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Predicting COVID-19 
infection risk in people 
who are 
immunocompromised 
by antibody testing 

People with blood cancers have an 
increased risk of severe COVID-19 
disease despite booster vaccine doses.1 
This group, like other disease groups 
at increased risk of severe COVID-19, 
includes individuals with highly 
heterogeneous immune responses 
to vaccination.2 Although vaccine 
response studies and population studies 
identify similar diseases and treatments 
associated with increased risk of severe 
COVID-19, a direct correlation between 
antibody levels after vaccination and 
infection risk has been difficult to 
define. Identification of a laboratory 
correlate of infection risk would allow 
doctors and policy makers to target 
additional COVID-19 treatment or 
prophylactic efforts to people who are 
most in need.

The PROSECO study (NCT04858568) 
enrolled 592 participants with 
lymphoma from nine hospitals in 
England between March 11, 2021, 
and Sept 9, 2022, for longitudinal 
peripheral blood sampling before and 
after one to four COVID-19 vaccine 
doses (appendix p 1).2 524 (89%) 
participants were eligible for analysis 
after vaccination and were contacted to 
participate in a follow-up questionnaire 
to measure infections and preceding 
social behaviours. 396 (76%) of those 
524 participants responded. 334 
(84%) of 396 participants were eligible 
for analysis after two vaccine doses, 
315 (80%) were eligible for analysis after 
three vaccine doses, and 266 (67%) 
were eligible for analysis after four 
vaccine doses. Demographic and clinical 
information of participants was also 
collected (appendix pp 2–3).

A breakthrough infection was 
defined as a SARS-CoV-2 infection 
occurring 2 weeks or more after vaccine 
administration, confirmed by antigen or 

PCR testing. 20 (6%) of 334 participants 
developed a breakthrough infection 
after two vaccine doses, 40 (13%) of 
315 developed a breakthrough infection 
after three vaccine doses, and 36 (14%) of 
266 developed a breakthrough infection 
after four vaccine doses (appendix p 4). 
Median interval between the second 
vaccine dose and a breakthrough 
infection was 22·2 weeks (IQR 17·3–30·7), 
between the third vaccine dose and a 
breakthrough infection was 12·5 weeks 
(8·2–19·7), and between the fourth 
vaccine dose and a breakthrough 
infection was 11·0 weeks (5·2–13·7). 
Breakthrough infection after the second 
vaccine dose occurred during the alpha 
(B.1.1.7), delta (B.1.617.2), and omicron 
(B.1.1.529, BA.1 and BA.2) variant 
waves, whereas infections after third and 
fourth vaccine doses occurred primarily 
during the omicron wave (appendix 
p 5). The symptoms manifested during 
a breakthrough infection are described 
in the appendix (p 6). All 12 admissions 
to hospital (12 [13%] of 96 participants 
with breakthrough infections) due 
to COVID-19 occurred after receipt 
of either three or four vaccine doses. 
Five (5%) of 96 participants with 
breakthrough infections required oxygen 
supplementation, but no participants 
were admitted to intensive care and 
no deaths occurred due to COVID-19 
disease (appendix p 6). Median duration 
of inpatient stay in hospital was 2 days 
(IQR 1–6). The treatments administered 
to participants with breakthrough 
infection are listed in the appendix (p 6).

Social behaviour before breakthrough 
infection was ascertained via question-
naires (appendix p 7). Participants 
who reported they were worried about 
COVID-19 experienced significantly 
fewer breakthrough infections than those 
who reported they were not (61 [25%] 
of 241 vs 35 [38%] of 93; p=0·031). No 
significant differences were observed 
between type and duration of contact 
with people infected with SARS-CoV-2 or 
practice of COVID-19 prevention measures 
between participants with breakthrough 
infection and participants without 
breakthrough infection.

