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To the Editor:

We read with interest the letter by Roeker et al., on SARS-CoV-2 antibody responses in
twenty-one patients with chronic lymphocytic leukemia (CLL), reporting that 67% generated
antibodies to the SARS-CoV-2 Nucleoprotein antigen®. Their report highlighted the need to
characterise the serological response to SAR-CoV-2 in immune compromised patients,
particularly those with haematological malignancies, to help inform patient management and
public health strategies. Patients with acute leukemia also represent a particularly high-risk
group, who are reported to have some of the poorest outcomes of COVID-192 and are
hypothesised to have impaired immune SARS-CoV-2 responses due to either disease- or

treatment-associated immune dysfunction. This has resulted in recommendations to reduce
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the risk of COVID-19 in these patients, including restructuring of clinical services, shielding
and alterations in therapy to minimise their immune suppressive consequence®. Here we
report SARS-CoV-2 antibody responses in a cohort of patients with acute leukemia and
COVID-19 receiving systemic anti-cancer therapy (SACT) at University College London
Hospital during the first wave of the pandemic.

Longitudinal serum samples were collected from nine patients with acute leukaemia,
of whom eight had PCR-confirmed SARS-CoV-2 infection and one had a clinical diagnosis
of COVD-19. Five patients had AML, three B-ALL and one T-ALL. Four patients
commenced SACT prior to developing COVID-19 and five presented with leukemia and
COVID-19. All patients received SACT within 28 days of developing COVID-19. Four
patients received less myelosuppressive regimens (venetoclax azacitdine or gilteritinib) in
accordance with NICE/NCRI COVID-19 guidance for acute leukaemia. COVID-19 symptoms
were assigned from mild to severe?, with two patients requiring ITU and mechanical
ventilation. The median time between symptom onset and PCR diagnosis was 2.5 days (IQR

8.25), median duration of PCR positivity was 18.5 days (IQR 22) (Supplementary Fig. 1) and

four patients received a potential COVID-19 modifying agent (tocilizumab, anakinra,
remdesivir or dexamethasone). All patients survived and were discharged from hospital, with
a median duration of illness of 30 days (IQR 30). Further patient demographics are

described in Table 1.

Serum samples were taken a median of 9.5 days after positive PCR test for SARS-
CoV-2 (range 1-25 days) and subsequent longitudinal serum samples taken between 2 and

103 days post onset of symptoms (POS). These were screened for anti-SARS-CoV-2
antibodies using ELISA to the external Spike glycoprotein (S1 subunit) and internal
Nucleoprotein (N)* 56, Total serum IgG was within in the normal range in each case,
excluding hypogammaglobinaemia. Seven of eight patients (88%) with PCR-confirmed
SARS-CoV-2 had 1gG responses to S1 and N (Fig. 1A, B and appendix). Classifying patient

samples into seven-day intervals POS (Supplementary Fig. 2) showed that seroconversion



to S appeared to precede N, with only two patients seroconverting to both by day 30
(Supplementary Fig. 2 and Supplementary Tables 1,2). Overall seroconversion rates of 88%
were similar to the general population* ¢ 7 and higher than that reported by Roeker et al. for
CLL!. Seroconversion appeared delayed in our cohort, with 50% seroconverting by day 28,
compared to 90% of healthy individuals’, although this requries confirmation in a larger
study. The temporal dynamics of SARS-CoV-2 responses in patients were measured using
a semi-quantitative assay of S1 and N antibodies. Again, the overall magnitude and
persistence of SARS-CoV-2 IgG (up to >100 days POS) were similar to the general
population. Furthermore, the patterns of antibody responses seen were as expected during
an acute infection, namely; increasing titre reflective of seroconversion, declining titre
suggestive of waning responses, and maintained titres (Fig. 1D,E). Similar kinetics of anti-N
and anti-S1 antibody were seen, albeit with differences in overall antibody titre.

