
 

 

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. 

 



Seminars in Immunology 55 (2021) 101545

Available online 27 November 2021
1044-5323/© 2021 Published by Elsevier Ltd.

Review 

Complexity of immune responses in COVID-19 

Michael William Mather a,b,1, Laura Jardine a,c,1, Ben Talks a,b, Louis Gardner a,d, 
Muzlifah Haniffa a,d,e,* 
a Biosciences Institute, Newcastle University, Newcastle upon Tyne, NE2 4HH, UK 
b Department of Otolaryngology, Freeman Hospital, Newcastle-upon-Tyne Hospitals NHS Foundation Trust, Newcastle-upon-Tyne, NE7 7DN, UK 
c Haematology Department, Freeman Hospital, Newcastle-upon-Tyne Hospitals NHS Foundation Trust, Newcastle-upon-Tyne, NE7 7DN, UK 
d Department of Dermatology and NIHR Newcastle Biomedical Research Centre, Newcastle Hospitals NHS Foundation Trust, Newcastle upon Tyne, NE2 4LP, UK 
e Wellcome Sanger Institute, Wellcome Genome Campus, Hinxton, Cambridge, CB10 1SA, UK   

A R T I C L E  I N F O   

Keywords: 
COVID-19 
Immunity 
Immune system diseases 
COVID-19 vaccines 
Host microbial interactions 

A B S T R A C T   

The global COVID-19 pandemic has caused substantial morbidity and mortality to humanity. Remarkable 
progress has been made in understanding both the innate and adaptive mechanisms involved in the host response 
to the causative SARS-CoV-2 virus, but much remains to be discovered. Robust upper airway defenses are critical 
in restricting SARS-CoV-2 replication and propagation. Further, the nasal abundance of viral uptake receptor, 
ACE2, and the host epithelial transcriptional landscape, are associated with differential disease outcomes across 
different patient cohorts. The adaptive host response to systemic COVID-19 is heterogeneous and complex. 
Blunted responses to interferon and robust cytokine generation are hallmarks of the disease, particularly at the 
advanced stages. Excessive immune cell influx into tissues can lead to substantial collateral damage to the host 
akin to sepsis. 

This review offers a contemporary summary of these mechanisms of disease and highlights potential avenues 
for diagnostic and therapeutic development. These include improved disease stratification, targeting effectors of 
immune-mediated tissue damage, and blunting of immune cell-mediated tissue damage.   

1. Introduction 

The global COVID-19 pandemic has resulted in widespread socio
economic hardship and a devastating loss of human life. At the time of 
writing there have been over 250 million confirmed positive cases and 
over 5 million associated deaths [1]. Substantial efforts have been 
directed towards understanding the immunological response to 
SARS-CoV-2 and how this influences the clinical course of COVID-19 
infection. Such an understanding is essential for the development of 
much needed novel therapies. 

SARS-CoV-2 is part of the wider family of coronaviruses, which are 
enveloped positive sense single stranded RNA (ssRNA) viruses [2]. 
Initial infection is established when viral surface spike proteins bind to 
the ACE2 receptor on host cells and are cleaved by the serine protease 
TMPRSS2. This causes fusion of the virus with the host cell and subse
quent translation of the viral replication and transcription complex. 
Ultimately, new virions are released through exocytosis, which enables 
propagation of infection. 

Herein we provide a contemporary summary of the complexity and 
diversity of the host immune responses in COVID-19 from initial viral 
uptake through to uncontrolled systemic infection. We summarize 
recent advances from clinical studies and postulate how mechanistic 
discoveries could continue to supply the translational pipeline for the 
development of more advanced targeted treatments. 

2. Viral uptake and local upper airway mucosal response 

The upper airway is the primary site of contact between inhaled 
pathogens and the host immune system. Early in the course of the 
pandemic, it was clear that viral loads were higher in nasal swabs than 
those from the throat, suggesting the nose was an important site of viral 
entry [3]. 

2.1. Mucociliary barrier function 

The nasal mucosa has highly adapted physical and immunological 
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defenses against infection. On entry to the nasal cavity, pathogens must 
first cross a viscous mucus layer produced by secretory goblet cells, 
which is usually expelled by mucociliary clearance [4]. Augmenting this 
physical barrier with a topical spray has been suggested as one approach 
to reduce viral uptake. This concept is supported by in vitro data showing 
a reduction in SARS-CoV-2 binding to human airway epithelial cells 
after pre-treatment with a protease-containing glycerin barrier spray 
[5]; however, data confirming its efficacy in clinical trials is lacking. 

