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Abstract

Background
Coronavirus disease 2019 (COVID-19), originally reported in Wuhan, China in December 2019 rapidly
spread throughout the world resulting in a global pandemic from March 2020. Caused by infection with
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the clinical spectrum ranges from
asymptomatic to severe and fatal disease. Most patients experience uncomplicated disease, with a wide
range of clinical presentations including, headache, fever, cough, dyspnea, sore throat, fatigue, asnomia,
myalgia, abdominal pain, diarrhea and nausea. It is well documented that immune responses to SARS-
CoV-2 contribute to both immune protection and pathogenesis. Although much useful research has
focussed on immune responses predisposing to severe COVID-19, much less is known on whether
diverse uncomplicated disease presentations influence the quality and/or magnitude of the immune
response to the virus.

Methods
To address this knowledge gap, we pursued a systems immunology approach integrating high
dimensional mass cytometry and cytokine responses after SARS-CoV-2 re-stimulation of peripheral
blood mononuclear cells (PBMC) from a retrospective study conducted in Australia in 2020.

Results
Cell populations identified by mass cytometry significantly expanding in response to spike-protein in vitro
stimulation segregated the cohort in patients having ≥ 4 or ≤ 3 symptoms. Cell populations featured by
patients with no more than 3 symptoms included CCR7+ TH2 cells, TH2-polarised TFH cells, along with

IgM+ classical memory B cells and CXCR3low, CD10low classical monocytes. Notably, these responses
persisted for 6 months post-exposure, in the absence of new infections.

Conclusions
Together, our results suggest that in previously COVID-19 naïve individuals, mild COVID-19 presentations
might support the development of long-lasting immunity to SARS-CoV-2, able to contribute to protection
during re-infection.

Background
Coronavirus disease 2019 (COVID-19) was originally reported in Wuhan, China in December 2019 with
subsequent, rapid spread resulting in the declaration of a global pandemic on 12 March 2020. Caused by
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infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the clinical spectrum
ranges from asymptomatic to severe and fatal disease; however, most patients experience
uncomplicated disease [1]. While COVID-19 predominantly presents as a respiratory illness, more
systemic clinical presentations are also observed. Symptoms include headache, fever, cough, dyspnea,
sore throat, fatigue, anosmia, myalgia, abdominal pain, diarrhea and nausea. Long COVID (LC) describes
the phenomenon of symptom persistence for > 12 weeks after the initial infection [2].

Immune responses induced to SARS-CoV-2 during acute infection contribute to both immune protection
and pathogenesis [3, 4]. Following uncomplicated mild disease, IgG, IgA and neutralizing antibody
responses can be detected [5, 6] as well as CD4+ and CD8+ T cells specific for several essential SARS-
CoV-2 structural proteins including the spike glycoprotein [6], which is essential for attachment to the
entry receptor angiotensin-converting enzyme 2 (ACE2) on the surface of host cells [7]. These immune
responses may play a role in protection from re-infection. Inflammation and dysregulation of innate and
adaptive immune responses during the acute phase of infection, however, can contribute to tissue
destruction and pathogenesis and the development of severe disease [8]. Interestingly, cross-reactive
SARS-CoV-2 CD4+ T cell memory responses have been detected in non-exposed, healthy individuals,
although it is unclear whether this immunity can modify clinical outcomes during subsequent COVID-19
infections.

Numerous studies have investigated the immune response during and after SARS-CoV-2 infection to
better understand the immune mechanisms underlying the variable clinical presentations between
patients (e.g. [8–10] and the long-term impact of the infection on the immune system [11]). This
information may assist in the rational design of novel preventives and therapeutic interventions.
Although much useful research has focussed on immune responses during severe COVID-19, much less
is known on whether diverse uncomplicated disease presentations influence the quality and/or
magnitude of the immune response to SARS-CoV-2. In this study, we employed high dimensional mass
cytometry to characterise spike protein-specific cellular immune responses during the convalescence
phase of mild COVID-19, the longevity of these responses and their associations with diverse clinical
presentations during acute infection. Our main results revealed that patients experiencing no more than
three disease symptoms preferentially featured populations of classical monocytes, IgM+ memory B
cells (MBCs) and a TH2 polarised response against the virus compared that persisted for 6 months after
exposure, suggesting that mild infection might predispose the development of more long-lasting
immunity able to contribute to protection during re-infection.

