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The role of infection and chronic inflammation in plasma cell disorders (PCD) has been well-described. Despite not being a
diagnostic criterion, infection is a common complication of most PCD and represents a significant cause of morbidity and mortality
in this population. As immune-based therapeutic agents are being increasingly used in multiple myeloma, it is important to
recognize their impact on the epidemiology of infections and to identify preventive measures to improve outcomes. This review
outlines the multiple factors attributed to the high infectious risk in PCD (e.g. the underlying disease status, patient age and
comorbidities, and myeloma-directed treatment), with the aim of highlighting future prophylactic and preventive strategies that
could be implemented in the clinic. Beyond this, infection and pathogens as an entity are believed to also influence disease biology
from initiation to response to treatment and progression through a complex interplay involving pathogen exposure, chronic
inflammation, and immune response. This review will outline both the direct and indirect role played by oncogenic pathogens
in PCD, highlight the requirement for large-scale studies to decipher the precise implication of the microbiome and direct
pathogens in the natural history of myeloma and its precursor disease states, and understand how, in turn, pathogens shape
plasma cell biology.
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INTRODUCTION
Multiple myeloma (MM) is a cancer of plasma cells that leads
to dysregulation of the bone marrow microenvironment,
resulting in cytopenias, bone resorption, and monoclonal
antibody production. Plasma cells are terminally differentiated
B-cells that, without further antigenic stimulation, continuously
secrete antibodies. In healthy patients, the adaptive immune
response is protective against many pathogens and forms the
backbone of memory responses to preventative measures such
as vaccination.
Infection is an ill-defined symptom in plasma cell disorders

(PCD), such as MM and its precursor phases. Although it burdens
every stage of disease, significantly affecting morbidity and
mortality, infection is not part of the diagnostic criteria for
symptomatic disease requiring treatment. The role of infection
in disease initiation and progression remains debated. Although
some argue that oncogenic viruses and chronic inflammation
are key in the pathogenesis of PCD, the evidence supporting
this hypothesis remains scarce. Recently, renewed interest in
oncogenic pathogens from microbiome studies has highlighted
the interaction between disease progression and homeostasis
related to various pathogenic signatures.
Here we review the evidence underlying how pathogens shape

PCD and how, in turn, PCD impact immune response against
infections throughout disease stages.

ROLE OF INFECTION, INFLAMMATION, AND PATHOGENS IN
THE PATHOGENESIS OF PCD
Infection is estimated to cause one in five cancer cases worldwide.
[1] Infectious cancer agents can be divided into direct carcino-
gens, which express viral oncogenes that directly contribute to
oncogenic transformation, and indirect carcinogens that cause
cancer through chronic inflammation and acquisition of driver
mutations. Although this simple dichotomization provides a
helpful framework to understand the role of pathogens in PCD,
it does not account for their role in immune modulation and
cancer progression.

Pathogens as direct carcinogens in PCD
Viruses have repeatedly been considered as a possible cause for
cancer, and PCD are no exception to this rule. Oncogenic viruses are
believed to contribute to the development of immunosuppression-
related cancers [2], with the prime example being Kaposi’s sarcoma
and HHV8. There is some evidence supporting an increased risk of
PCD in immunocompromised patients. Prior to the development of
highly active antiretroviral therapies (HAART), the incidence of
monoclonal gammopathy of undetermined significance (MGUS) in
HIV patients was believed to be significantly higher than in non-HIV
patients, ranging from 4–26% [3]. When considering MM, the
standardized incidence ratios (SIRs) from 1980–1996 and 1996–2002
were 2.60 and 2.20, respectively, suggesting the incidence decreased
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with effective HAART [2]. When considering transplant patients,
several publications have suggested a higher risk of MM compared
to the general population [4, 5]. Of note, 39% of cases were EBV-
positive, far higher than the rates in MM that develop in non-
immunosuppressed patients, suggesting they may be a separate
disease entity that lie somewhere on the spectrum of post-transplant
lymphoproliferative disorders. Although a role for EBV in MM has not
yet been established, there are occasional case reports [6, 7] and
in vitro evidence suggesting that aberrant EBV latent infection may
contribute to the etiology of MM [8].
Loss of surveillance for specific viral cytotoxic T-cell epitopes

without generalized immunosuppression, as might occur during
aging, is also likely to promote cancers caused by viruses. [9]
Although there is a clear association between PCD and aging [10],
and there are age-specific genetic changes in MM [11], none of
them have currently been linked directly to infection.
Overall, there is no definitive evidence supporting the role for

pathogens as a direct cause of PCD, but recent work has
highlighted a possible indirect role.

Pathogens as indirect carcinogens in PCD
For over 150 years, it has been suggested that chronic inflammation
enhances cell proliferation. Chronic inflammation has been asso-
ciated with MGUS and MM in specific subsets such as Gaucher’s
disease and even sporadic cases of MGUS, where long-term immune
activation by lysolipids may underlie disease [12]. This is in part why
obesity and poverty have been suggested to increase one’s risk of
PCD [13]. Infectious pathogens, including carcinogenic viruses (EBV,
HCV, and HPV) and bacteria (Helicobacter pylori), are the targets of
approximatively 23% of purified monoclonal IgG from MGUS,
smoldering MM (SMM), and MM patients, which is more that in
normal sera [14]. This may also explain the association between MM
and HCV in population-based studies [15]. The working hypothesis is
that abnormal immune response, either to self-proteins or to
infectious pathogens, increases the risk of genetic alteration and

subsequent malignant transformation to overt MM. Long-term
antigenic stimulation may also promote genomic instability in MM
by engaging cytidine deaminases, which has been suggested to
explain the progression from SMM to MM [16].

