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Abstract

Multiple myeloma (MM) and its precursor monoclonal gammopathy of undetermined significance
(MGUS) are distinct disorders that likely originate in the setting of chronic immune activation.
Evolution of these lesions is impacted by cross-talk with both innate and adaptive immune systems
of the host. Harnessing the immune system may therefore be an attractive strategy to prevent
clinical malignancy. While clinical MM is characterized by both regional and systemic immune
suppression and paresis, immune-based approaches, particularly redirecting T cells have shown
remarkable efficacy in MM patients. Optimal application and sequencing of these new immune
therapies and their integration into clinical MM management may depend on the underlying
immune status, in turn impacted by host, tumor and environmental features. Immune therapies
carry the potential to achieve durable unmaintained responses and cures in MM.

Multiple myeloma (MM) is a plasma cell malignancy, preceded by a precursor phase
termed as monoclonal gammopathy of undetermined significance (MGUS)(1). Over the
last two decades, there have been major advances in our understanding of the immune
system in MM and MGUS patients as well as preclinical disease models(1-4). This

has been accompanied by transformative advances in the therapeutic landscape in MM,
leading to major improvements in outcomes for patients(5, 6). Therapies that directly or
indirectly impact the immune system now form the mainstay of current management of
MM and are increasingly being applied earlier in disease course(5). MM patients also
exhibit increased susceptibility to infections and reduced responses to vaccines, which has
been particularly laid bare during the recent SARS-CoV-2 pandemic(7-9). In addition, as
MM is a malignancy of an immune cell (plasma cell) itself, it is increasingly appreciated
that the malignancy originates in the setting of chronic immune stimulation(1, 10, 11).
Therefore, properties of the immune system impact several aspects of MM biology, from
pathogenesis of the malignancy itself, to susceptibility to infections and response to
immune-based approaches for prevention or therapy. In this review, | will discuss recent
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and emerging advances in our understanding of the immune system in MM/MGUS, and
offer my perspective on how these insights might shape the application of new / emerging
immune-based approaches to prevent or treat MM.

Some principles of immuno-oncology and MM/MGUS as a model:

It is now increasingly appreciated that nearly all human cancers grow in the context of a
dynamic cross-talk with the cells of the immune microenvironment; the capacity of tumors
to induce immune response and the capacity of immune system to impact tumors forms the
basis of the cancer immunity cycle and provides the framework for immune therapy(12).
Seminal studies in mouse models established the capacity of the immune system to impact
the early growth of tumors, with these interactions characterized by the 3 E’s — elimination,
equilibrium and escape(13). Traditionally, immune system been categorized into innate and
adaptive immune components, and both of these can play major roles in immune control.
Oncogenic mutations can lead to the expression of neoantigens, and pre-existing immune
responses to tumors seem to underlie the clinical response to checkpoint blockade in solid
tumors(12). MGUS/MM is a useful model to study these interactions in humans as MGUS
precedes nearly all cases of MM(1). Further, the preneoplastic phase is readily detected
due to the secretion of clonal immunoglobulin (Ig) and is not resectable, thus allowing
study of these interactions in patients in vivo. Advances in genomic analysis of MM
tumors have shown that the majority of genomic changes found in clinical MM are already
detectable before the clinical malignancy develops(11). Indeed, it is now clear that all of
the broad genomic subtypes of MM exist as their MGUS counterparts(14). Therefore the
immune system is likely exposed to tumor-associated neoantigens for several years before
the development of the malignancy. In murine models of chronic viral infection, chronic
exposure to antigens was shown to lead to a state of T cell dysfunction termed as T cell
exhaustion. The degree to which T cell dysfunction in cancer patients resembles that in the
setting of chronic viral infections and can be rejuvenated is a matter of debate and active
research. In murine models of chronic viral infection, it has been shown that the exhausted
clones are heterogeneous and the capacity to sustain such clones long-term in vivo may
depend on the presence of a subset of TCF1/7+ precursor or stem-like memory T cells(15).
Immunity within non-lymphoid tissues may depend on a subset of tissue-resident memory
(Trm) T cells, with the capacity to persist long-term within tissues(16). Such cells have also
been described in both human and murine bone marrow(17, 18) and their contribution to
protective immunity in MM is an area of active research. Here again, the degree to which
murine models of chronic viral infection recapitulate the biology of tissue residence in
human tumors remains an area of debate and ongoing research.

