5. The method of claim 1 or claim 2 wherein said clones are evolved from the

defined cancer clonotypes by somatic hypermutation.

6. The method of claim 1 or claim 2 wherein said clones are evolved from the
defined cancer clonotypes by one or more insertions and/or deletions of from 1-10

bases.
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7. The method of claim 1 or claim 2 wherein the clones evolved from the defined
cancer clonotypes are computed based on having identically mutated V region and J

region and a different NDN region.

8. The method of claim 1 or claim 2 wherein the clones evolved from the defined
cancer clonotypes are computed based on:

a) the number of differences in the NDN region,

b) the length of the NDN region, and

c) the position of the NDN region between the V-NDN boundary and J-NDN

boundary.

9. The method of any one of claims 1 to 8 wherein said lymphoid neoplasm is a

malignant lymphoid neoplasm.

10. The method of any one of claims 1 to 9 wherein the nucleic acid is genomic DNA.

11. The method of any one of claims 1 to 10 wherein said recombined sequences
comprise a genomic rearrangement selected from the group consisting of a VDJ
rearrangement of IgH, a DJ rearrangement of IgH, a VJ rearrangement of IgK, a VJ
rearrangement of Igl., a VDJ rearrangement of TCR 8, a DJ rearrangement of TCR B, a
VJ rearrangement of TCR a, a VJ rearrangement of TCR A, a VDJ rearrangement of

TCR 9, and a VD rearrangement of TCR &.

12. The method of any one of claims 1 to 11 wherein said step of sequencing

includes generating at least 10* clonotypes in a range of from 20 to 400 nucleotides.
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What is claimed is:
1. A method of monitoring a disease in a patient, the method comprising the steps of:

(a) identifying one or more patient-specific clonotypes correlated with a disease by determining a clonglype

profile from a sample of lymphbcytes in a disease-related tissue, the sample comprising a repertoire of clonot

from the disease-related tissue; and
(b) determining a clonotype profile from a sample of peripheral blood cells to identify a presen

and/or level of the one or more patient-specific clonotypes correlated with the disease, such periphera,

comprising a repertoire of clonotypes.

the disease or

»

2. The method of claim 1 further including the step of repeating said step (b) to monit

condition in the patient,

3. The method of claim 1 wherein said step of identifying further includes detegfnining a clonotype profile fram

a sample of lymphocytes in a non-disease-related tissue in the same patient and copparing such clonotype profile

with that from said disease-related tissue to identify said one or more patient-spgCific clonotypes.

4. . The method of claim 3 wherein said disease-related tissue is a tisglle from a peak state of said disease and

wherein said non-disease-related tissue is a tissue from a non-peak statg/of said disease.
5. The method of claim 4 wherein said disease is an autoimpfiune disease.

6. The method claim 5 wherein said autoimmune diseaée is systemic lupus erythematosus and said disease-
related tissue is kidney, skin, peripheral blood or bone mapfow; multiple sclerosis and said disease-related tissue is

cerebrospinal fluid; or rheumateid arthritis and said disgase-related tissue is synovial fluid.

7. The method of claim 5 further including the step of repeating said step (b) to monitor the disease or

condition in the patient.

8. The method of claim 1 wherein §4id disease is ¢ lymphoma and said disease-related tissue is bone marrow or

.a lymphoid tissue; or a leukemia and spid disease-related tissue is bone marrow or peripheral blood.

9. The method of claim 8 ffrther including the step of repeating said step (b) fo monitor the disease or

condition in the patient.

10, The method of gfaim 8 wherein said step of identifying further includes determining a clonotype profile from
a sample of lymphocyifs in a non-disease-related tissue in the same patient and comparing such clonotype profile

with that from said disease-related tissue to identify said one or more patient-specific clonotypes.
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1B The method of claim 1 wherein said step of identifying further includes determining a clonotype profile fr
a sample of [ymphocytes in a non-disease-related tissue in the same patient and comparing such clonotype profi}

with that from said disease-related tissue to identify said one or more patient-specific clonotypes.

12. The method of claim 11 further including the step of repeating said step (b) to monitor the di

condition in the patient.

13. The method of claim 11 wherein said one or more patient-specific clonotypes are ident{fied by having a
different frequency in said disease-related tissue than in said non-disease-related tissue; or by having a different

degree of somatic hypermutation in [gH-based clonotypes in said disease-related tissue thdn in said non-disease-

related tissue; or by having different frequencies of V region and J region usage in saig/disease-related tissue than in

said non-disease-related tissue; or by having NDN regions of different average lengghs in said disease-related tissue
than in said non-disease-related tissue; or by having different levels of BCR and/gr TCR expression in said disease-

related tissue than in said non-disease-related tissue; or by having different nyibers of clonotypes encoding identical

or similar proteins in said disease-related tissue than in said non-disease-rejéted tissue.

14. The method of claim 13 further including the step of repeatjfig said step (b) to monitor the disease or

condition in the patient,

15. The method of claim 13 wherein said one or more pdtient-specific clonotypes are identified by having a
greater frequency in said disease-related tissue than in saig’non-disease-related tissue,

16, The method of claim 13 wherein said one gf more patient-specific clonotypes are idemtified by having

different frequencies of V region and J region usgge in said disease-related tissue than in said non-disease-related

tissue.

