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Key Points Blockade of immune checkpoints (ICPs) has led to impressive responses in cancer
patients. However, the impact of preexisting immunity and ICPs on the risk of malignant

* Prospective analysis of
antigen-specific B/T-cell
immunity in natural history of
human premalignancy.

e Stemness antigens and ICPs
may be targets for cancer
prevention.

transformation in human preneoplasia has not been prospectively studied. We pro-
spectively analyzed antigen-specific B/T-cell immunity, immune composition of the
tumor microenvironment, and the expression of a panel of ICPs on tumor and tumor-
infiltrating immune cells in 305 patients with asymptomatic monoclonal gammopathy
enrolled in S0120 under the auspices of SWOG. T-cell immunity against stem-cell antigen
SOX2 and preserved humoral responses at study entry independently correlated with
reduced risk of progression to clinical myeloma. Among the ICPs analyzed, expression
of programmed death-ligand 1 (PD-L1) on tumor and infiltrating T cells correlated with

increased risk of clinical malignancy, and blockade of this pathway boosted anti-SOX2 immunity in culture. These data suggest that
stem-cell antigens and PD-L1 may be targeted for inmunoprevention of myeloma. This trial was registered at www.clinicaltrials.gov as

#NCT00900263. (Blood. 2015;126(22):2475-2478)

Introduction

Blockade of T-cell immune checkpoints (ICPs) leads to tumor regres-
sion in several cancers, likely because of reactivation of preexisting
tumor immunity.' In animal models, the immune system can mediate
surveillance/editing functions against developing tumors.> Composi-
tion of infiltrating immune cells can impact outcome in established
cancers.> However, the clinical impact of preexisting immunity on
the natural history of human premalignancy is not known, as most
premalignant lesions are resected upon detection. Multiple myeloma
(MM) is preceded by a precursor state termed as monoclonal
gammopathy of undetermined significance (MGUS).* MGUS cells
carry most of the genomic changes found in MM.” Prior studies have
shown that the immune system can recognize both MGUS and MM
tumor cells.®® In these studies, some targets of spontaneous T-cell
immunity in MGUS differed from that in MM.”'0 In particular, T-cell
immunity against SOX2 was enriched among MGUS patients.’
SOX2 is a core regulator of induced pluripotency and stemness.''
SOX2 is expressed predominantly on the CD138'" subpopulation of
tumor cells in MGUS but is essential for clonogenic growth of human
MM.% 213 Anti-SOX2 T cells efficiently inhibit the clonogenic
growth of human MGUS cells.” MM patients also commonly develop
humoral immune paresis. In this study, we have prospectively
evaluated a large cohort of patients with precursor asymptomatic
monoclonal gammopathies (AMGs) to ascertain the impact of antigen-
specific T/B-cell immunity and ICPs on the risk of progression to
clinical MM (CMM).

Study design

Patients and trial design

Eligible patients with AMG (both MGUS and asymptomatic MM) were
enrolled, following informed consent (in accordance with the Declaration of
Helsinki) and approval by an institutional review board, in the prospective
clinical trial S0120 conducted under the auspices of the National Clinical
Trials Network member SWOG.'* Research blood samples were obtained at
initial registration and analyzed for antigen-specific T- and B-cell immunity
(supplemental Figure 1; available on the Blood Web site). In some patients,
bone marrow specimens were available for analysis of ICPs in tumor
and infiltrating immune cells.

Detection of antigen-specific T-cell immunity

T-cell responses against tumor-associated (SOX2) and viral (cytomegalovirus,
Epstein-Barr virus, and influenza [CEF]) antigens were analyzed in freshly isolated
peripheral blood mononuclear cells as described.”'> Patients with stimulation
index of >2 were scored as positive for antigen-specific T-cell responses.” T-cell
stimulation with mitogen phytohemagglutinin was used as a positive control. For
some studies, cells were cultured with anti-programmed death-ligand 1 (PD-L1)
antibody (Genentech, CA) concurrent to antigen stimulation.

Detection of antigen-specific B-cell immunity

Levels of clonally uninvolved immunoglobulins were measured as a global
measure of humoral immunity. Antibodies against SOX2 were measured as
described previously.” Antibody responses against Epstein-Barr nuclear
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antigen 1 (EBNAI) and tetanus toxoid were analyzed using an enzyme-
linked immunosorbent assay—based method.

