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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) immune
responses and infection outcomes were evaluated in 2,686 patients with
varying immune-suppressive disease states after administration of two
Coronavirus Disease 2019 (COVID-19) vaccines. Overall, 255 of 2,204 (12%)

patients failed to develop anti-spike antibodies, with an additional 600 of
2,204 (27%) patients generating low levels (<380 AU ml %). Vaccine failure
rateswere highestin ANCA-associated vasculitis on rituximab (21/29, 72%),
hemodialysis onimmunosuppressive therapy (6/30, 20%) and solid organ
transplant recipients (20/81, 25% and 141/458, 31%). SARS-CoV-2-speci ¢

T cell responses were detected in 513 of 580 (88%) patients, with lower T cell
magnitude or proportion in hemodialysis, allogeneic hematopoietic stem
cell transplantation and liver transplant recipients (versus healthy controls).
Humoral responses against Omicron (BA.1) were reduced, although
cross-reactive T cell responseswere sustained in all participants for whom
these datawere available. BNT162b2 was associated with higher antibody
but lower cellular responses compared to ChAdOx1 nCoV-19 vaccination.
We report 474 SARS-CoV-2 infection episodes, including 48 individuals with
hospitalization or death from COVID-19. Decreased magnitude of both the
serological and the T cell response was associated with severe COVID-19.
Overall, we identi ed clinical phenotypesthat may bene tfrom targeted
COVID-19 therapeutic strategies.

The rapid development of vaccines against severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has been hugely effective in
the management of the Coronavirus Disease 2019 (COVID-19) pan-
demic’?. National vaccination programs have shown that COVID-19
vaccines prevent wild-type SARS-CoV-2 infection and protect against
severe disease from other SARS-CoV-2 variants, including Omicron®.
However, volunteersinthe original vaccine trials were healthy, without
known chronic disease and not receiving immune-modifying treat-
ments. In the United Kingdom (UK), in 2019, more than 60% of people
aged over 65 years had one or more chronic disease, with more than
12 million people aged 18 65 years living with a chronic condition

lasting more than 12 months®. UK government estimates suggest that
500,000 people have immune-suppressive diseases. Disease cohort
studies® and population studies using primary care health records®
showed thatimmune-suppressed patientsare atincreased risk of severe
COVID-19 and death after SARS-CoV-2 infection in the pre-COVID-19
vaccine era. Many studies have shown suboptimal COVID-19 vaccine
immune responses in cohorts of patients with chronic disease and
in those receiving immune-suppressive therapy’ °. In general, these
studies have focused on specific disease cohorts, and few have robustly
evaluated cellularimmune responses. Furthermore, vaccine responses
against SARS-CoV-2 Omicron have been rarely assessed in specific
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Table 1 (cotniued) | Patient characteristics presented for patients in the deep immunophenotyping and serology groups

Total (2,881)

HM (33) AAV (35) 1A (707) HD (211) HDon IS K-Tr (743) L-Tr (83) L-Al (73) L-Cir(126)  CD(170) UC (115) 1BD-U (5) AUto-HSCT  Allo-HSCT ~ CAR-T(8)
(36) (43) (145)

SC(112)

HC (236)

67 (46%) 1  (13%) 930  (32%)

(74%)

533 (72%) 8 (10%) 4 (5%) 8  (6%) 2 (1%) 3 (3% O (0%)

(75%)

(3%) 61  (54%) 17 (52%) 8 (23%) 11 (2%) 141  (67%)

7

Unknown

(7%)

208

8% O (©O% O (0% O (0% O % O (©® O (% O ©o®% 0 (©% O (0% O (0% O ©o%w o ©o% 0  (0%) 0O (©% 0 (0% 0 (0%

208

Data

unavailable

Diabetes

(10%) 101 (90%) 31  (94%) 27 (77%) 641 (91%) 107 (51%) 22 (61%) 473 (64%) 66 (80%) 59  (81%) 71  (56%) 165 (97%) 113 (98%) 5  (100%) 37 (86%) 138 (95%) 8  (100%) 2088  (72%)

24

No

©% 6 (5% 2 (8% 7 (20%) 62 (9%) 104 (49%) 14 (39%) 269 (36%) 17 (20%) 14  (19%) 55 (44%) 5 @w 2 @% O (©% 4 (9% 6 (4% O (0% 567  (20%)

o

Yes

)

