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PURPOSE Microsatellite instability-high (MSI-H) colorectal carcinomas (CRCs) show high rates of response to
immune checkpoint inhibitors (I0s). B2M mutations and protein loss have been proposed as causes of re-
sistance to 10s, yet they are enriched in MSI-H CRC. We aimed to characterize B2M-mutant, |0-naive CRC.

PATIENTS AND METHODS All CRCs with results for Memorial Sloan Kettering Integrated Mutation Profiling of
Actionable Cancer Targets, a next-generation sequencing assay that interrogates > 400 genes for mutations as
well as MSI status, were surveyed for B2M mutations. All B2M-mutant CRCs were assessed for expression of
B2M, major histocompatibility complex class |, and programmed death-1 ligand (PD-L1) via immunohisto-
chemistry and average CD3* and CD8* tumor-infiltrating lymphocyte counts against a control group of MSI-H
B2M wild-type CRCs.

RESULTS Fifty-nine (3.4%) of 1,751 patients with CRC harbored B2M mutations, with 84% (77 of 92) of the
mutations predicted to be truncating. B2M mutations were significantly enriched in MSI-H CRCs, with 44 (24%)
of 182 MSI-H CRCs harboring BZM mutations (P < .001). Thirty-two of 44 B2M-mutant CRCs with available
material (73%) had complete loss of BZM expression, whereas all 26 CRCs with wild-type B2M retained
expression (P < .001). B2M mutation status was not associated with major histocompatibility complex class |
expression, KRAS or BRAF mutation, tumor-infiltrating lymphocyte level, or PD-L1 expression after adjustment
for MS| status. Of 13 patients with B2M-mutant CRC who received programmed death-1 or PD-L1 I0s, 11 (85%)
achieved clinical benefit, defined as stable disease or partial response using Response Evaluation Criteria in
Solid Tumors criteria.

CONCLUSION B2M mutations occur in approximately 24% of MSI-H CRCs and are usually associated with loss of
B2M expression. Most patients with B2M-mutant MSI-H CRC with loss of protein expression obtain clinical
benefit from 10s.

JCO Precis Oncol. © 2019 by American Society of Clinical Oncology

INTRODUCTION

The B2M gene encodes the protein po-microglobulin,
an extracellular component of major histocompatibility
complex (MHC) class | molecules that is present on
every nucleated cell in the human body. MHC class |
molecules are important for immune system self-
recognition. B2M-deficient mice have decreased
CD8* lymphocytes and are susceptible to intracellular
pathogens.'? With regard to cancer, acquired B2M
mutations and loss of B2M expression have been

Recently, microsatellite instability-high (MSI-H) CRC
has been found to have both high rates of response to
immunotherapy®® and, interestingly, frequent trun-
cating B2M mutations.'° Here, we sought to define the
relationship of B2M mutations in CRC with expression
of B2M and MHC class | expression, immunotherapy
response, tumor-infiltrating lymphocytes (TILs), and
molecular correlates.

PATIENTS AND METHODS

implicated as causes of acquired resistance to im-
munotherapy in melanoma.® B2M mutations in
immunotherapy-naive colorectal carcinoma (CRC)
have recently been implicated as a cause of primary
resistance in this disease.*®

Molecular Analysis

Patients with CRC whose tumors were analyzed using
the Memorial Sloan Kettering Integrated Mutation
Profiling of Actionable Cancer Targets (MSK-IMPACT)
assay (a clinically validated, US Food and Drug
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CONTEXT

Do BZM-mutant and deficient colorectal carcinomas (CRCs) respond to immune checkpoint inhibitors?

We found that B2M mutations are enriched in microsatellite instability-high CRC, that these mutations commonly occur at
coding microsatellite loci, and that these B2M mutations are truncating and associated with loss of B2M expression. Of 13
patients with BZM-mutant CRC and available RECIST data, six achieved stable disease, five achieved partial response, and
one experienced pseudoprogression.

B2M mutations are not predictive of primary resistance to immune checkpoint inhibition in CRC.

