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Abstract: Multiple Myeloma is the second leading hematologic cancer in the United States with approximately 20,000 new cases 
diagnosedeachyear.Althoughmyelomaremainsincurable,significantprogresshasbeenmadeindevelopingnewtherapeuticsresulting
inimprovedoverallsurvival.Inthelasttenyears,theaveragesurvivalofpatientswithadvancedmyelomahasalmostdoubled.Much
ofthissuccesscanbeattributedtothedevelopmentandclinicaluseofthefirst-in-classproteasomeinhibitorbortezomib.Theprotea-
someisamulticatalyticproteinasecomplexessentialforproteinmetabolismandregulationofcellularhomeostasis.Throughinhibition
ofproteasomefunction,bortezomibhasdemonstratedsignificantanti-myelomaresponsesinbothpre-clinicalmodelsandinhuman
studies.Bortezomibisnowapprovedforuseinpatientswithnewlydiagnosedandrefractorymyeloma,andincombinationwithother
chemotherapeuticagents.Thisreviewwilldiscussthepre-clinicalstudiesevaluatingthemechanismofactionofproteasomeinhibi-
tion,outlinetheclinicaldevelopmentofbortezomibastreatmentforpatientswithnewlydiagnosedandrelapsedmultiplemyelomaand
describethesafetyofbortezomibinhumanstudies.Severalsecondgenerationproteasomeinhibitorsarenowshowingpromiseinearly
phaseclinicaltrials,foreshadowinganeweraoftargetedtherapyformultiplemyeloma.
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Introduction
The proteasome complex
Normal cellular homeostasis requires an active
processforproteindegradation.Overeightypercent
ofcellularproteinsaredegradedbyaspecialorgan-
elleknownas theproteasome.The26Sproteasome
complex is made up of several proteins organized
in a conical structure of 4 rings containing three
activesites;knownasthechymotrypsin-like(CT-L),
caspase-like (C-L) and trypsin-like (T-L) catalytic
sites(Fig.1).1Proteinsaredesignatedforproteasome
degradation by attachment of ubiquitin moieties to
lysineresidues.Theseubiquitinstructuresarerecog-
nized by proteasome complexes and they facilitate
degradation.Proteasomeinhibitors,likebortezomib,
specifically block the chymotryptic enzymatic site
and thus prevent protein turnover. The build-up of
cellular proteins or perhaps “debris” causes many 
changes within the cell that eventually results in
apoptosis. In vitro studies has shown more apoptosis 
or an enhanced sensitivity to proteasome inhibition
in cancer cells versus normal cells.2,3However, the
actualmechanismof this enhancedactivity and the
mechanismofapoptosisremainsunknown.

Preclinical studies
Manyinvestigatorshaveshownthatproteasomeinhi-
bitionaffectsthetranscriptionfactornuclearfactor-κB 
(NFκB).NFκBstimulates theproductionofgrowth
stimulatory cytokines, induces cell cycle proteins, 
and enhances anti-apoptotic regulators.An overac-
tiveNFκBcontributes to thepathogenesisofmany

cancers,includingmyeloma.TheactivityofNFκB is 
closelyregulatedbytheinhibitoryprotein-κB(IκB).
IκB binds to NFκB, trapping NFκB in the cytosol 
and preventing NFκB induced DNA transcription. 
Under normal homeostasis and during cellular stress, 
IκB is degraded by the proteasome, thus promoting 
NFκB activity. Proteasome inhibition(PI) results in
theoppositeeffect; intracellular IκBlevels riseand
NFκBactivityisdiminished.4,5

Severalin vitrostudiesinmyelomacelllineshave
failed to demonstrateNFκB stabilization following
exposuretoPI,andthusadditionalmechanismsmust
beinvolved.6,7Publishedstudieshavedescribedacti-
vationandinactivationofmanycellularprocessesand
overorunderexpressionofseveralimportantregula-
tory proteins following PI. For example, myeloma
celllinesexposedtobortezomibproducelowerlevels
ofstimulatorycytokines includingTNF-aandIL-6,
anddemonstratediminishedlevelsofimportantcell
adhesion molecules making MM cells more prone 
to apoptosis.8 Gene expression and proteomic stud-
ieshaveconfirmedthatbortezomibsuppressesmole-
culesinvolvedinDNArepair,thuslimitingtheability
ofMMcellstorepairdamagecausedbyconventional
chemotherapy.3PIalsoeffectsthecyclecellthrough
stabilizationofthetumorsuppressorproteinp53and
thecheckpointproteinsp21andp27.9 Additional pro-
teinsdirectly responsible forapoptosismayalsobe
affected by PI. Data suggest that Bax andBak are
upregulated following exposure to bortezomib, and
anti-apoptoticproteins, includingBcl-2andcaspase
inhibitors, are suppressed.10,11
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Figure 1. The human proteasome: A) Cylindrical view: 26S complex B) Axial view: inner beta rings with bortezomib (Bortez) blocking the chymotryptic 
enzymatic site.
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Another emerging mechanism for PI-induced
apoptosisisthroughadirecteffectontheunfoldedpro-
teinresponse(UPR).Myelomacellsareprofessional
“factories”forprotein(i.e.immunoglobulin)produc-
tionwhichrequiresahighlydevelopedendoplasmic
reticulum(ER).Properprotein translationandfold-
ingoccursintheERandthisiscloselyregulatedby
theUPR.TheUPRcan transmit information to the
nucleusabouttheproteinfoldingstatus(i.e.health)of
theERandcaninduceeitherapoptosisorenhanced
protein production.Misfolded or unfolded proteins
arerecognizedbytheERqualitycontrolsystemsand
areactivelysentoutoftheERtotheproteasomefor
degradation.Data suggest that bortezomib can pro-
moteapro-apoptoticresponseviatheUPRbyblock-
ingdegradationofmisfoldedproteins and allowing
proteinstoaccumulateintheER.12–14