2.2. Viral uptake 

The SARS-CoV-2 entry receptor, ACE2, is highly expressed in secre
tory nasal epithelial cells [6]. Co-expression of ACE2 with genes 
involved in host innate immunity suggests that nasal epithelial re
sponses could be important in limiting viral uptake and propagation. 
Interestingly, ACE2 itself can be upregulated by the presence of inter
feron (IFN) [7]. This suggests that SARS-CoV-2 exploits the normal host 
response: the antiviral response of releasing IFN leads to upregulation 
ACE2 expression, and the subsequently greater abundance of ACE2 
protein on nasal epithelial surfaces creates greater opportunities for 
further enhanced viral uptake. 

Large population studies have identified that polymorphisms of 
ACE2 can contribute to disease susceptibility, presumably by altering 
the properties of SARS-CoV-2 viral uptake [8]. Interestingly, ACE2 
abundance has also been implicated in the relatively lower risk of severe 
COVID-19 in children compared to adults due to lower ACE2 expression 
in early compared to mid- and later life [8,9]. Similarly, ACE2 is encoded 
on the X chromosome in humans and it has been observed clinically that 
male patients have worse outcomes than females - suggesting ACE2 may 
also have a role in differential disease outcomes by sex [10]. 

2.3. Nasal epithelial response 

Following infection, nasal epithelial cells upregulate production of 
secreted immunoglobulins. It has been observed that even in healthcare 
workers who have negligible SARS-CoV-2 specific serum antibody titres, 
some do still show specific IgA in mucosal fluids, highlighting the bio
logical importance of robust mucosal defense [11]. In this study it was 
noted that specific IgA titres in nasal fluid were inversely correlated with 
patient age, again suggesting nasal IgA may play a key role in limiting 

disease severity. 
Other secreted proteins with antiviral effects include mucins, which 

are large glycoproteins that trap and expel viral particles. In severe 
COVID-19 infection, this physiological mucous innate defense can be 
hijacked to compromise the host. COVID-19 infection leads to upregu
lation of pro-inflammatory cytokines in a so-called ‘cytokine storm’ 
[11], which is associated with mucin hypersecretion, including exces
sive quantities of MUC1 and MUC5AC [12], causing mucous plugging in 
the airways. So whilst airway mucins should ordinarily contribute to 
host defense, hypersecretion in response to a virally-induced cytokine 
storm is associated with airway obstruction and consequently impaired 
ventilation. Excess mucin can also impair host immunity, and this has 
been specifically demonstrated in ventilated patients [13]. 

It is already known that viral infections such as SARS-CoV-2 lead to 
upregulation of IFN regulatory genes (IRF3 and IRF7), which subse
quently upregulate production of type I IFN [15]. This can be initiated 
directly from ssRNA once the virus has been taken up in the endosome, 
or it can be triggered by intermediate double stranded RNA (dsRNA) in 
association with RIG-1 and MDA5 in the cytoplasm (Fig. 1). Indeed, 
when directly challenged with SARS-CoV-2, nasal epithelial cells show 
strong up-regulation of interferon I and III as their primary antiviral 
response [16]. The production of these proteins is slower than the rate of 
viral replication and therefore, at least in culture, seems to not sub
stantially impact on the rate of viral replication. However, when re
combinant INFβ or IFNɑ1 are given before exposure to SARS-CoV-2, 
then viral replication is limited. Therefore delivery of recombinant IFN, 
or upregulation of endogenous production in the nasal mucosa, may be 
an appealing strategy for interrupting progression to systemic disease. 
However, the timing of intranasal IFN administration around or 
following viral exposure will be challenging to implement in practice. 

Transcriptional hallmarks of the IFN response are also found in 
nasopharyngeal swabs from patients with COVID-19 compared to 
healthy controls [17]. These responses are subdued compared to 
equivalent samples from patients with other (non-SARS-CoV-2) viral 
infections, and distinct from the biosignatures derived from blood 
samples in the same patients, highlighting the unique nature of the local 
versus the systemic immune response. 

Fig. 1. Local nasal response. Viral uptake in 
the nose is resisted by innate immune defenses, 
such as the presence of viscous mucous over
lying the respiratory mucosa and secreted 
antiviral immunoglobulins. However, once 
SARS-COV-2 establishes contact with the res
piratory epithelium, uptake is mediated via 
interaction of the viral spike protein with the 
host cell ACE2 receptor and cleavage by 
TMPRSS2. Cellular infection subsequently leads 
to upregulation of antiviral effectors, such as 
IFN, which contribute to the antiviral host 
response. Adapted from [14].   
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2.4. Nasal mucosal priming for systemic response 

In addition to establishing an innate response to viral infection, the 
nose also has a sophisticated role in adaptive immunity. The nasopha
ryngeal lymphoid (adenoid) tissue is an organised mass of lymphoid 
tissue, which is responsible for the generation of mature T and B cells to 
orchestrate longer-term immune defense [18]. There are a range of 
specialised nasal microfold (M) cells, dendritic cells, and macrophages 
to capture and present relevant antigen to stimulate lymphocyte matu
ration. Further, migration of activated monocytes from the nasal mucosa 
to pulmonary lymph nodes may prepare the immune system of the lower 
airways prior to viral exposure [19]. However, the efficacy of the im
mune system is known to decline with advancing age and affects the 
mucosal immune system prior to the systemic compartment [20], sug
gesting impaired innate and adaptive immune signaling from the nasal 
mucosa may contribute to the greater risk of death in older patients with 
COVID-19 [21]. 