Pathogens as modulators of immune-surveillance in PCD
Besides pathogens’ oncogenic role, there is a current body of
evidence supporting their role in immunomodulation and disease
progression.
The microbial environment has long been linked to mucosal

inflammation, autoimmunity, and development of gastrointestinal
malignancies. More recently, commensal bacteria in the gut are
suspected to contribute to the development of extramucosal
tumors, including MM [17]. Th17 cells are particularly critical in the
gut microbiota interactions relevant in tumor growth. In addition
to protecting against bacterial and fungal infections, Th17 cells
secrete inflammatory cytokines, including IL-17, which promotes
plasma cell growth through an IL-6-STAT3 signaling pathway and
local activation of eosinophils. The accumulation of IL-17
producing cells in the BM has been shown to drive progression
of MM and may even represent an early biomarker for high-risk
SMM patients [18].
Increasing evidence suggests that the gut microbiota impact

the response and toxicity of immune-based therapies [19, 20]. This
was first analyzed in the setting of allogeneic stem cell
transplantation for hematologic malignancies, where patients
are often treated with immunosuppressant agents and broad-
spectrum antibiotics that significantly alter the microbiota
composition (called dysbiosis) and may affect the outcome of
the engrafted stem cells. In these patients, lower diversity of gut
microbiota is associated with lower OS, higher transplant-related
mortality, and increased onset of graft-versus-host disease [21].
Intestinal microbiota composition was later shown to potentially
affect treatment response in patients not undergoing stem cell
transplantation. Patients who achieve minimal residual disease
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Fig. 1 Impact of pathogens on the hallmarks of plasma cell disorders. An increasing body of evidence supports an effect of the microbiota,
chronic inflammation, and oncogenic virus on various cancer hallmarks, including genomic stability, angiogenesis disease progression, and
replicative immortality.
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(MRD) negativity after upfront treatment for newly diagnosed MM
(NDMM) were noted to have a higher relative abundance of
Eubacterium hallii compared to patients with MRD positivity [22].

Future research strategies in PCD
As pathogens influence many hallmarks of cancer mainly through
their influence on the microenvironment (Fig. 1), identification of
infectious carcinogens on a large scale may open options for early
prevention strategies or specific therapies, such as drugs targeting
latent viruses or immunological therapies at early disease stages.
Unfortunately, it does not guarantee a cure, as the reversibility of
these early oncogenic processes has yet to be ascertained.
Anecdotal retrospective studies of the microbiome are available

but insufficient to build interception strategies and suffer from
many confounding factors that await confirmation. The PROMISE
(NCT03689595) and SMRT studies should yield valuable informa-
tion in the premalignant setting, but microbiome evaluations
have yet to be included in large scale clinical trials at the
myeloma stage.

ROLE OF INFECTION IN OUTCOME OF MM
Beyond their role in disease initiation and progression, infections
shape outcomes in PCD, which are influenced by factors related to
disease, patient, and PCD treatment.

Epidemiology
MGUS has a relatively high prevalence in the general population
(3% over age 50 and 5% over age 70). Patients with MGUS have a
two-fold higher risk of infection compared to the general
population, with the highest risk noted at monoclonal protein
concentrations >2.5 g/dL at diagnosis [23], Even though MGUS is
often incidentally diagnosed and does not require any treatment,
this susceptibility to infections is increasingly relevant as the
population continues to age and there are more MGUS cases.
MM patients have a seven-fold higher risk of infection

compared to the general population [24]. This risk of infection
fluctuates over time, noted to be highest in the first few months of
diagnosis and decreases with response to treatment. In the
United-Kingdom MRC Trial, 10% of patients died within 60 days of
diagnosis, with 45% of deaths due to infection, many in elderly
patients [25]. Infection is the leading cause of early mortality in
elderly MM patients, who have age-related immune dysfunction
and comorbidities [26].
Infection is attributed to 17% of all MM deaths and is a common

cause of death throughout the entire MM disease trajectory in
patients of all ages. Death due to infection is highest prior to
initiation of first-line therapy (46%), though it also contributes to
nearly one out of every five patient deaths by the fifth-line
treatment [27].

Timing of infection
There is a bimodal distribution in the incidence of infections: the
first peak during induction therapy and the second seen in the
later course of advanced disease. Bacterial infection rates peak at
4–6 months following diagnosis (89.5 infections per 100 patient‐
years, /100PY) and again at 70–72 months (50 infections/100PY).
Similarly, viral infection rates peak at 7–9 months following
diagnosis (36 infections/100PY) and later at 52–54 months (37.5
infections/100PY). It is suspected that the rise in infection during
this late stage of disease is a reflection of cumulative immuno-
suppression following multiple lines of therapy and use of
intensive combination agents as salvage therapy [28].
Autologous stem-cell transplantation (ASCT), a standard front-

line treatment for all eligible patients, represents another
vulnerable period for infection. Transplant is typically preceded
by high-dose chemotherapy, which places patients at a higher risk
of infection due to chemotherapy-induced neutropenia [29].