Bortezomib has been tested in a wide range of
human MM cell lines, primary human MM cells 
andmurinexenograftmodels showingpotentdose-
dependentanti-tumorresponses.Similarmodelshave
shownsynergywithradiation,avarietyofchemother-
apeutic agents, immune modulatory drugs (Imids),
histone deacetylase inhibitors and other proteasome 
inhibitors.15,16Themarkedactivityofbortezomib in
preclinicalstudiesprovidedstrongsupportforinitiat-
ing clinical studies in patients with myeloma.9

Clinical Studies
early phase studies leading 
to FDA approval
SeveralPhase I clinical trails evaluatedbortezomib
in patients with advanced hematologic and solid
tumor malignancies. These studies demonstrated
potent inhibition of the proteasome (50%–75%),
and the best clinical responses, including one com-
plete remission, in patients with plasma cell disorders. 
The studies recommended a Phase II Bortezomib
dose of 1.3 mg/m2 administered twice weekly for
2 of every 3weeks.17–19Two pivotal Phase II trials
(SUMMITandCREST trials) subsequentlydemon-
stratedefficacyforbortezomibinrelapseandrefrac-
tory myeloma. The SUMMIT trial enrolled 192
evaluablepatients,91%ofwhichhadreceived3or
morepriormyelomatherapies,andshowedanoverall
responserateof35%with10%achievingcomplete
or near complete remission.20,21 The CREST trial,
involving54patientswithrelapsemyeloma(median3

prior regimens), randomizedpatients to bortezomib
1mg/m2versus1.3mg/m2atstandardintervals.The
resultsshowedimprovedoverallresponserate(38%
versus30%;CR+PR)inpatientsreceivingbortezomib
at1.3mg/m2,butfeweradverseeventsinthe1mg/m2 
dose group.22 Both studies reported a median duration 
of responseof approximately 12months in heavily
pretreated patients. Consequently, the FDA granted
acceleratedapprovalforbortezomibastreatmentfor
relapsedMMin2003.Ofnote,bothstudiesreported
improvedresponserates(10%higher)withtheaddi-
tionofdexamethasonetothosenotrespondingafter
2cyclesofbortezomibalone.AlargePhaseIIItrial
(APEX) involving 669 patients with relapse and
refractory myeloma subsequently confirmed the
resultsofthePhaseIItrials,demonstratinganORR
of 38%with bortezomibversus 18%with dexame-
thasonealone.Completeremissions(CR)werenoted
in9%ofbortezomibtreatedsubjects,animpressive
findingsinceCRshadnotbeenpreviouslyachievable
intherelapseandrefractorysetting.Timetoprogres-
sionandoverallsurvivalalsofavoredthebortezomib
arm.This trial led to full FDA approval in relapse
myelomain2005.23,24

Bortezomib combinations
FollowingtheSUMMITandAPEXtrials,numerous
studies have evaluated bortezomib in combination
with a variety of biologic and chemotherapeutic
agents,bothassalvagetherapyandinthefront-line
setting.Manyof thesecombinationswerebasedon
pre-clinicalmodels showing synergy and enhanced
activation of pathways for cell death. Due to the
limitsofthisreview,onlythehighlightsofthemost
influentialclinicaltrialswillbedescribed.