Methods
Study design. Twenty-nine convalescent COVID-19 subjects were recruited for this study at Gold Coast
University Hospital between April and August 2020 [12]. Disease severity at the time of initial
presentation was categorised according to “Clinical management of COVID-19: interim guidance, 27 May
2020” [13]. Twenty-two patients were categorised as having uncomplicated COVID-19 and were selected
for this study. Venous blood was collected from consenting participants at enrolment (3–6 weeks after
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recovery) into BD Vacutainer CPT tubes (BD Biosciences, Franklin Lakes, NJ, USA). Within four hours of
blood collection, peripheral blood mononuclear cells (PBMCs) were isolated using BD Vacutainer® CPT™
Mononuclear Cell Preparation Tubes according to manufacturer’s instructions and cryopreserved until
analysis. An additional venous sample was also collected from eight participants at approximately 6
months after recovery. Healthy donor PBMCs (n = 9), collected pre-COVID-19, were also isolated from
buffy packs obtained from the Australian Red Cross LifeBlood. All blood samples were collected prior to
the availability of SARS-CoV-2 vaccines. This study was approved by the Human Research Ethics
Committees of the Gold Coast University Hospital (HREC/20/QGC/63284), Griffith University
(HREC/GU/2018/936), the Walter and Eliza Hall Institute of Medical Research (HRECG20/21) and
Monash University (HREC36410). Written informed consent was obtained from all study participants
prior to their inclusion in the study. All the experiments conformed to the principles set out in the WMA
Declaration of Helsinki and the Department of Health and Human Services Belmont Report.

In vitro restimulation of PBMCs. Cryopreserved PBMCs were thawed in complete medium (RPMI 1640
with 25mM HEPES, 10% heat-inactivated foetal bovine serum [HI-FBS; Sigma], 100 U/mL penicillin, 100
µg/mL streptomycin and 2mM L-glutamine), counted and then seeded into U-bottom 96-well plates
(5x105 cells/well). PBMCs were then stimulated with 5µg/mL of recombinant SARS-CoV-2 spike protein
or media alone for 20 hours at 37°C with 5% CO2.

Cytometry by time of flight (CyTOF). After stimulation, cells were incubated for 10 min on ice with PBS
containing 10mM glucose and 3mM ethylenediaminetetraacetic acid (EDTA) to detach adherent cells.
Unstimulated and spike-stimulated PBMCs (2x106) were then stained with 5mM Cell-ID Cisplatin
(Fluidigm) in PBS for 5 minutes at room temperature. Cells were then blocked with Human TruStain FcX
(Biolegend) and stained with a cocktail of surface marker antibodies (Table S1) in CyTOF staining buffer
(PBS with 0.5% bovine serum albumin [BSA; Sigma] and 0.02% sodium azide [Sigma]) for 30 minutes at
room temperature. After staining, cells were washed twice with CyTOF staining buffer and stored in
Maxpar fix and perm buffer (Fluidigm) with 125nM Cell-ID iridium intercalator (Fluidigm) for a minimum
of 18 hours at 4°C. Prior to data acquisition, cells were washed twice by centrifugation in ultrapure water
and then resuspended in a 1/10 dilution of 4-Element EQ normalization beads (Fluidigm) in ultrapure
water. Cells were analysed on a Helios model mass cytometer (Fluidigm) at ~ 300 events/second. Data
were normalized using the signal from 4-Element EQ Beads (Fluidigm) as previously described [14].
Manual gating was then performed using FlowJo version 10 (BD Biosciences) to exclude doublets and
dead cells, before individual cell populations were selected and exported for further analysis in Cytobank
[15]. Individual cell populations were then visualized using viSNE [16], while FlowSOM [17] was used to
identify cell sub-populations. The following parameters (Table S2) were included in the viSNE (vi-
Stochastic Neighbor Embedding) analysis for MBCs: Immunoglobulin (Ig)D, IgM, IgA, CXC chemokine
receptor (CXCR)5, CXCR3, CC chemokine receptor (CCR)6, CCR7, CD45RA, CD21 and CD27. For memory
CD8+ T cells as well as TH1-, TH2- and TH17-like memory CD4+ T cells the following parameters were
included: CXCR5, CCR7, PD-1, ICOS, CD25, CD27 and CD127. For memory TFH cells the following