Nearly all patients experience at least one febrile episode, often
from an unknown source, during the post-transplant period [28].

The changing spectrum of infection
Beyond an increased incidence of infection, the types of infections
observed in MM are now also changing over time with the
introduction of novel anti-myeloma therapies.
Bacterial pathogens cause the majority of infections in MM.

Compared to matched controls, MM patients have a seven-fold
higher risk of developing a bacterial infection overall and an 11-
fold higher risk during the first year following diagnosis [24].
Historically, severe pneumonia and bloodstream infections from
encapsulated pathogens, such as Streptococcus pneumoniae, were
most commonly implicated [30, 31]. However, vaccinations and, in
some cases, antibiotic prophylaxis greatly reduced their incidence.
Gram-positive pathogens are responsible for the majority (54.5%)
of infections during induction. However, more recent studies have
shown that gram-negative pathogens are responsible for most
infections (57.7%) during disease progression, most commonly
Escherichia coli (30.1%). During those later disease stages, ASCT
and salvage therapies that use high doses of conventional
chemotherapy may disrupt mucosal integrity and cause profound
neutropenia, thus increasing the risk of infection with gram-
negative bacteria [32].
Patients with MM are also highly susceptible to viral infections.

Compared to matched controls, MM patients have a 10-fold
higher risk of viral infections overall and an 18-fold higher risk in
the first year following diagnosis [24, 33]. Respiratory viruses are
commonly seen, with rhinovirus observed most frequently in
symptomatic MM patients. Influenza is associated with the highest
morbidity and mortality and occurs at all stages of the disease.
Reactivation of latent viruses, varicella zoster virus and hepatitis B
virus, is a newer concern for MM patients, particularly with
proteasome inhibitor (PI) use [34].
More recently, infection with the SARS-CoV-2 virus during the

COVID-19 pandemic is a significant concern to cancer patients,
who have poor outcomes. In a large international study, nearly
one-third of cancer patients admitted with SARS-CoV-2 died [35].
Older patients and patients with hematologic malignancies
(particularly those treated with recent chemotherapy) had
increased risk of death [36]. A study of 100 infected MM patients
hospitalized in New-York found a mortality rate of 24%, which is in
the higher range of reports from the general hospitalized
population [37]. Patients with elevated inflammatory markers
and severe hypogammaglobulinemia had a significantly higher
mortality rate [38].
Previously, invasive fungal infections (IFIs) such as invasive

aspergillosis were more commonly seen with conventional
chemotherapy and were associated with a high mortality rate of
nearly 50% [39]. With the introduction of novel anti-myeloma
therapy, rates of IFI are relatively low (2.4%), although the
mortality rate remains high for infected patients. IFIs are largely
seen with greater cumulative treatment exposure and disease
burden and should be considered in the differential for these
patients [40]. Other opportunistic infections, such as Pneumocystis
jirovecii pneumonia (PCP), are also seen in MM, ranging from
25–45 cases/100,000 patient-years [41]. Recently, we have
reported evidence of other opportunistic cases, such as cryptos-
poridiosis [42].

RISK FACTORS FOR INFECTION
Disease-related risk factors
Deregulation and dysfunction of the immune system in MM
makes patients not only more vulnerable to infections but also
limits their response to fight infections (Fig. 2).
The innate immune system is the first line of defense

against infection. Monocytes perform several key roles, such as
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chemotaxis, phagocytosis, cytokine production, and activation of
T-cells and B-cells, which are constitutively impaired in MM and
are further inhibited by elevated paraprotein levels [43]. Impaired
activation of the complement system leads to diminished
opsonization, phagocytosis, and pathogen clearance, which
results in increased susceptibility to bacterial infections with
encapsulated organisms [44, 45].
Natural killer (NK)-cells, which help stimulate an adaptive

immune response through cytokine release, have preserved
function in MGUS and NDMM with low disease burden. However,
with increased disease burden, there is an associated decline in
NK-cell cytotoxicity, thought to be due to high levels of
monoclonal proteins and soluble cytokine receptors activity [46].
Dendritic cells act as messengers between the innate and

adaptive immune systems. The number of circulating dendritic

cells is suppressed in MM. The MM microenvironment additionally
inhibits normal dendritic cell function [47].
The adaptive immune system employs both cell- and antibody-

mediated immunity to fight off pathogens, creating immunologi-
cal memory to provide long-lasting protection. These functions
are impaired in MM, leading to higher risk of infection.
The number of circulating CD19+ B-cells is significantly

decreased in MM and has been shown to inversely correlate with
disease stage and to improve during remission or plateau phases
[48]. MM patients also have immunoparesis, or suppression of
polyclonal non-paraprotein immunoglobulins, which is associated
with an increased risk of bacterial infection [49].
Significant abnormalities in T-cell count and function have also

