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A B S T R A C T
Guidelines recommend vaccination starting 12 months after autologous hematopoietic stem cell transplant
(aHCT), but there is varying practice for patients on maintenance therapy, with some centers not immunizing at all. Because of decreased vaccine rates among the general population causing loss of herd immunity,
we aimed to establish the safety and eﬃcacy of revaccinating multiple myeloma patients on lenalidomide
maintenance (LM). Of the 122 patients who were vaccinated after aHCT between 2010 and 2014 at Memorial Sloan Kettering Cancer Center, 91 (75%) were on LM. Vaccine responses were deﬁned by increases between
pre- and postvaccination titers. Reponses varied by vaccine type with 76% responding to pertussis, 70% diphtheria, 60% tetanus, 71% Haemophilus inﬂuenzae, and 58% pneumococcal. All patients retained minimal levels
of polio immunity, but 27% responded with increased titers. Fewer patients received hepatitis A and B, but
of those who did, 30% responded to hepatitis A and 40% to hepatitis B. No differences were seen in rates of
response for those on LM at time of vaccination compared with those who were not. There were no vaccinerelated adverse effects. Reimmunization with inactivated vaccines in patients on LM is therefore both safe
and effective, offering this population immunity to vaccine-preventable diseases.
© 2017 American Society for Blood and Marrow Transplantation.

INTRODUCTION
Multiple myeloma (MM) is a clonal plasma disorder with
an overproduction of monoclonal proteins in the serum or
urine causing organ dysfunction, with an annual incidence
of approximately 24,000 people in the United States [1]. Standard treatment includes combination therapy with
proteasome inhibitors (eg, bortezomib, ixazomib, carﬁlzomib),
immunomodulatory drugs (eg, lenalidomide, thalidomide,
pomalidomide), and dexamethasone followed by autolo-
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gous hematopoietic stem cell transplantation (aHCT) for
eligible patients [2,3]. Continuous low-dose lenalidomide
maintenance (LM) is standard of care and prolongs
progression-free and overall survival [4,5].
After aHCT, patients have prolonged susceptibility to infections until immune reconstitution. Particularly for
pneumococcus, inﬂuenza, measles, mumps, and rubella, aHCT
recipients rely on herd immunity for protection against
vaccine-preventable illnesses. Herd immunity is often accomplished through mandatory vaccination of school-aged
children but has been compromised because of the increase in nonmedical exemptions, leading to outbreaks in
communities across the United States and elsewhere [6-10].
Consequently, reimmunization after aHCT is vital to the wellbeing of this vulnerable population.
Current guidelines of the American Society of Blood and
Marrow Transplantation, European Society for Blood and
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Marrow Transplantation, and the Infectious Disease Society
of America recommend revaccination starting between 6 and
12 months after transplant following a set schedule [11,12].
However, recommendations suggest that patients on active
therapy should not be vaccinated. LM is currently given until
disease progression, and reimmunization of these patients
is not uniform between institutions. We therefore evaluated the safety and eﬃcacy of vaccination in MM patients on
LM after aHCT.
METHODS
Patients
MM patients who underwent their ﬁrst aHCT between 2010 and 2014
were identiﬁed retrospectively from the Memorial Sloan Kettering Cancer
Center institutional registry and were included if the aHCT occurred less than
1 year after diagnosis, and they did not receive a tandem transplant. Inclusion in the analysis required at least 1 vaccine with pre- and postvaccination
titers. Demographic and treatment characteristics were collected through
chart abstraction with approval from the Memorial Sloan Kettering Cancer
Center Institutional Review Board. Safety data were collected by retrospective chart review.
Vaccination
Immunizations started at approximately the 1-year anniversary of
aHCT. The vaccination schedule is summarized here and presented in
Supplementary Table S1 with combination vaccines used when possible.
Haemophilus inﬂuenzae type B conjugate vaccine (HiB, ActHib; Sanoﬁ
Pasteur, Lyon, France), poliovirus inactivated vaccine (Sanoﬁ Pasteur),
pneumococcal conjugate vaccine (Prevnar 13-Valent; Wyeth-Ayerst,
Collegeville, PA), and tetanus/diphtheria/pertussis (Tdap) given as Boostrix
(Glaxo Smith Kline, London, UK) or Adacel for latex-allergic patients
(Sanoﬁ Pasteur) were typically administered at the same visit and given as
a 3-dose series at 1- to 3-month intervals. Hepatitis A–hepatitis B vaccine
(Twinrix; Glaxo Smith Kline) was also given as a 3-dose series at month 0,
month 1, and month 6. If given separately, hepatitis B recombinant (Glaxo
Smith Kline) was also given at month 0, month 1, and month 6, whereas