Evaluation of immune composition and ICPs

Composition of tumor-infiltrating immune cells (CD4/CD8 T cells, natural killer
[NK] cells, CD11b"CD33" myeloid cells, BDCA1*mDCs, BDCA3 *mDCs,
and BDCA2"pDCs) and expression of several ICPs (PD-L1/B7H1, B7H3,
B7H4, BTLA, Tim3, PD1) in tumor and immune cells were analyzed by
multiparameter flow cytometry. In selected cases, expression of ICPs was
confirmed by mass cytometry.'®

Statistical analysis

Baseline features of patient cohorts were compared using x* and Fisher’s exact
tests. Cox proportional hazards regression was used to model univariate and
multivariate analysis of risk factors."” Cumulative incidence in the presence of
competing risk was used to estimate time to CMM with death as a competing
risk."® Running log rank tests were used to identify optimal splits.'’

Results and discussion

T-cell responses against SOX2 and viral antigens (CEF) were detected
in 142 (49%) and 235 (82%) of 287 patients, respectively. Nearly all

Months from registration

(286/287) patients had preserved responses to phytohemagglutinin.
Patients with anti-SOX2 T cells had less marrow plasmacytosis and
lower M spike but did not differ in terms of detection of virus-specific
T cells (supplemental Table 1). Anti-SOX2 T cells were detected in
94 of 132 (71%) MGUS and 48 of 155 (31%) asymptomatic multiple
myeloma (AMM) patients tested. Reactivity against SOX2-peptide
library could be narrowed to single peptides and consisted of both CD4
and CD8 ™ T cells, consistent with prior studies (datanot shown).” Prior
studies have shown that such responses are not detected in fresh
peripheral blood mononuclear cells from healthy donors and requires
multiple restimulations.”?° Reduction in uninvolved immunoglob-
ulins was observed in 212 (69%) of 308 patients tested. In spite of this,
antibody responses against EBNA1 and tetanus were detected in 212
(70%) and 266 (87%) patients, respectively. In contrast, anti-SOX2
antibodies could be detected in only 30 of 305 patients tested, and their
detection was impacted by reduction in uninvolved immunoglobulins.
The presence of anti-SOX2 T cells but not virus-specific T cells at
baseline was associated with reduced risk of progression to CMM
(Figure 1A-B). Preserved levels of uninvolved immunoglobulins and
antibody responses against EBNA1 and tetanus also correlated with
reduced risk of CMM (Figure 1C-E). Upon multivariate analysis of
immune variables, lack of SOX2-specific T cells and reduction in
uninvolved immunoglobulins independently predicted increased risk
(supplemental Table 2). Importantly, the prognostic impact of SOX2
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Figure 2. ICPs and risk of progression to clinical A
myeloma. (A) Expression of PD-L1 on tumor cells and
risk of progression to CMM requiring therapy. (B) Ex-
pression of PD-L1 on CD3" T cells and risk of pro-
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T-cell immunity was independent of global humoral immune paresis
(uninvolved immunoglobulins) and T-cell function (antiviral T cells).
Detection of anti-SOX2 T cells strongly correlated with MGUS/AMM
clinical classification (supplemental Table 1), and it remained signif-
icant in the context of other prognostic factors in a multivariate anal-
ysis (supplemental Table 3). Taken together, these data demonstrate
an independent impact of anti-SOX2 T cells and global loss of humoral
immunity on the risk of malignant transformation in AMG.

Signaling via coinhibitory signals or ICPs has emerged as a major
pathway dampening tumor immunity, and prior studies have demon-
strated expression of PD-L1 in human MM driven by inflammatory
cytokines.?'** However, clinical significance of these pathways in
premalignancy is not known, with most analyses restricted to single
markers and cell types. Both MGUS and AMM plasma cells (PCs) were
found to express PD-L.1/B7-H1 and/or B7H3, but not B7H4 (supple-
mental Figure 2A and supplemental Table 4). PD-L1 was also expressed
on CD14% myeloid cells and, to a lesser extent, on T cells, NK cells,
BDCA1*mDCs, but not BDCA3"DCs and pDCs (supplemental
Figure 2B-C and supplemental Table 4). PD-L1 expression on PCs
was also confirmed by mass cytometry and did not differ between
PCs expressing clonal or nonclonal immunoglobulins (supplemental
Figure 3). Among other ICPs, tumor-infiltrating T cells also expressed
BTLA, whereas Tim-3 was primarily expressed on NK cells (supple-
mental Figure 2C and supplemental Table 4). PD-L1 expression
was higher in AMM than in MGUS PCs (supplemental Table 4).
These cohorts did not differ in terms of other ICPs or proportion of
infiltrating immune cells (supplemental Table 4). The cohort with
PD-L1™2" tumors also had higher M spike and marrow plasmacy-
tosis (supplemental Table 5). Expression of PD-L1 on tumor cells
(>45%, hazard ratio = 3.8, P = .001) and CD3™ T cells (>4%,
hazard ratio = 6.8, P = .003), and specifically CD4™" T cells, but not
myeloid cells, correlated with an increased risk of progression to CMM
(Figure 2A-C). Expression of PD-1 or BTLA on T cells or Tim-3 on NK
cells was not predictive of risk (supplemental Table 6). The presence of
SOX2-specific T cells correlated inversely with the presence of PD-L1,