been described in MM. The CD4:CD8 ratio is reduced, either due to
increased CD8+ cells in the bone marrow and circulation or
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decreased number of CD4+ cells [50]. There is also an imbalance
of helper T-cells, which promote cell-mediated immunity (Th1)
and antibody-mediated immunity (Th2) [51]. A loss of T-cell
receptor diversity, with marked oligoclonal expansions of CD4+
and CD8+ T-cells, results in an impaired ability to recognize and
mount an effective response to a wide range of pathogens
[52, 53].
The interaction between myeloma tumor cells and the

microenvironment is a new area of interest. Tumor cells and
stromal cells interact via adhesion molecules and cytokine
networks to promote tumor cell growth and drug resistance, in
addition to angiogenesis and disordered bone metabolism.
Additionally, there is increased production of numerous immuno-
logically active factors, which play a role in the immune response
to myeloma tumor cells and to pathogens [47].

Host-related risk factors
Patient-inherent factors, such as age and comorbidity burden,
additionally increase the risk of infection in MM. Treatment-
emergent (TE) infections are commonly seen; it is therefore critical
to calculate an individual patient’s risk in selecting an appropriate
treatment. The prospective FIRST trial identified performance
status, serum β2-microglobulin, LDH, and hemoglobin as prog-
nostic of development of a first TE grade ≥3 infection in the first
four months of treatment (24% in high-risk vs. 7% in low-risk; p <
0.0001) [54]. A retrospective UK study of 200 NDMM patients also
found COPD and smoking are associated with a significantly
higher incidence of infections [55].

Immunosenescence and age-related factors. Elderly patients,
regardless of MM, are particularly vulnerable to developing
infections. They have higher morbidity and at least three-fold
higher mortality rates compared to younger patients. This is likely
multifactorial due to age-related immune dysfunction, decreased
physiologic reserve, frailty, geriatric syndromes, cognitive dysfunc-
tion, and social isolation [56–58].
Aging is associated with dysfunction of both the innate and

adaptive immune systems, also known as immunosenescence
[49]. The cellular components of the innate immune system have
decreased function with aging [43]. Neutrophils and macrophages
have reduced chemotaxis, phagocytosis, and intracellular patho-
gen killing. NK-cells have decreased cytotoxic activity, although
the increased number of NK-cells may compensate for this.
Macrophages and dendritic cells also have diminished antigen-
presenting function.
By comparison, age-related changes in the adaptive immune

system are primarily due to changes in T-cell function related to
involution of the thymus gland and phenotypic changes in bone
marrow stem cells that limit T-cell clonal expansion [59]. With
aging, stem cell precursors shift production from lymphoid to

myeloid lineage. The relative frequency of memory B-cells and
plasma cells decrease in the peripheral blood, while immature and
naïve B-cells are unaffected [60]. The number of naïve T-cells is
decreased, and there is a relative shift towards memory T-cells,
which results in decreased T-cell diversity, thereby reducing the
ability to respond to new distinct antigens [61, 62]. This is likely to
contribute to impaired antibody responses to pathogens and to
vaccination in the elderly.

Comorbidity burden. Older MM patients frequently have pre-
existing comorbidities, such as diabetes mellitus or chronic kidney
disease, which increase their baseline risk of infection. The
development of MM may lead to additional organ dysfunction
and comorbidity burden that will additionally increase their risk of
infection. With initiation of MM treatment, the risk of infection
may be further elevated due to treatment-induced neutropenia,
transfusion-associated, glucocorticoid-induced hyperglycemia and
immunosuppression, gastrointestinal mucosal damage from
chemotherapy, renal failure from cast nephropathy and hypercal-
cemia, and respiratory compromise from vertebral collapse and
use of opiate drugs [63].

Treatment-related risk factors
The type of MM-directed treatment also plays a role in the risk of
infection, Table 1. The current induction treatment algorithm uses
a combination of IMiDs and PIs with glucocorticoids. Transplant-
eligible patients are subsequently treated with high-dose che-
motherapy and ASCT, followed by consolidation and maintenance
therapy, typically again with IMiDs and PIs. Inevitably, most
patients develop disease relapse, requiring additional therapies,
each of which contributes to cumulative immunosuppression and
higher risk of infectious complications. Infections significantly
burden both transplant-eligible and transplant-ineligible patients.
Curiously, the infection rates do not appear significantly higher in
the upfront and relapse settings, Fig. 3, at least in the highly
selected context of clinical trials.

IMiDs. The immunomodulatory drug thalidomide helped usher in
a new era in MM treatment once it was discovered to induce
marked responses. Structural analogs to thalidomide, lenalidomide
and pomalidomide, were subsequently also approved to treat MM.
IMiDs downregulate the transcription factor PU.1, which disrupts
granulocyte differentiation and induces neutropenia [63]. Multiple
large meta-analyses have demonstrated that MM patients treated
with IMiD-based regimens have an increased risk of serious infection
at all stages of treatment––induction (13.4% in transplant-ineligible
patients, 22.4% in transplant-eligible patients), maintenance (10.5%),
and relapsed/refractory (R/R) disease (16.6%) [64]. A meta-analysis
noted a more than two-fold risk of high-grade infection associated
with lenalidomide use (RR 2.23, 95% CI: 1.71–2.91, p < 0.0001). [65]

Table 1. Rate of Infections from Phase 3 Randomized Clinical Trials of MM-Directed Therapy.