the hepatitis A vaccine (Havrix; Glaxo Smith Kline) was given as a 2-dose
series 6 to 12 months apart. Measles, mumps, and rubella (MMR; Merck &
Co. Inc., Kenilworth, NJ) was given as a 2-dose series at a 2- to 3-month
interval.
For patients without a response to Hib, poliovirus inactivated vaccine,
Prevnar 13, or Tdap, an additional (fourth) dose of the needed vaccine was
given before the booster round, which was given 6 to 12 months later. The
same formulations were given for the booster round, except for the pneumococcal vaccine, which was given as Pneumovax 23 (Merk & Co. Inc.) for
patients who did not respond to Prevnar 13. For patients without response
to hepatitis A or B, the full series was repeated with the individual vaccine.
Our analysis is limited to the response after the completion of the initial
series for each vaccine subtype.
Vaccine Response
Patients had prevaccine titers measured on the ﬁrst day of vaccination, and titers were rechecked 1 to 3 months after completion of the full
series of each vaccine. Protective levels and thresholds for response are
deﬁned in Table 1 and based on a combination of published thresholds, manufacturer recommendations, and expert opinion based on the most commonly
used values. Diphtheria titers were measured by ELISA, whereas for tetanus
an immunoassay and for H. inﬂuenzae an enzyme immunoassay was used.
Pertussis and pneumococcal titers were measured by multianalyte
immunodetection, whereas for polio a culture/neutralization assay was done
by Quest Diagnostics (Madison, NJ). The Architect i2000R instrument (Abbott
Laboratories, Chicago, IL) was used for hepatitis titers. Finally, titers for MMR
and varicella were measured by ELISA on the bioMeriuex VIDAS
instrument (bioMeriuex, Marcy-l’Étoile, France).
For analysis, we deﬁned 4 groups based on the pre- and postvaccine titers
for each vaccine. “Not evaluable” deﬁned patients who were missing titer
results or titers were drawn > 6 months after the completion a vaccines series.
Patients were noted to have “retained immunity” if pretiters met the deﬁned
cut-offs for protection and post-titers continued to demonstrate immunity. “Nonresponders” either did not achieve the titer threshold for immunity
or did not have the appropriate fold increase between the pre- and posttiter. In cases where the vaccine response was deﬁned as a fold increase,
patients could meet criteria for “retained immunity” but were classiﬁed as
“nonresponders” if they did not achieve the fold increase required in their

Table 1
Inactivated Vaccine Response Deﬁnitions
Disease/Vaccine

Memorial Sloan Kettering Cancer
Center Lab Values

Deﬁnition of Response

Haemophilus inﬂuenzae
Haemophilus B conjugate vaccine

<.15 nonprotective
.15-.99 μg/mL indeterminate
≥1.00 μg/mL protective
1:8 or greater = protective

1. Nonprotective to protective level (<.15 to ≥1)
2. Fourfold increase if in indeterminate range
3. If >1 in pretiter, immune but not evaluable for response
1. Not protective to protective (4 to >8) in all 3 serotypes*
2. If pretiter > 8 for any subtype, response = any increase in
number
3. If all 3 post-titers > 8 but do not meet above, patient is
immune but not evaluable for response
1. Twofold increase in 70% of pneumococcal serotypes‡

Polio
Poliovirus vaccine inactivated (IPOL)

Pneumococcus
Pneumococcal conjugate vaccine
(Prevnar 13-valent)
Pneumococcal vaccine (Pneumovax 23)
(23-valent)
Tetanus
Boostrix
Adacel
Diphtheria
Boostrix
Adacel
Pertussis
Boostrix
Adacel
Hepatitis A
Hepatitis A–hepatitis B vaccine
(Twinrix)
Hepatitis A virus vaccine
Hepatitis B
Hepatitis A–hepatitis B vaccine
(Twinrix)
Hepatitis B vaccine recombinant

Range <.3 to >35.4
>2.0 μg/mL protective†

Range <.1 to >7
>.15 International Units/mL healthy
immunized
<.01 IU/mL nonprotective
> or =.01 IU/mL protective