Despite the nose being an immune-primed sentinel of the upper 
airway, and despite the negative gradient of infectivity moving distally 
down the airways [22], SARS-CoV-2 can spread from the upper to the 
lower airway to cause pneumonia and life-threatening acute respiratory 
distress syndrome (ARDS) [23]. Infection of the lower airways is thought 
to be either via direct inhalation of aerosolised viral particles or indirect 
via viral shedding from the upper airways [24]. Aerosols are defined as 
fluid particles with a diameter less than 5 μm and are small enough to be 
inhaled into the distal lower airways as far as the alveoli [25]. Viral 
particles can be aerosolised either by medical procedures, including 
non-invasive ventilation and cardiopulmonary resuscitation, or activ
ities of daily living such as heavy breathing during exercise or singing; 
this allows them to bypass the previously discussed defense mechanisms 
of the upper airways and directly infect the lungs. These hypotheses of 
viral particle aspiration are consistent with the findings of patchy, 
segmental disease in lung autopsies from deceased patients with 
COVID-19 [22]. 

3. Systemic immune responses 

Systemic infection leads to a wide spectrum of clinical consequences. 
Asymptomatic infection or mild short-lived respiratory illness in the 
majority, contrasts with viral pneumonitis, progressing to severe respi
ratory dysfunction, ARDS, thrombotic-risk, multi-organ failure and 
death in the most severe cases. Around 5 % of the global population are 
at increased risk of severe COVID-19 due to older age and comorbidity 
[26]. Initial observations of hyper-cytokineamia and lymphopenia in 
severe cases established parallels to immune dysregulation in severe 
sepsis [27–29]. Mortality reductions from broad-based immunosup
pression with dexamethasone have underscored the importance of 
dysregulated immunity in severe disease [30,31]. 

Peripheral blood is the most readily accessible window into systemic 
immune function. Data on lung-specific immune dysfunction has been 
reviewed [32] and will not be discussed. Facilitated by data-rich mul
ti-omics techniques and collaborative working, a large body of data has 
emerged on peripheral immune dysfunction across geographical loca
tions and severity groups. Most data are from resource-rich countries, 
focusing on severity-classified hospital admissions. The next challenge is 
to extract from these complex datasets what immune responses are 
protective and what are driving pathology, to determine early bio
markers predictive of poor outcome and to identify targets for inter
vention to improve the clinical course of disease. Here, we will 
summarize the complex immune dysfunction in SARS-CoV-2 infection 
by dissecting the peripheral immune response into its component parts. 
While a siloed approach is useful for discussion, it must be borne in mind 
that overlap and interplay between local and systemic, innate and 
adaptive immune responses operate in vivo. 

3.1. Blunted interferon response and broad-based inflammatory cytokine 
release 

In a functional immune response to viral infection, pathogen- 
associated-molecular patterns (PAMPS), generated through viral repli
cation, activate pattern-recognition receptor (PRR)-mediated tran
scription of genes for cytokines that promote local control of viral 
replication and mediate recruitment of immune effector cells [33]. 
Multiplexed protein quantification, whole blood transcriptomics, tran
scriptional signatures in specific immune cells and in vitro stimulation 
assays, while not always aligned for a given cytokine [34], together have 
provided insights into how this dynamic process evolves in mild and 
severe COVID-19 infection. 

Type I IFNs are critical for controlling viral replication and sup
porting innate immune response in many viral infections [35]. Serum 
IFNɑ and IFNβ levels are elevated in individuals with SARS-CoV-2 
relative to uninfected controls [36–39]. However, the 
interferon-response appears to diverge between mild and severe 
COVID-19 infections, with lower serum IFNɑ levels [34,38] and lower 
interferon-stimulated gene (ISG) scores by whole blood gene expression 
profiling in severe/critical cases [34]. SARS-CoV-2, compared with 
influenza A virus, produces modest interferon responses in primary 
bronchial epithelial cells and ferret infection models, while inflamma
tory cytokine production is robust [34,40]. 