Trial Author, Year Patients (N) Regimen Rate of infections (%)

All grades Grade ≥3

Age ≥
65 years

FIRST Benboubker, 2014
[111]

1623 Continuous Rd vs. Rd x 18
cycles vs. MPT

28.9 vs. 21.8
vs. 17.2

MAIA Facon, 2019 [112] 737 DRd vs. Rd 86.3 vs. 73.4 32.1 vs. 23.3

Age <
65 years

IFM2007-02 Moreau, 2011 [113] 199 Vd vs. reduced VTd 59 vs. 58 14 vs. 10

SWOG S0777 Durie, 2017 [114] 525 Rd vs. VRd 26.5 vs. 28.2 13.7 vs. 14.5

IFM2013-04 Moreau, 2016 [115] 340 VTd vs. VCd 7.7 vs. 10.1

CASSIOPEIA Moreau, 2019 [116] 1085 D-VTd vs. VTd 65 vs. 57 22 vs. 20

ENDURANCE E1A11 Kumar, 2020 [117] 1087 KRd vs. VRd 13.9 vs. 9.3

R Lenalidomide, d Dexamethasone, M Melphalan, P Prednisone, T Thalidomide, D Daratumumab, V Bortezomib, K Carfilzomib, C Cyclophosphamide.
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However, this risk is less than that seen with conventional
chemotherapy (RR 0.82, 95% CI: 0.72–0.9, p < 0.01) [66].
The risk of infection varies depending on the specific type of IMiD.

Maintenance lenalidomide use has twice the risk of serious infection
compared to thalidomide use (RR 1.95, 95% CI: 1.07–3.37, p= 0.03)

[64]. Pomalidomide-based regimens have the highest risk of
infection, observed in 23% of patients with R/R disease. Lenalido-
mide and pomalidomide have a higher risk of therapy-induced
neutropenia, which may contribute to this increased infection risk. In
clinical practice, this should be weighed against other potential
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adverse effects, including risk of peripheral neuropathy and
thrombosis, in determining the optimal IMiD for use.
Transplant eligibility was additionally found to be a risk factor for

higher infection rates with IMiDs. This is surprising as transplant-
ineligible patients are typically thought to have more risk factors for
infection, such as older age, higher comorbidity burden, or poor
functional status. Multiple meta-analyses have demonstrated that
transplant-eligible patients have a higher risk of serious infection
with IMiD-based induction therapy, compared to transplant-
ineligible patients (13.4 vs. 22.4% [64], 11 vs. 14.8% [66]). The lower
cumulative glucocorticoid dose used in transplant-ineligible patients
in these studies is hypothesized to account for the lower observed
infection rates, as high cumulative glucocorticoid doses are
independently associated with increased infection risk in MM [28].

Proteasome Inhibitors. PIs disrupt the function of intracellular
proteasomes and activation of NF-kB, resulting in selective
depletion of T-cells and a decline in viral antigen presentation
and thus leading to an increased risk of reactivation of viral
infections [34, 67]. Bortezomib is a first in-class PI that is frequently
used in combination with IMiDs and glucocorticoids as frontline
therapy for MM. Although a large meta-analysis did not find an
increased risk of severe infection in bortezomib-based induction
therapy compared to conventional chemotherapy (RR 1.12, 95%
CI: 0.89–1.40, p= 0.34), there was a two-fold risk in severe
infection when compared to thalidomide-based therapy (RR 2.03,
95% CI: 1.45–2.89, p < 0.01) [64].

Glucocorticoids. Glucocorticoids have represented a key compo-
nent of MM therapy for many years. First used as monotherapy
and later paired with conventional chemotherapy, they more
recently have combined with novel agents, such as IMiDs and PIs.
Glucocorticoid therapy increases the risk of all types of infections
(bacterial, viral, and fungal) through a variety of mechanisms. The
risk of infection is directly proportional to the dose of
glucocorticoid use, with the highest risk seen in prednisone doses
over 20 mg daily [49]. Higher cumulative glucocorticoid doses
further increase the risk of infection in MM, as seen in a large
population-based cohort study of 275,000 adults prescribed
glucocorticoids for at least 15 days. These patients had statistically
significant higher rates of cutaneous cellulitis (HR 2.21), herpes
zoster infections (HR 2.37), bloodstream infections (HR 3.96),
candidiasis (HR 4.93), and lower respiratory tract infections (HR
5.42), with p < 0.001 for all comparisons. The risk of infection
increased with age and was higher among those patients with
diabetes and higher glucocorticoid doses [68].