Immune recognition of premalignancy and implications for prevention:

Lesson:

Immune system is capable of recognizing earliest MGUS lesions, which may be targeted for
prevention.

MGUS was one of the first human premalignancies wherein the presence of preneoplasia-
specific T cell responses in the tumor microenvironment (TME) was documented(19, 20).
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These responses are specific to each individual patient and consist of both CD4 and

CD8+ T cells(19). In addition to adaptive immunity, the microenvironment in preneoplasia
also consists of alterations in innate immune cells, with enrichment of subsets of innate
lymphoid cells(21). Recent single cell sequencing studies have shown that T cells within
MGUS lesions already exhibit markers consistent with T cell dysfunction, although these
studies did not evaluate antigen specificity of marrow-infiltrating T cells(22, 23). In
particular, TME in clinical MM is associated with reduction in TCF1+ stem-like memory

T cells(22). T cell responses against SOX2, an embryonal stem cell-associated antigen

have been correlated with reduced risk of progression to clinical MM in the context of a
prospective clinical trial(24, 25). Immune profiles have also been linked to outcomes in MM
prevention trials(26). In spite of evidence for immune recognition of human MGUS, it is not
known however if these lesions undergo immune editing over time. Studies in preclinical
MM maodels, and particularly v-kappa myc mice have provided evidence for immune
surveillance, which seems to depend on both T as well as NK cells and is consistent with
human data(27). Studies in humanized models have shown that cells from MM precursor
states MGUS and smoldering MM (SMM) exhibit progressive growth pattern in humanized
mice, supporting the hypothesis that clinical stability of the clone observed in these patients
is at least in part due to tumor-extrinsic features in TME(3).

Implications:

The concept of immune recognition of early lesions provides support to strategies to
harness the immune system to prevent MM. Two randomized trials have demonstrated

that lenalidomide (alone or with dexamethasone) in patients with SMM can reduce the risk
of progression to clinical MM(28, 29). However the finding that the hierarchy of T cell
exhaustion/dysfunction is established early on in patients with monoclonal gammopathy
suggests the need to consider testing immune-based prevention approaches even earlier
than “high-risk” SMM(22, 30, 31). In this regard, an important aspect of immune biology
may be changes in spatial architecture with evolution to MM. These issues also support
consideration of immune redirection therapies in this setting. In addition, there is an unmet
need to better understand the antigenic targets and spatial architecture of host response in
preneoplasia, as it may allow novel non-toxic approaches for immune prevention.

Origins of MGUS: Role of chronic B cell activation

Lesson:

MGUS originates in the setting of chronic B cell activation.

Several lines of evidence now support the concept that MGUS originates in the setting of
chronic B cell activation(1). Epidemiologic studies suggest increased risk of gammopathy

in the setting of autoimmune or allergic conditions(32). Genome sequencing studies of

the plasma cell clone show mutational signatures of cytidine deaminases (such as activation-
induced cytidine deaminase (AID) or APOBEC), which are often associated with B cell
activation, starting as early as the third decade of life(10, 33). Clinical setting such as
Gaucher’s disease which is characterized by chronic B cell activation due to accumulation
of immunogenic lipids may serve as a useful model to understand the role of immune
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system in early phases of evolution of gammopathies(34). In this setting, chronic B

cell activation initially leads to poly- or oligoclonal B cell activation, from which the
monoclonal component may emerge. However, even when the monoclonal component is
well established or dominant, it remains responsive to antigen-mediated regulation(35).
Accordingly, reduction of immunogenic lipids such as with substrate reduction leads

to reduction in clonal immunoglobulins, both in mouse models as well as in patients
with Gaucher disease(34-36). Reactivity to lysolipids seems to be polyreactive and thus
maybe a feature of auto- or poly-reactive B cell receptors (BCRs)(34, 35). Recent clinical
studies have begun to provide additional evidence for polyclonal gammopathy preceding
MGUS(37). Recent studies in mouse models have also implicated a potential role for
microbial stimuli in activating gut Th17 cells and promoting tumor growth(38). Impact
of microbiome-derived signals on tumor growth in MM or MGUS patients is an area of
ongoing research.