17, The method of claim 13 whereiyfsaid one or more patient-specific clonotypes are identified by having NDN

regions of different average lengths in/Said disease-related tissue than in said non-disease-related tissue.

18. The method of claim 1 ¥ wherein said one or more patient-specific clonotypes are identified by having

different levels of BCR and/of TCR expression in said disease-related tissue than in said non-disease-related tissue.

19, The method offclaim | wherein said one or more patient-specific clonotypes are identified by matching
determined clonotypés with clonotypes known 1o be correlated with said disease or by matching frequencies of V
region and J regiof usage with V region and J region usage known to be correlated with said disease.

20. The method of claim 19 wherein said matching comprises finding indentity between an amino acid sequence

encoded By said determined clonotype and that of an amino acid sequence encoded by a clonotype known to be

correlfed to said disease, or a substantially identical variant thereof.
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21. The method of claim 19 wherein said matching comprises finding identity between said determined

clonotype and a nucleic acid sequence of a clonotype known to be correlated to said disease, or a substantially

identical variant thereof.

22, The method of claim 19 wherein said matching comprises finding identity between said dete

clonotype and a nucleic acid sequence of a clonotype known to be correlated to said disease, or a sulfstantially

identical variant thereof.

23. The method of claim | wherein each of said repertoires includes every clonotype present at a frequency of

.01 percent or greater with a probability of ninety-nine percent.

24, The method of claim 1 wherein each of said repertoires includes a sample of at Jeast 10* clonotypes.

25, The method of claim | wherein each of said repertoires includes a sapfple of at least 10° clonotypes.

26. The method of claim | wherein said disease is selected from the/group consisting of lymphoid proliferative
disorders, solid tumors, infectious diseases, and autoimmune diseases,
27. The method of claim 26 wherein said step of determinipg said repertoire from said sample of blood cells
further comprises including as said one or more patient-specifit clonotypes any previously unrecorded phylogenic

clonotypes of said one or more patient-specific clonotypes.
28. The method of claim 26 wherein said phylogghic clonotypes include previously unrecorded clonotypes that
are nincty percent identical to any of said one or mofe patient-specific clonotypes.

29. The method of claim 26 wherein said/phylogenic clonotypes include previously unrecorded clonotypes that
are related to said one or more patient-specific clonotypes by somatic hypermutation.

30. The method of claim 26 wheptin said disease is a lymphoproliferative disorder and wherein said phylogenic

clonotypes include previously unregbrded clonotypes that are related to said one or more patient-specific clonotypes

by somatic rearrangement,

3 The method of clajin 30 wherein said somatic rearrangement comprises a VH replacement.

32. The method ¢f claim 30 wherein said somatic rearrangement comprises a clonotype having identically
mutated V region aftd J region as any of said one or more patient-specific clonotypes but having a different NDN

region as such pafient-specific clonotype.

33. The method of ¢laim 27 wherein said step of identifying further includes determining a clonotype profile
from a ple of lymphocytes in a non-disease-related tissue in the same patient and comparing such clonotype

profilg’with that from said disease-related tissue to identify said one or more patient-specific clonotypes.
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34, The method of claim 27 wherein said disease is a lymphoma or a leukemia and wherein said step (b) of,

determining further includes computing a measure of clonality from said clonotype profile of said sample frogf said

peripheral blood.

3s. A method of monitoring a disease in a patient, the method comprising the steps of:

(2) comparing a clonotype profile from a sample of lymphocytes of an individual afflicted #vith a discase and

a clonotype profile from the same individual from a sample of {ymphocytes enriched on the basiyof cell surface '

markers associated with the disease to identify one or more patient-specific clonotypes correlated with the disease;

and
{b) determining a level of each of the one or more patient-specific clonotypes in/ clonotype profile from a

sample of peripheral biood cells, such sample comprising a repertoire of clonotypes thereof

36. The method of claim 35 wherein said step of determining said repepfoire from said sample of blood cells
further comprises including as said one or more patient-specific clonotypgé any previously unrecorded phylogenic

¢lonotypes of said one or more patient-specific clonotypes.
37. The method of claim 35 whetein said disease is a lymphoid proliferative disorder,

38, The method of claim 35 wherein said method furthef includes the step of repeating said step (b) to monitor
said disease or condition and wherein each of said repertoires includes every clonotype present at a frequency of .01

percent or greater with a probability of ninety-nine percgnt,

39. The method of claim 35’ wherein said meffod further includes the step of repeating said step {(b) to monitor

said disease or condition and wherein each of sgfd repertoires includes a sample of at least 10 clonotypes.

40, The method of claim 35 wherein s4id disease is an autoimmune disease,

41, The method of claim 40 wherein said step of determining said repertoire from said sample of blood cells
further comprises including as said/6ne or more patient-specific clonotypes any previously unrecorded phylogenic

clonotypes of said one or more pétient-specific clonotypes.