5  @w 0 (% 1 (3% 4 (%) o (©®» 0 (©% 1 ©% 0 (©% O (% O (% O ©% ©o ©% 0 (0% 2 B 1 (%) o (% 18

@)

4

Not known

©®% O (©O% O (©% O (@% O (©% O (% O (@% O (©% O (0% O (0% O (0% 0 (©% O ©% 0 (0% 0O (% O (©% O (0% 208 (7%)

208

Data

unavailable

Reported as n (%). ANCA-associated vasculitis; CD, Crohns disease; HC, healthy controls; HD, hemodialysis; HD on IS, hemodialysis on immunosuppression; HM, hemotological malignancy; IA, in lammatory arthritis; IBD-U, unde ined in lammatory bowel disease; K-Tr, kidney transplant; L-Al, autoimmune hepatitis;

L-Cir, liver cirrhosis; L-Tr, liver transplant; SC, solid cancer; UC, ulcerative colitis.

patientcohorts® . Populationstudiesincludingimmune-suppressed
patients have shown lower rates of SARS-CoV-2 spike antibody positivity
after vaccination with only moderate vaccine effectiveness® and have
identified immune-suppressive disease after vaccinationasarisk factor
for severe COVID-19 and death?"?. Immune-suppressive disease
remainsarisk factor for severe outcomes with Omicron infection® *,
eventhough thisvariantappears less pathogenic, evenwhen account-
ing for confounders, including vaccination status®.

In this prospective, multi-center study (Observational
Cohorttrial T cells, Antibodies and Vaccine Efficacy in SARS-CoV-2
(OCTAVE)), we evaluated functional humoraland T cell responses after
COVID-19 vaccination, using centralized immune assays in patients
receivingimmune-suppressive therapy (for solid cancer, hematological
malignancy, ANCA-associated vasculitis on rituximab, inflammatory
arthritis, liver and kidney transplantation, autoimmune liver disease
onimmunosuppression, inflammatory bowel disease, ulcerative colitis
and undefined inflammatory bowel disease); patients receiving auto-
logousand allogeneic hematopoietic stem cell transplant (auto-HSCT
and allo-HSCT); patients treated with chimeric antigen receptor (CAR)
T cells; or patients with disease states known to modulate immune
responses intrinsically (patients with end-stage kidney disease receiv-
ing hemodialysis with or without immune suppression and patients
with advanced liver disease). Patients were vaccinated using mRNA
(BNT162b2 or mRNA-1273) or ChAdOx1 nCoV-19 encoding ancestral
SARS-CoV-2spikeantigensaccording to UK government-recommended
vaccine schedules, and vaccine responses were evaluated before and
after homologous first dose (V1) and second dose (V2) vaccination.

Patients were recruited for evaluation of SARS-CoV-2 serological
responses 28 d after V2 with the magnitude of the T cell response
assessed inalarge subset of patients longitudinally (primary study end-
points). These responses were compared to a healthy control cohort
matched by age, sex, prior SARS-CoV-2 infection and vaccine type,
and the safety profile of vaccinesin patient populationswas assessed.
Cellular and humoral responses were associated with SARS-CoV-2
infection eventsand COVID-19 disease severity. Exploratory endpoints
included characterization of functional T celland humoral responses
and immune analysis in blood and saliva against variants of concern
(VOCs). Using pairwise and regression analysis, we determined the
contribution of disease phenotype, drug therapy and vaccine type
to COVID-19 humoral and cellular vaccine responses, identifying
patientsubgroups that failed to seroconvert. Using uniform sampling
timepoints and centralized immune assays, we directly compared
COVID-19 vaccine immune responsiveness and infection outcomes
among multiple disease phenotypes inimmune-suppressive disease.