Implications:

The new insights implore the need to better understand the antigenic triggers that lead to
gammopathies and eventually MM. Polyreactive BCRs may also be susceptible to regulation
by diverse environmental stimuli, including those derived from microbiome or dietary
factors. Exposure to pathogens that impact B cells (such as Epstein Barr virus) is greatly
impacted by racial and socioeconomic issues(39, 40), peaking nearly a decade earlier in
Black children, and may therefore eventually impact the timing / risk of gammopathy in
Black patients. Interventions based on diet and lifestyle are also of considerable interest as
they may impact the TME and evolution of MGUS.

Immune system as a potent weapon against MM

Lesson:

Tumor cells in advanced or even relapsed MM remain sensitive to immune effectors.

Several studies have shown that immune system is a potent weapon against MM(41). Even
in the setting of advanced and relapsed disease, MM cells remain highly susceptible to
killing by both innate and adaptive immune cells(41-43). While T cells in the bone marrow
of MM patients exhibit features of T cell dysfunction as discussed below, they can be
activated to mediate killing of autologous tumor cells(41). It is notable however that while
the blood as well as bone marrow in MM patients contains expanded T cell clones(44-47),
a proportion of these are likely not tumor-specific but may represent bystander T cell
clones associated with aging immune system or carry reactivity against non-tumor (e.g.
viral) antigens. Thus while the presence of neoantigen-specific T cells in MM has been
demonstrated(48), further studies are needed to better understand the antigen-specificity
and function of T cells in MM or MGUS marrow. It is notable that MM tumors cells
exhibit considerable heterogeneity with reference to underlying genomic instability and
mutational burden, which may translate to neoantigen load. Tumors with high-risk genetics
seem to carry higher mutational burden. Human bone marrow has been previously shown
to serve as a reservoir for memory T cells with diverse specificities. Therefore T cells in
MM marrow could reflect changes associated with aging, prior environmental exposures,
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as well as those directly or indirectly impacted by tumor cells. Analyses based solely on
bone marrow aspirates are also subject to artifact of hemodilution during the process of
bone marrow aspiration. Subsets of bone marrow T cells in MM show distinct polarization,
particularly towards IL17-producing T cells, which may be linked to MM bone disease(49,
50). Investigators have also tested adoptive transfer of expanded marrow infiltrating T cells
with promising early results(51). In addition to T cells, MM cells are also quite sensitive to
innate effectors. For example, MM cells commonly express CD1d and can be readily killed
by type I natural killer T (NKT) cells(42). Advanced MM is associated with progressive
dysfunction of NKT cells in vivo(42). DC-mediated activation of NKT cells in combination
with transient low dose lenalidomide led to NKT expansion and tumor regressions in vivo

in patients with smoldering MM (SMM)(52). Much of what is currently known about the
bone marrow immune microenvironment in MM is based on study of BM aspirates, and data
relating to spatial aspects of the immune response in the context of MM biopsies is currently
limited.

The capacity of endogenous immune effector T cells to mediate tumor regression has

now been translated to the clinic, with the demonstration of high rates of clinical tumor
regression following bi-specific antibodies, even in patients with relapsed MM following
multiple lines of therapy(53, 54). These data also illustrate the importance of in situ
activation / engagement of T cells, as well as the need to better understand spatial aspects of
immune response. Recent application of single cell methods has also illustrated considerable
inter-patient heterogeneity in terms of immune TME in MM(22, 23). In this regard, immune
system in each MM or MGUS patient is likely unique and impacted by host, tumor, therapy
and environmental factors (Fig 1). Thus as with tumor genetics, immune profiles may
impact outcome in MM and response to immune therapies. Although most of current trials
evaluating immune redirection focus on T cells, redirection of innate immune cells may also
be worthy of clinical evaluation and is emerging from preclinical studies(55-57).

Implications:

Redirection of effector T cells has shown considerable promise in early clinical trials

and suggests that functional properties of effector T cells may be critical determinants of
durability of response to these therapies. While much of the work to date has been with
redirecting conventional T cells, new approaches redirecting innate immune cells (such as
NKT cells) are also emerging and hold promise.