Administration—cleared, next-generation sequencing assay
that interrogates > 400 genes for mutations, copy-number
changes, structural variants, and MSI)***2 between January
1, 2014, and October 31, 2017, were included for B2M,
programmed death-1 ligand (PD-L1), MHC, CD3, and CD8
immunohistochemistry (IHC) and molecular analyses.
Nonsilent mutations in all coding regions as well as intronic
mutations that might disrupt splice sites (up to two base pairs
after exon-intron boundary) in B2M were recorded. Pres-
ence of loss of heterozygosity (LOH) was assessed via allele-
specific copy-number analysis using the Fraction and Allele-
Specific Copy Number Estimates from Tumor Sequencing
(FACETS) algorithm!* and, in cases of low tumor content, via
comparison of B2M mutation variant allele frequency against
median variant allele frequency. Clonality of B2M mutations
was assessed by calculating the cancer-cell fraction har-
boring the mutations using FACETS.** B2M-mutated patient
cases were considered clonal if the upper bound of the
cancer-cell fraction was > 0.8. Clinical parameters, in-
cluding primate site (right, cecum to splenic flexure; left,
descending colon to rectum), stage at diagnosis, date of
distant metastasis, and overall survival (OS), were recorded.

Clinical Response to Immune Checkpoint
Inhibitor Therapy

All patients with CRC with MSK-IMPACT data and B2M
mutations who underwent therapy with immune check-
point inhibitors (IOs; durvalumab, nivolumab, or pem-
brolizumab) before July 2018 were assessed for B2M
expression (IHC), response, stable disease (SD), and
progressive disease (PD). 10s were administered as stan-
dard treatment, in clinical trials, or off label. Formal Re-
sponse Evaluation Criteria in Solid Tumors (RECIST) scores
were assessed via radiologic data as follows: complete
response (CR), disappearance of all target lesions, con-
firmed at 4 weeks; partial response (PR), > 30% decrease,
confirmed at 4 weeks; PD, > 20% increase over smallest
sum observed; and SD, meeting none of the other criteria.
Patients were deemed to have experienced clinical benefit
from 10s if RECIST results were SD, PR, or CR.

IHC

IHC staining for B2M using a polyclonal antibody with
concentration of 1:6,000 (catalog #A0072; Dako, Santa
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Clara, CA), MHC class | using a monoclonal antibody with
concentration of 1:200 (catalog #14-9958; E-Bioscience,
Carlsbad, CA), CD3 using a monoclonal antibody with
concentration of 1:200 (catalog #NCL-L-CD3-565; Leica,
Lincolnshire, IL), CD8 using a monoclonal antibody with
concentration of 1:100 (catalog #M7103; Dako), and PD-L1
using a monoclonal antibody with concentration of 1:100
(catalog #13684; Cell Signaling, Danvers, MA) was per-
formed on all CRCs with B2M mutations with available
tissue as well as a set of 26 randomly selected wild-type
(WT) CRCs with in-house resection specimens and MSK-
IMPACT testing (performed between January 1, 2014, and
October 31, 2017) that were matched to the B2M-mutant
group for prevalence of MSI status. Levels of CD3*and CD8*
TILs were assessed via the average of five counted fields
per patient case at x400 original magnification on light
microscopy. IHC-positive cells were counted up to a max-
imum of 150 cells, because counts > 150 per high-
powered field (HPF) tended to have clustering, which
led to difficulty establishing accurate counts. B2M and
MHC class | expression were each recorded as retained or
lost for each patient case. Complete loss of B2M on IHC
(0% of tumor cells with B2M expression) was interpreted as
loss of B2M expression.

Statistical Analyses

Associations were assessed using Pearson’s x? test with
simulated P value based on 2,000 replicates for low count
data. A Cox proportional hazards model was fitted to the data
to calculate survival using the covariates of B2M mutation
status, age at diagnosis, pathologic stage, MSI status,
proximal versus distal status, and KRAS, NRAS, BRAF,
and PIK3CA mutation status. These were each assessed
through both univariable and multivariable Cox regressions.
R survival and survminer software packages were used to
perform this analysis (R Foundation, Vienna, Austria).

