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Methods: 539 study subjects (449 patients and 90 controls) were included. The patients had either primary
(n=90), or secondary immunodeficiency disorders due to human immunodeficiency virus infection (n=90),
allogeneic hematopoietic stem cell transplantation/CAR T cell therapy (n=90), solid organ transplantation
Immunocompromised patients (SOT) (n=89), or chronic lymphocytic leukemia (CLL) (n=90). The primary endpoint was seroconversion rate
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solid organ transplantation
chronic lymphocytic leukemia

Findings: Adverse events were generally mild, but one case of fatal suspected unexpected serious adverse
reaction occurred. 72.2% of the immunocompromised patients seroconverted compared to 100% of the con-

trols (p=0.004). Lowest seroconversion rates were found in the SOT (43.4%) and CLL (63.3%) patient groups
with observed negative impact of treatment with mycophenolate mofetil and ibrutinib, respectively.
Interpretation: The results showed that the mRNA BNT162b2 vaccine was safe in immunocompromised
patients. Rate of seroconversion was substantially lower than in healthy controls, with a wide range of rates
and antibody titres among predefined patient groups and subgroups. This clinical trial highlights the need
for additional vaccine doses in certain immunocompromised patient groups to improve immunity.
Funding: Knut and Alice Wallenberg Foundation, the Swedish Research Council, Nordstjernan AB, Region
Stockholm, Karolinska Institutet, and organizations for PID/CLL-patients in Sweden.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/)

Research in Context

Evidence before this study

At the time this study was designed, it was known that COVID-
19 was a severe infection in immunocompromised individuals
resulting in high morbidity and mortality. Furthermore, the piv-
otal studies regarding efficacy of mRNA vaccines against
COVID-19 had just been published. There was no information
regarding efficacy or safety of using the BNT162b2 mRNA vac-
cine in immunocompromised patients.

Added value of this study

We describe here, for the first time, the results of a prospective
clinical trial performed in five different groups of immunosup-
pressed individuals. We report that the vaccine was generally
safe although some immune activation phenomena such as
graft-vs-host disease was seen. The patients’ groups had overall
lower efficacy in terms of seroconversion when two doses of
BNT162b2 mRNA vaccine was given compared to healthy con-
trols. Factors important for seroconversion failure were ana-
lyzed, and subgroups of poorly responding patients were
identified.

Implications of all the available evidence

The present results obtained through a prospective clinical trial
allowed identification of groups of immunocompromised
patients who were more or less likely to respond to two doses
of BNT162b2 mRNA vaccine. This can lead to possible adapta-
tions of patient management to improve the efficacy of vac-
cines, such as through adding an additional dose of vaccine
and/or adapting the degree of immunosuppression. The latter
should preferably be done through subsequent prospective
clinical trials.

1. Introduction

Coronavirus disease 2019 (COVID-19) was declared a pandemic by
the World Health Organization (WHO) in March 2020. Immunocom-
promised patients were recognized early on in the pandemic as a
high-risk group for severe disease with high rates of mortality [1-3].

There are currently two approved mRNA vaccines, showing a
good safety profile and high vaccine efficacy with regards to preven-
tion of SARS-CoV-2 infection and disease [4,5]. Immunocompromised
patients were not included in the pivotal trials. Thus, there is an
unmet need for a clinical trial in which efficacy and safety data are
prospectively evaluated in these vulnerable patient groups. The
safety profile could be different due to elicitation of immune activa-
tion phenomena such as rejection of organ grafts or induction of

graft-vs-host disease (GvHD) after allogeneic hematopoietic stem cell
transplantation (HSCT). Emerging reports from cohort studies have
also indicated poor antibody responses after COVID-19 vaccination in
some immunocompromised patient groups [6-11]. The aim of this
clinical trial was to investigate safety and efficacy defined as the rate
of seroconversion after two doses of BNT162b2 mRNA vaccine in five
selected groups of immunocompromised patients compared to
healthy controls.

2. Methods
2.1. Study design and participants

We conducted an open-label, non-randomized prospective clini-
cal trial, in which the safety and efficacy of two doses of the mRNA
BNT162b2 (Comirnaty®, Pfizer/BioNTech) vaccine were assessed in
immunocompromised patients and healthy controls at the Karolinska
University Hospital, Stockholm, Sweden. The sponsor of the study
was Karolinska University Hospital. This trial was registered at
EudraCT (no. 2021-000175-37) and clinicaltrials.gov (no. 2021-
000175-37). A description of the current trial with protocol is avail-
able via SciLifeLab Data Repository with the following doi: 10.17044/
scilifelab.15059364  (English  version) and 10.17044/scilife-
lab.15059355 (Swedish version). The study started recruiting on Feb
15, 2021 and follow-up ended October 15, 2021. The trial was fully
recruited as intended in the study plan.

2.1.1. Inclusion criteria

individuals > 18 years of age, with no known history of SARS-
CoV-2 infection who had either primary immunodeficiency disorders
(PID) (n=90), or secondary immunodeficiency disorders due to infec-
tion with human immunodeficiency virus (HIV) (n=90), HSCT/chime-
ric antigen receptor T (CAR T) cell therapy (n=90), solid organ
transplantation (SOT) (n=89), or chronic lymphocytic leukemia (CLL)
(n=90). The control group (n=90) consisted of individuals without an
immunocompromised disorder or treatment, and without significant
co-morbidity. The controls were selected to represent three age
groups each of which included 30 healthy individuals (18-39 years,
40-59 years, and >60 years, respectively).

