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PERSPECTIVE

Possible inhibition of GM‑CSF production 
by SARS‑CoV‑2 spike‑based vaccines
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Abstract 

A SARS-like coronavirus 2 (SARS-CoV-2) has caused a pandemic Coronavirus Disease 2019 (COVID-19) that killed more 
than 3.3 million people worldwide. Like the SARS-CoV, SARS-CoV-2 also employs a receptor-binding motif (RBM) of its 
spike protein to bind a host receptor, the angiotensin-converting enzyme 2 (ACE2), to gain entry. Currently, several 
mRNA or adenoviral vaccines encoding for the spike protein of SARS-CoV-2 are being used to boost antibodies 
capable of inhibiting spike-ACE2 interaction and viral entry. However, recent evidence has also suggested an anti-
inflammatory effect of spike-reactive antibodies, suggesting that some SARS-CoV-2 spike-based vaccines may elicit 
protective antibodies capable of inhibiting GM-CSF production and COVID-19 progression.

Keywords:  GM-CSF, SARS-CoV-2, Spike protein, Antibody

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Background
The recent emergence and rapid spread of SARS-like 
coronavirus 2, SARS-CoV-2, has caused a pandemic 
COVID-19 that is catastrophically harming human 
health (Qiang et  al. 2021). As of 12 May 2021, approxi-
mately 159 million people have been infected, leading 
to more than 3,300,000 deaths worldwide (https://​www.​
who.​int/​emerg​encies/​disea​ses/​novel-​coron​avirus-​2019). 
Like the β-coronavirus that caused the 2003 outbreak 
of the severe acute respiratory syndrome (SARS-CoV), 
SARS-CoV-2 virus also employs its envelope spike (S) 
glycoproteins to bind a host cell surface receptor, the 
angiotensin-converting enzyme 2 (ACE2), to gain host 
cell membrane fusion and viral entry (Hoffmann et  al. 
2020).

SARS‑CoV‑2 Spike‑reactive antibodies impair viral entry
To boost adaptive antibody responses against SARS-
CoV-2 infections, several mRNA and adenoviral vaccines 
encoding a surface fragment of a SARS-CoV-2, the spike 

(S) protein, are currently being employed worldwide to 
fight against COVID-19. It is hoped that antibodies raised 
against SARS-CoV-2 S protein may inhibit viral interac-
tion with host ACE2 receptor, thereby preventing viral 
entry (Amanat and Krammer 2020). Indeed, neutralizing 
antibodies targeting the receptor-binding domain (RBD) 
or the receptor-binding motif (RBM) of SARS-CoV-2 S 
protein were found in the blood of COVID-19 patients 
(Zost et  al. 2020; Pinto et  al. 2020), and some of which 
could indeed impair viral entry (Zost et  al. 2020; Pinto 
et al. 2020).

SARS‑CoV‑2‑reactive antibodies specifically inhibit GM‑CSF 
production
Recent evidence suggested that ACE2 might also be 
expressed in human peripheral blood mononuclear cells 
(PBMCs) (Zhang et  al. 2020; Qiang et  al. 2021), which 
could produce pro-inflammatory cytokines [e.g., tumor 
necrosis factor (TNF), interleukin-1β (IL-1β) and IL-6) 
and chemokines [e.g., IL-8 and macrophage inflamma-
tory protein-1β (MIP-1β)] in response to SARS-CoV-2 S 
protein stimulation (Qiang et al. 2021). However, it was 
previously unknown how SARS-CoV-2 spike protein-
binding monoclonal antibodies (mAbs) affect the SARS-
CoV-2-elicited innate immune responses. Accordingly, 
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we have recently generated recombinant protein corre-
sponding to the receptor binding domain (RBD, residue 
319–541) and receptor binding motif (RBM, residue 437–
508) of SARS-CoV-2 spike (S) protein, and employed 
them to assess the ACE2-binding properties and screen 
for RBM-binding mAbs using Surface Plasma Resonance 
(SPR) technique (Qiang et al. 2021).

