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ABSTRACT 
Introduction: Chronic myeloid leukaemia (CML) patients 
on tyrosine kinase inhibitors (TKIs) show adequate  
antibody responses to SARS-CoV-2 vaccination, but  
T-cell responses remain unclear. This study investigates  
the overall immune responses in these patients after 
vaccination.
Methods: In this longitudinal study, CML patients on 
TKIs who received at least 3 doses of the SARS-CoV-2  
vaccine were assessed for neutralisation activity against 
the wild-type (WT) and Omicron variants at multiple time- 
points: baseline (D0), week 4 (D28), month 6 (M6), and 
after the booster dose at months 3 (B3), 6 (B6), and 12 
(B12). T-cell responses were evaluated at B6 and B12,  
with comparisons made to healthy controls (HC).
Results: Twenty-seven CML patients and 113 HC were 
included. Neutralising activity against WT was similar  
across groups at all time points. Fewer CML patients 
exhibited positive neutralisation against Omicron at B6 
(50.0% versus 88.9%, P=0.003), with higher antibody  
levels in CML patients at D28 and M6, but lower levels  
at B6 (P<0.05). T-cell responses were similar between 
groups at B6 and B12.
Conclusion: Neutralising activity against WT and Omicron 
was similar, with a decline at B6, while T-cell responses 
were comparable across groups. These findings highlight 
the importance of continued vaccination in CML patients.

Keywords: chronic myeloid leukemia, COVID-19  
vaccine, neutralising antibodies, Omicron variant, vaccine 
durability

CLINICAL IMPACT

What is New
•	 Neutralising activity (defined as inhibition >30%)  

after the 2-dose primary vaccination series  
against wild-type were similar between chronic 
myeloid leukemia (CML) patients and healthy 
subjects; however, the neutralising activity against 
Omicron BA.1 are lower among CML patients 6 
months post booster dose.

•	 To the authors’ knowledge, this is the first study 
that specifically determined the antibody and T-cell 
responses after SARS-CoV-2 vaccines in TKI-treated 
CML patients, in particular to the Omicron variant.

Clinical Implications
•	 The different immunological responses to variants 

like Omicron, particularly after the booster dose, 
suggest that CML patients may need individualised 
vaccination plans and rigorous post-vaccine 
monitoring.

•	 These results point to the potential benefits of 
next-generation vaccines against immune-evasive 
variations of COVID-19 infections and encourage the 
ongoing prioritisation of booster doses. These results 
are crucial for directing improved vaccination policy 
and optimising benefit in this group of patients.

a 56% increased likelihood of requiring admission to 
the intensive care unit, compared with those without 
cancer.1 Patients with lung and haematological 
malignancies were at particularly greater risk. This 
increased risk may reflect the immunocompromised 
state associated with the underlying disease and 
associated treatments such as ongoing chemotherapy, 
which can affect vaccine responses.2,3

INTRODUCTION
The COVID-19 pandemic, caused by SARS-CoV-2, 
led to widespread illness and profound social and 
economic disruption. The impact of COVID-19 infec-
tion is particularly significant in patients with underlying 
cancer. A meta-analysis that involved more than  
46,000 patients showed a 66% higher risk of death and 
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TKI, and to assess the durability of these immune 
responses achieved, including against the Omicron 
variant. Now endemic, COVID-19 continues to pose 
a threat to public health, especially to immunocom- 
promised individuals. The results of this study will  
offer crucial insights into the overall effectiveness of 
vaccines for CML patients on TKI therapy.

METHODS

Study design and study participants
This was a longitudinal study of TKI-treated CML  
patients receiving 2 doses of SARS-CoV-2 vaccine, 
followed by 1 booster dose, at a teaching hospital  
in Malaysia. The inclusion criteria were adult CML  
patients aged 18 years and above who had been 
treated with TKI for at least 6 months before the 
vaccination date, had no other underlying malignancies 
or autoimmune disease, and were not receiving  
other immunosuppressive therapy. Patients who had 
received a SARS-CoV-2 vaccine within 2 weeks before 
screening, had a self-reported history of COVID-19 
infection, ongoing pregnancy or breastfeeding, a  
history of bleeding disorders or severe adverse 
reactions associated with prior vaccination, an acute 
febrile episode within 72 hours before recruitment, or 
were unwilling to commit to protocol-mandated blood 
sampling were excluded. Sampling was performed 
between June 2021 and May 2023, coinciding with the 
Delta (August to October 2021) and Omicron waves 
(January to April 2022) in Malaysia. A total of 60 controls 
were recruited at study entry. Age-matched healthy 
individuals without CML or other immunosuppressive 
disease who were attending vaccine appointments 
at the same centre were approached as controls. A 
new group of 53 age-matched controls was recruited 
when the booster dose was administered because 55 
of the 60 initial controls were lost to follow-up. The 
sex and ethnicity of the new cohort were matched to 
those of the first cohort. These controls were co-opted 
opportunistically from another ongoing study at our 
institution, involving patients from the Geriatric Clinic 
and Primary Care Clinic. All participants provided 
written informed consent, and the study protocol was 
approved by the Universiti Malaya Medical Center 
Medical Research Ethics Committee (UMMC MREC) 
with registration number of 2021524-10164.