RESULTS

Molecular Findings

We first sought to determine the spectrum of BZ2M muta-
tions in a cohort of patients with CRC (n = 1,751) with
MSK-IMPACT data (Appendix Fig Al). We identified a total
of B9 patients with B2M-mutant CRC (3.4%; Fig 1A).
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Although most B2M mutations were spread throughout the
gene, four positions were recurrently altered (Fig 1A):
p. L15Ffs*41 (CT dinucleotide repeat x4), p. X23_splice
(c. 68-2A>Q), p. V69Wfs*34 (A mononucleotide repeat
xb), and p. T93Hfs*2/Lfs*10 (C mononucleotide repeat
xb). Three of these four hotspots occurred at coding
microsatellites (Fig 1A). Next, we classified the samples on
the basis of whether they were microsatellite stable (MSS)
or unstable (MSI-H) on the basis of genomic data. We
identified 182 patients who were MSI-H and 1,569 who
were MSS in the overall CRC cohort. Within the MSI-H
group, 44 (24.2%) harbored B2M mutations, whereas only

mutations, indicating that B2M mutations were significantly
enriched in MSI-H CRC (P < .001) even after correcting for
differences in total mutation counts in MSI-H versus MSS
patient cases. Furthermore, of 8,790 coding microsatellites
interrogated within the MSK-IMPACT panel, the B2M
p. L15 and p. V69 microsatellites were respectively the
ninth and 16th most frequently mutated coding micro-
satellites in MSI-H CRC. Within the 44 MSI-H B2M-mutant
samples, we identified a total of 69 mutations, 61 (88.4%)
of which were predicted to be truncating (including
frameshift, splicing, and stop-gain events), compared with
16 of the 23 B2M mutations in MSS patient cases (69.6%;

15 (0.9%) of those with MSS CRC harbored B2M P=.03). Of 92 total B2M mutations, 49 were frameshift, 16
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FIG 1. Spectrum of B2M mutations and expression. (A) Fifty-nine patients with colorectal cancer (CRC) harbored B2M mutations. Although
several scattered missense (green) mutations were seen, truncating (gray) mutations were more frequent at several hotspots. These included
microsatellite loci: 21 mutations at p. L15Ffs*41, 16 at p. V69Wfs*34, 11 at p.T93Hfs*2/Lfs*10, and 10 at the splice site p.X23. (B) Oncoprint
summarizing the immunopathologic data with genomic information. Each dot above the sample indicates the patient was treated with
a checkpoint inhibitor. (C) Loss of B2M expression and retained major histocompatibility complex (MHC) class | expression in a microsatellite
instability-high B2M double-mutant (p. V69Wfs*34, p. S16Afs*27) CRC with high tumor-infiltrating lymphocyte level. A medullary carcinoma
of the colon shows immune-cell expression of programmed death-1 ligand at the tumor-stroma interface, loss of B2M expression in tumor
cells, retention of strong diffuse MHC class | expression in tumor cells, > 150 CD3* lymphocytes per high-powered field (HPF), and average of
69 CD8&* cells per HPF.
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were nonsense, 15 were missense, nine were splice-site,
and three were translation initiation codon mutations. KRAS
and BRAF p. V600OE mutations were not significantly as-
sociated with B2M mutation status after adjustment for MSI
status (Table 1).

We performed allele-specific copy-number analysis on
45 B2M-mutant specimens where sufficient tumor content
was available. Forty-one of 45 B2M-mutant CRCs had at
least one clonal B2ZM mutation on the basis of FACETS
analysis (12 samples with one clonal mutation and 29
with > one; Appendix Table Al). Twelve samples showed
either LOH or copy-neutral LOH along with a clonal
mutation, suggesting biallelic loss.