Progressive T cell dysfunction and many paths to immune suppression in

MM

Lesson:

Both T cell intrinsic (e.g. costimulation/inhibition, exhaustion, senescence) and extrinsic
(e.g. Tregs, MDSCs, stromal inflammation) mechanisms underlie immune suppression in
MM(Fig 2).

Several studies have documented that with disease progression, T cells in MM patients
increasingly exhibit features of T cell dysfunction and terminal differentiation(45, 58).
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These changes persist following therapy and may globally impact T cell function. Some
studies have documented the presence of expanded but terminally differentiated and
exhausted T cell clones, including those exhibiting features of telomerase-independent T
cell senescence(45, 46, 59). The mechanisms underlying T cell dysfunction are diverse
and include both T cell-intrinsic as well as T-cell extrinsic factors. T cell intrinsic features
have been mostly studied in the context of pathways associated with T cell exhaustion

and changes in co-stimulatory/co-inhibitory signaling(60, 61). In the Vkappa-myc model,
enhanced costimulatory signaling was shown to mediate protective immunity(62, 63).
Analysis of T cells in the human MM marrow have documented the presence of expanded
clones with varying degrees of features of T cell exhaustion, and even senescence(22, 59). T
cells in the MM marrow are relatively deficient in the population of stem-like memory

or precursor exhausted T cells marked by the expression of TCF1(22). Initial studies
documenting the expression of PD1 on MM T cells led to extensive evaluation of anti-PD1
therapy in MM, without clear evidence of clinical benefit. More recent studies have explored
PD1 blockade in earlier stages such as SMM, however the results are underwhelming(64,
65). Exploration of alternate inhibitory receptors or signaling pathways on MM cells has
led to identification of proposed role for TIGIT and Lag-3 axis in immune suppression

in MM(60, 61, 66). Strategies to inhibit these pathways in MM patients are currently
being explored. Another important feature of T cells in the bone marrow is altered T

cell polarization, with reduced Th1 type signaling and instead, polarization towards Th17
cells(50, 67). IL-17 secreted by these cells has been implicated in MM bone disease. It

is notable that a major caveat of several of the studies discussed above is that they did

not document tumor- or antigen-specificity of T cells. Deeper understanding of specific
antigens recognized by tumor-infiltrating T cells in MM is needed to better understand the
mechanisms that lead to altered T cell function in these patients.

In addition to T cell intrinsic pathways, several T-cell extrinsic mechanisms including
“immune suppressive” cytokines (e.g. IL6, IL10, TGF-beta, IL18) have been implicated in
MM-associated immune paresis and promoting tumor growth(68-71). Strategies to block
these pathways are therefore being explored in combination therapies. Several potential
mechanisms of suppression via immune suppressive cells also deserve specific mention, as
these can in principle be directly targeted to harness tumor immunity. Increase in regulatory
T cells has been observed in MM patients and mouse models and their depletion shown to
enhance anti-MM immunity. The relative proportion of Tregs in MM models seems higher
than that seen in MM patients, wherein Tregs may be dysfunctional(72—76). Nonetheless,
depletion of Tregs is being explored to harness tumor immunity. An important feature

of MM bone marrow is increased infiltration of macrophages with potential suppressive
function(77, 78). Although the biology of myeloid cells in MM is complex, with both
tumor-promoting and tumor-suppressive function, several studies have documented systemic
alterations in myeloid-derived suppressor cells in MM(77-81). These data suggest that
targeting such populations may enhance tumor immunity. In addition to Tregs and MDSCs,
other populations such as mesenchymal stem cells, cancer-associated fibroblasts, bone
marrow stromal cells, as well as osteoclasts have been implicated in mediating suppressive
effects on tumor immunity(82, 83). For example, recent studies have suggested an important
role for inflammatory stromal phenotype with T cell exhaustion and immune escape(83,
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84). Pathways/mechanisms of immune suppression in MM also extend beyond adaptive
immunity to include innate immune cells. For example, inhibition of NKG2D by soluble
MICA has been implicated in immune suppression(85). In addition to T cells, MM is
associated with altered function of both NK as well as NKT cells, which again, may be
mediated by both cell-intrinsic as well as extrinsic mechanisms(86).