Several mechanisms have been outlined to account for the observed 
blunted interferon responses in SARS-CoV-2 infection, including inborn 
errors in the interferon pathways, the presence of auto-antibodies 
against type I IFNs, and viral interferon antagonist proteins [41–43]. 
Zhang et al. found enrichment in loss-of-function mutations at loci 
involved in type I IFN production in patients with life-threatening 
SARS-CoV-2 infection compared to healthy controls [41]; such suscep
tibility mutations are rare, but do contribute to the low interferon levels 
seen in severe disease. Neutralising autoantibodies to type I IFNs have 
been identified in ~10 % of patients with severe SARS-CoV-2 infection 
[42,44,45]. The presence of type 1 IFN autoantibodies appear to be a 
poor prognostic sign [44] and have been implicated in approximately 
one fifth of deaths from SARS-CoV-2 [46]. Potential therapeutic strate
gies to manage patients with high titres of autoantibodies are in their 
infancy, but include plasma exchange [47] and IFN support with type 1 
IFN-beta, which tends to be spared by autoantibodies [44]. Further, 
SARS-CoV-2 has its own escape strategies to block the interferon 
response with the production of accessory proteins, including Orf6, 
which binds to the Nup98-Rae1 complex in order to inhibit STAT1 and 
2, and in turn interrupt the production of ISGs [43]. 

A broad-based inflammatory cytokine response is observed in pa
tients with COVID-19 relative to healthy controls, with Th1, Th2, Th17, 
and anti-inflammatory cytokines involved [39]. Cytokines, chemokines 
and growth factors distinguishing moderate from severe or critical dis
ease, or correlating with lung severity scores in at least one study include 
IL1ɑ, IL1-RA, MIP1ɑ, MCSF, GCSF, HGF, IL-6, IL10, IL7 and IP10 
[36–38,48]. IP10 (CXCL10) is similarly elevated in ARDS caused by 
related coronaviruses SARS and MERS [49,50]. Mouse models of viral 
ARDS implicate lung-infiltrating neutrophils in IP10 production and 
disease severity can be ameliorated through IP10 elimination [51]. 
Elevated IL-6 is seen in macrophage activation syndromes and 
immunotherapy-associated cytokine release syndromes, and IL-6 in vitro 
reduces HLA-DR expression on monocytes, a key feature of COVID 
immunoparesis discussed below [27]. IL-6 blockade with Tociluzumab 
may limit COVID-19 severity but does not reduce mortality [52,53]. 

Early separation of cytokine profiles in mild versus severe COVID-19 
offers the opportunity to risk-stratify for severe disease and potentially 
improve outcomes by directing monitoring and supportive care to those 
most at risk. Considering cytokine profiles before 12 days from symptom 
onset, Lucas et al. found that patients who succumbed to severe COVID- 
19 had higher levels of IFNα, IFNλ, IL-1Ra, CCL1, CLL2, M-CSF, IL-2, IL- 
16 and CCL21 [39]. More tractable combinations for clinical use include 
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the triad of elevated IP-10, IL-10 and IL-6 [48], IP-10 and MCP-2 (CCL7) 
[37], and IL-6 and TNFα [54]. Elevated levels of all these cytokines 
predicted increased disease severity and death. 

3.2. Neutrophilia, immature neutrophils and myeloid-derived suppressor 
cells 

Neutrophil accumulation in the lung is a hallmark of ARDS [55]. 
While neutrophils are important phagocytic cells, particularly in clear
ance of bacteria and fungi [56], inappropriate release of granule en
zymes in the alveolar space exacerbates lung injury [57]. Neutrophilia is 
a recurrent observation in COVID-19 infection [48,58,59], and a posi
tive correlation between neutrophil frequency and severe disease is seen 
across cohorts [28,38,39,59,60]. Immature neutrophils in moderate and 
severe COVID-19 can be identified as “immature granulocytes” on 
automated clinical haematology analysis [60,61], and as low-density 
neutrophils remaining in peripheral blood mononuclear cell prepara
tions [39,62]. Characterized in detail by multi-omics [60,61], these cells 
span a spectrum from committed progenitors to mature neutrophils. 
They appear close to plasmablasts on graph based clustering, and a 
developmental relationship has been hypothesized [62], but trajectory 
inference on a large number of cells supports the conclusion that they 
are independent populations [60]. The emergence of immature neu
trophils in COVID-19 is severity-dependent, with no such populations 
found in healthy controls, mild COVID-19 cases, or other flu-like ill
nesses, and was observed throughout the time-course of infection in 
severe cases [60]. The premature release of neutrophils from bone 
marrow suggests increased peripheral consumption of neutrophils 
and/or alterations in myelopoiesis in the bone marrow in severe 
COVID-19, as can be observed in bacterial sepsis [63]. 