To address whether the antibodies generated by patients with acute leukemia were
functional and able to inhibit SARS-CoV-2 infection, the capacity of serum to block viral
infection in vitro was measured using an established pseudotyped SARS-CoV-2 neutralisation
assay” & (Fig. 1F). Six of the seven (86%) patients who seroconverted to SARS-CoV-2
generated antibodies able to inhibit virus infection, measured by determining the concentration
of antibody capable of inhibiting SARS-CoV-2 infection by 50% (ID50%). In general,
neutralisation correlated with anti-S1 IgG levels (Fig. 1G); however, some patients showed
strong neutralisation despite low anti-S1 titres, suggesting the presence of particularly potent
antibodies similar to previous reports in individuals without cancer’. Importantly anti-S1 IgG
titres and neutralising responses broadly correlated with clinical COVID-19 disease severity
(Fig. 1H), although this correlation was not absolute with variation between individuals’
responses observed. Again, this is in keeping with studies the general population and patients
with haematological disease® * ’.

Our finding that the majority of patients with acute leukemia on SACT are able to make
antibody responses to SARS-CoV-2 has important implications for patient management,

population-based serological monitoring and clinical decision making for this high-risk group.



While our analysis of the kinetics, magnitude and function of SARS-CoV2 antibody responses
in individuals with acute leukaemia align with similar SARS-CoV-2 serology studies on non-
haematology patients’, longitudinal sampling suggested a potential delay to SARS-CoV-2
seroconversion in patients with acute leukemia. This must be confirmed in a larger cohorts
and in different subgroups of patients to determine if this is a feature of patients with
haematological malignancy. Future studies should not only confirm but extend analysis of
seroconversion rates, incorporating regular PCR testing to determine the precise onset and
duration of SARS-CoV-2 infection, and frequent, longitudinal serum sampling to capture the
emerging antibody response in greater depth. Notably, the ability to correlate antibody
responses with function highlights the importance of measuring anti-S antibody responses
alongside anti-N. Whether serological responses vary by leukaemia type or SACT regimen,

and the influence this has on patient outcomes are essential next steps for investigation.
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Figure 1: Temporal dynamics and anti-viral function of SARS-CoV-2 antibody
responses in acute leukaemia

A-B. Serum samples from patients A-K were assayed on ELISA plates pre-coated with S1
(A) or N (B). Antigen production and assay conditions were as previously described* > ©
except that all samples were treated with 0.5% NP40 before dilution in ELISA buffer.
Absorbance was measured at 405nm and data expressed as fold-change above blank
background. The limit of detection (seropositivity) was determined as fold change >4 and is
indicated by the dotted line marked *. The dotted line marked ** indicates the limit of
guantification in the assay depicted in D-E, determined by the linear range of the standard
curve. C. ELISA plates were coated overnight at 4°C with goat anti-human F(ab)'2. Serum
samples from patients A-K, and commercial polyclonal IgG standard, were titrated in ELISA
buffer and added to the ELISA plate. Binding was detected with goat anti-human 1gG
conjugated to peroxidase and absorbance read at 450 nm. IgG concentrations in serum
were calculated based on interpolation from the IgG standard results using a four-parameter
logistic (4PL) regression curve fitting model. Dotted lines marked with }* indicate the normal
average range for IgG in human serum. D-E. Sera supplemented with 0.5% NP40 from
patients A-K were diluted in ELISA buffer and then added to a blocked ELISA plates pre-
coated with the indicated antigen and three lanes of goat anti-human F(ab)'2 as per (C).
Binding was detected with anti-IgG conjugated to alkaline phosphatase and absorbance
measured at 405 nm. Antigen-specific IgG concentrations in serum were calculated based
on interpolation from the IgG standard results using a four-parameter logistic (4PL)
regression curve fitting model. The dotted line indicates the limit of quantification, which is
determined by the linear range of the standard curve and higher than the limit of detection in
(A-B). F. Sequential serum samples from seropositive patients were titrated in duplicate and

pre-incubated with luciferase-encoding HIV pseudotyped with the SARS-CoV-2 Spike for 1h



prior to the addition of HeLa cells expressing human ACE2 as previously described’. ID50
titres were only calculated in GraphPad Prism where at least two data points exhibited >50%
neutralisation. ID50 values for each patient are plotted on the y-axis against days POS on
the x-axis. G. ID50 values plotted against semi-quantitative S1 titres (ug/ml) for each
sample. There is a trend to increasing ID50 with higher S1 titres but linear regression does
not show a significant correlation (r = 0.06915, p = 0.0925). All data are from at least three

independent experiments.
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Table 1: Demographics, patient and disease characteristics, treatment and outcomes

in patients with acute leukemia and COVID-19.