—— CFSE

particularly on T cells (supplemental Table 7). In order to test the
possibility that PD-L1-mediated signaling may contribute to suppres-
sion of anti-SOX2 T cells,** we analyzed whether antibody-mediated
blockade of PD-L1 can enhance SOX2-specific T cells in culture.
PD-L1 blockade led to an increase in antigen-dependent proliferation
of SOX2-specific T cells in 4 of 6 AMM patients tested (Figure 2D).
Together, these data demonstrate that the expression of PD-L1 on both
tumor cells and T cells is associated with increased risk of malignancy.
The association between SOX2 immunity and PD-L1, as well as PD-L1
as arisk factor, is a preliminary finding and warrants further investigation.
To our knowledge, these are the first data to prospectively evaluate the
clinical impact of antigen-specific B/T-cell immunity and ICPs in a
human premalignancy. The strengths of this study are its prospective
nature with uniform follow-up of patients and large sample size. Because
of the limits of sample availability, analysis of antigen-specific T cells was
limited to circulating T cells. However, we have previously demonstrated
tumor-specific T cells to be enriched in the tumor bed.*"® The finding
that T-cell immunity to a single antigen correlates with outcome is
surprising as immunity against a growing tumor is likely to be directed
against mutation-derived neo-epitopes.>’ One possible explanation is
that stemness pathways targeted by this immune response may be
important in myelomagenesis.'>'>* This is also supported by prior
studies showing that SOX2-specific T cells and SOX2-RNA interference
can reduce clonogenic growth of MM.*'? Preexisting SOX2 immunity
also correlated with clinical response to checkpoint blockade in lung
cancer.'® Together, these data suggest that both ICPs and stemness
antigens may be important for novel approaches to prevent CMM.

Acknowledgments

This work was supported in part by Public Health Service/
Department of Health and Human Services grants awarded by the
National Institutes of Health National Cancer Institute (NCI)

20z aunr g0 uo isenb Aq pd'G/¥2/9ZE06€ L/SLY2/e/9T | /Ppd-ajoiie/poojqaau-suoneoligndyse//:djy wol papeojumog



2478 DHODAPKAR et al

National Clinical Trials Network (CA1800888, CA1800819,
CA180801, CA180826, CA180846, CA180830, and CA180858) and
the NCI Community Oncology Research Program grants (CA189853
and CA189953). M.V.D. is supported in part by NCI grants (A106802
and CA135110).

BLOOD, 26 NOVEMBER 2015 + VOLUME 126, NUMBER 22

R. Sexton performed statistical analysis; K.M.D. performed and
supervised analysis of immune data; R.D., L.Z., R. Sundaram, and
S.S. performed some of the assays and analyzed data; J.J.C. super-
vised statistical analysis; R.Z.O. is the current chair of the SWOG
myeloma committee; and B.B., prior chair of the SWOG myeloma

committee, served as coprincipal investigator for the study.
Conflict-of-interest disclosure: S.S. is currently employed by

Authorship

Contribution: M.V.D. designed research, served as principal inves-

Bristol Myer Squibb (Princeton, NJ). The remaining authors declare
no competing financial interests.
Correspondence: Madhav V. Dhodapkar, Yale University, 333

tigator for the study, analyzed data, and wrote the manuscript; edu.

References

1.

Cedar St, New Haven, CT 06510; e-mail: madhav.dhodapkar@yale.

Pardoll DM. The blockade of immune checkpoints
in cancer immunotherapy. Nat Rev Cancer. 2012;
12(4):252-264.

Vesely MD, Schreiber RD. Cancer immunoediting:
antigens, mechanisms, and implications to cancer

Blotta S, Tassone P, Prabhala RH, et al.
Identification of novel antigens with induced
immune response in monoclonal gammopathy of
undetermined significance. Blood. 2009;114(15):
3276-3284.

Gooley TA, Leisenring W, Crowley J, Storer BE.
Estimation of failure probabilities in the presence
of competing risks: new representations of old
estimators. Stat Med. 1999;18(6):695-706.