2.1.2. Exclusion criteria

known diagnosis of previous or ongoing infection with SARS-CoV-
2 assessed through patient interviews. Serology or PCR was not per-
formed during screening (see further Procedures). Other exclusion
criteria were coagulation disorder or treatment with anticoagulants
which according to the investigator’s judgement contradicted an
intramuscular injection; pregnancy or breastfeeding; history of an
adverse reaction against the active substance or any of the compo-
nents in the vaccine; incapability of giving informed consent or for
another reason should be excluded according to the investigator’s
judgement. The latter included clinical parameters such as the state
of the underlying immunosuppressed disorder; e.g., ongoing
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Screening
(n=781)
Not included
l—' (n=242)

Included for dose 1
(n=539)
(Safety population, ITT)

l—»

Received dose 2
(n=525)

—

Per protocol, day 35
(n=468)

—

Modified per protocol
(n=466)

Not given dose 2 due to
Covid-19, n=9
Side-effects, n=5

Declined, n=2
Missing sample at
BL or d. 35, n=30
Ab-pos/PCR-pos
at BL, n=25

Not included in
mPP-analysis due to
Covid-19
dose 1 and 2, n=2

Figure 1. Flowchart of the study. The chart depicts the groups of study subjects
screened prior to the study and the specific groups being enrolled and studied. Side-
effects that precluded dose 2 (n=5) were vasovagal reaction leading to voluntary with-
drawal (WP2), and thrombocytopenia, GVHD, elevated liver enzymes, and SUSAR (all
in WP3).

rejection, infection, or severe GvHD. Furthermore, other vaccines
planned to be given within 14 days before the first vaccine dose to
14 days after the second dose had to be postponed. The number of
screened and included study subjects is shown in Figure 1. Of the
originally 539 study subjects in the intention to treat (ITT) group, a
total of 468 study subjects remained in the per protocol (PP) group
and 466 study subjects in the modified per protocol group. The main
reasons for screening failure were previous COVID-19 infection,
patient refusal, and that some study subjects already had been vacci-
nated outside the study. Detailed patient characteristics are outlined
in Table 1.

2.2. Regulatory and ethical approval, and written informed consent

The study was approved by the Swedish Medical Product Agency
(ID 5.1-2021-5881) and the Swedish Ethical Review Authority (ID
2021-00451). All participants provided written informed consent.

2.3. Procedures

The participants were given injections of BNT162b2 mRNA vac-
cine in standard dose (30 micrograms) into the deltoid muscle of the
non-dominant arm on days 0 and 21 of the study; i.e., in a two-dose
regimen according to the label. All vaccine doses were derived from
the same batch (batch number EP2163). Blood samples were taken at
day 0 (before the first vaccination), and then at days 10, 21 (before
the second vaccination), and 35 (analysis of the primary endpoint).
Serum samples were analysed using quantitative test Elecsys® Anti-
SARS-CoV-2 S (Roche Diagnostics) on the Cobas 8000 e801pro for
detection of antibodies to SARS-CoV-2 spike protein receptor binding
domain (RBD). The measuring range is between 0.40 and 250 U/mL
with cut-off for positive results at > 0.80 U/mL. Positive samples with
antibody titres of >250 U/mL were re-tested following a 1/10 dilu-
tion, and in applicable cases also a 1/100 dilution which increased
the upper level of measuring range to 25,000 U/mL. Nasopharyngeal
SARS-CoV-2 swab tests for real-time RT-PCR were taken before vacci-
nation at day 0, and in case of symptoms of possible COVID-19 during
follow-up. Hematological and biochemical assays were performed at
days 0, 21, and 35. Study data including baseline characteristics, assay
results, reactogenicity, adverse events, and concomitant medications
were recorded in an electronic case report form (eCRF).

2.4. Antibody test

Serum samples were tested using the commercial, quantitative
Roche Elecsys anti-SARS-CoV-2 S enzyme immunoassay, which
measures total antibodies to the SARS-CoV-2 S receptor-binding
domain (RBD) protein, the target of the mRNA vaccines. Results range
from <0.4 to >250 U/mL with the positive cut-off defined as >0.79 U/
mL. According to the manufacturer, the overall clinical specificity was
99.98% (n=5991) and sensitivity was 98.8 % for samples taken
>14 days after positive PCR result (n=1423). In an independent
assessment, the highest sensitivity (84.0%, n=50) was observed at 15
to 30 days post-PCR positivity and an assay specificity of 100% (n=32)
was reported. The assay has also been validated against the first
WHO-standard for Anti-SARS-CoV-2 immunoglobulin (NIBSC 20/
136) [12]. Our individual assessment of the assay resulted in a speci-
ficity of 100% (n=80, collected from patients in 2019) and a sensitivity
of 100% at >18 — 40 days post-PCR positivity (n=37). During valida-
tion an intra-assay CV (coefficient of variability) of 0.8% and an inter-
assay of CV 0.9% was observed across 3 days and using one reagent
lot. Since introduction of the assay in our laboratory in February 2021
inter-assay variation has been continuously monitored and showed
satisfactory values (< 8.7%).

2.5. Outcomes

The primary endpoint definition was seroconversion to the SARS-
CoV-2 spike glycoprotein 14 days (day 35) after the second dose of
vaccine in the per protocol (PP) population (n=468), being seronega-
tive at study entry and who received two doses of vaccine (Figure 1).
A PP (n=468) as well as a modified per protocol (mPP) population
(n=466) were analysed. The mPP excluded two patients who devel-
oped COVID-19 between study entry and day 35 (see Figure 1). The
main secondary endpoint was safety and tolerability of the vaccine.
This was analysed on all patients receiving at least one dose of vac-
cine (safety population; ITT population) (see Figure 1).

An additional secondary endpoint was occurrence of SARS-CoV-2
infection with assessment of severity [13]. The severity of COVID-19
was assessed with ordinal scale, with scores of 1-8 as following: 1.
not hospitalized, no limitations of activities; 2. not hospitalized, limi-
tation of activities, home oxygen requirement, or both; 3. hospital-
ized, not requiring supplemental oxygen and no longer requiring
ongoing medical care (used if hospitalization was extended for infec-
tion-control reasons); 4. hospitalized, not requiring supplemental
oxygen but requiring ongoing medical care (Covid-19-related or
other medical conditions); 5. hospitalized, requiring any supplemen-
tal oxygen; 6. hospitalized, requiring noninvasive ventilation or use
of high-flow oxygen devices; 7. hospitalized, receiving invasive
mechanical ventilation or extracorporeal membrane oxygenation
(ECMO); 8. death.