Bortezomib with alkylators
Since the early 1960’s, melphalan and prednisone
(MP)hasbeenthemainstayoftreatmentforelderly
patientswithmyeloma.Inaddition,preclinicalstud-
ies showed synergy for bortezomib with alkylators
consequently, there was great interest in combining 
theseagents.Mateosetal,werethefirst toreporta
front-linePhaseI/IItrialusingbortezomib,melphalan
andprednisone(VMP).Inolder,transplant-ineligible
patients, VMP produced an overall response rate
of 89%, including 32%CRs.25Themedian time to
progressionwas27.2monthsand85%oftheseelderly
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patients were alive at 3 years.26 These positive
resultspromotedalarge,multi-national,randomized
PhaseIII(VISTA)trialcomparingVMP× 9 cycles to 
standard MP × 9 cycles in elderly patients with newly 
diagnosedMM.Therandomizedstudyconfirmedthe
positiveresultsseeninPhaseII.VMPprovidedmuch
moreanti-myelomaactivity(ORR71%vs.35%;CR
30%vs.4%),andtimetoprogressionstronglyfavored
VMP(24monthsversus16.6months;P ,0.001).27 
Amorerecentupdatehasconfirmedanoverallsur-
vivaladvantage in those receivingVMPversusMP
(35%reducedriskofdeath;HR,0.653;P ,0.001).28 
ThistrialledtoFDAapprovalforbortezomibasfront-
linetherapyintheUSandapprovalbytheEMEAin
Europe.VMPisnowconsideredastandardregimen
fornon-transplantcandidateswithnewlydiagnosed
multiple myeloma.

More recently,Mateos et al, compared front-line
VMP to bortezomib, thalidomide and prednisone
(VTP)inelderlypatientswithMM.Patientsreceived
9cyclesofVMPorVTPandthenasecondrandomiza-
tioncomparedmaintenancewithVTversusVP.The
results, presented at theAmericanSocietyofHema-
tology meetings in December 2009, showed simi-
laroverall andcomplete response rates forVMPvs.
VTP(ORR80%vs.81%,CR32%vs.31%).Afterthe
first sixweeks of therapy, both groups subsequently
receivedbortezomibweeklyratherthantwiceweekly.
The reduced frequency of bortezomib appeared to
improve tolerability with less neuropathy and with-
out compromising efficacy.TheVTP armwas asso-
ciatedwith increased cardiac events. Both regimens
ofmaintenance(VTandVP)werewelltoleratedand
responses improved following maintenance therapy
(higherORR,VGPRandCRrates).Theauthorscon-
cludedthatbothVMPandVTPwereveryactiveinthis
elderlypopulationandthatfurtherstudiesevaluating
maintenancetherapywithbortezomibarewarranted.29

Since significant synergy had been demonstrated
with bortezomib and melphalan (i.e. an alkylator),
studies evaluating the combination of cyclophosph-
amide,bortezomibanddexamethasone(CyBorD)were
initiated.Anadvantageforcytoxanisthelackofstem
celltoxicity,thusallowinguseasfront-linetherapyin
young transplanteligiblesubjects. InaMayoClinic
study,bortezomib1.3mg/m2givenintravenouslyon
days1,4,8 and11,wascombinedwithcyclophos-
phamide300mg/m2 orally ondays1, 8, 15 and22

anddexamethasone40mgorallyondays1–4,9–12
and17–20ona28-daycycle.Thestudyreportedan
impressiveORRof88%,with61%achievingVGPR
and39%CR/nCRfollowing4cyclesoftherapy.All
patientsundergoingstemcellharvesthadasuccess-
fulcollectionandallpatientsreceivingtransplantation
engraftedasexpected.30Toxicitywassignificant,pro-
motingReeder and colleagues tomodified the regi-
men (Mod-CyBorD)bychanging thebortezomib to
1.5mg/m2givenweekly(D1,8,15,22),anddecreas-
ingthedexamethasonetoonceweeklyafterthefirst
twocycles.Theresultsdemonstratedsimilarefficacy
(ORR 93%, CR/nCR 43%) but marked improved
tolerability. The incidence of grade $3 thrombo-
cytopenia, neutropenia and peripheral neuropathy 
decreased from21% to 0%, 12% to 7% and 6% to
0%, respectively.31The authors suggested thatmod-
CyBorDisnowtheirpreferredinductionregimenfor
younger transplant  eligible patients.

Bortezomib with anthracyclines
Trials investigating the combination of bortezomib
and doxorubicin were initiated based on preclinical 
data suggesting that doxorubicin resistance was, in 
part,duetoactivationofNFκB.32EarlyPhaseI/IItrials
were promising,33,34 propelling Orlowski and col-
leaguestoperformalargerandomized,multi-center
Phase III trial comparing bortezomib alone versus
bortezomib plus pegylated liposomal doxorubicin
(30mg/m2givenonDay4) inpatientswithrelapse
andrefractoryMM.Thestudyenrolled646patients
and showed improved time to progression (9.3
versus6.6months,P  0.01),improveddurationof
response (10.2 versus 7months,P  0.01) and an
overallsurvivaladvantageat15months(76%versus
65%,P =0.03)forcombinationtherapy.35,36 Based on 
thistrial,theFDAapprovedthecombinationofbort-
ezomibandpegylatedliposomaldoxorubicinasfirst
salvageinbortezomibnaïvepatients in2007.Since
then,manyfront-linestudiesinvestigatingcombina-
tionsofbortezomib,doxorubicinanddexamethasone
havebeenreported.Ingeneral,ORRsof.90%and
CRsof.20%havebeennoted.37–39Thesecombina-
tionshavebeenusedwithsuccessinbothtransplant
eligible and in-eligible patients.40 One interesting
finding from Olowski’s randomized trial was that
 single nucleotide polymorphisms in the multidrug 
resistance protein 1 and in P-glycoprotein 1 genes
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were predictive of treatment outcomes in patients
with advancedmultiplemyeloma.The authorspro-
pose that this genetic data could be used in future
studiestohelpidentifypatientsmostlikelytobenefit
frombortezomibandanthracycline-basedtherapy.41