Immature neutrophils have hallmarks of both immune activation 
(CD64, RANK, RANKL expression, interferon gene signature) and im
mune suppression (CD62 L loss, PDL1 expression, granulocytic myeloid- 
derived suppressor cell (gMDSC) signature) in protein and gene 
expression profiling [60]. Phenotypic MDSCs have also been identified 
by flow cytometry [64]. MDSCs arise in sepsis and cancer, when typical 
neutrophil maturation is subverted by inflammatory signaling, such as 
STAT3 activation [65]. The distinct functional properties of MDSC, 
including suppression of T-cell mediated immune responses, may 
contribute to a delay in the adaptive antiviral immune response [65,66]. 
Bulk neutrophils isolated from severe COVID-19 patients retained their 
phagocytic capacity on standardized in vitro assays, but showed 
impaired oxidative burst compared with neutrophils isolated from mild 
COVID-19 patients [60]. The consequences of neutrophil compartment 
abnormalities for protective immunity to SARS-CoV-2 and lung immu
nopathology still requires investigation. 

3.3. Inflammatory versus anergic monocytes 

Monocytes are rapidly recruited to sites of inflammation, where they 
differentiate into macrophages or monocyte-derived dendritic cells, 
contributing to inflammatory cytokine production, phagocytosis, anti
gen presentation, and resolution of inflammation [67]. In severe influ
enza virus infection, monocytes are required to maximise virus-specific 
CD8 T cell responses, but also contribute to immune pathology and 
mortality [68]. Monocytes are conventionally divided into classical 
(CD14++CD16-), intermediate (CD14++CD16+), and non-classical 
(CD14-CD16++) subsets in humans according to surface phenotype 
[69]. While monocytes undoubtedly accumulate in the alveoli in severe 
COVID-19 [70,71], peripheral blood monocyte counts are minimally 
deranged [28,38,60,61,72,73]. The most consistent numerical abnor
malities by flow cytometry are an increased proportion of intermediate 
monocytes in non-severe disease [48,72], a reduced proportion of 
classical monocytes in severe disease [27,48,60], and a reduced pro
portion of non-classical monocytes in all disease severities [60–72,72]. 
Marked changes in the monocyte compartment include proliferation of 

circulating monocytes [38,59], the presence of classical monocytes with 
low levels of HLA-DR [28,48,59,61,62], and widespread alteration in 
the transcriptional landscape [38,60]. 

Monocytes are differentially activated in mild and severe COVID-19, 
with activation in mild cases indicated by increased levels of HLA-DR 
and CD11c, underpinned by interferon gene signaling [38,60–62,73]. 
HLA-DRlo monocytes found in severe disease express surface markers 
reported to promote tissue infiltration (CD69, CD226) and genes asso
ciated with alternative macrophage activation (CD163) and immaturity 
(MPO, PLAC8) [60]. COVID-19 HLA-DRlo monocytes show enrichment 
with a sepsis-associated monocyte signature, and, like sepsis-associated 
monocytes, have blunted responses to LPS-stimulation in vitro [60,74]. 
Low-level expression of HLA-DR in monocytes is an established surro
gate marker of immunoparesis in sepsis, and increased proportions of 
HLA-DRlo monocytes correlate with secondary infection rates and 
mortality [75]. However, further investigation will be needed to estab
lish whether their presence is causative in COVID-19 pathology. Com
parison of alveolar space monocyte/macrophages with blood 
monocytes, suggests that the tissue-infiltrating cells are responsible for 
TNF and IL6 production [38], further questioning the functional rele
vance of peripheral blood monocyte changes. 

A specific non-classical monocyte profile has been detected in 
scRNAseq data from a large cohort [38]. This small subset of cells 
expressing C1q complement components is seen across severity groups. 
Receptor-ligand interactions predict it is particularly competent to 
engage and activate platelets [38]. Monocyte-platelet aggregates are 
seen more frequently in COVID-19 and there is emerging evidence that 
they trigger tissue factor expression, potentially contributing to throm
bosis risk [76]. 

3.4. Dendritic cell depletion 

Dendritic cells (DCs) are innate immune effectors that initiate 
adaptive immune responses by presenting antigen to naive T cells and 
providing cytokine stimulation to tailor T cell specification [77,78]. A 
diverse array of DC subsets is thought to underpin flexibility of immune 
response to pathogens, with plasmacytoid DCs (pDCs) specialized in 
type I interferon production, myeloid DC1 in antigen cross-presentation 
to CD8 T cells, and myeloid DC2 in producing a range of CD4 T cell 
responses [77,78]. Both pDCs and myeloid DCs are depleted in sepsis, 
likely due to a combination of apoptosis and reduced production [75], 
but recruitment to sites of inflammation should also be considered [79]. 
Peripheral blood frequencies of DC1, DC2 and pDC are reduced in 
COVID-19 [28,34,39,62,72] and improve upon clinical recovery [28]. 
Depletion of pDCs is most extreme in severe disease [48,59,72]. Re
ductions in DC precursor frequency [72] are accompanied by increased 
proliferation of DC2s [48,38]. In DC2 and pDC (but not DC1), lower 
expression of maturation markers CD86 and HLA-DR suggests a shift 
towards more recently produced DCs. Reduced expression of the IL-6 
receptor is seen in DC1 and inhibitory receptor CD200R in DC2 [72]. 
Reduced sensitivity to IL-6 potentially accelerates DC maturation and 
activation of T cells [80], while reduced expression of CD200R is 
postulated to reduce inhibitory constraints on DCs [81]. In summary, 
DCs are depleted in COVID-19. Whether the immature DCs that emerge 
are equipped for T cell activation requires further study. 