2.6. Safety and tolerability assessments

Safety analyses included all the participants who received at least
one dose of BNT162b2, in ITT analyses. Reactogenicity was assessed
by recording specific local (pain, erythema, or swelling at injection
site) or systemic (fever, chill, headache, tiredness/fatigue, diarrhea,
vomiting, new/worsened muscle- or joint pain) side effects as
reported by patients in a paper diary for seven days following each
vaccine dose. All reactogenicity events were graded as none/mild
(grade 0-1), moderate (grade 2), severe (grade 3), life-threatening
(grade 4), or death (grade 5) according to the Common Terminology
Criteria for Adverse Events (CTCAE) (Supplementary Table 1) [14].
Other, non-reactogenicity associated adverse events (AE) were
recorded until 14 days after administration of the second dose by
patient interviews in conjunction with the second dose (day 21) and
through a phone call two weeks following the 2" dose. Severe



Table 1
Patient characteristics at baseline (Intention to Treat Population).
Controls All immunocompromised PID HIV HSCT SOT CLL
(n=90) (n=449) (n=90) (n=90) (n=90) (n=89") (n=90)
Sex, n (%)
Men 39 (43%) 242 (54%) 35(39%) 54 (60%) 48 (53%) 45 (51%) 60 (67%)
Women 51(57%) 207 (46%) 55 (61%) 36 (40%) 42 (47%) 44(49%) 30(33%)
Age <65 years, n (%) 63 (70%) 268 (60%) 77 (86%) 71 (79%) 67 (74%) 25 (28%) 28 (31%)
Laboratory parameters
at baseline, median (range)
IgG (g/L) 11.0(7.2-21.2) (n=89) 9.9 (1.0-34.4) (n=445) 10.1(3.5-26.1) 12.8(7.2-34.4) 9.6 (1.6-17.9) (n=89) 9.1(3.4-25.0) (n=86) 6.7 (1.0-20.8)

Absolute lymphocyte count (x10°/L) 1.8(1.0-4.1) (n=87) 1.6 (0.2-112.6) (n=446) 1.3(0.4-9.6) 1.8 (0.6-3.4) (n=89) 1.6 (0.3-7.0) 1.2(0.2-2.8) (n=87) 5.9(0.4-112.6)
Ongoing immunosuppression, n (%)
Corticosteroids 0 26 (6%) 12 (13%) 1(1%) 13 (14%) 82(92%) 0
Other immunosuppressive agents 0 159 (35%) 13 (14%) 0 27 (30%) 89 (100%) 30(33%)"
Subgroups, (n) 1. 18-39 years (n=30) 1. CVID (n=50) 1. Latest CD4 T cell count 1. CART (n=3), Allo HSCT Time after 1. Indolent untreated
2.40-59 years (n=30) 2. XLA (n=4) <300 cells/ul (n=30) (n=87)Time after allo transplantation: (n=30)
3.>60 years (n=30) 3. Low number or defect 2. Latest CD4 T cell count HSCT: 1. <6 mo 2. Ongoing treatment
T-cell function (n=14) >300 cells/ul (n=60) 2. Early <6 mo (n=10) (n=33) with/ with ibrutinib (>6 mo)
4. Monogenic diseases 3. Intermediate 6 - 12 mo without MMF (n=30)
(n=10) (n=12)4. Late >12 mo 2. >6 mo with 3. Previous ibrutinib
5. Other with expected (n=65) MMEF (n=20) treatment (>2 mo ago),
normal response (n=12) 3. >6 mo without now in off-phase (n=10)
MMF (n=36) 4. Previous treatment

with CD20 mAb
(>6 mo - <30 mo)
(n=20)

Abbreviations: n: number, PID: primary immunodeficiency disorders, HIV: human immunodeficiency virus, HSCT: hematopoietic stem cell transplantation, SOT: solid organ transplantation, CLL: chronic lymphocytic leukemia, IgG: immuno-
globulin G, CVID: common variable immunodeficiency, XLA: X-linked agammaglobulinemia, CD: cluster of differentiation, CAR T: chimeric antigen receptor T-cell therapy, mo: months, MMF: mycophenolate mofetil, mAb: monoclonal anti-

body, BL: baseline.
*all n=30 were on ibrutinib.

1 The different transplants in the SOT-group (n=89)

were: 57 liver, 26 kidney, 6 kidney and pancreas

502€01 (1202) 2 aupajNolgd / v 3o uvwisiag d
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adverse events (SAE) and suspected, unexpected, serious adverse
reactions (SUSAR) were assessed and recorded from the first vaccine
dose to 6 weeks after the second dose, with exception of events
related to the expected course of the main underlying disease.

2.7. Statistical analysis

2.7.1. Sample size calculation

At the time of the study design, no information existed regarding
the expected seroconversion rate of immunosuppressed individuals
following vaccination with the mRNA BNT162b2 vaccine. Based on
the initial BNT162b2 vaccine clinical trials results, we hypothesized
that the proportion of seroconversion in healthy controls would be
99%. Choosing a sample size n=90 per group would give a power
value of 81%, even with a conservatively low expected 10% difference
in seroconversion in immunocompromised groups versus healthy
controls. The final mPP group (n=468) represented a total reduction
of approximately 10% of the study subjects.