Although expressing recombinant proteins in E. coli is 
relatively easy and cost-effective, cysteine-rich proteins 
(such as the full-length spike protein of SARS-CoV-2) can 
be difficult to produce in prokaryotes partly because the 
reducing environment of the bacterial cytoplasm favors 
the formation of incorrect disulfide bond and production 
of insoluble protein aggregates (i.e., inclusion bodies) 
that are often difficult to refold correctly after denatura-
tion. Indeed, even a small fragment of the SARS-CoV-2 
spike protein (such as the RBM and RBD) formed insolu-
ble inclusion bodies in E.  coli, and a high concentration 
of denaturant (8 M urea) had to be employed to solubi-
lize these inclusion bodies before subsequent chroma-
tography purification and refolding (Qiang et  al. 2021). 
To prevent excessive oxidation and cross‐linking of the 
nine and two cysteines in RBD and RBM, respectively, 
these recombinant proteins were renatured and refolded 
in a buffer containing a reducing agent [Tris (2‐carboxy-
ethyl) phosphine (TCEP)]. Even so, recombinant RBD 
still exhibited an extremely low affinity to human ACE2 
with an estimated KD of 161,000  nM, possibly because 
the cysteine-rich RBD was not refolded into a “correct” 
conformation suitable for RBM‐ACE2 interaction, as the 
high probability of “incorrect” disulfide cross-linking was 
factorially proportional to the number of cysteine resi-
dues (Qiang et al., 2021).

In contrast, SPR analysis revealed an equilibrium 
binding constant (KD) of 42.5–64.1  nM for ACE2-RBM 
binding (Qiang et  al. 2021), which was approximate to 
previously reported KD (15–44.2  nM) for SARS-CoV-2 
spike-ACE2 interactions (Wrapp et  al. 2020). By conju-
gating recombinant RBM on a sensor chip, we found two 
monoclonal antibodies that dose-dependently interacted 
with SARS-CoV-2 RBM, with an estimated KD of 17.4 
and 62.8 nM, respectively (Qiang et al. 2021). These esti-
mated KD were comparable to that of other SARS-CoV-2 
RBD-binding neutralizing antibodies (KD = 14–17  nM) 
derived from COVID-19 patients (Rogers et  al. 2020). 
These RBM-reactive mAbs competitively inhibited 
RBM-ACE2 interactions in vitro (Qiang et al. 2021), and 
selectively impaired the RBM-induced secretion of the 
granulocyte macrophage colony-stimulating factor (GM-
CSF) without affecting the release of other cytokines 
(e.g., IL-1β, IL-6, IL-10 and TNF) or chemokines [MIP-1δ 
and monocyte chemoattractant protein-1 (MCP-1)] by 
human PBMCs (Qiang et al. 2021).

The intricate mechanism by which RBM-reactive 
antibodies selectively blocked the RBM-induced GM-
CSF induction without affecting the release of other 
cytokines/chemokines remains an exciting subject of 
future investigation. Because human or murine GM-
CSF does not contain any segment that even remotely 
resembles the epitope sequence (NDALYEYLRQ) of 
the TN/RBM-reactive antibodies, these antibodies are 
not expected to bind human or murine GM-CSF or to 
interfere with its immune-detection by Cytokine Anti-
body Arrays. Furthermore, our immunoblotting analy-
sis revealed that these TN/RBM-reactive antibodies 
did not cross-react with any proteins in the whole-cell 
lysates of murine macrophages or human peripheral 
blood mononuclear cells (huPBMCs), confirming a lack 
of cross-reactivity of these TN/RBM-reactive mAbs to 
any other endogenous proteins of innate immune cells 
(Qiang et al. 2021). We speculate that SARS-CoV-2 spike 
protein activates innate immune cells through multiple 
signaling molecules that might include ACE2 and other 
yet-to-be identified pathogen pattern recognition recep-
tors (PRRs). It is thus possible that some RBM-reactive 
antibodies might selectively prevent its interaction with a 
receptor involved in the GM-CSF induction, but did not 
interfere with its engagement with other pattern recog-
nition receptors responsible for the induction of other 
cytokines or chemokines. Furthermore, we did not gen-
erate full-length spike protein in E.  coli to confirm its 
innate immune stimulatory properties, because the full-
length spike protein might similarly fail to fold correctly 
after urea denaturation. Therefore, future studies are 
needed to confirm the innate immune stimulatory prop-
erties of the full-length spike protein of SARS-COV-2 
using recombinant proteins expressed in other eukary-
otic cells. Nevertheless, our surprising findings fully sup-
ported the emerging notion that GM-CSF might be a key 
biomarker for SARS-CoV-2-induced cytokine storm in a 
subset of COVID-19 patients with more severe pneumo-
nia often escalating to respiratory failure and death (Hue 
et al. 2020; Gibellini et al. 2020; Blot et al. 2020; Thwaites 
et al. 2021; Zhao et al. 2021).