3.5. Emergency myelopoiesis and megakaryopoiesis 

Circulating myeloid cells are bone-marrow dependent, with half- 
lives of around 15 h for neutrophils and 1–7 days for monocytes [82]. 
The circulating half-life of DC subsets in humans is not known. When 
myeloid effectors are recruited to tissues or consumed in 
pathogen-clearance, production is expected to increase to meet this 
demand, a process termed demand-adapted or emergency myelopoiesis 
[83]. The presence of immature neutrophils in peripheral blood at a 
given time point is not necessarily evidence of emergency myelopoiesis. 
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An altered cytokine environment, leading to CXCR2 upregulation on 
immature neutrophils can result in premature release from the bone 
marrow, or ‘left shift’ [82]. However, sustained neutrophilia and 
continuous presence of immature neutrophils seen in COVID-19 does 
suggest altered haematopoiesis [60,61]. The presence of immature 
neutrophils in COVID-19, but not flu-like illness controls, indicates 
either a greater magnitude of neutrophil consumption in COVID-19, or 
presence of specific cytokine(s) inhibiting the CXCR4:CXCL12 axis 
responsible for bone marrow retention of immature neutrophils. 

Megakaryocyte (MK) progenitors are increased in the peripheral 
blood in COVID-19 [38,84] and enrichment of an MK progenitor 
signature in the earliest hematopoietic stem/progenitor cells (HSPCs) 
suggests that haematopoiesis is biased towards megakaryocyte (MK) 
production [38]. Whether this is driven by consumption or specific 
signaling to the bone marrow requires further investigation (Fig. 2). 

3.6. Adaptive immune response 

In addition to the initial mucosal and innate response to infection, 
eventual clearance of SARS coronavirus depends on a successful adap
tive immune response [85]. As described above, the immunological 
response to infection begins with appropriate viral recognition, and 
secretion of interferon I/III and other inflammatory molecules by the 
mucosal barrier and innate immune cells [38,40,42]. This initial 
response ordinarily serves to limit further viral infection and replication, 
whilst also priming the adaptive immune system. Specific molecular 
signatures of immune profiling have indicated that delayed adaptive 
immune responses are correlated with poorer outcomes from 
SARS-CoV-2 infection [39,86,87]. In addition, high viral titres at a range 
of sampling sites (mostly naso/oropharyngeal, but also saliva, sputum, 
blood, plasma, urine and stool) have been associated with disease 
severity [88,89], although further work is required to better understand 
the relationship between viral titres, severity, and impaired adaptive 
immunity. A putative explanation for the pathophysiology of severe 
COVID-19 is that the immune evasion by SARS-CoV-2 prevents an 
adequate early adaptive immune response, allowing uncontrolled viral 
replication. Subsequent compensatory upregulation of the innate im
mune system in lieu of an adaptive response may give rise to innate 
immune cell proliferation, and downstream cytokine storm in severe 
cases, with associated lymphopenia. Lymphopenia is well established as 
a poor prognostic marker for outcomes in COVID-19 [62,90,91], but the 
mechanisms for this appear complex, including both SARS-CoV-2 and 
immune system specific factors [92]. 

In order to describe the adaptive immune response to SARS-CoV-2 
infection in more detail, we have chosen four major components: 

CD4+ T cells, CD8+ T cells, B cells/antibodies, and other cell types such 
as Mucosal-associated invariant T (MAIT) cells [90,93–98]. 

3.7. CD4+ T cells 

CD4+ T cells have been shown to form a major axis of the adaptive 
immune response to SARS-CoV-2 [99] and are able to differentiate into 
several subtypes. These different physiological effectors enable CD4+ T 
cells to perform variable roles in the adaptive immune response to 
SARS-CoV-2. 