2.7.2. Analyses of the primary and secondary endpoints

Analysis of primary efficacy endpoint with seroconversion
included per protocol (PP) analysis, with participants who received
two doses of BNT162b2 with estimation of the proportion of partici-
pants (95% CI) with positive SARS-CoV-2 antibody tests at day 35.
Those with no available sample at day 0 and 35, or positive SARS-
CoV-2 PCR/antibody tests at baseline, were excluded in the PP analy-
sis. Analysis of primary efficacy endpoint with seroconversion was
also performed on modified PP (mPP) population, with estimation of
the proportion of participants with seroconversion (95% CI) at day 35
among participants who received two doses of BNT162b2, who were
not seropositive at baseline, and who did not develop COVID-19 dur-
ing the study. Proportions of seroconversion were compared in
patient groups, or prespecified subgroups vs. controls, with estima-
tion of Cls and p-values (Fisher’s exact test). Differences in mean anti-
body titer values at day 35 between groups and subgroups were
tested through pairwise comparisons using Wilcoxon rank sum test.
Bonferroni correction was applied.

Logistic regression, univariable or multivariable, was used to ana-
lyse possible predictive factors for seroconversion failure. Analysis
variables were prespecified in the protocol and selected based on
clinical relevance and expected vaccine-responses for each patient-
group (full list reported in Table 5). Age and sex were selected in all
groups. The variables with a p-value lower than 0.35 from the uni-
variable analysis (table 5) were included in the multivariable model
and considered as possible confounders. The final model was
obtained through stepwise selection. Variables with p-values < 0.35
from the univariable analysis were conservatively inserted in the
multivariable analyses. The best fitting model was here obtained
through stepwise selection. P values <0.05 were considered statisti-
cally significant. The statistical analyses were performed using R base
(R Core Team, 2021).

2.8. Role of funders

The funders (stated below) did not have any influence on the
study design, data collection, data analyses, interpretation, or writing
of the report.
3. Results
3.1. Participants

781 individuals were screened for eligibility for the study
between February 12" and February 229, 2021. Of these, 539 indi-

viduals were included in the trial (safety population; intention to
treat (ITT) (Figure 1). Each of the five patient groups and the control

group consisted of 90 patients, with the exception of the SOT group
(89 patients). All 539 included patients received the first dose of vac-
cine between February 23™ and March 30™", 2021. Baseline charac-
teristics of the ITT group is described in Table 1. All but fourteen
(2.6%) study subjects went on to the second dose (Figure 1). Those
that did not receive the second dose were study subjects diagnosed
with COVID-19 (n=9) or that got side effects that prevented further
vaccination (n=5) (Figure 1).

3.2. Safety

3.2.1. Reactogenicity

Local and systemic reactogenicities, as reported by the study sub-
jects in diaries, are presented in Supplementary Table 1. The propor-
tions of patients and controls reporting reactogenicity events were
not markedly different from each other in an overall comparison.
However, a somewhat higher rate of systemic reactogenicity events
was observed in the healthy control group than in the patient group
(p<0.01) following the second dose, possibly due to some of the
patient’s immunosuppressed status.

3.2.2. Adverse events

Other non-reactogenicity related AE, as reported by the study sub-
jects by physical visits and telephone interviews are presented in
Supplementary Table 2. A higher number of non-reactogenicity
related AEs were registered in the patient groups compared to the
controls regarding total numbers, grades 2-4 CTCAE, and these were
possibly/probably related to the vaccine (Supplementary Table 2).
Most AEs were from allogeneic HSCT/CAR T cell treated patients
(n = 50), followed by patients with PID (n = 36), and SOT patients
(n = 26). The most frequently reported AEs were infections; all
assessed as unlikely to be related to the vaccine. Notably, two
patients having undergone HSCT had activation of GvHD with altered
liver function tests that required treatment with corticosteroids and
consequently did not proceed to the second dose. Two additional
patients, among those who received two doses, developed chronic
GVHD of the skin and signs of obliterative bronchiolitis with wors-
ened respiratory dysfunction after discontinuing immunosuppres-
sion before the first dose of vaccine, respectively. Finally, three
patients developed CTCAE grade 2 cytopenias (thrombocytopenia
n=1; neutropenia n=2), which were self-resolving without interven-
tion (Supplementary Table 2).

3.2.3. Severe Adverse Events (SAE) and Severe Unexpected Serious
Adverse Reaction (SUSAR)

Twenty-eight SAE were registered in a total of 24 patients during
the study period (Table 2). Five SAE were assessed as possibly being
linked to the vaccination, including (i) one vasovagal reaction in a
HIV patient (moderate), (ii) febrile neutropenia in a HSCT patient
(moderate), (iii) rejection in a liver transplanted patient (severe), and
(iv) syncope in another liver transplanted patient (moderate). In
addition, a SUSAR occurred in the HSCT-group. Five months after an
allogeneic HSCT with prior CD19 CAR T treatment, the patient devel-
oped fever, vomiting, signs of disorientation, and respiratory distress
four days after the first vaccination. This led to hospitalization and
subsequent referral to the intensive care unit with suspicion of an
immunologically driven pneumonia (bronchiolitis obliterans organiz-
ing pneumonia). No second vaccine dose was given. The patient
responded well to corticosteroids and could be discharged after three
weeks. Unfortunately, the patient later developed progressive diffuse
pulmonary infiltrates resistant to broad anti-infectious and immuno-
suppressive treatment, and subsequently required ventilator therapy.
The patient died two months after the first vaccination. An autopsy
was performed revealing lung failure as the major cause of death.
The case was assessed by the investigator and the sponsor to be likely
related to the vaccination and has been reported as a SUSAR. Final
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Table 2

Severe adverse events (SAE) after two doses of BNT162b2 vaccine in healthy controls and five different groups of immunocompromised patients.