parameters were included: CXCR3, CCR6, ICOS, PD-1, CD27, CD25 and CD127. For monocytes subsets,
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the following parameters were included: CD16, CXCR3, CD4, CD8, CD10, CD27, CD45RA, CD56 and
CD127. Self-organizing maps (SOMs) were then generated for each cell population using equal event
sampling and hierarchical consensus clustering on the t-Distributed Stochastic Neighbor Embedding
(tSNE) axes. CITRUS was used to identify differentially abundant cell populations using the same
parameters as the viSNE analysis. For each pairwise CITRUS analysis [18], equal event sampling was
used and the Significance Analysis of Microarrays (SAM) model with a 5% False Discovery Rate (FDR)
was applied.

Cytometric Bead Arrays. After stimulation, cell culture supernatants were collected, clarified by
centrifugation and then stored at -80°C until assayed. Interferon- γ (IFN-γ), tumour necrosis factor (TNF),
interleukin (IL)-10, IL-6, IL-4, IL-2 and IL-17A levels were then measured in culture supernatants using a
Human Th1/Th2/Th17 CBA Kit (BD Biosciences) according to manufacturer’s instructions and an LSR
Fortessa FACS Diva flow cytometer. Data were analysed using FCAP Array software version 3.0.1 (BD
Biosciences).

Flow Cytometry. Cryopreserved PBMCs (1-2x106) were thawed in complete medium, washed twice with
PBS and stained with a 1/1000 dilution of Fixable viability dye eFluor 506 (eBioscience) in PBS for 25
minutes on ice. Cells were then washed twice with FACS buffer (PBS with 1% HI-FBS and 2mM
ethylenediaminetetraacetic acid [EDTA; Sigma]), blocked with Human TruStain FcX (Biolegend) and
stained with a cocktail of surface marker antibodies (Table S3) and PE-conjugated SARS-CoV-2 spike
protein for 45 minutes on ice as previously described [19]. Cells were then washed twice, fixed with 2%
paraformaldehyde (Sigma) and analysed on a BD Fortessa X-20. Data analysis was performed using
FlowJo version 10 (BD).

Statistical analysis. Characteristics and endpoints of clinical groups were compared using unpaired t-
test or ANOVA with Tukey’s multiple comparisons for continuous data that were normally distributed,
while the Mann-Whitney test with correction for multiple comparisons was used for data that did not
follow normal distribution. Correlations were calculated using the Spearman’s rank correlation
coefficient and visualised under a force directed organic layout using Cytoscape v3.10.0. Unsupervised
clustering and principal component analysis of cellular responses was performed in ClustVis using the
average clustering method (https://biit.cs.ut.ee/clustvis/). Statistical analyses were performed in
GraphPad prism v9.0.

Results

Cohort characteristics
The study recruited individuals with a confirmed COVID-19 positive diagnosis between April-August
2020. Consenting participants donated a venous blood sample at convalescence (3–6 weeks after
recovery). Twenty-two participants with uncomplicated disease were selected for this study. Their
demographic and clinical characteristics are summarised in Table 1. The cohort was comprised of equal
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numbers of males and females with a median age of 59 years (range 21–81 years). Cough (86.36%) and
fever (63.63%) were the most prevalent symptoms at presentation. Other prevalent symptoms included
rhinorrhea (50%), sore throat (40.9%), headache (40.9%), fatigue (36.36%), malaise (31.82%), anosmia
(27.27%) and ageusia (22.72%). Antibody responses to SARS-CoV-2 have previously been previously
reported in this cohort [12].