Results

Patient Demographics

OCTAVE recruited 2,686 patients, including 2,012 for the evaluation of
SARS-CoV-2 anti-receptor-binding domain (RBD) antibody responses
(serology cohort) 28 d after V2 and 674 into adeep immunophenotyp-
ing cohort for the evaluation of T celland humoral responses over time
(Extended Data Fig. 1). In addition, 236 matched healthy control indi-
viduals (UK Health Security Agency (UKHSA) CONSENSUS and PITCH
cohorts) were available for comparative analysis. Demographic data
(availablein 2,645 patientsand 236 healthy controls) (Table 1) show that
1,430 of 2,881 (50%) patients were male, although distribution varied
by disease cohort. Most patients, 2,629 of 2,881 (91%), were younger
than 75 years ofage; 2,038 of 2,881 (70%) reported White ethnicity; 479
0f 2,881 (17%) reported Asian ethnicity; and 150 of 2,881 (5%) reported
Black ethnicity. Previous SARS-CoV-2 infection (SARS-CoV-2 polymer-
ase chain reaction (PCR) positive or anti-nucleocapsid or anti-spike
antibody detected at baseline) was reported in 398 of 2,881 (14%)
individuals, with higher rates in some disease cohorts (for example,
hemodialysisin 104/211 (49%)). Of 2,881 participants (44%), 1,249 had
overweight or obesity, and 567 (20%) had type 1 or type 2 diabetes.
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Of2,881 participants, 1,876 (65%) received ChAdOx1nCoV-19, and 975
(34%) received BNT162b2. Three participants received mRNA-1273 (in
27 individuals, the vaccine type was unknown).

COVID-19 serology after two vaccines

Immunogenicity after two COVID-19 vaccines was evaluable in 2,204
patients and 225 matched healthy controls (Table 1). We assessed the
rate of seropositivity (anti-RBD antibody titer 0.8 AU ml ') after
V2 (Fig. 1a): in healthy controls, 222 of 225 (99%) were seroposi-
tive compared to 1,949 of 2,204 (88%) patients (Fisher s exact test,
P <0.001) (Fig. laand Supplementary Table 1). Compared to the healthy
control group, there was adecrease in rates of seropositivity in ANCA-
associated vasculitis (8/29, 28%), hemodialysis onimmunosuppression
(24/30,80%), kidney transplant (317/458, 69%), liver transplant (61/81,
75%), auto-HSCT (28/33, 85%), allo-HSCT (83/96, 86%) and CAR-T (4/8,
50%) disease groups (P < 0.003, Bonferroni-adjusted alpha) (Fig. la
and Supplementary Table 1). All other groups had asimilar rate of sero-
positivity to healthy controls (cirrhosis, Crohn sdisease and ulcerative
colitis, 100% seropositive rate).

Compared to the healthy control group, the median anti-RBD titers
after V2 were decreased in the ANCA-associated vasculitis (z=8.42,
P <0.001), inflammatory arthritis (z=4.92, P <0.001), kidney trans-
plant(z=10.58,P <0.001), liver transplant (z=6.82,P <0.001),Crohn s
disease (z=4.32,P=0.001)and allo-HSCT (z=4.18,P = 0.002) cohorts;
other disease groups with enough participants to be included in the
analysis did not differ from the healthy control group (Fig. 1b and
Supplementary Table 2).

Low serological response threshold was defined by assessing
anti-RBD Ig responses in healthy controls and identifying the upper
value of the lowest decile (<380 AU ml %) (Fig. 1b). There was agreater
number of low responders across the entire disease cohort compared
to the healthy control group (Fig. 1a). Combining no-responders
and low-responders, there were significantly more patients in
ANCA-associated vasculitis (Fisher s exact P < 0.001), inflammatory
arthritis ( >=24.48,P <0.001), hemodialysis onimmunosuppression
( 2=12.14, P<0.001), kidney transplant ( >=120.03, P <0.001), liver
transplant ( ?=51.70,P <0.001), autoimmune liver disease ( ?=14.69,
P <0.001), Crohn s disease ( =20.02, P <0.001) and allo-HSCT
( =30.81, P <0.001) groups compared to the healthy control group
(Fig. lband Supplementary Table 3).

We examined the effect of prior SARS-CoV-2 infection onanti-RBD
Ig titers after V2 in the healthy control and disease groups (Fig. lcand
Supplementary Table 4). In those previously infected, anti-RBD Ig titers
were significantly increased in healthy controls (P < 0.0001) and in the
total OCTAVE cohort (P < 0.0001). Within disease groups, patients with
previousinfectionandinflammatoryarthritis (P < 0.0001), hemodialysis
(P <0.0001), hemodialysisonimmunosuppression (P = 0.0002), kidney
transplant (P <0.0001), Crohn s disease (P = 0.0006), ulcerative
colitis (P =0.0014) or auto-HSCT (P =0.0004) had higher titers
than SARS-CoV-2-naive patients (Supplementary Table 4).