Controls(n=90) PID(n=90)  HIV(n=90) HSCT(n=90) SOT(n=89)  CLL(n=90)  Total(n=539)

Events' SAE (events, n) 0 3 2 53 12 6 28

SAE (patients,n)! 0 3(3%) 2 (2%) 4 (4%)° 12 (13%) 3(3%) 24 (4%)
Related to vaccine’  Possible (n, %) 0 0% 1(50%) 2 (40%)* 2(17%) 0% 5

Unlikely (n, %) 0 3(100%) 0% 0% 10 (83%) 6 (100%) 19

Not related (n,%) 0 0% 1(50%) 3(60%) 0% 0% 4
Grading? Severe (n, %) 0 1(33%) 1(50%) 3(60%) 4 (33%) 0 9

Moderate (n, %) 0 1(33%) 1(50%) 2 (40%) 8(67%) 6 (100%) 18

Mild (n, %) 0 1(33%) 0% 0% 0% 0% 1
Resolved” Yes (n, %) 0 3(100%) 1(50%) 5(100%) 6 (50%) 5(83%) 20

No (n, %) 0 0% 1(50%) 0% 6 (50%) 1(17%) 8

Abbreviations: SAE: severe adverse reaction, PID: primary immunodeficiency, HIV: human immunodeficiency virus, HSCT: hematopoietic stem cell trans-

plantation, SOT: solid organ transplantation, CLL: chronic lymphocytic leukemia.

T Percentage was calculated as the proportion of patients with at least one SAE in the patient-group.
2 Percentage was calculated as the proportion of patients with at least one SAE divided by the total numbers of patients with at least one SAE.

3 One SUSAR occurred in this group.

results from both autopsy and additional immunological analyses are
awaited and will be reported separately. Overall, the number of SAEs
was highest in the SOT group and lowest in the people living with
HIV (PLWH) group (below referred to as the HIV group). No SAE was
observed in the healthy control group (Table 2).

3.3. Primary endpoint: Seroconversion at day 35

The results of the PP analyses differed only marginally from the
mPP analyses (Table 3 and Supplementary Table 3). Because of this,
we chose to present the results from the mPP analyses. 466 study
subjects (388 immunosuppressed patients in 5 groups and 78 healthy
controls) were eligible for analyses (Figure 1 and Supplementary
Table 4). Results in terms of seroconversion and antibody titres from
spike-specific IgG measurements are displayed in Figure 2 (patient
group analyses) and in Figure 3 (patient subgroup analyses) as well
as in Supplementary Figure 1 (patients group analyses including
study subjects with SARS-CoV-2 antibody/PCR positivity at baseline).
72.2% of the patients in the mPP group seroconverted at day 35, com-
pared to 100% of the controls (p=0.004, Fisher’s exact test) (Table 3).
With exception of the HIV group, all patient groups showed a signifi-
cantly higher likelihood for failure to seroconvert at day 35 compared
to the control group. The highest seroconversion-failure rate was
found in the SOT group, followed by the CLL group, PID group, HSCT
group and the HIV group (Table 3 and Figure 2A).

Analyzing the different patient groups separately, the overall
seroconversion rate in the SOT group was 43.4% (p<0.001 compared
to controls). Analyzing the subgroups, patients receiving mycopheno-
late mofetil (MMF) had a significantly lower seroconversion rate than
controls regardless of time after transplantation; 13.3% in patients <6
months after transplantation (p=0.01, Fisher’s exact test) and 10.0%
in patients >6 months after transplantation (p<0.01, Fisher’s exact

Table 3

test). In contrast, the subgroup of patients not receiving MMF and
vaccinated >6 months after transplantation had a seroconversion
rate not differing significantly from controls (90.9% vs 100%, p=0.06,
Fisher’s exact test) (Table 4 and Figure 3A). In multivariate analysis,
MMF-treatment was an independent predictor for seroconversion
failure (Table 5).

The overall seroconversion rate in the CLL group was 63.3%
(p<0.01 compared to controls, Fisher’s exact test). Analyzing the sub-
groups, patients with the lowest seroconversion rate were found in
the ongoing ibrutinib (a BTK inhibitor) treatment group (26.9%). The
rate doubled in those who had previously been treated with ibrutinib
(55.6%). Indolent and patients off long-term chemoimmunotherapy
had seroconversion rates >80% (Table 4 and Figure 3A). Treatment
with ibrutinib had a negative impact on the likelihood for serocon-
version in multivariate analysis. 16/18 patients (88.9%), who had pre-
viously (median 13 months; range 7 — 29 months) been treated with
anti-CD20 responded. Normal levels of IgG at baseline were posi-
tively correlated with seroconversion (Table 5).

The overall seroconversion rate in the PID group was 73.3%
(p<0.01 compared to controls, Fisher’s exact test). Analyzing the sub-
groups, patients with common variable immunodeficiency (CVID)
had the lowest seroconversion rate (68.3%), followed by patients
with monogenic PIDs (77.8%). Patients with low CD4-counts and
other PIDs had almost normal seroconversion rates (90.9% and 100%,
respectively). As expected, patients with X-linked agammaglobulin-
emia (XLA) failed to produce any spike specific IgG after vaccination
(Table 4 and Figure 3A).

The overall seroconversion rate in the HSCT group was 84.7%
(p=0.02 compared to controls, Fisher’s exact test). Analyzing the sub-
groups, time after HSCT (<6 months and 6-12 months) significantly
influenced the seroconversion compared to healthy controls (Table 4
and Figure 3B). Univariate, but not multivariate analysis, identified

Numbers and proportions of seroconversion (modified per protocol; n=466) after two doses of BNT162b2 vaccine in healthy controls and five different groups

of immunocompromised patients.’