Table 1
Demographic characteristics and symptoms of participants with

COVID-19
Demographics

Total, n 22

Age, years, median (range) 59 (21–81)

Male, n 11

Female, n 11

Date of symptom onset, range 14 March 2020-10 April 2020

Symptoms (n; %)

Fever 14; 63.63

Shortness of breath* 2; 9.52

Cough 19; 86.36

Sore throat 9; 40.90

Rhinorrhea 11; 50

Nasal congestion 4; 18.18

Ageusia 5; 22.72

Anosmia 6; 27.27

Headache 9; 40.90

Diarrhea 4, 18.18

Nausea/vomiting 1; 4.54

Fatigue 8; 36.36

Malaise 7; 31.81

* data missing for one participant
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High-dimensional mass cytometry identifies lymphocyte sub-
populations expanding in response to SARS-CoV-2 in convalescent
COVID-19 cases
To identify lymphocyte sub-populations associated with different COVID-19 presentations, PBMCs of
study participants collected at convalescence (~ 3 weeks after confirmed diagnosis) were stimulated in
vitro with SARS-CoV-2 recombinant spike protein as described in Methods. PBMCs were then stained
with a panel of metal-labelled antibodies against a range of B cell, CD4+ T cell, CD8+ T cell, Natural Killer
(NK) cell and monocyte markers (Table S1) and analysed by cytometry by time of flight (CyTOF). Cells
from unexposed individuals (collected before December 2019) were used as controls.

Within the circulating memory CD4+ T cell compartment, surface expression of the chemokine receptors

CCR6 and CXCR3 allows the identification of T helper (TH)1-like (CCR6−CXCR3+), TH2-like (CCR6−CXCR3−)

and TH17-like (CCR6+CXCR3−) cells, while circulating memory T follicular helper (TFH) cells can be

identified by expression of CXCR5 (Additional file 1: Fig. S1). To explore the composition of these
memory CD4+ T cell populations, tSNE analysis and FlowSOM clustering were performed, and marker
expression was assessed in each cell population in unexposed or COVID-19 convalescent individuals
after in vitro stimulation with recombinant spike protein (Fig. 1). This approach allowed for the
identification of five-six distinct sub-populations of TH1 memory CD4+T cells (Fig. 1A), TH2 memory CD4+

T cells (Fig. 1B), TH17 memory CD4+ T cells (Fig. 1C) and memory TFH cells (Fig. 1D) expressing variable
levels of chemokine receptors and surface markers including CCR7, ICOS, PD-1, CD25, CD27 and CD127.
A similar approach was used to explore the composition of the memory CD8+ T cell pool, with six distinct
sub-populations identified (Fig. 1E).

Within the innate cell compartment, FlowSOM clustering of gated CD14+ monocytes (Additional file 1:

Fig. S1) revealed two classical (CD14+CD16−), one intermediate (CD14+CD16low) and three non-classical
(CD14+CD16high) monocyte sub-populations (Fig. 1. F) in the blood of convalescent COVID-19 patients.

Memory B cells (MBCs) did not change in frequency after SARS-CoV-2 spike stimulation, thus the ex vivo
frequencies of unexposed controls and COVID-19 convalescent unstimulated cells are shown in Fig. 1G.
tSNE analysis and FlowSOM clustering of gated CD19+CD20+CD10− cells allowed the identification of 8

subsets of MBCs, including 5 clusters of classical MBCs (CD27+CD21+), one population of activated
MBCs (CD27+CD21−) and two populations of atypical MBCs (CD27−CD21−).

The frequency of each cell sub-population identified by FlowSOM clustering was determined for each
clinical group. Three weeks after infection with SARS-CoV-2, multi-dimensional scaling and unsupervised
clustering of all FlowSOM clusters prior to SARS-CoV-2 spike stimulation partially segregated unexposed
from COVID-19 convalescent individuals (Additional file 2: Fig. S2). As illustrated in Fig. 1A-G, these
differences became more apparent after recombinant SARS-Co-V-2 spike protein in vitro stimulation,
with unsupervised hierarchical clustering (Fig. 1H) and multi-dimensional scaling (Fig. 1I) of all sub-
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populations displaying a very good level of segregation between unexposed individuals and COVID-19
convalescent cases. As depicted in the heatmap (Fig. 1H), three main groups of cell populations were
identified by this analysis, with cell populations more abundant in COVID-19 cases in clusters 1 and 2,
and cell populations preferentially expressed among healthy controls in cluster 3 (Fig. 1I).