Firstly, the presence of a classical anti-viral Th1 cell response in 
COVID-19 was first reported as early as January 2020 [90], and more 
recent work has further described direct anti-viral effects and protein 
expression profiles of IFN-γ, TNF and IL-2 [97,100–102]. The discovery 
of specific populations of spike-protein-specific Th1 CD4+ T cells has 
implicated this glycoprotein as a potentially critical target in a successful 
human response to SARS-CoV-2 [103]. The researchers in this study 
used a class II epitope prediction algorithm based on data from samples 
preceding the pandemic, to generate a ‘megapool’ of potential specific T 
cell epitopes, demonstrating that CD4+ T cells targeted to the spike 
protein form approximately 50 % of the response to SARS-CoV-2. 
Additional targets identified as being critical in the specific CD4+ T 
cell response include M, nucleocapsid and ORF3a [100,103,104]. 
Overall, these findings highlight the existence of immune memory to 
coronaviruses predating SARS-CoV-2 and the potential for 
cross-reactivity of spike-specific CD4+ T cells with different viral vari
ants. An additional study by Braun et al. [97] also interrogated the role 
of the spike glycoprotein region and demonstrated the existence of 
‘spike-reactive’ CD4+ Th1 cell populations in 83 % of individuals. 
SARS-CoV-2-reactive CD4+ T cells were detected in samples from 35 % 
of healthy donors, and the authors demonstrated increased cell pop
ulations in response to in vitro stimulation by SARS-CoV-2 as well as 
endemic seasonal coronaviruses (229E and OC43). 

This finding of specific pre-existing memory CD4+ Th1 cells with 
coronavirus cross-reactivity implicates the role of prior exposure in 
determining successful response to SARS-CoV-2. Furthermore, recent 
work on comparing CD4+ (and CD8+) T cell epitopes between vacci
nated (Pfizer, Moderna) and unvaccinated individuals has demonstrated 
effective recognition of several SARS-CoV-2 variants (B.1.1.7, B.1.351, 
P.1, and CAL.20C) [105]. 

Secondly, virus-specific populations of T follicular helper (Tfh) cells 
are implicated in a range of functions including aiding B cell function in 
SARS-CoV-2 infection [102,106]. Higher levels of circulating Tfh cells 
are associated with milder severity of SARS-CoV-2 disease [102], and 
are crucial in stimulating B cell production. The association between 

Fig. 2. Innate immune response in severe COVID-19. In peripheral blood, blunted type I interferon response delays viral clearance and broad-based inflammatory 
cytokine response (e.g. IL-6, IP-10, IL-10) alters the functional status of circulating myeloid cells, recruitment of immune cells to the lung, and production of myeloid 
cells in the bone marrow. 
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disease severity, Tfh cell count and neutralising antibody titres is com
plex and not yet fully understood [93,102]. 

In addition to these main CD4+ T cell functions, there is also a 
growing body of evidence for other subtypes of CD4+ effectors, 
including a CD8+ helper cell, a cytotoxic-like phenotype, and a CCR6 
expressing cell postulated to have a role in tissue healing via IL-22 
expression [38,101,102,104,107,108]. Single-cell RNA sequencing 
studies have been crucial in identifying key cell subtypes implicated in 
different presentations of disease severity. A key study in this field by 
Zheng et al. described populations of CD4+ effector-granulysin (GNLY) 
as well as CD8+ effector GNLY and a specific natural killer (NK) cell 
population. These populations were associated with a convalescent 
outcome in patients with mild-moderate disease. In addition, the au
thors describe a state of ‘T-cell exhaustion’ in cases of severe or critical 
COVID-19, already postulated by an earlier publication using flow 
cytometry [94,108]. 

3.8. CD8+ T cells 

CD8+ T cells are crucial effectors in the response to several viral 
infections, and increased levels in the peripheral blood have been 
correlated with reduced disease severity [99,100]. Their role is to 
facilitate cytotoxicity through expression of molecules such as IFN-γ, 
granzyme B, perforin, and CD107a [96,102]. Similarly as has been 
shown for CD4+ T cells, the existence of SARS-CoV-2 specific circulating 
CD8+ effector T cells displaying immunological memory and 
cross-reactivity has been demonstrated. In particular, Schulien et al. 
describe the presence of such CD8+ T cells as early as 1 day 
post-symptom onset, and in 70 % of individuals in convalescence [96]. 
The targets for specific CD8+ T cell subpopulations have been identified 
as largely formed of spike, nucleocapsid, M and ORF3a, appearing to 
corroborate with work done for CD4+ T cells [100,104]. 

3.9. B cells and antibodies 

As is the case for most viruses, the B cell response to SARS-CoV-2 is 
curated by Tfh cells and ultimately results in clonal B-cell proliferation, 
with production of plasmablast subsets for specific neutralising antibody 
production. B cell response to SARS-CoV-2 can occur particularly 
swiftly, in many cases without need for affinity maturation [99], and 
also demonstrates a diverse and complex picture in the literature, with 
conflicting reports of correlation with severity [38,84,109]. Initial 
consensus was driven towards an increased plasmablast subset response 
in more severe COVID-19 [93], but later studies have demonstrated 
more overwhelming evidence of an impaired B cell proliferation and 
plasmablast population in severe COVID-19 [38,109]. 