B2M Expression, MHC Class | Expression, and TIL Level

To evaluate the functional outcome of B2M mutations,
we examined protein expression in samples with avail-
able tissue (Figs 1B and 1C; Appendix Table A2). Thirty-
two (73%) of 44 B2M-mutated CRCs with available
tissue had complete loss of B2M expression, whereas
the remaining 12 B2M-mutant CRCs had varying
proportions of tumor cells expressing B2M (20%,

n=2;30%,n=1;40%, n=1; 50%, n = 3; and 100%,
n=5). All 26 B2ZMWT CRCs retained B2M expression.
Loss of B2M expression was significantly associated
with B2M mutation in immunotherapy-naive CRC (P =
.001).

Because B2M protein is an essential part of the MHC
complex, we explored the effects of B2M loss on MHC class
| expression. MHC class | IHC was performed in 44 B2M-
mutated CRCs, of which only 14 (30%) had loss of MHC
expression. Of the 26 B2M WT CRCs, 10 (39%) had MHC
class I'loss. MHC class | expression by IHC did not correlate
with either B2M mutation or B2M expression. Because PD-
L1 status has been used as a predictive marker of I0s and
linked to expression of MHC class 1, we performed PD-L1
IHC in available B2ZM-mutant and WT patient cases. Thirty-
two (73%) of 44 BZ2M-mutant and 13 (50%) of 26 B2MWT
CRCs were positive for PD-L1 expression (immune cells in
tumor-stroma interface). The difference in PD-L1 expres-
sion between the two groups did not reach statistical sig-
nificance (P = .07).

TIL level has been directly correlated with prognosis and
implicated as a marker of neoantigen level and potential

TABLE 1. Clinical and Molecular Characteristics of B2M Mutations in CRC

No. (%)
B2M Mutated B2M WT
Characteristic (n =59) (n =1,762) P
Sex .61
Female 25 (42.4) 801 (45.5)
Male 34 (57.6) 948 (53.8)
Not specified 0 (0) 13 (0.7)
Age at diagnosis of metastasis, years .76
Median 58.3 55.3
Mean 55.9 55.5
Stage < .001
| 5 (8.5) 63 (3.6)
Il 18 (30.5) 196 (11.1)
1l 21 (35.6) 393 (22.3)
\% 13 (22) 1001 56.8)
Unknown 2(3.4) 109 (37.2)
Stage (I-1Il v V) < .001
Late (IV) 13 (22) 1001 (56.8)
Early (I, I or 1I) 44 (74.6) 654 (37.1)
MS| status < .001
MSI-H (score > 10) 44 (74.6) 141 (8)
MSS (score < 10) 15 (25.4) 1621 (92)
KRAS/BRAF mutations .26*
KRAS 25 (42.4) 744 (42.2)
BRAF p. V60OE 13 (22) 126 (7.2)

Abbreviations: CRC, colorectal cancer; MSI, microsatellite instability;
*P = .82 after adjustment for MSI status.

4 © 2019 by American Society of Clinical Oncology

MSI-H, MSI-high; MSS, microsatellite stable; WT, wild type.
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immunotherapy response.'® We examined the number of
TILs using the pan-T-cell marker CD3 and the cytotoxic
T-cell marker CD8. Average median CD3* count per
HPF was 22.3 in BZM-mutant and 37.3 in B2M WT
CRCs, whereas average median CD8* count per HPF was
15.1 and 49 for B2M-mutant and B2M WT CRCs, re-
spectively. In comparison with B2M WT CRCs matched
for MSI status, BZM-mutant CRCs tended to have lower
average levels of CD3 and CD8 per patient case (Fig 2A),
but these differences did not reach statistical signifi-
cance. These findings are summarized in Appendix
Table A2.

Clinical Findings

Median age, male-to-female ratio, and percentage of pa-
tients with early-stage (stage | to Ill) disease were 58.3

years, 1.36, and 77.19% in B2M-mutant and 55.3 years,
1.18, and 39.52% in B2M WT CRCs, respectively. On
multivariable analysis, B2M mutation status was not as-
sociated with OS from date of metastasis (P = .90). Age,
stage, and KRAS, NRAS, and BRAF status were associated
with OS, whereas PIK3CA mutation status, MSI status, and
proximal versus distal location were not associated with OS
(Fig 2B; Appendix Table A2).

