S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Cancer Cell

Acute Immune Signatures and Their Legacies in
Severe Acute Respiratory Syndrome Coronavirus-2
Infected Cancer Patients

Graphical Abstract Authors

Sultan Abdul-Jawad, Luca Bau,
Thanussuyah Alaguthurai, ...,
Adrian C. Hayday, Piers E.M. Patten,

Sheeba Irshad
Clinical: demographics, cancer status, clinical blood results, CRP, ferritin, D-dimer
Correspondence
Swab
‘ Serial COVID-19 RT-POR fosting sheeba.irshad@kcl.ac.uk
High throughput, high-content flow cytometry / Multiplex Cytokine Analysis / Serology Analysis In BI’I ef
B a . . . .
T ' ® 'f:e 02‘ b #ﬂ ’*ehsf P €% &g i% Following SARS-Cov-2 infection, Sultan
B - X eyt L ) L .
¥ Of g o ®. Q J;i Ao et al. showed that the majority of solid
ﬁ‘ ‘0 ® yM’ Py X ‘*.‘0 ) ,\';‘g,' . .
N CELPE T B cancer patients cleared virus, recovered
from COVID-19, and re-established their
Solid Cancers Haematological Cancers . . .
prior immunological status. In contrast,
Some prolonged viral shedding Prolonged viral shedding
Early sustained seroconversion Delayed or no seroconversion hemato|ogica| cancer patients
Near complete resolution of immune dysregulation following viral clearance Sustained immune dysregulation following viral clearance

demonstrated delayed or negligible
seroconversion, prolonged shedding,
and sustained immune dysregulation
highlighting the need for careful oversight
of these patients.

Highlights
e Consensus COVID-19 immune signature between solid
cancer and non-cancer patients

e Resolution of immune dysregulation and sustained
seroconversion in solid cancers

e Delayed or absent humoral responses observed in
hematological cancer patients

e Prolonged viral clearance and post-virus immune legacy in
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SUMMARY

Given the immune system’s importance for cancer surveillance and treatment, we have investigated how it
may be affected by SARS-CoV-2 infection of cancer patients. Across some heterogeneity in tumor type,
stage, and treatment, virus-exposed solid cancer patients display a dominant impact of SARS-CoV-2,
apparent from the resemblance of their immune signatures to those for COVID-19+ non-cancer patients.
This is not the case for hematological malignancies, with virus-exposed patients collectively displaying het-
erogeneous humoral responses, an exhausted T cell phenotype and a high prevalence of prolonged virus
shedding. Furthermore, while recovered solid cancer patients’ immunophenotypes resemble those of non-
virus-exposed cancer patients, recovered hematological cancer patients display distinct, lingering immuno-
logical legacies. Thus, while solid cancer patients, including those with advanced disease, seem no more at
risk of SARS-CoV-2-associated immune dysregulation than the general population, hematological cancer
patients show complex immunological consequences of SARS-CoV-2 exposure that might usefully inform
their care.

INTRODUCTION making about shielding and delaying treatment, instituted on

“best guess” consensus rather than evidence (Maringe et al.,
For cancer patients, the coronavirus infectious disease 2019  2020; Russell et al., 2020a; Ueda et al., 2020). Cancer patients,
(COVID-19) pandemic, caused by severe acute respiratory syn-  being immunocompromised, are historically considered high-
drome coronavirus-2 (SARS-CoV-2), has challenged decision risk for infections, although coronavirus infections are not
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associated with more severe disease in the immunocompro-
mised (Gralinski and Baric, 2015; Prompetchara et al., 2020;
Xu et al., 2020). Attenuation of immune responsiveness may,
indeed, be advantageous in COVID-19. Some COVID-19 clinical
studies indicate poorer outcomes for cancer patients, especially
those with hematological cancers (Pinato et al., 2020; Shah et al.,
2020; Vijenthira et al., 2020; Williamson et al., 2020), but not
others (Lee et al., 2020; Russell et al., 2020b). Insight into the
impact of SARS-CoV-2 on cancer patients’ immune status is
lacking.

Immunological studies of hospitalized SARS-CoV-2 patients
show hyper-inflammatory responses in about 25%-30% of
cases (Huang et al., 2020; Laing et al., 2020). A consensus
COVID-19 immune signature of a triad of interleukin (IL)-6, IL-
10, and IP-10; selective T cell subset activation, exhaustion,
and depletion; and substantial changes in dendritic cell, baso-
phil, and B cell composition, likely contributing to COVID-19 pa-
thology is present (Laing et al., 2020; Mathew et al., 2020).
Whether and how this signature is impacted on by cancer and/
or its treatment and vice versa is important (Russell et al., 2020a).

To address these issues, we established the SOAP study
(Sars-CoV-2 fOr cAncer Patients), which ran alongside the
COVID-ImmunoPhenotyping (COVID-IP) (Laing et al., 2020),
facilitating direct comparative analysis with non-cancer
COVID-19+ and healthy controls (HC). We aimed to answer: (1)
is there an immune signature of COVID-19 in cancer patients;
and (2) do recovered cancer patients carry a post-infection
immunological legacy? In addition, we would have the opportu-
nity to assess the immune status of several patients who re-
mained pauci-symptomatic or asymptomatic.

RESULTS

Cancer Progression and Prolonged Viral Persistence
Among COVID-19* Cancer Patients

SOAP recruited 41 (23 solid and 18 hematological) patients
confirmed as SARS-CoV-2 positive on nasopharyngeal swabs
and 35 non-virus-exposed cancer controls (Table 1) . We
matched the exposed and non-exposed cancer patients for
age (mean: 64 versus 57), BMI (24.8 versus 27.0) and tumor
type; both cohorts included hematological and solid cancers.
There was cross-cohort balance for cancer stage (stage IV dis-
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ease: 55.9% versus 50%), treatment paradigm (radical intent:
31.7% versus 40%; palliative intent: 41.5% versus 48.6%) and
receiving cancer treatment within 4 weeks of study recruitment:
47.9% of COVID-19+* solid cancer patients versus 53.8% of solid
cancer controls; 50% of COVID-19+ hematological cancer pa-
tients versus 45.5% of hematological controls. A single lung can-
cer patient on immune checkpoint inhibitor (ICl) therapy was
asymptomatic for COVID-19 and achieved a partial cancer treat-
ment response 2 months after virus clearance. Overall, study co-
horts were heterogeneous by design, captured traits broadly
applicable to cancer, being well balanced between virus-
exposed and non-exposed (Table 1).

Ten (24.4%) exposed cancer patients remained asymptom-
atic, 9 (21.9%) displayed mild, 13 (31.7%) moderate, and 9
(21.9%) severe disease (Figures 1A and S1A). Tumor subtypes
were balanced across asymptomatic cases, but hematological
cancers were enriched as severity scores increased (Figure 1A).
Many patients did not require hospitalization and isolated at
home until either asymptomatic/negative for COVID-19 by real-
time RT-PCR (rRT-PCR) swab test (Figure 1B). COVID-19+ he-
matological patients showed fever and dyspnea, whereas
COVID-19* solid cancer patients experienced less dyspnea (Ta-
ble S1). Seven (39%) hematological cancer patients received
corticosteroid/antiviral therapies specifically for COVID-19.
Overall 30-day mortality for the COVID-19+ cancer cohort was
21.9% (9 patients) with three deaths due to COVID-19 and 6 re-
flecting cancer progression (Figure 1B and Table 1).

We reviewed cancer status at 2 months after either first posi-
tive test (COVID-19+ cohort) or study entry date (hon-COVID-19
cohort), for patients surviving beyond 30 days (n = 67/76). For 46
patients (COVID-19+ and non-COVID-19) with data, we found
cancer disease progression to correlate significantly with prior
COVID-19 severity status (Figure 1C). Thus, patients with moder-
ate/severe COVID-19 were more likely to be diagnosed with pro-
gressive cancer at next clinical assessment, compared with
those with either asymptomatic COVID-19 or non-exposed to
SARS-CoV-2.

We next asked whether cancer impacted on progression of
SARS-CoV-2 infection. Serial nasopharyngeal swab-tests were
performed in 35 of 41 COVID-19+ cancer patients (Figure 1D) un-
til a negative swab result (available for 33/35 patients, with two
deaths during follow-up). Compared with a 12-20 day range in
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Table 1. Clinical Characteristics of the COVID-19* and Non-COVID-19 Cancer Cohort

COVID-19" Cancer (n = 41)

Non-CQOVID-19 Cancer Controls (n = 35)

Age
Median 64 57
Range (21-91) (24-84)
Sex
Male 24 (59%) 11 (32%)
Female 17 (41%) 23 (68%)
Race
Caucasian 28 (68.3%) 20 (55.8%)
BAME 13 (31.7%) 14 (44.1%)
BMI
Median 24.8 27
Range 15.8-41.9 17.29-39.25
Non-oncological comorbidities
Cardiovascular disease (IHD, HTN, 16 (39%) 7 (20%)
hypercholesteremia)
Diabetes 5 (12.2%) 4 (11.4%)
Underlying lung pathology 4(9.7%) 3 (8.6%)
Cardiovascular disease 4 (9.7%) 3 (8.8%)
None of above 17 (41.5%) 22 (62.9%)
Oncological clinical history
Solid malignancies 23/41 (56.1) (%) 26/35 (74.3%)
Women’s cancers 6/23 (26.08%) 13/26 (50%)
Urological cancers 7/23 (30.43%) 5/26 (19.23%)
Gl cancers 7/23 (30.43%) 4/26 (15.4%)
Lung & H&N cancers 3/23 (13.04%) 3/26 (11.5%)