42, The method of clajm 40 wherein said method further includes the step of repeating said step (b) to monitor

said disease or conditiondnd wherein each of said repertoires includes every clonotype present at a frequency of .01

percent or greater witly/a probability of ninety-nine percent.

43, The metfod of claim 40 wherein said method further includes the step of repeating said step (b) to monitor

said disease or/fondition and wherein each of said repertoires includes a sample of at least 10* clonotypes.
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44, The method of claim 40 wherein said autoimmune disease is sysiemic lupus erythematosus.

45. A method of simultaneously measuring lymphocyte numbers and clonotype expression levels in/a sample,

the method comprising the steps of:
obtaining from an individual a sample comprising T cells and/or B cells;
sequencing spatially isolated individual molecules derived from genomic DNA of said cglls, such spatially

isolated individual molecules comprising a number of clonotypes corresponding to a number offlymphocytes in the

sample;

sequencing spatially isolated individual molecules derived from RNA of said cellé, such spatially isolated
individual molecules comprising numbers of clonotypes corresponding to expression leyels thereof in the

lymphocytes of the sample; and ’
determining clonotype expression levels in lymphocytes of the sample by tomparing for each clonotype the

number determined from isolated individual molecules derived from genomic DNA of said cells and the number

determined from isolated individual molecules derived from RNA of said cel

46. The method of claim 45 wherein said step of determining furthef includes determining said number of

lymphocytes in said sample by adding a known quantity of an internalStandard to said genomic DNA,

47. The method of claim 45 wherein said sample is a periphgral blood sample having a defined volume and

wherein said step of determining includes determining a conceftration of said lymphocytes in said sample.

48. The method of claim 45 wherein said step of detgfmining said expression levels includes for each of said
d from said isolated individual molecules derived from said

clonotypes dividing said number of clonotypes determi
RNA by said number of clonotypes determined from £aid isolated individual molecules derived from said genomic
DNA.

49. The method of claim 45 wherein said/step of sequencing said spatially isolation individual molecules derived

from said RNA inciudes labeling each of sgid spatially isolated individual molecules with a first label indicating its

RNA origin and wherein said step of seqdencing said spatialty isolation individual molecules derived from said
genomic DNA includes labeling each @i said spatially isolated individual molecules with a second label indicating its
genomic DNA origin such that the £ifst label is distinguishable from the second label.
50. The method of claim 45 wherein said sample comprises a répenoire of said number of said clonotypes

corresponding to said numbef of said iymphocytes comprises a repertoire of clonotypes.
Sl. The method of/claim 30 wherein said sample comprises B cells.
52. The methgd of claim 50 wherein said sample comprises T cells.

53. A mgthod of simultaneously measuring lymphocyte numbers and Jymphocyte clonality in a sample, the

method copiprising the steps of:
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obtaining from an individual a sample comprising T cells and/or B cells;

sequencing spatially isolated individual molecules derived from nucleic acid of said cells, sucix spatially
isolated individual molecules comprising a number of clonotypes corresponding to a number of lymphocytes i
sample;

determining the number of lymphocytes from the number of spatially isolated individual molecyles;

determining abundances of different sequences of the spatially isolated individual molecules §6 generate a

clonotype profile and a measure of clonality based thereon,

54, The method of claim 53 wherein said step of determining said number further inch:d; determining said

number of lymphocytes in said sample by adding a known quantity of an internal standard t¢ said genomic DNA.

55. The method of claim 54 wherein said sample is a peripheral blood sample haying a defined volume and

wherein said step of determining said number includes determining a concentration6f said lymphocytes in said

sampie,

56. The method of claim 53 wherein said sample comprises a repertoipé of said number of said clonotypes

corresponding to said number of said lymphocytes comprises & repertoirg of clonotypes.

57. The method of claim 56 wherein said sample comprises B/ells.
58. The method of claim 56 wherein said sample compriges T cells.
59, The method of claim 53 wherein said disease i/ lymphoma and said disease-related tissue is bone marrow

or a lymphoid tissue or wherein said disease is a leukgfia and said disease-related tissuc is bone marrow or

peripheral blood.

60. A method of monitoring responsivenéss to a vaccination of an individual, the method comprising the steps
of

enriching after a vaccination a ghmple of lymphocytes from peripheral blood of an individual to obtain a
sample of vaccine-responsive lymphg€ytes; ‘

determining a clonotypc7 ‘ofile from the sample of vaccine-responsive lymphocytes to identify one or more

patient-specific clonotypes corrgfated with vaccine response;

determining a level ¢f each of the one or more patient-specific clonotypes in a clonotype profile from a

sample of peripheral blood/ells obtained at one or more subsequent times to monitor the responsiveness of the

individual to the vaccinafion.

61. A method/of monitoring a lymphoproliferative disorder in a patient, the method comprising the steps of:
(8) ideptifying one or more patient-specific clonotypes correlated with a lymphoproliferative disorder by

determining 4 clonotype profile from lymphocytes from a sample of bone marrow, the sample comprising a

repertoire gf clonotypes; and
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identify a presence, absence and/or level of the one or more patient-specific clonotypes correlated with the gisease,

such latter bone marrow sample or peripheral blood saumple comprising a repertoire of clonotypes.
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