To further explore these responses, unsupervised identification of cell populations significantly
expanding (FDR < 5%) in response to SARS-CoV-2 recombinant spike protein was performed using the
CITRUS algorithm [27]. Whereas no populations were detected by this approach within the unexposed
control group, this analysis identified a population of CXCR5+ TFH cells expressing inducible T cell

costimulatory (ICOS), programmed cell death protein 1 (PD-1) and CD27, as well as a CCR7+, CD27+,
subset, consistent with a central memory phenotype, expanding within the CD4+ TH1-polarised T cell pool

(Fig. 2A). Interestingly, highly related populations of ICOS+PD-1+CXCR5+ TFH cells and CCR7+, CD27+

central memory cells were also significantly expanded in the TH2 and TH17 polarised CD4+ T cell pools

(Fig. 2B, C). When gated CXCR5+ CD4+ memory TFH cells were analysed, CITRUS revealed a different

population in this lineage, expressing CCR7 and CD27 and low PD-1, consistent with a TH2 phenotype

(CXCR3−CCR6−) significantly expanded in response to spike (Fig. 2D).

As monocytes do not possess strong proliferating capacity, this compartment was initially analysed
prior to spike stimulation. CITRUS analysis revealed a population of CXCR3+CD10+CD16− monocytes,
differentially abundant between COVID-19 convalescent and unexposed individuals (Additional file 3: Fig.
S3). This cell population did not change in frequency after in vitro culture with SARS-CoV-2 spike protein
(Fig. 2E). In contrast, spike in vitro re-stimulation resulted in significant fluctuations in cell frequencies
within other monocyte populations, with two populations of CD16+ non-classical monocytes reduced
and a cluster of CXCR3lowCD10low classical monocytes more abundant after spike stimulation compared
to unstimulated controls (Fig. 2E).

A population of IgM+ IgDlow MBCs, expressing high levels of CXCR5 and CCR6 was found to be
differentially abundant between COVID-19 convalescent and unexposed clinical groups in unstimulated
cultures (Fig. 2F). Consistent with these findings, flow cytometry analysis using a SARS-CoV-2 spike-
specific B cell probe identified IgM+ MBCs as the main population of virus-specific B cells present within
PBMCs in COVID-19 convalescent samples (Additional file 4: Fig. S4), implying that cells revealed by our
CITRUS analysis are specific for SARS-CoV-2. Thus, at convalescence, COVID-19 uncomplicated cases
feature a range of CD4+ T cells of different polarisation, along with IgM+ MBCs and a defined subset of
classical monocytes, able to recognise and respond to SARS-CoV-2 cognate antigen stimulation.

Defined cellular responses to infection associate with different
COVID-19 clinical presentations
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In the next series of experiments, cytokine responses to spike stimulation were assessed in cell culture
supernatants following in vitro culture of PBMCs from the study participants. In general, IL-2 responses
were low in both controls and COVID-19 cases but IFN-γ responses were significantly higher in this group
compared to unexposed individuals (Fig. 3A). Interestingly, similar levels of IL-10, IL-6 and TNF could be
detected among COVID-19 cases and unexposed controls, presumably reflecting innate cell populations
in the latter group secreting cytokine upon a primary encounter with viral antigen (Fig. 3A).

To reveal associations between cytokine responses and cell populations significantly expanding in
response to virus-specific restimulation in COVID-19 convalescent individuals, a model was constructed
using Spearman correlations between differentially abundant populations identified by CITRUS and
cytokine responses (Fig. 3B). Under force directed organic layout based on correlation strength, a well
organised cluster formed around IL-6, IL-10 and TNF responses that were highly correlated with each
other (Fig. 3B). Interestingly, whereas populations of TH1, TH2 and TH17-polarised CXCR5+ICOS+ cells

were highly associated with each other, a separate cluster of cell populations including TH1, TH2 and

TH17-polarised CCR7+ CD4+ memory cells, IgM+ MBCs, TH2-like TFH cells and CXCR3low CD10low classical
monocytes, was negatively associated with these cell types (Fig. 3B).