Hematological Malignancies

Lymphomas
Diffuse large B cell lymphoma
Burkitt’s lymphoma
Lymphoplasmacytic lymphoma

Leukemia type
Acute lymphocytic leukemia
Chronic lymphocytic leukemia
MDS/MPN

Myeloma

Cancer Stage (Solid cancer and
lymphomas only)

1
11
111
Vv
Missing data
Time from cancer diagnosis to study recruitment
<3months
3-12 months
12-24 months
>24 months
ECOG Performance Status
PSOor1

18/41 (43.9%)
11/18 (61.11%)
9

1

1

6/18 (33.3%)
3

2

1

1/18 (5.56%)
n=234

3 (8.8%)

3 (8.8%)

6 (17.6%)
19 (55.9%)
3(8.8%)

9 (22%)
10 (24.3%)
5 (12.2%)
17 (41.5%)

16/41 (39.0%)

9/35 (25.7%)
4/9 (55.6%)
4

5/9 (44.4%)
1
4

n =30

5 (16.7%)
2 (6.7%)

8 (26.7%)
15 (50%)
0

8 (22.8%)
9 (25.7%)
7 (20%)

11 (31.4%)

24/35 (68.6%)

(Continued on next page)
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Table 1. Continued

COVID-19" Cancer (n = 41)

Non-COVID-19 Cancer Controls (n = 35)

PS 2
PS3or4

Unknown

Treatment paradigm at the time of COVID-19* presentation

14/41 (34.1%)
2/41 (4.9%)
9/41 (22%)

3/35 (8.6%)
2/35 (5.7%)
6/35 (17.1%)

Treatment naive 7 (17.1%) 2 (6.7%)
Radical (Primary Surgery, Neoadjuvant, 13 (31.7%) 14 (40%)
Adjuvant)
Palliative 17 (41.5%) 17 (48.6%)
Watch and wait/Surveillance 3 (7.3%) 1(2.9%)
Missing data 1(2.4%) 1(2.9%)
Final anti-cancer treatments (excluding treatment naive patients/missing data)
Time from study blood draw: median 27 (1-569) 22 (2-904)
(range) days
Time from COVID-19* presentation: 30 (0-564) NA
median (range) days
Anti-cancer treatment in the 4 weeks before study blood drawn
Solid cancers
No treatment within this time frame 13/23 (52.1%) 12/26 (46.2%)
Chemotherapeutic agents 4 7
Radiotherapy 2 1
Chemo-RT 0 1
Targeted therapies 3 3
Immunotherapies 1 2
Missing data 0 0
Hematological cancers
No treatment within this time frame 9/18 (50%) 4/9 (55.5%)
Anti-CD20 monoclonal antibody therapy 3 2
Immune-modulators (e.g., Lenalidomide) 2 1
Targeted agents (e.g., BTKi) 2 1
Chemotherapeutic agents 6 3
Anti-cancer treatment in the 4 weeks before COVID-19* presentation
Solid cancers
No treatment within this time frame 17/23 (73.9%)
Chemotherapeutic agents 3
Radiotherapy 1
Targeted therapies 1
Immunotherapies 1
Hematological cancers
No treatment within this time frame 8/18 (44.5%)
Anti-CD20 monoclonal antibody therapy 3
Immune-modaulators (e.g., Lenalidomide) 2
Targeted agents (e.g., BTKi) 2
Chemotherapeutic agents 6
Stem-cell transplant® (within 12 months) 1
Bendamustine* (within 12 months) 1
Concomitant immunomodulatory drugs
Nonsteroidal anti-inflammatory drugs
Yes 5/41 (12.2%) 3/35 (8.6%)
No 32/41 (78%) 28/35 (80%)
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Table 1. Continued

COVID-19" Cancer (n = 41)

Non-COVID-19 Cancer Controls (n = 35)

Missing data 4/41 (9.8%) 4/35 (11.4%)
High-dose steroids

Yes 19/41 (46.3%) 9/35 (25.8%)

No 20/41 (48.9%) 25/35 (82.9%)

Missing data 2/41 (4.9%) 1(2.9%)
30-Day all-cause mortality From first positive swab test From study entry
No 32/41 (78.0%) 35/35 (100%)
Yes 9/41 (22.0%) 0/35 (0%)

COVID-19 mortality 3/9 (33.3%)

Cancer progression mortality 6/9 (66.7%)

Related to Figures 1 andS1 and Table S1.
2Anti-cancer treatment within 12 months of SARS-CoV-2 exposure.

non-cancer patients (He et al., 2020; Young et al., 2020), RNA
persistence beyond 20 days was seen in 60% of hematological
and 35% of solid cancer patients (Figure 1D), with a median
duration of virus shedding (interval between first and last positive
test) of 39 days (range 7-107) (hematological: median, 55, range
7-90; solid: median 29, range 22-107). Interestingly, the COVID-
19+ solid cancer patient showing swab test positivity until day
107 remained asymptomatic.

Clinical Blood Parameters of COVID-19+ Cancer

Patients

We asked if SOAP resembled COVID-19 in the general population
where several clinical and/or laboratory blood parameters corre-
late with COVID-19 severity. Presentation total white blood cell,
neutrophil, and platelet counts were similar between cancer co-
horts (Figure S1B, i—iii), although COVID-19+ patients had reduced
lymphocyte and basophil counts, with elevated neutrophil-to-
lymphocyte ratios (NLR) and platelet-to-lymphocyte ratios (PLR)
(Figure S1B, vi-vii). Correlation analyses identified NLR, PLR,
basophil and lymphocyte counts, albumin, and hemoglobin as
significant positive or negative correlates of COVID-19 severity
(Figure 1E); lymphopenia and hypoalbuminemia had the highest
predictive accuracy (Figures 1F and S1C). Eighty percent of
COVID-19+ cancer patients assessed for CRP showed elevated
levels (median 185.1 mg/L) (Figure S1D, i). Serum ferritin was
elevated in 96% of cases (median 1335 mg/L), and D-dimer was
elevated in severe cases (median 9.22 ng/mL) (Figure S1D, ii-iii).
There were no significant differences between blood parameters
when stratified by ethnicity, BMI, immunomodulatory therapy (ste-
roids and nonsteroidal anti-inflammatory drugs), or administration
of active cancer treatment within 4 weeks of COVID-19 presenta-
tion in solid (Figure S1E) and hematological (Figure S1F) cancers,
consistent with the cohort examined as a whole (see Figure 1E).
The only significant correlations were of blood albumin with
gender and age (Figure 1E).

Longitudinal Profiling of Actively Infected and
Recovered SARS-CoV-2+ Cancer Patients

We next undertook longitudinal analyses of clinical blood param-
eters (Figure 2A). Patients were stratified by solid versus hema-
tological cancer and mild versus moderate/severe COVID-19.
Solid cancer patients with moderate/severe disease commonly

showed sustained lymphopenia and increased NLR while
actively infected up to day 40-49 (Wilcoxon rank-sum test, p
values: 5.16 x 105, 3 x 104, respectively), particularly as lym-
phocytes showed negligible recovery while neutrophilia became
more evident (Wilcoxon rank-sum test, p value = 0.008) (Fig-
ure 2B). Basophil counts likewise remained low (Figure S2A, ii).
Conversely, measurements for counterpart patients with mild
COVID-19 were commonly in the normal range set, albeit with
some considerable variability in basophil and eosinophil counts
(Figures 2B and S2A). While actively infected COVID-19+ hema-
tological cancer patients showed similar longitudinal profiles to
COVID-19+ solid cancer patients, their deviations from normal
were collectively less, albeit variable, and those with mild and
moderate/severe COVID-19 showed largely overlapping trajec-
tories (Figures 2C and S2B).

No leukocyte parameter trajectories were affected by either
administration of cytotoxic agents (Figure S2C) or anti-CD20
monoclonal antibodies (mab) (Figure S2D) within 4 weeks of
COVID-19 presentation (Table S2). Conversely, lymphopenia
and increased NLR, at presentation (days 0-3) were predictive
of subsequent cancer progression measured at 2 months (Wil-
coxon rank-sum test, p values: 0.009 and 0.004, respectively)
(Figure S2E).

We next asked whether the status quo would be reestablished
at between 1 and 2 months post-infection, signaled by a
negative SARS-CoV-2 swab test; comparing points of peak
dysregulation during active infection and at 4-6 weeks before
and 4-6 weeks after COVID-19 exposure (see Figure 2A).
COVID-19+ solid cancer patients during active infection ex-
hibited significant reductions in lymphocyte and monocyte
counts compared with pre-COVID-19 levels (Wilcoxon signed
rank test, p = 0.003 and 0.006, respectively) with resultant in-
creases in NLR and PLR (Wilcoxon signed rank test, p = 0.004
and 0.006, respectively) (Figure 2D, i). COVID-19+ hematological
cancer patients displayed similar results (Wilcoxon signed rank
test, p = 0.009, 0.02, 0.02, and 0.02, respectively) (Figure 2D,
ii), although there was higher interindividual variation in fold
change over time, compared with solid cancer patients (Fig-
ure 2D; compare y axes in i versus ii).

In COVID-19+ solid cancer patients, all parameters returned
close to basal values by 4-6 weeks after a negative swab (Fig-
ure 2E, i; compare with Figure 2Di). By contrast, the
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interindividual variability of hematological cancer patients per-
sisted with many patients exhibiting ongoing dysregulation (Fig-
ure 2E, ii). No significant differences were observed when strat-
ified by ethnicity, BMI, immunomodulatory therapy, or active
cancer treatment within 4 weeks of COVID-19 presentation (Ta-
bles S2 and S3).