Collection of demographic data and samples
Patients’ baseline demographic data were collected. 
All participants had blood drawn at 6 time points: prior 
to the first dose (baseline, D0), 1 month (D28) and 6 
months (M6) after the second dose when the booster 
was administered, then 3 months (B3), 6 months (B6), 
and 12 months (B12) after the booster. All blood 
samples processed in this study were handled in the 

Chronic myeloid leukaemia (CML) is a myeloprolife-
rative neoplasm, which is characterised by the  
presence of the Philadelphia chromosome. With the 
introduction of tyrosine kinase inhibitors (TKIs), overall 
survival in patients has greatly improved. The use of 
TKIs is associated with altered B-cell immunity, and 
responses to COVID-19 vaccination in TKI-treated  
CML patients may be affected because of off-
target inhibitory effects on B-cell signalling kinases.4 
Several studies have shown that CML patients on 
TKI exhibit a robust humoral immune response to 
COVID-19 vaccination and develop significant levels of  
SARS-CoV-2 spike-specific IgG antibodies comparable 
to healthy individuals.5,6 Furthermore, the persistence 
in these antibodies over time was also similar to that 
of the general population.6 While humoral responses 
are promising, T-cell immunity is crucial for long-
term protection. TKIs have been reported to affect 
various T-cell immune functions, including reducing 
effector CD8+ T-cell responses and interfering with  
T-lymphocyte signalling.7,8 Diminished T-cell responses 
may, in general, affect the effectiveness and durability 
of vaccine protection.9 The long-term impact of  
these molecularly targeted drugs on immune function 
is still not clearly defined.10

In Malaysia, epidemiological data on CML are  
limited, and the prevalence was reported to be 
approximately 69 per million.11 As of 2024, the total 
population of Malaysia is estimated at 34.1 million; 
therefore, the number of CML patients is likely to  
exceed 2000.12 Research on vaccine responses in  
patients with haematological cancers in Malaysia is  
scarce, and the only published study that included 
haematological cancer patients only determined the 
seroconversion rate following various SARS-CoV-2 
vaccines.13 There has been thus far no study that speci- 
fically evaluated antibody and T-cell responses after 
SARS-CoV-2 vaccination in TKI-treated CML patients in 
Malaysia, particularly against the Omicron variant.

During the COVID-19 pandemic in Malaysia, the  
virus evolved through multiple waves with different 
dominant variants. The first wave (early 2020) mainly 
involved imported Wuhan strains.14 From April 2021 to 
January 2022, the fourth wave was dominated by the  
Delta variant, with high case numbers, hospitalisations, 
and deaths—particularly among unvaccinated indivi-
duals, when only 6.3% of the population was fully 
vaccinated at its peak.15 The fifth wave emerged in  
late 2021, led by the Omicron variant, which rapidly 
displaced Delta and caused a higher monthly case peak 
within a shorter time frame. Despite this, there were 
fewer severe cases and deaths, likely owing to a high 
vaccination rate (78.9%) and Omicron’s lower virulence.14

This study was conceived during the pandemic  
where we aimed to ascertain immune responses  
following SARS-CoV-2 vaccination in CML patients on  
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same laboratory using standard protocols. Blood 
samples from study participants were transferred to 
the laboratory, and plasma was isolated within 4 hours 
of collection. Samples were then stored at -80°C until 
further analysis, which was performed in batches.