Bortezomib and imids
The immunemodulatory drugs (Imids; thalidomide
an lenalidomide) have played a significant role in
the treatment ofMMover the past decade.Conse-
quently,therehasbeengreatinterestforcombining,
arguably,thetwomostpotentclassesofanti-myeloma
drugs, imids and proteasome inhibitors. Alexanian 
andcolleaguesatMDAndersonCancerCenterwere
thefirsttoreportafront-linePhaseIIstudycombin-
ing bortezomib, thalidomide and dexamethasone
(VTD).Atotalof38patientsreceivedupto3cycles
oftherapy(bortezomib1.3mg/m2 × 4,Thalidomide
100–200 mg daily, dexamethasone 20 mg/m2 day 
1–4,9–12,17–20;every28days).Rapid responses
wereachievedwithanORRof87%and6patients
achievingCR(16%).42Severalgroupshavereported
equallyimpressiveresultswithVTDbothinelderly
patients and in transplant eligible patients.43,44

In vitro, lenalidomide is much more potent than  
thalidomide and shows improved synergywithbort-
ezomib.Consequently,thecombinationwasexpected
toshowgreaterclinicalactivity.Richardsonetalper-
formedaPhaseIcombininglenalidomideandbort-
ezomibwith subsequentadditionof dexamethasone
(RVD) in patientswith relapse and refractoryMM.
In 38 heavily pretreated patients, (median 5 prior
therapies), the ORR was 39%.45 Richardson also
performed a front-linePhase I/IIRVDclinical trial
involving 66 patients. Treatment consisted of eight
3-weekcyclesofbortezomib1.0–1.3mg/m2(days1,
4, 8, 11), lenalidomide15–25mg (days1–14), and
dexamethasone 40 or 20mg (days 1, 2, 4, 5, 8, 9,
11,12).Despitethatonly20patientsweretreatedat
MTD,RVDwasquiteactivewithanORRof100%,
including VGPR in 67% and CR/nCR in 37% of
patients.Manypatients (73%) required at least one
dose-reduction due to toxicity (doses reduced due
to dexamethasone .bortezomib. lenalidomide).46 
Of note, patients responded to therapy regardless
of adverse prognostic features. Overall, RVD is
considered one of the most effective regimens for
frontlinetherapyinyoungtransplantcandidatesand

isfrequentlyusedinthosewithabnormalkaryotype
oradverseprognosticfeatures.

Several 4-drug combination studies have now
beenreportedincluding;RVDplusliposomaldox-
orubicin, RVD plus cyclophosphamide and VTD
plus cyclophosphamide.47–49 The overall response
rateshavebeenimpressive(.90%)withexcellent
VGPR andCR rates. It is unclear if these 4-drug
combinationsprovideanadvantageover2or3drug
combinations.50Amulticenter,randomizedPhaseII
trial comparingRVD,VCDandRVCD (EVOLU-
TIONTrial)iscurrentlyunderwaywithpromising
initial results in all arms.51A largemulti-national
phase III trial is underway in France and the US
comparingRVD(8cycles)versusRVD(5cycles)
withautologousstemcelltransplantation.Thiswill
beoneofthefirsttrialstocomparetransplantver-
susnon-transplanttherapyinthenoveldrugera.