Median anti-RBD Ig titer was significantly higher in patients who
received two doses of BNT162b2 (n = 695) compared to two doses of

ChAdOx1nCoV-19 (n =1,497) (P < 0.0001) and within the solid cancer
(P=0.0004), inflammatory arthritis (P < 0.0001), kidney transplant
(P <0.0001), autoimmune liver disease (P <0.0001) and cirrhosis
(P <0.0001) individual disease groups (Fig. 1d and Supplementary
Table 5). Thiswas also seen in the healthy control group.

SARS-CoV-2 spike and common cold coronavirus
immunoglobulins

Serological and cellularimmune responses were evaluated before V1,
immediately before V2and 28 d after V2in 674 patientsand in healthy
controls matched by age, sex, prior SARS-CoV-2 and vaccine type (Sup-
plementary Table 6). Median anti-RBD Ig titers were lower before V2in
ANCA-associated vasculitis, hemodialysis on immunosuppression, liver
transplant, allo-HSCT and CAR-T groups compared to healthy controls
(Fig. 2aand Supplementary Table 7) butincreased after asecond COVID-
19vaccineinall disease groups other than ANCA-associated vasculitis.
Spike, RBD and N-terminal domain (NTD) IgG and spike IgA responses
significantly increased after both one vaccine dose (P <0.0001) and
two vaccine doses (IgG P <0.0001and IgAP =0.0003). Spike IgM and
NTD IgA increased significantly only after the first dose (Fig. 2b). IgM
responsesto RBD and NTD did notincrease after either dose (Extended
Data Fig. 2a,b). We correlated 1gG/IgA/IgM to each common cold
coronavirus (CCC) spike protein at baseline with SARS-CoV-2 spike
1gG after one and two vaccines in seronegative anti-nucleocapsid IgG
patients: only IgG to HCoV-OC43 showed a weak positive correlation
after the first vaccine (Fig. 2c and Extended Data Fig. 3).

Serological responses to SARS-CoV-2 VoCin blood and saliva
We assessed the cross-reactivity of SARS-CoV-2 spike ancestral antibody
responses to VOCs (Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta
(B.1.617.2) and Omicron (B.1.1.529 and BA.1)) in 59 patients from the
liver transplant, autoimmune liver disease, cirrhosis and inflamma-
tory arthritis cohorts, representing a range of low to high anti-RBD
Ig titers (Roche assay, range: 257 29,332 AU ml ') after V2. Compared
to ancestral, median spike IgG and spike ACE-2 binding was signifi-
cantly decreased to all VOCs except Alphain all disease groups but
mostnotably to Omicron BA.1(Fig. 2d,e). Binding toancestraland each
VOC spike correlated with post-V2 anti-RBD antibody titer (Extended
DataFig. 4). Salivary lg inhibited ancestral spike ACE2 binding with
80% efficiency (Fig. 2f) butwas reduced againstall VOCs. Inhibition of
ACE2binding insalivaand serumdid not correlate (Extended DataFig.
5). Inlive microneutralization assays, all patients neutralized ancestral
SARS-CoV-2 (mean half-maximal inhibitory concentration (1Cs,) =589),
but there was a 13-fold decrease in the neutralization Omicron BA.1
(mean ICy, =44). Only 27% of patients could neutralize Omicron BA.1
(Fig.2g,h). Therewasasignificant positive correlation between anti-RBD
Ig titers and ancestral and Omicron BA.1 neutralization (Fig. 2g).
Notably, those with a Roche anti-RBD Ig titer of <4,000 AU ml !
were largely unable to neutralize Omicron. Patients with previous
SARS-CoV-2infection had significantly higher microneutralization IC,
than naive patients (Fig. 2h), with ahigher proportionable to neutralize
Omicron (9/11versus 7/48, P < 0.0001, Fisher s exact test).