Antibody binding, neutralisation assay, and 
QuantiFERON SARS-CoV-2 assay
Antibody titres against the receptor-binding domain 
(RBD) of the spike protein and nucleocapsid (N) were 
measured using the quantitative Elecsys Anti-SARS-
CoV-2 S and N-protein assays (Roche Diagnostics, 
GmbH, Germany), respectively, on the Cobas e601 
analyser (Roche Diagnostics) according to the manu-
facturer’s instructions. The Roche Elecsys system uses 
an automated system with appropriate calibration and 
internal control steps, which ensures reproducibility 
and accuracy across different runs and reagent lots; 1 
unit(U)/mL of anti-S antibodies reported by this assay 
corresponds to 1 binding antibody U/mL according  
to the First World Health Organization (WHO)  
International Standard for anti-SARS-CoV-2 immu-
noglobulin (human) (NIBSC 20/136).18

The positivity threshold for the anti-S assay was  
defined as ≥0.8 U/mL, while the anti-N assay used a 
cut-off index (COI) of ≥1.0. Samples that exceeded  
the upper detection limit of >250 international units  
(IU)/mL for the anti-S assay were assigned a value of  
250 IU/mL for analysis.

The anti-N assay was performed only in the healthy 
control group 1 at D0, D28, and M6, but it was  
expanded to both CML patients and healthy controls 
group 2 at B3, B6, and B12 after additional funding 
was obtained. The new batch of controls was co-opted 
opportunistically from another ongoing study at the 
authors’ institution from B3 onwards because of the  
high attrition in the initial control cohort.

Neutralisation activity against SARS-CoV-2 wild-type 
and the Omicron BA.1 (B.1.1.529) variant was assessed 
using the SARS-CoV-2 surrogate viral neutralisation 
assay kit (cPass Neutralisation Kit, GenScript Biotech, 
US). Relative inhibition was determined based on  
the mean absorbance of the negative control, with a  
threshold of 30% indicating positive neutralisation  
activity. Equivalent IU/mL conversions were obtained 
using data extrapolated from cPass calibration against 
the First WHO International Standard for anti-SARS-
CoV-2 immunoglobulin (human) through a publicly 
available online tool, via https://github.com/Lelouchzhu/
cPass-to-IU_Conversion, as previously described.20 The  
assay against wild-type was done for only 2 time  
points (D28 and M6), whereas the assay against  
Omicron BA.1 was carried out at all time points except 
baseline: at D28, M6, B3, B6, and B12. Internal controls 
to monitor batch variation reported ranges of 10–20%, 
which is appropriate for result reproducibility.19

T-cell responses against SARS-CoV-2 spike sub-unit 
antigens were measured using the QuantiFERON 
SARS-CoV-2 assay kit (Qiagen, Germany) according 
to manufacturer’s instructions. This assay includes 3  
antigen tubes—SARS-CoV-2 Ag1, Ag2, and Ag3, which 
use combinations of SARS-CoV-2-specific antigens to 
stimulate lymphocytes in heparinised whole blood, 
targeting cell-mediated immunity. The Ag1 tube  
contains CD4+ epitopes derived from the S1 subunit 
(RBD) of the spike protein; Ag2 contains CD4+ and 
CD8+ epitopes from the S1 and S2 subunits of the 
spike protein; and Ag3 comprises CD4+ and CD8+ 
epitopes from S1 and S2, along with immunodominant 
CD8+ epitopes derived from the entire genome.21  
The concentration of Interferon-gamma (IFN)-γ in  
plasma from the stimulated samples was measured  
using ELISA. An IFN-γ response was classified as  
reactive if it exceeded 0.15 IU/mL. This assay was 
conducted at the B6 and B12 sampling time points.

Statistical analysis
Statistical analysis was performed using the IBM SPSS  
version 23.0 (IBM Corp, Armonk, NY, US) and Graph-
Pad Prism 8 (GraphPad Software, US). Comparisons 
of anti-S antibody levels and inhibition activity against 
SARS-CoV-2 wild-type and its variants between CML  
patients and controls were performed using the 
Mann-Whitney U test. The percentages of CML 
patients and controls with positive neutralising activity 
were compared using the Chi-square and Fisher’s  
exact tests. P value of <0.05 was considered statistically 
significant.

RESULTS
A total of 87 participants (27 CML patients and 60 
controls) consented at the study entry. Over the 
course of the study, 19 controls were lost to follow-
up at M6. New controls (n=53) were recruited  
at B3 because 55 controls who had participated at 
study entry were lost to follow-up (Fig. 1).