Bortezomib with novel agents
Therearenumerousnovelagentsunder investiga-
tion for the treatment of relapse myeloma.Many
of thesehavebeenrationallycombinedwithbort-
ezomibduetooverlappingorsynergisticactivities.
Histone deacetylase inhibitors, which block the 
autophagypathwayanddecreaseacells’abilityto
degrade mis-folded proteins demonstrate signifi-
cant in vitrosynergywithbortezomib.InaPhaseI
studyusingvorinostatwithstandardbortezomib(4
dosesevery3weeks),theMTDforvorinostatwas
400mgdailyfor8days.Twenty-threeheavilypre-
treatedpatients(median7priortreatments)received
treatment and 41% achieved partial remission.52 
SeveralotherHDACinhibitortrialsareunderway,
testing many different schedules and combina-
tionsofagents.53,54Perifosineisaninhibitorofakt,
a pro-survival protein kinase which partially acts
by promoting NFκB.InaPhaseIItrial,perifosine
plus bortezomib resulted in an ORR of approxi-
mately41%;32%intrulybortezomibrefractory.55 
APhaseIIItrialcomparingbortezomibanddexam-
ethasonewithorwithoutperifosine isnowunder-
way.Severalmonoclonalantibodies,onetargeting
themyelomacellsurfaceproteinCS-1andanother
targeting IL-6, are now being evaluated in Phase
II clinical trials. Initial results are promisingwith
littleadditionaltoxicitynotedfromantibody-based
therapy.56–59
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Bortezomib with autologous 
transplantation
Clinicaltrialsincorporatingbortezomib-basedinduc-
tionpriortoautoSCThaveyieldedpromisingresults.
In the IFM 2005/01 trial, 482 transplant-eligible
patients ,65yearsofagewererandomizedtoreceive
vincristine,adriamycinanddexamethasone(VAD)or
bortezomibplus dexamethasone (VD) as induction,
followedbyahighdosemelphalan-basedautoSCT.
VDinductionwassuperiortoVADacrossallresponse
criteria, with higher rates of PR, very good partial
response(VGPR),andCR/nearCR(nCr).60Inaddi-
tion,pre-transplantVDversusVADresultedinsupe-
riorresponseratespost-transplantandasignificantly
higher two-year overall survival. In another phase
IIItrialbytheItalianMyelomaNetworkGIMEMA,
480transplant-eligibleMMpatients,65yearsofage
wererandomizedtothreecyclesofTDversusVTD.
After three induction cycles, individuals in both
groupsunderwentstemcellmobilizationfollowedby
autoSCT.Overall,VTDledtosuperiorratesofPR,
VGPR, and CR/nCR rates, as well as a significant
two-yearPFSbenefit (90%vs. 80%).44These stud-
iessuggestaroleforbortezomibasinductiontherapy
pre-transplant,andacontinuedroleforautoSCT,with
improvedCRratesfollowingtransplant,inthenovel
drug era.At UCSF, transplant eligible patients are
encouragedtoundergoautoSCTfollowinginduction
therapy to enhance the remission.

Many centers are now investigating the use of
bortezomibwithhigh-dosemelphalanaspreparative
therapyforASCT.AlargeFrenchstudyhasconfirmed
the safety of adding bortezomib (1 mg/m2 on Day 
−6,−3, +1, +4) tohigh-dosemelphalan(200mg/m2 
on Day −2). In amatched control analysis, patients
receivingmelphalan+ bortezomibweremore likely
toachieveCRversusthosereceivinghigh-dosemel-
phalanalone(36%versus11%).61Theseresultsneed
to be confirmed in a largePhase III trial.However,
emergingdatasuggestthatthesequenceofadminis-
tration may be important. Researchers from Emory
Universityhavereportedthatbortezomibgivenonthe
dayfollowinghigh-dosemelphalanisassociatedwith
moreapoptoticmarrowplasmacellsthenifbortezomib
isgivenbeforemelphalan.62Alternativedosingsched-
ulesofbothbortezomibandmelphalanarealsobeing
tested and the optimal regimen remains unclear. At the 

ASHmeetinglastyear,agroupfromtheNetherlands
reported a trend towards less disease progression 
post-autologoustransplantforpatientsreceivingbort-
ezomibmaintenancetherapyversusobservation(12%
vs.6%;P =0.08).63Currently,therearenopublished
randomizedtrialsinvestigatingbortezomibaspartof
preparative therapyor formaintenance therapywith
autologous transplantation. Additional studies are war-
rantedbeforethesepracticescanberecommended.

Overall,mostcombinationsutilizingbortezomibas
frontlinetherapyhavedemonstratedORRofapproxi-
mately85%–95%withVGPRandCRseeninapproxi-
mately40%–70%and25%–35%,respectively.64These
remissions have occurred independent of age and
regardlessofpoorriskfeatures.Thiswasunexpected,
but thedatasuggest thatpatientswithwell-classified
adverseprognosticfeaturesincludingabnormalkaryo-
type(del13,t(4,14),t(14,16),complexcytogenetics),
high β2m,andhighLDHhavegenerallyresponded
equallyaswellaspatientswithoutthesefeatures.One
caveatmay be the presence of gain of chromosome
1q21byinterphasefish.Changandcolleaguesdemon-
stratedshorterprogressionfreeandoverallsurvivalin
cases with 1q21 gain.65Overall,mostexpertsrecom-
mendincludingbortezomibaspartoffront-linetreat-
mentofallpatientswithadverseprognosticfeatures.