Since uncomplicated COVID-19 that does not require hospitalisation presents as a wide range of diverse
clinical symptoms, we then sought to determine whether our systems approach could reveal specific
responses to infection associated with different disease presentations. Clinical information from the
participants revealed mainly 12 defined COVID-19 symptoms present in the cohort study as shown in
Table 1. Spearman correlations between the incidence of these symptoms visualised under a force
directed organic layout allowed the identification of two clusters of symptoms, where respiratory tract
presentations, including sore throat, cough and loss of taste were correlated with each other and
symptoms consistent with a more systemic COVID-19 presentation including, fatigue, malaise, fever,
headache and nausea, were highly associated with each other (Fig. 4A). Furthermore, contingency
analysis of symptoms across study participants allowed division of the cohort in 2 groups having ≤ 3 or
≥ 4 symptoms. Whereas the first group included cases with only respiratory tract associated
presentations, the second group consisted of cases that developed a more severe disease, experiencing
both respiratory tract and systemic presentations (Fig. 4B). Interestingly, unsupervised hierarchical
clustering of cell populations significantly more abundant after spike-specific stimulation identified in
Fig. 2 at convalescence provided a good level of segregation of cases experiencing ≤ 3 or ≥ 4 COVID-19
symptoms. Two groups of responses were identified by this analysis (Fig. 4C), with TNF, IL-10 and
CXCR5+ICOShigh TH1, TH2 and TH17 cells (highly correlated to each other in Fig. 3B) more abundant in

cases with ≥ 4 symptoms, and CCR7+ICOS+ TH1, TH2, TH17 and TFH cells, along with IgM+ classical MBCs

and CXCR3low, CD10low classical monocytes (highly correlated to each other in Fig. 3B) more abundant in

COVID-19 milder presentations (Fig. 4C). Furthermore, while a population of TH1-polarised CXCR5+ICOS+

cells was significantly more elevated in individuals with ≥ 4 symptoms after correcting for multiple
comparisons, the percentage of CXCR3low CD10low classical monocytes, more abundant after spike
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stimulation at convalescence, was significantly higher in mild cases with ≤ 3, compared to those with
more complex presentations with ≥ 4 symptoms (Fig. 4D). Thus, this approach identified responses
preferentially activated in mild COVID-19 presentations, suggesting an association between defined
populations of classical monocytes and protection from systemic COVID-19 presentations in naïve
patients.

Mild COVID-19 presentations in naïve individuals favour long-lived
immune responses to SARS-CoV-2
To investigate the longevity of immune responses to SARS-CoV-2 in cases with different clinical
presentations, PBMCs from study participants collected 6 months after initial infection with the virus (n 
= 8) were stimulated with recombinant spike protein, stained with a panel of metal labelled antibodies
and analysed by CyTOF as described above. Unsupervised identification of cell populations significantly
expanding (FDR < 5%) in response to SARS-CoV-2 recombinant spike protein identified populations of
CCR7+, CD27+, CD4+ TH2-polarised T cells (Fig. 5A) but not the TH1 or TH17 polarised cells, that expanded
in response to in vitro re-stimulation 3 weeks post-infection. CITRUS analysis also revealed the
expansion of a population of CD4+ TH2-polarised memory TFH cells, expressing high levels of CCR7 and

CD27 (Fig. 5B).

By 6 months post-infection no differences were found in the cellular composition of the monocyte
compartment between COVID-19 cases and unexposed controls. Similar to the results at convalescence
though, spike protein in vitro re-stimulation at 6 months post-infection resulted in significant fluctuations
in the monocyte compartment (Fig. 5C), with a cluster of CD4+CD16+ non-classical monocytes reduced
and a cluster of CXCR3lowCD10low classical monocytes more abundant compared to unstimulated

controls. Lastly, IgM+ IgDlow MBCs, expressing high levels of CXCR5 and CCR6 were differentially
abundant between COVID-19 cases 6 months after infection and unexposed clinical groups (Fig. 5D).
Interestingly, all cellular responses to the virus found 6 months after exposure were found to be
correlated with each other during convalescence (Fig. 3B) and more abundant in cases with ≤ 3
compared to those with ≥ 4 COVID-19 symptoms (Fig. 4C, D). As observed 3 weeks post-infection, IFN-γ
responses to spike stimulation in cell culture supernatants were significantly higher in COVID-19 cases
compared to unexposed individuals after 6 months, with similar levels of IL-10, IL-6 and TNF found
among exposed and unexposed controls (Fig. 5E).