The median ages of CML patient and controls were  
49 (interquartile range [IQR] 39–59) and 40 (IQR 33–51) 
years, respectively. The majority of CML patients 
were male (59.3%) and of Chinese ethnicity (55.6%). 
In comparison, controls comprised 64.6% males, with  
the majority being of Malay ethnicity (38.1%). The 
majority of CML patients (88.9%) and all controls  
received the BNT162b2 mRNA vaccine. The demo- 
graphics of the participants are shown in Table 1.

Humoral responses following vaccination were 
estimated using measurements of total anti-S titres.  
All participants seroconverted (defined as anti-S1 
levels >0.8 IU/mL) and median total anti-S1 titres 
after the 2-dose primary vaccination series and a  
booster were comparable in CML patients and controls 
(Fig. 2). Anti-N was not performed in CML patients 
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Fig. 1. Enrolment of participants.

B3: 3 months after the booster; B6: 6 months after the booster; B12: 12 months after the booster; CML: chronic myeloid leukaemia;  
D0: prior to the first dose (baseline); D28: 1 month after the first dose; M6: 6 months after the second dose when the booster was administered

Dose 1
Blood taking
D0-Baseline

Dose 2

Booster

Blood taking
D28

Blood taking
M6

Blood taking
B3-Boost

Blood taking
B6-Boost

Blood taking
B12-Boost

CML = 20
Healthy Controls Group 1 = 55

CML = 26
Healthy Controls Group 1 = 54

CML = 27
Healthy Controls Group 1 = 36

CML = 16
Healthy Controls Group 2 = 58

CML = 20
Healthy Controls Group 2 = 36

CML = 20
Healthy Controls Group 2 = 34

Different group of 
controls

Recruited CML = 27
Healthy Controls Group 1 = 60

Recruited new healthy controls = 53 (lost to follow-up = 55)

Table 1. Demographics of CML cases and controls at study entry. 

CML (n=27) Controls (n=113) P value

Age, median (IQR), years 49.4 (39.3–59.1) 40.0 (32.9–50.6) 0.036a

Sex, no. (%)
Male
Female
Missing

16 (59.3)
11 (40.7)

73 (64.6)
39 (34.5)
1 (0.9)

0.656

Ethnicity, no. (%)
Malay
Chinese
Indian
Missing

9 (33.3)
15 (55.6)
2 (7.4)
1 (3.7)

43 (38.1)
39 (34.5)
25 (22.1)
6 (5.3)

0.095

Vaccine dose 1, no. (%)
BNT162b2 
CoronaVac
Vaxzevria

24 (88.9)
2 (7.4)
1 (3.7)

113 (100.0)
-
-

0.010a

Vaccine dose 2, no. (%)
BNT162b2 
CoronaVac
Vaxzevria

24 (88.9)
2 (7.4)
1 (3.7)

113 (100.0)
-
-

0.010a

Vaccine dose 3, no. (%)
BNT162b2 
CoronaVac
Vaxzevria

20 (95.2)
1 (4.8)

-

58 (100.0)
-
-

0.256

TKI duration (months) 138 (105–169) -

TKI type, no. (%)
Imatinib
Nilotinib
Dasatinib

21 (77.8)
5 (18.5)
1 (3.7)

-
-
-

CML: chronic myeloid leukaemia IQR: interquartile range; TKI: tyrosine kinase inhibitor
a indicates P values <0.05
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at D0, D28, and M6. After excluding patients who 
received CoronaVac, 15 (26.7%), 19 (47.4%), and  
19 patients (56.5%) were reactive to anti-N at B3, B6,  
and B12, respectively. After the booster dose,  
58 (39.7%), 36 (63.9%), and 34 (67.6%) controls were 
reactive to anti-N at M3, M6, and M12, respectively 
(Fig. 2).

All participants had detectable neutralising activity 
(defined as inhibition >30%) and neutralising antibody 
levels after the two-dose primary vaccination series 
against the wild-type (Fig. 3a and 3b).