Neutralising antibodies to SARS-CoV-2 infection have been shown to 
emerge through seroconversion at day 5–15 of symptom onset, with 90 
% by day 10 [99,110]. The main antigenic targets of SARS-CoV-2 
infection IgG are the spike and nucleocapsid proteins, with the recep
tor binding domain (RBD) of spike representing the specific target for 
>90 % of antibodies [111]. A recent study by Planas et al. highlights a 
selective advantage of the ‘Delta’ variant (B1.617.1-3) to be less sus
ceptible to antibodies targeting the spike protein, especially in unvac
cinated convalescence. It also highlights that two doses of vaccination 
may achieve a neutralising response in 95 % of cases [112]. The di
versity of immune response with neutralising antibodies to SARS-CoV-2 
infection is complex; however, a general trend appears to be higher 
antigen load drives higher antibody titres [113]. Although the associa
tion between neutralising antibodies and COVID-19 severity is not fully 
understood, higher titres are not correlated with improved outcomes 
[114]. 

Longer term, B cell responses are critical to the development of du
rable host protection from reinfection. Longitudinal studies have 
revealed that memory B cells against SARS-CoV-2 spike protein increase 
between months 1 and 8 post infection, and the majority of these are IgG 

with a smaller proportion of IgA [84]. RBC-specific memory B cell re
sponses also become more robust over time, with greater somatic 
hypermutation and increased potency by 6 months as compared with 1 
month post infection [115], indicating the development of increasingly 
sophisticated immune maturation over time. 

3.10. MAIT cells 

Innate lymphoid cells (ILCs) such as Mucosal associated invariant T 
(MAIT) cells, are enriched in tissues such as the airway, and take on a 
variety of roles, from initial response to pathogens to tissue repair [116, 
117]. MAIT cells bridge the innate and adaptive immune system - they 
can be stimulated both through TCR-dependent and TCR independent 
mechanisms in conjunction with relevant cytokines, and also expand 
upon activation to trigger a substantial immune response [116]. Ste
phenson et al. highlighted MAIT cell activity as an important correlate of 
milder outcomes from COVID-19 using single-cell RNA sequencing 
analysis [38], building on earlier flow cytometry studies indicating a 
similar pattern, and purporting increased MAIT-cell tropism for the lung 
tissue [118]. Flament et al. analysed MAIT cell transcriptional profiles to 
further support an association of COVID-19 severity with MAIT activa
tion and cytotoxicity, attributed to cytokines such as IFN-α–IL-18 [98]. 

4. Conclusions 

The host response to SARS-CoV-2 is complex. Various innate immune 
mechanisms in the upper airways, including protective layers of viscous 
mucous and secreted immunoglobulins, may help to restrict initial viral 
uptake. Once viral particles are in contact with epithelial cells, surface 
protein ACE2 is critical for establishing infection and recent work sug
gests that various polymorphisms and differential abundances of ACE2 
may help explain some of the different clinical outcomes seen in 
different patient groups. Further, nasal epithelial responses themselves, 
such as the production of IFN, are an important antiviral activity but can 
lead to increased ACE2 expression which may facilitate further viral 
uptake. The nasal mucosa also has an important role in priming the 
adaptive systemic response. 

Once the virus escapes local control in the upper airways, a systemic 
response is generated. This response varies from host to host and is 
influenced by several well-described clinical risk factors. Typically, in 
COVID-19, there is a blunted response to IFN and rigorous cytokine 
production, increasingly so in more severe disease. The pro- 
inflammatory milieu leads to excessive immune cell recruitment, 
skewing of their functional capabilities, and often significant collateral 
tissue damage; all characteristics that draw parallels to immune 
dysfunction in sepsis. Differences in immune cell function clearly exist in 
different tissue compartments, such as upper airways, blood, and lung. 
Studies are ongoing to harness these findings to improve patient risk 
stratification and to identify pathways amenable to manipulation for 
therapeutic benefit. 
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C. Almire, C. Hénon, O. Kosmider, N. Droin, P. Rameau, C. Catelain, A. Alfaro, 
C. Dussiau, C. Friedrich, E. Sourdeau, N. Marin, T.-A. Szwebel, D. Cantin, 
L. Mouthon, D. Borderie, M. Deloger, D. Bredel, S. Mouraud, D. Drubay, 
M. Andrieu, A.-S. Lhonneur, V. Saada, A. Stoclin, C. Willekens, F. Pommeret, 
F. Griscelli, L.G. Ng, Z. Zhang, P. Bost, I. Amit, F. Barlesi, A. Marabelle, F. Pène, 
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