Patients (n=9) A B C D E F H J K
Age (years) 45-49 25-29 35-39 20-24 60-64 50-54 35-39 55-59 75-79
Sex F M M M F M M M F
Ethnicity Caucasian Caucasian Caucasian South Caucasian Caucasian Caucasian Caucasian Caucasian
Asian
Haematological | AML (new AML (new BALL AML BALL TALL AML BALL AML
diagnosis diagnosis) diagnosis) relapsed
Haematological IDH2 mt FLT3 mt; Normal Bi-allelic (9;22), None NPM1 mt, 1(9;22) Complex
disease NPM1 WT CGN CEBPA mono 7 MECOM karyotype
features mt, +1 (del 5q, TP53
GATA2 mt loss, mono
16,
amplification
KMT2A)
Haemtological Ven / Aza AraC, Blina- DA UKALL 60+ UKALL 14 Ven / Aza Mini FLA- Ven / Aza
chemo- / Gilteritinib tumumab Ph+ Consolidati Ida +
immuno- (prev induction onl imatinib,
UKALL14) (prev
therapy
UKALL14)
Days from 1 0 246 61 1 272 9 52 0

haematological

diagnosis to
COovID-19
Comorbidities None None None None HTN None None None COPD
T2DM
Smoking Ex-smoker | None None None None None Ex-smoker | Smoker Ex-smoker
history
Presenting Fever, Fever Fever, Neutro- Cough, Neutro- Fever, Fever Fever,
symptoms of tooth collapse paenic diarrhoea paenic cough shortness of
COVID-19 abscess, fever fever breath,
myalgia, palpitations
fatigue
Days from 35 3 2 0 28 1 3 1 27
symptom onset
to COVID-19
CXR/CT None Ground Ground Multiple Ground None Bilateral Mild Ground glass
findings glass glass areas of glass consolid- atelectasis
consolid- ation
ation
ITU admission No Yes No No No No Yes No No
Max Fi02 21 100 85 21 21 21 100 24 60
Max fever 395 40.5 39.7 38.6 37.7 37.8 40.7 38 39.9
COVID severity 0 4 3 0 0 0 4 1 3

score*




CoVID-19
modifying

treatment

None

Dex

Anakinra

None

Remdesivir

None

Toci-

lizumab

None

None

Duration of PCR
positivity
(days)**

59

33

11

12

32

25

NA

Days from
symptom onset

to negative PCR

43

62

35

11

36

13

35

26

NA

Duration of 15 50 30 14 45 15 43 9 64

illness

(days)***

Outcome Alive, Alive, Alive, Alive, Alive, Alive, Alive, Alive, Alive,
oP opP oP oP oP (o]3 oP oP opP

* COVID-19 severity score as previously defined!®: 0 — asymptomatic OR no requirement for
supplemental oxygen; 1 — supplemental oxygen (Fi02<0.4) for >12 hours; 2 — supplemental
oxygen (Fi02>0.4) for >12 hours, 3 — requirement for NIV/CPAP OR proning OR
supplemental oxygen (Fi02 >0.6) for >12 hours; 4 — intubation and ventilation OR
supplemental oxygen (Fi02 >0.8) AND peripheral Sp02 <90% (no known T2RF or <85% if
known T2RF) for >12.

* RT PCR for SARS-CoV-2 was performed on samples from a combined nose and throat
swab specimen.