Monoclonal Antibodies. Daratumumab, a monoclonal antibody
directed against CD38, has been approved for MM treatment in
the upfront and R/R settings. Daratumumab selectively depletes
NK-cells, which also express CD38, and disrupts the innate
immune response. A retrospective study noted that 39% R/R
MM patients had infectious complications with daratumumab
therapy, and 22% of the patients developed reactivation of latent
viral infections, including herpes simplex virus (HSV), VZV, and
cytomegalovirus (CMV) [69]. Similar results were seen prospec-
tively in a phase II clinical trial in a relatively high-risk, heavily pre-
treated triple-R/R population [70]. Triplet combination therapies
(particularly those containing daratumumab) lead to higher rates
of neutropenia and grade III–IV infections and pneumonias
compared to doublet combination therapies (Fig. 3). As myeloma
is a chronic condition frequently necessitating continuous
immunosuppressive treatment, continuous vigilance for infections
is increasingly important.

Stem Cell Transplantation. Allogeneic stem cell transplantation
was the first proven curative treatment for MM, but its use has
been limited by high mortality rates [71]. ASCT is used instead as a

standard frontline treatment for all eligible patients. Given high
rates of significant transplant-associated myelosuppression,
patients are at very high risk of infection. The spectrum of
infections depends on time elapsed from the ASCT. Within the first
30 days, infections are primarily due to treatment-induced
neutropenia, with bacteremia most common [49]. Although 94%
of patients have episodes of neutropenic fever, only 30–40% have
microbiological confirmation of an infectious source [72]. Histori-
cally gram-negative pathogens were common culprits, though
gram-positive pathogens seem now more commonly seen, likely
due to increased use of fluoroquinolone prophylaxis. Rates of IFIs
are low (0–2.7%), similar to that seen in transplant-ineligible MM
patients [73, 74]. Late infections occurring more than 30 days after
ASCT, when neutrophil recovery has typically already occurred, are
associated with decreased lymphocyte counts and impaired cell-
mediated immunity [49]. Nearly 80% of MM patients experience a
late infection within 100 days post-ASCT [75]. Patients may also be
susceptible to VZV and CMV infections due to deficits in CD4 cells
[76].

CAR-T Therapy. Investigations of chimeric antigen receptor-
modified T-cell (CAR-T) therapy in MM have been directed
towards B-cell maturation antigen (BCMA), which is preferentially
expressed on plasma cells [77–79]. CAR-T is currently only
approved in the R/R setting, where many patients have poor
immune function from their underlying malignancy and prior
cytotoxic treatments, thus increasing the risk of infection. In
addition, the lymphodepleting chemotherapy administered
immediately prior to CAR-T infusion can cause profound
cytopenias and may impair mucosal barriers, thus raising the risk
of infection. Further complicating the diagnostic picture, CAR-T
can lead to cytokine release syndrome (CRS), which not only
mimics sepsis but is also treated with steroids and/or tocilizumab,
which both increase infection risk [80]. In the KarMMa study,
which led to the approval of idecabtagene-vicleucel, 84%
developed CRS and 69% developed infections (22% grade 3–4)
[80].

PREVENTATIVE STRATEGIES AGAINST INFECTION
Preventative strategies including the use of prophylactic anti-
microbial agents and vaccinations, have been devised to reduce
the infection risk in MM but currently remain suboptimal.

Vaccination
Encapsulated bacteria. Due to impaired innate immune function,
patients with MM have an increased risk of infection with
encapsulated organisms. Therefore, preventable measures, such
as vaccination against Streptococcus pneumoniae and Haemophilus
influenzae type B, should be strongly considered [81]. The two
pneumococcal vaccines available for adults are the 23‐valent
polysaccharide vaccine (PPV) and the 13‐valent conjugated
vaccine, which elicits a T‐cell–dependent immune response and
is more effective in producing memory B-cells. In immunocom-
promised patients, pneumococcal vaccinations are given as a
prime‐boost (PB) schedule: 13-valent, followed by 23-valent eight
weeks or more apart. Response to at least one subtype of antibody
was obtained in 85% of patients, to at least two subtypes in 65%,
and to at least three subtypes in 55%. The anti‐pneumococcal
geometric mean concentration decreased significantly for all
subtypes over time independently of treatment approaches [82].
Recommendations for further booster doses of PCV-13 vaccine are
lacking.

Respiratory viruses. MM patients have an increased risk of
community respiratory viruses, with influenza carrying the highest
morbidity and mortality. The annual seasonal influenza vaccine is
a critical preventative strategy, though the immune response to a
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single influenza vaccine may be inadequate. Strategies such as
T-cell priming prior to ASCT and double doses of influenza vaccine
have been studied to improve vaccination responses [83, 84]. A
second dose of the standard-dose trivalent influenza vaccine was
shown to more than double the seroprotection rate (14.6–31.3%)
[84]. Likewise, a high-dose vaccine induces significantly higher
antibody responses and is now recommended for use in patients
65 years and older. Two doses of the high-dose trivalent influenza
vaccine similarly improved responses in MM, with total seropro-
tection of 47% seen after one dose and 65% after two doses.
Improved clinical benefit was suggested by a laboratory-
confirmed influenza infection rate of 6%, compared to an
expected rate of at least 20% [85]. Clinical risk factors associated
with an overall lower likelihood of achieving total seroconversion
with the high-dose influenza vaccine include: (1) PCD requiring
treatment, (2) immunoparesis, (3) active treatment with conven-
tional chemotherapy, (4) disease response status less than a partial
response, and (5) diagnosis of respiratory infections other than
influenza during the influenza season. Patients with at least three
risk factors appear to have the greatest benefit from the second
high-dose vaccine [85].
Humoral immune responses to the SARS-CoV-2 vaccination are

also depressed in myeloma patients. SARS-CoV-2 IgG antibodies
were detected in 56% of patients after their first vaccination (70%
when measuring total antibody with anti-SARS-CoV-2 IgG, IgM,
and IgA) and were treatment dependent [86], which is lower than
in the vaccine trials, where serological response was almost
universal [87]. Boosters are now being recommended and the
extent by which they increase immune responses remains to be
determined.