Fig. 1| Anti-SARS-CoV-2 RBD total Ig responses inwhole OCTAVE cohortat
post-V2 timepoint. a, Proportion of group Land group 2 non (<0.8 AU ml %),
low (<380 AU ml *) and high (>380 AU ml ) anti-SARS-CoV-2 spike RBD total Ig
responses. Statistical comparisons of the proportion of low and no versus high
response and no versus low and high response in disease groups compared

to healthy controls are presented. b, Magnitude of serological response in
disease groups and healthy controls. Statistical comparisons comparing
disease group to healthy controls are presented. c, Anti-SARS-CoV-2 spike RBD
total Ig responses comparing previously infected with infection-naive patents.
Statistical comparison of infection-naive individuals and previously infected
individuals within each group is presented. d, Anti-SARS-CoV-2 spike RBD total
Ig responses separated by vaccine type. Statistical comparison of vaccine type

in each disease group is presented. Unpaired statistical comparison was made
onall groups using atwo-sided Kruskal Wallis with post hoc Dunn s testing.
Comparisons of proportions were performed using 2or Fisher s exact tests
adjusted for significance using Bonferroni correction (adjusted alpha = 0.003).
Only significant comparisons are presented. *indicates statistically significant by
Bonferroni-adjusted alpha. Boxes represent median and IQR; whiskers represent
—1.5 IQR. AAV, ANCA-associated vasculitis; CD, Crohn sdisease; HC, healthy
controls; HD, hemodialysis; HD on IS, hemodialysis on immunosuppression;
HM, hemotological malignancy; IA, inflammatory arthritis; L-Al, autoimmune
hepatitis; L-Cir, liver cirrhosis; L-Tr, liver transplant; SC, solid cancer; UC,
ulcerative colitis.
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Cellularimmune responses after vaccination DiscoveryIFN ELISpotassayin 656 patientsand 210 matched healthy
T cell responses to spike and nucleocapsid were evaluated before  controls. After V2, the hemodialysis (P <0.003) and allo-HSCT
V1, before V2 and 28 d after V2 using the Oxford Immunotec T-SPOT (P < 0.003) groups had a significantly higher proportion of T cell
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non-response comparedtothe healthy controlgroup (Fig. 3aand Supple-
mentary Table 8).1FN -secreting T cell magnitude to spike antigenswas
lowerinliver transplant (z=3.821,P =0.004) and allo-HSCT (z = 3.339,
P =0.03) groups compared to the healthy control group (Fig. 3b
and Supplementary Table 9). To complement the serological charac-
terization of Omicron BA.lresponses, anin-house IFN ELISpotassay
was used toinvestigate T cell responses to ancestraland Omicron BA.1
spike inthe 59-patient subset after V2. Regardless of prior SARS-CoV-2
status, the T cell response to full spike was maintained against Omicron
peptides relative to ancestral (Fig. 3c,d), although stimulation with
areduced peptide set containing only peptides with variantamino
acids relative to ancestral showed a significant decrease in Omicron
reactivity (Fig. 3c). Serological and T cell responses showed weak
correlations at pre-V2 only in healthy controls (r=0.24, P =0.02)
but at pre-V2 and post-V2 timepoints in the overall patient cohort
(pre-V1:r=0.34,P <0.0001; post-V2:r = 0.22,P < 0.0001) (Fig. 3e,fand
Extended DataFig. 6). Inthe ANCA-associated vasculitisgroup (with all
patients taking B-cell-depleting therapies), there was no relationship
between anti-RBD Ig and SARS-CoV-2 spike T cell responses; here,
antibody responseswere low after both vaccines, but many generated
robust T cell responses after one vaccine (Fig. 3g,h). Positive correla-
tions were also seen in disease subgroups at pre-V2 and/or post-V2
timepoints (Extended DataFig. 6).