Peripheral blood was sampled from 
participants at median 3·0 weeks 
(IQR 3·0–4·0) after two vaccine doses, 
5·0 weeks (5·0–7·0) after three vaccine 
doses, and 6·0 weeks (5·0–9·5) after 
four vaccine doses. Antibody and cellular 
responses to the vaccines were assessed by 
anti-spike IgG quantification, pseudovirus 
neutralisation, and T-cell IFNγ response 
to spike peptides from the wild-type 
Wuhan strain. Plasma was available for 
analysis in 273 (82%) of 334 participants 
after the second vaccine dose, 237 (75%) 
of 315 participants after the third vaccine 
dose, and 177 (67%) of 266 participants 
after the fourth vaccine dose at the time of 
data cutoff. Anti-spike IgG levels were not 
significantly different in participants who 
had a breakthrough infection compared 
with participants who did not have a 
breakthrough infection after two vaccine 
doses (geomean 80·4 binding antibody 
units (BAU)/mL [95% CI 21·1–306·3] vs 
38·1 BAU/mL [26·13–55·46]; appendix 
p 8). However, lower anti-spike IgG levels 
were observed in participants who had a 
breakthrough infection compared with 
those who did not after three vaccine 
doses (50·2 BAU/mL [15·0–167·7] vs 
141·0 BAU/mL [88·4–225·0]; p=0·045) 
and four vaccine doses (30·9 BAU/
mL [4·3–224·5] vs 305·7 BAU/mL 
[179·2–521·4]; p=0·0090). No differences 
were observ ed in cellular responses 
between participants with breakthrough 
infection and participants without 
breakthrough infection (appendix p 9).

To evaluate the risk factors associated 
with breakthrough infection, we con-
duct ed a multivariable logistic regression 
analysis. Previous or no anti cancer 
treatment, increased number of vaccine 
doses, anti-spike IgG levels, and pseudo-
neutralisation titres were associated with 
reduced risk of breakthrough infection 
regardless of the timing of infection 
(appendix pp 10–11). To assess whether 
these risks changed with the number of 
vaccine doses administered, the same 
analysis was repeated, considering the 
timing of the breakthrough infection 
(appendix p 11). In this analysis, the 
only significant factors associated with 
breakthrough infection after third and 
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with paired antibody and cellular data. 
Limitations of our study are its reliance 
on self-report of COVID-19 infections by 
participants, which might underestimate 
the true incidence of breakthrough 
infection. Whilst detection of viral 
nucleocapsid antibodies is an alternate 
method to assess previous viral exposure, 
this method is unreliable in people who 
are immunocompromised as we have 
observed that the antibodies might not 
develop or might reduce rapidly after 
infection. Another limitation of our 
study is that we did not analyse antibody 
and cellular reactivity to SARS-CoV-2 
variants. However, the aim of our study 
was to establish a clinically meaningful 
correlate of infection risk and we have 
shown that this is feasible without variant 
analysis. Moreover, our study did not 
evaluate mucosal antibody responses, 
which have also been associated 
with protection against SARS-CoV-2 
infection.4 Finally, the small number of 
breakthrough infections and admissions 
to hospital in our study means the 
sensitivity and specificity of the antibody 
thresholds defined are relatively low. 
These thresholds need to be validated in 
different disease populations and might 
change depending on the circulating 
variant or with successive vaccinations. 
A range of values might also be used as 

than 41 BAU/mL were associated with 
a 13·1-fold (2·69–63·83) lower risk of 
developing a breakthrough infection 
(figure; appendix p 11).

Then, we examined the association 
between admission to hospital due to 
COVID-19 and antibody and cellular 
responses. Similarly, lower anti-spike 
IgG levels were observed in participants 
who were admitted to hospital after 
breakthrough infection compared with 
those who did not require admission to 
hospital after breakthrough infection 
(geomean 5·5 BAU/mL [95% CI 0·37–82·1] 
vs 58·9 BAU/mL [18·0–193·1]; p=0·043; 
appendix p 13). Furthermore, we observed 
that a higher proportion of participants 
who were hospitalised had undetectable 
antibody and cellular response 
(four [44%] of nine) compared with 
participants who were not hospitalised 
(two [4%] of 45).