1. to >.5

Pertussis toxin IU/mL

1. Increase to >5 units/mL

Hepatitis A IgG Ab = negative, positive
Hepatitis A antibody panel = nonreactive,
reactive

1. Negative to positive
2. If pretiter positive, immune but not evaluable for
response

Hepatitis B surface Ab = negative,
nonreactive, positive, reactive

1. Negative to positive
2. If pretiter positive, immune but not evaluable for
response

1. Fourfold increase

* Subtypes = poliovirus type I, II, III.
†
Protective lab value based on manufacturer.
‡
Modern serotypes tested = 1, 3, 4, 8, 9 (9N), 12 (12F), 14, 19 (19F), 23 (23F), 26 (6B), 51 (7F), and 56 (18C).
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titers (diphtheria and pneumococcal vaccines). “Responders” attained the
threshold or fold increase between the pre- and post-vaccine titers.
Statistics
Descriptive statistics were used to summarize the results for each vaccine.
Univariate analysis using the Fisher’s exact test was conducted to identify
associations between response and factors at the time of vaccination, including being on LM, steroids, or chemotherapy, receiving intravenous
immunoglobulin after transplant, or having relapsed. SAS version 9.4 statistical software (SAS Institute, Cary, NC) was used for all analyses.

RESULTS
Patients
Of the 122 patients who met our inclusion criteria, 91 (75%)
were on LM at the time of vaccination with a median age of
58 years (range, 42 to 75) (Table 2). The median age of patients not on LM was similar (57 years; range 38 to 71). Most
patients in each group were Caucasian with 54% of those on
LM and 48% of those not on LM being male. Lenalidomide
was included in the induction therapy for 79 versus 65% of
LM and non-LM patients, respectively. The portion of patients receiving steroids or multiagent therapy at the initiation
of vaccination was low in both groups, coinciding with the
small percentage of patients with relapsed disease by the
1-year time point. Similarly, intravenous immunoglobulin use
in these patients was minimal. The median time to ﬁrst vaccination was 12.6 months (range, 8.1 to 26.4) and was not
different between LM and non-LM patients (12.63 months
[range, 11.05 to 26.45] versus 12.63 months [range, 8.06 to

Table 2
Patient Characteristics

Median age, yr (range)
Male
Caucasian
Lenalidomide in induction
Steroid use at 1 year after aHCT
On multiagent therapy at 1 year after aHCT
IVIG within the ﬁrst year after aHCT
Relapse by 1 year after aHCT

LM
(n = 91)

No LM
(n = 31)

58 (42-75)
49 (54)
74 (81)
72 (79)
7 (8)
5 (5)
0
2 (2)

57 (38-71)
15 (48)
22 (71)
20 (65)
5 (16)
6 (19)
1 (3)
3 (10)

Values are n (%), unless otherwise deﬁned.
IVIG indicates intravenous immunoglobulin; aHCT, autologous hematopoietic stem cell transplant; LM, lenalidomide maintenance.
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24.70], P = .48). Complete vaccination with HiB, pneumococcus, polio, and Tdap occurred in 79%, whereas only 37% had
a complete series of those vaccines and hepatitis A and B. Titers
were drawn at a median of 5 months (range, 1 to 20) after
the last vaccine in the primary series. No patient had vaccinerelated adverse events on retrospective chart evaluation.

Vaccine Responses
Of the 120 patients who received any HiB vaccine, 118
(98.3%) completed the HiB vaccination series. With 28 patients (24%) retaining immunity and 2 patients (1.6 %) not
evaluable, response was demonstrated in 84 patients (71%)
(Figure 1, Supplementary Table S2).
No patients maintained immunity to pneumococcus by
their pretiter. Pneumococcal vaccination was completed in
119 of 120 patients (99.2%), and all patients were evaluable.
Response was demonstrated in 69 patients (58%).
Polio vaccination was completed in 109 of 120 patients
(90.8%). All evaluable patients demonstrated a baseline
minimum level of immunity to polio considered protective.
Polio response by the prespeciﬁed titer increase was demonstrated in 29 patients (26.6%), with 5 patients (4.6%)
non-evaluable.
The 3-dose series of Tdap vaccination was completed in
106 patients (88.3%). Tetanus response was demonstrated in
64 patients (60%), with 5 patients (5%) not evaluable and 34
patients (32%) retaining immunity. With all of the evaluable
patients starting with at least the minimum level of immunity to be considered protected, diphtheria response was
demonstrated in 74 patients (70%), with 6 patients (5.6%) not
evaluable. Pertussis response was demonstrated in 80 patients (76%), with 4 patients (3.5 %) not evaluable and 14
patients (13%) retaining immunity.
Hepatitis A and B vaccination response was evaluated as
long as at least 2 doses of these vaccinations were received
(56/120 patients for hepatitis A [46.7%], 68/120 patients for
hepatitis B [56.7%]. Hepatitis A vaccine response was demonstrated in 17 patients (30%), with 11 patients (20%) nonevaluable and 16 patients (29%) retaining immunity. Finally,
with 2 patients (3%) maintaining immunity, hepatitis B
response was demonstrated in 27 patients (40%), with 11 patients (16%) non-evaluable.