Predictors of vaccine humoral and cellular responses

The contribution of demographics, disease group, vaccine type, prior
SARS-CoV-2, therapeutic regimen and time between vaccinesto vaccine
immunogenicity was assessed using multivariable logistic regressionin
OCTAVE patients compared to matched healthy controls. Patientsaged
65 74 yearshadsignificantly lower odds of havingarobustserological
response (Roche anti-RBD Ig>380 AU ml *) compared to patientsin the
15 44-yearagegroup (Fig.4aand Supplementary Table 10). Patients of
Asian versus White ethnicity had significantly higher odds of having a
robustserological response (oddsratio (OR): 1.43, 95% confidence inter-
val (Cl)1.02 2.01). Disease groups more likely to have a low or absent
serological response (compared to the healthy control group) included
ANCA-associated vasculitis (OR: 0.03,95% CI1 0.01 0.13),inflammatory
arthritis (OR: 0.45, 95% C1 0.27 0.77), hemodialysis (OR: 0.29, 95% ClI
0.16 0.51),kidneytransplant (OR:0.26,95%Cl10.12 0.57),Crohnsdis-
ease (OR:0.42,95%Cl10.23 0.76),allo-HSCT (OR: 0.25,95%Cl10.14 0.46)
and CAR-T (OR:0.03,95% CIO 0.2).Patientsreceiving anti-metabolites
(OR:0.32,95% C10.22 0.47), calcineurin inhibitors (OR: 0.43, 95% ClI
0.23 0.83)andcorticosteroids (OR: 0.64,95%Cl0.47 0.88)wereeach
more likely to have alow or absent serological response compared to
healthy controls. Prior SARS-CoV-2 infection (OR:9.48,95% CI6 14.97)
and vaccination with BNT162b2 vaccine (OR: 2.99, 95% Cl12.33 3.84)
significantly increased the odds of having a high serological response.
These findings were generally recapitulated when analyzing the OR of
likelihood of anti-RBD Ig seropositivity (>0.8 AU ml !) (Extended Data

Fig.7and Supplementary Table 11), although liver transplant (OR: 0.14,
95%Cl10.03 0.63)and hemodialysis onimmunosuppression (OR: 0.08,
95% C10.02 0.42) disease groups were additionally associated with a
decreased rate of seropositivity compared to the healthy control group.

In evaluating T cell responses, we used a responder threshold
of 4 spot-forming cells (SFCs) per 10° peripheral blood mononu-
clear cell (PBMCs) (Fig. 4b and Supplementary Table 12). The only
disease groupwith reduced cellular responseswasallo-HSCT (OR: 0.09,
95% C10.02 0.41). In contrast to the serological results, vaccination
with BNT162b2 was associated with significantly decreased odds of
generating a cellular response (OR: 0.23,95% CI 0.11 0.51). Previous
SARS-CoV-2 infection significantly increased the odds of generating
acellularresponse (OR:4.05,95% Cl1.5 10.9).No othervariableswere
associated with T cell response.

SARS-CoV-2infection and COVID-19 severity

SARS-CoV-2 infection outcomes were collected in patients with both
serology and infection data (V2 to 6 months after V2in 1,648 patients
and 6 monthsafter V2to 12 monthsafterV1in 1,617 patients). Overall,
474 infections were reported (Supplementary Table 13), including one
infection that occurred during the Alpha VOC time epoch (14 Janu-
ary 2021 24 May 2021), 110 Delta (24 May 2021 20 December 2021),
336 Omicron (20 December 2021 17 October 2022) and 27 with exact
infection date unknown. In total, 113 of 474 (24%) infections occurred
within 6 months of V2, and 361 of 474 (76%) infections occurred at the
>6-month timepoint. Most infections occurred in patients with kidney
transplant, inflammatory arthritisand Crohn sdisease, with infection
rates of 123/456 (27.0%), 79/689 (11.5%) and 67/156 (42.9%), respectively.
Four hundred thirty-one infections were in patients who were previ-
ously infection naive (Supplementary Table 14), and 43 patients were
previously SARS-CoV-2 infected. There was a higher rate of infection
(infections per 1,000 d after V2) in patients with absent serological or
T cell responses compared to those with high responses (Fig. 5a,b).
However, most patients in OCTAVE overall had high serology (61.2%)
and measurable T cell responses (88.5%), and mostinfections occurred
in these groups (Fig. 5¢ e and Supplementary Table 13).

Infection severity was evaluated in 440 of 474 (92.8%) infections.
Mostinfections of known severity were mild (397/440, 90.2%), includ-
ingasymptomaticinfection (49/440, 11.1%) and symptomatic infection
that did not require hospitalization (348/440, 79.1%) (Fig. 5¢,d and
Extended Data Table 1). Severe disease requiring hospitalization or
COVID-19-related death was reported in 43 of 440 (9.8%) infections; 15
of 440 (3.4%) patients required oxygen; three patients were admitted
totheintensive treatmentunit (ITU) (0.7%); and 10 of 440 patientsdied
(2.3%). Five patients died of COVID-19 without serological titers taken
and were excluded from subsequent analysis. Infections occurring
within 6 months after V2 (11/107 (10.2%)) were not more severe (hos-
pitalized or died) than those at more than 6 months after V2 (32/333
(9.6%)) (Fig. 5c,d). Of 434 patients with known severity and precise date