Controls All immunocompromised PID HIV HSCT SOT CLL
patients
Seroconverted (n) 78 280 55 78 61 36 50
Seronegative (n) 0 108 20 1 11 47 29
Total (n) 78 388 75 79 72 83 79
Proportion of seroconverted (CI) 100 72.2 733 98.7 84.7 434 63.3
(%), P-value (95.4-100) (67.4 — 76.6) (61.9-82.9)  (93.1-100) (74.3-92.1)  (32.5-54.7)  (51.7-73.9)
Ref. P<0.001 P<0.01 P=1 P<0.01 P<0.01 P<0.01

Abbreviations: PID: primary immunodeficiency, HIV: human immunodeficiency virus, HSCT, hematopoietic stem cell transplantation, SOT: solid organ trans-
plantation, CLL: chronic lymphocytic leukemia, CTRL: healthy controls, CI: 95% confidence interval (estimated).
1 P-values of the differences vs. healthy controls were calculated, Fisher’s exact test.
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Figure 2. Seroconversion and antibody titres per patient group and in healthy controls. a) Seroconversion in the five immunocompromised groups and control group defined as >
0.8 U/ml assessed in the modified per protocol (mPP) population. b) Median SARS-CoV-2 specific antibody titres in the five immunocompromised groups and control group. c)
Median (CI 95%) SARS-CoV-2 specific antibody titres at day 35 in individuals who seroconverted. D) Individual antibody dynamics (black thin lines) with median interquartile range
(IQR) (coloured thick lines) for each respective group. X-axis: days after first vaccination if not else noted.

severe chronic GvHD as a risk factor for failure to seroconvert
(Table 5). Two patients with CD19 CAR T cell treatment failed, as
expected, to produce any spike-protein specific IgG after vaccination
(Table 4 and Figure 3A).

Finally, the overall seroconversion rate in the HIV group was
98.7% (p =NS compared to controls, Fisher’s exact test), with no sig-
nificant differences in the CD4 cell count subgroups (>300 CD4 cells/
uland <300 CD4 cells/u], respectively) (Table 4 and Figure 3A).

Additional results on SARS-CoV-2 antibody titres (U/ml) are
depicted on a study group level (healthy controls, PID, HIV, HSCT/CAR
T, SOT, and CLL) in Figure 2B-D. Generally, significantly lower SARS-
CoV-2 specific antibody titres were observed in the CLL, SOT and PID
groups in line with the seroconversion rates (Figure 2B-D). Further-
more, SARS-CoV-2 specific antibody titres varied significantly within
different subgroups of the specific patient groups (Figure 3B).

3.4. COVID-19 during the study

Twenty-five study subjects (25/539, 4.6%) were found to be sero-
positive at baseline, among whom two (0.4%) were also RT-PCR posi-
tive for SARS-CoV-2. Further description of these patients is provided
in the Supplementary material. The study subjects’ antibody titres
are shown in Supplementary Figure 1. Eleven study subjects (2.0%; 5
PID, 3 HSCT, 1 SOT, 2 controls) were diagnosed with COVID-19
between the first and second dose of vaccine. Among the eleven
patients, the severity was >grade 3 in three patients and severity
grade 7 in one patient. Additionally, one patient from the SOT-group,
with seroconversion failure at day 35, developed severity grade 2
COVID-19 at 19 days after the second dose.

4. Discussion

This study reports the results of a prospective clinical trial evalu-
ating the safety and humoral immune responses following two doses
of COVID-19 mRNA BNT162b2 vaccination in five selected groups of
immunocompromised patients and healthy controls. The patient

groups included were selected to represent different types of primary
immunosuppression conditions as well as different secondary immu-
nosuppression states. This readily allows comparisons between spe-
cific patient groups and healthy controls. Administration of two
consecutive doses, 3 weeks apart, of BNT162b2 was overall safe. The
rate of seroconversion was generally lower in immunocompromised
patients compared to healthy controls with the lowest responses in
the SOT and CLL patient groups. The prospective design of the study
furthermore allowed analyses of risk factors for seroconversion fail-
ure, in addition to prospective analysis of safety.

SOT patients showed the lowest overall seroconversion with only
43.4% responding. Receiving MMF as a part of the immunosuppres-
sive treatment was strongly associated with low seroconversion,
which is in line with previous studies [10,15,16]. A recently published
report found that a third vaccine dose increased the seroconversion
rate in SOT patients from 40% to 68% [17]. This, however, still leaves
almost one third of SOT patients without a serological response. As
the present results indicate, a possible strategy might be to temporar-
ily discontinue MMF to increase the chance of a vaccine response.
This intervention must be weighed against the risk of development
of donor specific antibodies or even T-cell mediated rejection of the
graft.

The first reports on COVID-19 vaccination in CLL patients found
that only 39.5% of included patients seroconverted [8]. The corre-
sponding rate in our clinical trial was 63.3%. Seroconversion was gen-
erally low (26.9%) in patients with ongoing ibrutinib therapy in line
with previous reports [8,18], but nearly doubled in those who had
stopped/paused this therapy. In contrast, >80% of the patients who
had indolent CLL or were long-term off anti-CD20 based chemoim-
munotherapy responded to the vaccine. Previous anti-CD20 therapy
has been associated with poor responses to vaccines. In the present
study, however, most patients responded after a median time of 13
months between anti-CD20 therapy and vaccination. Hence, actions
may be required, particularly in those who are on treatment with
ibrutinib where temporary cessation of ibrutinib-treatment before
vaccination could be warranted.
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Figure 3. Seroconversion and antibody titres in subgroups of the specific patient groups. a) Seroconversion in the specific subgroups defined as > 0.8 U/ml in the modified per pro-
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represent upper (25,000 U/ml) and lower (0.4 U/ml) limits of detection. Dashed line represents seroconversion threshold of 0.8 U/ml.

With respect to patients with PID, a low seroconversion rate was
found in patients with CVID. Interestingly, all but one of the patients
with idiopathic CD4 cytopenia seroconverted. In addition, a patient
with hypomorphic SCID due to a mutation affecting the Artemis gene
and a patient with a CARD11-mutation did not respond to vaccina-
tion, supporting the importance of these genes for antibody
responses [19,20]. The results are in line with a previous study in
which seroconversion was observed in 18/26 (69.2%) PID patients
after vaccination with BNT162b2 [7]. Overall, we observed that most
PID-patients responded to vaccination and the number of AEs was
low.