Distinct COVID-19 Immune Signatures in Solid and
Hematological Cancer Patients

To understand leukocyte dysregulation in COVID-19+ cancer, we
used eight flow cytometry panels (P1-P8) to measure: (1) broad
lymphocyte composition; (2) effector/memory T cell status; (3) vd
T cell status; (4) B cells; (5) T cell cycling; (6) leukocyte counts; (7)
lymphocyte activation and exhaustion; and (8) innate immune
cells (Laing et al., 2020). We compared COVID-19+ cancer pa-
tients (n = 41) with control groups comprising non-COVID-19
cancer patients (n = 35), COVID-19+ non-cancer patients (n =
52), COVID-19 seropositive recovered HC (n = 22), and seroneg-
ative HC (n = 46). Samples were grouped into “active” infection
(blood sample <14 days of positive rRT-PCR swab test) or
“recovered” (blood sample after a negative rRT-PCR swab
test, and for non-cancer HC by immunoglobulin (Ig)G/IgM
serology status). Therefore, we could identify the most signifi-
cant changes precipitated by COVID-19 in solid or hematological
cancer patients versus their non-COVID-19 cancer controls and
HC (Figure 3A), during both the active and recovered phases of
infection.

We used principal component analysis (PCA) to examine 175
immune flow cytometry parameters and 22 cytokines across
the groups (Figure 3B and S3A). Hematological (Figure 3B, yel-
low dots) and solid COVID-19* cancer patients (Figure 3B, blue
dots) segregated from each other, supporting the decision to
consider these two groups separately to be compared with their
respective controls (Figure 3A). We observed that active COVID-
19+ cancer patients segregated from their non-COVID-19 cancer
controls, just as active COVID-19* non-cancer subjects segre-
gated from HC (Figure S3A, i). By contrast, immune profiles of
recovered patients overlapped with their respective control
groups (Figure S3A, ii), consistent with the analysis of their clin-
ical blood parameters.

The covariates significantly distinguishing active SARS-CoV-
2+ solid cancer patients from their non-COVID-19 solid cancer
controls, included several parameters previously identified as
composing a COVID-19 immune signature in non-cancer pa-
tients (Laing et al., 2020; Mathew et al., 2020), e.g. IL-8, IL-6,
and IL-10, IP-10 enrichment; T cell activation (HLA-DR, CD38;
G1-cycling) and exhaustion (TIM3+PD1+); and decreased baso-
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phils (Figure 3C). In contrast, COVID-19+ hematological cancer
patients showed fewer discrete changes compared with hema-
tological cancer controls, with the most overt changes being
increased frequencies of CD8* T cells with active cycling and
exhaustion markers, increased CD56" NK cells, and reduced
B cell counts (Figure 3D).

In the recovery phase, the high-content analysis showed that
only CD8* V31* vd T cells significantly distinguished recovered
SARS-CoV-2+ solid cancer versus its controls (Figure 3E). In
separate studies (A.H., unpublished data) we have found that
COVID-19+ non-cancer patients display strong, clonally
restricted expansions of CD8* V31+ y3 T, consistent with this be-
ing a sustained immunological legacy. In stark contrast, the col-
lective failures of recovered hematological cancer patients to re-
normalize their clinical blood parameters was underpinned by
significant differences in many adaptive lymphocytic and innate
myelomonocytic parameters between post-infection hemato-
logical cancer patients and their non-COVID-19 controls
(Figure 3F).

The COVID-19 associated immunophenotypes of asymptom-
atic and symptomatic patients were comparable, in that they
could not be segregated in a PCA of 62 immune parameters (Fig-
ure S3B). There were two outliers with distinct immunopheno-
types: (1) the asymptomatic patient on active ICI anti-PD1
therapy (Figure S3B; arrow); and (2) a symptomatic lymphoma
patient with prolonged virus shedding (day 66).

We next showed that this strong, yet mostly transient, COVID-
19 immune signature in solid cancer patients differed from
COVID-19+* non-cancer signatures by exaggerated elevation of
IL-6/IL-10 and cytopenia in defined B, T, NK, and DC subsets
(Figure S3C). These findings likely reflect inherent differences
in the baseline immune milieu of cancer patients and non-cancer
subjects. Conversely, the immune landscapes of COVID-19+ he-
matological cancer patients and COVID-19+ non-cancer sub-
jects most clearly segregated by different criteria including
increased CD56" NK cell frequency, T cell activation/exhaus-
tion, and exaggerated B cytopenia (Figure S3D).

To probe further how either solid cancer or hematological
cancer may modify the effect of COVID-19 on various immune
parameters, we looked for interaction effects that were either
synergistic or antagonistic, by asking whether the fold
changes in the COVID-19+ cancer cohorts versus HC were
significantly > or < than expected when the fold changes of
COVID-19+ versus HC or cancer versus HC were considered
separately. Evidence of interactions was only found in
SARS-CoV-2 active patients, predominantly in the solid can-
cer cohort: synergistic interaction effects included interferon

Figure 1. Cancer Progression and Prolonged Viral Persistence Among COVID-19* Cancer Patients

(A) Stratification of COVID-19 severity groups by cancer type.
(B) Timeline of illness of 41 COVID-19* cancer patients by tumor type.

(C) Stacked bar graph shows the disease status of cancer in patients grouped according to COVID-19 severity. Association between categorical variables was

assessed by chi-squared test (p < 0.001).

(D) Timeline of detection of SARS-CoV-2 on nasopharyngeal swabs. Day 1 indicates collection date of the earliest positive sample. Blue dots mark the date of the
earliest negative rRT-PCR test; red dots the latest sample tested positive. The shaded area indicates the reported median duration of virus shedding.

(E) Correlation multivariate regression analysis of the clinical parameters within the cancer cohort (red = statistically significant correlations).

(F) i~ii, Quantification of significant parameters captured on clinical blood tests in COVID-19* cancer patients; healthy ranges are indicated in purple. One-way
ANOVA was used to compare continuous variable among three groups of severity, while independent samples t test was used between two groups (COVID-19*

versus non-COVID-19). p < 0.05 was considered statistically significant.
See also Figure S1 and Table S1.
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Figure 2. Longitudinal Profiling of Actively Infected and Recovered SARS-CoV-2* Patients

(A) Schematic of time points for blood results from 41 patients in the COVID-19* cancer cohorts.

(B and C) Time course of (i) lymphocytes, (i) neutrophils, (jii) neutrophil-to-lymphocyte ratio in active COVID-19 disease for solid (B) and hematological (C) cancer
patients with mild World Health Organization (WHO) score (0-3) and moderate/severe illness, (WHO score 4-10). Points represent the median of each patient’s
measurements in the corresponding time bin, thin lines connect measurements on the same patient, thick lines show the mean of all patients at each time point

stratified by severity. Healthy ranges are highlighted in purple.

(D) Fold change of blood parameters for each solid (i) or hematological (i) cancer patient between the time of worst abnormality and the pre-COVID blood tests 4—

6 weeks prior to COVID-19 presentation.

(E) Fold change of blood parameters for solid (i); hematological (i) cancer patients between results after recovery and the last pre-COVID-19 results. Shaded area

denotes measurements within 10% of pre-COVID levels.
See also Figure S2 and Tables S2 and S3.

(IFN)y-producing cytopenia (NK, Th1, Th17.1) while antago-
nistic interactions included T cell cycling, and none of these
were included in the four antagonistic interactions observed
for hematological cancers (Figure S3E).
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Altered Immune Cell Populations in Actively Infected
SARS-CoV-2+ Cancer Patients

Consistent with the effect size analyses, reduced numbers of B,
T, NK, and myeloid DC seen in COVID-19+ solid cancer subjects
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were significantly exaggerated relative to COVID-19* non-can-
cer subjects, and, with the exception of T cytopenia (see below),
this commonly included patients presenting with mild COVID-19
(Figures 4A and S4A-B). Basophil and plasmacytoid DC counts
were likewise low but comparable to COVID-19+ non-cancer
subjects (Figures 4Aiv and S4Ai). The reduced eosinophil
numbers in COVID-19* solid cancer patients must be contextu-
alized with atypically high eosinophil counts displayed by non-
COVID-19 cancer controls (Figure 4Avi). Consistent with the
overall complexion of immune dysregulation being comparable
across symptomatic and asymptomatic COVID-19* solid cancer
patients, only reduced T cell and basophil counts correlated
significantly with COVID-19 severity (Figure 4B), as they likewise
did in COVID-19* non-cancer patients (Laing et al., 2020).

In hematological malignancies, marked attrition of B cells was
noted in COVID-19+ patients (Figure 4Ai). Two patients from the
COVID-19+ group and two control patients in this analysis had
received anti-CD20 mab within 28 days of study entry blood
draw (specifically days 12, 19 in the COVID-19 group and days
1, 6 for the non-COVID-19 group) (Figure 4Ai; arrows). The un-
derlying malignancy did not offer an explanation for B cytopenia,
since the hematological cancer cohorts were well balanced, with
all patients in the control group diagnosed with B cell malig-
nancies and on similar treatments to the study cohort, with a sin-
gle patient in the study cohort diagnosed with myelodysplastic
syndrome (MDS) (Table 1). Note, this patient (64-year-old male)
was a clear outlier for T cytopenia (Figure 4Aii; brown arrow),
and was the one direct COVID-19 related mortality in the hema-
tological cancer cohort (see Figure 1B). No other cell counts
significantly segregated COVID-19+ hematological cancer pa-
tients from controls, in part because of the very high interindi-
vidual phenotypic variation of the COVID-19 cohort.