Neutralising activities against Omicron BA.1 were  
not significantly different between CML patients and 
healthy controls at all time points except for at B6 
(P=0.003). Only 19.2% and 14.8% of CML patients had 
>30% neutralising activities, compared with 14.8%  
and 9.3% of healthy subjects at D28 and M6 (P=0.748 
and P=0.702). The proportion of subjects with >30% 
neutralising activities rose to 68.4%, 50.0%, and 
80.0% among CML patients, and 78.0%, 88.9%, 
and 85.7% among healthy subjects at B3, B6, and  
B12, respectively (P=0.539, P=0.003, and P=0.709) 
(Table 2). Neutralising antibody levels against Omi- 
cron BA.1 were significantly higher in CML patients at 
D28 (P=0.004) and M6 (P<0.001), but were significantly 
lower at B6 (P<0.001); however, this did not translate  
to clinical relevance because the WHO-defined thres- 
hold for positive neutralisation was >30% (Fig. 3c).

We further investigated whether the type of TKI  
used in CML patients was associated with immuno-
genicity following vaccination. In analyses stratified  

by the type and duration of TKI treatment in CML 
patients, no significant difference in the neutralising 
activity positivity rate was observed between imatinib- 
and nilotinib-treated CML patients or between patients 
who had been treated for less than 10 years and those 
treated for 10 years or more (Table 2).
There was no significant difference in T-cell responses, 

assessed by IFN-γ levels against spike antigens,  
between CML patients and controls at B6 and B12  
(Fig. 4a, 4b and 4c). Similarly, T-cell responses were 
similar between CML patients on imatinib and nilotinib 
at B6 and B12 (Fig. 4d, 4e and 4f).

DISCUSSION
In this study, SARS-CoV-2 vaccination was evaluated in 
patients with CML receiving TKIs. Despite the robust 
immunogenicity demonstrated by the SARS-CoV-2 
vaccines in the general population, this this may not be 
the case in of immunocompromised groups, particularly 
those with haematologic malignancies receiving long-
term immunomodulating agents.

All participants, including CML patients on TKI,  
showed seroconversion after the 2-dose primary 
vaccination series against the wild-type, suggesting 
robust vaccine-induced humoral immunity. These results 
are in line with other studies showing that TKI-treated 
CML patients have relatively intact immune responses 
when compared with patients with other haematological 
malignancies.22,23 The observation that anti-S1 levels 
were comparable between CML patients and controls 
further supports the hypothesis that TKIs, despite  

Fig. 2. Total anti-SARS-CoV-2 nucleocapsid (A) and spike (B) antibody levels following vaccination in CML patients compared to controls.

B3: 3 months after the booster; B6: 6 months after the booster; B12: 12 months after the booster; COI: cut-off index CML: chronic myeloid leukaemia; 
D0: prior to the first dose (baseline); D28: 1 month after the first dose; M6: 6 months after the second dose when the booster was administered

The horizontal dotted line indicates the minimum threshold cut-off for positivity; ≥1.0 COI for total anti-N and ≥0.8 IU/ml for total anti-S1. Comparisons 
between CML patients and controls were performed using Mann-Whitney U test. Error bars correspond to median and interquartile range. 
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Fig. 3. Neutralising activity assessed by ACE2 binding blockade assay (expressed as percentage inhibition) (A) and neutralising antibody levels 
against variants of concern (wild-type) (B) and Omicron (C) measured following vaccination in CML patients compared to controls.

B3: 3 months after the booster; B6: 6 months after the booster; B12: 12 months after the booster; COI: cut-off index CML: chronic myeloid leukaemia; 
D0: prior to the first dose (baseline); D28: 1 month after the first dose; M6: 6 months after the second dose when the booster was administered

The horizontal dotted line indicates the minimum threshold cut-off for positivity, which is ≥30% for neutralisation activity. Comparisons between 
CML patients and controls were performed using the Mann-Whitney U test. Error bars correspond to median and interquartile range. 

their	 immune	 effects,	 do	 not	 significantly	impair	the	 
initial antibody production.

In this study, anti-N was measured in CML patients 
only from B3 onwards, while these assays were 
performed	 in	 controls	 in	 both	 the	 first	 and	 second	 
cohorts due to funding constraints. Although anti-N  
assays were only performed later in CML patients, 
this would not affect the interpretation of prior or 
breakthrough infections as SARS-CoV-2 antibodies  
have been shown to persist for over 18 months.24,25