Herpes Zoster. Herpes zoster vaccination is indicated for all
individuals at least 50 years or older. As the live attenuated version
of the VZV vaccine is contraindicated in immunocompromised
patients, the recombinant glycoprotein E vaccine is used in MM
patients and is superior in reducing the incidence of herpes zoster
and post-herpetic neuralgia [88]. Herpes zoster vaccination in the
peri-ASCT period can be highly effective. A phase 3 randomized
trial of 560 patients found that four doses of the inactivated
vaccine in the peri-transplant period resulted in lower rate of
herpes zoster disease (8 vs. 21%), herpes zoster-related complica-
tions (2 vs. 8%), and post-herpetic neuralgia (1 vs. 3%), as
compared to placebo [89].

Antibacterial Prophylaxis. MM patients, particularly those on
immunosuppressive regimens, have a high risk of bacterial
infections, likely secondary to prolonged neutropenia. Both the
Infectious Diseases Society of America and the American Society
of Clinical Oncology currently recommend fluoroquinolone
prophylaxis in patients expected to have chemotherapy-induced
neutropenia for greater than seven days [90]. As its efficacy may
be limited by increasing rates of fluoroquinolone resistance,
resistance should be monitored to better adapt preventive
strategies.
MM patients who undergo ASCT have prolonged periods of

neutropenia and are currently recommended to receive levoflox-
acin prophylaxis. A single-center retrospective study of MM
patients found that use of levofloxacin prophylaxis after ASCT
decreased rates of bacteremia (14.7 vs. 41.2%, p < 0.001) and
febrile neutropenia (60.9 vs. 91.6%, p < 0.001) [91].
For MM patients not undergoing ASCT, antibacterial prophylaxis

should be considered if they are expected to have prolonged
neutropenia. A Japanese study of 80 MM patients treated with
bortezomib-based regimens demonstrated that daily oral levo-
floxacin significantly decreased severe infections compared to
historical controls (17.5 vs. 30.9%, p= 0.037) [92].
More recently, the use of levofloxacin prophylaxis has been

examined in the phase 3, prospective, multicenter, double-blind

TEAMM study, which randomly assigned 977 NDMM patients to
receive levofloxacin (500 mg daily for 12 weeks) or placebo. After a
median follow-up of 12 months, prophylaxis significantly reduced
episodes of neutropenic fever (19 vs. 27%, p= 0.0018). Although
there was an initial OS benefit at 12 weeks (98 vs. 95%, p=
0.0081), this was not sustained over 12 months (90 vs. 91%, p=
0.94) and was not attributed to infection. Additionally, the higher
proportion of deaths with progressive disease in the levofloxacin
group than in the control group (73 vs. 38%) highlights the
concerning possibility of an antibiotic-associated microbiome-
mediated impaired response to myeloma treatment [93].
Fluoroquinolones should be prescribed with caution, given the

recognized risk of adverse outcomes related to mitochondrial
toxicity, including tendonitis, irreversible neuropathies, and
increased risk of antimicrobial-resistant colonization or infection.
Furthermore, the emergence of clinically significant infections
with gram-negative pathogens in patients receiving fluoroquino-
lone prophylaxis complicates initial management of neutropenic
fever and most importantly contribute to overall acquisition of
resistance at the population level.

Antiviral Prophylaxis
MM patients have an increased risk of viral infection, including
both reactivation of latent viral infection and acquisition of new
acute viral infection [34]. The highest risk for viral infection occurs
in the post-transplant period, during maintenance therapy, and
during disease progression, although patients can develop
infection at any point during the disease course [28].
Nearly 50–60% of patients with malignancy have demonstrated

prior exposure to HSV type 1 and 2 [94]. Prior to the use of antiviral
prophylaxis, up to 80% of patients with hematological malignancy
experienced HSV reactivation, but acyclovir use reduced the risk of
HSV infection by 80–90% compared to placebo, with the number
needed to treat of two. Valacyclovir has also been shown to be
equally effective in prevention of HSV reactivation when
compared to acyclovir [95–97].
Similarly, VZV is commonly encountered in MM patients, with

nearly 80% having prior exposure with positive IgG levels [98]. The
highest risk of reactivation is seen at 6–12 months after ASCT and
is thought to be due to lymphocyte depletion with conditioning
chemotherapy and subsequent delayed T lymphocyte recovery.
Prior to antiviral prophylaxis, there was a four-fold increased risk of
VZV reaction following ASCT [99]. Recent studies have shown that
extended use of antiviral prophylaxis for up to one year post-ASCT
significantly reduces the rate of VZV reactivation [100]. As a result,
most transplant centers currently use antiviral prophylaxis
(acyclovir or valacyclovir) for at least 6–12 months following ASCT
to minimize this risk.
Bortezomib is also associated with a significantly higher rate of