To provide a more thorough kinetic analysis of cellular responses after exposure to the virus over time,
the frequencies of FlowSOM clusters defined in Fig. 1 aligned with the phenotypes of cell populations
revealed by unsupervised CITRUS analysis in Fig. 2 were calculated. Whereas no expansion of CCR7+

CD27+ TH2 cells (Fig. 5F), CCR7+CD27+ TH2-polarised TFH cells (Fig. 5G) nor CXCR3low CD10low classical

monocytes (Fig. 5H) was observed in unexposed individuals after spike stimulation, cells from COVID-19
cases showed a response of similar magnitude 3 weeks and 6 months post-infection (Fig. 5F-H).
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Furthermore, frequencies of IgM+ MBCs upregulated immediately after exposure, persisted for 6 months
in the absence of new infections (Fig. 5I). Noteworthy, multi-dimensional scaling (Fig. 5J) and
unsupervised hierarchical clustering (Fig. 5K) of responses persisting 6 months after exposure clearly
segregated COVID-19 cases with ≤ 3 from ≥ 4 disease symptoms, even in a small cohort (n = 8) of
patients that participated in the follow up period, with all cellular responses appearing more abundant in
individuals with ≤ 3 COVID-19 symptoms. Thus, together these results are consistent with the notion that
in SARS-CoV-2 naïve individuals, mild presentations of COVID-19 (≤ 3 symptoms) are conducive to the
development of more long-lived cellular responses to infection.

Discussion
Despite extensive investigation of immune responses in severe COVID-19, the extent to which variability
within uncomplicated COVID-19 presentations is associated with the magnitude, functional quality, and
durability of SARS-CoV-2–specific immune responses remains an important and incompletely defined
gap with direct relevance to vaccine development. Here, we used high dimensional mass cytometry, flow
cytometry and cytometric bead arrays to identify immune cell populations that expanded in response to
SARS-CoV-2 spike protein in individuals recovering from uncomplicated COVID-19, and to determine how
these responses relate to clinical disease and immune durability.

IgM⁺ MBCs are an antigen-experienced yet unswitched MBC subset that retains IgM expression. They
are proposed to support rapid recall responses with broad antigen recognition, distinct from
conventional class-switched memory B cells. The pentameric structure of secreted IgM favours strong
binding to pathogens, making it highly effective at neutralizing pathogens and activating the
complement system. At convalescence, IgM+ MBCs were the dominant SARS-CoV-2-specific B cell
population and these cells persisted for at least 6 months in the absence of re-exposure. They were
more relatively abundant in individuals with ≤ 3 symptoms (i.e. those with milder disease). A robust IgM+

MBC response has previously been associated with milder, more rapidly resolving forms of COVID-19,
with reductions in this subset correlated with more severe disease (reviewed in [20]). In non-hospitalised
and mildly symptomatic individuals, preservation of unswitched IgM⁺ MBC populations during
convalescence was demonstrated, with higher frequencies associated with shorter symptom duration
and favourable clinical resolution [21]. IgM⁺ MBCs may therefore represent an underappreciated
component of SARS-CoV-2 immunity, particularly following uncomplicated infection. It has also been
shown that IgM mAbs generated from antigen-experienced IgM+ MBCs derived from convalescent
donors can have potent SARS-CoV-2 neutralising activity [22]. Together, these observations suggest that
IgM⁺ MBCs may serve as a marker, and potentially a mediator, of effective humoral immune memory
after uncomplicated SARS-CoV-2 infection, although their precise role in long-term protection and recall
responses requires further investigation.

At convalescence, central memory CD4+ T cells across the TH1, TH2 and TH17 lineages were observed,

including populations of activated TFH cells. At 6 months, only the CCR7+ CD27+ TH2-polarised CD4+ T
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cells and TH2-like TFH cells persisted. Central memory T cells have high proliferative capacity, are long-
lived, rapidly expand and differentiate into effector cells upon antigen re-exposure and therefore have
capability to contribute to protection following re-infection [23]. CXCR5+ TFH cells were one of the most

durable, consistently expanding spike-responsive populations that we observed in individuals with mild
clinical presentations. A strong TFH response is generally associated with better antibody responses, and
their persistence suggests ongoing/recallable help for antibody responses [10, 24].