Response to Immunotherapy

Because B2M mutations were identified as a possible
resistance mechanism for checkpoint inhibition, we iden-
tified 13 (MSI-H, n=11; MSS, n = 2) patients with CRC with
B2M mutations who subsequently received 10 therapy, and
we evaluated their response to treatment. This group of
patients predominantly consisted of those with MSI-H
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tumors but included two patients with MSS disease.
One patient’s tumor was hypermutated because of an
exonucelase domain mutation in the POLE gene. 10s ad-
ministered to patients included PD-L1 inhibitors (n = 3
patients) and programmed death-1 inhibitors (n = 10
patients). Because some patients received treatment in
ongoing clinical trials, specific 10s are not listed. Analysis
of their tumor response by RECIST criteria demonstrated
PR in five patients, SD in six patients, and PD in one
patient, likely pseudoprogression (Fig 3A; Appendix Table
A3). B2M mutation was biallelic in half the patients and
did not lead to a significant difference in response to
treatment. One patient experienced progression without
radiologic studies, and RECIST evaluation could not be
completed. This response rate is in line with recent pub-
lications of 10s in MSI-H CRC.8° Of the two patients with
MSS tumors, one had an ultramutated POLE hotspot-
mutated tumor and experienced tumor growth with [0
treatment but was able to continue treatment for 1 year,
because growth was thought likely to be pseudoprog-
ression, and the other patient had SD during treatment with
a combination of 10 treatment and targeted therapy
(after progression with targeted therapy alone). All patients
except this MSS patient were treated with immunotherapy
alone. Median treatment time was 5 months (Fig 3B); three
of the 12 patients stopped treatment because of toxicity.

DISCUSSION

In this study, we show that BZ2M mutations occurred in
approximately 24% of immunotherapy-naive MSI-H CRCs
and were associated with B2M loss in 93% of patient cases
(usually without loss of MHC class 1), and 85% of B2M-
mutant CRCs demonstrated some clinical benefit from 10s.
As 10 therapy becomes standard treatment in advanced
MSI-H CRC, the importance of identifying additional pre-
dictors of response and resistance to checkpoint inhibitors
has also grown.

Our molecular findings, including enrichment of B2M
mutations in MSI-H CRC and B2M mutations occurring at
certain hotspots, are consistent with previous reports. Both
findings likely result from the fact that there are several
coding mono- and dinucleotide microsatellites within B2M.
In addition, B2M mutations may confer a growth advantage
for MSI-H CRC tumors, as suggested by the facts that B2M
mutations were statically significantly enriched in MSI-H
CRC after adjustment for total mutation count and that two
coding microsatellites in B2M are within the top 20 most
frequently mutated coding microsatellites of 8,790 micro-
satellites assessed. That B2M mutations in CRC are usually
associated with loss of B2M expression indicates that
a second hit or LOH occurs. The association of B2M mu-
tations with complete loss of expression on whole sections of
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tumor also argues against the idea that mutation subclonality
may be responsible for response to immunotherapy. Indeed,
in the 42 B2M-mutant CRCs analyzed by FACETS, 60% had
evidence of either two clonal B2M mutations or one clonal
B2M mutation and LOH (Appendix Table Al). It is possible
that the remaining B2M-mutant CRCs have epigenetic
maodifications as a mechanism of B2M silencing.

Unlike previous studies,® we found that B2M protein loss
is not correlated with loss of MHC class | expression. Al-
though previous studies have focused on patients with
resistance to immunotherapy, the patients in this study
were immunotherapy naive. We show that B2M mutation
and loss do not correlate with MHC class | loss of ex-
pression, although the effect of B2M loss on the functional
competence of MHC class | is known to be deleterious.'®

Limitations to our study include the retrospective analysis
and relatively small number of patients treated with I0s, as
well as limitations in molecular testing for epigenetic issues
and allele specificity of B2M mutations.
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APPENDIX