Implications:

Diverse pathways underlie the T cell dysfunction and immune suppression observed in MM.
In the future, it may be important to dissect which of these pathways are regional versus
systemic, and impact tumor-specific versus global immune function. Recent application of
high-dimensional approaches to study the immune microenvironment to study MM and
MGUS have shown that there may be considerable inter-patient heterogeneity as to the
nature of immune tumor microenvironment. Therefore optimal strategies to harness tumor
immunity may depend in part on the nature of host response to the tumor and the degree to
which it may be restored.

Systemic versus Regional Immunity

Lesson:

MM is associated with both regional and systemic alterations in immune cells; both are
relevant in different ways and impact protection against tumors and pathogens.

It has been long appreciated since the initial description of MM in that it is “multiple”, in
that the tumor cells are found enriched within multiple focal lesions leading to lytic bone
disease. However the impact or implications of this multifocal pattern on spatial biology
of the microenvironment remains poorly studied. In addition, tumor cells in MM remain
localized to the bone marrow, until later in the natural history of the malignancy. This is
also potentially relevant to MM immunology, with the appreciation that distinct subsets
of immune cells remain resident within the marrow. This issue is likely to become more
important in the future, particularly with the appreciation of critical role of tissue-resident
memory T cells in the context of tumor immunity in other cancers. While the systemic
alterations in immune responses such as depletion of normal B cells and reduction in
uninvolved immunoglobulins and alterations in circulating T cells have been extensively
studied, our understanding of the dynamic relationship between the circulating and bone-
marrow resident compartments remains relatively superficial. Advances in mouse modeling
may provide deeper insights into this issue, which is particularly critical due to the
emergence of T cell redirection as a clinically effective strategy in MM.

While regional changes are of particular interest for tumor immunity, changes in systemic
immune profiles may be of specific relevance for immunity to pathogens and response to
vaccines. This has become particularly relevant with the emergence of the SARS CoV-2
pandemic, as MM patients exhibit increased susceptibility to these pathogens and reduced
response to current vaccines(87). As we gain deeper insights into the biology of regional
versus systemic immunity, particularly at the level of antigen-specific immunity, we are
likely to uncover the underlying mechanisms that regulate them. In this regard, it possible
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and even likely that the pathways that regulate regional immunity differ from those that
regulate systemic immunity. For example, what are the properties of tumor-specific T cells
within MM lesions? What are the mechanisms that regulate entry and persistence of tumor-
specific T cells into MM tumors? Does the spatial biology of naturally occurring T cells
differ from synthetic immunity (e.g. redirected T cells with bispecific antibodies or CAR-T
cells)? What are the antigens recognized by TCRs that may be critical for long term tumor
control or cure?

Implications:

While the study of spatial aspects of immune response in MM as well as mechanistic aspects
of how this biology is regulated in vivo remains in its infancy, it is likely that improved
understanding of this biology will be critical to understand mechanisms underlying response
and resistance to T cell redirection and eventual cure in MM.

Non-immunologic effects of immune cells on MM biology

Lesson:

Tumor-immune interactions may directly impact several aspects of MM biology including
tumor growth, bone disease and genomic instability.

While studies of interaction between MM tumors and immune system have understandably
focused to date on immune control of tumors, there is also evidence that these interactions
also have a more direct effect on tumor biology. This should not be surprising as MM
after all is a tumor of an immune cell, i.e. plasma cell. Interactions between DCs and MM
cells can directly promote tumor growth, in part by engaging cytokine and Baff-mediated
signals(88, 89). Interactions between DCs and tumors may also be critical for activation
of cytidine deaminases such as AID within MM cells and may contribute to genomic
instability(90). DCs or macrophages in the tumor bed may also contribute more directly
to formation of MM bone disease via tumor-induced cell fusion events that lead to the
formation of osteoclasts(91). As noted earlier, polarization of T cells to secrete cytokines
such as IL17 may further contribute to MM bone disease(49, 50).

Implications:

Strategies to target tumor-associated immune cells may have a more direct impact of MM
biology, beyond immune control.

Immune status and implications for immune therapies

Lesson:

Immune system contributes to the mechanism of action of several MM therapies and
properties of immune system may impact outcomes following current and emerging immune
therapies.