GM‑CSF as a biomarker of COVID‑19
While comparing the immunopathology of acute respira-
tory distress syndrome (ARDS) between patients with 
COVID-19 and non-COVID-19, Hue S et  al. found a 
unique “chemokine signature” characterized by elevated 
serum GM-CSF and C-X-C motif chemokine ligand 10 
(CXCL10)/Interferon gamma-induced protein 10 (IP-
10) levels in a subset of COVID-19 patients who lost 
survival within 28  days of SARS-CoV-2 infections (Hue 
et al. 2020). Similarly, Blot M et al. reported a resembling 
elevation of plasma GM-CSF and CXCL10/IP-10 levels 
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in some COVID-19 patients with worse outcomes (i.e., 
requirement for a longer duration of mechanical ventila-
tion) (Blot et al. 2020). More recently, Thwaites, RS et al. 
discovered a progressive elevation of GM-CSF, CXCL10/
IP-10 and IL-6 levels in some COVID-19 patients with 
severe thrombosis (Thwaites et al. 2021). Although IL-6 
was equally elevated both in patients with COVID-19 
or non-COVID-19 (e.g., influenza), only GM-CSF was 
prominently elevated in patients with severe COVID-19 
(Thwaites et  al. 2021), supporting the notion that GM-
CSF serves as an important biomarker of COVID-19 dis-
ease severity (Hue et  al. 2020; Gibellini et  al. 2020; Blot 
et al. 2020; Thwaites et al. 2021; Zhao et al. 2021).

In response to severe SARS-CoV-2 infections, some 
hosts mount hyperactive inflammatory responses char-
acterized by the excessive infiltration and activation 
of myeloid cells and consequent production of various 
cytokines and chemokines – the “cytokine storm” (Qiang 
et al. 2021). GM-CSF might be a key mediator of SARS-
CoV-2-induced cytokine storm in a subset of COVID-
19 patients with severe outcomes (Hamilton, 2020; Hue 
et al. 2020; Gibellini et al. 2020; Blot et al. 2020; Thwaites 
et  al. 2021; Zhao et  al. 2021). On the one hand, GM-
CSF can promote myelopoiesis as well as recruitment of 
innate immune cells (e.g., monocytes, macrophages and 
dendritic cells) to SARS-CoV-2 infection sites (Hamilton, 
2020; Qiang et  al. 2021). On the other hand, GM-CSF 
can also polarize innate immune cells into pro-inflam-
matory phenotypes, promoting the production of pro-
inflammatory cytokines (e.g., TNF, IL-1β and IL-6) and 
chemokines (e.g., MCP-1) (Hamilton, 2020).

Currently, a number of clinical trials are being planned 
to assess the efficacy of mAbs against GM-CSF (Clini-
cal Trial Registry #: NCT04341116, NCT04351243, 
NCT04351152, NCT04376684) (Mehta et al. 2020; Lang 
et  al. 2020; Hamilton et  al. 2016) or GM-CSF receptor 
(Clinical Trial Registry #: NCT04399980, NCT04463004, 
and NCT04492514) (De et al. 2020). For instance, intra-
venous infusion of an anti-GM-CSF mAb (Lenzilumab, 
600 mg, thrice) significantly reduced blood levels of IL-1α 
and IL-6 in 11 out of 12 patients with severe COVID-19 
(Temesgen et al. 2020). Similarly, a neutralizing antibody 
against human GM-CSF receptor (mavrilimumab) sig-
nificantly improved clinical outcome in 13 patients with 
severe COVID-19 pneumonia (De et  al. 2020). In light 
of the emerging notion that GM-CSF might be a key 
biomarker of SARS-CoV-2-induced cytokine storm in a 
subset of COVID-19 patients with more severe outcome 
(Hue et  al. 2020; Gibellini et  al. 2020; Blot et  al. 2020; 
Thwaites et al. 2021; Zhao et al. 2021), future GM-CSF-
targeting clinical trials should be conducted in a subset of 
COVID-19 patients with particularly elevated blood GM-
CSF levels.

Conclusions
It is thus possible that SARS-CoV-2 spike protein-based 
vaccines may elicit protective antibodies capable of pre-
venting SARS-CoV-2-elicited GM-CSF production and 
hyperactive “cytokine storm”. In light of the on-going 
efforts to develop effective SARS-CoV-2 vaccines, it may 
be important to assess the innate immune-modulating 
properties of all mRNA or adenoviral vaccine candidates 
and respective antibodies in experimental and clinical 
settings.
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