To our knowledge, this study is 
the first to successfully establish an 
association between antibody and T-cell 
responses and clinical outcomes from 
COVID-19 disease in people who are 
immunocompromised. The strengths of 
the analyses are a detailed clinical dataset, 
a large and relatively homogeneous 
group of individuals with lymphoid 
malignancies, and longitudinal sampling 
after multiple COVID-19 vaccine doses 

fourth doses of vaccines were anti-
spike IgG levels (after third dose: odds 
ratio 1·59 [95% CI 1·09–2·34]; p=0·017; 
after fourth dose: 2·26 [1·31–3·88]; 
p=0·0030) and pseudoneutralisation 
titres (after third dose: 2·41 [1·31–
4·46]; p=0·0050; after fourth dose: 
3·77 [1·57–9·08]; p=0·0030). Thus, 
after three vaccine doses the risk of 
breakthrough infection was 1·6 times 
less and after four vaccine doses the 
risk of breakthrough infection was 2·3 
times less for every 10-fold increase 
in anti-spike IgG titre. To establish the 
optimal antibody threshold that best 
discriminated between participants with 
breakthrough infection and participants 
without breakthrough infection, receiver 
operating curve analyses were conducted 
(appendix p 12).3 The antibody cutoff 
value after three vaccine doses was 
820 BAU/mL (area under the curve 
[AUC] 0·61; sensitivity 46·6%; specificity 
22·6%) and after four vaccine doses 
was 41 BAU/mL (AUC 0·70; 73·5%; 
46·7%). Using these thresholds in the 
multivariable analysis, anti-spike IgG 
levels more than 820 BAU/mL after 
receipt of three vaccine doses were 
associated with an 8·9-fold (95% CI 
2·75–28·85) lower risk of developing 
a breakthrough infection. After four 
vaccine doses, anti-spike IgG levels more 

Figure: Factors associated with COVID-19 breakthrough infection after second, third, and fourth vaccine doses
Forest plots show the adjusted odds ratio with 95% CI of factors associated with breakthrough infection after vaccination. Statistical analysis was conducted with 
multivariable logistic regression analysis adjusted for age and treatment group. ACE2=angiotensin-converting enzyme-2. BAU=binding antibody units. HL=Hodgkin 
lymphoma. NHL=non-Hodgkin lymphoma. OR=odds ratio. *p value <0·05. †p value <0·01. ‡p value <0·001.
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with increasing vaccine doses. This 
finding is consistent with the current 
understanding of antibody affinity 
maturation, in which antibody avidity 
increases over time and with repeated 
vaccinations to produce higher quality 
antibodies.6 These data support the 
need to promote booster-vaccine 
uptake, particularly among people who 
are immunocompromised. We also 
advocate for the standardisation and 
commencement of routine antibody 
testing in people who are immuno-
compromised to enable precise risk 
delineation for individuals and focusing 
of efforts to protect the most vulnerable 
groups.
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an alternative to specific cutoffs as the 
risk of breakthrough infection reduces 
as antibody level increases. Nonetheless, 
the antibody thresholds provided 
by our study are a valuable guide in 
the use of anti-spike IgG levels for 
COVID-19 risk quantification in people 
who are immunocompromised and in 
identification of those most at risk.

In participants with lymphoma, we 
observed 6% of breakthrough infections 
occurring after two vaccine doses, 13% 
of breakthrough infections occurring 
after three vaccine doses, and 14% of 
breakthrough infections occurring after 
four vaccine doses. We observed that 
participants who were worried about 
COVID-19 developed fewer breakthrough 
infections than participants who were not 
worried about COVID-19, possibly due to 
continued shielding or increased care in 
social mixing. We hypothesise that the 
lower infection rate after two vaccine 
doses might be due to reduced virus 
exposure during the national lockdown 
period in England and differences in 
infectivity of the circulating variants. 
Most breakthrough infections occurred 
after administration of the third and 
fourth vaccine doses, coinciding with the 
omicron variant wave (which has been 
shown to have increased transmissibility, 
possibly due to a shorter incubation 
period).5 13% of participants with 
breakthrough infections were admitted 
to hospital, primarily after three and 
four vaccine doses. We also observed that 
five (56%) of nine participants treated 
in hospital had absent T-cell responses 
compared with 7 (16%) of 45 participants 
who were not, highlighting the additional 
value of risk stratification by cellular 
testing.

We defined the antibody level 
associated with increased risk of infection 
after three and four COVID-19 vaccine 
doses in a population of people with 
lymphoid malignancies. The optimal 
antibody titre predicting breakthrough 
infection and no breakthrough infection 
is 20-fold lower after four vaccine doses 
than after three vaccine doses, implying 
that lower antibody titres are required to 
protect against breakthrough infection 
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