The observation that only TH2-polarised CD4⁺ T-cell responses were detectable six months after infection
suggests selective survival of long-lived memory populations rather than persistence of active anti-viral
responses. TH2 memory cells are capable of long-term persistence following antigen clearance and
retain potent recall capacity through stable lineage-specific programming. Because TH1 responses are
typically more closely associated with inflammatory cytokine environments generated during
intracellular infection, TH2-skewed memory populations may preferentially persist after viral clearance,

particularly when infection is mild or rapidly resolved [25–27]. It is also possible that these results may
reflect the tissue redistribution of different CD4+ T cell populations following viral infection. Anti-viral TH1-
polarised CD4⁺ T cells preferentially migrate to non-lymphoid tissues and establish long-lived tissue-
resident memory populations, particularly within sites of prior infection such as the respiratory tract,
resulting in their relative under-representation in the circulation after viral clearance [28, 29]. In contrast,
TH2-polarised cells may be relatively enriched within the circulating memory pool. Consequently,
analyses of peripheral blood months after infection may underrepresent TH1 immunity and suggest an

apparent TH2 bias that reflects differential tissue redistribution rather than immune skewing.

Notably, in vitro restimulation with SARS-CoV-2 not only resulted in expansion of virus-specific T cells but
also had an impact in the blood innate cell compartment with apparent reductions in the frequency of
non-classical monocytes and an increase in the proportion of classical monocytes expressing low levels
of CXCR3 and CD10. Interestingly, these responses were detected both 3 weeks and even 6 months after
infection with SARS-CoV-2 but not in the blood compartment of naïve individuals collected before
December 2019 and appeared to be significantly higher in patients with mild disease presentation.
Although a bystander activation by cytokines produced by cell types other than monocytes produced
during in vitro stimulation cannot be excluded, our results suggest that a cognate interaction between
SARS-Co-V-2 spike protein and monocytes and an altered ability of these cells to respond to this
stimulus after initial exposure to the virus might be responsible for this process. Consistent with these
findings, SARS-Co-V-2 spike has been shown to activate blood monocytes [30, 31], and trained immunity
of this innate cell population has been documented to occur during COVID-19 [32, 33]. The clinical
implications of this monocyte trained immunity during COVID-19 are not fully understood, with evidence
suggesting that upon re-exposure, these cells could be implicated in detrimental [34, 35] or protective
[33] responses. In this study, the increased frequency of CXCR3-expressing classical monocytes was
evident in mild COVID-19 presentations (less than 3 symptoms) after a primary exposure to SARS-Co-V2,
suggesting a potential protective effect of these cells in the control of viral replication and/or alleviation
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of disease symptoms. Whether the apparent expansion of these cells upon in vitro SARS-Co-V spike re-
stimulation reflected an enrichment due to decreased proportions of other monocytes subsets, the
differentiation from other CXCR3-expressing monocytes in the blood or a proliferative response cannot
be fully inferred from this study. In support of the latter though, CXCR3+ monocytes known to have
strong tissue homing capacity have been previously detected in COVID-19 convalescent individuals [36],
and it has been documented that monocytes undergo a short period of expansion prior to their
localisation in tissue and differentiation into macrophages [37].

Conclusions
In conclusion, in SARS-CoV-2–naïve individuals, uncomplicated COVID-19 was associated at
convalescence with a coordinated immune response involving central memory CD4+ T cells and TFH

cells, IgM⁺ MBCs, and classical monocytes that responded robustly to spike antigen, persisted for at
least six months and were preferentially observed in conjunction with reduced systemic disease. Durable
responses were enriched in individuals with mild disease (≤ 3 symptoms). This suggests that mild
clinical presentations might favour the development of long-lived, cellular immunity that may offer
protection against SARS-CoV-2 re-infection. Although some of the limitations of the study include a
small sample size, particularly during the 6 month time-point, and/or an extended follow up beyond this
point, our findings have implications for COVID-19 vaccine development by highlighting immune
components that may contribute to non-pathogenic and long-lasting immunity to SARS-CoV-2, including
the importance of inducing long-lived central memory responses rather than highly activated, short-lived
effector phenotypes linked to inflammation.
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