In HSCT patients, the results are concordant with studies of other
vaccines. Some of the present findings are also similar to other
reports of COVID-19 vaccines in this patient group. Time after HSCT
had a significant impact on the likelihood of seroconversion similar

to findings in other studies [21-23]. However, it was observed that
severity of chronic GvHD impacted negatively on seroconversion in
univariate analysis. Seroconversion failure was furthermore found to
be associated with ongoing second line treatments for chronic GvHD,
such as ruxolitinib and photophoresis, and administration of anti-
CD20 therapy given several months prior to vaccination. An effect of
the severity of chronic GvHD has not been reported previously but is
not unexpected considering what has been observed for other vac-
cines. None of the two assessable patients receiving CD19 CAR T cell
therapy seroconverted, likely due to the persistent depletion of B
cells after successful therapy.

People living with HIV responded well to the vaccine, with high
seroconversion rates and antibody titres regardless of low (<300
cells/ul) or high (>300 cells/ul) CD4 counts. These results are in line
with recent reports that demonstrated robust humoral BNT162b2
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Numbers and proportions of seroconversion for each patient group divided into subgroups.’
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vaccination response in this group [14,24,25]. However, the durabil-
ity of the antibody response in PLWH will be important to follow
since, despite effective antiviral therapy, full immune reconstitution
is not achieved in many PLWH. These individuals can have dimin-
ished or less durable response to vaccination, which is particularly
relevant to monitor in those with low CD4 cell-counts [26-28].

This is to our knowledge the first prospective, clinical trial per-
formed in several immunocompromised patient groups allowing
careful assessment of safety. Reactogenicity was comparable to previ-
ous reports [5], and other AE were also generally mild. However, a
few immune activation phenomena were observed, such as four
cases of GvHD among the HSCT patients. Similarly, Ali et al. reported
recently in a retrospective study that 9.7% of HSCT patients developed
new chronic GvHD and 3.5% experienced worsened chronic GvHD
after vaccination with mRNA vaccines [29]. Moreover, Ram et al.
reported in a prospective cohort study three cases of worsened GvHD
(5%) after each dose of BNT162b2 vaccine among 66 allogenic HSCT
recipients [22]. Of note, the traditional adjuvanted pandemic HIN1
influenza vaccine has also been reported to aggravate chronic GvHD
[30]. Taken together, these observations indicate the necessity for
careful monitoring and evaluation in future prospective studies and
clinical routine. One case of SUSAR with progressive respiratory fail-
ure and fatal outcome occurred. This case will need further evalua-
tion.

It is possible that mRNA-vaccines, by virtue of their potent immu-
nogenicity, may precipitate dysfunctional immune-responses in par-
ticularly vulnerable patients and/or patient groups. As would be
expected in a large clinical trial comprising of more than 500 individ-
uals during the third wave of COVID-19 infection in Sweden, a few
COVID-19 cases were documented during the study. In this respect,
the present study was not powered to evaluate a potentially protec-
tive effect on the number and severity of COVID-19 cases.

A particular strength of the present study is the clinical trial set-
ting with careful prospective safety evaluation. In addition, the study
comprises a relatively large participant number, with a priori defined
monitoring and analyses of the data. The study clearly shows that not
all patient groups have the same risk for poor response to COVID-19
vaccination. For example, HSCT patients at a late stage after trans-
plantation and without chronic GvHD responded well to two doses of
vaccine. It is unknown, however, whether the duration of immunity
will be similar to healthy controls, which requires further studies
with a longer follow-up time. In contrast, we also identified sub-
groups of patients responding poorly, or very poorly, to vaccination.
Some of these risk factors have been previously identified, such as
ibrutinib in CLL patients and the use of MMF in SOT patients and such
patients might benefit from a 3™ dose of vaccine.

There are several limitations of this study. The trial had an open-
label and non-randomized design. However, since the vaccine is
approved and recommended by the Public Health Agency of Sweden,
it was considered unethical to allocate patients to a non-treatment
group. The selected groups were very different from each other with
regards to age distribution, sex and underlying disease mechanism.
For example, PIDs present disease from an early age (congenital
defects), whereas CLL occurs normally at high age (median age at
onset 71 years; acquired defect). Other PIDs, such as XLA, are inher-
ent only to men, given genetic X chromosome linkage. In addition,
some of the groups (SOT, HCT, CLL) are immunosuppressed as a result
of given therapies. We chose these different groups to represent dif-
ferent immune defects that could influence the response to vaccina-
tion. However, this made it difficult to match all the groups to the
healthy controls. To allow for comparisons to the healthy control
group in terms of ages, controls were included based on three age
groups, which at least partly compensated for the age factor.

Overall, the study cohort represents real-world immunocompro-
mised patient-groups at a large university hospital and the results
could be of general interest and importance for any clinician meeting



10 P. Bergman et al. / EBioMedicine 74 (2021) 103705

Table 5
Analysis of factors related to seroconversion failure in the different patient-groups.'
Univariate Multivariate