The high levels of selected chemokines and cytokines charac-
teristic of non-cancer COVID-19+ subjects (Laing et al., 2020;
Mathew et al., 2020; Yang et al., 2020) were evident in COVID-
19+ solid cancer patients and were sometimes exaggerated.
Indeed, in COVID-19+ solid cancer and non-cancer cohorts, up-
regulation of IP-10, IL-10, and IL-8 was correlated with COVID-
19 severity, with which IL-6 was also upregulated (Figures 4C,
4D, and S4C). IL-6, IL-10, and IP-10 levels were also high in
SARS-CoV-2+ hematological cancer patients but not signifi-
cantly upregulated relative to their control cohort, in part
because non-COVID-19 hematological cancer patients can
also display highly elevated levels of these analytes.

T cell Dysfunction in Active SARS-CoV-2-Infected
Cancer Patients

We next examined the detailed T cell biology of SARS-CoV-2-
exposed cancer patients. COVID-19+ solid cancers showed
significantly reduced CD8* T cell numbers (Figures 5A and
S5A) and although most significant for naive CD8* T cells, there
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was a clear trend toward low counts for all CD8* T cell subsets
with the exception of Tgura, as previously reported for non-can-
cer COVID-19+ (Laing et al., 2020; Mathew et al., 2020; Wen
et al., 2020) (Figures 5A, ii and S5A). Of note, counts for each
subset were less overtly depleted for those with mild disease,
including asymptomatic patients (Figures 5A and S5A).

Also similar to non-cancer COVID-19+, significant CD4+ T cy-
topenia was observed in COVID-19* solid cancer patients, albeit
with an exaggerated phenotype despite there being a higher
prevalence of mild/asymptomatic patients in this study (Fig-
ure 5B). Whereas COVID-19* solid cancer and non-cancer pa-
tients both displayed overt drops in effector memory CD4+
T cells, particularly severe COVID-19 cases, COVID-19+ solid
cancer patients displayed exaggerated depletions among cen-
tral memory cells and naive CD4+ T cells (Figure 5C and 5D),
the latter correlating significantly with disease severity (Fig-
ure 5E). Further, we observed greater fold change decreases in
IFNy-producing Th1 and Th17.1 subsets compared with Th2,
Th17, and Treg, albeit the latter populations were also decreased
(Figures 5C and S5B). The exaggerated depletions noted for Th1
and Th17.1 reflect synergistic interactions between cancer and
COVID-19, as identified in Figure S3Ei.

Given that T cell dysregulation in COVID-19* non-cancer pa-
tients coexisted with marked T cell activation and exhaustion,
we investigated these immune parameters in the cancer cohorts.
This same phenomenon was observed in actively infected
COVID-19+ solid cancer patients, evidenced by increased fre-
quencies of HLA-DR*CD38* activated CD4* and CD8* T cells
(Figures 5F and S5C), and increased frequencies of TIM3+ and/
or PD1+ expression among CD4* and CD8+* T cells (Diao et al.,
2020; Laing et al., 2020; Mathew et al., 2020; Sekine et al.,
2020a, 2020b; Wen et al., 2020). Particularly affected were
CD45RA- CD4+, CD45RA- Th1, and CD45RA* CD4+ and
CD8* T cells (Figure 5G, 5H, and S5D).

A similar pattern was observed in hematological cancers, with
upregulation of exhaustion markers on CD8+ T cells (Figure 5F),
coupled with a trend toward increased CD8+/CD4+ T cell activa-
tion (Figure S5C), manifested as significantly higher frequencies
of activated and exhausted CD4+ T cells in COVID-19*
compared with COVID-19* non-cancer subjects (Figures S5C
and S5D). These data provided a basis for the effect size analysis
presented above (see Figure S3D).

Heterogeneous Humoral Responses to SARS-CoV-2 in
Cancer Patients

The overt B cytopenia in active COVID-19+ solid cancer patients
reflected significant reductions in the numbers of naive, memory
(switched and non-switched), effector and transitional B cells (Fig-
ures 6A and S6A), and, as with COVID-19* non-cancer patients,
there were significant reductions in the frequencies and numbers
of CD5* B cells that are primary producers of self-reactive and

Figure 3. Distinct COVID-19 Immune Signatures in Solid and Hematological Cancer Patients

(A) Overview of the nine patient cohorts grouped according to cancer type and COVID-19 status.

(B) PCA analysis of 153 phenotypes in 31 COVID-19" cancer patients. PC-1 and PC-2 explain 17.2% and 11.9% of the variance.

(C-F) Volcano plot of 246 non-redundant immune parameters analyzed in active COVID-19" (C) solid; (D) hematological cancer; recovered COVID-19" (E) solid;
(F) hematological cancers versus their respective non-COVID-19 cancer controls. Red circles = significantly altered parameters in COVID-19" cancer patients

(fold change >1.5, false discovery rate-adjusted p < 0.05).
See also Figure S3.
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Figure 4. Altered Immune Cell Populations in Actively Infected SARS-CoV-2" Cancer Patients
(A) i-vi, Quantification (cell counts/mL) of whole blood major innate and adaptive immune populations.
(B) Correlation between (i) T cells; (i) Basophil cell counts and COVID-19 severity in actively infected solid cancer patients (Kendall’s tau for semi-partial cor-

relation; adjusted for age and sex).

(C) Quantile scaled heatmap depicting hierarchical clustering of relative cytokine levels (quantile scaled pg/mL) 22 unique cytokines measured in six cohorts.

(legend continued on next page)
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polyreactive natural antibodies (Figures 6A and S6A, vi-B, vi).
Across the COVID-19+* solid cancer cohort, plasmablast numbers
were not significantly increased relative to non-COVID-19 solid
cancer controls (Figure S6A, v), most likely reflecting the longer
time course of COVID-19 in these patients set against the known
transience of plasmablast expansions. B cytopenia was particu-
larly overtin COVID-19*+ hematological cancer patients (Figure 6A),
but owing to the high interindividual variation in that group and
their controls, naive B cells were the only subset consistently
depleted (Figure S6A).

Despite the overt dysregulation of monocytes, B and T cells in
COVID-19+ cancer patients, many patients successfully devel-
oped IgM/IgG antibodies to SARS-CoV-2 receptor binding domain
(RBD), Spike (S), and nucleocapsid antigens (N) (Figure 6B and Ta-
ble S4). Antibodies were measured from time to first positive
COVID-19 rRT-PCR test in 22 of 23 solid cancer patients and 16
of 18 hematological cancer patients; longitudinal analyses were
possible in 11 cases, denoted by connected lines (Figure 6B).
Anti-RBD IgM and IgG titers correlated with each other, as did
anti-Spike IgM and IgG titers in active COVID-19+* cancer patients,
but this was not true in recovered patients (Figure S6C).

Although ~75% of the COVID-19+ cancer patients had detect-
able antibodies against SARS-CoV-2 spike protein (31 of 41 IgG
[total]; 28 of 41 IgM [total]) (Figure 6B), we noted several distinct
features. First, COVID-19+ solid cancers showed earlier sero-
conversion than COVID-19* hematological cancer patients (Fig-
ure 6B; compare blue with yellow circles above the threshold
line). Second, all solid cancer patients with subsequent negative
rRT-PCR swab-tests seroconverted for anti-Spike 1gG, with the
single exception (Figure 6B; arrowed) of a patient diagnosed
with stage 4 colorectal cancer, on active triple therapy (anti-
EGFR mab antibody, MEK inhibitor, and BRAF inhibitor) present-
ing with low-severity COVID-19.

Third, COVID-19+ hematological cancer patients showed three
phenotypes: (1) patients failing to mount an antibody response
with prolonged viral shedding, even beyond day 50 from first pos-
itive swab (Figure 6B; yellow circles below the seroconversion
threshold line); (2) patients mounting an antibody response but
failing to clear virus (Figure 6B; yellow circles above the threshold
line); and (3) those able to mount an antibody response and suc-
cessfully clear virus, as confirmed by a negative rRT-PCR test (Fig-
ure 6B; yellow triangles above the seroconversion threshold line).
The five hematological cancer patients who remained positive
for SARS-CoV-2 on rRT-PCR testing (beyond 20 days) and lacked
subsequent seroconversion had received treatments likely to
result in B cell aplasia. Three had received anti-CD20 mab within
4 weeks (8, 13, and 23 days) prior to their first positive swab; one
was an MDS/MPN patient who had had an allograft (including con-
ditioning with anti-CD52) ~7 months prior to COVID-19 presenta-
tion, receiving high-dose steroids at the time of COVID-19 presen-
tation for graft versus host disease; one had received cytarabine,
etoposide, methotrexate, and imatinib treatment for B-ALL 1 day
prior to COVID-19 presentation.

Cancer Cell

IgM and IgG antibody titers of patients with either solid or he-
matological malignancies were comparable with those of
COVID-19*+ non-cancer patients (Figure 6C). Compared with
COVID-19+ non-cancer subjects, S-reactive and RBD-reactive
IgG were both significantly increased in hematological cancer
patients recovered from SARS-CoV-2 infection (Figure 6D), likely
reflecting the delayed peaking of the antibody responses
observed in those patients (see Figure 6B).