Safety
Wenowhaveover10yearsofclinicalexperiencewith
bortezomib, and consequently the safety profile has
beenwelldefined.Ingeneral,thisfirst-in-classprotea-
some inhibitor has been well tolerated but some patients 
willrequiredoseadjustment,delayordiscontinuation
due to toxicity. Themost common side effects have
been infusional symptoms, asthenia, gastrointestinal
symptoms, neuropathy and bone marrow suppression. 
Ofthese,neuropathyisthemostconcerningandmost
likelytoimpactqualityoflife.Severetoxicityinclud-
ing death has been reported in ,3%ofpatients.Most
adverseeffectsarereversibleandcanbealleviatedwith
dose reductions and/or temporary delays in therapy.
Thefollowingsectionswilldescribeindetailthesafety
informationforbortezomibinpatientswithmyeloma.

infusion reactions and general toxicity
Infusional side effects including fever, chills and
mild hypotension occur in ,10%ofpatients.These
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symptoms may be exacerbated by dehydration thus 
prompting the recommendation to give intravenous
saline hydration just prior to bortezomib. Pyrexia
can be controlled with acetaminophen administra-
tion and these symptoms are rarely dose limiting. 
Tumor lysis syndrome has been described (,2%)
and patientswithmore severe symptoms following
initiation of therapy should be evaluated for TLS.
Allopurinol should be considered when initiating 
therapyinpatientswithadvanceddisease.Twoofthe
mostcommonsymptomsassociatedwithbortezomib
are fatigue and asthenia.These symptoms occur in
approximately 15%–30% of patients and are dose
limitinginaminorityofcases.20,27,66

Gastrointestinal toxicity
Gastrointestinaladverseeventshavebeenverycom-
mon with bortezomib including nausea, vomiting,
diarrhea,abdominalpainandconstipation.TheAPEX
trialreportedanincidenceofnauseaanddiarrheaof
57%, constipation 42% and vomiting 35%. In the
VISTAtrial,nauseaanddiarrheawaspresentin48%
and 46% of patients, but severe, grade$3, symp-
toms were seen in only 4% and 8% respectively.66 
Most centers give a serotonin 5-HT3 antagonist as
anti-nauseaprophylaxisandloperamidemaybeused
as needed for diarrhea.There have been rare cases
ofparalyticileus,thusanti-diarrhealsshouldbeused
withcaution.Severeperipheralneuropathyisassoci-
atedwithanincreasedriskforileus.

Cardiopulmonary toxicity
Most studies have described a low incidence of
 cardiac or pulmonary toxicity. Patients with new or 
worsening pulmonary or upper respiratory symp-
tomsmust be evaluated for an acute infection.The
APEXtrialreportedpneumoniain7%ofbortezomib
treated patients and other studies have described
symptoms of cough and dyspnea in approximately
10%.23,27,66 Bacterial and viral infections have been
themost commoncauses for these symptomshow-
ever, idiopathic pulmonary infiltrates, pneumonitis,
pulmonaryhypertension,andcongestiveheartfailure
withdecreasedcardiacejectionfractionhaveallbeen
described (,5% incidence).The randomized pegy-
lated liposomal doxorubicin plus bortezomib trial
reportedanincidenceofcardiomyopathyof3%inthe

combinationarmversus2%withbortezomibalone.35 
Althoughinfrequent,cardiopulmonarysymptomscan
occasionallybesevere, requiringpromptevaluation
andpossiblediscontinuationofbortezomibtherapy.

Skin toxicity
Skin reactions have been mild and have ranged
between 5% and 24%.20,67 A maculopapular rash is 
most commonbutnodular lesions, generalizedery-
themaandedematousplaqueshaveallbeendescribed.
Ingeneral,thepathologyhasshownvasculiticreac-
tionsalthoughhypersensitivityreactionsandsweets
syndromehavealsobeenreported.68,69Therashmay
recurwithre-treatmentandcorticosteroidshavebeen
usedwith success for preventing these recurrences.
Rarely,discontinuationof therapy is requiredeither
duetoseverehypersensitivityreactionorworsening/
recurring rash.

infectious complications
ThelargeAPEXtrialdemonstratedariskofherpes
zoster reactivation of 13% although the incidence
canbedecreased(3%)with theuseofprophylactic
acyclovir.70,71Viral andbacterial infectionsoccur in
10%–15%, and most commonly cause pneumonia,
bronchitis and nasopharyngitis. Other than herpes
zoster,theinfectionriskdoesnotappearincreasedin
MMpatientsreceivingbortezomibversusotheranti-
myelomatherapies.Despite thatmoderate tosevere
lymphopenia is common with bortezomib, other
immunocompromisedinfectionsarerare.