1. All mPP population (n=466)  p-value OR(CI) p-value  OR(CI)
Age 0.12
Sex (M/W) 0.27 0.15
Lymphocyte count at baseline 0.06 1.02 (1-1.04)
Patient groups:
PID <0.01 28.36 (5.65-516.53) <0.01 30.58 (6.06-557.97)
HSCT 0.01 14.07 (2.63-260.63) 0.01 14.34 (2.68-265.76)
SOT <0.01 101.83(20.95-1838.52)  <0.01 106.62 (21.85-1927.45)
CLL <0.01 45.24(9.22-818.71) <0.01 44.5 (9.06-806.71)
HIV Reference
2.PID (n=79) p-value OR (CI) p-value OR(CI)
Age 0.97
Sex (M/W) 0.04 3.08 (1.09-9.19)
Co-morbidity (Y/N) 0.82
Immunosoppression (Y/N) 0.52
IgG at baseline 0.72
Autoimmunity (Y/N) 0.05 0.21(0.03-0.84) <0.05 0.20 (0.03-0.82)
Malignancy (Y/N) 0.31 2.04(0.47-8.09) 0.27
Subgroups:
CD4 cytop. 0.16 0.22 (0.01-1.31)
Monogenic disease 0.58
Other 0.99
XLA 0.99
CVID Reference
3. HSCT (n=72) p-value OR(CI) p-value OR(CI)
Age 0.59
Sex (M/W) 04
Subgroups:
Early 0.02 6.25(1.26-31.9) 0.02 6.25(1.26-31.9)
Intermediate 0.26 4.17(0.18-43.0) 0.26 4.17(0.18-43.0)
Late Reference
GvHD mild 0.99
GvHD moderate 0.85
GvHD severe 0.02 8(1.43-49.82)
GVHD absent Reference
GvHD (Y/N) 0.65
4.S0T (n=83) p-value OR (CI) p-value OR (CI)
Age 0.87
Sex (M/W) 0.59
Time to transplantation <0.01 0.98 (0.97-0.99)
Type of organ:
Kidney <0.001 18.15(4.68-121.08)
Kidney/pancreas 0.06 8.25(1.22-164.20)
Liver Reference
Tacrolimus (conc.) 0.48
Creatinine baseline 0.03 1.0(1.00-1.03) 0.06 1.02 (1.0-1.04)
MMF (yes/no) <0.01 73.3(19.43-383.70) <0.01 87.12(20.8-580.21)
5.CLL (n=79) p-value OR (CI) p-value OR (CI)
Age 0.65
Sex (M/W) 0.64
IgG baseline <0.01 0.75 (0.62-0.89) <0.01 0.80 (0.64-0.96)
Subgroups:
Ibrutinib <0.01 14.93 (4.12 -66.73) <0.01 10.34 (2.63-48.75)
Off ibrutinib 0.09 4.40 (0.80-25.59) 0.27 2.72 (0.45-17.01)
Previous CD20-mAb 0.69 0.69 (0.09-3.98) 0.51 0.53 (0.06-3.34)
Indolent Reference

mPP: modified per protocol, n: number, OR: odds ratios, CI: 95% confidence interval, M: men, W: women, PID: pri-
mary immunodeficiency disorders, HSCT: hematopoetic stem cell transplantation, SOT: solid organ transplantation,
CLL: chronic lymphocytic leukemia, HIV: human immunodeficiency virus, Y: yes, N: no, IgG: immunoglobulin G,
CD: cluster of differentiation, XLA: X-linked agammaglobulinemia, CVID: common variable immunodeficiency,
GVHD: graft versus host disease, MMF: mycophenolate mofetil, ab: antibody

1 Logistic regression, univariable and multivariable analyses in modified per protocol (mPP) population (n=466)
were performed. The reference group for categorical variables of sex was women. For variables with categories of
yes (Y) or no (N), “no” was set as reference group.
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immunocompromised patients. Another limitation was that no infor-
mation was available regarding ethnicity or BMI, which could
increase the risk for residual confounding. Furthermore, we did not
pre-screen for SARS-CoV-2 antibodies. The 4.6% rate of seropositive
cases at baseline was somewhat high, given the general recommen-
dation of self-isolation for these patients. However, due to high prev-
alence of SARS-CoV-2 infection in the Stockholm region at the time of
the study, the result should reflect the real-life situation. Serology
was performed only for Spike protein, not for nucleocapsid protein.
The final anti-Spike serological assessment was done on the mPP
population (n=466). Naturally, this reduced the a priori calculated
power based on the ITT population (n=539), in part since we underes-
timated the rate of seropositivity at baseline. However, it should be
noted that clear and significantly decreased effects of vaccination
were observed in all but one of the studied patient subgroups, the lat-
ter of a magnitude that surpassed the conservatively 10% difference
that was estimated on initial calculations prior to the study. Thus, it is
our strong belief the study is adequately powered to draw the conclu-
sions presented. Additionally, more recent data argue for better vac-
cine responses if vaccinations are separated for more than three
weeks, as done in the present study. On purpose, at the time of
design, the present clinical trial followed the original Phase III proto-
col of BNT162b2 (Comirnaty®, Pfizer/BioNTech) °. Finally, we did not
include other immunological responses, such as T cell responses, in
the predefined primary and secondary endpoints. There is a wide
spectrum of immunosuppressive disorders and we studied only
some of these. This study may, however, serve as a proof-of-concept
study to analyse the impact of specific immunosuppression on the
seroconversion rate in some patient groups.

The results presented here show that many immunocompromised
patients can respond to two doses of BNT162b2a vaccine against
COVID-19. However, substantial proportions of these patients
respond poorly and may therefore be in need of additional doses to
boost the humoral immune response. Indeed, recent reports have
shown that immunocompromised SOT-patients with negative anti-
bodies after two doses of mRNA vaccine can respond to a third dose
with production of specific antibodies [17,31]. A third dose of COVID-
19 vaccine to immuno-suppressed individuals is currently recom-
mended in many countries. In addition, several countries are recom-
mending a third dose to the elderly, vulnerable population.

In conclusion, this prospective clinical trial showed that the mRNA
BNT162b2 vaccine is safe to administer to immunocompromised
patients. However, the rate of seroconversion is substantially lower
compared to healthy controls, with a wide range of seroconversion
rates and titres within the patient groups and subgroups at risk. This
knowledge can form the basis for individually adapted vaccination
schedules. This might require specific vaccination strategies in differ-
ent groups of immunosuppressed patients such as subsequent vacci-
nations for boost, pausing of concomitant immunosuppression, and/
or in some cases pre-interventional vaccination.
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