It is now increasingly appreciated that effects on the immune system may contribute to
anti-tumor effects of several current MM therapies. Bortezomib can lead to immunogenic
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death of MM tumors via the expression of heat shock proteins on dying cells and engaging
CGAS/STING pathway(92, 93). IMiDs lead to enhanced secretion of IL2 and downstream
activation of NK, T and NKT cells via cereblon-dependent degradation of Ikaros, which

can persist even with concurrent steroids(26, 94-96). Studies in mouse models have shown
that stem cell transplantation can lead to generation of new anti-tumor immune responses
and set the stage for future immune combination approaches(61). Anti-CD38 antibodies

can impact NK and T cells, and also deplete CD38 expressing immune-regulatory B and
myeloid cells(97). Antibody-drug conjugates likely also induce immunogenic cell death

and may synergize with other immune approaches. The most direct demonstration of anti-
tumor effects of immune system in MM in the clinic has emerged from T cell redirection
approaches such as CAR-T or bispecific antibodies(4, 5). Several MM-associated targets
such as BCMA or GPRC5D have been effectively targeted by both of these strategies
leading to rapid and deep responses. Nature of input T cells is a key determinant of the
properties of manufactured CAR-Ts and therefore can differ between individual patients and
impacted by the stage of disease(98). Early expansion of CARTS in vivo correlates with
initial response to these therapies(99, 100). Recent application of high-dimensional profiling
has shown that BCMA CAR-T therapy also leads to major alterations in endogenous T
cells(101). Interestingly, while initial response to BCMA CARTS depends in part on the
initial expansion of CARTS in vivo(99, 100), properties of pre-existing and endogenous T
cells, as well as the nature of myeloid/DC populations in the tumor bed may be critical
determinants of the durability of CAR-T-induced tumor regressions in MM(101). Therefore
properties of the tumor immune microenvironment may be critical both for patient selection
as well as designing future and possibly personalized combination therapies to improve the
durability of T cell redirection in MM. In contrast to CAR-T cells, bispecific antibodies
rely entirely on endogenous CD3+ cells(53, 54), and accordingly the nature of these T cells
would be expected to have a major impact on the likelihood of response as well as durability
of remissions following bispecific antibodies(5, 53). It is notable that the effects of these
therapies are expected to be systemic and may also target pathogen-reactive T cells, thereby
impacting risk of infections. Another critical issue particularly with T cell redirection is

the spatial aspects of the immune cells, as discussed above. Deeper understanding of
antigen-specificity and spatial aspects of redirected and bystander T cells in the tumor
microenvironment (and systemically) both in patients and mouse models will be essential to
optimize the clinical benefit of these therapies in MM and develop combination therapies.

Implications:

Rapidly growing body of data now supports an important role for immune
microenvironment as a critical determinant of durability of immune therapies, both for
redirection therapies, as well as synthetic immunity. Recent studies have demonstrated
correlations between immune status and outcome following current therapies, including in
long-term survivors(26, 102-106). As these models continue to be refined, it is likely that
we may be able to utilize immune status as a tool to select patients for specific immune
therapies, as well as optimal sequencing and combinations.
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Summary:

In the past decade, appreciation of the role of immune system in MM has undergone a
complete transformation, from a largely ignored topic to now integral to all aspects of MM
biology. Immune-based approaches also seem poised to transform the therapeutic landscape,
both for therapy and prevention of MM. Optimal integration of these approaches into
clinical management may depend in part on immune status of the patient, which in turn

is impacted by host, tumor, therapy and environmental signals (Figl). Current treatment
paradigms in MM were built on the backbone of direct cytotoxic effects of steroids on

MM cells, eligibility for stem cell transplantation, use of plasma-cell directed therapies and
have relied on the use of continuous therapy to delay relapses. Immune-based approaches in
theory, carry the yet unrealized potential for unmaintained remissions and potential cure or
effective prevention. It may be essential to revisit older paradigms in order to fully realize
this potential.
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Fig 1.

Factors impacting tumor- and pathogen-specific immunity in MM
Tumor and pathogen-specific immunity in MM is likely impacted by several factors that can
be broadly classified as tumor, host, environment and therapy related factors.
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Major changes in T and myeloid composition between MGUS and myeloma
Bone marrow in myeloma is characterized by greater enrichment of terminal effector T cells,
along with immune suppressive myeloid cells and stromal inflammation.
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