***Duration of illness defined as the period between diagnosis and cessation of treatment for
COVID-19 that would mandate inpatient treatment (step down from ITU or discharge from
the COVID ward).

t This patient subsequently tested positive one day after initial negative (for four days) again
21 days after second negative test (for eight days) (Supplementary Fig. 2)

All patients consented for excess serum to be stored and used as part of the “UCL Biobank
for Studying Health and Disease — Haematology Project’, reference no NC10.13

Definitions: AML, acute myeloid leukaemia; B-ALL, B-lymphoblastic leukaemia; T-ALL, T
lymphaoblastic leukaemia; Ven / aza, venetoclax / azacytidine; DA, daunorubicin, AraC; Dex,
dexamethasone; HTN, hypertension; COPD, chronic obstructive pulmonary disease; T2DM,

type 2 diabetes mellitus; OP, outpatient



SUPPLEMENTARY INFORMATION

Supplementary figure 1. Duration of SARS-CoV-2 infection by PCR
testing.

Supplementary figure 2: IgG and IgM responses in this cohort
Supplementary table 1: Anti-S1 1gG responses

Supplementary table 2. Anti-N IgG responses

Supplementary table 3: Anti-S1 IgM responses



Supplementary figure 1: Duration of SARS-CoV-2 infection by PCR testing.
Graph showing the time from COVID-19 POS to confirmed SARS-COV-2 infection by
PCR of nasopharyngeal samples (red) and the number of days each patient tested
positive for SARS-CoV-2 by PCR (blue). The duration of any PCR negative periods

is shown in cyan. All patients tested negative by PCR surveillance. Patient K was not
SARS-CoV-2 positive by PCR and is not shown.
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Supplementary figure 2: IgG and IgM responses in this cohort

A-B. S1 (A) and N (B) antigen IgG seroconversion. Serum samples that gave a signal
>4-fold above background in the seropositivity ELISA are marked with a “+” sign and
colour-coded red. Those that gave a signal <4-fold above background are marked with
a “-“ sign and colour-coded grey. Blank boxes indicate that no serum sample was taken
from the patient (indicated in the left-hand column) at that time interval (indicated in
the row titles across the top).

C. Serum samples from patients A-K were diluted to 1:50 in ELISA buffer (PBS, 5%
milk, 0.05% Tween 20) prior to addition to an ELISA plate pre-coated with S1 (A).
Antigen production and assay conditions were as previously described®*1® except
that all samples were treated with 0.5% NP40 before dilution in ELISA buffer and
binding was detected using anti-lgM conjugated to alkaline phosphatase (IgM-AP).
Absorbance was measured at 405nm and data expressed as fold-change above blank
background. The limit of detection (seropositivity) was determined as fold change >4
and is indicated by the dotted line marked.

D. Serum supplemented with 0.5% NP40 from patients A-K was diluted in ELISA buffer
and then added to a blocked ELISA plate pre-coated with the indicated antigen and
three lanes of goat anti-human F(ab)'2 as per (C) to facilitate the generation of the
standard curve. Diluted serum samples were incubated on the assay plate for 2 h.
Plates were washed, incubated with goat anti-human IgM-AP diluted in ELISA buffer,
washed and developed using alkaline phosphatase with absorbance measured at 405
nm. Antigen-specific IgM concentrations in serum were then calculated based on
interpolation from the IgM standard results using a four-parameter logistic (4PL)
regression curve fitting model. The dotted line indicates the limit of quantification in
which is determined by the linear range of the standard curve and higher than the limit
of detection in C.
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Supplementary table 1: Anti-S1 IgG responses
Semi-quantitative titres in pg/ml and qualitative binding in fold-change (FC) above average blank absorbance are shown for each patient,
tabulated by the day post symptom onset (POS) on which the sample was taken.