VZV reactivation (up to 36%) [101]. As a result, it is generally now
recommended to use prophylaxis with acyclovir or valacyclovir for
the duration of PI therapy.
HBV reverse seroconversion, or the reappearance of HBV surface

antigen in patients with resolved HBV infection, has been
observed in up to 5.2% of MM patients with resolved HBV
infection [102]. Over 50% of these patients had received ASCT and
bortezomib therapy. Of note, patients without measurable HBV
surface antibody (HBsAb) had a 4.6-fold higher risk of seroconver-
sion. As a result, it is now recommended that MM patients with
resolved HBV infection should receive prophylaxis for at least
6–12 months following ASCT. Extended use should be considered
in patients with ongoing immunosuppressive therapy. For patients
with resolved HBV infection undergoing bortezomib therapy,
there is inadequate evidence to advise routine prophylaxis, but
monitoring of HBsAb and HBV DNA levels every three months is
recommended [34].
Although there is increased risk for infection with other viral

pathogens with MM, the evidence for prophylaxis is currently
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lacking and therefore only supportive measurements are recom-
mended at this time.

Other prophylaxis
Patients with MM are at risk for IFIs, particularly due to use of high-
dose glucocorticoids and other immunosuppressive therapy.
Routine antifungal prophylaxis is generally not recommended,
although it should be considered in select patients. Prophylaxis
against PCP, most commonly with trimethoprim-sulfamethoxa-
zole, is generally recommended if glucocorticoid dosing is equal
to 20 mg daily for at least one month [103]. Fluconazole is
recommended during periods of neutropenia associated with
ASCT [104]. Patients with greater cumulative treatment exposure
and disease burden (≥ three lines of therapy in three years) have a
particularly increased risk of IFIs (15% vs 2.4% overall in MM) and
may also benefit from antifungal prophylaxis [40].
Prophylactic treatment for Strongyloides stercoralis, a parasite

endemic in many tropical, and subtropical, regions, should also be
considered for select patients as immunosuppression could lead
to hyperinfection syndrome and disseminated disease, which
carry very high morbidity and mortality. All patients with strong
epidemiological risk factors should be screened with serologic
testing, and receive prophylaxis with oral ivermectin (200 mcg/kg
daily for two days, repeated at two weeks) [105].

Immunoglobulin substitution therapy
As MM patients commonly have reduced levels of polyclonal
immunoglobulins, use of intravenous immunoglobulin (IVIG) has

been proposed to reduce risk of recurrent infections. A few small
placebo-controlled, randomized clinical trials showed significantly
fewer serious infections in the IVIG arm [106, 107]. Notably, patients
in these studies were treated with conventional chemotherapy
without any antimicrobial prophylaxis, which are not standard in
today’s practice. More recently, a meta-analysis of nine randomized
control trials comparing IVIG to control in MM with hypogamma-
globulinemia found that while IVIG use is associated with a
decreased risk of infection, there is no survival benefit. Two
retrospective studies of prophylactic IVIG use in the peri-transplant
period also did not show a benefit [108, 109].
In light of these findings, large randomized clinical trials are

needed to justify widespread use of IVIG in the MM population. For
now, it should only be considered in patients with severe
hypogammaglobulinemia (IgG < 400mg/dL) and recurrent infections
[110]. Similarly, small datasets report a role for sub-cutaneous IG.

Future studies
Patients with PCD have an increased risk of infection compared to
the general population. In this era of multi-drug resistance and
few antimicrobial options, we believe that clinicians must take a
calibrated rather than an expansionist approach to antibiotic
prophylaxis. We have suggested an algorithm (Fig. 4) to determine
which PCD patients should receive antimicrobial prophylaxis and
vaccinations.
The introduction of novel therapeutic agents has changed both

the frequency and spectrum of infections seen in MM. Moving
forward, a standardized approach and dedicated questions in

Fig. 4 Possible algorithm for antimicrobial prophylaxis and/vaccinations. Recommended antibacterial, antiviral, antifungal and vaccination
for MM patients.
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clinical trials are needed to establish the best strategy for both
treatment and prevention of infections. National population-based
registries have allowed us to follow large cohorts of MM patients
over time and may continue to provide more insight into new
epidemiological patterns. For prospective clinical trials, it is
important for infection to be considered as a secondary endpoint.
Increased reporting of infectious complications both in R/R MM
trials and phase IV post marketing are additionally needed.

CONCLUSIONS
Infection shape myeloma through complex interplay involving
pathogens, chronic inflammation, and immune deregulation.
Investigations of the role of the microbiome in MM are still
relatively new and may yield additional findings, particularly for
newer immune-based therapies. Patients with PCD have an
increased risk of infection compared to the general population
due to multiple factors related to the underlying disease, host age
and comorbidities, and MM treatment. As new treatments for MM
are developed, patients are living longer and it is critical to better
understand, standardize, and evaluate the role of infection to gain
maximum benefit from treatment.
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