Figure 1. Response by vaccine subtype.
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Figure 2. Percentage of patients on lenalidomide maintenance versus not on LM who responded (excluding patients who retained immunity or were not
evaluable).

Rates of live vaccinations were much lower in this cohort,
possibly due to being on LM and possibly due to our followup time, because these vaccines were not given until 2 years
after transplant. Thirty-two patients received at least 1 dose
of MMR, with 15 (48%) completing the series. For most of
these patients post-MMR titers were not available, and therefor, we are not able to evaluate response. Nine (60% of those
completing the series), 3 (20%), and 7 (47%) patients retained immunity to measles, mumps, and rubella, respectively.
No patients developed documented side effects or acute infections after vaccination.
Impact of Lenalidomide Maintenance
Univariate analysis was conducted to evaluate factors associated with response for all vaccines except polio, for which
no patients were categorized as nonresponders (Figure 2).
There was no statistical difference in the rate of response for
those patients who were receiving LM versus those who were
not for HiB (P > .95), pneumococcus (P = .1), tetanus (P = .56),
diphtheria (P = .31), pertussis (P > .95), hepatitis A (P = .66),
or hepatitis B (P = .78). Furthermore, no associations with response were seen with the use of steroids or chemotherapy
at initiation of vaccination, intravenous immunoglobulin after
transplant, or relapsed disease for any vaccine; however, the
number of patients in each of these groups was very small.
DISCUSSION
This is the ﬁrst study to evaluate the safety and eﬃcacy
of the standard inactivated vaccine series when given to MM
patients on LM after aHCT. With most patients completing
the complete primary series, we show that response rates to
most vaccines are high and are not affected by the use of LM.
The retention of immunity before vaccination differs based
on the infectious agent, with many patients retaining immunity to polio and diphtheria, but no patients retaining
immunity to pneumococcus. Revaccination with the complete schedule is therefore important for prevention of disease