Fig. 2| Serological responses to CCCsand SARS-CoV-2 VOCs after vaccination.
a, Anti-SARS-CoV-2 RBD-binding total Ig before first vaccine (pre-V1) and before
(pre-V2) and after (post-V2) second vaccine in group 1 participants. b, Anti-
SARS-CoV-2 spike binding IgG, IgM and IgA assessed at all available timepoints.
1gG was assessed inall group 1 participants; IgM and IgA were assessed in group
1participantsinthe UC, CD, L-Tr, L-Al, L-Cir, IAand ANCA-associated vasculitis
disease groups. Lines indicate threshold for seropositivity. ¢, Spearman s
correlation of anti-HCoV-OC43 spike IgG at pre-V1 compared to pre-V2 anti-SARS-
CoV-2 full-spike IgG assessed inall group 1 participants. d, Serum 1gG binding to
SARS-CoV-2 VOC spike at post-V2 timepoint. e,f, Inhibition of SARS-CoV-2VOC
spike binding to hACE2 by participant serum (e) or saliva (f) at post-V2 timepoint.
g,h, Microneutralization of live ancestral or omicron BA.1 SARS-CoV-2 at the
post-V2 timepoint (h). Correlation of microneutralization IC,, with ancestral anti-
SARS-CoV-2 RBD-binding total Ig (g) and microneutralization ICs, separated by
previous SARS-CoV-2 infection status. d,e,g,h, n =59 participants selected from

liver and inflammatory disease groups with anti-SARS-CoV-2 RBD total Ig above
250 AU ml *. f,n =168 participants selected from inflammatory and liver disease
groups.d f,Linesrepresentmedianand IQR. Paired statistical comparisons
among multiple groups (d f,h) were assessed using two-sided Friedman s test
with Dunn s correction or Wilcoxon s rank-sum test with Bonferroni correction.
Unpaired statistical comparisons among multiple groups were assessed using
two-sided Mann Whitney U-test with Bonferroni correction.*P <0.05, **P <0.01,
***P < (0.001, ***P < 0.0001. AAV, ANCA-associated vasculitis; CD, Crohn s
disease; HC, healthy controls; HD, hemodialysis; HD on IS, hemodialysis on
immunosuppression; HM, hematological malignancy; IA, inflammatory arthritis;
L-Al, autoimmune hepatitis; L-Cir, liver cirrhosis; L-Tr, liver transplant; MNA,
microneutralization; Nucleocapsid negative, N-ve; Nucleocapsid positive, N+ve;
NS, notsignificant; SC, solid cancer; V1, COVID-19 vaccine dose 1; V2, COVID-19
vaccine dose 2; UC, ulcerative colitis.
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of infection, more severe infections occurred in those infected inthe  disease occurred predominantly in patients with renal disease
Delta versus the Omicron time epochs (eight died and 23 severe/107  (hemodialysis 5/43 (11.6%), hemodialysis on immunosuppression 2/9
Deltaversus two died and 17 severe/327 Omicron; P <0.0001). Severe  (22%) and kidney transplant 23/118 (19.5%)) (Extended Data Table 1).
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In some disease groups, infection rates were low but the propor-
tion of severe disease was notably high (AAV (1/3, 33%), auto-HSCT
(1/2,50%) and CAR-T (3/3, 100%)). Low rates of severe disease were
reported in ulcerative colitis (0/42, 0%) and Crohn s disease (1/62,
1.6%). COVID-19-related deaths occurred in ANCA-associated vas-
culitis, hemodialysis, hemodialysis on immunosuppression, kidney
transplant, auto-HSCT and CAR-T groups.

Infection severity was increased in patients with no (20/61, 32.3%
severe) or low (13/89, 14.6%) post-V2 serological response compared to
thosewith high serological response (10/290, 3.4%) (no versus lowand
high,P <0.0001) (Fig.5c,d), but post-V2 T cell responder statuswas not
significantly associated with increased COVID-19 severity (4/18 (22.2%)
non-response versus 7/80 (8.8%) response (P = 0.11, Fisher s exact
test)) (Fig. 5e,f and Extended Data Table 2). Of the COVID-19-related
deaths, eight of 10 individuals had no detectable or low post-V2 sero-
logical response, and two of four (50%) individuals had no detectable
T cell response. The magnitude of post-V2 anti-SARS-CoV-2RBD Igand
spike-specific T cells were each significantly reduced (Ig: P <0.0001,
T cell: P =0.033) in patients with severe COVID-19 compared to mild
disease (Fig. 5g,h). These findings were generally recapitulated when
patientsinfected at baseline were removed from analysis (Supplemen-
tary Tables14 16).