Immune Legacies in Recovered COVID-19*
Hematological Cancer Patients

To answer whether or not immune responses to SARS-CoV-2
exposure left a lasting legacy influencing immune surveillance of
cancer, we examined the immune profiles of COVID-19+ patients
following a negative rRT-PCR swab test. Median analysis time
following recovery was 38.5 and 43 days in solid and hematologi-
cal cancers, respectively (Figure S7A). Strikingly, the immune pro-
filesin solid cancer COVID-19+ patients displayed minimalimmune
legacy of SARS-CoV-2, the only significant, albeit small, fold
change was in CD8+Vd1* vd T cells (Figure 7A). The patient on
anti-PD-1 therapy appeared as a sustained outlier with low cell
counts for T cell subsets such as Th17, Th2, central and effector
memory, as well as low PD-1 expression on CD4 and CD8
T cells (Figure S7B; red circles), consistent with anti-PD-1 therapy.

In contrast, recovered patients with hematological cancers
had several significantly altered immune parameters (Figure 7A).
There were consistently increased CD8* counts, irrespective of
COVID-19 severity (Figure 7B, i), and the frequency of these cells
among T cells also increased (Figure S7C, i) given that there was
no parallel expansion of CD4* T cell counts and frequency (Fig-
ures 7B, ii and S7C, ii). The CD8* T cell expansions were signif-
icant in the effector memory compartment with a similar trend for
CD8* CM cells (Figure 7C). The frequency of CD8* cells express-
ing exhaustion markers (TIM3+ PD1+) with concurrent activation
was increased (Figure 7D). Among CD4+ T cells, there was
increased representation of EM cells, and a similar trend for
CM cells (Figure S7D).

Post-infection COVID-19+ hematological cancer patients also
showed significantly increased frequencies of basophils and eo-
sinophils (Figure 7E, i and ii), two compartments commonly
depleted in COVID-19 aligning with observations in some
COVID-19* non-cancer patient populations (Lucas et al., 2020;
Rodriguez et al., 2020). Recovered hematological COVID-19+
cancer patients also showed a significant increase in the fre-
quency of CD56Pright NK cells (Figure 7E, iii).These observations
require further investigation in the context of ongoing cancer im-
mune surveillance.

DISCUSSION
The impact of exposure to SARS-CoV-2 in cancer patients re-

mains unclear (Kuderer et al., 2020; Lee et al., 2020). Our study
cohort is inevitably heterogeneous, but despite this heterogeneity,

(D) Cytokine concentrations of (i) IL-6, (ii) IL-10, (jii) IP-10, (iv) IL-8. Boxplots show median, lower, and upper quartiles (box) and 1.5 times the interquartile range
(whiskers). Each circle represents a single patient. Statistical significance highlighted in red (cell counts: t test with robust standard errors on estimated marginal
means from linear regression, adjusted for age and sex, p < 0.05; cytokine concentrations: t test with robust standard errors on estimated marginal means from

tobit regression, adjusted for age and sex, p < 0.05).
See also Figure S4.
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Figure 5. T cell Dysfunction in Active SARS-CoV-2-Infected Cancer Patients

(A and B) Quantification (cell count/mL) of whole blood (A) (i) CD8 T cells, (i) naive CD8 T cells, and (B) CD4 T cells.

(C) Log, fold change in total counts of major CD4 T cell subpopulations in active COVID-19* solid cancer patients relative to solid cancer non-COVID-19 patients.
(D) Quantified cell counts (cell/mL) of differentiated CD4* T cell (i~iii) and (iv) naive subtypes.

(E) Correlation between naive CD4 T cells and COVID-19 severity in solid cancer patients with active COVID-19 infection (Kendall’s tau for semi-partial correlation,
adjusted for age and sex, threshold p < 0.01).

(F) Log, fold change in the frequencies of activation and exhaustion surface marker expression on CD4* and CD8" T cell in solid cancer (dark blue) and
hematological cancer (yellow) COVID-19* patients relative to non-COVID-19 cancer patients.

(legend continued on next page)
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COVID-19* and non-exposed cancer cohorts were well balanced
for tumor type, stage, and treatment. We were able to discern
immunological signatures across cancer patients that were
most obviously associated with COVID-19 rather than any con-
founding variables. We demonstrate that the COVID-19 signature
for solid cancer patients was a consensus phenotype with striking
similarities to the COVID-19 signature of infected subjects without
cancer. Some properties were exaggerated in COVID-19+ solid
cancer patients, but the majority of patients cleared the virus,
recovered from COVID-19, and reestablished immunological sta-
tus quo, including several severely ill stage IV cancer patients.

We provide initial evidence of sustained seroconversion in
solid cancer patients, providing some measure of confidence
that cancer patients are not necessarily at a higher risk of an infe-
rior immune response to SARS-CoV-2 than the general popula-
tion. Our observations, combined with the large registry studies,
suggest that the principal cause of elevated mortality risk from
COVID-19 in solid cancer patients is cancer progression (Ku-
derer et al., 2020), which we show to correlate with the severity
of COVID-19. Given recovered solid cancer patients showed
no major immunological legacy, we consider that inferior
COVID-19-associated cancer outcomes most likely reflect
pandemic public health measures preventing optimal can-
cer care.

In contrast, immune dysregulation in COVID-19+ hematolog-
ical cancer patients showed interindividual variation but collec-
tively was less in the “active” phase, dysregulation increased
over time, with particularly striking expression of exhaustion
markers by CD8* T cells. In chronic infection, T cell exhaustion
manifests as progressive and hierarchical loss of effector func-
tion with sustained upregulation and co-expression of multiple
inhibitory receptors, including Tim3 and PD1 (Gallimore et al.,
1998; MclLane et al., 2019; Zajac et al., 1998). Exhausted
T cells may compromise virus clearance, consistent with the
observation that >70% of COVID-19+ hematological cancer pa-
tients studied displayed prolonged viral persistence. Failure of
virus elimination, and sustained levels of viral antigen may
further exacerbate T cell exhaustion. Potentially compounding
this, we found significantly increased CD56°"9ht NK cell in the
“recovered” hematological COVID-19+ cancer patients, sug-
gesting NK cell subsets may be skewed toward inflammation
versus cytotoxicity, limiting capacity to control viral infections
(Welsh and Waggoner, 2013).

B cell cytopenia was particularly significant in COVID-19+ he-
matological cancer patients. Although anti-CD20 mab is well
recognized to deplete CD20* B cells, the COVID-19+ and non-
COVID-19 hematological cancer cohorts were well matched
for underlying malignancies and treatments, suggesting that
the exaggerated B cytopenia reflected an increased, albeit indi-
rect vulnerability of malignant B cells to SARS-CoV-2 exposure
(Guilpain et al., 2020).

Seroconversion rates 15 days after documented SARS-CoV-2
on rRT-PCR are significantly lower in cancer patients compared
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with controls (Solodky et al., 2020). We report longer follow-up of
up to 80 days following infection. While most solid cancer pa-
tients demonstrated sustained seroconversion, hematological
cancer humoral responses were heterogeneous. This may
reflect the underlying malignancy and/or treatments such as
anti-CD20 mab therapy (Cooper and Arnold, 2010). It is reported
that rituximab treatment can be associated with inadequate anti-
body responses depending on the viral insult (Horwitz et al.,
2004; Oren et al., 2008; Villa et al., 2013). Many patients (albeit
not all) who failed to mount an antibody response with prolonged
viral shedding had received anti-CD20 mab within 4 weeks prior
to their first positive swab. These findings may explain conflicting
clinical observations over the impact of anti-CD20 therapy on
COVID-19+ patients (Gianfrancesco et al., 2020). Our data sup-
port caution in the use of anti-CD20 mab in chronic lymphocytic
leukemia (Rossi et al., 2000) or in indolent lymphomas, especially
in those situations where the risk benefit ratio is already estab-
lished as only marginal. Where such treatments are essential
to ensure optimal treatment, patient management should
accommodate the potential for prolonged virus infection and
transmission.

Failure to clear the virus despite seroconversion in some
COVID-19+ hematological cohorts indicates that seroconversion
alone is insufficient, and that T cell help may be required. Indeed,
one patient who had received significant immunosuppression
and was post allogeneic bone marrow transplantation demon-
strated significant T and B lymphopenia, an inability to clear vi-
rus, and was the only patient within the hematological group to
succumb to COVID-19.

Finally, a striking feature of SARS-CoV-2 is the exceptional
breadth of symptoms it causes. Approximately 25% of the
COVID-19+ cancer patient population in this study had no symp-
toms from SARS-CoV-2, providing an opportunity to assess their
immune status. Although their overall immune signature was
indistinguishable by PCA from those overtly affected, T cell
depletion was less severe, and innate cell depletion was more
heterogeneous. This validates subset-specific T cytopenia as a
marker of severity with prognostic potential, irrespective of un-
derlying cancer.

Risk of transmission remains unclear in COVID-19, with
prolonged virus detection especially in asymptomatic car-
riers being a major concern. Prolonged viral shedding has
previously been demonstrated in immunocompromised pa-
tients (de Lima et al., 2014; Shah et al., 2020) and recent
case reports of such patients with SARS-CoV-2 indicate
that this can represent continued infectious virus (Avanzato
et al., 2020; Choi et al., 2020). Our results demonstrate
high prevalence of prolonged positivity on rRT-PCR swab
test among cancer patients in general. The implications of
prolonged contagious period for public health measures in
the cancer population are profound. For example, it may
inform decision making on the isolation of high-risk groups,
the role of widespread testing among cancer patients and

(G and H) Representative flow cytometry plots and frequency analysis of (G) PD-1*TIM3*/CD45RA Th1 cell and (H) PD-1*TIM3*/CD45RA*CD4 " cell. Boxplots
show the median, lower and upper quartiles (box), and 1.5 times the interquartile range (whiskers). Each circle represents a single patient. Statistical significance
highlighted in red (cell counts: t test with robust standard errors on estimated marginal means from linear regression, adjusted for age and sex, p < 0.05; fre-
quencies: Wald test with robust standard errors on estimated marginal means from beta regression, adjusted for age and sex, p < 0.05).