Leblanc M, Crowley J. Survival trees by goodness

immunotherapy. Ann N'Y Acad Sci. 2013;1284: 11. Liu K, Lin B, Zhao M, et al. The multiple roles of split. J Am Stat Assoc. 1993;88(422):457-467.
1-5. for Sox2 in stem cell maintenance and )
3. Bindea G, Mlecnik B, Fridman WH, Pageés F, tumorigenesis. Cell Signal. 2013;25(5): 20. Schmitz M, Temme A, Senner V, et al.
Galon J. Natural immunity to cancer in humans. 1264-1271. Identl_flciagontqf soxg asta ?°l"te| gl'tofma:r "
Curr Opin Immunol. 2010;22(2):215-222. ; associated antigen and potential target for © cefl-
P ¢ .) 12. Tanno T, Lim Y, Wang Q, et al. Growth based immunotherapy. Br J Cancer. 2007;96(8):
4. Palumbo A, Anderson K. Multiple myeloma. differentiating factor 15 enhances the tumor- 1293-1301.
N Engl J Med. 2011;364(11):1046-1060. initiating and self-renewal potential of multiple
5. Zhao S, Choi M, Heuck C, et al. Serial exome myeloma cells. Blood. 2014;123(5):725-733. 21. Egnf;);DDm Jr,_Baka(r; ?ItE N:nhshra ,tA elt sI" TheII
analysis of disease progression in premalignant 13. Brennan SK, Wang Q, Tressler R, et al. -1/PD-L1 axis modulates the natural killer ce
gammopathies. Leukemia. 2014;28(7): Telomerase inhibit?on targets clonogenic versus multiple myeloma effect: a therapeutic
1548-1552. multiple myeloma cells through telomere length- target for CT-011, a novel monoclonal anti-PD-1
. ) antibody. Blood. 2010;116(13):2286-2294.
6. Dhodapkar MV, Krasovsky J, Olson K. T cells dependent and independent mechanisms.
from the tumor microenvironment of patients with PLoS One. 2010;5(9):e12487. 22. Liu J, Hamrouni A, Wolowiec D, et al. Plasma
progressive myeloma can generate strong, tumor- 14. Dhodapkar MV, Sexton R, Waheed S, et al. cells from multiple myeloma patients express
specific cytolytic responses to autologous, tumor- Clinical genom‘ic and iméging predict’ors of B7-H1 (PD-L1) and increase expression after
loaded dendritic cells. Proc Natl Acad Sci USA. myelon;a progres’sion from asymptomatic stimulation with IFN-gamma and TLR ligands via
2002;99(20):13009-13013. monoclonal gammopathies (SWOG S0120) a MyD88-, TRAF6-, and MEK-dependent
7. Dhodapkar MV, Krasovsky J, Osman K, Geller Blood. 2014;123(1):78-85. pathway. Blood. 2007:110(1):296-304.
MD. Vigorous premalignancy-specific effector f i ;
9 premalignancy-sp! > 15. Dhodapkar KM, Gettinger SN, Das R, Zebroski H, ~ 23. Paiva B, Azpilikueta A, Puig N, et al. PD-L1/PD-1
T cell response in the bone marrow of patients ifi ive i ; resence in the tumor microenvironment and
with monoclonal gammopathy. J Exp Med. 2003; Dhodapkar MV. SOX2-specific adaptive immunity prese ’ '
198(11):1753-1757 ' ’ ’ and response to immunotherapy in non-small cell activity of PD-1 blockade in multiple myeloma.
' ’ lung cancer. Oncolmmunology. 2013;2(7): Leukemia. 2015;29(10):2110-2113.
8. Noonan K, Matsui W, Serafini P, et al. Activated 25205. .
marrow-infiltrating lymphocytes effectively target 24. Kearl TJ, Jing W, Gershan JA, Johnson BD.
plasma cells and their clonogenic precursors. 16. Das R, Verma R, Sznol M, et al. Combination Programmed death receptor-1/programmed
Cancer Res. 2005;65(5):2026-2034. therapy with anti-CTLA-4 and anti-PD-1 leads to death receptor ligand-1 blockade after transient
. . distinct immunologic changes in vivo. J Immunol. lymphodepletion to treat myeloma. J Immunol.
9. Sp|sgl§ 3, Kukrgja A, Chen LC, et al. Frequent and 2015;194(3):950-959. 2013;190(11):5620-5628.
specific immunity to the embryonal stem cell-
associated antigen SOX2 in patients with 17. Cox DR. Regression models and life-tables. J R 25. Dhodapkar MV. Immunity to stemness genes in

monoclonal gammopathy. J Exp Med. 2007;
204(4):831-840.

Stat Soc Series B Stat Methodol. 1972;34(2):
187-220.

human cancer. Curr Opin Immunol. 2010;22(2):
245-250.

20z aunr g0 uo isenb Aq pd'G/¥2/9ZE06€ L/SLY2/e/9T | /Ppd-ajoiie/poojqaau-suoneoligndyse//:djy wol papeojumog


mailto:madhav.dhodapkar@yale.edu
mailto:madhav.dhodapkar@yale.edu