A B C D E F H J K

Days
POS

1 <03 | 2.2
3
9 0.9 | 28.6
12 <0.3 | 56
18 4.8 | 405
21 <03 | 1.3
26 43 | 35.2
30 <03 | 25
33 <03 ]| 24
34 67.2 | 43.3
35 9.5 [ 44.9
36 <0.3 ] 2.0
38 304.3| 40.5
39 5.2 | 34.7
40 41.3 | 44.7
42
43 454.3| 41.7
44
48 13.3 | 445 340.1| 39.3
49 <0.3| 7.6

pg/ml| FC |ug/ml FC |pg/ml FC |pg/ml FC |pg/ml FC |upg/ml FC |[pg/ml FC |pg/ml FC |upg/ml FC




51
56
57
59
60
62
68
69
73
77
79
83
85
90
97
101
103

04 | 141
0.4 | 14.2
19.8 | 44.9
168.4| 44.5
34 |18.1 | <03 | 34
<0.3 | 3.7
<0.3| 0.7 <0.3 | 33
04 | 111 69.5 | 20.7
<03 ]| 24
26 | 453
9.4 | 46.3
<03 ] 1.1
264.1| 45.2
<0.3| 7.8
14 (411
11.6 | 20.5
15 | 138




Supplementary table 2: Anti-N IgG responses
Semi-quantitative titres in pg/ml and qualitative binding in fold-change (FC) above average blank absorbance are shown for each patient,
tabulated by the day post symptom onset (POS) on which the sample was taken.

A B C D E F H J K

Days
POS

1 <03 | 1.2
3
9 10 | 3.6
12 04 | 1.0
18 6.7 | 89
21 <0.3 | 1.9
26 494.0| 19.8
30 <0.3 | 2.0
33 <03 ] 11
34 51.8 | 20.1
35 25.1 | 20.3
36 <0.3 | 1.0
38 111 | 17.2
39 335.6| 21.0
40 185.4| 19.7
42
43 13.8 | 17.9
44
48 13.7 | 18.3 105 | 17.3
49 1.7 | 10.2

pg/ml| FC |ug/ml FC |pg/ml FC |pg/ml FC |pg/ml FC |upg/ml FC |[pg/ml FC |pg/ml FC |upg/ml FC




51
56
57
59
60
62
68
69
73
77
79
83
85
90
97
101
103

16 | 48
15 | 42
107.6] 19.7
7.9 | 13.6
59.5| 239 | <03 | 15
<03 | 14
<0.3 | 0.6 <03 | 1.3
2.8 | 137 1.5 9.7
<03 | 1.3
6.6 | 15.0
27.1 | 19.0
<03 ]| 14
1.8 | 82
03 | 35
14 | 138
03 | 3.0
2.6 | 143




Supplementary table 3: Anti-S1 IgM responses
Semi-quantitative titres in pg/ml and qualitative binding in fold-change (FC) above average blank absorbance are shown for each
patient, tabulated by the day post symptom onset (POS) on which the sample was taken.

A B C D E F H J K

Days
POS

1 <03 | 1.7

pg/ml| FC |ug/ml FC |pg/ml FC |pg/ml FC |pg/ml FC |pg/ml FC |[pg/ml FC |pg/ml FC |ug/ml FC

9 <0.3 | 2.3
12 <05 | 44
18 53 | 19.7
21 <03 | 11
26 159.2| 44.9
30 44 | 141
33 <0.3| 1.6
34 1.2 | 6.3
35 27 | 9.1
36 <0.3| 15
38 46.0 | 39.2
39 607.7| 46.1
40 1.0 4.9
42
43 58.1 | 40.1
44
48 1.0 | 5.0 53.0 | 39.0
49 30.5 | 34.0




51
56
57
59
60
62
68
69
73
77
79
83
85
90
97
101
103

<03 | 14
<0.3 | 13
<0.3 | 2.9
7.0 | 14.8
230.5| 36.2 | <0.3 | 15
<03 ]| 14
<0.3 | 1.2 <0.3 | 13
18.0 | 25.8 27.8 | 34.7
<0.3| 1.3
<0.3 | 2.0
<03 | 2.2
<0.3| 13
59 | 158
4.0 | 15.8
<0.3 | 1.9
28 | 13.6
<0.3 | 18

10
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