See also Figure S5.
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Figure 6. Heterogeneous Humoral Responses to SARS-CoV-2 in Cancer Patients

(A) Logs fold changes of B cell subtype frequencies and total counts in active COVID-19" infections in solid (dark blue) and hematological (yellow) cancer patients,
relative to their respective cancer non-COVID-19 controls.

(B) Antibody titers of COVID-19* cancer patients versus time since first positive rRT-PCR test. Titer measurements for (i) IgG RBD, (i) IgM RBD, (jii) IgG spike, (iv)
IgM spike. Each point represents a single sample, with the status of COVID-19 infection denoted as active (circle) or recovered (triangle) in solid (dark blue) and
hematological cancer (yellow) patients. Longitudinal samples from the same patient are linked. Dotted horizontal line indicates the cutoff for sero-positiv-
ity (>0.15).

(C and D) Peak antibody titers of IgG and IgM against SARS-CoV-2 spike and RBD in solid, hematological and non-cancer COVID-19* patients, who are either (C)
actively infected or (D) recovered. Boxplots show the median, lower and upper quartiles (box), and 1.5 times the interquartile range (whiskers). Shape denotes
disease status, active infection (circle), and recovered (triangle). Statistical significance highlighted in red (cell counts: t test with robust standard errors on
estimated marginal means from linear regression, adjusted for age and sex, p < 0.05; frequencies and serology: Wald test with robust standard errors on
estimated marginal means from beta regression, adjusted for age and sex, p < 0.05).

See also Figure S6 and Table S4.
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Figure 7. Immune Legacies in Recovered COVID-19* Hematological Cancer Patients

(A) Log, fold changes in frequency and total counts of innate and adaptive immune parameters in recovered COVID-19 solid (dark blue) and hematological
(yellow) cancer patients, relative to their respective cancer non-COVID-19 patients.
(B and C) Quantified cell counts of B () CD8" and (ii) CD4" T cells; and differentiated CD8* C (i) EM and (i) CM T cells in whole blood.

(D) (i) Frequency of exhausted T cells via the double positive expression of TIM3*PD1*in CD45RA*CD4~ T cells and (i) quantified cell count of activated CD8 T cell

in whole blood.

(E) Changes in the composition of granulocytic cells, presented through the frequencies of (i) Basophils, (i) Eosinophils, and (i) CD56°"9" NK cells. Boxplots show
the median, lower and upper quartiles (box), and 1.5 times the interquartile range (whiskers). Each point represents a single patient. Statistical significance,
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clinical decision making on which patients can safely
continue or re-start anti-cancer therapies.

In sum, our data provide reassurance that the immunological
status of solid cancer patients does not necessarily put them
at a higher risk of an inferior immune response to SARS-CoV-
2. This is evidently not the case for a subset of patients with he-
matological malignancies. While immunological health should be
only one factor in determining how to manage a cancer patient in
the context of an ongoing pandemic, our findings of delayed or
negligible seroconversion, prolonged shedding, and sustained
immune dysregulation highlight the need for careful oversights
especially of hematological cancer patients. Such issues may
be particularly important when considering vaccination, boost-
ing, and follow-up.

Limitations

There are limitations to this study. It was underpowered to
detect change for some groups, including the differing treat-
ment modalities, which collectively have differing impacts on
host immune compromise. Patients on chemotherapy versus
targeted therapies are likely to be the most severely immuno-
compromised. An important question that remains unan-
swered is if a “reinforced” immune system following immuno-
therapy results in an under-/over-activation of the immune
response against SARS-CoV-2. Albeit anecdotally, our study
cohort included only one such patient who went on to a
good outcome. Another limitation is that many of the recruited
COVID-19* cancer patients required prolonged home isola-
tion, during which time it was not feasible to capture longitu-
dinal data through serial blood sampling. Large collaborative
efforts are required to overcome the issue of small sample
sizes in which regard we hope that others may adopt our
readily transferrable experimental analytical SOPs, and benefit
from our uploading of data to an open-access portal www.
immunophenotype.org.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD3 FITC (Clone UCHT1) BD Cat#: 555332; RRID: AB_395739
CD3 APC-Cy7 (Clone OKT3) Biolegend Cat#: 317342; RRID: AB_2563410
CD3 BUV395 (Clone UCHT1) BD Cat#: 563546; RRID: AB_2744387
CD4 BV711 (Clone SK3) BD Cat#: 563028; RRID: AB_2737961
CD4 PE-Cy7 (Clone SK3) BD Cat#: 557852; RRID: AB_396897
CD4 BV510 (Clone SK3) BD Cat#: 562970; RRID: AB_2744424
CD8 PerCp-Cy5.5 (Clone SK1) BD Cat#: 565310; RRID: AB_2687497
CD8 FITC (Clone SK1) BD Cat#: 345772; RRID: AB_2868800
CD25 APC-R700 (Clone 2A3) BD Cat#: 565106; RRID: AB_2744339
CD25 PE (Clone 2A3) BD Cat#: 341011; RRID: AB_2783790
CD25 PE (Clone M-A251) BD Cat#: 555432; RRID: AB_395826
CD127 BV786 (Clone HIL-7R-M21) BD Cat#: 563324; RRID: AB_2738138
CD103 BV711 (Clone BER-ACT08) BD Cat#: 563162; RRID: AB_2738039
CD103 BV421 (Clone Ber-ACT8) BD Cat#: 563882; RRID: AB_2738464
CD27 BV786 (Clone L128) BD Cat#: 563327; RRID: AB_2744353
CD27 BV605 (Clone L128) BD Cat#: 562655, RRID: AB_2744351
CD45 PerCP (Clone HI30) Biolegend Cat#: 304026; RRID: AB_893337
CD45 AF700 (Clone HI30) BD Cat#: 560566; RRID: AB_1645452
CD45RA BV786 (Clone HI100) BD Cat#: 563870; RRID: AB_2738459
CD45RA PE-Cy7 (Clone HI100) BD Cat#: 560675; RRID: AB_1727498
CD19 BV711 (Clone SJ25C1) BD Cat#: 563036; RRID: AB_2737968
CD19 PE (Clone HIB19) Biolegend Cat#: 302208; RRID: AB_314238
CD19 BUV737 (Clone SJ25C1) BD Cat#: 612756; RRID: AB_2870087
CD14 AF488 (Clone HCD14) Biolegend Cat#: 325610; RRID: AB_830683
CD14 BV711 (Clone M¢P9) BD Cat#: 563372; RRID: AB_2744290
CD15 BV605 (Clone W6D3) Biolegend Cat#: 323032; RRID: AB_2562132
CD56 APC (Clone HCD56) Biolegend Cat#: 318310; RRID: AB_604106
CD56 PE-CF594 (Clone NCAM16.2) BD Cat#: 564849; RRID: AB_2738983
CD16 PE-Cy7 (Clone 3G8) Biolegend Cat#: 302016; RRID: AB_314216
CD16 PerCp-Cy5.5 (Clone 3G8) BD Cat#: 560717; RRID: AB_1727434
NKG2D APC (Clone 1D11) BD Cat#: 558071; RRID: AB_398654
CCR4 AF647 (Clone 1G1) BD Cat#: 557863; RRID: AB_396906
CCR6 BB515 (Clone 11A9) BD Cat#: 564479; RRID: AB_2738825
CCR6 BV421 (Clone 11A9) BD Cat#: 562515; RRID: AB_11154229
CCRY7 PE-CF594 (Clone 150503) BD Cat#: 562381; RRID: AB_11153301
HLA-DR BV510 (Clone G46-6) BD Cat#: 563083; RRID: AB_2737994
HLA-DR PerCp-Cy5.5 (Clone L243) BD Cat#: 339216; RRID: AB_2868719
CXCR3 BB700 (Clone CXCR3-173) BD Cat#: 742274; RRID: AB_2871450
CXCR3 PE-Cy5 (Clone 1C6) BD Cat#: 551128; RRID: AB_394061
CD38 PE (Clone HIT-2) BD Cat#: 555460; RRID: AB_395853
CD38 BUV737 (Clone HB7) BD Cat#: 612824; RRID: AB_2870148
TCR PAN vy PE-Cy7 (Clone IMMU510) Beckman Coulter Cat#: B10247

V31 FITC (Clone REA173) Miltenyi Cat#: 130-118-362; RRID: AB_2751495
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