Colorectal cancer cohort
(n=1,751)
MSS MSI-H
(n =1,569) (n =182)
B2MWT B2M mutated B2M mutated B2MWT
(n = 1,554) (n=15) (n=44) (n = 138)
23 total mutations 69 total mutations

FIG A1. CONSORT diagram. Mutation and immunohistochemistry analyses included data from 1,751
patients with colorectal cancer (CRC) with Memorial Sloan Kettering Integrated Mutation Profiling of
Actionable Cancer Targets testing. Fifteen of 1,569 microsatellite stable (MSS) CRCs harbored B2M
mutations, whereas 138 of 182 microsatellite instability-high (MSI-H) CRCs harbored B2M mutations.

WT, wild type.
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TABLE A2. IHC Expression of Immune and MHC Markers in B2M-Mutant Versus WT CRC

No. (%)
B2M Mutated B2M WT
Characteristic (n = 44) (n = 26) P
B2M expression < .001
Lost 32 (73) 0
Partially lost 7 (16) 0
Retained 5(11) 26 (100)
MHC class | expression .64
Lost 14 (31.8) 10 (38.5)
Retained 30 (68.2) 16 (61.5)
Average CD3 lymphocytes .07
Minimum 1.4 0.2
Maximum 150 150
Median 22.3 373
Mean 45.6 66.9
Average CD8 lymphocytes 5
Minimum 0.2 0
Maximum 150 150
Median 15.1 49
Mean 36.3 58.6
PD-L1 interface, % .07
> 20 32 (72.7) 13 (50)
<20 12 (27.3) 13 (50)

Abbreviations: CRC, colorectal cancer; IHC, immunohistochemistry; MHC, major histocompatibility; PD-L1, programmed death-1 ligand; WT,
wild type.
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TABLE A3. Response Data of Patients With B2M-Mutant CRC Who Received 10s

MSI B2M IHC Treatment
CBIO ID RECIST Response Immunotherapy Type  Status  B2M Mutations (%) Duration (months) Reason for Stopping  RECIST
P-0010587 PR PD-1 inhibitor MSI-H V69OWfs*34, 0 18.5 -0.8095
L15fs*41

P-0005823 PR PD-L1 inhibitor MSI-H p.V69Wfs*34, 0 5 Surgery (tumor -0.5903
p.T93Lfs*10 starting to grow)

P-0020431 PR PD-1 inhibitor MSI-H X116_splice 0 18 -0.5225

P-0025883 PR PD-1 inhibitor MSI-H L15fs*41 0 4 -0.48

P-0004051 PR PD-L1 inhibitor MSI-H p.L15Ffs*41, No 35 Toxicity (cerebritis) —0.3393
p.T93Hfs*2 material

P-0017697 SD PD-1 inhibitor MSI-H X23_splice, No 45 Toxicity (diarrhea)  -0.2926
VE9Wfs*34 material

P-0015237 SD PD-1 inhibitor MSI-H V69wfs*34, 0 17 -0.28
S16Afs*27

P-0021304 SD PD-1 inhibitor MSI-H L15fs*41 No 1.5 Toxicity (acute -0.2593

material interstitial nephritis)
P-0024824 SD PD-1 inhibitor, MSS L107Vfs*7 90 10 -0.1429
targeted therapy

P-0029398 SD PD-1 inhibitor MSI-H L10P 0 5 -0.125

P-0016314 SD PD-1 inhibitor MSI-H  L13P, L15fs*41 0 2 Progression -0.0625

P-0011357 PD PD-L1 inhibitor MSS*  p.Y87*, p.E64* 0 12 Completed planned  0.6667

treatment
P-0007495 No radiologic PD-L1 inhibitor MSS p.S31* 0 2 Progression NA

comparison available

Abbreviations: CRC, colorectal cancer; IHC, immunohistochemistry; 10, immune checkpoint inhibitor; MSI, microsatellite instability; MSI-H, MSI-high;
MSS, microsatellite stable; NA, not applicable; PD, progressive disease; PD-1, programmed death-1; PD-L1, PD-1 ligand; PR, partial response; SD, stable
disease.
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