Marrow toxicity
Bonemarrowsuppressionisacommonsideeffectof
bortezomibandoneofthemaincausesofdosereduc-
tionsanddelaysintherapy.InthelargeAPEXtrial,
hematologic toxicity included grade $3 neutropenia in 
14%,grade$3thrombocytopeniain30%andGr$ 3 
anemia in 10%.66 Similar patterns of marrow sup-
pressionhavebeenseeninmostbortezomibclinical
trials.Theneutropeniaandthrombocytopeniafollow
a cyclical pattern with nadir counts occurring around 
day11–14ofatypical21-daycycle(Day1,4,8,11
dosing).Thecountsuniformlyrecoverbythestartof
the next cycle and cumulativemarrow suppression
has not been problematic. Presumably, the thrombo-
cytopeniaisduetoinhibitionofplateletreleaserather
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thandirectmegakaryocytecytotoxicity.Thedegreeof
thrombocytopeniafollowingbortezomibtherapycan
oftenbecorrelatedtopre-treatmentplateletlevelsand
diseaseburdeninthemarrow.Theuseofconcomitant
marrow-toxicagentslikelenalidomide,melphalanor
cyclophosphamide frequently causes more neutro-
penia and thrombocytopenia.27 When making dose 
adjustmentsduetocytopeniasonemustconsiderthe
diseasestatusofthepatientandthegoalsoftherapy.
For example, one may accept a much lower platelet 
count before dose reduction in those patients with
higher disease burden whereas a low platelet count in 
apatientinremissionmaydeserveadosereduction.
Ageneralschemafordosereductionanddelaysbased
onpre-treatmentplateletcountsandnadircountshas
beenproposed(Fig.2).

Neurologic toxicity
Common neurologic side effects have included
peripheral neuropathy, headache, insomnia anddiz-
ziness.Ingeneral,thesesymptomshavebeenmildto
moderateandimprovewithbortezomibwithdrawalor
dosereduction.Therehavebeenrarereportsofauto-
nomicneuropathy(AN)causingmoderatetosevere

hypotension and alteration in gastrointestinal motil-
ity,andofreversibleposterior leukoencephalopathy
syndrome(RPLS)whichisassociatedwithblindness,
confusion,seizuresandotherneurologicalsymptoms.
IfRPLSissuspected,imagingofthebrainshouldbe
performed and bortezomib should be discontinued.
AN is a clinical diagnosis and often requires dose
reductionand/ordiscontinuationoftherapy.

Bortezomib induced peripheral neuropathy
(BIPN) is the most significant neurologic toxicity.
Patients should be monitored closely for BIPN as
severeneuropathicsymptomscanlimitfuturethera-
peuticoptionsandmaysignificantlyaffectqualityof
life.ThemechanismofBIPNremainsunclear.Some
potentialcausesofBIPNincludedirectcytotoxicityto
schwanncellsandprimarynervecells,dysregulation
ofNF-κBthusdecreasingtranscriptionofthetrophic
nervegrowth factor,directdamage tomitochondria
and endoplasmic reticulum in dorsal root ganglia 
neurons,andinductionofapro-inflammatoryeffect
with possible autoimmunity.72Pathologicevaluation
ofbortezomibtreatedanimalsshowsapoptosisinthe
dorsal root ganglion neurons, axonopathy of small
nervefibersandmildmyelinsheathdegenerationof

A.   Dose Modifications for Bortezomib Monotherapy

Hematologic Toxicity During a Cycle

1. Neutrophils >1 × 109L, Platelets >50 × 109L

3. Neutrophils <0.5 × 109L, Platelets >25 × 109L

2. Neutrophils ≥0.5 × 109L, but <1 × 109L,
    or Platelets ≥25 × 109L, but <50 × 109L

No dose reduction

Consider holding dose depending
on clinical scenario

Bortezomib therapy should be withheld*

*Once toxicity has resolved reinitiate bortezomibat a 25% reduced dose 
(1.3 mg/m2/dose reduced to 1 mg/m2/dose; 1 mg/m2/dose reduced to 0.7 mg/m2/dose).

A.   Dose Modifications for Bortezomib, Melphalan and Prednisone Therapy 

Prolonged Grade 4 neutropenia or thrombocytopenia,
or thrombocytopenia with bleeding is observed
in the previous cycle

If platelet count ≤30 × 109/L or ANC ≤0.75 × 109/L
on a bortezomibdosing day (other than day 1) 

Bortezomib dose should be withheld 

If several bortezomib doses in consecutive cycles
 are withheld due to toxicity

^Bortezomib prescribing information

Dose modification or delay

Hematologic Toxicity During a Cycle Dose modification or delay

Consider reduction of the melphalan dose 
by 25% in the next cycle 

Reduced bortezomib dosing by 1 dose level (from 
1.3 mg/m2 to 1 mg/m2, or from 1 mg/m2 to 0.7 mg/m2)

Figure 2. Dose modifications guidelines for hematologic toxicity.∧
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largenervefibers.73,74 A more complete physiologic 
andpathologicunderstandingofBIPNisneededso
thatbettertherapeuticscanbedeveloped.