in this population with prolonged survivorship, known decrease in titers over time after aHCT [11], and recent decreases
in herd immunity.
Deﬁnitions of immunity after vaccination vary between
studies and are partially dependent on the response assays
used. In addition, some centers do not obtain prevaccination
titers and deﬁne responses solely on the achievement of postvaccination titers [11]. Nevertheless, response rates in our
series are similar to previously published studies of vaccine
responses after aHCT [13-18]. In a study of 20 patients vaccinated after aHCT, van del Velden et al. [16] reported response
rates of 94% for HiB, 78% for heptavalent pneumococcal conjugate vaccine (Prevnar-7), and 61% for the nonconjugated
23-valent pneumococcal vaccine (Pneumovax). In our study,
71% responded to HiB, with the difference likely because of
the exclusion of patients who retained immunity based on
the pretiter. Antin et al. [14] found a slightly lower rate of 60%
responded to Prevnar-7 when given at 3, 6, and 12 months
after aHCT, which was similar to our response rate of 58% with
the Prevnar-13. In a prior study at our center evaluating the
Adacel vaccine, only 2 of 28 patients had a response to pertussis, which was believed to be secondary to the lower dose
of pertussis toxin in the vaccine [17]. In our current study,
patients received Boostrix, which contains a higher dose of
pertussis toxin, and 76% of patients responded. Therefore, in
the adult population, it does appear that the higher dose of
pertussis toxin is needed for response. Overall, the response rates for most vaccines were high. Notable exceptions
included hepatitis A, hepatitis B, and polio in the few patients who were evaluable for response. The exact etiology
of this is unclear, and further study into the immunogenicity of the vaccine or the schedule on which it is given after
transplant is needed. These results also show the need for
demonstration of response by titer and the rates of retained immunity that may wane over time, necessitating
intermittent monitoring of titers or the need for booster
vaccinations.
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Lenalidomide is an immunomodulatory agent that enhances immune response [19,20]. In a study of 17 MM
patients, Noonan et al. [20] evaluated the ability of
lenalidomide to augment vaccine responses. They found that
patients vaccinated with 2 doses of pneumococcal 7-valent
conjugate vaccine while on lenalidomide had higher humoral
and cellular responses compared with those who received the
ﬁrst dose before the initiation of lenalidomide. In our study,
there was no difference in the response rates of patients on
LM compared with those who were not on LM. This may be
related to the larger number of patients in our study or the
high rates of response in both groups.
Finally, analysis of live vaccines including MMR [15] or varicella was limited because of the small number of patients who
received these in this cohort (32/120 for MMR and 5/120 for
varicella), and further research is needed to deﬁne the safety
and eﬃcacy of these vaccines for MM patients on LM after
aHCT, especially given the recent outbreaks of measles around
the country. Current recommendations by the Centers for
Disease Control and Prevention are that MMR and varicella
vaccines should be administered 24 months after transplantation if the recipient is presumed to be immunocompetent
[21]. Deﬁnitions for immunocompetence after aHCT are not
well deﬁned, and we plan to study this further in the patients who have been transplanted in more recent years when
our center had an advanced practice provider who focused
on vaccination for HCT patients. However, no patients contracted these illnesses after vaccination, and we believe these
results are hypothesis generating for studies on safety and
eﬃcacy in this population. Issa et al. [22] reported on the varicella vaccine in the post-transplant setting and also found
minimal complications.
Limitations of our study include the smaller portion of
patients not on LM at the time of vaccination. Maintenance
therapy is standard of care at our institution for patients
without contraindications, and therefore the number of patients not receiving it in more recent years has decreased.
Patients undergoing aHCT in earlier years were not included because vaccination and titer monitoring was less
systematic during that time. Minimal data for the meningococcal vaccine were available at our center, so we did not
include it in this study, but Mahler et al. [23] have reported
minimal response with a single dose after allogeneic HCT.
The American Society of Blood and Marrow Transplantation and Centers for Disease Control and Prevention
recommend that post-HCT meningococcal reimmunization
with the 2-dose series follow the criteria for the general
population [24]. At our center we would vaccinate those
who are going to college, who are functionally or anatomically asplenic, military recruits, and those traveling to endemic
areas, which would be a small number of the adult patient
population, and response in this population requires further
study. Receiving the full series of vaccinations is often challenging, especially without a dedicated survivorship/
vaccination team, partly because of the extra visits required
that may not ﬁt the planned follow-up schedule. In this
study, this was especially true for the hepatitis vaccines,
and additional study of barriers may be helpful. Furthermore, the cut-offs for titer response are not uniformly
accepted. We have combined criteria from several prior
studies, manufacturer recommendations, and expert opinion
to create our cut-offs in Table 1, but acknowledge that the
response rates may change with alternative deﬁnitions. Finally,
because vaccination is often deferred in patients on active
therapy and the number of patients in our study with re-
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lapsed disease or on combination therapy was minimal,
further study is needed for this population. It is therefore
possible that our population includes mostly patients doing
well and able to comply with necessary follow-up, although patients receiving vaccinations locally were also not
included in our study.
An additional area of future investigation is the timing of
vaccination given the wide variation reported in both the
guidelines and expert opinion [11,12,25]. Although we did not
evaluate the inﬂuenza vaccine in our study because titers are
not checked or readily available, Sokol et al. [26] recently reported that 11 of 24 patients responded after a median time
to vaccination of 4.2 months. Hence, the inﬂuenza vaccine
may be worthwhile to administer regardless of the timing
of ﬂu season in the post-transplant course.
Overall, we show similar rates of vaccine responses
between MM patients who were or were not receiving LM
after aHCT. Reimmunization with inactivated vaccines in patients on LM is therefore both safe and effective, and because
patients on LM after aHCT have a prolonged survival, efforts
should be made to offer this population immunity to vaccinepreventable diseases.
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