Adverse events

Adverse events (AEs) reported in 2,662 post-V1 and 2,629 post-V2
(Supplementary Tables 17 and 18) patients were generally mild (>97%
of AEsafterV1and V2 were grade 1 or 2, with none higher thangrade 3).
Localinjectionsite reactions were mostcommon (27% post-V1and 21%
post-V2). Other common AEsincluded headache (16% post-V1and 10%
post-V2), chills (11% post-V1and 4% post-V2), myalgia (10% post-V1and
5% post-V2) and pyrexia/fever (10% post-V1and 5% post-V2). Two serious
adverse reactions (myalgiaand cough) resulted in hospitalization but
resolved without sequelae (Supplementary Table 19). One suspected
unexpected serious adverse reaction (SUSAR) of thrombocytopenia
was reported (Supplementary Table 20).

Discussion
People with immune-suppressive disease remain vulnerable to
COVID-19 (refs. 27,29 31), and identifying patient populations most
at risk remains a UK government imperative. We show that, after two
vaccines, incomparison to healthy volunteers, a substantial minority
ofimmune-suppressed patients generated low-magnitude SARS-CoV-2
antibodies (in particular, ANCA-associated vasculitis on rituximab,
hemodialysis on immunosuppressive therapy and solid organ trans-
plant recipients), and that, although T cell responses were generally
maintained, these were also reduced in some patient groups (hemo-
dialysis, allo-HSCT and liver transplant recipients). Lower serologi-
cal or T cell responses were associated with hospitalization or death
from COVID-19.

Although vaccine correlates of immune protection against
SARS-CoV-2 are not precisely defined, there is consensus that higher

antibody titers are advantageous® *%. Waning immunity enhances
disease susceptibility, especially in patients with additional comor-
bidities®, whereas higher levels of antibodies generated by booster
vaccines are protective’’. SARS-CoV-2-specific T cells protect against
SARS-CoV-2 infection* and appear less susceptible to viral escape as
VOCs have emerged®. Previous studies highlighted the role of serologi-
cal responses in protecting immune-suppressed patients, including
(1) inflammatory arthritis with breakthrough infections increased in
those who fail to seroconvertafter vaccination®; (2) primary immune
deficiencywithincreased COVID-19 mortality compared to the general
population after vaccination**; and (3) renal disease with both break-
through infection and COVID-19 severity/mortality correlating with
serological responses™ “°,

SARS-CoV-2 infection rates varied among disease subtypes and
were higher in patientswith no detectable antibody or T cells. However,
infection rates cannot be confidently ascribed to disease phenotype,
associal shielding behavior and SARS-CoV-2 exposure are likely to have
differed among groups. However, disease severity in those infected can
be definitively correlated with vaccine responsiveness. Although most
(93.6%) patients had asymptomatic or mild infection, a substantial
number had severe COVID-19 (33/440), and, additionally, 15 patients
died. Patients with severe COVID-19 included ANCA-associated vasculi-
tis, inflammatory arthritis, hemodialysis, hemodialysis onimmunosup-
pression, kidney transplant, liver transplant, cirrhosis, Crohn sdisease,
allo/auto-HSCT and CAR-T. Failure to seroconvertand the magnitude
of the serological and cellular response were each associated with
severe disease. However, one quarter of patients with severe disease
seroconverted and had antibody levels similar to healthy controls,
highlighting the fact that other factors contribute to disease suscepti-
bility forexample,disease phenotype and/orcomorbidities. Although
mostinfections occcured during the Omicron time epoch, there were
proportionally many more severe infections in the Delta epoch. The
Omicron epoch coincided with the rollout of new therapeutic strate-
gies, additional vaccines and adominant VOC that s less pathogenic®,
and itis not possible to disentangle the relative contribution of each
of these to clinical outcomes in our study.

VaccinationwithBNT162b2 generated higher antibody responses,
whereas cellular responses were higher in patients who received
ChAdOx1nCoV-19, as previously shown in healthy populations® *?. Two
studiesin hemodialysisand so