While all participants initially developed neutralising 
antibody responses against the wild-type virus, 
neutralising activity was markedly reduced in both  
groups against the Omicron BA.1 variant following the 
initial vaccine regimen. However, following the booster 
dose, the proportion of healthy control participants 

exhibiting positive neutralising activity was significantly 
higher at B6 than in the CML cohort, suggesting a 
possible shortfall in CML patients’ long-term or variant-
specific immunogenicity. However, the proportion of 
healthy subjects with a positive neutralising activity 
was not significantly different from that in the CML 
cohort at B12. This could indicate transient waning 
of the neutralising activity in the CML cohort and is 
important because the Omicron variant is known to  
evade the immune system owing to reduced 
neutralisation by antibodies induced by prior infection 
or immunisation.26

These results are consistent with previous studies 
showing SARS-CoV-2 variants of concern may  
significantly decrease vaccine-induced neutralisation.27,28 
The observed decrease during follow-up may be 
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due to immunological exhaustion, impaired memory 
B-cell function, or heterogeneous T follicular helper-
cell responses as a result of long-term TKI treatment,  
even though the initial neutralisation benefit in CML 
patients is somewhat unexpected. Interestingly,  
neither the treatment duration nor the specific TKI 
used (imatinib vs nilotinib) significantly affected the 
neutralising capacity, suggesting that treatment- 
related immune suppression in this context is not  
dose- or agent-dependent. This finding is consistent  
with the observation of Katagiri et al., who reported  
limited differences in vaccine responses across different 
TKIs.29

The preserved nature of T-cell-mediated immunity 
in TKI-treated CML patients may enhance their ability 
to mount a robust cellular response. Measurements  
of IFN-γ at 6 and 12 months following the booster 
showed no significant differences between CML  
patients and controls, reflecting preserved T-cell  
reactivity. This finding is reassuring, as T-cell responses  
are vital for sustained protection and cross-protection 

Fig. 4. T-cell responses in CML patients and controls (A, B, and C) and in CML patients on imatinib and nilotinib (D, E, and F).

B3: 3 months after the booster; B6: 6 months after the booster; B12: 12 months after the booster; CML: chronic myeloid leukaemia; D0: prior to 
the first dose (baseline); D28: 1 month after the first dose; M6: 6 months after the second dose when the booster was administered

Comparisons between CML patients and controls were performed using the Mann-Whitney U test. Error bars correspond to median and 
interquartile range. 

against viral variants. Previous work has emphasised  
the strength of T-cell responses in immunocom- 
promised individuals, including cancer patients, even 
when humoral responses are weakened.30 Cellular 
immunity, particularly through CD8+ T-cell responses, 
may offer protection by targeting recognised epitopes 
and acting as a secondary line of defence against  
variants such as Omicron.31

While this study aimed to assess the response of  
the SARS-CoV-2 vaccine in CML patients on TKI,  
detailed reporting of adverse events was not included  
in the current findings. Nevertheless, the literature 
confirms that mRNA vaccines are well tolerated in this 
population, with a side-effect profile comparable with  
that of healthy controls.32 Future studies with full  
safety data would be helpful in guiding vaccine policy 
in patients undergoing long-term TKI therapy.

Nevertheless, this study has some limitations. The 
numbers of patients and controls included here 
were small, and the study was conducted at a single 
centre, which may limit generalisability to the broader 
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community. There were no clinical outcome measures, 
breakthrough infection or hospitalisation, and this also 
limits our ability to correlate the immune responses 
measured with clinical protection in the real world.  
As most of the participants received BNT162b2, the 
findings from this study may not be applicable for  
cohorts who received other types of SARS-CoV-2 
vaccinations such as rates of breakthrough infection 
or hospitalisation, and this limited the authors’ ability 
to correlate the immune responses measured with 
real-world clinical protection. As most participants 
received BNT162b2, the findings of this study may not 
be applicable to cohorts who received other types of  
SARS-CoV-2 vaccines. Further continuance of this 
research is needed to address newer variants, newer 
bivalent vaccines, and other treatment regimens.

CONCLUSION
In conclusion, the present study shows that CML 
patients receiving TKI therapy can also produce 
humoral and cell-mediated immune responses to the 
SARS-CoV-2 vaccine that are, for the most part, similar 
to those of healthy controls. However, the differential 
immunological responses to variants such as Omicron, 
particularly after the booster dose, suggest that this 
group may need individualised vaccination plans and 
rigorous post-vaccine monitoring. These results point 
to the potential benefits of next-generation vaccines 
against immune-evasive variants and support the 
ongoing prioritisation of booster doses. These findings 
are important for informing improved vaccination 
policy and optimising benefit in this group of patients.
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