The clinical characteristics of BIPN are well
described. The symptoms are more sensory (tin-
gling,burning,numb)thanmotor,occurmoredistal
than proximal and involve the feet and toesmore
thanthehandsandfingers.Symptomsoftenbegin
withinthefirst1–2cycles,progressuntilcycle5–6
(ie,cumulativebortezomibdoseof30mg/m2)and
thereafterremainstable.Patientswhoareneuropa-
thy-freebycycle5–6tendtoavoidneuropathyalto-
gether. Pain is less common but, can be debilitating 
and difficult to treat. Diminished or absent deep
tendonreflexesarecommonandnerveconduction
studiesshowlowamplitudeactionpotentials.The
severityofBIPNhasbeendependentonanumber
offactorsincludingbortezomibdoseandschedule,
concomitant medical illness and prior exposure to 
other neuropathic agents.75Patientsreceivingbort-
ezomib therapy need to be followed closely for
BIPNso thatappropriatedoseadjustmentscanbe
made(Fig.3).

Pooleddatafrom256patientstreatedonthePhaseII
CRESTandSUMMITtrialsdemonstratedthatBIPN
wasoneofthemostcommonadverseeventsoccurring
in35%ofenrolledpatients.The majorityofpatient

experiencedgrade1to2events(22%)whereasgrade
3and4eventswerelessfrequent(13%and0.4%).20–22 
IntheAPEXtrial,theincidenceofBIPNwas44%ver-
susonly9%inthedexamethasonetreatmentarm.66In
theVISTAtrial,BIPNwasreportedmorefrequentlyin
theVMPvs.MParm;44%overallwith14%grade1,
17%grade2,13%grade$3.27 Surprisingly, the con-
comitant use of other agents, including thalidomide
and lenalidomide, does not appear to affect BIPN.
Trials using a reduced bortezomib dose or schedule
(i.e.CRESTandmod-CyBorD)havebeenshownto
decreasetheincidenceandseverityofBIPNandmay
beappropriateinolderMMpatientsorthoseathigh-
risk for BIPN.31,76 Once severe BIPN occurs, bort-
ezomibtherapymustbediscontinued.Arecentupdate
fromtheVISTAtrialhasshownthat79%oftheBIPN
eventsintheVMParmimprovedwithin1.9months
and that 60% of events resolved completely after a
median of 5.7 months.28 Similar data was reported 
fromtheAPEXtrial.Forty-fourof87patients(51%)
experiencing grade $2BIPN,showedimprovedneu-
ropathywithamediantimetoimprovementofapprox-
imately3.5months.Fortypatientshadresolutionof
BIPN,orareturntobaseline,and4hadimprovement
without complete  resolution.66 Since not all patients 
withmoderatetosevereBIPNimproveovertime,our
best strategy is with close monitoring, early detection 

•  Discontinue BORTEZGRADE 4 (Sensory neuropathy that 
is disabling, or motor neuropathy 
that is life-threatening or leads to
paralysis)

•  Withhold BORTEZ until toxicity 
    resolves

•  Consider alternative therapies (or)

•  May reinitiate at reduced dose (0.7 
   mg/m2 once weekly)

GRADE 2 with pain or GRADE 3
(interfering activities of daily living)

•  Reduce BORTEZ to 1.0 mg/m2

    or at a 25% reduced dose 
GRADE 1 with pain or GRADE 2
(interfering with function but not 
activities of daily living)

•  No actionGRADE *1 (Paresthesia, weakness 
and/or loss of reflex) without pain or 
loss of function

Modification of dose and regimenSeverity of PN signs/symptoms

BORTEZ = bortezomib

Figure 3. Dose modification for peripheral neuropathy (PN).
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ofBIPNandearlyinterventionwithappropriatedose
adjustments.

Conclusions
Theproteasomeiscertainlyapotent targetforanti-
cancer therapy. Bortezomib, the first-in-class pro-
teasome inhibitor, has demonstrated impressive
anti-tumorresponsesinbothpreclinicalmodelsand
clinical trials. Bortezomib is now one of the most
common agents used as initial and salvage therapy
for patients with myeloma. Overall response rates
of.90%cannowberoutinelyachievedinpatients
with newly diagnosed myeloma and survival has
been extended. Further clinical studies are underway 
attempting to identify the optimal combinations of
agentsanddurationof treatment.Additionalstudies
arecombiningbortezomibwithmelphalan-basedpre-
parative therapy for autologous transplantation, and
testingtheroleofbortezomibasmaintenancetherapy.
Anewgenerationoftargetedtherapiesincludingakt
inhibitors, histone deacetylase inhibitors, heat shock 
protein inhibitors, monoclonal antibodies and others 
are now undergoing preclinical an early clinical stud-
ies incombinationwithbortezomib.Althoughbort-
ezomib has beenwell tolerated, common toxicities
including gastrointestinal symptoms and peripheral 
neuropathyneedtobemonitoredclosely.Earlyinter-
vention for those experiencing toxicity and further
strategies for improving safety while maintaining
efficacy are warranted. Second generation protea-
some inhibitors including oral agents are currently 
underinvestigation.
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