V32 PE (Clone B6) BD Cati#: 555739; RRID: AB_396082
PD-1 BV421 (Clone EH12.1) BD Cati#: 562516; RRID: AB_11153482
IgD BUV737 (Clone 1A6-2) BD Cati#: 612798; RRID: AB_2870125
IgM BB515 (Clone G20-127) BD Cati#: 564622; RRID: AB_2738869
IgG APC (Clone G18-145) BD Cat#: 550931; RRID: AB_398478
CD43 BV421 (Clone 1610) BD Cat#: 562916; RRID: AB_2737890
CD24 BUV395 (Clone ML5) BD Cat#: 563818; RRID: AB_2632389
CD5 PE-Cy7 (Clone L17F12) BD Cat#: 348810; RRID: AB_2848145
FOXP3 AF647 (Clone 259D) Biolegend Cati#: 320214; RRID: AB_492984
Ki67 AF700 (Clone B56) BD Cat#: 561277; RRID: AB_10611571
LAG-3 BV510 (Clone TA7-530) BD Cat#: 744985; RRID: AB_2742625
TIM3 PE-CF594 (Clone 7D3) BD Cat#: 565560; RRID: AB_2744371
2B4 APC (Clone 2-69) BD Cat#: 562350; RRID: AB_11153502
CD64 BV421 (Clone 10.1) Biolegend Cat#: 305020; RRID: AB_2561828
CD62L BV785 (Clone DREG-56) Biolegend Cat#: 304830; RRID: AB_2629555
CD10 BV711 (Clone HI10a) Biolegend Cat#: 312226; RRID: AB_2565876
Goat-anti-human IgM-HRP Sigma Cat#: A6097; RRID: AB_258318
Goat-anti-human-Fc-AP Jackson Cat#: 109-055-098; RRID: AB_2337608

Biological Samples

Peripheral Blood samples from Cancer
COVID-19+/- patients

Peripheral Blood samples from COVID-19+

Peripheral Blood samples from healthy
volunteers

Guy’s and St Thomas’ Trust Hospitals.
King’s College Hospital.
Princess Royal University Hospital

Guy’s and St Thomas’ Trust Hospitals
Guy’s and St Thomas’ Trust Hospitals

IRAS ID: 282337 REC ID: 20/HRA/2031

Laing et al., 2020
Laing et al., 2020

Chemicals, Peptides, and Recombinant Proteins

N protein SARS-CoV-2 (residues 48-365)
S glycoprotein ectodomain (residues 1-
1138) with GGGG substitution at the furin
cleavage site (aa 682-685), proline
substitutions at aa 986 and 987

RBD protein SARS-CoV-2 (residues
319-541)

L. James and J. Luptak at LMB, Cambridge

P. Brouwer, M. van Gils and R. Sanders at
the University of Amsterdam

F. Krammer at Mount Sinai University

Seow et al., 2020
Brouwer et al., 2020

Amanat et al., 2020

Critical Commercial Assays

LegendPlex Human Anti-Virus Response Biolegend Cat#: 740390; RRID: AB_2740120
panel (13-plex)

LegendPlex Human Th Panel (13-plex) Biolegend Cat#: 740721; RRID: AB_10697752
Deposited Data

RAW dataset: Flowcytometry, serology and This paper https://www.immunophenotype.org
cytokine (megatable)

Code depository — Statistical analysis This paper https://github.com/irshadgroup/SOAP

Software and Algorithms

R 4.0.0
AER 1.2.9

betareg 3.1.3

emmeans 1.4.8

R Core Team
Kleiber C, Zeileis A (2008), ISBN 978-0-387-
77316-2

Bettina Gruen, loannis Kosmidis, Achim
Zeileis (2012), http://www.jstatsoft.org/
v48/i11/

Lenth R (2020)

https://www.R-project.org/
https://CRAN.R-project.org/package=AER

https://CRAN.R-project.org/
package=betareg

https://CRAN.R-project.org/
package=emmeans

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
sandwich 2.5.1 Zeileis A (2006), https://doi.org/10.18637/ https://CRAN.R-project.org/
jss.v016.i09 package=sandwich
qvalue 2.21.0 Storey JD, Bass AJ, Dabney A, Robinson http://github.com/jdstorey/qvalue
D (2020)
ppcor 1.1 Seongho Kim (2015) https://CRAN.R-project.org/
package=ppcor
SaddlePoint-Signature version 2.9.3. SaddlePoint Science https://www.saddlepointscience.com/
products.html
FACSDIVA v.8 BD Bioscience RRID:SCR_001456
LegendPlex™ Data Analysis V8 for PC Biolegend https://www.biolegend.com/en-gb/
legendplex
FlowJo v 10.6.2 BD Bioscience RRID:SCR_008520
Prism v8.4.3 Graphpad Software RRID:SCR_002798

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sheeba
Irshad (sheeba.irshad@kcl.ac.uk).

Material Availability
This study did not generate new unique reagents.

Data and Code Availability
The complete dataset generated in this study, including the serology, cytokine and flow cytometry analysis of cell counts and fre-
quency data has been collated into a megatable and will be available on https://www.immunophenotype.org.

Scripts used for data analysis will be available via https://github.com/irshadgroup/SOAP.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study Design and Recruitment

Patients with a known diagnosis of cancer presenting at Guy’s and St Thomas’ Trust Hospitals, King’s College Hospital or Prin-
cess Royal University Hospital with a confirmed positive SARS-CoV-2 rRT-PCR test were screened and approached for informed
consent into the SOAP study (IRAS ID: 282337 REC ID: 20/HRA/2031). Peripheral blood was collected from all subjects. Where
possible, temporal blood sampling over the course of the patient’s symptoms were taken, spaced out at least 2-4 days apart.
Cancer patients with no recent symptoms consistent with COVID-19 and a confirmed negative SARS-CoV-2 rRT-PCR test
were recruited as a control cohort for similar serial peripheral blood immunophenotyping. The control cancer patients were ap-
proached according to four matching criteria (age, tumour type, tumour stage and last treatment modality). Associated clinical
data were abstracted from hospital specific software systems and medical notes into standardized case report forms (Russell
et al., 2020b). Clinical laboratory data at the time of worst symptoms or disease severity were extracted for analysis. The World
Health Organisation (WHO) clinical progression scale was employed to provide a measure of illness severity across a range from
0 (not infected) to 10 (deceased) with data elements that were rapidly obtainable from clinical records (Figure 1A) (Marshall et al.,
2020). All data was handled in accordance with the Data Protection Act 2018 and General Data Protection Guidance (2018). All
participants provided informed consent in accordance with protocols approved by the regional ethical research boards and the
Declaration of Helsinki.

METHOD DETAILS

The SOAP and Covid-ImmunoPhenotyping (COVID-IP) studies were done together simultaneously, using a single pipeline over the
duration of the study (Laing et al., 2020).. Samples for both studies were collected daily, processed and analysed using the same
materials, standard-operating-protocols and personnel.

Sample Processing and Staining
Fresh whole blood samples were collected in either heparin (BD Biosciences, Franklin Lakes, NJ, and USA) or serum separating
tubes as indicated for specific experiments. Sample processing was performed under Biosafety Level 3 containment conditions
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and prior to removal from the facility, flow samples were fixed for 10 min with either Cellfix (BD) or FoxP3 Fix/Perm kit (eBioscience).
Details of staining mix antibodies and concentrations for panels 1-8 can be found in Table S5.

Whole blood staining: 501 of whole blood from heparinised tubes was stained in 50ul of antibody staining mix (panels 6-8; Table
S5). Cell surface staining was performed in BD PharmingenTM Stain Buffer (BSA) and BD HorizonTM Brilliant Stain Buffer Plus for
20min at RT, washed in DPBS and fixed for 10 min with Cellfix (BD). This was followed by two rounds of red blood cell lysis using
eBioscience RBC Lysis Buffer (Multi-species) 10X diluted in deionized water (RT, 15min) then resuspended in 200ml staining buffer
for flow cytometry.

PBMC staining: Remaining whole blood was diluted with PBS 1:1 and processed to extract the PBMC fraction using Ficoll
gradient. The PBMC fraction was then washed three times in cold PBS and used for flow cytometry. PBMCs were stained with
BD Horizon™ Fixable Viability Stain 780 (live/dead mix). Cell surface staining was performed using BD Pharmingen™ Stain Buffer
(BSA) and BD Horizon™ Brilliant Stain Buffer Plus (RT, 30min). For intracellular staining, cells were permeabilised using Invitrogen
Permeabilization Buffer 10X (4°C, 30 min). PBMC samples were stained in 100ml staining mix (Panels 1-5), washed in staining buffer
prior to an hour fixation in the dark, and followed by another wash and resuspension in 200ull staining buffer for acquisition for panels
1-4. As for panel 5, after fixation PBMCs were resuspended in permeabilization buffer containing intracellular staining antibodies,
then washed with DPBS and resuspended in DPBS containing Hoechst 33342 (Thermofisher Scientific) (RT, 15min) before a final
wash and resuspension in 200ml DPBS for acquisition.

Cytokine profiling: Aliquots of whole blood from heparin tubes were centrifuged at 2000 x g for 10 min and plasma stored at -80°C.
Cytokine levels in from thawed plasma were analysed using LegendPlex assay panels, Human Anti-Virus Response panel (740390,
Biolegend) and Human Th Panel (740721, Biolegend) with some modifications to the manufacturer’s instructions. The panel included:
IL-1B, IL-6, IL-8, IL-10, IL-12p70, IFN-a2, IFN-B, IFN-A1, IFN-A2/3, IFN-v, TNF-a, IP-10, GM-CSF, IL-15, IL-13, IL-2, IL-9, IL-17A, IL-
17F, IL-4,1L-21, IL-22. Plasma and all reagents were diluted 2-fold in assay buffer, with 25,1 of each reagent used in the assay in a 96-
well V-bottom plate. Samples and standards were first incubated with mixed beads for 90 min, followed by two washes, a 45 min
incubation with detection antibodies with Streptavidin-PE added on thereafter for 20 min, before a final wash and resuspension in
200ul wash buffer for acquisition (BD LSR Fortessa X20). Incubation steps were at RT, in the dark on orbital shaker set at
600rpm. LegendPlex data analysis software Version 8 for windows was used for data analysis.

Serology Analysis by ELISA: Three SARS-CoV-2 proteins were used for serology analysis; (1) Nucleocapsid (N) protein, obtained
from Leo James and Jakub Luptak at LMB, Cambridge; (2) Spike (S) protein, plasmid obtained from from Philip Brouwer, Marit van
Gils and Rogier Sanders at The University of Amsterdam (Brouwer et al., 2020); and (3) Receptor binding domain (RBD), plasmid ob-
tained from Florian Krammer at Mount Sinai University (Amanat et al., 2020). The N protein is a truncated construct comprising res-
idues 48-365 with a uncleavable hexahistidine tag N terminal. It was expressed in E. Coli using autoinducing media for 7h at 37°C and
purified using immobilised metal affinity chromatography (IMAC), size exclusion chromatography and heparin chromatography
(Seow et al., 2020). The S protein comprised of residues 1-1138 of the prefusion S ectodomain with a GGGG substitution at amino
acids (aa) positions 682-685 in the furin cleavage site, a proline substitutions at aa 986 and 987 and a T4 trimerisation at the N terminal
domain followed by a Strep-tag Il. Protein expression was achieved in HEK-293F cells (Invitrogen) (1.5 million cells/mL) and trans-
fected with 325 pg of DNA at a 1:3 ratio using PEI-Max (1 mg/mL, Polysciences). Supernatant was purified using StrepTactinXT
Superflow high capacity 50% suspension according to the manufacturer’s protocol by gravity flow (IBA Life Sciences) after
7 days of harvesting. The RBD proteins consists of residues 319-541 with a fusion at the start of the sequence of the S protein natural
N-terminal signal peptide and joined to C-terminal hexahistidine tag. Protein expression again was achieved in HEK-293F cells at a
density of 1.5 million cells/mL transfected with 1000 ng of DNA using PEI-Max at a ratio of 1:3 with supernatant purified using Ni-NTA
agarose beads after 7 days of harvesting. An in-house ELISA was used to detect antibodies in heat-inactivated plasma samples
(56°C for 30 mins). High-binding ELISA plates (Corning, 3690) were coated with 3 ng/mL of antigens (N, S or RBD) in PBS (overnight
at 4°C or 2 hr at 37°C), then washed with PBS-T and blocked with 5% milk in PBS-T (RT, 60 min). Plasma was diluted in milk at 1:25
respectively then added onto the plate and incubated at RT for 2h, followed by a wash, next adding the secondary antibody at 1:1000
(RT, 60 min), then a final wash before adding the substrate. Substrates used were either AP substrate (Sigma) read at 405 nm (AP), or
1-step TMB substrate (Thermo Scientific) read at 450 nm (HRP). IgG was detected using Goat-anti-human-Fc-AP (Jackson: 109-055-
098 -JIR) and IgM was detected using Goat-anti-human-IgM-HRP (Sigma: A6907). Control reagents were CR3009 (2 png/mL),
CR3022 (0.2 ug/mL), negative control plasma (1:25), positive control plasma (1:50) and blank wells. Data were normalized using a
min/max normalization to compare samples across batches. Values >0.15 were considered positive, which is 4 fold of background
based on results from 300 patient samples pre-COVID-19 (Pickering et al., 2020) (Table S4).

Data Acquisition and Processing
PBMCs stained with panels 1-4 were analysed using a five laser BD LSRFortessa, whilst whole

bloods stained with panels 6-8 were analysed on a 4 laser BD LSRFortessa. For both, 100ul of sample was acquired using a BD
High Throughput Sampler (HTS). Panel 5 PBMCs were acquired on a 4 laser BD LSRFortessa in FACS tubes, run on low for 10 mins,
with samples diluted to achieve an event rate of no more than approximately 200 events/s. FCS files were analysed using FlowJo
(10.6.2, Treestar), exporting counts of all gates and calculating frequencies of interest in R. Flow gating strategy for panels 1-8 is
illustrated in Figure S8 and key cell definitions are in Table S6. Absolute cell counts were back calculated using the cell/ml of blood
of the major lineages from whole blood count panel (panel 6), where the equivalent of 25l of whole blood was analysed per sample.
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For panels 1-4, 6-7 we required at least 30 events in a parental population to investigate its subpopulations/calculate median fluo-
rescent intensities on FlowJo. Thus all cell subsets derived from a parent gate with below 30 events were scored as NA.

Patient Grouping

Patients in this study were divided into groups using four criteria’s: (1) Presence of a malignancy (cancer or non-cancer); (2) Type of
cancer (solid or haem); (3) COVID-19 infection (positive or negative); and (4) COVID-19 status (active infection or recovered). Based on
this criteria, we have nine separate cohorts that were used for the analysis in this study: (1) Solid cancer COVID-19" active n=11; (2)
Haem cancer COVID-19* active n=13; (3) Non-cancer COVID-19" active n=52; (4) Solid cancer COVID-19* recovered n=12; (5) Haem
cancer COVID-19* recovered n=5; (6) Non-cancer COVID-19* recovered n=22. (7); Solid cancer non-COVID-19 n=27; (8) Haem can-
cer non-COVID-19 n=8; (9) Healthy (non-cancer / non-COVID-19) n=46.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis details are reported in the figure legends and statistical significance are reported in the figures, highlighted in red.

Clinical Data Correlation and Multivariate Regression Analysis

We used the automated Saddle Point Signature pipeline (version 2.9.3) to compute pairwise Pearson correlations between clinical
covariates and COVID-19 severity (shown in a heatmap), and to identify the optimal covariates for multivariate outcome prediction,
using repeated nested iterations of a Bayesian proportional hazards model with adaptive parameter priors, backward covariate
reduction (using a probabilistic criterion), bootstrapping and cross-validations. The pipeline generates the optimal covariate set
together with the relevant associations and risk scores, and estimators of outcome prediction performance of the optimal model
on training and test data.

High Dimensional Data Analysis of Flow Cytometry Data

All statistical analysis was performed using R version 4.0.0. The effects of cancer and COVID-19 on each measured immune
parameter were analysed by multiple regression with sex, age, cancer status (cancer or non-cancer), COVID-19 status
(COVID-19* or COVID-197) and the interaction of cancer status and covid status as predictors. Immune parameters that
were available for less than three patients in at least one cohort were excluded from the analysis. A linear regression model
was fit to log-transformed blood counts, a tobit regression model (tobit function in the AER package, version 1.2.9) was fit
to log-transformed cytokine concentrations to account for left-censoring at the limit of detection (Uh et al., 2008), and a
beta regression model (betareg function in the betareg package, version 3.1.3) was fit to the proportion data from serology
and frequency measurements.

All tests were performed on a log scale. Log fold changes were obtained as contrasts of estimated marginal means (emmeans
package, version 1.4.8), controlled for sex and age, at the levels of covid-19 status and cancer status corresponding to the cohorts
of interest (Cancer COVID-19 vs Cancer and Cancer COVID-19 vs COVID-19) and tested for statistical significance by t test (blood
counts and cytokines) or Wald test (frequencies and serology) using robust standard errors (HC1 estimator, sandwich package,
version 2.5.1) to account for heteroscedasticity between cohorts. The estimated marginal means on the log scale were obtained
either directly from the model coefficients (for models fit to log-transformed data) or by log-transformation of the estimated mar-
ginal means on the measurement scale (for models fit to untransformed data). Fold changes were obtained by back-
transformation.

The interaction between cancer and COVID-19 was calculated, on a log scale, as

(lOQﬁCancer covip — |09ﬁHea/my> - KlOQﬁCancer - |°9l7Hea/thy) + (lOQﬁcowD - IoQﬁHea/thy>:|

where Lconort is the estimated marginal mean for Cohort on the measurement scale. After back-transformation, this quantity corre-
sponds to the ratio between the observed fold change in Cancer COVID-19 vs Healthy and the fold change that would be observed in
Cancer COVID-19 vs Healthy if the effect of cancer and the effect of COVID-19 were purely multiplicative.

The analysis was performed separately for solid cancer patients with active COVID-19, solid cancer patients recovered from
COVID-19, haem cancer patients with active COVID-19 and haem cancer patients recovered from COVID-19. When more than
one sample was available for each patient, the earliest sample with the lowest number of missing measurements was used. All p
values obtained were adjusted using Storey’s method (qvalue package, version 2.21.0) to control the false discovery rate (FDR)
across all measured variables within each comparison. FDR-adjusted p values <0.05 were deemed significant.

Longitudinal Blood Parameters

The longitudinal plots were constructed by assigning each patient’s measurements to time bins and replacing, for each patient, all the
measurements in a bin with their median. Measurements at onset were tested with the Wilcoxon rank sum test, while all (paired) fold
changes (peak abnormality vs pre-infection, recovery vs pre-infection and 20-29 days vs 0-3 days) were tested with the Wilcoxon
signed rank test.
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Correlations with Severity

Kendall’s T for the semi-partial correlations of immune parameters with severity, with each immune parameter adjusted for age and
sex, were calculated as described in spcor function of the ppcor package, version 1.1 (Kim, 2015). Lines on the correlation plots are
constrained splines (monotonic increasing if p>0, monotonic decreasing if p < 0).

Principal Component Analysis

Principal component analysis (prcomp function in base R) was performed separately for active and recovered patients on a log trans-
formed, scaled and centered matrix of all measurements except serology. A subset of samples and measurements with no missing
cases was selected in three steps: first, samples with more than a threshold number of missing measurements were discarded; for
the remaining samples, measurements that were missing more than a threshold number of samples were discarded; finally, all re-
maining samples with missing cases were discarded. The thresholds were chosen to maximise the product of number of samples
and number of measurements.
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